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Abstract 

 

The emergence of antimicrobial resistance (AMR) as a result of the selective 

pressures placed on both commensal and pathogenic bacterial populations as a result 

of overuse and misuse of antimicrobials is one of the greatest issues facing human 

healthcare. Antimicrobials are widely used in agriculture for the maintenance of 

health and welfare, but their use also contributes to the issue of AMR and poses a 

risk to human health via the food chain. In order to tackle the challenge, governments 

and organisations across the world have committed to reducing antimicrobial use 

(AMU) in agriculture and to implement surveillance programmes to monitor AMR. 

Although AMU in agriculture in the United Kingdom (UK) is reducing, there remains 

a knowledge gap regarding the dynamics which exist in terms of AMU/AMR 

associations and the influences of the wider farm environment.  

This context provided the rationale behind the research carried out and presented in 

this thesis. Chapter 1 provides an overview of available literature to explore the 

context and an outline of research aims.  

In Chapter 2, a study group of sixteen dairy farms were recruited to investigate the 

associations between historical trends of AMU and AMR as part of a longitudinal 

study. AMU was determined over the course of six years and AMR was measured 

according to the minimum inhibitory concentration of sentinel bacterial species 

isolates from bulk tank milk samples. The findings of this Chapter demonstrated that 

higher levels of AMU did not necessarily represent higher levels of resistance and led 

to an interest in other influencing factors.  

Chapter 3 outlines a cross sectional study investigating the influences of farm 

management practices on levels of resistance on dairy farms. Data was sourced from 

two study groups, one of which represented the herds recruited in Chapter 2, and 

utilised questionnaire responses collected during farm visits. Data was analysed using 

a robust modelling procedure and highlighted a range of management procedures 

existing across the dairy farm which may be associated with levels of resistance in 

sentinel bacteria. 
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Chapters 4 and 5 sought to outline a new laboratory based methodology which could 

be employed in the monitoring of on farm AMR via sampling of bulk tank milk. Initial 

investigations took the form of a pilot study, in which raw bulk tank milk samples 

were enriched using selective nutrient broths. The results of these initial 

investigations helped to inform a potential antimicrobial susceptibility testing (AST) 

methodology. This was further investigated with validation to compare experimental 

methodology with already established testing standards. Comparisons of the final 

methodology with validation steps demonstrated viability of the AST method.  

Investigations of AMU/AMR interactions were once again considered in Chapter 6. 

AMU data, collated from farm medicine use records, were obtained from farms 

where bulk tank milk samples were sourced as part of investigations in Chapter 5. 

Analysis indicated that where statistically significant relationships between AMU and 

AMR existed, these relationships were negatively correlated.   

Together, the findings of each of the Chapters presented in this thesis help to further 

our knowledge of the dynamics which exist with regards to AMR in the dairy farm 

setting, and provide an opportunity to further develop AMR surveillance across the 

industry.  
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1. Chapter 1. Introduction and literature review   

 

In this first chapter, an introduction to antimicrobials ς a brief history, discovery, their 

importance and mechanisms of action is discussed. The emergence of antimicrobial 

resistance (AMR) and the subsequent issues this presents is explored, along with an 

elaboration on current literature regarding antimicrobial use (AMU) and AMR in 

livestock agriculture, with specific attention to the dairy industry. This chapter will 

also address the aims and objectives of this PhD thesis.  

 

1.1 Introduction to antimicrobials  

 

1.1.1 Brief history   

 

Treatments for diseases of bacterial origin exploiting the antimicrobial properties of 

organic materials has existed in human society for millennia, dating back to the times 

of ancient Greece and Egypt (Hutchings et al., 2019). Antimicrobial compounds are 

active against microorganisms (bacteria, fungi, viruses or protozoa) and can either kill 

or inhibit growth and multiplication. Within this umbrella term exists antibiotics, 

which are specifically active against bacteria (American Veterinary Medical 

Association, 2022). In scientific literature, antibiotics are often referred to as 

antimicrobials. For the purposes of this thesis, the term antimicrobial will be used 

when referring to antibiotics.  

The first notable use of an antimicrobial effective against bacteria occurred at the 

turn of the twentieth century following the isolation of what would be called 

pycocyanase from Pseudomonas aeruginosa by the German scientists Emmerich and 

Low (Arbab et al., 2022). However, it was Sir AlexanŘŜǊ CƭŜƳƛƴƎΩǎ ŀŎŎƛŘŜƴǘŀƭ ŘƛǎŎƻǾŜǊȅ 

of penicillin, an unstable compound isolated from the fungus Penicillium notatum, 

which heralded a new age in the fight against bacterial infections (Kardos and 

Demain, 2011). A significant period of discovery and isolation of antimicrobial 

compounds derived from bacterial, fungal and synthetic sources across the two 

decades between 1940 and 1960 occurred. This period is sometimes referred to as a 
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ΨƎƻƭŘŜƴ ŀƎŜΩ ƻŦ ŀƴǘƛƳƛŎǊƻōƛŀƭ discovery, which was followed by a period of chemical 

refinement of these compounds (Walsh and Wencewicz, 2014). The initial success of 

antimicrobials led them to be thoǳƎƘǘ ƻŦ ŀǎ ǘƘŜ άǳƭǘƛƳŀǘŜ ŎǳǊŜέ (Penesyan et al., 

2015). Wise (2002) argues that in the last 50 years, antimicrobial agents have 

improved public health to a greater extent than any other medical or scientific 

measure.  

 

1.1.2 How do antimicrobials work?  

 

The mediation of cell death as a result of antimicrobial action features a series of 

complex biological processes which are characterised by interactions between the 

antimicrobial agent and the target cell and the subsequent structural, molecular and 

biochemical modifications which follow (Kohanski et al., 2010). Antimicrobial agents 

are tested in vitro to ascertain their capacity to not only inhibit bacterial growth and 

division, but also the ability of the agent to eradicate the bacterial population from 

the site of infection. The former of these modalities is ǘŜǊƳŜŘ άōŀŎǘŜǊƛƻǎǘŀǘƛŎέ ŀƴŘ 

ǘƘŜ ƭŀǘǘŜǊ άōŀŎǘŜǊƛŎƛŘŀƭέ (Pankey and Sabath, 2004). Antimicrobial drugs used in the 

treatment of bacterial infections can be defined by their mechanisms of action, of 

which there are generally four. They may; inhibit metabolic pathways, inhibit protein 

synthesis, interrupt nucleic acid synthesis or hinder cell wall synthesis (Tenover, 

2006). Table 1.1 outlines some key concepts with respect to antimicrobial function. 

There are a number of factors which influence the response of an antimicrobial when 

being tested in vitro under strict laboratory conditions, such as growth conditions and 

the length of time antimicrobial action is tested for. These are further complicated in 

vivo due to the availability of nutrients for bacterial growth in the host as well as 

differences in host characteristics (Cozens et al., 1986). As a result, it has been stated 

that it is difficult to be able to ascertain the mechanisms of action of an antimicrobial 

agent in a clinically meaningful way (Nemeth et al., 2015). Therefore, it is often 

recommended that most antimicrobials be characterised as having both 

bacteriostatic and bactericidal properties, in order to achieve the best cure rates 

possible (Pankey and Sabath, 2004).  
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Table 1.1. The effect of different classes of antimicrobials on bacteria and how they function 
i.e. bacteriostatic or bactericidal, and examples of individual drugs within these classes 
(adapted from Hooper, 2001 and Nemeth et al., 2015). 
Effect on Bacterial 
Target  

Class of 
Antimicrobial  

Function Example Drug 

Inhibition of 
metabolic pathways 

Sulfonamides  
Trimethoprim           

both 
bacteriostatic 

Sulfamethoxazole 
 

Inhibition of protein 
synthesis  

Aminoglycosides   
                                           
Chloramphenicol    
 
Streptogramins         
 
 
 
Tetracyclines   
Oxazolidinones              
Lincosamides   
Macrolides   

 
bactericidal 

 
 

bacteriostatic or 
bactericidal 

 
 
 

 
bacteriostatic 

Gentamicin 
 
 
 
Pristinamycin 
Tetracylin, Doxycycline 
Linezolid 
Lincomycin 
Erythromycin 

Inhibition of nucleic 
acid synthesis  

Fluoroquinolones     
Aminocoumarins      

bactericidal 
bacteriostatic 

Ciprofloxacilin 
Coumermycin 

Disruption of cell wall 
integrity  

-̡Lactams  
Glycopeptides          

both bactericidal 
 

Penicillins, Cephalosporins 
Vancomycin 

 

 

       1.1.2.1 Inhibition of metabolic pathways  

 

When considering the range of antimicrobial effects as outlined in Table 1.1, let us 

first consider how the metabolic pathways of the bacterial cell can be disrupted. 

Perhaps the most widely recognised biosynthetic bacterial pathway which is targeted 

by antimicrobial agents is that of the folic acid pathway within the cell. Both 

prokaryotic and eukaryotic cells require folate in order to produce molecules 

necessary in nucleic acid synthesis. Bacteria synthesise their own folate, and the 

required biosynthetic pathway makes this a possible antimicrobial drug target. The 

resulting impact is the disruption of nucleic acid synthesis of microorganisms, without 

affecting the cells of the host (Bermingham and Derrick, 2002). Disruption of folate 

biosynthesis occurs by the action of two agents, sulfamethoxazole (a sulfonamide) 

and trimethoprim, which target two steps in the biosynthesis of folate. Within this 

pathway, the sulfamethoxazole competitively inhibits dihydropteroate synthase 

(DHPS) and trimethoprim (an example of a diaminopyrimidine) competitively inhibits 
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dihydrofolate reductase (DHFR) (Projan, 2002). DHPS is an enzyme critical for 

dihydropteroic acid production from para-aminobenzoic acid (pABA) and pteridine, 

which is converted into dihydrofolate. Dihydrofolate is then converted to 

tetrahydrofolate by the action of the DHFR enzyme. It is this tetrahydrofolate which 

is essential in the synthesis of purines and pyrimidines for nucleic acid production 

(Capasso and Supuran, 2014). The combination of these two agents allows for 

synergistic inhibition of bacterial growth, and this combination is highly effective in 

the treatment of infectious conditions such as upper respiratory tract infections, 

urinary tract infections and bacterial endocarditis (Schiffman, 1975). 

 

       1.1.2.2 Inhibition of protein synthesis  

 

Inhibition of the synthesis of proteins within the bacterial cell is a second method of 

antibacterial action. This is an available option due to the unique nature of the 

protein and RNA machinery within the prokaryotic cell. Protein synthesis is a 

complex, multi-step process which involves the interaction of molecules in initiation, 

elongation and termination of protein assembly, representing a number of 

intermediary steps which can be targeted by the action of antimicrobial molecules 

(Walsh, 2000). In protein synthesis, the genetic material of the bacteria (DNA) is 

transcribed to RNA via RNA polymerase which is known as messenger RNA (mRNA). 

This encodes the protein sequence, and the decoding of this and the subsequent 

assembly of amino acids into a protein sequence is known as translation (which 

occurs with the action of ribosomes) (Walsh and Wencewicz, 2014). Antimicrobials 

targeting such pathways often interfere with the action of bacterial ribosomes, with 

the prokaryotic ribosome consisting of the larger 50S subunit which are targeted for 

example by macrolides or streptogramins, and the smaller 30S subunit which are 

targeted by tetracyclines and aminoglycosides (Tenover, 2006). 

Concerning aminoglycosides, these antimicrobials cause electrostatic interactions 

with core linkages in the 16S rRNA portion of the 30S ribosomal subunit. This action 

is brought about by the 2-deoxystreptamine core sugar which is characteristic of the 

aminoglycoside family of antimicrobials. The consequence of such interaction 
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between the active portion of the agent and the ribosome is to increase the incidence 

of errors in translation thus allowing for multiple mistakes per protein during, which 

can have lethal effects for the bacteria (Tenson and Mankin, 2006). Tetracyclines on 

the other hand inhibit bacterial protein synthesis by countering the binding of the 

aminoacyl-tRNA with the 30S subunit. The disruption of such binding by tetracyclines 

results in the translation step, required for the assembly of a protein sequence of 

mRNA, to be blocked. This prevents the sequencing of proteins important for the 

bacteria to grow and reproduce (Chopra and Roberts, 2001). 

When considering antimicrobial action on the 50S ribosomal subunit, there are a 

wide variety of agents available which affect this, such as macrolides and the 

streptogrammins. Macrolides for example, specifically bind with the 23S rRNA of the 

large subunit. The net overall effect of macrolide action is that there is a resulting 

accumulation of peptidyl-tRNA, indicating that protein sequencing was being 

completed prematurely as a result of peptidyl tRNA disassociation. As a result, 

incomplete proteins are synthesised, resulting in inhibition of growth (Katz and 

Ashley, 2005). Streptogramins work on a similar basis. The streptogramin class 

consists of two subgroups; A and B, but are produced simultaneously, and work 

synergistically with both subgroups binding with the P site in the 23S rRNA (as with 

macrolides). Synergistic activity yields a net bactericidal effect whereas when they 

work independently the overall effect is primarily bacteriostatic. Subgroup A 

functions by blocking substrate attachment, hindering elongation of the protein 

chain. Additionally, this binding causes conformational change of the 50S ribosome, 

allowing for increased activity of subgroup B. The actions of the B subgroup are; 

inhibition of protein elongation and cause premature protein formation (resulting in 

non-functional peptides). They are also able to bind to the ribosomes at any stage of 

the synthesis process, which can result in major disruption of synthesis (Mukhtar and 

Wright, 2005). Therefore, the modalities of these antimicrobial agents bring about 

major disruption in protein synthesis, resulting in inhibition of growth, and when in 

high enough concentrations, can bring about cell death.  
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       1.1.2.3 Inhibition of nucleic acid synthesis  

 

Another prime target for antimicrobial agents is the targeting and disruption of the 

synthesis of nucleic acids, the genetic material of the bacteria. The primary example 

for this modality are the fluoroquinolones, with the major targets of antimicrobials 

of this class being the type II topoisomerase enzymes, of which bacteria have two 

related subsets; DNA gyrase and topoisomerase IV (these are found only in bacterial 

cells) (Walsh and Wencewicz, 2017). Topoisomerase enzymes are necessary for the 

separating of the bacterial DNA strands, formation of a complementary DNA strand 

from the original and subsequent annealing of the newly formed DNA strand. DNA 

gyrase forms negative superhelical twists into the DNA, which are a necessary 

requirement to allow for DNA replication and erase positive superhelical twists. The 

action of topoisomerase IV is largely in the closing stages of replication, causing 

separation of daughter chromosomes formed during the replication process, 

allowing for segregation into daughter cells, which would normally allow for bacterial 

replication (Hooper, 2000). Fluoroquinolones act by interrupting the enzyme-bound 

DNA complex (how bacterial DNA interacts with either the DNA gyrase or 

topoisomerase IV enzymes). The antimicrobial agent will incorporate itself into this 

complex, forming a new drug-enzyme-DNA complex. This however prevents the 

replication fork from proceeding in order to complete the replication cycle. This 

ultimately leads to inhibition of routine DNA replication and synthesis in the bacterial 

cell, resulting in cell death (Blondeau, 2004).  

 

       1.1.2.4 Disrupting bacterial cell wall integrity  

 

In addition to the three methods described above, targeting of the bacterial cell is 

arguably the most widely preferred method to have been taken advantage of in the 

development of antimicrobial agents (Hooper, 2001). The cell walls of bacteria are 

essential for survival, as they help to give structure and prevent cell death due to 

osmotic interactions between the bacteria and its environment. The bacterial cell 

wall is made up of a series of peptidoglycan layers, and it is this layer along with the 

components necessary for synthesis of these layers that are targeted by the clinically 
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ƛƳǇƻǊǘŀƴǘ ŀƴǘƛƳƛŎǊƻōƛŀƭ ŎƭŀǎǎŜǎ ƻŦ ʲ-lactams and glycopeptides (Yount and Yeaman, 

2013)Φ ʲ-ƭŀŎǘŀƳǎΣ ƴŀƳŜŘ ŦƻǊ ǘƘŜƛǊ ʲ-lactam ring, target penicillin-binding proteins 

(PBPs), enzymes which are involved in the restructuring and biosynthesis of the 

ōŀŎǘŜǊƛŀƭ ŎŜƭƭ ǿŀƭƭΣ ŀƴŘ ǘƘŜǊŜŦƻǊŜΣ ǘƘŜ ŎǊǳŎƛŀƭ ǇŜǇǘƛŘƻƎƭȅŎŀƴ ǎǘǊǳŎǘǳǊŜΦ ¢ƘŜ ʲ-lactam 

ring is complementary to the structure of D-alanine-D-alanine terminals, which form 

the building blocks of the peptidoglycan layer, and interact with the enzymes D,D-

transpeptidase and D,D-carboxypeptidases (both are PBPs) which would normally 

allow for new layers of peptidoglycan to be synthesised and laid down. However, the 

ōƛƴŘƛƴƎ ƻŦ ǘƘŜ ʲ-lactam ring, which is an analogue of the D-ala-D-ala terminal, to the 

active sites of the PBPs, causes long term intermediate acylation, causing active sites 

to be sterically blocked for further acyl transfer. The result of such action is the 

inhibition of the PBPs, meaning that final crosslinking of peptidoglycan cannot occur. 

This interference with cell wall synthesis causes accumulation of peptidoglycan 

precursors whose presence triggers breakdown of the current peptidoglycan layer 

via autolytic hydrolysis. This, combined with the lack of new peptidoglycan 

production, brings about bacterial osmotic lysis, and therefore death of the cell 

(Llarrull et al., 2010; Schneider and Sahl, 2010). Similarly, glycopeptides, such as 

vancomycin, work by interfering with the bacterial cell wall. They too target the D-

alanine-D-alanine terminal, preventing its binding with the PBPs thus inhibiting 

peptidoglycan cross linking, weakening the cell structure and causing bacterial cell 

death as a result of excessive osmotic pressures (Kang and Park, 2015). 

 

1.2 Antimicrobial resistance  

 

The status of antimicrobials as revolutionary, life saving medicines cannot be 

understated. However, the emergence of resistance by bacteria towards these drugs, 

and indeed increasing levels of such resistance, has jeopardised their capability to 

effectively combat bacterial infections, bringing about a rise in mortality from such 

infections, which were once readily curable (Collignon et al., 2016). The 

materialisation of the problem of AMR poses a considerable threat to the health 

status of the global population and has the potential to place a considerable burden 

on global health services (Högberg et al., 2010). The scale of AMR has received high 
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levels of attention in past decades, and this can easily be identified from the breadth 

of published literature available and increasing media coverage.   

The World Health Organisation (WHO) defines AMR as occurring when 

άƳƛŎǊƻƻǊƎŀƴƛǎƳǎ ǎǳŎƘ ŀǎ ōŀŎǘŜǊƛŀΣ Ǿiruses, fungi and parasites change in ways that 

ǊŜƴŘŜǊ ǘƘŜ ƳŜŘƛŎŀǘƛƻƴǎ ǳǎŜŘ ǘƻ ŎǳǊŜ ǘƘŜ ƛƴŦŜŎǘƛƻƴǎ ǘƘŜȅ ŎŀǳǎŜ ƛƴŜŦŦŜŎǘƛǾŜέ (World 

Health Organisation, 2017). The emergence of AMR threatens to interfere with the 

headway made in the effort to control bacterial infections. As of 2016, it was 

estimated that resistance to antimicrobial drugs was associated with an estimated 

23,000 deaths in the United States and 25,000 deaths in Europe per year. It was also 

estimated that the financial impact in the United States was around $20 billion in 

excess medical spending per year (Marston et al., 2016). A UK parliamentary 

commission report on AMR όƪƴƻǿƴ ŀǎ ǘƘŜ hΩbŜƛƭƭ ǊŜǇƻǊǘύ ǇǳōƭƛǎƘŜŘ in 2016 predicted 

that by 2050, 10 million lives a year and up to $100 trillion of economic productivity 

are at risk due to the developing issue that is antimicrobial resistance όhΩbŜƛƭƭΣ нлмсύ.  

Since the initial introduction of antimicrobials in medicine, there were warnings that 

the pathogens they were designed to eliminate would gain the ability to resist them 

and acquire defences to protect themselves (Chioro et al., 2015). In fact, it was as 

early as 1945, just soon after the introduction of penicillin, that Sir Alexander Fleming 

warned that the dangers of misuse and overuse of these antimicrobial agents would 

lead to them becoming ineffective. By 1948, it was calculated that the level of 

resistance among strains of Staphylococcus aureus in a London hospital was 38%. By 

2013, it was estimated that 90% of S. aureus strains in the UK were resistant to 

penicillin (Huttner et al., 2013).  

