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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 organisationscross 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 dymics 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 literatarexplore the

context and an outline of research aims.

In Chapter 2, a study group sixteendairy farms were recruited to investigate the
associations between historical trends of AMU and AMR as part of a longitudinal
study. AMU was determined over tteurse 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 repredagher 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 studygroups, 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 thdairy farm which may be associated with levels of resistance in

sentinel bacteria.



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
invesigations 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. The 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 intactions 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 sfgrant 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 irdtie farm
setting, and provide an opportunity to further develop AMR surveillance across the

industry.
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Chapter 1. Introduction anditerature review

In this first chapter, an introduction to antimicrobias brief history, discoveryheir
importance and mechanisms of actisdiscussed. The emergence of antimicrobial
resistancg AMR)and the subsequent issues this presents is explored, along with an
elaboration on current literature regarding antimicrobial uggMU) and AMRin
livestock agculture, 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 amtiatiial properties of
organic materials has existed in human society for millennia, dating back to the times
of ancient Greece and Egyfutchings et al., 2019Antimicrobial 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 bacterfAmerican 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 firg notable use of arantimicrobial effective against bacter@ccurred at the

turn of the twentieth century following the isolation of what would be called
pycocyanase fror®seudomonas aeruginobg the German scientisEmmerich and
Low(Arbab et al., 2022However, itwas SirAlex®&rS NJ Cf SYAy 3Qa | OOA
of penicillin, an unstable compound isolated from the fundnicillium notatum

which heralded a new age in the fight against bacterial infectigfardos and
Demain, 2011) A significant period of discovery and isolation asftimicrobial
compounds derived from bacterial, fungal and synthetic sources across the two

decades between 1940 and 1966curred This period is sometimes referred to as a
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w32f RSy I 35S Qdisedverylwiidn ivas folia dyhal-périod of chemical
refinement of these compound®alsh and Wencewicz, 2014)he initial success of
antimicrobialsled them to be thadzaA K 2 F | & ( K(Benasydnt 6t ALYl (S
2015) Wise (2002) argues that in the last 50 yearsantimicrobial 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 a&tearacterised by interactions between the
antimicrobial agent and the target cell and the subsequent structural, molecular and
biochemcal modifications which folloKohanski et al., 2010)Antimicrobial agents

are testedin vitroto ascertain their capacity to not only inhilisacterialgrowth and

division, but also the ability of the agent to eradicate tiecterialpopulaion from

the site of infection. Théormer of these modalities i SNY SR & ol Ol SNA 2 &

G§KS f I 003S N[PéankgadiiSahadh, QU0 ntimicrobial 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 at synthesisor hinder cell wall synthesiérenover,

2006) Tablel.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 testedn vitrounder strict laboratory conditions, such as growth conditions and
the length of time antimicrobial action is tested farhese are further complicated

vivo due to the availability of nutrients for bacterial growth in the host as well as
differences in host characteristi¢€ozens et al., 1986)s a result, it has been stated
that it is difficult to be able to ascertain the mechamis of action of an antimicrobial
agentin a clinically meaningful wafNemeth et al., 2015)Therefore, it is often
recommended that most antimicrobials be chaterised as having both
bacteriostatic and bactericidal properties, in order to achieve blest cure rates
possible(Pankey and Sabath, 2004)
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Tablel.l. The dfect of different classes of antimicrobials on bacteria and how they function
i.e. bacteriostatic or bactericidal, and examples of irligl drugs within theselasses

(adapted fromHooper, 200landNemeth et al., 2015)

Effect on Bacterial Class of Function Example Drug
Target Antimicrobial

Inhibition of Sulfonamides both Sulfamethoxazole
metabolic pathways | Trimethoprim bacteriostatic

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

i -Lactams

both bactericidal

Penicillins, Cephalosporins

integrity Glycopeptides Vancomycin

1.1.2.1 Inhibition of metabolic pathways

When considering the range ahtimicrobialeffects as outlined iable 1.1,dt 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 dcpathway within the cell. Both
prokaryotic and eukaryotic cells require folate in order to produce molecules
necessary in nucleic acid synthesis. Bactayathesise their own folate, and the
required biosynthetic pathwaynakes this a possible antimicrabidrug tar@t. The
resulting impact is thdisruption of nucleic acid synthesis of microorganisms, without
affecting the ceB of the host(Bermingham and Derrick, 2002Disruption offolate
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

(DHFS) and trimethoprim (an example of a diaminopyrimidine) competitively inhibits
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dihydrofolate reductase (DHFRIProjan, 2002) DHPS is an enzyme critical for
dihydropteroic acid production from pafaminobenzat 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 nuak@et producton
(Capasso and Supuran, 201Zhe combination of these two agents allows for
synergistic inhibition obacterialgrowth, and this combinabn is highly effective in
the treatment of infectious conditions such as upper respiratory tract infections,

urinary tract infections and bacterial endocardit&chiffman, 1975)

1.1.2.2 Inhibition of protein synthesis

Inhibition of the synthesis of proteins thin 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, multistep process which involves the interaction of molecules in initiation,
elongation and termination of protein assemblyrepresenting a number of
intermediary steps which can be targeted by the action of antimicrobial molecules
(Walsh, 200Q)In protein synthesis, the genetic material of the bacteria (DNA) is
transcribed b RNA via RNA polymerase which is known as messenger RNA (mMRNA).
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
occurswith the action of ribosoras) (Walsh and Wetewicz, 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 $ene80S subunit which are

targeted by tetracyclines and aminoglycosid&snover, 2006)

Concerningaminoglycosides, 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-2leoxysteptamine 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 fonultiple mistakes per protein during, which
can havedthal effects for the bacteri@Tenson and Mankin, 20Q6)etracyclinesn

the other hand inhibit bacterial protein synthesis by countering the binding of the
aminoacytRNA with the 30S subunit. The disruption of such binding by tetracyclines
results in he translation step, required for the assembly of a protegguence of
MRNA, to be blockedlhis prevents thesequencing of proteins important for the

bacteria to grow and reprodudghopra 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 peptidyHRNA, indicating that protein sequencing was being
completed prematurely as a result of peptidyl tRNA disassociation. As a result,
incomplete proteinsare synthesised, reglting in inhibition of growth(Katz and
Ashley, 2005)Streptogramins work on a sitar 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 bacteaiceffect whereas when they
work independently the overall effect is primarily bacteriostatic. Subgroup A
functions by blockg substrate attachment, hindering elongation of the protein
chain. Additionally, this binding causes conformational change o5@&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 ribosomesastage of

the synthesis process, which can resultnajor disruption of synthesiMukhtar 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 ihgi 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 Il topoisomerase enzymes, of which bacteria have two
related subsets; DNA gyrase and topoisomerase IV (thesieane only in bacterial
cells)(Walsh and Wencewicz, 201Tppoisomerase enzymes are necessary for the
separating of the bacterial DNA strands, formation of a complementary DNA strand
from the original andsubsequent annealingf the newly formed DNA strand. DNA
gyrase forms negative superhelical twists into the ADNvhich are a necessary
requirement to allow for DNA replication and erase positive superhelical twists. The
action of topoisomerase |V is largely in the closing stages of replication, causing
separation of daughter chromosomes formed during the replaratiprocess,
allowing for segregation into daughter cells, which would normally allow for bacterial
replication(Hooper, 200Q)Fluoroquinolones adty interrupting the enzymdound

DNA complex(how bacterial DNAinteracts with either the DNA gyrase or
topoisomerase IV enzymgsThe antimicrobial agent will incorporate itself into this
complex, forming a new drugnzymeDNA complex. This however prevents the
replication fork from proceeding in order to completeethreplication cycle. This
ultimately leads to inhibition of routine DNA replication and synthesis in the bacterial

cell, resulting in cell deat{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
devebpment of antimicrobial agent@Hooper, 2001)The cell walls of bacteria are
essential for survival, abey help to give structure and prevent cell death due to
osmotic interactions between the bacteria and its environment. The bacterial cell
wall is madeup 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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AYLRNIF YOG | yaA Yiedanm®and dlyCopepridyauatdrid Yéaman,
2013® fil Ol F Ya s y I YdstBm rih@ Migdl peBidillMinding proteins
(PBPs), enzymes which are involved in the restructuring and biosynthesis of the
oF OGSNAIEf OSft gtttz YR (KSNBTFTaaMsds GKS
ring is conplementary to the structure of lanineD-alanine terminals, which form

the building blocks of the peptidoglycan layer, and interact with the enzymes D,D
transpeptidase and D;Barboxypeptidases (both are PBPs) which would normally
allow for new layers gbeptidoglycan to be synthesised and laid down. However, the

0 A Y RA Yy Facta rind, Kvl§ich is an analogue of theaD-ala terminal, to the

active sites of the PBPs, causes long term intermediate acylation, causing active sites
to be sterically bloked 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 preseadriggers 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, 201&milarly, glycopeptides, such as
vancomycin, work by interfering with the bacterial cell wall. They too target the D
alanineD-alanine terminal, preventing its binding with the PBPs thus inhibiting
peptidoglycan crossinking, weakening the cell structure and causing bacterial cell

death as a result of excessive osmotic press(ikesmg and Park, 2015)

1.2 Antimicrobial esistance

The satus 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 conbat bacterial infections, bringing about a rise in mortality from such
infections, which were once readily curablgCollignon & al., 2016) The
materialisation of the prolem of AMRposes a considerable threat to the health
status of the global population and has the potential to place a considerable burden

on global health servicd#itgberg et al., 2010The scale oAMRhas 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 metbaerage

The World Health Organisation (WHO) definddMR as occurring when
GYAONR2NEBI YA A&Yairusesz@iigi andaparasite® chanbdiin ways fhat

NEYRSNI GKS YSRAOFGAZ2ya dzaSR (G2 QOwadBS GKS

Health Organisation, 2017The emergence dAMRthreatens b interfere with the
headway made in the effort to control bacterial infect®nAs 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 perty@asdlso
estimated that the financial impact in the United States was around $20 billion in

excess medical spending per ye@larston et al., 2016)A UK parliamentary

commissiorreport onAMRO 1 Y2 6y | 4 G KS h Q3016 predidtdd LJ2 NIi 0

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 resistanceQ b SA £ f X

Since the initial introduction adntimicrobialsn medicine, there were warnings that
the pathogens they were designed to eliminate wouldhghe ability to resist them
and acquire defences to protect themselu@hioro et al., 2015)in fact, it was as
early as 1945, just sm after the introduction of penicillin, that Sir Alexander Fleming
warnedthat 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 8taphylococcus aureurs a London hospital was 38%. By
2013, it was estimatedhat 90% ofS. aureusstrains 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 considasadell an

overview of the scale of the problem AMRfor human medicineWe nav consider

why and how bacteribecome 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
2F ylIGdzNIt aStSOGA2Yy YR WadiNBAGIE 2F (K.
of bacteria, some of them will possess advantageohbaracteristicswhich 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 survivevill be passed on to the next generation of bacterial
daughter cells or passed on to other bacteria in the environment. The phenotypes of
bacteria dispying 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 emergerfdd Rf
predates their use in modern medicinal practicedatiat resistance is ultimately
going to occur in the environmelD'Costa et al., 2011pue to the fact that most of

the first antimicrobials to be isolated were obtained from bactenm dungi, 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 isolateslimcal
environments(Webb and Davies, 1993)espite resistance to antimicrolsahaving

been shown to be naturally occurring in bacterial populations, the current crisis of
AMRhas 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 to(ederssn 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 acgation, 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 theseodifications is a reduced affinity of the
antimicrobial for its bacterial targeflternatively,bacteria may be able to produce

enzymes which destroy the antimicrob&gdentaltogether with the most well known

2F 0 KS a-Bctam&sasyThese disruS | YARS 02y Ragath g A (KA
ring via hydrolysis, resulting in the antimicrobial losing all effectiveness due to loss of

conformation in which affinity for its bacterial target is Igq®flunita and Arias, 2016)

