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Abstract 

Antimicrobial resistance (AMR) is a threat to global health. Surveillance of AMR 

bacteria in wildlife host is key to understanding and tracking their spread 

throughout our environment. We established baseline data on the prevalence of 

AMR E. coli in Scottish wild deer, utilising faecal samples gathered from across the 

country. Using both breakpoint plate (sample level) and published disk-diffusion 

(isolate level) methods, we found that resistance to tetracycline was the most 

prevalent phenotype, while resistance to other antimicrobial classes was generally 

low or not detectable. However, instances of clinical resistance to fluoroquinolones, 

carbapenems, 3rd gen. cephalosporins, and genes associates with extended 

spectrum β-lactamase resistance were detected. We also investigated the use of 

freshwater invertebrates as a biomonitoring tool. We utilised invertebrate samples 

to obtain reference data on the AMR of E. coli present in the freshwater 

invertebrate gut, across three distinct river catchments. Using the breakpoint plate 

method, no significant difference in the prevalence of tetracycline or cefpodoxime 

resistance was observed between the three catchments. However, isolate based 

investigation revealed a much broader range of resistance phenotypes in those 

catchments with greater levels of anthropogenic activity. In isolates from both wild 

deer and freshwater invertebrates, we observed a population-wide shift in the 

phenotypic resistance for some antimicrobials, indicating that the use of bespoke 

cut-off values for the determination of non-wild type isolates would be preferable to 

published values. Using statistical modelling, we found potential links between the 

AMR observed in the study populations and livestock, human leisure activities, 

companion animals and other wildlife.   
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1 CHAPTER I 

Introduction & Literature Review 

 

 

“Then there is the danger that the ignorant man may easily underdose 

himself and by exposing his microbes to non-lethal quantities of the drug 

make them resistant.” 

- Alexander Fleming, 1945 

 

But ask the animals, and they will teach you, or the birds in the sky, and 

they will tell you. 

- Job 12: 7 

 

1.1 Introduction 

Since the discovery of natural antibiotics and their inhibitory effects, in the late 

1800’s (Duckett, 1999), and following the development of these compounds in the 

first half of the 20th century (Fleming, 1929; Charles Fletcher, 1984) the most 

important function of antibiotics—from an anthropogenic point of view—has been 

their use in health and medicine. However, just as antibiotics themselves are a 

product of natural selection, antimicrobial resistance (AMR) is a natural adaptation 

of microorganisms in response to the selection pressure antimicrobials present. 

The development of AMR as a result of antimicrobial exposure has been known for 
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decades; Alexander Fleming now famously warned against it in his Nobel prize 

acceptance speech (Fleming, 1945). Today, AMR is recognised as one of the most 

important health issues facing the world today (Roca et al., 2015; Public Health 

England, 2016; World Health Organisation, 2018a). Many pathogens that were 

relegated to minor concern, following the advent of antibiotic treatment, have since 

developed or acquired resistance to the medicines used to treat them. as such, 

these pathogens are now, once again, of significant clinical importance. It is 

estimated that more than 700,000 people worldwide die every year as a result of 

resistant infections every year (O’Neill, 2016). 

 

While the human health implications are often the focus of this predicted crisis, it is 

important to realise that, like any problem of an ecological nature—and the AMR 

issue is very much ecological—this issue reaches much further. Wastewater 

handling, refuse facilities, agriculture, food animal production, the pet trade, and 

even the travel and leisure industries all potentially affect, and are in turn affected 

by, the AMR issue. AMR is a microbiological phenomenon with effects at macro-

biological scales. Only by looking at all areas of the issue and working to 

understand how they fit together, can the problem be effectively addressed. The 

AMR issue is so important and far reaching that many global organisations have 

already committed to working together to address it. Organisations including the 

World Organisation for Animal Health (OiE), the Food and Agriculture Organization 

of the United Nations (FAO), the World Health Organisation (WHO), the European 

Centre for Disease Prevention and Control (ECDC), and the US Centre for Disease 
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Control and Prevention (CDC), have all committed to co-ordinated efforts in 

assessing and tackling the issue (Earnshaw et al., 2013; OiE, 2016). The inclusion 

of these organisations in particular stems from the fact that human 

health/medicine, animal welfare, and the food animal industry will be hardest hit by 

the effects of AMR. Additionally, evidence points to the widespread use of 

antimicrobials within these industries as a key factor in the global increase/spread 

of AMR. 

 

The first major review of the AMR crisis carried out by the UK government included 

an estimate of up to 10 million deaths every year, by 2050 (O’Neill, 2016). 

However, this estimate was based upon only a small subset of resistant bacteria, 

and on the assumption that resistance continues to rise in line with existing trends. 

Additionally, being primarily an economic assessment of AMR, highly variable 

impacts of social and health care factors were not considered; the prediction was 

also confounded by a dearth of surveillance data from many countries worldwide 

(O’Neill, 2016). Ultimately, this figure has since been cited as unreliable as it does 

not take into account the intricacies of extrapolating actual infection figures from 

the available data (e.g., the majority of data available is only on bloodstream 

infections) and incorporates predictions and work that has not been subject to 

scientific peer review (de Kraker, Stewardson & Harbarth, 2016). None of this, 

however, should be taken as a reason to relax in the face of the very real crisis 

which AMR presents. Rather, de Kraker et al. (2016) used their analysis to 

underline the need for more accurate estimates. Both papers stress that in order to 
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obtain such estimates, there is a strong requirement for more comprehensive data 

on AMR from all areas of interest.  

 

1.2 Antimicrobials and Antimicrobial Resistance 

The terminology used in describing antimicrobials can be confusing and is 

summarised in Table 1-1. An antimicrobial is any compound that inhibits or kills 

microbial life. Antimicrobials can be further defined by their targets: antibacterials 

target bacteria, antifungals target fungi, antiparasitics target micro-parasites, and 

antivirals target viruses. The term antibiotic applies only to antibacterials naturally 

produced by microorganisms (Waksman, 1947), e.g., penicillin produced by the 

fungus Penicillium rubens, as first investigated by Alexander Fleming in 1929 

(Fleming, 1929; Houbraken, Frisvad & Samson, 2011). Where a naturally occurring 

antibiotic is modified by chemists or using biotechnology, or where a compound is 

of entirely synthetic origin, the term antibacterial applies. To summarise: all 

antibiotics are antibacterials, but not all antibacterials are antibiotics. In the current 

literature, the term antimicrobial is regularly used as a synonym for antibacterial. 

While this work deals exclusively with antibacterials (and resistance to them), to 

avoid confusion, the wider term ‘antimicrobial’ will be used preferentially throughout 

this work.  
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Table 1-1: Definition of common terms related and in relation to antimicrobial resistance. 

Term Definition 

Antibiotic A naturally occurring antibacterial 

Antibacterial 1. An antimicrobial that targets bacteria 

2. A synthetic or semi-synthetic antibiotic 

Antimicrobial A compound that inhibits or kills microbial life 

 

Despite the obvious emphasis on their therapeutic use, antimicrobials fulfil a 

number of roles within the microbial environment beyond cellular death or 

disruption. Antibiotics are secondary metabolites often produced at much lower 

concentrations than those required for inhibitory use against competitors. At these 

sub-lethal levels, there is evidence that antibiotics can fulfil a number of roles 

including, acting as signalling molecules in quorum sensing, enabling biofilm 

formation or affecting the virulence of an organism (Sengupta, Chattopadhyay & 

Grossart, 2013). Because of this, it is important to remember, especially when 

approaching the subject of AMR, that antimicrobials are likely present, for one 

reason or another, in practically every living environment on Earth. 

 

1.2.1 Classification and Modes of Action 

At a fundamental level, all antimicrobials work by interfering with cellular structures 

or function, and can be ‘classed’ according to their mechanism of action: inhibition 

of cell wall, protein, or nucleic acid synthesis, and disruption of metabolic pathways 

or cytoplasmic membrane functions (Tenover, 2006; Yao & Moellering, 2011). 

Antimicrobials may also be more generally categorised by their mode of action: 

either bacteriostatic (causing a halt to further growth) or bactericidal (killing existing 
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cells). For example, beta-lactam antimicrobials (e.g., penicillins and 

cephalosporins) are bactericidal against most Gram-positive bacteria. Beta-lactams 

act as competitive inhibitors of the enzymes involved in cross-linking 

peptidoglycan—a key component of cell walls in Gram-positive bacteria. This 

inhibition prevents the formation of new cell walls and so both bacterial growth and 

reproduction (binary fission) are disrupted. Since autolysis of the existing cell wall 

is an integral part of new growth—both occurring in unison—inhibition of cell wall 

growth ultimately results in cell death. Additionally, some beta-lactams also trigger 

autolytic enzymes within the cell, resulting in more immediate cell death (Papp-

wallace et al., 2011; Waxman & Strominger, 1983). Bacteriostatic action is 

observed in the tetracycline antimicrobials. Their mechanism of action involves 

inhibition of protein synthesis by binding to ribosomes within the cell of the target 

organism (Chopra & Roberts, 2001). Where the effects of antimicrobials are 

bacteriostatic only, this can often be enough to allow the hosts own immune 

system to overcome infection (Rice & Bonomo, 2007).  

 

1.3 Definitions of Resistance 

Just as antimicrobials are a natural product of evolution, so too is antimicrobial 

resistance an ancient, natural phenomenon (D’Costa et al., 2011). In investigating 

AMR, especially in the context of the current crisis, it is important to draw a 

distinction between naturally occurring AMR and that driven by the anthropogenic 

use of antimicrobials. As mentioned, where antibiotics are produced by organisms 

at lethal levels, it is often in order to provide a competitive advantage by 
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antagonising nearby competition. It therefore follows that without the mechanisms 

or traits to confer resistance, those same organisms that produce the antibiotic 

would themselves succumb to their effects. Just as there are many mechanisms by 

which antimicrobials work, there are several mechanisms through which resistance 

is achieved. Figure 1-1 summarises the main mechanisms of antimicrobial 

resistance, and their general classifications. Note that several mechanisms are 

present in instances of both intrinsic and acquired resistance.  

 

 

Figure 1-1: Definitions and mechanisms of intrinsic and acquired antimicrobial resistance. 

 

1.4 Surveillance of Antimicrobial Resistance 

Anthropogenically induced resistance (i.e., AMR developing in previously 

susceptible organisms in response to the application of antimicrobials) was 

identified before even the first clinical application of natural antibiotics (Abraham & 

Chain, 1940), and the prevalence of AMR has steadily increased in the decades 
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since antimicrobial use became widespread and commonplace (Davies & Davies, 

2010). Wright, (2007), defined the term ‘resistome’ to describe all antimicrobial 

resistance genes (ARGs) present in all microorganisms; it includes genes that 

confer full or modest resistance (also called R-factors), resistance genes that are 

unexpressed, and those likely to evolve into full resistance elements should an 

appropriate selection pressure arise (also termed precursor resistance genes). 

Importantly, it includes genes from both pathogenic and non-pathogenic bacteria. 

 

Through natural selection, resistance genes will be conserved within the resistome 

provided their cost does not outweigh the benefits to survival and fitness they can 

grant. Anthropogenic use of antimicrobials has created an increased prevalence of 

environments in which ARGs are beneficial. However, some plasmids also contain 

an ‘addiction’ system, whereby daughter cells of plasmid carriers will only survive if 

they too carry the plasmid (Kroll et al., 2010). In environments where antimicrobial 

selection pressures are absent, minimal, or intermittent, such mechanisms may 

ensure the survival of the plasmid where it might otherwise be lost. This may be 

one of the main reasons that AMR has become so widespread: initial selection 

pressures—i.e., anthropogenic use of antimicrobials—leads to the creation of a 

mobile, inducible resistome that does not necessarily require the continued 

pressure of antimicrobials in order to remain conserved within the resistome.  

 

Where therapeutic antimicrobials are suspected as a key driver of resistance, there 

is a wealth of literature examining the mechanisms through which such resistance 
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arises. There are descriptions of the appearance of resistance in previously 

susceptible bacteria occurring due to the decreased permeability of the cell 

membrane (Delcour, 2009). There are currently over 40 known genes that confer 

resistance to tetracyclines, many of which are mobile; these genes encode for 

efflux pumps, ribosomal protection proteins, and tetracycline inactivation enzymes 

(Chopra & Roberts, 2001; Van Hoek et al., 2011). Importantly, it is not uncommon 

for mobile genetic elements to carry a number of genes which impart resistance to 

multiple antibiotics (Ruppé, Woerther & Barbier, 2015).  

 

However, it is crucial to note that where resistance is present, it is not always in 

response to therapeutic antimicrobials. For example, resident bacteria within the 

gut microbiota of the oil fly (Helaeomyia petrolei) possess active efflux pumps 

which impart high levels of resistance to many antimicrobials, including 

tetracycline, vancomycin, and colistin (Kadavy et al., 2000). These clinical 

antimicrobials are not present in the oil fly’s natural habitat. Instead, these efflux 

pump mechanisms exist primarily to protect against the organic solvents and 

toxicants present in the tar pits in which the oil fly naturally lives. Here, this intrinsic 

resistance is a ‘side effect’ of adaption to the fly’s natural environment. 

 

Biomonitoring 

At its core, biomonitoring is the use of biological tissues or organisms in order to 

assess the condition of the environment. Biomonitoring programs are in place the 

world over in order to measure and track pollution, often via the assessment of 
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specific chemicals or compounds. Where AMR is concerned, a biomonitoring 

approach to identify and track the presence of AMR bacteria (or ARGs) within 

wildlife populations or in the environment itself can be valuable. In this approach, 

AMR (either the resistant bacteria or the resistance genes) are essentially viewed 

as an environmental contaminant, and their prevalence and spread may be 

investigated. While AMR may or may not pose a direct risk to the health and 

wellbeing of wildlife1 or the environment, the interconnectedness which exists 

between these domains—and in particular their potential to impact upon human, 

livestock, and companion animal health—is what lies behind the importance of 

such monitoring.  

 

That resistance to therapeutic antimicrobials may be present in ecosystems that 

have no (or very minimal) exposure to them presents an important factor when 

considering surveillance of AMR. From a biomonitoring perspective, it may not be 

enough to simply determine whether clinically relevant AMR is present in a 

population or habitat. Rather, it will be important to determine (or make good 

predictions of) the likelihood of AMR presence in the complete absence of 

anthropogenic influence. The problem with such an approach is that it is becoming 

increasingly clear that very few parts of the world are now without at least indirect 

anthropogenic influence. Sjölund et al. (2008) isolated multi-drug resistant (MDR; 

 

1 The AMR status of commensal bacteria in the gut of a wild animal arguably have no impact upon 
the individual’s health given that, in the event of applicable disease, treatment is unlikely to be 
administered. 
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resistant to antimicrobials from 3 or more different classes) E. coli from Arctic birds 

(in Siberia and Greenland) and strongly postulate that such resistance may have 

originated from migratory birds overwintering at lower latitudes (closer to 

anthropogenic influences) or simply through human refuse in the area (e.g. 

fishermen). Ultimately, however, they do not rule out that such resistance is simply 

a natural occurrence in the area. The wealth of literature from studies in clearly 

anthropogenically influenced environments (e.g. health care settings) may be of 

particular value here. In studies of such environments, many of the ARGs 

responsible for newly arisen resistance have been well documented. If it can be 

determined that any resistance found in the wild is as a result of the same ARGs, a 

link between the two can be inferred. However, the question then falls to which 

direction the resistance was transferred.   

 

1.5 Use of Antimicrobials 

Between 2000 and 2010, global use of antimicrobials in human medicine increased 

by 35%, from 50 billion to 70 billion standard doses (Van Boeckel et al., 2014). 

Broad-spectrum penicillins, cephalosporins, and fluoroquinolones accounted for 

the majority of this increase, but significant increases were also observed for two of 

the ‘last-resort’ classes of antimicrobials: carbapenems, and polymixins (which 

includes colistin). The majority of these increases occurred in the so-called BRICS 

countries: Brazil, Russia, India, China and South Africa. There is a correlation 

between antimicrobial use and AMR prevalence, with many of the BRICS countries 

exhibiting higher prevalence of AMR than countries with lower usage (Centre for 
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Disease Dynamics, Economics, 2015). In 2013 an estimated 590 tonnes of 

antibiotics were prescribed for human use in the UK (Public Health England, 2015). 

However, in the period 2012–2015, usage of antibiotics in human medicine 

declined by 4.5% in England and by 11% in Scotland (Health Protection Scotland 

and Information Services Division, 2016; Public Health England, 2016). 

 

In addition to their application in human healthcare, antimicrobials are also 

necessary in animal health management and the maintenance of animal welfare. In 

2012, sales of antimicrobials for animal use saw a 30% increase to 464 tonnes 

being sold for veterinary application, in the UK. However, since then there has a 

been a generally decreasing trend in sales, with the proportion of antimicrobials 

used in food producing animals decreasing from 85% in 2012 to 72% in 2017 (UK-

VARSS, 2015, 2019; Figure 1-2) 
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Figure 1-2: Tonnes of antimicrobials sold for use in animals, in the UK. Data gathered from the UK Veterinary 

Antibiotic Resistance and Sales Surveillance Reports 2015, and 2016, from the Veterinary Medicines 

Directorate. 

 

In total, sale of the critically important antimicrobials, fluoroquinolones and 3rd and 

4th generation cephalosporins, also decreased by 2.5% and 11%, respectively. 

These reductions, following an increase in previous years, indicate that efforts to 

encourage responsible use are or may be having an effect. Under the International 

Federation of Animal Health (IFAH), in Europe, efforts are currently continuing with 

the aim of reducing the impact that medicated animal feed has on AMR, while still 

recognising its importance in terms of animal health care (IFAH-Europe, 2017). In 

25% of countries assessed, however, antimicrobials continue to be misused as 

growth promoters (World Organisation for Animal Health, 2020). This irresponsible 

use of antimicrobials is a major factor in the development of resistance and in the 

dissemination of antimicrobials beyond site of use (Marshall & Levy, 2011), though 
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the exact degree to which this impacts upon human medicine is still to be 

determined (Van Den Bogaard & Stobberingh, 2000).  

 

1.6 AMR in Coliform Bacteria 

Coliform bacteria are a group within the family Enterobacteriaceae that are most 

commonly found, as the name implies, within the colon and intestines of warm-

blooded animals, though this definition is not strict and can vary by the 

identification method used (Zhang et al., 2015). The term ‘coliform’ is commonly 

used to describe common faecal indicator bacteria including E. coli, Enterobacter 

spp., Klebsiella spp., and Citrobacter spp. Many species of coliform bacteria are 

also ubiquitous in the environment (Sadowsky & Whitman, 2011). All coliforms are 

described as Gram-negative, oxidase negative, rod-shaped, non-spore forming, 

facultative anaerobes, capable of growth in the presence of bile salts. Faecal 

coliforms are yet another sub-group that are defined by their ability to ferment 

lactose at 44.5°C. However, despite their strong presence in the literature, faecal 

coliforms form only a small proportion of the bacteria present in faeces. The 

proteobacteria—the large, diverse phylum which contains the family 

Enterobacteriaceae—comprise less than 9% of the total population of faecal 

bacteria (Sadowski and Whitman 2011).  

 

Assessment of the presence and numbers of coliforms is a central premise in the 

monitoring of drinking water quality (Environment Agency, 2002). They are also 

commonly utilised in the study of AMR in animal populations. In the study of wildlife 
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AMR, Escherichia coli is the most commonly utilised bacterial species  and is also 

one of the most common causes of nosocomial infections in humans (Greig et al., 

2015).  

 

1.6.1 Bacteria of Interest 

The family Enterobacteriaceae comprises of over 40 genera and more than 180 

identified species. Most are ubiquitous in the environment, on plants, and as 

commensal inhabitants in the intestines of animals, though some are found mainly 

in very specific niches e.g., Salmonella Typhi—the cause of typhoid fever—and all 

Shigella species are found only in humans. They are described as non-spore 

forming, catalase positive, oxidase negative, Gram-negative rods. Most 

Enterobacteriaceae of clinical relevance can be isolated from faeces. Many 

members of the Enterobacteriaceae are known to be associated with or have been 

identified as direct causes of illness in humans and other animals.    

 

1.6.2 Escherichia coli 

There are six species within the genus Escherichia, but E. coli is one of the best 

known and routinely monitored pathogens within the Enterobacteriaceae family; 

routine monitoring of E. coli and other coliforms, as a proxy for potential faecal 

contamination, is often part of normal operations in the food preparation and water 

supply industries and it is the species most commonly utilised in the study of 

wildlife AMR (Greig et al. 2015). 
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E. coli is a leading cause of infection in humans and animals, including being a 

leading causative agent for nosocomial urinary infections in humans and mastitis in 

dairy cows (Thompson-Crispi et al., 2014; UK-VARSS, 2017; Public Health 

England, 2015). E. coli commonly comprises one of the largest proportions of 

culturable coliform bacteria from faeces, yet may only comprise around 0.1% of the 

faecal bacteria present within the colon (and only around 20% of human gut 

bacteria have even been successfully cultivated (Sadowski and Whitman 2011)). It 

is normally present as an asymptomatic member of gut microbiota in mammals and 

birds, and has been shown to play a role in prevention of colonisation by potentially 

pathogenic bacteria (Hudault et al., 2001) and in the synthesis of vitamin K 

(Bentley & Meganathant, 1982). E. coli’s ubiquitous distribution in animals, 

combined with the faecal route of spread, mean that it is often readily present in 

the environment itself, colonising soil, water, and plants (Elsas et al., 2010).  

 

As a species, E. coli exhibits a wide range of both genomic and phenotypic 

variation. Because of this, in addition to the asymptomatic strains that commonly 

inhabit the animal gut, many pathogenic strains exist; diversity of such strains has 

led to their classification by site of infection, clinical manifestation, virulence, and 

phylogeny (Leimbach, Hacker & Dobrindt, 2013). In humans, E. coli is a common 

cause of neonatal meningitis and infections of the urinary tract, bloodstream, skin, 

and soft tissues, and also a common source of food-borne infections (World Health 

Organization, 2014). However, strains of E. coli which can cause disease in 
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humans are also commonly found in the digestive tract of asymptomatic animals, 

e.g., ruminants, cattle in particular, frequently harbour Shiga-toxin producing 

variants of E. coli but remain asymptomatic (Pruimboom-Brees et al., 

2000)(Pruimboom-Brees et al., 2000; Gyles, 2007). 

 

Overall, the widespread distribution, clinical significance, and ability to act as an 

indicator, source, and potential reservoir of the wider resistome mean that E. coli is 

a well-studied and suitable candidate for use in the assessment and biomonitoring 

of AMR. 

 

1.6.3 AMR in E. coli  

In the UK, from 2001-2015, clinical isolates of E. coli exhibited generally increasing 

trends of AMR across several antimicrobial classes (European Centre for Disease 

Prevention and Control (ECDC), 2020). E. coli strains have exhibited increasing 

trends of resistance to aminoglycosides, fluoroquinolones, and 3rd generation 

cephalosporins (Figure 1-3). During the same time period, resistance to 

aminopenicillins has increased from 51% to 66% (Figure 1-4), while resistance to 

carbapenems has fluctuated, but remained low (<0.2%).  
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Figure 1-3: Trends of resistance in clinical E. coli isolates in the UK (data source: ECDC 2017). 

 

 

Figure 1-4: Trend of resistance to aminopenicillin antimicrobials, in clinical E. coli isolates, in the UK. 

 

To underline the importance of these trends, beta-lactam antimicrobials—such as 

the penicillins, cephalosporins, and carbapenems—are some of the most important 
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drugs used in both human and animal medicine (World Health Organization, 

2017b). The Enterobacteriaceae family, as a whole, is of particular clinical concern 

due to the emergence of extended spectrum β-lactamase (ESBL) producing 

strains; ESBL Enterobacteriaceae are now listed as priority 1 pathogens for global 

research by the (World Health Organization, 2017c). Carbapenem resistant 

Enterobacteriaceae (CRE) are listed as one of the most urgent threats to human 

health in the US (Centers for Disease Control and Prevention, 2013).  

 

E. coli isolated from farmed pigs in China were the first bacteria from an animal 

host recognised as harbouring plasmid mediated resistance to colistin (Liu et al., 

2016). Liu et al. (2016) also investigated historical samples and discovered that 

this resistance gene—mcr-1—was present in pig and chicken samples from China 

in 2011. They also discovered its presence in human clinical samples from 

inpatients at Chinese hospitals from 2014. Importantly, Liu et al. (2016) confirmed 

that this gene is now present in both E. coli and K. pneumoniae (another leading 

cause of nosocomial infections) and is predicted to become widespread and 

conserved within the Enterobacteriaceae. 

 

In a study of 1,729 E. coli isolates gathered in the USA from 1950-2002, Tadesse 

et al. (2012) showed an increasing trend of MDR in E. coli isolates from both 

humans and animals, since the 1950’s, and that isolates from food animals (cattle, 

chickens, and pigs) frequently harboured greater resistance than those from 
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humans1. In contrast, (Holt et al., 2015) analysis of 288 K. pneumoniae isolates 

from across the globe exhibited the highest incidence of acquired resistance genes 

in human isolates. The question of where AMR is most likely to arise—human 

clinical environments or food animal production environments—is still debated. It is 

probable that the acquired resistance that arises in food animals can pass into the 

human population (Leverstein-van Hall et al., 2011; Bonten & Mevius, 2015; 

Lazarus et al., 2015). The higher prevalence of the mcr-1 colistin resistance gene 

in animal samples compared to human samples suggests that this is what occurred 

in China (Liu et al., 2016). However, AMR may also travel from human to animal, 

and given the higher likelihood of human carriage of AMR (e.g., as a result of 

clinical therapy), it is the proportion of transfer that is more likely to determine 

spread (Mather et al., 2012). The intricacies, extent, and implications of AMR, and 

its increasing presence in the wider environment are still under investigation. In 

looking to fully assess AMR, it is important to look beyond sites of antimicrobial 

usage. 

 

1.7 The Importance of Wildlife in the AMR Crisis 

There is still much to be discovered regarding the spread, pathways and impacts of 

AMR, especially concerning the role of the natural environment (Kümmerer, 2003). 

At the simplest level, effluent analysis from clinical sites and food animal 

 

1 An exception was in resistance to only a single class of antibiotics. Animal isolates exhibited 
higher overall resistance and greater instances of resistance to multiple classes of antibiotic than 
human isolates. 
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production sites highlights that active antimicrobial compounds, antibiotic resistant 

bacteria (ARB) (and therefore antibiotic resistance genes (ARGs or R-factors)) 

regularly pass into the wider environment (Couperus et al., 2016; Tao et al., 2014; 

Pärnänen et al., 2019). As a result, wildlife populations—from micro- to macro-

organisms—are open to exposure to these agents. The One Health approach 

recognises that the health and wellbeing of humans, animals, and the environment 

are intrinsically linked to one another. It is important to consider how the products 

we use and the actions we take affect non-target organisms (Margalida et al., 

2014) 

 

At present, there is little definitive evidence of AMR having passed directly between 

wildlife and humans (e.g., Benavides et al., 2012; Albrechtova et al., 2014). 

However, wildlife species can act as transporters (i.e., through birds) of ARGs that 

have the potential to impact upon both human and food animal health (Arnold, 

Williams & Bennett, 2016; Bonnedahl & Järhult, 2014; Kümmerer, 2003), and 

wildlife populations are capable of becoming indirectly contaminated through 

human waste (Allen et al., 2011; Rolland, Hausfater & Marshall, 1985). 

 

Wildlife species form part of a complex web of ecological links with humans, food 

animals, and companion animals (Figure 1-5). Many of these connections exist on 

a variety of scales, from local to international, and in some cases globally 

(Laxminarayan et al., 2013). This ecological connectivity means that wildlife 

populations have the potential to become reservoirs, transporters or sources of 
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newly developed resistance that could impact on all human and animal health. The 

data described previously, for resistance trends in the EU and US, represent only 

clinical isolates from human health cases. However, the rising prevalence of AMR 

is also a potential threat to companion and food animal health and wellbeing. Wild 

animal populations are known to harbour clinically resistant strains of bacteria 

(Furness et al., 2017; Gomez et al., 2014; Mallon et al., 2002), but the pathways 

and factors that may influence the transmission of AMR genes to/from these wild 

populations are poorly understood (da Costa, Loureiro & Matos, 2013).  

 

 

Figure 1-5: Connections, and potential pathways of AMR, that exist between humans, domestic animals, and 

wildlife. 

 

The transfer of ARGs through the environment (e.g., via plasmids in the soil or 

water) is another way in which humans, domesticated animals, and wildlife may be 
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linked (Guenther, Ewers & Wieler, 2011); alongside commensal bacteria, 

environmental bacteria are also potential reservoirs for ARGs. Biosolids—a product 

of wastewater treatment—are commonly used on agricultural land as fertiliser; 

biosolids are known to harbour pathogenic bacteria, including E. coli (Tozzoli et al., 

2017). Given the evidence that waste water treatment works (WWTWs) are an 

important strong source of antimicrobials, ARBs and ARGs, effluents from these 

plants are a clear route through which AMR can be passed onto wildlife (Zhou et 

al., 2013; Birošová et al., 2014; Harris et al., 2014). Finally, in addition to land and 

water routes, McEachran et al. (2015) identified antibiotic agents, bacteria, and 

ARGs in airborne particulate matter downwind of cattle feed lots, in Texas. 

 

One established route of AMR transfer is that of surface water contamination 

through the faeces of wild animals (Edge & Hill, 2005). Such waters may in turn be 

used as drinking water for humans and livestock, or pose a threat through direct 

exposure, e.g., via leisure or work activities. Evidence also exists to suggest that 

ruminant faeces is a particularly important contaminant in water sources, especially 

during flood events (Reischer et al., 2008). Contact with human landfill waste has 

been identified as another likely route through which wild mammals have come to 

harbour AMR bacteria (Allen et al., 2011; Rolland, Hausfater & Marshall, 1985). At 

least one study has shown that the sequence type of a resistant E. coli found in 

wild animals had also been recorded in humans, companion animals, and other 

wildlife (Alonso et al., 2016). This finding indicates that transfer pathways between 

these host groups likely exist, but the direction and way in which these pathways 
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operate is often far from clear.  Finally, there is the somewhat novel route of 

previously captive animals being released into the wild, as part of conservation 

efforts. Power, Emery & Gillings (2013) discovered high levels of acquired 

resistance in the gut microbiota of captive bred wallabies. These wallabies were 

subsequently released into the wild, alongside existing wild populations. This 

raises the possibility of novel ARGs being spread to wild populations and into the 

environment, potentially for further dissemination, e.g., through faecal spread. 

 

1.7.1 Wildlife Risks to Human Health 

Though transfer of AMR between the microbiota of animals and humans is an area 

of ongoing study, the risk of pathogen transfer is well documented. In the context of 

this thesis, wild deer have been identified as the original source in several 

outbreaks of bacterial contamination, both from contaminated meat products 

(Browning et al., 2016), through faecal contamination of food (Laidler et al., 2013), 

and through association with land on which food is grown (Cody et al., 1999). 

Thus, even without the added complication of AMR, wild deer are important in 

terms facilitating potential bacterial (and thus AMR) links between wildlife and 

humans.  

 

In a study from Mexico regarding wild deer, 95% of faecal E. coli isolates tested 

carried specific virulence genes - indicating that these deer did pose a potential 

threat to human health (Carrillo-Del Valle et al., 2016a). Importantly, high incidence 

of AMR was also identified in these isolates; this was presumed to be due to close 
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contact with humans and livestock in the area. However, the sample area in this 

study was a nature reserve covering >250,000 acres of mountains and forests. 

Whilst this does not preclude the interactions mentioned—especially without further 

information on deer movement and sample locations—one might expect wild deer 

to be less exposed to antimicrobial influences, compared to those associated with 

more intensively managed or urbanised areas.  

 

In Michigan (USA), white-tailed deer (Odocoileus virginianus) are recognised as 

the primary reservoir for Mycobacterium bovis, an important pathogen capable of 

causing tuberculosis in both cattle and humans. In the same area, elk (Cervus 

canadensis)—a similar species to Eurasian red deer (Cervus elaphus)—are also 

recognised as a 'spill-over' host of M. bovis, along with several other wild 

mammals. The risk of transmission of M. bovis to humans from wildlife, infected 

cattle, or inappropriately treated food products, led to the inception of AMR testing 

of deer and other wildlife in the area. Fitzgerald et al. (2011) found no evidence of 

acquired resistance (since monitoring began in 1994). An analysis of ESBL E. coli 

in wild boars (Sus scrofa) in Slovakia, by Literak et al., (2010), identified ARGs that 

were most commonly prevalent in humans, food animals, and companion animals; 

by itself, this finding supports the hypothesis that transfer of resistance occurs from 

anthropogenic sources into the wildlife. However, both Fitzgerald et al. (2011) and 

Carrillo-Del Valle et al. (2016) looked at hunter harvested wild deer, naturally 

distant from human activities. That only the Spanish study found a high incidence 

of AMR highlights the fact that perceived distance from anthropogenic influence is 
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only one potential driver of the prevalence of ARGs in wildlife. This also underlines 

the potential differences that exist between different countries and regions, and the 

lack of a universal definition of what a truly wild environment is (Gilliver et al., 1999; 

Österblad et al., 2001). 

 

Testing regimes—such as that implemented in Michigan (Fitzgerald et al., 2011)—

are important in terms of monitoring for known threats, but they also provide 

valuable data that may aid surveillance of potential or emerging threats: namely the 

prevalence and likely spread of AMR. The importance of the potential connections 

between animals and humans is underlined when one considers that 61% of 

human pathogens are zoonotic; 313 bacterial species are known to cause disease 

on both humans and animals, with further 60 species currently identified as 

emerging threats to human health (Taylor, Latham & Woolhouse, 2001). Given the 

animal source of potential human pathogens, it is critical to consider whether or not 

existing antimicrobial practices are creating an environment in which emerging 

pathogens may arise with clinically relevant acquired resistances. 

 

1.7.2 Invertebrates in AMR 

In the context of AMR, invertebrates have largely been a focus of investigation 

relating to alternative antimicrobial therapies. Decades ago, Hultmark et al., (1980), 

demonstrated the bactericidal properties of proteins gathered from the cecropia silk 

moth (Hyalophora cecropia), against Micrococcus luteus and Escherichia coli. 

Since then, such antimicrobial peptides have become a potentially important 
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avenue of research in finding alternatives to more traditional antimicrobials (i.e., 

those derived from bacterial and fungal extracts), with over 700 compounds 

isolated and tested to date (Gómez, Giraldo & Orduz, 2017). 

 

In contrast to other wildlife species, invertebrates have rarely been used for 

widespread surveillance of AMR, and where studied are generally investigated in 

terms of their potential as vectors for AMR bacteria (Greig et al., 2015). For 

example, houseflies have been utilised to investigate AMR links between health 

care, food and urban environments (Macovei & Zurek, 2006; Rahuma et al., 2005). 

Given that invertebrates have also been shown to harbour AMR of potential health 

concern where no antimicrobial usage is responsible (Kadavy et al., 2000), 

potentially selected for or maintained by the diet and conditions of the insect gut 

(Allen et al., 2009), and given their abundance and ubiquitous nature in the 

environment, it seems plausible to utilise some groups for surveillance.  

 

Freshwater invertebrates are routinely utilised to assess water quality, biodiversity, 

and pollution impacts (Hawkes, 1997; Li, Zheng & Liu, 2010). Given that surface 

water contamination is recognised as a significant factor in the environmental 

spread of AMR (Niemi et al., 2020; Lata, Ram & Shanker, 2016; Rizzo et al., 

2013), the freshwater invertebrate community presents a potentially valuable tool in 

assessing the impacts of such. With the AMR sometimes viewed as simply another 

form of anthropogenic pollution (Guenther, Ewers & Wieler, 2011), it is a logical 

step to utilise similar invertebrate samples to assess the AMR in these habitats.  
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The continuous nature of river systems across landscapes make them prime sites 

for the emergence and dissemination of AMR bacteria and their determinants, 

subject as they are subject to both point and diffuse pollution sources from human 

wastewater effluents, industrial effluents, and agricultural run-off (Amos et al., 

2014a; Nnadozie & Odume, 2019; Pruden, Arabi & Storteboom, 2012). Use of 

invertebrates would also allow investigation of AMR prevalence at scales 

complimentary to those represented by birds, cervids, and other animals; primarily 

at the river catchment level, but potentially, with enough data, at much larger 

scales incorporating multiple catchments. Conversely, the individual micro-habitats 

within which invertebrates exist (e.g., small sections of rivers, isolated ponds, etc.) 

may provide valuable insight at a much finer scale than is possible with birds and 

mammals. 

 

1.8 Conclusion 

Ultimately, without comprehensive environmental data, it is impossible to assess 

the relevance of the multitude relationships and pathways that exist between 

wildlife, food animals, and human environments. In short, understanding the 

importance of wildlife, within the context of the AMR issue, has been identified as a 

key area in which current understanding is limited, but crucial (Carroll et al., 2015; 

Vittecoq et al., 2016). In order to reach such understanding, one of the first steps is 

to acquire usable surveillance data.  
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1.9 Review: Existing Prevalence of AMR in Wild Deer 

There is evidence indicating a positive correlation between association with human 

activities and acquired AMR in wild animals (Allen et al., 2010). Domestic (livestock 

and companion animals), presumed to have high exposure to antimicrobials than 

their wild counterparts, have been shown to possess both a higher prevalence of 

resistance and a greater diversity of resistance genes compared to those that are 

free from anthropogenic influences (Bryan, Shapir & Sadowsky, 2004). Rolland, 

Hausfater & Marshall, (1985) recorded significantly higher levels of resistance 

(94.1%) in an African baboon troop in daily contact with human latrines and food 

garbage, when compared with two similar troops that had minimal human 

association, but still notably high levels of resistance (36% and 47.5%). The two 

‘wild’ groups, while not in direct contact with anthropogenic waste, did live in areas 

in proximity to tourist vehicles (along specific routes), subject to seasonal livestock 

grazing by indigenous pastoralists, and visited daily by the research team. A study 

by Allen et al., (2011) also detected a higher prevalence of resistance in small 

mammals sampled at landfill sites (15%) and residential sites (9%)2 when 

compared to those from natural habitats (5%). Importantly, Allen et al. (2011) 

concluded that AMR in small mammals from residential areas likely originated from 

exposure to anthropogenic influences outside of the well-known AMR pressures 

driven by veterinary/livestock practices. Instead, they highlight recreational 

 

2 The difference in resistance levels between landfill and residential sites was not 

statistically significant. Sample size did not allow statistical comparisons with 

natural environments. 
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water/wastewater, bird faeces, or raw meat scraps as potential vectors for AMR 

bacteria to colonise residential small mammals. It could be hypothesised that such 

mechanisms were also responsible for the comparatively higher levels of 

resistance exhibited by the non-human associated baboon troops in the Rolland et 

al. (1985) study.  

 

Other studies have shown comparatively high instances of AMR in wildlife 

presumed to lack exposure to anthropogenic antimicrobial selection pressures. 

Gilliver et al., (1999) conducted a study of wild rodents in England and found 

resistance levels as high as 90%, though the classification of a wild environment—

in this case—is debated (see below). Lanthier et al., (2010) found instances of 

resistance to a wide range of antimicrobials present in wildlife isolates, in Canada. 

These were often comparable to levels in human isolates and in some cases, 

prevalence was even higher in wildlife than it was in human. 

 

Koga, Aoki & Mizuno, (2015) analysed AMR in faecal samples from laboratory 

monkeys bred in what could be described as an ‘artificially antimicrobial free 

environment’: free-range and semi-free range “antimicrobial free production 

environments” (where antimicrobials were administered only based upon veterinary 

advice for infection), and yet they still identified instances of MDR in 

Campylobacter spp. isolates. They postulated that the source of these pathogens 

(and accompanying AMR) were likely to be via external sources such as workers, 

vermin, birds and insects. 
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In contrast to Rolland et al. (1985), Routman et al., (1985) found that resistance in 

African baboons that regularly fed from human garbage dumps was no greater 

than that of baboons with no human associations; only 8.5% of human associated 

baboons carried isolates resistant to at least one antimicrobial. Routman et al, 

(1985) did note that the levels of AMR in the baboon isolates was similar to that of 

historical (pre-antibiotic era) human isolates, and lower than in more recent human 

isolates. Again, differences in methodology prevent direct comparisons, but the 

large differences in these two studies may in part be attributable to contact with 

(specifically) human latrines by the troop studied in the Rolland et al. (1985) work. 

 

In support of the idea that truly remote/wild areas are largely free from the 

influence of anthropogenic antimicrobial use (and thus may harbour less AMR), 

Österblad et al., (2001) found that wild deer and rodents in Finland had practically 

no resistant strains. A study of AMR in wild chimpanzees and rural human villages 

in Cote d’Ivoire, Africa, also found no evidence of resistance being passed 

between human villages and wild chimpanzee troops, but, they did find comparable 

isolates within the villages in humans and dogs (Albrechtova et al., 2014). In this 

instance, strong measures were in place to ensure minimal risk of contamination 

between humans and the wild chimpanzees or their environment. Similar 

conclusions were also was drawn by Benavides et al., (2012) in their study of 

western lowland gorillas (Gorilla gorilla gorilla), other local wildlife, and humans and 

domestic animals. Therein, little evidence existed for the direct transfer of AMR 
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bacteria between wildlife, humans, and domestic animals. Rather, they concluded 

that sharing common areas, such as foraging areas, is a more likely cause of 

transfer between different wildlife groups.  

 

The idea that shared foraging environments, without direct contact, can result in 

the transfer of bacteria has also been supported following a study of wild badgers 

(Meles meles) and cattle, in England. A small percentage of M. bovis infections in 

cattle are known to come from wild badgers. Woodroffe et al., (2016) detected no 

direct contact between the two species, but they did demonstrate that the badgers 

showed a preference to foraging in cattle pastures. Additionally, Mallon et al. 

(2002) looked at bank voles (Clethrionomys glareolus) (largely herbivorous), and 

wood mice (Apodemus sylvaticus) and badgers (both omnivorous). They found no 

instance of AMR in the bank vole samples, but 4.6% prevalence in wood mice, and 

1.2% in badgers. As both wood mice and bank voles live in similar habitats, a 

possible explanation for this difference in AMR prevalence, is an increased 

exposure to environmental resistance factors as a result of larger foraging 

distances in omnivores. 

 

While many of the specifics of these potential AMR pathways are still to be 

discovered, proximity to human activity is clearly an important factor. With a few 

exceptions, the majority of studies indicate that AMR in wildlife (excluding birds) 

exists at lower levels in remote/wild populations, when compared to those found in 

anthropogenic environments. On the posit that such resistance originates from 
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anthropogenic sources, such a correlation is expected. However, while the most 

prominent selection pressure for AMR is the presence of anthropogenically 

sourced, clinical antimicrobials, naturally occurring environmental factors may also 

result in the development of resistance mechanisms. Such selection pressures 

must be assessed and taken into account when attempting to determine the impact 

of anthropogenic influences on wildlife AMR.  

 

Österblad et al., (2001) point out that differences in the population densities of 

humans and food animals—and their influence upon wildlife—are likely responsible 

for the contrasting results of their study and that of Gilliver et al., (1999). The 

regions in which the Finish study sampled have population densities of 180 people 

per km2 in one area, and only 23/km2 in the other (Statistics Finland, 2017). For 

comparison, the English study took place in a region where population density is 

listed as >2000/km2 (Office of National Statistics, 2017). These two studies 

highlight the risk inherent in very broad classifications such as ‘wild’ and ‘domestic’. 

Such terms are often relative and can be strongly influenced by variables such as 

human/animal densities within the sample area, proximity to urban areas, and even 

national antimicrobial legislation and practices. This underlines the importance of 

accurately describing such variables when investigating and reporting data on 

AMR, in order that reliable assessment of different environments can be made. 

Additionally, there exists large differences in geographic ranges across species: 

the home range of a small rodent is very different to that of a large herbivore, which 

is in turn, at a completely different scale to that of a bird, (especially a migratory 
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bird). Such influences, at a number of scales, must be considered when assessing 

the value of AMR data. Identifying exactly which influences are relevant and at 

which scales must be one of the key roles of current and future research. It is 

therefore important that assessment and recording of likely environmental and 

geographical influences is carried out alongside the AMR profiling. Mapping such 

metadata, in conjunction with more regular AMR monitoring, may allow prediction 

of potentially important reservoirs of resistance, both now and in the future. 