 

1.2.1 How do bacteria become resistant? 

 

The mechanisms of antimicrobial action have been previously considered, as well an 

overview of the scale of the problem of AMR for human medicine. We now consider 

why and how bacteria become resistant to antimicrobial agents.  
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The increasing incidence of resistance over the past number of decades has come 

about through the action of evolution and the principles laid out by Charles Darwin 

ƻŦ ƴŀǘǳǊŀƭ ǎŜƭŜŎǘƛƻƴ ŀƴŘ ΨǎǳǊǾƛǾŀƭ ƻŦ ǘƘŜ ŦƛǘǘŜǎǘΩΦ ²ƘŜƴ ŎƻƴǎƛŘŜǊƛƴƎ ŀ ƭŀǊƎŜ ǇƻǇǳƭŀǘƛƻƴ 

of bacteria, some of them will possess advantageous characteristics which allow 

them to survive when exposed to unfavourable conditions, for example through the 

application of an antimicrobial agent. While the majority of the bacterial population 

will be killed off as a result, those individuals with the favourable characteristics, 

which allows them to survive, will be passed on to the next generation of bacterial 

daughter cells or passed on to other bacteria in the environment. The phenotypes of 

bacteria displaying such characteristics are obtained by the attainment of resistance 

genes (White and McDermott, 2001). Recent research has found that resistance 

genes were present in organisms isolated from 30,000 year old permafrost deposits 

from Alaska. From their work, the researchers concluded that the emergence of AMR 

predates their use in modern medicinal practice and that resistance is ultimately 

going to occur in the environment (D'Costa et al., 2011). Due to the fact that most of 

the first antimicrobials to be isolated were obtained from bacteria and fungi, they 

must therefore have mechanisms in place to protect themselves from the actions of 

the agents they produce. Interestingly, such determinants of resistance have been 

found to share similarity with those found in resistant bacterial isolates in clinical 

environments (Webb and Davies, 1993). Despite resistance to antimicrobials having 

been shown to be naturally occurring in bacterial populations, the current crisis of 

AMR has come about due to the wide scale use of these agents in quantities never 

seen before. Global usage of antimicrobials was estimated to be in excess of one 

million tonnes since their introduction in medicine in the 1940s with a 2002 estimate 

putting global annual usage at between 100,000 and 200,000 tonnes (Andersson and 

Hughes, 2010).  

 

       1.2.1.1 Targeting of antimicrobial molecules  

 

One of the most important mechanisms of bacterial resistance to antimicrobial 

molecules is by interfering with the molecule either through modification or 

destruction. Chemical modification is brought about by the production of enzymes 
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which can cause acetylation, phosphorylation, or adenylation. Acetylation has been 

shown to affect aminoglycosides and streptogrammins; phosphorylation affects 

aminoglycosides and chloramphenicol while adenylation affects aminoglycosides and 

lincosamides. The result of these modifications is a reduced affinity of the 

antimicrobial for its bacterial target. Alternatively, bacteria may be able to produce 

enzymes which destroy the antimicrobial agent altogether with the most well known 

ƻŦ ǘƘŜǎŜ ōŜƛƴƎ ʲ-lactamases. These disrupt tƘŜ ŀƳƛŘŜ ōƻƴŘƛƴƎ ǿƛǘƘƛƴ ǘƘŜ ʲ-lactam 

ring via hydrolysis, resulting in the antimicrobial losing all effectiveness due to loss of 

conformation, in which affinity for its bacterial target is lost (Munita and Arias, 2016).  

 

       1.2.1.2 Interruption of antimicrobial target 

 

A second method through which bacterial resistance can be conveyed is by 

ƛƴǘŜǊǊǳǇǘƛƴƎ ǘƘŜ ŀƴǘƛƳƛŎǊƻōƛŀƭΩǎ ŀŎŎŜǎǎ ǘƻ ƛǘǎ ǘŀǊƎŜǘΦ hƴŜ ǎǳŎƘ ƳŜǘƘƻŘ ǘƻ ŀŎƘƛŜǾŜ ǘƘƛǎ 

is for advantageous mutations within the bacteria to cause the downregulation of 

non-selective membrane channel proteins and upregulation of more highly selective 

channels. This therefore reduces the permeability of the bacterial outer membrane, 

thus limiting antimicrobial entry to the bacterium, which is a major characteristic of 

resistance in Enterobacteriaceae. Interrupting antimicrobial delivery into the 

bacterium can also be achieved through the function of efflux pumps. Bacterial efflux 

pumps allow antimicrobial compounds to be actively transported out of the cell, with 

these pumps ranging from highly selective to highly non-selective, allowing for 

considerable range in resistance capability. Non selective pumps therefore are 

sometimes referred to as multidrug resistance efflux pumps (Poole, 2005).  

 

       1.2.1.3 Modification of bacterial target 

 

Additionally, bacteria can gain resistance as a result of molecular changes and 

modification to the target of antimicrobial molecules within the bacterial cell. Point 

mutations can cause changes in the target structure which can interfere with binding 

between it and the antimicrobial agent. At first this may seem detrimental to 
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necessary functions within the bacterium, but it has been shown that such mutations 

allow for the bacterial target to function naturally within the cell (Wright, 2011). 

Similarly, changes can be made which allow the bacterial targets to become 

protected from antimicrobials without the need for mutational alterations. One 

example is the methylation of 16S rRNA by erythromycin ribosome methylase. This 

methylation inhibits the binding of a number of antimicrobial classes, such as 

macrolides and streptogrammins, from binding, thus preventing them from bringing 

about bacterial cell death as a result of growth inhibition due to interrupted protein 

synthesis (Blair et al., 2015). 

 

1.3 Antimicrobial use in agriculture  

 

Given the projected impact AMR will have on the global population both for human 

health and economics in the coming decades, it is not surprising that the conversation 

around it is largely concentrated on the consequences for human health. 

Nevertheless, in addition to the losses facing the global population as a result of the 

potential prevalence of AMR in human medicine, a considerable impact could also be 

seen in the field of veterinary medicine if levels of resistance were to reach a similarly 

critical level. This would lead to significant economic losses as well as reductions in 

levels of animal welfare (Catry et al., 2003). The emergence of AMR in veterinary 

medicine can therefore compromise animal health and welfare. In order to preserve 

and uphold this, sustainable changes in antimicrobial use (AMU) must be made (OIE, 

2016). When considering the use of antimicrobials within veterinary medicine for use 

in animals, the main concern with their use lays within global agriculture, specifically 

the livestock industry. Here, the use of antimicrobials, as with human medicine, can 

encourage the emergence of resistant bacteria, which can either become 

disseminated into the environment or down the food chain, with the potential to 

eventually affect humans (Paphitou, 2013). The potential transfer of resistance 

between animals, the environment and humans and the link between them raises 

some important points of thought and widens the debate and approach with regards 

to AMR. 
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It is widely accepted that antimicrobials play an important role in the management 

of food producing animals due to the improvements in health, welfare and efficiency 

that they play. Antimicrobials in agriculture can be used to treat bacterial infections 

which present clinical symptoms that can compromise health and welfare. They can 

also be used in the prevention of infection via prophylaxis and in growth promotion 

(Gustafson and Bowen, 1997). AMU within the livestock industry has allowed for 

more productive and healthier animals which has therefore allowed in turn for higher 

quality produce for human consumption at a lower cost (Oliver et al., 2011). 

Administration of antimicrobial compounds differ across livestock production 

systems. In the dairy, beef and sheep industries, antimicrobials are generally 

administered on an individual case basis.  However, in large scale intensive rearing 

systems, such as that for poultry and swine, antimicrobials may be delivered via water 

or feed for an entire group for example, as result of a few identified cases of illness 

(McEwan, 2006).  

Livestock agriculture has been calculated to account for 73% of all AMU globally (Van 

Boeckel et al., 2019). It has been estimated that in 2017, 93,309 tonnes of 

antimicrobial active ingredient were used worldwide across swine, poultry and cattle 

agriculture, with an estimated increase of 11.5% to 104,079 tonnes of antimicrobial 

active ingredient by 2030 globally. Of the three livestock sectors reported, AMU 

increase in cattle was the lowest, accounting for only 22% of the overall increase by 

2030 (Tiseo et al., 2020).  

As previously described, the use of antimicrobials within agriculture places a selective 

pressure on bacteria, both pathogenic and commensal, within the host and poses a 

risk for the emergence and dissemination of resistant bacteria as well as their genes. 

These may be passed on down the food chain and may compromise human health. 

Additionally, resistances within livestock can compromise health and welfare, and 

limit the use of a range of antimicrobials to treat bacterial infection. 
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1.4 Political responses 

 

1.4.1 International response  

 

Greater recognition of the issue of AMR is being paid towards its impact on animal 

health, and that of the wider environment (Queenan et al., 2016). This therefore 

ōǊƛƴƎǎ ŦƻǊǘƘ ǘƘŜ ŎƻƴŎŜǇǘ ƻŦ ΨhƴŜ IŜŀƭǘƘΩ, which has drawn increasing levels of 

attention in the past decade with regards to AMR. One health describes and develops 

upon the notion that there is a need for cooperation and communication between 

various professional disciplines at local, national and global levels to achieve 

improved health for all people, animals and the ecosystem in a global context. (Gibbs 

and Anderson, 2009). With the world witnessing increasing levels of international 

travel, trade and cooperation through expanding globalisation, this in turn provides 

an opportunity for an unprecedented movement of bacteria, along with those that 

display AMR properties. In essence, practices which encourage the emergence and 

spread of resistant microbes in one country can compromise the efficacy of 

antimicrobials on a worldwide scale (OIE, 2015). The OIE (World Organisation for 

Animal Health, formerly the Office International des Epizooties) calls for better 

άƎƭƻōŀƭΣ Ƴǳƭǘƛ-ǎŜŎǘƻǊέ ǎǘǊŀǘŜƎƛŜǎ ǘƻ ŎǳǊō ǘƘŜ ŜƳŜǊƎŜƴŎŜ ŀƴŘ ǎǇǊŜŀŘ ƻŦ ŀƴǘƛƳƛŎǊƻōƛŀƭ 

resistance. Inoue and Minghui (2017) suggest that it is necessary for governments 

around the world to begin to rapidly implement and adhere to a One Health 

approach, which would see close association between their respective health, 

agriculture and environmental offices. Emphasis on the importance and relevance of 

the One Health concept for the issue of AMR is widespread in the literature. For 

example, Robinson et al., (2016) claims that there is no other issue that embodies the 

fundamental ideas of the One Health approach than that of AMR, with Moran (2017) 

ǎǘŀǘƛƴƎ ǘƘŀǘ ƛǘ ƛǎ ǘƘŜ άǉǳƛƴǘŜǎǎŜƴǘƛŀƭ ǇƭŀƴŜǘŀǊȅ hƴŜ IŜŀƭǘƘ ŎƘŀƭƭŜƴƎŜέΦ  

In response to the calls for greater political attention and collaboration on a global 

scale, there has been increasing momentum to bring about meaningful change in 

order to combat the scale of the problem. Despite the major political traction that 

has been generated within the last decade, the WHO began the discussion with 
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regards to the threat posed by AMR as early as the 1960s, a mere 20 years following 

the introduction of anǘƛƳƛŎǊƻōƛŀƭ ŀƎŜƴǘǎ ǿƻǊƭŘǿƛŘŜΦ ¢ƘŜ ΨwŜǎƻƭǳǘƛƻƴ ƻƴ !ƴǘƛƳƛŎǊƻōƛŀƭ 

wŜǎƛǎǘŀƴŎŜΩ ǿŀǎ ƛǎǎǳŜŘ ƛƴ мффу ŀƴŘ ƛƴ нллмΣ ǘƘŜ ²IhΣ ƛƴ ŦƻƭƭƻǿƛƴƎ ǳǇ ŦǊƻƳ ǘƘƛǎΣ 

published their first so called global strategy (The Lancet Editorials, 2016). However, 

it has been claimed that the publication failed to achieve a meaningful response from 

the wider medical, scientific and political landscape due to a lack of emphasis on the 

economic implications (Queenan et al., 2016). The 1998 resolution and following 

2001 strategy aimed to provide a series of frameworks for the member nations of the 

WHO to; prevent infectious outbreaks, slow the emergence and spread of resistant 

microorganisms and to also encourage the research and development of novel 

antimicrobial agents (World Health Organisation, 2001). Despite this perceived lack 

of a meaningful response, the WHO continues to lead the way in the recognition, 

monitoring and in confronting the scale of AMR.  

The first report regarding AMR surveillance worldwide was published by the WHO in 

2014 and in 2015 a new global strategy plan was published by the WHO and endorsed 

by the World Health Assembly (the decision making body of the WHO) (Barber et al., 

2017). By this point, a great deal of attention had finally been given to the scale of 

the emergence and spread of resistance, and the collaboration which was being 

called for was achieved by the co-ordinated effort of the Food and Agriculture 

Organisation (FAO) and the OIE alongside the WHO in the publishing of their 2015 

ǎǘǊŀǘŜƎȅΦ ¢Ƙƛǎ ŎƻƭƭŀōƻǊŀǘƛƻƴ ōŜƎŀƴ ƛƴ нлмл ƛƴ ŀ ǎƻ ŎŀƭƭŜŘ ΨǘǊƛǇŀǊǘƛǘŜ ŀƭƭƛŀƴŎŜΩ ǘƻ ǿƻǊƪ 

together in promoting the One Health concept through their respective 

responsibilities, which is now readily focusing their efforts on AMR, among other One 

Health commitments (OIE, 2015). The OIE itself is also dedicated to formulating 

strategies with regards to antimicrobial resistance. At their 83rd General Session in 

2015, the 180 nation members committed to the promotion of responsible use of 

ŀƴǘƛƳƛŎǊƻōƛŀƭǎ ƛƴ ǘƘŜ ǿƻǊƭŘΩǎ ŀƴƛƳŀƭ ǇƻǇǳƭŀǘƛƻƴΦ ¢ƘŜ Ƴŀƛƴ ǘƘŜƳŜǎ ǘƘŀǘ ǘƘŜ hL9 ŀǊŜ 

committed to are; bettering perceptions on the use of antimicrobials, improving 

surveillance and research, encouraging better governance with respect to AMR and 

implementation of agreed international standards.  
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The scale of the impact has been epitomised by it reaching the highest levels of the 

global political landscape, namely the United Nations, when in 2016 the 71st General 

Assembly adopted a resolution aimed at combating the threat of antimicrobial 

resistance, as well as the G7 and G20 groups of nations (OIE, 2016). In addition to 

major strategic and monitoring reports being published by the high profile 

organisations such as the WHO, the FAO and the OIE, they have also worked jointly 

on the compiling of a list of antimicrobials according to their importance in the areas 

of human and veterinary medicine.  

In 2005, the WHO presented their listings of antimicrobials and their importance in 

human medicine at a meeting in Canberra, Australia. Here, antimicrobials were 

grouped according to levels of importance; critically important, highly important and 

important (World Health Organisation, 2005). The list has been revised every other 

year since the original document was published in 2005.  

Similarly, in May 2007 the OIE published a similar document at their 75th General 

Assembly (FAO/OIE/WHO, 2008), whereby antimicrobials were designated to be 

critically important, highly important or important in veterinary medicine, with the 

range of animal species being treated within veterinary medicine being accounted 

for.  

 

1.4.2 European interventions   

 

Doyle et al. (2013) state that the Swann Report of 1969, a UK parliamentary report, 

was the first extensive enquiry into the impact of the use of antimicrobial agents in 

the agricultural sector on the health of the human population. The report came to a 

number of conclusions, however it emphasised that the extensive use of 

antimicrobials in food producing animals was a hazard for human health (Swann et 

al, 1969). Following the recommendations within the report, the UK, Europe and 

Australia abolished the use of tetracyclines, penicillin and streptomycin, which were 

being used as growth promotors in agriculture. Other classes of antimicrobials began 

to be used in their place, such as virginiamycin and avilamycin (Barton, 2000). Europe 

was the first to lead the way in taking action on the use of antimicrobials being used 
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as performance and growth enhancers in animal feed. In 1986, Sweden became the 

first country to enact a ban on their use, and by 1988 had also introduced a 

prohibition on more generalised use of prophylactic AMU in agriculture. As a result, 

there was a reduction of antimicrobials sold for use in agriculture in Sweden from an 

average of 45 tonnes to an estimated 15 tonnes in 2009. Similar moves were made 

by the Danish government in the early 1990s (Cogliani et al., 2011). In 1995, the EU 

introduced a ban on the remaining four antimicrobial agents available for use in 

growth promotion; bacitracin, spiramycin, tylosin and virginiamycin in 1999 (Casewell 

et al., 2003). This left only avilamycin, flavomycin, monensin and salinomycin 

available for use as growth promotors in animal feed in the EU, but it was decided by 

the European Commission that these too should be phased out and a ban was 

introduced on 1st January 2006. Following this, direct application of antibiotics or use 

in medicated feed is only allowed under veterinary prescription (Anadon, 2006). It is 

largely accepted that the bans imposed in Europe made a significant contribution in 

the phasing out of growth promoting antimicrobials. Denmark has been widely 

regarded as having one of the best AMU surveillance procedures in Europe, and it 

has been shown that their use had fallen from 100 tonnes to zero by 2000 (Phillips, 

2007). Many surveillance programmes and strategies have been introduced in the EU 

since, but more recently, a proposal to limit the availability of antimicrobials deemed 

to be critical in human medicine for use in veterinary medicine, came into effect in 

January (European Commission, 2018; More, 2020).  

In the last 20-30 years, a number of governmental and medical research institute 

reports have been commissioned across the world. The common conclusion is that 

the key to mitigate the impact and development of AMR is to implement meaningful 

surveillance, greater commitment to research and infection control (to prevent AMU 

in the first place) and to encourage more prudent use of antimicrobials across human 

and livestock populations and the environment (Wise, 2002).  
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1.4.3 United KingdomΩǎ response 

 

As referenced to earlier, the Swann Report of 1969, commissioned and produced in 

the United Kingdom (UK), was the first scientific report on the risks that AMU in the 

livestock industry posed to public health (Begemann et al., 2018). Furthermore, the 

UK was seen to continue international leadership in the area through the publication 

ƻŦ ǘƘŜ hΩbŜƛƭƭ ǊŜǇƻǊǘ ƛƴ нлмсΣ ŀǎ ŀƭƭǳŘŜŘ ǘƻ ǇǊŜǾƛƻǳǎly. The report made seven 

recommendations, including promoting increased global awareness of antimicrobial 

resistance, reduction of unnecessary use of antimicrobials in agriculture and 

improved global surveillance of AMU and AMR όhΩbŜƛƭƭΣ нлмсύ. The report would 

influence policy not only in the United Kingdom, but also on a global level. In 2013, 

the UK government had outlined a five year AMR strategy, to be renewed in 2018, 

which brought together governmental departments concerning agriculture and the 

environment, health, associated public health agencies and their subsidiaries. 

IƻǿŜǾŜǊΣ ǘƘŜ hΩbŜƛƭƭ ǊŜǇƻǊǘ ǇǊƻǾƛŘŜŘ ŀ ǎƻ ŎŀƭƭŜŘ ΨŎŀǘŀƭȅǘƛŎ ƛƳǇŀŎǘΩΣ ǿƘƛŎƘ ǊŜŎŜƛǾŜŘ 

more attention than the original strategy itself (Blake et al., 2022).  

In response, the Responsible Use of Medicines in Agriculture Alliance (RUMA), which 

was originally established in the UK ƛƴ мффт ǘƻ άǇǊƻƳƻǘŜ ǘƘŜ ƘƛƎƘŜǎǘ ǎǘŀƴŘŀǊŘǎ ƻŦ 

ŦƻƻŘ ǎŀŦŜǘȅΣ ŀƴƛƳŀƭ ƘŜŀƭǘƘ ŀƴŘ ŀƴƛƳŀƭ ǿŜƭŦŀǊŜέΣ ƻǳǘƭƛƴŜŘ ǘŀǊƎŜǘǎ ŀƴŘ ƎǳƛŘŜƭƛƴŜǎ ǘƻ 

ƘŜƭǇ ǘƘŜ ƭƛǾŜǎǘƻŎƪ ǎŜŎǘƻǊ ƳŜŜǘ ǘƘŜ ǊŜŎƻƳƳŜƴŘŀǘƛƻƴǎ ƻŦ ǘƘŜ hΩbŜƛƭƭ ǊŜǇƻǊǘΦ ¢ƘŜ w¦aA 

Targets Task Force guidance helped the UK achieve a 52% decrease in AMU across 

the entire livestock sector between 2014 and 2020, with updated guidance and 

targets published for 2021-2024 (RUMA, 2022). A key element of the ¦YΩǎ 

surveillance system is the annual publication of the Veterinary Antimicrobial 

Resistance and Sales Surveillance (VARSS) report, compiled and published by the 

Veterinary Medicines Directorate (VMD). This report outlines key data relating to the 

sales of antimicrobials in livestock and AMR monitoring of bacteria (Bennani et al., 

2021).  
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1.5 The dairy industry  

 

The latest available global data shows that in 2019, global milk production stood at 

883 million tonnes (81% produced by cattle). Of this output, Asia and Europe 

accounted for 42% and 26% in milk production respectively (FAO, 2021). The 

European Union dairy herd (ex-UK) stood at 20.5 million cows in 2020 while the UK 

milking herd was made up of 2.62 million cows (AHDB, 2022).  

From their analysis of global trends, Tiseo et al., (2020) estimated AMU across food 

producing animals. Measures of AMU were presented as milligrams of active 

antimicrobial ingredient used per population correction unit (mg/PCU). This metric 

takes the size of the animal population into account using estimated weights of food 

producing animals (Veterinary Medicines Directorate, 2016). The authors estimated 

that in 2017, cattle (all dairy and beef) accounted for the smallest proportion of AMU 

of the food producing animals included in their work (swine, poultry and cattle). The 

authors found AMU for cattle to be at 42mg/PCU, compared with 193mg/PCU and 

68mg/PCU for swine and poultry respectively. In a paper by Kuipers et al., (2016) the 

authors conducted a long term study into AMU from 2005 to 2012 in 94 dairy herds 

in the Netherlands, with data being obtained from veterinary sales data from each 

herd. Between 2005 and 2012, the use of third and fourth generation cephalosporins 

and fluoroquinolones fell from 18% of overall use to only 1%. This reduction however 

brought abouǘ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǳǎŜ ƻŦ ǇŜƴƛŎƛƭƭƛƴ ŀƴŘ ƻǘƘŜǊ ʲ-lactam products as well as 

broad spectrum products such as trimethoprim/sulfonamide combinations. 

