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Abstract 

Antimicrobial resistance (AMR) is a current and future threat to human and animal health. Although 

not precisely quantified, antimicrobial use (AMU) in agriculture may contribute to the emergence 

of AMR bacteria of importance to human health. Pig farming is known as one of the largest 

consumers of veterinary antimicrobials worldwide. However, little is known about the quantities 

and patterns of AMU in the Irish pig sector or the drivers for this use. Furthermore, there are 

significant gaps in knowledge of how AMR evolves during the entire pig lifecycle on commercial 

farms. The objectives of this thesis were to characterise and quantify AMU on Irish pig farms, 

explore the risk factors for use and to explore the dynamics and evolution of AMR in the commensal 

Escherichia coli population and in the faecal microbiome during the pig lifecycle. A cross-sectional 

study of 67 farms was conducted to determine the quantities and patterns of AMU. The findings 

showed that the majority of antimicrobials are used prophylactically and administered via 

medicated feed, that the pig sector accounts for c. 40% of veterinary AMU in Ireland and that, while 

well within international industry norms, the amounts used are much higher than countries with 

well-established antimicrobial stewardship programmes. Metadata pertaining to management, 

biosecurity practices and respiratory health were used to evaluate the risk factors for AMU. 

Prophylactic use practices and factors related to respiratory disease were associated with total 

AMU indicating that measures to promote behavioural change and measures to improve pig health 

are required to achieve reductions in AMU. A longitudinal study was carried out on 12 farms with 

different levels of AMU to investigate how AMR evolves in the faecal microbiota during the pig 

lifecycle. The study had a phenotypic component investigating AMR in E. coli and a molecular 

component that used metagenomic sequencing to investigate AMR in the whole bacterial 

community, i.e., the ‘resistome’. There were parallel findings in both components: resistance 

peaked after weaning regardless of the level of AMU or the choice of antimicrobial but was higher 

on farms that used medicated feed compared to those that did not. The main exception was for 

resistance to fluoroquinolones and cephalosporins which was highest in suckling piglets. Age 

related changes in the microbial population had a greater influence on the resistome than AMU. 

The findings of this thesis provide much needed data to guide policy makers and researchers in the 

ongoing efforts to reduce AMU. They improve our understanding of the epidemiology of AMR on 

pig farms and offer encouragement that reducing AMU will ultimately result in reduced AMR. The 

link between animal health and AMU and between AMU and AMR bacteria and or genes of 

relevance to human health reinforces the value of a One Health approach to combatting AMR. 
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Summary 

Antimicrobial resistance (AMR) is a continued and growing threat to global public health. In 

common with several supranational and national bodies, Ireland has embraced a ‘One Health’ 

approach in its national action plan (iNAP) to tackle AMR. The livestock sector is a major consumer 

of antimicrobials (AMs) and animals may act as a reservoir for AMR. Pig farming, as the sector with 

the highest antimicrobial use (AMU) in many countries, is a particular focus of attention. However, 

in Ireland, there are significant knowledge gaps regarding AMU in the sector. In terms of AMR, 

while resistance in Escherichia coli has been studied extensively, longitudinal studies that 

encompass the whole lifecycle and that investigate a wide range of antimicrobials are lacking. 

Similarly, while metagenomic sequencing has provided improved knowledge of AMR in the porcine 

gastrointestinal microbiome, i.e., the resistome, longitudinal studies encompassing the whole 

lifecycle are lacking. This thesis explores the themes of AMU and AMR in Irish pig farming. The 

objectives were, to characterize and quantify AMU on Irish pig farms, to explore the risk factors for 

AMU, to investigate AMR in commensal E. coli throughout the pig lifecycle using conventional 

phenotypic techniques and finally, to investigate evolution of faecal resistome using metagenomic 

sequencing. 

Chapter 1 gives a brief introduction to the problem of AMR and the role of the livestock sector and 

includes a description of the pig sector in Ireland. Chapter 2 presents the literature review. The 

current knowledge of AMU in pig farms globally including the patterns of use and the risk factors 

associated with use is reviewed. Antimicrobial resistance in commensal E. coli of porcine origin is 

also reviewed with an emphasis on its evolution throughout the pig lifecycle and its relationship 

with AMU. Finally, a brief overview of the concepts of the microbiome and resistome, as well the 

methods used to study them, is presented along with a review of the porcine faecal resistome, its 

evolution throughout the lifecycle and its relationship with AMU. 

Chapter 3 presents the first detailed report of AMU in the Irish pig sector. Sixty-seven farrow-to-

finish farms, representing approximately 35% of the national herd, were visited to collect AMU data 

for the 2016 calendar year. Farmers provided data on the use of AMs in medicated feed while 

invoice and/or prescription data were used to calculate AMU via other routes of administration. 

The sample population consumed 14.5 tonnes of antimicrobial by weight of active ingredient 

suggesting that the pig sector accounted for c. 40% of veterinary AMU in Ireland during 2016. At 

farm level, median AMU measured in mg/PCU was 93.9 (range: 1.0 - 1196.0) and when measured 

in terms of treatment incidence (TI200), was 15.4 (range: 0.2 - 169.2). Oral treatments accounted 
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for 97.5% of all AMU by weight of active ingredient and were primarily administered via medicated 

feed to pigs in the post weaning stages. A comparison with national reports from other countries 

suggested that AMU in the Irish pig sector was higher than in Sweden, Denmark, the Netherlands 

or France but lower than in the United Kingdom.  

Chapter 4 presents a cross-sectional study investigating the risk factors for AMU on Irish farms. This 

study used the AMU data collected from 52 of the farms in Chapter 3 along with data collected 

during concurrent studies conducted on these farms. The risk factors investigated included: farm 

characteristics and performance; biosecurity practices; the prevalence of pluck lesions at slaughter 

and serological status for four common respiratory pathogens; and vaccination and prophylactic 

AMU practices. Linear regression models were used for quantitative AMU analysis and risk factors 

for specific AMU practices were investigated using logistic regression. Farms that milled their own 

feed had lower total AMU whereas higher finisher mortality, higher prevalence of pericarditis and 

lung abscess as well as vaccinating for swine influenza were all associated with increased AMU. 

Prophylactic AMU practices in sows and piglets were associated with higher use of individual 

treatments and with higher use of cephalosporins and fluoroquinolones. These findings highlight 

areas of farm management where interventions may aid in reducing AMU on Irish pig farms. 

Chapter 5 and Chapter 6 separately present the two components of a longitudinal study 

investigating AMR throughout the pig lifecycle. Twelve commercial farms were selected based on 

their AMU in medicated feed (low, moderate or high). In Chapter 5, the dynamics of AMR in the 

general E. coli population as well as in the fluoroquinolone resistant and ESBL/AmpC producing E. 

coli populations were explored using phenotypic microbiological methods. In the general E. coli 

population, the highest frequencies of resistance were to doxycycline, ampicillin, 

trimethoprim/sulfamethoxazole, gentamicin and the fluoroquinolones. Resistance to these agents 

was highest in 1st stage weaners except for fluoroquinolones where it was highest in suckling 

piglets. Resistance was lower on farms not using medicated feed (i.e., low AMU) except for 

fluoroquinolone and trimethoprim/sulfamethoxazole resistance. All farms were positive for high 

level fluoroquinolone resistance1 at least once during the study while two farms were negative for 

ESBL/AmpC producing E. coli throughout with the highest prevalence observed in piglets and 

lowest observed in finishers. This study showed that age and in-feed AMU practices influence the 

occurrence of AMR in the pig production cycle and identified the farrowing house as a ‘hotspot’ for 

resistance to critically important antimicrobials. 

 
1 In this thesis ‘high level’ fluoroquinolone resistance in E. coli refers to isolates with a minimum inhibitory 
concentration (MIC) for ciprofloxacin > 1 mg/L. See Chapter 5.2.5  for full details.  
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In Chapter 6, shotgun metagenomic sequencing along with mapping to the Resfinder database was 

used to characterise the faecal resistome as it evolved during the pig lifecycle. This study showed 

that the resistome was shaped primarily by the changes in microbial composition associated with 

normal development. The resistome was most diverse in suckling piglets but most abundant in post 

weaned piglets and thereafter its abundance decreased as it progressed to a less diverse adult 

composition. The resistome was also modulated by AMU with lower total abundance of ARGs and 

lower diversity observed on low AMU farms compared to those using in-feed antimicrobials. This 

study is the first multi-farm longitudinal study to use metagenomic sequencing to investigate the 

dynamics of the resistome throughout the whole pig lifecycle. 

In conclusion, this thesis presents the first detailed report on AMU in the Irish pig farming sector 

and demonstrates that prophylaxis and respiratory disease are among the main drivers for this 

AMU. It confirms that the age and AMU practices influence the occurrence of AMR in E. coli and 

shows that these influences also apply to the resistome. These findings can be used to guide efforts 

to reduce AMU in Irish pig farming and will help form a better understanding of on farm AMR 

dynamics which is of benefit to efforts to mitigate the risk to human and animal health. 
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1.1 Introduction 

1.1.1 Antimicrobial use and antimicrobial resistance in agriculture and its relevance to 

human health 

The discovery of penicillin in 1928, sulphonamides in the 1930s and a host of other antimicrobial2 

classes through the 1940s, -50s and -60s (Davies and Davies, 2010; Prescott, 2017) revolutionised 

the practice of medicine in people and animals. However, bacteria have developed a variety of 

resistance mechanisms, via chromosomal mutations and the acquisition of antimicrobial resistance 

genes (ARG) which, coupled with a slow-down in antimicrobial drug discovery (Plackett, 2020), now 

threatens this progress. Antimicrobial resistant pathogens complicate, delay and, in some cases, 

prevent appropriate treatment of bacterial infections in humans resulting in significant morbidity, 

mortality and increased healthcare costs (Naylor et al., 2018). While antimicrobial use (AMU) is 

generally recognised as the key driver in the emergence of AMR, a host of factors including travel, 

sanitation and infection control are involved in its dissemination (Baquero et al., 2015). That 

antimicrobial resistance (AMR) is one of the few health related topics to feature at the United 

Nations (UN) General Assembly demonstrates the global importance of this issue (United Nations, 

2016). Some authors refer to this crisis as a ‘tsunami’ (Prescott, 2014), others provide dire forecasts 

of 10 million deaths annually as a result of AMR infections by 2050 (O’Neill, 2016). For now, 

although treatment options are reduced in many instances, the vast majority of infections remain 

treatable (e.g., ECDC, 2020) and some authors predict a somewhat more optimistic future 

(Baquero, 2021). However, none dispute the need for action to reverse, halt or slow this increasing 

threat to global human and animal health. As articulated in various international and national 

action plans, this has led to calls for improved antimicrobial stewardship and reduced AMU, a 

strengthened knowledge and evidence base to better understand AMR, mitigation of risk through 

improved sanitation and infection control and investment in drug discovery and diagnostic tools 

(WHO, 2015; European Commission, 2017a; Government of Ireland 2021).  

The ‘One Health’ concept is based on the principle that human health, animal health and the 

environment are immutably linked (FAO, OIE, WHO and UNEP, 2021) and, since it encompasses all 

three pillars, AMR has been called the quintessential One Health issue (Robinson et al., 2016). Once 

 
2 The terms antibiotic and antimicrobial are often used interchangeably. A broad definition of antimicrobial 
encompasses any natural or synthetic compound with activity against bacteria, fungi, viruses or protozoa in 
people or animals. A strict definition of antibiotic encompasses only natural compounds produced by 
antibiotic producing bacteria active against other bacteria and thus excludes synthetic antimicrobials such 
as fluoroquinolones and sulphonamides. This thesis is concerned with antimicrobial resistance in bacteria 
only. Therefore, the term antimicrobial is reserved for drugs with activity against bacteria and does not 
include antivirals, antifungals or anti-protozoal drugs unless stated otherwise. 
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considered the preserve of hospitals and other health care settings (Davies and Davies, 2010), AMR 

bacteria are found in the (human) community, virtually all animal populations and in the 

environment (Woolhouse et al., 2015). The relevance to human health arises from the fact that 

bacteria and/or their ARGs in one domain interact, directly or indirectly, with the other two. In the 

animal domain, AMR in zoonotic bacteria such as Salmonella spp. and Campylobacter spp., is 

directly relevant to human health (EFSA and ECDC, 2021a). However, several important human 

pathogens such as Escherichia coli, Enterococcus faecium, Staphylococcus aureus, Clostridioides 

difficile, Klebsiella pneumoniae and Pseudomonas aeruginosa, all of which have multidrug resistant 

strains (Oliveira et al., 2020), are also found in animals and in certain instances are considered 

zoonotic infections. Non-pathogenic strains of these bacteria in animals are also relevant to human 

health because ARGs in the commensal bacterial population may be transferred, directly or 

indirectly, to bacteria capable of colonising or infecting humans via a variety of horizontal gene 

transfer (HGT) mechanisms. These bacteria may then be transferred to humans via the food chain, 

contact with animals or environmental exposure (Djordjevic, Stokes and Chowdhury, 2013; Holmes 

et al., 2016). 

Antimicrobials are used extensively in modern agriculture and this is believed to contribute to the 

current AMR crisis (Silbergeld, Graham and Price, 2008; Marshall and Levy, 2011; You and 

Silbergeld, 2014; Aarestrup, 2015). Concerns that AMU in livestock production is associated with 

AMR infections in humans first arose in 1960s with the emergence of multidrug resistant (MDR) 

Salmonella Typhimurium on British cattle farms and subsequent infections in people. This 

ultimately led to the Swann report which recommended prohibiting the use of medically important 

antimicrobials such as penicillin and tetracycline as growth promoters (Swann, 1969). While these 

recommendations were adopted in the United Kingdom (UK) and subsequently in the European 

Economic Community, as the European Union (EU) was known at the time, the restrictions did not 

apply to therapeutic use nor did they prevent the use of other antimicrobial classes as growth 

promoters (Prescott, 2017; Kirchhelle, 2018). There are several examples which show a link 

between the use of specific antimicrobial drugs in animals and subsequent transfer of AMR to 

humans. The use of nourseothricin as a growth promoter in East Germany was associated with the 

presence of plasmid borne resistance in E. coli in people (Tschäpe et al., 1984) even though this 

class is not used in humans. In poultry, fluoroquinolone use was associated with a rise in 

fluoroquinolone resistance in Campylobacter jejuni in the United States of America [USA] (Gupta et 

al., 2004) while a ban on ceftiofur use in Ontario, Canda was associated with a decline in 

cephalosporin resistant Salmonella Heidelberg infections in people (Dutil et al., 2010). Yet another 

example is the aminoglycoside resistance gene aac(3)-IV originally associated with apramycin use 
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and resistance in animals but now associated with some gentamicin resistant infections in people 

(Chaslus-Dancla et al., 1991). Despite the evidence of transfer of AMR bacteria from animals to 

humans and for transfer of ARGs between bacteria of animal and human origin, the overall 

contribution of livestock to the burden of AMR in humans is difficult to quantify (Scott et al., 2018). 

Recent studies suggest this contribution is relatively small (Day et al., 2019; Ludden et al., 2019; 

Mughini-Gras et al., 2019) but it is certainly not zero and could increase in the future. However, a 

recent systematic review and meta-analysis reported that reducing AMU in livestock was 

associated with reductions in AMR in animals (Tang et al., 2017). In the same study, reducing AMU 

in animals was also associated with reductions in AMR in people, though mainly for people working 

with animals (Tang et al., 2017). These findings should provide sufficient motivation to continue 

efforts to improve antimicrobial stewardship in veterinary medicine, reduce AMU and improve our 

understanding of AMR within the livestock sector. 

1.1.2 The AMURAP project 

The Antimicrobial Use and Resistance in Animal Production project (AMURAP) is a joint project 

between the School of Veterinary Medicine at University College Dublin and Teagasc and was 

funded by the Department of Agriculture, Food and the Marine (DAFM) [ref DAFM 15/S/676]. The 

project is concerned with AMU and AMR in the pig and poultry sectors in Ireland. The project 

sought to address the urgent need for data on AMU and AMR in both sectors. As well as the 

scientific objectives, the project aimed to engage and inform the industry stakeholders with the 

overarching objective of making a positive contribution to efforts to improve antimicrobial 

stewardship and ultimately, reduce antimicrobial resistance. This thesis describes the research 

conducted for the pig component of the AMURAP project.   

1.1.3 The pig farming sector in Ireland 

The pig population in Ireland consists of approximately 152,000 breeding animals and 1.54 million 

growing pigs (CSO, 2021a). This represents the third largest livestock sector in Ireland after dairy 

and beef in terms of output (CSO, 2021b). According to the DAFM pig census, there were 1675 

active pig herds in Ireland in 2020 (DAFM, 2021). However, 73% of these herds kept 20 pigs or fewer 

and 96.5% of all pigs were kept on the 284 commercial herds keeping at least 100 pigs. 

Furthermore, 39% of the pig population were kept on the 41 large farms keeping greater than 

10,000 pigs (DAFM, 2021). Pig farms are found in all counties of Ireland but the highest densities 

are found in Co. Cavan in the north and the adjoining counties of Cork, Tipperary and Waterford in 

the south. 
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Commercial pig farms in Ireland are typically farrow-to-finish enterprises. While some farms 

operate a multisite system where two or more stages of production occur on separate sites, the 

unit as a whole can be considered a farrow-to-finish farm system. Buying and rearing of pigs from 

outside suppliers is uncommon. Each stage of the pig production cycle takes place in dedicated 

housing and on Irish farms is summarised as follows: piglets are usually weaned after 28 days in the 

farrowing house and moved to the weaner accommodation. It is worth noting that internationally, 

the terms weaner and nursery are synonymous but the former is consistent with local usage in 

Ireland. An important idiosyncrasy in Irish pig farming is the split weaner phases, typically known 

as the first- and second stage weaner, or weaner 1 and weaner 2 respectively. Each typically lasts 

four weeks but there is considerable farm heterogeneity3. The second stage weaner phase is 

somewhat analogous to the term ‘grower’ which is used internationally to mean a phase between 

weaner/nursery and finishing. However, in this thesis, the local usage is preferred. After second 

stage weaner, the pigs are moved to finisher accommodation where the pigs are kept until 

slaughter, usually at 22 - 24 weeks of age. Each production stage is associated with specific dietary 

requirements which are summarised in Chapter 3.2.4.1. 

  

 
3 But no formal survey results are available 
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1.2 Objectives of this thesis 

The objectives of thesis were:  

(1) To quantify AMU on Irish pig farms, identify the major patterns of use and to compare the 

results to published international reports and studies. 

(2) To explore the risk factors for AMU on Irish pig farms in terms of the quantities used and in 

terms of the use of specific antimicrobial classes. 

(3) To investigate the evolution of AMR in commensal Escherichia coli throughout the lifecycle of 

growing pigs on commercial farms with different levels of AMU including a specific 

investigation of the prevalence and abundance of fluoroquinolone resistant and ESBL/AmpC 

producing E. coli. 

(4) To investigate the evolution of the porcine faecal resistome throughout the lifecycle of growing 

pigs on commercial farms with different levels of AMU. 
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Chapter 2 

Literature review  
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2.1 Introduction 

This chapter presents a review of the current knowledge of AMU in pig production globally 

including the patterns of use and the risk factors associated with use. Antimicrobial resistance in 

commensal E. coli of porcine origin is also reviewed with an emphasis on its evolution throughout 

the pig lifecycle and its relationship with AMU. Finally, a brief overview of the concepts of the 

microbiome and resistome, as well the methods used to study them, is presented along with a 

review of current knowledge of the porcine faecal resistome, its evolution throughout the lifecycle 

and its relationship with AMU. 

2.2 Antimicrobial use in pig farming 

Antimicrobials have been used in veterinary medicine since shortly after their introduction to 

human medicine in the 1930s (Prescott, 2017; Lees et al., 2021). They are essential for the 

treatment of bacterial infections in all domestic animals whether they are companions, agricultural 

livestock, working animals (e.g., sport, draught etc.) or even captive (e.g., zoos and parks). In 

livestock production, antimicrobial use is an integral, and indeed routine, strategy in maintaining 

animal health and productivity. This is especially so in the intensive livestock production sectors 

such as pigs, poultry, veal calves and feedlot cattle (McEwen and Fedorka-Cray, 2002; Aarestrup, 

2005; Silbergeld, Graham and Price, 2008) since certain aspects of husbandry such as indoor 

housing, high stocking density, and the transport and mixing of animals from several sources may 

predispose to infectious disease. The amounts of antimicrobials consumed in livestock production 

are substantial. Some authors estimate that animals account for 73% of global antimicrobial 

consumption (van Boeckel et al., 2017). This estimate is substantiated by more precise data from 

the European Union and Canada where 65% and 78%, respectively, of all antimicrobials sold in 2018 

were used in food producing animals (Government of Canada, 2020; ECDC, EFSA and EMA, 2021). 

Furthermore, AMU in livestock production is expected to increase in the coming years, largely 

driven by the continuing intensification of livestock production in lower and middle income 

countries [LMIC] (van Boeckel et al., 2015; Tiseo et al., 2020). In several countries, pig production 

is the main consumer of veterinary antimicrobials accounting for 76% of veterinary AMU in 

Denmark (DANMAP, 2021), 42% in the Netherlands (SDa, 2021) and 33% in France (ANSES, 2020). 

In the USA, pig production is estimated to consume 26% of all veterinary AMU, and thus is second 

to cattle production, but is the leading consumer of ‘medically important’ antimicrobials (FDA, 

2020). Therefore, the pig sector is a major focus of attention in efforts to quantify, characterise and 

ultimately reduce AMU. Quantitative and qualitative data on AMU within the pig sector is 

important in aiding our understanding of the epidemiology of AMR. In terms of antimicrobial 

stewardship, it is essential in defining which behaviours need modifying and in evaluating the 
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outcomes of any control strategies that have been implemented to limit or regulate use. This 

section of the literature review presents an overview of current knowledge of AMU in pig 

production globally including the patterns of use and the risk factors associated with use. 

2.2.1 Methods of antimicrobial use data collection 

Knowledge of AMU in livestock production derives from two main sources: (1) research studies and 

(2) various data collection systems (DCS) which monitor AMU in their chosen livestock sector(s). 

Naturally, there may be a certain overlap between the two sources as data from the latter may 

form the basis of a research study or publication (e.g., Jensen, Eorg and Aarestrup, 2012) and, as in 

several cases, a research study may serve as a pilot for a DCS (e.g., Merle et al., 2014; Trauffler et 

al., 2014). This is a growing and relatively nascent area of research. In a systematic review of English 

language studies or reports investigating AMU in pig production published between 2000 and 2017, 

27 of the 36 included papers were published after 2010 (Lekagul et al., 2019). Publications prior to 

2000 are scarce but include some North American studies from the 1990s (Dunlop et al., 1998a; b). 

Data may be collected from veterinarians (e.g., Chauvin et al., 2002; van Rennings et al., 2015) or 

from farmers (e.g., Callens et al., 2012) and may be qualitative and/or quantitative. Qualitative data 

include details on which antimicrobials are used, the age groups treated or the reasons for use but 

give no information on the quantities used. Data may be collected during farm visits using 

interviews and/or examination of farm records (i.e., invoice and/or prescription data) or via 

questionnaire. The former method can allow for more detailed data collection but is labour 

intensive. The latter method can potentially target higher numbers of participants but often 

excludes quantitative data (Chauvin et al., 2002; Stevens et al., 2007; Coyne et al., 2019; Moreno, 

2012). Regardless of the method, studies investigating AMU may be subject to bias. Available 

resources vary between studies and thus sample sizes range from as low as 25 farms (Sali et al., 

2021; Dutra et al., 2021) up to several hundred (van Rennings et al., 2015; Echtermann et al., 2019) 

which can affect the generalisability of any findings. Antimicrobial use and AMR are controversial 

topics which may lead to participation bias (Keeble et al., 2013) where farmers with an interest in 

AMU or AMR, or perhaps low AMU, might be more likely to participate. Studies may also be subject 

to intervention bias, whereby by participants deliberately under report AMU or do not admit to 

perceived injudicious practices, or to recall bias whereby the participant simply fails to remember 

the relevant details of AMU correctly. Intervention and recall biases are pertinent to studies which 

rely on farmer (or veterinarian) testimonial (i.e., interview or questionnaire), especially when 

documentary evidence is unavailable or incomplete (Callens et al., 2012; Sarrazin et al., 2019). Such 

biases, though often acknowledged, are difficult to quantify in these studies and must be 

considered before making generalisations to the wider population.  
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Data collection systems which systematically collect AMU data from a target population are 

relatively recent developments. These systems range in scale from supranational, to national and 

even to local. The two examples of supranational DCS are the European Surveillance of Veterinary 

Antimicrobial Consumption (ESVAC) project operated by the European Medicines Agency (EMA)4 

and global database operated by the World Organisation for Animal Health [OIE] (Góchez et al., 

2019). The ESVAC project has published data on veterinary antimicrobial sales in the EU and EEA 

since 2011. The first report included 9 countries and covered the period from 2004 to 2009, (EMA, 

2011) but now includes all EU/EEA countries plus Switzerland and the United Kingdom [n = 31] 

(EMA, 2021). The OIE has reported AMU data submitted by member nations, mainly from sales but 

also other sources, since 2016. The latest report included data from 160 of the 182 members 

although 17% did not submit quantitative data (OIE, 2021). Neither system currently reports data 

stratified by species but ESVAC is expected to do so in coming years (EMA, 2018a). At national level, 

many countries now report veterinary antimicrobial sales data. Sales data do not allow for accurate 

stratification of AMU by species since most products are indicated for use in more than one species. 

Nevertheless, some countries, such as France (ANSES, 2020) and the USA (FDA, 2020), require 

marketing authorisations holders (MAH) to provide estimates of the species breakdown for each 

product and include them in their national reports. More accurate species or sector specific data 

come from dedicated DCS that monitor AMU in their relevant sectors. The first such system was 

established in Sweden in the 1980s (Wierup, Wahlström and Bengtsson, 2021). Denmark, which 

began collecting antimicrobial sales data in the mid-1990s, established the Vetstat database in 2000 

(Stege et al., 2003) which now collects prescription data on all animal species. In the Netherlands, 

sector specific databases have been operational since 2011 (Bos et al., 2013). More recently, many 

other countries have followed suit and have implemented, or are developing, similar systems. 

European Union (EU) legislation requires all Member States to collect AMU data for the pig, poultry 

and veal production sectors by 2024 and for all species by 2030 (Regulation (EU) 2019/6). The 

features of some of these systems have been reviewed by others (Werner, McEwen and 

Kreienbrock, 2018; Sanders et al., 2020). The AACTING consortium was established to provide 

advice to, and a networking forum for, parties interested in implementing AMU DCS and a recent 

review described 38 systems in 16 different countries (Sanders et al., 2020). All 16 countries 

included at least one system monitoring AMU in pigs. These systems vary greatly in terms of their 

stage of development, the population coverage, and methodology. Some are operated by 

government, such as Vetstat (Stege et al., 2003), others, such as the e-Medicines Book (eMB) for 

 
4 https://www.ema.europa.eu/en/veterinary-regulatory/overview/antimicrobial-resistance/european-
surveillance-veterinary-antimicrobial-consumption-esvac  

https://www.ema.europa.eu/en/veterinary-regulatory/overview/antimicrobial-resistance/european-surveillance-veterinary-antimicrobial-consumption-esvac
https://www.ema.europa.eu/en/veterinary-regulatory/overview/antimicrobial-resistance/european-surveillance-veterinary-antimicrobial-consumption-esvac
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pigs in the UK (UK VARRS, 2021), are run by industry bodies or quality assurance schemes (Sanders 

et al., 2020). Some collect data from participating farmers, others from veterinarians. In some 

systems, participation is mandatory, either on a statutory basis or as a requirement for membership 

of a quality assurance scheme while in others it is voluntary. Some systems survey a representative 

sample of ‘sentinel’ farms in order to estimate AMU in the wider population as currently occurs in 

Canada (Government of Canada, 2020) and France (Hémonic et al., 2018). Many of these systems 

provide (or plan to) for benchmarking of AMU amongst the participating farmers. Benchmarking 

may simply be for the farmer’s information or there may be sanctions for exceeding certain 

thresholds. Well known examples of benchmarking schemes include the “yellow card” scheme in 

Denmark (DVFA, 2015) and the “action threshold” for farms and veterinarians in the Netherlands 

(Bos et al., 2013, 2015) both of which sanction high users with measures such as increased 

inspection or restricted access to antimicrobials (Jensen et al., 2014; Speksnijder et al., 2015). 

Despite the number of DCS now collecting AMU data from pig farms, farm level data evaluating 

AMU are still relatively lacking. Many systems are in the early stages of development and not in a 

position to publish validated data. Others do not make their data publicly available or do not publish 

in English. Belgium and the Netherlands are examples of countries that include farm level data in 

English language reports (SDa, 2021, Belvet-Sac, 2021). In contrast, Vetstat provides aggregated 

sector data to the Danish Integrated Antimicrobial Resistance Monitoring and Research Programme 

(DANMAP) annual reports but does not publish farm level data.  

2.2.2 Antimicrobial use metrics 

A key consideration for any research study or DCS collecting AMU data is the metric used to 

quantify AMU. These metrics are known as indicators which have been defined as “the number of 

‘technical’ units of measurement (i.e., the amount of antimicrobials) consumed and normalized by 

the population at risk of being treated in a defined period” (Collineau et al., 2017b). A large variety 

of AMU indicators is described in the literature (Lekagul, Tangcharoensathien and Yeung, 2018). 

Some were developed or adapted for use in individual studies, others are employed by the various 

national DCS. The differences between indicators arise from the various methods used to calculate 

or define the numerator and denominator.  

The simplest method of expressing the numerator is to use the weight of antimicrobial active 

ingredient consumed. However, differences in potency mean that, for more potent drugs such as 

cephalosporins or fluoroquinolones, actual exposure in the population may be underestimated. In 

human medicine, the Defined Daily Dose (DDD) system was developed to account for potency by 

assigning a standard dose for each drug or product (WHO, 2018). In this way, the numerator is 
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expressed as a number of doses rather than mass. The DDD system was first adapted for use in 

animals by Vetstat (Jensen, Jacobsen and Bager, 2004) and later by several other DCS, each with 

their own terminology and methodology. For example, the Animal Daily Dose (ADD), used by 

Vetstat, is based on approved doses for each antimicrobial, route of administration, pharmaceutical 

form and species (DANMAP, 2021) whereas the Defined Daily Dose Animal (DDDA) values used by 

the SDa in the Netherlands are defined at product level using the Summary of Product 

Characteristics (SPC) documents (SDa, 2019). The fact that the doses for identical indications vary 

between countries (Postma et al., 2015a) means that there can be substantial differences between 

national DDD lists. The EMA defined its own list, known as the DDDvet, for use with the ESVAC 

project. Each DDDvet is defined for each antimicrobial by species and route of administration based 

on the average of doses obtained from the SPC documents from nine European countries (EMA, 

2016). The DDDvet is intended for use in future ESVAC reports when species specific data is available 

(EMA, 2018a) but has been used in a number of studies (Sarrazin et al., 2019; Echtermann et al., 

2019).  

The denominator is a measure of the population at risk of treatment and is usually expressed in 

terms of the number of animals treated or its weight of biomass. The denominator may measure 

the number of animals present at a given time or the number of animals produced over a specified 

period. The weight of biomass is determined by assigning average weights to each species and, 

where applicable, to production categories. The latter point is important in the context of the pig 

sector as there are marked differences in size between the different production categories (i.e., 

piglets, weaner, finishers and sows) and the weight of the animal determines how many can be 

treated with a given mass of drug. As for the numerator, different methods and values are 

employed to calculate the denominator further adding to variability among AMU indicators. The 

ESVAC project uses the Population Correction Unit (PCU) as its denominator metric (EMA, 2011).  

Finally, some indicators consider the period at risk, or animal time, in their calculation and are 

termed Treatment Incidence (TI). The TI represents the proportion of the period at risk a population 

was treated for, or equivalently the proportion of the animal population in treatment per day 

(Timmerman et al., 2006). For a concise summary of selected numerators, denominators and 

indicators the reader is referred to Table 1 O’Neill et al. (2020a, Table 1) which is also included in 

Appendix B. 

The different indicators mean that direct comparisons of AMU between different countries should 

be made with caution and several publications have explored this topic (Moreno, Collineau and 

Carson, 2020; Collineau, Carson and Moreno, 2021). Presently, the mg/PCU, developed by the EMA, 

is used as a harmonised indicator for reporting sales in the EU/EEA (EMA, 2011) and by other 
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countries both within Europe and beyond either as a sole indicator or for the purpose of 

comparison (e.g., Government of Canada, 2020; UK-VARSS, 2021)  Given the differences between 

countries, productions systems, prescribing practices, expert opinion, not to mention political 

considerations, it seems unlikely that one single consensus indicator will be developed. However, 

provided that limitations are accounted for, useful comparisons between farms in the same sector 

can be made regardless of the indicator. The farm level AMU data to be presented in Chapter 3 

was used to evaluate the effect of using different indicators to benchmark AMU among the study 

farms (O’Neill et al., 2020a). This study found that, although none were perfect, all indicators, even 

the weight-based ones, identified the majority of high AMU farms (see Appendix B). Detailed 

discussion of all the idiosyncrasies of different AMU metrics is beyond the scope of this thesis but 

a few of them are highlighted in the discussion on patterns of AMU below. 

2.2.3 Patterns of antimicrobial use in pig production 

The term ‘patterns of use’ broadly describes how and why antimicrobials are used. There are 

several features to consider including: (1) the choice of antimicrobial class; (2) the pharmaceutical 

form or route of administration; (3) the age or production group of animal(s) treated; (4) purpose 

of use, i.e., medical or production; and (5) indication for use. All of these features are more or less 

inter-related but are discussed separately below. 

2.2.3.1 Antimicrobial classes used in pig production 

A wide range of antimicrobials is used in pig production. This is illustrated by the EMA’s DDDvet list 

which includes 51 active substances belonging to 13 distinct antimicrobial classes (EMA, 2016). The 

antimicrobial classes used in pig production include penicillins, tetracyclines, folate pathway 

inhibitors, macrolides, polymyxins, amphenicols, aminoglycosides, lincosamides, cephalosporins 

and fluoroquinolones. Outside of Europe, other antimicrobial classes are also used, including 

quinoxalines (e.g., carbadox), polypeptides (e.g., bacitracin) and streptogramins (e.g., 

virginiamycin). Most of the antimicrobial classes used in agriculture are also used in human 

medicine although a few, such as the pleuromutilins, have limited use while others, such as 

quinoxalines, are not used. Within classes, certain drugs, such as amoxicillin and colistin, are used 

in both human and veterinary medicine whereas others are reserved for veterinary use, for 

example, ceftiofur (cephalosporin), florfenicol (amphenicol) and apramycin (aminoglycoside). 

Table 2.1 shows the most recent national antimicrobial sales or consumption data from a selection 

of countries with sector specific data. Tetracyclines, penicillins, sulphonamides/trimethoprim and 

macrolides were among the leading classes in all seven countries with the former two classes 

occupying first or second place in most instances. Notwithstanding the similarities, there is notable 
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country variation in the relative importance of some classes, for example, 9% pleuromutilin use in 

Denmark versus close to zero in Belgium and the Netherlands. It should be noted that, with the 

exceptions of the Netherlands and Belgium, the reports consulted in Table 2.1 do not include farm 

level analysis. However, the sales data from France, Japan and USA are broadly in line with farm 

surveys from those countries (Hémonic et al., 2018; Lei et al., 2019; Davies and Singer, 2020). 

Notable deviations include lower use of tetracyclines on a sample of 150 French herds (Hémonic et 

al., 2018) and lower macrolide but higher lincosamide use in a sample of US herds (Davies and 

Singer, 2020). That US study also reported that penicillins constituted 6% of use on the study farms 

whereas the US sales data does not include an estimate for pigs due to commercial sensitivity issues 

(FDA, 2020). These discrepancies may be because the species stratification in those national reports 

is estimated by the MAHs or because the study samples are not fully reflective of the underlying 

population. The discrepancies in consumption patterns when dose base metrics and weight-based 

metrics are used (i.e., for the Japanese and Dutch data) are worth noting. While the differences are 

moderate in those two examples, depending on the consumption patterns and the metric/indicator 

used, more important discrepancies are sometimes evident elsewhere. In two German studies that 

presented overall consumption in terms of weight of active ingredient and treatment frequency 

(TF)5, tetracyclines were the most used class when measured by weight (Merle et al., 2012; van 

Rennings et al., 2015). However, when measured by TF, penicillins were the most used overall and 

colistin the most used in piglets and weaners. This demonstrates that the metric or indicator must 

be considered before making comparisons between different datasets. 

 

 
5 Treatment frequency (TF): similar to treatment incidence (TI). TF is a direct measure of the number of 
animals treated. 
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Table 2.1: Breakdown of antimicrobial consumption by antimicrobial class in the pig sectors of seven countries based on most recent national reports.  
  

USAa  Japanb  Francec  Denmarkd  Belgiume  Netherlandsf  UKg 
  

wt  wt DDDvet  ALEA  wt  wt  wt DDDANAT  wt 
                 

Tetracyclines  69%  44% 35%  28%  15%  23%  38% 43%  36% 
Penicillins   -*  10%  7%  23%  38%  46%  24% 22%  21% 
Trimethoprim/sulphonamides   2%  16% 14%  16%   7%  16%  21% 11%  16% 
Macrolides   7%  7%  9%   9%  16%   7%  11% 14%  11% 
Lincosamides   4%  4%  6%   2%  3%  -  - -  - 
Aminoglycosides   3%  4%  6%   7%  11%   3%   0%  0%  8% 
Amphenicols  -  4%  4%   2%   1%   2%   2%  4%  - 
Polymyxins  -  3%  7%  10%   0%   2%   2%  4%   0% 
Pleuromutilins  -  8% 11%   1%   9%  -   0%  0%   5% 
Fluoroquinolones   0%  0%  1%   1%   0%   0%   0%  0%   0% 
Cephalosporins  -  0%  1%   0%   0%   0%   0%  0%   0% 
Other  14%  - -  -  -   1%   1%  0%   4% 
                 

                 

Total antimicrobial 
consumption (mg/PCU)h  299  437   78  43  122  41   105 

                 

a Data are extracted from the US Food and Drug Administration (FDA) sales report for 2019. The sales data were stratified by species based on estimates provided by the 
marketing authorisation holders (MAH). Estimate of sales of penicillins for pigs are not included due to commercial sensitivity issues (and not included in ‘Other’). 
Therefore, these data are an underestimate (FDA, 2020).  
b Sales data for 2018 extracted from government reports by Abe et al. (2020). The sales data were stratified by species based on estimates provided by the marketing 
authorisation holders (MAH). 
c Data extracted from national sales report for 2019. The sales data were stratified by species based on estimates provided by the MAHs (ANSES, 2020).  
d Extracted from the Danish Integrated Antimicrobial Resistance Monitoring and Research Programme (DANMAP) annual report for 2020. These data are based on 
prescription data recorded by the Vetstat system (DANMAP, 2021) 
e Extracted from Belgian Veterinary Surveillance of Antibacterial Consumption (Belvet-SAC) national consumption report for 2020. These data are based on prescription 
data (Belvet-SAC, 2021). 
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Table 2.1: continued 
f Extracted from the Netherlands Veterinary Medicine Institute (SDa) annual report for 2020. These data are based on prescription data (SDa, 2021a,b). Note that 
macrolides and lincosamides are reported together. 
g Extracted from the UK Veterinary Antibiotic Resistance and Sales Surveillance Report for 2020. These data are based on antimicrobial use data submitted by farmers to 
the e-Medicine Book for pigs and cover approximately 95% of the UK pig sector (UK-VARSS, 2021). 
h Calculation of mg/PCU:  numerator = amount of antimicrobial extracted from the national reports;  denominator = PCU for France, Belgium, Netherlands and UK extracted 
from ESVAC report for 2020 (EMA, 2021), PCU for USA calculated using data from https://www.fao.org/faostat/en/#data/QCL. mg/PCU for Japan refers to 2017 data as 
reported by Lei et al. (2019) 
* - indicates use unknown or not presented. May be included in ‘Other’ category.  
Legend: wt - weight of active ingredient; DDDvet - defined daily dose for animals as defined by the European Medicines Agency (EMA, 2016); ALEA - Animal Level of  
Exposure to Antimicrobials (ANSES, 2020); DDDANAT - defined daily dose animal as defined by the SDa for its national report (SDa, 2021); mg/PCU-milligram per population 
correction unit (EMA, 2011). 

https://www.fao.org/faostat/en/#data/QCL
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In Europe, two separate multi-national studies that investigated antimicrobial use in pig farming 

made significant contributions to our understanding of how antimicrobials are used in the sector. 

The MINAPIG project investigated AMU in four countries, Belgium, France, Germany and Sweden, 

during 2012/2013 (Sjölund et al., 2016). As will be discussed later in this review, this project also 

investigated risk factors for AMU as well as socioeconomic aspects. The EFFORT project (Ecology 

from Farm to Fork Of microbial drug Resistance and Transmission)6, which was focused on 

antimicrobial resistance, explored AMU on 180 farms from nine countries (Belgium, Bulgaria, 

Denmark, France, Germany, Italy, Poland, Spain and the Netherlands) during 2014/2015 (Sarrazin 

et al., 2019). Both studies, which used variations of the TI indicator, reported that penicillins (30% 

and 31%) and polymyxins (18% and 25%) were the most used classes overall but there were 

differences between countries (Sjölund et al., 2016; Sarrazin et al., 2019)7. Polymyxins were the 

most used class in the French herds, and the second most used class in Belgian herds (Sjölund et 

al., 2016). There were similar findings in other studies from France (Hémonic et al., 2018) and 

Belgium (Timmerman et al., 2006; Callens et al., 2012). Polymyxins were also widely used in Spanish 

herds (Moreno, 2012, 2014b) and accounted of 17% of AMU in a sample of 75 farms in Austria 

(Trauffler et al., 2014). In other studies, lincosamides were the most used class in an Austrian study 

(Trauffler et al., 2014) and the second most used class in two Italian studies (Scali et al., 2020; 

Tarakdjian et al., 2020) further highlighting how consumption patterns vary between countries. In 

Canada, tetracyclines accounted for 57% of in feed antibiotic use (by weight of active ingredient) 

in grower/finisher pigs during 2018, with lincosamides (21%) and macrolides (13%) accounting for 

most of the remainder (Government of Canada, 2020) which is a similar pattern to that seen on US 

farms (Davies and Singer, 2020). The Canadian data was collected from a sample of farms as part 

of the Canadian Integrated Program for Antimicrobial Resistance Surveillance (CIPARS) program 

but did not include AMU via other administration routes or in other age groups. Outside the 

developed world, quantitative data on AMU in the pig industry is lacking. Most studies are 

qualitative in nature, simply recording information such as the products used, the indication and 

age group  (Kim et al., 2013; Ström et al., 2018; Hallenberg et al., 2020; Lekagul et al., 2021) mainly 

because the records needed for quantitative data are lacking. However, the antimicrobials used are 

similar and a survey of feed mills in Thailand showed that 47% of medicated feeds contained 

amoxicillin (Lekagul et al., 2020). 

 
6 http://www.effort-against-amr.eu/  
7 The country specific data were anonymised in the EFFORT study (Sarrazin et al. 2019) 

http://www.effort-against-amr.eu/
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The data presented in Table 2.1 show that cephalosporins and fluoroquinolones constitute a very 

small (in some cases zero) proportion of overall consumption in pig production in these countries. 

However, in many countries, one or both classes are widely used and their high potencies mean 

that relatively small amounts can treat a large number of animals. Their importance in the sphere 

of AMU, antimicrobial stewardship and AMR is more related to how they are used and their 

significance to human medicine. These factors are explored below.  

2.2.3.2 Categorisation of antimicrobials according to importance to public health 

Concerns over antimicrobial resistance have led to efforts to categorise antimicrobial classes in 

terms of their importance to public health (and to a lesser extent animal health). In terms of public 

health, the intent of these categorisations is to inform antimicrobial stewardship measures in 

veterinary medicine. They aim to limit the transmission of AMR bacteria or ARGs from humans to 

animals by promoting the use of antimicrobials with lesser importance in human health (or the 

corollary: restricting the use of antimicrobials with higher importance). The wider implications for 

antimicrobial stewardship are discussed separately. Foremost among these efforts is the World 

Health Organisation’s (WHO) list of ‘Critically Important Antimicrobials in Human Medicine.’ Here, 

antimicrobials are ranked according to two criteria: whether the drug is the only, or one of limited 

available treatment options for serious infections in humans (criterion 1) and whether the 

pathogen is either transmissible from animals to humans or has the potential to acquire resistance 

genes from animals [criterion 2] (WHO, 2019). Drugs meeting both criteria are termed as critically 

important antimicrobials (CIA). Those which meet one criterion are termed highly important 

antimicrobials (HIA) and those meeting neither are termed as important antimicrobials (IA). The 

CIA category is further defined according to three ‘prioritisation factors’: (1) limited availability of 

alternative treatments (2) high frequency of use in certain health care settings and (3) evidence of 

transmission of resistant bacteria or genes to people from non-human sources. Antimicrobials 

meeting all three prioritisation factors are classified as ‘highest priority critically important 

antimicrobials’ (HP CIA) and currently include macrolides, polymyxins, third and higher generation 

cephalosporins, quinolones and glycopeptides (WHO, 2019). A summary of the WHO CIA 

categorisation of the antimicrobial classes used in European pig production is presented in 

Appendix C. The EMA defined its own categorisation using a similar rationale to the WHO but also 

considered the importance of each class to veterinary medicine (EMA, 2019). The EMA categories 

are A (avoid), B (restrict), C (caution) and D (prudence) and are also summarised in Appendix C. The 

main difference between the EMA and WHO lists is its categorisation of macrolides separately from 

3rd and 4th generation cephalosporins, quinolones and polymyxins. This is largely due to the lack of 

suitable alternatives for certain conditions in veterinary medicine (EMA, 2019). There are also a 
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number of country specific lists, for example, the Netherlands (SDa, 2021) and the USA (FDA, 2003). 

Finally, the OIE has developed its own CIA list which is based on each drug’s importance to 

veterinary medicine (OIE, 2018) and thus is more similar to the WHO’s list of essential medicines 

(WHO, 2021) than to the CIA list. 

2.2.3.3 Pharmaceutical from and route of administration 

Most veterinary antimicrobials are available in oral or parenteral forms. However, the vast majority 

of veterinary antimicrobials are applied orally. The recent ESVAC report for 2019 showed that 87% 

of all veterinary antimicrobials sold in the EU/EEA were oral medications, 12% were injectable and 

the remainder were other forms such as intramammary preparations (EMA, 2021). Oral 

antimicrobials may be administered using water or feed. For delivery in water, soluble 

antimicrobials may be added to water in drinking vessels or administered through water lines. For 

delivery in feed, there is a distinction between remedies which a farmer can add to feed as a ‘top 

dressing’ and remedies added to feed by a feed mill. The latter are known as oral premixes and in 

Europe are subject to strict conditions. Oral premixes are restricted for use in medicated feeds 

which may only be manufactured by a feed mill with a licence to so8 and the mill must adhere to 

strict quality controls in terms of homogeneity and cross-contamination (Regulation (EU)  2019/4).  

In pig production, individual treatment of more than a few animals is often impractical, or at least 

undesirable, so oral group treatments are preferred. Regardless of the metric to measure AMU, 

oral routes of administration predominate in almost all studies. Across the four countries of the 

MINAPIG project, 71% of treatments were administered orally (Sjölund et al., 2016). However, in 

one of the participating countries, Sweden, parenteral treatments accounted for 87% of use 

(Sjölund et al., 2016; Backhans et al., 2016).  Among the 180 farms in the EFFORT project 82% of 

treatments were oral, although parenteral treatments predominated in one of the participating 

countries (Sarrazin et al., 2019). In two Belgian studies, 98% and 89% of all group treatments were 

administered orally (Timmerman et al., 2006; Callens et al., 2012). Several other European studies 

reported oral consumption rates in excess of 80% (Merle et al., 2012; van Rennings et al., 2015; 

Scali et al., 2020; Trauffler et al., 2014). Davies and Singer (2020) surveyed 9 large production 

systems in the USA which accounted for 20% of national production and reported that 98% of AMU 

by weight of active ingredient was delivered orally, 68% in feed and 30 % in water. Aside from the 

amounts used, the practice of using oral antimicrobials is widespread. In Spain, 93% of finisher 

farms and 67% of farrow-to-finish farms used oral antimicrobials (Moreno, 2012). A national survey 

 
8 Feed mills operate under licence for general purposes but must possess a special licence to manufacture 
medicate feed. 
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of American pig farmers indicated that medicated feed was provided to weaner pigs on 90% of 

farms and to grower/finisher pigs on 83% of farms while antimicrobials were administered via 

water to weaner pigs on 49% of farms and to grower finishers on 60% of farms (USDA, 2019). 