 

In studying AMR in wildlife and the environment, it is important to identify and 

separate intrinsic resistance from acquired resistance. Standard antimicrobial 

susceptibility testing (AST; see Chapter II for details) is capable of differentiating 

isolates into wild type and non-wild type. Non-wild3 type bacteria are assumed to 

have reduced susceptibility through acquisition of ARGs (either through mutation or 

other methods). However, only by further analysing ARGs will it be possible to 

qualify the extent to which anthropogenic influences have altered the ecological 

resistome. Additionally, this must be done alongside an assessment of the local 

environment in order to account for potential natural drivers of resistance, e.g., high 

 

3 All bacteria with acquired resistance are classified non-wild type, but not all non-

wild type bacteria are classified as clinically resistant: a bacterium with acquired 

resistant traits may be more resistant than its wild type brethren, but such resistant 

may not be enough for it to survive a clinical dose of an antimicrobial, thus it would 

not be defined as resistant. 
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levels of naturally occurring organic solvents, such as the tar pits in which the oil fly 

is found (Kadavy et al., 2000). 

 

1.9.1 Summary 

The studies mentioned above show that wildlife populations can and do support 

reservoirs of resistance genes. Such populations represent reservoirs of clinically 

important resistance genes and, therefore, are a potential source of untreatable 

pathogens. Wildlife tend not to obey human borders, moving instead to 

accommodate feeding requirements/opportunities, shifting climate, population 

pressures, and habitat availability. In the face of increased habit alteration through 

climate change, this is an important factor to consider. While there is currently no 

concrete evidence that humans have acquired AMR bacterial infections via 

exposure to the wild environment, evidence indicates that this is a plausible 

scenario (Huijbers et al., 2015). For this reason, it is important that we look to 

understand and monitor wildlife in the context of AMR. In order to do this, baseline 

data will be required so that future changes in AMR in wildlife can be used to help 

inform risk management and mitigation strategies. 

 

1.9.2 AMR in Worldwide Deer Populations 

To date, research on deer has formed a significant part of the work undertaken on 

AMR in wildlife. As of 2015, 133 primary research articles had, at least in some 

part, examined AMR in wild deer species; this amounted to 15.4% of all studies on 
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AMR in wildlife, with only birds being subject to a greater study effort of study 

(Greig et al., 2015). 

  

In Norway, analysis of forty-five red deer samples revealed low instances of 

resistance (2.2%), with only a single isolate exhibiting MDR (to both streptomycin 

and sulfamethoxazole) (Lillehaug et al., 2005). Analysing tetracycline resistance, 

Bryan, Shapir & Sadowsky, (2004) found that, in some parts of the USA, deer 

isolates exhibited much lower resistance (2.7%) than that found in humans, 

companion animals, and domestic food animals. A study of bacterial isolates from 

wild deer in Michigan, USA, in 2009, showed no indication of acquired resistance 

(Fitzgerald et al., 2011). Also, in 2009, tetracycline resistance in E. coli from an 

Italian deer population was recorded at 12.8% (Cenci Goga et al., 2009). In similar 

studies, tetracycline resistance was recorded at 1.9% in Ireland in 2012 (Smith et 

al., 2014), 5.2% in Spain in 2013 (Alonso et al., 2016), and 7.8% in Portugal in 

2014 (Dias et al., 2015). 

 

However, higher instances of resistance have also been recorded. Wild red deer in 

Mexico, sampled during the 2013 hunting season, exhibited an overall resistance 

of 22.7% against a suite of antimicrobials (Carrillo-Del Valle et al., 2016a). Large 

differences in resistance also exist within populations and between similar species 

inhabiting the same area. In the year following the first Irish study (Smith et al., 

2014), using similar—though not identical—methodologies, and sampling from the 

same study area, tetracycline resistance was recorded at 7.1% (Carroll et al., 
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2015). However, this perceived increase in resistance (1.9 to 7.1%) is most likely 

due to differences in methodology alone (i.e., sample versus isolate calculations) 

and this is discussed in detail later in this chapter. Carroll et al. (2015) also 

recorded MDR at 3.7%; in this case due to a single strain resistant to both 

streptomycin and tetracycline (streptomycin resistance was not investigated in the 

Smith et al. (2014) study). These two studies highlight both the importance of both 

continuous monitoring (i.e., to better understand temporal/spatial variations), and 

consistent methodological approaches (so that data can be comparable between 

studies – a significant issue of concern in much wildlife AMR work to date). 

 

In contrast to the low levels of resistance observed in red deer in Norway, (2.2%), 

wild reindeer from the same region exhibited resistance levels comparable to those 

recorded in Norwegian food animals. Out of 42 reindeer isolates, ten exhibited 

resistance to antimicrobials (23.8%): 9 to streptomycin, and 3 of those to both 

oxytetracycline and sulfamethoxazole (7.2% MDR) (Lillehaug et al., 2005). This 

resistance in reindeer, higher than that compared to other wild deer in the study, 

has not been satisfactorily explained, though differences in diet have been 

suggested as a driver. In Mallon et al., (2002), where wild omnivores exhibited 

AMR while herbivores exhibited none, a larger foraging range may have played a 

role in affecting AMR prevalence. Some deer certainly can have large foraging 

ranges, especially when compared to the small mammals studied by Mallon et al., 

(2002). However, in a review by Vittecoq et al., (2016), despite highlighting six 

studies that found higher AMR prevalence in carnivores than herbivores, they 
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found no significant difference in AMR prevalence between herbivores, omnivores, 

and carnivores.  

 

The wide range of reported resistance levels found across these studies regarding 

wildlife AMR could, in large part, be attributed to differences in antimicrobial usage 

practices and human population densities in the areas sampled (Gilliver et al., 

1999; Österblad et al., 2001). At a global or regional scale, differences in 

antimicrobial legislation between countries may also be an extremely important 

factor. What each of the papers here clearly illustrate is the potential for wild deer 

populations to harbour some level of AMR. 

 

1.9.3 Notable instances of AMR in Deer 

Perhaps serving as an indication of the influence that human management can 

have on AMR, in a study of farmed forest musk deer (Moschus berezovskii), in 

China, extremely high levels of AMR in sample populations from two 

geographically separate breeding areas were identified. Thirty lung pathogenic E. 

coli isolates examined all exhibited resistance to both amoxicillin and sulfafurazole. 

All isolates also exhibited MDR, with 93.3% of isolates demonstrating resistance to 

eight or more antimicrobials, and the remaining 6.7% demonstrating resistance to 

six antimicrobials. Of the 19 antimicrobials tested, resistance to six of these was 

>80% (Luo et al., 2014).  
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Of particular concern in health care is the rise of ESBL strains of pathogenic 

bacteria. The first record of ESBL E. coli in wildlife was from a 2004 sample set 

(Costa et al., 2006b). This study looked at a range of wild animal species in 

Portugal and found that 16% of the animals tested harboured ESBL E. coli. The 

sample set included three wild deer, two of which exhibited ESBL resistance. While 

this study was important in highlighting the presence of ESBL resistance in wild 

deer, such a low sample size cannot be used to draw conclusions on the wider 

prevalence within the Portuguese deer population. As noted earlier, a Spanish 

study by Alonso et al., (2016) also identified ESBL producing E. coli. The deer 

sampled in this study were farmed but allowed to roam freely with their wild 

counterparts. The identified strain of E. coli was of the same sequence type as 

found in humans and was present in 1.3% of the deer samples; this indicates that 

full-bacterium transfer pathways may exist between these two groups. (Guenther, 

Ewers & Wieler, 2011) has further identified similarities in the genes responsible for 

encoding ESBL, between humans, food animal, and wildlife samples. The authors 

highlighted that such similarities are likely due to the action of HGT as the 

mechanism of transfer and spread. Thus, these two studies taken together indicate 

that resistance may well pass between human and animal populations by a 

number of means, i.e., direct or indirect transfer of resistant bacteria, or acquisition 

of resistance genes through HGT via the environment or other (e.g., non-

commensal) bacteria. 
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1.9.4 Deer in Scotland 

Across Britain, deer are important contributors to ecosystem services via wildlife 

tourism, as food animals, and through stalking opportunities. Red deer (Cervus 

elaphus) and roe deer (Capreolus capreolus) are both classed as native Scottish 

species, both having been present since the end of the last ice age circa. 10,000 

years ago (Lister, 1984). Scotland is also home to one introduced deer species—

sika deer (Cervus nipon), introduced to Britain in 1860—and two re-introduced 

species: fallow deer (Dama dama), re-introduced in circa the 11th  century, and 

reindeer (Rangifer tarandus), re-introduced in 1956 (Clutton-Brock & MacGregor, 

1988). In short, deer are an intrinsic part of the Scottish ecosystem. 

 

The red deer population in Scotland is the largest continuous wild population in 

Europe (Apollonio, Andersen & Putman, 2010) and is estimated to contain as many 

as 500,000 individuals (Scottish Natural Heritage, 2016b). Red deer have been 

shown to function as ecosystem engineers, as their grazing removes vegetation 

cover which can result in an increase in invertebrate abundance (Melis et al., 

2006)], and ultimately helps to create areas suitable for new growth and forest 

regeneration. However, in the absence of natural predators, all deer in Britain must 

be managed. Overpopulation can result in overgrazing and trampling, ultimately 

having negative impacts upon agriculture, horticulture, forestry, and a general 

decline in natural conservation status (Putman et al., 2011). As such, populations 

are managed and routinely culled to prevent ecosystem degradation, and to 

maintain ecologically and economically viable populations. Stalking in Scotland 
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alone is estimated to have a value of £105 million to the Scottish economy, while 

sales of venison generate a further £2 million per year. 

 

Pérez-Espona et al., (2013) have established that, in Scotland, landscape features 

such as sea lochs, mountains, forests, and major roads are all important barriers to 

the gene flow in mating red deer. Whilst the transfer of AMR genes is not limited to 

mating patterns and behaviours, these are certainly contributing factors to consider 

in any analysis of resistance across and between populations. 

 

Figure 1-6 shows the extent to which the wild deer population extends across 

mainland Scotland. Data for the National Biodiversity Network is gathered from a 

wide range of sources, including members of the public. What this figure illustrates 

well is that the wild deer population of Scotland is extremely widespread and, 

potentially, as a whole, exposed to a wide range of potential risk factors involved in 

the prevalence of AMR bacteria. 
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Figure 1-6: Deer species distribution across Scotland. Unfaded area indicates sample area covered in this 

thesis. Data illustrated is recorded deer sightings since 2000. Source: NBN Atlas occurrence downloaded from 

https://nbnatlas.org; accessed on 30 March 2020. 



Chapter I  Introduction & Literature Review 

 

65 

1.9.5 Deer as Sentinel Species 

As Dias et al., (2015) point out, wild ungulates, in general, are excellent candidates 

for use as sentinel species. Wild populations are generally free from direct contact 

with antimicrobials. Therefore, it can be assumed that any AMR present is a result 

of means other than treatment. They tend to have large home ranges that overlap 

with, or border, a wide variety of land uses, including the rearing of domestic 

animals and other human activities. This allows for AMR monitoring and analysis in 

relation to various environmental, and anthropogenic gradients (such as land use, 

proximity to human activity, water catchment characteristics, etc.). 

Given their native status, red deer are a highly integrated, keystone species in the 

ecology of the Scotland. Their cultural and economic importance make them a 

highly visible species, which could be exploited in terms of future, ongoing studies 

in the globally important subject of AMR. The body of existing literature on their 

behaviour, movements, distribution, and how they are affected by their 

environment, provides a valuable background against which to view and analyse 

data on AMR prevalence, but there are still may gaps in this data and population 

figures are estimates at best (Scottish Natural Heritage, 2018). Finally, as a 

species, red deer—or their analogues—are prevalent across much of the globe. 

This means that valuable comparisons can be made, provided appropriately strict 

methodologies and considerations are applied. 
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1.10 Review: Methods of Investigating AMR in Deer 

Given the importance of consistent methodology when comparing data, a review of 

existing studies on deer was carried out with this focus. Sampling methodology, 

sample storage/preservation, and sample analysis methods were all considered. A 

review by Vittecoq et al., (2016) looked at 210 papers assessing AMR in wildlife—

half of which looked at mammals (n = 101). However, from 2001-2016, only fifteen 

studies were published that looked specifically at AMR in wild deer, eight of which 

sampled <50 deer. This means that, at the time of writing, the global knowledge of 

AMR in wild deer populations is based upon studies of only 929 individuals. Table 

1-2 lists these studies and gives the n-values for the number of individual deer 

sampled in each. Many of the studies sampled from deer inhabited national park 

areas; two studies apparently looked at the same population4 of wild red/sika 

hybrids (Carroll et al. 2015; Smith et al. 2014).  

 

4 Inferred from the size and location of the described sampling area. 
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Table 1-2: Sample sizes in antimicrobial resistance studies focusing on wild deer populations, from 2000-2016. 

Paper Country 
Deer 
(n) 

Isolate source 

Osterblad et al. (2001) Finland 23 Faeces from hunted animals 

Bryan et al. (2004) Minnesota, USA 74 Rectal swabs 

Lillehaug et al. (2005) Norway 200 Faeces from hunted animals 

Costa et al. (2006) Portugal 3 Faeces from natural environment 

Cenci Goga et al. (2009) Italy 59 Faeces from natural environment 

Literak et al. (2010) Slovakia 55 Faecal samples from wild animals 

Lanthier, et al. (2010) Canada 24 Faeces from hunted animals 

Fitzgerald et al. (2011) Michigan, USA 33 Faeces from hunted animals 

Sasaki et al. (2013) Japan 114 Faeces from hunted animals 

Smith et al. (2014) Ireland 30 Faeces from natural environment 

Carroll et al. (2015) Ireland 30 Faeces from natural environment 

Dias et al. (2015) Portugal 46 Faeces from natural environment 

Alonso et al. (2016) Spain 122 Faeces from hunted animals 

Carrillo-Del Valle et al. (2016) Mexico 22 Faeces from hunted animals 

Luo et al. (2016) China 94 Nasal Swabs 

 

Many of these studies were the first of their kind to looking at AMR in deer 

populations within of their respective host countries. For this reason alone, they are 

potentially valuable contributions to ongoing efforts in assessing and addressing 

the global AMR issue. Unfortunately, for the most part, they do not provide data 

suitable for comparison between different populations or countries. This is true of 

many wildlife AMR studies (Arnold, Williams & Bennett, 2016). Difficulties for 

comparison stem from differences in methodologies, habitats, study focus, and the 

lack of larger/more comprehensive datasets. The novel nature of these studies 

may in part explain the lack of standardisation present.  

 

In some of the studies listed, low deer sample numbers were a result of deer only 

being included as part of a wider wildlife focus. The effort required in obtaining 
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usable samples should also be considered. Where samples were obtained by 

hunters, these are only available at specific times throughout of the year and are 

dependent upon co-operation of third parties. Other samples, such as those 

gathered in the field from live animals, requires expertise in trapping—involving 

ethical considerations and the requirements thereof—and can be physically 

intensive and time consuming. However, given that some of the populations 

sampled may number in the thousands and range over hundreds of square 

kilometres, the question of what constitutes a representative sample size must be 

satisfactorily answered for any results to be significant.  

 

The majority of AMR studies that use faecal samples utilised only a single colony 

isolate per sample in order to test for AMR. This approach reduces the costs and 

effort involved in analysing duplicate strains. While valid, this approach assumes 

that multiple colonies are clonal or exhibit identical phenotypes. Work in this thesis 

has shown that this is not always the case (see Chapter IV). Some of the studies 

cited pooled all isolates gathered from all samples; in others, not all samples 

provided culturable isolates, while some samples provided several. Whilst the 

pooling methodology is valid as a means of assessing whole populations/sub-

populations (especially given the difficulty that can be involved in obtaining 

culturable isolates) and provides greater detail on the diversity of resistance 

present, it ignores differences that may exist between individuals, potentially 

allowing over-representation of resistance. Metadata on the animals sampled (e.g., 
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age, or sex, condition) was rarely included, and such information may be important 

can be crucial in order to accurately place analysis results in the proper context. 

 

From a sample handling point of view, swabs (faecal or rectal) have several 

advantages over faecal matter collection, e.g., they are faster and easier to collect 

and process. However, they do not allow for some types of quantitative analysis, 

e.g., CFU/g. This level of quantitative analysis could prove useful in assessing the 

load of AMR bacteria in certain environmental conditions, and is a requirement of 

assessing resistance : susceptibility ratios within a bacterial population. However, 

in terms of assessing the presence/absence of AMR, especially in the context of 

simple/low effort sampling, such qualitative methods are preferable. 

 

Some variation in the methods used to obtain and confirm pure cultures of the 

target bacteria is to be expected. The phenotypic and biochemical testing methods 

available in most laboratories varied, but most have proven robust over time and all 

rely on fundamental truths regarding the biochemistry of their target organisms. 

Provided they are performed to high standards, such methods do not exclude the 

comparison of results across studies. More important is the handling of samples 

before such analyses are carried out, as this has the potential to affect recovery of 

target organisms. In the case of AMR, great care must be taken to ensure that any 

sample storage takes into account the comparatively fragile nature of the 

accessory genome. Freezing of faecal samples is known to have a detrimental 

effect on recoverable DNA (Metzler-Zebeli et al., 2016). This may be a factor in 
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explaining the low instance of AMR recorded by Lillehaug et al. (2005), however, 

some countries do exhibit naturally low levels of AMR in wild populations 

(Österblad et al., 2001). 

 

In the area of AST, the European Committee on Antimicrobial Susceptibility 

Testing (EUCAST) has the objective of harmonising susceptibility testing results 

across Europe. Despite good uptake on the methodology, there is still has some 

way to go before a truly unified academic community exists (EUCAST, 2017). 

Much of the challenge here is that many laboratories use established methods that 

are proven to be just as reliable as the proposed standards (Kahlmeter & Brown, 

2002). The issue of agreement on clinical breakpoints is further confounded by 

results such as like those of Dias et al. (2015), which indicate that resistance 

breakpoints established using clinical human isolates are not applicable to wild 

deer isolates (at least, not without due consideration).  

 

Limits in sample size and isolate collection methods (such as those already 

mentioned) may result in misreporting of, or failure to identify, reservoirs of AMR 

genes. However, what all of these papers do provide are local level assessments 

of wildlife AMR. These data are extremely useful when backed up with historical 

data in the context of continuous monitoring schemes (e.g., Fitzgerald et al., 2011). 

Despite no statistically significant differences in the results, the two Irish studies 

(Carroll et al., 2015; Smith et al., 2014) may still hint at an increase in both 

tetracycline and MDR in a single population of wild deer over time. Therefore, while 
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these ‘snapshot’ studies have value in terms of establishing existing/baseline 

prevalence, they are most valuable when applied as part of an ongoing monitoring 

regime, but only if consistent methodologies are is applied. 

 

1.10.1 Conclusions 

Problems arise when trying to compare published prevalence figures between 

studies. This highlights both the need for consistency in reporting, but also 

consistency in using proven and reliable methods of sample handling that 

maximise recovery of target organisms. For the time being at least, it must be 

accepted that there can be no simple unification—or direct comparison—between 

human and animal data. Only once there exists a comparable body of data from 

animal sources to that of human data can direct comparisons between the two be 

attempted. However, in order to generate such a body of animal data, standardised 

methodologies are required. 

 

To act appropriately upon the AMR issue, more data and improved surveillance of 

wildlife and the wild environment are required. This review supports the 

assessment that the majority of wildlife studies, to date, do not provide suitable 

data for wider or cross-study comparisons (Allen et al., 2010; Arnold, Williams & 

Bennett, 2016; Vittecoq et al., 2016). This is, in part, due to a lack of standard 

sampling and analysis methods. The announcement of standard protocols, such as 

the those in the global AMR surveillance system (GLASS) (World Health 

Organization, 2015) and the EUCAST harmonised monitoring system for AMR 
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(www.eucast.org), goes towards enabling a true global analysis of the AMR issue, 

but, these are still largely focused on the human clinical environment. Moving 

forward, the study of AMR in wildlife must aim to achieve the similar levels of 

comparability, if not with human isolates, then at least within/between animal 

studies. 

 

The specific objectives of this thesis were: 

1. To obtain a baseline for AMR prevalence, to four antimicrobials from 

different classes, in E. coli from wild deer and freshwater invertebrates 

in Scotland, utilising a breakpoint plate method. 

2. To investigate the association of potential risk factors with the 

occurrence of AMR E. coli detected by the breakpoint plate method. 

3. To investigate the prevalence of clinical AMR in E. coli isolates from: 

a. Wild deer faecal samples from across Scotland, and 

b. Freshwater invertebrates from three distinct Highland river 

catchments. 

4. To document the occurrence of known genetic determinants in E. coli 

isolates with observed AMR phenotypes, and the occurrence of 

carbapenemase and ESBL resistance mechanisms. 

5. To explore the use of bespoke cut-off values for determination of AMR 

in wildlife isolates. 

 

End of Chapter I 
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2 CHAPTER II  

Materials & Methods 

 

2.1 Introduction 

Sample collection and analysis methods for deer faecal samples and live 

invertebrate samples are described below. Sampling methods are described 

separately for each of the two sample types/taxa studied. Figure 2-1 provides a 

graphical abstract of the methodology followed, from the point at which an enriched 

bacteria stock was obtained, to gathering final results. 

 

 

Figure 2-1: Overview of methodology following harvesting and storage of an enriched bacterial sample glycerol 

stock. 

 

Methods used to determine the prevalence of AMR E. coli within samples are also 

described; the same methods were used for all samples regardless of their original 
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source. Details of spatial analysis of gathered data are described, including the 

software and approaches used, and details and sources of third-party datasets 

utilised. Finally, there is a brief discussion of the scope and relevance of the 

methods and justification of their use. 

 

2.2 Deer sampling 

Separate from the work of this thesis, sampling for a survey of Scottish deer health 

ran from March 2017 – October 2018. The project (Project No: MRI/104/17, Project 

Title: The Risk of STEC (Shiga Toxin-Producing E. coli) Contamination In Wild 

Venison) was jointly funded by Food Safety Scotland (FSS) and the Scottish 

Government. It was led by the Moredun Research Institute (MRI) and the 

University of Edinburgh and undertaken with the cooperation of the Association of 

Deer Management Groups and the Lowland Deer Network Scotland. The primary 

aims of the survey were to assess the prevalence of E. coli O157, 

Cryptosporidium, and Chronic Wasting Disease within the Scottish wild deer 

population. Provisions within the project allowed for samples collected to be used 

in additional projects, with specific mention of AMR as an appropriate research 

area. Permission to use samples from this work for this thesis was granted by the 

project steering committee. 
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2.2.1 Deer faecal sample collection and processing 

Two thousand sample kits were sent out by MRI as part of the aforementioned 

deer health survey. Faecal samples were collected by deer workers (gamekeepers 

and Forestry Commission Scotland deer managers) post-cull, during gralloching (in 

the field) or the lardering process. A portion (kit instructions requested an “egg 

sized” portion) of faecal matter was collected with fresh gloves (provided in the 

sampling kit) directly from the rectum via the anus. Samples were placed into a 

sterile plastic sample pot (60 ml polypropylene, with screw cap) and then shipped 

to MRI laboratories. Deer workers were asked to store samples in a cool (ideally 

refrigerated) place and ship within 24 hours of sample collection. Each sample kit 

also included paperwork to record species, sex, age, body condition score of the 

deer, six-figure Ordnance Survey grid-reference of the cull location and notes on 

shared range with other animals. 

 

Initial sample processing was carried out by MRI staff. Upon receipt, all samples 

were initially stored and processed in biological containment level 3 (CL3) facilities, 

as appropriate for handling E. coli O157 and other Hazard Group 3 (HG3) 

enterohaemorrhagic E. coli (EHEC) variants. For all samples, a portion of faeces 

(approximately 1 g) was placed into 20 ml of brain-heart infusion (BHI) broth in a 

plastic 30 ml universal tube and incubated overnight (12-20 h) at 37°C. Following 

incubation, 750 µl of the enriched broth was drawn off, added to 750 µl of 30% 

glycerol in a 2.5 ml cryotube, and vortex mixed. The resulting 15% glycerol stock 

was then stored at -80°C in the CL3 facility. The enriched broth was then used to 
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prepare lysates, using InstaGeneTM Matrix (Bio-Rad), for multiplex PCR 

amplification of the Shiga toxin genes (Stx1, Stx2) and the intimin virulence factor 

gene (eae), using MRI inhouse methods. Glycerol stocks for those samples that 

tested negative for Shiga toxin genes were moved to -80°C storage within the CL2 

facility at MRI. These stocks were then utilised for the AMR prevalence analysis 

described in this thesis. 

 

2.3 Invertebrate sampling and processing 

Three rivers discharging onto the north coast of Scotland were sampled. Sampling 

events were carried out on each river at two-week intervals, over a sixteen-week 

period (April–July 2018), resulting in eight sampling events for each river. At each 

sample site, a standard kick sampling method was used to gather freshwater 

invertebrates from the riverbed. A net with a 1 mm mesh was placed into the 

waterflow, resting on the riverbed, and the area directly upstream was disturbed 

(kicked) for 1 minute. The net was then lifted from the water and emptied into a 

labelled 1 litre bucket. The net was then examined visually for any invertebrates 

and these were transferred by hand into the bucket. This process was carried out 

at three points, spaced equidistantly across the watercourse (i.e., near both banks 

and at the centre of the channel) and at each point the gathered 

material/invertebrates were emptied into the same bucket, creating a pooled 

sample for each sample site. Where conditions prevented safe sampling across the 

flow, points were spaced out at equidistant points along a 30 m stretch of the 

riverbank. Samples were stored in a cool box until return to the laboratory, where 
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they were moved to a refrigerator and stored at 3-6°C and processed on the same 

day.  

 

Gathered invertebrate samples were processed by emptying into a white sorting 

tray, with the addition of tap water as necessary, e.g., in vegetation heavy samples. 

Invertebrates were identified visually, without the aid of magnification, and removed 

from the tray using tweezers (or a disposable 3 ml pipette) and placed into a water 

filled petri dish, to form ‘taxa-units’ (sub-samples) for each source sample, 

according to the following taxa groups: Acari (mites), Asellidae (water louse), 

Coleoptera (beetles), Diptera (true flies), Daphnia (“water fleas”), Ephemeroptera 

(mayfly), Gammaridae (“scuds”), Hirudinea & Tricladida2 (leeches and flatworms), 

Isopoda (unidentified isopod), Mollusca (snails), Oligochaeta (worms), Plecoptera 

(stonefly), Sialidae (alderfly), Trichoptera [cased] (caddisfly), or Trichoptera 

[caseless] (caddisfly). 

 

Next, all individual invertebrates in each sample taxa-unit were transferred into a 

15 ml screw-capped centrifuge tube. The invertebrates within each tube were 

surface sterilised by covering with 70% ethanol for 30 seconds, then 15% sodium 

hypochlorite for 30 seconds, then washing three times with Milli-Q water. Once 

washed, 5 ml of buffered peptone water was added and invertebrates were then 

crushed and broken up, within the tube, using a sterile wooden stick or cotton 

 

2 Grouped together due to size/difficulty in differentiating without magnification. 
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swab, ensuring that gut contents were liberated. These taxa-units were then 

incubated at 37°C for 20-24 h to provide bacterial enrichments of the gut contents. 

Enrichments were stored as 15% glycerol stocks at -80°C, labelled with the taxa-

unit number that allowed traceability to the original source sample. 

 

2.4 Preparation of antimicrobial stock solution  

Stock solutions for the preparation of antimicrobial breakpoint plates were prepared 

as follows: 

 

For the 2000 mg/L cefpodoxime stock solution, 40 mg of cefpodoxime powder 

(Abtek Ltd.) was added to 10 ml of MilliQ water in a sterile 15 ml centrifuge tube 

and vortexed until dissolved. This stock solution was stored as 1 ml aliquots in 

sterile 1.5 ml centrifuge tubes at -12°C. 

 

For the 16,000 mg/L meropenem stock solution, 25 mg of meropenem trihydrate 

powder (Sigma) was added to 1.562 ml of MilliQ water in a sterile 1.5 ml centrifuge 

tube and vortexed until dissolved. This stock solution was stored in 0.52 ml aliquots 

at -12°C. For the 4000 mg/L meropenem stock solution, 20 mg of meropenem 

trihydrate powder (Sigma) was added to 0.5 ml of MilliQ water in a sterile 1.5 ml 

centrifuge tube and vortexed until dissolved. This stock solution was stored at -

12°C. 
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For the 2000 mg/L ciprofloxacin stock solution, 40 mg of ciprofloxacin powder 

(Arcos) was added to 20 ml of MilliQ water in a sterile 50 ml centrifuge tube and 

vortexed to mix. Then, 1-3 drops of 0.1 M hydrochloric acid were added to the 

mixture, vortexing briefly between drops, until the solution turned clear indicating 

that all of the ciprofloxacin was in solution. This stock solution was stored as 0.5 ml 

aliquots in sterile 1.5 ml centrifuge tubes at -12°C. 

 

For the 8000 mg/L tetracycline stock solution, 80 mg of tetracycline powder (Alfa 

Aesar) was added to 10 ml of 100% ethanol in a sterile 15 ml centrifuge tube and 

vortexed to mix. This stock solution was stored as 1.1 ml aliquots in sterile 1.5 ml 

centrifuge tubes at -12°C. 

 

2.5 E. coli and AMR E. coli detection 

The frozen glycerol stocks of enriched bacteria harvested from samples of both 

wild deer faeces and freshwater invertebrate digestive tract contents were 

analysed using the same protocol: using MacConkey agar plates with or without 

antimicrobial supplements. The non-breakpoint plates were used to assess 

bacterial enrichments for the presence of E. coli, while the breakpoint plates were 

used to screen for the presence of AMR E. coli. The antimicrobials used in the 

breakpoint plates were ciprofloxacin (CIP), cefpodoxime (CPO), meropenem 

(MER) and tetracycline (TET). 
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Breakpoint plates were prepared as follows: MacConkey agar (VWR Chemicals; 

USP/EP/JP) was prepared in required volumes and cooled to 45°C after 

autoclaving, using a water bath. Stock antimicrobial solution was added to the 

molten agar in order to produce the desired working breakpoint concentration 

(Table 2-1). Plates were then poured inside an operating biosafety level 2 (BSL2) 

cabinet, using sterile 25 ml serological pipettes and 90 ml triple vented petri dishes. 

The non-breakpoint (MAC) plates were prepared identically, but with no addition of 

antimicrobial supplement. 

 

The working concentrations used for ciprofloxacin (CIP), cefpodoxime (CPO) and 

meropenem (MER) breakpoint plates were the clinical breakpoint (CBP) 

concentrations defined by the European Committee on Antimicrobial Susceptibility 

Testing (EUCAST; as no EUCAST CBP was available for tetracycline (TET), the 

epidemiological cut-off value (ECOFF3) from EUCAST was used instead 

(EUCAST, 2020c). 

 

 

3 Whilst CBP concentrations are used to place isolates into resistant/intermediate/susceptible 
categories, the ECOFF value is used to classify isolates as wild type (WT) or non-wild type (NWT). 
Non-wild-type isolates are those which possess phenotypic resistance beyond that of wild type 
variants, as a result of acquired resistance traits. 
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Table 2-1: Concentration of antimicrobials used to screen for prevalence of AMR. Working concentrations are 

clinical breakpoint concentrations from EUCAST, except for tetracycline, where the ECOFF is used. 

Antimicrobial Class 

Working 

concentration 

(mg/L) 

Stock 

concentration 

(mg/L) 

Volume of 

stock 

added to 

1L of agar 

(ml) 

Cefpodoxime 3rd Gen. 

cephalosporin 
1 4000 0.25 

Ciprofloxacin Fluoroquinolone 0.5 2000 0.25 

Meropenem Carbapenem 0.125 / 8 4000 / 16 k 0.031 / 0.5 

Tetracycline Tetracycline 8 8000 1 

 

For meropenem, 0.125 mg/L is the recommended concentration of meropenem for 

detecting carbapenemase resistance mechanisms, and 8 mg/L is the clinical 

breakpoint. For the deer samples, the lowest concentration was used as described 

in Chapter III. For the invertebrate samples, the lowest concentration was used 

first, with any sample exhibiting growth being re-tested at the higher concentration.  

 

2.5.1 Inoculation 

Plate inoculum were prepared by adding a 10 µl loopful of the enriched bacterial 

glycerol stock sample to 10 ml of buffered peptone water (BPW) and leaving the 

suspension at room temperature for between 15–30 minutes (this varied with the 

number of inoculum being prepared). This provided a short recovery period for the 

bacteria, allowed for repeat inoculations of agar plates with an equal concentration 

inoculum, and decreased the risk of contaminating the primary glycerol stocks. A 

pipette was then used to dispense 100 µl of inoculum onto each agar plate: 1 non-
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breakpoint plate (MAC), and 4 breakpoint plates (CIP, CPO, MER and TET). This 

was then spread across the surface of the agar in three directions using a 

disposable plate spreader, ensuring full coverage. All plates were then allowed to 

dry at room temperature before being inverted and incubated at 37°C for 20-24 

hours. 

 

2.5.2 Recording and harvesting presumptive E. coli  

Following incubation, all plates were read for the presence of strong lactose 

fermenting colonies, i.e., deep pink or purple in colour, on MacConkey agar. Where 

such growth was observed, the sample was recorded as positive for harbouring 

lactose fermenting bacteria on the plate (MAC, CIP, CPO, MER or TET). However, 

in order to confirm samples as positive for harbouring E. coli / AMR E. coli 

specifically, a single colony of every morphologically distinct lactose-fermenting 

colony was harvested from plates exhibiting such growth (to avoid discounting E. 

coli present with a non-standard morphology) for confirmation as E. coli and further 

analyses. For reference, typical E. coli colonies - i.e., dry, circular, strongly lactose 
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fermentative, with bile salt precipitate visible in the agar around the colony - are 

shown in Figure 2-2. 

 

 

Figure 2-2: Examples of typical E. coli morphology on MacConkey agar. Note the deep pink/purple colour of 

the colonies and the dark bile salt precipitate in the surrounding agar, both indicators of strong lactose 

fermentation. 

 

Each isolate was given an AMR/D or AMR/I designation (for deer or invertebrate 

isolates, respectively4) to aid record keeping. Each isolate was recorded with data 

tracing the source sample number, the breakpoint plate from which the isolate was 

taken, and colony morphology. In each case, picked colonies were inoculated into 

10 ml of BHI broth, incubated overnight (12-18 h at 37°C) to provide a broth 

 

4 Despite the ‘AMR’ designation, this also included isolates from MAC plates. 
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enrichment, then prepared and stored as a 15% glycerol stock, as previously 

described. 

 

2.5.3 Controls for spread plates 

To provide control data, E. coli ATCC® 25922™ (susceptible to all antimicrobials 

tested) and E. coli ATCC® BAA-2469™ (resistant to ciprofloxacin, cefpodoxime, 

meropenem and tetracycline) were used. These were prepared from 15% glycerol 

stocks following the same methods described above. E. coli ATCC® 25922™ 

provided a positive control for growth on non-breakpoint MAC plates, and a 

negative control on the breakpoint plates. E. coli ATCC® BAA-2469™ provided a 

positive control for AMR E. coli growth on the breakpoint plates. 

 

Further, the 10 ml BPW inoculums for the control organism were incubated 

alongside the 10 ml BPW sample inoculums (37°C for 20–24 h), to provide positive 

control checks for growth from the sample stocks and to confirm viability of the 

control organisms. A cloudy appearance in the BPW media following incubation 

was recorded as positive/viable growth. Where no growth was observed, samples 

were marked for repeat analyses for confirmation. An un-inoculated tube 

containing 10 ml of BPW functioned as a sterility control for the inoculum media. 
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2.6 Polymerase chain reaction 

Polymerase chain reaction (PCR) was used to confirm harvested lactose 

fermenting isolates as E. coli and, later, to assess isolates with specific AMR 

phenotypes for the presence of associated AMR genes. 

 

2.6.1 Lysate preparation 

A scraping of the frozen isolate stock was taken, using a sterile 10 µl loop, 

streaked for isolation onto non-selective agar5 and incubated overnight (12-20 h) at 

37°C, to provide fresh colony growth, with the goal of obtaining sufficient fresh 

growth (e.g. >3 colonies) for lysate preparation. 

 

Lysates for isolates from deer faecal samples (AMR/D) were prepared at the MRI 

laboratory using a proteinase K digestion method. For this, 1–3 fresh colonies 

(from non-selective agar) were picked and added to a solution containing 45 µl of 

ultrapure H2O, 5 µl of proteinase K and 150 µl of Tris-HCl (0.1 M, pH 8) in a 0.6 ml 

centrifuge tube, and then vortex mixed. The solution was heated at 50°C for 10 min 

using an Eppendorf Thermomixer shaking heater block (with continual shaking), 

then at 99°C for 5 min (in a standard heating block). Tubes were then centrifuged 

 

5 Nutrient Agar (Oxoid) was most commonly used. However, in instances where this was not 
available (due to time or resource constraints), BHI (Oxoid) and Müeller-Hinton (Oxoid) were 
substituted. 
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at 12,000 rpm for 3 min. The supernatant (the final lysate) was then pipetted off 

and stored in a clean 0.6 ml centrifuge tube at -20°C. 

 

Lysates for the freshwater invertebrate isolates (AMR/I) were prepared at the 

Environmental Research Institute (ERI) using a simple boil preparation, wherein 10 

µl of enriched BHI broth was added to 100 µl of MilliQ water in a sterile PCR quality 

200 µl centrifuge tube. Tubes were then placed in a water bath at 95°C for 10 

minutes. The tubes were then cooled on ice and stored at -20°C until use. 

 

2.6.2 PCR for E. coli confirmation 

PCR was carried out to assess lysates for the presence of the β-glucuronidase 

gene, uidA, for the purpose of confirming lactose fermenting isolates as E. coli, 

using primers from (Juck et al., 1996; Table 2-2). The PCR master mixtures used 

for the analysis of AMR/D and AMR/I isolate lysates are shown in Table 2-3. 

Differences in these mixtures are a result of variation in the reagents used between 

MRI and ERI (for uidA reactions). The thermal cycling programs used for each 

reaction mix are shown in Table 2-4. 
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Table 2-2: PCR primers used for confirmation of E. coli status in lactose fermenting isolates. 

Primer name 
Target 
gene 

Primer sequence (5’ – 3’) 
PCR 

product 
(bp) 

Reference 

uidA 858 
uidA 

ATCACCGTGGTGACGCATGTCGC 
486 (Juck et al., 1996) 

uidA 1343 CACCACGATGCCATGTTCATCTGC 

 

Table 2-3: Master mix compositions for polymerase chain reaction analysis of harvested isolates. 

Reagent 
AMR/D uidA AMR/I uidA 

Per 20 µl reaction Per 20 µl reaction 

Reaction mix 
4.4 µl (GoTaq 5x colourless 

reaction buffer + nucleotide mix) 

10 µl (VWR Red Taq 2x DNA 

polymerase Master Mix) 

uidA primers (F & R) 0.1 µl (each) 0.4 µl (each) 

Taq polymerase 
0.1 µl 

(GoTaq G2 DNA polymerase) 
Included in reaction mix 

Nuclease free water 14.3 µl 7.2 µl 

Lysate 1 µl 2 µl 

  

Table 2-4: Thermal cycling programs for polymerase chain reactions utilising the primers shown in Table 2-2 

and the master mixes shown in Table 2-3, for the confirmation of E. coli in lactose fermenting isolates. Time 

shown in minutes and seconds. 

AMR/D uidA AMR/I uidA 

Program Temp  Time Program Temp Time 

Initial 95°C 05:00 Initial 94°C 10:00 

x30 

cycles  

94°C 01:00 
x30 

cycles 

94°C 01:00 

60°C 00:30 58°C 01:00 

72°C 00:05 72°C 01:00 

Final 72°C 05:00 Final 72°C 05:00 

Hold 4°C  Hold 4°C  

 

PCR products from AMR/D isolates were read using the QIAxcel Advanced system 

at MRI to determine the presence of uidA. PCR products from AMR/I isolates were 

separated using submerged horizontal gel electrophoresis (Bio-Rad Sub-Cell® 
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Model 192 electrophoresis cell and PowerPac™ Basic power supply). Where 

horizontal gel electrophoresis was used, a 1.25% agarose gel was prepared 

adding 100 ml of X1 TAE buffer (Tris-acetate-EDTA) (BioRad) to 1.25g of agarose 

(Fisher Bioreagents) in a conical flask, microwaving and mixing until fully dissolved, 

then adding 10 µl of SYBR™ Safe DNA Gel Stain (Thermo Fisher) to the mixture, 

pouring into a gel tray (with well combs), and allowing to set. Wells were loaded 

with 5 µl of PCR reaction product, with a 100 – 1000 base pair (bp) ladder in the 

first well and positive and negative controls in the rightmost wells, and run at 85v 

for 60-90 minutes, depending upon the size of the product. Gels were imaged 

using a Gel-Doc XR (Bio-Rad) and Image Lab 6.0.1 (Bio-Rad) software, and 

results were recorded directly into a spreadsheet. Isolates that exhibited strong 

lactose fermentation on MacConkey agar plates and tested positive for the 

presence of the uidA gene were considered positively identified as E. coli. 

 

2.6.3 PCR for genetic determinants of AMR 

Selected AMR/D E. coli isolates were further analysed for presence of known 

genetic determinants, based on the results of antimicrobial susceptibility testing 

(AST; see Section 2.7). Specifically, those isolates classed as clinically resistant to 

oxytetracycline (OXY) were assessed for the presence of the tetracycline 

resistance genes tetA, tetB and tetC. Those isolates positive for clinical resistance 

to Trimethoprim-Sulfamethoxazole (TRS) were assessed for the presence of the 

sulphonamide resistance genes sul1, sul2 and sul3. Isolates classed as clinically 

resistant to resistance to cefpodoxime (CPO) were assessed for presence of the 
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extended-spectrum β-lactamase (ESBL) resistance genes blaTEM, blaSHV and 

blaCTX-MU. PCR was carried out using the same lysates utilised for uidA detection 

(section 2.6.1), but with the primers shown in Table 2-5. The PCR reactions were 

setup and run at MRI, but the reaction products were transferred to ERI, on ice, 

and read using gel electrophoresis, using the parameters described above, in 

section 2.6.2. The master mix composition and the thermal cycling programs used 

for each primer set are shown in Table 2-6. 
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Table 2-5: PCR primers used for the detection of known genetic determinants of specific antimicrobial 

resistance phenotypes. 

Primer name 
Target 
gene 

Primer sequence (5’ – 3’) 
PCR 

product 
(bp) 

Reference 

Sulfonamides     

sul1-F sul1 TGGTGACGGTGTTCGGCATTC 789 (Mazel et al., 
2000) sul1-R GCGAGGGTTTCCGAGAAGGTG 

sul2-F sul2 CGGCATCGTCAACATAACC 722 (Maynard et al., 
2003) sul2-R GTGTGCGGATGAAGTCAG 

sul3-F sul3 GAGCAAGATTTTTGGAATCG 990 (Perreten & 
Boerlin, 2003) sul3-R CATCTGCAGCTAACCTAGGGCTTTGGA 

Tetracyclines 
   

 

tetA-F tetA GTAATTCTGAGCACTGTCGC 937 

(Guardabassi et 
al., 2000) 

tetA-R CTGCCTGGACAACATTGCTT 

tetB-F tetB CTCAGTATTCCAAGCCTTTG 416 

tetB-R CTAAGCACTTGTCTCCTGTT 

tetC-F tetC TCTAACAATGCGCTCATCGT 570 

tetC-R GGTTGAAGGCTCTCAAGGGC 

ESBL     

blaTEM-F 
blaTEM 

ATTCTTGAAGACGAAAGGGC 
1150 

(Belaaouaj et al., 
1994) blaTEM-R ACGCTCAGTGGAACGAAAAC 

blaSHV-F 
blaSHV 

CACTCAAGGATGTATTGTG 
885 

(Pitout et al., 
1998) blaSHV-R TTAGCGTTGCCAGTGCTCG 

BlaCTX-MU-F 
blaCTX-MU 

CGATGTGCAGTACCAGTAA 
585 

(Batchelor et al., 
2005) BlaCTX-MU-R TTAGTGACCAGAATCAGCGG 
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Table 2-6: Master mix recipe and thermal cycling programs for polymerase chain reactions utilising the primers 

listed in Table 2-5. 