Elsewhere, a study on Canadian dairy farms (Saini et al., 2012) ŦƻǳƴŘ ǘƘŀǘ ʲ-lactams 

were the most widely used antimicrobial class across 84 dairy herds. It was noted that 

cephalosporins, tetracyclines, trimethoprim/sulfonamide based antimicrobials and 

lincosamides were frequently used (in descending order of use). Additionally, they 

concluded that the use of fluoroquinolones was relatively low. 

 

Within the UK, it was found that the use of antimicrobials in the dairy industry was 

lower than that of the average across the livestock sector as a whole, with an average 

of 22.11 mg/PCU across a convenience sample of 358 dairy farms. It was found that 
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the most commonƭȅ ǳǎŜŘ ŀƴǘƛƳƛŎǊƻōƛŀƭ ǇǊƻŘǳŎǘǎ ǿŜǊŜ ʲ-lactams and 

aminoglycosides, representing 42.8 % of ingredient mass (mg) and 20.9% 

respectively. Fluoroquinolone use along with third and fourth generation 

cephalosporin use accounted for an overall low proportion of use in terms of 

antimicrobial active ingredient (Hyde et al., 2017).  

Within the dairy industry, the main usage of antimicrobials is in the treatment of 

mastitis, which can occur either during lactation or dry period (Swinkels et al., 2015) 

and is widely regarded as one of the most costly diseases within the dairy industry 

worldwide (Hand et al., 2012). Mastitis is the term used to describe an inflammatory 

disease of the mammary gland and is the result of entry of infectious agents and 

subsequent colonisation of the mammary gland, with the inflammatory response 

presenting itself as a result of a pathophysiological reaction to the presence of the 

infectious agents (Biggs, 2009). The aetiology of mastitis is almost always of bacterial 

origin (Royster and Wagner, 2015). In the United Kingdom, it has been determined 

that only five bacterial species account for 80% of mastitis diagnoses; Escherichia coli, 

Streptococcus uberis, Streptococcus agalactiae, Streptococcus galactiae and 

Staphylococcus aureus (Bradley, 2002). As a result of mastitis being of relatively high 

prevalence in dairy herds, this disease constitutes the main source of AMU. Many 

studies considering AMR in dairy often focus on mastitis causing pathogens, or 

opportunistic pathogens of the mammary gland.  

 

1.5.1 Associations between antimicrobial use and resistance  

 

Although there has been a great deal of work done to quantify AMU on dairy farms 

and changes in use over time, work focusing on the differences in AMU between 

farms and resistance patterns is limited. A study by Saini et al., (2013) which followed 

up on previous work quantifying AMU, found that there was an association between 

AMR in E. coli isolated in bovine mastitis cases and antimicrobials commonly used on 

Canadian dairy farms. In this work, the authors sampled individual cows on a quarter 

level basis according to three experimental groups; (i) those identified as having 

clinical mastitis, which were sampled prior to and following antimicrobial treatment, 



40  

 

(ii) non-clinical, healthy cows and (iii) pre-drying off and post calving cows. A total of 

394 quarter level samples were obtained across 76 dairy farms which were believed 

to be geographically representative of Canadian farms. By sampling clinical mastitis 

cases, the authors were actively selecting for pathogens which are the primary cause 

of AMU on dairy farms, rather than a broad overarching surveillance programme.   

¢ƘŜ ŀǳǘƘƻǊǎ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŀǘ ǘƘŜ ǳǎŜ ƻŦ ʲ-lactam antimicrobials were associated 

with an increased frequency of E. coli isolates showing intermediate resistance or 

higher to aminoglycoside based products, ampicillin and trimethoprim/sulfonamide 

combinations. In work elsewhere, Catry et al., (2016) carried out a two year  

antimicrobial susceptibility study evaluating isolates of E. coli sampled from the 

digestive tracts of 10 dairy, 10 beef and 5 veal herds in Belgium, with study groups 

ranging from 144 to 594 individuals. Milk sampling would have been inappropriate 

due to the inclusion of beef and veal study groups. A notable finding was that higher 

use of antimicrobials had a strong influence over the frequency of AMR in E. coli. 

Higher levels of AMU were found amongst veal herds compared to dairy and beef, 

but the authors concluded that this increased the incidence of AMR in commensal 

and pathogenic bacteria.  

  

Research of interest has been carried out in South Korea investigating changes in 

antimicrobial susceptibilities of Gram-negative bacteria, including E. coli, isolated 

from cases of bovine mastitis over an extended period. Nam et al., (2009) found no 

significant change in the incidence of AMR in Gram-negative bacteria between 2003 

and 2008. In total, 841 Gram-negative isolates were retrieved, of which 161 were       

E. coli. The authors noted that the lack of any significant change in antimicrobial 

susceptibilities across such a long monitoring period was unexpected. A similar 

longitudinal style study from South Korea investigating the antimicrobial 

susceptibilities of E. coli isolates (n= 374) between 2012 and 2015, also found no 

significant changes in the incidence of AMR during this time. However, it was noted 

that the rates of resistance were similar when compared with the aforementioned 

2009 study (Tark et al., 2017). These studies had no data on AMU for the cows or 

herds from which samples had been taken. Therefore, the effect that differences in 

AMU may have on the results relating to the incidence of resistance in these studies 



41  

 

is unknown. Given the role that AMU has been found to play in the emergence of 

AMR, consideration of both these areas is important in any surveillance programme, 

with additional research being required to determine the relationships between 

these at the farm level. Although there has been a great deal of work done to quantify 

AMU on dairy farms and changes in use over time, work focusing on the differences 

in AMU between farms and resistance patterns is limited. A study by Saini et al., 

(2013) which followed up on previous work quantifying AMU, found that there was 

an association between AMR in E. coli isolated in bovine mastitis cases and 

ŀƴǘƛƳƛŎǊƻōƛŀƭǎ ŎƻƳƳƻƴƭȅ ǳǎŜŘ ƻƴ /ŀƴŀŘƛŀƴ ŘŀƛǊȅ ŦŀǊƳǎΦ CǳǊǘƘŜǊƳƻǊŜΣ ǘƘŜ ǳǎŜ ƻŦ ʲ-

lactams were associated with an increased frequency of E. coli isolates showing 

intermediate resistance or higher to aminoglycoside based products, ampicillin and 

trimethoprim/sulfonamide combinations. In a two year antimicrobial susceptibility 

study evaluating isolates of E. coli sampled from the rectum of 10 dairy, 10 beef and 

5 veal herds in Belgium, a notable finding was that higher use of antimicrobials had a 

strong influence over the frequency of AMR in E. coli (Catry et al., 2016).   

 

Research of interest has been carried out in South Korea investigating changes in 

antimicrobial susceptibilities of Gram-negative bacteria, including E. coli, isolated 

from cases of bovine mastitis over an extended period. Nam et al., (2009) found no 

significant change in the incidence of AMR in Gram-negative bacteria between 2003 

and 2008. A similar study from South Korea investigating the antimicrobial 

susceptibilities of E. coli as well as characterizing extended-ǎǇŜŎǘǊǳƳ ʲ-lactamases 

between 2012 and 2015, also found no significant changes in the incidence of 

resistance levels during this time. However, it was noted that the rates of resistance 

were lower when compared with the aforementioned 2009 study (Tark et al., 2017). 

These studies had no data on AMU for the cows or herds from which samples had 

been taken. Therefore, the effect that differences in AMU may have on the results 

relating to the incidence of resistance in these studies is unknown. The relationships 

between patterns of AMU and AMR will help to form part of an overall surveillance 

programme. Additional research is required to determine the exact relationship 

between on farm AMU and AMR.  
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1.6 Farm management  

 

In addition to AMU, the influence of farm management system (e.g. conventional vs 

organic) on AMR has been proposed and it is suggested that management is the most 

important factor related to resistance after AMU (Murphy et al., 2018). These authors 

noted that although conventional and organic systems were identified as a point of 

importance, these systems may represent a range of many practices relating to farm 

management, such as housing, biosecurity and farm density. Such factors may play 

an important role in the emergence of AMR, either through direct associations or 

indirectly, by encouraging increased AMU. 

In one study, it was found that when compared with conventional dairy farms (n= 

30), there was a significantly lower level of resistance in isolates of E. coli cultured 

from faecal samples from organic dairy herds (n=30) (Sato et al., 2005). In a more 

recent study from Germany comprising a larger number of farms (303 organic and 

372 conventional systems) investigated the incidence of methicillin-resistant 

Staphylococcus aureus. It was found to be more frequently isolated from the bulk 

tank milk of conventional dairy farms than from organic systems (Tenhagen et al., 

2018). Although these findings may be simply related to differences in AMU, these 

farming systems represent differences which farm management can play when 

considering AMR. This therefore highlights the potential for further detailed 

simultaneous investigation of both AMU and general farm management practices to 

fully understand the dynamics of AMR on dairy farms. 

 

1.7 Antimicrobial resistance monitoring and surveillance  

  

The potential risk for the emergence and dissemination of AMR between bacteria 

and amongst hosts warrants judicious monitoring of bacterial susceptibilities. The 

implementation of surveillance procedures allows for informed decision making to 

occur, including directing new policy approaches as well as informing the direction of 

future surveillance. Laboratory generated data allows for determination of 

susceptibility or resistance of bacteria to antimicrobials, allowing for new or emerging 
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trends to be monitored longitudinally and/or in areas of geographic interest 

(Johnson, 2015).  

 

1.7.1 Sampling methods 

 

When studying or monitoring AMR in the dairy environment, there are a number of 

options available in terms of sampling, such as individual quarter milk samples 

(Thomas et al., 2015) or faecal/bedding samples taken from housing facilities or the 

wider farm environment (Alzayn et al., 2020). However, it has been suggested that 

ōŀŎǘŜǊƛŀ ƛǎƻƭŀǘŜŘ ŦǊƻƳ Ƴƛƭƪ ǎŀƳǇƭŜǎ ǘŀƪŜƴ ŦǊƻƳ ǘƘŜ ŦŀǊƳΩǎ ōǳƭƪ ǘŀƴƪ Ƴŀȅ ōŜ ƻŦ ǾŀƭǳŜ, 

which represents a convenient sampling method and has been assumed to be is 

representative of the herd population and its environment (Berge et al., 2007). Many 

studies into AMR on dairy farms report using bacteria isolated from bulk tank milk, 

across a range of bacterial species (Del Collo et al., 2017; Kreausukon et al., 2012).  

 

1.7.2 Sentinel bacteria   

 

One way to carry out surveillance on antimicrobial resistance and monitor trends or 

developments is by using sentinel bacterial species. The Danish Integrated 

Antimicrobial Resistance Monitoring and Research Programme (DANMAP) use 

Enterococcus spp. and Escherichia coli as proxy sentinel bacterial species in the 

monitoring of AMR. The former allow for monitoring of resistance in Gram-positive 

bacteria, with E. coli allowing for monitoring of resistance in Gram-negative bacteria. 

These bacterial species hold value for a number of reasons. Firstly, they are 

ubiquitous in the environment of livestock. Secondly, they form part of the natural 

makeup of the host microbiota in the gastrointestinal tract in both animals and 

humans. Finally, they can rapidly acquire and develop resistances to a range of 

antimicrobial agents and therefore have the ability to disseminate them across the 

bacterial population to members of the same species but also to others as a result of 

bacterial gene transfer (Borck Høg et al., 2016). Therefore, the use of these indicator 

bacterial species play an important part of studies in AMR patterns. It is for these 
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reasons that Enterococcus spp. and E. coli are the focus of investigations in AMR in 

this thesis.  

 

1.7.3 Enterococcus spp.  

 

The Enterococcus are a genus of bacteria of significant interest in both the fields of 

medicine and science. Enterococcus are categorised as Gram-positive, oxidase and 

catalase negative, non-spore forming bacteria and are naturally present in a range of 

environments including water, soil, and form part of the natural microflora of the 

gastrointestinal tract of both humans and animals. Crucially, Enterococcus have been 

found to be part of the normal microbiota of unpasteurised milk ό2ŀƴƛƎƻǾł Ŝǘ ŀƭΦΣ 

2016). Over the past number of decades, Enterococcus spp. have become a major 

cause of infections associated with medical treatment with the UK reporting a 60% 

increase in bloodstream infection of Enterococcus origin between 2002 and 2007 

(Heimer et al., 2014).  

Enterococcus spp. hold particular interest with regards to AMR due to the fact that 

they are inherently resistant to a range of antimicrobial agents, such as 

cephalosporins, penicillin derivatives, lincosamides and aminoglycosides. Due to the 

selective pressure of AMU, resistance among Enterococci have emerged to a number 

of other agents, such as streptogramins and tetracycline (Heimer et al., 2014). 

Jackson et al., (2011) found that amongst E. faecalis, resistance to lincomycin was 

highest at 97.8% of isolates, with the next highest resistance being to tetracycline at 

12.2%. E. faecium showed high levels of resistance against flavomycin (88.2%) and 

lincomycin (81.2%) but a lower level of resistance to tetracycline (8.2%). When E. 

durans was tested, 100% resistance (of 22 E. durans isolates) were resistant to 

lincomycin and 36.4% of isolates were resistant to flavomycin and tetracycline. In a 

separate study (Nam et al., 2009), it was found that the most common resistances 

among Enterococcus spp. isolates were to tetracycline (69.5%), penicillin (64.7%) and 

erythromycin (57.1%). These results suggest the need for further surveillance of AMR 

patterns to better monitor any changes or the emergence of new resistances. 
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1.7.4 Escherichia coli   

 

Escherichia coli are Gram-negative, rod shaped bacilli belonging to the Escherichia 

genus and are a part of a group of bacterial species known as coliforms. With respect 

to research in the area of dairy science, E. coli represent a significant proportion of 

coliform species associated with mastitis (Suojala et al., 2013), acting as an 

opportunistic pathogen of the udder. E. coli play an important role as commensal 

bacteria in the gastrointestinal tracts of humans and animals, meaning that E. coli has 

a considerable presence in the faecal content of dairy cows. It is therefore 

widespread in the dairy environment (Keane, 2016). 

Much work has been carried out on the antimicrobial susceptibility of E. coli 

implicated in bovine mastitis, with a large degree of variability in results between 

studies. A study undertaken by άVetPathέ, a pan-European association that provides 

monitoring of AMR in livestock, reported that E. coli isolates were most commonly 

resistant to the antimicrobial agents cefapirin (11.1% of isolates) and 14.3% of 

isolates were resistant to tetracycline. Other antimicrobial agents were also tested 

with isolates showing either zero or minimal levels of resistance towards them 

(Thomas et al., 2015). A study by (Suojala et al., 2011) in Finland reported 27.8% of 

144 E. coli isolates showed resistance to at least one antimicrobial, with multidrug 

resistance being seen in 20.1% of isolates. In this study isolates were most commonly 

resistant to ampicillin, streptomycin, tetracycline and sulfametoxazole (18.6%, 

16.4%, 15.7% and 13.6% respectively). A 2007 study from the USA (Srinivasan et al., 

2007) found extremely high levels of resistance amongst E. coli to antimicrobials 

commonly used in veterinary medicine. It was found that all isolates were deemed 

multi-drug resistant with 98.4% of isolates being resistant to ampicillin, 40.3% 

resistance for streptomycin and 24.8% for tetracycline. Therefore, conclusions were 

drawn that E. coli may represent an important reservoir of AMR genes and allow for 

propagation of resistance amongst commensal and pathogenic bacterial populations. 

This in itself highlights the importance of E. coli as a sentinel bacteria in AMR 

monitoring programmes. 
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1.8 Methods of measuring antimicrobial resistance  

 

Determination of AMR can be achieved through a number of methods, but can be 

grouped according to phenotypic or genotypic assessment of resistance (Anjum, 

2015). The most frequently employed approach is via phenotypic identification, 

where bacteria are grown in the presence of antimicrobial agents. Molecular based 

methods are growing in popularity, for example, through the use of genetic 

sequencing (Feldgarden et al., 2019). This allows for the identification of AMR related 

genes which could be passed on throughout the bacterial population via horizontal 

gene transfer (von Wintersdorff et al., 2016). Classification of these genes and a high 

sample throughput are key benefits of a molecular approach (Kaprou et al., 2021).  

In contrast, phenotypic methods in the determination of AMR have been well 

established and standardised (Qi et al., 2006) via antimicrobial susceptibility testing 

(AST). A number of individual methods employing this approach exist, such as agar 

disc diffusion, agar dilution and broth macrodiluton or microdilution (Jenkins and 

Schuetz, 2012). AST regimens which determine the minimum inhibitory 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ όaL/ύ Ǿƛŀ Řƛƭǳǘƛƻƴ ƳŜǘƘƻŘǎ ŀǊŜ ǿƛŘŜƭȅ ǊŜŎƻƎƴƛǎŜŘ ŀǎ ǘƘŜ ΨƎƻƭŘ ǎǘŀƴŘŀǊŘΩ 

(Schumacher et al., 2018). The MIC is a measure of the lowest concentration of an 

antimicrobial needed to inhibit growth of microbes, such as bacteria (Ericsson and 

Sherris, 1971). Broth microdilution (BMD) is one of the most widely used methods in 

the determination MICs of bacterial isolates (Jorgensen and Ferraro, 2009) and 

utilises 2 fold serial dilutions of antimicrobials usually expressed in concentrations of 

µg/ml. Pure cultures of bacterial isolates are incubated in the presence of the 

antimicrobial agent and the MIC subsequently determined. The MIC measure 

however suffers from inaccuracies due to biological and assay variation, 

pharmacokinetic relationships, and also error around the 2 fold serial dilution 

(Mouton et al., 2018). Therefore, there is an accepted MIC error of ± one 

microdilution when considering the MIC of a given isolate (International Organization 

for Standardization, 2007). 
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Despite this and due to its widely recognised reputation as a gold standard of AMR 

determination, the MIC was used as a measure of resistance of bacterial isolates 

investigated throughout this PhD project.   

 

1.9 Aims and objectives 

 

In the context provided by this literature review, the overall aim of this research 

project was to further our understanding of the dynamics concerning AMR with a 

particular focus towards dairy farms. This was to be addressed through three main 

objectives.  

The first of these objectives was to investigate the associations between AMU and 

AMR via implementation of a longitudinal study utilising historic data. Investigation 

of  this aim is presented in Chapter 2 and was further explored in Chapter 6.  

The second objective was to investigate potential non-AMU related factors 

associated with AMR in the context of dairy herds through consideration of farm 

management practices. This was to be addressed via a cross sectional study as 

presented in Chapter 3.  

The third and final objective was to explore the viability of a novel laboratory 

approach utilising BMD which could be employed as part of a routine AMR 

monitoring programme through sampling of bulk tank milk. This work is outlined and 

presented across Chapters 4 and 5. 
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2. Chapter 2; A longitudinal study of antimicrobial use and 

resistance 

 

2.1 Introduction  

 

In Chapter 1, the relationships between AMU and AMR were considered, whereby 

the selective pressures placed by antimicrobials on bacterial population leads to 

emergence of resistance. Further knowledge of the causal relationships which exist 

between AMU and AMR with specific reference to dairy herds would aid future 

decision making, both at the veterinary clinician and policy levels. Studies referred to 

in Chapter 1 present long term consideration of AMU and AMR both separately and 

together to establish trends and relationships. In this chapter, a longitudinal study of 

the associations between AMU and AMR is presented. AMU was inferred from 

veterinary sales records, and AMR measured in terms of the MICs of sentinel bacterial 

species; Enterococcus spp. and E. coli.  

A study population of sixteen dairy farms located on an isolated geographic location 

were recruited for study.  Existing contacts were already present between the PhD 

industrial partner (Quality Milk Management Services Ltd.) and the farmer owned 

dairy cooperative. Interest in research had already been expressed on both sides, so 

therefore represented an opportunity for convenient farm recruitment. Secondly, all 

dairy farms on the island supplied the farmer owned dairy cooperative with their 

milk, excluding one independent dairy enterprise. This therefore represented a 

unique opportunity for data capture of almost an entire population. Finally, 

restrictions on importation of cattle to the island meant that any potential patterns 

were arising solely within the study population. With the links between QMMS and 

the dairy cooperative having existed for some time, an archive of frozen bulk tank 

milk samples from individual farms had been stored at QMMS. This represented a 

pool of historic samples with the potential for a longitudinal study over a number of 

years to be carried out.  
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2.2 Materials and methods 

 

2.2.2 Farm recruitment  

 

Initial contacts between researcher (DM) and the dairy cooperative were facilitated 

by QMMS. Prior to this, farmers had been informed of a potential study, with their 

recruitment having been encouraged by the cooperative. Formal recruitment was 

organised by email and/or phone. Prior to the commencement of the study, there 

were a total of 19 dairy farms on the island. Two herds were undergoing a merger to 

form one unit and one farm was independent of the dairy cooperative. Therefore 17 

herds comprised the target population. Of these, 16 agreed to participate in the study 

(94% response rate). Farmers were asked to sign consent forms to agree their 

participation in the project and that all data shared during the course of the study 

would be confidential, anonymous and would be handled according to General Data 

Protection Regulation (GDPR) regulations. 