Canadian data from CIPARS showed that 59% of farms used medicated feed in grower/finishers 

(Government of Canada, 2020) while an earlier study indicated all farms provided medicated feed 

to weaners (Rajić et al., 2006). While the parenteral route is less important, it nevertheless plays a 

significant role in the administration of antimicrobials. It is the primary route of administration for 

treating suckling piglets since unweaned animals have variable food and water intake (Raasch et 

al., 2018; Echtermann et al., 2019). Injectable antimicrobials are used to treat sick individuals but 

are also used as group treatments. They are especially important in terms of the HP CIA 

antimicrobials as several of them, including enrofloxacin and marbofloxacin (fluoroquinolones), 

ceftiofur and cefquinome (3rd and 4th generation cephalosporins) as well as the long-acting 

macrolides (e.g., tulathromycin, tildipirosin) are only used as injectables (enrofloxacin is also 

available as an oral dose for individual treatment).  

2.2.3.4 Medical and non-medical use of antimicrobials 

As defined by Aarestrup (2005), antimicrobials are used in four main ways: (1) therapeutic use 

describes the treatment of animals with clinical signs of infectious disease; (2) metaphylaxis 

describes the treatment of a group of animals in which only some have clinical signs but others are 

expected to have subclinical infection or to develop infection later; (3) prophylaxis describes the 

use of antimicrobials to prevent expected disease in an individual or group of animals; and  (4) 

growth promotion describes the use of antimicrobials solely to improve growth. All four treatment 

modes are applicable to pig production. The first three modes can be classified as medical use 

whereas growth promotion is non-medical use for production purposes. 

Antimicrobial growth promoters (AGP) have been used in animal production since the 1940s after 

the discovery that low levels of antimicrobials included in feed improved growth or feed efficiency 

(Lees et al., 2021; Kirchhelle, 2018). As growth promotion is characterised by using low doses for 

extended periods, the practice is no longer considered a prudent use of antimicrobials (Aidara-

Kane, 2018); it has been prohibited in the EU since 2006 (Regulation (EC) No 1831/2003) and is 

being phased out in many other countries. According to the OIE, AGPs are still used in up to 36 

countries worldwide (OIE, 2021). Where they are used, their contribution to antimicrobial 

consumption is substantial. A risk assessment conducted by the EMA prior to the introduction of 

restrictions estimated that AGPs constituted 31% of all AMU by weight of active ingredient in the 

EU at the time (EMEA, 1999). The practice was also widespread. A survey of UK farmers around 

2000, when several AGPs had already been withdrawn, reported that 50% used AGPs (Stevens et 
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al., 2007). Since 2017, antimicrobials classed as ‘medically important’ by the Food and Drug 

Administration (FDA) may no longer be used as growth promoters in the USA (FDA, 2013) however, 

non-medically important antimicrobials such as carbadox, bacitracin and bambermycin may still be 

used as AGPs. A survey of American farms carried out just before those changes came into effect 

showed that AGPs were used in 14 % of weaner herds and 36% of finisher herds (USDA, 2019) while 

in Canada, where similar restrictions were adopted, AGPs still accounted for approximately 20% of 

AMU in grower finisher herds in 2018 (Government of Canada, 2020). Non-medically important 

antimicrobials accounted for 14% of sales in the USA in 2019, although this category includes 

pleuromutilins which are not used as AGPs (FDA, 2020). 

The strict definition of therapeutic use occurs only if sick animals are treated individually (usually 

by injection) or, in the case of a group treatment, when all animals are affected (i.e., 100% 

morbidity). Where part of a group is affected, as is more likely, individual treatment of more than 

a few individuals is often impractical, or at least inconvenient, and thus metaphylactic group 

treatments are preferred. Prophylactic treatments are used to prevent expected or likely disease 

outbreaks and, in pig production, are usually applied to groups. The diseases that prophylaxis aim 

to prevent are usually already endemic on the farm and certain pathogens (e.g., Brachyspira 

hyodysenteriae), if present, may be difficult to control without prophylactic medication. 

Furthermore, certain aspects of a pig’s life cycle could be considered stressful: they are subjected 

to surgical procedures such as castration, teeth clipping and tail docking; they are weaned, which 

involves diet change, moving to new accommodation and mixing with new animals; they may be 

transferred and mixed again (i.e., from weaner to finisher) and any move may involve transport, 

often over long distances. These events during the lifecycle can predispose to disease and farmers 

often apply antimicrobials around these times to reduce expected losses (Schwarz, Kehrenberg and 

Walsh, 2001). Sarrazin et al. (2019) reported increased TIs at weeks one, four and nine in the 

lifecycle, coinciding with birth, weaning and transfer to finishers, respectively, and attributed this 

to metaphylactic or prophylactic use at these strategic times. While the proportion of prophylactic 

use was not determined in the EFFORT study (Sarrazin et al., 2019) several others indicate the 

practice is widespread. Timmerman et al. (2006) reported that 56% of group treatments applied on 

Belgian pig farms were prophylactic. A later study in Belgium reported 93% of treatments as 

prophylactic (Callens et al., 2012). Trauffler et al. (2014) found that 29% of AMU on farrow to finish 

farms and 46% on finisher farms was for metaphylactic or prophylactic purposes. In Spain, 96% of 

farrow-to-finish farms used preventive treatments (Moreno, 2014b). Prophylactic AMU is also 

routine on North American farms. The CIPARS sentinel study indicated that more than 75% of AMU 

in grower finisher herds in 2018 was for preventive reasons (Government of Canada, 2020). In the 
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USA, 69% of weaner farms and 62% of finisher farms used in feed antimicrobials for disease 

prevention (USDA, 2019). In addition, when asked about their usual response to any outbreak of 

respiratory disease in finisher pigs, on average 63% of farmers indicated they would treat the entire 

room. Notably, this percentage was even higher, 73%, on large farms (USDA, 2016) further 

highlighting a general reliance on group treatments for disease management. Prophylactic 

treatments were also common among Thai farmers (Lekagul et al., 2020) and all 25 farms in a 

Brazilian study used medicated feed prophylactically in at least one diet (Dutra et al., 2021).  

The majority of prophylactic treatments are administered orally. Moreover, since prophylaxis is 

planned, medicated feed is especially suitable for this purpose (Burch, 2013). However, parenteral 

antimicrobials are also used as metaphylactic and prophylactic treatments. Long-acting 

preparations are preferred for these purposes as a single injection is sufficient for a course of 

treatment. Prophylactic injections are often administered to young piglets, usually at birth or 

alongside any of the procedures that occur during the first week of life. These procedures, which 

include injection of iron, teeth clipping, tail docking and castration and are collectively known as 

‘processing,’ may be associated with a risk of infection or they may simply present a practical 

opportunity to administer an antimicrobial injection. This practice may explain the peak in 

treatment incidence observed during the first week of the lifecycle in the 180 European farms in 

the EFFORT project (Sarrazin et al., 2019) although the authors did not confirm this. In fact, 

although this practice is known to be commonplace, it is poorly characterised in the literature. 

Prophylactic injection of piglets was common practice on Brazilian farms (Dutra et al., 2021) where 

it was observed on 18 out of 25 farms. It was also common on Belgian farms where Callens et al. 

(2012) demonstrated that the practice accounted for significant proportions of injectable AMU: 

44% of cephalosporins and 9% of injectable amoxicillin was used for preventive treatments in 

piglets at birth or castration. Similar practices were observed, but not quantified, by others 

(Timmerman et al., 2006; Jørgensen et al., 2007). The use of HP CIAs such as ceftiofur and long-

acting macrolides for these purposes is concerning as it means all animals in these herds are 

exposed. The fact that these practices may represent off-label use or even contravene local 

regulations regarding prophylaxis might explain this lack of data. Parenteral prophylactic 

treatments are not limited to piglets: 16% of US weaner farms used injection to administer 

preventive treatments to weaners (USDA, 2016).   

2.2.3.5 Exposure to antimicrobials at farm level 

As discussed in the previous section, metaphylactic and prophylactic treatments are applied at 

strategic times during the production cycle. Since these happen early in life, it follows that AMU is 

higher in younger pigs. Data from Danish and Dutch national reports, both of which cover the entire 
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population, consistently show that AMU is highest in weaner pigs (DANMAP, 2021; SDa, 2021) 

which is in agreement with most other European studies. In the EFFORT study, weaner pigs 

accounted for 69.5% of AMU, piglets for 22.5% and finishers for 8% (Sarrazin et al., 2019). This 

pattern was observed in all but one of the nine countries: AMU was highest in piglets for the 

exception. There were similar results in the MINAPIG project: AMU was highest in weaners in 

Belgian, French and German herds but highest in piglets in Swedish herds (Sjölund et al., 2016). 

Callens et al. (2012) observed that 90% of AMU occurred before 10 weeks of age on Belgian farms. 

Consumption was also highest in weaners on Spanish, Austrian, French and Swiss farms (Moreno, 

2014b; Trauffler et al., 2014; Hémonic et al., 2018; Echtermann et al., 2019). Age group specific 

quantitative data from North America is lacking although one study canvassed the opinion of 

veterinarians to estimate the breakdown of use per stage of production and indicated that, for 

most antimicrobial classes, the majority were used in weaners (Davies and Singer 2020). Three 

German studies reported the highest AMU in piglets (Merle et al., 2012; Schaekel et al., 2017; van 

Rennings et al., 2015) which is in contrast to the results for German farms in other studies in which 

AMU was highest in weaners (Sjölund et al., 2016; Hemme et al., 2018). The reasons for these 

conflicting results are not clear although the MINAPIG project used a different indicator. Use of 

some specific antimicrobial classes varies by stage of production. Davies and Singer (2020) 

estimated that macrolides and lincosamides were used more in finishers than weaners on US farms. 

In both the MINAPIG and EFFORT projects almost all treatments with cephalosporins and narrow 

spectrum penicillins, and the majority of fluoroquinolones, were administered to piglets (Sjölund 

et al., 2016; Sarrazin et al., 2019). These findings also highlight higher use of HP CIAs in piglets. Data 

on injectable HP CIA use in piglets in North America is lacking, however ceftiofur and enrofloxacin 

were the most used parenteral drugs in treating respiratory disease in older pigs on US farms 

(USDA, 2019).  

Prolonged treatment times are another feature of AMU in pig production. The average duration of 

treatment on European farms in the EFFORT study was 10 days and 10% of oral treatments were 

applied for 3 weeks or more (Sarrazin et al., 2019). The average duration of treatment for oral 

antimicrobials was at least 3 weeks on Spanish farrow-to-finish farms. Similar durations of 

treatment were reported by farm surveys in North America (USDA, 2016, Government of Canada, 

2020). Taken together, group treatments with long durations amount to high antimicrobial 

exposure. However, many of the studies cited observed high variability in total AMU among farms. 

Typically, a skewed distribution is observed; among a population of farms, most have (relatively) 

moderate AMU while a smaller proportion of farms with high AMU are observed in the tail. Such 

distributions are described in studies in pigs and other species (Callens et al., 2012; Hyde et al., 
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2017; Davies et al., 2017) and the Dutch annual AMU consumption reports (SDa, 2021). Levels of 

AMU also differ between countries as shown in the MINAPIG and EFFORT studies (Sjölund et al., 

2016; Sarrazin et al., 2019). Apart from the latter studies, comparable country data is still lacking. 

For an estimate of national AMU in selected countries, extracted or calculated from national 

reports and measured in mg/PCU, see Table 2.1.  

2.2.3.6 Indications for antimicrobial use 

Antimicrobials are used to treat a range of infectious diseases in pigs. A survey of veterinarians 

from 5 European countries indicated that gastrointestinal disease and respiratory disease were the 

most common prescribing indications (31% each) followed by streptococcal infections (17%) and 

reproductive disorders in sows (12%) (De Briyne et al., 2014). These findings are broadly reflective 

of those studies that included information on the indication for use although there appears to be 

some country variability. Respiratory disease was the main indication for AMU in all age groups in 

a German study whereas gastrointestinal disease is the main indication in weaners and finishers in 

Danish pig production (DANMAP, 2021). The indication also varies by the age of pig although some 

country variation is evident in this regard. Gastrointestinal disease accounted for 57% of AMU in 

piglets and 62% of AMU in weaners on French pig farms whereas respiratory disease accounted for 

60% of AMU in finisher pigs (Hémonic et al., 2018). British farmers reported a similar pattern 

(Stevens et al., 2007; Coyne et al., 2019). Moreno (2014b) observed that gastrointestinal disease 

was the main indication for preventive treatments in all age groups on Spanish farms. It differed 

for therapeutic use, however, as respiratory disease was the main indication for AMU in finishers, 

gastrointestinal disease was the main indication in piglets and both were equally important in 

weaners (Moreno, 2014b). In the USA, similar proportions of weaner farms treated for respiratory 

disease or gastrointestinal disease whereas on finisher farms, more treated for respiratory disease 

than gastrointestinal disease [43% vs 25% for in feed AMU and 54 vs 18% for water] (USDA 2019).  

The disease influences which antimicrobial is used. Tetracyclines and penicillins, in particular, have 

multiple uses in porcine medicine. Both are used to treat respiratory infections, tetracyclines are 

also used in gastrointestinal disease while penicillins remain the treatment of choice for 

streptococcal infections (Burch, 2013; De Briyne et al. 2014). Fluoroquinolones and cephalosporins 

also have several indications. Macrolides, lincosamides and pleuromutilins have similar indications 

against Mycoplasma spp. infections as well as gastrointestinal infections caused by L. intracellularis 

and Brachyspira spp. (Giguere, 2013).  Given that a disease may have several treatment options, 

the actual choice of antimicrobial is influenced by several factors. These include local prescribing 

practices and/or official prescribing rules/guidelines, the prevalence of antimicrobial resistance, 

market availability and price. De Briyne et al. (2014) noted country specific prescribing patterns 
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among European veterinarians. This was evident at farm level in a few studies. For respiratory 

disease, tetracyclines and penicillins were the main choices on German farms (van Rennings et al., 

2015), tetracyclines and pleuromutilins the main choices on US farms (USDA, 2016, 2019) while 

tetracyclines, macrolides and pleuromutilins were all used on Danish farms (Jensen, Eorg and 

Aarestrup, 2012). Price was considered one the main reasons why other drugs were used instead 

of penicillins to treat respiratory disease in Danish herds even though penicillins are the first choice 

treatment (Jensen, Eorg and Aarestrup, 2012). Price may also explain why newer drugs such as 

cephalosporins and fluoroquinolones are primarily used in piglets as these drugs are usually more 

expensive (Page and Gautier, 2012). For gastrointestinal disease, carbadox was the treatment of 

choice in weaner pigs on US farms (USDA, 2019) but in several European countries it was colistin 

(Callens et al., 2012; Moreno, 2014b; De Briyne et al., 2014; Sjölund et al., 2016; Sarrazin et al., 

2019). However, it should be noted many of these studies were conducted before colistin’s 

classification as a HP CIA, and its use has reduced considerably in recent years (ANSES, 2020; SDa, 

2021; DANMAP, 2021; EMA, 2021). Alternatives to colistin for the treatment of colibacillosis include 

aminoglycosides, trimethoprim/sulphonamides and fluoroquinolones. Zinc oxide is also used to 

control gastrointestinal disease and was commonly used in weaner pigs on Spanish (73%) and 

Danish (75%) farms (Nielsen et al., 2021; Moreno, 2014b).   

2.2.4 The pig sector and antimicrobial stewardship 

Antimicrobial use in the pig industry has come under considerable scrutiny in recent years and is 

the focus of various antimicrobial stewardship initiatives to promote prudent use. Several aspects 

of AMU in pig production are problematic from an antimicrobial stewardship perspective. The 

amounts used are large, the reliance on group metaphylaxis and prophylaxis means large numbers 

of animals are exposed and some of the antimicrobial classes used are considered critically 

important to human medicine. The WHO, based on evidence gathered from three systematic 

reviews have recommended (1) the overall reduction of the use of medically important 

antimicrobials, (2) complete restriction of the use of medically important antimicrobials as AGPs, 

(3) complete restriction of the use of medically important antimicrobials for prophylaxis and (4) 

restriction of the use of CIAs as group treatment and restriction of the use of HP CIAs in any 

circumstance (Aidara-Kane et al., 2018). The first two recommendations are widely accepted. The 

latter two recommendations were “rejected outright” by the US Department of Agriculture (USDA) 

and the American Veterinary Medical Association [AVMA] (Scott et al., 2019) in part because there 

are limited alternatives to CIAs and HP CIAs for certain conditions in animals (Lhermie et al., 2020). 

The European Union has taken a more compromised approach with new regulations from next year 

prohibiting prophylactic AMU, restricting metaphylactic treatments in the absence of a clinical 
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diagnosis and restricting the use of certain antimicrobials (likely to be ‘category B’) unless it has 

been demonstrated there is no other alternative (Regulation (EU) 2019/6). The use of zinc oxide 

will also be prohibited (European Commission, 2017b). Clearly, these changes represent a 

significant departure from the standard practice in the pig industry. However, some or all of these 

changes have already been implemented in some countries.  Prophylactic treatments are already 

prohibited in Denmark and the Netherlands and metaphylactic treatments may only be initiated 

after establishing a diagnosis (FAO and DVST, 2019; Speksnijder et al, 2015). In a number of 

countries, mandatory and voluntary restrictions on the use of 3rd generation cephalosporins, 

fluoroquinolones or colistin have resulted in substantial reductions in their use (ANSES, 2020, SDa, 

2021, UK-VARSS, 2021, DANMAP, 2021, Verliat et al., 2021). In terms of overall AMU, the pig sector 

in several countries has achieved considerable reductions. Notable examples include France, the 

Netherlands and UK (ANSES, 2020; SDa, 2021; UK-VARSS, 2021) and the progress demonstrated in 

these and other countries shows that the pig sector can operate without excessive use of 

antimicrobials.   

2.2.5 Factors associated with antimicrobial use 

At its simplest, the relationship between and AMU and disease could be considered one of cause 

(disease) and effect (AMU). However, a host of factors are associated with disease occurrence and, 

in turn, the behavioural response (i.e., AMU) is influenced by a range of social factors. As such, 

reducing antimicrobial use can be framed by two major themes: (1) reducing the need for use and 

(2) modifying behaviour. A good knowledge of the risk factors for antimicrobial use is essential in 

identifying the best strategies to achieve both goals. Much of our current understanding of risk 

factors for AMU comes from the work of the MINAPIG project. Three studies examined risk factors 

for all the study farms, i.e., the four countries together: one explored technical factors (Postma et 

al., 2016), a second explored social factors (Visschers et al., 2016b) and a third analysed all factors 

together (Collineau et al., 2018). There were also two country specific studies (Backhans et al., 

2016; Raasch et al., 2018), studies exploring attitudes and perceptions among farmers and 

veterinarians (Visschers et al., 2014, 2015, 2016a) as well as studies investigating economic aspects 

and alternatives to AMU (Rojo-Gimeno et al., 2016; Raasch et al., 2020; Postma et al., 2015b; 

Collineau et al., 2017a). This work and others exploring risk factors for AMU is discussed below. 

2.2.5.1 Antimicrobial use and infectious disease 

Infectious disease is often multifactorial in nature and has been described as an epidemiologic triad 

involving the host, the pathogen and the environment (Dohoo et al. 2003). In their review of post-

weaning mortality in pigs, Gebhardt et al. (2020a) described a more complex web where host 
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factors such as age and immune status, environmental factors such as season, climate, housing, 

ventilation, water quality and hygiene, and management factors such as type of farm, weaning age, 

stocking density and nutrition all interacted with each other and with infectious diseases to cause 

mortality. While that review was specific to mortality it is reasonable to infer its applicability to 

disease in general. The porcine respiratory disease complex (PRDC) illustrates this concept perfectly 

as it is characterised by infection with different viruses and bacteria, often acting synergistically, 

which themselves are associated with several environmental factors (Yaeger and Alstine, 2019; 

Opriessnig, Giménez-Lirola and Halbur, 2011). For example, decreased down time between 

batches, poor ventilation and large room size were risk factors for pneumonia while inadequate 

temperature control, inappropriate docking or castration and herd size were risk factors for 

pleurisy on French farms (Fablet et al., 2012). Similarly, lower biosecurity standards, inadequate 

ventilation, purchasing gilts from multiple sources, herd size, pig density in the region and the time 

of year were all risk factors for respiratory disease on Belgian farms (Maes et al., 2000, 2001a; b; 

Meyns et al., 2011). Clearly, any factor associated with infectious disease may impact AMU. 

However, a review of all possible risk factors associated with infectious disease is beyond the scope 

of this thesis but some examples of factors common to both disease and AMU are explored in the 

following sections.  

As discussed previously, gastrointestinal disease and respiratory disease are the main drivers for 

AMU. However, these are generic data and give no insight into the relationship between disease 

burden and AMU. Some studies identified positive associations with finisher mortality and AMU 

(Stevens et al., 2007; Casal et al., 2007; Scali et al., 2020) which is interesting given that AMU is 

higher in the younger age groups. This might indicate that farms with health problems in finishers 

had problems earlier in the life cycle also. Outbreaks of infectious disease have been associated 

with increased AMU, for example post weaning multisystemic syndrome caused by PCV2 in Danish 

herds (Jensen et al., 2010; Vigre et al., 2010) but only a few studies have investigated associations 

between endemic9 disease and on farm AMU. There was no relationship between the prevalence 

of lesions at slaughter and AMU on 44 Danish farms (Kruse et al., 2019a). However, these were 

organic farms and thus not representative of conventional production systems. Increased 

prevalence of lung lesions and joint lesions were associated with AMU on Finnish conventional 

farms (Stygar et al., 2020). In the MINAPIG project, the participating farmers were asked to indicate 

how often they treated for different categories of disease (Collineau et al., 2018). In this study, risk 

factors were grouped into ‘blocks’. The block related to disease was the most important category 

 
9 At the time of these studies PCV2 was a novel pathogen, nowadays PCV2 is endemic on many farms. 
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in two of the four country models and second and third place in the other two demonstrating the 

importance of disease occurrence as a factor for AMU. Interestingly, respiratory disease in finisher 

pigs appeared to be more important than gastrointestinal disease in weaners. The authors 

speculated this might be explained by prophylactic treatments reducing the frequency of clinical 

signs (Collineau et al., 2018). This highlights that prophylaxis, if it is widely practised (as it frequently 

is), may actually obscure risk factors since the treatments are happening whether disease is present 

or not. 

2.2.5.2 Antimicrobial use and farm characteristics and management practices 

Several farm characteristics and aspects of management have been associated with AMU. Larger 

farms used more antimicrobials in a number of European studies (Raasch et al., 2018; van der Fels-

Klerx et al., 2011; Hemme et al., 2018; Echtermann et al., 2020; Scali et al., 2020). One the other 

hand, smaller farms had higher AMU in two Danish studies (Vieira et al., 2010; Hybschmann et al., 

2011). This apparent contradiction may simply be a country factor, Denmark has a longer history 

of antimicrobial stewardship than most other countries and large farms are obliged to have a 

‘veterinary advisory services contract’ (VASC) which includes a mandatory health plan and herd 

visits (FAO and DVST, 2019) which might explain differences with smaller farms who have no such 

obligation. Proximity to other herds or location in a region with high pig density was positively 

associated with AMU in three studies (van der Fels-Klerx et al., 2011; Arnold et al., 2016; Raasch et 

al., 2018). Region was also a factor in two Danish studies (Hybschmann et al., 2011; Fertner et al., 

2015). This is likely due to factors such as spread of airborne pathogens [for example, porcine 

reproductive and respiratory virus (PRRSv) or Mycoplasma hyopneumoniae (Mhyo)] and increased 

agricultural traffic (Filippitzi et al., 2018). Farm type also influences AMU. Farrow-to-finish herds in 

the Netherlands, Spain and Germany had lower AMU than finisher herds (van der Fels-Klerx et al., 

2011; Moreno, 2012; Hemme et al., 2018; Casal et al., 2007). This is also evident in the in the SDa 

annual reports which show average AMU on finishers on specialised finisher farms is higher than 

finishers raised on farrow-to-finish farms (SDa, 2021). Farrow-to-finish farms are more likely to 

operate a closed herd (although they may buy replacement gilts). Specialised finisher farms, on the 

other hand always buy pigs and the associated moving and mixing may predispose to disease. 

Buying pigs from multiple sources was a risk factor for AMU in a Swiss study (Arnold et al., 2016). 

As mentioned already, herd size, region and purchasing policy have all been linked with poorer 

health outcomes (Gardner, Willeberg and Mousing, 2002; Maes et al., 2000, 2001a; b; Meyns et al., 

2011; Agostini et al., 2014). Postma et al. (2016) reported that older age at weaning was associated 

with lower AMU in the 227 herds in the MINAPIG project. This is probably because older piglets are 

less susceptible to the stresses associated with weaning (Campbell, Crenshaw and Polo, 2013). 
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The term biosecurity encompasses any measures taken to protect a farm from disease. Its role in 

pig farming has been reviewed by others (Alarcón, Allepuz and Mateu, 2021). External biosecurity 

is concerned with preventing the introduction of disease onto a farm from outside agents such as 

people (staff or visitors), vehicles, feed, water, wildlife (e.g., birds, rodents, feral pigs or wild boar) 

pigs (i.e., replacement gilts, fattening pigs) and semen. Internal biosecurity is concerned with 

preventing the spread of disease around the farm and includes considerations such as hygiene, 

workflow and measures between compartments, flow of pigs through the farm and disease 

management (e.g., vaccination policy). Biosecurity is considered a key tool in efforts to reduce AMU 

(Postma et al., 2015b; Carmo et al., 2018; Raasch et al., 2020). Better overall internal biosecurity 

was associated with lower AMU on Belgian pig farms (Laanen et al., 2013). In the MINAPIG project, 

only higher external biosecurity score was associated with AMU in all herds (Postma et al., 2016) 

although at individual country level, there was no association between biosecurity and AMU in the 

Swedish herds (Backhans et al., 2016) and positive associations between internal biosecurity and 

AMU in sows and between external biosecurity and AMU in slaughter pigs in the German herds 

(Raasch et al., 2018). Raasch et al. (2020) also identified a positive relationship between 

subcategories of biosecurity and AMU for example visitor policy and region (both external) and 

cleaning and disinfection (internal). These findings are somewhat contradictory but may be related 

to country factors or, perhaps, the studies were underpowered. Two other studies evaluated 

specific biosecurity measures. Casal et al. (2007) found that mass prophylaxis was more likely on 

Spanish farms that did not provide changing facilities for workers while Arnold et al. (2014) found 

that appropriate workflow, providing boots for visitors, not sharing workers with other farms and 

not mixing pigs from different sources in the same pen were all protective factors. These findings 

suggest that simple measures may help to reduce AMU or they may be proxies for good (or bad) 

management. 

Vaccination is also recognised as a key tool in disease control and reducing AMU (Postma et al., 

2015b; Carmo et al., 2018; Raasch et al., 2020) and is available for a range of pathogens. While 

vaccination against PCV2 was associated with lower AMU in Austrian pig herds (Raith et al., 2016), 

vaccination has been associated with increased AMU elsewhere. In the MINAPIG project, the 

number of pathogens a farm was vaccinating for was associated with increased AMU (Postma et 

al., 2016). For the same farms, Collineau et al. (2018) found several positive associations including 

PRRSv vaccination in Belgian and French herds and influenza vaccination in French and German 

herds. There were similar findings in Danish studies (Temtem et al., 2016; Kruse et al., 2019b) and 

British studies (Stevens et al., 2007; Coyne et al., 2019). Some authors suggested that this 

phenomenon is explained by disease challenged farms using both AMU and vaccines as control 
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strategies in contrast to farms free from specific diseases and thus needing neither (Collineau et 

al., 2018). Some studies identified positive associations between AMU in different age groups 

(Sjölund et al., 2016; Sarrazin et al., 2019) suggesting that AMU in early life is associated with later 

AMU. Dunlop et al. (1998b) noted that farms that provided medicated feed in one diet also 

medicated the preceding diets while Stevens et al. (2007) found that farms using medicated feed 

also reported increased expenditure on injectable antimicrobials. Antimicrobial use in sows was 

associated with AMU in slaughter pigs (Postma et al., 2016) even though their lifecycles  and disease 

profile are somewhat separate. Taken together, these associations suggest certain farms have 

health problems in most or all sections or they are indicative of a behavioural component. Casal et 

al. (2007) noted that farms using AGPs were more likely to use prophylactic treatments and 

described them as ‘antimicrobial friendly’ farms.   

2.2.5.3 Social and behavioural aspects  

The behavioural component of AMU has attracted considerable interest in recent years. A recent 

systematic review of behavioural influences on AMU in farmers and prescribing practices in 

veterinarians identified 103 articles (McKernan et al., 2021). Several of these were concerned with 

the pig sector (Coyne et al., 2014, 2016, 2018, 2019; Visschers et al., 2014, 2015, 2016a; b; Moreno, 

2014a; Eriksen et al., 2019; Diana et al., 2021). Coyne et al. (2014) identified eight major themes 

that influence behaviour and attitudes around AMU. These were (1) agricultural, e.g., farm type, 

management etc.; (2) external pressure, e.g., the regulatory environment, public perception; (3) 

the farmer/veterinarian relationship; (4) drug factors, e.g., availability, product form, efficacy; (5) 

disease; (6) responsibility; (7) economic factors, e.g., market conditions, labour considerations; and 

(8) knowledge, e.g., on AMU, AMR alternative measures etc. (Coyne et al., 2014). Lhermie et al. 

(2017) framed the act of AMU as a decision, made by the farmer which is based on appraisal of the 

disease, a cost benefit evaluation and their attitude to disease and /or AMU. These aspects are 

influenced, to varying degrees, by the themes mentioned previously (Lhermie, Gröhn and 

Raboisson, 2017). This decision making process also applies to implementing prophylactic 

treatment, i.e., in the absence of overt disease, and to implementing changes to improve the health 

status of the farm and/or to reduce AMU. However, most of these studies are qualitative in nature 

and while they help to identify attitudes and opinions on the topics of AMU and AMR as well as 

barriers to changing behaviour, they do not quantify the effect on AMU. A few studies have 

attempted to quantify the influence of social factors on AMU. Age, gender and years of experience 

influenced AMU on Swedish farms (Backhans et al., 2016) although this may not be representative 

of other countries since Sweden has a long history of good antimicrobial stewardship and low AMU 

in people and animals (Wierup, Wahlström and Bengtsson, 2021). As part of the MINAPIG project, 
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Visschers et al., (2016b) surveyed the participating farmers’ attitudes to AMU and found farmers 

who were more concerned about the risk of AMR had lower AMU on their farms. Higher perceived 

risk of AMR was also associated with reduced AMU on Dutch dairy, pig and veal farms, as was better 

knowledge of AMU and AMR (Kramer et al., 2017).  

In the MINAPIG project, Collineau et al. (2018) used country specific multiblock partial least squares 

regression (mbPLS) models (Bougeard et al., 2012) to estimate the relative importance of six 

categories (or ‘blocks’) of risk factor which included herd characteristics, biosecurity, disease 

occurrence, vaccination status, farm performance and social factors. This study found that all six 

blocks made contributions to the models, however, the relative importance of each block differed 

between the four countries. Disease occurrence was important in all four countries but, for 

example, ‘attitude and habits’ was the most important block in the Swedish model but was 

excluded from the German model while, for all four, the ‘biosecurity’ block only made modest 

contributions to the models. The latter study analysed country specific models (which limited the 

statistical power) because it was not possible to adjust for country when the model included all the 

farms and, interestingly, that initial model showed that country was the main factor in explaining 

AMU (Collineau et al., 2018). This is important because it suggests that actions taken to reduce 

AMU should be tailored to suit local conditions and attitudes.  

2.2.6 Summary 

In pig production, antimicrobials are primarily administered as metaphylactic or prophylactic group 

treatments to piglets post-weaning, via oral routes of administration, and more often at strategic 

times in the production cycle. The overall amounts used are high and the sector is a prominent 

consumer of veterinary antimicrobials. Classes such as tetracyclines, penicillins, macrolides and 

sulphonamides are the most used but varying patterns of consumption are evident internationally. 

The HP CIA classes with indications in porcine medicine i.e., macrolides, colistin, 3rd generation 

cephalosporins and fluoroquinolones are used to varying degrees although their use is decreasing 

in some settings. Several risk factors for antimicrobial use related to herd characteristics, 

management, health and behaviour have been identified in the literature, the importance of which 

appears to vary by country. However, the number of studies is still relatively small and some of the 

findings are contradictory. 

Before the AMURAP project commenced there was limited data on AMU in the Irish pig industry. 

Estimates for total use were based on assumptions that the sector consumed most of the oral 

veterinary antimicrobials (i.e., around two thirds) sold in the country (FSAI, 2015). Accurate data 

on the quantities and patterns of use are required to establish a baseline against which future 
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progress can be measured. Furthermore, the risk factors for AMU on Irish pig farms have never 

been studied.  Identifying such factors may aid in implementing strategies to reduce AMU or direct 

further research. 

2.3 Antimicrobial resistance in commensal Escherichia coli in the porcine 

gastrointestinal tract 

2.3.1 Introduction 

Escherichia coli is a commensal inhabitant of the vertebrate intestine, where it is the predominant 

aerobic organism in the microbiota. It also inhabits the environment where it survives in soil, 

sediment and water (Savageau, 1983; Tenaillon et al., 2010).  Several strains are pathogenic and 

cause a range of diseases in humans and animals (Kaper, Nataro and Mobley, 2004). Diarrhoeagenic 

strains of E. coli are an important cause of gastroenteritis. Some of these are zoonotic (Nataro and 

Kaper, 1998) and Shiga toxin producing E. coli (STEC) is the fourth most common bacterial food 

borne infection in Europe after salmonellosis and campylobacteriosis (EFSA and ECDC, 2021b). In 

humans, extraintestinal pathogenic E. coli (ExPEC) are the microorganisms most frequently 

implicated in urinary tract infections worldwide (Tandogdu and Wagenlehner, 2016) and the 

leading cause of bloodstream infections in Europe (ECDC, 2020). Antimicrobials are generally not 

indicated for the treatment of gastroenteritis caused by E. coli. In contrast, they are essential in the 

treatment of ExPEC infections and hence, AMR in these bacteria is a major public health issue. Beta 

lactams, cephalosporins (3rd generation and higher), fluoroquinolones, aminoglycosides and 

carbapenems, all classified as CIAs by the WHO (WHO, 2019), represent the most important 

treatment options and resistance to these classes in human isolates are monitored by the European 

Antimicrobial Resistance Surveillance Network [EARS-Net] (ECDC, 2020). This threat to public 

health is further highlighted by the World Health Organisation’s inclusion of carbapenem and 3rd 

generation cephalosporin resistant Enterobacteriaceae amongst its “Priority 1: critical” AMR 

pathogens for the development of new antibiotics (WHO, 2017a).  

Antimicrobial resistance in E. coli of animal origin poses a threat to human health in two ways. 

Firstly, similarities between certain ExPEC strains and avian pathogenic E. coli (APEC) strains in 

poultry have led some authors to suspect that some ExPEC infections may be zoonotic (Manges 

and Johnson, 2012, 2015; Jørgensen et al., 2019; Bélanger et al., 2011) and, in particular, associated 

with consumption of chicken (Manges et al., 2007; Manges, 2016).  However, a recent study in the 

United Kingdom used whole genome sequencing to compare E. coli isolates from bloodstream 

infections to isolates collected from animals and food and found they were genetically distinct 

populations suggesting that zoonotic ExPEC infections are uncommon (Ludden et al., 2019). 
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Nevertheless, the potential exists for new pathogenic strains to emerge which would be especially 

concerning if accompanied by AMR. More importantly, animals represent a reservoir of AMR E. coli 

to which humans may be exposed via the food chain, direct contact with animals or environmental 

contamination (Aarestrup, 2015).  These AMR E. coli may transfer antimicrobial resistance genes 

(ARGs) to bacteria of human importance by various means of horizontal gene transfer. Such HGT 

events may occur in the animal host, for example, between E. coli and Salmonella spp. (Winokur et 

al., 2001; Mathew et al., 2009) with subsequent zoonotic transmission; within the human host after 

transient colonisation with E. coli of animal origin and subsequent HGT to human commensal or 

pathogenic bacteria (Trobos et al., 2009); or it may occur in the external environment. Thus, the 

commensal E. coli population is considered an indicator for AMR in the wider Gram-negative 

bacterial population. Pig production is one of the largest livestock sectors worldwide and the 

highest consumer of antimicrobials. Therefore, transmission of AMR E. coli of porcine origin to 

humans via the food chain, occupational exposure or environmental contamination poses a threat 

to public health. While recent studies suggest that pigs do not contribute significantly to the overall 

burden of AMR E. coli in humans (Dorado-García et al., 2018; Day et al., 2019; Mughini-Gras et al., 

2019) the risk cannot be discounted and a thorough understanding of the dynamics of AMR E. coli 

in the pig life cycle is required. This section of the literature review presents an overview of AMR 

in E. coli in pig production with a particular focus on its evolution during the pig’s life cycle and the 

relationship with antimicrobial use. A brief review of the epidemiology of resistance to extended 

spectrum cephalosporins and fluoroquinolones in pig production is also presented.  

2.3.2 Antimicrobial resistance in Escherichia coli of porcine origin  

Antimicrobial resistance in E. coli of porcine origin is not a recent phenomenon. Smith and Crabb 

(1957) reported that the continuous inclusion of tetracyclines in feed selected for tetracycline 

resistance in E. coli in pigs and a further longitudinal study, conducted in the years after the ban of 

the use of medically important antimicrobials as feed additives/growth promoters in the UK  (as 

recommended by the Swann report), showed that relatively high levels of tetracycline, 

streptomycin and sulphonamide resistance had persisted and that trimethoprim resistance had 

emerged by the end of the 1970’s (Smith, 1980). Similarly, in Denmark, Albaek et. al (1991) showed 

that, despite similar restrictions on the use of growth promoters, levels of resistance to 

tetracycline, streptomycin and sulphonamide were significantly higher than those reported in two 

earlier studies conducted in the 1970’s. Moreover, prevalence of resistance to ampicillin, neomycin 

and chloramphenicol, which were rare in the earliest of the comparison studies (3%, 0%, 3% 

respectively), had increased (84%, 47%, 30% respectively) by 1988 (Aalbæk et al., 1991). More 

recently, commensal E. coli from food animals, including pigs, have been included with pathogenic 
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bacteria in the AMR monitoring programs of several countries in line with recommendations by the 

WHO Advisory Group on Integrated Surveillance of Antimicrobial Resistance (AGISAR) (WHO, 

2017a). Examples of these programmes outside of Europe include the National Antimicrobial 

Resistance Monitoring System (NARMS)10 in the USA, the Canadian Integrated Program for 

Antimicrobial Resistance Surveillance (CIPARS)11 and the Japanese Veterinary Antimicrobial 

Resistance Monitoring System (JVARM)12. In Europe, the European Food Safety Authority (EFSA) 

and the European Centre for Disease Prevention Control (ECDC) oversee a programme which 

mandates EU member states to monitor AMR in commensal E. coli from slaughter pigs biennially 

(EFSA and ECDC 2021a).  Some non-EU states also participate (e.g., EEA members, Switzerland and 

UK). Another pan-European programme, the European Antimicrobial Susceptibility Surveillance in 

Animals (EASSA), is operated by the pharmaceutical industry (de Jong et al., 2013). Several 

European states also operate their own monitoring programmes, for example DANMAP13 in 

Denmark and MARAN14 in the Netherlands. Schrijver et al. (2018) reviewed the monitoring 

programmes in operation in Europe up to 2016 and found marked heterogeneity in sampling and 

laboratory methodology as well as the availability of results (i.e., language and frequency of 

publication). However, the EFSA and ECDC programme, with harmonised protocols and transparent 

reporting, allows for comparison of AMR in the participating European countries. 

2.3.2.1 Resistance in Escherichia coli isolated from finisher pigs  

Handling and consumption of pork is expected to represent the highest risk of human exposure to 

AMR E. coli of porcine origin in the general population. Therefore, national monitoring programmes 

and the majority of published studies sample pigs at or close to slaughter. Table 2.2 presents a 

summary of the most recent data from the EFSA/ECDC, NARMS, CIPARS and JVARM programmes. 

These data show that resistance to tetracyclines, sulphonamides, trimethoprim, aminopenicillins, 

amphenicols and aminoglycosides is common reflecting the widespread use of these classes in pig 

production. Resistance to the HP CIAs is generally lower although high levels of fluoroquinolone 

resistance are observed in some individual European nations. It should be noted that streptomycin, 

an aminoglycoside, is not included in the EFSA/ECDC testing panel but relatively high levels of 

resistance are expected in line with cross-sectional European studies (Ramos et al., 2013; Wasyl et 

 
10 https://www.fda.gov/animal-veterinary/antimicrobial-resistance/national-antimicrobial-resistance-
monitoring-system  
11 https://www.canada.ca/en/public-health/services/surveillance/canadian-integrated-program-
antimicrobial-resistance-surveillance-cipars.html  
12 https://www.maff.go.jp/nval/english/AMR/Monitoring/index.html  
13 https://www.danmap.org/  
14 https://www.wur.nl/en/Research-Results/Research-Institutes/Bioveterinary-Research/In-the-
spotlight/Antibiotic-resistance/MARAN-reports.htm  
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https://www.fda.gov/animal-veterinary/antimicrobial-resistance/national-antimicrobial-resistance-monitoring-system
https://www.canada.ca/en/public-health/services/surveillance/canadian-integrated-program-antimicrobial-resistance-surveillance-cipars.html
https://www.canada.ca/en/public-health/services/surveillance/canadian-integrated-program-antimicrobial-resistance-surveillance-cipars.html
https://www.maff.go.jp/nval/english/AMR/Monitoring/index.html
https://www.danmap.org/
https://www.wur.nl/en/Research-Results/Research-Institutes/Bioveterinary-Research/In-the-spotlight/Antibiotic-resistance/MARAN-reports.htm
https://www.wur.nl/en/Research-Results/Research-Institutes/Bioveterinary-Research/In-the-spotlight/Antibiotic-resistance/MARAN-reports.htm
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al., 2013; Gibbons et al., 2016; Österberg et al., 2016; Aasmäe et al., 2019). This means the results 

for complete susceptibility and MDR are not directly comparable between the European and North 

American programmes. Table 2.3 summarises the results from a selection of studies that 

investigated AMR in commensal E. coli isolated from healthy finisher pigs on farm or at slaughter. 

This table is not intended to present an exhaustive list of all such studies carried out and there are 

differences in study design, laboratory methods, AST interpretive criteria as well as date of 

publication which need to be accounted for if making direct comparisons. Nevertheless, results 

from the European and North American studies are broadly in line with those from surveillance 

which, along with the results from other regions confirms high resistance to the heavily used 

antimicrobial classes in most settings with some exceptions. In Europe, northern countries such as 

Sweden and Norway, with long histories of good antimicrobial stewardship, generally have lower 

AMR than southern European countries (EFSA, ECDC, 2021a) while in Africa, AMR was also lower 

in the less intensive production systems studied in Nigeria and Rwanda (Adenipekun et al., 2015; 

Manishimwe et al., 2021). On the other hand, studies from lower and middle income countries 

(LMIC) suggest that AMR in intensive pig production is higher than in the developed world, 

particularly for the HP CIAs. In China, the high rates of resistance to fluoroquinolones illustrated in 

Table 2.3 (Zhang et al., 2017; Fang et al., 2019; Zhang et al., 2020) are consistent with other studies 

in which the age and health status of the sampled pigs were uncertain (Lei et al., 2010; Jiang et al., 

2011) although there is disagreement concerning resistance to third generation cephalosporins. 

Similarly, colistin resistance was high in two studies, 46.3% (Zhang et al., 2017) and 59.7% (Cheng 

et al., 2021), but was absent in others (Jiang et al., 2011; Fang et al., 2019). Such discrepancies 

could be due to differences in geographical area, study design or laboratory methods and they 

highlight the benefits of systematic surveillance. Two studies in Thailand that investigated AMR in 

finisher pigs on groups of farms with different levels of AMU also reported high rates of resistance 

to most antimicrobials tested, especially on farms with routine prophylactic AMU where almost all 

isolates were resistant to tetracycline, ampicillin, trimethoprim/sulfamethoxazole and 

chloramphenicol (Lugsomya et al., 2018; Pholwat et al., 2020). Furthermore, rates of resistance to 

third generation cephalosporins and fluoroquinolones were well in excess of those reported in 

developed countries highlighting concerns that LMICs such as Thailand represent ‘hotspots’ of AMR 

(van Boeckel et al., 2019). 
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Table 2.2: Summary of antimicrobial resistance in commensal Escherichia coli of porcine origin extracted from the most recent data of monitoring programmes 

in the EU/EEA, USA, Canada and Japan. Data from selected European countries participating in the EFSA and ECDC monitoring programme are included.   