Reagent Per 25 µl reaction  sul1, sul2, sul3 
 

Reaction Mix 
12.5 µl 

(GotTaq Green MasterMix) 
 Program Temp Time 

Primers (F&R) 0.125 µl (each)  Initial 94 03:00 

Taq-polymerase Included in reaction mix 

 
x30 

cycles  

94 01:00 

 60 01:00 

 72 01:00 

Nuclease free 
water 

9.25 µl  Final 72 10:00 

Lysate 3 µl  Hold 4  

tetA tetB tetC 

Program Temp Time Program Temp Time Program Temp Time 

Initial 95 05:00 Initial 95 05:00 Initial 95 05:00 

x23 cycles 

  

95 00:30 x25 
cycles 

  

95 00:30 x30 
cycles 

  

95 00:30 

62 00:30 57 00:30 62 00:30 

72 00:45 72 00:20 72 00:30 

Final 72 07:00 Final 72 07:00 Final 72 07:00 

Hold 4  Hold 4  Hold 4  

blaTEM blaSHV blaCTX-MU 

Program Temp Time Program Temp Time Program Temp Time 

Initial 94 03:00 Initial 96 05:00 Initial 94 05:00 

x30 cycles 

94 01:00 
x24 

cycles  

96 00:15 
x35 

cycles  

94 00:30 

60 01:00 52 00:15 52 00:30 

72 01:00 72 02:00 72 01:00 

Final 72 10:00 Final 72 05:00 Final 72 05:00 

Hold 4  Hold 4  Hold 4  

 

2.6.4 Controls for PCR 

Lysates prepared using E. coli ATCC® 25922™, Acinetobacter baumannii (Blades 

Biological Ltd.) and ultrapure H2O were used as positive, negative and blank 

controls, respectively, for PCR confirmation of uidA. For detection of genetic 

determinants at MRI, E. coli ATCC® 25922™ was used as a negative control, and 

MRI internal control organisms were used as positive controls. 
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2.7 Antimicrobial susceptibility testing 

Beyond testing for the prevalence of AMR E. coli using the four specific 

antimicrobials and associated breakpoint plates (as described in Section 2.4), 

further wider antimicrobial susceptibility testing (AST) was also carried out. This 

was undertaken only on confirmed E. coli isolates gathered from deer faecal 

samples and freshwater invertebrates, and included isolates harvested from both 

antimicrobial breakpoint plates and non-breakpoint (MAC) plates.  

 

2.7.1 Antimicrobials tested 

Table 2-7 lists the antimicrobials used for susceptibility testing. E. coli isolates from 

deer faecal samples (AMR/D) were assessed for susceptibility to nineteen 

antimicrobials. This list was based on previous work and standard operating 

procedure (SOP) documentation at MRI, but also adapted to include specific 

antimicrobials of interest for this thesis, i.e., MER and CPO. E. coli isolates from 

freshwater invertebrates (AMR/I) were assessed against ten antimicrobials; those 

deemed most relevant amongst the larger suite for the purposes of this study. The 

antimicrobial disks used for analysis differed in manufacturer between MRI and 

ERI, due to existing supply chains and availability. While significant differences in 

results between disks from different manufacturers are known to occur (EUCAST, 

2019), because no direct comparison between AMR/D and AMR/I isolates was 

intended or carried out, this discrepancy was not deemed important. 



Chapter II  Materials & Methods 

 

93 

 

Table 2-7: Details of antimicrobial disks used for susceptibility testing of E. coli isolates from different sample 

sources. 

Antimicrobial Abbreviation 

Disk 

concentration 

(μg) 

Manufacturer 

(AMR/D) (AMR/I) 

Amoxicillin + Clavulanic 

Acid 
AMC 30 Abtek Oxoid™ 

Ampicillin AMP 10 Abtek Oxoid™ 

Aztreonam AZT 30 Abtek NA 

Cefepime CEP 30 Abtek Oxoid™ 

Cefotaxime CTA 5 Abtek Oxoid™ 

Cefoxitin CXI 30 Abtek NA 

Cefpodoxime CPO 10 Abtek Oxoid™ 

Cefquinome CQU 30 Abtek NA 

Ceftazidime CTZ 10 Abtek Oxoid™ 

Ceftiofur CTF 30 Abtek NA 

Ciprofloxacin CIP 5 Abtek Oxoid™ 

Enrofloxacin ENR 5 Abtek NA 

Meropenem MER 10 Abtek Oxoid™ 

Oxytetracycline OXY 30 Abtek Oxoid™ 

Tigecycline TIG 15 Abtek Oxoid™ 

Imipenem IMI 10 Abtek NA 

Kanamycin KAN 30 Abtek NA 

Trimethoprim-

Sulfamethoxazole 
TRS 25 Abtek NA 

Abbreviations used comply with the EUCAST system for antimicrobial abbreviations 

(http://www.eucast.org/ast_of_bacteria/guidance_documents/). 

 

2.7.2 EUCAST AST protocol 

Analysis was carried out using the standard protocol established by EUCAST for 

disk diffusion testing. A full manual for this protocol is available on the EUCAST 

http://www.eucast.org/ast_of_bacteria/guidance_documents/
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website (www.eucast.org; see also Matuschek, Brown & Kahlmeter, 2013) which 

provides detailed guidance on the preparation and storage of growth media, 

preparation of inoculum, inoculation of plates, application of antimicrobial disks, 

incubation of plates and reading of results — all of which was strictly followed, and 

is summarised here (Figure 2-3). 

 

 

Figure 2-3: Overview of the standard EUCAST antimicrobial susceptibility testing protocol, using disk diffusion, 

as described by Matuschek, Brown and Kahlmeter (2013). 

 

All work took place inside an operating BSL2 cabinet. Non-selective agar was 

prepared in 90 ml triple-vented petri dishes (in order to obtain fresh colony growth 

of isolates). Müeller-Hinton agar (for AMR/D isolates - E&O Labs KM0183; for 

AMR/I isolates - Oxoid™ CM0337) was also prepared also using 90 ml triple-

vented petri dishes, to a depth of 4 ± 0.5 mm, as specified in the EUCAST protocol. 

All agar plates (non-selective and Müeller-Hinton) were stored in plastic bags at 4-

8°C, until use. Plates were allowed to surface dry before use, by stacking in the 

http://www.eucast.org/
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BSL2 cabinet, or, by incubating (inverted with lids ajar) at 37°C for ~15 minutes. All 

plates were allowed to reach ambient room temperature before being inoculated.  

 

In order to prepare an inoculum for a Müeller-Hinton plate, a 10 µl loopful of isolate 

15% glycerol stock was first streaked onto a non-selective agar plate and 

incubated at 37°C for 20-24 h. The isolates used were the AMR/D and AMR/I 

isolates which had been confirmed previously as E. coli by PCR. Following this 

non-selective incubation step, fresh colonies were picked using a sterile cotton 

swab and suspended in 3 ml of 0.85% saline, in a sterile test tube. The suspension 

was adjusted (by addition of colonies or saline) to an optical turbidity of 0.5 

McFarland, as measured using an equivalence turbidity standard (Remel) and a 

visual comparison card (Figure 2-4). This equates to a bacterial suspension of 

approximately 1.5 x 108 colony forming units (CFU/ml). 

 

Figure 2-4: A 0.5 McFarland equivalence turbidity standard used for preparation of antimicrobial susceptibility 

testing inoculum. Bacterial suspensions are prepared and measured alongside the standard, using the black 

lines for comparison. 
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Using this suspension, a sterile cotton swab was then used to inoculate a Müeller-

Hinton plate, swabbing in three directions to ensure even coverage without gaps. 

As per requirements, three plates were prepared for each AMR/D isolate, while 

only two were prepared for each AMR/I isolate (Figure 2-5). 

 

Antimicrobial disks (Table 2-7) were removed from the fridge and allowed to reach 

room temperature before being applied to the inoculated plates. For the AMR/D 

plates, antimicrobial disks (Abtek Ltd.) were applied using sterile tweezers and a 

printed template to guide placement. For the AMR/I plates, antimicrobial disks 

(Oxoid) were applied using an antimicrobial susceptibility disk dispenser (Oxoid 

Cat No. ST6090). Plates were then inverted and incubated at 35°C for 16-20 h.  
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Figure 2-5: Placement of antimicrobial disks, on Müeller-Hinton agar plates, for the purpose of antimicrobial 

susceptibility testing of E. coli by disk diffusion. 

 

Throughout the described process, the 15-15-15 minute rule (EUCAST, 2017) was 

observed, i.e., inoculum was applied to plates within 15 minutes of suspension, 

disks were applied to agar within 15 minutes of inoculation, and plates were 

incubated within 15 minutes of disk application. 

 

Following incubation, plates were examined for growth of a confluent lawn of 

bacteria, and any circular inhibition zones present. Those plates exhibiting 

intermittent or light growth, or jagged inhibition zones (see Figure 2-6) were 

discarded and the isolate was re-tested. Inhibition zone diameters (IZDs) were 
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read from the back of the plate, using callipers, with reflected light and against a 

dark background. IZDs were recorded (in mm) directly into a spreadsheet (using 

Microsoft Excel).  

 

Figure 2-6: Examples of acceptable (left) and unacceptable (right) lawn growth on Müeller-Hinton agar plates 

for antimicrobial susceptibility testing. Image source: EUCAST.org 

 

2.7.3 Controls for AST 

E. coli ATCC® 25922™ was used as a control for susceptibility, with plates 

prepared alongside each batch of isolates tested. IZDs were recorded and checked 

against acceptable values using a spreadsheet (EUCAST, 2018b). 

 

2.8 AMR prevalence calculations 

Prevalence of the identified measures of AMR (via breakpoint plate or AST) was 

calculated as described below. 
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2.8.1 AMR prevalence by breakpoint plates 

The breakpoint plates screened samples for E. coli with clinical resistance to CIP, 

CPO and MER (using EUCAST CBPs), or NWT resistance to tetracycline (using 

the EUCAST ECOFF). Apparent prevalence (P) for each was calculated as follows: 

 

PCIP = No. of samples yielding E. coli on CIP breakpoint plates / Total number of samples tested 

PCPO = No. of samples yielding E. coli on CPO breakpoint plates / Total number of samples tested 

PMER = No. of samples yielding E. coli on MER breakpoint plates / Total number of samples tested 

PTET = No. of samples yielding E. coli on TET breakpoint plates / Total number of samples tested 

 

Only samples that yielded isolates exhibiting strong lactose fermentation and which 

then confirmed positive for uidA (i.e., confirmed as E. coli) were counted as 

positive for resistance. Therefore, the apparent prevalence reported for each 

antimicrobial is specifically for E. coli in deer faecal samples or freshwater 

invertebrate digestive tract samples.  

 

2.8.2 AMR prevalence by AST (disk diffusion) 

IZD measurements of MAC isolates (i.e., those from non-breakpoint plates) were 

used to calculate the prevalence of resistance to antimicrobials using disk diffusion. 

Isolates were characterised in terms of antimicrobial susceptibility using a number 

of different IZD interpretation criteria. In addition to the EUCAST CBPs, the Clinical 

and Laboratory Standards Institute (CLSI) CBPs were also used, both of which 

categorise isolates as susceptible, resistant or intermediate (EUCAST, 2020b; 
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CLSI, 2018; Table 2-8). IZDs were also interpreted using EUCAST ECOFFs 

(categorising isolates as WT or NWT, where isolates with IZDs equal to or greater 

than the stated ECOFF value are classed as WT).  

 

Table 2-8: Antimicrobials utilised for disk diffusion testing along with their EUCAST and CLSI clinical 

breakpoint inhibition zone diameters. With the EUCAST criteria, IZDs below the ECOFF indicate isolates as 

non-wild type. For both EUCSAT and CLSI criteria, IZDs falling between the susceptible (S) and resistant (R) 

values class an isolate as Intermediate (note the difference in resistance cut-offs between the two systems: 

EUCAST require IZDs below the stated R value, while CLSI include the stated R value). 

Antimicrobial 
EUCAST CLSI 

Inhibition Zone Diameter (IZD) 
(mm) 

Code Name 
Disk 

content 
(µg) 

ECOFF< S≥ R < S≥ ≤R 

AMP Ampicillin 10 14 14 14 17 13 

AMC 
Amoxicillin + Clavulanic 
Acid 

30 16 19 19 18 13 

AZT Aztreonam 30 27 26 21 21 17 

CEP Cefepime 30 28 27 24 25 18 

CTA Cefotaxime 5 21 20 17 26 22 

CXI Cefoxitin 30 17 19 19 18 14 

CPO Cefpodoxime 10 - 21 21 21 17 

CTZ Ceftazidime 10 20 22 19 21 17 

CIP Ciprofloxacin 5 25 22 22 26 21 

IMI Imipenem 10 24 22 17 23 19 

KAN Kanamycin 30 - - - 18 13 

MER Meropenem 10 25 22 16 23 19 

OXY Oxytetracycline 30 - - - 15 11 

TRS 
Trimethoprim-
sulfamethoxazole 

25 25 14 11 16 10 

TIG Tigecycline 15 18 18 18 - - 
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Note that not all values were available for all antimicrobials, under all criteria, e.g., 

there is no CBP value for OXY under EUCAST, while CLSI do provide one. From 

these categorisations, three different measures of prevalence were calculated for 

each antimicrobial tested, as follows: 

 

PEUCAST = No. E. coli isolates classed as clinically resistant by EUCAST CBP / Total no. of E. coli 

isolates tested 

PECOFF = No. E. coli isolates classed as non-wild type by EUCAST ECOFF / Total no. of E. coli 

isolates tested 

PCLSI = No. E. coli isolates classed as clinically resistant by CLSI CBP / Total no. of E. coli isolates 

tested 

 

Example 

An isolate exhibits an inhibition zone diameter (IZD) of 20 mm around the 

Aztreonam (30 µg) disk. Comparing this value with Table 2-8, first using the 

EUCAST classification criteria, an IZD of 20 mm classes the isolate as NWT 

(since it is lower than the ECOFF value of 27 mm), and as clinically resistant, 

since it is lower than the R value of value of 21. However, using the CLSI 

classification criteria, this isolate would be classed as Intermediate, since the 

20 mm IZD lies between the R value of 17 and the S value of 21 mm. 
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These same interpretations and calculations were also carried out for IZDs from E. 

coli isolates harvested from the breakpoint plates and grouped separately for later 

comparison and discussion (see Chapter IV). 

 

2.8.3 Calculating and using Ecological Cut-Off Values 

IZD data from MAC plate E. coli isolates assessed using AST were used to 

calculate bespoke ecological cut-off values, which was used as an alternative to 

the ECOFF value for determining WT/NWT resistance in an isolate. In order to 

calculate these values, the NRI method was used with permission from the patent 

holder, Bioscand AB (TÄBY, Sweden; European patent No 1383913, US Patent 

No. 7,465,559). Calculations were carried out using Microsoft Excel, and the 

spreadsheet available courtesy of Kronvall and Smith (2016). This was carried out 

separately for the E. coli isolates from deer faecal samples (AMR/D) and from 

freshwater invertebrate (AMR/I), giving ecological cut-off values specific to each 

population. As per Kronvall and Smith (2016), these values were given the 

designation COWT in order to distinguish them from epidemiological cut-off values 

set by EUCAST (ECOFFs). 



Chapter II  Materials & Methods 

 

103 

 

Figure 2-7: Illustration of how the normalised resistance interpretation (NRI) for antimicrobial susceptibility 

testing data functions. The histogram shows the frequency distribution of inhibition zone diameters (IZDs) for 

all tested isolates. Blue shaded isolates are then used to simulate the peak and normal distribution for a wild-

type only population (to construct the NRI curve), and therefore allow calculation of the wild-type cut off (COWT) 

value, as the vale at 2.5 standard deviations (SD) removed from the mean. Isolates with IZDs below the COWT 

value are classed as non-wild-type. 

 

Normally, minor variations on the resistant (left) side of an IZD distribution can 

make it difficult to determine precisely where the WT/NWT cut-off lies. The NRI 

method looks to address and overcome this by making use of the fact that the 

distribution of IZDs for a wild-type only population of a bacterial species are 

inherently normally distributed. Therefore, as in Figure 2-7, when an NRI curve is 

plotted using only data from isolates on the rightmost side of the IZD bell-curve 

distribution (i.e., the most clearly WT/susceptible portion; Figure 2-7, in blue), this 



Chapter II  Materials & Methods 

 

104 

allows for a more precise simulation of the ‘expected’ NWT population data and 

thus calculation of a ‘true’ WT/NWT cut-off value, i.e., the COWT.  

 

The IZD data gathered was then interpreted using the corresponding COWT values 

for the population, to classify individual isolates as WT or NWT. Then prevalence of 

NWT resistance (PCOWT) to specific antimicrobials for E. coli from wild deer faeces 

and freshwater invertebrate digestive tract contents was calculated as follows: 

 

PCOWT = No. E. coli isolates classed as NWT by COWT / Total number of E. coli isolates tested 

 

 

2.9 Spatial Mapping and Analysis 

Mapping and spatial analysis of data was carried out using QGIS (QGIS 

Development Team, 2018). Base maps utilised information from the Ordnance 

Survey Strategi® dataset obtained via the online Digimap service 

(https://digimap.edina.ac.uk). Land cover data from the land cover map 2015 data, 

utilising the ‘1km dominant target class, GB’ (Rowland et al., 2017a) for the deer 

sample study, and the ‘vector, GB’ (25m resolution) (Rowland et al., 2017b) was 

used for the freshwater invertebrate study. Scottish regional and parish boundaries 

were downloaded from data.gov.uk.  
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Information regarding potential risk factors for AMR were gathered from publicly 

available online resources. This included GIS data on locations of fisheries and 

landfills gathered from the Scottish Environmental Protection Agency (SEPA) 

website (Scottish Environmental Protection Agency, 2017), livestock and 

agriculture data taken from the agricultural census (Scottish Govenrment, 2017) 

and the agcensus website (EDINA, 2017), wastewater treatment works locations  

taken from Scottish Water (Scottish Water, 2016), human population density data 

from the GEOSTAT 2011 population grid (EUROSTAT, 2016), and hospital 

locations using data from Public Health Scotland (Public Health Scotland, 2018). 

 

Inbuilt QGIS functions (e.g., points in polygon) were used to generate deer density 

and AMR prevalence figures using the sample data, within specified area 

boundaries (e.g., by region). Distance Matrix analyses were used to generate 

distance data for risk factor proximity analyses. Zonal histograms were used to 

analyse land cover types in proximity to sample locations. Livestock and human 

population densities for individual samples were calculated using the [join attributes 

by location (summary)] function, calculating the sum value for all zones intersecting 

with the sample buffer zone. Where applicable, generated data tables were 

exported for collation, further analysis and visualisation using Microsoft Excel 

(Microsoft Corporation, 2018a) or RStudio (RStudio Team, 2016). 
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For land cover classifications, where ‘unclassified’ was listed, this was in all cases 

amended to saltwater, after visually confirming that this was appropriate using 

aerial image maps (Google, CNES/Airbus & Maxar Technilogies, 2020). 

 

2.10 Discussion of Methods 

2.10.1 The Breakpoint Plate Method 

The breakpoint plate method described, by virtue of the selective and differential 

properties of the MacConkey agar used, allows presumptive identification of E. coli 

— the target of this work — on the plate, via differentiation based on the production 

of ß-galactosidase). While approximately 5% of E. coli are ß-galactosidase 

negative, these strains were deemed too rare to expend effort capturing. Though 

further identification (i.e., PCR) is required to confidently confirm E. coli, this 

breakpoint plate method allowed quick and convenient elimination of many non-

target bacteria. Here, final confirmation was carried out using uidA amplification via 

PCR (see Section 2.6). 

 

The strength of the breakpoint plate method lies in its ability to screen whole 

samples for bacteria with phenotypic resistance to an antimicrobial (at a pre-set 

concentration). The method screens numbers of bacteria at orders of magnitude 

above what can be accomplished when individual isolates are handpicked and 

subjected to susceptibility/resistance assessments (as with the AST disk diffusion 

protocol). However, without further testing, it is not possible to say with certainty 
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that all growth on a breakpoint plate is as a result of resistance. In analysing such a 

large number of diverse bacteria, other factors can come into play. Such factors 

include (but are not limited to), exhaustion of the antimicrobial (as a result of high 

bacterial load), inactivation of the antimicrobial (via the resistance mechanisms of 

other bacteria present), refuge from the antimicrobial (via biofilm formation), and 

alteration of gene regulation or expression, both of which may produce phenotypic 

resistance, as a result of quorum sensing. In order to confirm that all growth on a 

breakpoint plate is indeed as a result of resistance, each individual isolate present 

would have to be further tested, a task that would normally require an unrealistic 

level of effort. 

 

2.10.2 AST by Disk Diffusion 

The disk diffusion method used here is a modern standardisation of the Kirby-Baur 

method (Hudzicki, 2016; Matuschek, Brown & Kahlmeter, 2013). This is one of the 

most commonly used means of assessing faecal samples for the presence of AMR 

bacteria, particularly in deer populations (see Chapter I, Section 1.9). It allows for 

the simple determination of phenotypic resistance — via the diameter (in mm) of an 

inhibition zone (IZD) on an agar plate — and allows qualitative/ordinal classification 

of susceptibility: i.e., as resistant, intermediate or susceptible. However, the AST 

method cannot be used to analyse mixed culture samples, only pure isolates. 

Thus, while a positive/resistant result identifies specific phenotypic resistance 

within a single isolate (from a whole sample) and provides a quantitative 
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measurement of that resistance (the IZD), it does not provide information on other 

potential isolates within the source sample.  

 

2.10.3 Interpretation criteria 

It is important to bear in mind that classifications such as resistant, susceptible, 

wild type, and non-wild type, are simply ‘interpretations’ of phenotypic data (in this 

case, the IZD) using given criteria. Therefore, when attempting to use or compare 

such interpretations, it is important to consider the nature of the criteria used. The 

EUCAST standard method (Matuschek, Brown & Kahlmeter, 2013) and the CLSI 

standard method (CLSI, 2018) for AST by disk diffusion are effectively identical (in 

terms of laboratory protocols). The only notable variation between these two 

methods is in the interpretations of results, i.e., the interpretation of IZD values. It is 

important to understand the merit and quality that both the EUCAST and CLSI 

methods afford. EUCAST is tasked with standardising breakpoints and 

antimicrobial susceptibility testing within Europe. They have already harmonised 

clinical breakpoints across Europe, and there are several non-European countries 

using their guidelines. CLSI (an international not-for-profit organisation) is engaged 

in laboratory standardisation, their methods are primarily used in North America, 

and are frequently cited in AMR studies. Both bodies (EUCAST and CLSI) base 

their recommendations on breakpoint values (ECOFFs and CBPs) on data 

gathered from isolates of exclusively human origin, e.g., isolates gathered from 

human health care patients. Hence, far less/no information is available on 

antimicrobials specifically used solely in veterinary care, or, regarding data from 
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isolates of animal origin. Progress towards CBPs for veterinary use has been 

made, with CLSI publishing a list of veterinary breakpoints (Clinical and Laboratory 

Standards Institute, 2013) and the Veterinary Committee on Antimicrobial 

Susceptibility Testing (VetCAST, a subcommittee of EUCAST; Toutain et al., 2017) 

working on CBPs for animal isolates. Where such breakpoints were available for 

this thesis (from CLSI), they were used and highlighted as such. 

VetCAST/EUCAST advise that where breakpoints are not available for animal 

isolates, an ECOFF be substituted as a measure of resistance (Toutain et al., 

2017). However, as this thesis discusses, the ECOFFs provided by EUCAST may 

not be suitable for animal sourced isolates, and the COWT (as described above; 

Section 2.8.3) may be more appropriate. 

 

IZDs can be interpreted to provide a list of tested antimicrobials to which isolates 

harbour defined levels of resistance, e.g., NWT or clinically resistant. These 

resistance profiles can be used, with enough data, to identify resistance patterns 

across samples. It may also be possible to identify commonly occurring groupings 

of resistance (i.e., to multiple antibiotics), which could be used to investigate, for 

example, drivers and pathways toward such resistance. Moreover, since these 

resistance profiles are based upon quantitative data (the IZDs), profiles can be 

quickly updated by the application of different classification criteria. For example, 

CBPs (the size of the IZD that determines the susceptibility of an isolate) can 

change regularly as a result of ongoing assessments of resistance. Where such 

changes occur, isolates that were previously classified as susceptible may become 
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re-classified as resistant. Note that this is not a change in the organism itself, but 

simply in classification criteria. 

 

 

End of Chapter II 
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3 CHAPTER III 

Investigating the Prevalence and Associated Risk Factors 

of AMR E. coli in Scottish Wild Deer Faeces  

 

3.1 Introduction 

Antimicrobial resistant (AMR) bacteria are now widely acknowledged as one of the 

most critical emerging threats to human wellbeing (Department of Health, 2018). In 

addition, though data are limited, AMR also has impacts in veterinary care, such as 

restricting access to certain antimicrobials, necessitating euthanasia of animals 

with otherwise treatable infections (Bengtsson & Greko, 2014; Weese et al., 2015). 

It is well documented that AMR bacteria have spread beyond sites of antimicrobial 

use and into the wider environment (Arnold, Williams & Bennett, 2016). 

Surveillance of such spread has been identified as one of the key areas in which 

research is required, in order to first quantify and then tackle the risks that AMR 

presents (O’Neill, 2016). While potential pathways for transmission of AMR 

bacteria between humans, animals and the environment have been identified, the 

origin of AMR bacteria in wildlife is largely unknown and specific risk factors are 

currently poorly characterised and understood (Laxminarayan et al., 2013). In order 

to fully assess these potential pathways, more data is required; understanding the 

extent and characteristics of AMR bacteria harboured by wildlife is a crucial step in 

this endeavour. 
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3.1.1 Assessing AMR in wildlife studies 

Background levels of AMR in wild bacterial populations are influenced by the 

overall antimicrobial load in the environment, and by the effectiveness of legislative 

controls on antimicrobial usage (Zaidi, Dreser & Figueroa, 2015; Österblad et al., 

2001; Gilliver et al., 1999), but some bacterial populations (and communities) 

possess a naturally higher prevalence of AMR than is commonly encountered 

(Burow et al., 2019). 

 

Wild animals are commonly sampled to obtain insights into the prevalence and 

spread of AMR bacteria in the environment, with birds and cervids most often 

utilised (Greig et al., 2015). AMR bacteria have been identified in samples from 

wild deer (i.e., present within their faeces) in many countries around the world, 

including multi-drug resistant (MDR) isolates, and isolates with extended spectrum 

β-lactam (ESBL) resistance mechanisms (see Chapter I, Section 1.9). In Scotland, 

total wild deer populations are currently estimated at around 1 million individuals 

and can be found across nearly the entire mainland. The population is comprised 

of four species: red deer (Cervus elaphus), roe deer (Capriolus capriolus), fallow 

deer (Cervus nippon) and sika deer (Dama dama). Red and roe deer comprise the 

largest component, and their populations vary geographically, with red deer 

dominant in the Highlands of Scotland and roe deer more abundant in the lowlands 

(Scottish Natural Heritage, 2016a). The red deer population in Scotland has 

gradually increased since the 1970’s and currently constitutes the largest 

continuous population in Europe, numbering approximately 400,000 animals 



Chapter III  AMR Prevalence & Risk Factors 

 

113 

(Clutton-Brock, Coulson & Milner, 2004; Edwards & Kenyon, 2013). Wild deer are 

also of increasing importance within the human food chain, as evidenced by 

increased UK sales of venison (from £32 million to £43 million between 2006–

2009) and a rise in the number of deer farms in Scotland over recent years, from 

65 to 97 registered holdings between 2001 and 2018 (Scotland Food & Drink, 

2018; Venison Advisory Service Ltd., 2016). Hence, given their widespread 

distribution across Scotland, and their links with and exposure to human activity 

and livestock, wild deer are potentially an ideal candidate taxon to utilise for 

assessing the presence (and change over time) of AMR bacteria within the 

Scottish environment. 

 

One of most commonly utilised method of assessing AMR in wildlife samples is 

through disk-diffusion testing using harvested isolates, using published guides by 

either the Clinical Laboratory Standards Institute (CLSI) or the European 

Committee for Antimicrobial Susceptibility Testing (EUCAST) (see Chapter II, 

section 2.7.2). However, such isolate based methods may miss instances of 

resistance within whole samples. Here, we utilised a breakpoint plate method, 

whereby bacterial enrichments from whole samples were plated onto agar 

containing antimicrobial supplements, and discussed the results of this approach 

are in light of existing isolate based studies. 

 

An assessment of the prevalence of AMR E. coli within the Scottish wild deer 

population was made, utilising fresh deer faeces from culled animals as a 
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biomonitoring tool. E. coli was targeted given (a) its importance as a pathogen in 

both animal and human disease, (b) its wide usage in previous and ongoing 

assessments of AMR, (c) its ubiquitous nature in both the environment and the 

human and animal gut, and (d) its common application as an indicator of faecal 

contamination (i.e., in human food/water); all of which makes it a perfect target 

bacteria for AMR studies of this type (Health Protection Scotland, 2019; Bélanger 

et al., 2011; van den Bogaard & Stobberingh, 2000). This chapter sought to: 

1) establish a baseline for the prevalence of AMR E. coli within the faeces of 

wild deer within Scotland 

2) explore associations with wild deer host characteristics and environmental 

risk factors6 (e.g., livestock presence, proximity to wastewater treatment 

facilities and health care facilities, land cover, etc.) 

3) investigate the suitability of these samples as a proxy/indicator of AMR E. 

coli present in the wider environment 

 

This chapter presents the first data (that we are aware of) describing AMR 

prevalence in the wild deer population across Scotland. 

 

 

6 The term ‘risk factor’ in this thesis refers to a variable or agent potentially associated (either 
positively or negatively) with an outcome, in this case, the carriage of AMR E. coli. 



Chapter III  AMR Prevalence & Risk Factors 

 

115 

3.2 Methods 

The detailed methods employed are fully described in Chapter II but summarised 

here. 

3.2.1 Sample gathering 

Faecal samples were harvested from the four deer species present across 

Scotland. Deer were culled as part of routine population management and sampled 

as part of a national deer health survey (DHS), with sampling taking place from 

March 2017 to October 2018. Faecal samples were gathered from the rectum, via 

the anus, into sterile plastic pots, then sent via post to the Moredun Research 

Institute (MRI; Penicuik) for processing and analysis. Each sample was 

accompanied by metadata detailing sex, age, species, body condition score (BCS) 

and the location of the cull (six-figure Ordinance Survey National Grid-reference). 

 

MRI staff prepared non-selective bacterial enrichments for each sample, stored 

these as glycerol stocks, and screened all enrichments for the presence of Shiga 

toxin genes stx1 and stx2, and the intimin gene, eae, using a multiplex PCR. Only 

samples which tested negative for all three genes were analysed within this AMR 

study. In total, 324 samples (from the 1078 DHS samples collected) were used 

here.  
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3.2.2 Breakpoint plate analysis 

Breakpoint plates were used to identify E. coli resistant to specific antimicrobials. 

These were prepared using MacConkey Agar (Ph. Eur., USP, JP; VWR 

Chemicals) with clinical breakpoint (CBP) concentrations of ciprofloxacin (CIP; 0.5 

mg/L), cefpodoxime (CPO; 1 mg/L) and meropenem (MER; 8 mg/L); these CBPs 

were as defined by the European Committee for Antimicrobial Susceptibility 

Testing (EUCAST) (European Committee on Antimicrobial Susceptibility Testing, 

2019). Breakpoint plates for tetracycline (TET) were also prepared, but as no CBP 

was available for TET, the epidemiological cut-off (ECOFF) concentration of 8 

mg/L was used instead7. Additionally, breakpoint plates for MER were also 

prepared at a lower concentration of 0.125 mg/L (rather than 8 mg/L), as 

recommended for use in the detection of carbapenemase resistance mechanisms. 

All samples were tested against these CBPs for CIP and CPO, and the ECOFF for 

TET. For MER, a first batch of samples (n = 194) were tested using the higher CBP 

of 8mg/L. Following no evidence of resistance at this concentration, remaining 

batches (n = 130) were assessed using the lower concentration (of 0.125 mg/L), on 

the condition that any sample exhibiting E. coli growth at 0.125 mg/L was then re-

tested at 8mg/L, to assess growth at the CBP. These four antimicrobials were 

 

7 Whilst CBP concentrations are used to place isolates into resistant/intermediate/susceptible 
categories, the ECOFF value is used to classify isolates as wild type (WT) or non-wild type (NWT). 
Non-wild-type isolates are those which possess phenotypic resistance beyond that of wild type 
variants, as a result of acquired resistance traits. EUCAST advises the use of ECOFFs in the 
absence of CBPs. 
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chosen to allow some comparison with existing data from both human, domestic 

animal and wildlife populations.  

 

For each sample, 100 µl of inoculum (prepared from a 10 µl loop of glycerol stock 

diluted into 10 ml of buffered peptone water) was spread onto each breakpoint 

plate (CIP, CPO, MER and TET), allowed to dry, then inverted and incubated at 

37°C for 20 to 24 hours. Following incubation, plates were examined for the 

presence of bacterial colonies exhibiting strong lactose fermentation (see Figure 

3-1). Where observed, a single colony for each morphotype was harvested, stored 

as a glycerol stock, and confirmed or ruled out as E. coli using PCR amplification of 

the uidA gene. Identically prepared inoculations of E. coli ATCC® 25922 

(susceptible to all tested antimicrobials) were used as negative controls (confirmed 

inhibition) on breakpoint plates, and positive controls for PCR. 
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Figure 3-1: Exemplar E. coli colonies on MacConkey agar. Deep purple colouring of colonies, in addition to 

purple bile precipitate around colonies, indicates strong lactose fermentation. 

 

Using these methods, each faecal sample (i.e., individual deer) was recorded as 

being positive or negative for harbouring any E. coli classed as:  

• resistant to CIP 

• resistant to CPO 

• resistant to MER (growth on selective media regardless of concentration) 

• non-wild type (NWT) for TET.  

Prevalence of resistant E. coli (or NWT, in the case of TET) for all sampled deer 

was then calculated for each antimicrobial as the number of samples yielding any 

confirmed resistant E. coli on the breakpoint plate (irrespective of the number of 

morphotypes tested), divided by the total number of samples tested. 
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In addition to the breakpoint plates, a 10 µl loop of each inoculum was also 

streaked for isolation (to increase chances of harvestable colonies) onto a 

MacConkey agar plate without any antimicrobials (designated MAC). This plate 

was used to identify growth of ‘non-resistant’ presumptive8 E. coli (p. E. coli) within 

the sample, and to provide non-selected isolates for further analysis (see Chapter 

IV).  

 

To illustrate the spatial distribution of AMR, the sample area of mainland Scotland 

was subdivided into six regions (the Highlands, East, Central, West, Central Belt, 

and South) using council boundaries as a basis. Additionally, 15 km buffer zones 

were drawn around each sample, then merged (and anonymised to prevent 

identification of individual samples) to allow a visual comparison of resistance 

between different sample clusters. Clusters with less than five samples were 

omitted from analysis. The 15 km distance was chosen as it is the likely extreme of 

any single deer’s territorial range (Kamler, Jedrzejewski & Jedrzejewska, 2008). 

Where possible, any relationships between identified resistance phenotypes across 

sample clusters was investigated using Spearman’s correlation, with clusters 

weighted by sample numbers.  

 

 

8 Presumptive only, since identification was based primarily upon colony morphology on 
MacConkey agar. Of the isolates gathered from these streak (MAC) plates, only those utilised in 
Chapter IV were confirmed as E. coli via uidA PCR analysis. 
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3.2.3 Risk factor analysis 

Fifty-six potential risk factors were initially identified for investigation, guided by 

existing literature and available data. These included host characteristics, farming 

and livestock factors, proximity to potential sources of antimicrobial resistance 

genes (ARGs), and land cover within varying radii from deer cull locations (see 

Appendix 3.6, Table 3-4, for the full list). Host characteristic data were derived from 

the DHS metadata that accompanied each sample. Measurements required for 

consideration of potential ARG source proximity (e.g., proximity to hospitals or 

wastewater treatment plant discharges) and land cover variables was obtained 

utilising the appropriate listed datasets (Table 3-4) in QGIS. Proximity data was 

calculated as the distance from the cull location (in meters) to the nearest potential 

ARG point source. Land cover data was calculated as the area of land cover class 

within a 2 km, 3 km and 5 km radius of the sample, rounded up to the nearest km2. 

Livestock density and human population density was calculated as the number of 

individuals present within a 2 km, 3 km and 5 km radius of the sample. These 

distances were chosen given existing literature indicating that typical home ranges 

for roe deer were smaller than for red deer (2–3 km or less), while a 5 km range 

would likely only apply to male red deer (Lovari, Serrao & Mori, 2017; Borkowski et 

al., 2016). Ranges up to 5 km were explored for all deer in an effort to account for 

the continuous nature of the deer population across Scotland, and therefore 

possible direct or indirect (via the environment) interactions between deer, since 

these are potential routes for ARG or ARB transference. 



Chapter III  AMR Prevalence & Risk Factors 

 

121 

 

Results were mapped using QGIS (QGIS Development Team, 2018) and 

statistically analysed using R-Studio (version 1.1.463) (RStudio Inc., 2015) and R 

(version 3.6.0) (R Core Team, 2018). A full list of the R packages employed are 

listed in Appendix section 3.6.2.  

 

Generalised linear mixed models were built in order to explore factors potentially 

associated with AMR, using resistance (yes/no) to a single antimicrobial as the 

binomial response variable. The methods used to construct these models were 

similar to those used by Bosman et al., (2014) and French (2015), and with 

reference to Mangiafico (2015, 2016) and McDonald (2014). Prior to inclusion in 

models, factors were assessed for normal distribution and outliers using the 

Shapiro Wilk test and visual assessments of qq-plots and histograms. Where 

appropriate, transformations (square-root, log or log+1) were applied and the least 

skewed data used. Where extreme skew was still observed following 

transformations, factors were converted into binary presence/absence data. 

Livestock density and land cover factors were converted into presence/absence 

where present in association with less than 25% of samples, and factors that were 

present in relation to less than 10% of samples were dropped, being deemed too 

rare to accurately assess. Continuous factors (such as proximity to potential ARG 

sources) were then transformed to a mean of zero and standard deviation of 0.5, in 

order to avoid scale errors and allow easier comparisons between models. Factors 

were then assessed for strong correlations using paired panel correlation plots. 
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Selection between any two strongly correlated factors (r = ± 0.6) was made based 

on Akaike Information Criterion (AIC; a measure of model quality) values of 

corresponding univariate models, retaining the factor which produced a model with 

a lower AIC. ‘Region’ was included in all models as a random effect, based on the 

assumption that while variation between the target regions may be large, variation 

within will be less so.  

 

Following removal of strongly correlated factors, the dataset was explored using 

automated model selection, utilising the dredge function of the MuMIn package in 

R. Multiple-model sets were first built in order to explore significance within factor 

groups (host characteristics, land cover, proximity to potential ARG sources). 

Those factors which consistently lent weight to the model (i.e., resulted in a lower 

AIC score), along with factors which were identified as statistically significant 

through univariate analysis, and those which were determined to be of specific 

interest (guided by existing literature on AMR in wildlife and livestock), were then 

used to assemble multivariate generalised mixed models using both step-up and 

top-down approaches. A significance level of p <0.05 was used to determine 

significance, but factors were also retained where p was <0.1 if the AIC indicated a 

better fitting model. 

 

Models were first built to investigate AMR across the entire dataset. Results from 

these models indicated that focusing upon species-specific models, for roe and red 

deer, might prove more valuable given the geographically distinct distributions of 
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these two species. Due to low sample numbers, models for sika and fallow deer 

were not considered viable. Final models were assessed for the amount of 

observed variability they explained by examining McFadden’s pseudo-r-squared 

values and comparing loglikelihood values with null models. 

 

3.3 Results 

3.3.1 Deer sample cohort 

Figure 3-2 shows the breakdown of the 324 samples used for this study, by 

species and sex, and as proportions of the wider DHS sample set. Both the DHS 

samples and the subset of samples used in this AMR study contained more red 

deer and fewer roe deer than would have been expected in a truly random sample 

(chi-squared test for given probabilities, DHS: χ2 = 272.53, df = 3, p <0.001; this 

study: χ2 = 97.644, df = 3, p <0.001), given expected values using current 

population estimates of Scottish wild deer (Edwards & Kenyon, 2013). 

 

Figure 3-3 shows the number of samples and species proportion from each target 

region and illustrates the distinctiveness in red deer and roe deer distribution. 
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Figure 3-2: Breakdown of origin (by sex and species) of deer faecal samples, giving numbers for the wider 

deer health survey (hatched) and for those samples utilised for antimicrobial resistance analyses (solid). Data 

labels indicate n value for AMR work. Total samples: DHS = 1078, AMR = 324. 
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Figure 3-3: Map of Scotland detailing origin (by region and species) of deer faecal samples analysed for the 

presence of AMR E. coli. Numbers indicate total n value for each region. Pie charts indicate breakdown of 

samples by deer species within each region and are scaled to indicate sample size. Only samples from the 

brown shaded areas were considered for this work. 
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Figure 3-4 shows a further breakdown of the 324 samples, by deer age, body 

condition score (BCS) and species. Deer ranged in age from 0.5 to 13 years old, 

and samples were significantly skewed towards younger deer (Shapiro-Wilk, W = 

0.863, p = <0.001). The median (and interquartile range (IQR)) age was 3 years (2 

years), with 76.5% of samples from deer aged 4 years and under. Age also differed 

significantly between species (Kruskal-Wallis, χ2 = 49.543, df = 3, p < 0.001), 

whereby red deer were older on average than other deer species. BCS ranged 

from very poor (1) to very good (5), with a median (IQR) of 4 (± 1), with 33.0% of 

deer scoring grade 4 and 21.2% at grade 5. Overall, deer with a higher BCS 

tended to be culled later in life, with the exception of red deer in poor body 

condition. 



Chapter III  AMR Prevalence & Risk Factors 

 

127 

 

Figure 3-4: Origin of deer faecal samples by age, body condition score (BCS) and species (total n = 324). 

 

3.3.2 AMR prevalence 

Growth of presumptive E. coli on non-breakpoint MacConkey plates was observed 

in 99.1 % of samples (321 of 324 faecal samples). Figure 3-5 shows the 

prevalence of AMR E. coli harboured in the faeces of wild deer species across 

Scotland, for the four antimicrobials tested. Eighty-seven samples in total (26.9%) 

harboured E. coli resistant to at least one of the four antimicrobials tested. 

Prevalence by antimicrobial was 6.2% (n = 20) for CPO, 0.3% for CIP (n = 1), and 

21.9% (n = 71) for TET. No resistance to MER was recorded in any samples at 

either the CBP 8m/L concentration (n = 194) or the 0.125mg/L carbapenemase 

screening concentration (n = 130). Prevalence of resistance to TET (Chi-squared, 
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χ2 = 3.4731, df = 3, p = 0.326) or CPO (χ 2 = 6.066, df = 3, p = 0.118) was not 

associated with host species (when excluding region as a factor, but, see further 

analysis below). However, for only red and roe deer only, there was marginal 

significance between TET resistance (χ2 = 3.89, df = 2, p = 0.051), but not CPO 

resistance (χ2 = 0.091, df = 2, p = 0.763). 

 

Figure 3-5: Prevalence of AMR E. coli harboured in faeces from Scottish wild deer species, as tested using 

breakpoint plate methods utilising clinical breakpoint concentrations for cefpodoxime, ciprofloxacin and 

meropenem, and an epidemiological cut-off concentration for tetracycline. Data labels indicates the number of 

positive samples in each category (total n values were red = 122, roe = 170, fallow = 8, sika = 25; total = 324). 

 

3.3.2.1 Distribution 

Figure 3-6 shows the variation in prevalence of TET and CPO resistance across 

mainland Scotland, as defined using target region boundaries (TET and CPO being 

the two compounds for which sufficient AMR prevalence was seen to make such 

mapping relevant). The Highlands region yielded significantly fewer wild deer 

faecal samples harbouring TET resistant E. coli than expected under the 
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assumption of independence of region and prevalence (χ2 = 12.951, df = 5, p = 

0.024), while no significant difference was observed between regions for CPO 

resistance (χ2 = 3.757, df = 5, p = 0.578). 