 

2.2.3. Farm Visits  

 

Farm visits, during which a questionnaire was carried out with farmers, will be further 

discussed in Chapter 3. In brief, an initial scoping visit to the island took place in 

January 2019. Visits were made to the dairy cooperative and the two veterinary 

practices wƘƛŎƘ ǇǊƻǾƛŘŜŘ ǎŜǊǾƛŎŜǎ ǘƻ ǘƘŜ ƛǎƭŀƴŘΩǎ ŘŀƛǊȅ ŦŀǊƳŜǊǎΦ CƻƭƭƻǿƛƴƎ Ǿƛǎƛǘǎ ǘƻ ŀƭƭ 

participating farms, veterinary practices were approached again for the purposes of 

antimicrobial sales data collection.  

 

2.2.4 Antimicrobial sales data 

 

       2.2.4.1 Data retrieval, sorting and collation  

 

Antimicrobial sales data were obtained from veterinary practice records as a proxy 

for on farm AMU. Data were collected from the two veterinary practices, 

representing the farmer client base. Across the sixteen farms recruited to the study, 
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there was an equal distribution of farmers across the two practices. The veterinary 

practices were initially contacted to inform them of the study. An initial in person visit 

was made to discuss the data needed and logistics for obtaining this. Veterinary 

records were held electronically on two different software programmes; ezyvetpro 

(ezofficesystems, Hampshire, UK) and teleosvet (Teleos Systems Limited, 

Birmingham, UK). For all farm accounts (eight at each veterinary practice) and on 

both systems, records were initially filtered by date to obtain records from April 2013 

to April 2019, and then by treatment type (antimicrobial). These records 

encapsulated AMU from at least one year before bulk tank samples began being 

archived at the laboratory (August 2014) until the point of data retrieval. Records 

were exported as comma separated values (CSV) files and saved electronically. The 

data output from this system included information relating to; date of sale/product 

prescribed, client details, treatment item (including quantity and type), prescribing 

veterinarian, product sale costs and a number of personal details related to the client. 

Data outputs from the second veterinary practice included information relating only 

to the clƛŜƴǘΩǎ ŀŘŘǊŜǎǎΣ Řŀǘŀ ƻŦ ǎŀƭŜκǇǊƻŘǳŎǘ ǇǊŜǎŎǊƛōŜŘ ŀƴŘ ŘŜǘŀƛƭǎ ǊŜƭŀǘƛƴƎ ǘƻ ǘƘŜ 

product (name, quantity and directions for use).  

In addition to antimicrobial purchases and prescriptions from their veterinary 

practice, six farmers indicated that they used an online veterinary medicine 

ŘƛǎǘǊƛōǳǘƻǊΦ ¢ƻ ƻōǘŀƛƴ ǘƘŜǎŜ ŘŀǘŀΣ ǘƘŜ ŘƛǎǘǊƛōǳǘƻǊ ǿŀǎ ŀǇǇǊƻŀŎƘŜŘΦ hƴŎŜ ŦŀǊƳŜǊΩǎ 

consent was granted and shared with the distributor, sales data were forwarded via 

email. These data included information relating to date of product 

purchase/dispense, quantity and a number of points of information relating to 

ŎƭƛŜƴǘΩǎ ǇŜǊǎƻƴŀƭ ƛƴŦƻǊƳŀǘƛƻƴΦ 

Data were handled in an Excel spreadsheet (Microsoft Excel, Microsoft Corporation, 

2016). From records obtained, data were cleaned by removing unnecessary 

information such as clinical indications and client details to leave that only relating to 

date, antimicrobial item and quantity used/dispensed. Raw data indicated whether a 

whole bottle or a specified volume of antimicrobial had been dispensed.  

CƻǊ ŜŀŎƘ ŦŀǊƳΩǎ ǊŜŎƻǊŘǎΣ ŎƻƭǳƳƴǎ ǿŜǊŜ ŀŘŘŜŘ ǘƻ ǊŜŎƻŘŜ ǘƘŜ ƛƴŦƻǊƳŀǘƛƻƴ ǇǊŜǎŜƴǘΦ 

Recoding included; a simplified product name/identifier, simplified quantity of 
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product (in ml) and information relating to the active ingredient(s) of each 

antimicrobial product. To define active ingredient information, a database produced 

by the Veterinary Medicines Directorate (Veterinary Medicines Directorate, 2019) 

was accessed , with the database being filtered to show products across four 

antimicrobial categories. The information for each antimicrobial product provided by 

this database allowed for determination of the active substance(s) and its 

pharmaceutical form (i.e. solution for injection, oral solution or intramammary 

suspension). This was used to define which active substance(s) constituted the 

product, and what antimicrobial class it belonged to e.g. ceftiofur (a cephalosporin) 

was assigned as a third generation cephalosporin. Where a product contained two or 

more active ingredients, each individual component of the product was defined in 

the same manner. Also provided in the Veterinary Medicines Directorate database 

were links to the product data sheets, which indicated the quantity of active 

ingredient contained per 1ml of solution, or in the case of intramammary suspension, 

per syringe, in milligrams. These data were used to calculate the total amount of 

antimicrobial active ingredient that was dispensed/purchased on a given instance. 

For each record entry from the sales data, the total amount of antimicrobial was 

calculated, in grams of active substance. Additionally, a calculation was made to 

determine antimicrobial amounts per cow, in which the total antimicrobial amount 

ŦƻǊ ŜŀŎƘ ǊŜŎƻǊŘ Ǉƻƛƴǘ ǿŀǎ ŘƛǾƛŘŜŘ ōȅ ǘƘŜ ƴǳƳōŜǊ ƻŦ Ŏƻǿǎ ƛƴ ǘƘŀǘ ŦŀǊƳΩǎ ƘŜǊŘΦ !ƭƭ ǎŀƭŜǎ 

records for the sixteen farms were collated and handled accordingly.  

 

       2.2.4.2 Descriptive and graphical analysis  

 

Following data handling, initial descriptive analysis was carried out to identify 

antimicrobial classes with the highest frequency of use between April 2013 and April 

2019 across all farms. Further descriptive analysis was carried out to assess the 

changes in AMU patterns within farms. For each farm, a measure of AMU was 

calculated using the Population Correction Unit (Veterinary Medicines Directorate, 

2016) in terms of mg/PCU, according to the formula; 
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x  mg / y  kg = mg/PCU 

 

where x is equal to antimicrobial in milligrams and y is equal to mass in kilograms of 

all dairy cows on the farm, using a standardised figure of 425kg for a dairy cow.   

A graphing procedure using the ggplot2 package (Wickham, 2016) in R (RStudio 

Team, 2020) allowed for a visual representation of AMU patterns for each farm. From 

the datasets prepared for each farm, data was transformed to include that relating 

to date and total antimicrobial (in grams) for each antimicrobial class only, and 

subsequently plotted quarterly (according to date data). Additionally, graphs were 

also produced for data relating to AMU on a per cow basis.  

 

2.2.5 Generation of antimicrobial susceptibility data  

 

       2.2.5.1 Recovery of bacterial isolates  

 

Isolates of Enterococcus spp. and E. coli were recovered from frozen bulk tank milk 

samples stored by the laboratory since August 2014. Bulk tank samples had been 

archived annually until August 2018, after which samples were archived on a seasonal 

basis (November 2018; February 2019, August 2019 and November 2019). Both 

bacterial species were recovered from milk fat, which had been identified as an 

enriched culture medium. Bacterial cultures were subsequently grown on selective 

agars. Once defrosted, the milk was pre-incubated for two hours at 37°C. Following 

incubation, samples were inverted to allow the milk to mix. For each farm, 10-12ml 

of milk was transferred into three sterile falcon tubes which were then centrifuged 

for two minutes at 4000rpm. Once spun, each falcon tube provided enough milk fat 

to be spread across selective two of each selective agar plate. Slanetz and Bartley (SB) 

agar was used in the selection of Enterococcus spp. and Tryptone Bile X-Glucuronide 

(TBX) agar in the selection of E. coli. Sterile cotton swabs were used to take half the 

milk fat from each falcon tube, which was then distributed onto six SB and TBX agar 

ǇƭŀǘŜǎΦ !ǇǇǊƻȄƛƳŀǘŜƭȅ олл˃ƭ ƻŦ Ƴƛƭƪ ǎǳǇŜǊƴŀǘŀƴǘ ǿŀǎ ŀŘŘŜŘ ǘƻ ŜŀŎƘ ǇƭŀǘŜ ǘƻ ŀƭƭƻǿ ŦƻǊ 

better spreading of fat. The contents of each plate were mixed using a spreader to 
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create a smooth consistency and then spread evenly across the whole plate. Once 

dry, plates were incubated for 48-72 hours at 44°C and checked after 48 hours for 

growth. At 48 hours, any plates that lacked growth were discarded. Plates that did 

not have significant growth were left until 72 hours had elapsed and rechecked. In 

addition to TBX agar, liquid growth media were also used in the recovery of E. coli. 

CƻǊ ŜŀŎƘ ŦŀǊƳΩǎ ōǳƭƪ ǘŀƴƪ ǎŀƳǇƭŜΣ мƳƭ ƻŦ Ƴƛƭƪ ǿŀǎ ƛƴŎǳōŀǘŜŘ ƛƴ рƳƭ ƻŦ 

Enterobacteriacae enrichment (EE) broth for 18-24 hours at 44°C. For each farm, 

ŀƭƛǉǳƻǘǎ ƻŦ нлл˃ƭ ŀƴŘ рлл˃ƭ ƻŦ ōŀŎǘŜǊƛŀƭ ǎǳǎǇŜƴǎƛƻƴ ǿŜǊŜ ǇƭŀǘŜŘ ƻƴǘƻ ¢.· ŀƴŘ ±w.D 

agar.  

Following the incubation period, plates that featured significant growth of 

contaminants (i.e. where two or more contaminant colonies were identified 

morphologically) were discarded. Eight to ten colonies of Enterococcus spp. and E. 

coli per farm were selected from the six SB or TBX plates. Colonies were selected by 

visual assessment of morphology. When there was growth across all six plates, 

colonies were selected from all plates to obtain a variety of strains. If any TBX plates 

(plated from milk fat) did not grow sufficient colonies, TBX and VRBG plates, which 

had been plated from EE broth, were checked for colony growth. 

Species identification was subsequently confirmed through Matrix-Assisted Laser 

Desorption Ionization/Time of Flight Mass Spectrometry (MALDI-TOF MS) using 

Biotyper 3.1 (Bruker Daltonics, Coventry, UK). Bruker sheets, which represented the 

layout of the MBT Biotarget 96 plates (comprising 96 sample positions) used by the 

MALDI for bacterial identification, were labelled according to the plates and colonies 

previously identified. For each MALDI run, the first spot on the plate was reserved for 

an E. coli control, and the second was left blank as negative control. Samples were 

placed on a target spot using a cocktail stick. Colonies were touched lightly, then 

transferred to the spot and spread down. This was repeated for all bacterial colonies 

to be identified. A 1µl aliquot of 70% formic acid was pipetted on each spot and left 

to dry. Once dry, the plate was matrixed by pipetting 1µl of Bruker Matrix HCCA 

όI//!Τ ʰ-Cyano-4-hydroxycinnamic acid) on top of each spot and left to dry. While 

drying, the MALDI Biotyper software was prepared for bacterial identification. Details 

of the Bruker sheet labelled previously were transferred to a pre-prepared Excel 
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spreadsheet, copied into the software and a new classification and project file 

created. Once ready, the target plate was placed into the MicroflexTM mass 

spectrometer and loaded into the machine. Once the vacuum was ready, the 

procedure was run. Once completed, results were displayed in the software and 

copied to an Excel spreadsheet, saved to a USB and printed for future reference.  

Colonies that were identified as being either Enterococcus faecalis, Enterococcus 

faecium, Enterococcus durans or E. coli were accepted for pure plating. At least six 

colonies were required for AST. If six colonies could not be obtained, milk samples 

were handled according to the method previously stated, using milk remaining in the 

500ml sample which had been stored frozen. If none of the attempts to recover at 

least six Enterococcus spp. or E. coli colonies were successful, then a further milk 

sample was requested for processing at the next available date, which was usually 2 

weeks after the initial delivery. This was, however, only possible for bulk tank samples 

arriving on and after August 2018. Following recovery, isolates selected for testing 

were pure plated on Columbia (5% sheep blood) agar and labelled according to 

sample ID, species and farm. Pure plates were placed in cold storage (approximately 

4°C) with isolates being subsequently suspended on glycerol beads and stored at -

80°C using the Protect Microorganism Preservation System (Technical Service 

Consultants Ltd, Heywood, UK) until ready for antimicrobial susceptibility  testing. 

Table 2.1 outlines for which bulk tank milk samples each bacterial species were 

isolated and cultured for. Recovery of E. coli from archived frozen samples was 

unsuccessful. 
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Table 2.1. An outline of bacterial species recovered from historic samples according to the 
period bulk tank milk samples were received by the laboratory. 

 

 

        2.2.5.2 Antimicrobial susceptibility testing  

 

All AST was carried out between October and December 2019. Bacterial isolates to 

be tested were pure plated onto fresh Columbia (5% sheep blood) agar from those 

which had been in cold storage following bacterial recovery. Where contamination 

had occurred or if the isolates could not be revived, isolates suspended on glycerol 

beads frozen at -80°C were used for the pure plating process. All plates were labelled 

accordingly. When plating from cold stored isolates, a 10µl loop was used to transfer 

a portion of the colony onto the new plate, and was spread over a quarter of it, 

allowing for four samples per plate. Where bacteria were plated from glycerol beads, 

a single bead was selected using a bead pick and spread across a quarter section of 

the plate. Once plates were prepared, they were incubated for 18-24 hours at 37°C. 

Following incubation, isolates were ready for AST, following the steps outlined by 

¢ƘŜǊƳƻŦƛǎƘŜǊΩǎ {ŜƴǎƛǘƛǘǊŜ ǇǊƻŎŜŘǳǊŜ (Thermo Scientific; Massachusetts, USA), in 

which results are generated as minimum inhibitory concentrations (MICs). For each 

sample, sterile cotton swabs were used to transfer bacteria from the pure plates into 

a vial of demineralised water. A standard bacterial suspension in demineralised water 

equalling a 0.5 MacFarland turbidity standard, equalling an optical density of 

Sample delivery date E. coli Enterococcus spp. (E. 
faecalis, E. faecium & E. 

durans) 

August 2014 x V 

August 2015 x V 

August 2016 x V 

August 2017 x V 

August 2018 V V 

November 2018 V V 

February 2019 V V 

August 2019 V V 

November 2019 V x 
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bacterial suspension of 1.5 x 10 8̂ colony forming units (CFU/ml) was determined 

according to a Sensititre Nephelometer (Thermo Scientific, Massachusetts, USA). For 

Enterococcus spp. ƛǎƻƭŀǘŜǎΣ ŀ ол˃ƭ ŀƭƛǉǳƻǘ ƻŦ bacterial suspension was added to a vial 

of 11.5ml of Mueller-Hinton broth. For E. coli ƛǎƻƭŀǘŜǎΣ ŀ мл˃ƭ ŀƭƛǉǳƻǘ ǿŀǎ ŀŘŘŜŘ ǘƻ 

the Mueller-Hinton broth. The vial was inverted two to three times to ensure mixing, 

after which the lid was replaced with a Sensititre single use dosing head. The vial was 

then placed in a Sensititre Automated Inoculation Delivery System (Thermo Scientific, 

Massachusetts, USA). A 96 well microdilution plate (Sensititre COMPGN1F) was 

ǎǳōǎŜǉǳŜƴǘƭȅ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ рл˃ƭ ƻŦ ōŀŎǘŜǊƛŀƭ ǎǳǎpension. The antimicrobials and 

the range of their respective concentrations across the COMPGN1F plate are 

provided in Table 2.2. 

Table 2.2. An outline of antimicrobials included on the COMPGN1F microdilution plate and 
their respective range of concentrations. 

 

Following inoculation of the plate, an aliquot of inoculant was taken from one of the 

ǇƻǎƛǘƛǾŜ ŎƻƴǘǊƻƭ ǿŜƭƭǎ ǿƛǘƘ ŀ м˃ƭ ƭƻƻǇ ŀƴŘ ǇƭŀǘŜŘ ƻƴǘƻ /ƻƭǳƳōƛŀ όр҈ ǎƘŜŜǇ ōƭƻƻŘύ 

agar as a test for inoculant purity, which was incubated for 18-24 hours at 37°C. An 

adhesive cover was placed over the plate and was incubated at 35°C for 18-20 hours. 

Following incubation, the plate was read using the Sensititre Vizion and SWINTM 

Antimicrobial  Concentration Range (µg/ml) 

Ampicillin 0.25 - 8 

Amoxicillin/Clavulanic Acid 0.25/0.12 ς 8/4 

Amikacin  4 ς 32 

Cefazolin 1 ς 32 

Cefovecin 0.25 ς 8 

Cefpodoxime 1 ς 8 

Ceftazidime  4 ς 16 

Cephalexin 0.5 ς 16 

Chloramphenicol 2 ς 32 

Doxycycline 0.25 ς 8 

Enrofloxacin 0.12 ς 4 

Gentamicin 0.25 ς 8 

Imipenem  1 ς 8 

Marbofloxacin 0.12 ς 4 

Orbifloxacin 1 ς 8 

Piperacillin/Tazobactam 8/4 ς 64/4 

Pradofloxacin 0.25 ς 2 

Tetracycline  4 ς 16 

Trimethoprim/Sulfamethoxazole 0.5/9.5 ς 4/76 
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software (Thermo Scientific, Massachusetts, USA). MIC results were then exported as 

text files and converted to Excel files. Individual result files and were collated in a 

master Excel file for later data handling and analysis. 

Further AST with Micronaut-S Mastitis 3 microdilution plates (Merlin, Bornheim-

Hersel, Germany) was carried out to provide a broader range of antimicrobials tested. 

Preparation of pure cultures was the same as previously described, as well as 

preparation of bacterial suspension in demineralised water. The range of 

antimicrobials and respective concentrations within the Mastitis 3 plate are provided 

in Table 2.3. For Enterococcus spp. ƛǎƻƭŀǘŜǎΣ ŀƴ ŀƭƛǉǳƻǘ ƻŦ млл˃ƭ ƻŦ ōŀŎǘŜǊƛŀƭ 

suspension was added to 11.5ml of Mueller-Hinton broth. For E. coli, an aliquot of 

рл˃ƭ ǿŀǎ ŀŘŘŜŘ ǘƻ aǳŜƭƭŜǊ-Hinton broth. Vial lids were replaced with single use 

Sensititre dosing heads and placed in the Sensititre Automated Inoculation Delivery 

System. The 96 well microdilution plate was split in two, allowing for two samples to 

ōŜ ǘŜǎǘŜŘ ǇŜǊ ǇƭŀǘŜΦ ¢ƘŜ ŦƛǊǎǘ пу ǿŜƭƭǎ ƻŦ ǘƘŜ ǇƭŀǘŜ ǿŜǊŜ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ млл˃ƭ ƻŦ 

ōŀŎǘŜǊƛŀƭ ǎǳǎǇŜƴǎƛƻƴΣ ǿƛǘƘ ǘƘŜ ǊŜƳŀƛƴƛƴƎ пу ǿŜƭƭǎ ōŜƛƴƎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ млл˃ƭ ƻŦ ǘƘŜ 

following sample to be tested. Following inoculation, the plates were handled and 

incubated in the same way as the COMPGN1F plates. After incubation, the plates 

were placed in the Sensititre Vizion, with MICs being read manually, due to lack of 

compatibility between Micronaut-S Mastitis 3 plates and the SWINTM reading 

software. Results were entered into an Excel spreadsheet for later analysis. 

 

Table 2.3. An outline of antimicrobials included on the Micronaut-S Mastitis 3 microdilution 
plate and their respective range of concentrations. 

        

Antimicrobial  Concentration Range (µg/ml) 

Ampicillin 4 - 16 

Amoxicillin/Clavulanic Acid 4/2 ς 32/16 

Cefazolin 4 ς 32 

Cefoperazon 2 ς 16 

Cefquinome 1 ς 8 

Erythromycin  0.125 ς 4 

Kanamycin/Cephalexin  4/0.4 ς 32/3.2 

Marbofloxacin  0.25 ς 2 

Oxacillin  1 ς 4 

Penicillin G 0.125 ς 8 

Pirlimycin  1 ς 4  
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2.2.5.3 Data Cleaning & Visual Analysis  

 

Following completion of AST, all data outputs were collated, sorted and cleaned. Raw 

output data from the SWINTM software consisted of sample IDs, organism and the 

MICs of all antimicrobials tested as well as interpretations of whether isolates were 

deemed susceptible, intermediate or resistant according to clinical breakpoints 

established by the Clinical and Laboratory Standards Institute (CLSI). Where CLSI 

breakpoints were not available, interpretative criteria provided by the European 

Committee on Antimicrobial Susceptibility Testing (EUCAST) were used. This was 

merged with a secondary Excel file containing information relating to sample IDs, 

farm name and a corresponding ID number, organism and sample delivery date. 