   Antimicrobiala 

Country Year  TET SULb TMP SXT AMP CHL STR GEN AXOc  CTXc   CIPc CIP Hc  AZMc  COLc CS MDR 

Denmark 2019  34.7% 44.2% 28.9% - 35.3% 5.8% - 1.1% - 0.0% 2.6% 1.1% 1.1% 0.0% 42.1% 31.1% 

France 2019  51.1% 35.1% 29.8% - 30.3% 7.4% - 2.7% - 1.1% 4.3% 0.0% 0.5% 1.1% 29.8% 28.2% 

Germany 2019  35.4% 32.5% 26.8% - 35.4% 10.2% - 0.8% - 3.3% 8.5% 1.2% 1.6% 0.0% 47.2% 29.3% 

Ireland 2019  57.1% 45.3% 37.6% - 35.9% 6.5% - 2.4% - 1.2% 5.3% 0.6% 2.4% 0.0% 32.4% 38.2% 

Netherlands 2019  41.8% 31.9% 26.0% - 21.4% 11.8% - 2.0% - 0.0% 1.0% 0.0% 0.7% 0.0% 44.7% 24.3% 

Spain 2019  77.6% 65.9% 63.5% - 74.7% 45.9% - 5.9% - 1.8% 45.9% 8.8% 4.1% 0.6% 5.9% 76.5% 

Sweden 2019  12.6% 18.4% 14.9% - 19.0% 1.7% - 0.0% - 0.0% 1.1% 0.0% 0.0% 0.0% 71.3% 10.9% 

UK 2019  58.7% 42.8% 39.9% - 36.1% 16.3% - 1.4% - 2.4% 3.4% 0.5% 0.5% 0.0% 29.3% 39.4% 

EU/EEAd 2019  46.5% 35.1% 28.8% - 35.7% 11.8% - 2.4% - 0.7% 10.0% 1.1% 0.9% 0.0% 38.8% 30.6% 

USAe 2018  72.1% 23.0% - 8.8% 25.2% 9.5% 29.1% 3.2% 8.6% - 7.2% 2.9% 2.5% - 22.3% 25.9% 

Canadaf 2016  70.9% 34.1% - 9.3% 35.2% 16.5% 36.3% 0.0% 2.7% - - 0.0% 1.1% - 16.5% - 

Japang 2017  55.4% - - 26.5% 33.7% 21.7% 41.0% 3.6% - 1.2% - - - 0.0% - - 

a Antimicrobials: TET - tetracycline; SUL - sulfamethoxazole or sulfisoxazole (see b); TMP - trimethoprim; SXT - trimethoprim/sulfamethoxazole; AMP -
ampicillin; CHL - chloramphenicol; STR - streptomycin; GEN - gentamicin; AXO - ceftriaxone; TIO - ceftiofur; CTX - cefotaxime; CIP - ciprofloxacin (MIC > 0.06 
mg/L); CIP H - ciprofloxacin (MIC > 1 mg/L); AZM - azithromycin; COL - colistin; CS - complete susceptibility to all antimicrobials tested; MDR - multidrug 
resistance, resistance to antimicrobials in three or more classes. continued overleaf 
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Table 2.2: continued 
b Sulfamethoxazole is the sulphonamide representative in the EFSA and ECDC testing panel. Sulfisoxazole is the sulphonamide representative in the NARMS 
and CIPARS panels. 
c Highest Priority Critically Important Antimicrobial (WHO, 2019)  
d Participating EU/EEA countries submit data every two years to the EFSA and ECDC monitoring programme. Data from eight selected countries of interest 
are shown. The overall EU/EEA data represents the median for all 32 participating countries. Antimicrobial susceptibility interpreted according to ECOFFs 
defined by EUCAST (EFSA and ECDC, 2021a). 
e The National Antimicrobial Resistance Monitoring System (NARMS). Antimicrobial susceptibility interpreted according to CLSI M100-S27 (FDA, 2021). 
f Canadian Integrated Program for Antimicrobial Resistance Surveillance (CIPARS). Antimicrobial susceptibility interpreted according to CLSI M100-S26 
(Government of Canada, 2020). 
g Japanese Veterinary Antimicrobial Resistance Monitoring System (JVARM). Antimicrobial susceptibility interpreted according to CLSI M100-S27 (MAFF, 
2020). 
Legend: CLSI - Clinical and Laboratories Standards Institute; ECOFF - Epidemiologic cut off value; EEA - European Economic Area; EU - European Union; EUCAST 
- European Committee on Antimicrobial Susceptibility Testing; UK - United Kingdom; USA - United States of America 
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Table 2.3: Summary of resistance to selected antimicrobials in commensal Escherichia coli from healthy pigs at or before slaughter extracted 
from selected published studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   Antimicrobiala 

Study Country 
 

TET SUL TMP SXT AMP STR GEN CHL CTX TIO AXO CIP 

Europe               

Teshager et al., 2000 Spain  95.6% 87.8% 83.4% - 72.2% - 8.0% 59.5% - - - - 

Sáenz et al., 2001 Spain  68.0% - - 48.0% 29% - 7.0% 15.0% 0% - - 3.0% 
Ramos et al., 2013 Portugal  93.9% - - 69.7% 68.2% 77.3% 4.5% 36.4% 0% - - 1.5% 
Wasyl et al., 2013 Poland  48.9% 35.8% 16.3% - 29.5% 42.6% 2.6% 18.9% 2.6% - - 6.3% 
Gibbons et al., 2016 Ireland  59.0% - - 27.6% 18.0% 33.3% 5.8% 9.6% 0% 0% - 0% 
Aasmäe et al., 2019 Estonia  32.5% 30.0% 22.4% - 58.7% 39.2% 12.5% 5.8% 2.5% - 0% 5.8% 

Österberg et al., 2016b
 Denmark  42.3% 24.6% 23.1% - 25.0% 44.2% 5.8% 0% 0% - - 0% 

 France  74.5% - - 40.4% 14.9% 66.0% 7.5% 17.0% 0% - - 4.3% 

 Italy  74.4% 61.6% 50.4% - 62.4% 61.6% 6.4% 30.4% 0% - - 12.0% 

 Sweden  14.1% 25.4% 19.7% - 18.3% 25.4% 1.4% 1.4% 0% - - 1.4% 

de Jong et al., 2012 Denmark  36.0% - - 14.7% 24.0% - 0% 6.7% 0% - - 0% 

 France  83.2% - - 43.6% 24.8% - 2.0% 20.8% 0% - - 0% 

 Germany  64.4% - - 33.7% 33.7% - 0% 13.5% 0% - - 1.0% 

 Netherlands  67.9% - - 42.1% 25.7% - 0% 14.3% 0% - - 0% 

 
Spain 

 
94.0% - - 66.0% 66.0% - 5.0% 42.0% 0% - - 0% 

Australia               

Smith et al., 2016 Australia  - - - - 29.4% - 17.5% - - 1.8% - - 

Kidsley et al., 2018 Australia  67.7% - - 34.3% 60.2% 33.9% 0% 22.4% - 0% 0% 1.0% 
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Table 2.3: continued 

a Antimicrobial: TET - tetracycline; SUL - sulfamethoxazole or sulfisoxazole; TMP - trimethoprim; SXT - trimethoprim/sulfamethoxazole; AMP -ampicillin; STR - 
streptomycin; GEN - gentamicin; CHL - chloramphenicol; AXO - ceftriaxone; TIO - ceftiofur; CTX - cefotaxime; CIP - ciprofloxacin 
b Study compared conventional and organic/antibiotic free systems. Results from conventional farms only are shown 
c  Multi-year study: results from final year of study are shown  

   Antimicrobiala 

Study Country 
 

TET SUL TMP SXT AMP STR GEN CHL CTX TIO AXO CIP 

North America            
  

 
Dunlop et al., 1998c Canada  71.3% 38.2% - - 29.1% - 0.6% - - - - - 

Varga et al., 2008 Canada  78.9% 49.9% - 6.4% 30.6% 49.6% 1.1% 17.6% - 0% 0% 0% 
Rosengren et al., 2008 Canada  66.8% 46.0% - 7.4% 18.6% 33.4% 0.8% 17.3% - 0.1% 0% 0% 
Akwar et al., 2008b Canada  73.0% 46.6% - 2.6% 25.7% 27.5% 0.4% 15.5% - 0% 0.43% 0% 
Bunner et al., 2007b

 USA  90.9% 31.6% - 1.9% 24.1% 28.9% 0.8% 8.2% - 0.3% 2.0% 0% 

Asia   
            

Lim et al., 2007 Korea  96.3% - - 38.8% 66.1% 66.8% 42.0% 47.6% 1.0% - - 7.8% 
Lee, Shin and Lee, 2014c

 Korea  89.9% - - - 71.3% 61.2% 23.2% 68.4% - - - 8.4% 
Zhang et al., 2017c

 China  94.4% 95.1% - - 81.1% - 32.2% - 16.8% 16.8% - 46.6% 
Fang et al., 2019 China  98.3% - - 71.6% 90.0% - 21.7% 75.0% - - - 21.7% 
Zhang et al., 2020 China  73.5% - - 71.6% 58.0% 53.0% 21.6% - 16.7% - - 23.9% 

Africa   
            

Katakweba et al., 2018 Tanzania  72.9% - - 60.0% 38.6% 50.0% - - 24.3% - - 10% 
Kimera et al., 2021 Tanzania  51.3% - - 47.7% 46.4% - 26.0% 27.3% 29.5% - - 28.6% 
Adenipekun et al., 2015 Nigeria  50.0% - - 17.9% 10.7% - 0% - 3.6% - 3.6% 3.6% 
Manishimwe et al., 2021 Rwanda 

 
26.7% - - - 12.6% 13.3% - 2.2% 0.7% - 0.7% 0% 
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2.3.2.2 Resistance in Escherichia coli isolated from other age groups  

Much of the work investigating AMR in commensal E. coli in younger pigs involved experimental 

trials. These often involved specific antimicrobial treatments (Agga et al., 2014), or were conducted 

on experimental farms or over limited timeframes (Bibbal et al., 2007) meaning that their findings 

may not be directly applicable to conditions in the field. Compared to the number of field studies 

investigating AMR in finisher pigs, relatively few have investigated AMR in commensal E. coli 

originating from the other age groups. Many of these studies report higher levels of AMR in younger 

animals which is a phenomenon noted in various other species, including humans (Gaire et al., 

2021). However, this varies somewhat between studies as temporal trends may differ depending 

on the antimicrobial and/or AMU patterns studied. Younger pigs, especially after weaning, are 

more likely to receive antimicrobials which undoubtedly affects the prevalence of resistance. 

Gibbons et al. (2016) investigated AMR in different age groups on 39 farms in Ireland and reported 

lower rates of resistance in isolates from finisher pigs compared to the younger age groups while 

resistance peaked in weaners for most antimicrobials (with the exceptions of fluoroquinolones and 

cephalosporins) when all pigs in the study were receiving antimicrobials in medicated feed. 

Similarly, finishers on one Spanish farm had lower prevalence of AMR compared to suckling and 

weaned piglets (Marchant and Moreno, 2013). Another study investigating AMR in pigs of different 

ages reported the odds of resistance to tetracycline, streptomycin and sulfisoxazole were all higher 

in nursery piglets than in slaughter age pigs (Alali et al., 2008). Akwar et al. (2008a) also reported 

higher odds of resistance in isolates from weaner pigs compared to finishers for all but one of the 

antimicrobials studied. Taken together these studies show AMR in E coli peaks during the weaner 

stage which coincides with high AMU in this age group. However, the findings of other studies 

suggest AMU alone may not explain this phenomenon.  

On a US research farm not exposed to antimicrobials for over five years, resistance to tetracycline, 

sulfisoxazole and streptomycin was higher in isolates from weaner pigs compared to most of the 

older age groups (Langlois et al., 1988). More recently, Yun et al. (2021) reported that the 

prevalence of multidrug resistance on 10 Finnish farms was higher at 5 weeks of age compared to 

22 weeks regardless of whether they received antimicrobials during their lifetime or not. Similarly, 

Pissetti et al. (2021) reported increased odds of an MDR phenotype in isolates from nursery pigs 

compared to finisher pigs. A longitudinal study conducted on 29 farms in Germany tracked 

resistance to ampicillin, tetracycline, colistin and azithromycin in pigs treated or not treated with 

the respective antimicrobial class (Burow et al., 2019). Resistance to ampicillin and tetracycline in 

untreated pigs, and to azithromycin regardless of treatment status, peaked during the weaner 

stage while the lowest levels were observed in finisher pigs, with the exception of tetracycline 
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resistance in tetracycline treated pigs. In that study, higher tetracycline resistance in treated 

finisher pigs was likely associated with tetracycline use in the later production stages whereas the 

other antimicrobial classes were only used in younger pigs (Burow et al., 2019). The observed 

temporal trends in untreated pigs suggest age influences AMR independently of AMU; however, it 

should be noted that the ‘untreated’ animals in this study could have received treatments with 

other antimicrobial classes which may have influenced the results (Burow et al., 2019). A cross-

sectional study in the USA compared AMR in antibiotic free (ABF) and conventional herds [n = 3 

and n = 4 respectively] (Mathew, Beckmann and Saxton, 2001). Minimum inhibitory concentrations 

(MIC) of ampicillin, gentamicin and sulfamethazine were highest in the youngest age groups (pigs 

weighing 4.5 kg and 23 kg) but only on conventional farms. This was not the case for oxytetracycline 

where resistance on the ABF farms was highest in the younger pigs despite the absence of AMU 

but highest in finisher pigs from conventional farms who all used AMs (including tetracyclines) 

during the finisher stage (Mathew, Beckmann and Saxton, 2001). In contrast, Græsbøll et al. (2017) 

found that tetracycline resistance was lower just before slaughter than at earlier time points, but 

the differences were not statistically significant, and that a significant post weaning peak in 

resistance was only observed in groups treated with oxytetracycline (Græsbøll et al., 2017). These 

studies provide evidence for an influence of age on AMR which appears to be independent of AMU. 

Nevertheless, given the relationship between age and AMU and the age-related dynamics of the E. 

coli population in the porcine intestinal tract (Katouli et al., 1995; Ahmed, Olsen and Herrero-

Fresno, 2017; Schierack et al., 2009), it is difficult to separate both factors. It is reasonable to 

attribute this age-related effect to an evolutionary response in the bacterial population whereby E. 

coli in weaned pigs are adapted to a post weaning intestinal environment which frequently includes 

antimicrobials. Extended spectrum cephalosporins and fluoroquinolones are notable exceptions to 

the post weaning peak in resistance with highest prevalence observed in piglets (Hansen et al., 

2013; Gibbons et al., 2016; Amsler et al., 2021) These are discussed separately below. 

 Relatively few studies have investigated AMR in E. coli from sows. Sows represent an important 

reservoir of AMR on the farm and although the sow and piglet E. coli populations are different 

(Katouli et al., 1995), associations between resistance in E. coli from sows and piglets have been 

demonstrated in several studies (Mathew et al., 2005; Callens et al., 2015; Cameron-Veas et al., 

2016; Burow et al., 2019). Burow et al. (2019) reported similar levels of resistance in sows and 

finishers in the study and significant associations between resistance to ampicillin and azithromycin 

in sows and piglets. In Ireland, the prevalence of AMR in E. coli originating from sows was similar 

to piglets for most of the antimicrobials studied but higher than in finishers (Gibbons et al., 2016). 

In contrast, Mathew et al. (2001) reported lower AMR in sows compared to finishers, especially in 
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the ABF herds. Two cross-sectional studies in north-eastern Thailand that sampled only sows 

showed high rates of resistance (Lunha et al., 2020; Hallenberg et al., 2020) consistent with other 

studies sampling finisher pigs in the region (Trongjit, Angkittitrakul and Chuanchuen, 2016; Pholwat 

et al., 2020; Kittitat et al., 2018). The NARMS programme includes sampling of sows at slaughter 

and the most recent data (see Table 2.2) indicated that levels of resistance to fluoroquinolones and 

cephalosporins were lower than in finishers but were similar for the other classes (FDA, 2021). Data 

on whether lactation and its associated stresses have an effect on AMR is lacking. 

2.3.2.3 Mechanisms of antimicrobial resistance in Escherichia coli 

An understanding of the resistance mechanisms employed by E. coli is useful in explaining the 

underlying epidemiology of AMR. Overall, accurate estimates of resistance gene prevalence in the 

porcine E. coli population are difficult to infer from the literature because genotypic studies in the 

field are carried out less frequently than phenotypic, and methodology may differ in terms of the 

type of animal sampled and the profile of isolates chosen for evaluation. Furthermore, studies 

which use PCR methods rely on which gene(s) are chosen for study and thus depend on prior 

knowledge of the prevailing genotypes. Such prior knowledge is not required for whole genome 

sequencing (WGS) which allows for accurate characterisation of the AMR genotype. While studies 

using WGS to investigate the generic E coli commensal population are rare, the NARMS programme 

performs WGS on a subset of its isolates (FDA, 2021) since 2017 and studies from Europe and the 

UK on finisher pigs (Stubberfield et al., 2019; AbuOun et al., 2020; Leekitcharoenphon et al., 2021) 

and from Australia on weaner pigs (Reid et al., 2017; Zingali et al., 2020) have been published 

recently.  The main AMR mechanisms utilised by E. coli of animal origin were recently reviewed by 

Poirel et al. (2018). Tetracycline resistance is most often conferred by the efflux genes tet(A) and/or 

tet(B) (AbuOun et al., 2020) although others such as tet(M), a ribosomal protective gene, are 

reported (Jurado-Rabadán et al., 2014, FDA, 2021). The association of the narrow spectrum beta-

lactamase blaTEM-1 gene (particularly the 1b variant) with ampicillin resistance is an almost universal 

finding in the studies investigating it (Bibbal et al., 2007; Enne et al., 2008; Stubberfield et al., 2019; 

AbuOun et al., 2020). Genes conferring resistance to sulphonamides and trimethoprim, which 

interfere with bacterial folate metabolism, are also widespread in the porcine E. coli population. 

Prevalence of sul1, sul2 and sul3 varies between studies; sul2 was the most common gene in a UK 

cross sectional study (AbuOun et al., 2020) and in the NARMS data (FDA, 2021) while sul3 was the 

predominant gene in a Thai study (Kittitat et al., 2018). Streptomycin resistance is associated with 

the strA/strB gene pair and with the aadA genes (which also confer resistance to spectinomycin); 

both groups are commonly found on pig farms (AbuOun et al., 2020; Leekitcharoenphon et al., 

2021). Amphenicol resistance is mainly conferred by the catA and cmlA genes (Schwarz et al., 2004) 
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which persist in the E. coli population despite the fact that chloramphenicol is no longer used in 

animals in most countries. The floR gene is important in the veterinary context as it confers 

resistance to both florfenicol, which is licensed in animals, and chloramphenicol. Florfenicol 

resistance is not always reported for studies of commensal isolates but appears widespread in 

China (Du et al., 2020). In contrast, floR was found in 5.5% and 2.9% of isolates in the UK and USA 

respectively (AbuOun et al., 2020). The genes conferring resistance to tetracyclines, 

sulphonamides, trimethoprim, aminoglycosides and amphenicols represent the most widely 

distributed ARGs in the E. coli population and are frequently co-located. Such co-location explains 

the phenomenon of multi-drug resistance. These ARGs are usually located on mobile genetic 

elements (MGE) and, in fact, are often co-located on the same MGE. Integrons, especially class 1, 

have an important role in the epidemiology of MDR (Hall et al., 2003) as they can capture, express 

and exchange ARG cassettes (Hall and Collis, 1995) and are frequently located on transposons or 

plasmids (Domingues, Silva and Nielsen, 2012) which facilitate HGT. The most common integron 

associated gene cassettes include variants of aadA and dfrA but others such cmlA are prevalent in 

pigs (Bischoff et al., 2005; Zingali et al., 2020). Furthermore, the sul1 gene is part of the conserved 

3’ region of the classical class 1 integron structure and sul3 is also associated with integrons (Dawes 

et al., 2010; Reid et al., 2017; Zingali et al., 2020). This means that isolates harbouring integrons are 

commonly resistant to sulphonamides, trimethoprim, aminoglycosides and or amphenicols. 

Several studies, especially in Asia, have reported high prevalence of class 1 integrons of up to 75% 

in E. coli isolates of porcine origin (Marchant and Moreno, 2013; Marchant et al., 2013; Lee, Shin 

and Lee, 2014; Changkaew et al., 2016; Zhang et al., 2020). Moreover, although tet and blaTEM are 

not found on integrons, they are frequently found in integron positive isolates (Marchant et al., 

2013). Despite their abundance (and indeed, because of it), the resistance mechanisms discussed 

so far are less important in terms of public health since they are no longer routinely used in the 

treatment of Enterobacteriaceae infection of humans. Resistance to two of the most important 

classes, the extended spectrum cephalosporins and fluoroquinolones are discussed separately 

below. Gentamicin is a medically important aminoglycoside antibiotic and several genes conferring 

resistance are reported. The aac(3)-IVa gene is especially important in the veterinary context as it 

confers resistance to the veterinary drug apramycin and to gentamicin (Poirel et al., 2018) and its 

occurrence in human clinical isolates illustrates a rather concrete example of the interface between 

AMR in animals and humans (Chaslus-Dancla et al., 1991). The aac(3)-IVa gene was the most 

prevalent gentamicin resistance gene detected in a WGS study carried out on UK finisher herds 

(AbuOun et al., 2020), in two studies in Australia (Reid et al., 2017; Zingali et al., 2020) and in two 

older studies in Denmark and Korea (Jensen et al., 2006; Choi et al., 2011). In contrast, the aadB 
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gene was common on Thai pig farms (Kittitat et al., 2018; Lugsomya et al., 2018) [the authors did 

not investigate aac(3)-IV] while the NARMS WGS data suggests that aac(3)-IId is more prevalent in 

finisher pigs in the USA (FDA, 2021). Interestingly, AbuOun et al. (2020) also detected aac(3)-IId but 

only in fluoroquinolone resistant isolates recovered from selective media. Carbapenems are of 

utmost importance in human medicine as an antimicrobial of last resort but resistance in isolates 

of animal origin is only sporadically detected (Fischer et al., 2017). Colistin was previously only used 

in animals due to nephrotoxicity in humans but is now used to treat some carbapenem resistant 

infections. Resistance to colistin was previously thought to be chromosomally mediated until the 

discovery of the plasmid mediated mcr1 gene in porcine isolates in China (Liu et al., 2016). 

2.3.2.4 Relationship between AMU and AMR in Escherichia coli 

Ecological associations between AMU and AMR in Escherichia coli 

Antimicrobial use is generally accepted to be the main driver of AMR and therefore the relationship 

between AMU and AMR in animals is a topic of considerable interest. Ecological studies have 

identified associations between AMU at national level and AMR in E. coli recovered from national 

monitoring programmes. In Denmark, gentamicin resistance was associated with consumption of 

apramycin (Jensen et al., 2006). In Japan, Asai et al. (2005) reported significant correlations 

between the prevalence of resistance to specific antimicrobial classes in the pig sector and 

consumption of the corresponding classes (Asai et al., 2005). Chantziaras et al. (2014) found 

significant correlations between use of specific antimicrobial classes at national level and the level 

of resistance in commensal E. coli in cattle, pigs and poultry. This study involved seven European 

countries and the data was aggregated across all species (Chantziaras et al., 2014) so direct 

inference for the pig related data is not possible. More recently, the joint inter-agency reports on 

integrated analysis of antimicrobial agent consumption and occurrence of antimicrobial resistance 

in bacteria from humans and food-producing animals in the EU/EEA (JIACRA), have used AMU 

surveillance data from ESVAC and AMR data from the EFSA and ECDC monitoring programs to 

explore the relationship between AMU in livestock and AMR in E. coli in Europe (ECDC, EFSA and 

EMA, 2021). These analyses found significant associations between resistance to fluoroquinolones, 

colistin, ampicillin and tetracycline in indicator E. coli and the use of the corresponding 

antimicrobial classes at country level for both the pig specific and aggregated species datasets 

(ECDC, EFSA and EMA, 2021). A pan European study carried out by the EFFORT consortium that 

sampled 20 farms in nine countries found significant associations between the AMR in E. coli and 

the average treatment incidence at country level (Ceccarelli et al., 2020). These associations 

included: cephalosporin use and ampicillin resistance; fluoroquinolone use and ciprofloxacin and 

nalidixic acid resistance; amphenicol use and chloramphenicol resistance and, lincosamide use and 
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azithromycin resistance (Ceccarelli et al., 2020). At individual country level, Callens et al. (2018) 

conducted a trend analysis on data from Belgium between 2011 and 2015 and found significant 

associations between resistance and use of the corresponding class for 10 out the 11 classes 

studied while resistance was associated with total AMU for all classes. However, species aggregated 

data were used in this study (Callens et al., 2018). Dorado-Garcia et al. (2016) used species specific 

data for a similar analysis in the Netherlands and found resistance in porcine isolates to a particular 

antimicrobial was associated with total use rather than use of the corresponding class (Dorado-

García et al., 2016). Taken together, these studies demonstrate a relationship between AMR in E. 

coli and background AMU at country level. Moreover, they demonstrate that reductions in AMU 

can lead to reductions in AMR as the Dutch and Belgian studies were conducted during a period of 

reduced AMU in livestock (Dorado-García et al., 2016; Callens et al., 2018). There is a similar 

example in China where resistance to colistin in humans and animals (including pigs) reduced 

substantially following a ban on the use of colistin as an AGP (Wang et al., 2020b). 

Intervention studies investigating relationship between AMU and AMR 

Studies investigating the relationship between AMU and AMR can be divided into two categories: 

intervention studies where the effect of administering an antimicrobial on AMR is investigated; or 

observational studies where a cohort (or cohorts) of farms are sampled and the results analysed in 

conjunction with farm level AMU data. The former category of study usually takes place in a 

research farm or on a limited number (often single) of commercial farms which allows for a 

controlled environment. Langlois et al. (1978) examined the effect of five in-feed antimicrobial 

protocols (untreated, bacitracin, virginiamycin, tylosin and chlortetracycline) on resistance to 

chlortetracycline (CTC) and found that resistance was lowest in the untreated groups and highest 

in the groups treated with CTC. Interestingly, there was little difference between the groups in 

resistance to tetracycline, possibly because prevalence of CTC resistance was determined using a 

plate count technique and tetracycline resistance was determined using the disc diffusion method 

(Langlois, Cromwell and Hays, 1978). This highlights how interpretation of resistance depends on 

the method employed. In another study, Langlois et al. (1984) found that the response to 

antimicrobial treatment was affected by the farm’s antimicrobial exposure history. That study 

evaluated the effect of sub therapeutic and therapeutic doses of CTC on tetracycline resistance in 

two herds of pigs, one of which was from an ABF farm, and found a greater increase in resistance 

in the treated groups from the ABF herd compared to the treated groups from the herd with 

antibiotic exposure (Langlois et al., 1984). Other studies have demonstrated similar results along 

with increase in resistance to unrelated antimicrobials (Delsol et al., 2003; Funk et al., 2006; Agga 

et al., 2014; Græsbøll et al., 2017). Delsol et al. (2003) found that tetracycline resistance reduced 
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after treatment was withdrawn but remained above pre-treatment levels for at least 2 weeks. 

Græsbøll et al. (2017) had similar findings but reported that resistance returned to pre-treatment 

levels prior to slaughter. A US study investigating resistance to apramycin found that apramycin 

resistance persisted for longer after apramycin treatment if the pigs had previously been treated 

with oxytetracycline (Mathew et al., 2003). Levels of resistance and its persistence were also 

affected by antimicrobial exposure in the sows (Mathew et al., 2005) and other environmental 

factors such as temperature, stocking density and mixing (Moro et al., 1998, 2000; Mathew et al., 

2003). These findings are relevant to field studies as there may be wide variation between farms 

and indeed, many of these factors may not be recorded or measurable. Some studies investigated 

the effect of different treatment regimens in terms of dose and or route of administration. This is 

of interest because identifying a mode of treatment associated with lower risk of antimicrobial 

resistance would be beneficial. Overall, however, the evidence is limited and somewhat 

contradictory (Burow et al., 2014). Increased doses of apramycin were associated with higher 

aminoglycoside resistance in one study (Mathew, Jackson and Saxton, 2002). On the other hand, 

there was no difference in the response to treatment with different doses of oral or injectable 

oxytetracycline on five Danish farms (Græsbøll et al., 2017) which agreed with the conclusions of 

another Danish study (Herrero-Fresno et al., 2017). Similarly, ampicillin resistance in E. coli was 

similar in groups treated with oral or injectable ampicillin (Bibbal et al., 2007). Interestingly, while 

the phenotypic measurement did not vary between treatment groups in the latter study, there 

were higher amounts of blaTEM detected in the faeces of the oral treatment group indicating that 

either gene expression in the E. coli population was increased or that there was an effect on other 

members of the microbiota (Bibbal et al., 2007). It is also worth noting that this experiment found 

a rise in multidrug resistance in the E. coli population in response to treatment and that this change 

was associated with a shift in the phylogenetic profile of the E. coli population to phylogroups 

possessing ampicillin and MDR phenotypes (Bibbal et al., 2009). Taken together, the studies 

discussed demonstrate that, in general, antimicrobial treatment causes a rise in AMR and is 

followed by decline to pre-treatment levels (in the studies in which this was measured). While these 

studies provide valuable information on the dynamics of AMR, the findings are not always 

applicable to the situation in the field, especially since they are usually carried on a single herd on 

research farms. 

Observational studies investigating relationship between AMU and AMR 

Observational studies allow for investigation of the relationship with AMU and AMR at farm level. 

Ideally, the AMU data used in such studies are as detailed and complete as possible. In practice, 

such data are not always available and thus categorisation of AMU must be used (e.g., use or not 
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of a particular antimicrobial; high AMU vs low AMU, etc). Gellin et al. (1989) compared three 

university farm herds, one which routinely used AGPs, one which only used antimicrobials 

therapeutically when required and lastly, one which did not use any antimicrobials. In almost all 

cases, resistance to each of the antimicrobials studied was highest on the farm using AGPs and 

higher on the therapeutic use farm than the ABF farm (Gellin et al., 1989). Another cross-sectional 

study carried out on seven farrow-to-finish farms in the USA had similar results (Mathew, 

Beckmann and Saxton, 2001). This study compared conventional farms to antibiotic free farms and 

found resistance was lower on ABF farms in the youngest age categories for all antimicrobials 

studied, for all except gentamicin in sows and for oxytetracycline and sulfamethiazine in the older 

pigs (Mathew, Beckmann and Saxton, 2001). Mathew et al. (1998) also found higher resistance 

prevalence on high AMU farms compared to low AMU farms in a longitudinal study conducted from 

birth to 9 weeks of age (Matthew, Upchurch and Chattin, 1998). Bunner et al. (2007) sampled 

finisher pigs on 35 ABF and 60 conventional farms in the USA and reported that odds of resistance 

to all antimicrobials were higher on conventional farms although resistance to quinolones and 3rd 

generation cephalosporins was absent in both groups (Bunner et al., 2007). Resistance was also 

lower on organic farms from four European countries compared to their conventional counterparts 

(Österberg et al., 2016) and on free range Iberian pig farms compared to conventional farms in 

Spain (Mencía-Ares et al., 2021). These studies provide evidence for a relationship between AMU 

and AMR, at least when comparing no or very limited use to higher AMU conventional farms. 

However, in Southeast Asia, the situation is not as clear cut. In one study in Thailand, resistance to 

sulfamethoxazole, gentamicin and chloramphenicol was higher on medium scale farms (> 100 

sows) compared to small scale farms (< 100 sows) but resistance to tetracycline was higher on the 

small-scale farms (Lunha et al., 2020). A related study using the same samples with selective media 

found higher prevalence of colistin resistance on the small-scale farms. In another, unrelated, Thai 

study, resistance on farms practising prophylactic AMU was higher than on farms practising only 

therapeutic use or farms with no AMU for most antimicrobials but not for tetracycline or ampicillin 

(Lugsomya et al., 2018). In that study, there were no differences between the therapeutic use farms 

and ABF farms and the prevalence of resistance in both groups was, in most cases, higher than 

equivalent prevalence on European or North American conventional farms. In fact, the ABF farms 

were all rural, small-scale farm with no apparent access to veterinary care of any kind. A similar, 

but larger scale study in Thailand only found significantly higher rates of resistance to 

cephalosporins, azithromycin and colistin in the prophylactic AMU group, with high prevalence of 

resistance to most of the other antimicrobials in all three groups (Pholwat et al., 2020). High rates 
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of AMR in ABF production systems could reflect very high background levels of resistance in the 

region or perhaps reflect unreported or unknown AMU in these herds. 

Studies which report the use or not of particular antimicrobial agents or the amounts used allow 

for a more detailed analysis of the relationship between AMU and AMR. Prevalence of resistance 

to tetracycline in E. coli isolated from pigs of different age groups on Belgian farms was associated 

with the use of tetracyclines but also with the treatment incidence of potentiated sulphonamides 

(Dewulf et al., 2007) which demonstrates both direct and co-selection of resistance associated with 

AMU. Vieira et al. (2009) also reported a positive association between tetracycline use and 

tetracycline resistance in Danish pigs at slaughter. Notably, there was a significant association 

between resistance and the length of time between treatment and slaughter (Vieira et al., 2009) 

meaning that the closer the last tetracycline treatment was to slaughter, the higher the probability 

of resistance. Oral chlortetracycline use was associated with tetracycline resistance in faecal E. coli 

isolates on 12 US farms but injectable oxytetracycline use was not, nor was the use of ceftiofur or 

florfenicol associated with resistance to the respective classes (Alali et al., 2009). Two studies in 

Japan demonstrated a relationship between AMU and AMR in porcine E. coli isolates. Use of 

penicillin, penicillin/streptomycin, tetracycline and trimethoprim/sulphonamide was associated 

with resistance to the corresponding class of antimicrobial while penicillin/streptomycin and 

tetracycline use were also associated with resistance to unrelated classes (Harada et al., 2008). 

Makita et al. (2016) also demonstrated associations between the resistance and the use of related 

and unrelated classes. Examples of co-selection in the latter study included colistin use and 

kanamycin resistance; macrolide use and ampicillin and oxytetracycline resistance; and tetracycline 

use and chloramphenicol resistance (Makita et al., 2016). Four Canadian studies gave broadly 

similar results (Dunlop et al., 1998d; Rosengren et al., 2007; Akwar et al., 2008a; Varga et al., 2009). 

Three of the these demonstrated associations between tetracycline use and tetracycline resistance 

(Dunlop et al., 1998d; Rosengren et al., 2007; Varga et al., 2009) but all four demonstrated 

associations between resistance and the use of unrelated classes. Use of in-feed antimicrobials in 

at least one diet was associated with resistance to six out of seven antimicrobials tested on 34 

farms in Ontario (Dunlop et al., 1998d). The exception was gentamicin resistance which was only 

associated with injectable gentamicin use. In four of those models, the association was not 

antimicrobial specific, meaning the use of any antimicrobial, and medicating the starter diet in early 

weaning was associated with resistance in four of the models (Dunlop et al., 1998d). The use of 

medicated feed in grower or finisher diets was also associated with AMR, including MDR, in isolates 

from finisher pigs in a study in Alberta for four of the investigated models (Varga et al., 2009). 

Similar to the study of Dunlop et al. (1998d), there were antimicrobial specific and non-specific 
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associations with resistance as well as examples of co-selection. In particular, macrolide use was 

associated with resistance to chloramphenicol, streptomycin and sulfamethoxazole (Varga et al., 

2009). Macrolide use was also associated with resistance to unrelated antimicrobial classes in two 

other Canadian studies (Rosengren et al., 2007; Akwar et al., 2008a). On Irish farms, Gibbons et al. 

(2016) investigated AMR on farms with different durations of in-feed antimicrobial use. Resistance 

to ampicillin, trimethoprim/sulfamethoxazole and streptomycin was more likely on farms with 

‘long term’ in-feed duration while tetracycline and potentiated sulphonamide use was associated 

with resistance to several of the antimicrobials studied while macrolide use was associated with 

chloramphenicol resistance (Gibbons et al., 2016). Overall, these studies provide evidence for a 

complex relationship between AMU and AMR in E. coli. Resistance is influenced by AMU both 

recent and earlier in the lifecycle as well as by historical usage and background resistance. In many 

cases the relationship between AMU and AMR is not clear cut with some conflicting findings 

between studies, however, co-selection has an extremely important role. The persistence of 

chloramphenicol resistance despite a lack of use demonstrates how resistance genes can be 

maintained in the population due to their association with other resistance genes. An apparent 

relationship between macrolide use and resistance to other classes further illustrates this complex 

relationship. The majority of these studies are cross-sectional and, as discussed before, mostly 

sample pigs at or close to slaughter. A notable exception is the study by Burow et al (2019) who 

followed pigs from birth to slaughter on 29 German pig farms. In that study, E. coli isolates from 

pigs treated with penicillins, tetracyclines, polymyxins or macrolides were more likely to be 

resistant to ampicillin, tetracycline, colistin or azithromycin, respectively, than isolates from 

untreated pigs but not at all timepoints (Burow et al., 2019). In fact, only tetracycline had a 

significant difference between treated and untreated pigs at the last time point just before 

slaughter. This shows that studies conducted only in older pigs may not truly capture the 

relationship between AMU and AMR throughout the whole pig lifecycle. 

2.3.2.5 Resistance to extended spectrum cephalosporins and fluoroquinolones 

Resistance to extended spectrum cephalosporins (ESC) and fluoroquinolones in commensal E. coli 

in livestock is especially important because of the importance of these drugs in treating Gram-

negative infections and the fact that resistance is well established in both human and animal 

populations. Isolates resistant to either antimicrobial are usually resistant to several other classes 

of antimicrobial as illustrated in a study on Belgian poultry and swine farms where over 90% of 

ciprofloxacin or cefotaxime resistant isolates were MDR (Lambrecht et al., 2018). The main 

mechanisms of ESC resistance are extended spectrum beta lactamases (ESBL) and AmpC beta 

lactamases which are, in most cases, associated with MGEs and plasmids (Jacoby, 2009; Bush and 
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Jacoby, 2010; Bush and Bradford, 2020). In humans, ESBLs are the most prevalent and of these the 

CTX-M family is the most important, with the CTX-M-15 and CTX-M-14 variants being the most 

prominent globally (Livermore et al., 2007; Woerther et al., 2013; Bevan, Jones and Hawkey, 2017). 

Several studies have investigated the prevalence of ESBL/AmpC-producing E. coli in pigs, alone or 

in conjunction with other food producing species. In contrast to humans, there are more distinct 

geographical patterns regarding the distribution of ESBL/AmpC genes. In East Asia, blaCTX-M-14, blaCTX-

M-55 and blaCTX-M-65 predominate (Liu et al., 2007; Tian et al., 2009; Zheng et al., 2012; Tamang et al., 

2013; Rao et al., 2014; Xu et al., 2015; Song et al., 2020; Lee et al., 2021; Lay et al., 2021). In North 

America, ESC resistance is usually conferred by the plasmid mediated AmpC blaCMY-2 gene as ESBLs 

are relatively rare in food producing animals (Frye and Jackson, 2013; Hayer et al., 2020; 

Jahanbakhsh et al., 2016: FDA, 2021). In Europe, data from the EFSA and ECDC monitoring 

programme show that the ESBL phenotype is more prevalent than the AmpC phenotype although 

this varies between countries (EFSA and ECDC, 2021a). This component of the EFSA and ECDC 

monitoring programme aims to estimate the prevalence of ESBL/AmpC carriage within the pig 

population (as opposed to the E. coli population) and in 2019 showed a median prevalence of 

42.7%, ranging from 2.4% in Finland to 99.2% in Italy (EFSA and ECDC, 2021a). Ireland reported a 

prevalence of 43.3%. Comparing these data to the prevalence of ESC resistance in the E. coli 

population (see Table 2.2) indicates that, although ESBL/AmpC producers are relatively rare within 

the general E. coli population, they are widely distributed within the pig population. Some countries 

voluntarily submit molecular data to the EFSA and ECDC monitoring programme showing that 

blaCTX-M-1 is the most prevalent ESBL gene in Europe (EFSA and ECDC, 2021a) which is in agreement 

with another recent pan European study (Ewers et al., 2021), monitoring programs in Denmark 

(DANMAP, 2021) and the UK (UK-VARSS, 2021) and various other European studies (Endimiani et 

al., 2012; Wu et al., 2013; Valentin et al., 2014; García-Cobos et al., 2015; Lalak et al., 2016; AbuOun 

et al., 2020). The EFSA and ECDC data also showed that in the Netherlands and several of the Nordic 

countries, mutation of the chromosomal ampC promoter gene was the predominant ESC resistance 

mechanism (EFSA and ECDC, 2021a) which perhaps reflects lower prevalence of plasmid mediated 

resistance due more restrictive AMU regulations in these countries. This was also the case in 

Denmark (DANMAP, 2021). Ewers et al. (2021) examined 99 ESBL/AmpC-producing E. coli isolates 

recovered from cattle, poultry and pigs at slaughter in 8 European countries during the EASSA 

program. There was marked strain diversity and little evidence of clonality amongst these isolates 

but each ESBL/AmpC gene was associated with particular plasmids, for example, blaCTX-M-1 and 

IncI1α, many of which were similar to sequenced plasmids recovered from E. coli in other studies 

(Ewers et al., 2021). Although this study included only 15 isolates from pigs (the majority were from 
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poultry), the findings were consistent with several other on-farm studies which showed that 

ESBL/AmpC genes were distributed across a variety of E. coli strains throughout the farm as shown 

in the following examples. Moreover, many of these studies demonstrated that on a given farm, 

usually one ESBL/AmpC gene and plasmid type predominated. Examples include blaTEM-52 with IncI1, 

blaCTX-M-1 with IncN, and blaCTX-M-15 with IncFIA/FIB on Portuguese farms in two different studies 

(Rodrigues et al., 2013; Fournier et al., 2020); blaCTX-M-1 with IncN on a Czech farm (Zelendova et al., 

2020); blaCTX-M-14 with IncK2 on a Danish farm (Hansen et al., 2014); and blaCTX-M-1 with IncI on an 

Australian farm (Abraham et al., 2018). A longitudinal study that followed pigs from birth until 

slaughter on 31 Swiss farms had broadly similar findings (Moor et al., 2021). These studies 

demonstrate that plasmids carrying ESBL/Amp genes are widely distributed within the E. coli 

population but, at least in Europe, are not yet established in the dominant commensal flora. Other 

studies have demonstrated high prevalence of ESC resistance in the general E. coli population, for 

example, one research herd in the USA had prevalence of resistance to ceftriaxone (associated with 

blaCMY-2) between 52.1% and 77.1% in weaner pigs (Agga et al., 2014) and herds using prophylactic 

antimicrobials in Thailand had a prevalence of resistance approximately 35% and 45% in finisher 

pigs in two separate studies (Kittitat et al., 2018; Pholwat et al., 2020). Such studies, even if they 

are not necessarily applicable to the wider population, show that ESBL/AmpC bearing plasmids 

have the potential to establish themselves in the dominant E. coli population.  

As for studies investigating general antimicrobial resistance in pig production, studies investigating 

ESC resistance in commensal E. coli mainly involve pigs at or close slaughter. However, several 

studies show that resistance is highest in younger pigs. There was a higher prevalence of ESC 

resistant E. coli carriage in piglets compared to older age groups in five longitudinal studies (Hansen 

et al., 2013; Cameron-Veas et al., 2015, 2016; Dohmen et al., 2017). Bacterial counts of ESC 

resistant E. coli also decreased with age (Hansen et al., 2013; von Salviati et al., 2014; Cameron-

Veas et al., 2016; Poulin-Laprade et al., 2021) although this measurement does not consider the 

proportion of the population it represents. Other studies in Asia showed higher prevalence of 

resistance in weaner pigs (Nguyen et al., 2016; Kittitat et al., 2018). Resistance to ESCs has been 

associated with the AMU in some studies. While cephalosporin use at national level in Europe was 

not associated with the prevalence of cefotaxime or ceftazidime resistance in the general E. coli 

population, it was associated with the prevalence of ESBL/AmpC carriage (ECDC, EFSA and EMA, 

2021). At farm level, resistance was more likely on farms with cephalosporin use compared to those 

without use (Jørgensen et al., 2007; Lutz et al., 2011; Andersen et al., 2015). Agersø and Aarestrup 

(2013) reported a significant reduction in the prevalence of ESC resistance in Danish slaughter pigs 
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after a voluntary ban on cephalosporin use within the industry. There were similar findings over a 

four year period on an Australian farm which had ceased cephalosporin use (Abraham et al., 2018).  

In comparison to ESC resistance, there are fewer studies investigating fluoroquinolone resistance 

in the porcine commensal E. coli population. Fluoroquinolones (e.g., ciprofloxacin) are included in 

the AST panels in most studies, however different interpretation criteria and changes in 

breakpoints over time hamper comparability somewhat. In particular, whether ECOFFs or clinical 

breakpoints are used greatly influences this interpretation as the EUCAST defined ciprofloxacin cut 

off MIC for wild type E. coli is currently 0.06 mg/L (EUCAST, 2021) compared to a clinical breakpoint 

of > 0.5 mg/L (EUCAST, 2022; CLSI, 2021). Therefore, studies using ECOFFs typically report higher 

prevalence of fluoroquinolone resistance than those using higher breakpoints as can be seen in the 

EFSA and ECDC data presented in Table 2.2. The target for (fluoro)quinolones is DNA gyrase and 

topoisomerase IV which are involved in DNA replication, transcription and repair. Target 

modification caused by mutations in the quinolone resistance determining region (QRDR), usually 
of gyrA and/or parC, can confer resistance to quinolones but only low level resistance to 

fluoroquinolones (Jacoby, 2005). These can be detected if using the ECOFF. Further mutations are 

required for clinical resistance. Plasmid mediated quinolone resistance (PMQR) mechanisms such 

as the qnr family, which protects DNA gyrase and topisomerase, or efflux pumps such as qepA or 

oxqAB, by themselves confer low level fluoroquinolone resistance but facilitate mutations in the 

QRDR by ‘lengthening’ the mutation prevention window (Jacoby, 2005; Strahilevitz et al., 2009). In 

pigs, chromosomal mutations of gyrA, followed by parC are the most frequently encountered 

fluoroquinolone resistance mechanisms and qnrS1 and qnrB19 are the most commonly encounter 

plasmid mediated mechanisms (AbuOun et al., 2020; FDA, 2021). Rates of fluoroquinolone 

resistance in finisher pigs are typically lower than rates for the ‘older’ antimicrobials and often 

higher than ESC resistance (see Table 2.2 and Table 2.3). As for ESC resistance, fluoroquinolone 

resistance is widely distributed. In the UK for example, one cross sectional study found high level 

ciprofloxacin resistance on 58% of finisher farms (Taylor et al., 2008) and a more recent WGS-based 

study found QRDR mutations on 78.5% of farms (AbuOun et al., 2020). Studies investigating 

fluoroquinolone resistance in younger pigs are scarce. The highest prevalence of fluoroquinolone 

resistance was in piglets in an Irish cross-sectional study (Gibbons et al., 2016) but was highest in 

weaner pigs in two smaller scale longitudinal studies in Vietnam and Brazil (Nguyen et al., 2016; 

Pissetti et al., 2021). Recently, a larger scale longitudinal study on 24 Swiss farms investigated 

nalidixic acid resistance in fluoroquinolone treated and untreated pigs and found and found the 

highest number of positive samples in piglets (Amsler et al., 2021). Resistance prevalence was also 

higher in the treated groups and lower on farms not using any fluoroquinolones. Associations 
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between fluoroquinolone use and resistance has also been demonstrated at national and 

international level (Ceccarelli et al., 2020; ECDC, EFSA and EMA, 2021).  

2.3.3 Summary 

In summary, while there is a considerable body of research characterising antimicrobial resistance 

in porcine E. coli, its relationship with AMU and, to a lesser extent, its evolution during the 

production cycle, knowledge gaps remain. In particular, longitudinal studies are lacking, especially 

for fluoroquinolone resistance. Although the point of slaughter is considered most relevant to 

human health, AMR in younger pigs, in which resistance is typically higher, is extremely important 

as this influences AMR at finishing and is relevant to human occupational exposure and 

environmental contamination. 

2.4 The porcine faecal resistome 

Advances in sequencing technology and bioinformatical analysis in recent years have 

revolutionised the study of microbial ecology. In environments from deep sea ocean vents (Dick, 

2019) to the human armpit (Li et al., 2019) scientists are uncovering the membership, complexity 

and functionality of these complex ecosystems (Thompson et al., 2017). The term ‘microbiota’ is 

used to describe the membership of a microbial community and includes all the bacteria, archaea, 

fungi, algae, and small protists that form it (Marchesi and Ravel, 2015). The term ‘microbiome’ 

describes the broader habitat including the microbiota, their genomes and the environmental 

conditions but is also used to describe the collection of genes and genomes within the microbiota 

(Marchesi and Ravel, 2015) and in fact, the exact definition is far from settled (Berg et al., 2020). 

Furthermore, ‘microbiota’ and ‘microbiome’ are frequently used interchangeably in the literature. 

In this thesis, ‘microbiota’ refers to the membership of the microbial community while 

‘microbiome’ refers to the broader ecological definition. The term ‘resistome’ describes all the 

ARGs within a microorganism or microbiome (D’Costa et al., 2006; Wright, 2007). This section of 

the review provides a brief overview of the methods used to study the microbiome and resistome. 

It also presents an overview of the microbiome and resistome as it pertains to the domestic pig and 

reviews the current knowledge on the dynamics of the resistome during the pig lifecycle and its 

relationship with antimicrobial use. 

2.4.1 Methods of studying the microbiome and resistome 

Next generation sequencing (NGS) platforms are the tools of choice for analysis of the microbiome. 

Two approaches are applicable depending on the objectives of the study. Where the objective is 

simply to perform a taxonomic analysis, marker gene studies are a popular choice (Hamady and 

Knight, 2009). For bacteria, this technique makes use of the fact that the 16S ribosomal RNA gene 
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contains both conserved and highly variable regions (Woese and Fox, 1977). The conserved regions 

serve as a binding site for PCR primers which allows for amplification of the 16S rRNA genes. The 

resulting PCR product is then sequenced and the phylogeny is inferred using the highly variable 

region to discriminate between taxa. This method is known as metataxonomic sequencing. While 

there are limitations to metataxonomic sequencing, including bias introduced by the choice of 

primers and the variable region chosen for amplification, it is relatively inexpensive, easy to 

perform and very well characterised (Knight et al., 2018). The second approach is whole 

metagenome sequencing (WMS), also known as shotgun metagenomic sequencing or simply 

metagenomic sequencing. This involves sequencing all the genomes in the sample and allows for 

taxonomic profiling as well as analysis of the functional potential of the microbiome by identifying 

genes of interest, for example those involved in metabolism or AMR. While the ability to analyse 

both the taxonomic and functional profiles of the microbiome is a considerable advantage over 

marker gene analysis, WMS is more expensive, mainly because higher sequencing depths are 

required15. It should be noted that high throughput PCR techniques may be used to perform 

(somewhat) similar analyses both for taxonomic profiling and functional analysis although they are 

highly dependent on the targets chosen for study and are not discussed further in this review.  

In terms of NGS, the main technical difference between marker gene analysis and WMS is that an 

amplified PCR product is sequenced for the former whereas for the latter all the DNA in the sample 

is sequenced (or at least as much as sequencing depth allows). Therefore, apart from the 16S 

amplification step, the sample processing in the laboratory is the same for both studies. The 

primary considerations in terms of sample processing are storage, DNA extraction and the choice 

of NGS platform. Storage of samples can affect downstream analysis as the microbial community 

in the sample may change once removed from its normal environment (e.g., a faecal sample from 

the gastrointestinal tract). Therefore, it is recommended either to perform DNA extraction or freeze 

the sample (usually at -80°C) as soon as possible (Quince et al., 2017). The DNA extraction 

technique also influences downstream analysis. This is because the cell walls of Gram-negative 

bacteria are usually easier to lyse than those of Gram-positive bacteria. Thus, DNA from certain 

taxa may be over- or under-represented in a sample after extraction. Different protocols perform 

differently in this regard (Knudsen et al., 2016; Wegl et al., 2021) and, crucially, none perform 

perfectly. Since these factors represent potential sources of variability it is essential to process all 

samples in the same way (Quince et al., 2017). The Illumina platforms are the most widely used in 

metagenomic sequencing nowadays though others are available. Illumina sequencing outputs are 

 
15 The sequencing depth refers to how much of the DNA in the sample is actually sequenced 
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short read sequences, normally 150 base pair (bp) in length, although this can vary between the 

different generations of equipment. Third generation sequencing platforms such as those offered 

by Oxford Nanopore and Pacific Biosciences output long read sequences. Long read sequences offer 

advantages over short read sequences in terms of downstream analysis which will be discussed 

below, however, the error rates for the long read sequencing platforms are still much higher than 

those for the Illumina platforms. Also, Illumina short read sequencing is less expensive and most 

platforms offer much higher throughput than the long read sequencing platforms. 

Bioinformatics is a broad term describing the processing of sequences and encompasses several 

steps. The first step involves quality control. This is necessary in order to remove or trim sequences 

with high error rates and to remove any nucleic acid contaminants introduced during the 

sequencing process, for example adapters or phiX. Several tools are available for these purposes 

including Cutadapt (Martin, 2011) and Trimmomatic (Bolger, Lohse and Usadel, 2014). Sequences 

derived from host DNA (human or otherwise) or contamination by laboratory personnel should also 

be removed using the appropriate reference genomes and methods similar to those described later 

for taxonomic profiling. This step is recommended because host or human DNA in the sample may 

match with contaminants that have not been removed from bacterial reference genomes (Goig et 

al., 2020) and thus yield false positive results. After the quality control steps, the reads may be 

analysed as they are (‘assembly free’ or ‘read mapping’ methods) or they may be further assembled 

(assembly based methods) into contigs, scaffolds and, if sequencing depth is adequate, genomes 

(Quince et al., 2017). There are numerous tools available for metagenomic assembly,  for example, 

metaSPAdes (Nurk et al., 2017), MEGAHIT (Li et al., 2015) and metaVelvet (Namiki et al., 2012). 