 

Figure 3-6: Variation in (A) tetracycline and (B) cefpodoxime resistance in E. coli in wild deer faeces across 

Scotland. Percentages indicate resistance within the region, numbers indicate n value for the region. Shading 

indicates lower (lighter) or higher (darker) levels of resistance within the range of prevalence’s recorded. Note 

the different scales for shading between the two maps. 

 

Figure 3-7 shows the same prevalence data, but presented using sample clusters, 

as defined in section 3.2.2. Again, prevalence is significantly different between 

clusters for TET resistance (Fisher’s exact, p = 0.015), with clusters 1, 2 and 4 
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exhibiting a much higher, and clusters 6 and 7 exhibiting a much lower count of 

samples with TET resistant E. coli than expected (see Appendix D). No significant 

difference between clusters was observed for CPO resistance (Fisher’s exact, p = 

0.819). 

 

Figure 3-7: Variation in (A) tetracycline and (B) cefpodoxime resistance in E. coli found in wild deer faeces 

across Scotland. Clusters are based on likely extreme range limits (15km) for individual deer and do not imply 

distinct populations. Percentages indicate resistance within the region, numbers indicate n values for the 

regions. Shading indicates lower (lighter) or higher (darker) levels of resistance within the range of 

prevalence’s recorded for each antimicrobial. Numbers in circles identify individual clusters. 

 

Figure 3-8 shows correlation plots for TET and CPO resistance across clusters, 

weighted by sample numbers in each cluster, illustrating a strong positive 
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correlation between the two resistance phenotypes in roe deer (r2 = 0.94), but a 

negative correlation in red deer (r2 = -0.54), or, when considering all deer (r2 = -

0.42) faecal samples.  

 

 

Figure 3-8: Weighted correlation plots between the prevalence of tetracycline and cefpodoxime resistant E. coli 

in wild deer faeces across the sample clusters shown in Figure 3-7. 
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3.3.3 Risk factor modelling 

Models used to explore associations between host characteristics, proximity to 

potential ARG sources, livestock and landcover variables, and the presence of TET 

or CPO resistant E. coli in wild deer faeces, are summarised in Table 3-1 and 

Table 3-2. Most models identified factors significantly associated with AMR E. coli 

in deer faeces, but models looking at the entire sample set were less able to 

explain variation than those which looked only at roe or red deer (as separate 

datasets).  

 

Table 3-1: Generalised linear mixed models describing the association between host characteristics, livestock, 

land cover and proximity to potential sources of antimicrobial resistance genes upon the likelihood of E. coli in 

wild deer faeces harbouring resistance to tetracycline (TET) or cefpodoxime (CPO). LogLik.diff is the difference 

in log likelihood between the model and the null model; larger values indicate models that better explain the 

data. P-values show significant difference to the null model. R-squared values indicate how much variation in 

the data is explained by the model (on scale of 0 to 1). 

Model Deer 
Model formula (with ‘Region’ as random 
effect) 

LogLik.diff p-value 
McFadden 
pseudo-r-
squared 

1 

All 

TET ~ Species + Sheep (2km) + 
BroadleavedWoodland (2km) 

-9.439 0.002 0.061 

2 CPO ~ Species + ConiferousWoodlands (3km) -4.1627 0.080 0.057 

3 

Red 

TET ~ Geese(P/A) (2km) + 
WasteWaterTreatmentWorks + 
MountainHeathBog(P/A) (2km) + 
BroadleavedWoodland(P/A) (2km) 

-8.189 0.003 0.135 

4 CPO - No significant factors - - - 

5 

Roe 

TET ~ UrbanProximity + Age + Sheep (3km) + 
Horses(P/A) (2km) + 
BroadleavedWoodlands(P/A) (2km) 

-13.097 <0.001 0.17 

6 
CPO ~ Age + Horses (3km) + DairyCattle(P/A) 
(2km) 

-6.441 0.005 0.20 

Notes: 

P/A = Presence/Absence 
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Table 3-2: Estimated regression parameters, standard errors, z-values and p-values for factors associated with 

presence of tetracycline or cefpodoxime resistant E. coli in wild deer faecal samples (for land cover factors, P = 

Present, A = Absent; WWTW = wastewater treatment works). 

Model Factor Estimate Std. error z-value p-value 

Model 1 

Tetracycline 

All Deer 

Intercept 

Species – Fallow 

Species – Red 

Species – Sika 

Sheep Density within 2 km 

Broadleaved woodland (P) within 2 km 

-2.1292 

-0.1944 

1.2895 

0.2046 

1.136 

1.061 

0.285 

0.882 

0.456 

0.757 

0.603 

0.379 

-7.471 

-0.220 

2.893 

0.270 

1.885 

2.802 

<0.001*** 

0.826 

0.004** 

0.787 

0.059. 

0.005** 

Model 2 

Cefpodoxime 

All Deer 

Intercept 
Species – Fallow 

Species – Red 

Species – Sika 

Coniferous woodland area within 3km 

-2.8436 

1.82278 

0.05377 

-0.32822 

-1.15846 

0.36473 

0.90473 

0.57697 

1.09070 

0.61423 

-7.796 

2.015 

0.093 

-0.301 

-1.886 

<0.001*** 

0.044* 

0.9257 

0.7635 

0.059. 

Model 3 

Tetracycline 

Red Deer 

Intercept 

Geese (P) within 2 km 

Distance from WWTW (medium)9 

Mountain, heath and bog (P) within 2 km 

Broadleaved woodland (P) within 2 km 

-3.0838 

-1.0618 

-1.2180 

2.8049 

1.9938 

0.9935 

0.5241 

0.6548 

1.0480 

0.7786 

-3.104 

-2.026 

-1.860 

2.676 

2.561 

<0.001*** 

0.043* 

0.063. 

0.007* 

0.010** 

Model 5 

Tetracycline 

Roe Deer 

Intercept 

Distance to urban area 

Deer age 

Sheep density within 3 km 

Horses (P) within 2 km 

Broadleaved woodland (P) within 2 km 

0.695 

-0.957 

-0.887 

1.671 

-3.196 

2.019 

0.794 

0.574 

0.486 

0.475 

0.956 

0.588 

0.875 

-1.666 

-1.826 

3.518 

-3.337 

3.434 

<0.381 

0.096. 

0.068. 

<0.001*** 

0.001** 

<0.001*** 

Model 6 

Cefpodoxime 

Roe Deer 

Intercept 

Deer age 

Dairy cattle (P) within 2 km 

Horse density within 3 km 

-3.290 

2.470 

-1.592 

3.111 

0.620 

0.909 

1.004 

1.355 

-5.306 

2.719 

-1.585 

2.296 

<0.001*** 

0.007** 

0.113. 

0.022* 

 

Other than broad-leaved woodland, no single risk factor was shared across host 

species (red deer versus roe deer) or resistance types (TET versus CPO). 

Figure 3-9A shows the relationships for factors significantly associated with the 

prevalence of TET resistant faecal E. coli across all deer species, as defined by 

 

9 As distance from WWTW increases, the likelihood of a sample testing positive for TET resistant E. 
coli decreases. 
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model 1, showing an increased probability of TET resistance in red deer (left), 

where broadleaved woodland is present nearby (middle), and with increasing 

sheep density (right). Figure 3-9B shows the relationships for factors significantly 

associated with the prevalence of CPO resistant faecal E. coli across all deer 

species, as defined by model 2, showing an increased probability of CPO in fallow 

deer (left), and a decreasing probability with increasing coverage of nearby 

coniferous woodland (right). However, model 2 was not significantly different from 

the null model. 

 

 

Figure 3-9: Model-based probability regarding Scottish wild deer faecal samples harbouring A) tetracycline 

(TET) resistant and B) cefpodoxime (CPO) resistant E. coli, alongside selected variables. 
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Figure 3-10A shows relationships for the factors most significantly associated with 

the prevalence of TET resistant E. coli in red deer, as defined by model 3, 

indicating an increased probability of TET resistance within 2 km of certain land 

cover types, and a decreasing probability associated with the presence of farmed 

geese. Figure 3-10B shows the relationships for factors most significantly 

associated with the prevalence of TET resistant E. coli in roe deer, as defined by 

model 5, indicating a decreased probability of TET resistance in the presence of 

horses, but an increased probability in the presence of broadleaved woodlands and 

with increasing sheep density. 
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Figure 3-10: Visualisation of select variables from A) model 3, showing significant effects of land cover type 

and farmed geese on wild red deer faecal samples harbouring tetracycline (TET) resistant E. coli. And, for B) 

model 5 showing significant effects of livestock and land cover type, on the probability of wild roe deer faecal 

samples harbouring tetracycline resistant E. coli. 

 

Figure 3-11 shows the relationships for factors significantly associated with the 

prevalence of CPO resistant E. coli in roe deer, as defined by model 6, showing an 

increased probability of CPO resistance in older deer and those in areas of greater 

horse density. 

 

 

Figure 3-11: Visualisations showing significant effect of deer age and horse density on the probability of wild 

roe deer faecal samples harbouring cefpodoxime resistant E. coli. 

 

3.4 Discussion 

3.4.1 Deer cohort composition 

By region, the Scottish Highlands yielded the largest number of samples (n = 145), 

followed by south Scotland (n = 80), with much lower numbers coming from other 
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regions (Figure 3-3).The low sample size from the central belt is almost certainly 

an artefact of the sampling methodology used, i.e., only areas where routine deer 

culling took place were sampled, and culling is much less common in the central 

belt area (Appendix section 3.6.3, Figure 3-12).  

 

According to SNH (Scottish Natural Heritage; now NatureScot) best practice 

guides for deer management in Scotland (Scottish Natural Heritage, 2018), cull 

efforts should largely aim for an even sex ratio, and this was indeed the case here 

(with 45.2% males and 54.8% females in our cohort). Figure 3-4 further indicates a 

skew towards younger deer for fallow, roe and sika, whilst a higher number of older 

red deer were culled. This is almost certainly due to the natural longevity of red 

deer when compared to the other species (Müller et al., 2010), but may also be a 

reflection of deer management practice, i.e., the culling by hunting of larger, older 

trophy stags for sport. Fifty-four percent of samples used here were from deer with 

BCS scores of 4–5, i.e., in good condition and health. This indicates that while poor 

condition may be a widely suggested factor in deciding cull targets and managing 

deer in Scotland (Edwards & Kenyon, 2013), i.e., for welfare reasons, this is clearly 

not the only criteria at play during cull target selection. 

 

Overall, the sample cohort used in this study should be viewed as representative of 

typical culling practices currently carried out across Scotland in areas where deer 

management regularly occurs (~57% of the country, see 3.6.3, Figure 3-12), rather 

than representative of the entire Scottish wild deer population. However, as all 
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these deer are intrinsically associated with human activity (to one degree or 

another) and will often enter directly into the human food chain (as venison), they 

are arguably most relevant from a human health perspective. More broadly, they 

represent a suitable cohort given that the primary aim of this study was to assess 

the use of their faeces as a Scotland wide AMR biomonitoring tool. 

 

3.4.2 AMR in Scottish wild deer 

In order to appropriately discuss the findings of this work, reference must be made 

to existing literature and other AMR monitoring studies. However, these data 

cannot (in most cases) be used for direct comparison with the deer data here 

because we used a breakpoint plate method, whereas the vast majority of studies 

on AMR in wildlife and livestock utilise isolate based assessments. Most 

commonly, AMR analysis is carried out on individual bacterial isolates (gathered 

from various sources such as faeces, pus, skin swabs, etc.) in a clinical 

environment to aid diagnoses and, potentially, treatment of disease. In contrast, in 

this study, we utilised whole sample bacterial assays to detect the presence of 

AMR E. coli in a matrix (faeces) — which results in a much more sensitive, but less 

specific detection/classification of AMR E. coli within a sample. This approach is 

also potentially subject to the confounding influence of other bacteria present in the 

inoculum, e.g., media exhaustion or the presence of other metabolic products.  

 

Models were built to investigate associations between a number of variables and 

the occurrence of TET or CPO resistant E. coli in deer faecal samples. Models 
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which looked at only a single species of deer (red or roe) explained more of the 

observed variation than the pooled data (Table 3-1). Given the differences 

observed in AMR occurrence between red and roe deer (for CPO and TET; Figure 

3-8), this highlights the importance that species specific differences seem to play. 

In this case, this is likely associated with the different spatial distributions of these 

populations. The low r2 values for the models, indicate that while significant factors 

influencing AMR in wild deer have been identified, there is still much of the 

underlying complexity to be investigated.  

 

3.4.2.1 Tetracycline 

Resistance to TET was the most prevalent phenotype, found in 21.9% (71 of 324) 

of samples. The highest prevalence of TET resistant E. coli was recorded in the 

central and west regions of Scotland (Figure 3-6A), while the lowest was recorded 

in the Highlands and Central Belt areas, though differences in sample size must be 

taken into consideration. The Highlands provided more samples (n = 145, area 

~26,000 km2) than all bordering regions combined (West, Central and East; n = 94; 

area ~25,000 km2), suggesting the significantly lower prevalence of TET resistance 

in the Highlands is a robust finding. The clustering approach applied in Figure 

3-7A, retains the same broad pattern of TET resistance: with higher prevalence in 

clusters 1, 2 and 4 (across west, central and eastern Scotland) with a significantly 

lower prevalence in the largest Highlands cluster. 
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A likely cause of the comparatively higher prevalence of TET resistance overall 

(seen in both this work and from other wild deer studies), as compared to 

resistance to other compounds, is the historic and ongoing widespread use of TET, 

in both human and veterinary medicine. Of the four antimicrobials assessed, only 

TET is authorised for veterinary use. In livestock, TET is authorised for use in 

cattle, pigs and chickens, but not in sheep. However, oxytetracycline, a variant of 

TET, is authorised for use in sheep, and resistance to TET is widely used to 

indicate resistance to oxytetracycline, and vice versa (UK Veterinary Antibiotic 

Resistance and Sales Surveillance report (UK-VARSS), 2019). TET is one of the 

oldest antimicrobials in use in the UK, having been prescribed since the 1950s 

(Sader et al., 2007). Further, high levels of TET resistance in faecal E. coli have 

been recorded in modern pigs even before administration of any antimicrobial 

treatment (48%, n = 403,Burow et al., 2019b) suggesting that a higher prevalence 

of TET resistance is now commonplace (as a natural ‘background’ level) in some 

E. coli populations.  

 

Tetracyclines are the most prescribed veterinary medicines (by volume) in the UK 

today, and the second most prescribed group in human medicine (UK-VARSS, 

2018; Public Health England, 2019). As such, TET is one of the most commonly 

assessed resistances in AMR studies on wild deer, and TET resistance commonly 

presents as the most prevalent resistance phenotype in such studies. Table 3-3 

lists select results, for comparison, from all studies of AMR in wild deer (which all 

utilised isolate based approaches) and includes the breakpoint plate results from 
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this study (see also Chapter I, Section1.9). The 21.9% prevalence recorded here in 

Scottish deer is higher than that reported in any of these studies (Bryan, Shapir & 

Sadowsky, 2004; Lillehaug et al., 2005; Cenci Goga et al., 2009; Literak et al., 

2010; Smith et al., 2014; Dias et al., 2015; Alonso et al., 2016; Carrillo-Del Valle et 

al., 2016b), but this is almost certainly a result of differences in the methods 

employed (rather than any fundamental difference in the sampled populations). As 

discussed above, the breakpoint plate method utilised here is a much more 

sensitive test than the individual isolate testing used in the studies mentioned, and 

the figures shown in Table 3-3 highlight this point. For example, Humphry et al., 

(2018) showed that only 16% of faecal samples that tested positive for ampicillin 

resistant E. coli using a breakpoint method were likely to also test positive if using 

a single isolate approach. For comparison, the prevalence of TET resistant E. coli 

in wild deer from the studies listed in Table 3-3 was, on average, 63.0% lower than 

the result obtained for NWT E. coli in this study10. 

 

 

10 The TET breakpoint plates in this study used a concentration of 8 mg/L, which is the MIC for 
‘intermediate’ classification using CLSI guidelines, and NWT using EUCAST guidelines. 



Chapter III  AMR Prevalence & Risk Factors 

 

142 

Table 3-3: Results from studies investigating AMR in faecal E. coli from wild deer across the world. All papers 

listed used an isolate based approach to determine AMR. Results presented in this work (which used a 

breakpoint plate assessment) are highlighted and included for comparison. (F) = farmed deer. 

Country Host Class Antimicrobial 
Total 

(n) 
R% Method Source 

Mexico Red Deer 1st Gen. 
Cephalosporins 

Cefazolin 22 4.5% CLSI 
Carrillo-Del Valle et al. 

2016 

Slovakia Red Deer Cephalothin 53 0.0% CLSI Literak et al. 2010 

Portugal Red Deer 2nd Gen. 
Cephalosporins 

Cefoxitin 46 1.1% CLSI Dias et al. 2015 

Spain Red Deer (F) Cefoxitin 122 0.0% CLSI Alonso et al. 2016 

Portugal Red Deer 

3rd Gen. 
Cephalosporins  

Cefotaxime 46 0.0% CLSI Dias et al. 2015 

Spain Red Deer (F) Cefotaxime 122 0.0% CLSI Alonso et al. 2016 

Mexico Red Deer Ceftazidime 22 9.1% CLSI 
Carrillo-Del Valle et al. 

2016 

Portugal Red Deer Ceftazidime 46 0.0% CLSI Dias et al. 2015 

Slovakia Red Deer Ceftazidime 53 0.0% CLSI Literak et al. 2010 

Spain Red Deer (F) Ceftazidime 122 0.0% CLSI Alonso et al. 2016 

Norway Red Deer Ceftiofur 50 0.0% VetMIC Lillehaug et al. 2005 

Norway Reindeer Ceftiofur 50 0.0% VetMIC Lillehaug et al. 2005 

Norway Roe Deer Ceftiofur 50 0.0% VetMIC Lillehaug et al. 2005 

Mexico Red Deer Ceftriaxone 22 4.5% CLSI 
Carrillo-Del Valle et al. 

2016 

Mexico Red Deer 
4th Gen. 

Cephalosporins 

Cefepime 22 4.5% CLSI 
Carrillo-Del Valle et al. 

2016 

Scotland Wild Deer Cefpodoxime 324 6.2% 
Breakpoint 

Agar 
This study 

Spain Red Deer (F) 
Carbapenems 

Imipenem 122 0.0% CLSI Alonso et al. 2016 

Scotland Wild Deer Meropenem 324 0.0% 
Breakpoint 

Agar 
This study 

Slovakia Red Deer 

Fluoroquinolones  

Ciprofloxacin 53 0.0% CLSI Literak et al. 2010 

Spain Red Deer (F) Ciprofloxacin 122 1.3% CLSI Alonso et al. 2016 

Ireland 
Red/Sika 

Hybrid 
Ciprofloxacin 30 0.0% EUCAST Carroll et al. 2015 

Ireland 
Red/Sika 

Hybrid 
Ciprofloxacin 30 0.0% CLSI Smith et al. 2014 

Scotland Wild Deer Ciprofloxacin 324 0.3% 
Breakpoint 

Agar 
This study 

Norway Red Deer 

Tetracyclines  

Oxytetracycline 50 0.0% VetMIC Lillehaug et al. 2005 

Norway Reindeer Oxytetracycline 50 7.1% VetMIC Lillehaug et al. 2005 

Norway Roe Deer Oxytetracycline 50 4.4% VetMIC Lillehaug et al. 2005 

Spain Red Deer Tetracycline 122 5.2% CLSI Alonso et al. 2016 

Italy Red Deer Tetracycline 39 12.8% CLSI Cenci Goga et al. 2009 

Portugal Red Deer Tetracycline 46 7.8% CLSI Dias et al. 2015 

Slovakia Red Deer Tetracycline 53 7.5% CLSI Literak et al. 2010 

Ireland 
Red/Sika 

Hybrid 
Tetracycline 30 6.7% EUCAST Carroll et al. 2015 

Ireland 
Red/Sika 

Hybrid 
Tetracycline 30 3.3% CLSI Smith et al. 2014 

USA 
(MN) 

Wild Deer Tetracycline 74 4.0% MIC Bryan et al. 2004 

Scotland Wild Deer Tetracycline 324 21.9% 
Breakpoint 

Agar 
This study 
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While no significant difference in the prevalence of TET resistant E. coli was 

detectable between species, model 1 did show a significant positive association of 

this phenotype with red deer (Figure 3-9A). However, species was only significant 

when variation within regions was accounted for. The contradictory nature of these 

two observations may indicate that the association is limited, or simply that the 

dataset does not have the power to detect the difference. Alternatively, species 

may be serving as a proxy for factors more common to red deer than other 

species, but not specifically investigated here, e.g., foraging locations or 

behaviours.  

 

Perhaps one of the most interesting findings here, across all models looking at TET 

resistance, was that the presence of broadleaved woodland (within 2 km of the 

deer cull site) was consistently and significantly positively associated with an 

increased likelihood of a sample harbouring TET resistant E. coli. It is possible that 

other wildlife associated with this habitat are, themselves (and potentially for 

reasons unrelated to wild deer), more likely to harbour AMR bacteria (Furness et 

al., 2017; Gilliver et al., 1999). For example, rooks (Corvus frugilegus), which 

commonly nest in large groups and are known to forage in both agricultural and 

urban areas, have been shown to harbour AMR bacteria, including E. coli (Literák 

et al., 2007; Oravcova et al., 2013). In England, wild rodents from mixed 

woodlands have been repeatedly shown to harbour AMR E. coli (Gilliver et al., 

1999; Williams et al., 2011). In addition, broadleaved woodlands can be commonly 

associated with companion animal access and human leisure activities (Martin, 
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2007), thus potentially increasing the occurrence of antimicrobial residues, ARGs 

or AMR bacteria in these habitats (through human and companion animal 

presence, activity and waste (Scott Weese, 2008)). 

 

In red deer, TET resistant E. coli prevalence was also significantly positively 

associated with the presence of ‘mountain, heath and bog’ habitat (model 3; Figure 

3-10A). This is the most abundant land cover type across Scotland (34% cover) 

and dominates the Highland region (62% of the region) (3.6.3, Figure 3-15), 

however, this classification covers a range of habitat types. Some of these habitats 

may promote or support AMR phenotypes locally, either through dietary impact on 

the deer gut microbiome, or, as a result of distinct soil and water chemistry in the 

environment. For example, this land cover includes extensive peatlands, a habitat 

type that has recently been shown to be capable of harbouring novel ARGs even in 

pristine conditions (Obermeier et al., 2019). Some wetlands in this category might 

also be vulnerable to contamination from rivers (e.g., in floodplains (Henriot et al., 

2019)), and, of course, wetlands are important habitats for both resident and 

migratory birds. However, given the resolution of the available data, these 

explanations are purely speculative at present.  

 

Transmission of bacteria between wild deer and livestock is most likely to occur 

through faecal contamination of shared foraging areas or via vectors such as 

invertebrates, i.e., ticks (Böhm et al., 2007). Sheep are the most prolific livestock in 

Scotland, present across the near entirety of the sample area (3.6.3, Figure 3-14A; 
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100% of all samples tested came from areas where sheep density was >1 animal 

within 2 km of the cull site). Roe deer samples came predominantly from areas 

where sheep density is comparatively high (south, central and east regions; Figure 

3-3 and 3.6.3, Figure 3-14A) and sheep density was significantly positively 

associated with TET resistant E. coli in wild roe deer faeces (Figure 3-10B). In the 

UK, roe deer have been strongly implicated as a reservoir for the bacterial 

pathogen which causes tick-borne fever in sheep (Alberdi, Walker & Urquhart, 

2000), highlighting existing links between these two species. However, sheep 

density alone would dictate that the prevalence of TET resistance should be 

highest in the south Scotland region, where sheep density is highest, and this is 

not the case. The south region does however possess the lowest density of 

broadleaved woodland cover, which, given the observed positive association with 

this land type (with TET resistance), may partly explain this variation. For 

comparison, the Highlands region, with the lowest prevalence of TET resistance, 

possesses both the lowest overall sheep density and the second lowest 

broadleaved woodland density of all regions. 

 

In contrast to the positive association identified with sheep, the presence of geese 

(with red deer) or horses (with roe deer) was negatively associated with TET 

resistant faecal E. coli. While usage of tetracyclines is in fact much lower in horses 

than in food producing animals (UK-VARSS, 2019b), which may in part account for 

the lack of a positive association in this case, the result here is based on limited 

data points (Figure 3-10B), and should be treated with caution. Without specific 
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prescribing data for geese it is difficult to comment on how their veterinary care 

may affect antimicrobial loads in the local environment. Importantly, however, 

horse and geese are present in the landscape at orders of magnitude below that of 

sheep; i.e., average animal density across the sample area is 8.9 animals per 100 

km2 for sheep, but only 0.06 and 0.01 for horses and geese, respectively. While 

this could suggest a greater effect, it also warrants significant caution when 

seeking to interpret the effect of such a comparatively small numbers of animals. 

 

3.4.2.2 Cefpodoxime 

E. coli resistance to CPO, a 3rd generation cephalosporin, was found in 6.2% (20 of 

324) of samples. Although prevalence values varied markedly between regions 

(i.e., 0% in the West and 20% in the Central Belt; Figure 3-6B), there was no 

statistically significant variation across the sample set. 

 

Cephalosporins are broad-spectrum antimicrobials important in both human and 

veterinary medicine. Resistance to cephalosporins has been detected in E. coli 

from wild deer populations in other countries, though occurrence varies across 

studies (Table 3-3). For example, no resistance to 3rd generation cephalosporins 

was detected amongst E. coli in wild deer faeces in Norway (n = 50, Lillehaug et 

al., 2005) or Slovakia (n = 52, Literak et al., 2010), while in Mexico, resistance to 

drugs from this family was recorded at 9.1% (n = 22, Carrillo-Del Valle et al., 

2016b). Carrillo-Del Valle et al. (2016) also recorded, in the same study, resistance 

to cefepime (a 4th generation cephalosporin) at 4.5% (n = 22), in wild red deer. In 



Chapter III  AMR Prevalence & Risk Factors 

 

147 

Portugal, no resistance to 2nd generation cephalosporins was detected from wild 

red deer (n = 46), while low resistance (1.1%) was detected for cefoxitin, a 1st 

generation cephalosporin (Dias et al., 2015). In farmed red deer in Spain, no 

resistance to 2nd or 3rd generation cephalosporins was detected (n = 122; Alonso et 

al., 2016). In summary, Mexico and Portugal found cephalosporin resistant E. coli 

in wild deer faeces, while Norway, Slovakia and Spain did not (and, again, each of 

these studies used isolate based methods of assessment). However, without 

standardisation of compounds tested or methods used, it is difficult to discern why 

these differences may occur.  

 

In the UK, the use of CPO is only authorised in human medicine, suggesting that 

veterinary application is unlikely to be a factor in the resistance observed here. 

However, the development of resistance to one cephalosporin can potentially 

impart resistance to others via the same mechanism (Pfeifer, Cullik & Witte, 2010). 

Figure 3-6B seems to indicate a higher prevalence of CPO resistance in regions 

with higher human population density, but, this does not hold true within the cluster 

analysis (Figure 3-7; see also 3.6.3, Figure 3-13). 

 

Markland et al., (2019), using a similar breakpoint plate method to this work, found 

an average of 47% prevalence of cefotaxime (another 3rd generation 

cephalosporin) resistant bacteria (CRB) in the faeces of Florida beef cattle – none 

of which were prescribed cephalosporin antimicrobials for therapeutic reasons. 

Also finding that CRB prevalence was higher in environmental samples than in 
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cattle, they concluded that the environment (soil, forage, and drinking troughs) 

were the likely source of CRBs. Interestingly, in light of our findings regarding the 

‘mountain, heath and bog’ land cover type, Markland et al. (2019) also reported 

that “wet and swampy” land was associated with an increased likelihood of CRB 

detection in faecal samples. 

 

Fallow deer seemed to be more likely to harbour CPO resistant E. coli, but, this 

could well be an artefact of the very low sample numbers tested (Figure 3-9B). In 

roe deer, older deer were also significantly more likely to harbour CPO resistant E. 

coli (Figure 3-11). While this could be a result of age-related exposure to resistant 

bacteria (or their genetic determinants), the same affect is not seen with TET 

resistance in roe deer, nor in red deer. This might indicate that between red and 

roe deer, specific risk factors associated with CPO resistance are more frequently 

encountered by roe deer than those associated with TET resistance. This is 

potentially as a result of their differing species distributions, i.e., risk factors 

encountered in the South and East regions – areas in which roe deer are the most 

abundant (Figure 3-3) – are more specifically associated with CPO resistance than 

with TET resistance. While human population density was not indicated as a 

significant risk factor in the models, roe deer dominate in regions more closely 

associated with higher human activity than red deer. 

 

Horse presence (shown to have a negative association with the prevalence of TET 

resistance) was shown to have a significant positive association with the 
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prevalence of CPO resistance in roe deer faecal E. coli. This could be an indication 

of increased human activity in association with horses. Horses can be classed as 

companion or leisure animals and as such will tend to occur alongside humans 

(and other companion animals) – where their waste may also be present. 

 

3.4.2.3 Ciprofloxacin and meropenem 

Only a single sample (0.3%), gathered from a fallow deer in the south Scotland 

region, was found to harbour E. coli resistant to CIP. CIP resistance is not 

commonly detected in wild deer studies (Table 3-3) and, like cephalosporins, use 

of fluoroquinolones in veterinary medicine is restricted, thus a more anthropogenic 

link to this resistance phenotype is likely. The isolated nature of this result may also 

hint at a localised cause, e.g., gene mutation or clonal transfer (Alonso et al., 

2016), or a specific association with fallow deer. However, it is impossible to 

confirm this from a single data point or without further molecular analysis. 

Nevertheless, this result remains important since events that result in the 

emergence of CIP resistance has also been shown to promote resistance to other 

antimicrobials (Helt et al., 2012). 

 

No samples harboured E. coli resistant to MER, at either the CBP or carbapenem 

resistance mechanism screening concentrations. This indicates that this resistance 

phenotype is not an issue at present in the Scottish wild deer population. This is 

encouraging given their importance as ‘treatments of last resort’ (Nicolau, 2008), 
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i.e., drugs used where prior treatment has failed, often omitted as a first option due 

to known side effects.  

 

3.4.2.4 Other risk factors of interest 

Amongst the potential risk factors examined, it is interesting to note that some did 

not appear to be associated with AMR prevalence. For example, model 3 indicated 

that a closer proximity to WWTWs was associated with an increased probability of 

finding TET resistance, however, this factor was only marginally significant at p = 

0.063. The sites referred to in this factor are those with a processing capacity of up 

to 10,000 population equivalents (PE)11, and are thus most associated with larger 

towns/settlements (compared to smaller settlements which only require up to 2,000 

PE processing) as shown by their distribution (see 3.6.3, Figure 3-16). As such 

they also act as a proxy for potentially increased anthropogenic influence. While 

there is extensive evidence indicating that WWTWs are viable sources of ARGs 

(e.g., Huijbers et al., 2015; Harris et al., 2014), such installations typically 

discharge into large nearby waterways or (very commonly in Scotland) directly into 

the sea. As such, their potential impacts on any AMR signal are unlikely to be a 

simple function of proximity, but rather more broadly related to watercourses and 

receiving catchments. Nevertheless, antimicrobial residues, ARGs, or AMR 

bacteria may be transferred directly to the environment by birds (and other 

 

11 “A measure of the BOD and suspended solid concentration of an effluent; measured in terms of 
the average wastewater production per individual within the population (200 I/day with a load of 40 
g BOD/day).” (Merritt, 1994) 
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animals) foraging around and within WWTWs and in water in proximity to 

discharges and human habitation (Marcelino et al., 2019; Nelson et al., 2008).  

 

It has also been suggested that arable land may be linked with a higher prevalence 

of AMR through certain agricultural practices, such as the application of 

antimicrobials against plant pathogenic bacteria, or, the spreading of animal 

manure as fertiliser (Cytryn, 2013). Additionally, in Scotland (and other parts of the 

world) applications of sewage sludge or ‘biosolids’ (a by-product of human waste-

water treatment) to arable land is widely carried out (which we were unable to 

account for in this study due to a lack of open-source geographical data on this 

activity). Both treatments may increase or introduce antimicrobial residues, AMR 

bacteria or ARGs into the environment (Cytryn, 2013; Graham et al., 2019; Munir & 

Xagoraraki, 2011), though this is not always the case (Brooks et al., 2007). Arable 

land is also a recognised important foraging ground for birds (Robinson, Wilson & 

Crick, 2002), and links between birds and AMR bacteria are well documented 

(Greig et al., 2015). Finally, there is evidence of AMR bacteria transportation via 

airborne particulates (around cattle feedlots), though this was in a much more arid 

climate than Scotland experiences (McEachran et al., 2015). 

 

Human population density and urban land cover was not significantly associated 

with AMR. However, as with land cover, these categories cannot be used to infer 

specific activities or land use at sites. The liability of anthropogenic activity in AMR 

is well known, but the results here underline that specific activities, rather than 
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simply the presence of a human population, are responsible. Human population 

density and settlements were included in this study under the inference that such 

areas might serve as a proxy for AMR associated activities. However, the results 

here show that these factors alone do not represent a suitable proxy for the 

diversity of human activities that might be associated with environmental AMR. 

There is a wealth of evidence showing that health care application of antimicrobials 

and waste water treatment facilities—both linked directly with human settlements—

are known activities that can concentrate or drive AMR in the environment (Perry et 

al., 2019; Pruden, Arabi & Storteboom, 2012). There are also many other 

anthropogenic activities, not directly linked to human population or urban land 

cover, that may be responsible for driving or spreading environmental AMR. For 

example, mine water effluents have been shown to harbour resistant strains of 

bacteria (Mathiyazhagan, 2011), and such sites are not typically in direct proximity 

to population centres. However, it should also be noted that Harris et al., (2014) 

found that hospital effluents were not the primary factor influencing AMR within 

receiving WWTWs, suggesting that other factors within such populated areas are 

still awaiting discovery. 

 

3.5 Conclusions 

This work used samples from a national survey of Scottish wild deer and provides 

a baseline for future investigation of AMR bacteria in both this population and the 

wider environment. Prevalence of resistance to commonly used and critically 

important antimicrobials, for both human and animal health, was investigated. Of 
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the antimicrobial compounds tested, resistance to MER, a critically important 

antimicrobial of ‘last resort’ was the only phenotype not detected. Resistance to 

TET was identified as the most prevalent phenotype; and this finding is in line with 

existing literature on AMR in wild deer. However, the detection of E. coli resistant 

to other critically important antimicrobials (CIP and CPO) indicate the potential for 

wild deer to act as biomonitors for these potentially concerning phenotypes in the 

wider environment. 

 

Models built to broadly investigate potential risk factors associated with the 

presence of CPO and TET resistance provided insights worth further exploration. 

The significant positive association noted for broadleaved woodlands and TET 

resistance suggests potential links with human leisure activities, companion 

animals, and other wildlife (i.e., birds foraging in more anthropogenically influenced 

landscapes and roosting in woodlands). A significant positive association between 

TET resistance and sheep density was also found, while a negative association 

was found with farmed geese. Horse presence was found to be negatively 

associated with TET resistance, but positively associated with CPO resistance. 

These results may suggest that links with livestock and companion animals exist, 

but the details behind these associations are complex and may vary depending on 

AMR mechanisms and phenotypes. Importantly, the results show that risk factors 

for one AMR phenotype do not necessarily apply to others. Therefore, for 

biomonitoring of AMR to be truly valuable, it will require data from a wide range of 

compounds.  
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Our results indicate that deer faeces may provide a useful biomonitoring tool to 

detect the prevalence of AMR bacteria across large geographical areas (as 

demonstrated here for Scotland), but also highlights the complexity of the AMR 

issue and the need for further research regarding factors influencing AMR 

prevalence in the wider environment (and, any associated risks this may relate to).  

 

3.5.1 Acknowledgements 

This research was funded by the European Social Fund and Scotland’s Workforce 

in the Scotland 2014-2020 European Structural and Investment Fund Programme.  

Deer sampling and data collection was funded by Food Standards Scotland and 

the Scottish Government through grant CRF: MRI/104/17. Agricultural data was 

gathered from the Scottish agricultural census via Agcensus (EDINA, 2017). 

Thanks also to Tom McNeilly at MRI, and the national deer health survey 

committee for allowing access to the samples for this work. Special thanks to Nuno 

Silva, Carol Currie and Mairi Miller, also at MRI, for assistance in analysing the 

samples, and to Margo Chase-Topping, at the Roslin Institute, for providing 

invaluable help and direction in building and interpreting statistical models.   



Chapter III  AMR Prevalence & Risk Factors 

 

155 

3.6 Appendix 

3.6.1 Potential Risk Factors for AMR 

Full list of ‘risk factors’ investigated given their potential to be associated with 

variation in antimicrobial resistant E. coli prevalence in wild deer faeces. 

 

Table 3-4: Full list of independent variables initially investigated in univariable analysis based on presumed 

potential to be associated with variation in antimicrobial resistant Escherichia coli prevalence in wild deer 

faeces. 

Factor Class Data source 

Sex Host 

characteristics 

Deer health survey meta data 

Species 

Body condition score 

(BCS) 

Age 

Season culled 

Aquaculture proximity Potential 

antimicrobial 

resistance gene / 

antimicrobial 

resistant bacteria 

source 

SEPA Scottish pollutant 

release inventory (SPRI) Landfill (household 

waste) proximity 

WWTW (small) proximity 

WWTW (medium) proximity 

WWTW (large) proximity 

Pharmaceutical production 

site proximity 

Hospital proximity NHS Scotland 

Lake proximity Ordnance Survey Strategi 

dataset Urban area proximity 

Human population density Eurostat; 2011 census data 

Farm proximity Livestock and 

farming 

Scottish agricultural 

census, via 

http://agcensus.edina.ac.uk/ 
Dominant local farming 

output 

Cattle density 

Sheep density 

Horse density 

Pig density 

Poultry density 

Duck density 

Land Cover Map (1km 

Dominant Class) 

Land cover 

All land cover 

classifications 

Land cover map 2015, Centre 

for Ecology and Hydrology 

Arable and horticulture 
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Broadleaved woodland investigated using 

radius of 2 km, 3 

km and 5 km from 

sample collection 

point 

Coniferous woodland 

Improved grassland 

Semi-natural grassland 

Mountain, heath, and bog 

Freshwater 

Saltwater 

Coastal 

Urban 

Land Cover Map (25m 

Target Class) 

Broadleaved Woodland 

Coniferous Woodland 

Arable and Horticulture 

Improved Grassland 

Neutral Grassland 

Calcareous Grassland 

Acid Grassland 

Fen, Marsh and Swamp 

Heather 

Heather Grassland 

Bog 

Inland Rock 

Saltwater 

Freshwater 

Supra-littoral Rock 

Supra-littoral Sediment 

Littoral Rock 

Littoral Sediment 

Saltmarsh 

Urban 

Suburban 

Acronyms: 

SEPA – Scottish Environmental Protection Agency 

WWTW – Wastewater treatment works 

NHS – National Health Service 
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3.6.2 R packages 

List of packages utilised in R and R-Studio for data analysis. 

Table 3-5:List of packages used in R and R-Studio for data analysis. 

Package Citation 

tidyverse 

 

Hadley Wickham (2017). tidyverse: Easily Install and 

Load the 'Tidyverse'. R package 

  version 1.2.1. https://CRAN.R-

project.org/package=tidyverse 

lme4 Douglas Bates, Martin Maechler, Ben Bolker, Steve Walker 

(2015). Fitting Linear 

  Mixed-Effects Models Using lme4. Journal of 

Statistical Software, 67(1), 1-48. 

  doi:10.18637/jss.v067.i01. 

MuMIn Kamil Barton (2019). MuMIn: Multi-Model Inference. R 

package version 1.43.6. 

  https://CRAN.R-project.org/package=MuMIn 

car   John Fox and Sanford Weisberg (2011). An {R} Companion 

to Applied Regression, Second 

  Edition. Thousand Oaks CA: Sage. URL:  

http://socserv.socsci.mcmaster.ca/jfox/Books/Companion 

psych Revelle, W. (2018) psych: Procedures for Personality and 

Psychological Research, 

  Northwestern University, Evanston, Illinois, USA, 

  https://CRAN.R-project.org/package=psych Version = 

1.8.12. 

visreg Breheny P and Burchett W (2017). Visualization of 

Regression Models Using visreg. The R 

  Journal, 9: 56-71. 

rcompanion   Salvatore Mangiafico (2019). rcompanion: Functions to 

Support Extension Education 

  Program Evaluation. R package version 2.2.2. 

  https://CRAN.R-project.org/package=rcompanion 

nanair   Nicholas Tierney, Di Cook, Miles McBain and Colin Fay 

(2019). naniar: Data Structures, 

  Summaries, and Visualisations for Missing Data. R 

package version 0.4.2. 

  https://CRAN.R-project.org/package=naniar 
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3.6.3 Additional Maps 

 

Figure 3-12: Extent of land where organised deer management takes place across Scotland. 

Data source: Scottish Natural Heritage, Deer Management Unit boundaries dataset (2016). 
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Figure 3-13: Human population density across Scotland. Data from Eurostat, 2011 census data. Brown 

shading indicates areas considered in this study. Unit of measurement is number of human residents per 1 

km2. Brown areas indicate <1 human resident per km2. 
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Figure 3-14: Livestock density of sheep (A) and cattle (B) across Scotland. Dark lines indicate region 

boundaries used in this study. Unit of measurement is number of animals per 2 km2. Grey areas indicate <1 

animal per 2 km2. Data source: 2015 agricultural census data, via agcensus.edina.ac.uk. 
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Figure 3-15: Distribution of land cover types identified as significantly associated with the prevalence of 

antimicrobial resistant Escherichia coli in Scottish wild deer faecal samples. White lines indicate region 

boundaries used in this study. Data source: Land cover map 2015, Centre for Ecology and Hydrology. 
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Figure 3-16: Locations of wastewater treatment works servicing between 2000 - 10,000 population equivalents. 

Data source: SEPA pollutant release inventory (http://www.sepa.org.uk). 
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3.6.4 Other tables 

Table 3-6: Contingency table for observed and expected counts of deer faecal samples harbouring TET 

resistant E. coli. Shading (light to dark) indicates proportional difference, positive or negative, from expected 

count of positive samples. 

Cluster Region 1 2 3 4 5 6 7 8 TOTALS 

Observed (O) 

TET+ 3 13 20 7 5 16 0 7 71 

TET- 6 24 59 7 16 102 5 27 246 

Totals 9 37 79 14 21 118 5 34 317 

TET+ Prevalence 33% 35% 25% 50% 24% 14% 0% 21%  

Expected (E) 
(E) TET+ 2.0 8.3 17.7 3.1 4.7 26.4 1.1 7.6  
(E) TET- 7.0 28.7 61.3 10.9 16.3 91.6 3.9 26.4  

O/E 149% 157% 113% 223% 106% 61% 0% 92%  
 

 
Table 3-7: Livestock density (animals per 100 km2) in regions of Scotland (custom regions as defined in main 

text). Data source: agcensus.ac.uk. 