1.2.1.2 Interruption of antimicrobial target

A second method through which bactdrisesistance can be conveyed is by
AYOSNNHzZLIGAY3 GKS FTYGAYAONROAIFT Qa FOOSaa
is for advantageous mutations within the bacteria to cause the downregulation of
non-selective membrane channel proteins and upregiolatof 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 antimicabbdelivery into the
bacterium can also be achieved through the function of efflux pumps. Bacterial efflux
pumps allowantimicrobialcompounds to be actively transported out of the cell, with
these pumps ranging from highly selective to highbn-selective, allowing for
considerable range in resistance capability. Non selective pumps therefore are

sometimes referred to as multidrug resistance efflux pur(isole, 2005)

1.2.1.3 Modification of bacterial target

Additionally, bacteria can gain resistance aseault 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 antimicrobiahgent At first ths 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 bacterialetargo 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
synthesigBlair et al., 2015)

1.3 Antimicrobial use in agriculture

Given the projected impacddMRwill 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 consequencés human health.
Nevertheless, in addition to the losses facing the global population as a result of the
potential prevalence cAMRIn human medicine, a considerable impact could also be
seen in the field of veterinary medicine if levels of resistanesevto reach a similarly
critical level. This would lead to significant economic losses as well as reductions in
levels of animal welfaréCatry et al., 2003)The emergence cAMRIin veterinary
medicine can therefore compromise animal health and welfare. In order to preserve
and uphold this, sustainable changesirtimicrobial use (AMUnust be mad€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,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 humangPaphiou, 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 antimicradds playan importantrole in themanagement

of food producing animals due to the improvements in health, welfare and efficiency
that they play.Antimicrobialsin agriculture can be used to treat bacterial infections
which present clinical symptombat can compromise health and welfare. They can
also be used in the prevention of infection via prophylaxis and in growth promotion
(Gustafson and Bowen, 199 AMU within the livestock industry has allowed for
more productiveand healthiemnimalswhich has thereforallowed in turn for higher
quality produce for human ansumption at a lower cos{Oliver et al., 2011)
Administration of antimicrobial compoursd differ across livestock production
systems. In the dairy, beef and sheep industriestimicrobials are generally
administered on an individual case basis. However, in large scale intensive rearing
systems, such as that for poultry and swiaetimicrolbialsmay 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% AlMaiglobally(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 globgl Of the three livestock sectors reportedAMU
increase in cattle was the lowestccounting for only 22% of the overall increase by
2030(Tiseo ¢al., 2020)

As previouslylescribed 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 disseminationreistantbacteria as wk 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 @ntimicrobialsto treat bacterial infection.
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1.4 Political responses

1.4.1 International response

Greater recognition of the issue #iMRis being paid towards its impact on animal

health, and that of the wider environmer{Queenan et al., 2016)rhis therefore

ONAYy3Ia F2NIK GKS OwhighOrad drawrindreasiy e\els of S £ (0 K

attentionin the past decade with regards AAVIR 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 dlpeople, animals and the ecosystem in a global con{&ibbs

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 anunprecedented movement of bacteria, along with those that
displayAMRproperties. In essence, practices which encourage the emergence and
spread of resistant microbes in one country can compromise the efficacy of
antimicrobials on a worldwide scal®IE, 2015)The OIE (World Organisation for

Animal Health formerly the Office International des Epizootijegalls for better

G3f 20-AaSO2aMH AadN G§SaIASa (G2 OdaND (KS SY§

resistancelnoue and Minghui (2017Auggest 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 irtggee and relevance of

the One Health concept for the issue AMRIis widespread in the literature. For
example Robinson et al., (201@)aims that there is no other issue that embodies the
fundamental ideas of the One Health approach than thaAlIR with Moran (2QL7)
atuldAay3a GKIG AG A& GKS aljdAayiaSaaSyidalt

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 canbat the scale of the problem. Despite the major political traction that

has been generated within the last decade, tWHO began the discussion with
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regards to the threat posed b&MRas early as the 1960s, a mere 20 years following
the introduction ofai A YA ONR O AL f | 3SyGa 62NI R6ARSO®
wSaraldlyoSQ g4l a AdaadzsSR Ay wmdophpy YR Ay
published their first so called global strate@he Lancet Editorials, 201&jowever,

it has been claimed that the publication failed to achieve a meaningful response from
the wider medical, scientific and political landscape dua tack of emphasis on the
economic implicationgQueenan 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 agerdg (World Health Organisation, 2001)espite this perceived lack

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

monitoring and in confronting the scale 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 decisimaking body of the WH 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 theaboltation which was being
called for was achieved by the -codinated effort of the Food and Agriculture
Organisation (FAO) and the OIE alongside the WHO in the publishing of their 2015

A0NIGS3ed ¢KAA O2fftlFo02NF A2y fdI3FIWYOSKY G2n

together in promoting the One Health concept through their respective
responsibilities, which is now readily focusing their effort®fdAR among other One
Health commitments(OIE, 2015)The OIE s$elf is also dedicated to formulating
strategies with regards to antimicrobial resistance. At theii® &eneral Session in

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

FYGAYAONROALFEA Ay (GKS @g2NIXIRQa FyAYlFf LRL

committed to are; bettering perceptions on the use of antimicrobials, imprgv
surveillance and research, encouraging better governance with respédtiteand

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, namehe United Nations, when in 2016 theSfGeneral
Assembly adopted a resolution aimed at combating the threat of antimicrobial
resistance, as well as the G7 and G20 groups of nafoHs, 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 antimicrobgéccording 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 accorthg to levels of importancegritically important, highly importarénd
important (World Health Organisation, 2005)he list has been revised every other

year since the original document was published in 2005.

Similarly, in May 2007 the OIE published a similar demnt at their 79 General
Assembly(FAO/OIE/WHO, 2008Wwhereby antimicrobials were designated to be
critically important, highly importantr important in veterinary medicine, with the
range of animal specidseing 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 contusions, 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 tetradiyes, penicillin and streptomycin, which were
being used as growth promotors in agricultu@her classes adntimicrobialsbegan

to be used in their place, such as virginiamycin and avilanigeirion, 2000)Europe

was the first to lead the way in taking action on the use of antimicrobialgyhesed
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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 prophyladkiklUin agriculture. As a result,
there was a reduction of antimicrobiakold 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 199@®gliani et aJ 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 1@2Sewell

et al., 2003) This left only avilamycin, flavomycin, monensin and salinomycin
available for use as growth promotarsanimal 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 ® January 2006. Following this, direct application of antibiotics or use
in medicated feed is only allowed under vetary prescription(/Anadon, 2006)It is
largely accepted that the bans imposed in Europe made a significant contribation
the phasing out of growth promoting antimicrobials. Denmark has been widely
regarded as having one of the besSiMU surveillance procedures in Europe, and it
has been shown that their use had fallen from 100 tonnes to zero by @i0ips,
2007) Many surveillance programmes and strategies have been introduced in the EU
since, but more recently, a proposal to lirthie 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 2630 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 developmentA¥Ris to implement meaningful
surveillance, greater commitment to research and infection control (to predémt)

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

and livestock populations and the environmégk¥ise, 2002)
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1.4.3United Kingdonf) @sponse

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

the United KingdonfUK) was the first scientific report on the risks thaMUin the

livestock industry posed to public heaiBegemann et al., 2018Furthermore, the

UKwas seen to continue international leadership in the area through the publication

2T GUKS hQbSAftf NBLRZNI W.yTheweportcniade lséven | £ f dzR
recommendations, including promoting increased global awareness of antimicrobial
resistance, reduction of unnecessary use of antimicrobials in agriculture and
improved global surveillance &MU and AMRO h Qb S A  Th& reperh woald

influence policy not only in the United Kingdom, lalsoon a global level. In 2013,

the UK government had outlined a five ygslvIRstrategy, to be renewed in 2018,

which brought together governmental departments concerning agriculture and the
environment, health, associated public health agencies and their subsidiaries.

| 26 SOSNE GKS hQbSAff NBLRNIIANZIRRGKR NBE G
more attention than the original strategy its€Blake et al., 2022)

In response, the Responsible Use of Medicines in Agriculture AllianceA)RWMch

was originally established in tHegKA 'y mMdpdT (2 aLINRY23S (GKS K
F22R al¥SGez FyAYlt KSFItOGK YR FYAYFE 68§
KSt LI 0KS tA@Sai20]1 aSO02NJ YSSO GKSANBO2 Y
Targets Task Force guidance helped the UK achieve a 52% decréddd atross

the entire livestock sector between 2014 and 2020, with updated guidance and
targets published for 2022024 (RUMA, 2022) A key element of thel Y Qa
surveillance system is thannual publication of the Veterinary Antimicrobial
Resistanceand SalesSurveillance (VARSS) report, compiled and published by the
Veterinary Medicines Directorate (VMD). This report outlines key data relating to the

sales of antimicrobials in livestockddAMRmonitoring of bacteriaBennani et al.,

2021)

37



1.5The dairy industry

The latest available global data shows that in 2019, global milk productiod stioo
883 million tonnes (81%roduced by cattle) Of this output, Asia and Europe
accounted for 42% and 26% in milk production respecti(€ixO, 2021)The
European Union dairy herd (&X) stood at20.5 millioncowsin 2020 while theUK
milkingherdwas made up of 2.62 million coWdHDB, 2022)

From their analysis of global trendBiseo et al., (202@stimatedAMU across food
producing animals. Measures &MU were presented as milligrams of active
antimicrobial ingredient used per population correction unit (mg/PCU). mikeisic
takes the size of the animal population into account using estimated weights of food
producing animalgVeterinary Mediines Directorate, 2016 he authorestimated

that in 2017, cattle (all dairy and beef) accounted for the smallest proportidivid

of the food producing animals included in their work (swine, poultry and caffleg
authors foundAMU for cattle tobe at42mg/PCU, compared with 193mg/PCU and
68mg/PCU for swine and poultry respectively. In a papdfdipers et al., (2016he
authors conducted a long term study inedMUfrom 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
broughtaboii 'y AYONBIF &S Ay dza&ampddudidhyieDast t Ay
broad spectrum products such as trimethoprim/sulfonamide combinations.
Elsewhere, a studgn Canadian dairy farm@aini et al., 2012 2 dzy R -lact&ms( |
were the most widely used antimicrobial class ac&&slairy herds. It was noted that
cephalosporins, tetracyclines, trimethoprim/sulfonamide basedimicrobialsand
lincosamides were frequently used (in deading 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 acrosscanvenience samplef 358 dairy farms. It was found that
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the most commoh & dza SR I viAYAONER o-ladtains driNB R dzO (i
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 e€ un terms of

antimicrobial active ingredieniHyde et al., 2017)

Within the dairy industry, the main usage of antimicrobials is in the treatment of
mastitis, which cammccur either during lactation or dry perid@winkels et al., 2015)
and is widely regarded as one of the most costly diseasesnitie dairy industry
worldwide (Hand et al., 2012Mastitis is the term used to describe an inflammatory
disease of the mammary glarahd 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 agent¢Biggs, 2009)The aetiology of méaisis is almost always of bacterial
origin (Royster and Wagner, 2019 the United Kingdom, it has been determined
that only five bacterial species account for 80% of mastitis diagngsesgrichia coli,
Streptococcus uberis, Streptococcus agalactiae, Streptococcus galantihe
Staphylococcus aureyBradley, 2002)As a result of mastitis beirgj relatively high
prevalence in dairperds,this disease constitutethe main source ofAMU. Many
studies considering AMIR dairy often focus on mastitis causing pathogens, or

opportunistic pathogens of the mammary gland.