These tools use different algorithms to identify overlapping regions between reads, join them into 

contigs and to further link contigs into scaffolds (Ayling, Clark and Leggett, 2019). The contigs are 

then further grouped, using a process known as binning, based either on similarity to reference 

genomes or on similarities of sequence coverage and composition (Alneberg et al., 2014; Quince et 

al., 2017). In some cases, a bin is complete enough to be considered a complete genome. Such 

metagenomic assembled genomes (MAG) allow for full characterisation of the given bacteria, and 

in some instances may represent an unculturable or even undiscovered species (Brown et al., 

2015).  While there is an obvious appeal to achieving this level of genetic context, not all reads can 

be assembled any further meaning assembly based approaches result in significant loss of data. On 

the other hand, assembly free methods do not discard data although this is at the expense of 

information on genetic context. Therefore, both approaches may be used in the same analysis. 

Long read sequencing can provide genetic context without the loss of data but the relatively high 



56 
 

error rates, low throughput and expense currently limit its utility in large scale metagenomic 

studies. 

Taxonomic assignment is performed by comparing the sequences to reference genomes. These 

reference genomes consist of publicly shared bacterial (and other) genomes uploaded by other 

researchers to repositories such as those operated by the National Center for Biotechnology 

Information (NCBI) in the USA16. The gold standard method is to use basic local alignment search 

tool [BLAST] (Altschul et al., 1990). However, this approach is unfeasible for large datasets or large 

numbers of reference genomes so various tools have been developed based on search algorithms 

which maximise computational efficiency at the expense of slightly reduced accuracy, for example, 

Kraken (Wood, Lu and Langmead, 2019). Another example is the MetaPhlAn tool which uses the 

prevalence of single copy genes unique to each species to estimate the composition of the 

microbiota (Beghini et al., 2021). Notably, different taxonomic classifiers can give different results 

(Marcelino et al., 2020).  

Antibiotic resistance genes contained within the sequences can be detected by mapping the reads 

or contigs against one or more ARG reference databases (Boolchandani, D’Souza and Dantas, 2019). 

A recent review identified 47 different tools for the detection of ARGs although some are only 

suitable for whole genome sequences of single isolates (Hendriksen et al., 2019). Another review 

identified 17 different ARG databases (Boolchandani, D’Souza and Dantas, 2019), examples of 

which include Resfinder (Zankari et al., 2012) and CARD (Comprehensive Antibiotic Resistance 

Database; Jia et al., 2017). A detailed review of all the different ARG detection tools, pipelines and 

databases is beyond the scope of this thesis but it should be noted that different methods can yield 

different results (Clausen et al., 2016).  

2.4.2 The microbiome of the domestic pig 

Perhaps no microbial habitat has been studied as extensively as the human gastrointestinal tract 

(Turnbaugh et al., 2007). The human microbiome has been linked with a range of 

diseases/conditions including obesity, inflammatory bowel disease, asthma and heart disease 

raising the possibility that the microbiota may be manipulated as a therapy or sampled as a 

diagnostic tool (Cho and Blaser, 2012). The porcine gastrointestinal tract has also been studied 

extensively due to the pig’s importance as a production animal and because of physiological 

similarities with humans (Heinritz, Mosenthin and Weiss, 2013). Ironically, some of the porcine 

research is motivated by a desire to mimic the performance enhancing effects of AGPs (Allen et al., 

 
16 https://www.ncbi.nlm.nih.gov/genome/microbes/  

https://www.ncbi.nlm.nih.gov/genome/microbes/
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2013). The intestinal microbiome of vertebrates is distinct from other environmental microbiomes 

(Ley, Peterson and Gordon, 2006) and co-exists with its host in a mutualistic relationship 

performing essential metabolic functions that the host cannot such as digesting cellulose and 

harvesting energy from other inaccessible sources (Bäckhed et al., 2005). The mammalian intestinal 

microbiome is dominated by the members of the Firmicutes and Bacteroidetes phyla. However, the 

exact composition is highly dependent on host phylogeny, that is, the microbiomes of closely 

related species are more similar to each other than to the microbiomes of unrelated species, but it 

is also dependent on diet and gut physiology (Ley et al., 2008a; b). 

The porcine gastrointestinal microbiome, in common with other mammals, is dominated by 

Firmicutes and Bacteroidetes but includes members of the Proteobacteria, Actinobacteria and 

Spirochaetes among others (Kim and Isaacson, 2015). The composition of this microbiome is 

influenced by a host of factors including age (Kim et al., 2011; Shao et al., 2021), diet (Frese et al., 

2015; Tilocca et al., 2017), genetics (Pajarillo et al., 2014; Bergamaschi et al., 2020), and 

antimicrobial use (Holman and Chénier, 2015) as well as location in the gastrointestinal tract (Looft 

et al., 2014a; Crespo-Piazuelo et al., 2018) and infectious disease (Argüello et al., 2018, 2021). The 

microbiome within an individual is known to vary over time (Knights et al., 2014). Holman et al. 

(2017) conducted a meta-analysis using the sequences from 20 studies involving pigs from different 

countries and various ages to define a ‘core’ porcine microbiota. They found that the genera 

Clostridium, Blautia, Lactobacillus, Prevotella, Ruminococcus, Roseburia and Subdoligranulum were 

found in more than 90% of samples (which included samples from various locations in the 

gastrointestinal tract) while Prevotella, Clostridium, Alloprevotella and Ruminococcus were present 

in more than 99% of faecal samples. They also showed that Proteobacteria were more abundant in 

the proximal intestine than distally (Holman et al., 2017). This study also reported that while age, 

location in the gastrointestinal tract and country of origin influenced the microbiota’s composition, 

the most important factor was the study itself showing that one must compare the results from 

different studies with caution. Neonatal animals acquire their microbiome from their mother and 

the surrounding environment and the subsequent evolution of their microbiome associated with 

development is known as ‘microbial succession’ (Isaacson and Kim, 2012). Several studies show 

that Proteobacteria, mainly E. coli, are the dominant members of the piglet gastrointestinal tract 

immediately after birth but diversity increases rapidly thereafter with increases in Bacteroidetes 

(mainly Bacteroides spp.) and Firmicutes (Frese et al., 2015; Zeineldin et al., 2019; Jurburg and 

Bossers, 2021; Yang et al., 2021). The most profound change in the porcine microbiome occurs 

around weaning and is associated with the abrupt change in diet from milk- to plant based (Frese 

et al., 2015). While there is some disagreement between studies regarding which taxa are enriched 
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or depleted before and after weaning, the displacement of the genus Bacteroides and expansion 

of Prevotella was reported in a number of studies (Mach et al., 2015; Frese et al., 2015; Holman et 

al., 2021; Suriyaphol et al., 2021). After weaning, the microbiome continues to evolve towards an 

adult state. Kim et al. (2011) sampled from 10 weeks of age to 22 weeks and found that at phylum 

level, the abundance of Firmicutes and Spirochaetes increased with age whereas the abundance of 

Bacteroidetes decreased. At genus level Anaerobacter, Sporacetigenium, Oscillibacter, and Sarcina 

constantly increased as pigs aged, whereas that of genera Prevotella, Lactobacillus, Megasphaera, 

Faecalibacterium and Dialister decreased (Kim et al., 2011). A similar increase in the ratio between 

Firmicutes and Bacteroidetes associated with age was reported by others (Zhao et al., 2015). As one 

might expect, antimicrobials influence the microbiome, and this has been explored by several 

studies and been reviewed by others (Holman and Chénier, 2015; Zeineldin, Aldridge and Lowe, 

2019). The majority of these studies only considered the effect on the microbiome and did not 

assess changes in AMR and for this reason are not reviewed in detail here. The exact effect on the 

microbiome depends on the particular antimicrobial regimen used with some taxa being depleted 

and some enriched after treatment (Holman and Chénier, 2015; Zeineldin, Aldridge and Lowe, 

2019). It should be noted that, in most cases, these studies only assess changes in relative 

abundance and not absolute abundance and thus may not capture the true effect on the 

microbiome as a whole. 

2.4.3 The porcine faecal resistome 

The resistome describes all the ARGs within a microorganism or microbiome (D’Costa et al., 2006; 

Wright, 2007). The discovery that ARGs are found even in pristine environments free from 

anthropogenic antimicrobial exposure shows that the resistome is a natural component of any 

microbiome (D’Costa et al., 2011). Studies investigating the microbiome in soil repositories show 

that environmental exposure to antimicrobials has caused an expansion in the soil resistome in the 

Netherlands (Knapp et al., 2010). The environmental resistome is directly relevant to human health 

as several important ARGs, including blaCTX, an ESBL, and qnr, a plasmid mediated fluoroquinolone 

resistance gene, appear to have originated from environmental bacteria (Decousser, Poirel and 

Nordmann, 2001; Poirel, Cattoir and Nordmann, 2012). Therefore, the resistome of domestic 

animals, not least the pig, is a topic of major interest. 

The porcine gastrointestinal microbiota possesses a diverse resistome. Metagenomic sequencing 

studies show that resistance to most of the major antimicrobial classes including tetracyclines, 

macrolides, aminoglycosides, beta lactams, folate pathway inhibitors and quinolones, co-occur in 

most settings (Munk et al., 2018; Mencía-Ares et al., 2020; Wang et al., 2020a; Lim et al., 2020). As 
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an illustrative example, Joyce et al. (2019) reported 257 different ARGs in the faeces of sows. 

Tetracycline resistance genes are the most abundant in the majority of studies (Munk et al., 2018; 

Mencía-Ares et al., 2020; Joyce et al., 2019; Lim et al., 2020). Of these, the ribosomal protection 

genes such as tet(Q), tet(W), tet(O) and tet(40) are among the most frequently reported (Zeng et 

al., 2019; Wang et al., 2020a; Mencía-Ares et al., 2020). Genes conferring resistance to macrolides, 

lincosamides and streptogramins (MLS) are the second most abundant group in several studies 

(Munk et al., 2018; Mencía-Ares et al., 2020; Wang et al., 2020a; Joyce et al., 2019). Prominent 

examples from metagenomic studies include the ribosomal methylase genes, erm(B) and erm(F), 

the lincosamide resistance gene lnu(C) and the macrolide efflux gene mef(A) (Munk et al., 2018; 

Wang et al., 2020a; Mencía-Ares et al., 2020). High abundance of tetracycline and macrolide 

resistance genes in the porcine resistome is unsurprising since they are two of the most used 

antimicrobial classes in pig production. The most frequently reported beta lactam resistance genes 

are blaACI-1 and cfxA. In some studies, particularly those conducted in finisher pigs (Munk et al., 

2018; Mencía-Ares et al., 2020) the abundance of beta lactam ARGs is relatively low even though 

pencillins are heavily used in pig farming. However, in some studies conducted on younger pigs, 

beta lactam ARGs are more abundant suggesting an association with age (Ghanbari et al., 2019; 

Suriyaphol et al., 2021). In many metagenomic studies, certain ARGs are infrequently detected even 

though they are known to occur within members of the microbiome being studied. One example 

relates to ESBLs which were not detected in pig samples in a large pan European study despite the 

fact they were detected in E. coli with other methods in related studies (Munk et al., 2018; 

Leekitcharoenphon et al., 2021). This is simply because the prevalence of the ESBL positive E. coli 

in these samples is below the limit of detection, despite the high sequencing depth used in that 

study. This represents a major current limitation of metagenomic sequencing. 

A few studies have investigated the effect of specific antimicrobial treatments on the resistome. 

Looft et al. (2012) treated three 18 week old pigs with chlortetracycline, sulfamethazine and 

penicillin (a combination known as ASP) and noted the enrichment of several ARGs including 

tetracycline, sulphonamide aminoglycoside ARGs as well as an increase in multidrug efflux genes. 

The enrichment of aminoglycoside ARGs was notable in this study because the class was not used 

in the treatment protocol and indicates co selection of resistance (Looft et al., 2012). Ghanbari et 

al. (2019) administered oxytetracycline to post weaned piglets and reported increased relative 

abundance of tetracycline and multidrug resistance genes as well as an overall increase in the 

diversity of ARGs in the treatment group compared to the control group. Another study compared 

amoxicillin treatment to ertapenem treatment in 9-week-old piglets and found each affected the 

resistome differently (Connelly et al., 2018). In the ertapenem group, some common ARGs were 
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depleted while others such as vancomycin ARGs were enriched. The latter was attributed to 

Enterococcus overgrowth in the ertapenem treated group due to intrinsic carbapenem resistance 

in this genus (Connelly et al., 2018). Carbapenems are not used in food producing animals, and the 

study was intended as a human model, but it illustrates how antimicrobial induced shifts in taxa 

affect the resistome. This is consistent with the observation that composition of the resistome is 

correlated with the composition of the underlying microbiota (Munk et al., 2018; Mencía-Ares et 

al., 2020). Another study in suckling piglets found that tulathromycin treatment had a limited effect 

on the resistome and that the observed changes in the resistome were associated with changes in 

microbial composition as the piglets developed (Zeineldin et al., 2019). These intervention studies 

were conducted over a limited period and thus did not evaluate the effect of AMU later in life. 

Some cross-sectional studies investigated the effect of AMU at farm level on the faecal resistome. 

Munk et al. (2017) showed that ARGs could be quantified, at least relative to other samples in the 

same study, by normalising the ARG abundance data to the number of sequences. These metrics 

could then be used to evaluate the relationship between AMU at farm level (Munk et al., 2017). 

This was a pilot study conducted on 10 farms but it showed that use of tetracyclines, macrolides 

and aminoglycosides was associated with the abundance of certain ARGs of the respective classes. 

This method was the basis for other Danish studies which showed lifetime AMU was associated 

with the abundance of ARGs at or close to slaughter (Andersen et al., 2017, 2020). It was also the 

basis for the EFFORT study which comprised 180 pig farms from nine countries (Munk et al., 2018). 

This study represents the largest of its kind and showed that ARG abundance was associated with 

country level AMU. Analysis of the same dataset at farm level showed that ARG abundance was 

only associated with AMU during the finisher stage and not lifetime or earlier AMU (Van Gompel 

et al., 2019) which contrasts with the Danish studies mentioned previously. Furthermore, macrolide 

use and tetracycline use were associated with the abundance of their respective ARGs but beta 

lactam resistance was not associated with beta lactam use. Another study in Spain compared the 

resistome of pigs from conventional production systems to those from free range systems (Mencía-

Ares et al., 2020). In that study, the faecal resistome on the conventional farms was more abundant 

and diverse than on the outdoor farms. Antimicrobial use may not explain all of those differences 

as the two systems are very different in terms of diet and age at sampling17, nevertheless, the 

authors showed relationships between the use of certain classes and ARG abundance, e.g., 

amphenicol use and amphenicol ARGs (Mencía-Ares et al., 2020).  

 
17 The free range pigs are typically slaughtered later than in the conventional system. 
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Longitudinal studies using WMS to investigate the resistome throughout the pig lifecycle are 

lacking. This type of study would give insight into the evolution of the resistome as the microbiome 

develops and evaluate the impact of AMU throughout the whole lifecycle, not just at finishing. As 

previously mentioned, Zeineldin et al. (2019) found that the age of piglet at the time of sampling 

had a stronger effect on the resistome than AMU treatment. Other studies found similar age 

related effects associated with weaning (Holman et al., 2021; Suriyaphol et al., 2021). One of those 

studies covered the entire lifecycle but was conducted on just one farm and only evaluated the 

effect of weaning age (Holman et al., 2021). Another longitudinal study, also carried out on a single 

farm, sampled pigs at three time points for metagenomic sequencing and weekly for a qPCR 

evaluation of selected ARGs (Pollock et al., 2020). The authors did not detect any specific temporal 

changes during the study with either method even though two different AMU treatment regimens 

were used during the cycle. The authors concluded that the long history of high AMU on this farm 

might mean that the microbiome was saturated with ARGs (Pollock et al., 2020). Notably, however, 

it appears the authors did not use a normalisation procedure to evaluate the absolute ARG 

abundance of the WMS data which might have led to a different conclusion.  

2.4.4 Summary 

In summary, advances in sequencing technology have greatly increased our knowledge of the 

porcine resistome in recent years. This resistome is diverse and rather abundant. However, there 

is a clear need for more longitudinal studies that investigate the evolution of the resistome over 

the entire lifecycle of the pig. 
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Chapter 3 

Quantification, description and international comparison of 

antimicrobial use on Irish pig farms 

This chapter is published in part in: 

O’Neill, L., Rodrigues da Costa, M., Leonard, F.C., Gibbons, J., Calderón Díaz, J.A., McCutcheon, G. 

and Manzanilla, E.G., 2020. Quantification, description and international comparison of 

antimicrobial use on Irish pig farms. Porcine Health Management, 6(1), p.30. 

https://doi.org/10.1186/s40813-020-00166-y.  

and is included in Appendix D. 
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Abstract 

There is concern that the use of antimicrobials in livestock production has a role in the emergence 

and dissemination of AMR in animals and humans. Consequently, there are increasing efforts to 

reduce AMU in agriculture. As the largest consumer of veterinary antimicrobials in several 

countries, the pig sector is a particular focus of these efforts. Data on AMU in pig production in 

Ireland are lacking. This study aimed to quantify AMU on Irish pig farms, to identify the major 

patterns of use employed and to compare the results obtained to those from other published 

reports and studies. AMU data for 2016 was collected from 67 Irish pig farms which represented c. 

35% of national production. The combined sample population consumed 14.5 tonnes of 

antimicrobial by weight of active ingredient suggesting that the pig sector accounted for 

approximately 40% of veterinary AMU in Ireland in 2016. At farm level, median AMU was 93.9 

mg/PCU (range: 1.0 - 1196.0). When measured in terms of treatment incidence (TI200), median 

AMU was 15.4 (range: 0.2 - 169.2). Oral treatments accounted for 97.5% of all AMU by weight of 

active ingredient and were primarily administered via medicated feed to pigs in the post weaning 

stages of production. AMU in Irish pig production in 2016 was higher than results obtained from 

the national reports of Sweden, Denmark, the Netherlands and France but lower than the United 

Kingdom. Pig production in Ireland is an important consumer of veterinary antimicrobials. The 

quantities and patterns of AMU on Irish pig farms are comparable to pig production in other 

European countries but higher than some countries with more advanced AMU reduction strategies. 

This AMU is characterised by a high proportion of prophylactic use and is primarily administered to 

pigs post weaning via medicated feed. Further studies to better understand the reasons for AMU 

on Irish pig farms and strategies to improve health among weaner pigs will be of benefit in the 

effort to reduce AMU. 
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3.1 Introduction 

In the global effort to combat AMR a ‘One Health’ approach, encompassing human and animal 

health as well as the environment, has been proposed (WHO, 2015; European Commission, 2017a). 

In common with other countries, Ireland has implemented its own One Health action plan, iNAP 

[Ireland’s National Action Plan against Antimicrobial Resistance] (Department of Health, 2017). 

Efforts to monitor and ultimately reduce AMU in livestock production are important components 

of such plans (EMA and EFSA, 2017). These efforts are necessary as the use of antimicrobials in 

livestock production has been linked to the emergence and dissemination of antimicrobial resistant 

bacteria in animals and humans (Vieira et al., 2011; Marshall and Levy, 2011; Chantziaras et al., 

2014; Scott et al., 2018).  

Pig production is the highest consumer of veterinary antimicrobials in many countries (DANMAP, 

2021; Belvet-SAC, 2021; SDa, 2021) Until recently, only a limited number of countries, such as 

Denmark (DANMAP, 2021) and the Netherlands (SDa, 2021), monitored AMU stratified by species. 

Currently, however, many countries have followed the example of Denmark and the Netherlands 

and have developed, or are developing, their own AMU databases (Sanders et al., 2020). Data from 

some of these schemes were published recently, for example, from Germany (van Rennings et al., 

2015; Schaekel et al., 2017), Belgium (Belvet-SAC, 2021) and Canada (Government of Canada, 

2020). Otherwise, data on AMU in pig production derives from a limited number of cross-sectional 

studies in countries such as Canada (Dunlop et al., 1998a; b; Rajić et al., 2006; Deckert et al., 2010), 

Austria (Trauffler et al., 2014), France (Chauvin et al., 2002; Hémonic et al., 2018), Spain (Moreno, 

2012, 2014b) and Belgium (Timmerman et al., 2006; Callens et al., 2012) as well as two pan 

European studies (Sjölund et al., 2016; Sarrazin et al., 2019). Several of these studies show that the 

majority of antimicrobials are administered orally, as group treatments, are frequently applied for 

prophylactic (to prevent disease) or metaphylactic purposes (to treat a group containing some 

diseased animals) and primarily administered to pigs post weaning.      

The pig population in Ireland comprises approximately 140 - 150,000 breeding animals and 1.5 - 

1.6 million fattening pigs and is the third largest livestock sector after dairy and beef (CSO, 2021a, 

b). To date, data on the use of antimicrobials in Irish pig production are lacking but is reputed to be 

high (FSAI, 2015). 

The objectives of this study were 1) to quantify antimicrobial use on Irish pig farms, 2) to determine 

the major patterns of use employed, and 3) to compare the results to those from other published 

reports and studies.  
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3.2 Materials and methods 

3.2.1 Ethics approval and consent to participate 

The participating farmers gave informed written consent for the use of their data in this study. This 

research did not involve the use of animal subjects. Thus, formal approval by an ethics committee 

was not required under Irish regulations. 

3.2.2 Farm selection 

A cross-sectional study was conducted on a convenience sample of 67 Irish pig farms to investigate 

antimicrobial usage.  The participating farms were clients of the Teagasc (The Agriculture and Food 

Development Authority) farm advisory service18 which is available to all Irish pig farms. In 2017, the 

Teagasc farm advisory service included 107 pig farms, representing over 77,000 sows (c. 50% of 

national herd); all farms were invited to participate in the study and 67 agreed to co-operate. All 

farms operated a farrow-to-finish system. Farrow-to-finish enterprises account for virtually all of 

pig production in Ireland (Marquer et al. 2014). 

3.2.3 Data collection 

Farms were visited between September 2017 and October 2018. The purpose of the farm visits was 

to collect detailed antimicrobial use data for the 2016 calendar year. The farmers were asked to 

provide prescription and or invoice data in order to determine the amounts of antimicrobials used. 

Farmers were asked to indicate which stages of production each antimicrobial preparation was 

used in and whether any prophylactic or metaphylactic use occurred during the year. Population, 

feed consumption, performance and production data were obtained from the Teagasc e-Profit 

Monitoring (ePM) database to which farmers submit their data quarterly. Farmers not using the 

ePM (n = 8) were asked to provide the relevant data directly. 

3.2.4 Quantification of antimicrobial use 

3.2.4.1 Weight of active ingredient 

The amounts of active ingredient in each antimicrobial product were determined according to the 

protocols outlined by the EMA for its ESVAC project (EMA, 2018a). Conversion factors for prodrugs 

(such as procaine benzylpenicillin) and international units (I.U.) were also obtained from the ESVAC 

protocol. 

  

 
18  https://www.teagasc.ie/animals/pigs/ 

https://www.teagasc.ie/animals/pigs/
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Medicated feed 

Antimicrobial oral premixes are remedies specifically intended for use in medicated feed 

(Regulation (EU) 2019/4) and thus are distinct from oral remedies intended for use in water or 

those added to feed as a ‘top dressing.’ While medicated feeds may include other types of 

medication (for example, anthelmintics, anti-inflammatories or zinc oxide), in this thesis, the term 

‘medicated feed’ refers to feeds or diets including antimicrobial oral premixes. Specific diets are 

fed during each stage of pig production and any of these diets may be medicated with 

antimicrobials. The stages of production on Irish pig farms are summarised as follows: piglets are 

generally weaned at around 28 days, the weaned piglets remain in the weaner stage, which, on 

Irish farms is typically split into first and second stages, for up to nine weeks and, thereafter, the 

pigs stay in the finisher stage until slaughter, at around 24 weeks of age. A creep or pre-starter diet 

is provided to piglets in the farrowing house; after weaning, the pigs are typically fed a starter diet 

for 7 - 14 days, followed by a link diet for another 7 - 14 days and then a weaner diet for the 

remainder of the weaner stage; finally, finisher pigs are fed a finisher diet. Sows are fed specific 

diets depending on whether they are in gestation or lactation. The amount of medicated diet used 

in each category for each antimicrobial included was determined by 1) consulting data submitted 

to the ePM, 2) invoice records, or 3) data provided directly by the farmer. To calculate the amounts 

of antimicrobial administered in medicated feed the following formula was used: 

weight of medicated feed(kg) ×  inclusion rate of active ingredient(mg/kg) 

The inclusion rate was expressed in terms of mg of antimicrobial per kg of medicated feed (e.g., 

chlortetracycline 300 mg/kg). This calculation was performed for every combination of diet and 

antimicrobial inclusion rate. 

Other oral remedies and parenteral preparations   

Complete prescription records for other oral remedies and parenteral preparations were not 

available for five farms. In these cases, missing values for each antimicrobial product used on the 

farm were imputed based on either the estimate of use provided by the farmer or the median value 

of use on the other farms using the same product. To calculate the amounts of antimicrobials 

administered by other routes of administration the following formula was used: 

number of packs × pack size(g or ml) × strength (mg/ml or mg/kg) 

This calculation was performed for each preparation of each active ingredient. 
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3.2.4.2 Treatable kilograms 

In order to adjust for differences in potency between the various active ingredients, the amounts 

used of each antimicrobial were adjusted to ‘treatable kilograms’ (TK) based on the DDDvet for the 

given active ingredient as defined by ESVAC (EMA, 2016). ‘Treatable kilograms’ represents the 

number of kilograms of pig which can be treated with the given amount of antimicrobial if the 

Defined Daily Dose is used. For example, 20mg of marbofloxacin (DDDvet = 2mg/kg) can treat 10kg 

of pig. This calculation is based on the definition outlined by the Netherlands Veterinary Medicines 

Institute (SDa, 2021): 

treatable kilograms (TKDDDvet) =
amount  of antimicrobial used(mg)

DDDvet  (mg/kg)    

Two antimicrobials, tulathromycin and tildipirosin, do not have an assigned DDDvet; the defined 

DDDA and long-acting factors defined by Postma et al. (2015a) were used. 

3.2.5 Indicators of antimicrobial use at farm level 

The mg/PCU was developed by the EMA and is the indicator of antimicrobial consumption used in 

the ESVAC reports on sales of veterinary antimicrobials in the EU and EEA (EMA, 2011). The weight 

of active ingredient is used as the numerator while the PCU is used as the denominator. The PCU 

assigns a standardised weight to each species and to sub-categories where applicable. In pigs, 

standard weights of 25 kg, 65 kg and 240 kg are assigned to weaner pigs, fattening (finisher) pigs 

and sows respectively (EMA, 2011). It is specifically calculated using the numbers of breeding 

animals and numbers of animals sent to slaughter or exported during the period at risk. The number 

of breeding animals present on the farm, the numbers of weaners sold and the numbers of finishers 

sent to slaughter were extracted from the Teagasc ePM database. 

Treatment incidence (TI) represents the percentage of pigs in a stage of production treated with a 

dose of antimicrobial each day or, the percentage time of the period at risk for which a pig was 

treated. The TI indicator, as defined for pigs by Timmerman et al. (2006) and adapted by Sarrazin 

et al. (2019), was calculated as follows: 

TIDDDvet =
amount  of antimicrobial used(mg)

DDDvet  (mg/kg) ×  kg of animal at risk (kg) ×  number of days at risk

× 100 animals at risk   

The calculation of treatment incidence for each age category required repartitioning of each 

antimicrobial product to the age groups in which it was used. Since medicated feeds are stage 

specific, all antimicrobials used in medicated feed could be allocated to the intended age category. 
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However, for the other routes of administration it was not possible in every case to determine the 

amount used in each age category that the product was prescribed for. In such instances, the 

product was allocated to the relevant age categories in proportion to the weight of biomass of the 

given age category in accordance with the method used by Sarrazin et al. (2019). The numbers of 

animals at risk and numbers of days at risk for each category were derived from ePM or farm data. 

The kg of animal at risk in each age category was calculated by multiplying the number of animals 

at risk by assigned weights as proposed by the European Surveillance of Veterinary Antimicrobial 

Consumption (ESVAC) project. The assigned weights for piglets, weaners and finishers and sows are 

4 kg, 12 kg, 50 kg and 220 kg, respectively (EMA, 2013). The TIDDDvet was calculated for each 

antimicrobial per age category (piglet, weaner, finisher and sow). Finally, the TI for piglets, weaners 

and finishers were combined and recalculated as a standardised TI200 using the formula defined 

by Sjölund et al. (2016): 

 

TI200 =
TIpiglet × suckling period + TIweaner × weaner period + TIfinisher × finishing period

total rearing period
  

×
200 (standard life span)

total rearing period
 

3.2.6 Comparison to antimicrobial use in selected European countries  

Data concerning the weight of antimicrobials used or sold in pig production during 2016 were 

extracted from the national reports of the following countries: Sweden (Swedres Svarm, 2017), 

Netherlands (SDa, 2017), Denmark (DANMAP, 2017), and France (ANSES, 2017). The value obtained 

was divided by the corresponding PCU for pigs extracted from the ESVAC report for 2016 (EMA, 

2018b) to calculate consumption in mg/PCU. AMU in pigs in the United Kingdom for 2016 was 

based on data collected by e-medicine book for pigs (eMB pig) and was reported in mg/PCU (UK-

VARSS, 2017). 

To allow a further comparison with the national AMU consumption reports of Denmark and the 

Netherlands for 2016, the total AMU of the combined population of the sample farms was 

recalculated using their respective indicators. The DAPD, defined as the ‘proportion of population 

in treatment per day’, is the indicator used to report AMU at national level in Demark (DANMAP, 

2013). DANMAP assigns a DADD for each antimicrobial per route of administration (DANMAP, 

2019) and calculates the denominator using production data for the each of the sow (plus piglets), 

weaner and finisher production categories (Jensen et al., 2018). The DAPD was calculated for the 

sample farms by applying the DADD system to the antimicrobial use data and calculating the 

denominator using estimates of the numbers of animals produced, the period and the average 
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weights in each production category as described by Jensen et al. (2018). The DDDANAT (Defined 

Daily Dose Animal) is the indicator used to report antimicrobial use at national level in the 

Netherlands (SDA, 2021). The number of treatable kilograms for each antimicrobial were calculated 

at product level using the DDDA values provided by the SDa (SDa, 2019). If an antimicrobial product 

used in Ireland was not marketed in the Netherlands, then the DDDA of the closest equivalent 

product with the same active ingredient(s) was used. The denominator was determined by 

estimating the numbers of animals present in each category (piglets < 20 kg, , fattening pigs, other 

pigs and sows) and multiplying by the assigned weights [10 kg, 70.2 kg and 70 kg, 220 kg, 

respectively] (SDa, 2020). 

3.2.7 Data processing 

All data were entered into a Microsoft® Excel 365 spreadsheet. Calculations, descriptive statistical 

analysis and data visualisation were carried out using Microsoft® Excel (Microsoft Corporation, 

Redmond, WA, USA), and R version 3.4.2 (R Core Team, 2017). Data visualisation was carried out 

using the R packages ggplot2 (Wickham, 2016) and VennDiagram (Hanbo Chen, 2018). 

3.3 Results 

3.3.1 Farm characteristics 

The 67 farms included in the study had a median herd size of 528 sows (range 110 - 3000) and 

median production of 12,429 pigs for slaughter (range 2600 - 58,300) during 2016. The combined 

population of the 67 farms was approximately 48,000 sows and thus represented around 35% of 

the national herd in 2016 (CSO, 2016). 

3.3.2 Overview of antimicrobial consumption 

The total estimate of antimicrobial use on the 67 study farms during 2016 by weight of active 

ingredient was 14.5 tonnes, comprising a total of 19 different antimicrobial compounds. Table 3.1 

summarises the patterns of antimicrobial use and shows the breakdown of use by route of 

administration for each antimicrobial class. The majority of antimicrobials, representing 97.5% of 

active ingredient and 93.9% of treatable kilograms (TKDDDvet), were administered orally and mainly 

in medicated feed. One farm did not use any oral treatments while all farms used injectable 

treatments. Tetracyclines, potentiated sulphonamides, macrolides and penicillins accounted for 

almost all antimicrobials consumed (98.2% of the weight of active ingredient; 94.3% of TKDDDvet). 

The use of tetracyclines in medicated feed had the highest impact on consumption, was observed 

on 64.1% of farms and accounted for more than half all AMU by weight of active ingredient (32.4% 

of TKDDDvet). Some patterns of use, while not impacting greatly on overall consumption, were 
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observed on most farms. For example, all farms used injectable penicillins (amoxycillin or 

benzylpenicillin) and 83.6% of farms used injectable fluoroquinolones (enrofloxacin and 

marbofloxacin). Antimicrobial use was highest in weaner pigs, which accounted for 69.7% of AMU 

by weight of active ingredient and 63.2% of TKDDDvet. Finishers accounted for 25.4% and 30.6% of 

AMU by weight of active ingredient and TKDDDvet respectively, sows accounted for 4.1% and 3.5% of 

AMU by weight of active ingredient and TKDDDvet respectively and piglets for 0.9% and 2.7% (see also 

Table 3.2). The indicators of AMU at farm level in mg/PCU and treatment incidence (TI200) are 

summarised in Table 3.3 and the distributions are shown in Figure 3.1. The histogram (Figure 3.1a) 

shows the farm frequency distribution for consumption as measured in mg/PCU. The Lorenz curve 

(Figure 3.1b) shows that 10% of farms account for 50% of overall consumption measured by weight 

of active ingredient. There were similar results when using the TKDDDvet metric (data not shown). 

 

 



71 
 

Table 3.1: Breakdown of antimicrobial use on 67 Irish farrow-to-finish pig farms during 2016 by route of administration and antimicrobial class. Percentages 

of active ingredient and TKDDDvet refer to the percentage of overall consumption in terms of weight of active ingredient and number of treatable kilograms, 

respectively. Percentage of farms with use refers to the percentage of the 67 farms which used each combination of antimicrobial class and route of 

administration. Total consumption by weight of active ingredient was 14,505 kg; the corresponding number of treatable kilograms (TKDDDvet) was 775,128,079 

kg. Mg/PCU in this table refers to consumption for the population of all 67 farms combined. Part 1: group oral treatments. 

  Overall (%)  Medicated feed (%)  Water (%)  Top dressing (%) 

Antimicrobial class mg/PCU AIa TKb Farmsc  AI TK Farms  AI TK Farms  AI TK Farms 

Tetracyclines 90.38 55.81 34.02 85.07  53.72 32.43 64.18  0.84 0.51 7.46  1.07 0.65 23.88 
Potentiated 
sulphonamides 40.85 25.22 33.86 46.27  25.15 33.74 34.33  - - -  0.04 0.05 2.99 

Macrolides 15.09 9.32 16.02 65.67  5.99 10.10 37.31  3.28 5.11 13.43  - - - 
Penicillins 12.69 7.84 10.39 100  3.68 4.57 50.75  2.48 2.73 32.84  0.01 0.01 2.99 
Aminoglycosides 1.40 0.87 1.41 74.63  0.35 0.72 20.90  0.18 0.37 41.79  0.00 0.00 1.49 
Amphenicols 0.54 0.33 0.62 19.40  0.09 0.17 5.97  0.21 0.39 5.97  - - - 
Polymyxins 0.29 0.18 0.68 20.90  - - -  0.18 0.68 20.90  - - - 
Aminocyclitols 0.24 0.15 0.67 53.73  0.10 0.53 13.43  0.02 0.12 10.45  - - - 
Lincosamides 0.22 0.13 0.97 56.72  0.10 0.82 13.43  0.01 0.09 10.45  - - - 
Fluoroquinolones 0.22 0.13 0.86 85.07  - - -  - - -  - - - 
3rd & 4th gen. 
cephalosporins 0.03 0.02 0.49 23.88  - - -  - - -  - - - 

Pleuromutilins <0.01 <0.01 <0.01 1.49  - - -  - - -  - - - 
TOTAL 161.94 100 100 100  89.18 83.09 91.04  7.20 10.01 64.18  1.11 0.70 26.87 

Continued on next page 
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Table 3.1 (continued): Part 2: individual treatments (Overall included for comparison) 

  Overall (%)  Oral dose (%)  Injectable (%) 

Antimicrobial class mg/PCU AIa TKb Farmsc  AI TK Farms  AI TK Farms 

Tetracyclines 90.38 55.81 34.02 85.07  - - -  0.17 0.43 41.79 
Potentiated 
sulphonamides 40.85 25.22 33.86 46.27  0.01 0.01 5.97  0.03 0.07 13.43 

Macrolides 15.09 9.32 16.02 65.67  - - -  0.04 0.80 34.33 
Penicillins 12.69 7.84 10.39 100  - - -  1.68 3.09 100 
Aminoglycosides 1.40 0.87 1.41 74.63  - - -  0.34 0.32 47.76 
Amphenicols 0.54 0.33 0.62 19.40  - - -  0.03 0.06 10.45 
Polymyxins 0.29 0.18 0.68 20.90  - - -  - - - 
Aminocyclitols 0.24 0.15 0.67 53.73  0.02 0.01 31.34  0.01 0.01 19.40 
Lincosamides 0.22 0.13 0.97 56.72  - - -  0.03 0.05 44.78 
Fluoroquinolones 0.22 0.13 0.86 85.07  <0.01 <0.01 5.97  0.13 0.86 83.58 
3rd & 4th gen. 
cephalosporins 0.03 0.02 0.49 23.88  - - -  0.02 0.49 23.88 

Pleuromutilins <0.01 <0.01 <0.01 1.49  - - -  <0.01 <0.01 1.49 
TOTAL 161.94 100 100 100  0.03 0.02 35.82  2.48 6.18 100 

aActive ingredient 
bTreatable Kilograms [using the defined daily dose, DDDvet (EMA, 2016)] 
cFarms with use 
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Table 3.2: Breakdown of antimicrobial use by stage of production on 67 

Irish pig farms, 2016.  
 

piglet weaner finisher sow 

weight of active ingredient 0.9% 69.7% 25.4% 4.1% 

treatable kg (DDDvet) 2.7% 63.2% 30.6% 3.5% 

 

Table 3.3: Summary of antimicrobial use at farm level expressed in mg/PCU and in treatment incidence (TI) per age category (piglet, weaner, finisher and 

sow) and the standardised 200-day rearing period (TI200). Median values are shown with minima and maxima in brackets. 

 mg/PCU TI200 TIpiglet TIweaner TIfinisher TIsow 

Overall 93.93 
(1.01 - 1196.00) 

15.37 
(0.22 - 169.15) 

6.32 
(0.28 - 72.42) 

34.36 
(0.18 - 237.64) 

0.70 
(0.01 - 130.84) 

0.19 
(0.01 - 7.52) 

Medicated feed 78.25 
(0 - 1023.10) 

12.87 
(0 - 154.93) 

1.29 
(0 - 11.86) 

32.54 
(0 - 233.18) 

0 
(0 - 104.77) 

0 
(0 - 7.47) 

Water 0.40 
(0 - 150.79) 

0.3 
(0 - 33.12) 

0.16 
(0 - 69.74) 

0.28 
(0 - 42.78) 

0 
(0 - 25.94) 

0 
(0 - 1.78) 

Top dressing 0.03 
(0 - 29.15) 

0 
(0 - 1.39) 

0 
(0 - 0) 

0 
(0 - 1.53) 

0 
(0 - 1.28) 

0 
(0 - 2.25) 

Oral doses 0 
(0 - 0.72) 

0 
(0 - 0.24) 

0 
(0 - 1.19) 

0 
(0 - 0) 

0 
(0 - 0) 

0 
(0 - 0) 

Injectable 3.91 
(0.47 - 19.36) 

1.17 
(0.14 - 11.42) 

2.43 
(0.27 - 36.39) 

0.58 
(0.05 - 9.72) 

0.32 
(0.01 - 3.92) 

0.10 
(0.01 - 1.03) 

EMA category B 
antimicrobials a 

0.18 
(0 - 5.77) 

0.24 
(0 - 13.13) 

0.39 
(0 - 64.27) 

0.16 
(0 - 4.78) 

0 
(0 - 0.80) 

0 
(0 - 0.49) 

a European Medicines Agency category B antimicrobials include polymyxins, fluoroquinolones and 3rd and 4th generation cephalosporins (EMA, 2019)
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Figure 3.1 Distribution of antimicrobial consumption on 67 Irish farrow-to-finish farms during 2016. 

(a) Frequency distribution of consumption measured in mg/PCU (milligram per population 

correction unit). (b) Lorenz curve showing cumulative consumption of weight of active ingredient 

ordered from highest to lowest users (i.e., from left to right on the x-axis). 

 

3.3.2 Antimicrobial use in medicated feed 

Figure 3.2 summarises AMU in medicated feed for each diet category. Sixty-one farms (91% of the 

sample) used medicated feeds during 2016 and this accounted for 89.1% of all AMU by weight of 

active ingredient (83.1% of TKDDDvet). The percentage of farms medicating each diet category and 

the patterns of use employed are illustrated in Figure 3.3. The majority of medicated feed was 

provided to pigs in the post weaning stages of production and accounted for 66.3% of all AMU by 

weight of active ingredient (58.6% of TKDDDvet). Most farms (88.1% of sample) medicated at least 

the starter and/or link diets, meaning that most pigs in the study were treated with antimicrobials 

during the first 7 - 21 days post weaning. Thirty-five farms (52.2% of sample) also provided 

medicated creep diets to piglets in the farrowing house. Antimicrobial use in the starter and link 

diets accounted for 14.8% of weight of active ingredient and 19.0% of TKDDDvet. Regarding the active 

ingredients used, there was more variation in these diets compared to the other diet categories; 

tetracyclines, potentiated sulphonamides, macrolides, penicillins and aminoglycosides were all 

commonly used. Medicated weaner diets, mainly with tetracyclines or potentiated sulphonamides, 

were used on 38 farms (57.7%). They generally followed medication in the starter and/or link diets 

(see Figure 3.3) and accounted for 50.5% of total AMU by weight of active ingredient (39.6% of 

TKDDDvet). AMU in medicated feed in the weaner stages was generally for prophylactic purposes; 

farms applied the same protocol to every batch produced during the year. In the finisher stage, 
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medicated feed was used on 16 farms (23.9%) and contributed to 20% of overall use by weight of 

active ingredient (22.3% of TKDDDvet). Tetracyclines and macrolides were the most commonly used 

classes in finisher diets, however, heavy use of sulfadiazine and trimethoprim on one farm meant 

it was the antimicrobial with the highest consumption in this category. Routine prophylaxis was 

less common and practised by six farms. In addition, 25.4% of farms provided medicated feed to 

sows, typically once or twice per year for a period of 7 - 10 days. The antimicrobials used in 

medicated feed varied within the farm, between diets and over time. Half of all farms used 3 or 

more antimicrobials as shown in Figure 3.4. This reflects the fact that some farms used 

combinations of antimicrobials, either combination products or custom formulations; that some 

farms changed treatment regime during the year and, that the antimicrobials included often varied 

from one diet to the next. Twenty-three of the 46 farms routinely medicating both the starter and 

link diets used the same treatment regime in both diets; of those that also medicated the weaner 

diet, all but one used a different antimicrobial. 

 

 

Figure 3.2: Consumption of the various classes of antimicrobials in medicated feed on 67 Irish pig 

farms, 2016. The data is stratified by weight of active ingredient, the number of treatable kilograms 

and the percentage of farms with use for each category of diet. Six farms did not use medicated 

feed during 2016 and some farms used more than one antimicrobial in a given diet during the year. 
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Figure 3.3: Venn diagram showing patterns of use in medicated feed for growing pigs from 67 

farms, 2016. Each set contains the farms medicating the given diet category: starter, link, weaner 

and finisher. For example, 20.9% of farms (n = 14) proved medicated starter and link diets. The 

value outside of the 4 sets indicates farms that did not use medicated diets. 

 

 

 

 

 

 

 

 

 

Figure 3.4: Numbers of antimicrobials used in medicated feed in diets for growing pigs on 67 Irish 

pig farms during 2016. For example, four farms used 6 different antimicrobials in their medicated 

diets during the year. 
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Zinc oxide use in medicated feed 

All but one of the study farms provided zinc oxide via medicated feed in at least one diet. All but 

two provided zinc oxide in the starter diet immediately after weaning, the majority of which (n = 

62) included zinc oxide the subsequent link diet. Twenty-one farms also medicated the weaner diet. 

The patterns of use are depicted in Figure 3.5. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Venn diagram showing patterns of zinc oxide use in medicated feed for growing pigs 

from 67 farms, 2016. Each set contains the farms using zinc oxide in the given diet category: starter, 

link, weaner. The value outside of the three sets is the farm that did not use zinc oxide. 

3.3.3 Antimicrobial use in other routes of administration 

The use of antimicrobials in injectables and oral remedies (other than premix) in weight of active 

ingredient and treatable kilograms is illustrated in Figure 3.6. Forty-three farms (64.2%) 

administered antimicrobials in water. This route of administration accounted for 7.2% of 

consumption by weight of active ingredient (10% of TKDDDvet). Macrolides and penicillins were the 

antimicrobial classes with the highest consumption (see Table 3.1). The most frequent practice was 

the administration of the aminoglycoside antimicrobial, apramycin, which was typically provided in 

drinkers in the farrowing house or post weaning to treat gastroenteritis and was used on 41.8% of 

farms. Top dressing, mainly with chlortetracycline, was typically administered to older weaners, 

finishers or sows, accounted for 1.11% of AMU by weight (0.7% of TKDDDvet) and was used on 16 
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farms (23.9% of sample). Oral dosing was recorded on 21 farms (31.3% of sample) and accounted 

0.03% of AMU by weight of active ingredient and 0.02% of TKDDDvet. Injectable antimicrobial 

remedies represented the third most important route of administration. Penicillins were the most 

used injectable antimicrobial class; all farms used amoxicillin and/or benzylpenicillin (+/- 

streptomycin). When measured by weight of active ingredient injectables accounted for 2.5% of all 

AMU and 6.2% of TKDDDvet. 

 

Figure 3.6: Consumption of oral remedies other than premix and parenteral antimicrobials 

expressed in weight of active substance and treatable kilograms (TKDDDvet). Other oral remedies 

include oral remedies for inclusion in water, oral powders for inclusion in feed as a ‘top dressing’ 

and oral doses. 

3.3.4 Highest Priority critically important antimicrobials 

The HP CIAs, as defined by the World Health Organisation (WHO, 2019), used on Irish pig farms 

included: macrolides; fluoroquinolones (enrofloxacin, marbofloxacin); third generation 

cephalosporins (ceftiofur); and polymyxins (colistin). The oral macrolides, mainly tylosin but also 

tilmicosin, represented 9.3% of all AMU by weight of active ingredient (15.2% of TKDDDvet). The long-

acting injectable macrolides, tulathromycin and tildipirosin, were not widely used but nevertheless 

accounted for 12.5% of injectable TKDDDvet. The EMA classifies the fluoroquinolones, polymyxins and 

3rd and 4th generation cephalosporins as category B antimicrobials (‘restrict’) and macrolides as 

category C (‘caution’) and thus differs from the WHO classification by ranking macrolides lower 
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than the other HP CIAs (EMA, 2019). In terms of overall use, category B antimicrobials represented 

0.33% of the weight of active ingredient used; however, when measured in TKDDDvet they accounted 

for 2% of consumption (see Table 3.1). Seven farms (10.4%) did not use any category B 

antimicrobials during 2016 while most farms (85.1% of sample) used fluoroquinolones. The use of 

category B antimicrobials at farm level is summarised in Table 3.3. These were mainly administered 

to suckling piglets and weaned piglets where the highest treatment incidences were observed. In 

contrast, most farms did not administer category B antimicrobials to finisher pigs or to sows; 

median TIs in both of these age groups were zero.   

3.3.5 Prophylactic use 

In addition to prophylactic AMU in medicated feed, farmers practised other methods of 

prophylactic treatment. Piglets were injected at birth, processing (iron injection, clipping teeth and 

tail docking; typically performed during the first week of life) or at weaning on 35 farms (52% of 

sample). Amoxicillin was the most commonly used drug (n = 16) but five other classes of 

antimicrobial were utilised, notably: ceftiofur on six farms and long-acting macrolides on five farms. 

In the weaner stage, other oral remedies, mainly amoxicillin (n = 4), chlortetracycline (n = 2) and 

tylosin (n = 1) were used as prophylaxis on seven farms (10.4% of sample). In finisher pigs, similar 

practices were observed on three farms: amoxicillin (n = 1); tylosin (n = 2). Sows received 

prophylactic treatments on 11 farms (16.4% of sample), most frequently in the form of an 

antimicrobial injection at either farrowing or weaning (eight of 11 farms). Oral chlortetracycline 

was administered to sows on four of the 11 farms. Table 3.4 shows the percentage of AMU 

accounted for by prophylactic treatment. These practices accounted for a significant proportion of 

their respective routes of administration, for example prophylactic use of water-soluble 

antimicrobials accounted for 78.8% of use in this route of administration by weight of active 

ingredient. 