Sample ID was used as a common heading to allow for merging the datasets using 

the merge function included in the base package of R software. Raw outputs 

pertaining to the Micronaut-S Mastitis 3 microdilution plates had been collated in a 

separate master Excel file. This was merged with the previously merged file using the 

common heading of sample ID, resulting in a final data file containing necessary 

information relating to sample and farm identifiers, sample delivery dates, organism 

and MIC data for both sets of antimicrobials tested.  

To identify potential patterns in MIC data across the study period (August 2014 ς 

November 2019), data were visualised graphically. Due to the breadth of data 

obtained across six samples for Enterococcus spp. and E. coli for each of sixteen farms, 

across a six year monitoring period, an overview of trends was generated using a 

mean MIC. To overcome the differing MIC ranges of each antimicrobial tested, each 

MIC data point was first rescaled from its tested concentration range to a 

standardised scale. This meant the MIC values for all antimicrobials were rescaled to 

cover the same range. This approach was based on the number of microdilutions of 

each antimicrobial and calculated according to the following equation;  

 

ὔέȢέὪ άὭὧὶέὨὭὰόὸὭέὲί έὪ ὬὭὫὬὩίὸ ὪὶὩήόὩὲὧώ ὥὲὸὭὦὭέὸὭὧ

ὔέȢέὪ ὓὍὅί ύὭὸὬὭὲ ὥὲὸὭὦὭέὸὭὧί ὸὩίὸὩὨ ὶὥὲὫὩ
 

 ὔέȢέὪ άὭὧὶέὨὭὰόὥὸὭέὲί ὧέὲίὸὭὸόὸὭὲὫ ὸὬὩ ὓὍὅ 
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Following rescaling, the mean MIC of the six isolates from each sampling period for 

both bacterial species was calculated, providing a single MIC value for each 

antimicrobial (to aid analysis of trends over time).  

Following transformation of data, a graphical procedure of the mean MIC values was 

carried out using the ggplot2 package in R (Wickham, 2016). For each farm, two 

graphs were produced; one for each of the two bacterial species. Graphs were 

examined visually to identify potential patterns of interest. 

 

2.2.6 Analysis of associations 

 

The associations between AMU and bacterial MICs were investigated. The spread and 

variability of MIC data for all sampling periods were considered in terms of 

descriptive analysis across all antimicrobials tested.  A number of antimicrobials that 

varied little in terms of MIC across the entire period of 2014-2019 were identified, 

with these being deemed to be of little value in identifying possible associations with 

AMU. Antimicrobials considered in statistical analysis are shown in Table 2.4 and 

Table 2.5. 

Table 2.4. Antimicrobials included on the Sensititre COMPGN1F antimicrobial susceptibility 
plate which were selected for analysis, with their respective range of tested concentrations.  

Antimicrobial  Concentration Range (µg/ml) 

Ampicillin a,b 0.25 - 8 

Amoxicillin/Clavulanic Acid a,b 0.25/0.12 ς 8/4 

Doxycycline a,b 0.25 ς 8 

Enrofloxacin a,b 0.12 ς 4 

Gentamicin a,b 0.25 ς 8 

Marbofloxacin a 0.12 ς 4 
a Antimicrobials tested against Enterococcus spp. 
b Antimicrobials tested against E. coli 
 

Table 2.5. Antimicrobials included on the Micronaut-S Mastitis 3 antimicrobial susceptibility 
plate which were selected for analysis, with their respective range of tested concentrations.  

Antimicrobial  Concentration Range (µg/ml) 

Cefquinome a,b 1 ς 8 

Erythromycin a 0.125 ς 4 

Penicillin G a 0.125 ς 8 
a Antimicrobials tested against Enterococcus spp. 
b Antimicrobials tested against E. coli 
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Prior to conducting statistical analysis, initial visual analysis was performed by 

constructing boxplots to explore the relationships between AMU and MICs. For MIC 

data, the mean MIC for each antimicrobial for each sampling period (as previously 

described) was used. For AMU, all data relating to each antimicrobial class, rather 

than individual antimicrobials was used to investigate associations with mean MICs 

of antimicrobials as outlined in Tables 2.4 and 2.5. The antimicrobial classes which 

were represented by selected antimicrobials were; ŀƳƛƴƻƎƭȅŎƻǎƛŘŜΣ ʲ-lactam, 

cephalosporin, fluoroquinolone, macrolide (Enterococcus spp. only) and tetracycline. 

For ŜȄŀƳǇƭŜΣ ǿƘŜƴ ŎƻƴǎƛŘŜǊƛƴƎ ŀƳǇƛŎƛƭƭƛƴ aL/ǎΣ !a¦ ƻŦ ŀƭƭ ʲ-lactam antimicrobials 

was used in analysis. A binary approach of whether or not the relevant antimicrobial 

class was used within the six months prior to the sample delivery date was utilised. 

Here, a άмέ ƛƴŘƛŎŀǘŜŘ ǳǎŜΣ ǿƘƛƭŜ άлέ ƛƴŘƛŎŀǘŜŘ ȊŜǊƻ ǳǎŜΦ ! ǎƛȄ ƳƻƴǘƘ Ŏǳǘ ƻŦŦ ǿŀǎ ǳǎŜŘ 

as an assumption that potential changes in MIC may be most likely to occur within 

this period of time.  

Subsequent statistical analysis of the associations between MICs and AMU was 

conducted using linear regression according to the following equation;  

 

ὣὭ ‍π  ‍ρὢὭ ÅÉÊ 

 

where ὣὭ represented the dependent variable (mean MIC), ‍π represented the 

intercept, ‍ρ denoted the coefficient, ὢὭ represented the independent variable 

(AMU) and ÅÉÊ represented the unknown error of the model. 

Data used for linear regression was in the same format as that used in the 

construction of boxplots. Linear regression models were constructed for all 

antimicrobial classes representing antimicrobials selected for analysis against 

Enterococcus spp. Boxplots highlighted extremely low variation between MICs and 

use/non-use of antimicrobial classes in E. coli isolates. Therefore, construction of 

linear regression models was deemed to be of little value. The cut-off for statistical 

significance of all linear regression models was defined as P<0.05.  
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A second level of modelling investigating associations between MICs and AMU for  

Enterococcus spp. was performed via a mixed effects approach. Raw AMU data from 

the six months prior to sample delivery (rather than a binary approach as previously 

described) was used to investigate differences between farms, where farm name was 

assigned as a random effect. The mixed effects linear regression models were built 

according to the equation;  

 

ὣὭ ‍π  ‍ρὢὭ 5Ê ÅÉÊ 

 

where ὣὭ represented the dependent variable (mean MIC), ‍π represented the 

intercept, ‍ρ denoted the coefficient, ὢὭ represented the independent variable 

(AMU), 5Ê denoted the separate effects of each mixed effect unit (farm unit) and ÅÉÊ 

represented the unknown error of the model. 5Ê and ÅÉÊ were assumed to be normally 

ŘƛǎǘǊƛōǳǘŜŘ ǿƛǘƘ ƳŜŀƴ Ґ л ŀƴŘ ǾŀǊƛŀƴŎŜ ʅu ƻǊ ʅe. 

Statistical significance was set using the t-value, in which a value of >1.96 or <-1.96 

were deemed significant (equivalent to P<0.05).  

Two further instances of statistical analysis were carried out using linear regression 

and mixed effects linear regression. These procedures were the same in principle as 

the initial analysis using total AMU as the independent variable and mean MIC as the 

dependent variable, but used two different metrics to measure AMU, rather than 

total AMU. The first of these subsequent analyses used the metric defined daily dose 

(DDD) and considered only use of intramammary tubes for lactating cows. The second 

used defined course dose (DCD) and considered use of intramammary tubes for 

lactating cows and the use of dry cow tubes. As with the initial statistical analysis of 

total AMU, use of these intramammary tubes in the six months prior to bulk tank 

sample delivery was considered in analysis.  
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2.3 Results 

 

2.3.1 Antimicrobial use descriptive results  

 

Analysis of veterinary sales records highlighted a high degree of variation between 

farms in terms of the quantities of antimicrobials used and the number of different 

antimicrobial classes used on each farm. These classes were; aminocoumarin, 

aminoglycosiŘŜΣ ʲ-lactam, cephalosporin, fluoroquinolone, lincosamide, macrolide, 

trimethoprim/sulfonamide and tetracycline. Four of the sixteen farms used all nine 

classes at least once during the six year period. The least variation in AMU was on 

one organic farm, where a maximum of five classes were used at least once across 

the period. The most commonly used antimicrobial classes across all farms were 

ŀƳƛƴƻƎƭȅŎƻǎƛŘŜǎΣ ʲ-lactams and cephalosporins, with these being used on 31%, 56% 

and 13% of farms respectively. Table 2.6 presents a summary of the proportions of 

use of the antimicrobial classes across all farms, with use given as a percentage of 

total AMU.  

Table 2.6. An outline of descriptive statistics of the variation of use between classes of 
antimicrobials, expressed as percentages of overall use, across all farms. 

Antimicrobial Class Range Mean Median 

Aminocoumarin 0-11.7 2.38 0.35 

Aminoglycoside 10.7-48.7 27.2 26.5 

ɰ-lactam 11.2-51 32.5 33.2 

Cephalosporin 3.1-43 18.8 18.4 

Fluoroquinolone 0-12.3 3.95 2.45 

Lincosamide 0-3.2 0.45 0 

Macrolide 0-7 1.98 1.3 

Trimethoprim/Sulfonamide 0-49 11.3 8.2 

Tetracycline 0-11.7 2.5 1.35 

 

!ƳƛƴƻƎƭȅŎƻǎƛŘŜ ǳǎŜ ŀŎǊƻǎǎ ŀƭƭ ŦŀǊƳǎ ǇǊƛƳŀǊƛƭȅ ƻŎŎǳǊǊŜŘ ƛƴ ŎƻƴƧǳƴŎǘƛƻƴ ǿƛǘƘ ʲ-lactam 

antimicrobials, either as an injectable solution or as an intramammary suspension in 

the treatment of bovine mastitis. Cephalosporin based antimicrobials were used in a 

range of both injectable solution and intramammary suspension based products. 
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Calculations of AMU across farms according to mg/PCU figures demonstrated 

variability between farms and are presented in Table 2.7 along with an overview of 

herd size. Mean AMU across all farms between 2014 and 2018 was 8.31 mg/PCU. 

Table 2.7. An overview of herd descriptives ŘŜǘŀƛƭƛƴƎ ƳƛƭƪƛƴƎ ƘŜǊŘ ǎƛȊŜ ŀƴŘ ǘƘŜ ŦŀǊƳΩǎ 
respective 5 year rolling measure of AMU (mg/PCU) entailing use for years 2014-2018. 

Farm ID Milking herd size 5 year AMU average 
(mg/PCU 

01 230 3.14 

02 220 13.65 

03 280 5.85 

04 210 12.97 

05 80 4.76 

06 14 3.1 

07 85 9.07 

08 230 11.88 

09 74 14.91 

10 100 6.73 

11 226 5.44 

12 220 9.48 

13 42 8.52 

14 234 6.1 

15 156 4.59 

16 10 12.71 

 

Figure 2.1 shows an example from one of the sixteen farms of a profile of 

antimicrobial use history. Profiles for all farms are included in appendices (Appendix 

Chapter 2). Visual assessment of these profiles suggest 31% of farms had no clear 

change in AMU during this time. Of the remaining 69%, 13% were considered to have 

as having a declining overall AMU across all classes used. Another 13% were using 

less cephalosporin and fluoroquinolone antimicrobials by the end of the period, but 

31%, which were identified as using less cephalosporin and fluoroquinolone, featured 

increasing use of other antimicrobials, largely belonging to the -̡lactam, 

aminoglycoside and trimethoprim/sulfonamide classes. Finally, 13% were using less 

or no fluoroquinolone only. 
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Figure 2.1. An example of the graphical illustration of AMU for a single farm across the AMU 
sampling period between April 2013 and April 2019, presented in terms of total antimicrobial 
class used per quarter per year. 
 

 

2.3.2 Antimicrobial resistance descriptive results  

 

For the entire sampling period (August 2014 to November 2019), a total of 1163 

bacterial isolates which were recovered were included in final analysis (E. coli; n= 448, 

E. faecalis; n= 441, E. faecium; n= 228, E. durans; n= 46). An overview of the 

distributions of the raw MIC data generated for each sampling date are provided in 

the appendices (Appendix, Chapter 2). Tables A2.1 to A2.8 provide an overview for 

each sampling date for the Enterococcus spp. isolates tested against the range of 

antimicrobials included on the COMPGNF1 microdilution plate, while Tables A2.9 to 

A2.13 provide an overview of these data for the E. coli isolates tested. Tables A2.14 

to A2.21 shows MIC data in the same format for Enterococcus spp. tested against the 

range of antimicrobials included on the Micronaut-S Mastitis 3 microdilution plates, 

while Tables A2.22 to A2.26 provide an overview of this for E. coli isolates tested. Also 

presented are the proportion of isolates deemed to be resistant, where clinical 

breakpoints have been established, expressed as a percentage.  
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For antimicrobials tested against Enterococcus spp. on the COMPGNF1 microdilution 

plates, the most frequently observed resistance was against tetracycline, with an 

mean of 22.7% of isolates being deemed resistant across the eight sampling dates, 

with the next most common resistance being observed for imipenem. Although all 

isolates were deemed to be resistant to cefazolin, the intrinsic resistance to 

cephalosporins shown by Enterococcus spp. is likely to be the reason for this. Across 

the whole sampling period for Enterococcus spp., only one isolate was found to be 

resistant to ampicillin and none were found to be resistant to amoxicillin/clavulanic 

acid. For E. coli, the most common resistance observed was against ampicillin, with a 

mean rate of resistance across the five sampling periods of 5.6%, followed by 

tetracycline at 4.6%. February 2019 saw an increase in the levels of resistance 

compared to November 2018, which was followed by the lowest levels of resistance 

observed for E. coli in the following sampling period of August 2019.  

For antimicrobials tested on the Micronaut-S Mastitis 3 microdilution plates, few 

have established clinical breakpoints (only erythromycin and penicillin for 

Enterococcus spp.; only cefoperazon for E. coli). MIC profiles for both bacterial 

species were generally stable across the sampling periods, with little change seen 

especially for E. coli isolates. 

Overall, variation between sampling periods was subtle, however no clear increase 

in levels of AMR between the start and end of the monitoring period were found. 

 

2.3.3 Statistical analysis  

 

Statistical analyses were performed only for Enterococcus spp. as inspection of data 

indicated that there was no obvious effect of AMU on differences in MICs amongst E. 

coli isolates. A graphical overview of the MIC distribution for the nine antimicrobials 

considered in final statistical analysis is provided in Figure 2.2 (page 66) and presents 

the percentage of all isolates of Enterococcus spp. corresponding to their respective 

MIC measure. Outcomes of analysis of both linear and linear mixed effects regression 

when considering total AMU are presented in Table 2.7. For the individual 

antimicrobials considered in the analysis and respective AMU by antimicrobial class, 
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no statistically significant relationships were observed across the majority of those 

investigated. However, a statistically significant relationship was found for the 

relationship between aminoglycoside use and MICs for gentamicin in linear 

regression modelling. In this instance, the relationship was found to be negative, 

where higher aminoglycoside use was found to be associated with lower MICs for 

gentamicin.  

 
Table 2.8. An overview of linear and linear mixed effects regression models of associations 
between total AMU by antimicrobial class and MICs of individual antimicrobials considered 
in analysis. 

Antimicrobial 
class 

Antimicrobial Linear 
regression 

Std.Error Mixed 
effects 
linear 
regression 

Std. 
Error 

Aminoglycoside Gentamicin 0.024* 0.351 -0.444 0.13 

-̡lactam  Amoxicillin/Clavulanic 
Acid 

0.066 0.248 1.271 0.083 

Ampicillin 0.602 0.248 1.71 0.084 

Penicillin G 0.647 0.277 1.842 0.094 

Cephalosporin  Cefquinome 0.994 0.522 -0.068 0.615 

Fluoroquinolone Enrofloxacin 0.57 0.261 0.56 0.262 

Marbofloxacin 0.714 0.178 0.369 0.178 

Macrolide Erythromycin 0.7 0.657 -0.218 4.79 

Tetracycline Doxycycline 0.69 0.458 -1.294 1.868 

* indicates statistically significant relationship  

 

Results from statistical analysis carried out using AMU metrics DDD (using data on 

lactating intramammary tubes) and DCD (using data on lactating and dry cow 

intramammary tubes) are shown in Tables 2.8 ς 2.9 respectivley. In both cases, no 

statistically significant relationships were found between MICs in Enterococcus spp. 

and the respective AMU metrics.  
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Table 2.9. An overview of linear and linear mixed effects regression models of associations 
between AMU (as measured by DDD of lactating cow intramammary tubes) and MICs of 
individual antimicrobials considered in analysis.  

Antimicrobial 
class 

Antimicrobial Linear 
regression 

Std.Error Mixed 
effects 
linear 
regression 

Std. 
Error 

Aminoglycoside Gentamicin 0.132 0.230 1.107 0.251 

-̡lactam  Amoxicillin/Clavulanic 
Acid 

0.781 0.139 0.567 0.151 

Ampicillin 0.894 0.137 0.616 0.150 

Penicillin G 0.124 0.150 -1.459 0.154 

Cephalosporin  Cefquinome 0.151 0.327 -1.230 0.354 

Fluoroquinolone Enrofloxacin 0.498 0.262 -0.623 0.270 

Marbofloxacin 0.528 0.179 -0.630 0.180 

Macrolide Erythromycin 0.477 0.335 0.715 0.348 

Tetracycline Doxycycline 0.601 0.421 0.824 0.458 

 

 

Table 2.10. An overview of linear and linear mixed effects regression models of associations 
between AMU (as measured by DCD of lactating and dry cow intramammary tubes) and MICs 
of individual antimicrobials considered in analysis.  

Antimicrobial 
class 

Antimicrobial Linear 
regression 

Std.Error Mixed 
effects 
linear 
regression 

Std. 
Error 

Aminoglycoside Gentamicin 0.308 0.218 0.852 0.230 

-̡lactam  Amoxicillin/Clavulanic 
Acid 

0.743 0.131 0.705 0.134 

Ampicillin 0.711 0.129 1.116 0.137 

Penicillin G 0.249 0.143 -1.072 0.147 

Cephalosporin  Cefquinome 0.344 0.311 -0.894 0.326 

Fluoroquinolone Enrofloxacin 0.681 0.247 -0.372 0.253 

Marbofloxacin 0.638 0.168 -0.469 0.169 

Macrolide Erythromycin 0.427 0.316 0.817 0.324 

Tetracycline Doxycycline 0.335 0.396 0.927 0.409 
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Figure 2.2. Overview of the distribution of MICs for the nine antimicrobials included in the final analysis for Enterococcus spp. across the entire sampling period 
(August 2014 ς August 2019), shown as a percentage of isolates corresponding to their respective MIC value (n = 715).
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      2.4 Discussion  

 

The aim of this Chapter was to identify the extent to which AMU was associated with 

trends in antimicrobial susceptibilities of sentinel bacterial species within and 

between study group herds. This study provided an opportunity to conduct long term 

monitoring within a closed island population without the potential for resistant 

bacteria or resistance related genes to enter from external livestock hosts.  

Collation of data from veterinary sales records highlighted patterns of AMU within 

ŀƴŘ ōŜǘǿŜŜƴ ŦŀǊƳǎΦ 5ŀǘŀ ǎƘƻǿŜŘ ǘƘŀǘ ŀƳƛƴƻƎƭȅŎƻǎƛŘŜǎ ŀƴŘ ʲ-lactam antimicrobials 

were the most frequently used across the study population, with cephalosporins also 

accounting for a high proportion of use. Research conducted by Hyde et al., (2017) 

reported that ǘƘŜ Ƴƻǎǘ ŎƻƳƳƻƴƭȅ ǳǎŜŘ ŀƴǘƛƳƛŎǊƻōƛŀƭ ǇǊƻŘǳŎǘǎ ǿŜǊŜ ʲ-lactams and 

aminoglycosides, representing 42.8 % and 20.9% of ingredient mass (mg) 

ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢Ƙƛǎ ŎƻƳǇŀǊŜǎ ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ǳǎŜ ƻŦ ʲ-lactam and aminoglycosides 

antimicrobials for farms representing this current study of 32.5 % and 27.2 % 

respectively. Fluoroquinolone use along with third and fourth generation 

cephalosporin use accounted for an overall low proportion of use in terms of 

antimicrobial active ingredient in findings presented by Hyde et al., (2017) whereas 

use of these antimicrobial classes was found to be higher on average on farms in the 

current study. For comparison, the average AMU 22.11 mg/PCU according to the 

2017 study, while the average for all farms involved in this study across a period of 

five years (2014-2018) was 8.3 mg/PCU. 

Where data showed decreases in cephalosporin and fluoroquinolone use, this was 

generally associated with increases in use of other antimicrobial classes, largely 

ŀƳƛƴƻƎƭȅŎƻǎƛŘŜǎ ŀƴŘ ʲ-lactams. Investigation of AMU on Dutch dairy farms between 

2005 and 2012 (Kuipers et al., 2016) reported that the use of third and fourth 

generation cephalosporins and fluoroquinolones fell from 18% of overall use to only 

1%. This reduction however brought about an increase in use of penicillin and other 

-̡lactam products as well as broad spectrum products such as 

trimethoprim/sulfonamide combinations. Given that the reduction in use of one 
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antimicrobial class may lead to increased use of another, continued surveillance of 

antimicrobial susceptibilities of these antimicrobial classes will be critical.  