1.5.1 Associations betweeantimicrobial use and resistance

Although there has been a great deal ofwalone 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 studyshyni et al., (2013yhich followed

up on previous work quantifying AMU, found that there was an association between
AMR inE. colisolated 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,
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(i) nonclinical, healthy cows and (iii) pdrying 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.
¢KS |dzi K2NBE RSY2Yy a dadtani éhtknicibials iverdiaksSciawzh S
with an ncreased frequency dE. coliisolates showing intermediate resistance or
higher to aminoglycoside based products, ampicillin and trimethoprim/sulfonamide
combinations. In work elsewhereCatry et al., (2016karried out a two year
antimicrobial susceptibility study evaluating isolates Eof colisampled 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 findinghaasigher

use of antimicrobials had a strong influence over the frequency of AMR @oli
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 Gramegative bacteria, including. coli isolated

from cases of bovine mastitis over an extended perMdm et al., (2009%ound no
significant change in the incidence of AMR in Gragative bacteria between 2003
and 2008. In total, 841 Gramegative isolates were retrieved, of which1l@ere

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
suscetibilities of E. coliisolates (n= 374petween 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 resistanceesethtudies
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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 leveRlthough 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 studyShini et al.,
(2013)which followed up on previous work quantifyiddMU, found that there was

an association betweerAMR in E. coliisolated in bovine mastitis cases and

I YGAYAONROALIfA O2YY2yteé dzZaSR 2y /Iy RALY
lactams were associated with an increased frequenc¥ otoliisolates showing
intermediate resistance or higher to aminoglycoside bagemtucts, ampicillin and
trimethoprim/sulfonamide combinations. In a two year antimicrobial susceptibility
studyevaluatingisolates oft. colsampled from the rectum of 10 dairy, 10 beef and

5 veal herds in Belgium, a notable finding was that higheofis@timicrobials had a

strong influence over the frequency AMRIn E. col(Catry et al., 2016)

Research of interest has be@arried out in South Korea investigating changes in
antimicrobial susceptibilities of Gramegative bacteria, including. coli isolated

from cases of bovine mastitis over an extended perMdm et al., (2009%ound no
significant change in the incidence AMRin Gramnegative bacteria between 2003
and 2008. A similar study from South Koreevestigating the antimicrobial
susceptibiliies of E. colias well as characterizing extendadLJS O (i -Ndiavhases
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 corpared with the aforementioned 2009 studyark et al., 2017)
These studies had no data @MU for the cows or herd$rom whichsamples had
been taken. Therefore, the effect that differencesAMU may have on the results
relating to the incidencef resistance in these studiés unknown The relationships
between patterns ofAMU and AMRuill help to form part of an overall surveillance
programme. Additional research is required to determine the exact relationship
between on farmAMU 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 AMMurphy 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 housingiosecurity 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 isolat&s oblicultured

from faecal samplefrom organic dairy herds (n=3Q$do 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 methicdbistant
Staphylococcus aureult was found to bemore frequently isolated from the bulk
tank milk of conventional dairy farms than from organic syst€fenhagen et al.,
2018) Although these findings may be simply related to differences in AMU, these
farming systems represent differences which farm mamaget 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 disseminatiorAbfR between bacteria

and amongst hosts warrants judicious monitoringbafcterial susceptibilities. The
implementation of surveillance procedures allows for infeandecision 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, allowingéoy 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 monitorindMRin the dairy environment, there are a number of

options available in terms of sampling, such as individual quarter milk samples
(Thomas et al., 2015y faecal/bedding samples taken from housing facilities or the

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

oF OGSNAI A&az2flGdSR FTNRBY YAt al YLt Sa dlI 1Sy
which represents a convenient sampling methadd has been assumed to le
representative of thénerd population and its environmer(Berge et al., 2007Many

studies intoAMRon dairy farms report using bacteria isolated from bulk tank milk,

across a range of bacterial spec{P®l Collo et al., 2017; Kreausukon et al., 2012)

1.7.2 Sentinel bacteria

One way to carry out surveillance on antomobial resistance and monitor trends or
developments is by using sentinel bacterial species. The Danish Integrated
Antimicrobial Resistance Monitoring and Research Programme (DANMAP) use
Enterococcuspp. andEscherichia colas proxy sentinel bacteriapecies in the
monitoring of AMR The former allow for monitoring of resistance@am-positive
bacteria, withE. colallowing br monitoring of resistance inr@m-negativebacteria.
These bacterial species hold value for a number of reasons. Firsdy, dle
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 transfefBorck Hag et al., 2016)herefore, the use of these indicator

bacterial species play an important part of studiesAMR patterns. It is for these
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reasons thatEnterococcuspp. andE. coliare the focus of investigations AMRIn

this thesis.

1.7.3 Enterococcuspp.

TheEnterococcuare a genus of bacteria of significant interest in both the fields of
medicine and sciencdznterococcusire catgjorised as Grarositive, oxidase and
catalase negativanon-sporeforming 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 animalsuciallyEnterococcubave been
found to be part of the normal microbiota of unpasteurised Ml I y A 32 @t
2016) Over the past number of decaddsnterococcuspp. have become a major
cause of infections associated with medical treatment with the UK reporting a 60%
increase in bloodstream infection &nterococcu®rigin between 2002 and 2007
(Heimer et al., 2014)

Enterococcuspp.hold particular interest with regards tAMRdue 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 ;AMU, resistance among Enterococci have emerged taraber

of other agents, such as streptogramins and tetracycliHdeimer et al., 2014)
Jackson et al(2011)found that amongsiE. faecalis,resistance to lincomycin was
highest at 97.8% of isolates, with the next highest resistance being to tetracycline at
12.2%.E.faeciumshowed high levels of resistance against flavomycin (88.2%) and
lincomycin (81.2%) but a lower level of resistance toaeycline (8.2%). WheB.
duranswas tested, 100% resistance (of E2duransisolates) were resistant to
lincomycin and 36.4% of isolatesre resistant to flavomycin and tetracycline. In a
separate studyNam et al., 209), it was found that the most common resistances
amongEnterococcuspp.isolates were to tetracycline (69.5%), penicillin (64.7%) and
erythromycin (57.1%)lheseresults suggeghe need for further surveillance &MR

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

Escherichia coare Gramnegative, rod shaped bacilli belonging to tBecherichia
genus andare a part ofa group of bacterial species known as coiie. With respect
to research in the area of dairy scien&gcolirepresenta significant proportion of
coliform species associated witmastitis (Suojala et al., 2013)acting as an
opportunistic pathogen of theidder. E. coliplay an important role as commensal
bacteria in the gastrointestinal tracts of humans and animals, meanindethailhas
a considerable presence irhd faecal contentof dairy cows.It is therefore

widespread in the dairy environmefiKeane, 2016)

Much work has been carried out on the antimicrobial susceptibilityEotoli
implicated in bovine mastitis, with a large degree of variability sults between
studies. A study undertaken li/etPatlE, a parEuropean associatiaimat provides
monitoring of AMRIn livestock reported that E. coliisolates were most commonly
resistant to theantimicrobial agents cefapirin (11.1% of isolates) and 14.3% of
isolateswere resistant to tetracycline. Other antimicrobial agents were also tested
with isolates showing eitheeero or minimal levels of resistance towards them
(Thomas et al., 2015)A study by(Suojala et al., 2011y Finlandreported 27.8% of

144 E.coliisolates 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 sulfametoxazdl86%,
16.4%, 15.7% and 13.6% respediiyeA 2007 study frorthe USASrinivasan et al.,
2007)found extremely high levels of resistance amongstoli to antimicrobials
commonly used in veterinary medicine. It was found that all isolates were deemed
multi-drug resisant with 98.4% of isolates being resistant to ampicillin, 40.3%
resistance for streptomycin and 24.8% for tetracycline. Therefore, conclusions were
drawn thatE.colimay represent an important reservoir 8/MRgenes and allow for
propagation of resistareamongst commensal and pathogenic bacterial populations.
This in itself highlights the importance &. colias a sentinel bacteria iIAMR

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 resistghgem,
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
sequenciig (Feldgarden et al., 2019y his allows for the identification MR related
genes which could be passed on throughout the bacterial population via horizontal
gene transfei(von Wintersdorff et al., 2016 lassification of these genes and a high

sample throughput are key benefits of a molecular appro@&mprou et al., 2021)

In contrast, phenotypic ntbods in the determination ofAMR have been well
established and standardis€@i et al., 2006yia antimicrobial susceptibility testing
(AST). A number of individual methods employing this approach exist, such as agar
disc diffusion, agar dilution and broth macrodiluton or microdilutidenkins and
Schuetz, 2012) AST regimens which determine the minimum inhibitory
O2yOSYUNYGA2Y 6alL/ 0 @AF RAfdziA2Y YSUK2RA
(Schumacher et al., 2018)he MIC is a measure of the lowest concentration of an
antimicrobial needed to inhibit growth of microbes, such as bactércsson and
Sherris, 1971Broth microdilution (BMD) is one of the most widelyedsnethods in

the determination MICs of bacterial isolatédorgensen and Ferraro, 2008hd
utilises 2 fold serial dilutions of antimicrobials usually expressed in concentrations of
png/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, andlso 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 iso(&téernational Orgarzation

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 Aimsand 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 thage

objectives.

The first of these objectives was to investigate the associations between AMU and
AMR via implementation of a longitudinal study utilising historic dateestigation

of this aim is presented in Chapter 2 and was further explored ipt€ha.

The second objective was to investigate potential #dviU 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 Chpter 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 wookiikned and

presentedacross Chapters 4 and 5.
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Chapter 2; A dngitudinal dudy 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 ad 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 treds 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

speciesfEnterococcuspp. ande.coli.

A study population of sixteen dairy farms located on an isolated geographic location
were recruitedfor 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 ithin 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 theotential 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 ecruitment

Initial contacts between researcher (DM) and the dairy cooperative were facilitated
by QMMS. Prior to this, farmers had bemfiormed of a potential study, with their
recruitment having been encouraged by the cooperative. Formal recruitment was
organised by email and/or phonérior to the commencement of the study, there
were a total of 19 dairy farms on the island. Two hesgse 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}-armers were asked to sign consentnfi@r 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

ProtectionRegulation (GDPR) regulations.

2.2.3. Farm Visits

Farm vidis, 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
practces\K A OK LINRP GARSR &aSNWAOSa G2 (GKS Aaftl yF
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 fra the two veterinary practices

representing the farmer client base. Across the sxtéarms 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 studw initial in person visit

was made to discuss the data needed and logistar 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 veterinaryigeaand 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
tothech SydQa | RRNBaasx RIFEdGF 2F alt SkLNRRdJzOI

product (name, quatity and directions for use).

In addition to antimicrobial purchases and prescriptions from their veterinary
practice, six farmers indicated that they used anlime veterinary medicine
RAAGNAROdzE2NY ¢2 200GFAYy GKSaS RFEGEFEZ GKS |
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

Ot ASyiQa LISNE2YIlf AYyF2N¥NIGAZ2Y O

Data were handled in an Excel spreadsheet (Microsoft Excel, Microsoft Corporation,
2016). Fromrecords obtained, data were cleaned by removing w@woessary
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.
C2NJ SIOK FFNX¥YQa NBO2NRazx O2fdzyya oSNB | F
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 produt To define active ingredient information, a database produced
by the Veterinary Medicines Directora{®'eterinary Medicines Directorate, 2019)
was accessed , thi 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. solutionof 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 cephalospaihere 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 theantity 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 anginstance.

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
F2N) SI OK NBO2NR LRAYG ¢l a RAGARSR o0& (KS

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 classewith the highest frequency of use between April 2013 and April
2019 across all farms. Further descriptive analysis was carried out to assess the
changesin AMU patterns within farms. For each farm, a measure of AMU was
calculated using the Population Correction UjMeterinary Medicines Directorate,

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

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

all dairy cows on the farm, using a standardisedrigof 425kg for a dairy cow.

A graphing procedure using thggplot2 package(Wickham, 2016)n R (RStudio
Team, 2020allowed 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 plottd quarterly (according to date data). Additionally, graphs were

also produced for data relating ttMUon a per cow basis.