Table 3.4: Prophylactic AMU in oral remedies other than premix and injectable preparations. The 

percentages refer to the percentage of AMU in that route category accounted for by prophylaxis. 

 water top dressing injectable all routes 

weight of active ingredient 78.8% 39.6% 11.7% 95.6% 

treatable kg (DDDvet) 76.4% 38.0% 23.2% 89.5% 

Legend: DDDvet - defined daily dose (EMA, 2016) 
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3.3.6 Comparison of AMU in Irish pig production to other countries 

Figure 3.7 illustrates the comparison between AMU on the Irish sample farms and AMU as derived 

from the reports of Sweden, Denmark, the Netherlands, France and the UK in 2016. Antimicrobial 

use for the combined sample of 67 Irish pig farms was 161.9 mg/PCU and was the second highest 

of the 6 countries behind the UK. Figure 3.7 also summarises the comparison of AMU between the 

sample Irish farms and the Danish and Dutch pig production sectors using their respective national 

indicators. When measured in mg/PCU, AMU in the Irish pig farms was approximately 3.7 times 

higher than consumption in both Denmark and the Netherlands. However, when measured in their 

respective national indicators, DAPD and DDDANAT, the relative differences were reduced. The 

DAPD was 3.2 times higher than that for Danish pig production while the DDDANAT was 2.5 times 

higher than Dutch pig production. 

Figure 3.7. Comparison of antimicrobial use between the 67 Irish pig farms and 5 European 

countries in 2016. The large panel shows the comparison of antimicrobial use (AMU) between the 

Irish sample population and five European countries expressed in mg/PCU. The smaller panels show 

the comparison of AMU between the Irish sample population and Denmark expressed in DAPD 

(proportion of animal population in treatment per day) and between the Irish sample population 

and the Netherlands expressed in DDDANAT (defined daily dose animal). 
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3.4 Discussion 

This study presents the first detailed data on antimicrobial use in the Irish pig industry. The study 

sample represented approximately 35% of the national herd and while it cannot be assumed to be 

representative of the whole of Irish pig production, the results obtained provide useful insights into 

antimicrobial use in the industry. Whether measured by weight of active ingredient or in defined 

daily doses (TKDDDvet) almost all antimicrobials were administered orally and primarily to pigs in the 

weaner stage of production. This is in agreement with several European studies (Callens et al., 

2012; Moreno, 2014b; Trauffler et al., 2014; Sjölund et al., 2016; Hémonic et al., 2018; Sarrazin et 

al., 2019; Echtermann et al., 2020) and national reports (Belvet-SAC, 2021, DANMAP, 2021; SDa, 

2021). Approximately 103 tonnes of veterinary antimicrobials were sold in Ireland during 2016, 

based on sales data submitted by Marketing Authorisation Holders to the Health Products 

Regulatory Authority (HPRA, 2017). Extrapolation of the results from this study suggests that pig 

production accounts for approximately 40% of AMU in Ireland. While this estimate must be 

interpreted with caution, the data from this study suggest that pigs consume all the oral premix 

antimicrobials (which accounted for one third of all sales in 2016) but are not significant consumers 

of the other oral remedies or injectable antimicrobials (which accounted for 33% and 27% of all 

sales respectively) (HPRA, 2017). See Appendix E for a depiction. 

Irish farms were also similar to European farms in that so called ‘older classes’ of antimicrobials 

such as tetracyclines, potentiated sulphonamides, penicillins, and macrolides were the most used. 

Macrolides, the third most used class overall, are classified as HP CIA by the WHO (WHO, 2019) but 

category C (‘caution’) by the EMA (EMA, 2019). The difference in ranking between the EMA and 

WHO results from the EMA’s assessment of the importance of this class to veterinary medicine and 

the fact that for some conditions macrolides represent the only suitable treatment (EMA, 2019). 

Colistin, classified as a HP CIA by the WHO (WHO, 2019) and category B (‘restrict’) by the EMA 

(EMA, 2019) and widely used in European pig production (Sjölund et al., 2016; Sarrazin et al., 2019) 

was not widely used on Irish farms. Use of third generation cephalosporins and fluoroquinolones 

(both are HP CIA and category B) was also relatively low; however, in countries such as the 

Netherlands (SDa, 2021) and Denmark (DANMAP, 2021) where there are restrictions, their use in 

pig production is negligible or zero. Furthermore, fluoroquinolones along with ceftiofur, 

constituted 21.8% of injectable AMU when measured in TKDDDvet. Since piglet was the age group 

with the highest exposure to injectable antimicrobials, this implies large proportions of the pig 

population may receive treatment with these drugs at some point in their life cycle. The widespread 

use of fluoroquinolones, in particular, is concerning as there is evidence of increasing 

fluoroquinolone resistance amongst E. coli isolates of porcine origin in Ireland. Data from the EFSA 
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and ECDC monitoring program showed that resistance to ciprofloxacin increased from 2% in 2015 

to 5% in 2019 (EFSA and ECDC, 2017,2021a). The use of zinc oxide, which is used to control post 

weaning diarrhoea, in medicated feed was also common on Irish farms. Data on zinc oxide use in 

other countries is lacking but a recent study from Denmark reported use on 73% of weaner farms 

(Nielsen et al., 2021). In the present study, all farms that used zinc oxide used it as a prophylactic 

treatment. 

In this study, 95.6% of all AMU by weight of active ingredient (89.5% of TKDDDvet) could be classed 

as prophylactic. Sarrazin et al. (2019) reported increased treatment frequency at 1, 4 and 9 weeks 

of age which coincided with birth and associated procedures such as teeth clipping and castration, 

weaning, and transfer to the finisher stage, respectively. Farmers administer prophylactic 

treatments at these time points to prevent losses associated with expected disease associated with 

the stresses of handling, movement and dietary changes (Schwarz, Kehrenberg and Walsh, 2001). 

Over half of the study farms administered prophylactic antimicrobial treatments during the first 

week of life and 88.1% of farms provided antimicrobials in medicated feed at or just after weaning. 

On 56.7% of farms, medicated feed was provided in the weaner diet. This is fed at the end of the 

first weaner stage and throughout the second weaner stage and thus covers another transfer 

between stages. Therefore, in contrast to Sarrazin et al. (2019), where treatments appeared to be 

administered at strategic times, many farms in Ireland administer antimicrobials at, between and 

after these times. An important reason for this difference is related to the feeding infrastructure. 

On most farms, a single feed bin supplies one or more houses containing pigs of different ages. If 

medicated feed is to be provided to the younger pigs just after transfer, the older pigs supplied by 

the same bin must be medicated as well. With regard to the weaner and finisher diets, this has 

important implications for the overall amounts of antimicrobial consumed since the older and 

heavier the pig, the more it eats. Similar structural issues were reported on Belgian farms using 

medicated feed (Vandael et al., 2019) and demonstrate the importance of improving antimicrobial 

delivery systems in efforts to reduce AMU (Ferran and Roques, 2019). 

Quantitative comparisons between studies and national reports are hampered by the use of 

different indicators of AMU. However, use of the mg/PCU indicator, developed by ESVAC (EMA, 

2011), allowed a comparison of AMU between the sample population in this study and the 2016 

national reports of Sweden, Netherlands, Denmark, France and the UK to be made. Antimicrobial 

consumption for the combined population of Irish farms was the second highest of the six countries 

compared. Irish AMU was 3.2 and 2.5 times higher than Denmark and the Netherlands, 

respectively, when measured in their national indicators.  The TI200 indicator allowed a comparison 

of use at farm level between the study farms and the 2015 EFFORT study by Sarrazin et al. (2019). 
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Using purchase data for one year, the median TI200 for 180 farrow-to-finish farms from nine 

countries was 7.1. For the Irish farms in 2016, the median TI200 was 15.3. This comparison should 

be made with caution. The weaner stage on the Irish study farms was generally longer (median = 9 

weeks, data not shown) than the European farms (median = 6.5 weeks) (Sarrazin et al., 2019). Since 

most of the AMU is administered in the weaner diet fed to older weaner pigs, the weight at 

treatment used to calculate the TIweaner is underestimated. This in turn means that the TI200 is 

overestimated. Also, the farrow-to-finish system accounts for almost all pig production in Ireland, 

(Marquer et al. 2014) and in this regard, the study is representative of the whole industry. In other 

countries, where specialised weaner and finisher farms are more prominent (Marquer et al. 2014) 

measuring AMU on farrow-to-finish farms may not be representative. Some studies have found 

that AMU is higher in finisher pigs on specialised finisher farms than on farrow-finish farms and 

suggest the stress of transport and mixing pigs from different sources as a possible explanation ( 

van der Fels-Klerx et al., 2011; Moreno, 2012; Hemme et al., 2018). Nevertheless, these results 

show that AMU in Irish pig production compared unfavourably to some of its European peers in 

2016. It should be noted, however, that comparable data from many other countries is not yet 

available and that those countries with AMU data are, in general, further advanced in their 

respective ‘action plans’ against antimicrobial resistance than Ireland. 

These findings highlight the need to reduce AMU in Irish pig production. New EU regulations 

governing antimicrobial use and medicated feed, which come into effect in 2022, will prevent 

prophylactic AMU and restrict metaphylactic group treatments as well as the use of some HP CIAs 

(Regulation (EU) 2019/6). Furthermore, the use of zinc oxide will also be prohibited from 2022 

(European Commission, 2017b). These changes will require a significant shift in behavioural and 

management practices related to AMU on Irish pig farms, particularly with regard to routine 

prophylaxis via medicated feed. A pilot study carried out on an Irish farm suggests this can be 

achieved without impacting welfare or performance (Diana et al., 2017, 2019) and as an example, 

if AMU in medicated feed in the weaner, finisher and sow diets were removed from the current 

study, total AMU for the sample population would reduce to 43.1 mg/PCU which is just below the 

levels for Denmark and the Netherlands. It should be noted that several farms in the study were 

already at or below this level of AMU (see Figure 3.3); six farms (9% of sample) did not use any 

medicated feed and seven (10.4%% of sample) did not use any category B antimicrobials. On the 

other hand, examination of the right skewed frequency distribution along with the Lorenz curve in 

Figure 3.1 shows that heavy AMU is concentrated in a relatively small number of farms. Taken 

together with the relatively small size of the pig sector (c. 290 commercial farms), this presents an 

opportunity for progress as any targeted intervention aimed at high users need only involve a few 
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farms.  The risk factors for AMU on Irish pig farms have not been studied. However, recent work 

has identified respiratory disease as a significant problem on Irish pig farms (Rodrigues da Costa et 

al., 2020) and this may explain the high use of antimicrobials in the weaner diets fed to 2nd stage 

weaner pigs. Also, internal biosecurity on Irish pig farms is lower than in other European countries 

(Rodrigues da Costa et al., 2019). Improved biosecurity helped to reduce AMU on Belgian pig farms 

(Postma et al., 2017) and a recent initiative launched by Animal Health Ireland has made biosecurity 

audits available to all Irish pig farms19. Other initiatives such as measuring AMU, increased 

education and the promotion of responsible use guidelines, which are all part of iNAP (Department 

of Health, 2017), have had success in reducing AMU in pig production in other countries 

(Speksnijder et al., 2015; FAO and DVST, 2019). The recent launch of the ‘national AMU database 

for pigs’ by the Department of Agriculture, Food and the Marine (DAFM) has fulfilled a key priority 

of iNAP and will allow for the monitoring of AMU in Irish pig production and for the assessment of 

the impact of AMU reduction strategies20.  

The main limitation of this study is that the data was collected from a convenience sample of farms 

and thus may not be representative of the entire population. The farms used in this study had 

originally volunteered to take part in a survey investigating biosecurity and management practices 

and could represent farms with better practices than the rest of the population which could have 

introduced a selection bias. Nevertheless, the study population represented around 35% of the 

national herd and therefore a significant proportion of the industry. Collecting AMU data in the 

field presents challenges. Records are not always kept (Callens et al., 2012; Sarrazin et al., 2019) 

and antimicrobial preparations are often used in different age groups without records of which pigs 

they were allocated to (Sarrazin et al., 2019) and, therefore, assumptions and imputations had to 

be made in some instances. There were similar challenges in this study. Where records were 

incomplete, estimations of AMU were given by the farmer and could be subject to recall bias and 

intervention bias (where the farmer deliberately under reports AMU). Since the majority of AMU 

was via medicated feed and is an important part of farm management, the risk of recall bias is 

considered to be low for this route of administration. Overall, approximately 96% (94% of TKDDDvet) 

of the antimicrobials used could be accurately assigned to the correct age group. 

 

 
19 https://animalhealthireland.ie/programmes/pig-healthcheck/introduction/  

20 https://www.gov.ie/en/publication/fc9b3-pigs-farming-sectors/#national-antimicrobial-usage-database-
for-pigs  

https://animalhealthireland.ie/programmes/pig-healthcheck/introduction/
https://www.gov.ie/en/publication/fc9b3-pigs-farming-sectors/#national-antimicrobial-usage-database-for-pigs
https://www.gov.ie/en/publication/fc9b3-pigs-farming-sectors/#national-antimicrobial-usage-database-for-pigs
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3.5 Conclusions 

Antimicrobial use on Irish pig farms is characterised by a high proportion of prophylactic use, 

primarily delivered using medicated feed and mainly administered to pigs in the post weaning 

production stages. These patterns of use are similar to those reported in other European studies 

although the amounts used are higher than some countries such as Sweden, Denmark and the 

Netherlands. This study confirms that pig production is an important consumer of antimicrobials, 

accounting for approximately 40% of AMU in Ireland in 2016; and reinforces the need to reduce 

AMU. The identification of the pattern of use with the highest impact on consumption, the 

provision of medicated feed to weaner pigs, suggests that efforts to understand the reasons for 

this and promote better health among weaner pigs will be of benefit. 
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Chapter 4 

Risk factors for antimicrobial use on Irish pig farms 

This chapter is published in part in: 

O’Neill, L., Calderón Díaz, J.A., Rodrigues da Costa, M., Oakes, S., Leonard, F.C. and Manzanilla, 

E.G., 2021. Risk Factors for Antimicrobial Use on Irish Pig Farms. Animals, 11(10), p.2828. 

https://doi.org/10.3390/ani11102828. 

and is included in Appendix F. 

https://doi.org/10.3390/ani11102828
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Abstract 

The threat to public health posed by antimicrobial resistance in livestock production means the pig 

sector is a particular focus for efforts to reduce AMU. This study sought to investigate the risk 

factors for AMU in Irish pig farming. Antimicrobial use data were collected from 52 farrow-to-finish 

farms. The risk factors investigated were: farm characteristics and performance; biosecurity 

practices; prevalence of pluck lesions at slaughter and serological status for four common 

respiratory pathogens; and vaccination and prophylactic AMU practices. Linear regression models 

were used for quantitative AMU analysis and risk factors for specific AMU practices were 

investigated using logistic regression. Farms that milled their own feed had 66% lower total AMU 

than farms purchasing feed (p < 0.001) whereas higher finisher mortality (p = 0.043) and vaccinating 

for swine influenza (p < 0.001) had increased AMU. Farms with higher prevalence of pericarditis (p 

= 0.037) and lung abscesses (p =0.046) used more group treatments. Farms with higher prevalence 

of liver milk spot lesions (p = 0.018) and farms practising prophylactic AMU in piglets (p = 0.03) had 

higher numbers of individual treatments. Farms practicing prophylactic AMU in piglets (p = 0.002) 

or sows (p = 0.062) had higher use of cephalosporins and fluoroquinolones. The associations 

between prophylactic use practices and respiratory disease with AMU identified in this study 

highlight areas of farm management where interventions may aid in reducing AMU on Irish pig 

farms. 
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4.1 Introduction 

Antimicrobial resistance is a continued and increasing threat to global public health (WHO, 2015). 

Improved antimicrobial stewardship and ultimately reduced AMU are key components of various 

action plans to mitigate this threat (Department of Health, 2017, European Commission, 2017a). 

Antimicrobial use in livestock production is a focus of concern because it accounts for a large 

proportion of global AMU (van Boeckel et al., 2019) and animals may act as a reservoir for AMR 

pathogens and AMR genes (Aarestrup, 2015). Furthermore, the literature suggests that restricting 

AMU in livestock can reduce AMR in animals and humans (Tang et al., 2017).  

The pig sector is a major consumer of veterinary antimicrobials and ranks highest in several 

countries (DANMAP, 2021; SDa, 2021; Belvet-SAC, 2021). In pig production, antimicrobials are 

primarily administered as group treatments to piglets post weaning, via oral routes of 

administration and more often at strategic times in the production cycle (Sjölund et al., 2016; 

Sarrazin et al., 2019). A better understanding of the risk factors for this AMU will aid in efforts to 

reduce it. Antimicrobials are used for the treatment, prevention and control of infectious disease 

(Schwarz, Kehrenberg and Walsh, 2001; Prescott, 2008; Burch, 2013) and respiratory and 

gastrointestinal disease are the major indications for use (Jensen, Eorg and Aarestrup, 2012; van 

Rennings et al., 2015; Sarrazin et al., 2019) Therefore, it would be expected that disease burden is 

the primary driver for AMU. However, the relationship between disease burden and AMU is not 

well characterised (Collineau et al., 2018; Kruse et al., 2019a). 

Farm characteristics and management practices such as herd size (Vieira et al., 2010; van der Fels-

Klerx et al., 2011; Hemme et al., 2018), proximity to other pig farms (van der Fels-Klerx et al., 2011; 

Arnold et al., 2016; Raasch et al., 2018), raising finisher pigs on specialised farms [which may use 

multiple suppliers] (van der Fels-Klerx et al., 2011; Hemme et al., 2018) increased farrowing rhythm 

and longer suckling period (Postma et al., 2016) can influence AMU. Furthermore, higher levels of 

biosecurity (Laanen et al., 2013; Postma et al., 2016) and implementing some specific biosecurity 

practices such as provision of changing facilities (Casal et al., 2007) and provision of boots to visitors 

(Arnold et al., 2016) are also associated with reduced AMU. Vaccination is considered a key tool in 

disease control and in reducing reliance on AMU (Postma et al., 2015b; Dupont et al., 2017; EMA 

and EFSA, 2017; Coyne et al., 2019). However, despite effectiveness in field studies (Bak and 

Rathkjen, 2009; Kristensen, Baadsgaard and Toft, 2011; Sacristán et al., 2014), vaccination has been 

associated with increased AMU in several studies (Postma et al., 2016; Temtem et al., 2016; Kruse 

et al., 2019b; Collineau et al., 2018; Coyne et al., 2019). Finally, socio-economic and demographic 

factors such as age, gender, education or years of experience (Backhans et al., 2016) and attitudes 
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to AMR (Visschers et al., 2016b) can influence on farm AMU although their relative importance 

appears to differ depending on nationality (Collineau et al., 2018). In general, pig farmers perceive 

antimicrobials as an effective and cost-efficient tool in disease management (Moreno, 2014a; 

Visschers et al., 2015; Coyne et al., 2019; Diana et al., 2021) and, at least in the past, were poorly 

aware or unconcerned about the risks of AMR (Moreno, 2014a; Visschers et al., 2015; Ström et al., 

2018).  

There is little information about the factors associated with the choice of antimicrobial treatment, 

i.e., active ingredient and route of administration, on pig farms (Isomura, Matsuda and Sugiura, 

2018). The various antimicrobials have specific indications for use, and many are licensed to treat 

more than one condition. There are official national guidelines dictating which antimicrobials 

should be used for specific conditions (DVFA, 2018; AMCRA, 2021). However, they are not always 

followed (Jensen, Eorg and Aarestrup, 2012; Jensen, Jorsal and Toft, 2017) and there can be notable 

variation in choice of treatment for the same condition (Sarrazin, 2018). A better understanding of 

the reasons behind such choices may aid in improving antimicrobial stewardship and would be 

especially useful for the highest priority critically important antimicrobials (HPCIA) which are most 

important to human health (WHO, 2019).  According to Collineau et al. (2018), the relative 

importance of risk factors associated with AMU varies between countries. In Ireland, as seen 

Chapter 3, pig production accounts for approximately 40% of veterinary antimicrobial consumption 

with prophylactic administration of medicated feed being the dominant practice but the drivers for 

this use on Irish farms have not been studied previously. This study aimed to explore the risk factors 

for AMU in a cohort of Irish farrow-to-finish farms using AMU, biosecurity, respiratory disease and 

farm management data. A further aim was to investigate risk factors for specific AMU practices, 

namely the choice of antimicrobial class and route of administration. 

4.2 Materials and Methods 

4.2.1 Ethics approval and consent to participate 

As per Chapter 3.2.1. 

4.2.2 Farm selection 

This cross-sectional study was conducted on a sample of 52 Irish pig farms to investigate risk factors 

for AMU. All 52 study farms were part of the investigation described in Chapter 3 and were part of 

a larger cohort of farms that participated in a separate, but closely related, project investigating 

biosecurity practices and respiratory disease, which was conducted from February 2016 to 

September 2018. The 52 farms in this study represent those that provided sufficient data to both 
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the AMU and the respiratory disease projects. The risk factors investigated were grouped as 

follows: biosecurity practices; farm management practices, including vaccination; farm status for, 

and prevalence of, respiratory disease; and farm performance indicators. 

4.2.3 Farm production and performance 

The study farms submit their production data to the Teagasc ePM database quarterly. The following 

indicators for the 2016 calendar year were extracted from the ePM database: herd size, piglet, 

weaner, and finisher mortality, average age at weaning, at transfer to finisher, and at slaughter 

(which were used to calculate length of stay in the weaner and finisher stages), average daily gain 

(ADG) and feed conversion ratio (FCR). 

4.2.4 Antimicrobial use 

Antimicrobial use data for the 2016 calendar year were collected for each farm by means of farm 

visits as described in Chapter 3.2.4. Antimicrobial use on each farm was calculated using the TI200 

indicator described in Chapter 3.2.5. 

4.2.5 Biosecurity assessment and farm management practices 

Biosecurity practices were assessed using the Biocheck.UGentTM 21 questionnaire which was 

completed during the course of farm visits conducted between February 2016 and May 2016 

(Rodrigues da Costa et al., 2019). The Biocheck.UGentTM questionnaire consists of 109 closed 

questions which assess various biosecurity measures and farm management practices. Questions 

on farm characteristics do not contribute to the biosecurity score and include the age of the oldest 

and youngest buildings, the number of employees and the experience of the farm manager/owner. 

Information on whether the farm milled its own feed or purchased from an external feed mill was 

also collected. Questions related to biosecurity practices are grouped into six external biosecurity 

categories and six internal biosecurity categories. Each question contributes a weighted score to its 

category and each category contributes a weighted score to the external or internal biosecurity 

score. The overall biosecurity score is computed as the average of the external and internal 

biosecurity scores. Scores range from 0 - 100, where zero indicates the absence of biosecurity and 

100 represents perfect biosecurity. The questionnaire for pigs is described in detail by Laanen et al. 

(2013) and is included in Appendix G. The scores for each category as well as the internal, external 

and overall biosecurity scores were used in the statistical analysis. 

 

 
21 https://biocheck.ugent.be/en/about-biosecurity-pig  

https://biocheck.ugent.be/en/about-biosecurity-pig
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4.2.6 Respiratory disease status and farm prevalence 

Data on disease status and prevalence of pluck (lungs, heart and liver) lesions were collected from 

November 2017 to April 2018 as previously described by Rodrigues da Costa et al. (2020).  Disease 

status for Influenza A virus (IAV), Porcine reproductive and respiratory syndrome virus (PRRSv), 

Mycoplasma hyopneumoniae (Mhyo) and Actinobacillus pleuropneumoniae (APP) was determined 

using serological testing. Thirty-two blood samples per farm were collected at slaughter and 

processed at the Blood Testing Laboratory of the Department of Agriculture, Food and the Marine 

(Cork, Ireland). Serum was separated from the samples and frozen at -80°C until further analysis. 

For analysis, all 32 samples were used for detection of IAV and PRRSv (allowing for a minimum 

within-herd prevalence of 10%, α = 0.05) while 16 samples were used for detection of Mhyo and 

APP (allowing for a minimum within-herd prevalence of 18%, α = 0.05). The seroprevalence of 

antibodies against IAV, PRRSv, Mhyo and APP were determined using the respective IDEXX ELISA 

kits, for the four respiratory pathogens: Influenza A Ab Test (sensitivity - 95.3%; specificity - 99.6%), 

PRRS X3 Ab Test (sensitivity - 98.8%; specificity - 99.9%), HerdChek Mycoplasma hyopneumoniae 

Ab Test (sensitivity - 89.4%; specificity - 99.7%) and APP-ApxIV Ab Test (sensitivity - 97.8%; 

specificity - 100%) [IDEXX, Hoofddorp, The Netherlands], according to the manufacturer’s 

instructions. Farms were considered positive if at least one sample tested positive by ELISA test. 

All pluck examinations were carried out by a single trained veterinarian. Lungs were removed from 

the carcass by abattoir personnel and scored in the evisceration line for pneumonic lesions using 

the method described by Madec and Derrien (1981). Pleurisy in the dorsocaudal lobes was scored 

using a modified version of the Slaughterhouse Pleurisy Evaluation System (SPES) (Dottori et al., 

2007; Merialdi et al., 2012) with a 4-point scale, in which 0 = no pleurisy; 2 = focal lesions in one 

lobe; 3 = bilateral adhesions or unilateral lesions affecting more than 1/3 of one diaphragmatic 

lobe; and 4 = extensive lesions affecting more than 1/3 of both diaphragmatic lobes (SPES score = 

1 corresponds to cranial pleurisy and is not used in the modified SPES scoring system). The 

prevalence of dorsocaudal pleurisy, i.e., lesions with SPES score ≥ 2 and the prevalence of moderate 

or severe dorsocaudal pleurisy, i.e., lesions with SPES score 3 or 4 were used for statistical analysis. 

Additionally, scars, indicative of healing pneumonic lesions from previous infection, cranial pleurisy 

(adhesions between lobes, on the surface of the apical and cardiac lobe, and/or adhesions between 

the lung and the heart) pericarditis (expansion of the pericardial cavity with inflammatory exudate 

(Robinson and Loynachan, 2019), lung abscesses; and liver spots [indicative of transhepatic 

migration of the larvae of Ascaris suum (Thomson and Friendship, 2019)] were recorded as present 

or absent. 
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4.2.7 Data processing and statistical analysis 

All data were entered into a Microsoft® Excel 365 (Microsoft Corporation, Redmond, WA, USA) 

spreadsheet. Calculations and statistical analyses were carried out using Microsoft® Excel and R 

version 3.4.2 (R Core Team, 2017). Data visualisation was carried out using the ggplot2 and 

VennDiagram packages in R (Wickham, 2016; Hanbo Chen, 2018). Two separate analyses were 

carried out to investigate risk factors associated with 1) quantitative AMU and 2) specific AMU 

practices. 

For the quantitative AMU analysis, the outcome variables were: total TI200 for group oral 

treatments administered (TIgroup); total TI200 for individual treatments (TIindividual); combined TI200 

for 3rd and 4th generation cephalosporins22 and fluoroquinolones (TIceflq) and, total TI200 for all 

routes of administration (TItotal). The TIceflq metric specifically refers to the injectable EMA category 

B antimicrobials (EMA, 2019) used on the study farms (see Chapter 3). Variables were checked for 

normality by examining the quartile-quartile plot and by using the Shapiro-Wilks test. The four 

outcome variables were not normally distributed and thus, a log transformation, determined using 

the @risk (Palisade, Ithaca, NY, USA) distribution fitting function in Microsoft® Excel, was applied 

to approach a normal distribution. The transformation of TIgroup and TIceflq required the addition of 

a constant (1 and 0.01, respectively) to account for farms with zero AMU in these categories. 

Collinearity among the predictor variables was checked using Spearman rank correlations for 

continuous variables, Wilcoxon rank sum test for continuous and categorical variables and, chi 

squared or Fisher’s exact test for categorical variables. Categorical predictor variables (all were 

binary in this dataset) with less than 10 farms in either category were excluded from further 

analysis. For each outcome variable, the associations with each of the predictor variables were first 

assessed using univariable linear regression models. A multivariable linear regression model was 

then created using predictor variables with p ≤ 0.25 in the univariate analysis. Where there was 

collinearity among the predictor variables (Spearman rho (ρ) > 0.7 or p-value of Chi-square/Fisher 

tests ≤ 0.05) the variable with the strongest association in the univariable model or the one with 

the most biological significance was selected. Alpha level for determination of significance was 0.05 

and trends are discussed between 0.05 and 0.1. The model was then refined using manual 

backward selection, removing the predictor variable with the highest p-value until all remaining 

variables had a p ≤ 0.1.  

 
22 Since ceftiofur, a 3rd generation cephalosporin, was the only member of the cephalosporin class used on 
the study farms (see Chapter 3), the term ‘cephalosporin’ is used on occasion throughout this chapter to 
refer to the EMA category B cephalosporins without reference to the generation in order to aid readability. 
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Associations between specific AMU practices and the predictor variables were investigated using 

logistic regression. Here, the outcome variables were each combination of antimicrobial class and 

the two main routes of administration: oral group treatments (eight outcome variables) and 

individual treatments (eight outcome variables). Collinearity among the predictor variables was 

checked as per the quantitative AMU analysis and categorical variables with less than 10 farms in 

either category were excluded from the analysis. Univariable associations between each outcome 

variable and predictor variable were assessed using chi-squared or Fisher’s exact test along with 

the respective odd’s ratio if the predictor variable was categorical; and univariable logistic 

regression for continuous variables. Threshold for significance and tendency were set as for the 

linear regression analysis. Multivariable logistic regression models were then created using 

predictor variables with p ≤ 0.25 in the univariate analysis and refined using manual backward 

selection until all remaining variables had a p ≤ 0.1.  
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4.3 Results 

A summary of the farm characteristics and production data is presented in Table 4.1. The 52 farms 

had a combined population of 38,764 sows and thus represented approximately 29% of the 

national herd in 2016. The median herd size was 650 (range: 113 - 2354) and all farms operated a 

farrow-to-finish system which accounts for virtually all pig production in Ireland (Marquer, 2014) 

Twenty-two farms (42.3% of sample) practised home milling whereby at least one diet was 

manufactured on the farm; the remaining farms purchased all feed.  

Table 4.1: Summary of farm characteristics and performance for 52 Irish farrow-to-finish pig farms 

from 2016. 
 

mean (SD)  median (range) 

Herd size (no. of sows) 745.5 (511.8)  650 (113 - 2354) 

Piglet mortality (%) 9.9 (2.8)  9.7 (1.3 - 16.3) 

Weaner mortality (%) 2.6 (1.5)  2.4 (0.7 - 9.4) 

Finisher mortality (%) 2.2 (1)  2 (0.8 - 5.1) 

Average daily gain (g) 704.4 (60.2)  699.5 (554 - 856) 

Feed conversion ratio 2.4 (0.1)  2.4 (2.1 - 2.8) 

Pigs produced per sow per year 26.1 (2)  26 (22.4 - 31) 

Age at weaning (days) 29.3 (3.8)  29 (19 - 37) 

Weaner stage (days) 66 (10.1)  66.6 (38.3 - 94.1) 

Finisher stage (days) 76.7 (10.6)  75.8 (60.7 - 102.2) 

Total rearing period (days) 172 (12.6)  169.5 (146 - 210) 

No. of sows per employee 157.9 (39.5)  160.5 (56.5 - 237.4) 

Farmer experience (years) 27 (10.2)  30 (5 - 50) 

Age of youngest building (years) 3.7 (5)  2.5 (0 - 25) 

Age of oldest building (years) 36.1 (26.5)  33.5 (12 - 210) 

 

The antimicrobial use data for the 52 farms were broadly similar to the results for all 67 farms 

described in Chapter 3.3. Antimicrobial use expressed as TI200 is summarised in Table 4.2. The 

median TI200 was 14.2 (range: 0.2 - 169.1). Weaner pigs received 80.5% of all doses, but piglets 

accounted for 65% of individual treatments. Oral group treatments accounted for 93.3% of 

consumption (81.5% via medicated feed; 11.6% via water) and were administered on all but two 

farms. Provision of medicated feed to piglets via starter and/or link diets during the first 7 to 21 

days post weaning was standard practice on 44 farms (84.6% of sample); 27 farms (51.9% of 
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sample) provided medicated feed in the subsequent diets. All farms administered individual 

antimicrobial treatments. The breakdown of AMU by antimicrobial class and stage of production is 

shown in Figure 4.1. The most frequently used antimicrobial classes overall were tetracyclines, 

potentiated sulphonamides, penicillins and macrolides, accounting for 34.8%, 32.5%, 12.9% and 

11.5% of AMU respectively. Fluoroquinolones and cephalosporins accounted for 1.8% of AMU and 

were used on 90.4% of farms.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Breakdown of antimicrobial use by antimicrobial class and stage of production for individual 

treatments, 3rd generation cephalosporin and fluoroquinolone treatments, group oral treatments and total 

antimicrobial use on 52 Irish farrow-to-finish farms during 2016. Percentage of use refers to the contribution 

of the antimicrobial class or stage of production to the overall Treatment Incidence (TI200) indicator.  

Legend: cef + flq - use of 3rd generation cephalosporins and fluoroquinolones 
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Table 4.2: Antimicrobial use on 52 Irish farrow-to-finish pig farms during 2016 summarised by mode 

of treatment. The number of farms using each antimicrobial class and the mean and median 

Treatment Incidence (TI200) for each mode of treatment is shown.  

Antimicrobial class farms with 
use 

 mean (SD)  median (range) 

Oral group treatments      

Tetracyclines 38 (73.1%)  7.7 (12)  1.2 (0 - 49.1) 

Potentiated sulphonamides 17 (32.7%)  6.6 (22.8)  0 (0 - 150.1) 

Penicillins 36 (69.2%)  2.7 (5.5)  0.9 (0 - 29.7) 

Macrolides 23 (44.2%)  2.3 (4.4)  0 (0 - 23.6) 

Lincosamides 10 (19.2%)  0.1 (0.5)  0 (0 - 2.9) 

Amphenicols 7 (13.5%)  0.1 (0.4)  0 (0 - 2.5) 

Aminoglycosides 27 (51.9%)  0.5 (1.3)  0 (0 - 8.9) 

Aminocyclitols* 10 (19.2%)  0.1 (0.3)  0 (0 - 1.9) 

Polymyxins 13 (25%)  0.8 (2.6)  0 (0 - 13) 

Total oral group treatments (TIgroup) 50 (96.2%)  21 (28.5)  13.3 (0 - 167.8) 

Individual treatments 
 

 
 

 
 

Tetracyclines 22 (42.3%)  0.1 (0.2)  0 (0 - 0.9) 

Potentiated sulphonamides 8 (15.4%)  0.1 (0.3)  0 (0 - 2.2) 

Penicillins 52 (100%)  0.6 (0.6)  0.4 (0 - 2) 

Macrolides 18 (34.6%)  0.2 (0.6)  0 (0 - 4) 

Lincosamides 21 (40.4%)  0 (0)  0 (0 - 0.2) 

Amphenicols 5 (9.6%)  0 (0)  0 (0 - 0.3) 

Aminoglycosides 14 (26.9%)  0 (0.1)  0 (0 - 0.3) 

Aminocyclitols 23 (44.2%)  0 (0)  0 (0 - 0.2) 

Fluoroquinolones 45 (86.5%)  0.2 (0.3)  0.1 (0 - 1.2) 

Cephalosporins (3rd generation) 12 (23.1%)  0.2 (0.8)  0 (0 - 4.6) 

Pleuromutilins 1 (1.9%)  0 (0)  0 (0 - 0) 

Total individual treatments (TIindividual) 52 (100%)  1.5 (1.6)  1.1 (0.1 - 11.4) 

Total antimicrobial use (TItotal) 52 (100%)  22.5 (28.6)  14.2 (0.2 - 169.1) 

Cephalosporin/fluoroquinolone use (TIceflq) 47 (90.4%)  0.5 (0.9)  0.2 (0 - 5.8) 

*Aminocyclitols in group treatments were used in combination with lincosamides 
Legend: TI - treatment incidence 
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The biosecurity scores for the study farms are summarised in Table 4.3. Farms typically had higher 

scores in external biosecurity [median 79.5 (range: 62 - 94)] than in internal biosecurity [60 (range: 

29 - 80)]. The category with the highest score was ‘purchase of animals and semen’ where the 49 

farms (94.2% of sample) had a perfect score while the lowest scoring category was ‘cleaning and 

disinfection’ [median 38 (range: 0 - 95)]. The farm vaccination and antimicrobial prophylaxis 

practices are summarised in Table 4.4. All farms administered Erysipelothrix rhusopathiae and 

porcine parvovirus vaccination to sows. Vaccination against IAv and PRRSv was carried out on 19 

and 21 farms respectively (of which 11 vaccinated against both). Piglets were vaccinated against 

porcine circovirus type 2 (PCV-2) on 94.2% of farms and 75% also vaccinated against Mhyo. Half of 

all farms administered prophylactic antimicrobial treatments to piglets, typically in the first week 

of life either after birth or at processing (teeth clipping, iron injection, tail docking etc.). Twenty 

farms (38.5% of sample) administered prophylactic treatments to sows, mainly via medicated feed 

or injections around farrowing or weaning. A summary of farm disease status for IAV, PRRSv, Mhyo, 

and APP, and the prevalence of pluck lesions at slaughter are shown in Table 4.5. All but one farm 

was positive for APP. Co-infection with other pathogens was common: 80.7% of farms (n = 42) were 

positive for at least three of the four pathogens while 38.4% (n = 20) were positive for all four as 

seen in Figure 4.2. 

 

Figure 4.2. Venn diagram summarising co-infection with four respiratory pathogens on 52 Irish 

farrow-to-finish pig farms. Disease status for each farm was determined using serological testing. 

Legend: IAv - influenza A virus, PRRS - porcine respiraotory and reproductive syndrome; APP - 

Actinobacillus pleuropneuomiae; Mhyo - Mycoplasma hyopneumoniae 
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Table 4.3: Summary of biosecurity scores evaluated using the Biocheck.UGent™ questionnaire from 

52 Irish farrow-to-finish pig farms in 2016. 

Category mean (SD)  median (range) 

External biosecurity    

Purchase of animals and semen 98.8 (5.2)  100 (70 - 100) 

Transport of animals, removal of manure and 
dead animals 

80.4 (11.2)  83 (43 - 96) 

Feed, water and equipment supply 54.6 (15.1)  53 (10 - 80) 

Personnel and visitors 74.1 (18.8)  76 (24 - 100) 

Vermin and bird control 68.7 (20)  70 (30 - 100) 

Environment and region 83.1 (21.6)  90 (20 - 100) 

Overall external biosecurity score 79.2 (7.9)  79.5 (62 - 94) 

Internal biosecurity    

Disease management 82.3 (22.6)  100 (20 - 100) 

Farrowing and suckling period 53 (19.5)  53.5 (7 - 86) 

Nursery unit management 63.2 (16.3)  67.5 (36 - 100) 

Finisher unit management 73.2 (22)  79 (21 - 93) 

Measures between compartments and the use of 
equipment 

50.1 (16.1)  50 (21 - 86) 

Cleaning and disinfection 41.2 (27.9)  38 (0 - 95) 

Overall internal biosecurity score 57.2 (14.4)  60 (29 - 80) 

Overall biosecurity score 68.4 (9.7)  70 (47 - 87) 
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Table 4.4: Summary of prevalence of pluck lesions and disease status on 52 Irish 

farrow-to-finish pig farms in 2016. Disease status was determined based on 

serology. Evaluation of pluck lesions and collection of blood for serology were 

carried out at slaughter. 

Lesion mean (SD)  median (range) 

Pleurisy 13.8 (15.2)  7.2 (0.4 - 51.8) 

Moderate to severe pleurisy 11.5 (12.8)  6.2 (0 - 46.9) 

Cranial pleurisy 15.5 (13.4)  10.8 (1.2 - 54.2) 

Pneumonia 10.6 (10.9)  7.7 (0 - 50) 

Scars 13.2 (9.7)  11.1 (0 - 39.3) 

Lung abscesses 1.3 (3.5)  0.2 (0 - 21.5) 

Pericarditis 8.1 (4.4)  7.6 (1.2 - 19.1) 

Liver milk spots 28.6 (27.3)  17.9 (0.4 - 97.3) 

    

Disease status positive  negative 

Actinobacillus pleuropneumoniae 51 (98.1%)  1 (1.9%) 

PRRSv 24 (46.2%)  28 (53.8%) 

Swine influenza virus (IAv) 40 (76.9%)  12 (23.1%) 

Mycoplasma hyopneumoniae 36 (69.2%)  16 (30.8%) 

Legend: PRRSv - porcine reproductive and respiratory syndrome virus 
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Table 4.5: Summary of vaccination and prophylactic antimicrobial use practices (other than via 

medicated feed) on 52 Irish farrow-to finish pig farms during 2016. 

 Response 

  Yes  No 

  n (%)  n (%) 

Vaccination practices (yes vs no)    

Swine influenza virus 19 (36.5%)  33 (63.5%) 

PRRSv 21 (40.4%)  31 (59.6%) 

Porcine parvovirus 52 (100%)  0 (0%) 

Erysipelothrix rhusopathiae 52 (100%  0 (0%) 

PCV2 49 (94.2%)  3 (5.8%) 

Mycoplasma hyopneumoniae 39 (75.0%)  13 (25%) 

Escherichia coli 44 (84.6%)  8 (15.4%) 

Glaesserella parasuis 0 (0%)  52 (100%) 

Actinobacillus pleuropneumoniae 5 (9.6%)  47 (90.4%) 

Clostridium species 9 (17.3%)  43 (82.7%) 

Atrophic rhinitis 4 (7.7%)  48 (92.3%) 

Prophylactic use of antimicrobials in stage (yes vs no)a 

 
 

 
Sow 20 (38.5%)  32 (61.5% 

Piglet 26 (50%)  26 (50%) 

Weaner 7 (13.5%)  45 (86.5%) 

Finisher 2 (3.8%)  50 (86.2%) 

a Does not include administration of medicated feed to piglets, weaners or finishers 
Legend: PRRSv - porcine reproductive and respiratory syndrome virus; PCV2 - porcine circovirus 2 
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The univariable linear regression models for the TItotal, TIgroup, TIindividual and TIceflq are summarised 

in Appendix H. The final multivariable models are shown in Table 4.6. There were significant 

positive associations between all the pleurisy related variables (p ≤ 0.05) and both TItotal and TIgroup 

but these were not retained in the final models. The final multivariable models for TItotal and TIgroup 

were similar and explained approximately 53% and 55% of the variability respectively. Farms with 

higher mortality in the finisher stage and those vaccinating against IAv had higher AMU while farms 

home-milling and farms with longer weaner stages had lower AMU (p ≤ 0.05). There were positive 

associations between prevalence of lung abscesses and pericarditis and AMU, although these were 

not significant for the TItotal (p ≤ 0.1). The final multivariable model for TIindividual explained 29% of 

the variability with the administration of prophylactic antimicrobial treatments to piglets, higher 

biosecurity score in vermin and bird control and prevalence of liver milk spots being positively 

associated with individual AMU (p ≤ 0.05). Farms with better biosecurity scores in ‘feed and water 

supply’ had lower individual AMU (p =0.007). Regarding the use of fluoroquinolones and 3rd-

generation cephalosporins, the model for TIceflq explained 37% of the variability. Farms with 

prophylactic AMU in piglets, those with lower biosecurity scores in ‘feed and water supply’ and, 

those with higher prevalence of pericarditis used more of these classes (p ≤ 0.05). Farms with higher 

weaner mortality used less (p = 0.002) while farms which administered prophylactic AM treatments 

to sows tended to use more (p = 0.062). 
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Table 4.6: Summary of multivariable linear regression models for total antimicrobial use (AMU) [TItotal], group oral AMU (TIgroup), individual AMU (TIindividual) 

and cephalosporin/fluoroquinolone use (TIceflq). The outcome variables are expressed as Treatment Incidence (TI200) and were log transformed prior to 

analysis. Both the coefficients on the log scale and the back transformed estimates are presented. 

Outcome variable Predictor variables  
 

Estimatea 
 

Std. Error 
 Back transformed 

estimate (95% CI) 
 

p 

LOG TItotal Intercept   3.28  0.936  26.48  
 

     adjusted R2 = 0.53 Finisher mortality (%)   0.28  0.135  1.32 (1.01 - 1.74)  0.043 

     p < 0.001  Home milling (ref = no)  -1.08  0.265  0.34 (0.2 - 0.58)  <0.001 

 
Weaner stage (days)  -0.03  0.013  0.97 (0.95 - 1)  0.027 

 
IAv vaccination (ref = no)   1.06  0.272  2.88 (1.66 - 4.97)  0.000 

 
Lung abscesses (%)   0.07  0.037  1.07 (0.99 - 1.16)  0.070 

 
Pericarditis (%)   0.06  0.031  1.06 (1 - 1.13)  0.059 

          

LOG TIgroup Intercept   2.93  0.832  18.72   

     adjusted R2 = 0.55 Finisher mortality (%)   0.28  0.120  1.33 (1.04 - 1.69)  0.023 

     p < 0.001  Home milling (ref = no)  -0.97  0.235  0.38 (0.23 - 0.61)  0.000 

 Weaner stage (days)  -0.02  0.011  0.98 (0.95 - 1)  0.041 

 IAv vaccination (ref = no)   0.95  0.242  2.58 (1.58 - 4.19)  0.000 

 Lung abscesses (%)   0.07  0.033  1.07 (1 - 1.14)  0.046 

 Pericarditis (%)   0.06  0.028  1.06 (1 - 1.12)  0.037 

                                                                                                                                                                                                             continued on next page 
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Table 4.6 (continued):  

Outcome variable Predictor variables  
 

Estimatea 
 

Std. Error 
 Back transformed 

estimate (95% CI) 
 

p 

LOG TIindividual Intercept  -0.58  0.473  0.56  
 

     adjusted R2 = 0.29 Feed, water and equipment 

supply b 

 
-0.01  0.007  0.99 (0.97 - 1) 

 

0.048 

     p < 0.001  Vermin and bird control b   0.01  0.005  1.01 (1 - 1.02)  0.018 

 
Piglet prophylaxis (ref = no) c   0.60  0.192  1.82 (1.23 - 2.67)  0.003 

 
Liver milk spots (%)   0.01  0.004  1.01 (1 - 1.02)  0.018 

          

LOG TIceflq Intercept  -1.32  0.816  0.27  
 

     adjusted R2 = 0.37 Weaner mortality (%)  -0.41  0.126  0.66 (0.51 - 0.85)  0.002 

    p < 0.001  Feed, water and equipment 

supply b 

 
-0.03  0.012  0.97 (0.95 - 1) 

 

0.031 

 
Sow prophylaxis (ref = no) c   0.72  0.378  2.06 (0.96 - 4.41)  0.062 

 
Piglet prophylaxis (ref = no) c   1.16  0.350  3.19 (1.58 - 6.45)  0.002 

 
Pericarditis (%)   0.14  0.041  1.15 (1.06 - 1.25)  0.001 

Constants were added to the TIgroup and TIceflq (1 and 0.01 respectively) before log transformation. The back transformed estimates refer to the multiplicative effect 
per unit change of predictor variable. For example, farms vaccinating against IAv had 2.88 times higher treatment incidence than farms not vaccinating. 
a Log scale 
b Biocheck.UgentTM biosecurity score 
c Prophylactic antimicrobial use 
Legend: CI - confidence interval; TI - treatment incidence; IAv - influenza A virus
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The univariable associations between the predictor variables and the use (or not) of the various 

combinations of antimicrobial class and route of administration (group or individual) are 

summarised in Appendix H. The results from the final logistic regression models for antimicrobial 

classes used as group oral treatments are shown in Table 4.7 and presented as odds ratios with 

their 95% confidence intervals. An expanded versions of Table 4.7 is included in Appendix H. The 

associations identified in the quantitative analysis of total and group oral AMU were also identified 

as risk factors for use of the most consumed antimicrobial classes. Home milling farms were less 

likely to use tetracyclines (p = 0.048) and farms with a longer weaner stage were less likely to use 

tetracyclines, potentiated sulphonamides or lincosamides as group treatments (p < 0.05). Higher 

finisher mortality was associated with increased odds of potentiated sulphonamide use (p = 0.033) 

and macrolide use (p = 0.014). Farms positive for IAv were less likely to use oral penicillins (p = 

0.041) but those vaccinating against IAv were more likely to use oral tetracyclines, potentiated 

sulphonamides and macrolides (p < 0.05). Higher prevalence of pericarditis was associated with 

increased odds of penicillin use (p = 0.007) and polymyxin use (p = 0.046). Farms that administered 

prophylactic antimicrobial treatments to piglets were 10 times more likely to use oral penicillins (p 

= 0.006). Higher scores in the biosecurity categories nursery unit management and measures 

between compartments were associated with decreased odds of tetracycline use (p = 0.04) and 

polymyxin use (p = 0.026) respectively. Higher scores in the feed, water and supply of equipment 

and environment and region tended to reduce the odds of potentiated sulphonamide use (p < 0.1). 