The lack of statistically significant relationships between AMU, across the three 

metrics considered, and MICs was an unexpected outcome, given the widely reported 

correlation between AMU and AMR (Chantziaras et al., 2014). This may be due to a 

relatively small study population (n=16) with relatively little variation in antibiotic 

susceptibilities across the monitoring period in both sentinel bacterial species. In 

research carried out in South Korea investigating changes in antimicrobial 

susceptibilities of Gram-negative bacteria including E. coli, Nam et al., (2009) 

reported no significant change in the incidence of AMR amongst bacteria between 

2003 and 2008. A similar study from South Korea looking at the antimicrobial 

susceptibilities of E. coli between 2012 and 2015 also found no significant changes in 

the incidence of AMR during this time (Tark et al., 2017). Similarly with the research 

outlined in this Chapter, these longitudinal studies considered AMR over an extended 

period of time, however, AMU was not considered.  

Although there has been a great deal of work done to quantify AMU on dairy farms 

over time as well as longitudinal studies considering AMR, investigations of the 

associations between AMU and AMR is less common. Research by Saini et al., (2013) 

which followed up on previous work quantifying AMU, reported that there was an 

association between AMR in E. coli isolated in bovine mastitis cases and 

antimicrobials commonly used on Canadian dairy farms. This contrasts with the 

findings presented in this Chapter, where it was concluded that variability in the MIC 

profiles of E. coli isolates tested was too low to meaningfully consider the role of 

AMU. These authors, however, did report the existence of negative associations 

between AMU and AMR amongst certain antimicrobial classes. A similar finding was 

made in this Chapter, but amongst Enterococcus spp. rather than E. coli.  

The negative association between aminoglycoside use and lower MICs for gentamicin 

for Enterococcus spp. is difficult to ascertain. Intrinsic, sporadic and acquired 

resistances to aminoglycosides have been identified for E. faecalis and E. faecium, 

however, high level intrinsic resistances to gentamicin have not been determined 

(Hollenbeck and Rice, 2012). Gentamicin had been included in analysis as some 
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variation across the entire sampling period was identified. The negative association 

found may indicate the existence of low level intrinsic resistance which may have 

therefore contributed to this result. Additionally, low variation in terms of AMU and 

AMR identified across this study population may have resulted in poor linear 

regression model performance. Therefore the questionable outcome may be 

explained by measurement errors rather than biologically. 

As found in this Chapter and elsewhere in literature, aminoglycosides constitute a 

large proportion of AMU on dairy farms. Additionally, relationships have been found 

between higher levels of AMU and increased AMR amongst Enterococcus spp. of 

animal origin (Hershberger et al., 2005). Therefore, the role of Enterococcus spp. as a 

potential reservoir of AMR related genes, including intrinsic aminoglycoside 

resistance (Kang et al., 2021) warrants continued monitoring due to the potential for 

dissemination via  horizontal gene transfer (von Wintersdorff et al., 2016).  

From their identification of negative AMU/AMR associations, Saini et al., (2013) 

postulated that, despite being unconvincing in biological terms, other factors may be 

responsible in the determination of AMR other than AMU. This therefore highlights 

interest in other areas which may influence AMR at the dairy farm level. 

 

2.5 Study Limitations  

  

Despite capturing the majority of farms making up the target population, a relatively 

small sample size of sixteen farms may have been limiting. This may have impacted 

the ability to identify significant differences between herds in terms of their AMU, 

however, the fact that six years of antimicrobial sales records were accessed and 

analysed may offset this.  

Additionally, the nature of AMU data capture may also have been a limitation. Sales 

records identified only what antimicrobial products were being purchased at a given 

ǘƛƳŜΣ ōǳǘ ǘƘƛǎ ŘƻŜǎƴΩǘ ƳŜŀƴ ǘƘŀǘ ǘƘŜ ŜƴǘƛǊŜ ǇǊƻŘǳŎǘ ǿŀǎ ǳǎŜŘ ŀǘ ƻƴŎŜΦ wŜŎƻǊŘǎ ƻŦ 

medicine administration recorded in the farm medicine book may have provided 

greater detail of how much antimicrobial product was being used at a given time and 
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to what kind of animal (youngstock vs adult dairy cow). This would have been 

especially true for dry cow therapy, were product is generally sold in a large quantity.  

Finally, the lack of historical E. coli isolates was a further limitation. As E. coli was 

difficult to revive from frozen bulk tank samples from August 2014 ς August 2017, 

the period of time to investigate potential changes in MICs occurring within E. coli 

isolates over time was much shorter than that for Enterococcus spp. Therefore, some 

patterns in MICs, and therefore potential associations with AMU, may have been 

missed.  

 

2.6 Conclusion  

 

In conclusion, despite the breadth of data considered as part of this longitudinal 

study, statistically significant associations between higher AMU and higher levels of 

resistance, as measured by MICs in sentinel bacteria, were not found. This was in 

spite of a recognised biological basis of the selection for resistance created by AMU. 

However, it was found that, when compared with mainland UK dairy herds, the study 

population recruited as part of this research used less antimicrobials, which could 

pose a potential explanation for these findings. The existence of a negative 

association as identified between aminoglycoside use and MICs for gentamicin may 

be explained by intrinsic aminoglycoside resistance amongst Enterococcus spp. or 

through measurement error, but further investigation may be warranted to fully 

explain this finding.  

The outcomes identified from this study led to an interest in other areas which may 

influence AMR in the dairy farm environment. In addition to AMU, the influence of 

farm management system (conventional vs organic) on AMR has been acknowledged 

and it is suggested that management is the most important factor related to 

resistance after AMU (Murphy et al., 2018). The farm visits which were briefly alluded 

to in this chapter were used as an opportunity to gather data related to farm 

management. An investigation into the influence of a number of farm management 

practices on antimicrobial susceptibilities is presented in Chapter 3 of this thesis. 
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3. Chapter 3; Cross sectional study of farm management and 

antimicrobial resistance  

 

3.1 Introduction  

 

From analysis of associations between AMU and bacterial MICs in Chapter 2, a lack 

of statistically significant relationships were found for almost all antimicrobial classes. 

In addition to AMU, the influence of farm management system (e.g. conventional vs 

organic) on AMR has been acknowledged. It has been suggested that management is 

the most important factor related to resistance after AMU (Murphy et al., 2018). 

These authors noted that although conventional and organic systems were identified 

as a point of importance, these systems may represent a range of practices relating 

to farm management, such as housing, biosecurity and farm density. Such factors 

may play an important role in the emergence of AMR, either through direct 

associations or indirectly, by encouraging increased AMU. Therefore, to fully 

understand AMR on-farm, simultaneous investigation of both AMU and general farm 

management policies is needed.  

The aim of this Chapter was to evaluate the associations between farm management 

practices and the resistances of sentinel bacteria in bulk tank milk. Farm data were 

collected during face-to-face interviews from two dairy herd populations with 

resistances measured according to MICs of Enterococcus spp. and E. coli. Dairy herd 

populations were categorised as study group 1 and study group 2. Data constituting 

study group 2 were collected prospectively, specifically for this research. Study group 

1 consisted of historical data and were included to allow comparison with findings 

from study group 2. Methods regarding bacteriology and susceptibility testing were 

not identical between studies since the two were independent and carried out at 

different times. The principles of data collection, sample handling and analyses were 

the same for both studies. 
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3.2 Materials and methods  

 

3.2.1 Farm recruitment  

 

Study group 1 consisted of 125 dairy farms located across England and Scotland used 

in a previous research study (Bradley et al., 2018). Farms were recruited on the basis 

of bedding material used in dairy cow housing; recycled manure solids (RMS), fresh 

sand or sawdust. The aim was to recruit a minimum of 40 farms using either of these 

materials, with farmers being approached via contacts made previously by the 

research team, veterinarians and participating farmers. Farms to be recruited were 

additionally matched according to milking method (conventional or automated) and 

geographic location (East/West UK). Detailed recruitment of farms is described by 

Bradley et al., (2018). 

Study group 2 consisted of the sixteen dairy farms recruited for the study described 

in Chapter 2, where farm recruitment has been explained (2.2.2).  

 

3.2.2. Questionnaire design  

 

Questionnaires were developed to capture a broad range of management practices 

potentially associated with AMR within a previous 12 month period. The 

questionnaire intended for use in study group 1 had been designed for prior research 

purposes. The questionnaire featured mainly multiple choice, yes or no and closed 

questions. Firstly, the questionnaire addressed basic farm demographics in terms of 

herd size, number of cows in milk and total milk sales for the previous year. The 

second main section of the questionnaire was dedicated to the grouping and housing 

of adult dairy cows (both lactating and dry) and the types of bedding used within each 

area of housing. Observations on cubicles were also made regarding; whether they 

featured mats or mattresses, a bedding retainer and features related to cubicle 

bedding. ¢ƘŜ ǎǳōǎŜǉǳŜƴǘ ǎŜŎǘƛƻƴ ŀŘŘǊŜǎǎŜŘ ǘƘŜ ŦŀǊƳΩǎ ƳƛƭƪƛƴƎ ǇǊƻŎŜŘǳǊŜǎΤ ƳƛƭƪƛƴƎ 

frequency, parlour type, clusters and cluster disinfection, teat and parlour hygiene. 

Data surrounding dairy cow nutrition and herd health records were also captured.  
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Design of the questionnaire for study group 2 was based on that used for study group 

1. Additional information relating to some sections of the previous questionnaire 

were added, along with novel areas for data capturŜ ǿƘƛŎƘ ǿŜǊŜƴΩǘ ǇǊŜǾƛƻǳǎƭȅ 

considered. The first section considered details of livestock demographics, 

movement of animals to and from the farm and on farm fertility management. The 

following section considered areas of the milking procedure in terms of hygiene of 

teats and that of the milking parlour. The third main section of the questionnaire 

focused on dry cow and mastitis management, vaccinations, use of anthelmintics and 

herd health record keeping. The fourth section focused on the management of dairy 

cow housing and bedding. The fifth section addressed calf management and final 

section of the questionnaire focused on the farm environment; use of chemicals and 

detergents, slurry and waste bedding management and the interface between the 

farm and wildlife. The questionnaire also provided for the farmer to comment on any 

changes in management routines which occurred within the previous 12 months, 

ensuring this information was also captured.  

 

3.2.3 Data collection 

 

       3.2.3.1 Questionnaires  

 

For both study groups, farm management data were collected by means of a face to 

face interview with farmers during dedicated farm visits. Data from study group 1 

were collected during farm visits carried out by five members of a dairy consultancy 

organisation between December 2014 and March 2015 with each farm being visited 

once by one consultant. Observational data were also recorded. For study group 2, 

questionnaires were conducted during a single farm visit between January and April 

2019. All questionnaire data were collated in a spreadsheet (Microsoft Excel, 

Microsoft Corporation, 2016). Data were checked for outlying or implausible values, 

but none requiring removal were identified. Questions which resulted in categorical 

data were given numeric codes for the purpose of analysis.   
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3.2.3.2 Antimicrobial use data 

 

In addition to farm management, AMU data was also considered in the overall 

analysis with farm management data for study group 2. Collection of this data has 

already been described in Chapter 2 (2.2.4.1). For the purposes of analysis, AMU data 

between January 2018 and April 2019 were used. As the questionnaire had taken into 

account management practices for the previous year, this allowed AMU data to align 

with this time period. AMU data to be included in final analysis were calculated on a 

per cow basis, taking into account the herd size of each farm. 

 

3.2.3.3 Study group 1 bacteriology  

 

For study group 1, a 500ml milk sample was collected on the day of the farm visit 

(these occurred during the period between December 2014 and March 2015). 

Samples were taken either from the top of the bulk tank or from the milk tank outlet 

following drainage of milk. All samples were packed immediately in insulated boxes 

with icepacks and dispatched to the laboratory (Quality Milk Management Services 

Ltd, Wells, Somerset) for bacterial isolation and culturing. Milk samples taken from 

each farm were plated on the following media;  

 

¶ Columbia (5% sheep blood) Agar (Biomerieux): 10 µl spread and incubated for 18-24 

hours at 37oC (±2oC). 

¶ MacConkey Agar (Biomerieux): 100 µl spread and incubated for 18-24 hours at 37oC 

(±2oC). 

¶ Violet Red Bile Agar (Acumedia): 100 µl spread and incubated for 18-24 hours at 37oC 

(±2oC). 

¶ Slanetz and Bartley Agar (Oxoid) 10 µl and 100 µl spread and both plates incubated 

for 44-48 hours at 35oC (±2oC). 

 



77  

 

MacConkey and Violet Red Bile agar were used in the isolation of E. coli, with Slanetz 

& Bartley (SB) being used for the isolation of Enterococcus spp. Columbia (5% sheep 

blood) agar was used as a non-selective comparison. A minimum of three E. coli and 

three Enterococcus spp. colonies (based on morphology) were selected for pure 

plating on Columbia (5% sheep blood) agar and incubated for 18-24 hours at 37oC. 

Isolate IDs were confirmed by MALDI-TOF MS  (MALDI Biotyper 3.1, Bruker Daltonics, 

Coventry, UK). Isolated organisms were suspended on glycerol beads and stored at -

80°C using the Protect Microorganism Preservation System (Technical Service 

Consultants Ltd, Heywood, UK) until ready for AST. 

When ready for AST, bacterial isolates were pure plated from the stored glycerol 

beads onto Columbia (5% sheep blood) agar and incubated for 18-24 hours at 37°C.  

MICs were determined using a VITEK® 2 (Biomerieux; Basingstoke UK) according to 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ VITEK® 2 AST GN65 and GP76 cards were used for 

determining E. coli and Enterococcus spp. MICs respectively.  

All data were entered into a spreadsheet (Microsoft Excel, Microsoft Corporation, 

2016). Isolates were determined as being either susceptible or resistant according to 

clinical breakpoints established by the Clinical and Laboratory Standards Institute 

(CLSI). Where CLSI breakpoints were not available, interpretative criteria provided by 

the European Committee on Antimicrobial Susceptibility Testing (EUCAST) were used.  

 

3.2.3.4 Study group 2 bacteriology  

 

Bacterial isolates to be included in analysis for study group 2 had already been 

processed as described previously (Chapter 2; 2.2.5.1 and 2.2.5.2). MIC data for bulk 

tank milk samples delivered to the laboratory for processing between August 2018 

and November 2019 were included in the current analysis. The selection of these data 

allowed for a better consideration of bacterial MICs for a period prior to and following 

the carrying out of farm management questionnaires (January ς April 2019).  

 

 

 



78  

 

3.2.4 Farm resistance ΨǎŎƻǊŜΩ  

 

MIC data for study group 1 and selected data for study group 2 were used to generate 

an overall resistance score for each bacterial species for each farm. The first step in 

this process has been described previously (Chapter 2; 2.2.5.3), whereby a mean 

standardised MIC was calculated for each antimicrobial tested against both 

Enterococcus spp. and E. coli for each farm. Subsequently, these means were used to 

calculate the mean of all antimicrobials, across all isolates across all farms. For study 

group 1, a mean of standardised MIC values for antimicrobials tested against both 

bacterial species was attributed to the single bulk tank milk sample collected from 

each farm between December 2014 and March 2015. For study group 2, the mean 

standardised MIC for antimicrobials tested against both sentinel bacterial species 

across six samples taken from each bulk tank sample obtained between August 2018 

and November 2019 was used to provide an overall resistance score. Antimicrobials 

which were included in final analysis for study group 1 Enterococcus spp. and E. coli 

are shown in Table 3.1 and Table 3.2 respectively. The antimicrobials included in 

analysis for study group 2 have been outlined previously (Chapter 2, Tables 2.4 and 

2.5). For both study groups, this overall farm mean MIC was used as the outcome 

variable to evaluate the impact of farm management and AMU (study group 2 only) 

on MICs for Enterococcus spp. and E. coli.  

 

Table 3.1. Antimicrobials included on the AST GP76 plate which were selected for analysis, 
with their respective range of tested concentrations 

 

 
 

Antimicrobial  /ƻƴŎŜƴǘǊŀǘƛƻƴ wŀƴƎŜ ό˃ƎκƳƭύ 

Benzylpenicillin  0.12 ς 64 

Chloramphenicol  4-64 

Enrofloxacin  0.5 ς 4 

Erythromycin  0.25 ς 8 

Nitrofurantoin  16 ς 512 

Tetracycline  1 ς 16 

Trimethoprim/Sulfamethoxazole  10 (0.5/9.5) ς 320 (16/304)  

Vancomycin  0.5 ς 32 
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Table 3.2. Antimicrobials included on the AST GN65 plate which were selected for analysis, 
with their respective range of tested concentrations 

Antimicrobial  /ƻƴŎŜƴǘǊŀǘƛƻƴ wŀƴƎŜ ό˃ƎκƳƭύ 

Amikacin 2 ς 64 

Amoxicillan/Clavulanic Acid 2/1 ς 32/16 

Ampicillin  2 ς 32 

Cefalexin 4 ς 64 

Cefovecin  0.5 ς 8  

Cefpodoxime  0.25 ς 8  

Ceftiofur  1 ς 8  

Chloramphenicol 2 ς 64 

Enrofloxacin 0.12 ς 4 

Gentamicin  1 ς 16 

Imipenem  1 ς 16  

Marbofloxacin  0.5 ς 4  

Nitrofurantoin 16 ς 512 

Piperacillin 4 ς 128 

Polymyxin B 0.25 ς 16 

Tetracycline  1 ς 16 

Tobramycin  1 ς 16  

Trimethoprim/Sulfamethoxazole  20 (1/19) ς 320 (16/304) 

 

 

3.2.5 Data analysis  

 

Following data collation and prior to the commencement of statistical analysis 

procedures, all questionnaire datasets were checked for the frequency of each 

category for each explanatory variable. Where particular categories accounted for a 

small proportion of the overall category for a given explanatory variable, the variable 

was removed from the dataset as this could reduce the power of the regularised 

regression procedure.  A finalised set of questions and responses which were used as 

part of statistical analysis are included in appendices (Appendix Chapter 3). 

Due to the large number of potential explanatory variables relative to the number of 

observations (herds), regularised regression with stability selection was conducted 

for inference (Zou and Hastie, 2005; Meinshausen and Bühlmann, 2010) to avoid 

overfitting. Explanatory variables were coded as numeric or categorical and numeric 

covariates were standardised to a common scale, by subtracting the mean and 

dividing by twice the standard deviation, as previously reported (Gelman, 2008).  
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       3.2.5.1 Regularised regression  

 

Regularisation was carried out using a linear elastic net regression model with a 

Ŏƻƴǘƛƴǳƻǳǎ ƻǳǘŎƻƳŜ ǳǎƛƴƎ ǘƘŜ άƎƭƳƴŜǘέ ŀƴŘ άŎŀǊŜǘέ ǇŀŎƪŀƎŜǎ (Friedman et al., 2010; 

Kuhn et al., 2018) within R (RStudio Team, 2020). CŀǊƳ ǊŜǎƛǎǘŀƴŎŜ ΨǎŎƻǊŜǎΩ ǿŜǊŜ 

defined as the outcome variable and farm management practices as the explanatory 

variables. Elastic net regression combines the effects of ridge and lasso regression 

(Zou and Hastie, 2005). Penalised maximum likelihood was used to fit models with a 

cyclical coordinate descent algorithm to conduct parameter estimation via 

algorithms which solve the equation through cyclical coordinate descent (Friedman 

et al., 2010). Elastic net models constructed for both study groups took the following 

form;  

 

ὛὛὉ  В ώ ļ
 

 + ʇ  [В  
 
 ρ ɻ  ‍   ‌ ‍Ὦ ] 

 

where SSEenet represented the elastic net loss function to be minimised, i denoted 

each observation and n the number of observations (farm), ώ was the observed 

outcome and ļ
 
 the predicted outcome, ˂  was the penalisation parameter, j denoted 

a predictor variable; p ŘŜƴƻǘŜŘ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǇǊŜŘƛŎǘƻǊ ǾŀǊƛŀōƭŜǎ ƛƴ ǘƻǘŀƭΣ ʰ ǿŀǎ ŀ 

mixing parameter that defined penalisation on either the sum of the square of the 

ŎƻŜŦŦƛŎƛŜƴǘǎ όʲ2ύ ƻǊ ǘƘŜ ǳƴǎǉǳŀǊŜŘ ŀōǎƻƭǳǘŜ ǾŀƭǳŜ ƻŦ ŎƻŜŦŦƛŎƛŜƴǘǎ όʲύΦ  

 

The optimal values of tuning parameters alpha and lambda for all models were 

determined using five-fold cross validation, repeated 20 times, to identify values that 

minimised the mean absolute error (MAE) (Kuhn and Johnson, 2013)  

To estimate covariate stability and P-values, a bootstrapping procedure was 

undertaken to ensure robust estimation of model parameters (Hastie et al., 2015; 

Lima et al., 2020). In brief, this comprised using a bootstrapping procedure to rerun 

elastic net models 500 times. Model parameters from each bootstrapped sample 

were stored in a matrix and used for inference. Final inference was based on two 
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main outcomes - parameter stability and a bootstrapped P-value. Parameter stability 

refers to the percentage of times that a particular variable was selected in the model 

across the 500 bootstrap samples; the higher the percentage, the less likely the 

covariate is to be a false positive result (Meinshausen and Bühlmann, 2010). The 

Ψ.ƻƻǘǎǘǊŀǇ t ǾŀƭǳŜΩ ό.t±ύ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ŀǎ ǘƘŜ ƳƛƴƛƳǳƳ ǇǊƻǇƻǊǘƛƻƴ ƻŦ όƴƻƴ-zero) 

coefficient values to one side of zero. That is, if a covariate was selected in the model 

in 400 of the bootstrap samples and 390 of these had a value either greater or less 

than zero, then the Bootstrap P value would be (400-390)/400 = 0.025. Covariates 

ǿŜǊŜ ǎŜƭŜŎǘŜŘ ƛƴ ǘƘŜ Ŧƛƴŀƭ ƳƻŘŜƭ ŀƴŘ ŘŜŜƳŜŘ ΨǎƛƎƴƛŦƛŎŀƴǘΩ ǿƘŜƴ ōƻǘƘ .t± ғ лΦлр ǿƛǘƘ 

a high covariate stability. These thresholds were identified by plotting stabilities 

against significance and are shown in Figure 3.1, Figure 3.2 andFigure 3.3. 