2.2.5 Generation of atimicrobial susceptibility cita

2.2.5.1 Recovery of bacteriaddlates

Isolates ofEnterococcuspp. andE. coliwere 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 20¥ugust 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 fineubated for two hours at 37°C. Following
incubation, samples were inverted to allow the milk to mix. For each farai2ifl

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

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

to be spread across selective two of each selective agar plate. Slanetz and Bartley (SB)
agar was used in the selection®interococcuspp. and Tryptone Bile-&lucuronide

(TBX) agar in the selection 6f coli Sterile cotton swabs werused to take half the

milk fat from each falcon tube, which was then distributed onto six SB and TBX agar
LX FGSad ! LIIINRPEAYLFGSt&@ onn>t 2F YAf ] &dzlSt

better spreading of fat. The contents of each plate were miueahg a spreader to

52



create a smooth consistency and then spread evenly across the whole plate. Once
dry, plates were incubated for 48 hours at 44°C and checked after 48 hours for
growth. At 48 hours, any plates that lacked growth were discarded. Plaatslid

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 recovdty aili

C2NJ SIOK TFIN¥YQa odzZl1 GlFry1l alryYLi Sz wmYf
Enterobateriacae enrichment (EE) broth for -B& hours at 44°C. For each farm,

I fAljd2Ga 2F wnn>t YR pnn>t 2F o0l OGSNRI

agar.

Following the incubation period, plates that featured significant growth of
contaminants (i.e. Wwere two or more contaminant colonies were identified
morphologically) were discarded. Eight to ten colonie€nferococcuspp. andE.
coliper farm were selected from the six SB or TBX plates. Colonies were selected by
visual assessment of morphology.héh 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 chked for colony growth.

Species identification was subsequently confirmed through Mdatssisted Laser
Desorption lonization/Time of Flight Mass Spectrometry (MAIDF MS) using
Biotyper 3.1 (Bruker Daltonics, Coventry, WBfuker 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, thstfspot on the plate was reserved for

an E. colicontrol, 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 weyseated for all bacterial colonies

to be identified. A 1pl aliquot of 70% formic acid was pipetted on each spot and left
to dry. Once dry, the plate was matrixed by pipetting 1ul of Bruker Matrix HCCA
o | / | -Cyane4-hydroxycinnamic acid) on top of easpot and left to dry. While
drying, theMALDBiotyper software was prepared for bacterial identification. Details

of the Bruker sheet labelled previously were transferred to a-ymepared Excel
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spreadsheet, copied into the software and a new classiboaand project file
created. Once ready, the target plate was placed into the Microflanass
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 toan Excel spreadsheet, saved to a USBpaimded for future reference.

Colonies that were identified as being eithEnterococcus faecalis, Enterococcus
faecium, Enterococcus duransE. coliwere accepted for pure plating. At least six
colonies were rquired 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 sixEnterococcuspp.or E. colicolonies 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 afteAugust 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 subseantly 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 &f colifrom archived fozen samples was

unsuccessful.
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Table2.1. An outline of bacterial species recovered from historic samples according to the
period bulk tank milk samples were received by the laboratory.

Sample delivery date E. coli Enterococcus spgE.
faecalis,E.faeciumé& E.
durans)
August 2014 X \%
August 2015 X \%
August 2016 X \%
August 2017 X \%
August 2018 \Y, \%
November 2018 V Vv
February 2019 V V
August 2019 Vv \Y;
November 2019 V X

2.2.5.2 Antimicrobial susceptibilityesting

All ASTwas 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 ithe isolates could not be revived, isolates suspended on glycerol
beads frozen at80°C were used for the pure plating process. All plates were labelled
accordingly. When plating from cold stored isolates, a 10ul loop was used to transfer
a portion of thecolony 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 platewere prepared, they were inbated for 1824 hours at 37°C.

Following incubation, isolates were ready 8T following the steps outlined by
CKSNXY2FAAKSNRA {(Theraol ScikniifidBMassaiseB&RASNGS in
which results are generated asinimum inhibitory concentrations (MIC$jor 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 turltigl standard, equalling an optical density of
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bacterial suspension df.5 x 10% colony forming units (CFU/ml) was determined

according to a Sensititre Nephelometer (Thermo Scientific, Massachusetts, USA). For

| bacteriabstispandioh Wadzadded @ & vial

Enterococcus spp. a4 2 f | (1S4 X

of 11.5ml of MuelleiHinton broth. ForE. colih a2 f I 4§ Sa X |

M >

A

the MuellerHinton broth. The vial was inverted two to three times to ensure mixing,

after which the lid was replaced with a Seits single use dosing head. The vial was

then placed in a Sensititre Automated Inoculation Delivery System (Thermo Scientific,

Massachusetts, USA). A 96 welicrodilution plate (Sensititre COMPGN1F) was

2d20 a8l dSyit e

Ay 2 Odzt | (i SeRsios Xhé Entinpicrobidls agdf o |

the range of their respective concentrations across the COMPGNI1F plate are

provided inTable2.2.

Table2.2. An outline of antimicrobials included on the COMPGMNid¢fodilution plate and

their respective range of concentrations.

Antimicrobial Concentration Range (png/ml)
Ampicillin 0.25-8
Amoxicillin/Clavulanic Acid 0.25/0.12¢ 8/4
Amikacin 4¢32
Cefazolin 1¢32
Cefovecin 0.25¢ 8
Cefpodoxime 1¢8
Ceftazidime 4¢16
Cephalexin 0.5¢ 16
Chloramphenicol 2¢32
Doxycycline 0.25¢ 8
Enrofloxacin 0.12¢ 4
Gentamicin 0.25¢ 8
Imipenem 1¢8
Marbofloxacin 0.12¢ 4
Orbifloxacin 1¢8
Piperacillin/Tazobactam 8/4 ¢ 64/4
Pradofloxacin 0.25¢ 2
Tetracycline 4¢16
Trimethoprim/Sulfamethoxazole 0.5/9.5¢ 4/76

Followinginoculation of the plate, an aliquot of inoculant was taken from one of the

LI2aAGABS O2y (G NRf{

gStta oAGK  wm>f

t22L

agar as a test for inoculant purity, which was incubated fe24&ours at 37°C. An

adhesive covewas placedver the plate and was incubated at 35°C for2lBhours.

Following incubation, the plate was rearsing the Sensititre Vizion and SVINN
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software (Thermo Scientific, Massachusetts, USA). MIC results were then exported as

text files and converd to Excel files. Individual result files and were collated in a

master Excel file for tar data handling and analysis.

Further ASTwith MicronautS Mastitis 3microdilution plates (Merlin, Bornheim

Hersel, Germanyyas carried out to provide a broader rangeaotimicrobials tested

Preparation of pure cultures was the same as previously described, as well as

preparation of bacterial suspension in demineralised water. Thege of

antimicrobials and respective condgations within the Mastitis 3 plate are provided

in Table 2.3. For Enterococcus spph 42 €t F 6 S&aX |y | € Aljdz2 i

27

suspension was addeid 11.5ml of MuellerHinton broth. ForE. coli an aliquot of
pn>ft gl & | RR®Nbioth. Valdidsiwers Mplaced with single use

Sensititre dosing heads and placed in the Sensititre Automated Inoculation Delivery

System. The 96 wathicrodilution plate was split in two, allowing for two samples to
¢KS FTANRG ny 6Stfa
oF OGSNAIE adzalLISyarzys gAGK GKS NBYIFAYyAy3

0S G(SaGSR LISN LXIGSo

following sample to be tested.ofowing 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 MicronauS Mastitis3 plates and the SWIN reading

software. Results were entered into an Exggleadsheet for later analysis.

Table2.3. An outline of antimicrobials included on the MicrongsitMastitis 3nicrodilution

plate and their respective range of concentrations.

Antimicrobial Concentration Range (pg/ml)
Ampicillin 4-16
Amoxicillin/Clavulanic Acid 4/2 ¢ 32/16
Cefazolin 4¢32
Cefoperazon 2¢16
Cefquinome 1¢8
Erythromycin 0.125¢ 4
Kanamycin/Cephalexin 4/0.4¢ 32/3.2
Marbofloxacin 0.25¢ 2
Oxacillin 1¢4
Penicillin G 0.125¢ 8
Pirlimycin 1¢4
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2.2.5.3 Data Cleaning & Visual Analysis

Following completion oAST all data outputs were collated, sorted and cleaned. Raw
output data fromthe SWINMsoftware 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 Clinicand 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 contaginformation 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 softwaRaw outputs
pertaining to the MicronauS Mastitis 3nicrodilution plateshad 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 containgwgssary
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 014
November 2019), data wergisualised graphically. Due to the breadth of data
obtained across six samples témterococcuspp andE. colfor each of sixteen farms,
across a six year monitoring period, an overview of trends was generated using a
mean MIC. To overcome the diffegMIC 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 basethe number of microdilutions of

each antimicrobial and calculated according to the following equation;

0 & Q01 ¢ QQ8 WOWE DI QR 6 QE OQOQE 0 QO
0 & "0 080l 'aMEE 0 Qo VN6 VB "QQ

0 & "QQ01 ¢ QQamécko O RHDI0 TR "Q
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Following rescalinghe mean MIC of the six isolates from each sampling period for
both bacteral 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 theggplot2 package in RWickham, 2016)For each farm, two
graphs wee 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 2@D49 were identified,

with these being demed to be of little value in identifying possible associations with
AMU. Antimicrobials considered in statistical analysis are showrabie2.4 and

Table2.5.

Table2.4. Antimicrobials included on the Sensititre COMPGN1F antimicrobial susceptibility
plate which were selected for analysis, with their respective range of tested concentrations.
Antimicrobial Concentration Range (ug/ml)

Ampicillin®® 0.25-8

Amoxicillin/Clavulanic AceP

0.25/0.12¢ 8/4

Doxycycliné® 0.25¢ 8
Enrofloxacirf 0.12¢ 4
Gentamicirf® 0.25¢ 8
Marbofloxacirn? 0.12¢ 4

a Antimicrobials tested again&nterococcuspp.
b Antimicrobials tested againg&. coli

Table2.5. Antimicrobials included on the Microna&® Mastitis 3 antimicrobial susceptibility
plate which were selected for analysis, with their respective range of tested concentrations.

Antimicrobial Concentration Range (pug/ml)
Cefquinome*? 1¢8
Erythromycir? 0.125¢ 4
Penicillin G 0.125¢ 8

a2 Antimicrobials tested again&nterococcuspp.

b Antimicrobials tested againg&. coli




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 ZlBe antimicrobial classes which

were represenéd by selected antimicrobials werd; YAy 2 3t 8{a@anA RS T |
cephalosporin, fluoroquinolone, macrolig€nterococcus sppnly) andtetracycline.

ForSEI YLX ST 6KSy O2yaiRSNR ylactah dntidhictobidlst A y  a |
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,admé AYRAOIGSR dzaSx 6KAES ané AYyRAOFGS
as an assumption that potential changes in MIC may be most likely to occur within

this period of time.

Subsequent statistical analysis of thesasiations between MICs and AMuABS

conducted using linear regression according to the following equation;

ORI pOQAEE

where & "@epresented the dependent variable (mean MIC)I represented the
intercept, T p denoted the coefficient,lo "@epresented the independent variable

(AMU) andA Eefgresented 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
antimicrabial classes representing antimicrobials selected for analysis against
Enterococcuspp. Boxplots highlighted extremely low variation between MICs and
use/nonuse of antimicrobial classes i coliisolates. Therefore, construction of
linear regression miels was deemed to be of little valu€he cutoff for statistical

significance of all linear regression maglelas defined as<$®.05.
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A second level of modelling investigating associations between MICs and AMU for
Enterococcuspp. was performed via aired 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 effaoesar regression models were ittu

according to the equation;

OQIn 1pOQ5E AEE

where @ ‘@epresented the dependent variable (mean MIC)I represented the
intercept, T p denoted the coefficient,lo "@epresented the independent variable
(AMU),5 Eenoted the separate effects of each mixed effect unit (farm unit) Ariel E

represented the unknown error of the modél. BndA Evére assumed to be normally
RAAGUNROdZISR 6AGK 283 Y I n FYyR @I NAFYyOS

Statistical significance was set using thalue, in which a value 6f1.96 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 regraes. 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 subsequeaaralyses used the metric defined daily dose
(DDD@anNd considered only use of intramammary tubes for lactating cows. The second
used defined course dos@CD)and considered use of intramammary tubes for
lactating cows and the use of dry cow tubes. As whthinitial 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 @sults

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 wapr@ocoumarin,
aminoglycos® S Slactam, cephalosporin, fluoroquinolone, lincosamide, macrolide,
trimethoprim/sulfonamideand tetracycline Fourof the sixteen farms used all nine
classes at least once during the six year period. The least variatiillihwas on

one organic farm, Wwere a maximum of five classes were used at least once across
the period. The most commonly usethtimicrobial classeacross all farms were

I YAy 23t &-{agani addcephaldsporins, with these being used on 31%, 56%
and 13% of farmsespectively.Table2.6 presents a summargf the proportions of

use of the antimicrobial classes across all farms, with use given as a percentage of
total AMU.