The results from the final logistic regression models for antimicrobial classes used as individual 

treatments are summarised in Table 4.8. An expanded version of Table 4.8 is included in Appendix 

H. All farms used injectable penicillins (41.7% of all individual treatments) and thus this class was 

excluded from the analysis. There was a tendency for increased odds of injectable tetracycline use 

on farms with higher weaner mortality (p = 0.072). Farms with higher piglet or finisher mortality 

tended to be less likely to use injectable macrolides (p < 0.1). The number of sows per employee 

was positively associated with the use of injectable aminoglycosides and 3rd generation 

cephalosporins (p < 0.05).  Higher scores in the biosecurity categories disease management and 

feed, water and supply of equipment were associated with decreased odds of tetracycline use (p = 

0.08) and fluoroquinolone use (p = 0.028) respectively. However, a few biosecurity categories were 

associated with increased odds of use for certain antimicrobial classes. Finally, farms with higher 

prevalence of liver milk spot lesions were less likely to use tetracyclines (p = 0.021) but more likely 

to use lincosamides (p = 0.017). In agreement with the findings for the TIceflq model, farms that 

administered prophylactic antimicrobial treatments to piglets were 4 times more likely to use 3rd 
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generation cephalosporins (p = 0.074) and those that administered prophylactic antimicrobials to 

sows were 17 times more likely to use fluoroquinolones (p = 0.088).  
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Table 4.7: Summary of multivariable logistic regression models investigating risk factors for oral 

group antimicrobial treatment with various antimicrobial classes on Irish farrow-to-finish pig farms 

(n = 52) during 2016. Predictor variables with p-values < 0.1 were retained in the final models. 

Results are presented as odds ratios with 95% confidence intervals (CI). 

 Outcome variables: oral group treatment with antimicrobial 
class   

Tetracyclines  
Potentiated 

sulphonamides  Penicillins  Macrolides  

Predictor Variable 
OR 

(95% CI)  
OR 

(95% CI)  
OR 

(95% CI)  
OR 

(95% CI)  

Herd characteristics 
       

 

Home milling (ref = no) 0.16 
(0.02 - 0.86) 

 -  -  - 
 

Finisher mortality (%) -  7.7 
(1.7 - 88.88) 

 -  2.81 
(1.32 - 7.18) 

 

Age at weaning (days) -  -  -  1.32 
(1.05 - 1.78) 

 

Weaner stage (days) 0.89 
(0.78 - 0.98) 

 0.69 
(0.45 - 0.87) 

 -  - 
 

Biosecurity scores        
 

Feed, water and equipment 
supply -  0.92 

(0.82 - 1.00) 
 -  - 

 

Environment and region -  0.95 
(0.87 - 1.00) 

 -  - 
 

Nursery unit management 0.93 
(0.87 - 0.99) 

 -  -  - 
 

Pluck lesions at slaughter and 
disease status 

       

 

Pleurisy (%) -  1.11 
(1.03 - 1.25) 

 -  - 
 

Scars (%) 1.13 
(1.02 - 1.3) 

 -  -  - 
 

Pericarditis (%) -  -  1.35 
(1.11 - 1.73) 

 - 
 

IAv status  (ref = negative) -  -  0.11 
(0.01 - 0.74) 

 - 
 

Vaccination and prophylactic 
antimicrobial use practices 

       

 

IAv vaccination (ref = no) 12.53 
(1.72 - 183.73) 

 106.48 
(5.14 - >9999) 

 -  24.11 
(4.8 - 191.38) 

 

Piglet prophylaxis (ref = no) -  -  10.18 
(2.22 - 64.81) 

 - 
 

Legend: IAv - influenza A virus; Mhyo - Mycoplasma hyopneumoniae; PRRSv - porcine respiratory and reproductive 
syndrome virus 
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Table 4.7: (continued) Summary of multivariable logistic regression models investigating risk 

factors for oral group antimicrobial treatment with various antimicrobial classes on Irish farrow-to-

finish pig farms (n = 52) during 2016. Predictor variables with p-values < 0.1 were retained in the 

final models. Results are presented as odds ratios with 95% confidence intervals (CI). 

Legend: IAv - influenza A virus; Mhyo - Mycoplasma hyopneumoniae; PRRSv - porcine respiratory and reproductive 
syndrome virus 

 Outcome variables: oral group treatment with antimicrobial 
class   

Lincosamides  Amphenicols  Aminoglycosides  Polymyxins  

Predictor Variable 
OR 

(95% CI)  
OR 

(95% CI)  
OR 

(95% CI)  
OR 

(95% CI)  

Herd characteristics 
       

 

Weaner stage (days) 0.9 
(0.8 - 0.98) 

 -  -  - 
 

Finisher stage (days) -  -  1.07 
(1 - 1.16) 

 - 
 

No. of sows per employee -  -  0.98 
(0.95 - 1.00) 

 1.02 
(1 - 1.04) 

 

Farmer experience (years) -  -  1.08 
(1.00 - 1.18) 

 - 
 

Youngest building (years) 1.3 
(1.07 - 1.68) 

 -  -  - 
 

Biosecurity scores        
 

Measures between compartments 
and use of equipment -  -  -  0.94 

(0.89 - 0.99) 
 

Pluck lesions at slaughter and 
disease status 

       

 

Moderate/severe pleurisy (%) -  -  0.89 
(0.81 - 0.96) 

 - 
 

Scars (%) -  -  1.1 
(1.02 - 1.23) 

 - 
 

Lung abscesses (%) -  1.47 
(1.09 - 2.9) 

 -  - 
 

Pericarditis (%) -  -  -  1.19 
(1.01 - 1.44) 

 

Liver milk spots (%) -  1.04 
(1 - 1.11) 

 -  - 
 

Mhyo status (ref = negative) 134.31 
(4.66 - >9999) 

 -  -  - 
 

PRRSv status (ref = negative) -  270.67 
(5.26 - >9999)  -  - 

 

Vaccination and prophylactic 
antimicrobial use practices 

       

 

Piglet prophylaxis (ref = no) -  11.3 
(1.09 - 367.08) 

 -  - 
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Table 4.8: Summary of multivariable logistic regression models investigating risk factors for 
individual antimicrobial treatment with various antimicrobial classes on Irish farrow-to-finish pig 
farms (n = 52) during 2016. Results are presented as odds ratios with 95% confidence intervals (CI). 

 Outcome variables: individual treatment with antimicrobial 
class  

Tetracyclines  
Potentiated 

sulphonamides  Macrolides  Lincosamides 

Predictor variable 
OR 

(95% CI)  
OR 

(95% CI)  
OR 

(95% CI)  
OR 

(95% CI) 

Herd characteristics        

Piglet mortality (%) -  -  0.77 
(0.57 - 0.98) 

 - 

Weaner mortality (%) 1.78 
(1.04 - 3.66) 

 -  -  - 

Finisher mortality (%) -  -  0.52 
(0.22 - 1.04) 

 - 

Average daily gain (g) -  -  -  1.02 
(1 - 1.03) 

Feed conversion ratio 0 
(0 - 0.15) 

 -  -  - 

Pigs per sow per year -  -  -  - 

Weaning age (days) -  0.72 
(0.5 - 0.95) 

 -  - 

Biosecurity scores        

Transport of animals, removal 
of manure and dead animals  -  -  1.11 

(1.03 - 1.23) 
 - 

Vermin and bird control -  1.08 
(1.02 - 1.19) 

 -  - 

Disease management 0.97 
(0.93 - 1.00) 

 -  -  - 

Fattening unit management 1.06 
(1.01 - 1.13) 

 1.07 
(1.01 - 1.16) 

 -  - 

Pluck lesions at slaughter and 
disease status        

Liver milk spots (%) 0.96 
(0.93 - 0.99) 

 -  -  1.04 
(1.01 - 1.07) 

Vaccination and prophylactic 
antimicrobial use practices        

IAv vaccination (ref = no) -  -  -  8.18 
(1.8 - 50.29) 

PRRSv vaccination (ref = no) -  -  -  7.27 
(1.54 - 45.87) 

Piglet prophylaxis (ref = no) -  0.01 
(0 - 0.21) 

 -  - 

Sow prophylaxis (ref = no) -  -  -  - 
Legend: IAv - influenza A virus; PRRSv - porcine respiratory and reproductive syndrome virus 
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Table 4.8 (continued): Summary of multivariable logistic regression models investigating risk 
factors for individual antimicrobial treatment with various antimicrobial classes on Irish farrow-to-
finish pig farms (n = 52) during 2016. Results are presented as odds ratios with 95% confidence 
intervals (CI). 

 Outcome variables: individual treatment with antimicrobial class  
Aminoglycosides  Aminocyclitols  Fluoroquinolones  Cephalosporinsa 

 

Predictor variable 
OR 

(95% CI)  
OR 

(95% CI)  
OR 

(95% CI)  
OR 

(95% CI)  

Herd characteristics        
 

Average daily gain (g) -  -  -  0.99 
(0.97 - 1) 

 

Pigs per sow per year 0.43 
(0.2 - 0.73) 

 0.61 
(0.38 - 0.89) 

 -  - 
 

Weaning age (days) 0.79 
(0.6 - 0.97) 

 -  -  - 
 

Total rearing period (days) -  0.91 
(0.83 - 0.97) 

 -  - 
 

No. of sows per employee 1.04 
(1.01 - 1.07) 

 -  -  1.03 
(1.01 - 1.06) 

 

Biosecurity scores         

Feed, water and equipment 
supply -  -  0.9 

(0.8 - 0.97) 
 -  

Overall internal biosecurity -  1.06 
(1.01 - 1.13) 

 -  - 
 

Pluck lesions at slaughter and 
disease status        

 

Pericarditis (%) -  0.82 
(0.65 - 0.98) 

 1.59 
(1.11 - 2.67) 

 - 
 

IAv status (ref = negative) 0.07 
(0 - 0.51) 

 -  -  - 
 

Vaccination and prophylactic 
antimicrobial use practices         

Piglet prophylaxis (ref = no) -  -  -  4.35 
(0.96 - 26.2) 

 

Sow prophylaxis (ref = no) -  -  17.22 
(1.15 - 1032.14) 

 - 
 

a The 3rd generation cephalosporin, ceftiofur, was the only member of this classed used on the study farms 
Legend: IAv - influenza A virus; PRRSv - porcine respiratory and reproductive syndrome virus 
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4.4 Discussion 

This study explored the risk factors for AMU on Irish pig farms using data collected during previously 

published studies investigating AMU, biosecurity and respiratory disease on Irish pig farms (O’Neill 

et al., 2020b; Rodrigues da Costa et al., 2019, 2020). The study sample represented approximately 

29% of the national herd and, while it cannot be assumed to be representative of the entire 

industry, it gives useful insights into the drivers for AMU in the commercial pig sector in Ireland. 

The linear regression models identified the main risk factors for the amounts of antimicrobials used 

overall and for the primary modes of administration (group, oral and individual) as well as for the 

fluoroquinolone and 3rd generation cephalosporin classes. The latter category is of interest because 

of the importance of these classes to human health and concerns over resistance (WHO, 2019; 

EMA, 2019) as well as the fact that, although volumes are relatively low, use is observed on most 

Irish farms (see Chapter 3.3). The models for all AMU (TItotal) and oral group treatments (TIgroup) 

gave similar results because the majority of treatments are administered orally, particularly via 

medicated feed. Individual AMU and cephalosporin/fluoroquinolone use also had risk factors in 

common which is unsurprising since cephalosporins (injectable) and fluoroquinolones (injectable 

or oral dose) are relatively common individual treatments. The logistic regression models identified 

a number of risk factors for the use of certain combinations of administration route and class of 

antimicrobial. It should be noted that these models did not distinguish between low or high use, 

for example, the absence of use of a particular antimicrobial does not imply less AMU overall as 

another class may be used in its stead. For ease of interpretation, the results are discussed below 

in terms of the broad categories of risk factors. 

Farm characteristics  

Farms home milling at least some of their diets had lower AMU than those that purchased all their 

feed. In particular, they were less likely to use group tetracycline treatment, which was the most 

widely and heavily used oral treatment. This may relate to structural differences in antimicrobial 

delivery as home milling farms are not permitted to manufacture medicated feed unless they also 

possess a licence to do so (Regulation (EU) 2019/4). Therefore, while home milling farms still have 

access to antimicrobials, the “ease” of access differs between both groups and this may point to a 

social factor whereby convenience and habit could explain some of the routine prophylactic AMU 

in medicated feed practised on the study farms. On the other hand, home milling may confer health 

benefits as lower finisher mortality was reported for home milling farms compared to those 

purchasing their feed (Rodrigues da Costa, 2018). The reasons for this are not clear but could relate 
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to the diet form: for example, lower prevalence of Brachyspira piloscoli was reported for Danish 

farms that provided home milled or non-pelleted feed (Stege et al., 2001).  

Older weaning age has been associated with lower AMU on European farms (Postma et al., 2016; 

Collineau et al., 2018) likely because older piglets are less susceptible to the associated stresses of 

moving, mixing and diet change (Campbell, Crenshaw and Polo, 2013; Moeser, Pohl and Rajput, 

2017). In this study, farms with a later weaning age were more likely to use macrolide group 

treatments (p = 0.037), but weaning age was not associated with the quantity of AMU. The reason 

for the association with macrolide use is not obvious, but the lack of association with quantitative 

AMU is likely due to insufficient variability between farms as most of them weaned pigs at 29 days. 

The weaner stage on Irish farms is typically split into two sections, roughly 4 - 5 weeks each, with 

different housing and feeding infrastructure and medicating throughout both phases was common 

in the studied farms. Thus, it was thought that a longer weaner phase might be associated with 

increased AMU.  In fact, farms with a longer stay in the weaner stage had lower AMU. These farms 

were less likely to use oral tetracyclines or potentiated sulphonamides, the classes that contributed 

most to overall use, and they were also less likely to use oral lincosamides. The unexpected results 

could relate to differences in accommodation associated with a longer weaning phase. 

Farms with a higher number of sows per employee were more likely to use polymyxins (colistin) 

and cephalosporins (ceftiofur). Conversely, such farms were less likely to use oral aminoglycosides 

(apramycin). Colistin and apramycin are primarily indicated for gastrointestinal disease (Burch, 

2013) and the conflicting results here may relate to the choice of one over the other on these farms 

when treating gastrointestinal disease. Colistin and ceftiofur are both HP CIA and the observation 

that less well staffed farms are more likely to use them warrants closer inspection. These farms 

may have more health problems due to lack of staff and thus may be more inclined to use so called 

‘last resort’ drugs. Convenience may be a factor too as the most widely used formulation of 

ceftiofur is long acting, although this association was not observed for other long-acting parenteral 

antimicrobials (e.g., macrolides).  

Farm performance indicators 

Finisher mortality is impacted by a variety of factors, including management, environment and 

infectious disease (Gebhardt et al., 2020a; b) and was positively associated with AMU in this study. 

This association has been previously demonstrated for the use of in-feed medication in Spain and 

the UK (Casal et al., 2007; Stevens et al., 2007) and for AMU in heavy pig fattening farms in Italy 

(Scali et al., 2020). Farms with higher finisher mortality were also more likely to use oral potentiated 

sulphonamides or macrolides. Given that tetracyclines were the most applied group treatments, 
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this might indicate a greater likelihood to deviate from the ‘standard’ use of tetracyclines. Since 

finishers accounted for just 10% of overall AMU, finisher mortality may also reflect overall health 

through all stages of production. In this study, all farms that used medicated feed in finisher pigs 

also provided medicated diets in the weaner stage suggesting that these farms may also have 

health problems in the earlier stages. Higher weaner mortality was associated with less use of 

fluoroquinolones and cephalosporins (TIceflq). It might be expected that weaner mortality would 

increase use of these drugs but farms with higher weaner mortality due to infectious disease may 

be more likely to focus on group treatments and, in this study, were more likely to use parenteral 

oxytetracycline. 

Biosecurity practices 

In contrast to other European studies, there was no association between the internal, external or 

overall biosecurity scores and total AMU (Laanen et al., 2013; Postma et al., 2016). Irish farms 

generally had high external biosecurity scores mainly because most farms are closed herds, neither 

buying replacement gilts nor finisher pigs from other sources. This may partly explain the lack of 

association with AMU. It is also possible that, in common with other studies, a larger sample size 

would have allowed for the detection of significant associations between AMU and biosecurity 

scores (Raasch et al., 2018; Yun et al., 2021). However, farms with better scores in the biosecurity 

category of feed, water and equipment supply had lower use of individual treatments including 

cephalosporins and fluoroquinolones and they were also less likely to use oral potentiated 

sulphonamides. Feed and water as well as their associated delivery and storage are potential 

sources of pathogens (Filippitzi et al., 2018). There were other associations between certain 

biosecurity categories and patterns of use. Better scores in the biosecurity category measures 

between compartments were associated with lower odds of using polymyxins, which may link poor 

biosecurity with gastrointestinal disease. Although biosecurity scores were not associated with 

overall AMU in this study, there is evidence that farms which improve their biosecurity can reduce 

their AMU (Postma et al., 2015b; Collineau et al., 2017c; Raasch et al., 2020). The generally lower 

internal biosecurity scores on Irish farms Rodrigues da Costa et al., 2019) demonstrate an 

opportunity for improvement, and the PigHealthCheck23 initiative run by Animal Health Ireland, 

which provides for free biosecurity assessments, is helping to raise awareness on this topic.  

 

 
23 https://animalhealthireland.ie/programmes/pig-healthcheck/introduction/ last accessed 20 September 
2021   

https://animalhealthireland.ie/programmes/pig-healthcheck/introduction/
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Respiratory disease 

Respiratory disease is an important cause of mortality in pig production (USDA, 2015) and a major 

indication for AMU. In this study, neither farm status for IAV, PRRSv, Mhyo or APP, nor prevalence 

of pneumonia or pleurisy lesions were directly associated with total or group AMU. Instead, 

prevalence of pericarditis and lung abscesses were positively associated with AMU. Pericarditis was 

also associated with higher fluoroquinolone use and higher odds of oral penicillin use; both of these 

classes are indicated for APP infection and the latter is often used to treat and control Streptococcus 

suis infection. Lung abscesses and pericarditis may be extensions of pneumonia and or pleurisy 

involving infection with APP, Pasteurella multocida or S. suis (Yaeger and Van Alstine, 2019); or they 

may be sequelae of systemic infections caused by pathogens such as S. suis or Glaesserella parasuis. 

Thus, these lesions may be indicators of general health on the farm as S. suis and G. parasuis are 

also implicated in meningitis, polyserositis and arthritis which are common conditions in pigs post 

weaning (Gottschalk and Segura, 2019; Aragon, Segales and Tucker, 2019).  Higher individual AMU 

associated with increased prevalence of liver milk spots at slaughter may be a direct result of 

Ascaris suum infestation or it may indicate deficiencies in farm hygiene. Ascaris suum infestation 

has also been shown to interfere with Mhyo vaccination (Steenhard et al., 2009) further 

highlighting the importance of parasite control on pig farms. 

Disease management 

Farms that administered prophylactic treatments to piglets had higher individual AMU (TIindividual) 

and cephalosporin/fluoroquinolone use and were more likely to use oral penicillins. This practice, 

observed on 50% of the study farms and is also common in other countries (Callens et al., 2012; 

Cameron-Veas et al., 2015), usually occurs in the first week of life alongside procedures such as 

teeth clipping, tail docking and iron injection (castration is not routine on Irish farms). The purpose 

of these treatments is to prevent infections associated with these procedures or with neonatal 

diseases endemic to the farm (e.g., meningitis or colibacillosis). Amoxicillin injection was the most 

common treatment used but ceftiofur, enrofloxacin and long-acting macrolides were also used. 

The association with oral penicillin use might indicate farms using both strategies to control S. suis 

infection. Whether these treatments reduce morbidity and mortality on these farms is unknown; 

however, this finding shows that the practice does not reduce AMU. Farms that administered 

prophylactic treatments to sows tended to use more fluoroquinolones. This may reflect the disease 

status on certain farms or perhaps a behavioural pattern where injudicious AMU practices co-occur 

on some farms. The association with vaccination against IAv and AMU in this study was also 

observed in French herds in the MINAPIG project along with similar positive associations for other 
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country/pathogen combinations (Collineau et al., 2018). A Danish study could not demonstrate an 

association between vaccination and the reduction of AMU that took place between 2007 - 2013 

(Kruse et al., 2017) while others found vaccination was associated with higher AMU (Temtem et al., 

2016; Kruse et al., 2019b). This may seem counter-intuitive but the authors of these studies suggest 

that farmers may use vaccinations to control diseases that are already on the farm in conjunction 

with antimicrobials, while conversely, farms free from a given disease do not need to vaccinate and 

may not need antimicrobials. While these findings could raise question marks over vaccine efficacy 

(which are probably better answered using a different study design), they could also indicate that, 

at least for some infections, vaccination alone is not sufficient to control disease and other 

measures such as enhanced biosecurity may be required. In the present study, the contrast 

between farms positive for IAv and vaccinating and those positive but not vaccinating might be due 

to differing levels of disease severity. Co-infection is a common feature of the Porcine Respiratory 

Disease Complex (PRDC) and often these co-infections are synergistic (Opriessnig, Giménez-Lirola 

and Halbur, 2011) so, on some farms, influenza may be exacerbating other problems. For example, 

associations between influenza and pleurisy were reported for the larger cohort of Irish farms 

(Rodrigues da Costa et al., 2020) and by others (Holt et al., 2011). It is also noteworthy that 11 of 

the 19 farms vaccinating against IAv also vaccinated against PRRSv. Thus, those IAv positive farms 

experiencing more severe respiratory disease may be more likely to vaccinate but also need to use 

more antimicrobials. . It is also possible that there are other issues on these farms. Calderón Díaz 

et al. (2020b) found that Irish farms negative for IAV or PRRSv or those that were positive but not 

vaccinating were more profitable than farms that were vaccinating. It is likely that respiratory 

disease alone does not explain all of these differences but further research is required.  

Implications for Irish pig sector 

Prophylaxis was one of the main drivers of AMU in this study. This was seen in the relationship 

between AMU and home milling and in the influence that prophylactic practices in sows and piglets 

had on the use of oral penicillins and HP CIAs. European Union regulations from 2022 mean that 

prophylactic AMU in animals will be banned in almost all circumstances and metaphylactic 

treatments (group treatments in the presence of disease) and the use of certain antimicrobials (i.e., 

EMA category B) will only be allowed where clearly justified (Regulation (EU), 2019/6). This will 

require significant changes in management practices on Irish farms as well as veterinary prescribing 

practices. One feature of prophylactic AMU is that it may happen whether disease is present or 

not. This presents an opportunity in that unnecessary use is easier to eliminate and sizeable 

reductions have been achieved in some countries such as the UK in recent years (UK-VARSS, 2021). 

Reducing the need for AMU is more challenging, however, requiring improvements in overall pig 
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health. Irish farmers previously identified economic concerns over international competition and 

cost effectiveness of alternatives to AMU as barriers to reducing in-feed medication (Diana et al., 

2021) and there were similar findings amongst British farmers where high investment costs and 

staffing difficulties were cited as barriers (Coyne et al., 2019). Nevertheless, this challenge has been 

met in other countries (Aarestrup, 2012; Speksnijder et al., 2015) and can be done without 

impacting performance or profit (Rojo-Gimeno et al., 2016; Postma et al., 2017; Diana et al., 2019). 

One challenge facing farmers is the forthcoming ban on the use of zinc oxide in the EU from 2022 

(European Commission, 2017b). In common with other countries such as Denmark (Nielsen et al., 

2021), zinc oxide is widely used to control gastroenteritis on Irish farms: all but one of the study 

farms used it in at least one diet in 2016. Data on the prevalence of porcine gastrointestinal disease 

in Ireland are lacking and none were available for use in this study. Therefore, it is unknown how 

gastrointestinal disease influences AMU on Irish pig farms and future research would be of benefit. 

This study shows where some improvements could be made. Further research is needed to explore 

if farms practising home milling have advantages in management or nutrition that can be applied 

to other farms. Farms should ensure they have adequate parasite control regimens in place. High 

farm prevalence of pericarditis warrants a detailed investigation since there are multiple 

aetiologies and indeed this is a poorly researched topic. The structure of the Irish pig industry 

presents some advantages in terms of AMU, many of which have not been utilised. Firstly, the 

sector is relatively small; there are approximately 290 commercial pig farms in Ireland. This means 

that potential targeted interventions to aid a reduction in AMU, for example farms with high 

prevalence of pericarditis, would involve a small number of farms. Secondly, almost all herds are 

closed meaning that neither gilts nor fattening pigs are purchased from other farms. These 

practices have been associated with increased respiratory disease (Maes et al., 2001b) and 

mortality (Agostini et al., 2014). While AMU and respiratory disease are not lower in Ireland at 

present, the structure of the industry may make it easier to sustain any improvements it can make. 

4.5 Conclusions 

Prophylactic use practices and respiratory disease were associated with AMU on Irish pig farms. 

Farms that milled their own feed, and thus had restricted access to medicated feed, had lower total 

AMU while those that administered prophylactic antimicrobial treatments to sows or piglets had 

higher use of HP CIAs. Both findings point to behavioural influences on AMU. Regarding respiratory 

disease, farms with higher prevalence of pericarditis, lung abscesses and liver milk spot lesions, as 

well as with higher finisher mortality, and those vaccinating for IAv had higher AMU. These findings 

highlight areas of farm management where interventions may aid in reducing AMU on Irish pig 
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farms although further investigations at individual farm level and in the wider population are 

required.   
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Chapter 5 

Antimicrobial resistance in commensal Escherichia coli on Irish pig 

farms: a longitudinal study 
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Abstract 

Antimicrobial resistance in commensal Escherichia coli of porcine origin poses a threat to public 

health. Longitudinal studies investigating AMR throughout the whole pig production cycle and 

including a wide range of antimicrobials are lacking. The objective of this study was to evaluate the 

effect of medicated feed on AMR in E. coli from pigs throughout their lifecycle on farms with 

different levels of AMU. 

Twelve Irish farrow-to-finish farms were assigned to three groups according to their level of AMU 

in medicated feed (low, moderate, high). Ten litters of piglets were selected from each farm; pooled 

faecal samples were collected during each production stage (piglet, 1st stage weaner, 2nd stage 

weaner and finisher). Twenty E. coli isolates from each sample were tested against a panel of 18 

antimicrobials. Mixed effects logistic regression models of resistance to each antimicrobial were 

constructed using AMU practice and stage of production as explanatory variables. Additionally, the 

prevalence of ESBL/AmpC-producing E. coli and high level resistance to fluoroquinolones was 

determined using media supplemented with cefotaxime or ciprofloxacin respectively. This study 

took place between June 2019 and May 2020. 

In the general E. coli population, the highest frequencies of resistance were to doxycycline, 

ampicillin, trimethoprim/sulfamethoxazole, gentamicin and the fluoroquinolones. Resistance to 

these agents was highest in 1st stage weaners except for fluoroquinolones where it was highest in 

piglets. Resistance was lower on farms not using medicated feed (low AMU) except for 

fluoroquinolone and trimethoprim/sulfamethoxazole resistance. Resistance to amikacin or 

imipenem was not observed. All farms were positive for high level fluoroquinolone resistance at 

least once during the study while two farms were negative for ESBL/AmpC producing E. coli 

throughout. Prevalence of resistance to highest priority critically important (HP CIA) antimicrobials 

was generally highest in piglets (ciprofloxacin resistance: median = 0.03, range = 0 - 0.9; 

ESBL/AmpC: median = 0.00005, range = 0 - 0.15) and lowest in finishers (ciprofloxacin: median = 0, 

range = 0 - 0.14; ESBL/AmpC: median = 0, range = 0 - 0.01) 

Stage of production and in-feed AMU practices influence the occurrence of AMR in pig production. 

The farrowing house was identified as a ‘hotspot’ for resistance to HP CIA antimicrobials on these 

farms. These findings have implications for strategies to control AMR at farm level. 
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5.1 Introduction 

Antimicrobial resistance is a major threat to public health (O’Neill, 2016) and AMU is recognised as 

the key driver of AMR. Antimicrobial use in livestock has been associated with the emergence and 

dissemination of AMR bacteria (Smith et al., 2002; Aarestrup, Wegener and Collignon, 2008). As pig 

production accounts for a large proportion of veterinary AMU in several countries (O’Neill et al., 

2020b; SDa, 2021; DANMAP, 2021), it is an important focus of attention (Barton, 2014).  

Escherichia coli is primarily a commensal inhabitant of the vertebrate intestine (Tenaillon et al., 

2010). However, it is also a versatile pathogen, capable of causing a range of infections in humans 

and animals. Extraintestinal pathogenic (ExPEC) strains are a leading cause of bloodstream, urinary 

tract and other infections in humans (ECDC, 2020) while Shiga toxin producing E. coli (STEC) is the 

fourth most common food borne infection in Europe (EFSA and ECDC, 2021b). Moreover, AMR in 

human clinical isolates is increasing (ECDC, 2020).  Commensal E. coli can act as a donor or recipient 

of ARGs to/from other E. coli or Enterobacteriaceae such as Klebsiella spp. or Salmonella spp. with 

the potential for dissemination within and between host species and the wider environment (Poirel 

et al., 2018). For this reason, AMR in commensal Escherichia coli is routinely monitored in pigs and 

other species in Europe and elsewhere (EFSA and ECDC, 2021a; FDA, 2021).  

In pigs, E. coli are frequently resistant to the antimicrobials that are widely used in pig production 

such as tetracyclines, aminopenicillins, sulphonamides, amphenicols and aminoglycosides (EFSA 

and ECDC, 2021a). In Europe, resistance to the highest priority critically important antimicrobials 

(WHO, 2019) such as fluoroquinolones and third generation cephalosporins is generally lower than 

for the older classes (EFSA and ECDC, 2021a); however, studies in other countries have reported 

higher prevalence (Kittitat et al., 2018; Pissetti et al., 2021). Since the food chain is considered the 

most important route of transmission of AMR bacteria between animals and humans in the general 

population (McDermott et al., 2006), most studies and monitoring programs investigating AMR in 

E. coli in pig production have focused on pigs at or close to slaughter (Dunlop et al., 1998c; Varga 

et al., 2008; Vieira et al., 2009; Ceccarelli et al., 2020). Several such studies have demonstrated 

positive associations with AMU (Dunlop et al., 1998d; Varga et al., 2009; Bunner et al., 2007; 

Lugsomya et al., 2018; Pissetti et al., 2021; Mencía-Ares et al., 2021). However, AMR bacteria and 

ARGs from earlier stages of the production cycle may be transferred to farm workers (Dohmen et 

al., 2015) and the wider environment (Mughini-Gras et al., 2019) and may also influence the 

occurrence of AMR in finisher pigs (Birkegård et al., 2018). A few cross-sectional studies have 

investigated AMR in E. coli from different age groups (Mathew, Beckmann and Saxton, 2001; 

Dewulf et al., 2007; Gibbons et al., 2016). These showed that AMR varied not only by AMU but by 
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age, with resistance typically peaking after weaning and reducing thereafter, at least for orally 

applied antimicrobials. Others have carried out longitudinal studies. However, some were 

experimental trials involving specific antimicrobial treatments (Funk et al., 2006; Bibbal et al., 2007; 

Cavaco et al., 2008; Agga et al., 2014; Cameron-Veas et al., 2015, 2016; Græsbøll et al., 2017); were 

focused only  on resistance to one antimicrobial class (Hansen et al., 2013; Amsler et al., 2021); did 

not include all age groups (Mathew, Upchurch and Chattin, 1998); or were carried out on a limited 

number of farms (Nguyen et al., 2016; Lugsomya et al., 2018; Pissetti et al., 2021). Burow et al. 

(2019) investigated AMR in E. coli from pigs from birth to slaughter on 29 farms and found that pigs 

treated with certain antimicrobials were more likely to carry bacteria resistant to that treatment 

than untreated pigs (Burow et al., 2019). However, in that study, a limited number of antimicrobials 

were assessed and the effect of treatment on resistance to other antimicrobials was not 

considered. Therefore, further longitudinal studies that encompass the whole of the pig production 

cycle and that investigate resistance to a wide range of antimicrobials are warranted as AMR in 

younger animals has implications for the older animals in the herd, farm staff and the wider 

environment. 

Antimicrobials are frequently administered to pigs as oral group treatments at strategic times in 

the production cycle (Sarrazin et al., 2019). As reported in Chapter 3, Irish pig farmers routinely 

administer antimicrobials in medicated feed post weaning. The objective of this study was to 

evaluate the effect of medicated feed on AMR in E. coli from pigs throughout their lifecycle on 

farms with different levels of antimicrobial use.  

5.2 Materials and methods 

5.2.1 Farm selection and sample collection 

Twelve farms with different antimicrobial use (AMU) practices from various locations throughout 

the Republic of Ireland were selected to participate in the study. The 12 farms represent a 

convenience sample and were chosen based on their known history of AMU and willingness to 

cooperate with the study. The farms were assigned to 3 groups (4 per group) low, moderate or high 

AMU, according to their use of antimicrobials in medicated feed. Low AMU farms did not use any 

medicated feed; moderate AMU farms routinely administered medicated feed in the first stage 

weaner diets (starter and/or link) for up to 3 weeks post weaning; and high AMU farms routinely 

administered medicated feed in all diets (starter, link and weaner) throughout the first and second 

weaner stages until transfer to the finisher stage. These groupings were chosen to reflect the main 

AMU practices observed on Irish pig farms whereby most farms routinely administer antimicrobials 

via medicated feed to every batch post weaning (O’Neill et al., 2020b). 
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On each farm, 10 randomly selected litters of piglets from the same farrowing batch were chosen 

for inclusion in the longitudinal study and identified using ear tags. The first sampling visit took 

place in the farrowing house when the piglets were between 1 and 2 weeks of age with subsequent 

sampling visits 5, 10 and 20 weeks later when the pigs were, respectively, in the first stage weaner 

house (approximately 7 weeks of age); the second stage weaner house (approximately 12 weeks 

of age); and the finisher house 1 - 2 weeks prior to slaughter. The second and third sampling visits 

were intended to coincide with the use of medicated feed in the first stage weaners (on moderate 

and high AMU farms) and the second stage weaners (on high AMU farms) respectively. At each 

visit, 25 freshly voided faecal samples were collected from tagged pigs. Sample collection was 

random in that it depended on observing defaecation in tagged pigs at the time of the visit. 

Additionally, faecal samples were collected from the 10 dams of the study batch at each first visit. 

All faecal samples were placed in individual sterile plastic pots and transported in a cooler box to 

the laboratory where they were processed the same day. The pigs in the study batches were 

managed as per normal practice on the respective farms; the farmers received no additional 

instructions other than a request to keep the batch housed together as far as possible. 

5.2.2 Ethics and consent to participate 

Farmers gave informed consent to participate in this study. As tagging is considered a normal farm 

procedure and freshly voided faecal samples only were collected at each visit this study was 

exempted from a full ethical review: AREC-E-19-14-Leonard. 

5.2.3 Antimicrobial use 

The farmers provided details on the use of medicated feed in the study batch, including the 

antimicrobials administered and the inclusion rates used. Farmers were provided with treatment 

record sheets to record any treatments administered to the study batch during the study. The 

farmers and staff were also asked verbally at each visit about any treatments administered to the 

study batch since the previous visit. At the end of the trial, the participating farmers were asked to 

submit invoice and or prescription records for the farm for the preceding six months.  
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Table 5.1: Prophylactic and metaphylactic antimicrobial use regimens applied to each batch on the 12 study farms. 

 Piglet 
prophylactic 
treatment 

 Prophylactic antimicrobial use in medicated feed  Metaphylactic  
group 
treatments Farm 

 
weaner, 1st stage 

 
weaner, 2nd stage 

 
finisher 

 

A none 
 

starter* none 
 

weaner  none 
 

none 
  

   
link none 

       
   

weaner none 
       

B none 
 

starter* none 
 

weaner  none 
 

none 
  

   
link none 

       
   

weaner none 
       

C none 
 

starter none 
 

weaner  none 
 

none 
  

   
link none 

       
   

weaner none 
       

D none 
 

starter none 
 

weaner  none 
 

none 
  

   
link none 

       
   

weaner none 
       

E none 
 

starter apramycin 100 ppm 
 

weaner  none 
 

none 
 

tylosin via feed 
in weaner 2 

   
link apramycin 100 ppm 

      
   

weaner none 
      

F amoxicillin (inj) 
 

starter* none 
 

weaner  none 
 

none 
 

tiamulin via 
feed in weaner 
2 & finisher 

   
link* (trim/sulfa 300 ppm)a 

      
   

weaner none 
      

‘Low AMU’ farms: A, B, C, D; ‘moderate AMU’ farms: E, F, G, H; ‘high AMU’ farms: I, J, K, L. Prophylactic treatments to piglets are administered in first week of life. Starter, 
link and weaner diets are fed sequentially in weaner 1st stage. None of the study farms provided medicated feed to finishers as prophylaxis. Three farms administered 
metaphylactic treatments in finishers. The inclusion rate of antimicrobial in medicated feed is indicated in parts per million (ppm).  
* Indicates the diet is medicated with zinc oxide 
a This regimen was not applied to the study batch on this farm but was used on previous batches  
Legend: inj -injection; w- water; CTC - chlortetracycline; trim/sulfa - trimethoprim and sulfadiazine, 1:5 ratio; AMU - antimicrobial use; ppm - parts per million 
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Table 5.1: continued  

‘Low AMU’ farms: A, B, C, D; ‘moderate AMU’ farms: E, F, G, H; ‘high AMU’ farms: I, J, K, L. Prophylactic treatments to piglets are administered in first week of life. Starter, 
link and weaner diets are fed sequentially in weaner 1st stage. None of the study farms provided medicated feed to finishers as prophylaxis. Three farms administered 
metaphylactic treatments to the batch as finishers. The inclusion rate of antimicrobial in medicated feed is indicated in parts per million (ppm).  
* Indicates the diet is medicated with zinc oxide 
Legend: inj -injection; w - water; CTC - chlortetracycline; trim/sulfa - trimethoprim and sulfadiazine, 1:5 ratio; AMU - antimicrobial use; ppm - parts per million

 Piglet 
prophylactic 
treatment 

 Prophylactic antimicrobial use in medicated feed  Metaphylactic  
group 
treatments Farm 

 
weaner, 1st stage 

 
weaner, 2nd stage 

 
finisher 

 

G trim/sulfa (inj) 
 

starter* tylvalosin 85 ppm 
 

weaner  none 
 

none 
  

   
link* tylvalosin 85 ppm 

       
   

weaner none 
       

H lincomycin & 
spectinomycin 
(inj) 

 
starter* trim/sulfa 300 ppm 

 
weaner  none 

 
none 

  
  

link* tylosin 100 ppm 
       

  
weaner none 

       

I ceftiofur (inj)a 
 

starter* amoxicillin 300 ppm, CTC 405 ppm 
 

weaner  CTC 405 ppm 
 

none 
  

   
link* amoxicillin 300 ppm, CTC 405 ppm 

       
   

weaner*  CTC 405 ppm 
       

J amoxicillin (inj) 
 

starter* trim/sulfa 300 ppm 
 

weaner  tylosin 100 ppm 
 

none  florfenicol via 
water to 
weaner 2 and 
finisher 

   
link* none 

      
   

weaner* none 
      

K ceftiofur (inj) 
 

starter* amoxicillin 250 ppm, tilmicosin 200 ppm 
 

weaner  CTC 405 ppm,  
amoxicillin (top 
dressing) 

    
   

link* amoxicillin 250 ppm, tilmicosin 200 ppm 
      

   
weaner CTC 300 ppm, amoxicillin 

      

L amoxicillin (inj) 
 

starter* apramycin 100 ppm 
 

weaner  tylosin (via 
water, mixed 
with wet feed) 

 
none 

  
 

neomycin (w) 
 

link* trim/sulfa 300 ppm 
      

   
weaner trim/sulfa 300 ppm 
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5.2.4 Bacterial isolation 

The samples from each visit were pooled using 1 g of individual sample (0.5 g per piglet sample due 

to lower sample volumes). The pooled samples were suspended in buffered peptone water (Oxoid, 

Basingstoke, UK) to make a 1 in 10 weight per volume suspension and homogenised using a 

stomacher for 2 minutes. The resulting suspension was used to prepare 10-fold serial dilutions 

which were spread-plated, in triplicate, onto MacConkey agar no. 3 plates (Neogen, Lansing, USA) 

without antimicrobial (using 10-3 to 10-6 dilutions) and onto MacConkey agar plates supplemented 

with either cefotaxime 1 mg/L (Santa Cruz technologies, Santa Cruz, USA) or ciprofloxacin 1 mg/L 

(Sigma, Gillingham, UK) using the 10-1 to 10-3 dilutions. The cefotaxime concentration used was 

based on the recommendations of the European Union Reference Laboratory for the isolation and 

quantification of ESBL/AmpC-producing E. coli (EURL-AR, 2017; 2019). The 1 mg/L ciprofloxacin 

concentration was used to select for E. coli with high level resistance to fluoroquinolones (AbuOun 

et al., 2020).  

The MacConkey plates and the remaining suspension were then incubated for 18 - 22 hours at 37°C. 

Quantification of total E. coli, presumptive ESBL/AmpC-producing E. coli and fluoroquinolone 

resistant E. coli was performed by enumerating red colonies on plates with counts between 30 and 

300 colony forming units (cfu) for each respective replicate. If a sample had no plate counts > 30 

cfu (e.g., on an antimicrobial supplemented plate), the plates with the highest counts were used. 

The count for each E. coli population was expressed as colony forming units per gram (cfu/g) using 

the arithmetic mean of the replicate counts. The proportions of presumptive ESBL/AmpC-

producing E. coli and fluoroquinolone resistant E. coli were determined by dividing the respective 

count by the count obtained for the general E. coli population. If either of the cefotaxime or 

ciprofloxacin plates were negative for coliform growth then the incubated suspension was plated 

onto MacConkey plates with the appropriate antimicrobial and incubated at 42°C for 18 - 22 hours 

(EURL-AR, 2019)24. Presumptive E. coli isolates were subcultured onto Tryptone bile X-glucuronide 

(TBX) agar (Biokar, Oise, France); isolates displaying blue-green growth were confirmed as E. coli. 

Citrate and indole tests were used for isolates with equivocal results on TBX agar. Twenty confirmed 

E. coli isolates per pooled sample were selected from the antimicrobial free plates and up to 5 from 

the cefotaxime and ciprofloxacin plates, subcultured onto blood agar (Oxoid, Basingstoke, UK) and 

stored on cryobeads (Technical Service Consultants, Heywood, UK) at -70°C until further analysis. 

 
24 The EURL-AR protocol recommends 44°C incubation temperature to reduce growth of background flora. 
For the present study, there was no available incubator space to meet this requirement. However, there 
were no observable effects on the performance of the media. 
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5.2.5 Antimicrobial susceptibility testing 

Antimicrobial susceptibility testing against a panel of 18 antimicrobials was carried out using the 

Vitek® 2 compact automated system with the AST-GN 98 card (Biomerieux, Basingstoke, UK) 

according to the manufacturer’s instructions. The Vitek® 2 uses the broth microdilution method to 

determine the minimum inhibitory concentration (MIC). The antimicrobials tested were amikacin, 

ampicillin, amoxicillin/clavulanic acid, ciprofloxacin, cefpodoxime, ceftazidime, cefalexin, ceftiofur, 

chloramphenicol, doxycycline, enrofloxacin, gentamicin, imipenem, marbofloxacin, nitrofurantoin, 

polymyxin B, and trimethoprim/sulfamethoxazole. The MICs were interpreted using the 

epidemiologic cut-off values (ECOFF) defined by the European Committee on Antimicrobial 

Susceptibility Testing (EUCAST) (EUCAST, 2021). An ECOFF divides the bacterial population 

according to the presence (non-wild type, nWT) or absence (wild type, WT) of acquired resistance 

mechanisms. Hereafter, WT and nWT will be referred to as susceptible and resistant respectively. 

The ECOFFs and testing range for each antimicrobial are listed in Table 5.2. In addition to the ECOFF 

of 0.06 mg/L, resistance to ciprofloxacin was assessed using a breakpoint of 1mg/L. This allowed 

for the differentiation of ‘high level’ fluoroquinolone resistance and is termed ciprofloxacin_HL for 

the purposes of this study. There are no ECOFFs currently defined for cefalexin, cefpodoxime, 

cefovecin, marbofloxacin or polymyxin B. However, prior to its November 2020 update, EUCAST 

defined ECOFFs for cefalexin and cefpodoxime (16 mg/L and 2 mg/L, respectively) and these were 

retained as tentative ECOFFs for use in this study. No attempt was made to define an ECOFF for 

cefovecin and marbofloxacin as their respective classes, cephalosporins and fluoroquinolones, 

were represented by other antimicrobials in the panel. Since the ECOFF for 

trimethoprim/sulfamethoxazole is below the Vitek® 2 test range, isolates with a MIC ≤ 1 mg/L 

(based on trimethoprim concentration) were further tested using the agar dilution method 

(ESCMID, 2000) to determine if the MIC was at or below the ECOFF of 0.25 mg/L (range tested: 0.25 

mg/L to 0.5 mg/L). Escherichia coli ATCC 29522 was used as a quality control strain during all steps 

of bacterial isolation and AST. Multidrug resistance (MDR) was defined as resistance to at least one 

agent in three or more antimicrobial classes (Magiorakos et al., 2012). Isolates susceptible to all 

antimicrobials tested were classed as pan susceptible. 

Presumptive ESBL/AmpC-producing Escherichia coli isolated from the cefotaxime plates and 

isolates from the other plates displaying resistance to third generation cephalosporins were further 

characterised to determine if they possessed the ESBL or the AmpC phenotype using the disc 

diffusion methods outlined by EUCAST (EUCAST, 2017). The double disc synergy test (DDST), with 

cefotaxime 30 μg, ceftazidime 30 μg and amoxicillin clavulanic acid 30 μg discs, was used to test for 

the ESBL phenotype. The ESBL phenotype is indicated by augmentation of the cephalosporin 
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inhibition zones towards the amoxicillin/clavulanic acid disc. The AmpC phenotype was screened 

for using cefoxitin 30 μg discs; a zone of inhibition < 19 mm was considered positive (EUCAST, 2017). 

Furthermore, resistance to meropenem and cefepime was assessed using meropenem 30 μg and 

cefepime 30 μg discs. All antimicrobial discs were obtained from the same supplier (Oxoid, 

Basingstoke, UK). The disc diffusion methods described above were performed according to 

EUCAST guidelines (Matuschek, Brown and Kahlmeter, 2014). Escherichia coli ATCC 29522 and 

Escherichia coli NTCC 13353 were used as control strains. 

Table 5.2: Summary of antimicrobials included in the Vitek® 2 AST-GN 98 card  

 

 

 

 

 

 

 

 

 

 

 

 

 

a Epidemiological cut-off value (ECOFF) defined by EUCAST (EUCAST, 2021). 
b Tentative ECOFFs based on EUCAST definition prior to November 2020. 
c ND - Not determined 
d In addition to the ECOFF, a breakpoint of 1 mg/L was used to detect high level resistance. 
e Trimethoprim:sulfamethoxazole ratio 1:19; ECOFF reported as the trimethoprim concentration. 
f The AST-GN98 card includes test to detect ESBL phenotype; reported as positive or negative. 
Legend: ECOFF - epidemiological cut-off value; ESBL - extended spectrum beta lactamase; EUCAST - European 
Committee on Antimicrobial Susceptibility Testing 

Antimicrobial Range (mg/L) ECOFFa (mg/L) 
Ampicillin 2 - 32 8 
Amoxicillin/Clavulanic Acid 2 - 32 8 
Cefalexin 4 - 64 16b 

Cefpodoxime 0.25 - 8 2b 

Cefovecin 0.5 - 8 NDc 

Ceftazidime 0.125 - 64 0.5 
Ceftiofur 1 - 8 1 
Imipenem 0.25 - 16 0.5 
Amikacin 2 - 64 8 
Gentamicin 1 - 16 2 
Ciprofloxacin 0.06 - 4 0.064d 

Enrofloxacin 0.125 - 4 0.125 
Marbofloxacin 0.5 - 4 NDc 

Doxycycline 0.5 - 16 4 
Nitrofurantoin 16 - 256 64 
Chloramphenicol 2 - 64 16 
Polymyxin B 0.25 - 16 NDc 

Trimethoprim/Sulfamethoxazolee 1 - 16 0.25e 

ESBL phenotypef N/A N/A 
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5.2.6 Data processing and statistical analysis 

All data were initially entered into Microsoft® Excel 365 spreadsheets (Microsoft Corporation, 

Redmond, WA, USA). Further analysis and data visualisation were carried out using R version 4.0.5 

(R Core Team, 2020) making use of the ggplot2 package (Wickham, 2016). Resistance patterns were 

clustered and visualised using heatmaps created with the pheatmap package (Kolde, 2019). 

Associations between antimicrobial resistance, the use of medicated feed and the production stage 

were investigated using mixed effects logistical regression models created with the lme4 package 

(Bates et al., 2015). The outcomes assessed were resistance to doxycycline, 

trimethoprim/sulfamethoxazole, ampicillin, chloramphenicol, gentamicin and ciprofloxacin as well 

as multidrug resistance and pan susceptibility. The farm identifier was included in the model as the 

random variable. Predictor variables with p-values ≤ 0.05 were consider significant. The results 

were reported as odds ratios with their 95% confidence intervals. Differences in odds ratios 

between the different levels of each predictor variable were determined using the emmeans 

package in R (Lenth, 2021).  