Region Sheep Cattle Horses Geese Farmed 
Deer 

Central 9.176 1.772 0.062 0.007 0.013 

Central Belt 9.998 4.324 0.151 0.010 0.015 

East 6.922 3.650 0.080 0.013 0.018 

Highlands 3.303 0.490 0.013 0.003 0.007 

South 18.295 5.071 0.068 0.011 0.008 

West 5.752 0.692 0.008 0.002 0.004 

 

 

 

 
End of Chapter III 
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4 CHAPTER IV  

Describing Antimicrobial Resistance Profiles in E. coli 

from Scottish Wild Deer in the Surveillance Context 

 

4.1 Introduction 

The need for assessments of the prevalence and extent of antimicrobial resistance 

(AMR) in environmental bacterial populations is well described, given that AMR 

currently represents a significant health threat (O’Neill, 2016; Founou, Founou & 

Essack, 2017), and AMR bacteria are not solely confined to human or veterinary 

clinical settings (Radhouani et al., 2014). Given their importance, a significant 

amount of effort is now being expended identifying and categorising AMR in 

environmental bacteria, including those from wildlife hosts (World Health 

Organisation, 2018b; Ch. I, Section 8). Such surveillance is required in order to 

fully monitor, track and potentially tackle the threat of AMR (Berendonk et al., 

2015). Through the investigation of these bacterial populations, progress can be 

made towards identifying routes and, potentially, direction of transfer for AMR 

bacteria (and relevant genetic components) between sites of antimicrobial usage 

and the wider environment (Mather et al., 2012). Also, risk factors associated with 

AMR can be considered (Dunlop et al., 1998), and populations of environmental 

AMR bacteria identified and assessed as reservoirs (Balcázar, Subirats & Borrego, 

2015), i.e., capable of re-propagating through the chain of infection (Haydon et al., 

2002). 
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In a clinical setting (human or veterinary), AMR is commonly assessed and defined 

using standardised methods. The Clinical Laboratory Standards Institute (CLSI) 

and the European Committee for Antimicrobial Susceptibility Testing (EUCAST) 

provide quality assured methods for antimicrobial susceptibility testing (AST), and 

these are the predominant methods applied worldwide. These methods allow for 

the assessment of phenotypic resistance in bacterial isolates using clinical 

breakpoints (CBPs), set against either minimum inhibitory concentrations (MICs) or 

inhibition zone diameters (IZDs)12. Isolates are then categorised (using 

standardised thresholds) as susceptible, resistant, or in some cases, intermediate, 

for individual antimicrobials. CBPs for both systems (CLSI and EUCAST) are set 

using MIC distribution data whilst also considering pharmacokinetic-

pharmacodynamic properties (PK-PD; i.e., drug absorption, metabolism and effects 

on the host, respectively) (Kassim et al., 2016). Whilst some differences in CBPs 

exist between these two systems, the definitions of resistance used in both focus 

on effective therapeutic prescribing of antimicrobial drugs (Clinical and Laboratory 

Standards Institute, 2018; Kahlmeter & EUCAST Steering Committee, 2019). As 

such, their use to investigate AMR within environmental and wildlife sourced 

isolates is of questionable value, since therapeutic success is not a concern here 

(Berendonk et al., 2015).  

 

12 A MIC is the lowest concentration of an antimicrobial required for complete inhibition of bacterial 
growth. An IZD is the diameter (in mm) of the area around a disk impregnated with an antimicrobial 
that inhibits the growth of bacteria. 
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The World Health Organisation (WHO) describes AMR as a change in bacteria in 

response specifically to antimicrobial usage (World Health Organisation, 2018a). 

Indeed, there is strong evidence that, through antimicrobial residue contamination 

and the spread of AMR bacteria and antimicrobial resistance genes (ARGs) 

beyond sites of use, the therapeutic usage of antimicrobial medicines has affected 

environmental bacterial communities (Vittecoq et al., 2016). However, it is 

important to note that AMR also exists and develops in bacteria that have never 

been exposed to these influences. Heavy metals, organic solvents, natural plant 

products and competition between bacterial species within a community can all 

naturally select for bacteria with mechanisms that bestow AMR (Allen et al., 2009; 

Kadavy et al., 2000). Such bacteria, assessed using the methods described above, 

may therefore be ‘clinically resistant’ simply due to such natural adaptations to their 

home environments, i.e., not through adaptation to any antimicrobial usage. This 

raises the question as to whether it is appropriate to describe the AMR status of 

environmental isolates using clinically derived cut-off criteria?  

 

The majority of studies investigating AMR in bacteria sourced from wild deer do 

utilise published CBPs from EUCAST or CLSI (Table 3-3). Where the aim of 

investigating environmental and wildlife isolates is solely to assess the risks they 

pose to clinical health, then clinical based definitions of resistance are, of course, 

appropriate. However, in order to reliably calculate CBPs (that determine 

resistance in clinical isolates), a wealth of MIC distribution data, coupled with PK-
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PD data, is required for the specific antimicrobial-bacteria combination. As such, 

CBPs for all specific antimicrobial-bacterial combinations are not always available. 

This is especially the case for veterinary specific antimicrobials due to 1) a dearth 

of required MIC/IZD data (of suitable quality) for many veterinary specific 

antimicrobials (Damborg et al., 2019), and 2) PK-PD differences which, in animals, 

can vary between individuals, breeds and of course species (Toutain et al., 2017). 

When we then think more broadly—and consider the range of selection pressures 

present in the wider environment, the potential for horizontal gene transfer, and the 

zoonotic potential of non-human pathogens (Allocati et al., 2016; Bengis et al., 

2004; Cytryn, 2013)—it becomes clear that for environmental and wildlife isolates, 

and the study of AMR at ecological population levels, another approach is required. 

 

The raw MIC and IZD data generated using AST represent a quantitative measure 

of resistance phenotypes. In addition to CBPs (derived using MIC and IZD data), 

epidemiological cut-off (ECOFF) values can also be applied to interpret this data. 

ECOFFs are also calculated and set using MIC and IZD distributions, but rather 

than defining ‘clinical’ resistance, they define resistance in terms of ‘wild type’ or 

‘non-wild-type’, i.e., bacteria with (non-wild-type (NWT)) or without (wild type (WT)) 

phenotypic resistance traits as a result of acquired resistance mechanisms. 

ECOFFs thus present a less clinically oriented qualitative classification of 

resistance, but are still commonly applied to guide therapeutic applications where 

no CBP has yet been agreed (Toutain et al., 2017). Because ECOFFs, by 
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definition, categorise NWT, they present another option to aid understanding of any 

potential threat of AMR posed by wildlife and environmental isolates.  

 

However, studies have shown that MIC and IZD distributions generated from 

wildlife isolates do not always entirely overlap with/correlate well with those derived 

from clinical isolates (i.e., those that are used to determine ECOFF or CBP values, 

respectively). Dias et al. (2015) showed that E. coli isolates from wild ungulates 

exhibited a more resistant overall distribution than expected when comparing with 

clinically derived EUCAST isolate distributions for the same antibiotics (see Figure 

4-1). A similar shift was shown in isolates gathered from domestic sheep, 

suggesting that this phenomena may be related to the ruminant gut (Silva et al., 

2020). This population distribution shift, though not necessarily enough to pose a 

clinical threat, highlights important differences that can exist between the clinical 

and environmental realms. 
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Figure 4-1: An abstract conceptual figure illustrating alternative methods of classifying resistance in bacterial 

isolates using four different interpretations of the inhibition zone diameter (IZD) data (as obtained from disc 

diffusion antimicrobial susceptibility testing, AST). Also illustrated is the noted shift in IZD distribution which can 

occur between some animal derived and clinical derived isolates. CBP1 and CBP2 represent the discrepancy 

that can often exist in clinical breakpoints between the CLSI and EUCAST standard systems. The COWT 

represents the value at 2.5 standard deviations below the calculated mean value of a wild-type only 

distribution, as calculated using the normalised resistance interpretation (NRI) method. The ECOFF value 

represents a visual determination of a WT/NWT cut-off in the clinical isolate data. 

 

In addition, variation in reporting of clinical resistance also occurs between 

laboratories, despite general adherence to widely published methods (Tenover et 

al., 2001). To help overcome this, a ‘normalised resistance interpretation’ (NRI) 

method has been developed (Kronvall et al., 2003; Kronvall, 2003). This calculates 

a value, termed the wild-type cut-off (COWT), which serves the same function as an 

ECOFF, i.e., separating a population into wild type and non-wild type isolates. 

However, whereas the ECOFF is often determined simply by visual inspection of 



Chapter IV   Resistance Profiles in Wild Deer 

 

170 

distribution histograms, coupled occasionally with statistical calculations using MIC 

data (Turnidge, Kahlmeter & Kronvall, 2006), the NRI method is solely based on a 

mathematical analysis of the MIC and IZD distribution data, but using the wild-type 

data only (Kronvall & Smith, 2016). It is typically calculated as the value which is 

2.5 standard deviations above (for MIC) or below (for IZD) the mean of the 

normalized WT distribution.  

 

Normally, minor variations on the resistant (left) side of an IZD distribution can 

make it difficult to determine precisely where a WT vs NWT cut-off lies. The NRI 

method looks to address and overcome this by making use of the fact that the 

distribution of IZDs for a wild-type only population of a bacterial species are 

inherently normally distributed. Therefore, as in Figure 4-2, when an NRI curve is 

plotted extrapolating only from data from isolates on the right side (beyond the 

peak) of the IZD bell-curve distribution (i.e., the most clearly WT/susceptible 

portion; Figure 4-2, in blue), this allows a more precise simulation of the ‘expected’ 

NWT population data and thus calculation of a ‘true’ WT versus NWT cut-off value, 

i.e., the COWT. The NRI method has been shown to successfully overcome 

reporting differences, and allow comparisons between clinical isolate data between 

different laboratories (Joneberg et al., 2003), but also comparisons between 

environmental isolates and clinical data (Dias et al., 2015; Sjölund et al., 2008). 
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Figure 4-2: Illustration of how the normalised resistance interpretation (NRI) for antimicrobial susceptibility 

testing (AST) data functions. The histogram shows the frequency distribution of inhibition zone diameters 

(IZDs) for all tested isolates. Blue shaded isolates are then used to simulate the peak and normal distribution 

for a wild-type only population (i.e., to construct the idealised NRI curve), and therefore allow calculation of the 

wild-type cut off (COWT) value, as the value at 2.5 standard deviations (SD) removed from the mean. Isolates 

with IZDs below the COWT value are then classed as non-wild-type. 

 

Figure 4-1 highlights the conceptual differences in classification of AMR that can 

occur using the various systems described above. It also illustrates the differences 

in susceptibility distributions that can sometimes occur between environmental 

(including wildlife) and clinical bacterial populations. Clearly, in order to fully 

describe AMR in the environment, the merits of each interpretation criteria must be 

considered in light of the others. 
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In addition to phenotypic assessment approaches, genotypic assessment of AMR 

is also now becoming increasingly routine. Confirming the presence of specific 

genes or point mutations known to be responsible for phenotypic resistance 

(antimicrobial resistance genes (ARGs)) is a common way of investigating AMR. 

Such molecular analyses are now considered vital in identifying and understanding 

the pathways through which AMR might move and spread, however, it is important 

to recognise that a specific genotype does not guarantee actual phenotypic 

resistance (i.e., genes may be present, but not expressed), and additionally, that 

our knowledge of ARGs still remains rather incomplete (Piddock, 2016).  

 

Finally, isolates subject to AST analyses are frequently harvested using methods 

that do not specifically target AMR bacteria (i.e., a non-selective approach). For 

example, a common method employed in AMR surveillance work is to select only a 

small number of isolates from a whole sample, without any pre-screening (i.e., 

selection) of the target bacteria. Clearly, a balance between effort and outcome 

must be made (i.e., it would be impractical and likely unhelpful to individually 

analyse every single isolate within a sample), but, such non-selective approaches 

may well risk underestimating (or even failing to detect) potentially important AMR 

traits that occur only at low levels within the bacterial population. A pre-screening 

step, designed to exclude fully susceptible isolates from a sample, may be 

desirable in efforts to assess more than simply the prevalence of AMR. The 

breakpoint plates utilised in Chapter III form just such a step. There, the breakpoint 

plates were utilised primarily to investigate the prevalence of AMR for specific 
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antimicrobials within the sample set. However, performing AST on isolates 

gathered from these plates serves the dual function of 1) assessing the 

performance (specificity) of the breakpoint plates in selecting for resistant isolates, 

and 2) potentially obtaining a more comprehensive look at AMR associated with 

the antimicrobials in the breakpoint plates. 

 

Though assessments of AMR in isolates from humans, companion animals and 

livestock is now commonplace, our wider understanding of the environmental and 

wildlife AMR landscape remains relatively poor, and more work is required to fill 

this knowledge gap (Dolejska & Literak, 2019). Within the UK (for example) there is 

still no co-ordinated surveillance of AMR bacteria in such samples (Public Health 

England, 2015); hence, to begin to address this issue in a Scottish context, we 

undertook: 

 

1. An assessment of current phenotypic resistance traits in E. coli isolated from 

Scottish wild deer faeces, following the standard method of non-selective 

harvesting of isolates, and using a published disk diffusion methodology. 

The raw data from this was then interpreted using the various criteria 

mentioned above (i.e., comparing CBP, ECOFF and COWT methods). 

2. An assessment of resistance profiles (as determined through AST testing) in 

wild deer faecal E. coli, including spatial distribution of similar profiles and 

the occurrence of multidrug resistance (MDR). 
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3. An assessment of AMR E. coli isolates for the presence of known genetic 

determinants, and extended spectrum β-lactamase (ESBL) and 

carbapenemase resistance mechanisms, in order to gain an initial 

understanding of some of those at play within wild deer faecal E. coli in 

Scotland. 

 

Each of these assessments are then discussed in the broader context of AMR in 

the wider Scottish landscape and the purposes and benefits of AMR surveillance. 

 

4.2 Methods 

Details on all methods used, including media preparation, isolate harvesting, 

storage, lysate preparation, polymerase chain reaction (PCR) protocols and AST 

methods, are all fully described in Chapter II, but are summarised here for clarity. 

 

4.2.1 Data handling 

Statistical analysis and data handling were carried out using Microsoft Excel 

(Microsoft Corporation, 2018a), RStudio (RStudio Team, 2016) and PAST 

(Hammer, Harper & Ryan, 2001). For graphing in RStudio, the ggplot2 package 

was utilised via the tidyverse package (Wickham et al., 2019) in the R statistical 

computing environment (R Core Team, 2020). Mapping and spatial analysis of 

isolate data was performed using QGIS 3.12.0 (QGIS Development Team, 2018). 

Visual representations of data were generated in Excel. Figures were formatted for 
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publication, where appropriate, or created from scratch using Microsoft PowerPoint 

(Microsoft Corporation, 2018b). 

 

4.2.2 Isolate gathering 

Deer faecal samples were gathered during normal culling operations by deer 

workers across Scotland, from March 2017 to October 2018 (inclusive). As part of 

a national deer health survey (DHS), samples were gathered from the four main 

Scottish deer species: red (Cervus elaphus), roe (Capreolus capreolus), sika 

(Cervus nippon) and fallow (Dama dama). Faecal samples were gathered from the 

rectum, via the anus, into sterile plastic pots, then sent to the Moredun Research 

Institute (MRI; Penicuik) for processing and analysis. Each sample was 

accompanied by metadata for the sampled deer, including the cull location (six-

figure Ordinance Survey National Grid-reference). MRI staff then prepared non-

selective bacterial enrichments (in Brain Heart Infusion (BHI) broth) for each 

sample, stored these as 15% glycerol stocks, and screened all enrichments for the 

presence of Shiga toxin genes stx1 and stx2, and the intimin gene, eae, using a 

multiplex PCR. Only samples which tested negative for all three genes were 

analysed for this study. Figure 4-3 outlines the stepwise methodology used to 

assess these samples for AMR E. coli. 
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Figure 4-3: Overview of the sample processing methodology used to assess AMR E. coli in deer faecal 

samples. Resulting inhibition zone diameter (IZD) data from antimicrobial susceptibility testing (AST) was taken 

on for interpretation using several different criteria, as described. Other acronyms used: MRI = Moredun 

Research Institute, MAC = MacConkey Agar, CIP = ciprofloxacin, CPO = cefpodoxime, MER = meropenem, 

TET = tetracycline, PCR = polymerase chain reaction. 

 

Wild deer faecal sample bacterial enrichments were screened for both E. coli (non-

breakpoint plates) and then specifically for AMR E. coli (selective breakpoint 

plates). This was done by first adding 10 µl of the primary MRI glycerol stock to 

10 ml of buffered peptone water to prepare a plate inoculum. A 10 µl loopful of this 

inoculum was streaked onto non-selective MacConkey agar (USP/EP/JP) plates 

(MAC plates). Additionally, MacConkey agar selective ‘breakpoint plates’ 

containing either EUCAST CBP concentrations of (1) cefpodoxime (CPO; 1 mg/L), 

(2) ciprofloxacin (CIP; 0.5 mg/L), (3) the carbapenem screening concentration for 
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meropenem (MER; 0.125 mg/L)13, or (4) the ECOFF concentration for tetracycline 

(TET; 8 mg/L), were also inoculated, using the same inoculum, but with a 100 µl 

spread onto the plate (rather than a 10 µl streak). All plates were then allowed to 

dry, inverted, then incubated at 37°C for 20-24 h. Following incubation, one colony 

for each presumptive E. coli morphotype per plate was then picked, enriched in 5 

ml of BHI broth overnight (16-20 h at 37°C), then stored as a 15% glycerol stock. 

This process was carried out on 324 deer faecal sample enrichments (as described 

in Chapter III) and yielded 524 presumptive E. coli isolates for further testing. All 

but three of the samples exhibited growth of presumptive E. coli. 

 

 

Figure 4-4: Overview of the process and number of deer faecal sample bacterial enrichments initially utilised, 

E. coli isolates harvested, and the number of deer faecal samples represented by those isolates. N = number 

of deer faecal samples; n = number of bacterial isolates. All 216 confirmed E. coli isolates were subsequently 

tested using disk diffusion against 15 antibiotics, to generate IZD data for interpretation. 

 

 

13 The original intention was to re-test any growth on the MER plate at the higher CBP 
concentration (8 mg/L), but no confirmed E. coli growth was observed at the 0.125 mg/L 
concentration. 
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Of the 524 harvested isolates, 282 were tested using PCR amplification of the uidA 

gene to confirm E. coli status. These 282 isolates comprised of all presumptive E. 

coli isolates from breakpoint plates (TET = 91, CPO = 75, CIP = 3, MER = 2) and 

111 (of 350) from the MAC plates14. In total, 216 isolates, sourced from 151 unique 

deer faecal samples, were confirmed as E. coli (Figure 4-4).  

From the 111 MAC plate isolates, 104 confirmed as E. coli, each from a unique 

deer faecal sample. A breakdown of the host characteristics of the source samples 

for these 104 E. coli isolates is shown in Figure 4-5. 

 

 

Figure 4-5: Host characteristics of the 104 unique deer faecal samples from each of which a single E. coli 

isolate was subject antimicrobial susceptibility testing. Isolates were gathered from MacConkey agar plates 

without antimicrobial supplement (MAC plates).  

 

14 Only 111 MAC isolates were confirmed as a consequence of time pressure. 
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4.2.3 AST protocol 

Confirmed E. coli isolates (n = 216) were analysed following the disk diffusion 

method published by EUCAST (Matuschek, Brown & Kahlmeter, 2013). Fresh 

colony growth was first obtained from glycerol stocks by overnight incubation on 

Müeller-Hinton agar (using the glycerol stocks obtained as described in Section 

2.1). The inoculum was prepared by suspending fresh (overnight) growth colonies 

in 0.85% saline and adjusting this to an optical turbidity of 0.5 McFarland. A sterile 

cotton swab was then used to spread inoculate onto Müeller-Hinton agar plates, 

and then antimicrobial impregnated disks (Abtek Ltd) were applied before 

incubation. Resistance to 15 different antimicrobial compounds was assessed 

(Table 4-1). The suite of compounds used was chosen to potentially allow 

comparison with a similar study on ovine faecal E. coli isolates (Silva et al., 2020) 

and includes representative compounds from most key antimicrobial classes, as 

well as compounds commonly used to assess AMR in animal isolates. E. coli 

ATCC® 25922™ (fully susceptible to all antimicrobials tested) was utilised as a 

control for positive inhibition. Following incubation, inhibition zone diameters (IZDs) 

were read and recorded for subsequent interpretation. 
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Table 4-1: Antimicrobials utilised for disk diffusion testing. Disc content indicates the mass of active 

antimicrobial in the disc. Abbreviations used comply with the EUCAST system for antimicrobial abbreviations 

(http://www.eucast.org/ast_of_bacteria/guidance_documents/). 

Code Name Class 
Disk content 

(µg/disk) 

AMC 
Amoxicillin + 

clavulanic acid Aminopenicillins 
30 

AMP Ampicillin 10 

AZT Aztreonam Monobactams 30 

CEP Cefepime 4th Gen. Cephalosporins 30 

CIP Ciprofloxacin Fluoroquinolones 5 

CPO Cefpodoxime 

3rd Gen. Cephalosporins  

10 

CTA Cefotaxime 5 

CTZ Ceftazidime 10 

CXI Cefoxitin 2nd Gen. Cephalosporin 30 

IMI Imipenem Carbapenem 10 

KAN Kanamycin Aminoglycoside 30 

MER Meropenem Carbapenem 10 

OXY Oxytetracycline 
Tetracycline 

30 

TIG Tigecycline 15 

TRS 
Trimethoprim-

sulfamethoxazole 
Sulphonamide/dihydrofolate reductase 

inhibitor (DHFR) 
25 

 

4.2.4 Calculating the bespoke wild-type cut-offs (COWT and EWT) 

Wild-type cut-off values (COWT) for wild deer faecal E. coli were calculated for this 

study using the NRI method as described above (page 169). COWT values were 

calculated seperately for all deer, and also using the IZD data for isolates from red 

and roe deer only. These used only the AST data gathered from MAC plates 

isolates (i.e., IZD data for isolates from the non-breakpoint MAC plates). Some 

variation in the number of isolates used for each compound occurred as a result of 

discs falling from the agar during incubation (Table 4-2); a delay in sourcing discs 

resulted in much fewer results for CPO (which replaced CTA). The NRI method 

was used with permission from the patent holder (Bioscand AB, TÄBY, Sweden; 
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European patent No 1383913, US Patent No. 7,465,559), and utilising the Excel 

spreadsheet supplied by Kronvall & Smith (2016). 

 

Table 4-2: Number of E. coli isolates, gathered from non-breakpoint MacConkey (MAC) agar plates, used to 

calculate bespoke wild type cut-off values (COWT) for each antimicrobial. 

Antimicrobial AMP AMC AZT CEP CTA CXI CPO CTZ CIP IMI KAN MER OXY TIG TRS 

All Deer COWT 102 102 102 102 77 103 25 102 103 104 104 102 104 104 104 

Red deer only COWT 64 64 64 64 47 64 17 64 64 64 64 62 64 64 64 

Roe deer only COWT 31 31 31 31 27 32 4 31 32 33 33 33 33 33 33 

 

While Smith & Kronvall, (2015) recommend that no fewer than 30 WT isolates are 

used to generate COWT values, they did find strong agreement in COWT values 

calculated from datasets containing ≥20 datapoints. Therefore, it can be concluded 

that the COWT values derived here (with the exception of species-specific CPO 

values) were suitably robust and fit for purpose.  

 

Finally, for purposes of comparison, the NRI method was then applied to IZD 

distribution data from EUCAST human and veterinary clinical isolates (EUCAST, 

2020c), in order to obtain an identically (NRI) derived wild-type cut-off (serving the 

same purpose as, but obtained using a different method than the ECOFF), here 

termed the EWT in order to distinguish it from the COWT. 
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4.2.5 AMR Interpretation 

4.2.5.1 AMR prevalence 

Interpretation of the IZD data for each of the 216 E. coli isolates was carried out 

using the published criteria for EUCAST CBPs (European Committee on 

Antimicrobial Susceptibility Testing, 2020b), ECOFFs (European Committee on 

Antimicrobial Susceptibility Testing, 2020a) and CLSI CBPs (Clinical and 

Laboratory Standards Institute, 2020), as tabulated below for each antibiotic. 

Additionally, the NRI derived COWT values for each antimicrobial (given below, in 

Table 4-3, Section 4.3 Results) were then used as a fourth criteria for interpretation 

of resistance in all 216 isolates.  

 

In summary, for each antimicrobial tested, four different values for the prevalence 

of AMR (two defined using clinical cut-offs and two using NWT cut-offs) were 

calculated, across three separate groups of isolates (MAC, TET and CPO plate 

isolates). Only a single E. coli isolate was harvested from the CIP breakpoint 

plates, and none were harvested from the MER breakpoint plates, hence no 

separate calculation for prevalence was made for these screening plates. 

 

4.2.5.2 IZD distribution comparisons 

In order to assess whether the IZD distributions in Scottish wild deer faecal E. coli 

was comparable to EUCAST clinical isolates, histograms were constructed from 

the IZD data for the MAC plate isolates (n = 104). Then, data was sourced from the 
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EUCAST website (EUCAST, 2020c), for EUCAST clinical isolates for comparison, 

which was wrangled and formatted in RStudio, and the median and means 

calculated. The data was then exported to Excel for construction of frequency 

distribution histograms and combined with the deer data to allow visual 

comparisons of the two datasets.  

 

4.2.5.3 Resistance profiles 

Three different resistance profiles were assembled for each of the 104 isolates 

gathered from non-selective MAC plates. This was done using 1) only EUCAST 

CBPs, and then, only CLSI CBPs. These profiles (two for each isolate) comprised 

the list of antimicrobials to which the isolate was classified as clinically resistant. 

 

A third resistance profile was also compiled using primarily EUCAST CBPs, (on the 

premise that this study was carried out in the UK, where EUCAST criteria has 

become the accepted standard), but with the addition of the KAN and OXY CBPs 

from CLSI, since EUCAST does not supply CBPs for these antimicrobials. Use of 

CLSI CBPs alongside EUCAST CBPs was justified on the grounds that KAN was 

the only aminoglycoside in the suite and this class of antimicrobials is deemed 

critically important for human medicine (WHO, 2017b). Additionally, resistance to 

OXY is 1) an effective proxy for resistance to tetracycline - which is important for 

both human and animal medicine and 2) tetracyclines are some of the most 

commonly studied compounds in wildlife AMR surveillance. This third resistance 

profile was generated for all 216 E. coli isolates. 
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Isolates with no observed resistance to any of the 15 compounds tested were 

classified as fully susceptible to all antimicrobials tested (with profiles defined as 

“Sus”). Where resistance profiles for any isolate contained three or more classes of 

antimicrobial, that isolate was additionally classified as MDR.  

 

In summary, two resistance profiles were generated for each of the 104 MAC plate 

isolates, using either exclusively EUCAST or CLSI CBPs. A third resistance profile, 

using EUCAST CBPs for all antimicrobials with the addition of CLSI CBPs for KAN 

and OXY were used, was generated for all 216 isolates. Profiles were not 

generated using the ECOFF or COWT values, since the profiles were intended to 

highlight clinical resistance, rather than prevalence of NWT. 

 

4.2.5.4 Genetic determinants of AMR 

Following classification of resistance in all 216 isolates using EUCAST and CLSI 

CBPs, selected isolates were further analysed using PCR and horizontal gel 

electrophoresis, to assess the presence of known ARGs. Specifically, isolates that 

were classed as clinically resistant to OXY15 were tested for the presence of the 

tetA, tetB and tetC genes, as these are the some of the most commonly 

encountered genetic determinants of tetracycline resistance in human and animal 

E. coli isolates (Bryan, Shapir & Sadowsky, 2004). Isolates classed as clinically 

 

15 Using the CLSI CBP value. 
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resistant to TRS16 were analysed for the presence of the sul1, sul2, and sul3 

genes. These genes have been previously associated with sulphonamide 

resistance in both E. coli and Salmonella, from human, animal and environmental 

sources (Antunes et al., 2005). Isolates classed as clinically resistant to CPO4 were 

analysed for the presence of the blaTEM, blaSHV and blaCTX-MU genes, as these have 

been previously used to investigate β-lactam resistance in wild deer (Costa et al., 

2006a). 

 

To investigate whether there was a significant difference in the spatial distribution 

of identified AMR genes, isolates testing positive were mapped by region in QGIS 

and statistical tests (Chi-squared or Fisher’s exact) were performed in RStudio.  

 

4.3 Results 

4.3.1 AMR prevalence 

Results for the AST testing of all 216 E. coli isolates, as interpreted using EUCAST 

and CLSI CBPs, ECOFFs, and NRI derived COWT values, are given in Table 4-3, 

along with the interpretation values used. Prevalence levels for OXY and CPO 

were higher in isolates from the corresponding breakpoint plate, as would be 

expected. However, this difference was much more pronounced for OXY 

resistance (98.8%) in TET plate isolates, than CPO resistance (18.5–40.7%) in the 

 

16 Using the EUCAST CBP value. 
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CPO plate isolates. This indicates that the CPO plates did not perform as well 

from, a diagnostic point of view, as the TET plates. However, the CPO plates did 

yield isolates with much more prevalent and diverse AMR than the MAC or TET 

plates. Additionally, AMP resistance was much higher in both TET and CPO 

isolates, compared to MAC isolates, indicating co-selection of this AMR phenotype 

with TET and CPO resistance. Generally, TET and CPO plate isolates, exhibited 

much more variation in reported prevalence depending on the interpretation criteria 

used. Amongst MAC plate isolates, for some compounds, there was little difference 

in apparent prevalence regardless of interpretation criteria used (e.g., AZT, CTA, 

CIP), while for others (e.g., IMI, TIG, TRS) there was marked differences. 

 

Using EUCAST CBPs only, 61.5% of MAC plate isolates (64 of 104) were classed 

as clinically resistant to at least one of the antimicrobials tested (excluding KAN 

and OXY, since no EUCAST CBPs exist for these), and no MDR was observed. 

Using CLSI CBPs only, 33.7% of MAC plate isolates (35 of 104) were classed as 

clinically resistant to at least one of the antimicrobials tested (excluding TIG, since 

no CLSI CBP exists for this), and no MDR was observed. Using the combined 

EUCAST and CLSI criteria (CLSI for OXY and KAN), 63.5% of MAC plate isolates 

(66 of 104) were resistant to at least one antimicrobial, and no MDR was observed. 

 

Where CBPs were available for both CLSI and EUCAST, there was disagreement 

on the prevalence of clinical resistance for 4 out of the 12 antibiotics considered 

(AMC, CXI, IMI and MER). The ECOFF and COWT results disagreed, in terms of 
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prevalence of NWT isolates, for 9 out of 12 of the antibiotics tested, with the 

ECOFF results consistently indicating a higher prevalence value. Clinical 

resistance to AZT, CEP and CIP was only detected amongst CPO and CIP plate 

isolates, and not amongst MAC or TET plate isolates.  

 

Using the combined EUCAST and CLSI criteria (CLSI for OXY and KAN), 98.8% 

(84 of 85) TET plate isolates harboured resistance to at least one antimicrobial, 

and MDR was identified in 17.6% (15 of 85). For CPO plate isolates, all (n = 26) 

harboured resistance to at least one antimicrobial, and MDR was present in 23.1% 

(6 of 26). The single isolate gathered from the CIP breakpoint plate (data not 

shown in Table 4-3) showed clinical resistance to AMP, CIP, OXY, TIG and TRS, 

with full agreement between EUCAST and CLSI CBPs (where both were 

available). 



Chapter IV   Resistance Profiles in Wild Deer 

 

188 

Table 4-3: Apparent prevalence of AMR amongst E. coli isolates gathered from wild deer faeces, as interpreted using EUCAST (PEUCAST) and CLSI (PCLSI) clinical 

breakpoints, epidemiological cut-offs (PECOFF), and wild-type cut offs (PCOWT). MAC plate isolates originated from MacConkey agar without antimicrobial supplement; TET 

and CPO plate isolates were obtained using MacConkey agar with the ECOFF and CBP concentrations, respectively. Antimicrobials employed in disk diffusion analysis 

were Ampicillin (AMP), Augmentin (AMC), Aztreonam (AZT), Cefepime (CEP), Cefotaxime (CTA), Cefoxitin (CXI), Cefpodoxime (CPO), Ceftazidime (CTZ), Ciprofloxacin 

(CIP), Imipenem (IMI), Kanamycin (KAN), Meropenem (MER), Oxytetracycline (OXT), Trimethoprim-sulfamethoxazole (TRS), and Tigecycline (TIG). Colour range (red-

amber-green) indicates spread of AMR within the isolate source category (MAC, TET or CPO plates). Black cells indicate no available IZD interpretation criteria exist. 

Antimicrobial AMP AMC AZT CEP CTA CXI CPO CTZ CIP IMI KAN MER OXY TIG TRS 

M
A

C
 p

la
te

 is
o

la
te

s No. of isolates 103 103 103 103 79 104 25 103 104 104 104 103 104 104 104 

PEUCAST 24.5% 8.8% 0.0% 0.0% 0.0% 1.0% 0.0% 1.0% 0.0% 0.0% - 0.0% - 51.9% 1.0% 

PCLSI 24.5% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 1.0% 0.0% 2.9% 1.9% 1.0% 5.8% - 1.0% 

PECOFF 24.5% 0.0% 1.0% 5.9% 0.0% 0.0% - 2.0% 0.0% 24.0% - 2.0% - 51.9% 48.1% 

PCOWT 3.9% 0.0% 0.0% 2.0% 0.0% 1.0% 0.0% 2.0% 1.9% 0.0% 1.9% 1.0% 5.8% 0.0% 1.9% 

TE
T 

p
la

te
 is

o
la

te
s No. of isolates 85 84 84 67 53 85 85 85 85 85 85 85 84 84 85 

PEUCAST 52.9% 31.0% 0.0% 0.0% 0.0% 1.2% 4.7% 4.7% 0.0% 0.0% - 0.0% - 88.1% 12.9% 

PCLSI 52.9% 3.6% 0.0% 0.0% 5.7% 0.0% 1.2% 2.4% 0.0% 1.2% 2.4% 0.0% 98.8% - 12.9% 

PECOFF 52.9% 6.0% 2.4% 23.9% 1.9% 0.0% - 4.7% 1.2% 11.8% - 10.6% - 88.1% 84.7% 

PCOWT 29.4% 6.0% 1.2% 6.0% 1.9% 1.2% 4.7% 4.7% 1.2% 0.0% 3.5% 4.7% 98.8% 0.0% 31.8% 

C
P

O
 p

la
te

 is
o

la
te

s No. of isolates 27 27 27 27 14 27 27 26 27 27 26 27 27 27 27 

PEUCAST 88.9% 63.0% 7.4% 11.1% 7.1% 22.2% 40.7% 11.5% 7.4% 7.4% - 7.4% - 70.4% 0.0% 

PCLSI 88.9% 7.4% 7.4% 7.4% 35.7% 18.5% 18.5% 11.5% 7.4% 14.8% 11.5% 7.4% 14.8% - 0.0% 

PECOFF 88.9% 22.2% 14.8% 33.3% 21.4% 22.2% - 15.4% 7.4% 22.2% - 25.9% - 70.4% 48.1% 

PCOWT 51.9% 22.2% 11.1% 11.1% 28.6% 22.2% 29.6% 15.4% 14.8% 7.4% 11.5% 14.8% 22.2% 3.7% 3.7% 

Inhibition zone diameter (IZD) interpretation values (mm) 

Criteria ug/disk 10 30 30 30 5 30 10 10 5 10 30 10 30 15 25 

EUCAST 
CBP 

S≥ 14 19 26 27 20 19 21 22 25 22 - 22 - 18 14 

R < 14 19 21 24 17 19 21 19 22 17 - 16 - 18 11 

CLSI CBP 
S≥ 17 18 21 25 26 18 21 21 26 23 18 23 15 - 16 

≤R 13 13 17 18 22 14 17 17 21 19 13 19 11 - 10 

EUCAST NWT < 14 16 27 28 21 17 - 20 25 24 - 25 - 18 25 

NRI COWT NWT < 11 16 25 27 22 19 20 20 27 18 15 24 16 14 18 

S = susceptible; R = resistant; NWT = non-wild type; Criteria sources: EUCAST CBPs (EUCAST, 2020b), ECOFFs (EUCAST, 2020a) and CLSI CBPs (CLSI, 2020); COWT values 
calculated using NRI method, as described in methods (section 4.2.4) 
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4.3.2 Wild deer and EUCAST data comparisons 

Figure 4-6 show the distribution of IZDs for E. coli isolates from wild deer faeces 

(MAC plate isolates only) alongside data gathered by EUCAST from clinical and 

veterinary isolates (EUCAST, 2020c), and with the ECOFF, COWT and EWT values 

(from Table 4-4) marked, for comparison. The EUCAST data can be taken as 

representative of the normal ‘clinical’ distribution one might expect for these 

antimicrobials and can therefore be used to compare against the environmental 

derived dataset presented here. Appendix 4.6.1 contains figures for all 

antimicrobials tested (note that EUCAST IZD data was not available for CPO, KAN, 

or OXY). In 9 of the 12 cases, a shift towards the left / more resistant side of the x-

axis, indicating a more phenotypically resistant population, can be seen in wild 

deer isolates. For CIP (Figure 4-6, bottom right) the opposite pattern was 

observed. 

 

In each case shown in Figure 4-6, the position of the COWT and EWT cut-offs mirror 

the distribution of the corresponding populations. However, this figures illustrates 

that where the deer distribution is left-shifted (IMI, AMP and TIG), both the ECOFF 

(EUCAST standard WT/NWT cut-off value) and the EWT (NRI derived WT/NWT cut-

off value from EUCAST isolates) consistently fall within the main peak of the 

distribution (and in the case of TIG to the right of the peak) for the deer isolates; 

leading to an overestimation of AMR prevalence for these antimicrobials.  
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Figure 4-6: Distribution of inhibition zone diameters (IZDs) from antimicrobial susceptibility testing against four 

different antimicrobials, for E. coli isolates from EUCAST clinical data (blue; EUCAST, 2020c) and deer faecal 

samples (orange), with cut-off values for determination of non-wild type resistance. COWT and EWT indicate 

values calculated using a normalised resistance interpretation (NRI) method on deer faecal isolates or 

EUCAST clinical isolates, respectively. ECOFF values are as published by EUCAST (eucast.org). 

 

Table 4-4 lists all three wild type cut-off values considered here (ECOFF, EWT, and 

COWT). Values for deer data (COWT) are, generally, lower or equal to both EUCAST 

derived cut-offs (EWT and ECOFF). For CTA and CXI, however, the COWT is equal 

to the EWT and higher than the ECOFF (orange filled cells). For CIP, the COWT is 

higher than both the EWT and the ECOFF (blue filled cells). 
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Table 4-4: Comparison of various alternative wild type cut off values. ECOFF values are as provided by 

EUCAST (EUCAST, 2020c). EWT values were calculated by performing a normalised resistance interpretation 

(NRI) on EUCAST isolate data, while COWT values are from NRI calculations on deer isolate data. Bolded 

figures indicate the highest value. Filled cell values are refered to in the  main text. 

Antimicrobial AMP AMC AZT CEP CTA CXI CTZ CIP IMI MER TIG TRS 

IZ
D

 (
m

m
) 

ECOFF 14 16 27 28 21 17 20 25 24 25 18 25 

(EUCAST NRI) 
EWT 12 17 27 29 22 19 21 23 25 27 17 23 

(Deer NRI) COWT 11 16 25 27 22 19 20 27 18 24 14 18 

D
if

fe
re

n
c
e

 EWT v ECOFF -2 +1 0 +1 +1 +2 +1 -2 +1 +2 -1 -2 

COWT v EWT -1 -1 -2 -2 0 0 -1 +4 -7 -3 -3 -5 

COWT v ECOFF -3 0 -2 -1 +1 +2 0 +2 -6 -1 -4 -7 

 

 

4.3.3 Clinical resistance profiles 

Figure 4-7 shows the resistance profiles generated, from the 104 isolates gathered 

from the non-selective MAC plates, using either only EUCAST CBPs (no KAN or 

OXY CBP; left) or only CLSI CBPs (no TIG CBP; right). Overall, the EUCAST 

CBPs indicated a greater prevalence of clinical AMR, with 9 unique profiles, none 

of which classified as MDR. The CLSI criteria indicated 8 unique profiles, and no 

cases of MDR. 
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Figure 4-7: Resistance profiles generated from deer faecal E. coli isolates  harvested from non-breakpoint 

(MAC) plates (n = 104; fully susceptible isolates not shown). Resistance profiles were derived using two 

alternative clinical breakpoint criteria (EUCAST and CLSI) to interpret inhibition zone diameters (IZDs) from 

disk diffusion testing against a suite of 15 antimicrobials (see section 4.2.3 for full list).  

 

Figure 4-8 shows, by source plate, the frequency of all unique resistance profiles 

generated using EUCAST CBPs as the primary interpretation criteria, with the 

inclusion of CLSI CBPs for KAN and OXY. This comprises all 215 isolates 

gathered from the non-selective MAC plates and the selective CPO and TET 

breakpoint plates. In total, 40 unique resistance profiles were identified (excluding 

isolates that were fully susceptible to all antibiotics tested). ‘TIG only’ was the most 

prevalent resistance profile occurring in 33 isolates (15.3%), followed by OXY-TIG 

in 32 isolates (14.8%). AMP, AMC, OXY and TIG were the most common resistant 
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phenotypes present amongst all resistance profiles, between them accounting for 

the profile constituents of 186 isolates (86.1%). 

 

 

Figure 4-8: Resistance profiles derived from wild deer faecal E. coli isolates, gathered from non-breakpoit 

(MAC) and breakpoint plates containing clinical breakpoint concentrations of cefpodoxime (CPO), and 
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epidemiological cut-off concentrations for tetracycline (TET). Sus = susceptible to all tested antimicrobials. 

Abreviations for other antimicrobials shown are Augmentin (AMC), Ampicillin (AMP), Ceftiofur (CTF), 

Cefquinome (CQU), Ceftazidime (CTZ), Cefotaxime (CTA), Cefoxitin (CXI), Kanamycin (KAN), Oxytetracycline 

(OXT), Trimethoprim-sulfamethoxazole (TRS) and Tigecycline (TIG). Note: KAN and OXY use CLSI CBPs, 

since no EUCAST CBPs are available for these compounds. MAC plate isolates (n = 104), CPO plate isolates 

(n = 27) and TET plate isolates (n = 85). 

 

Amongst MAC plate isolates (n = 104), 14 resistance profiles were identified, none 

of which were MDR. The profile with the most resistance phenotypes was 

AMC-AMP-OXY-TIG, which was present in only a single isolate. The most 

prevalent profile was TIG only, present in 32 isolates (30.8%).  

 

Amongst TET plate isolates (n = 85), 20 resistance profiles were identified, 10 of 

which were MDR, accounting for 15 isolates (17.6%). The most resistant 

phenotype profile was AMC-AMP-CPO-OXY-TRS-TIG, which was present in only a 

single isolate. The most prevalent profile was OXY-TIG, present in 27 isolates 

(31.8%).  

 

Amongst CPO plate isolates (n = 26), 16 unique resistance profiles were identified, 

8 of which were MDR, accounting for 9 isolates (34.6%). Two isolates presented 

with resistance to >6 antimicrobials tested, with resistance profiles of CEP-AZT-

CPO-CTZ-CXI-CIP-KAN-IMI-MER and AMC-CEP-AZT-AMP-CPO-CTZ-CXI-CIP-

KAN-OXY-IMI-MER-TIG. The most prevalent profile was AMC-AMP-TIG, present 

in 8 isolates (30.8%). 
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The single CIP plate isolate (not shown in Figure 4-8), presented with the MDR 

resistance profile AMP-CIP-OXY-TRS-TIG. 

 

Profiles were spatially mapped (Appendix 4.6.2), but the high number of unique 

profiles (40) coupled with low abundance for the majority of these, meant that 

statistical analyses lacked appropriate power for meaningful clustering analysis. 

Those profiles with greater abundance counts (>15 isolates) were present across 

the majority of the sample area. 

 

4.3.4 Known genetic determinants of AMR 

Table 4-5 shows the results of specific ARG analysis in selected relevant isolates. 

Most isolates tested carried at least one of the genes tested for, but cases of 

isolates carrying more than one gene were rare. Resistance to OXY was explained 

in 95.7% (88 of 92) of isolates by the presence of known genetic determinants, and 

in 85.7% (12 of 14) isolates for TRS resistance. However, resistance to CPO 

resistance was explained in only 60% (9 of 15) isolates. 
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Table 4-5: Occurrence of known antimicrobial resistance genes (ARGs) in deer faecal E. coli isolates, with 

observed clinical resistance against three antibiotics. TRS = trimethoprim-sulfamethoxazole, OXY = 

oxytetracycline, CPO = cefpodoxime. 