Enterococcus spp. and E. coli model stabilities for study group 1 were ŘŜŦƛƴŜŘ ŀǎ җул҈ 

ŀƴŘ җтр҈ ǊŜǎǇŜŎǘƛǾŜƭȅΣ ǿƘƛƭŜ ǘƘŜ Enterococcus spp. stability for study group 2 was 

ŘŜŦƛƴŜŘ ŀǎ җрр҈Φ 

 

 

Figure 3.1. Plot of stability against bootstrapped P-value used to identify covariates of 
importance in the final elastic net model produced for Enterococcus spp. in study group 1 
farms; covariates in the top right hand quadrant were selected in the final model. 
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Figure 3.2. Plot of stability against bootstrapped P-value used to identify covariates of 
importance in the final elastic net model produced for E. coli in study group 1 farms; 
covariates in the top right hand quadrant were selected in the final model. 

 

 

Figure 3.3. Plot of stability against bootstrapped P-value used to identify covariates of 
importance in the final elastic net model produced for Enterococcus spp. in study group 2 
farms; covariates in the top right hand quadrant were selected in the final model. 
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3.3 Results 

 

3.3.1 Population characteristics  

 

The final dataset for study group 1 comprised 94 farms with information relating to       

Enterococcus spp. MICs and 87 farms relating to E. coli MICs. Herd size ranged from 

110-1550 adult cows, with a mean herd size of 358 and a median of 290 cows. For 

the sixteen farms comprising study group 2, herd size ranged from 10-280 adult 

cows with a mean herd size of 151 and a median of 183. Two herds were identified 

as operating an organic system.   

 

3.3.2 Minimum inhibitory concentration distributions   

 

For study group 1, final analysis included 171 E. coli isolates and 293 Enterococcus 

isolates (E.faecalis; n=93, E.faecium; n=107, E.durans; n=93). Data pertaining to the 

percentage of isolates deemed resistant and the distribution of MICs are presented 

in Table 3.3, Table 3.4 and Table 3.5. 

For study group 2 data (sampling period August 2018 ς November 2019), 365 

Enterococcus spp. (E.faecalis; n=249, E.faecium; n=97, E.durans; n=19) and 451 E. 

coli isolated from milk samples were included in final analysis. The percentage of 

these isolates deemed resistant alongside MIC distributions for this dataset are 

presented in Table 3.6 and Table 3.7. 
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Table 3.3. Distribution of the MICs of Enterococcus spp. isolated (n= 293) from study group 1 farms (n=94) alongside resistance percentage of each antimicrobial. Shading 
indicates that corresponding MIC values were not determined.  

a Clinical breakpoints for resistance not defined  

 

 

 

 

 

 

 

 

 

 

 Number of isolates corresponding to MIC values (µg/ml) 

Antimicrobial % of isolates 
deemed resistant 

ҖлΦмнр 0.25 0.5 1 2 4 8 16 32 64 128 256 512 

Benzylpenicillin  3.1 59 60 24 24 91 15 11 9 - -    

Chloramphenicol  3.4      135 148 - - 10    

Enrofloxacin a -   175 28 33 57        

Erythromycin  5.1  130 24 30 88 6 15       

Nitrofurantoin  13        - 127 128 25 13 - 

Tetracycline  32.4    192 6 - - 95      

Vancomycin  0   208 59 26 - - - -     
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Table 3.4. Distribution of the MICs of E. coli. isolated (n=171) from study group 1 farms (n=87) alongside resistance percentage of each antimicrobial. Shading indicates that 
corresponding MIC values were not determined.  

a Clinical breakpoints for resistance not defined  

 

 

 Number of isolates corresponding to MIC values (µg/ml) 

Antimicrobial  % of isolates deemed 
resistant 

ҖлΦмнр 0.25 0.5 1 2 4 8 16 32 64 128 256 512 

Amikacin 0     168 3 - - - -    

Amoxicillan/Clavulanic Acid 3.5     123 31 11 5 1     

Ampicillin  13.5     86 36 26 - 23     

Cefalexin 1.2      6 130 33 - 2    

Cefovecin  2.3   112 53 2 - 4       

Cefpodoxime  0  145 16 6 - 4 -       

Ceftiofur a -    167 1 - 3       

Chloramphenicol 4.7     50 60 40 13 - 8    

Enrofloxacin a - 169 - - 2 - -        

Gentamicin a -    168 - 3 - -      

Imipenem  0.6    170 - - 1 -      

Marbofloxacin a -   169 2 - -        

Nitrofurantoin  0.6        125 37 8 1 - - 

Piperacillin 11.1      147 3 2 - 3 16 - - 

Polymyxin B 0.6  5 116 40 9 1 - -      

Tetracycline  14    146 1 - - 24      

Tobramycin  1.8    168 - - - 3      
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Table 3.5. Distribution of MICs of trimethoprim/sulfamethoxazole of Enterococcus spp. (n=293) and E. coli (n=171) isolates from study group 1 farms. Shading indicates that 
corresponding MIC values were not determined. 

a Clinical breakpoints for resistance not defined 

 
Table 3.6. Distribution of the MICs of Enterococcus spp. isolated (n=365) from study group 2 farms (n=16) alongside resistance percentage of each antimicrobial. Shading 
indicates that corresponding MIC values were not determined.  

a Clinical breakpoints for resistance not defined 

 Number of isolates corresponding to MIC values (µg/ml) 

Species % of isolates deemed 
resistant 

0.5/9.5 1/19 2/38 4/76 8/152 16/304 

Enterococcus spp. a - 290 - - - 2 1 

E. coli  0  167 2 - - - 

 Number of isolates corresponding to MIC values (µg/ml) 

Antimicrobial  % of isolates 
deemed resistant 

ҖлΦмнр 0.25 0.5 1 2 4 >4 8 8 

Amoxicillin/Clavulanic Acid 0  37 217 108 2 -  1 - 

Ampicillin 0.3  18 49 278 17 2  - 1 

Cefquinome a -    3 10 135  92 124 

Doxycycline 2.2  284 2 - 1 21  49 8 

Enrofloxacin a - - 8 65 199 24 43 26   

Erythromycin  7.1 37 18 61 132 74 17 26   

Gentamicin a -  - - 5 31 62  91 176 

Marbofloxacin a - - - 16 34 226 66 23   

Penicillin G  1.92 2 - - 16 198 125  17 7 
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Table 3.7. Distribution of the MICs of E. coli. isolated (n=451) from study group 2 farms (n=16) alongside resistance percentage of each antimicrobial. Shading indicates that 
corresponding MIC values were not determined.  

a Clinical breakpoints for resistance not defined 

 Number of isolates corresponding to MIC values (µg/ml) 

Antimicrobial % of isolates deemed 
resistant  

ҖлΦмнр 0.25 0.5 1 2 4 8 8 

Amoxicillin/Clavulanic Acid 1.6  - - 4 138 259 43 7 

Ampicillin  6  1 - 37 223 158 6 26 

Cefquinome a -    444 1 2 3 1 

Doxycycline 3.3  - 11 156 253 12 4 15 

Enrofloxacin a - 443 6 1 - 1 -   

Gentamicin 1.1  1 218 204 23 - - 5 
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3.3.3 Statistical models  

 

The final bootstrapped elastic net regression models built for study group 1 data 

(Enterococcus spp. and E. coli) and study group 2 (Enterococcus spp. only) are 

provided below. The MIC data for E. coli for study group 2 displayed exceptionally 

low variability between farms and therefore was unsuitable to produce a robust 

model.  

 

       3.3.3.1 Study group 1; Enterococcus spp.  

 

Results of the final model for management factors associated with Enterococcus 

spp. MICs for study group 1 are presented in Table 3.8. Covariates selected in the 

final model related to the size of milking parlour, farm location, use of automatic 

milking systems and practices associated with bedding materials. Farms with 

parlours containing between 13-24 units and those between 25 and 36 milking 

ǳƴƛǘǎ ƘŀŘ ƘƛƎƘŜǊ aL/ǎ ǘƘŀƴ ŦŀǊƳǎ ǿƛǘƘ ǎƳŀƭƭŜǊ ǇŀǊƭƻǳǊǎ ƻŦ Җмн ƳƛƭƪƛƴƎ ǳƴƛǘǎΦ Lƴ 

terms of geographic location, farms in the north west of England had higher 

Enterococcus spp. MICs when compared to farms elsewhere in the country. Farms 

with automated milking systems had higher MICs than those where cows were 

milked conventionally. Practices associated with cubicle bedding were selected in 

the final model with farms using recycled manure solids (RMS) having increased 

MICs compared to those using sawdust. A decreased frequency of cubicle bedding 

was associated with lower MICs in Enterococcus spp. 

 

       3.3.3.2 Study group 1; E. coli  

 

Results of the final model for management factors associated with E. coli MICs for 

study group 1 are presented in Table 3.9. Bedding of cubicles once daily was 

associated with significantly lower MICs for E. coli compared to farms that bedded 

cubicles twice daily. Significantly lower MICs were identified on farms that did not 

use bedding conditioner materials on cubicles compared with farms that did. Milk 

yield was found to be important; increasing yields (litres produced per cow per 
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year) were associated with significantly increased MICs. Milking preparation 

procedures involving teat brushing resulted in significantly increased MICs, 

whereas the wiping of teats with dry cloths or towels resulted in significantly 

reduced MICs compared to the use of pre-milking teat disinfection without 

brushing. Milking system was again found to be important, with farms using 

automated milking systems being associated with significantly lower MICs than 

those where cows were milked in a conventional parlour. 

 

       3.3.3.3 Study group 2; Enterococcus spp.  

 

Results of the final model for management factors and antibiotic use associated 

with Enterococcus spp. MICs for study group 2 are presented in Table 3.10. The 

presence of a slurry store on farm was found to be important; farms without slurry 

stores had significantly lower MICs than those with a store. Farmers who 

purchased antimicrobials online had Enterococcus spp. isolated from bulk milk 

with significantly higher MICs than those who purchased medicines from their 

veterinary practice only. Several factors relating to cubicle management were 

found to be important. Farms where hydrated lime was used on cubicles as an 

antibacterial product resulted in a significantly higher MIC than those that did not 

use any antibacterial products. For farms where bulls used for breeding were 

reared on farm rather than being borrowed or purchased, significantly lower mean 

aL/ǎ ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘΦ CŀǊƳǎ ǘƘŀǘ ŘƛŘ ƴƻǘ ǇǊŀŎǘƛŎŜ ΨƴŀǘǳǊŀƭΩ ŘǊȅƛƴƎ ƻŦŦ όƛΦŜΦ ŀƭǿŀȅǎ 

used either antibiotic therapy or teat sealants) had a significantly higher mean MIC 

than those farms where natural drying off was practiced.  

 
Antimicrobial classes identified from veterinary sales records were; 

ŀƳƛƴƻŎƻǳƳŀǊƛƴΣ ŀƳƛƴƻƎƭȅŎƻǎƛŘŜΣ ʲ-lactam, cephalosporin, fluoroquinolone, 

lincosamide, macrolide, sulfonamide/trimethoprim and tetracycline. The use of 

two classes of antimicrobials were found to be of importance in the model; higher 

ƭŜǾŜƭǎ ƻŦ ʲ-lactam and fluoroquinolone usage were associated with statistically 

significant higher MICs in Enterococcus spp. 
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Table 3.8. Final elastic net regression model for farm management practices, in order of descending covariate stability, associated with changes in MIC of 
Enterococcus spp. from bulk tank milk samples for study group 1 (n=94 farms). Covariate stability threshold for variable selection was >80%.  

Variable  No. of 

observations in 

variable category  

Reference variable 

category 

No. of reference 

observations in 

variable category 

Covariate 

stability (%) 

Coefficient Bootstrap P-

value 

No. of parlour units 13-24 42 bƻΦ ƻŦ  ǇŀǊƭƻǳǊ ǳƴƛǘǎ Җ 

12 

12 97 0.17 0.03 

Farm location ς North 

West England 

33 Farm location ς East 

England 

7 92 0.18 0.03 

No. of parlour units 25-36 16 bƻΦ ƻŦ  ǇŀǊƭƻǳǊ ǳƴƛǘǎ Җ 

12 

12 88 0.27 <0.01 

Automated milking 6 Conventional parlour 

milking 

63 87 0.35 0.02 

Bedding material ς RMS 29 Bedding material ς 

sawdust 

34 84 0.21 0.01 

Cubicles bedded once per 

week or less frequently 

13 Bedding cubicles 

twice per day 

17 83 -0.32 0.04 
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Table 3.9. Final elastic net regression model for farm management practices, in order of descending covariate stability, associated with changes in MIC of E. 
coli from bulk tank milk samples for study group 1 (n=87 farms). Covariate stability threshold for variable selection was >75%. 

Variable  No. of 

observations in 

variable category  

Reference variable 

category 

No. of reference 

observations in 

variable category 

Covariate 

stability (%) 

Coefficient Bootstrap P-

value 

Bedding cubicles 

once daily 

41 Bedding cubicles twice 

per day 

13 90 -0.06 0.01 

No use of bedding 

conditioners on 

cubicles 

47 Bedding conditioners 

used on cubicles 

39 87 -0.06 0.02 

Milk sales 

(litres/cow/year)a 

- - - 84 0.06 <0.01 

Teats brushed 

before milking 

11 Teat preparation with 

pre milking disinfectant 

52 84 0.13 <0.01 

Teats wiped with 

dry cloth before 

milking 

11 Teat preparation with 

pre milking disinfectant 

52 80 -0.11 

 

<0.01 

Automatic milking 6 Conventional parlour 

milking 

57 78 -0.06 0.01 

a Standardised variable; coefficient relates to change of one unit on a standardised scale.  
 

 



92  

 

Table 3.10. Final elastic net regression model for farm management practices and antimicrobial use, in order of descending covariate stability,  associated 
with changes in MIC of Enterococcus spp. from bulk tank milk samples for study group 2 (n=16 farms). Covariate stability threshold for variable selection was 
>55%. 

Variable  No. of 

observations in  

variable category  

Reference variable 

category 

No. of reference 

observations in 

variable category 

Covariate 

stability (%) 

Coefficient Bootstrap P-

value 

No slurry store 

present on farm  

5 Slurry store on farm 11 81 -0.03 <0.01 

Medicine purchase 

from vet & online 

5 Medicine purchase from 

vet only 

10 71 0.07 <0.01 

Breeding bulls 

reared on farm 

4 Some or all breeding bulls 

brought into herd 

3 65 -0.03 <0.01 

-̡lactam use more 

than 2.5g/cow 

4 -̡lactam use less than 

1g/cow 

4 61 0.03 <0.01 

Fluoroquinolone 

use more than 

0.2g/cow 

3 Zero use of 

fluoroquinolone 

7 60 0.06 <0.01 

No natural drying 

off of cows 

13 Natural drying off occurs 3 59 0.022 <0.01 

Hydrated lime 

used on bedding 

6 No antibacterial used 6 57 0.031 <0.01 
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3.4 Discussion 

 

The contribution of AMU to the emergence of AMR is important and widely 

recognised (Hommerich et al., 2019). In the context of livestock agriculture, as well 

as AMU, other factors may be of important for the emergence of AMR and should be 

considered, including the contribution of farm management practices (Murphy et al., 

2018). The aim of this study was to identify farm management factors that most 

influence MICs in sentinel bacterial species isolated from farm bulk tank milk samples. 

These factors may provide a basis for potential on-farm interventions to help limit 

increases in MICs of important bacterial species within the farm environment 

(Murphy et al., 2018).   

A number of management factors were identified to be associated with a net increase 

or decrease in MICs in Enterococcus spp. and E. coli across study farms. These factors 

covered a range of areas, such as slurry management, cubicle bedding, teat 

management at milking as well as frequency of milking, dry cow management and 

entry of animals onto farm from elsewhere. The threshold of covariate stability for 

ǎǘǳŘȅ ƎǊƻǳǇ м ǿŀǎ ƛƳǇƭŜƳŜƴǘŜŘ ŀǘ җтр҈ ŀƴŘ җул҈Σ ǿƘƛƭŜ ŦƻǊ ǎǘǳŘȅ ƎǊƻǳǇ н ŀ 

covariate stability of >55% was used. The threshold selected was based on graphical 

inspection of covariate stabilities and bootstrap P values as previously described 

(Lima et al., 2021). The small sample size of study group 2 farms reduced the 

statistical power available and it is unsurprising that covariate stability was lower. 

Although there may be less certainty of the true effect of covariates with lower 

stability (Meinshausen and Bühlmann, 2010), they still may be associated with the 

outcome variable. Since this study is cross-sectional in design, verification of causality 

for all covariates identified in final models is important to establish in future research 

and in this respect, the associations identified in this study should be interpreted with 

caution.  

The importance of slurry in the context of antimicrobial susceptibilities was identified 

for study group 2. In this study we found that on farms where there were no slurry 

stores, there were lower MICs compared to farms where stores were in use. This 

refers to the storage in above ground structures of animal waste during a period 
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when spreading of slurry on land is prohibited between October and February due to 

environmental concerns. Outside of this period, slurry may be spread on farmland. 

On farms without these storage facilities, slurry was contained in tanks underneath 

cattle housing, which is the most typical form of storage on dairy farms. The above 

ground stores rather facilitated an increased volume of longer term storage. Some 

farms also indicated that where solid floor housing sheds existed, specific tanks 

existed for the collection of dirty water and yard runoff, which would later be spread 

onto farm land. Farm animal manure has been identified as a significant reservoir of 

antimicrobial compounds, resistant bacteria and antibiotic resistant genes (Heuer et 

al., 2011). Slurry storage is noteworthy as it facilitates an environment with the 

potential to encourage AMR to emerge and spread (Lanyon et al., 2021). Baker et al., 

(2016) evaluated the role of slurry storage in AMR via mathematical modelling. The 

authors reported that the proportion of bacteria showing AMR characteristics 

increased throughout the storage period as a result of horizontal gene transfer and 

by selection of resistant genes. Our study presents results similar to previous findings 

and suggest the role of slurry storage may be important in contributing to increased 

MICs on farm. Larger volumes of slurry in long-term storage throughout the slurry 

spreading prohibition period would facilitate the exchange of AMR related genes 

within the bacterial population. Importantly, the spreading of stored slurry onto land 

used for grazing and silage may represent a potential route for transmission of 

resistant organisms to dairy cows and perpetuate their existence in the farm 

environment.  

Results from study group 2 indicated that the use of antimicrobial materials on 

cubicle bedding to be important with regards to Enterococcus spp. isolated from 

farms in this group. The use of hydrated lime was associated with increased MICs, 

whereas decreased MICs were seen on farms that did not use any antibacterial 

products on cubicles. Additionally, as identified for Enterococcus spp., the use of 

antibacterial bedding conditioners (including hydrated lime) in study group 1 was 

associated with increased MICs in E coli. It has been reported that the use of 

antibacterial materials, such as lime based products, significantly reduce bacterial 

counts in bedding and on cow teats (Janzen et al., 1982; Paduch et al., 2013). The 
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association found in this study, between the use of antibacterial products on bedding 

and increased MICs, may be a result of an increased selection pressure on the 

bacterial populations present in cubicle bedding. This may inadvertently encourage 

selection for genes giving rise to increased MICs. However, the bacterial mechanisms 

for such gene selection in this context are unclear and warrants further investigation. 

Furthermore, there may be the possibility of reverse causation occurring in this 

instance. Hydrated lime may be being used to address already existing mastitis 

problems, which may in itself be contributing to higher MICs through increased AMU. 

However, as previously considered, the cross-sectional nature of this study means 

that only associations are identified and causality cannot be attributed.   

Teat management practices prior to milking were also associated with differences in 

E. coli MICs. These were found to be lower when teats were wiped with a dry cloth 

when compared with pre-dipping with a teat disinfectant, while MICs were higher 

when teats were brushed compared with pre-milking teat disinfection. In a previous 

study evaluating resistance in bacteria isolated from bulk tank milk, farms that 

practised dry wiping at milking were more likely to have lower MICs than farms that 

ŘƛŘƴΩǘ ǇǊŀŎǘƛŎŜ ŘǊy wiping (Kirk et al., 2005). It was postulated that milking cows with 

wet teats is associated with an increased incidence of mastitis, which had the 

potential to increase antibiotic use and therefore increased bacterial susceptibilities. 