Table2.6. 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
utlactam 11.251 325 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 13
Trimethoprim/Sulfonamide 0-49 11.3 8.2
Tetracycline 0-11.7 2.5 1.35

' YAYy23ft8024ARS dzasS | ONR&aa | ff Flladdmd LINRAY
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 detealst
variability between farms and are presented in Table 2.7 along with an overview of

herd sizeMean AMUacracss all farms between 2014 and 2048s 8.3 mg/PCU

Table2.7. An overview of herd descriptiseRS Gl Af Ay3 YAf {Ay3d KSNR
respective 5 year rolling measure of AMU (mg/PCU) entailing usedos £6142018.

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 historyProfiles for all farms armcludedin appendicegAppendix
Chapter 2. Visual assessment of these profiles suggest 31% of farms had no clear
change iMMUduring this time. Of the remaining 69%, 13% were considered to have
as having a declining over@dlMU across all classes usefinother 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 théactam,
aminoglycoside and trimethoprim/sulfonamide classes. Finally, 13% were assqg |

or no fluoroquinolone only.
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Figure2.1. 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 tefrizgal antimicrobial
class used per quarter per year.

2.3.2 Antimicrobial resistance descriptivesults

For theentire samplingperiod (August 2014 to November 2019), a total of 1163
bacterial isolates which were recovered were included in final analystofi 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 g@\8de an overviewfor
each sampling date for thEnterococcus sppsolates tested against the range of
antimicrobials included on the COMPGN#Icrodilution plate, while Tables A2.9 to
A2.13providean overview of these data for the. colisolates testedTables A2.14

to A2.21showsMIC data in the same format f@nterococcus sppested against the
range ofantimicrobials included on the Microna& Mastitis 3nicrodilution plates
while Tables A2.22 to A2.28ovidean overview of this foE. colisolates 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 againSnterococcus sppn the COMPGNFicrodilution
plates, the most frequently observed resistance was against tetracycline, with an
mean of 22.7% of isolates being deemedistant 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 gnterococcuspp. is likely tde the reason for this. Across

the whole sampling period fdénterococcuspp., only one isolate was found to be
resistant to ampicillin and none were found to be resistant to amoxicillin/clavulanic
acid. Fole.coli, the most common resistance observedsveaainst 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 leveisststance

observed forE. colin the following sampling period of August 2019.

For antimicrobials tested on the Micronaft Mastitis 3microdilution plates few

have established clinical breakpoints (only erythromycin and penicillin for
Enterococcuspp.; only cefoperazon foE. coll. MIC profiles for both bacterial
species were generally stable across the sampling periods, with little change seen

especially foE. colisolates.

Overall, variation between sampling periods was subtle, however no icleggase

in levels ofAMRbetween the start and end of the monitoring period were found

2.3.3 Statistical analysis

Statistical analyses were performed only Emterococcuspp. as inspection afata
indicated that there was no obvious effect of AMU on differences in MICs amBngst
coliisolates.A graphical overview of the MIC distribution for the nine antimicrobials
considered in final statistical analysiprevided inFigure2.2 (page 66 ard presents

the percentage of all isolates &nterococcuspp. corresponding to their respective
MIC measureOutcomes of analysis of both linear and linear mixed effects regression
when considering total AMUare presented in Table 2.7For the individual

antimicrobials considered in the analysis and respective AMU by antimicrobial class,
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no statistically signifent 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 modellingin this instancethe relationship was found to be negative,
where higher aminoglycoside use was found to be associated with lower MICs for

gentamicin.

Table2.8. An overview of linear and linear mixed effects regression models of associations
betweentotal AMU by antimicrobial class and MICs of individual antimicrobials considered

in analysis.
Antimicrobial Antimicrobial Linear Std.Error| Mixed Std.
class regression effects Error
linear
regression
Aminoglycoside | Gentamicin 0.024* 0.351 -0.444 0.13
i -lactam Amoxicillin/Clavulaniq 0.066 0.248 1.271 0.083
Acid
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

Resultsfrom statistical analysis carried out using AMU metBd&D(using data on
lactating intramammary tubgsand DCD (using data on lactating and dry cow
intramammary tubes) are shown in Tables 2.8.9 respectivley In both cases, no
statistically significant relationships were found between MICBrniterococcuspp.

and the respective AMU metrics.
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Table2.9. An overview of linear and linear mixedeaxffs regression models of associations
between AMU (as measured by DDD of lactating cow intramammary tubes) and MICs of
individual antimicrobials considered in analysis.

Antimicrobial Antimicrobial Linear Std.Error| Mixed Std.
class regression effects Error
linear
regression
Aminoglycoside | Gentamicin 0.132 0.230 1.107 0.251
J -lactam Amoxicillin/Clavulaniq 0.781 0.139 0.567 0.151
Acid
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

Table2.10. 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 Antimicrobial Linear Std.Error| Mixed Std.
class regression effects Error
linear
regression
Aminoglycoside | Gentamicin 0.308 0.218 0.852 0.230
I -lactam Amoxicillin/Clavulaniq 0.743 0.131 0.705 0.134
Acid
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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Figure2.2. Overview of the distribution of MICs for the nine antimicrobials included in the final analyBistésococcuspp. across the entire sampling period
(August 2014; August 2019), shown as a percentage of isolates corresponding to their respectivalMi@wv= 715).
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2.4 Discussion

The aim of this Chapter was to identify the extent to which AMddassociated with
trends in antimicrobial susceptibilities o$entinel bacterid specieswithin and
between study group herd3 hisstudy provided an opportunity to conduct long term
monitoring within a closed island population withothie potential for resistant

bacteria orresistance relatedjenes to enter from external livestock hosts.

Collation ofdata from veterinary sales reats highlighted patterns oAMU within

YR 0SG6SSYy FINyacd 5 i &HKRtantaRimiréblald | YA Y
were the most frequently used across the study population, with cephalosporins also
accounting for a high proportion afse.Research coneted by Hyde et al.(2017)

reported thati KS Y2aid O2YY2yfeé& dza SR Haytdims 5 ONR O A
aminoglycosides, representing 42.8 % and 20.9% of ingredient mass (mg)
NBaLISOGAGSted ¢KAAa O2 Y Hictiband amindglcosidgs | @S N
antimicrobials for farms representinghis current study of 32.5 % and 27.2 %
respectively. Fluoroquinolone use along withthird and fourth generation
cephalosporin use accounted for an overall low proportion of use in terms of
antimicrobial active ingredient in findings presentedtyde et al.(2017)whereas

use of these antimicrobial classes was found to be higher on average on farms in the
current study.For comparisn, 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 yaars (20142018) was 8.3 mg/PCU.

Where data showed decreases in cephalosporin and fluoroquinolone use, this was
gererally associated with increases in use of other antimicrobial classes, largely
' YAy 23t & O 2lactans $hdestibayidR of IAMUbn Dutchdairy farms between
2005 and 2012 Kuipers et al., 2016)eported that the use of third and fourth
generation cephalosporins and fluoroquinolorfefi from 18% of overall use to only
1%. This reduction however brought about an increase in use of penicillin and other
i -lactam products as well as broad spectrum ogucts such as

trimethoprim/sulfonamide combinationsGiven that the reduction in use of one
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antimicrobial class may lead to increased use of anotbentinued surveillance of

antimicrobial susceptibilities of these antimicrobial classékbe critical.

The lack of statistically significant relationships betweU, across the three
metrics considerecandMICswas an unexpected outcome, given the widely reported
correlation betweenAMU and AMRChantziaras et al., 2014his may be due to a
relatively small study population (n=16) with relatively little variation in antibiotic
susceptibilities across the monitoring period in batentinel bacterial sgcies.In
research carried out in South Korea investigating changes in antimicrobial
susceptibities of Gramnegative bacteria includinde. coli Nam et al. (2009)
reported no significant change in the incidence Ai¥MRamongst bacteridetween
2003 and 2008. A similar study from South Korea looking at the antimicrobial
susceptibilities oE. colbetween 2012 and 201&lso found no significant changes in
the incidence oAMRduring this time(Tark et al., 207). Similarly with the research
outlined in this Chapterhteselongitudinalstudiesconsidered AMRver an extended

period of time, however, AMU was not considered.

Although there has been a great deal of work done to quai¥jU on dairy farms

over time as well as longitudinal studies considering AMR, investigations of the
associations between AMU and AMRess commorResearclpy Saini et al.,Z013)

which followed up on previasiwork quantifying AMUreported that there was an
association betweenAMR in E. coli isolated in bovine mastitis cases and
antimicrobials commonly used on Canadian dairy fariiftsis cotrasts with the
findings presented in this Chapter, where it was concluded that variability in the MIC
profiles of E. coliisolates tested was too low to meaningfully consider the role of
AMU. These authors, however, did report the existenéenegative asociations
between AMU and AMR amongst certain antimicrobial classes. A similar finding was

made in this Chapter, but amongshterococcuspp. rather thark. col

The negative association between aminoglycoside use and lower MICs for gentamicin
for Enterococcusspp. is difficult to ascertainintrinsic, sporadic and acquired
resistances to aminoglycosides have been identifiedHofaecalisand E. faecium
however, high level intrinsic resistances to gentamicin have not been determined

(Hollenbeck and Rice, 2012pentamicin 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 intringésistance which may have
therefore contributed to this resultAdditionally, low variation in terms of AMU and
AMR identified across this study population may have resulted in poor linear
regression model performanceTherefore the questionable outcome mabe

explained by measureent errors rather than biologically.

As found in this Chapter and elsewhere in literatuaginoglycosides constitute a
large proportion of AMU on dairy farm&dditionally, relationships have been found
between higher levels of MU and increased AMR amongdshterococcuspp. of
animal origin(Hershberger et al., 2005)herefore, the role oEnterococcuspp. as a
potential reservoir of AMR related genes, including intrinsic aminoglycoside
resistancgKang et al 2021)warrants continued monitoring due to the potential for

dissemination viahorizontal gene transfefvon Wintersdorff et al., 2016)

From their identification of negative AMU/AMR associatio8ajni et al.,(2013)
postulated that, despite being unconvincing in biological terms, other factors may be
responsible in the determirteon of AMR other than AMUThis 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 sizef 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
GAYSE odzi GKAA R2SayQid YSIy GKIFIG GKS Syl
medicine administration recorded in the farm medicine boalay 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 dr cow therapy, were product is generally sold in a lapgantity.

Finally, the lack of historicdl. coliisolates was a further limitation. AS. coliwas
difficult to revive from frozen bulk tank samples from August 2Qugust 2017,

the period of time to investigate potential changes in MICs occurring wihiooli
isolates over time was much shorter than that Emterococcuspp. 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 ptential 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 amoBgs¢rococcuspp. or
through measurement errgrbut further investigation may be warranted to fully

explain this finding.