 Gene 
Isolates 
tested 

Present 

T
R

S
 r

e
s

is
ta

n
t 

is
o

la
te

s
 

sul1 14 5 

sul2 14 9 

sul3 14 1 

sul1 & sul2 14 2 

sul1 & sul3 14 1 

sul2 & sul3 14 0 

None 14 2 

O
X

Y
 

re
s

is
ta

n
t 

is
o

la
te

s
 

tetA 92 

92 

92 

43 

tetB 47 

tetC 0 

tetA & tetB 92 2 

None 92 4 

C
P

O
 

re
s

is
ta

n
t 

is
o

la
te

s
 

blaTEM 15 3 

blaSHV 15 0 

blaCTX-MU 15 7 

blaTEM & blaCTX-MU 15 1 

None 15 6 

 

Figure 4-9 shows the spatial distribution of the tetA and tetB genes in OXY 

resistant isolates, mapped according to region. Though the Highlands region 

generally showed a slightly greater proportion of tetB than tetA, this difference was 

not significant compared to other regions (Fisher’s exact test, p = 0.836); no 

significant difference in the distribution of tetA and tetB was observed across the 

sample area. Two isolates harboured both tetA and tetB, one sourced from the 

West region, and one from the South. 
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Figure 4-9: Distribution of tetA and tetB genes in each sample region, amongst deer faecal E. coli samples 

found to be clinically resistant to oxytetracycline (OXY). Numbers indicate n value for OXY resistant isolates 

harvested from samples in the region which harboured either tetA or tetB (total n = 90). Two further isolates 

(not shown) harboured both genes, one from the West region and the other in the South region. 
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4.4 Discussion 

4.4.1 Sample Cohort 

Faecal samples were gathered from across Scotland, but only from areas where 

active deer management takes place. This largely excluded areas with higher 

human population density but did account for most areas where deer are 

concentrated. The high yield of E. coli for analysis (321 of 324 faecal samples 

yielded presumptive E. coli) demonstrated good viability of E. coli in deer faecal 

samples processed using the described methods, and the suitability of E. coli as a 

high-prevalence screening organism in this wild deer faeces. However, a relatively 

low total sample size (Figure 4-4) makes it impractical to extrapolate some of the 

findings here to the whole wild deer population of Scotland. This is especially true 

when considering the mix of deer species sampled (red, roe, sika and fallow) and 

the potential for different factors to affect AMR in different deer species (as 

discussed in Chapter III). Nevertheless, these results provide important insights 

into AMR in Scottish wild deer. 

 

4.4.2 Assessing AMR in MAC plate isolates 

Assessments of wildlife AMR typically use isolates that have not been pre-selected 

for resistance. In this study, the isolates from MAC plates fulfilled this criterion. 

Amongst these isolates, CLSI and EUCAST CBPs resulted in agreement regarding 

the prevalence of clinical resistance with respect to 8 of the 12 antimicrobials 

studied (67%; Table 4-3). EUCAST CBPs categorised a greater number of isolates 
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as resistant, however much of this difference was due to the lack of conformity in 

the compounds assessed, i.e., the significant proportion of TIG resistance using 

EUCAST criteria, which CLSI criteria does not assess (Table 4-3 and Figure 4-7). 

 

Interestingly, only the CLSI CBPs indicated clinical resistance to IMI and MER, 

carbapenems listed as critically important for both human and veterinary medicine 

(World Health Organization, 2017a). The differences in CBP values between 

EUCAST and CLSI are primarily a result of differences in the approaches/methods 

used to determine the outcome of their clinical application (Cantón et al., 2014). 

While the CLSI CBPs may result in recording a greater number of isolates with 

clinical resistance to carbapenem (i.e., likely to result in therapeutic failure), 

EUCAST employ specific methods of screening for carbapenemase resistance 

mechanisms, in order to guide therapeutic application, e.g., use of alternative 

drugs. However, identifying the resistance mechanisms present in wildlife isolates 

is a much more valuable aim where assessing the risk they may pose to human 

and animal health, since this points not only to existing resistance traits, but also to 

the potential development and spread of such traits. Given that transfer of AMR 

bacteria between wild deer and humans is plausible (Böhm et al., 2007; Meays et 

al., 2006), the transfer of resistance mechanisms is of real concern. 

 

There is now good evidence that the NRI method applied here, can produce 

laboratory independent interpretation criteria for classification of WT vs NWT 

isolates (Miranda et al., 2016). The COWT value frequently estimated a lower 
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prevalence of NWT isolates than the ECOFF value (Table 4-4). It is not surprising 

to find differences between the two interpretations, given the differences in 

methods and source datasets used to derive them. Given that the NRI method was 

primarily developed to allow comparison of results between different laboratories, it 

makes some sense to employ this approach when comparing wildlife and clinical 

data (as here). The EWT values calculated using this approach were generally 

higher than both the ECOFF and the COWT values (Table 4-4). In conjunction with 

the comparisons between IZD distributions (Figure 4-6, and Table 4-4) this 

indicates that in most cases, deer faecal E. coli are indeed more resistant (but not 

necessarily more clinically resistant), as a population, than the EUCAST isolates 

used to define CBPs and ECOFFs. The only antibiotics for which this does not hold 

true are AZT, CTA, and in the case of CIP, the opposite pattern was observed. 

This may be as a result of low usage compared to other antimicrobials. For 

example, monobactam antimicrobials, like AZT, were amongst the lowest 

prescribed class of drugs for human use in the UK in 2013-2017, and like 

carbapenems are not sold for use in animals (Public Health England, 2019). While 

fluoroquinolones such as CIP are more commonly prescribed than monobactams 

and carbapenems, the results shown from the CIP breakpoint plates and AST 

testing indicate that CIP resistance is rare in wild deer faecal E. coli. The CTA 

result is unusual given that all other cephalosporins indicated a leftward shift in the 

deer isolates; further investigation would be required to reliably explain why no 

such shift was observed for CTA. 
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This phenomenon, i.e., isolates showing increased resistance when compared to 

EUCAST clinical isolates, has also been observed in wild deer in Portugal (Dias et 

al., 2015), and in Scottish sheep (Silva et al., 2020). However, a study of avian E. 

coli isolates observed no significant difference from EUCAST isolates (Sjölund et 

al., 2009). These observations hint that there may be a link between the observed 

shifts and the ruminants. Silva et al. (2020) suggest that the complex fermentation 

system of the ruminant gut may act as a selection pressure for an increase in efflux 

pump mechanisms of the bacteria within. This could certainly go towards 

explaining the improved phenotypic resistance observed in even the absence of 

antimicrobial application, i.e., wild deer. 

 

Though consideration must be given to sample size and composition (EUCAST 

data comprises of tens of thousands of isolates from laboratories worldwide), what 

these studies illustrate is that the spectrum of resistance phenotypes in a bacterial 

population may vary significantly dependent upon source. It could be speculated 

that application of antimicrobial therapy is responsible for the observed shifts in 

isolates from farmed sheep, but wild deer are not subject to such and both 

populations show improved resistance compared to clinical isolates. While one 

presumes that some variation exists within the individual sample sets that comprise 

the EUCAST data, the shifts observed between these clinical and environmental 

datasets clearly warrants consideration when assessing AMR in the context of 

potential health threats and ongoing monitoring. Specifically, if this is the natural 



Chapter IV  AMR in Scottish Wildlife 

 

202 

condition, the improved resistance observed in some populations of wildlife 

associated bacteria is not necessarily of concern to human and animal health.  

 

4.4.3 Interpretation criteria 

The landscape of clinical medicine is ever changing; sometimes extremely rapidly. 

The setting and changing of interpretation criteria can have significant effects on 

the interpretation of raw data. In the course of this study, for example, the EUCAST 

CBP for TIG was adjusted, from 15 mm to 18 mm (European Committee on 

Antimicrobial Susceptibility Testing, 2018a, 2019). This change in interpretation 

criteria resulted in a jump from 1.9% prevalence of clinical TIG resistance (using 

old CBP value) to 51.9% (using new CBP). This meant that TIG became the most 

prevalent resistance phenotype here, where previously this had been AMP (at 

24.5% prevalence). At time of writing, the EUCAST CBP and ECOFF both indicate 

a prevalence of 51.9% clinical resistance and NWT for TIG, in the study population, 

while the COWT indicates no NWT population (CLSI provide no CBP for TIG). The 

adjustment of EUCAST CBPs are made in response to ongoing clinical 

assessments, which (where no extreme IZD shift is observed) may explain the 

disparity between these results and the COWT interpretation (since the COWT is not 

concerned with clinical factors).  

 

Rather than indicate a preference between methods of interpretation, these results 

perhaps underline the importance of using both sets of interpretation criteria (e.g., 

COWT) alongside more application focused criteria (e.g., CBPs) in assessing 
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environmental and wildlife AMR. Doing so provides a greater understanding of the 

more spread of AMR, while also providing a broader description of the AMR 

present. For example, if only the COWT criteria was used, clinical resistance to TIG 

would be discounted here. Conversely, if only the CBP were used, the 

environmental population could be viewed with greater concern than might be 

warranted. In a similar vein, the observation of a high prevalence of E. coli NWT for 

TRS (ECOFF; 48.1%), but low clinical resistance (EUCAST and CLSI CBPs, both 

1.0%), highlights that despite a notable prevalence of acquired resistance in the 

population, very few isolates are (currently) of clinical concern. Additionally, that 

the COWT recorded NWT for TRS at only 1.9% in wild deer, as a result of the 

naturally shifted IZD distribution in this wild deer population, is a clear indication 

that the ECOFF is not a truly appropriate interpretation value for wildlife (or 

ruminant) isolates. However, given the ease with which these various criteria can 

be applied to raw data, utilising multiple assessment criteria to allow for a broader 

understanding of AMR within a sample seems a potentially worthwhile approach. 

 

4.4.4 Known ARGs 

As shown in Table 4-5, there is a clear separation of ARGs between isolates, with 

very few isolates hosting more than a single responsible gene, amongst those 

tested. Only OXY resistant isolates were present in numbers that allowed 

meaningful spatial analysis. While some spatial variation in the prevalence of tetA 

and tetB was observed (Figure 4-9), this was not significant. Therefore, while there 

is a distinct separation between tetA and tetB, in terms of occurrence within 
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isolates, their occurrence across the sample area appears uniform. In addition, the 

overwhelmingly separate occurrence of these genes amongst isolates suggest that 

OXY resistance (as determined by these genes) is not plasmid mediated, since the 

plasmid carrying the tetA gene is rarely found without an accompanying tetB gene 

(Lyras & Rood, 1996; Chopra & Roberts, 2001). However, since plasmid presence 

was not tested for in this study, this is speculation at present. 

 

Perhaps the most concerning ARG discovery here is the detection of some of the 

genes responsible for extended spectrum β-lactamase (ESBL) resistance (blaTEM 

and blaCTX-MU) in the Scottish wild deer population. ESBL mechanisms of 

resistance are of significant concern in human clinical medicine, and their 

discovery in wild deer isolates potentially points to the extent with which AMR is 

spreading into the ‘pristine’ environment. Alternatively, having been observed in 

other wild animal populations (Alonso et al., 2016; Dias et al., 2015; Literak et al., 

2010; Wasyl et al., 2018), this could indicate a natural baseline of ESBL in wild 

deer. 

 

Several isolates with clinical resistance harboured none of the assessed ARGs, 

indicating that other determinants were responsible for the observed resistance 

phenotypes. Since the presence of a genotype does not automatically translate to 

the presence of an associated phenotype (Hughes & Andersson, 2017), these data 

do not represent a full account of the prevalence of these ARGs, as only clinically 

resistant isolates were analysed. Therefore, while assessment of ARGs is a key 



Chapter IV  AMR in Scottish Wildlife 

 

205 

component of AMR surveillance, it should not be relied upon without equally robust 

phenotypic assessments (Piddock, 2016). 

 

4.4.5 Pre-screening for AMR surveillance 

The TET breakpoint plates used here effectively pre-screened for E. coli isolates 

NWT for TET. Since 98.8% of isolates (Table 4-3) harvested in this manner were 

further classified as NWT using the COWT cut-off, and 98.8% were classified as 

clinically resistant to OXY17 using the CLSI CBP, this indicates, in this case, a 

highly specific method of pre-screening. Incidences of clinical resistance and NWT 

(to other antimicrobials) not identified (in AST testing) using the non-selected MAC 

isolates were observed in these isolates, providing an enriched view of AMR was 

observed amongst these isolates).  

 

The CPO breakpoint plates also pre-screened, in this case for clinically resistant E. 

coli. However, AST of these isolates categorised only 40.7% as clinically resistant 

to CPO using EUCAST CBPs, only 18.5% using CLSI CBPs, and the COWT cut-off 

indicated 29.6% NWT prevalence. While this highlights, in this case, a lack of 

specificity in using the breakpoint plate method, CPO resistance (clinical or NWT) 

was not detected in any of the MAC plate isolates. CPO plate isolates (in general) 

also exhibited a higher prevalence of both NWT and clinical resistance (compared 

 

17 Resistance to OXY is also used to indicate resistance to TET (UK-VARSS, 2019b). 
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to MAC plate isolates) against all antimicrobials except TRS. Further, CPO plate 

isolates were those which exhibited the most extreme MDR profiles (Figure 4-8). 

 

These results, for both TET and CPO plate isolates, indicate that such pre–

screening could be invaluable in identifying AMR which might otherwise be missed 

using non-selective isolate harvesting methods. While such an approach precludes 

direct comparison with the more standard non-selective harvesting of isolates, it 

provides a simple means of harvesting isolates that are potentially more useful for 

further investigation of AMR, e.g., analysis for genetic determinants with an 

observed/proven phenotypic expression. For comparison, some alternative 

approaches utilise assessment of whole samples only for genetic determinants of 

AMR (McDougall et al., 2019a), but such approaches fail to determine whether any 

positively identified determinants are actively possessed or expressed by bacteria. 

While the in vitro study carried out here cannot confirm that observed AMR would 

be expressed in the deer gut, it does provide firmer evidence of such a possibility. 

 

Breakpoint plate isolates were also the only isolates to exhibit NWT and clinical 

resistance to CIP and MER, facilitating the first recorded instances of MER 

resistance in wild deer isolates to date. Clinical resistance to CIP in E. coli, 

commonly requires multiple instances of acquired resistance (via mutation and 

horizontal gene transfer). Isolates with subclinical levels of resistance can exist and 

persist (in the environment) in the absence of antimicrobials, before local factors 

result in enhancement of the resistance phenotype to clinically relevant levels 
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(Marcusson et al., 2005). Therefore, improved detection of such isolates (before 

they become a concern) would potentially be valuable from a monitoring and AMR 

mitigation perspective. Additionally, the observation of greater AZT, CEP and CIP 

resistance in the CPO plate isolates, but not in the TET plate isolates, points 

towards co-selection amongst these phenotypes, opening up other avenues for 

investigation, e.g., ARG detection and identification. Overall, these results illustrate 

the value that breakpoint plates can add to AMR surveillance efforts, by enhancing 

the detection of potentially important resistance phenotypes, and therefore allowing 

further detailed study of such isolates. 

 

Spatial mapping of profiles revealed no obvious clustering, though, in most cases, 

sample numbers (by profile) are likely too small to detect any significant spatial 

variation. However, resistance profiles from breakpoint plate isolates exhibited both 

a greater diversity and higher incidence of MDR than those from MAC plates. For 

example, resistance profiles with MDR (resistance to three or more antimicrobials; 

using EUCAST CBPs plus CLSI CBPs for KAN and OXY) was only observed in six 

MAC plate isolates. However, MDR was recorded in 77 of 216 (35%) of resistant 

isolates, with 40 isolates showing resistance to four or more antimicrobials. 

Additionally, resistance profiles which included MDR for 9 and 13 different 

antimicrobials were recorded in two CPO plate isolates and included the only 

instances of fluoroquinolone (CIP) and carbapenem (IMI and MER) resistance. 

Given that such resistance is of particular concern to global AMR, this again 
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highlights the benefits of using breakpoint plate screening. 

 

4.5 Conclusions 

Using standard clinical criteria, prevalence of AMR in deer faecal E. coli was low (< 

9%) for all antimicrobials assessed, except for AMP and TIG (with 24.5% and 

51.9% prevalence, respectively). Against the majority of antimicrobials tested, data 

showed that wild deer faeces harbour a E. coli population that exhibited a left 

shifted IZD distribution for a number of antimicrobials, compared to those 

encountered in the European human and veterinary health realm. This 

phenomenon has been observed in other wild deer studies and in domestic sheep, 

potentially suggesting a link with the ruminant gut (Dias et al., 2015; Silva et al., 

2020). This shift results in a higher apparent prevalence of NWT, and in some 

cases clinical resistance, when using published interpretation criteria (ECOFF and 

CBPs). 

 

E. coli isolates with clinical resistance to 3rd generation cephalosporins, 

fluroquinolones and carbapenems, and harbouring genes associated with ESBL 

resistance were identified. This included multiple instances of MDR, including one 

isolate resistant to 7, and one to 9 different antimicrobial classes, both including 4th 

generation cephalosporins, fluoroquinolones and carbapenems. These AMR traits 

would not have been identified without the use of the CPO breakpoint plates to pre-

screen samples for resistance. Future monitoring of AMR should consider such a 

step, either for approaches targeting phenotypes with known or suspected co-
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selection, or to enhance the identification of AMR traits within a population. 

Additionally, the use of multiple assessment criteria in such future work is 

encouraged, i.e., use of both CBPs and NWT cut-offs. IZD distributions and NWT 

vs WT prevalence analysis allows for a greater understanding of AMR variation 

within a population, and therefore may better inform decisions regarding the long-

term assessment of the spread of AMR beyond sites of antimicrobial usage. 

 

Applying multiple interpretation criteria to raw IZD data is a relatively simple matter, 

as is the generation of bespoke COWT values that may be much more appropriate 

for the studied bacterial populations. The true application of effort will be in 

deciding which criteria will provide the most useful results in a given context. AMR 

is a naturally occurring and complex issue, so it is unsurprising that no single 

method can encompass the diversity of mechanisms and issues it presents. 

 

4.5.1 Future Work 

Investigation of other populations of environmental bacteria (e.g., from other animal 

species, plants, water and soil) should be used in order to further assess whether 

shifts in IZD distributions exist and explore to what extent this phenomenon is 

based upon natural or anthropogenic factors. Current data suggest investigation of 

the ruminant gut (the rumen in particular, as the site of primary bacterial 

fermentation), perhaps in comparison with avian and monogastric animals, might 

elucidate relevant factors. Applying AMR pre-screening methods to human and 
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livestock monitoring (e.g., as part of more general prevalence studies) may also 

allow more varied insight into the dissemination of AMR beyond sites of use.   
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4.6 Appendices 

4.6.1 IZD distributions for deer and EUCAST E. coli isolates 

 
Figure 4-10: Distribution of inhibition zone diameter measurements for E. coli isolated from wild deer faeces 

(orange), and from human and veterinary sources (blue; data from EUCAST), gathered by disk diffusion 

susceptibility tests for the listed antimicrobial. Deer isolates were harvested from non-breakpoint MacConkey 

agar plates (MAC). 
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Figure 4-11: Distribution of inhibition zone diameter measurements for E. coli isolated from wild deer faeces 

(orange), and from human and veterinary sources (blue; data from EUCAST), gathered by disk diffusion 

susceptibility tests for the listed antimicrobial. Deer isolates were harvested from non-breakpoint MacConkey 

agar plates (MAC). 
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Figure 4-12: Distribution of inhibition zone diameter measurements for E. coli isolated from wild deer faeces 

(orange), and from human and veterinary sources (blue; data from EUCAST), gathered by disk diffusion 

susceptibility tests for the listed antimicrobial. Deer isolates were harvested from non-breakpoint MacConkey 

agar plates (MAC). 
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4.6.2 Distribution of unique resistance profiles. 

 

Figure 4-13: Distribution of unique antimicrobial resistance profiles in wild deer faecal E. coli. Point displacment 

mapping used due to extensive overlapping in areas of high sampling effort. Colours indicate unique resistance 

profiles.  
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End of Chapter IV
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5 CHAPTER V 

Prevalence of Antimicrobial Resistant E. coli in 

Freshwater Invertebrates from Three Distinct Scottish 

Highland River Catchments 

 

 

5.1 Introduction 

Antimicrobial resistance (AMR), as a result of the anthropogenic use of 

antimicrobials, has become an issue with global repercussions for both human and 

veterinary health care (World Health Organization, 2014). Work to date has 

identified a range of sources, sinks, and pathways important with respect to AMR 

and the genetic determinants responsible, but much still remains to be elucidated 

(Graham et al., 2019). Surveillance of AMR in the wider environment has been 

highlighted as one area requiring greater effort. Wildlife derived samples can 

provide valuable data on the prevalence and characteristics of environmental AMR. 

To date, such work has predominantly analysed samples from avian and cervid 

hosts (Greig et al., 2015), but other species including foxes (Mo et al., 2018), bats 

(McDougall et al., 2019b), other small mammals (Furness et al., 2017) and 

cetaceans (Obusan, Aragones & Rivera, 2018) have also been studied. 

Invertebrates have only rarely been studied for the purposes of AMR surveillance 

(Greig et al., 2015). However, the antimicrobial peptides of their intrinsic immune 



Chapter V  AMR in Freshwater Invertebrates 

 

217 

systems are a key area of research in the development of alternative therapeutic 

solutions to the AMR crisis (Bulet, Stöcklin & Menin, 2004). 

 

Those studies that have been undertaken have shown that invertebrates can 

harbour AMR bacteria pathogenic to humans and animals. For example, Kadavy et 

al., (2000), found high levels of AMR in Providencia rettgeri from the gut of larval oil 

fly (Helaeomyia petrolei), though this was most likely as an adaptation to high 

levels of volatile organic compounds present in the tar pits they inhabited. Allen et 

al., (2009), reasoned that a diverse plant diet, high pH, and the prevalence of 

human commensal bacterial species in the gypsy moth (Lymantria dispar) gut, all 

present selection pressures that might promote AMR. They identified a diverse 

range of AMR phenotypes and mechanisms within a wide range of bacterial 

isolates from the gypsy moth gut (many of the species classes as human 

pathogenic) and their findings suggested that such diversity in AMR is natural 

across gypsy moth populations, i.e., not driven by anthropogenic influence.  

 

Houseflies (Musca domestica) have been one of the most commonly utilised 

invertebrates used for AMR surveillance as they clearly present a potential link 

between animal faeces, and food destined for human consumption (Onwugamba 

et al., 2018). Macovei & Zurek, (2006) showed that AMR enterococci were 

harboured in the gut of houseflies gathered from fast food restaurants in Kansas. 

While in Libya, Rahuma et al., (2005) found that houseflies associated with 

hospitals carried significantly more resistance phenotypes than those from city 
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streets or abattoirs. More recent work has also shown that some freshwater 

invertebrates can facilitate the propagation of the genetic determinants of AMR 

between bacteria (Olanrewaju et al., 2019). It is therefore clear that invertebrates, 

as one of the most diverse and abundant forms of life on the planet, can potentially 

play an important role in the spread of AMR — and in turn, the surveillance of 

such. To date, however, little work has been done to evaluate their use in this 

manner. 

 

Freshwater invertebrates are commonly sampled in order to determine the overall 

health status of watercourses, i.e., in terms of water quality, biodiversity, and 

impacts of pollution (Hawkes, 1997; Li, Zheng & Liu, 2010). This means that the 

systems/processes, expertise and resources required to gather them are already 

available and, in some cases, routinely used e.g., in the UK, by SEPA (Scottish 

Environmental Protection Agency) and the Environment Agency in river monitoring 

programs (Environment Agency, 2020; SEPA, 2020). Freshwater invertebrates, 

therefore, potentially represent a readily available resource for the purpose of AMR 

surveillance. 

 

The freshwater environment is an important realm in the study of AMR, since 

rivers/streams/lakes, etc., are key environmental receivers of agricultural run-off 

and sewage effluents which are potentially rich anthropogenic sources of 

antimicrobial contamination. Coupled with generally high natural bacterial 

abundance and diversity, this makes freshwater systems prime sites for the 



Chapter V  AMR in Freshwater Invertebrates 

 

219 

emergence and long range dissemination of AMR bacteria and determinants, 

through mechanisms such as horizontal gene transfer (Nnadozie & Odume, 2019). 

Wastewater treatment facilities and discharges have been widely utilised as a 

means of monitoring environmental AMR (Harris et al., 2014; Rizzo et al., 2013), 

and effluents from these have been shown to contribute significantly to AMR within 

the bacterial populations of river sediments (Amos et al., 2014a). Additionally, the 

dilution of antimicrobial compounds in freshwater systems (beyond points of 

discharge) does not render them unimportant as exposure to sub-lethal levels (to 

microbes) may also lead to the emergence of resistance (Hughes & Andersson, 

2012). For example, Christensen, Gram and Kastbjerg (2011) found that sublethal 

levels of triclosan led to the emergence of an increased resistance to gentamycin 

(but no increased resistance to triclosan) in Listeria monocytogenes. This indicates 

that even at extremely low concentrations, antimicrobial compounds in freshwater 

systems could ultimately lead to the emergence of AMR in unpredictable ways 

(Davies, Spiegelman & Yim, 2006), but such effects are complex and, while 

growing, the evidence is still subject to ongoing debate (Hoffmann, 2009). 

 

The rivers found in the north Highlands of Scotland can exhibit valuable contrasts. 

Much of this area is dominated by the Flow Country; the largest area of blanket 

bog in Europe (Andersen et al., 2018), and this peatland rich landscape impacts (to 

a greater or lesser degree) all the major rivers in the region, either directly (as they 

run through it), or by serving as a source. The River Naver, for example, flows from 

source to the sea, through the Flow Country. While sheep farming is common 

across the whole region, cattle farming is more concentrated in the north east, 
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closer to the larger population towns of Wick and Thurso (through which the town’s 

associated rivers flow). The Thurso and Wick rivers are also subject to various 

point source effluent discharges from local wastewater treatment works (WWTW), 

and in contrast to the Naver, more diffuse agricultural pressure/run-off. As such, in 

relative terms, the Naver presents a rather less anthropogenically influenced 

‘pristine’ condition, insofar as such is encountered in Scotland. The distinctly 

different environs these rivers encounter in their course to the sea, presents an 

excellent opportunity to investigate how (or if) such land-use related factors may 

affect any AMR encountered in these systems. 

 

The purpose of this study was to investigate the potential use of freshwater 

invertebrates as a biomonitoring tool to explore the extent and characteristics of 

AMR in the aforementioned Highland rivers. Escherichia coli was used as the 

model bacterium for assessment, given its importance in human and animal health, 

and its prevalent use in similar studies. We set out to: 

 

1. Investigate potential factors affecting yield of E. coli from the freshwater 

invertebrate gut, between the three rivers, to determine if more targeted 

approaches might benefit future work in this area. 

2. Assess the prevalence of resistant to four antimicrobials (tetracycline (TET), 

cefpodoxime (CPO), ciprofloxacin (CIP) and meropenem (MER)), in 

invertebrate gut E. coli, using a breakpoint plate method, and, 
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3. Investigate potential risk factors for AMR in E. coli in the freshwater invertebrate 

gut, as identified by the breakpoint plate analysis. 

4. Obtain baseline/reference data on the prevalence and occurrence of AMR 

phenotypes and profiles, and the presence of carbapenemase and extended-

spectrum β-lactamase (ESBL) resistance mechanisms, across the sampled 

river catchments. 

 

5.2 Methods 

Greater details on the some of the methods used, including GIS databases used, 

media preparation, isolate harvesting, storage and preparation, lysate preparation, 

polymerase chain reaction (PCR) protocols, and the AST methods, are all fully 

described in Chapter II, and hence only summarised here.



Chapter V  AMR in Freshwater Invertebrates 

 

222 

 

Figure 5-1: River catchment areas (lighter shading), showing sub-divisions for areas upstream of each sample site, and numbered sampling locations. Naver and Thurso 

rivers run approximately from the south to the north, with their source at point 5, and discharge to sea beyond point 1. Wick river flows approximately from west to east, 

with combined headwaters coming together prior to point 5, and discharge to sea east of point 1. Base images from Google, CNES/Airbus & Maxar Technologies, (2020). 
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5.2.1 Invertebrate sampling 

Three rivers discharging onto the north coast of Scotland were sampled: the 

Thurso River, the Wick River, and the River Naver (Figure 5-1). These rivers were 

chosen following a desk study using GIS mapping software (QGIS), to assess 

candidate rivers for differences and similarities in surrounding land cover, land use, 

the presence/absence of human population centres and WWTW discharges. 

Invertebrate sampling locations were then selected on each of the three rivers to 

allow an assessment of 1) AMR across the majority of the river course, 2) variation 

in AMR as a result of potentially significant changes in land use along the river 

course, and 3) ease of access for sampling. 

 

 

Figure 5-2: Abstract summary of freshwater invertebrate sampling methodology, from gathering to sorting by 

taxa. In total, 119 pooled samples were gathered, yielding a total of 969 taxa-units. 

 

Sampling events were carried out on each river at two-week intervals, over a 

sixteen-week period (April–July 2018), resulting in eight sampling events for each 

river. Figure 5-1 shows the three river catchments and the sampling point locations 
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used. Sites are referred to here as N1–N5 for the Naver river, T1–T5 for the Thurso 

river, and W1–W5 for the Wick river. At each sample site, a standard kick sampling 

method was used to gather freshwater invertebrates from the riverbed. A net with a 

1 mm mesh was placed into the waterflow, resting on the riverbed, and the area 

directly upstream was disturbed (kicked) for 1 minute. The net was then lifted from 

the water and emptied into a labelled 1 litre bucket. The net was then examined 

visually for any invertebrates and these were transferred by hand into the bucket. 

This process was carried out at three points, spaced equidistantly across the 

watercourse (i.e., near both banks and at the centre of the channel) and at each 

point the gathered material/invertebrates were emptied into the same bucket, 

creating a pooled sample for each sample site (Figure 5-2). Where conditions 

prevented safe sampling across the flow, points were spaced out at equidistant 

points along a 30 m stretch of the riverbank. Samples were stored in a cool box 

until return to the laboratory, where they were moved to a refrigerator and stored at 

3-6°C and processed on the same day. Samples were processed by emptying the 

sample into a white sorting tray, with the addition of tap water as necessary, e.g., in 

vegetation heavy samples. Invertebrates were identified visually, without the aid of 

magnification, and removed from the tray using tweezers (or a disposable 3 ml 

pipette) and placed into a water filled petri dish, to form taxa-units for each source 

sample, according to the following taxa groups: Acari (mites), Asellidae (water 

louse), Coleoptera (beetles), Diptera (true flies), Daphnia (“water fleas”), 

Ephemeroptera (mayfly), Gammaridae (“scuds”), Hirudinea & Tricladida18 (leeches 

 

18 Grouped together due to size/difficulty in differentiating without magnification. 
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and flatworms), Isopoda (unidentified isopod), Mollusca (snails), Oligochaeta 

(worms), Plecoptera (stonefly), Sialidae (alderfly), Trichoptera [cased] (caddisfly), 

or Trichoptera [caseless] (caddisfly). 

 

Next, all individual invertebrates in each sample taxa-unit were transferred into a 

15 ml screw-capped centrifuge tube. The invertebrates within each tube were 

surface sterilised by covering with 70% ethanol for 30 seconds, then 15% sodium 

hypochlorite for 30 seconds, then washing three times with Milli-Q water. Once 

washed, 5 ml of buffered peptone water was added and invertebrates were then 

crushed and broken up, within the tube, using a sterile wooden stick or cotton 

swab, ensuring that gut contents were liberated. These taxa-units were then 

incubated at 37°C for 20-24 h to provide bacterial enrichments of the gut contents. 

Enrichments were stored as 15% glycerol stocks at -80°C, labelled with the taxa-

unit number that allowed traceability to the original source sample. 

 

5.2.2 AMR prevalence and isolate gathering 

 

Figure 5-3: Summary of E. coli harvesting and testing, as carried out for each taxa-unit, i.e., all freshwater 

invertebrates of a given taxa group from a single sample. Detection of E. coli in samples used MacConkey 
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agar (MAC). Detection of antimicrobial resistant (AMR) E. coli utilised MAC plates with tetracycline (TET), 

cefpodoxime (CPO), ciprofloxacin (CIP) or meropenem (MER) as antimicrobial supplements. Antimicrobial 

susceptibility testing (AST) was carried out on E. coli isolates, with double-disk synergy test to identify 

extended spectrum β-lactamase (ESBL) producing isolates. Inhibition zone diameter (IZD) data from AST was 

interpreted using clinical breakpoints (CBPs) from EUCAST and CLSI to construct resistance profiles. A 

normalised resistance interpretation (NRI) method was also carried out on IZD data from MAC plate isolates in 

order to calculate ecological wild-type cut-off values (COWT). 

 

Taxa-unit bacterial enrichments (n = 969) were screened for E. coli by streaking 10 

µl of the glycerol stock onto MacConkey agar (USP/EP/JP) plates (MAC plates), 

then incubating at 37°C for 20-24 h. From each plate, one colony from each 

presumptive E. coli morphotype was picked, enriched in 5 ml of brain heart infusion 

broth (BHI) overnight (16-20 h at 37°C), then stored as a 15% glycerol stock. 

Isolates were confirmed as E. coli using PCR amplification of the uidA gene. 

Source samples (i.e., the original, un-sorted, pooled kick sample; n = 119) were 

recorded as yielding E. coli where at least one of their taxa-units harboured an 

isolate confirmed as E. coli. 

 

Taxa-units which were confirmed as harbouring E. coli were then further screened 

for AMR E. coli using MacConkey agar ‘breakpoint plates’ containing the EUCAST 

CBP concentration of 1) ciprofloxacin (CIP; 0.5 mg/L), 2) cefpodoxime (CPO; 1 

mg/L), 3) the EUCAST carbapenemase screening concentration for meropenem 

(MER; 0.125 mg/L), and 4) the ECOFF concentration for tetracycline (TET; 8 

mg/L). These concentrations allowed classification of E. coli as clinically resistant 

to CIP, CPO and MER, or as non-wild type (NWT) for TET. This was carried out by 
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adding a 10 µl loopful of the taxa-unit glycerol stock (the same as was used to 

assess for E. coli presence on MAC plates) to 5 ml of buffered peptone water 

(BPW), and spreading 100 µl of this inoculum, onto the breakpoint plates. These 

were allowed to dry before incubating at 37°C for 20-24 h. Growth of presumptive 

E. coli on breakpoint plates was confirmed using the same PCR method as 

described above. The original intention was to re-test any taxa-units showing E. 

coli growth on MER plates at the higher CBP concentration (8 mg/L), but no growth 

was recorded at the original lower (0.125 mg/L) concentration. Where presumptive 

E. coli growth on breakpoint plates was confirmed, as above, both the taxa-unit 

and the source sample were recorded as positive for AMR E. coli for the relevant 

antimicrobial (CIP, CPO, MER or TET). In total, 189 out of 969 taxa-units yielded 

presumptive E. coli on MAC plates, and all were subsequently screened for AMR 

using breakpoint plates. 

 

From these tests, the following results were calculated: 

1. The prevalence of E. coli: 

o across all source samples within a river, for the whole sampling 

period (E. coli presence detected in specific river/catchment) 

o across all taxa-units at each sample site, for the whole sampling 

period (E. coli presence detected by site) 

o within each taxonomic group, for the whole sampling period (E. coli 

presence detected by taxa) 

2. Prevalence of AMR E. coli: 
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o across all source samples within a river, for the whole sampling 

period (AMR E. coli detected in specific river/catchment) 

o across all E. coli positive taxa-units at each sample site, for the 

whole sampling period (AMR E. coli presence detected by site) 

o within each taxonomic group, for the whole sampling period (AMR E. 

coli presence detected by taxa) 

 

Statistical analysis and data handling were carried out using Microsoft Excel, 

RStudio, and PAST. Mapping and spatial analysis was performed using QGIS 

3.4.4. 

 

5.2.3 Antimicrobial Susceptibility Testing 

In total, 591 presumptive E. coli isolates were gathered, of which 312 confirmed 

positive as E. coli. These were obtained from 189 taxa-units (out of 969 analysed 

in total) derived from the 119 source samples taken (15 sites, 8 sampling events, 

but site W1 on Wick river was not sampled during the first event due to access 

difficulty and safety concerns). Antimicrobial susceptibility testing (AST) was 

carried out on a subset of 193 of the 312 confirmed E. coli isolates, using the 

methods described previously (Ch. II, Section 6.2; Ch. IV, Section 2.2). Of these 

193 isolates tested, 88 were harvested from non-selective MAC plates19, with the 

rest comprising those isolates gathered from breakpoint plates: 83 from TET 

 

19 Due to time constraints, this comprised all confirmed E. coli isolates gathered from MAC plates in 
the first four sampling events (n = 80), plus 8 isolates gathered during sampling event 5.  
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plates, 21 from CPO plates, and one from a CIP plate (n = 105 in total). Table 5-1 

lists the antimicrobial assay discs used for this analysis. Compounds were chosen 

to 1) represent a range of antimicrobial families, 2) include compounds commonly 

utilised in AMR surveillance, and 3) facilitate confirmation of ESBL resistance 

mechanisms.  

 

Table 5-1: Antimicrobials utilised for disk diffusion testing. Disk content indicates the mass of the antimicrobial 

in the disk. 

Code Name Class Disk content (µg) 

AMC Amoxicillin + Clavulanic Acid 
Aminopenicillin 

30 

AMP Ampicillin 10 

CEP Cefepime 4th Gen. Cephalosporin 30 

CIP Ciprofloxacin Fluoroquinolone 5 

CPO Cefpodoxime 

3rd Gen. Cephalosporin  

10 

CTA Cefotaxime 5 

CTZ Ceftazidime 10 

MER Meropenem Carbapenem 10 

OXY Oxytetracycline 
Tetracycline 

30 

TIG Tigecycline 15 

 

Inhibition zone diameters (IZDs) were interpreted using EUCAST CBPs, with the 

exception of those for OXY, where the CLSI CBP was (since no EUCAST CBP 

exists). This was used to generate 1) prevalence of clinical resistance within the E. 

coli population assessed (i.e., only from those isolates gathered from MAC plates 

during the first 4 sampling events), and 2) resistance profiles (i.e., a list of those 

antimicrobials for which the isolate was classed as resistant to) for every E. coli 

isolate tested (including those from breakpoint plates). Multidrug resistance (MDR) 

was defined as isolates resistant at least one compound in three or more of the 

antimicrobial classes tested.  
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In addition, Bespoke ecological cut-off values (COWT) for determining wild type 

(WT) and non-wild type (NWT) E. coli from freshwater invertebrates were 

calculated using the NRI method (as described in Chapter II, section 2.8.3; 

Kronvall, 2003). These calculations utilised the IZD data generated from AST 

testing of E. coli isolates from the MAC plates only (n = 88). These COWT values 

were then used to calculate prevalence of NWT E. coli for each antimicrobial, 

amongst all MAC plate isolates from the first four sampling events only (to ensure 

equal sampling effort across rivers; n = 85). Additionally, amongst the same 

isolates, prevalence of NWT E. coli was also calculated using the EUCAST 

ECOFF, and the prevalence of clinical resistance using the EUCAST CBPs (with 

the CLSI CBP for oxytetracycline (OXY)). This was done in order to allow 

comparison of results using different interpretation criteria. 

 

Detection and confirmation of ESBL resistance mechanisms in isolates was 

determined using the methods described by EUCAST (Giske et al., 2017). As per 

these methods, isolates with IZDs which indicated resistance or intermediate status 

to CTA or CTZ were regarded as presumptive ESBL20. ESBL status was confirmed 

by the double disk synergy test: placing the AMC disk close enough to the CEP, 

 

20 Note: According to this method, E. coli isolates harvested from the CPO breakpoint plates are 
already regarded as presumptive positive for ESBL. However, for consistency across all isolates 
(i.e., including those gathered from MAC, CPO and CIP plates), the AST method of determining 
presumptive ESBL (using the CTA or CTZ disks) was given preference. 
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CTZ and CTA disks as to observe any augmentation of the inhibition zone around 

these disks by the presence of a ‘keyhole’ towards the AMC disk (Figure 5-4). 

 

 

Figure 5-4: Confirmation of ESBL using the double-disk synergy method (Giske et al., 2017). (A) shows a 

visualisation of the antimicrobials from each disk diffused through the agar. The blue area indicates areas 

where clavulanic acid, an ESBL inhibitor, is present. The purple zones indicate areas where cephalosporins (β-

lactamase antimicrobials) are present. Where these areas overlap, the clavulanic acid acts against the ESBL 

enzyme mechanism, allowing the cephalosporin present in the agar to inhibit growth, as clearly visible in (B). 

Note: CTX disks in images contain cefotaxime (CTA). 

 

To investigate the frequency distribution ‘drift’ observed between some ruminant 

sourced and human/veterinary clinical E. coli isolates (Dias et al., 2015; Silva et al., 

2020; see also Chapter IV, section 3.4) frequency distribution graphs were built to 

compare the gathered data with that from human/veterinary clinical isolates from 

EUCAST.  
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5.2.4 Statistical analysis 

Similarity of invertebrate communities across sample sites was assessed using the 

Bray-Curtis method (with an unweighted pair-group average algorithm) to assess 

combined frequency of occurrence of taxa at each site for the whole sample 

period. Variations in species richness between sample sites was investigated using 

Kruskal-Wallis or one-way ANOVA; with post-hoc analyses using the Dunn test for 

Kruskal-Wallis results and Tukey tests for ANOVA results. Chi-squared 

contingency table analysis was used to investigate differences in E. coli yield and 

AMR E. coli between different rivers, sample sites and taxa. 

 

To assess changes in invertebrate communities at each site over the course of the 

sampling period, presence vs absence data for each taxa was analysed for each 

site, and a one-way PERMANOVA with a Raup-Crik similarity index was carried 

out (using the PAST 4.0 software package), in order to identify any significant 

differences across sampling events. 

 

5.2.5 Risk factor analysis 

In total, 28 potential risk factors were assessed in each catchment to explore 

possible links with observed variation in the presence of E. coli, and the presence 

of AMR E. coli, in the freshwater invertebrate gut samples. This comprised 13 land 

cover variables (land cover class), 7 livestock density variables, and 8 other factors 

(human population density, effluent discharge from WWTW present, lake 

presence, rainfall, taxa, sampling event (temporal location), river and sample site; 
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see Appendix 5.7.3 Table 5-14). Land cover was categorised using the 25 m 

resolution 2015 land cover map (Rowland et al., 2017b). Taxa groups which were 

not present across all three rivers or yielded no E. coli, were removed from the 

dataset (in order to allow model convergence); this resulted in the removal of 

Asellidae, Daphnia, Isopoda and Sialidae taxa-units from model data. For the same 

reason, taxa were removed from the models investigating TET and CPO resistance 

where no AMR positive taxa-units were recorded. Reference categories within 

variables were set using those most commonly present, e.g., Ephemeroptera were 

set as the reference level within taxa for the model investigating E. coli presence, 

as this was the most frequently recorded taxa group (and also the group that 

harboured the highest proportion of E. coli positive taxa-units). Rainfall in the 

catchment area was obtained from the SEPA website (Scottish Environmental 

Protection Agency; www2.sepa.org.uk/rainfall/), with data from the Halkirk 

monitoring station used for the Thurso and Wick rivers. For the Naver river, daily 

rainfall was calculated by taking an average of data from the Forsinain, Rhain and 

Allnabad rain monitoring stations, since the Naver river catchment lies under these 

three areas. For each sample, the rainfall value was calculated as the average 

from the preceding 7 days. 

 

The land surrounding each river, including watercourses, catchment basins, 

surrounding land cover, terrain, and location of potential risk factors for AMR were 

mapped in QGIS 3.4.4 (QGIS Development Team, 2018). River catchments were 

manually partitioned into sections deemed most likely to be affecting the river 

between each sample site, guided by land contours and existing watercourses. 
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Potential risk factors were assessed for land within the catchment basins directly 

surrounding the main river course, or those deemed to have a potentially 

significant influence, e.g., large tributaries.  

 

Variables were arranged and transformed as necessary using MS Excel and 

RStudio. First, land cover variables which were present in the catchments of <15% 

of taxa-units were omitted, being deemed too rare to provide sufficient data for 

assessment. Next, remaining variables were assessed for extreme skew using 

histograms, qq-plots, and the Shapiro-Wilks test, including assessment of log10 + 

1 transformations of the data. Those variables which continued to show extreme 

skew were transformed to presence/absence data. Finally, all continuous variables 

were transformed to have a median of zero and a standard deviation of 0.5, to 

avoid scale errors in model building. 

 

Mixed effect logistic regression models were used to assess variables for statistical 

significance (p < 0.05) in the occurrence of E. coli or AMR E. coli. To account for 

variation between rivers and sites within rivers, these were included as nested 

random effects in the models. Models were built to assess variables associated 

with the presence/absence of 1) E. coli in the freshwater invertebrate gut, and 2) 

E. coli for TET (NWTTET E. coli) or CPO resistant E. coli in the freshwater 

invertebrate gut. Models with presence/absence of E. coli as a response variable 

included data for all taxa-units, while those assessing TET or CPO resistance used 

only taxa-units which actually yielded E. coli. In each case, univariate models were 
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built to identify individually significant factors, then multivariate models were built 

(one for each response variable) combining all variables that showed statistical 

significance, and these models were refined using a top-down approach.  