The brushing procedure on farms was accompanied by a disinfection regime, which, 

together, may provide an explanation for these results, but the dynamics of this are 

not clear. 

Practices relating to the management of cubicles and bedding were associated with 

increases in MICs in Enterococcus spp. and E. coli isolates in study group 1. Here, the 

practice of less frequent bedding application on cubicles was associated with lower 

MICs. However, an overview of the data shows an association between the type of 

ōŜŘŘƛƴƎ ƳŀǘŜǊƛŀƭ ǳǎŜŘ ƛƴ ǎǘǳŘȅ ƎǊƻǳǇ м ŀƴŘ ƛǘΩǎ ŀǇǇƭƛŎŀǘƛƻƴ ŦǊŜǉǳency. Therefore, the 

type of bedding material used may be of greater importance compared to how often 

fresh material is laid down on cubicles. Additionally, there were higher MICs seen on 

farms that used recycled manure solids as a bedding material and this may align with 

the increased MICs associated with slurry storage seen in study group 2. 
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Furthermore, it has been reported that there were significantly higher bacterial 

counts in RMS bedding, when compared with sawdust or sand (Bradley et al., 2018). 

Within a larger population of bacteria, there may be more variability  of genetic 

materials (as well as potential for gene transfer) and an increased chance for 

mutations to appear in the population. The constant recycling of manure solids, 

despite processing methods designed to reduce the bacterial load, may help to 

perpetuate this.  RMS bedding materials have been found to promote growth of 

environmental bacteria, namely Klebsiella pneumonia, and to a lesser extent, E. 

faecium (Godden et al., 2008). The issue of AMR with regards to RMS due to the 

presence of antimicrobial residues and resistance genes has been noted, with varying 

levels of success across methodologies aiming to reduce their load in RMS materials 

(Wallace et al., 2018; Zhang et al., 2020). Our results however suggest that the 

increase in MICs in sentinel bacteria associated with the use of RMS should be an 

important consideration in its use.   

Automated milking systems (limited to study group 1) were shown to be important 

for both E. coli and Enterococcus spp. MICs. From our results, farms on which cows 

were milked in an automated system rather than in a conventional milking parlour 

had lower MICs for E. coli. However, the converse of this effect was seen for 

Enterococcus spp, which had higher MICs on farms with automated milking. The 

biological reasons for these contradictory findings are unclear, although one 

possibility could be differences in routes of antibiotic use. AMU has been compared 

between automatic and conventional milking herds (Deng et al., 2020) with the 

conclusion that AMU between systems was similar, but routes of treatment varied. 

Injectable treatments had a higher frequency of application in automatic milking 

herds, while the converse was seen for intramammary treatments when compared 

to conventionally milked herds. Differences in treatment type may exert varying 

degrees of selection pressures amongst commensal bacterial populations. These 

pressures may be further influenced by the use of certain antimicrobial classes. It is 

difficult to know whether these findings are relevant to UK dairy farms, particularly 

as AMU data were not captured for the farms making up study group 1. Subsequent 

postulation of causality surrounding AMU in this instance is difficult to establish. It is 
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possible that differences in antimicrobial treatment application between farms could 

be a driver for contrasting resistance patterns. These findings suggest that type of 

milking system could be important in relation to AMR and highlights this as an area 

for future consideration.  

Purchasing of antimicrobial products by farmers in study group 2 was also found to 

be associated with differences in MICs of Enterococcus spp. Here, purchase from an 

online supplier (in addition to their veterinarian) was associated with higher MICs 

than those who purchased medicines from their veterinarian only. In the UK, 

antimicrobial medicines require a veterinary prescription, and best practice 

concerning this has been widely promoted. Despite this, it has been claimed that 

farmers will frequently diagnose sick animals themselves and administer 

antimicrobials in the absence of a veterinarian (Jones et al., 2015). Recent work has 

investigated the behaviours of veterinarians and farmers with regards to 

antimicrobial stewardship in the UK. It was found that both had a good understanding 

of the importance of responsible AMU, but there was a conflict between restricting 

use and maintaining health and welfare through antimicrobial administration. 

Additionally, it was found that veterinarians sometimes felt an obligation to prescribe 

antimicrobials due to an uncertainty around diagnosis and to meet the demands of 

the farmer for treatment of a sick individual (Golding et al., 2019). In study group 2, 

purchase of antimicrobials from an online supplier required a veterinary prescription. 

Information surrounding the prescription process was not captured so it is hard to 

ascertain the level of veterinary involvement in online purchase. However, reduced 

input in the diagnosis and administration of antimicrobials on the part of the 

veterinarian may have resulted in a level of antimicrobial overuse, thus contributing 

to increased MICs in Enterococcus spp. in study group 2 farms. Given this, in future 

AMU and AMR research in the context of dairy, it may be important to consider the 

role of the veterinarian in the prescribing and administration of antimicrobials on 

farm.  

The collection and collation of AMU data for farms in study group 2 helped to further 

highlight the importance this has for AMR at the dairy farm level. It was shown that 

ŦŀǊƳǎ ǿƛǘƘ ƘƛƎƘŜǊ ƭŜǾŜƭǎ ƻŦ ǳǎŜ ƻŦ ŀƴǘƛōƛƻǘƛŎǎ ōŜƭƻƴƎƛƴƎ ǘƻ ʲ-lactam and 
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fluoroquinolone classes of antimicrobials had higher MICs in Enterococcus spp. than 

those with lower levels of use. Decreased MICs in herds which practiced some degree 

ƻŦ ΨƴŀǘǳǊŀƭΩ ŘǊȅƛƴƎ ƻŦŦ όƴƻ ǳǎŜ ƻŦ ŀƴǘƛōƛƻǘƛŎ ŘǊȅ Ŏƻǿ ǘƘŜǊŀǇȅύ ƛǎ ŀƭǎƻ ƴƻǘŜǿƻǊǘƘȅΦ aŀƴȅ 

studies and reviews have reported that higher levels of use of antimicrobials in food 

producing animals does increase the selection pressure for resistance to emerge 

amongst bacterial populations (Oliver et al., 2011). Across all farms making up study 

ƎǊƻǳǇ нΣ ƘƛǎǘƻǊƛŎ !a¦ Řŀǘŀ ǎƘƻǿŜŘ ʲ-lactam and fluoroquinolone class 

antimicrobials to be the first and fifth most used respectfully in terms of mass 

(grams). Aminoglycosides, trimethoprim/sulfamethoxazole and cephalosporin 

antimicrobials made up the majority of other AMU across farms. However, MIC data 

ŦƻǊ ŀƴǘƛƳƛŎǊƻōƛŀƭǎ ƛƴ ǘƘŜǎŜ ŎƭŀǎǎŜǎ ǿŜǊŜ ƭŜǎǎ ǾŀǊƛŀōƭŜ ǘƘŀƴ ǘƘƻǎŜ ōŜƭƻƴƎƛƴƎ ǘƻ ʲ-lactam 

and fluoroquinolone classes, which may be a reason why these antimicrobial classes 

were not found to be associated with higher MICs in the sentinel bacteria.  

Intrinsic resistaƴŎŜǎ ǘƻ ʲ-lactams in Enterococcus spp. have been recognised, as well 

as low levels against fluoroquinolones (Heimer et al., 2014). Our results appear to 

suggest that increased use of these antimicrobial classes may increase MICs further. 

TƘŜ ŀǎǎƻŎƛŀǘƛƻƴ ōŜǘǿŜŜƴ ƘƛƎƘŜǊ ƭŜǾŜƭǎ ƻŦ ʲ-lactam and fluoroquinolone use and 

higher MICs may be of particular interest and importance, given the pressure on 

farmers and veterinarians to become more judicious in their use of certain 

antimicrobial classes, such as fluoroquinolones and 3rd and 4th generation 

cephalosporins. A study into AMU on dairy farms between 2005 and 2012 reported 

that the use of third and fourth generation cephalosporins and fluoroquinolones had 

fallen from 18% of overall use to only 1%. This reduction however brought about an 

ƛƴŎǊŜŀǎŜ ƛƴ ǳǎŜ ƻŦ ǇŜƴƛŎƛƭƭƛƴ ŀƴŘ ƻǘƘŜǊ ʲ-lactam products as well as broad spectrum 

products such as trimethoprim/sulfonamide combinations (Kuipers et al., 2016). 

{ƛƴŎŜ ǘƘŜ ǳǎŜ ƻŦ ʲ-lactam antibiotics may increase in the future, the continued 

surveillance of antimicrobial susceptibilities to these antibiotics will be critical.  

 

3.5 Study Limitations  

 

Study group 1 data were sourced from farms that had been recruited for previous 

work to evaluate bacterial loads in different bedding materials. Farms were selected 
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with the aim of recruiting at least 40 that used either sawdust, sand or recycled 

manure solids. Due to this sample selection, it is uncertain how representative these 

farms may be of farms across Britain. Additional research with the use of true random 

sampling, should be considered in future to further explore the impact of farm 

management on patterns of bacterial resistance.  

The relatively small sample size of study group 2 means that although the sample 

represented virtually a whole island population (which is reasonably isolated from 

mainland Britain), a limitation in statistical power may have meant some 

management practices of potential importance have been missed. A potential danger 

with a small sample size when using conventional regression is overfitting of a model. 

However, the use of the elastic net regression with the additional implementation of 

stability selection (Zou and Hastie, 2005; Meinshausen and Bühlmann, 2010) vastly 

reduces this. 

 

3.6 Conclusions 

 

In conclusion, it has been established that a variety of routine farm management 

practices are associated with MICs of sentinel bacteria in bulk milk. Although causal 

relationships are unclear from this cross-sectional analysis, this suggests that changes 

in farm management may play a role reducing bacterial resistance. Further work to 

establish to establish causality and identify the most important practices would be of 

value.  

The identification of associations highlights the value of monitoring antimicrobial 

susceptibilities of sentinel bacteria isolated from bulk tank milk, which has been 

argued as a key indicator of the whole herd population and its environment. 

Continued monitoring will help to further inform and direct future policy relating to 

antimicrobial resistance in the dairy industry. Convenient laboratory methods will be 

central to this. To this end, we will next consider a novel laboratory approach to the 

investigation of bacterial MICs of sentinel bacteria isolated from the bulk tank of dairy 

farms.  
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4. Chapter 4; An exploratory study to define a minimum inhibitory 

concentration of mixed culture of sentinel bacteria 

 

4.1 Introduction  

 

In Chapter 1, the necessity for the monitoring of antimicrobial susceptibilities via 

surveillance programmes was identified as a cornerstone in tackling the challenge 

posed by AMR. Of the many laboratory methods available for AST of bacteria (Jenkins 

and Schuetz, 2012), the determination of the MIC via microdilution methods has 

been dŜǎŎǊƛōŜŘ ŀǎ ǘƘŜ ΨƎƻƭŘ-ǎǘŀƴŘŀǊŘΩΦ However, turnaround of results can take a  

number of days (Schumacher et al., 2018). Therefore, a process for the generation of 

MIC data which has been simplified to require less processing time may prove to be 

of value in the continued monitoring of AMR. In the work carried out in Chapters 2 

and 3, bacterial culture of bulk tank milk samples was used to isolate a minimum of 

six and three isolates of E. coli and Enterococcus spp. respectively. This was to ensure 

representativeness of the whole bulk milk sŀƳǇƭŜΦ ¢ƻ ǘƘƛǎ ŜƴŘΣ ŀ ΨƳƛȄŜŘΩ approach 

was investigated, whereby a single MIC value representing multiple isolates in a 

mixed culture representing the whole sample could be obtained.  

To consider this, bacterial isolates used in the work constituting Chapter 2 were 

recovered from frozen storage. The influence of storage conditions on the growth of 

bacteria recovered from biological sources, which may inadvertently lead to a change 

in MIC profiles of bacterial isolates, has been acknowledged and investigated 

(Poulsen et al., 2021). The work presented in this Chapter was carried out 

approximately 14 months after the microbiology undertaken for the work in Chapter 

2. Therefore, initial work to repeat AST for selected bacterial isolates was carried out, 

followed by investigatiƻƴ ƻŦ ŀƴ ŀǇǇǊƻŀŎƘ ǘƻ ŘŜǾŜƭƻǇ ŀ ΨƳƛȄŜŘ aL/Ω method. It was 

hypothesised that, in the presence of a selection pressure (the antimicrobial), the 

most resistant bacterial isolate in a mixed culture would represent the highest MIC 

observed across the range of tested concentrations for each antimicrobial tested. 
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4.2 Materials and methods  

 

пΦнΦм wŜǇŜŀǘ ǘŜǎǘƛƴƎ ŀƴŘ ŜȄǇƭƻǊŀǘƻǊȅ ƛƴǾŜǎǘƛƎŀǘƛƻƴ ƻŦ ΨƳƛȄŜŘΩ ƳŜǘƘƻŘ 

 

To test for potential changes in bacterial MIC profiles following frozen storage, a 

convenience sample of bacterial isolates were selected from the dataset generated 

in Chapter 2 from the initial bacterial culture and AST of bulk tank milk samples 

(2.2.5.3). From the methods in Chapter 2, a minimum of six isolates of each bacterial 

species were selected for AST following bulk tank milk culture for each sampling 

event. As part of the investigations carried out in this Chapter utilising bacterial 

isolates from Chapter 2, isolates retrieved from frozen storage were selected as 

groups of six isolates, as to replicate sample sizes used previously. Farms where bulk 

tank samples originated were randomly selected and not deemed to be important as 

part of this convenience sample. The final chosen sample consisted of 72 isolates (E. 

coli; n= 18, E. faecalis; n= 41, E. faecium; n= 10, E. durans; n= 3) selected from twelve 

farms across four sampling events (August 2017, August 2018, August 2019 and 

November 2019). All isolates to be recovered had been stored at -80°C using the 

Protect Microorganism Preservation System (Technical Service Consultants Ltd, 

Heywood, UK) and suspended on glycerol beads. Isolates were pure plated onto fresh 

Columbia (5% sheep blood) agar from glycerol beads and incubated for 18-24 hours 

at 37°C. AST was carried out using Micronaut-S Mastitis 3 microdilution plates (plate 

configuration provided in Chapter 2, (Table 2.3) according to the procedure 

previously described (Chapter 2, 2.2.5.2).  

! Ψmixed MICΩ ŀǇǇǊƻŀŎƘΣ ǿƘŜǊŜ ŀ ǎƛƴƎƭŜ aL/ ǇǊƻŦƛƭŜ ƛǎ obtained from multiple 

bacterial isolates, was first considered during this initial stage of AST. From the 

Columbia (5% sheep blood) agar plates on which the six bacterial isolates selected for 

testing per farm were cultured, a single cotton swab was used to collect bacteria from 

each of all the six individual colonies. The cotton swab was placed in a vial of 5ml of 

demineralised water and rotated against the side of the vial to create a bacterial 

suspension. For AST, a 0.5 MacFarland turbidity standard was required, which is equal 

to an optical density of of 1.5 x 10 8̂ colony forming units (CFU) per ml, as determined 
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by the Sensititre Nephelometer (Thermo Scientific, Massachusetts, USA). Once this 

was achieved, the standard process for carrying out AST according to procedures 

outlined when using the Micronaut-S Mastitis 3 microdilution plates was conducted. 

Figure 4.1 provides a diagrammatic outline of the procedure carried out in the 

ŘŜǘŜǊƳƛƴŀǘƛƻƴ ƻŦ ŀ ΨƳƛȄŜŘΩ aL/Φ LƴŘƛǾƛŘǳŀƭ ōŀŎǘŜǊƛŀƭ ƛǎƻƭŀǘŜ ǘŜǎǘƛƴƎ ŀƴŘ ΨƳƛȄŜŘΩ MIC 

results were collated in an Excel spreadsheet (Microsoft Excel, Microsoft Corporation, 

2016). 

 

Figure 4.1. A diagrammatic overview of the steps involved ŦƻǊ ŘŜǘŜǊƳƛƴƛƴƎ ŀ ΨƳƛȄŜŘΩ aL/ ƛƴ 
comparison to standard antimicrobial susceptibility testing of individual bacterial isolates. 
(Created with BioRender.com) 
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пΦнΦн CǳǊǘƘŜǊ ŜȄǇƭƻǊŀǘƻǊȅ ƛƴǾŜǎǘƛƎŀǘƛƻƴǎ ƻŦ ΨƳƛȄŜŘΩ ƳŜǘƘƻŘ  

 

Following initial AST of isolates from frozen storage, both individually and through 

ǘƘŜ ƛƴǾŜǎǘƛƎŀǘƛƻƴ ƻŦ ŀ ΨƳƛȄŜŘΩ ƳŜǘƘƻŘΣ a second subset of bacterial isolates were 

selected from the dataset generated in Chapter 2. Isolates to be included, and 

subsequently arranged in groups of six to replicate previous testing groups, were 

selected on the basis of variation between MIC profiles. In doing so, isolates with 

generally higher MICs could be compared with those exhibiting lower MICs in the 

ƛƴǾŜǎǘƛƎŀǘƛƻƴ ƻŦ ǘƘŜ ΨƳƛȄŜŘΩ aL/Φ Where isolates had previously been selected 

according to farm and corresponding sampling period, this was not considered here. 

A convenience sample of 18 isolates were chosen (E. coli; n= 6, E. faecalis; n= 6, E. 

faecium; n= 6). These isolates were organised into groups of six, as to represent the 

methoŘƻƭƻƎȅ ŎŀǊǊƛŜŘ ƻǳǘ ƛƴ /ƘŀǇǘŜǊ н ŀƴŘ ǿŜǊŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨǘŜǎǘ ƎǊƻǳǇǎΩΦ For ease 

of retrieval from frozen storage, each individual isolate was plated from glycerol 

beads twice. Thereby, six test groups were formed, whereby E. coli constituted two 

test groups and a further two test groups for E. faecalis and E. faecium respectively.  

Due to the smaller proportion of E. durans present within the dataset isolates were 

sourced from, none were included at this point. AST was carried out both at the 

ƛƴŘƛǾƛŘǳŀƭ ƛǎƻƭŀǘŜ ƭŜǾŜƭ ŀƴŘ Ǿƛŀ ǘƘŜ ΨƳƛȄŜŘΩ aL/ ŀǇǇǊƻŀŎƘ ŀǎ outlined in the previous 

stage of isolate testing. All results generated at this stage were collated in an Excel 

spreadsheet (Microsoft Excel, Microsoft Corporation, 2016). 

A second subset of bacterial isolates was formed as part of a final stage in the 

ŜȄǇƭƻǊŀǘƻǊȅ ƛƴǾŜǎǘƛƎŀǘƛƻƴǎ ƻŦ ΨƳƛȄŜŘΩ aL/ǎΣ ǿƘƛŎƘ ŀƛƳŜŘ ǘƻ ƛƴǘǊƻŘǳŎŜ ǾŀǊƛŀōƛƭƛǘȅ ƛƴǘƻ 

the test groups. Groups of isolates be included for AST for Enterococcus spp. 

consisted of a mix of the three species (E. faecalis, E. faecium and E. durans). The final 

isolates included in this subset sample was formed as follows; E. coli; n=12, E. faecalis; 

n=8, E. faecium; n=6, E. durans; n=4, and formed two test groups of E. coli and four 

for Enterococcus spp. All isolates were plated once, rather than twice as with the 

previous sample subset. AST was carried out both at the individual isolate level and 

Ǿƛŀ ǘƘŜ ΨƳƛȄŜŘΩ aL/ ŀǇǇǊƻŀŎƘ ŀǎ ƛƴ ǘƘŜ ǇǊŜǾƛƻǳǎ ǎǘŀƎŜ ƻŦ ƛǎƻƭŀǘŜ ǘŜǎǘƛƴƎΦ ¢ƘŜ ΨƳƛȄŜŘΩ 
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aL/ ŀǇǇǊƻŀŎƘ ǿŀǎ ǊŜǇŜŀǘŜŘ ŦƛǾŜ ǘƛƳŜǎ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ ŀƎǊŜŜƳŜƴǘ ōŜǘǿŜŜƴ ΨƳƛȄŜŘΩ 

measurements. An overview of the methodology in forming the subsets of isolates is 

provided in Figure 4.2. All results generated from this final stage were collated in an 

Excel spreadsheet (Microsoft Excel, Microsoft Corporation, 2016). 

 

Figure 4.2. An overview of the creation of the two subsets of bacterial isolates for 
ƛƴǾŜǎǘƛƎŀǘƛƻƴ ƻŦ ŎƘŀƴƎŜ ƛƴ aL/ ŀŦǘŜǊ ŦǊŜŜȊƛƴƎ ŀƴŘ ǎǳōǎŜǉǳŜƴǘ ΨƳƛȄŜŘΩ aL/ ƛƴǾŜǎǘƛƎŀǘƛƻƴΦ 
(Created with BioRender.com) 
 

 

4.2.3 Data analysis 

 

Following AST of each subset of bacterial isolates, all data were examined to identify 

concordance between: (i) MICs of isolates following an extended period of frozen 

storage and MIC values generated during initial repeat testing and (ii) MICs of 

individual isolates aƴŘ ǘƘŜ ǊŜǎǇŜŎǘƛǾŜ ΨmixedΩ aL/ ǾŀƭǳŜΦ  

 
























































































































































































































































