5.3 Results 

5.3.1 Antimicrobial use  

Table 5.1 shows the antimicrobial use regimens applied on the study farms. One moderate AMU 

farm (Farm F) did not administer the anticipated prophylactic treatment to the study batch. The 

same farm experienced an outbreak of respiratory disease which required medication with tiamulin 

on two occasions during the study. The treatments were applied to the study batch as second stage 

weaners and as finishers. Two other farms administered metaphylactic treatments to the study 

batch during the study. Farm E, a moderate AMU farm, administered tylosin via medicated feed 

during the weaner second stage while Farm J, a high AMU farm, administered florfenicol via water 

during the weaner second stage and finisher stage. Unfortunately, precise details of the duration 

and numbers of animals involved were not provided. Only two of the farms kept a complete record 

of treatment during the trial and five out of twelve farms have not provided their prescription 

records for the herd. For these reasons, quantification of AMU, other than via medicated feed, was 

not possible.    

5.3.2 Antimicrobial resistance in the generic Escherichia coli population 

Escherichia coli were recovered from all pooled samples on un-supplemented plates. Throughout 

the lifecycle of the study batches, the highest E. coli counts were observed in piglet samples (mean 

= 9 log10 cfu/g, SD = 0.2) and reduced thereafter: first stage weaner (mean = 7.4 log10 cfu/g, SD = 

0.8); second stage weaner (mean = 7.1 log10 cfu/g, SD = 0.8); and finisher (mean = 6.4 log10 cfu/g, 
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SD = 0.5). The mean E. coli count in the sow samples was 7.1 log10 by CFU/g (SD = 0.6). Table 5.3 

shows the overall rates of resistance to the individual antimicrobials summarised by stage and 

antimicrobial use category. Of the 960 isolates collected during the production cycle, 55.1% were 

resistant to doxycycline, 46% to ampicillin, 42.4% to trimethoprim/sulfamethoxazole, 24% to 

chloramphenicol and 20% to gentamicin. These represent the antimicrobial classes used in 

medicated feed or water and the highest rates of resistance were observed in the first stage 

weaners where, for example, all isolates obtained from the high use farms were resistant to 

doxycycline and all but two were resistant to ampicillin. In contrast, the highest rates of resistance 

to fluoroquinolones, generally used parenterally (or occasionally as oral doses), were observed in 

piglets.  Of the 189 ciprofloxacin resistant isolates recovered (19.6% of total), 56 had MICs > 1 mg/L 

and thus were classed as high level resistant. Of these, 48 were recovered from piglets, the majority 

from three farms. Nine isolates with resistance to 3rd generation cephalosporins were recovered 

from the non-supplemented plates on three farms: six from piglets and one from each of the other 

stages. Nitrofurantoin resistance was mainly observed in older animals; all isolates from piglets and 

weaners were susceptible apart from two found on one farm in the second stage weaners. All 

isolates were susceptible to amikacin and imipenem and had MICs less than 2 mg/L for polymyxin 

B which is below the clinical breakpoint defined by the (CLSI, 2021). 

The farm prevalence of resistance to each antimicrobial and the prevalence of the pan susceptible 

and MDR phenotypes in each production stage are illustrated in Figure 5.1. The general pattern for 

doxycycline, ampicillin, trimethoprim/sulfamethoxazole, chloramphenicol and gentamicin 

resistance was a peak in the first stage weaners followed by reductions in the second stage and 

finishers regardless of antimicrobial use category. This was most pronounced in the moderate and 

high AMU farms where resistance in first stage was at or approached 100% for several of the 

antimicrobials, often in combination. There were some notable exceptions: one moderate AMU 

farm had its peak in the second stage weaners; for one low AMU farm, resistance to doxycycline 

peaked in the piglet stage; and, on some farms, resistance to ampicillin (n = 6), doxycycline (n = 3), 

trimethoprim/sulfamethoxazole (n = 5) and chloramphenicol (n = 3) in the finisher stage was higher 

than in second stage weaner (but still lower than first stage weaner). Resistance to 

fluoroquinolones peaked in the piglet stage on nine of the 12 farms; one peaked in first stage 

weaner, one in finishers and another was negative throughout the study. Four farms had higher 

resistance in the finisher stage than the second stage weaner. 
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Table 5.3: Antimicrobial resistance in Escherichia coli isolated from non-supplemented plates 

throughout the lifecycle of 12 batches of pigs on 12 Irish pig farms summarised by stage of 

production and level of antimicrobial use.  

  Antimicrobial 

Stagea AMU AMP AMC XNL CPD TAZ CFT IPM AMI GEN 

piglet   low  40.0% 6.3% 3.8% 3.8% 3.8% 3.8% 0% 0% 10.0% 
         mid  50.0% 6.3% 0% 0% 0% 0% 0% 0% 12.5% 
         high 28.8% 5.0% 3.8% 3.8% 3.8% 3.8% 0% 0% 2.5%  

overall 39.6% 5.8% 2.5% 2.5% 2.5% 2.5% 0% 0% 8.3% 
           
weaner 1 low  52.5% 3.8% 0% 0% 0% 1.3% 0% 0% 18.8% 
         mid  77.5% 12.5% 1.3% 1.3% 0% 0.0% 0% 0% 72.5% 
         high 97.5% 21.3% 16.3% 16.3% 1.3% 1.3% 0% 0% 72.5%  

overall 75.8% 12.5% 5.8% 5.8% 0.4% 0.8% 0% 0% 54.6% 
           
weaner 2 low  5.0% 0% 0% 0% 0% 0.0% 0% 0% 1.3% 
         mid  33.8% 5.0% 1.3% 1.3% 1.3% 1.3% 0% 0% 20.0% 
         high 48.8% 2.5% 0.0% 0% 0% 0% 0% 0% 25.0%  

overall 29.2% 2.5% 0.4% 0.4% 0.4% 0.4% 0% 0% 15.4% 
           
finisher low  22.5% 1.3% 0% 0% 0% 0% 0% 0% 0% 
         mid  21.3% 0% 0% 0% 0% 0% 0% 0% 0% 
         high 75.0% 7.5% 1.3% 1.3% 1.3% 1.3% 0% 0% 5.0%  

overall 39.6% 2.9% 0.4% 0.4% 0.4% 0.4% 0% 0% 1.7% 

Total (n = 960) 46.0% 5.9% 2.3% 2.3% 0.9% 1.0% 0% 0% 20.0% 

sow      low  20.0% 0% 0% 0% 0% 0.% 0% 0% 2.5% 
         mid  31.3% 5.0% 0% 0% 0.% 0.% 0% 0% 0% 
         high 28.8% 12.5% 5.0% 5.0% 5.0% 6.3% 0% 0% 0% 
 overall 26.7% 5.8% 1.7% 1.7% 1.7% 2.1% 0% 0% 0.8% 

Legend: AMU - antimicrobial use; AMP - ampicillin, AMC - amoxicillin clavulanic acid; XNL - cefalexin; CDP -
cefpodoxime; TAZ - ceftazidime; CFT - ceftiofur; IMP - imipenem; AMI - amikacin; GEN - gentamicin; CIP - 
ciprofloxacin (MIC > 0.06 mg/L); ENR - enrofloxacin; CIP_HL - ciprofloxacin high level (MIC > 1 mg/L); DOX - 
doxycycline; NIT - nitrofurantoin; CHL - chloramphenicol; PNS - pan susceptible; MDR - multidrug resistance 
a Each batch was sampled once per production stage, 20 isolates per batch. Four farms per AMU category. 
Sows were sampled once at the same time as piglets, included here for comparison. 
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Table 5.3 continued 

  Antimicrobial 

Stagea AMU CIP ENR CIP HL DOX NIT CHL TMS PNS MDR 

piglet   low  41.3% 40.0% 18.8% 40.0% 0% 5.0% 36.3% 35.0% 36.3% 
         mid  46.3% 37.5% 17.5% 55.0% 0% 25.0% 42.5% 26.3% 46.3% 
         high 46.3% 45.0% 23.8% 41.3% 0% 1.3% 7.5% 30.0% 25.0%  

overall 44.6% 40.8% 20.0% 45.4% 0% 10.4% 28.8% 30.4% 35.8% 
           

weaner 1 low  18.8% 18.8% 0% 65.0% 0% 0% 73.8% 11.3% 47.5% 
         mid  30.0% 30.0% 2.5% 78.8% 0% 56.3% 75.0% 18.8% 77.5% 
         high 11.3% 11.3% 0% 100% 0% 57.5% 82.5% 0% 87.5%  

overall 20.0% 20.0% 0.8% 81.3% 0% 37.9% 77.1% 10.0% 70.8% 
           

weaner 2 low  0% 0.0% 0% 6.3% 0.% 2.5% 8.8% 91.3% 5.0% 
         mid  12.5% 12.5% 1.3% 68.8% 2.5% 30.0% 45.0% 21.3% 41.3% 
         high 3.8% 3.8% 1.3% 63.8% 0.% 46.3% 51.3% 2.5% 42.5%  

overall 5.4% 5.4% 0.8% 46.3% 0.8% 26.3% 35.0% 38.3% 29.6% 
           

finisher low  1.3% 1.3% 1.3% 32.5% 1.3% 1.3% 26.3% 65.0% 21.3% 
         mid  2.5% 2.5% 2.5% 40.0% 7.5% 7.5% 27.5% 35.0% 7.5% 
         high 22.5% 22.5% 1.3% 70.0% 1.3% 55.0% 32.5% 6.3% 60.0%  

overall 8.8% 8.8% 1.7% 47.5% 3.3% 21.3% 28.8% 35.4% 29.6% 

Total (n = 960) 19.7% 18.7% 5.9% 55.1% 1.0% 24.0% 42.4% 28.5% 41.4% 

sow      low  12.5% 12.5% 0% 41.3% 0% 10.0% 13.8% 47.5% 12.5% 
         mid  12.5% 12.5% 5.0% 47.5% 0% 10.0% 27.5% 38.8% 23.8% 
         high 28.8% 28.8% 6.3% 41.3% 6.3% 2.5% 20.0% 32.5% 21.3% 
 overall 17.9% 17.9% 3.8% 43.3% 2.1% 7.5% 20.4% 39.6% 19.2% 

Legend: AMU - antimicrobial use; AMP - ampicillin, AMC - amoxicillin clavulanic acid; XNL - cefalexin; CDP -
cefpodoxime; TAZ - ceftazidime; CFT - ceftiofur; IMP - imipenem; AMI - amikacin; GEN - gentamicin; CIP - 
ciprofloxacin (MIC > 0.06 mg/L); ENR - enrofloxacin; CIP_HL - ciprofloxacin high level (MIC > 1 mg/L); DOX - 
doxycycline; NIT - nitrofurantoin; CHL - chloramphenicol; PNS - pan susceptible; MDR - multidrug resistance 
a Each batch was sampled once per production stage, 20 isolates per batch. Four farms per AMU category. 
Sows were sampled once at the same time as piglets, included here for comparison. 
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Figure 5.1 Prevalence of antimicrobial resistance and pan susceptible or multidrug resistant phenotypes on 
12 Irish pig farms summarised by antimicrobial use category (a) and farm (b). One batch of pigs from each 
farm was followed longitudinally and sampled once in each production stage. Farms A-D were low AMU; 
farms E-F were moderate AMU; farms I-L were high AMU. 
Legend: AMU - antimicrobial use; Amox/Clav - amoxicillin clavulanic acid; Ciprofloxacin_HL - high level 
resistance to ciprofloxacin (MIC > 1 mg/L); Trim/Sulfa - trimethoprim/sulfamethoxazole; MDR - multidrug 
resistant  

a 

 

 

 

 

 

 

 

 

 

 

 

 

 

b 
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The results from the mixed effects logistic regression analyses are summarised in Table 5.4. The 

models for doxycycline, trimethoprim/sulfamethoxazole, ampicillin, chloramphenicol and 

gentamicin all showed higher odds of resistance in first stage weaners compared to the other three 

stages. There were lower odds of resistance to ampicillin in isolates from the second stage weaners 

compared to piglets and finishers. The odds of resistance to gentamicin and chloramphenicol in the 

second stage weaners were also higher than in piglets. The model for ciprofloxacin showed higher 

odds of resistance in piglets compared to the other categories and also in first stage weaners 

compared to the second stage and finishers. The odds of resistance to doxycycline, ampicillin, 

chloramphenicol and gentamicin were higher on moderate or high AMU farms compared to low 

AMU farms with the exception of ampicillin where there was no significant difference between 

moderate and low AMU farms. The differences in odds ratios between high AMU and moderate 

AMU farms were not significant in any of the six antimicrobial models and there were no significant 

associations between antimicrobial use category and resistance to trimethoprim/sulfamethoxazole 

or to ciprofloxacin. Isolates from high AMU farms were significantly less likely to be pan susceptible 

than those from low or moderate AMU farms whereas those from low AMU farms were more likely 

to be pan susceptible than from the other two categories. The pan susceptible phenotype was less 

likely in first stage weaners compared to the other stages and more likely in second stage weaners 

compared to finishers. Finally, the odds of detecting the MDR phenotype were significantly higher 

in isolates from the first stage weaners and in isolates recovered from high AMU farms compared 

to low AMU farms.  

In terms of antimicrobial class, 54 different resistance patterns were observed during the 

production cycle of the study batches. The most frequent are summarised in Table 5.5. All the 

resistance patterns (in terms of antimicrobial) are illustrated using heatmaps in Figure 5.2. The pan 

susceptible phenotype was the most common individual pattern (274 out of 960 isolates, 28.5%) 

but MDR phenotypes were more common overall (398 isolates, 41.5%). The most common MDR 

phenotypes were resistance to tetracyclines, trimethoprim/sulfamethoxazole and ampicillin (TET-

TMS-PEN) and to tetracyclines, trimethoprim/sulfamethoxazole, ampicillin, chloramphenicol and 

gentamicin (TET-TMS-PEN-AGLY-PHEN) with 83 and 76 isolates respectively. Taking additional co-

resistances into consideration, the TET-TMS-PEN resistance phenotype was present in 291 isolates 

in total. The TET-TMS-PEN-AGLY-PHEN phenotype was present in 106 isolates, predominantly from 

first stage weaner samples (n = 81) and was not recovered from any of the low AMU farms nor in 

any of the sow samples. 
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Table 5.4: Summary of mixed effects logistic regression models investigating factors associated with resistance to doxycycline, 

trimethoprim/sulfamethoxazole, ampicillin, chloramphenicol, gentamicin, ciprofloxacin and pan susceptible and multidrug 

resistance phenotypes in Escherichia coli isolates (n = 960) throughout the life cycle of 12 batches of pigs from Irish pig farms. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Legend: AMU - antimicrobial use; OR - odds ratio; CI - confidence interval 
Superscripts next to odds ratio indicate it is significantly different (p ≤ 0.05) from other levels of the independent variable. AMU: m - moderate, 
h - high; stage: w1 - weaner 1, w2 - weaner 2, f - finisher 

Independent variable  Antimicrobial   
 Doxycycline  Trimethoprim/Sulfamethoxazole   
 OR (95% CI)        p 

 
OR (95% CI)        p 

AMU low (ref. category)  
     

 
moderate  3.3 (1.38 - 7.92) 0.007 

 
1.76 (0.79 - 3.95) 0.168  

high  5.34 (2.21 - 12.91) <0.001 
 

1.47 (0.66 - 3.29) 0.351 

Stage piglet (ref. category)  
     

 
weaner 1  6.77 (4.32 - 10.6)w2,f <0.001 

 
9.68 (6.29 - 14.89)w2,f <0.001  

weaner 2  1.04 (0.7 - 1.54)w1 0.842 
 

1.36 (0.91 - 2.03)w1 0.129  
finisher  1.1 (0.75 - 1.63)w1 0.618 

 
1 (0.66 - 1.5)w1 1.000 

  
 Ampicillin  Chloramphenicol   
 OR (95% CI)        p 

 
OR (95% CI)        p 

AMU low (ref. category)  
     

 
moderate  2.36 (0.82 - 6.82) 0.111 

 
28.65 (6.54 - 125.56) <0.001  

high  5.69 (1.97 - 16.46) 0.001 
 

48.79 (11.11 - 214.25) <0.001 

Stage piglet (ref. category)  
     

 
weaner 1  6.74 (4.32 - 10.52)w2,f <0.001 

 
8.75 (4.96 - 15.43)w2,f <0.001  

weaner 2  0.57 (0.38 - 0.87)w1,f 0.009 
 

4.08 (2.31 - 7.21)w1 <0.001  
finisher  1 (0.67 - 1.5)w1,w2 1.000 

 
2.83 (1.59 - 5.04)w1 <0.001 
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Table 5.4: continued 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Legend: AMU - antimicrobial use; OR - odds ratio; CI - confidence interval 
Superscripts next to odds ratio indicate it is significantly different (p ≤ 0.05) from other levels of the independent variable. AMU: m - moderate, 
h - high; stage: w1 - weaner 1, w2 - weaner 2, f - finisher 

Independent variable  Antimicrobial   
 Gentamicin 

 
Ciprofloxacin   

 OR (95% CI)        p 
 

OR (95% CI)        p 
AMU low (ref. category)  

     
 

moderate  116.58 (2.13 - 6366.2) 0.020 
 

2.47 (0.14 - 44.81) 0.542  
high  100.55 (1.85 - 5467.1) 0.024 

 
4.52 (0.25 - 80.25) 0.304 

Stage piglet (ref. category)  
     

 
weaner 1  54.75 (26.62 - 112.61)w2,f <0.001 

 
0.19 (0.12 - 0.32)w2,f <0.001  

weaner 2  2.23 (1.2 - 4.14)w1,f 0.011 
 

0.03 (0.02 - 0.07)w1 <0.001  
finisher  0.17 (0.06 - 0.52)w1,w2 0.002 

 
0.06 (0.03 - 0.11)w1 <0.001 

  
 Pan susceptible 

 
Multidrug resistance   

 OR (95% CI)        p 
 

OR (95% CI)        p 
AMU low (ref. category)  

     
 

moderate  0.27 (0.12 - 0.62)h 0.002 
 

2.27 (0.71 - 7.24) 0.165  
high  0.08 (0.03 - 0.19)m <0.001 

 
4.22 (1.33 - 13.42) 0.015 

Stage piglet (ref. category)  
     

 
weaner 1  0.2 (0.12 - 0.34)w2,f <0.001 

 
5.91 (3.83 - 9.12)w2,f <0.001  

weaner 2  1.57 (1.02 - 2.41)w1 0.040 
 

0.72 (0.48 - 1.09)w1 0.118  
finisher  1.33 (0.87 - 2.05)w1 0.189 

 
0.72 (0.48 - 1.09)w1 0.118 
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Table 5.5: The most frequent resistance patterns amongst Escherichia coli isolates  recovered from non-supplemented plates throughout 

the life cycle of 12 batches of pigs from 12 Irish pig farms (n = 960) summarised by stage of production and antimicrobial use. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Legend: AMU - antimicrobial use; PAN - pan susceptible; TET = tetracyclines; TMS - potentiated sulphonamides; PEN - aminopenicillins;  
PHEN - amphenicols; AGLY - aminoglycosides; FQN - fluoroquinolones*; CEP - cephalosporins 
a Each batch was sampled four times, 20 isolates per sampling point per farm to give a total of 240 isolates per stage. The total refers to the isolates 
collected from the 12 batches. 
b Four farms per AMU category, 320 isolates. 
* resistance interpretation based on epidemiologic cut off value (ECOFF). Note that fluoroquinolone resistance was also based on ECOFF.  

   Stagea  AMUb   
Resistance pattern*  total piglet weaner 1 weaner 2 finisher 

 
low mid high  sowc 

PAN  274 73 24 92 85 
 

162 81 31  95 
TET-TMS-PEN  83 7 30 23 23 

 
42 16 25  8 

TET  81 20 10 21 30 
 

16 34 31  39 
TET-TMS-PEN-PHEN-AGLY  76 2 57 16 1 

 
0 36 40  0 

TET-TMS-PEN-FQN  32 13 16 0 3 
 

14 10 8  2 
PEN  31 8 2 2 19 

 
9 7 15  11 

FQN  31 31 0 0 0 
 

4 9 18  6 
TET-TMS  30 7 6 6 11 

 
17 11 2  6 

TET-PEN  24 4 9 7 4 
 

1 11 12  9 
PHEN  20 0 0 20 0 

 
0 0 20  0 

TET-TMS-PEN-AGLY-FQN  19 1 12 6 0 
 

0 17 2  0 
TET-TMS-PEN-PHEN  18 1 4 5 8 

 
1 5 12  4 

TET-TMS-PEN-PHEN-AGLY-FQN  18 5 12 1 0 
 

0 15 3  0 
TET-PEN-FQN  17 16 0 0 1 

 
2 2 13  8 

TET-TMS-PEN-AGLY  17 1 15 0 1 
 

0 5 12  0 
TMS-PEN  16 5 1 6 4 

 
4 6 6  2 

TET-PEN-PHEN-FQN  14 4 0 0 10 
 

0 4 10  0 
TMS-AGLY  14 0 14 0 0 

 
13 1 0  0 



136 
 

 

Figure 5.2: Antimicrobial resistance patterns in Escherichia coli isolated from 12 batches of pigs during a 

longitudinal study on 12 Irish pig farms. The study batch on each farm was sampled once in each production 

stage. Farms A-D were low AMU; farms E-F were moderate AMU; farms I-L were high AMU. The sows were 

sampled at the same time as the piglets and results are included for comparison. Resistance to each 

antimicrobial was interpreted using ECOFFs defined by EUCAST apart from ciprofloxacin_HL for which a 

breakpoint > 1 mg/L was used.  

Legend: AMU - antimicrobial use; Ciprofloxacin_HL - high level resistance to ciprofloxacin (MIC >1 mg/L); 

ECOFF - epidemiological cut off value; EUCAST - European Committee on Antimicrobial Susceptibility Testing 
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5.3.3 Antimicrobial resistance in Escherichia coli from antimicrobial supplemented 
plates 

The relative abundances of E. coli with high level resistance to ciprofloxacin (MIC > 1 mg/L) and of 

presumptive ESBL/AmpC-producing E. coli (cefotaxime MIC > 1 mg/L) are illustrated in Figure 5.3. 

Six ciprofloxacin plates and three cefotaxime plates (all from piglet samples) had uncountable 

numbers of isolates on the plates with the highest dilution meaning that the proportions of 

resistance in these samples could not be calculated using the plate count method. In these cases, 

the proportions of resistance were imputed using the AST results (ciprofloxacin HL or ceftazidime 

and ceftiofur) from the supplemented plates. All farms were positive for high level ciprofloxacin 

resistance at least once during the longitudinal study. The highest proportions of resistance were 

in piglets (up to 90%) although five farms had higher prevalence at other sampling points. The 

proportions of resistance in sows and piglets were significantly correlated (Spearman ρ = 0.82, p = 

0.001). At the final sampling point, in finishers, five farms had zero counts (three of which were also 

negative after the enrichment step) whereas five farms had prevalence > 1%. Two farms were 

negative for ESBL/AmpC-producing E. coli throughout the study, another had zero counts at each 

sampling point but was positive after the enrichment steps for three. Piglets had the highest 

prevalence on seven of the 10 positive farms and there was a significant correlation between the 

relative abundances in sows and piglets (Spearman ρ = 0.8, p = 0.002). At the final sampling point, 

11 of the 12 farms had zero counts for ESBL/AmpC-producing E. coli of which five were positive 

after the enrichment step. 

A total of 212 ciprofloxacin HL resistant isolates and 121 presumptive ESBL/AmpC-producing 

isolates were selected25 for further analysis. The results from the AST are presented in Table 5.6 

and the most frequent resistance patterns are summarised in Table 5.7. One hundred and eighty-

six (87.7%) of ciprofloxacin HL resistant isolates were MDR and the most frequent co-resistance 

patterns were resistance to tetracycline, trimethoprim/sulfamethoxazole, ampicillin and 

chloramphenicol with or without gentamicin. The resistance patterns for the ciprofloxacin HL 

resistant isolates are shown in Figure 5.4. One hundred and sixteen (95.9%) of the presumptive 

ESBL/AmpC-producing isolates were MDR and although this phenotype always includes resistance 

to cephalosporins and penicillins, 100 of these were resistant to another two or more 

antimicrobials.  

 

 
25 Up to 5 isolates were collected per antimicrobial supplemented plate per sample. All were subjected to 
AST. 
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Figure 5.3: Relative abundance (log10 transformed) of high level fluoroquinolone resistant and 

ESBL/AmpC-producing Escherichia coli on 12 Irish pig farms summarised by farm and antimicrobial 

use category. One batch of pigs per farm was followed longitudinally and sampled once in each 

production stage; sows were sampled once, at the same time as piglets. Farms A-D were low AMU; 

farms E-F were moderate AMU; farms I-L were high AMU. Fluoroquinolone resistant E. coli were 

selected using media supplemented with ciprofloxacin 1 mg/L. ESBL/AmpC-producing E. coli were 

selected using media supplemented with cefotaxime 1 mg/L. An arbitrary constant, 10-8, was added 

to each value prior to the log transformation. Points plotted at y = -8 are samples which had zero 

resistant E. coli counts but were positive after an enrichment step. Points plotted below -8 refer to 

samples which were negative after an enrichment step. 

Legend: AMU - antimicrobial use 
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Table 5.6: Antimicrobial resistance in Escherichia coli isolated from antimicrobial supplemented 
plates throughout the lifecycle of 12 batches of pigs on 12 Irish pig farms summarised by stage of 
production.  
Part 1: presumptive ESBL/AmpC producing-Escherichia coli (n = 121). Isolated from MacConkey agar 
supplemented with 1 mg/L cefotaxime. 

 
Table 5.6: Part 2: High level fluoroquinolone resistant E. coli (n = 212). Isolated from MacConkey 
agar supplemented with ciprofloxacin 1 mg/L. 

Each batch was sampled once per production stage, 20 isolates per batch. Four farms per AMU category. 
Sows were sampled once at the same time as piglets, included here for comparison. 
Legend: AMP - ampicillin, AMC - amoxicillin clavulanic acid; XNL - cefalexin; CDP -cefpodoxime; TAZ - 
ceftazidime; CFT - ceftiofur; IMP - imipenem; AMI - amikacin; GEN - gentamicin; CIP - ciprofloxacin (MIC > 
0.06 mg/L); ENR - enrofloxacin; CIP_HL - ciprofloxacin high level (MIC > 1 mg/L); DOX - doxycycline; NIT - 
nitrofurantoin; CHL - chloramphenicol; PNS - pan susceptible; MDR - multidrug resistance

Stage (# isolates)  Antimicrobial 
     AMP AMC XNL CPD TAZ CFT IPM AMI GEN 
Sow (n=32)      100% 59.4% 100% 100% 96.9% 100% 0% 0% 9.4% 
Piglet (n=38)  100% 55.3% 100% 100% 92.1% 100% 0% 0% 23.7% 
Weaner 1 (n=21)  100% 52.4% 100% 100% 95.2% 100% 0% 0% 42.9% 
Weaner 2 (n=20)  100% 95.0% 100% 100% 95.0% 100% 0% 0% 40.0% 
Finisher (n=10)  100% 60.0% 100% 100% 100% 100% 0% 0% 10.0% 
Overall (n=121)  100% 62.8% 100% 100% 95.0% 100% 0% 0% 24.8%  

 
         

 
 CIP ENR CIP HL DOX NIT CHL TMS PNS MDR 

Sow (n=32)      81.3% 81.3% 56.3% 75.0% 0% 3.1% 53.1% 0% 90.6% 
Piglet (n=38)  86.8% 86.8% 57.9% 84.2% 2.6% 13.2% 71.1% 0% 94.7% 
Weaner 1 (n=21)  81.0% 81.0% 33.3% 90.5% 0% 14.3% 81.0% 0% 100% 
Weaner 2 (n=20)  60.0% 60.0% 45.0% 100% 0% 15.0% 65.0% 0% 100% 
Finisher (n=10)  80.0% 80.0% 40.0% 90.0% 0% 50.0% 80.0% 0% 100% 
Overall (n=121)  79.3% 79.3% 49.6% 86.0% 0.8% 14.0% 67.8% 0% 95.9% 

Stage (# isolates)  Antimicrobial 
    AMP AMC XNL CPD TAZ CFT IPM AMI GEN 
Sow (n=45)  64.4% 8.9% 8.9% 8.9% 8.9% 8.9% 0% 0% 20.0% 
Piglet (n=50)    86.0% 32.0% 12.0% 12.0% 12.0% 12.0% 0% 0% 20.0% 
Weaner 1 (n=46)  91.3% 41.3% 0.0% 0.0% 0.0% 0.0% 0% 0% 52.2% 
Weaner 2 (n=36)  83.3% 22.2% 8.3% 8.3% 8.3% 8.3% 0% 0% 22.2% 
Finisher (n=35)  85.7% 22.9% 0% 0% 0% 0% 0% 0% 25.7% 
Overall (n=212)  82.1% 25.9% 6.1% 6.1% 6.1% 6.1% 0% 0% 28.3%  

 
         

    CIP ENR CIP HL DOX NIT CHL TMS PNS MDR 
Sow (n=45)  100% 100% 100% 84.4% 0% 53.3% 60.0% 0% 73.3% 
Piglet (n=50)    100% 100% 100% 84.0% 0% 72.0% 80.0% 0% 98.0% 
Weaner 1 (n=46)  100% 100% 100% 97.8% 0% 82.6% 89.1% 0% 93.5% 
Weaner 2 (n=36)  100% 100% 100% 91.7% 0% 47.2% 61.1% 0% 83.3% 
Finisher (n=35)  100% 100% 100% 100% 0% 57.1% 77.1% 0% 88.6% 
Overall (n=212)  100% 100% 100% 91.0% 0% 63.7% 74.1% 0% 87.7% 
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Table 5.7: Summary of the most frequent resistance patterns amongst ESBL/AmpC-producing- and fluoroquinolone 

resistant Escherichia coli (n = 333) isolated from cefotaxime and ciprofloxacin supplemented plates during the life cycle 

of 12 batches of pigs from 12 Irish pig farms. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Legend: ESBL - extended spectrum beta lactamase; AMU - antimicrobial use; PAN - pan susceptible; TET = tetracyclines; TMS - 
potentiated sulphonamides; PEN - aminopenicillins; PHEN - amphenicols; AGLY - aminoglycosides; FQN - fluoroquinolones*; CEP - 
cephalosporins 
a Each batch was sampled four times; up to 5 isolates per supplemented plate per sampling point were collected. 
b Collected from the dams (n = 10) of each batch at the time of first visit. Included for comparison. 
* Resistance interpretation based on epidemiologic cut off value (ECOFF). Note that fluoroquinolone resistance was also based on ECOFF.  

    Stagea  
Resistance pattern* 

 
total 

 
piglet weaner 1 weaner 2 finisher 

 
sowb 

Cefotaxime plates (n = 121)          
TET-TMS-PEN-FQN-CEP 

 
32 

 
18 9 3 2 

 
15 

TET-PEN-FQN-CEP 
 

11 
 

3 0 6 2 
 

3 
TET-TMS-PEN-PHEN-FQN-AGLY-CEP 

 
9 

 
5 1 3 0 

 
1 

TET-TMS-PEN-AGLY-CEP 
 

8 
 

0 3 5 0 
 

0 
TET-TMS-PEN-AGLY- FQN-CEP 

 
7 

 
4 3 0 0 

 
1           

Ciprofloxacin plates (n = 212) 
         

TET-TMS-PEN- PHEN-FQN 
 

46 
 

20 15 4 7 
 

12 
TET-TMS-PEN-PHEN-AGLY-FQN 

 
44 

 
7 22 7 8 

 
6 

TET-TMS-PEN-FQN 
 

22 
 

0 3 8 11 
 

3 
TET-FQN 

 
12 

 
0 3 5 4 

 
7 

TET-PEN- PHEN-FQN 
 

12 
 

3 0 5 4 
 

2 
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Figure 5.4: Antimicrobial resistance patterns in Escherichia coli with high level fluoroquinolone 

resistance (n = 212) isolated from 12 batches of pigs during a longitudinal study on 12 Irish pig 

farms. Farms A-D were low AMU; farms E-F were moderate AMU; farms I-L were high AMU. The 

study batch on each farm was sampled once in each production stage. The sows were sampled at 

the same time as the piglets and results are included. Fluoroquinolone resistance was selected 

using media supplemented with ciprofloxacin 1 mg/L. Resistance to each antimicrobial was 

interpreted using ECOFFs defined by EUCAST apart from ciprofloxacin_HL for which a breakpoint > 

1 mg/L was used. 

Legend: AMU - antimicrobial use; Ciprofloxacin_HL - high level resistance to ciprofloxacin; ECOFF - 

epidemiological cut off value; EUCAST - European Committee on Antimicrobial Susceptibility 

Testing 
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The results from the ESBL/AmpC phenotype testing by disc diffusion methods are shown in Figure 

5.5. The double disk synergy test proved positive for all but two isolates while the AmpC screening 

test proved positive for 39 isolates. However, 33 of the AmpC positive isolates were susceptible to 

cefepime suggesting that the ESBL phenotype was unlikely (EUCAST, 2017), and furthermore, were 

also negative for ESBL phenotype according to Vitek® 2 and thus were assigned to the AmpC 

phenotype. The positive synergy tests observed in those isolates may have resulted from narrow 

spectrum beta lactamases (for example blaTEM-1). Therefore, 81 isolates were classified as ESBL+, 34 

as AmpC+, five as ESBL+/AmpC+ and one was undetermined. Clustering of the isolates according 

to the zones of inhibition for the cephalosporin and amoxicillin clavulanic acid disks revealed two 

main clusters. The first cluster contained ESBL+ only phenotypes (n = 70) and could be subdivided 

into three smaller clusters: the largest contained isolates from six farms that were mostly 

susceptible to amoxicillin clavulanic acid; one contained 14 isolates from a single farm and was 

characterised by higher cefotaxime and cefepime resistance; the final cluster contained 8 isolates, 

seven from the same farm, which were mostly susceptible to ceftazidime and resistant to both 

gentamicin and chloramphenicol. The second main cluster (n = 50) contained mostly AmpC positive 

isolates and could be subdivided into two smaller clusters. The larger of these clusters contained 

isolates from five farms. The smaller cluster contained 16 ESBL+ isolates (five were also AmpC+) 

which all originated from the same farm. The 11 AmpC negative isolates in this cluster had zones 

of inhibition within  1mm of  both the cefoxitin screening cut-off point (< 19 mm) and the ECOFF 

for cefepime (WT ≥ 28 mm) and were otherwise similar to the AmpC positive members of the 

cluster. These similarities suggest potential misclassifications which require confirmation by other 

methods. Two farms were represented in both the main clusters. Ciprofloxacin resistance was 

present in all ESBL+ isolates but less common in the AmpC+ isolates. 
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Figure 5.5: Antimicrobial resistance patterns in ESBL/AmpC producing Escherichiai coli isolated 

during a longitudinal study on 12 Irish pig farms. Farms A-D were low AMU; farms E-F were 

moderate AMU; farms I-L were high AMU. Clustering is based on the zone of inhibition diameters 

(mm)  obtained from AST disk diffusion assays using cefepime, cefoxitin, cefotaxime, ceftazidime 

and amoxicillin clavulanic acid (all 30 μg). The AST results for the antimicrobials listed above the 

heatmap were determined using an automated broth microdilution method (Vitek® 2) and 

interpreted using EUCAST defind ECOFFs. The Vitek® 2 test card includes a test for ESBL production: 

ESBL result referes to the Vitek® 2 output.  

Legend: Trim/Sulfa - trimethorpim/sulfamethoxazole; Ciprofloxacin_HL - high level criprofloxacin 

resistance (MIC > 1 mg/L); Amox/Clav - clavulanic acid; AMU - antimicrobial resistance; ESBL - 

extended spectrum beta lactamase; AST - antimicrobial susceptibilty testing; EUCAST -European 

Committee on Antimicrobial Susceptibilty Testing; ECOFF  - epidemiologic cut off value 
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5.4 Discussion 

This study sought to investigate the dynamics of AMR in E. coli during the lifecycle of slaughter pigs 

exposed to different AMU regimens on Irish farms. Resistance to doxycycline, ampicillin, 

chloramphenicol and gentamicin was higher on farms that used antimicrobials in medicated feed 

(moderate and high AMU) than on farms that did not (low AMU). Also, the MDR phenotype was 

less frequent and pan susceptible phenotype more frequent on low AMU farms. There were similar 

findings in studies which compared systems with prophylactic AMU versus therapeutic AMU only 

(Mathew, Upchurch and Chattin, 1998; Mathew, Beckmann and Saxton, 2001; Kittitat et al., 2018; 

Pissetti et al., 2021); conventional versus ABF, organic or extensive systems (Bunner et al., 2007; 

Österberg et al., 2016; Mencía-Ares et al., 2021). There were no significant differences in resistance 

to any of the antimicrobials or MDR prevalence between the moderate AMU and high AMU farms. 

This may be a result of the small sample size of this study as Gibbons et al. (2016) detected 

differences in ‘short term’ and ‘long term’ use farms (analogous to moderate and high use in this 

study) in a larger cross-sectional study. The model for the pan susceptible phenotype showed 

significant differences between all three groups (low > moderate > high) which indicates that the 

wildtype E.  coli population can recover in the absence of antimicrobials. Overall, however, these 

results show that prophylactic AMU at any level is associated with increased AMR and that a move 

towards more judicious practices, i.e., therapeutic AMU only, will help to reduce antimicrobial 

resistance. This is supported by data from the Netherlands and Belgium, where AMR in E. coli 

isolated during routine monitoring has declined alongside reductions in AMU (Dorado-García et al., 

2016; Callens et al., 2018). 

Age is known to influence AMR in pig production with resistance generally peaking after weaning 

and reducing thereafter (Mathew et al., 1999; Gibbons et al., 2016; Burow et al., 2019). In this 

study, the mixed effects logistic regression models showed that the MDR phenotype and resistance 

to all six antimicrobials was significantly higher, and the pan susceptible phenotype significantly 

lower, in isolates from first stage weaner pigs than in all other age groups except for ciprofloxacin. 

Ciprofloxacin resistance in first stage weaners was lower than in piglets but still higher than in the 

older age groups. This is expected as it coincides with AMU in medicated feed after weaning and 

the use of fluoroquinolones in piglets. However, the post weaning peak in AMR was also observed 

on the low AMU farms. This could be associated with the use of parenteral treatments on these 

farms. Treatment of even a few individuals in the group can cause an increase in AMR in untreated 

animals as has been reported for fluoroquinolones (Römer et al., 2017; Amsler et al., 2021) and 

aminoglycosides (Herrero-Fresno et al., 2015). Increased treatment incidence after weaning would 

be expected (Sarrazin et al., 2019) as the stresses associated with diet change, moving and mixing 
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can cause disease (Schwarz, Kehrenberg and Walsh, 2001; Burch, 2013). Unfortunately, since 

farmers did not keep complete records of individual treatments in the study batches this cannot be 

verified. Factors other than AMU can also influence AMR. Transport (Langlois and Dawson, 1999; 

Molitoris et al., 1987), temperature (Moro et al., 1998, 2000; Mathew et al., 2003) as well as 

stocking density and mixing of groups (Mathew et al., 2003) affected AMR in E. coli and it may be 

that the stress of weaning by itself is enough to disturb the microbiota (Stecher et al., 2012). The 

general trend for resistance to reduce after the peak in first stage weaner was not evident in all 

cases (see Figure 5.1). Unrecorded treatments administered to the batches or unknown 

environmental stressors may have contributed to these fluctuations but, on three farms, specific 

instances of antimicrobial use in the second stage weaners or finishers were noted. One moderate 

AMU farm (farm F) saw peak resistance in the second stage weaner. In this case, the batch did not 

receive prophylactic treatment in the first stage weaner as anticipated but it was treated with 

tiamulin during the second weaner and finisher stages due to an outbreak of respiratory disease 

within the herd. One farm (farm J) administered florfenicol to the study batch as second stage 

weaners and finishers, another (farm I) administered ceftiofur to several individuals as finishers. In 

both instances, respiratory disease in the group was the indication for treatment. The florfenicol 

treated group recorded the highest chloramphenicol resistance in the older age groups (see Figure 

5.1) whereas the ceftiofur treated group had the highest proportion of resistance to cefotaxime 

(see Figure 5.3).    

Resistance to a particular antimicrobial is associated with the use of antimicrobials of the same 

class  (Varga et al., 2009; Gibbons et al., 2016; Ceccarelli et al., 2020) but can also be associated 

with use of unrelated classes (Rosengren et al., 2007; Akwar et al., 2008a; Varga et al., 2009; 

Gibbons et al., 2016; Ceccarelli et al., 2020; Mencía-Ares et al., 2021). Co-selection occurs when 

resistant isolates selected by exposure to one antibiotic possess ARGs to other antimicrobials. 

These ARGs are frequently co-located on the same mobile genetic elements such as plasmids, 

integrons or transposons (Poirel et al., 2018). Varga et al. (2009) reported an association between 

the use of any antimicrobial in medicated feed and an increase in the MDR phenotype as well as 

the individual antimicrobials. Such co-resistance was a notable feature in this study. Despite the 

diversity of AMU regimens on the study farms, the response to treatment was similar, especially in 

the first stage weaners where 70.8% of all E. coli isolated were MDR, the majority being resistant 

to at least doxycycline, trimethoprim/sulfamethoxazole and ampicillin (TET-TMS-PEN). This 

resistance pattern was present in more than half of all commensal E. coli isolated from pigs at 

slaughter during routine monitoring in Europe (EFSA and ECDC, 2021a) and its ubiquity reflects 

current and historical AMU practices on the study farms and in pig production in general. The 
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strongest associations between AMU status and AMR were for chloramphenicol and gentamicin 

resistance and both were subject to co-selection. Chloramphenicol has not been used in food 

animals for many years but resistance was at least 28 times more likely in isolates from farms using 

medicated feed than from low AMU farms and it is notable that all but one of the chloramphenicol 

resistant isolates recovered from finishers were from farms that used medicated feed in the second 

weaner stage (i.e., the four high AMU farms and one moderate AMU farm). Florfenicol use is 

associated with chloramphenicol resistance in pigs (Ceccarelli et al., 2020). This likely explains the 

high prevalence of chloramphenicol resistance on the two farms (Ceccarelli et al., 2020) that used 

it (farms G and J, see Figure 5.1) but not on the other farms. Resistance to gentamicin in pig 

production is mainly associated with the aac(3)-IV gene which also confers resistance to apramycin 

(Jensen et al., 2006; AbuOun et al., 2020). Gentamicin is no longer used in food animals in Ireland 

but apramycin is licensed for the treatment of colibacillosis and therefore is primarily administered 

to younger piglets (Burch, 2013). Two farms used apramycin in medicated feed. Two others 

administered it in water on a therapeutic basis although the exact exposure of the study batches 

on these farms was not recorded. Resistance to gentamicin in the first stage weaner was at least 

90% on the farms using apramycin but similar levels were observed on three other farms. One of 

these routinely used apramycin in its starter and link diets but did not administer it to the study 

batch; the other two farms, one of which was no longer using medicated feed (i.e., a low AMU 

farm), reported using apramycin some years previously but not recently. The remaining five farms, 

where gentamicin resistance was rarely observed, reported that they never used apramycin. These 

findings suggest that gentamicin resistance, when present on the farm, was selected for whether 

apramycin was used or not and can persist after its withdrawal.  

Isolates resistant to chloramphenicol or gentamicin were generally MDR. In the first stage weaner, 

one third of all isolates were resistant to both in addition to doxycycline, 

trimethoprim/sulfamethoxazole and ampicillin (i.e., TET-TMS-PEN-PHEN-AGLY). Clearly, such a 

phenotype is advantageous in an environment so frequently exposed to antimicrobials but these 

strains appear to have been displaced in the older animals, even when antimicrobials were still in 

use. Bibbal et al. (2009) showed that ampicillin resistance in E. coli from piglets treated with 

ampicillin was due to selection of resistant strains present before treatment rather than an 

adaptive response in the susceptible population. Furthermore, the dominant strain after treatment 

was also resistant to five other antimicrobials (Bibbal et al., 2009). Gentamicin resistance was the 

most age dependant, declining sharply in the second stage weaner and was rarely isolated in 

finisher pigs which is in agreement with previous studies (Mathew, Upchurch and Chattin, 1998; 

Mathew et al., 2003; Gibbons et al., 2016). This meant that gentamicin resistance was not co-



147 
 

selected in E. coli isolates from older pigs when they were exposed to antimicrobials. This cannot 

be explained by the absence of apramycin treatment alone since co-selection in isolates from first 

stage weaners was observed on farms not using the drug. This poses the question: why are MDR 

isolates with gentamicin resistance selected in first stage weaner pigs in the absence of apramycin 

use but not in finisher pigs? The E. coli population in the porcine intestine is highly dynamic and 

varies according to age (Katouli et al., 1995; Ahmed, Olsen and Herrero-Fresno, 2017). Therefore, 

the MDR strains possessing the TET-TMS-PEN-PHEN-AGLY phenotype in this study may be better 

adapted to younger pigs. This may also point to a fitness cost associated with the aac(3)-IV gene or 

its associated MGE(s) which acts as a negative selection pressure in the gastrointestinal tract of 

older animals unlikely to receive apramycin treatment. However, the impact of AMU on E. coli 

population dynamics throughout the whole of the pig lifecycle has not been studied and molecular 

studies investigating the dynamics of apramycin/gentamicin resistance are warranted.  

Multidrug resistant E. coli phenotypes were observed even when macrolides (n = 4) and 

pleuromutilins (n = 1) were in use. Although E. coli are considered intrinsically resistant to these 

classes, associations with their use and resistance are reported by others: e.g., to 

trimethoprim/sulfamethoxazole (Rosengren et al., 2007; Akwar et al., 2008a; Varga et al., 2009) 

and to chloramphenicol (Rosengren et al., 2007; Akwar et al., 2008a; Gibbons et al., 2016). 

Azithromycin has activity against E. coli and although it is not used in veterinary medicine, it is 

thought resistance may have arisen as an adaptive response to high intestinal concentrations of 

macrolides sufficient to overcome intrinsic impermeability (Gomes et al., 2016). Azithromycin 

resistance was not assessed in this study but prevalence in finisher pigs in Ireland and Europe is low 

(EFSA and ECDC, 2021a). However, higher resistance was reported for weaner pigs in Germany 

(Burow et al., 2019) which suggests the role of macrolide use in AMR in E. coli may be 

underestimated. 

In general, the highest frequencies of fluoroquinolone and 3rd generation cephalosporin resistance 

were observed in piglets. Similar findings have been reported in other European studies (Amsler et 

al., 2021; Hansen et al., 2013). The proportions of resistance to both classes in the piglet population 

were also highly correlated with resistance in the isolates from sows. This was previously 

demonstrated for fluoroquinolone resistance (Callens et al., 2015; Belloc et al., 2005) and 

cephalosporin resistance (Cameron-Veas et al., 2015, 2016) and identifies the farrowing house as 

a reservoir for resistance to these HP CIAs on pig farms. Carriage of ESBL-producing E. coli in pig 

farm workers is associated with its presence in pigs (Dohmen et al., 2015) and, given that piglets 

are frequently handled for procedures such as processing, fostering or vaccination, improved 

hygiene and biosecurity measures in the farrowing house may aid in reducing the transmission of 
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AMR bacteria and genes to workers and their dissemination around the farm. The majority of 

isolates from the supplemented plates were MDR which may explain their persistence, at varying 

levels, even in the absence of antimicrobial selective pressure. AbuOun et al. (2020) had similar 

findings for isolates recovered from ciprofloxacin supplemented plates. In another study, the 

majority of isolates recovered from cefotaxime supplemented plates were also MDR (Duggett et 

al., 2016). Molecular studies are required to identify the resistance mechanisms present in the 

fluoroquinolone and cephalosporin resistant isolates recovered during this study and would further 

aid in understanding the underlying epidemiology of AMR on pig farms. For example, the clustering 

of resistance patterns amongst the ESBL/AmpC-producing isolates (see Figure 5.5) suggests the 

presence of resistance mechanisms specific to individual farms but common to all age groups within 

the same farm. The observation that all ESBL positive isolates possessed at least low-level 

resistance to ciprofloxacin was concerning. Low-level fluoroquinolone resistance is associated with 

a mutation in the quinolone resistance determining region (QRDR) or a plasmid mediated 

quinolone resistance (PMQR) mechanism but the acquisition of a further QRDR is often enough to 

confer high level resistance (Jacoby, 2005; Strahilevitz et al., 2009). qnr genes, often co-located 

with ESBL genes (Wiener et al., 2016), facilitate the emergence of further mutations in the QRDR 

and thus have an important role in the epidemiology of both fluoroquinolone resistance and co-

selection of ESBL genes in environments exposed to fluoroquinolones (i.e., a farrowing house). 

Resistance to polymyxin B, as defined by the CLSI clinical breakpoint of < 2 mg/L, has been proposed 

as a proxy for colistin resistance (Pogue et al., 2019). Using this criterion, no isolate in the study 

was resistant to colistin.  However, the Vitek® 2 system may not be the most suitable method for 

detection of colistin resistance (Chew et al., 2017), and furthermore, selective screening as was 

done for fluoroquinolone and cephalosporin resistance would be required to detect resistance at 

low frequencies. Similarly, resistance to amikacin or carbapenems was not detected. The low 

prevalence of nitrofurantoin resistance is noteworthy as this drug is proposed as a suitable 

treatment for urinary tract infections in humans caused by E. coli (Bader et al., 2019). 