 

5.3 Results 

In total, 119 samples were sorted into 969 taxa-units (Table 5-2).  

Table 5-2: Breakdown of the number of taxa-units (freshwater invertebrate taxa, i.e., species richness) 

gathered from freshwater invertebrate kick samples taken from three rivers in the Highlands over a sixteen-

week period. 

Sampling event 1 2 3 4 5 6 7 8 

Naver River 

Loch Naver Outflow (N5) 8 7 8 7 9 7 8 11 

Syre (N4) 10 8 8 9 9 7 8 8 

Rhifail (N3) 5 7 10 8 6 4 6 10 

Skelpick (N2) 5 5 7 5 6 8 8 6 

Leckfurin (N1) 6 4 5 7 6 7 6 3 

Thurso River 

Loch Beg Inflow (T5) 10 5 9 6 9 6 6 7 

Allyan Ruathair (T4) 10 6 9 6 9 9 9 8 

Halkirk Inflow (T3) 9 9 8 10 10 7 8 8 

Halkirk Outflow (T2) 7 10 10 10 9 8 10 8 

Salmon Pools (T1) 5 9 9 11 9 10 10 10 

Wick River 

Achingale (W5) 10 9 11 9 11 11 10 8 

Watten (W4) 12 9 11 9 10 10 11 10 

Bilbster (W3) 13 10 10 9 10 9 11 11 

Sibster (W2) 9 8 4 11 12 11 11 10 

Janetstown (W1) No sample 2 2 3 5 6 6 5 

 
 

Total Naver Thurso Wick 

No. Samples 119 40 40 39 

No. Taxa-units 969 282 338 349 
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5.3.1 Invertebrate assemblages 

Most taxa were recorded at each site on at least one occasion across the 16-week 

sampling period (Figure 5-5), and there was no significant change in invertebrate 

assemblages at each site over the course of the sampling period (PERMANOVA, 

sum of squares = 15.87, F = 1.715, p = 0.070). However, significant variation in 

invertebrate assemblages and species richness was observed between both sites 

and rivers (Figure 5-5 and Table 5-3). Of particular note was the absence of 

several taxa at the Janetstown (W1) site. This site showed a marked difference in 

taxa composition compared with all other sites except Leckfurin (N1) (Figure 5-6), 

where a similar through less extreme difference in invertebrate community was 

observed. 
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Figure 5-5: Freshwater invertebrate taxa representation at each sample site across three rivers. Three-minute 

kick samples were taken from each site, at two week intervals, for a total of eight visits (seven for Janetstown). 

Samples were sorted into taxa-units using the taxa classifications shown. Sites are listed in the downstream 

direction, left to right.  

Table 5-3: Counts of taxa-units, and the percentage of taxa-units that yielded E. coli, for all rivers. Also shown 

is the difference between the observed and expected counts for each river (assuming independence of 

sampling site), with bolded figures indicating values >±5. 

Taxa 
Taxa-unit count E. coli 

prevalence 

Observed v Expected 

Naver Thurso Wick Naver Thurso Wick 

Acari 27 38 33 1% -1.52 3.82 -2.30 

Asellidae 0 1 5 50% -1.75 -1.09 2.84 

Trichoptera (Cased) 29 25 23 32% 6.59 -1.86 -4.73 

Trichoptera (Caseless) 24 35 28 37% -1.32 4.65 -3.33 

Coleoptera 14 20 28 10% -4.04 -1.63 5.67 

Daphnia  0 1 2 33% -0.87 -0.05 0.92 

Diptera 36 36 38 14% 3.99 -2.37 -1.62 

Ephemeroptera 39 41 33 34% 6.11 1.58 -7.70 

Gammaridae 20 23 35 15% -2.70 -4.21 6.91 

Hirudinea & Tricladida 19 32 25 24% -3.12 5.49 -2.37 

Isopoda 0 0 6 0% -1.75 -2.09 3.84 

Mollusca 16 28 35 22% -6.99 0.44 6.55 

Oligochaeta 20 23 31 5% -1.54 -2.81 4.35 

Plecoptera 36 34 26 18% 8.06 0.51 -8.58 

Sialidae 2 1 1 0% 0.84 -0.40 -0.44 

River Totals 282 338 349     

Grand Total 969       

 

Overall, the Wick river showed the greatest similarity in taxa community between 

sites, with all sites bar W1 clustered within the same group. The Thurso river 

exhibited a distinct difference between the upper course (T5 and T4) and lower 

course sample sites, while the Naver river appears to show greater variation 

across the sampled course than the other rivers (Figure 5-6). 
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Figure 5-6: Dendrogram showing similarity in invertebrate community assemblages between sample sites 

across the rivers Naver (blue text), Thurso (orange text) and Wick (green text). 

 

As indicated by Figure 5-5 and Figure 5-6, the within-river variation in species 

richness (i.e., number of taxa-units recovered per sample at each sampling event) 

was significant for the Naver (one-way ANOVA, F = 5.328, df = 4, p = 0.002) and 

Wick river (Kruskal-Wallis Χ2 = 16.476, df = 4, p-value = 0.002), likely due to sites 

N1 and W1, respectively. Sites W1 and N1 sites are both influenced by tidal 

waters. No significant variation in species richness was observed along the Thurso 

river (Kruskal-Wallis Χ2 = 6.717, df = 4, p-value = 0.152). When the Janetstown 

(W1) data was removed, there was no significant difference in species richness 

between sample sites W5–W2 (Kruskal-Wallis Χ2 = 0.389, df = 3, p-value = 0.943). 

When the Leckfurin (N1) data was removed from the Naver river dataset, the 
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difference in species richness between sites remained significant (one-way 

ANOVA, F = 3.432, df = 3, p = 0.034 (See also Appendix V.1, Section 5.7.1). 

 

5.3.2 E. coli prevalence and associated risk factors 

E. coli was recovered from at least one sample at every sample site (Figure 5-7). 

The Naver river yielded significantly fewer E. coli positive samples (45.0%, 18/40), 

compared to the Thurso (80.0%, 32/40) and Wick (79.5%; 31/39) rivers (χ2 = 

14.753, df = 2, p < 0.001). In total, 68.1% (81/119) of source samples were positive 

for E. coli. 

 

A similar finding was observed in the taxa-units from each river (taxa groupings 

within samples; Figure 5-7), with only 11.0% (31/282) of all taxa-units from the 

Naver river testing positive for E. coli, compared to 23.4% (79/338) for the Thurso 

river and 22.6% (79/349) for the Wick river (χ2 = 18.414, df = 2, p < 0.001). In total, 

19.5% (189/969) of taxa-units were positive for E. coli. 

 

There was a significant difference in the numbers of E. coli positive samples 

between sample sites for the Thurso river (χ2 = 13.437, df = 4, p < 0.009), but not 

for the Wick (χ2 = 8.554, df = 4, p < 0.073) or Naver rivers (χ2 = 7.677, df = 4, p < 

0.104) (Figure 5-8 and Figure 5-9). 
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Figure 5-7: Number of freshwater invertebrate source samples that yielded E. coli (top) and the percentage of 

taxa-units from each site that yielded E. coli (bottom). Figure atop taxa-unit columns indicates total number of 

taxa-units gathered at each site. 

 



Chapter V  AMR in Freshwater Invertebrates 

 

241 

 

Figure 5-8: Percentage of taxa units that yielded E. coli at each sample site and sampling event, for the Naver 

river. Colour grading indicates lowest (green) to highest (red) percentage of E. coli positive samples (separate 

scale for mean values column). The graph shows mean daily rainfall in the catchment area. 
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Figure 5-9: Percentage of taxa units that yielded E. coli at each sample site and sampling event, for the Thurso 

and Wick rivers. Colour grading indicates lowest (green) to highest (red) percentage of E. coli positive samples 

(separate scale for mean values column). The graph shows mean daily rainfall in the catchment area (covering 

both rivers). 

 

Chi-squared analysis indicated that a significant difference in E. coli yields existed 

between different taxa groups (χ2 = 78.345, df = 10, p < 0.001). Taxa present from 

all sites across the whole sampling period at n < 6 — Asellidae, Diptera, Isopoda 

and Sialidae — were omitted from analysis due to small sample numbers. 

Ephemeroptera and both Trichoptera groups possessed the highest prevalence of 

E. coli (all >30%), while the Acari, Oligochaeta and Coleoptera groups presented 

with the lowest prevalence (all <10%) (Figure 5-10). 



Chapter V  AMR in Freshwater Invertebrates 

 

243 

 

 

Figure 5-10: Proportion of taxa-units within each taxa group that yielded E. coli. Data label (top) indicates total 

n values for the taxa group. 

 

Statistical modelling indicated that invertebrate taxa group and rainfall were 

significantly positively associated with E. coli carriage in freshwater invertebrates 

(Table 5-4). Ephemeroptera were set as the reference level since this was the 

most commonly encountered taxa-unit; they were also the taxa group with the 

highest prevalence of E. coli. Therefore, within taxa, Acari, Coleoptera, Diptera, 

Gammaridae, Mollusca, Oligochaeta and Plecoptera groups were seen as 

significantly less likely to harbour E. coli, compared to other taxa groups (Table 5-4 

and Figure 5-10).  
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Table 5-4: Generalized linear model for factors significantly associated with the presence of E. coli in 

freshwater invertebrate samples from three rivers in the north Highlands of Scotland. 

 Model Equation LogLik.diff 
p-
value 

McFadden 
pseudo-r-
squared 

 
E. coli presence ~ Taxa + Rainfall + 
(1|River/Site) 

-51.225 <0.001 0.11 

Response Factor Estimate Std. error 
z-

value 
p-value 

E. coli 
presence 
(yes/no) 

Intercept (Taxa – Ephemeroptera) 

Taxa - Acari 

Taxa – Trichoptera (Cased) 

Taxa – Trichoptera (Caseless) 

Taxa - Coleoptera 

Taxa - Diptera 

Taxa - Gammaridae 

Taxa – Hirudinea & Tricladida 

Taxa - Mollusca 

Taxa - Oligochaeta 

Taxa - Plecoptera 

Rainfall 

-0.733 

-4.136 

-0.104 

0.108 

-1.753 

-1.304 

-1.202 

-0.665 

-0.861 

-2.386 

-0.923 

0.460 

0.348 

1.022 

0.329 

0.314 

0.486 

0.354 

0.389 

0.350 

0.355 

0.560 

0.346 

0.175 

-2.109 

-4.047 

-0.315 

0.343 

-3.609 

-3.684 

-3.087 

-1.900 

-2.424 

-4.264 

-2.671 

2.620 

0.035 

0.000 

0.753 

0.732 

<0.001 

<0.001 

0.002 

0.057 

0.015 

<0.001 

0.008 

0.009 

* 

*** 

 

 

*** 

*** 

** 

 

* 

*** 

** 

** 

Significance codes:  *** = <0.001; ** = <0.01; * = <0.05  

 

Land cover, livestock density, human population, and the presence of WWTWs 

were not found to be significantly associated with E. coli carriage in freshwater 

invertebrates. The final model explained ~11% of the variation observed (Table 

5-4). Univariate models also indicated that sampling ‘site’ and ‘river’ were both 

significantly associated with the occurrence of E. coli in invertebrate guts; these 

variables were included as random effects to account for variation between rivers 

and sites within rivers, as per the described methodology. 

 

Rainfall was significant in our model, and incidences of high E. coli yield appear to 

follow peaks in rainfall (Figure 5-8 and Figure 5-9). For example, in the Naver river, 

the three highest incidences of E. coli prevalence were on days during of recently 
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after the two highest peaks in rainfall (sampling events 1, 7 and 8; Figure 5-8). 

Similar patterns are seen in the Thurso data (sampling event 4), with a notable 

overall increase in both the Thurso and Wick rivers from sampling event 7–8 

(Figure 5-9).  

 

5.3.3 AMR prevalence and associated risk factors 

Amongst freshwater invertebrate samples which did yield E. coli (n= 81 of 119), no 

resistance to MER was detected, and only a single instance of CIP resistance was 

observed on the breakpoint plates; resistance to CPO varied the most by river, and 

NWTTET was the most prevalent form of AMR (Figure 5-11 and Table 5-5).  

 

 

Figure 5-11: Proportion of E. coli positive samples that harboured E. coli resistant to cefpodoxime (CPO) or 

ciprofloxacin (CIP), or were non-wild type for tetracycline (TET). Resistance to meropenem was also assessed, 

with zero prevalence observed. 
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Only the TET and CPO breakpoint plates exhibited enough E. coli growth to allow 

meaningful statistical evaluation of results. E. coli growth on the CIP plates was 

observed from only a single taxa-unit (and therefore, only a single sample) sourced 

from sample point W3 (Bilbster) during sampling event 1. 

 

Table 5-5: Prevalence of E. coli in freshwater invertebrate kick samples at each sample site, as calculated over 

a 16-week sampling period. Also shown is the prevalence of AMR E. coli with clinical resistance to 

cefpodoxime (CPO), ciprofloxacin (CIP), meropenem (MER), or non-wild type resistance to tetracycline (TET), 

amongst samples from each sample site. All sample sites are n = 8, except for Janetstown where n = 7. 

 

Sample site E. coli 
prevalence 

AMR prevalence 

CPO CIP TET 

N
av

e
r 

5 Loch Naver Outflow 38% 13% 0% 38% 

4 Syre 13% 13% 0% 0% 

3 Rhifail 75% 13% 0% 25% 

2 Skelpick 63% 13% 0% 38% 

1 Leckfurin 38% 0% 0% 0% 

Th
u

rs
o

 

5 Loch Beg Inflow 38% 0% 0% 0% 

4 Allyan Ruathair 88% 25% 0% 63% 

3 Halkirk Inflow 100% 13% 0% 63% 

2 Halkirk Outflow 100% 38% 0% 63% 

1 Salmon Pools 75% 50% 0% 50% 

W
ic

k 

5 Achingale 75% 0% 0% 38% 

4 Watten 88% 25% 0% 38% 

3 Bilbster 88% 13% 13% 63% 

2 Sibster 100% 0% 0% 63% 

1 Janetstown 43% 0% 0% 0% 
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Tetracycline 

Amongst all source samples from all three rivers, 36.1% (43/119) were positive for 

NWTTET E. coli, with significantly fewer than expected positive samples from the 

Naver river (χ2 = 7.155, df = 2, p = 0.028). Prevalence by river was: Naver 20.0% 

(8/40), Thurso 47.5% (19/40), and Wick 41.0% (16/39). However, amongst E. coli 

positive source samples only (81 of 119), prevalence of NWTTET E. coli was, 53.1% 

(43/81), with no significant difference between the three rivers (χ2 = 1.075, df = 2, p 

= 0.584).  
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Figure 5-12: Variation in the numbers of freshwater invertebrate taxa-units which harboured E. coli non-wild 

type (NWT) for tetracycline (TET), as assessed using antimicrobial breakpoint plates. Columns (left axis) 

shown total number of taxa-units that yielded E. coli, further categorised by whether E. coli was observed on 

the breakpoint plate or not. Dotted line shows the variation in the prevalence (right axis) of NWTTET E. coli from 

freshwater invertebrates along the river. 
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Amongst only E. coli positive taxa-units, 44.4% (84/189) harboured NWTTET E. coli, 

and there was no statistically significant difference in prevalence between the three 

rivers (χ2 = 3.282, df = 2, p = 0.194; Figure 5-12). However, there was a significant 

difference in the prevalence of NWTTET E. coli between different sample sites on 

the Naver river (Fisher’s, p = 0.045; Figure 5-13), but not in the Thurso (Fisher’s, p 

= 0.092) or Wick (Fisher’s, p = 0.483) rivers.  

 

 

Figure 5-13: Variation in the proportion of E. coli positive freshwater invertebrate taxa-units harbouring E. coli 

non-wild type (NWT) for tetracycline (TET), in the Naver, Thurso and Wick rivers. 100% prevalence indicates 

that every taxa-unit that yielded E. coli also yielded NWTTET E. coli. A dash indicates no taxa-units within the 
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sample were E. coli positive. Sampling events for the Thurso river (always the first river sampled at each week 

long event) are highlighted in the rainfall graph. 

 

In univariate analysis, statistical modelling indicated that rainfall, sampling event 

and taxa were all associated with increased/decreased likelihood of finding 

NWTTET E. coli. However, in the final generalised linear model, only sampling event 

and taxa were retained (Table 5-6). This model indicated that the probability of 

finding NWTTET E. coli in freshwater invertebrate taxa-units was: 1) significantly 

more likely during sampling event 1, 4, and 8; and 2) significantly less likely to be 

found in Diptera, Gammaridae and Oligochaeta taxa-units. 
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Table 5-6: Generalized linear model for factors significantly associated with the presence of E. coli non-wild 

type or tetracycline (NWTTET) in the freshwater invertebrate gut.  

Model Equation LogLik.diff p-value 
McFadden 

pseudo-r-squared 

NWTTET E. coli presence ~ 
Sample Event + Taxa + (1|River/Site) 

-37.523 <0.001 0.14 

Response Factor Estimate Std. error 
z-

value 
p-value 

NWT TET 
resistant 
E. coli 
present 
(yes/no) 

Intercept (Event 5 / Ephemeroptera) 

Sampling Event 1 

Sampling Event 2 

Sampling Event 3 

Sampling Event 4 

Sampling Event 6 

Sampling Event 7 

Sampling Event 8 

Taxa – Trichoptera (Cased) 

Taxa – Trichoptera (Caseless) 

Taxa - Coleoptera 

Taxa - Diptera 

Taxa - Gammaridae 

Taxa - Hirudinea & Tricladida 

Taxa - Mollusca 

Taxa - Oligochaeta 

Taxa - Plecoptera 

-3.842 

1.976 

1.108 

1.086 

2.596 

0.809 

1.021 

2.275 

0.478 

0.587 

-1.225 

-1.496 

-1.387 

-0.083 

-0.328 

-2.650 

-0.460 

0.742 

0.664 

0.713 

0.712 

0.645 

0.727 

0.711 

0.657 

0.438 

0.421 

0.675 

0.596 

0.669 

0.469 

0.493 

1.044 

0.472 

-5.181 

2.975 

1.554 

1.525 

4.023 

1.113 

1.437 

3.464 

1.092 

1.395 

-1.815 

-2.512 

-2.073 

-0.178 

-0.665 

-2.538 

-0.973 

<0.000 

0.003 

0.120 

0.127 

<0.000 

0.266 

0.151 

<0.001 

0.275 

0.163 

0.070 

0.012 

0.038 

0.859 

0.506 

0.011 

0.331 

*** 

** 

 

 

*** 

 

 

*** 

 

 

 

* 

* 

 

 

* 

 

Significance codes:  *** = <0.001; ** = <0.01; * = <0.05 

 

The prevalence of NWTTET E. coli in the majority of taxa groups (for groups that 

with at least one E. coli positive taxa-unit) was >35%, with 5 of the 12 groups 

harbouring levels between 50–56% (Figure 5-14). 
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Figure 5-14: Prevalence of E. coli non-wild type (NWT) for tetracycline (TET) in freshwater invertebrate taxa 

groups. Data labels show total number of E. coli positive taxa-units (top) per taxa group, and the proportion 

testing positive for NWTTET E. coli (bottom). 

 

Cefpodoxime 

Amongst all source samples from all three rivers, 14.3% (17/119) were positive for 

CPO resistant E. coli. Prevalence by river was: Naver 10.0% (4/40), Thurso 25.0% 

(10/40), and Wick 7.7% (3/39); and this data indicated a marginal significant 

difference by river, with a greater number of positive samples from the Thurso river 

(χ2 = 5.735, df = 2, p = 0.057). Amongst E. coli positive samples only (81 of 119), 

prevalence of CPO resistant E. coli was, 21.0% (17/81), with no significant 

difference between the three rivers (χ2 = 4.440, df = 2, p = 0.109; Figure 5-11).  
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Figure 5-15: Variation in the numbers of freshwater invertebrate taxa-units which harboured E. coli with clinical 

resistance  to cefpodoxime (CPO), as assessed using antimicrobial breakpoint plates. Columns (left axis) 

shown total number of taxa-units that yielded E. coli, further categorised by whether E. coli was observed on 

the breakpoint plate or not. Dotted line shows the variation in the prevalence (right axis) of CPO resistance in 

E. coli from freshwater invertebrates along the river. 
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Amongst E. coli positive taxa-units, 10.6% (20/189) harboured CPO resistant E. 

coli, and there was no statistically significant difference in the prevalence between 

the three rivers (χ2 = 4.492, df = 2, p = 0.106). Neither was there any significant 

difference in the prevalence of CPO resistant E. coli (in E. coli positive taxa-units) 

between different sample sites on the Naver (Fisher’s, p = 0.570), Thurso (Fisher’s, 

p = 0.793) or Wick (Fisher’s, p = 0.439) rivers (Table 5-7). 

 

In models, none of the factors examined had a significant association with the 

occurrence of CPO resistant E. coli in freshwater invertebrate taxa-units. In 

univariate analysis, all livestock and animal variables (sheep, cattle, pig, poultry, 

deer and horse density) exhibited near significance only, with p-values ranging 

between 0.05-0.1. However, these variables were all strongly correlated, and the 

final model found no significant associations with the occurrence of CPO resistant 

E. coli. 
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Table 5-7: Variation in the proportion of freshwater invertebrate taxa-units harbouring E. coli with resistance to 

cefpodoxime (CPO), in the Naver, Thurso and Wick rivers. 100% prevalence indicates that every taxa-unit that 

yielded E. coli also yielded CPO resistant E. coli. A dash indicates no taxa-units within the sample were E. coli 

positive. Note: Mean value omits taxa-units that did not yield E. coli, in order to calculate prevalence of CPO 

resistance among taxa-units with recovered E. coli, rather than all taxa-units. 

 

 

5.3.4 AST Analysis 

5.3.4.1 AMR Prevalence interpretations and resistance profiles 

Prevalence of clinical resistance and NWT, as determined using EUCSAT CBPs, 

ECOFFs, and COWT values (the bespoke ecological cut-off values for determining 

NWT/WT in E. coli from freshwater invertebrates), for each antimicrobial assessed, 

are shown in Table 5-8. These data show the prevalence of AMR in MAC plate 

isolates gathered during the first four sampling events, only (n = 80). Use of the 

COWT values, resulted generally higher prevalence of AMR for the carbapenem 
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(MER) and tetracyclines (OXY and TIG), and lower prevalence of AMR for the 4th 

Gen. cephalosporin (CEP) and aminopenicillins (AMP and AMC), when compared 

to the EUCAST criteria. 

 

Table 5-8: Between river differences in the prevalence of antimicrobial resistant E. coli isolates gathered from 

freshwater invertebrates (n = 80), when using different interpretation criteria for inhibition zone diameter data 

gathered from antimicrobial susceptibility testing using disc diffusion. Colour grading (green-yellow-red) of 

prevalence values covers all prevalence values across all rivers. Antimicrobials tested were ampicillin (AMP), 

amoxicillin + clavulanic acid (AMC), ceftazidime (CTZ), cefpodoxime (CPO), ciprofloxacin (CIP), cefotaxime 

(CTA), cefepime (CEP), meropenem (MER), oxytetracycline (OXY; uses CLSI CBP) and tigecycline (TIG). 

NAVER RIVER  

No. of isolates 12 11 12 12 12 12 12 12 12 12 

Antimicrobial AMP AMC CTZ CPO CIP CTA CEP MER OXY TIG 

EUCAST CBP 
Prevalence 

14 19 19 21 22 17 24 16 11 18 

25.0% 0.0% 0.0% 16.7% 0.0% 0.0% 0.0% 0.0% 8.3% 0.0% 

EUCAST ECOFF 
Prevalence 

14 16 20 - 25 21 28 25 - 18 

25.0% 0.0% 0.0% NA 0.0% 8.3% 16.7% 0.0% NA 0.0% 

COWT 
Prevalence 

10 16 19 17 23 23 25 27 20 19 

25.0% 0.0% 0.0% 8.3% 0.0% 8.3% 0.0% 8.3% 8.3% 0.0% 

THURSO RIVER  

No. of isolates 36 37 36 36 36 37 36 36 37 36 

Antimicrobial AMP AMC CTZ CPO CIP CTA CEP MER OXY TIG 

EUCAST CBP 
Prevalence 

14 19 19 21 22 17 24 16 11 18 

30.6% 18.9% 2.8% 13.9% 0.0% 5.4% 0.0% 0.0% 5.4% 2.8% 

EUCAST ECOFF 
Prevalence 

14 16 20 - 25 21 28 25 - 18 

30.6% 2.7% 2.8% NA 0.0% 10.8% 8.3% 0.0% NA 2.8% 

COWT 
Prevalence 

10 16 19 17 23 23 25 27 20 19 

11.1% 2.7% 2.8% 5.6% 0.0% 10.8% 0.0% 5.6% 10.8% 2.8% 

WICK RIVER  

No. of isolates 31 31 31 31 31 30 31 31 31 31 

Antimicrobial AMP AMC CTZ CPO CIP CTA CEP MER OXY TIG 

EUCAST CBP 
Prevalence 

14 19 19 21 22 17 24 16 11 18 

22.6% 22.6% 9.7% 12.9% 3.2% 3.3% 6.5% 0.0% 12.9% 0.0% 

EUCAST ECOFF 
Prevalence 

14 16 20 - 25 21 28 25 - 18 

22.6% 3.2% 9.7% NA 3.2% 6.7% 19.4% 3.2% NA 0.0% 

COWT 
Prevalence 

10 16 19 17 23 23 25 27 20 19 

19.4% 3.2% 9.7% 6.5% 3.2% 10.0% 6.5% 22.6% 16.1% 6.5% 
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Resistance profiles for MAC plate E. coli isolates gathered during the first four 

sampling events are shown in Figure 5-16. This figure represents an equal 

sampling effort (four 3-minute kick samples) at the sites shown. Resistance to AMP 

was the most common phenotype and has been removed from the data to aid 

clarity; six Isolates presented as AMP only and are omitted from the figure. Figure 

5-29 

 

 

Figure 5-16: Resistance profiles in E. coli harvested from freshwater invertebrate guts, across three rivers in 

the Scottish Highlands. The x-axis indicates the source of the isolate by river and sample site. Isolates (n = 74) 

were harvested from non-breakpoint MacConkey agar plates, from samples collected during sampling events 

1–4, only. Profiles generated using disk-diffusion testing with EUCAST clinical breakpoints (CLSI for OXT). 

Antimicrobials indicated are amoxicillin + clavulanic acid (AMC), cefepime (CEP), ciprofloxacin (CIP), 
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cefpodoxime (CPO), meropenem (MER), oxytetracycline (OXT) and tigecycline (TIG). “Sus” indicates isolates 

which were susceptible to all antimicrobials listed. 

 

Figure 5-17: Resistance profiles in E. coli harvested from freshwater invertebrate guts, across three rivers in 

the Scottish Highlands. The x-axis indicates the source of the isolate in terms of river, sample site, and source 

agar plate. Isolates were harvested from MacConkey agar plates containing tetracycline (TET; n = 83) 

cefpodoxime (CPO; n = 21), and ciprofloxacin (CIP; n = 1). Profiles were generated using disk-diffusion testing 

with EUCAST clinical breakpoints (CLSI for OXT). Antimicrobials tested were ampicillin (AMP), amoxicillin + 

clavulanic acid (AMC), cefepime (CEP), ciprofloxacin (CIP), cefpodoxime (CPO), cefotaxime (CTX), 

ceftazidime (CTZ), meropenem (MER), oxytetracycline (OXT) and tigecycline (TIG). “Sus” indicates isolates 

which were susceptible to all antimicrobials listed. 

 

Profiles for isolates from the TET and CPO breakpoint plates are shown in Figure 

5-17. Amongst MAC plate isolates, 85.5% were classed as fully susceptible. For 

the purpose of assessing the performance of the breakpoint plates, 32.9% (27 of 

82) of TET plate isolates were classed as resistant to OXY, 52.4% (11 of 21) of 

CPO plate isolates were classed as resistant to CPO, and 100% (1 of 1) of CIP 

plate isolates were resistant to CIP. 



Chapter V  AMR in Freshwater Invertebrates 

 

259 

 

MDR was observed in only 9 isolates, none of which were sourced from the Naver 

river (Table 5-9). Two isolates from the Thurso river were resistant to at least one 

of the aminopenicillins, 3rd Gen. cephalosporins, and tetracycline antimicrobials 

tested. Resistance to 4th Gen cephalosporins (CEF) and fluoroquinolone (CIP) 

was only detected in Wick river isolates. 

 

Table 5-9: Resistance profiles for isolates classed as multi-drug resistant (MDR), i.e., resistant to antimicrobials 

from three or more of the classes tested.  

MDR profiles Thurso Wick 

AMC CTZ TIG 1  

AMP AMC CPO OXT 1  

AMP AMC CTZ CPO CIP CTX CEP OXT  3 

AMP AMC CTZ CPO CTX CEP OXT  3 

AMP CTZ CPO CEP  1 

 

Of the eleven taxa groups which yielded E. coli on the MAC plates from the first 

four sampling events, seven yielded AMR E. coli (Figure 5-18).  
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Figure 5-18: Frequency of resistance profiles in gut borne E. coli, according the source invertebrate taxa. 

Isolates harvested from MacConkey agar plates without antimicrobial supplement across four sampling events. 

Data labels indicate prevalence of AMR E. coli isolates in the taxa group. “Sus” indicates isolates which were 

susceptible to all antimicrobials tested. 

 

5.3.4.2 IZD Distributions 

IZD distributions from all E. coli isolates harvested from MAC plates (n = 88) were 

compared to those from EUCAST clinical and veterinary isolates. A shift in the 

distribution to the left (indicating a more resistant population) was observed in 

isolates from freshwater invertebrates for AMP, CEP and CTZ (Figure 5-19A-C). 

No clear shift was present for CIP (Figure 5-19D), AMC, CTA or TIG (Figure 

5-20A-C). Of particular interest, though no clear shift was present for MER (Figure 

5-20D), a bi-modal distribution in invertebrate isolates was observed, indicating a 
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more resistant sub-population within these freshwater invertebrate isolates. A 

breakdown of the MER data by river indicated that the more resistant sub-

population is made up mainly of isolates from the Wick river catchment (Figure 

5-21). 

 

 

Figure 5-19: Inhibition zone diameter distributions for E. coli isolates from freshwater invertebrates and 

EUCAST clinical and veterinary isolates, as tested against ampicillin (10 µg), cefepime (30 µg), ceftazidime (10 

µg) and ciprofloxacin (5 µg) disks. Data regards freshwater invertebrate isolates harvested using MacConkey 

agar plates with no antimicrobial supplements (n = 88). 
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Figure 5-20: Inhibition zone diameter distributions for E. coli isolates from freshwater invertebrates and 

EUCAST clinical and veterinary isolates, as tested against amoxicillin + clavulanic acid (30 µg), cefotaxime (5 

µg), tigecycline (15 µg) and meropenem (10 µg) disks. Data regards freshwater invertebrate isolates harvested 

using MacConkey agar plates with no antimicrobial supplements (n = 88). 

 

 

Figure 5-21: Inhibition zone diameter distributions for E. coli isolates harvested from the guts of freshwater 

invertebrates  from three different rivers, as tested using meropenem (10µg) disks. E. coli isolates harvested 

using agar without antimicrobial supplements (n =91). Number of isolates from each river were Naver n = 15, 

Thurso n = 44, Wick n = 32. 
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5.3.4.3 ESBL 

ESBL resistance mechanisms were detected in four different samples taken from 

four different sites: one from the Naver river (N4), one from the Thurso river (T5), 

and two from the Wick river (W3 and W4). Eight isolates were identified as positive 

for ESBL resistance mechanisms (Table 5-10). E. coli isolates were also harvested 

from the MAC plates for taxa-units 7-4 and 8-1, but these did not exhibit ESBL 

resistance mechanisms. From taxa-unit 28-6, only the isolate gathered from the 

CPO plate was confirmed as E. coli (no confirmed E. coli was gathered from the 

MAC plate). Taxa-unit 34-9 yielded no confirmed E. coli isolates on any of the 

breakpoint plates, despite the MAC plate isolate testing positive for ESBL and CPO 

resistance via AST. 

 

Table 5-10: Details of E. coli isolates which tested positive for extended-spectrum β-lactamase (ESBL) 

resistance mechanisms. Isolates harvested from surface sterilised freshwater invertebrates. Isolate and taxa-

unit ID numbers are the laboratory designations for harvested isolates and taxa groups within samples, 

respectively. 

Isolate 
No. 

Taxa-
unit 
ID 

Source taxa River 
Site 
code 

Plate Resistance profile 

113 7-4 Diptera Wick W3 TET  AMP AMC CTZ CPO CTA CEP OXT 

114 7-4 Diptera Wick W3 CIP  AMP AMC CTZ CPO CIP CTA CEP OXT 

115 7-4 Diptera Wick W3 CPO  AMP AMC CTZ CPO CTA CEP OXT 

118 8-1 Diptera Wick W4 TET  AMP AMC CTZ CPO CIP CTA CEP OXT 

119 8-1 Diptera Wick W4 CPO  AMP AMC CTZ CPO CTA CEP OXT 

160 34-9 Daphnia Thurso T5 MAC  AMP AMC CPO CTA 

163 28-6 Trichoptera (Caseless) Naver N4 CPO  AMP AMC CPO CTA 
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5.4 Discussion 

5.4.1 Freshwater invertebrates as a source of E. coli 

Any factors that affect the invertebrate assemblages present may also affect E. coli 

yields from those invertebrates. For example, the drop in E. coli prevalence 

observed in the Wick river at the Janetstown (W1) and the Naver river at the  

Leckfurin (N1) sampling sites (Figure 5-7) are almost certainly linked to the 

influence of tidal waters here. Such a shift in physical habitat parameter (i.e., 

markedly increased salinity) is the most likely cause of the significant decrease in 

species richness, and the appearance of ‘new’ taxa not recorded elsewhere 

(Figure 5-5 and Table 5-4). A change in suitable host invertebrate taxa, as 

opposed to a lack of E. coli in the river itself, likely explains the lower E. coli yields 

seen here (Noble, Lee & Schiff, 2004; Stahl et al., 2015; Kay et al., 2008). In 

contrast, the Salmon Pools (T1) sample site on the Thurso river is unaffected by 

tidal waters (as it is above a weir), explaining, in part at least, why species richness 

and E. coli prevalence did not experience such dramatic drops here. 

 

Overall, there was little difference in invertebrate community composition between 

the three rivers studied (Figure 5-5), nor was any significant temporal change 

observed at individual sample sites across the sampling period. Therefore, given 

that significant changes and differences in the prevalence and occurrence of E. coli 

were observed amongst samples, taxa-units, and sample sites (Figure 5-7), it can 

be inferred that the majority of this variation was not a result of invertebrate species 

composition shifts. 
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Figure 5-22: Land cover within river catchments of the three sampled rivers. Black lines indicate boundaries used for consideration of influence on AMR at each sample 

site (upstream from sample site). Numbers indicate both sample site and catchment subdivision considered for analysis in relation to the sample site.  



Chapter V  AMR in Freshwater Invertebrates 

 

266 

Visually distinct differences in the catchments of the three rivers shows that the 

Naver river catchment contains far less improved grassland compared to the 

Thurso and Wick rivers (Figure 5-22). This land cover type is representative of crop 

fields, grazing land, or recreational areas (Centre for Ecology & Hydrology, 2017). 

There is evidence that livestock presence and WWTW effluent discharges can be 

key contributors of E. coli within river systems (Reischer et al., 2008; Sauvé et al., 

2012). However, neither land cover, livestock density, nor WWTW effluent 

discharges were found to have a significant association with E. coli presence in the 

invertebrate guts here.  

 

With the exception of rainfall and sampling event, factors examined were 

concerned only with the catchment area immediately prior to the sample site. As 

such, this approach risks discounting any cumulative effect within the river from the 

potential risk factors examined. Therefore, given the low r2 value for the model 

(Table 5-4; r2 = 0.11), the visually apparent differences in land cover between and 

along the course the rivers (Figure 5-22), and existing literature showing impacts of 

WWTWs on AMR along river courses (Amos et al., 2014a; Bueno et al., 2020; 

Yamashita, Katakawa & Tanaka, 2017) a cautious interpretation of the model 

results is advised. 

 

Rainfall was significantly positively associated with an increased likelihood of 

invertebrates harbouring E. coli (Table 5-4). This suggests that rather than 

‘presence or sources’ of E. coli in the catchment area, flushing events (i.e., rainfall 
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and flooding) are more influential on gut carriage in invertebrates. Such events are 

likely to increase the presence of E. coli in the river for uptake, but may also impact 

upon other systems that increase invertebrate uptake. For example, it has been 

shown that rainfall can lead to an increase in ambient river temperature (Langan et 

al., 2001), and this could in turn impact upon invertebrate feeding behaviour 

(Gordon et al., 2018). 

 

Invertebrate taxon was also identified as a significant factor for E. coli carriage 

(Table 5-4 and Figure 5-10) with Ephemeroptera, Trichoptera (cased and 

caseless), and Hirudinea and Tricladida most likely to harbour E. coli, compared to 

the other taxa groups studied. It is therefore suggested that future biomonitoring of 

this nature focus on these taxa. Doing so in greater detail (i.e., down to species or 

genus level) may also provide greater insight as to the source of the E. coli, 

through consideration of feeding strategies and food web interactions. 

 

The Naver river samples harboured a significantly lower prevalence of E. coli 

positive samples, despite those samples yielding higher proportions of some taxa 

groups which exhibited higher E. coli yields (Trichoptera (cased) and 

Ephemeroptera) and lower proportions of taxa which exhibited low yields (e.g., 

Plecoptera) (Table 5-3). This suggests that E. coli availability in the Naver river is 

significantly lower than in the Thurso and Wick rivers. This finding reflects the 

comparatively ‘pristine’ environment of the river. However, if the examined risk 

factors are truly not associated, then differences in the physiochemistry or riverbed 
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characteristics (e.g., fine vs coarse substrates or volume of particulate organic 

matter present) between rivers may be responsible.  

 

5.4.2 AMR by breakpoint plates 

No confirmed E. coli growth was observed on the MER plates indicating that 

carbapenem (and presumptive carbapenemase resistance mechanisms) were not 

detectable in our sample set using the described method. Only a single taxa-unit 

exhibited E. coli resistance to CIP, indicating that prevalence of such is low, and 

currently appears confined to the Wick river. These findings are encouraging given 

the critical importance of both compounds in health care, and prior detection of 

resistance to each, in rivers in the UK and Spain (Amos et al., 2014a; Castrignanò 

et al., 2020; Marti et al., 2014; Piedra-Carrasco et al., 2017).  

 

5.4.2.1 Tetracycline 

Though the Naver river yielded significantly fewer E. coli positive source samples 

and taxa-units than other rivers (section 5.3.2), prevalence of NWTTET E. coli 

amongst these was not significantly different from that in the other rivers, i.e., 

prevalence of NWTTET E. coli within the observed E. coli population did not vary 

significantly by river. Significant variation in the prevalence of NWTTET E. coli along 

the course of the river (i.e., at different sample sites) was observed in the Naver, 

but this was due to a much lower number of samples yielding E. coli (Figure 5-13). 

These observations indicate that prevalence of NWTTET is largely uniform in the E. 

coli population across all catchments, which supports the idea of a general 



Chapter V  AMR in Freshwater Invertebrates 

 

269 

‘background level’ of NWTTET E. coli, as suggested by the literature on AMR 

prevalence in wildlife, where TET resistance is the most commonly identified and 

most prevalent phenotype present (as discussed in Chapter III).  

 

Both sampling event (time) and taxa group were found to be significantly 

associated with the occurrence of NWTTET E. coli in the freshwater invertebrate gut 

(Table 5-6). The model indicated that the probability of occurrence increased 

significantly in sampling events 1, 4 and 8. When comparing the timings of these 

sampling events with rainfall data (Figure 5-8 and Figure 5-9), and considering the 

significant association of rainfall with E. coli occurrence (Table 5-4), these data 

indicate that periods of greater rainfall are also significantly associated with an 

increase in the probability of NWTTET E. coli occurring in freshwater invertebrate 

samples. In effect, sampling event seems to be serving as a proxy for larger 

flooding events (as opposed to average rainfall). Di Cesare et al. (2017) showed 

that the abundance of ARGs in the Toce river, Italy, were significantly increased 

during larger rainfall events. Further, they identified that tetA (one of the 

determinants of TET resistance) was detectable throughout the year, while those 

for other resistance phenotypes were only detectable during larger rainfall events.  

Assuming the findings of Di Cesare et al. (2017) are applicable here, our data 

implies that an increased abundance of ARGs in the river, as a result of larger 

rainfall events, translates into a detectable increase of associated resistance in the 

bacteria of invertebrate hosts. 
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5.4.2.2 Cefpodoxime 

This study was unable to identify any factors significantly associated with the 

occurrence of CPO resistant E. coli in freshwater invertebrates. Amongst all E. coli 

positive samples and taxa-units, there was no significant difference in the 

prevalence of CPO resistant E. coli between rivers (Table 5-7), i.e., prevalence of 

CPO resistance within recovered E. coli was not significantly different between 

rivers. However, the Thurso river yielded marginally significantly (p = 0.57) more 

samples with CPO resistant E. coli than the Wick and Naver rivers (Figure 5-11), 

i.e., he occurrence of freshwater invertebrate samples harbouring CPO resistant E. 

coli was higher in the Thurso river.  

 

Given the above, the marginally significant greater occurrence of CPO resistant E. 

coli in the Thurso river samples (Thurso 25.0%, Naver 10.0%, Wick, 7.7%) must be 

due to factors or conditions that were not investigated here but are specific to the 

Thurso river. Such factors affected the occurrence of CPO resistant E. coli within 

the invertebrate taxa present (we detected it more often), but not within the E. coli 

population (it was no more prevalent in E. coli positive samples than in the other 

two rivers). An investigation showed that range of taxa groups from the Thurso 

river of which yielded CPO resistant E. coli was much more diverse than those 

from the Naver and Wick Rivers (Table 5-11, below). CPO resistant E. coli was 

only present in 3 taxa groups in the Wick and Naver rivers, but in 8 taxa groups in 

the Thurso river. Interestingly, there was no cross-over (similarity) in taxa groups 

between the Naver and Wick taxa groups. 
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Table 5-11: Details of taxa-units that yielded E. coli growth on antimicrobial breakpoint plates with cefpodoxime 

(CPO). Other breakpoint plate results shown are for ciprofloxacin (CIP) and tetracycline (TET). INV No is the 

unique in-house identifier for the taxa-units. Taxa count indicates the total taxa count within the source sample. 

Shading indicates river: blue = Naver, orange = Thurso, green = Wick. 

INV 
No. 

Taxa CIP CPO TET Site River 
Sampling 

event 
Taxa 
count 

29-6 Ephemeroptera - + - 
Loch Naver Outflow 

(N5) 
Naver 2 7 

102-5 Ephemeroptera - + - Rhifail (N3) Naver 7 6 

116-2 Trichoptera (Cased) - + - Skelpick (N2) Naver 8 6 

28-6 Trichoptera (Caseless) - + - Syre (N4) Naver 2 8 

78-6 Trichoptera (Cased) - + + Allyan Ruathair (T4) Thurso 6 9 

78-7 Trichoptera (Caseless) - + + Allyan Ruathair (T4) Thurso 6 9 

78-9 Oligochaeta - + + Allyan Ruathair (T4) Thurso 6 9 

93-2 Trichoptera (Cased) - + + Allyan Ruathair (T4) Thurso 7 9 

92-4 Trichoptera (Caseless) - + - Halkirk Inflow (T3) Thurso 7 8 

31-10 Diptera - + - Halkirk Outflow (T2) Thurso 3 10 

46-7 Ephemeroptera - + + Halkirk Outflow (T2) Thurso 4 10 

106-5 Plecoptera - + + Halkirk Outflow (T2) Thurso 8 8 

30-3 Gammaridae - + - Salmon Pools (T1) Thurso 3 9 

45-9 Ephemeroptera - + + Salmon Pools (T1) Thurso 4 11 

90-5 Ephemeroptera - + - Salmon Pools (T1) Thurso 7 10 

105-7 Coleoptera - + + Salmon Pools (T1) Thurso 8 10 

7-5 Asellidae - + - Bilbster (W3) Wick 1 13 

7-4 Diptera + + + Bilbster (W3) Wick 1 13 

8-1 Diptera - + + Watten (W4) Wick 1 12 

98-8 Plecoptera - + - Watten (W4) Wick 7 11 

 

This may suggest that factors associated with the increased occurrence of CPO 

resistant E. coli in the Thurso river invertebrates, are related to either uptake or 

maintenance of such within a more diverse range of taxa. Possible ways this might 

occur include an increased presence of AMR bacteria or ARGs associated with a 

more diverse array of food sources, e.g., within biofilms on surfaces within the 

water (more accessible to scraper feeders), within the water column (more 

accessible to filter feeders), or within the soil and decaying matter of the benthos 
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(more accessible to detritivores). It is also possible that terrestrial food sources are 

a cause, since some freshwater invertebrates (e.g., net spinning caddisfly larvae) 

feed on such (Townsend & Hildrew, 1979). 