Theoutcomes 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 managemat system (conventional vs organic) on AMR has been acknowledged
and it is suggested that management is the most important factor related to
resistance after AMMurphy et al., 2018)The farm visits which were brietijluded

to in this chapter were used as an opportunity to gather data related to farm
management. An investigation into the influence of a numbefaaoin management

practices on antimicrobial susceptibilitispresentedin hapter 3 of this thesis.
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Chapter 3;Cross sectional study of farm management and
antimicrobial resistance

3.1 Introduction

From analysis of associations between AMU anddradtMICsn Chapter 2, a lak

of statistically significant relationships were found for almost all antimicrobial classes.
In addition to AMU, the influence of farm management systemy.conventional vs
organic) on AMR has been acknowledgdhas beersuggested that management is

the most important factor related to resistance after AMMurphy et al., 2018)
These authors noted that although conventional and organic systems wergfielén

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
associatios or indirectly, by encouraging increased AMU. Therefore, to fully
understand AMR offiarm, simultaneous investigation of both AMU and general farm

management policies is needed.

The aim of thiChapterwas to evaluate the associations between farm manageim
practices and the resistances of sentinel bacteria in bulk tank milk. Farm data were
collected during facéo-face interviews from two dairy herd populationsith
resistance measuredaccording to MICef Enterococcuspp. and E. coli Dairy herd
populations were categorised as study group 1 and study groiafaconstituting

study group 2vere collected prospectively, specifically for thisearch. Study group

1 consisted of historical data anvdere included to allow comparison wiindings

from study group 2Methods 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 bth studies.
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3.2 Materials and methods

3.2.1 Farm ecruitment

Study group 1 consisted of 125 dairy farms located across England and Scotland used
in a previous research studBradley et al., 2018Farms were recruited on the basis

of bedding material used in dairy cow housing; recycled manure solids (RMS), fresh
sandor sawdust. The aim was to recruit a minimum of 40 farmegisither 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 automaded)
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 periddhe
questionnaire intended for use in study group 1 had been designed for prior research
purposes. The questimaire featured mainly multiple choigeyes or naand 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 gstionnaire 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 beithg retainer and features related to cubicle
bedding.¢ KS &dzaSljdzsSyid aSoOitArAzy FRRNBaasSR GKS
frequency, parlour type, clusters and cluster disinfection, teat and parlour hygiene.

Data surrounding dairy cow nutrition and igehealth records were also captured.
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Desigrof the questionnaire for study group 2 was basedthat used for study group

1. Additional information relating to some sections of the previous questionnaire
were added, along with novel areas for data caftur s KA OK ¢ SNBy Qi
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 giehg 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 wildlie. The questionnaire also provided for the farmer to comment on any
changes in management routines which occurred within the previous 12 months,

ensuring ths information was also captured.

3.2.3 Data collection

3.2.3.1 Questionnaires

For bothstudy groupsfarm managementata 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 betveen December 2014 and March 2015 with each farm being visited
once by one consultanDbservational data were also recorddebr study group 2,
guestionnaires were conductedliring a single farm visiietween January and Aipr
2019. All questionnaire datawere collatedin a spreadsheet (Microsoft Excel,
Microsoft Corporation, 2016). Data were checked for outlying or implausible values,
but none requiring removal were identified. Questiomkich resulted in categorical

datawere given numeric codes for thmirpose of analysis.
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3.2.3.2Antimicrobial usedata

In addition to farm management, AMU data was also considered in the overall
analysis with farm management data for study group 2. Collection of thistdeta
already been described im@pter 2 (2.2.4.1). Fdhe 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 fihanalysisvere calculated on a

per cow basis, taking into account the herd size of each farm.

3.2.3.3Study group 1 bacteriology

For study groudl, 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 fromriikk tankoutlet
following drainage of milk. Alasples were packed immediately in insulated boxes
with icepacks and dispatched to the laborat¢@Quality Milk Management Services
Ltd, Wells, Somersefdr bacterial isolation and culturingdilk samples taken from

each farm were plated on the followingedia;

Columbia(5% sheep blood)gar (Biomerieux): 10 ul spread and incubated fo248
hours at 37C (£2C).

MacConkey Agar (Biomerieux): 100 pl spread and incubated @4 b8urs at 37C
(£2C).

Violet Red Bile Agar (Acumedia(O ul spread and in@aated for 1824 hours at 37C
(£2°C).

Slanetz and Bartley Agar (Oxoid) ul and 100 pgpread and both plates incubated
for 44-48 hours at 3%C (x2C).
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MacConkey and Violet Red Bile agar were used in the isolatiénaafj with Slanetz

& Bartley(SB)oeing used for the isolation dnterococcuspp. Columbia (5% sheep
blood)agar was used as a na@elective comparison. A minimum of thr&e coliand

three Enterococcuspp. colonies (based on morphology) were selected for pure
plating on Columbia (5% sép blood)agar and incubated for 184 hours at 37C.
Isolate IDs were confirmed by MAEDDF MS (MALDI Biotyper 3.1, Bruker Daltonics,
Coventry, UK). Isolated organisms were suspended on glycerol beads and stored at
80°C using the Protect MicroorganisRreservation System (Technical Service

Consultants Ltd, Heywood, UK) until readyAQT.

When ready forAST bacterial isolates were pure plated from the stored glycerol
beads onto Columbia (5% sheep blood) agar and incubated a4 1®urs at 37°C.
MICswere determinedusing aVITEK® 2 (Biomerieux; Basingstoke UK) according to
YI ydzF I OG dzNB NNIEFEK® ¢ ASTNGNGH]ah® GR¥8bcards were used for

determiningE. coliand Enterococcuspp.MICs respectively.

All data were entered into a spreadstte(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 nail@de, interpretative criteria provided by

the European Committee on Antimicrobial Susceptibility Testing (EUCAST) were used.

3.2.3.4Study 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 Novenber 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 (Jangakpril 2019).

77



3.2.4 Farnresistancedd O 2 NB Q

MIC data for study group 1 and seleddata 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\6treby a mean
standardised MIC was calculated for each antimicrobial tested against both
Enterococcus sppndE. colfor each farm. Subsequently, these means were used to
calculate the mean of all antimicrobials, across all isolates across all faomstudy
group 1, a mean of standardised MIC values for antimicrobials tested against both
bacterial speciesvas 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 s&otieicrobials
which were ircluded in final analysis for study grougehterococcuspp. andkE. coli

are shown inTable3.1 and Table 3.2 respectively.The antimicrobials included in
analysis for study group l2ave been outlined previously (Chapter 2, Tables 2.4 and
2.5). For bothstudy 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 folEnterococcuspp. ancE.col..

Table3.1. Antimicrobials included on the AST GP76 plate which were selected for analysis,
with their respective range of tested concentrations

Antimicrobial /| 2y OSY(UNI GAZ2Y
Benzylpenicillin 0.12¢ 64
Chloramphenicol 4-64
Enrofloxacin 0.5¢c4
Erythromycin 0.25¢ 8
Nitrofurantoin 16¢ 512
Tetracycline 1¢16
Trimethoprim/Sulfamethoxazole 10 (0.5/9.5); 320 (16/304)
Vancomycin 0.5¢32
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Table3.2. Antimicrobials included on the AST GN65 plate which were selected for analysis,

with their respective range of tested concentrations

Antimicrobial /| 2y OSY(UNY GA2Y
Amikacin 2¢64
Amoxicillan/Clavulanic Acid 2/1 ¢ 32/16
Ampicillin 2¢32
Cefalexin 4¢c64
Cefovecin 0.5¢8
Cefpodoxime 0.25¢ 8
Ceftiofur 1¢8
Chloramphenicol 264
Enrofloxacin 0.12¢4
Gentamicin 1¢16
Imipenem 1¢16
Marbofloxacin 0.5¢4
Nitrofurantoin 16¢ 512
Piperacillin 4¢128
Polymyxin B 0.25¢ 16
Tetracycline 1¢16
Tobramycin 1¢16
Trimethoprim/Sulfamethoxazole 20 (1/19)¢ 320 (16/304)

3.2.5 Data analysis

Following data collation andripr to the commencement of statistical analysis
procedures, allguestionnairedatasets were checked for the frequency of each
category for each explanatory variable. Where particular categories accounted for a
small proportion of the overall category fargiven explanatory variable, the variable
was removed from the dataset as this could reduce the power of the regularised
regression procedureA finalised set of questions and responses which were used as

part of statistical analysis are included in app&es (Appendix Chapter 3).

Due to the large numbeaf 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 Buhlmann, 2@l@yoid
overfitting. Explanatory variables were coded as numeric or categorical and numeric
covariates were standardised to a common scale, by subtmdfie mean and

dividing by twice the standard deviation, as previously repo(tgdiman, 2008)
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3.2.5.1 Regularised regression

Regularisation was carried out using a linear elastic net regression model with a

O2y Aydz2dzda 2dzi0O2YS dzaAy 3 ({FAK&ImanathlY3080 ¢ | yF
Kuhn et al., 2018yithin R (RStudio Team, 2020C+ NY NXairadl yoS wa
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, 2009penalised 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 des@ardman

et al., 2010). Elastic netodels congtucted for both study groups took the following

form;

Y —B w | +1[B —-p |1 1T R

where SSEenatepresented the elastic net loss function to be minimised, i denoted

each observation and n the number of observations (famm)was the observed

outcome and the predicted outcomeswas the penalisation parameter, j denoted

a predictor variable; RSy 2 1 SR GKS ydzYoSNJ 2F LINBRAOG 2N
mixing parameter that defined penalisation on either the sum of the square of the
O2STFTADAGWH @a K& dzyaljdz-r NBER 6a2ftdziS @I f dzS

The optimal values of tuning parameterfplaa and lambda for all models were
determined using fivdold cross validation, repeated 20 times, to identify values that

minimised the mean absolute error (MAE®uUhn and Johnson, 2013)

To estimate covariate stability and-v@lues, a bootstrapping procedure was
undertaken to ensure robust estimation of model paramet@tastie et al., 2015;
Lima et al.2020) In brief, this comprised using abtstrapping 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 parameer stability and a bootstrapped-falue. 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 falspositive result(Meinshausen and Bidhimann, 2010he

W, 220 &8G0GNXY LIt OFtdzSQ 6.t+x0 ¢ a Ol-Ze©dzZ I G SR
coefficient values to one side of zero. That is, if a covariate was selected in the model

in 400 of the bootstrap sampseand 390 of these had a value either greater or less

than zero, then the Bootstrap P value would be (83@)/400 = 0.025. Covariates

GSNE aSt SOGSR Ay (KS FAylf Y2RSt | yR RSS)
a high covariate stability. These #sholds were identified by plotting stabilities

against significance and are shown kigure 3.1, Figure 3.2 andFigure 3.3.
Enterococcuspp. ancE. colimodel stabilities for study group 1weRS FA Y SR | a xy
YR XT pr NB & LIS Entero@&ispps stabilkyAdr SudyigkoGp 2 was
RSTAYSR |a xpp:o
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Figure 3.1. Plot of stability against bootstrappedwRlue used to identify covariates of
importance in the final elastic net model produced femterococcuspp. 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-vRlue used to identify covariates of

importance in the final elastic net model produced fér coliin study group 1 farms;
covariates in the top right hanguadrant were selected in the final model
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Figure 3.3. Plot of stability against bootstrappedvRlue used to identify covariates of
importance in the final elastic net model produced temterococcuspp.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
Enterococcuspp. MICs and 87 farms relatingEocoliMICs. 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 fre28Q&dult

cows with a mean herd €2f 151 and a median of 18Bwo herds were identified

asoperating an organic system.

3.3.2Minimum inhibitory concentrationdistributions

For study group 1, final analysis includedl E. colisolates and 29&nterococcus
isolates E.faecalisn=93 E.faecium; n¥07,E.durans; n=93Pata pertaining to the
percentage of isolates deemed resistant and the distribution of MICs are presented

in Table3.3, Table3.4 andTables.5.