 

5.4.3 AST Analysis 

The E. coli isolates used in the AST prevalence analysis were harvested from taxa-

units, meaning that there was unequal representation of the source samples (since 

samples yielded differing numbers of taxa-units, and not all taxa-units harboured E. 

coli). Additionally, some taxa-units yielded >1 isolate for analysis, where different 

morphotypes were observed. As a result, the AMR prevalence figures reported 

here (from the AST results) do not represent a truly accurate assessment of AMR 

prevalence, equally across all three rivers, since not all E. coli positive samples are 

represented equally. Rather, these results provide a snapshot of AMR data for the 

E. coli population found in the freshwater invertebrate gut, in the study area. 

However, by utilising only E. coli isolates gathered from MAC plates during the first 

four sampling events, the results do represent an investigation comprised of equal 

sampling effort across the three rivers. 

 

The analysis of isolates from the breakpoint plates serves primarily to assess their 

performance in selecting for AMR isolates. Additionally, as shown in Chapter IV, 

such ‘pre-screened’ isolates potentially allow enhanced detection of AMR 

phenotypes within a sample.  
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In all rivers, clinical resistance to AMP was the most prevalent phenotype 

encountered in the sampled E. coli population. Clinical resistance to OXY (an 

analogue of TET; resistance to one infers resistance to the other; UK-VARSS, 

2019) was also present across all rivers, though at lower levels than AMP. High 

levels of AMP and TET/OXY resistance are commonly encountered in E. coli from 

river water studies of (Amos et al., 2014b; Pormohammad, Nasiri & Azimi, 2019; 

Swift et al., 2019; Waseem et al., 2017). It is therefore not surprising to find them 

present here.  

 

Of greater concern is the detection of E. coli with clinical resistance to CPO, in all 

three rivers, given that resistance to 3rd gen. cephalosporins is of critical concern in 

the AMR crisis (World Health Organization, 2018). Use of 3rd gen. cephalosporins 

in animals (livestock and companion animals) is comparatively low compared to 

other antimicrobial classes, and has declined markedly in recent years (UK-

VARSS, 2019a), and our risk factor analysis found no association between CPO 

resistance (as detected by the breakpoint plates) and livestock. However, as only 

52.4% of the CPO plate isolates confirmed as clinically CPO resistant, it is likely 

that this analysis lacked power. In the Naver river alone, CPO resistance was the 

only other clinically relevant (i.e., defined by CBP) phenotype observed (beyond 

AMP, and OXY). Given the ‘pristine’ nature of the Naver environment, this 

indicates that the source of CPO resistance may well be region wide, i.e., 

applicable to the catchments of all three rivers. This could include the influence of 

bird droppings from nesting, migrating or foraging birds. Water fowl have been 

shown to harbour high levels of cephalosporin resistance and all three rivers are 
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fed, by large water bodies (Giacopello et al., 2016). Additionally, all three rivers are 

regularly used for fishing (by permit). It could be speculated that such regular 

human activity, in and around river, may serve to transport AMR bacteria along the 

river’s course. Such leisure activity would also include tourism and the presence of 

companion animals. The area sampled is part of a popular tourist route (in part, for 

its pristine nature) and such travel is a potential route for the dissemination of AMR 

in freshwater systems (Kolokotsa et al., 2020; Lennon & Harris, 2020). 

 

Compared to the Naver, the Thurso and Wick rivers possessed a much broader 

range of clinically relevant AMR. Thurso river isolates exhibited clinical resistance 

to all three 3rd gen. cephalosporins (CPO, CTZ and CTA) and TIG, but not to CEP 

(4th gen. cephalosporin), nor CIP or MER, while the Wick river isolates exhibited 

resistance to all compounds tested except MER and TIG. The only clinical 

resistance phenotype not observed across all three rivers was MER, which is 

encouraging given the status of carbapenems as critical antimicrobials of ‘last 

resort’ (Nicolau, 2008). 

 

MDR phenotypes (resistance to antimicrobials in 3 or more of the listed classes) 

were only found in Thurso and Wick river isolates (Table 5-9). Two of these MDR 

isolates were detected in the MAC plate isolates, while a further 7 MDR isolates 

were gathered from the breakpoint plates. As expected, the breakpoint plate 

isolates provided an enriched view of the AMR present in E. coli from the gathered 

freshwater invertebrates (Figure 5-17). Only isolates from the Wick river harboured 
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resistance to CIP (fluoroquinolone) and to CEP (4th Gen. cephalosporin), indicating 

that the Wick river is potentially of more concern from a clinical health and 

wellbeing standpoint when compared to the other rivers. The detection of 

resistance to 4th generation cephalosporins is indicative of human clinical impacts, 

as usage of such is extremely rare in veterinary care and much more common in 

human health care (Public Health England, 2019). The nearby town of Wick is also 

the site of the north Highlands’ only large hospital (Caithness General Hospital), 

which has been identified as an important source of antimicrobials in the municipal 

waste-water system (Niemi et al., 2020), and the largest WWTW in the three 

catchments studied. While the effluent of the Wick WWTW is discharged to sea, 

this does increase the antimicrobial load in the surrounding environment, to an 

extent likely not encountered in the Thurso and Naver catchments. Again, transient 

bird populations, foraging in the WWTW or near discharge affected areas, have the  

potential to act as vectors, disseminating AMR bacteria and ARGs of human 

clinical source upstream (Wu et al., 2018). 

 

In the Naver river isolates, where present, AMR is almost exclusively applicable to 

a single antimicrobial. In the Thurso river, by comparison, there is a notable 

change from single to multiple antimicrobial resistant profiles along the course of 

the river. This indicates that factors are driving more complex phenotypes of AMR 

in E. coli along the Thurso river’s course. A similar pattern is observed in Wick river 

isolates, though here, where multiple resistance phenotypes occur, they tend to 

include resistance to more clinically relevant antimicrobials: CEP, CIP and CPO 

(WHO, 2017d). This is most likely due to a cumulative introduction of AMR bacteria 



Chapter V  AMR in Freshwater Invertebrates 

 

276 

(or ARGs) into the water environment which are in turn taken up by resident 

bacteria/consumed by the invertebrates, or an increase/cumulative effect of AMR 

selection pressures (e.g., increased antimicrobial residues, heavy metal pollution, 

etc.) resulting in adaption of the local bacteria. 

 

5.4.3.1 IZD shifts 

A leftward shift in the IZD distributions of freshwater invertebrate sourced E. coli 

was observed for some antimicrobials, when compared with EUCAST clinical and 

veterinary isolates; this was observed for AMP, CEP and CTZ (Figure 5-19). Such 

a shift indicates a ‘more resistant’ population from the wildlife source. Where 

present, this shift indicates a natural, general enhancement of the resistance 

phenotype, rather than the influence of a specific resistance mechanism, clinical 

resistance, or even NWT, and does not automatically indicate a direct or immediate 

threat to clinical care. This is most likely as a result of adaptation to pressures of 

the wild environment (potentially including competition with antimicrobial producing 

bacteria and fungi, heavy metal antagonism, and antimicrobial residues from 

anthropogenic sources; Hughes & Andersson, 2012; Seiler & Berendonk, 2012). 

Similar shifts in IZD distributions have been observed in E. coli from wild deer, for 

CEP and CTZ (Dias et al., 2015), and for CEP, CTA, and IMI in E. coli from 

domestic sheep (Silva et al., 2020), though a similar study on E. coli from wild birds 

saw no such shift (Sjölund et al., 2009).  
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IZD distributions were also used to generate ecological cut-off values (the COWT) 

using the NRI method. These COWT values, along with EUCAST ECOFF and CBP 

values were used to generate prevalence of AMR for each antimicrobial tested 

(Table 5-8). The results here indicate that use of EUCAST ECOFFs result in an 

overestimation of prevalence for isolates NWT for AMP, and CEP, but an 

underestimate of NWT for CTA, MER, OXY and TIG. Given these differences, this 

indicates that such bespoke values are potentially more valuable than those 

derived from clinical isolates for assessing the level of threat that wildlife-based 

populations of bacteria may represent. In this case, NWT resistance for 

carbapenems, a critically important antimicrobial for human health, is observed at 

potentially concerning levels. However, no clinical resistance is recorded. It is this 

identification of acquired resistance traits (i.e., NWT), which affect the resistance 

phenotype toward important antimicrobials, that investigations and monitoring of 

wildlife and environmental bacterial populations should seek to identify, monitor, 

and investigate further. 

 

Of perhaps important significance, in terms of environmental monitoring, is the bi-

modal distribution observed in the MER IZDs (Figure 5-21). This indicates that a 

sub-population within the main has acquired or developed resistance beyond the 

norm. The EUCAST ECOFF value (25 mm) would indicate that only 1.3% of 

isolates possess acquired resistance (i.e., are NWT for MER), while the COWT 

value (27 mm) indicates that 12.7% of isolates carry acquired resistance. This is 

interesting in that, but for the bi-modal distribution, the ECOFF and COWT values 

indicate a generally more MER susceptible population of E. coli in freshwater 
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invertebrates, compared to clinical isolates. Further investigation showed that while 

isolates sourced from all three rivers were present in the more resistant sub-

population, the overall distribution of Naver isolates did not indicate a bi-modal 

distribution, while this was visible in both the Thurso and Wick river isolates, with 

the majority of these more resistant isolates gathered from the Wick river (Figure 

5-21). However, greater sample numbers would be desired in order to confirm this 

is the case.  

 

5.4.3.2 Cause for concern? 

Since no E. coli growth was recorded on the MER plates, this indicates both no 

detected resistance to MER and no detectable carbapenemase resistance 

mechanisms. However, E. coli NWT for MER in isolates from all rivers was 

observed (Figure 5-21; Table 5-8). Using the ECOFF (<25 mm), only isolates from 

the Wick river are classed as NWT for MER, while using the COWT (<27 mm), a 

number of isolates from all rivers are classified as such. Furthermore, the leftward 

shift or bi-modal distribution in MER IZDs may be as a result of mechanisms of 

resistance for a compound not tested here (Helt et al., 2012). Therefore, this kind 

of bi-modal distribution is arguably of more interest and concern than any presently 

visible indicator of AMR, especially in terms of monitoring for future development of 

potentially concerning phenotypes. 

 

Of additional concern is the fact that ESBL resistance mechanisms were detected 

in isolates from all three rivers (Table 5-10). The isolates concerned exhibited 
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clinical resistance to at least two 3rd generation cephalosporins; all isolates from 

the Wick river also exhibited clinical resistance to the 4th generation cephalosporin, 

CEP, and two isolates also exhibited resistance to CIP. Isolates from the Wick river 

were recovered during the first sampling event, from sites W4 and W3. The Naver 

isolate was recovered in event 2, from site N4, and the Thurso isolate in event 3, 

from site T5. While the specific source of such resistance can only be speculated 

at with the current data, all sites are downstream of large freshwater lochs which 

feed into each river, and are potential reservoirs of AMR bacteria and ARGs 

(Nnadozie & Odume, 2019). This also suggest that wading, foraging, or migratory 

birds using the water (or, indeed, terrestrial animals frequenting the area) could be 

a source. Human leisure activities in and around these waters could also be a 

source, e.g., via companion animal waste from activities such as hiking and dog 

walking in these areas, especially when linked with rainwater flushing. 

 

5.4.4 Freshwater invertebrates as AMR biomonitors 

The Ephemeroptera and Trichoptera groups were found to be those most likely to 

harbour E. coli, and most likely to harbour NWTTET E. coli. In the first four sampling 

events, seven of the sampled taxa groups all yielded AMR E. coli on the non-

selective MAC plates (Figure 5-18). While AMR yields varied by group, this 

indicates that, where the aim is simply to assess the presence of AMR in 

freshwater invertebrates, the effort to sort and classify gathered invertebrates by 

taxa (prior to surface sterilisation) could be considered an optional step. This is, of 

course, provided suitable effort is expended to ensure a representative sample of 



Chapter V  AMR in Freshwater Invertebrates 

 

280 

the invertebrate community is sampled, e.g. by plotting a species accumulation 

curve.  

 

5.5 Conclusions 

The use of freshwater invertebrates as a tool for biomonitoring of river health and 

the impacts of organic/inorganic pollution is well established (Campbell, 2004). 

Here we sought to investigate their value as a tool for biomonitoring environmental 

AMR, regarded by some as simply another form of anthropogenic pollution 

(Guenther, Ewers & Wieler, 2011). Freshwater invertebrates can provide isolates 

for river catchment or finer scale investigations of AMR. We saw clear differences 

in the prevalence of E. coli in freshwater invertebrates, with significantly fewer E. 

coli positive samples from the pristine environment. Rainfall was identified as 

significantly positively associated with E. coli yield and should be a key 

consideration in future sampling. While E. coli was recovered from every sample 

site across the sampling period, specific taxa with higher probability of harbouring 

E. coli were identified and focussing on these could potentially reduce sampling 

efforts required for shorter term monitoring.  

 

Both the breakpoint plates and models built to investigate risk factors looked at the 

prevalence of AMR E. coli within the isolates collected, i.e., samples and taxa-units 

that did not yield E. coli were removed from the analysis. Thus, our data provides 

an investigation of the E. coli population of the freshwater invertebrate gut, where it 

exists. The aim of targeting bacterium within the invertebrate gut was to provide an 
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assessment of ‘environmental’ AMR that sampling of the transient water column 

might not provide. The inclusion of selective breakpoint plates clearly served to 

enhance the detection in the isolation of AMR isolates (Figure 5-16 and Figure 

5-17). However, as shown by the AST of gathered isolates, the specificity of 

breakpoint plates for the assessment of AMR prevalence with this matrix 

(freshwater invertebrates) warrants further investigation. 

 

We found no association between either E. coli or AMR E. coli prevalence, and 

land cover, livestock, human settlements, or WWTW sites. However, the finding 

that NWTTET resistance is significantly associated with rainfall, likely as a result of 

an increased input of ARGs into the river system, strongly suggests that land use 

may in fact be significantly associated with the AMR in freshwater invertebrates. 

Our failure to detect such associations may have been as a result of a high number 

of false positives in our data set, as a result of the low specificity of the breakpoint 

plates. Additionally, while our investigation of the increased occurrence of CPO 

resistance in the Thurso river is based upon only marginally significant results, the 

associated data warrants further study with a number of potential avenues 

investigation, e.g., AMR in periphyton and invertebrate food sources. 

 

5.6 Future work 

An investigation into the specific feeding strategies, habits and behaviours of those 

taxa identified as most commonly harbouring E. coli would be a logical step. This 

would allow further insights into the pathways through which both E. coli and AMR 
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E. coli might exist or travel through the environment, and could be particularly 

interesting given that some freshwater invertebrates also feed upon terrestrial food 

sources (Townsend & Hildrew, 1979).  

 

Assessments of AMR bacteria in freshwater invertebrates should also look to 

include an assessment of the same in the accompanying water medium and biofilm 

samples from submerged surfaces. Changes that directly affect AMR bacterial 

prevalence or characteristics within the water column will not necessarily be 

reflected in the gut microbiota of its inhabitants, especially where causal events are 

temporary and transient. Conversely, sampling from the water column is likely to 

miss low levels of AMR bacteria that have been cultivated within the guts of longer 

term, foraging residents. As such, these results could complement each other, 

helping to build an understanding of AMR dynamics in the freshwater environment. 

 

Future work might also look to include effort to explore individual abundance data 

for each taxa recorded and utilise more refined taxonomic identification standards. 

This would then allow for generation of diversity indices (e.g., Simpsons) and water 

quality measures (e.g., BMWP) for each sample, potentially providing greater 

insight into whether such factors are associated with AMR. For long term sampling 

regimes, a measure of invertebrate assemblage changes over time (e.g., by using 

redundancy analysis (Veblen et al., 2016) or PERMANOVA approaches 

(Anderson, Gorley & Clarke, 2008)) might also provide insight as to whether such 

changes are associated with carriage of AMR bacteria. 
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5.7 Appendix  

5.7.1 Species richness and taxa 

Average species richness (i.e., number of unique taxa groups gathered form 

individual samples) for each river within the sampling period are shown in Figure 

5-23. Average species richness did not vary significantly within rivers over the 

sampling period (Naver: one-way ANOVA, F = 0.323, df = 7, p = 0.938; Thurso: 

Kruskal-Wallis Χ2 = 2.929, df = 7, p-value = 0.892; Wick: Kruskal-Wallis Χ2 = 

7.2294, df = 7, p-value = 0.405).  

 

 

Figure 5-23: Changes in species richness over the sampling period. Samples taken at two-week intervals, from 

April-Jul 2019. Naver graph shows mean and standard deviation. Thurso and Wick boxplots show median and 

interquartile range; points represent sampling sites. Where shown, dots represent individual samples. 
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There was significant variation in species richness between different sampling sites 

on the Naver river (ANOVA one-way ANOVA, F = 5.328, df = 4, p = 0.002; Figure 

5-24; near significant variation (p=0.054) was observed between Syre and 

Skelpick), and Wick river (Kruskal-Wallis Χ2 = 16.476, df = 4, p-value = 

0.002;Figure 5-25), but not on the Thurso river (Kruskal-Wallis Χ2 = 6.717, df = 4, 

p-value = 0.152).  

 

 

Figure 5-24: Variation in mean species richness of freshwater invertebrates along the Naver River. 
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Figure 5-25: Variation in median species richness of freshwater invertebrates along the Wick river. 
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5.7.2 Other figures 

 

Figure 5-26: E. coli yield in freshwater invertebrate samples, at each sample site. Different bars indicate 

method used to harvest E. coli: MAC = MacConkey agar with no antimicrobial supplement. Other categories 

used antimicrobial breakpoint plates to select for E. coli with non-wild type tetracylcine resistance (NWT TET), 

cefpooxime resistance (CPO) and ciprofloxacin resistance (CIP). Sample size was 8 for all sites except 

Janetstown, where n = 7. 
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Figure 5-27: Variation in the prevalence of gut borne E. coli in freshwater invertebrate kick samples across 

sampling sites on three rivers. Top graph (A; solid trend lines) illustrates E. coli prevalence amongst samples 

from each river (Naver and Thurso, both n = 40; Wick n = 39). Bottom graph (B; dashed trend lines) illustrates 

E. coli prevalence amongst all taxa-units from each site, i.e., taxa groups within samples (Naver n = 282, 

Thurso n = 338, Wick n = 349). 
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Figure 5-28:Prevalence of cefpodoxime (CPO) resistant E. coli in freshwater invertebrate taxa groups. Data 

labels show total n (top) and percentage of taxa-units testing positive for CPO resistant E. coli (bottom). 
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Figure 5-29: Resistance profiles in E. coli harvested from freshwater invertebrate gut, across three rivers in the 

Scottish Highlands (n = 200). Isolates were harvested from non-breakpoint MacConkey agar plates (n = 88), 

and from breakpoint plates containing tetracycline (n = 90), cefpodoxime (CPO; n = 24), and ciprofloxacin (CIP; 

n = 2). Isolates which were susceptible to all antimicrobials tested are not shown in the graph but comprised 

the remaining 45.7% of isolates. Isolate numbers per river were Naver = 30 (14.4%), Thurso = 100 (48.1%), 

and Wick = 78 (37.5%).Antimicrobials tested were ampicillin (AMP), amoxicillin + clavulanic acid (AMC), 

cefepime (CEP), ciprofloxacin (CIP), cefpodoxime (CPO), cefotaxime (CTA), ceftazidime (CTZ), meropenem 

(MER), oxytetracycline (OXT) and tigecycline (TIG). 
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Figure 5-30: Complete resistance profiles for all E. coli isolates, from freshwater invertebrate guts, harvested 

using non-breakpoint MacConkey agar plates, across an eight week sampling period (May-June 2019; n = 84). 

Profiles generated using disk-diffusion antimicrobial susceptibility testing with clinical breakpoints from 

EUCAST. Antimicrobials tested were ampicillin (AMP), amoxicillin + clavulanic acid (AMC), cefepime (CEP), 

ciprofloxacin (CIP), cefpodoxime (CPO), cefotaxime (CTA), ceftazidime (CTZ), meropenem (MER), 

oxytetracycline (OXT) and tigecycline (TIG). 
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5.7.3 Other Tables 

Table 5-12: Breakdown of samples and taxa-units that did and did not yield E. coli from three rivers. 5 samples 

gathered along the length of each river, at two-week intervals, for a total of 8 sample visits. Percentage shown 

is the mean prevalence of E. coli. 

 E. coli Naver Thurso Wick 

Samples 
- 22 8 8 

+ 18 (45%) 32 (80%) 31 (79%) 

Taxa-units 
- 251 259 270 

+ 31 (11%) 79 (23%) 79 (23%) 

 

 

Table 5-13: Combined prevalence of antimicrobial resistance in E. coli isolates gathered from freshwater 

invertebrates (n = 80), from the Naver, Thurso ad Wick rivers, using different interpretation criteria for inhibition 

zone diameter data gathered from antimicrobial susceptibility testing using disc diffusion. Colour grading 

(green-yellow-red) of prevalence values covers all methods used. Antimicrobials tested were ampicillin (AMP), 

amoxicillin + clavulanic acid (AMC), ceftazidime (CTZ), cefpodoxime (CPO), ciprofloxacin (CIP), cefotaxime 

(CTA), cefepime (CEP), meropenem (MER), oxytetracycline (OXY; uses CLSI CBP) and tigecycline (TIG). 

Antimicrobial AMP AMC CTZ CPO CIP CTA CEP MER OXY TIG 

EUCAST CBP 14 19 19 21 22 17 24 16 11 18 

Prevalence 26.6% 17.7% 5.1% 13.9% 1.3% 3.8% 2.5% 0.0% 8.8% 1.3% 

EUCAST ECOFF 14 16 20 - 25 21 28 25 - 18 

Prevalence 26.6% 2.5% 5.1% NA 1.3% 8.9% 13.9% 1.3% NA 1.3% 

Invertebrate COWT 10 16 19 17 23 23 25 27 20 19 

Prevalence 16.5% 2.5% 5.1% 6.3% 1.3% 10.1% 2.5% 12.7% 12.5% 3.8% 

Clinical breakpoint (CBP) and epidemiological cut-off (ECOFF) values available at www.eucast.org.  
OXY CBP from CLSI, (2018). 

 

 

http://www.eucast.org/
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Table 5-14: Full list of independent variables initially investigated in univariable analysis based on presumed 

potential to be associated with variation in antimicrobial resistant Escherichia coli prevalence in freshwater 

invertebrates. 

Factor Class Data source 

Sample site Location Recorded during sampling & 

sample analysis 

River River  

Invertebrate taxa group Taxa  

Sampling event Temporal  

WWTW effluent (P/A) Potential 

antimicrobial 

resistance gene / 

antimicrobial 

resistant bacteria 

source 

SEPA Scottish pollutant 

release inventory (SPRI) 

Lake (P/A) Ordnance Survey Strategi 

dataset 

Human population density Eurostat; 2011 census data 

Rainfall Environmental SEPA 

www2.sepa.org.uk/rainfall/ 

Cattle density Livestock and 

farming 

Scottish agricultural census 

http://agcensus.edina.ac.uk/ Sheep density 

Horse density 

Pig density 

Poultry density 

Duck density 

Deer (farmed) density 

Land Cover Map (25m 

Target Class) 

Land cover 

 

Land cover map 2015, Centre 

for Ecology and Hydrology 

Broadleaved Woodland   

Coniferous Woodland   

Arable and Horticulture   

Improved Grassland   

Acid Grassland   

Fen, Marsh and Swamp   

Heather   

Heather Grassland   

Bog   

Inland Rock   

Freshwater   

Supra-littoral Rock   

Suburban   

Acronyms: 

SEPA = Scottish Environmental Protection Agency 

WWTW = Wastewater treatment works 

P/A = Presence/Absence 

 

End of Chapter V 
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6 CHAPTER VI 

Discussion and Conclusions 

6.1 Discussion 

As detailed in the literature review, wildlife are used across the globe to investigate 

and consider the presence, prevalence and spread of AMR bacteria and their 

genetic determinants, which in turn is important if we are to mitigate the worst 

outcomes of the AMR crisis (Dolejska & Literak, 2019). Within this effort, the use of 

wild deer is second only to wild birds (Greig et al., 2015). Deer, and other land-

based mammals, often present a more localised/regional scale of investigation 

when compared to wild birds (which have the potential to transport AMR virtually 

globally, as a result of long-range migration). Comparatively fewer studies have 

utilised invertebrates for AMR surveillance, but these may provide data at finer  

spatial scales, and freshwater invertebrates, in particular, are intrinsically linked 

with watercourses — an identified route for the environmental dissemination of 

AMR (Amos et al., 2014a; Sabri et al., 2020). 

 

Given the extent of wild deer coverage in Scotland, they are an ideal candidate as 

an AMR sentinel species in this country. The existence of national culling 

operations also provides opportunity for regular gathering of samples, by utilising in 

place expertise. Similarly, freshwater invertebrates are ubiquitous in the freshwater 

environment and, as a result of their existing use in water quality biomonitoring, the 

expertise for their sampling is readily available. 
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One of the principle aims of this thesis was to obtain baseline/reference data on 

the presence and prevalence of AMR in Scottish wildlife and assess the suitability 

of wild deer and freshwater invertebrates in this role. To this end, we carried out 

the first investigation of AMR in wild deer from across the mainland of Scotland 

and, to our knowledge, the first use of freshwater invertebrates to assess AMR 

across river catchments. 

 

6.1.1 AMR in Scottish wild deer 

In our investigation of E. coli from 324 deer faecal samples from across mainland 

Scotland, we investigated AMR prevalence against four key antimicrobials, each 

representative of different antimicrobial classes, using a whole-sample, breakpoint 

plate approach. Tetracycline (TET; of the tetracycline class of antimicrobials) is 

classed as highly important for human health, and critically important for animal 

health. Cefpodoxime (CPO; 3rd gen. cephalosporin), ciprofloxacin (CIP; 

fluoroquinolone) and meropenem (MER; carbapenem) are all classed as critically 

important for human health. CIP is additionally classed as critically important for 

animal health, though usage is restricted in the EU (World Organisation for Animal 

Health, 2015; World Health Organization, 2017a; National Office Animal Health, 

2016).  
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Figure 6-1: Prevalence of antimicrobial resistant E. coli in wild deer faecal samples (n = 324) from mainland 

Scotland, as assessed using a breakpoint plate method with clinical breakpoint levels for cefpodoxime (CPO), 

ciprofloxacin (CIP), meropenem (MER), and epidemiological cut-off levels for tetracycline (TET). 

 

Prevalence of E. coli non-wild type for tetracycline (NWTTET E. coli) was highest, 

present in 21.9% of all deer samples. This reflects similar results in existing 

literature, and is likely due to historical, widespread, and ongoing use of TET. 

Statistical modelling indicated that a higher prevalence of NWTTET in wild deer 

faeces was significantly associated with red deer (as a species) and sheep 

farming, while spatial mapping indicated that prevalence was lowest in the 

Highlands, where the majority of red deer are found. In species specific models 

(red and roe), sheep density was significantly associated with NWTTET in roe deer. 

While our dataset is likely limited in power for a true nationwide assessment, these 

results indicate that the transitional area between urban and the most ‘remote’ 

landscapes — i.e., areas where sheep (and cattle) grazing and roe deer are more 

common  — are the areas where NWTTET E. coli are most commonly encountered. 
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The statistically significant association between NWTTET and broadleaved 

woodlands, in all models, warrants further investigation. Human associated leisure 

use, companion animal use, and bird habitation/refuge are all possible factors for 

the observed association with broadleaved woodlands. This being the case, an 

association with other AMR phenotypes (not investigated here) might also be 

expected, given the range of exposure to AMR determinants and drivers these 

groups represent, via waste and refuse.  

 

The models looking at CPO resistance revealed no factors significantly associated 

with red deer but did identify significant positive associations with age and horse 

density, in roe deer. The positive association with horse density likely stems from 

the fact that horses are classified as companion animals and, therefore, are 

implicitly associated with human activity. The positive association between CPO 

resistance and roe deer age suggests an increased likelihood of uptake of AMR 

bacteria/genetic determinants over the lifetime of these animals, potentially as a 

result of roe deer distribution, i.e., proximity to human activity. 

 

While levels of NWTTET were recorded at the highest prevalence, it is the detection 

of CPO and CIP resistance that is of potentially greater interest. Though 

comparatively low (6.3% and 0.3%, respectively), these compounds are of critical 

importance to human health. With only a single data point for CIP resistance, our 

conclusion is simply that this phenotype exists in at least one fallow deer sample 
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from the South region. There was no detection of any MER resistance at the 

clinical breakpoint nor at the carbapenemase screening concentrations, though it 

should be noted that the breakpoint plate method is not a standard method for 

such screening. Nevertheless, these results are encouraging given the importance 

of carbapenems in the current AMR crisis. However, detection of a low prevalence 

of NWTMER E. coli (Table 4-3) justifies future monitoring of carbapenem resistance 

in this population. 

 

What our data cannot clearly reveal is which risk factors (e.g. specific human 

activities) in particular are associated with the observed AMR; this would require 

more focused studies at the interface between wild deer and areas of identified 

human activity. However, with the considerations mentioned, and with the 

observation that wild deer are, by their nature, found predominantly separate from 

highly urbanised areas, our data indicates that livestock farming and companion 

animal exposure may be key factors in the prevalence of AMR E. coli in wild deer.  

 

In addition to the breakpoint plate analyses, individual E. coli isolates were tested 

using the standard method for antimicrobial susceptibility testing (AST), as 

published by the European Committee for Antimicrobial Susceptibility Testing 

(EUCAST) (EUCAST, 2017). Using this method, multi-drug resistance (MDR; 

resistance to 3 or more antimicrobial classes) was identified, with one isolate 

resistant to seven, and one to nine different classes of antimicrobials, including 4th 

gen. cephalosporins and carbapenems. This shows that, while unlikely to be of 
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immediate concern given the low prevalence detected, isolates of E. coli resistant 

to a large number of critically important antimicrobials (i.e., of legitimate clinical 

concern) are harboured in the wild deer population of Scotland. The potential for 

this degree of AMR to spread, to other bacterial species within the deer gut, 

through the wild deer population, or to the wider environment must be given 

attention. 

 

6.1.2 AMR in freshwater invertebrates 

In our freshwater invertebrate study, we identified those taxa most likely to harbour 

E. coli, allowing a more targeted approach in similar future work; and, identified the 

significant effect of local rainfall. However, our results also indicated that a broader 

approach, foregoing sorting of samples by taxa, could still provide suitable data for 

AMR surveillance studies. The breakpoint plate assessment found no significant 

difference in the prevalence of NWTTET E. coli, nor CPO resistant E. coli between 

the three different river catchments studied. This was despite observable 

differences in land cover across the three river catchments (Figure 5-22). Neither 

livestock density, human population density, nor the presence of WWTW effluents 

were identified as significant factors in the prevalence of NWTTET or CPO 

resistance. This result is perhaps surprising for WWTWs, given the evidence 

associating their effluents with the dissemination of AMR (Amos et al., 2014a; 

Rizzo et al., 2013; Sabri et al., 2020).  
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The invertebrate AST data provided much greater insight into the AMR present 

across the three rivers than the breakpoint plates were able to provide, including 

the ability to visualise the phenotypic distribution of resistance using the IZD data, 

and compare these with other isolates. Analysis of E. coli isolates from freshwater 

invertebrate guts, using the standard AST method, did identify differences in the 

AMR present between rivers. AMR in the Naver river — the most ‘pristine’ setting 

— was generally lower in prevalence than that observed in the Thurso and Wick 

rivers (Table 5-8). Freshwater invertebrates from the Thurso river harboured 

resistance phenotypes with much greater variation than that observed in the other 

rivers. While isolates from the Wick river additionally harboured E. coli resistant to 

both 4th Gen. cephalosporins (CEP) and fluoroquinolones (CIP). All three rivers 

harboured isolates classed as ESBL; and the profiles of those ESBL isolates from 

the Wick river were also MDR, including two isolates with resistance to 5 classes of 

antimicrobial. These differences are presumably a result of local factors impacting 

and accumulating within each river continuum, e.g., impacts from local wildlife, 

livestock or human activity. 

 

6.1.3 Study approach 

The breakpoint plate method used here for primary AMR prevalence assessments 

is not an industry standard method, but this approach allowed the screening of 

targeted bacteria (E. coli) within our samples at an order of magnitude beyond 

isolate based methods. This approach was taken under a desire to utilise a more 

sensitive method of detection, on the understanding that specificity might be 
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impacted. Therefore, we also performed the more standard isolate based AST 

method, both to assess the performance of the breakpoint plates, and to identify E. 

coli isolates with instances of clinical resistance against a wider range of 

antimicrobials.  

 

AST was performed on E. coli isolates from MacConkey agar plates without 

antimicrobial supplements (MAC plates), in the same manner as the majority of 

existing studies on wildlife, i.e., utilising the methods published by EUCAST (with 

additional interpretation criteria from the Clinical Laboratory Standards Institute. 

We additionally performed AST on E. coli isolates gathered from the antimicrobial 

breakpoint plates. The results from these analyses indicated that the TET 

breakpoint plates performed extremely well in the deer study (Chapter III), with 

98.8% of isolates from these plates testing as clinically resistant to OXY (an 

analogue of TET). In comparison, only 40.7% of deer isolate isolates gathered from 

the CPO plates confirmed as resistant to CPO using AST, while in the invertebrate 

study (Chapter V), 36.0% of TET plate isolates and 58.3% of CPO plate isolates 

were confirmed as resistant to OXY and CPO. These results may be as a result of 

practical considerations: for example, the invertebrate and deer studies were 

performed in different laboratories, utilising the same methods of media and 

antimicrobial preparation, but different equipment and different batches of the 

same antimicrobials.  
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However, while these figures point towards an overestimation of prevalence, they 

also indicate that those risk factors that were identified as significant within the 

models are more likely to be true/having an effect. Equally, those discounted may 

have been so as a result of false positives in the sample results. Additionally, the 

AMR observed in the AST results from breakpoint plate isolates (e.g. resistance 

profiles) was greater and more varied than in those isolates from MAC plates. This 

shows that the breakpoint plates were successful in highlighting the AMR present 

in the samples, e.g. AST performed on MAC plate isolates from wild deer indicated 

a zero incidence of CPO resistance. Taken together, these results indicate that 

CPO resistance does exist within the wild deer population of Scotland, but at levels 

not detectable by the standard AST method. As only a single isolate from each 

plate was tested, this may explain why some resistance phenotypes were not 

detected, from both MAC and breakpoint plates. A more preferable method for 

confirmation might have been to test a number of isolates per plate (requiring far 

more effort), or, in addition to AST, to perform plate sweeps and screening for 

resistance genes amongst the observed growth. 

 

Overall, our AST results indicated the presence of clinical resistance to 

aminopenicillins, tetracyclines, 2nd & 3rd gen. cephalosporins, and 

sulphonamide/dihydrofolate reductase inhibitor (DHFR) classes of antimicrobials in 

wild deer, and additionally resistance to 4th. Gen. cephalosporins in freshwater 

invertebrates. We recorded the prevalence of AMP resistance in wild deer faecal E. 

coli at 24.5%, a level higher than that detected in wild deer in most other countries  

(Alonso et al., 2016; Carrillo-Del Valle et al., 2016b; Carroll et al., 2015; Cenci 
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Goga et al., 2009; Dias et al., 2015; only Italy was higher at 30.8%), while 

prevalence in our freshwater invertebrates was 22.6–30.6% across the three rivers. 

(using EUCAST CBPs). Of the classes assessed however, it is resistance to the 3rd 

and 4th gen. cephalosporins that is of most potential concern, given their status in 

health care, but at only 1% prevalence (using EUCAST interpretation criteria), this 

is currently unlikely to cause immediate problems/significant concern.  

 

Here, we also investigated the use of multiple criteria for the interpretation of IZD 

results. Specifically, we used clinical breakpoint criteria, from EUCAST and CLSI, 

which are used to inform clinical application of antimicrobials, and WT/NWT cut-off 

criteria (ECOFF), including bespoke cut-offs (COWT). In practice, where the aim of 

investigating isolates is to guide patient outcome in clinical health, clinical based 

definitions of resistance are, of course, the most appropriate criteria. ECOFFs and 

COWT values, on the other hand, are primarily tools to be used for the assessment 

of NWT isolates within ecological populations of bacteria, such as in this study. 

Where there is a concern regarding the risk of transfer to humans, the application 

of CBPs may therefore be legitimate, but this is rarely the case with regard to 

wildlife hosts. Nevertheless, the majority of studies which we reviewed, looking at 

AMR in wildlife isolates, utilised CBP criteria. Given the ease with which multiple 

criteria can be applied to IZD data, we see no issue with the continued application 

of CBPs, but suggest that ECOFF and COWT values provide added value in the 

assessment of AMR prevalence in wildlife sourced populations. 
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Our work shows that using ECOFFs to interpret AST IZD data can result in a 

markedly higher prevalence of AMR, but these values indicate only acquired 

resistance (i.e., NWT isolates), not resistance of clinical concern. Our use of COWT 

values in freshwater invertebrate E. coli isolates identified comparatively high 

prevalence of NWTMER where no NWT or clinical resistance was evident using the 

ECOFFs or CBPs, respectively (Table 5-8). Generating and applying bespoke 

values allows detection of acquired resistance traits (i.e., NWT) more suited to the 

bacterial population being assessed. This can lead to identification of 

overestimates of NWT gained using ECOFFs, or detection of NWT that might 

otherwise go unobserved; therefore, providing a more accurate means of 

assessing any potential threat. By monitoring for NWT in this way, as opposed to 

clinical resistance, the genetic determinants of NWT can also be further 

investigated, identified and assessed, for the purposes of tracking and threat 

assessment. 

 

6.2 Study limitations 

Only deer faecal samples negative for Shiga toxin and intimin genes were 

analysed in this work. A similar study using/comparing samples positive for these 

genes would be desired before the results here can be confidently applied to the 

wider deer population. However, some evidence exists to indicate that 

EHEC/EPEC gene prevalence is not associated with AMR prevalence (Assumpção 

et al., 2015).  
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The limits of areas where wild deer culling regularly occurs must also be 

considered when attempting to extrapolate results across the whole of Scotland. 

As such, while the results presented here provide a valuable baseline of AMR 

within the wider deer population of Scotland, the overwhelming majority of samples 

came from deer which roam freely within the rural landscape. The result of this is 

that we likely failed to entirely capture the impacts of factors more closely 

associated with areas of high human population densities. In order to more closely 

investigate such factors, sampling of deer in known closer proximity to such areas 

would be valuable. In areas such as the central belt, where deer culling is sparse 

and uncommon, low sample numbers occurred. An investigation of AMR in faecal 

E. coli from wild deer here (or other wild mammals living in these areas), could 

provide valuable insights into the AMR landscape. Indeed, given the high levels of 

urbanisation and industry in this area, and that the bulk of the Scottish human 

population resides there, the area should not be discounted or overlooked simply 

due to small sample numbers here. Further investigation of other wildlife AMR in 

this area specifically could prove invaluable in assessing the impact of direct 

anthropogenic influences on environmental AMR. Potential targets for such 

investigation (alongside wild deer) could include foxes, squirrels, rodents, badgers, 

local wildfowl and, of course, invertebrates. 
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Figure 6-2: Extent of land where organised deer management takes place across Scotland. 

Data source: Scottish Natural Heritage, Deer Management Unit boundaries dataset (2016). 

 

Finally, standardising the bacterial concentration of breakpoint plate inoculum (e.g., 

by measuring optical density) would provide truly quantitative results, and could 

potentially reduce the possibility of a) false positives as a result of antimicrobial 

exhaustion in the media, or, b) false negatives as a result of low inoculation 

numbers. 

 

Our analyses of risk factors in freshwater invertebrate associated AMR did not take 

into consideration any cumulative effect of inputs along the river continuum; and 

this should be considered a logical addition to the development of any future 

investigations. 
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6.3 Future work 

The results of this study would be best used to guide further investigation efforts 

towards more intrinsic causes of the emergence or transfer of AMR. In fact, the 

findings of this broad perspective study highlight the need for more focussed work, 

investigating some of the findings suggested here. For example, the land cover 

categories highlighted should be used as starting points to investigate specific land 

usage and activities on and around these areas. The persistent association of 

broadleaved woodlands with TET resistance in deer faeces warrants further 

investigation, given their links with human and companion animal activities and 

other wildlife relevant factors. Further work on the mountain, heath and bog land 

classification may also refine the importance of this land cover type. In particular, 

given the extent of peatland cover in Scotland (especially in the Highlands), an 

assessment of AMR in environmental samples from such areas may clarify links 

between land use, wildlife, and water catchment variability.  

 

With sheep density identified as a significant factor for NWTTET E. coli in roe deer, 

investigation into the links between the two might uncover the nature or direction of 

this association. Red or fallow deer (as more likely to host TET or CPO resistance, 

respectively), could also be investigated through comparisons between different 

deer species in areas where co-habitation occurs (perhaps with a focus on land 

use, rather than land cover). 
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Ideally, the AMR surveillance described here would complement a wider 

surveillance program investigating potential pathogens (including potentially 

zoonotic pathogens) across multiple wildlife and livestock species. Such an 

approach would provide the greatest insight into the threat that AMR might pose to 

both human and animal health and wellbeing.  

 

Based on the results here, future investigation of AMR in Scottish wildlife should 

look to monitor the prevalence of resistance to 3rd and 4th Gen. cephalosporins, 

fluoroquinolones, ESBL, and should look to incorporate samples from areas 

beyond the current dataset. The deer sample set, while extremely broad in scale, 

was limited to areas where active deer culling takes place as part of regular 

population management. These areas are, often by design, removed from many of 

the risk factors investigated, including livestock management and anthropogenic 

influences. As such, in order to obtain a true baseline for the whole deer population 

of Scotland, samples must be obtained from deer out with these areas. In 

particular, an investigation of AMR in wildlife from more urban areas might provide 

a valuable counterpoint to the exclusively wild habitat of deer and the 

comparatively rural area of the north Highlands. Finally, our results suggest that 

fallow and sika deer warrant greater focus, perhaps regarding the initial sources of 

their introduction, to perhaps address the potentially higher prevalence of AMR E. 

coli gathered from these species compared to native deer.  
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6.4 Conclusions 

Both wild deer and freshwater invertebrates are suitable host species for the 

monitoring and investigation of AMR bacteria, in Scotland. Our data suggest that 

the interface between human activity and wild deer is a key area of interest. 

Freshwater invertebrate analyses revealed significant differences in AMR along the 

course of the rivers sampled, and broad differences in the range of AMR 

phenotypes between catchments. The use of bespoke ecological cut-off values is 

advised in the future investigation of AMR in these and other wildlife hosts. While 

prevalence of clinically important AMR was generally low, instances of resistance 

of significant importance to human and animal health has been identified in both 

host species, including ESBL and resistance to 4th gen. cephalosporins. 

 

Though it is easy to think of AMR as a human clinical problem, the One Health 

approach has underlined the importance of the interconnections between human 

health, animal health and the wider environment. Frank Herbert said, “the highest 

function of ecology is the understanding of consequences”. The consequences of 

AMR are clear, but by utilising our knowledge and expertise in the study of wildlife, 

we perhaps have a greater chance of mitigating the worst of them. 

 

End of Chapter VI
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