For study group Bata(sampling period August 20X8November 2019), 365
Enterococcuspp. E.faecalisn=249 E.faecium; n87, E.durans; n=1%and 451E.
coliisolated from milk samplesere included in final analysi$he percentage of
these isolates deemed resistant alongsiIC distributiongor this datasetare

presentedin Table3.6 and Table3.7.
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Table3.3. Distribution of the MICs oEnterococcus spjsolated (n= 293) from study group 1 farms (n=8kngside resistance percentage of each antimicrobial. Shading
indicates that corresponding MIC values were not determined

Number of isolates corresponding to MIC values (pg/ml)
Antimicrobial % of isolates Xn oM 0.25 0.5 1 2 4 8 16 32 64 128 | 256 | 512
deemed resistant
Benzylpenicillin 3.1 59 60 24 24 91 15 11 9 - -
Chloramphenicol 3.4 135 148 - - 10
Enrofloxacir? - 175 28 33 57
Erythromycin 5.1 130 24 30 88 6 15
Nitrofurantoin 13 - 127 | 128 25 13 -
Tetracycline 324 192 6 - - 95
Vancomycin 0 208 59 26 - - - -

aClinical breakpoints for resistance not defined
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Table3.4. Distribution of the MICs dE.coli.isolated (n=171) from study group 1 farms (nF&8lbngsideesistance percentage of each antimicrobial. Shading indicates that
corresponding MIC values were ragtermined.

Number of isolates corresponding to MIC values (ug/ml)
Antimicrobial % of isolates deemed | XXn &M 0.25 0.5 1 2 4 8 16 32 64 128 256 512
resistant
Amikacin 0 168 3 - - - -
Amoxicillan/Clavulanic Acid 3.5 123 | 31 11 5 1
Ampicillin 135 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? - 167 1 - 3
Chloramphenicol 4.7 50 60 40 13 - 8
Enrofloxacir? - 169 - - 2 - -
Gentamicir? - 168 - 3 - -
Imipenem 0.6 170 - - 1 -
Marbofloxacin? - 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

aClinical breakpoints for resistance not defined
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Table3.5. Distributionof MICs of trimethoprim/alfamethoxazole oEnterococcus spn=293)andE. coliin=171)isolatesfrom study group 1 farms. Shading indicates that
corresponding MIC values were not determined

Number ofisolates corresponding to MIC values (ug/ml)
Species % of isolates deemed 0.5/9.5 1/19 2/38 4/76 8/152 16/304
resistant
Enterococcus spp. - 290 - - - 2 1
E. coli 0 167 2 - - -

aClinical breakpoints for resistance not defined

Table3.6. Distribution of the MICs of Enterococcus spp. isolated (n=365) from study group 2 farms (n=16) alongside resistance epefoesatagantimicrobial. Shading
indicates that correspondinillC values were not determined.

Number of isolates corresponding to MIC values (ug/ml)
Antimicrobial % of isolates Xnomy 0.25 0.5 1 2 4 >4 8 18
deemed resistant

Amoxicillin/Clavulanic Acid 0 37 217 108 2 - 1 -
Ampicillin 0.3 18 49 278 17 2 - 1
Cefquinomé - 3 10 135 92 124
Doxycycline 2.2 284 2 - 1 21 49 8
Enrofloxacir? - - 8 65 199 24 43 26

Erythromycin 7.1 37 18 61 132 74 17 26

Gentamicir? - - - 5 31 62 91 176
Marbofloxacin? - - - 16 34 226 66 23

Penicillin G 1.92 2 - - 16 198 125 17 7

aClinicalbreakpoints for resistance not defined
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Table3.7. Distribution of the MICs dE. coliisolated (n=451) from study group 2 farms (n=16) alongside resistance percentage of each antimicrobial.

correspondingVlIC values were not determined.

Shading indicates tha

Number of isolates corresponding to MIC values (ug/ml)
Antimicrobial % of isolates deemed XKn dwmH 0.25 0.5 1 2 4 8 18
resistant
Amoxicillin/Clavulanic Acid 1.6 - - 4 138 259 43 7
Ampicillin 6 1 - 37 223 158 6 26
Cefquinomé - 444 1 2 3 1
Doxycycline 3.3 - 11 156 253 12 4 15
Enrofloxacir? - 443 6 1 - 1 -
Gentamicin 11 1 218 204 23 - - 5

aClinical breakpoints for resistance not defined
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3.3.3 Statistical models

The final bootstrapped elastic net regression models built for study group 1 data
(Enterococcuspp. and E. coli)and study group 2Enterococcuspp. only) are
provided below. ThéIC data foiE. colfor study group 2 displayed exceptionally
low variability between farms and therefore was unsuitable to produce a robust

model.

3.3.3.1 Study group IEnterococcuspp.

Results of the final model fananagement factors associated winterococcus
spp.MICs for studygroup 1 are presented iMable3.8. Covariateselected 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
parours containing between 134 units and those between 25 and 36 milking
dzy Adlda KIR KAIKSNI aL/a GKFYy FFEN¥Ya gAGK ¢
terms of geographic location, farms in the north west of England had higher
Enterococcuspp.MICs whercompared 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 manwaids (RMS) having increased
MICs compared to those using sawdust. A decreased frequency of cubicle bedding

was associated with lower MICsEmterococcuspp.

3.3.3.2 Study group IE. coli

Results of the finahodel for management factors associated wihcolMICs for
study group 1 are preseetl in Table3.9. Bedding of cubicles once daily was
associatedvith significantly lower MICs fd&. colcompared 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 tdoe 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 ¢les or towels resulted in significantly
reduced MICs compared to the use of prilking teat disinfection without
brushing. Milking system was again found to be important, with farms using
automated milking systems being associated with significantly Idvii€}s than

those where cows were milked in a conventional parlour.

3.3.3.3 Study group ZEnterococcuspp.

Results of the final model for management factors and antibiosie associated
with Enterococcuspp. MICs for study group 2 are presentedTiable3.10. 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. Farmdrs
purchased antimicrobials onknhad Enterococcuspp.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 wased 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, significamthet mean
aL/ a 6SNBE ARSYUAFTASR® CIFNXa GKFG RAR
used either antibiotic therapy or teat sealants) had a significantly higher mean MIC

than those farms where natural drying off was practiced.

Antimicrobial clases identified from veterinary sales records were;
F'YAYy202dzYl NAY S dadfakny 2eplia®spdtig AflRoSozuinolone,
lincosamide, macrolide, sulfonamide/trimethopriand tetracycline.The use of
two classes of antimicrobials were found to be of intpace in the model; higher

t S @S t-lactarg @nd fluoroquinolone usage were associated vsithtistically

significanthigher MICs ifEnterococcuspp.
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Table3.8. Final elastic et regression model for farm management practices, in order of descending covariate stability, associated with changed in MIC

Enterococcuspp. from bulk tank milk samples for study group 1 (n=94 farms). Covariate stability threshold for variablieseest>80%.

week or less frequently

twice per day

Variable No. of Referencevariable No. of reference Covariate Coefficient Bootstrap P
observations in category observations in stability (%) value
variable category variablecategory
No. of parlour units 124 42 bzod 27 LJI 12 97 0.17 0.03
12
Farm locatiorg North 33 Farm locatiorg East 7 92 0.18 0.03
West England England
No. of parlour units 2536 16 bzod 27 LJI 12 88 0.27 <0.01
12
Automated milking 6 Conventional parlour 63 87 0.35 0.02
milking
Beddingmaterial¢ RMS 29 Bedding materiat, 34 84 0.21 0.01
sawdust
Cubicles bedded once pel 13 Bedding cubicles 17 83 -0.32 0.04
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Table3.9. Final dastic ret regression model for farm management practices, in order of descending covariate stability, associated with changesin MIC
colifrom bulk tank milk samples for study group 1 (n=87 farms). Covariate stability threshold for variable selectioB%as >7

Variable No. of Referencevariable No. of reference Covariate Coefficient Bootstrap P

observations in category observations in stability (%) value
variablecategory variablecategory

Bedding cubicles 41 Bedding cubicles twice 13 90 -0.06 0.01

once daily per day

No use of bedding 47 Bedding conditioners 39 87 -0.06 0.02

conditioners on used on cubicles

cubicles

Milk sales - - - 84 0.06 <0.01

(litres/cow/year}

Teats brushed 11 Teat preparation with 52 84 0.13 <0.01

before milking pre milking disinfectant

Teats wiped with 11 Teat preparation with 52 80 -0.11 <0.01

dry cloth before pre milking disinfectant

milking

Automatic milking 6 Conventional parlour 57 78 -0.06 0.01
milking

aStandardised variable; coefficient relates to change of one unit on a standardised scale.
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Table3.10. Final elastic et regression model for farm managemepractices and antimicrobial usén order of descending covariate stability, associated
with changes in MIC dinterococcuspp. from bulk tank milk samples for study group 2 (n=16 farms). Covariate stability threshold for variable selection was
>55%.

Variable No. of Referencevariable No. of reference Covariate Coefficient Bootstrap P

observations in category observations in stability (%) value
variable category variablecategory

No slurry store 5 Slurry store on farm 11 81 -0.03 <0.01

present on farm

Medicine purchase 5 Medicine purchase from 10 71 0.07 <0.01

from vet &online vet only

Breeding bulls 4 Some or all breeding bulls 3 65 -0.03 <0.01

reared on farm brought into herd

I -lactam use more 4 I -lactam use less than 4 61 0.03 <0.01

than 2.5g/cow lg/cow

Fluoroquinolone 3 Zero use of 7 60 0.06 <0.01

usemore than fluoroquinolone

0.2g/cow

No natural drying 13 Natural drying off occurs 3 59 0.022 <0.01

off of cows

Hydrated lime 6 No antibacterial used 6 57 0.031 <0.01

used on bedding
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3.4 Discussio

The contribution of AMU to the emergence of AMR is important and widely
recognisedHommerich et al., 2019)n the context of livestock agriculture, as well

as AMU, other factors may be of important for the emergencAMR and should be
considered, including the contribution of farm management pract{¢ésrphy 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 potentiaffamm interventions to help limit
increases in MICs of important bacterial species within the farm environment

(Murphy et 4., 2018).

A number of management factors were identified to be associated with a net increase
or decrease in MICs Enterococcuspp. andE. coliacross 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 covasaility for
d0dzRe 3INRdzLI m 61 & AYLESYSYOGSR Fia xt1ps
covariate stability of >55% was used. The threshold selected was based on graphical
inspection of covariate stabilities and bootstrap P valasspreviously 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 Buhimann, 2010), they still may be associated with the
outcome variable. Since this study is crgsstional in design, verification of causality

for all covariates identified in final models is important to establish in future research
andin 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 thereewe 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
groundstores 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 band.Farm animal manure has been identified as a significant reservoir of
antimicrobial compounds, resistant bacteria and antibiotic resistant g@reser et

al., 2011) Slurry storage is noteworthy as it facilitates an environment with the
potential to encourage AMR to emerge and sprélaanyon et al., 2021Baker et al.,
(2016)evaluated the role of slurry storage in AMR via mathematical modelling.
authors repored 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 rolef slurry storage may be important in contributing to increased
MICs on farmLarger volumes of slurry in loigrm storage throughout the slurry
spreading prohibition period would facilitate the exchange of AMR related genes
within the bacterial populatin. 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 texise in the farm

environment.

Results from studygroup 2indicated that the use ofintimicrobial materials on
cubicle bedding to be important with regards Enterococcuspp. 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. Additionallgs identified forEnterococcuspp.,the use of
antibacterial bedding conditioners (including hydrated lime) in study group 1 was
associated with increased MICs kncoli It has been reported that the use of
antibacterial materials, such as lime based products, significantly reduce bacterial

couns in bedding and on cow teafdanzen et al., 1982; Paduch et al., 20I3)e
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association found in this study, between the use of antibacterial products on bedding
and increased MK 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 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 cwibuting to higher MICs through increased AMU.
However, as previously considered, the cresstional nature of this study means

that only associations are identified andusality cannot be attributed.

Teat management practices prior to milking were also associated with differences in
E. coliMICs. These were found to be lower when teats were wiped with a dry cloth
when compared with preipping with a teat disinfectant, while MICs were higher
when teatswere brushed compared with pmilking 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
RARY QU yINgin@(Kirk € &l., 2R08Jt was postulatedhat 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 disinfiec@gme, which,
together, may provide an explanation for these results, butdiyaamics of this are

not clear.

Practices relating to the management of cubicles and bedding were associated with
increases in MICs Enterococcuspp. ande. colisolatesm 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
OSRRAY3I YIFGSNRIFE dzaSR Ay A& énizREherddiRtdel) wm
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 andy 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 §Bratlley 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 procssing methods designed to reduce the bacterial load, may help to
perpetuate this. RMS bedding materials have been found to promote growth of
environmental bacteria, namelilebsiellapneumonia and to a lesser extent.
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 tagedheir load in RMS materials
(Wallace et al., 2018; Zhang et al., 2020ur results howevesuggest 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. coliand Enterococcuspp.MICs. From our results, farms on which cows
were milked in an automated system rather than in a conventional milking parlour
had lower MICs foE. coli However, the converse of this effect was seen for
Enterococcuspp, 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 convemmal milking herdgDeng et al., 2020)ith the
conclusion that AMU between systems was similar, but routes of treatment varied.
Injectable treatments had a higher frequency of application in automati&imgj
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 dfurther 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 cagality 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 systen could be important in relation to AMR and highlights this as@a

for future consideration.

Purchasing of antimicrobial products by farmers in study group 2 was also found to
be associated with differences in MICskwfterococcuspp. Here, purchasigom 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
concerningthis 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 veterinari@ones et al., 2015Recent 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 resigicti
use and maintaining health and welfat@rough 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 famer for treatment of a sick individué&Golding et al., 2019)n study group 2,
purchase of antimicrobials froem 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 admitration of antimicrobials on the part of the
veterinarian may have resulted in a level of antimicrobial overuse, thus contributing
to increased MICs iBnterococcuspp. in study group 2 farms. Given this, in future
AMU and AMR research in the context @fing, 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 f&tMR at the dairy farm level. It was shown that
TENYa gA0K KAIKSN fS@Sta 2F-atmonSand2 ¥
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fluoroquinolone classes of antimicrobials had higher MI@Enierococcuspp. than

those with lower levels of use. Decreased MICs in herds which practiced some degree
2F Wyl Gdz2NF £ Q RNBEAY3I 2FF oy2 dzaS 2F | ydAo)
studies and reviews have reported that higher levelss# of antimicrobialsni food

producing animals does increase the selection pressure for resistance to emerge
amongst bacterial population®liver et al., 2011)Across all farms making up study
INRdzL) HX KA&G2NRO -actam andrR fludrbquinéloie? gl&R
antimicrobials to be the first and fifth most used respectfully in terms of mass
(grams). Aminoglycoside trimethoprim/sulfamethoxazole and cephalosporin
antimicrobials made up the majority of other AMU across farms. However, MIC data
F2N) FYGAYAONROALITA Ay (GKSasS Of | alacth ¢ SNB
and fluoroquinolone classes, whichasnbe a reason why these antimicrobial classes

were not found to be associated with higher MICs in the sentinel bacteria.

Intrinsic resistyf O S &-ladiatns iNEnterococcuspp.have been recognised, as well

as low levels against fluoroquinolon@deimer et al., 2014)Our results appear to

suggest that increasedlse of these antimicrobial classes may increase MICs further.

TKS | aa20AF GA2Y 0 S dlacks yand Kldo@duiBdbhefusedbd & 2 F
higher MICs may be of particular interest and importance, given the pressure on
farmers and veterinarians to becommore judicious in their use of certain
antimicrobial classes, such as fluoroquinolones ariéi @hd 4" generation
cephalosporins. A study intdMU on dairy farms between 2005 and 2012 reported

that the use of third and fourth generation cephalosporins 8odroquinolones had

fallen from 18% of overall use to only 1%. This reduction however brought about an
AYONBIasS Ay dzaS 22atanijfoduct®dsweélllasbrobdyspectraim K S NJ
products such as trimethoprim/sulfonamide combinatio(iSuipers et a] 2016)

{ Ay OS (i K-fictadzzaiibiofics may increase in the future, the continued

surveillance of antimicrobial susceptibilities to these antibiotics will be critical.

3.5 Study Limitations

Study group 1 datavere sourced from farms that hatleen 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 unceftain 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 siall 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 potentiahportance 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 Bihimann, 204€ly

reduces this.

3.6 Conclusions

In conclusion, it has been establishtétht a variety of rotine farm management
practices are associated with MICs of sentinel bacteria in bulk milk. Although causal
relationships are unclear from this cressctional analysis, this suggests that changes

in farm management may play a role reducing bacterial rasct. Further work to
establish to establish causality and identify the most impadr{anactices 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 dhe whole herd population and its environment

Continued mortoring 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
investigaton of bacterial MICs of sentinel bacteria isolated from the bulk tank of dairy

farms.
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Chapter 4; An exploratory study to define a minimum inhibitory
concentration of mixed culture of sentinel bacteria

4.1 Introduction

In Chapter 1, thenecessityfor the monitoring of antimicrobial susceptibilities via
surveillance programmes was identified as a cornerstone in tackling the challenge
posed byAMR Of the many laboratory methods available &8 T obacteria(Jenkins

and Schuetz, 2012}he determination 6 the MIC via microdilution methods has
been a4 ONR 6 SR -& &l i RISNREABrhafound of resultsan take a
number of daygSchumacher et al., 2018)herefore, 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 &MR 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 &:. coland Enterococcuspp. respectively. This waseasure
representativeness of the whole bumilk ¢ YLJX S&® ¢ 2 § K agprodly R> |
was investigated, whereby a single MIC value representingiple isolates in a

mixed culture representinthe whole sample could be obtained.

To consider this, bacterial isolates used in the work constituting @nhabtwere
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 thish@pter was carried out
approximately 14 months after the microbiology undertaken for the work in Chapter

2. Therefore, initial work to repe@STor selected bacteridakolates was carried out,

followed by investigady 2 F |y | LILINE I OK (nethoR. 8 @Bt 2 LI |
hypothesisedhat, in the presence of a selection pressure (the antimicrobial), the

most resistant bacterial isolate in a mixed culture would reprégbe highest MIC

observed across the range of tested concentrations for each antimicrobial tested.
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4.2 Materials and methods

ndnodm wSLISIHG SaGAy3a I yR SELX 2NI (2 NE

To test for potential changes ibacterial MIC profilesfollowing frozen storagea
convenience sample dfacterialisolateswere selected from the dataset generated
in Chapter 2from the initial bacterial culture and\STof bulk tank milk samples
(2.2.5.3).From the methods in Chapter 2, a minimum of sixatesof each bacterial
specieswere selectedfor ASTfollowing bulk tank milk culture for each sampling
event. As part of the investigationsarried out in this Chapteutilising bacterial
isolates fromChapter 2,isolatesretrieved from frozen storagevere selected as
groups of six isolates, as to replicate sample sizes used previbashys wherdulk
tank sampleoriginated were randomly selected andtraeemed to be important as
part of this convenience sampl&he firal chosen sample consisted of igBlates E.

coli; n= 1§ E. faecalisn= 41 E. faeciumn= 10E. duransn= 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-8@°C usinghe

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) agaym glycerol beadand incubated for 184 hours
at 37°CASTwas carried out using Micronat8 Mastitis 3nicrodilution plates (plate
configuraion provided in Chapter 2, Table 2.3) accordingto the procedure

previously described (Chapter 2, 2.2.5.2).

I miked MIQ | LILINR I OKSX ¢ KSNBS dbtairedifyra indtiple L /
bacterial isolates, was first considereliring this initial stage ofAST From the
Columbia (5% sheep blood) agartptaon which the six bacterial isolates selected for
testing per farm were cultured, gingle cotton swab was used to calléacteria from
each of all the simdividualcolonies Thecotton swab was placeith a vial obml of
demineralised wateiand rotded against the side of the viaéb create abacterial
suspensionFor ASTa0.5 MacFarland turbidity standard was required, which is equal

to anoptical density of ol..5 x 108 colony forming units (CFU) per ml, as determined
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by the SensititreNephelometer (Thermo Scientific, Massachusetts, USAge this

was achieved, the standard process for carrying A8iTaccording to procedures

outlined when using the Micronat® Mastitis 3 microdilution plates was conducted.
Figure4.1 provides adiagrammatic outline of the procedure carried out in the
RSGSNYAYLGAZ2Y 2F | WYAESRQ alL/ ® LWRAJA Rz
results were collated in an Excel sprelagist (Microsoft Excel, Microsoft Corporation,

2016).

Bacterial isolates
.: susepdned on
s glycerol beads at
4 -80°C
]

Isolates plated on Columbia
(5% sheep blood agar) and
incubated at 37°C for 18-24
Standard hours Mixed'

Procidure/\procedure

Single cotton swab
to collect bacteria
from all isolates

Standard AST

procedure for
all individal
isolates
L )
Y
Standardised bacterial suspension
determined via Nephelometer (when
optical density correct, middle of
scale shows a green light)
Standard AST
procedure
performed
Figure4.1. A diagrammatic overview of the steps invovE® NJ RSGSNXAYAYy 3 | WY

comparison tostandard antimicrobial susceptibility testing of individual bacterial isolates.
(Created with BioRender.com
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noHOPH CdzNIKSNI SELX 2NF 02NE Ay@SadAadalrdazy

Following initialASTof isolates from frozen storage, both individually and through

0KS Ay@SaidAal (A2 yaseechdsubsetWlPadicfidb@ateynene K 2 R =

selected from the datasegenerated in Chapter 2. Isolates to be includeahd
subsequently arranged in grougs six to replicate previous testing groupsere
selected on the basis ofariation between MIC profiledn doing sojsolates with
generally higher MICs could be comparethwthose exhibiting lower MICs in the
AYy@SadAaalr GAa2y 2Wherdi #0l8tes Wad ApieBoldly bee selbcted
according to farm and corresponding sampling period, this was not considered here.
A convenience sample of 18 isolates were chogerd]i n= 6,E.faecalis n= 6,E.
faecium n= 6). These isolates were organised igitoups of six, as to represent the
methoR2f 23& OF NNASR 2dzi Ay [/ KI LJi S Rorease y R
of retrieval from frozen storage, each individual isolate was plated from glycerol
beads twice. Thereby, six test groups were formelemebyE. coliconstituted two

test groups ana furthertwo test groups folE. faecali@nd E. faeciunrespectively.

Due to the smaller proportion d&. durangresent within the dataset isolates were

sourced from, none were included at this poi#STwas carried out both at the

N>

AYRAGARIZ § A&a2fl (S € SOSt oltliiddin Ha previbuk S WY A

stage of isolate testing. All results generated at this stage were collated in an Excel

spreadéeet (Microsoft Excel, Microsoft Corporation, 2).

A second subset of bacterial isolates was formed as part of a final stage in the
SELX 2N} 02NE Ay@SadArdalrdrzya 2F WYAESRQ
the test groups. Groups of isolates be included ASBTfor Enterococcusspp.
consiged of a mix of the three speciel.(faecalisE. faeciunandE. durank The final
isolates included in this subset sample was formed as follBwsplin=12 E. faecalis

n=8,E. faeciumn=6,E. duransn=4, and formed two test groups &f coliand four

for Enterococcuspp. All isolates were plated once, rather than twice as with the
previous sample subseASTwas carried out both at the individual isolate level and
Al GKS WYAESRQ alL/ | LIWNRIOK +Fa Ay GKS
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aL/ FLILINRIOK ¢Fa NBLSIFIGSR FAQGS GAyYSa G2
measurementsAn overview of the mathodology in forming the subsets of isolates is
provided in Figure 4.All results generated from this final stage were collated in an

Excel spreadseet (Microsoft Excel, Microsoft Corporation, 2016).

Figure 4.2. An overview of the creation of the two subsets of bacterial isolates for X
Ay@SadAaaridAazy 2F OKFy3aS Ay alL/ FFGSNI FNBST A
(Created with BioRender.com)

4.2.3 Data analysis

FollowingASTof each subset of bacterial isolates, all data were examined to identify
concordance between: (MICs of isolates following an extended period of frozen
storage and MIC values generated durimgial repeat testing and (ii) MICs of
individual isolatesy R G KS N#ixaddS @i A g8 #dzS o
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