Two different methods were used to determine the AST profiles of the E. coli isolates collected 

during the study. The primary method used the Vitek® 2 system to the determine the MIC for a 

range of antimicrobials. This method was chosen because the MIC is a quantitative result (Reller et 

al., 2009) which may be beneficial for further analysis (although only the qualitative results are 

presented in this thesis). Furthermore, as the system is automated it allowed for the processing of 

a larger number of isolates. Limitations of this method include its relative expense, the fact that 

the panel of antimicrobials on the test cards are fixed by the manufacturer and that the range of 

concentrations tested are somewhat truncated for some of the antimicrobials (see Table 5.2). The 
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second limitation meant that antimicrobials of interest, such as cefotaxime or colistin, could not be 

included in the assay. Disc diffusion methods were used to further characterise the presumptive 

ESBL/AmpC producing isolates. This method was chosen because it was inexpensive and allowed 

the additional testing of some antimicrobials that are not included in the Vitek® 2 AST card but are 

necessary to distinguish between ESBL and AmpC phenotypes (EUCAST, 2017). However, the 

double disc diffusion test for the ESBL phenotype appeared to lack specificity and it may be that a 

broth microdilution method would have performed better. 

The main limitation of this study is the small sample size. Recruitment of more farms may have 

allowed detection of smaller differences between groups; however, longitudinal studies of this 

nature are costly and time consuming. Molecular studies investigating the resistance mechanisms 

as well as phylogeny would further elucidate the epidemiology of AMR throughout the pig lifecycle. 

Nevertheless, this study provides useful insights into the evolution of AMR on pig farms. 

5.5 Conclusions 

This study demonstrated that prophylactic AMU on pig farms is associated with AMR. Group 

treatment with antimicrobials selected for multidrug resistant isolates that are adapted to survive 

in an environment often exposed to different antimicrobial selection pressures. The observation 

that MDR isolates with gentamicin resistance do not persist in older pigs, even in the presence of 

antimicrobial use, suggests that the best adapted strains evolved in younger pigs but are 

outcompeted by other strains in older pigs, although further research is required to confirm this. 

In agreement with other studies, the farrowing house was identified as a focus of resistance to 

fluoroquinolones and 3rd generation cephalosporins. The findings of this study suggest that a move 

away from prophylactic AMU and limited (if any) use of the highest priority critically important 

antimicrobials will be required to achieve meaningful reductions in AMR in pig production. 
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Chapter 6 

The evolution of the faecal resistome is shaped by age and 

antimicrobial use during the pig lifecycle 
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Abstract 

The porcine gastrointestinal tract may act as a reservoir of antimicrobial resistant bacteria and their 

ARGs. A thorough understanding of the dynamics of this ‘resistome’ is needed to mitigate this 

threat to public health. However, longitudinal studies investigating the evolution of the faecal 

resistome throughout the lifecycle of the pig on commercial farms are lacking. This study 

investigated the dynamics of the porcine faecal resistome in batches of pigs on farrow-to-finish pig 

farms with differing levels of AMU throughout their entire lifecycle.  

Twelve Irish farrow-to-finish farms were selected according to their level of AMU in medicated feed 

(low, moderate, high). Ten litters of piglets were selected from each farm; pooled faecal samples 

were collected during each production stage (piglet, 1st stage weaner, 2nd stage weaner and 

finisher) and once from their dams at the initial visit. Shotgun metagenomic sequencing and read 

mapping against the Resfinder database was used to characterise and quantify the acquired 

resistome at each time point. 

Tetracycline ARGs followed by macrolide, aminoglycoside and beta-lactam ARGs dominated the 

resistome on all farms. The total abundance of ARGs in growing pigs peaked during the 1st weaner 

stage decreasing thereafter while the lowest abundance was observed in sows. Abundance was 

lower on low AMU farms compared to moderate or high AMU farms. The composition of the 

resistome was strongly influenced by the composition of the microbiota in an age dependent 

manner. 

This is the first multi-farm longitudinal study to investigate the dynamics and evolution of the faecal 

resistome throughout the pig production cycle and gives important insight into how age and 

antimicrobial use impact the resistome in pig farming. Further study using this dataset will increase 

our understanding of this relationship. 
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6.1 Introduction 

Animals may act as a reservoir for antimicrobial resistant bacteria and their ARGs (Marshall and 

Levy, 2011; Aarestrup, 2015). This represents an important threat to public health. Zoonotic 

bacteria such as Salmonella spp. and Campylobacter spp., are frequently multi-resistant to several 

antimicrobials (EFSA and ECDC, 2021a). Several important human pathogens such as E. coli, 

Enterococcus faecium, Staphylococcus aureus, Clostridioides difficile, Klebsiella pneumoniae and 

Pseudomonas aeruginosa, all of which have multidrug resistant strains (Oliveira et al., 2020), can 

be found in animals and in certain instances are considered zoonotic infections. For example, 

livestock associated methicillin resistant Staphylococcus aureus (MRSA) is associated with 

infections in both the pig farming and wider community in the Netherlands and elsewhere (van 

Rijen et al., 2008; Elstrøm et al., 2019). Furthermore, the commensal bacterial population of 

animals represents a reservoir of ARGs which may be transferred, directly or indirectly, to bacteria 

capable of colonising or infecting humans. This can happen via exposure to food (meat, eggs, milk 

etc.), the animals themselves or through the environment (Woolhouse et al., 2015) and is mediated 

by a range of HGT mechanisms (Holmes et al., 2016). The ‘resistome’ refers to the collection of all 

ARGs in a particular environment (Wright, 2007). A thorough understanding of the resistome in all 

environments is necessary in order to mitigate known and emerging threats to human and animal 

health. In this regard, as one of the major food producing species, the pig, and its intestinal 

microbiota and resistome, represents an area of increasing interest and research. 

Traditionally, the study of microbiology in general and of AMR in particular, has depended on 

culture techniques. Antimicrobial resistance may be determined phenotypically by AST or 

genotypically by PCR or WGS methods. By their nature, these techniques are limited to one, or 

relatively few, species at a time. Alternatively, conventional or quantitative PCR may be used to 

investigate the resistome independently of culture (Schmidt et al., 2015; Birkegård et al., 2017) but 

is dependent on the set of genes chosen for study. On the other hand, advances in next generation 

sequencing now allow for the study of the entire genome, i.e., the ‘metagenome’, of any given 

ecosystem. In the context of, for example, a faecal sample, this allows for culture independent 

analysis of the whole community resistome without needing prior knowledge of its composition to 

guide the study design. In recent years, this technique has been used to characterise and quantify 

the faecal resistome of pigs, particularly with regard to its relationship with AMU (Munk et al., 

2017; Andersen et al., 2017, 2020).  

Generally, tetracycline ARGs represent the dominant component of the porcine faecal resistome. 

Macrolide, lincosamide and streptogramin (MLS) ARGs, frequently classed together (and 
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sometimes along with pleuromutilin - MLSP) due to cross resistance within these classes, as well as 

beta-lactam and aminoglycoside ARGs, represent the next most abundant components of the 

resistome. This pattern is consistently observed in almost all studies, for example, in China (Wang 

et al., 2019, 2020a), Korea (Lim et al., 2020), North America (Looft et al., 2012; Chekabab et al., 

2021), Spain (Mencía-Ares et al., 2020), Ireland (Joyce et al., 2019) and Europe (Munk et al., 2018). 

This distribution of resistance genes reflects the widespread use of these antimicrobial classes in 

pig production. Some studies have shown associations between AMU at farm level and the 

abundance of total ARGs or specific classes (Munk et al., 2017; Van Gompel et al., 2019; Mencía-

Ares et al., 2020). Others have investigated the effect of specific antimicrobial treatments on the 

resistome and microbiome and shown both temporary and lasting effects (Looft et al., 2012; 

Ghanbari et al., 2019). The former group of studies are typically cross-sectional, concerned with 

animals at or close to slaughter. The latter group of studies, though often longitudinal, do not 

encompass the whole life cycle and are usually conducted on research farms which means the 

findings may not be generalisable to field studies.  

The resistome is strongly influenced by the underlying microbiota (Munk et al., 2018; Joyce et al., 

2019; Mencía-Ares et al., 2020). Since the microbiota is subject to change during the lifecycle of 

the pig (Kim et al., 2011; Holman and Chénier, 2014; Yang et al., 2021) and is itself influenced by 

AMU (Holman and Chénier, 2015; Zeineldin, Aldridge and Lowe, 2019) there is a need for 

longitudinal studies exploring the dynamics of the resistome throughout the whole production 

cycle. However, only two studies have investigated the evolution of the resistome throughout the 

whole of the pig lifecycle (Pollock et al., 2020; Holman et al., 2021) both of which were conducted 

on single farms. One considered only the effect of weaning age on the resistome (Holman et al., 

2021) while the other, which took place on a British farm with high AMU, reported minimal changes 

throughout the study (Pollock et al., 2020). Therefore, this study aimed to explore the dynamics of 

the acquired faecal resistome in batches of pigs on 12 Irish farrow-to-finish pig farms with differing 

levels of AMU throughout their entire lifecycle. 

6.2 Materials and methods 

6.2.1 Farm selection and sample collection 

The twelve farms, the study batches and the sampling plan involved in this trial were the same as 

described in Chapter 5.2.1 and 5.2.2. Briefly, the farms were chosen based on their use of 

antimicrobials in medicated feed and categorised as ‘low’, ‘moderate’ or ‘high’ AMU (see Chapter 

5.2.3 and Table 5.1). The study batch on each farm comprised 10 litters of tagged piglets farrowed 

in the same week and was sampled once during each stage of production at approximately 2-, 7-, 
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12- and 22 weeks of age corresponding to the ‘piglet’, ‘weaner 1’, ‘weaner 2’ and ‘finisher’ stages 

respectively. Additionally, the dams of the study batch were sampled during the first visit to the 

farrowing house. At each visit, 25 freshly voided faecal samples were collected at random from the 

study batch (plus 10 samples, one from each of the sows at the initial visit). 

6.2.2 Sample processing, DNA extraction, library preparation and metagenomic 
sequencing 

The samples from each visit were pooled using 0.5 g of individual faecal sample (0.2 g per piglet 

due to lower sample volumes). The pooled sample was mixed thoroughly with a sterile metal spoon 

and 0.25 g was transferred to a 2 ml tube and stored at -70°C until DNA extraction. DNA was 

extracted using the QIAamp® PowerFecal® Pro DNA Kit (QIAGEN, Hilden, Germany) with a bead 

beating step, according to the manufacturer’s instructions. Reagent without sample was used as a 

negative control. A mock community sample (ZymoBiomics, Irvine, CA, USA) consisting of eight 

bacterial species and two fungal species was used for the positive control. The DNA samples were 

stored at -20°C until sequencing. Library preparation and metagenomic sequencing were carried 

out by the Teagasc Food Research Centre (Fermoy, Ireland) as follows. Firstly, a Qubit High 

Sensitivity DNA assay (BioSciences, Dublin, Ireland) was used to determine the total DNA 

concentration and the sample concentrations were normalised. DNA was fragmented and Illumina 

sequencing adaptors added using the Illumina Nextera XT Library Preparation Kit (Illumina Inc., San 

Diego, CA, USA) essentially as described by the manufacturers but with tagmentation time 

increased to 7 minutes. Following addition of indices, samples were cleaned as described in the 

manufacturer’s instructions and then quantified with the Qubit High Sensitivity Assay, and the 

average size of the fragments for each sample was assessed using the Agilent High Sensitivity 

Bioanalyser. Samples were then pooled equimolarly and sequenced on the Illumina NextSeq 550, 

with a NextSeq 500/550 High Output Reagent kit v2.5 (300 cycles), in accordance with the standard 

Illumina sequencing protocols. Two samples yielded a negligible number of reads on the initial 

sequencing run and were repeated on a separate run. One of these samples (the weaner 1 sample 

from Farm B) failed on the repeat run and was excluded. In parallel to the sample collection 

described, other samples for metagenomic sequencing from other groups of animals in the same 

production stages were collected from the farms at each visit (for purposes separate to this study) 

which meant that sequencing results from a sample similar to the failed sample were available. 

Therefore, sequencing reads from this sample were used as an imputation for the failed sample.    

6.2.3 Bioinformatics 

The raw reads obtained by sequencing were processed using PRINSEQ-Lite v0.20.4 (Schmieder and 

Edwards, 2011). A mean phred score less than Q25 in a 10 base pair (bp) sliding window was the 



155 
 

criterion used for trimming low quality reads at the 3’ end and the minimum read length was set 

to 75 bp. The filtered sequences were then screened against the pig (Sus scrofa UCSC) and the 

human (Homo sapiens) reference genomes downloaded from Illumina iGenomes26 using Bowtie2 

[version 2.2; (Langmead and Salzberg, 2012)] with the default values. This step was necessary to 

identify and remove host DNA sequences and reads derived from possible human DNA 

contamination. Duplicate reads were removed using the Picard MarkDuplicates tool27. Finally, the 

reads were subjected to a further quality trimming step using a customised script28 as described by 

Mencía-Ares et al. (2020).  

Taxonomic assignment was carried out using the MetaPhlAn3 species classifier (Beghini et al., 

2021). Antimicrobial resistance gene annotation was carried out firstly by mapping the filtered 

reads against the Resfinder database (Zankari et al., 2012) using Bowtie2 (Langmead and Salzberg, 

2012); then concatenating the forward and reverse pairs and performing a BLAST v2.6.0 (Altschul 

et al., 1990) against the ResFinder database (Zankari et al., 2012) using a 70% identity cut-off and 

100 hits as the “max_target_seqs” setting as described by Mencía-Ares et al. (2020). As many of 

the ARGs contained in the Resfinder database have several variants with similar sequences, 

unspecific mapping may occur if a read matches to identical parts of homologous genes. Therefore, 

the read counts of variants of the same gene were aggregated to gene family level using the 

“phenotypes.txt” document downloaded from the Resfinder repository29 and the scheme 

suggested by Andersen et al. (2021). Genes conferring resistance to macrolides, lincosamides, 

streptogramins and/or pleuromutilins were aggregated at class level and are termed MLSP. The 

ARG abundance tables were normalised to ‘count per million’ (CPM) using the total number of 

reads per sample. 

6.2.4 Data processing, visualisation and statistical analysis 

Exploratory analysis, statistical analysis and data visualisation were carried out using R version 4.0.5 

(R Core Team, 2020) and the ggplot2 package (Wickham, 2016). Friedman tests, followed by post-

hoc pairwise Wilcoxon signed rank tests, were used to perform a differential abundance analysis of 

gene families and ARG classes between time points. To account for multiple comparisons, p-values 

were adjusted using the Benjamini and Hochberg method (Benjamini and Hochberg, 1995); 

significance was established at p ≤ 0.05 while tendency is discussed at p ≤ 0.10. The association 

 
26 https://support.illumina.com/sequencing/sequencing_software/igenome.html, (accessed April 2021) 
27 https://broadinstitute.github.io/picard/command-line-overview.html#MarkDuplicates  
28 TrimBWAstyle.usingBam.pl, (accessed April 2021); 
https://github.com/genome/genome/blob/master/lib/perl/Genome/Site/TGI/Hmp/HmpSraProcess/trimB
WAstyle.usingBam.pl 
29 https://bitbucket. org/genomicepidemiology/resfinder_db/src/master/ (accessed September 9, 2021)  

https://support.illumina.com/sequencing/sequencing_software/igenome.html
https://broadinstitute.github.io/picard/command-line-overview.html#MarkDuplicates
https://github.com/genome/genome/blob/master/lib/perl/Genome/Site/TGI/Hmp/HmpSraProcess/trimBWAstyle.usingBam.pl
https://github.com/genome/genome/blob/master/lib/perl/Genome/Site/TGI/Hmp/HmpSraProcess/trimBWAstyle.usingBam.pl
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between the total ARG abundance and AMU category and stage of production was determined 

using both linear regression and linear mixed effects (LME) models. The R package lmer (Bates et 

al., 2015) was used to create the LME models. Farm was included as a random effect variable in the 

LME model. The number of reads sequenced per sample (i.e., the library size) was included in both 

models to check for confounding and the Akaike information criterion (AIC) was used to compare 

the models. The within-sample resistome diversity (i.e., alpha diversity) was explored using the 

vegan package in R (Oksanen et al., 2020). Specifically, the scores for the Shannon and Simpson 

diversity indices, as well as for ARG richness and evenness, were calculated. The association 

between the Shannon index and AMU category and stage of production was determined using both 

linear regression and linear mixed effects (LME) models. The farm was included in the LME model 

as a random effect variable. The number of reads sequenced per sample (i.e., the library size) was 

also included in the model to check for confounding. The AIC was used to compare the models. A 

similar model was constructed with ARG richness as the outcome variable. Between sample 

diversity (i.e., beta diversity) of both the resistome and the microbiota were assessed by 

determining the Bray-Curtis dissimilarities of the square root transformed datasets and visualised 

using principal coordinate analysis (PCoA) plots. The vegan function ‘envfit’ is used to fit 

environmental variables (i.e., metadata relating to the samples) to an ordination and allows for an 

estimation of their overall influence on the ordination and their correlation with each other 

(Oksanen et al., 2021). The ‘envfit’ function was used to estimate the influence of (1) each genus 

on the microbiota beta diversity ordination; (2) each ARG on the beta diversity ordination of the 

resistome; and (3) genus abundance on the beta diversity ordination of the resistome. The effect 

of AMU category (i.e., low, moderate or high) and stage of production on the beta diversity of the 

resistome and microbiota was determined using permutational multivariate analysis of variance 

(PERMANOVA) with the ‘adonis2’ function in vegan. Finally, the correlation between the resistome 

and the microbiota was determined using the Mantel test with the Bray-Curtis dissimilarity 

matrices of both datasets.  

6.3 Results 

6.3.1 Taxonomic assignment of the microbiota 

Sixty pooled samples from the 12 study farms were sequenced and yielded an average of 6.1 million 

paired end reads (range: 0.7 - 14.4 million). The taxonomic assignment at genus level, as 

determined by Metaphlan3, is summarised in Figure 6.1. The most abundant genera overall were 

Lactobacillus, mainly represented by Lactobacillus amylovorus; Prevotella, represented by 

Prevotella copri and others; and Limosilalactobacillus. The latter genus is the result of a 

reclassification of the Lactobacillus genus (Zheng et al., 2020) and was represented by 
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Limosilalactobacillus vaginalis in piglets and by L. reuteri in older animals. The taxonomic profile of 

the growing animals shifted over time. The most notable shifts were the displacement of 

Bacteroides spp., Escherichia coli and L. vaginalis after the piglet stage; the expansion of Prevotella 

spp., Megasphera elsdenii, and Phascolarctobacterium succinatutens in first stage weaners; and 

the increased relative abundance of Turicibacter sanguinis in sows. The beta diversity analysis is 

summarised by the PCoA plots in Figure 6.2. The first PCoA axis explained 43.7% of the variability 

and showed complete separation of the piglet microbiota from the older stages. The second PCoA 

axis showed an age related gradient: the weaner 1 samples clustered separately from the sow 

samples with the weaner 2 and finisher samples clustering in between. The PERMANOVA analysis 

confirmed that this association between the microbiota composition and the stage of production 

accounted for 64% of the variation (adonis r2 = 0.64, p ≤ 0.001). The analysis also showed a small 

but significant association with the AMU category (adonis r2 = 0.037, p ≤ 0.001). The library size also 

had a small but significant association with the microbiota composition (adonis r2 = 0.013, p = 

0.047). 

 

Figure 6.1: Taxonomic profiles at genus level of the faecal microbiome of batches of pigs on 12 Irish 

farms stratified by stage of production. Farms A-D were low AMU; farms E-F were moderate AMU; 

farms I-L were high AMU. 
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Figure 6.2:  Principal coordinates analysis (PCoA) plots visualising the between sample beta diversity of the faecal microbiota from batches of pigs on twelve 

Irish pig farms. The ordination is based on the Bray-Curtis dissimilarities of the square root transformed dataset. The values in parentheses represent the 

percentage of variation explained by each PCoA axis. The arrows represent the influence of the most abundant genera on the ordination as determined by 

the ‘envfit’ function in vegan. The length of the arrow is proportional to the effect and is scaled to fit the plot. The angles between arrows represent the 

correlations between the genera. 
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6.3.2 Composition of the resistome and ARG abundance 

A total of 106 different ARGs were detected during the study, these were aggregated into 77 gene 

‘families’ and conferred resistance to 12 different antimicrobial classes. The absolute and relative 

abundances at gene family level are summarised in Figure 6.3.  The resistome was dominated by 

tetracycline resistance genes on all farms and at all time points with an average relative abundance 

of 84.9% (range: 64.9% - 94.3%). Table 6.1 summarises the distribution of the most prevalent ARGs 

across the 12 farms. tet(Q), tet(O/W), and tet(W) were the most prevalent and abundant genes and 

were detected in all samples apart from one piglet sample which did not have tet(W). tet(40), tet(O) 

and other mosaic genes such as tet(O/W/O), tet(O/W/32/O) and tet(W/32/O) were also widely 

distributed. Resistance determinants from the MLSP class, were the second most prevalent group. 

mef(A) and erm(B) were the most abundant members of this class and were detected in 58 and 42 

samples respectively while erm(G) was detected in most piglet and weaner 1 samples. 

Aminoglycoside ARGs (mainly the ant(6)-I and aph(3’)-III clusters) and beta lactam ARGs (almost 

exclusively blaACI-1 and cfxA) were the third and fourth most prevalent groups. The farm level 

distribution of ARGs at class level is depicted in Figure 6.4. The abundance of beta lactams, MLSP 

and tetracycline ARGs was lower in piglets and sows than in weaners (p ≤ 0.025) for all but two of 

the pairwise comparisons in which only a trend was observed (piglet vs weaner 2 for tetracycline 

and for MLSP, p < 0.10). Sows also had a lower ARG abundance of these classes compared to 

finishers (p ≤ 0.015). Aminoglycoside resistant gene abundance was higher in both piglets and 

weaners than the other age groups (p ≤ 0.015). At family level, the more abundant ARGs broadly 

followed the patterns discussed above for their parent classes, albeit not all differences were 

significant. Several genes were almost exclusively found in piglets including: aac(3)-IV, aph(6)-Id  

aph(4)-Ia, tet(A), tet(B), aadA and mdf(A) [≥6 farms; p ≤ 0.036] as well as dfrA, qnrS, aph(3’’)-Ib and 

sul2 (4 - 5 farms; p <0.1). Two genes were differentially abundant in sows compared to their 

offspring: lnu(P) [p = 0.1] and tetA(P) [p = 0.015]. 
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Table 6.1:  Distribution of selected antimicrobial resistance genes by stage of production in the faecal 
resistome of batches of pigs from 12 Irish farms
  Stage of production 

Gene 
 

sow  piglet  weaner 1  weaner 2  finisher 

Tetracycline           
tet(O/W) mosaics 

 
12 

 
12 

 
12 

 
12 

 
12 

tet(Q) 
 

12 
 

12 
 

12 
 

12 
 

12 
tet(W) 

 
12 

 
11 

 
12 

 
12 

 
12 

tet(O) (c) 
 

11 
 

11 
 

12 
 

12 
 

11 
tet(40) 

 
12 

 
11 

 
12 

 
12 

 
12 

tet(44) 
 

9 
 

4 
 

7 
 

5 
 

5 
tetA(P) 

 
10 

 
3 

 
1 

 
4 

 
9 

tet(X) 
 

1 
 

7 
 

6 
 

5 
 

3 

MLSP           
mef(A) 

 
11 

 
11 

 
12 

 
12 

 
12 

erm(B) 
 

3 
 

10 
 

11 
 

10 
 

8 
erm(F) 

 
3 

 
6 

 
8 

 
7 

 
5 

erm(G) 
 

1 
 

11 
 

10 
 

5 
 

3 
lnu(C) 

 
12 

 
12 

 
12 

 
12 

 
12 

Aminoglycoside           
ant(6)-I (c) 

 
12 

 
12 

 
12 

 
12 

 
12 

aph(3')-III (c) 
 

2 
 

12 
 

12 
 

10 
 

6 
aadA (c) 

 
0 

 
8 

 
1 

 
0 

 
0 

Beta-lactam           
cfxA 

 
3 

 
6 

 
12 

 
11 

 
11 

blaACI-1 
 

5 
 

5 
 

8 
 

12 
 

11 continued on next page 
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Table 6.1:  continued 

(c) indicates a gene family with two or more variants. 

tet(O/W) mosaic family contains tet(O/W), tet(O/W/O), tet(O/W/32/O), tet(O/W/32/O/W/O), tet(W/32/O)  

Legend: MLSP - macrolide, lincosamide, streptogramin and pleuromutilin 
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The mean total ARG abundance for all samples was 1326.7 CPM (SD = 484.6) but varied by age as 

shown in Figure 6.5.  Antimicrobial resistance gene abundance peaked during weaner 1 on seven 

of 12 farms, in the farrowing house on two farms and during weaner 2 on three farms. Two models 

to explore the relationship between ARG abundance, AMU category and stage of production were 

evaluated. The linear regression model and the linear mixed effect models had almost identical 

beta coefficients and the AICs were equal (to one decimal place) indicating that the influence of 

the random variable, farm, was negligible. Therefore, the linear regression model was chosen as 

the final model. The results are shown in Table 6.2.  After adjustment for multiple comparisons, 

the model showed that ARG abundance was higher in weaner 1 compared to all the other age 

groups. Abundance was lower in sows than all other age groups and higher in weaner 2 compared 

to piglets and finishers. On low AMU farms, ARG abundance was lower than either moderate or 

high AMU farms but there was no difference between the moderate and high AMU farms. Overall, 

the model explained 56.6% of the variation in ARG abundance. 

 

Table 6.2: Summary of the multivariable linear regression model for the total antimicrobial 

resistance gene abundance (CPM) in the faecal resistome of batches of pigs from 12 Irish pig farms. 

Outcome variable  Predictor variables  Estimate  SE     p 

ARG abundance (CPM)   Intercept  325.0  145.0   
     adjusted r2 = 0.56  AMU low (ref. category)   

 
 

 
 

     p <0.001   moderate  316.0  101.0  0.003 

 
 

 
high  363.4  102.9  0.001 

  Stage sow (ref. category)       
   pigletw1,w2  360.6  130.6  0.008 

   weaner 1p,w2,f  955.1  130.6  < 0.001 

   weaner 2p,w2,f  676.5  130.4  < 0.001 

 
 

 
finisherw1,w2  404.5  130.7  0.003 

 
 

 
library*  4.8  1.7  0.006 

* Library size is the number of reads obtained from the sample after sequencing and quality 
filtering. Scaled per 100,000 reads. 
Superscripts next to the stage indicate it is significantly different (p ≤ 0.05) from the indicated 
stages.  
Legend: AMU - antimicrobial use; ARG - antimicrobial resistance gene; CPM - count per million;  
SE - standard error; stage: p - piglet; w1 - weaner 1; w2 - weaner 2; f - finisher 
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Figure 6.3: Composition of the faecal resistome at gene family level of batches of pigs from 12 Irish pig farms. 
Farms A-D were low AMU; farms E-F were moderate AMU; farms I-L were high AMU. 
The (c) annotation next to gene name indicates a cluster or family of genes. The tet(O) family includes the 
mosaic gene tet(O/32/O); the tet(W) family includes mosaic genes such as tet(O/W/O) and tet(O/W/32/O) 
tet(W/32/O). (a) absolute ARG abundance per million reads (CPM); (b) relative abundance of ARGs. 
Legend: AMU - antimicrobial use; CPM - count per million; (c) - gene cluster/family 
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Figure 6.4: Abundance of antimicrobial resistance genes per million reads in the faecal resistome 

throughout the production cycle on 12 Irish pig farms aggregated by antimicrobial class. 

Legend: ARG - antimicrobial resistance genes; CPM - count per million; MLSP - macrolide, 

lincosamide, streptogramin and pleuromutilin. 
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Figure 6.5: Abundance of antimicrobial resistance genes per million reads in the faecal resistome throughout the production cycle on 12 Irish pig farms. 

Farms A-D were low AMU; farms E-F were moderate AMU; farms I-L were high AMU. 

Legend: ARG - antimicrobial resistance genes; CPM - count per million 

a                                                                                   b 
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6.3.3 Diversity of the resistome 

The alpha diversity indices for richness, evenness, Shannon diversity and Simpson diversity are 

illustrated in Figure 6.6. There were no differences in evenness between age groups or AMU 

category. The results from the regressions models for richness and Shannon diversity are shown in 

Table 6.3. The linear regression models for both had a lower AIC than the mixed effects models and 

thus were chosen as the final models. They showed that piglets had higher richness than all the 

other age groups meaning that there were more types of ARGs in this age group. Sows had lower 

richness than all age groups except finishers. Sows also had lower Shannon diversity than piglets 

and weaners. Shannon diversity in piglets and weaner 1 was numerically higher than weaner 2 or 

finishers. Richness and diversity were lower on low AMU farms than either moderate or high AMU 

farms but there was no difference between the moderate AMU and high AMU farms.  

 

 

Figure 6.6. Alpha diversity of the faecal resistome during the production cycle on 12 Irish pig 

farms. 
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Table 6.3: Summary of multivariate linear regression models for Shannon diversity and ARG 

richness of the faecal resistome of batches of pigs from 12 Irish pig farms. 

Outcome variable  Predictor variable  Estimate  SE  p 

Shannon diversity   Intercept  1.43  0.07   
      adjusted r2 = 0.45  AMU low (ref. category)   

 
 

 
 

      p = <0.001   moderate  0.11  0.05  0.031 

 
 

 
high  0.18  0.05  0.001 

  Stage sow (ref. category)       
   piglet  0.24  0.06  < 0.001 

   weaner 1  0.21  0.06  0.002 

   weaner 2  0.14  0.06  0.033 

 
 

 
finisher  0.12  0.06  0.073 

   library  < 0.01  0.00  < 0.001 

          
ARG richness   Intercept  3.45  1.39   
     adjusted r2 = 0.70   AMU low (ref. category)   

 
 

 
 

     p = <0.001   moderate  3.51  0.97  0.001 

 
 

 
high  2.86  0.98  0.005 

  Stage sow (ref. category)       
   pigletw1,w2,f  8.45  1.25  < 0.001 

   weaner 1p  3.42  1.25  0.008 

   weaner 2p  2.70  1.25  0.035 

 
 

 
finisherp  1.69  1.25  0.182 

 
 

 
library  0.13  0.02  < 0.001 

* Library size is the number of reads obtained from the sample after sequencing and quality 
filtering. Scaled per 100,000 reads. 
Superscripts next to the stage indicate it is significantly different (p ≤ 0.05) from the indicated 
stages.  
Legend: AMU – antimicrobial use; ARG - antimicrobial resistance gene; CPM - count per million; 
SE - standard error; stage: p - piglet; w1 - weaner 1; w2 - weaner 2; f - finisher 
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The beta diversity analysis of the resistome is summarised by the PCoA plot in Figure 6.7. The 

overall ordination was similar to that of the microbiota in that piglet samples were clustered 

separately from the older groups and there was an age gradient along the first PCoA axis explaining 

38.8% of the variation. The analysis with ‘envfit’ (depicted in Figure 6.7a) showed that the piglet 

cluster was associated with the aminoglycoside, tetracycline and multidrug resistance genes that 

were identified in the differential abundance analysis, furthermore, these were highly correlated 

with each other. The more abundant tetracycline, macrolide and beta-lactam resistance genes 

were associated with the weaner 1, weaner 2 and finisher clusters. Figure 6.7b shows the results 

from ‘envfit’ analysis to estimate the influence of the most abundant genera on the resistome 

ordination. The PERMANOVA analysis showed that stage of production explained 35.4% of the 

variation in the resistome ordination (adonis r2 = 0.354, p ≤ 0.001). Antimicrobial use explained 

7.8% of the variance (adonis r2 = 0.078, p ≤ 0.001) and library size explained 7.9% of the variance 

(adonis r2 = 0.079, p ≤ 0.001). Finally, the Mantel test confirmed that the composition of the 

resistome was correlated with the composition of the microbiota (mantel r = 0.63, p ≤ 0.001). 
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Figure 6.7.  Principal coordinates analysis (PCoA) plots visualising the between sample beta 
diversity of the faecal resistome from batches of pigs on twelve Irish pig farms. The ordination is 
based on Bray-Curtis dissimilarities of the square root transformed dataset. The values in 
parentheses represent the percentage of variation explained by each PCoA axis. (a) Estimate of 
influence of the antimicrobial resistance genes (ARG) on the ordination. The arrows represent the 
influence of the most abundant ARGs on the ordination as determined by the ‘envfit’ function in 
vegan as well as those with the highest ‘envfit’ r2 statistic. The length of the arrow is proportional 
to the effect and is scaled to fit the plot. The angles between arrows represent the correlations 
between the genes. (b) The same ordination as in (a) but with ‘envfit’ analysis of influence of the 
most abundant genera on the ordination. 
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6.4 Discussion 

To the author’s knowledge, this chapter reports the first multi-farm longitudinal study using 

shotgun metagenomic sequencing to investigate the evolution of the porcine faecal resistome 

through the whole production cycle. This study showed that the resistome is at its most diverse in 

suckling piglets, at its highest abundance in post weaned pigs and that thereafter, its abundance 

decreases as it progresses to a less diverse adult composition. Moreover, this evolution is 

modulated by AMU with the lowest resistome diversity and abundance observed on the low AMU 

farms. Given that AMU is widely accepted as the key driver of AMR (Aarestrup, 2015) and that AMR 

is generally higher in younger animals (Gaire et al., 2021), these findings are altogether 

unsurprising. However, they have not been documented in a single study before. Looft et al. (2012) 

used WMS to examine the effect of chlortetracycline, sulfasalazine and penicillin (ASP250) on the 

resistome of 18 week old pigs. Ghanbari et al. (2019) examined the effect of oxytetracycline 

treatment on the resistome of piglets during the first three weeks after weaning. Both showed 

enrichment of ARGs related and unrelated to the treatment classes but were limited to narrow 

periods of study. Similarly, Zeineldin et al. (2019), who found a limited impact of perinatal 

tulathromycin treatment on the resistome of piglets, only examined the first three weeks of life. 

The EFFORT project profiled the resistome on 180 pig farms in nine European countries and found 

the abundance of ARGs was associated with AMU at country level (Munk et al., 2018) and at farm 

level (Van Gompel et al., 2019) but sampled only finisher pigs. Similarly, Danish and Spanish studies 

which found that farm level AMU was associated with ARG abundance were limited to finisher pigs 

(Andersen et al., 2020; Mencía-Ares et al., 2020). Therefore, this study presents new insight into 

the dynamics of the porcine resistome. 

The porcine gut microbiota was dominated by members of the Firmicutes and Bacteroidetes phyla, 

in common with other studies in pigs (Isaacson and Kim, 2012) and other mammalian species 

(Huttenhower et al., 2012; Hagey et al., 2019). Piglets had the most distinct gut flora which was 

defined by high relative abundance of Bacteroides spp., E. coli and L. vaginalis and the general 

progression from Bacteroidetes and Proteobacteria to Firmicutes after weaning and beyond has 

been documented by others (Zhao et al., 2015; Frese et al., 2015; Yang et al., 2021). The 

PERMANOVA analysis showed that age was by far the most influential factor on the composition 

of the microbiota, explaining 64% of the variability between the sampling points. On the other 

hand, the AMU category explained less than 4% of this variability indicating that the natural 

succession of the microbiota in this cohort of pigs was largely unaffected by antimicrobial use. This 

may seem counterintuitive since it is well established that antimicrobials disturb the microbiota 

(Holman and Chénier, 2013; Looft et al., 2014b; Schokker et al., 2015), however, most intervention 
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studies take place on research farms within a low AMU environment which may magnify the 

difference between treated and untreated subjects. In the field, however, the porcine microbiota 

may be better adapted to respond to antimicrobial challenge. Moreover, this 4% of variability may 

be important. Afterall, it represents a factor amenable to control (i.e., AMU) and small changes in 

the microbiota can have profound effects on the host as can be seen with the case of Salmonella 

infections (Argüello et al., 2018, 2019). Therefore, a more detailed analysis of the effect of AMU on 

the microbiota composition in this study is warranted. However, as this was not a primary objective 

of the present study, it is not discussed further here. 

The composition of the resistome on the study farms was broadly in line with the findings of other 

studies (Munk et al., 2018; Mencía-Ares et al., 2020; Lim et al., 2020) in that tetracycline ARGs were 

the most prevalent followed by MLSP, aminoglycoside and beta-lactam ARGs. However, the relative 

abundance of tetracycline ARGs was higher than in many other studies (Munk et al., 2018; Mencía-

Ares et al., 2020; Wang et al., 2020a) but was consistent with the results from a UK study (Pollock 

et al., 2020). Although the latter study was conducted on just one farm, the similarities may point 

to a similar British and Irish resistome as previous studies have indicated that resistomes cluster by 

geography (Xiao et al., 2016; Munk et al., 2018). The tetracycline ribosomal protection genes tet(Q), 

tet(W), tet(40), tet(O) and mosaics of tet(O) and tet(W) were present in virtually all samples. While 

tet(40) is so far reported only in Gram-positive genera such as Clostridium and Streptococcus, 

tet(Q), tet(W) and tet(O) have wide host ranges including prominent members of the porcine 

microbiota such as Lactobacillus, Bacteroides, Megasphera and Prevotella (Roberts, 2005)30. 

Tetracycline mosaic genes are functional recombinants of two or more unrelated genes and were 

first described in Megasphera elsdenii isolated from a pig (Stanton and Humphrey, 2003; Stanton, 

McDowall and Rasmussen, 2004) but are now reported in other bacteria including Lactobacillaceae 

(Warburton, Amodeo and Roberts, 2016). It should be noted, however, that since the mosaic genes 

have high sequence similarity to their parent genes, their true prevalence in this dataset could be 

misrepresented due to unspecific mapping of short reads to the Resfinder database. The rRNA 

methylase genes erm(B), erm(F) and erm(G) which confer resistance to macrolides, lincosamide 

and streptogramins (Roberts, 2008) also have wide host ranges which include Lactobacillus, 

Bacteroides and Prevotella31. Similarly, mef(A), a macrolide efflux gene found in all samples in the 

present study, is reported in Lactobacillus and Bacteroides while lnu(C), also found in all samples 

has been reported in Megasphera elsdenii  and Streptococcus spp..31 The diverse taxonomic 

 
30 The authors of this paper curate a database of known tetracycline resistance genes and their species 
distribution. Available at http://faculty.washington.edu/marilynr/ (accessed December 28th , 2021)  
31 The authors of this paper curate a database of known MLSP resistance genes and their species 
distribution. Available at http://faculty.washington.edu/marilynr/ (accessed December 28th, 2021) 

http://faculty.washington.edu/marilynr/
http://faculty.washington.edu/marilynr/
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distribution of these tetracycline and MLSP ARGs is due to their associations with various MGEs 

(Roberts, 2005, 2008) while their near ubiquity in the samples of the present study reflects the 

widespread use of these classes in pig production, at present and historically, both in general and 

on the study farms. On the other hand, despite representing one of the antimicrobial classes most 

used in pig production, the prevalence of beta-lactam resistance was relatively low in this study, 

especially in samples from sows and piglets. This agrees with the findings of other European studies 

(Munk et al., 2018; Mencía-Ares et al., 2020). It should be remembered that the Resfinder database 

detects acquired resistance genes only and it may be that chromosomally encoded resistance 

mechanisms, such as modified penicillin binding proteins, are more relevant to the faecal 

resistome. On the other hand, S. suis, a commensal and pathogen on pig farms worldwide, remains 

largely susceptible to penicillin, the drug of choice for treatment (Burch, 2013) which illustrates the 

complexities of the relationship between AMU and AMR. Sulphonamide and trimethoprim 

resistance was almost exclusively detected in piglet samples even though four of the twelve farms 

routinely used trimethoprim and sulfadiazine in their post-weaning diets (see Table 5.1). This is 

possibly because folate pathway inhibitors are not particularly active against anaerobic bacteria in 

vivo (Rosenblatt and Stewart, 1974) and the species which do possess acquired resistance genes 

(e.g., E coli), though present, are not prevalent in the microbiota after weaning. Several other ARGs 

from various classes were detected only or almost exclusively in piglet samples even though they 

are almost certainly present in samples from older animals. In particular, the tetracycline ARGs 

tet(A), tet(B), aac(3)-IV which confers resistance to  gentamicin and apramycin, the fluoroquinolone 

ARG qnr(S), the streptomycin ARGs aph(3’’)-Ia and aph(6)-Id as well as sul and dfr genes all 

represent common ARGs in E. coli (Poirel et al., 2018) and, based on the results from Chapter 5, 

are very likely to be present in the E. coli population in older pigs, especially in weaner 1. That they 

were detected only in piglets when using metagenomic sequencing may simply reflect high relative 

abundance of E. coli in the piglet microbiota. Indeed, comparison of Figures 6.7a and 6.7b suggests 

that the presence of these genes is correlated with the presence of E. coli. It also suggests that 

presence of several of the tetracycline, MLSP and beta-lactam ARGs is correlated with the presence 

of the genera which were enriched after weaning such as Prevotella, Megasphera, Blautia and 

Faecalibacterium. However, many of these species are correlated with each other meaning that it 

is not possible to use correlation analysis like this to definitively define where the ARGs reside. This 

is because many of the ARGs have wide host ranges and little is actually known of their distribution 

within the porcine intestinal resistome. Ultimately, more information on the genetic context of 

these genes is required.  For the present dataset, this requires further use of bioinformatic tools to 
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assemble the short reads into contigs, scaffolds and genomes. At the time of writing, this analysis 

has not been performed but will yield further intriguing insights to the faecal resistome of Irish pigs. 

The age of the animal had the biggest influence of the evolution of the resistome during the study 

in terms of both abundance and diversity. The beta diversity analysis of the resistome was 

remarkably similar to the corresponding analysis of the microbiota and both were correlated. This 

shows that the presence and prevalence of ARGs depends on the presence and prevalence of 

associated bacterial taxa. As discussed earlier, the exact nature of these associations remains to be 

determined, in this study and in general.  However, in this study, the evolution of the resistome 

was clearly associated with the natural succession of the microbiota as the animals grew. The piglet 

microbiota is adapted to a milk-based diet (Frese et al., 2015) and the distinct and diverse resistome 

associated with this ecosystem is displaced after weaning by the resistome of a microbial 

community adapted to a plant-based diet. In this study, one of the starkest changes in the 

resistome after weaning was the increase (in some cases appearance) of beta-lactam ARGs. 

Although not confirmed at the molecular level in this study, there were strong positive associations 

between cfxA abundance and Prevotella spp. (ρ = 0.8, p < 0.001) and between blaACI-1 abundance 

and Megasphera elsdenii (ρ = 0.74, p < 0.001). Both taxa were enriched after weaning and carriage 

of these genes would be consistent with the literature (Tran et al., 2013; Rands et al., 2018; Veloo 

et al., 2019). Similar shifts in the resistome were noted in another longitudinal study comparing the 

effect of weaning age on the microbiota and resistome (Holman et al., 2021).  

Interestingly, while stage of production explained 64% of the variability of the microbial 

composition between age groups according to the PERMANOVA analysis, it only explained 34% of 

the variability in the composition of the resistome, meaning that other factors were additionally 

important. Clearly, antimicrobial use is expected to have an impact although, according to the 

PERMANOVA analysis, the AMU category explained 7.8% of the variability in the resistome 

composition. While this could be interpreted as a modest contribution to the resistome dynamics 

in this study there are a number of factors to consider. Firstly, this contribution is higher than the 

corresponding value of 3.7% for the microbiota analysis and represents a factor that can be 

controlled. Secondly, and perhaps most importantly, the differences in total ARG abundance 

between the low AMU farms and the moderate or high AMU farms, as estimated by the linear 

regression model, were not only statistically significant, they were biologically meaningful. Thirdly, 

ARG richness, (i.e., the number of different ARGs in the environment) and hence diversity, were 

also increased on the moderate and high AMU farms. Taken together, these findings show that 

AMU is associated with increased abundance and diversity of the resistome and that these 

differences persist to the time of slaughter even though oral AMU had, by this time, ceased on 



174 
 

many of the farms for several weeks. Notably, these effects were evident regardless of which AMU 

regimen was in place suggesting that the microbiome can adapt to a variety of antimicrobial 

challenges. It is also worth considering that the AMU categorisation used in this study did not 

capture all of the variation between farms. The study batch on three of the farms required 

additional oral antimicrobial treatments. Two of these were moderate AMU farms which meant 

the actual AMU regimens employed on these farms were more similar to those on the high AMU 

farms than the expected regimen for a moderate AMU farm. In fact, this may explain the lack of 

significant differences between high AMU and moderate AMU farms in ARG abundance and 

diversity. For the purposes of this study, the background history of AMU on the farm was 

considered an important part of the categorisation. Therefore, the deviations in actual AMU during 

the study were not deemed sufficient cause to change the categorisation. Unfortunately, precise 

details on dose and duration of these treatments on the relevant study batches are not available. 

As well as additional metaphylactic use on these farms, all farms used injectable antimicrobials. As 

for the metaphylactic AMU, treatment records of injectable AMU for the study batches were not 

completed on all farms, further precluding any quantitative analysis, and thus are not captured in 

the AMU categorisation either. It is therefore possible that the influence of AMU on the resistome 

is underestimated.  

This study had some limitations which should be acknowledged. The small sample size may have 

precluded the detection of true differences between the three groups, especially for comparing 

ARG abundance within classes and genes. However, the resources needed to do this would be 

considerable and this study is the largest longitudinal investigation of the porcine resistome 

undertaken to date. The sequencing depth was relatively low. The EFFORT study had approximately 

50 million reads per sample, eight times the depth of the present study (Munk et al., 2018). This 

meant that resistance genes in taxa of low prevalence were under-represented. While ideally the 

project’s resources would have extended to a higher sequencing effort, it is similar to other studies 

(Mencía-Ares et al., 2020). Related to this, uneven sequencing depth on the sequencing run meant 

there was variation in the number of reads per sample (i.e., the library size). It is a basic tenet of 

ecology that the larger the sample frame, the higher the observed diversity. This means samples 

sequenced more deeply will have higher diversity and are more likely to yield novel or low 

frequency ARGs (and vice versa). This can affect downstream analysis. Strategies to deal with this 

include exclusion of low depth samples or rarefaction of the higher depth samples but are 

controversial because they discard valuable data (McMurdie and Holmes, 2014). The approach in 

this study was to include the library size as a co-variable in the models. Overall, the effect of library 

size was small. Despite using a well known kit and recognised protocol, the DNA extraction 
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technique may be a source of bias (see Appendix I) as the positive controls samples showed that 

E. coli, Salmonella enterica and Limosilactobacillus fermentum were overrepresented. This was 

most pronounced for the two Gram-negative species but it may explain the relatively high 

abundance of Lactobacillaceae noted in this study. However, this source of bias is not limited to 

this study, although it is rarely acknowledged in others. Different DNA extraction protocols and kits 

produce different results and none have been shown to perfectly replicate the underlying 

microbiota (Knudsen et al., 2016; Wegl et al., 2021). How this affected performance in the real 

samples in this study is unknown, and difficult to estimate, but similar results were obtained with 

both positive controls and although imperfect were deemed acceptable. Another limitation is that 

the compositional nature of the dataset means it is impossible to determine the biomass of the 

microbiome as a whole (Gloor et al., 2017). This would be useful information as antimicrobials could 

have an effect on the overall biomass as well as altering the composition. However, this limitation 

is shared with virtually all studies in this field and warrants further research. The lack of genetic 

context in this study for the ARGs means that it is not possible to determine which genes are in 

which taxa, whether they are mobilisable or, if they are expressed and/or functional. This is 

essential to understand the risk to public health since a functional ARG located on a MGE in a 

pathogen is clearly more concerning than a non-functional ARG located in a bacterium of limited 

importance to human health. Further analysis of contigs, scaffolds and genomes assembled from 

this dataset may provide some insight into these questions while future studies incorporating long 

read sequencing could provide more information on the genetic context than short read 

sequencing alone 

6.5 Conclusions 

This study presents the first multi-farm longitudinal investigation of the dynamics and evolution of 

the faecal resistome throughout the whole pig production cycle. The resistome was strongly 

influenced by age and was most diverse in suckling piglets with highest abundance in post weaned 

piglets and thereafter, its abundance decreased as it progressed to a less diverse adult composition. 

The diversity and abundance of ARGs was significantly lower on low AMU farms than moderate or 

low AMU farms. While further analysis of this dataset may give improved genetic context to the 

resistome results obtained so far, the current analysis gives important insight into how age and 

antimicrobial use impact the resistome in pig production.  
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Chapter 7 

Conclusions and general discussion  
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7.1 Conclusions 

 

(1) Antimicrobial use on Irish pig farms is characterised by a high proportion of prophylactic use 

(up to 96%), primarily delivered using medicated feed (89%) and mainly administered to pigs 

in the post weaning production stages. These patterns of use are similar to those reported in 

other European studies although the amounts used are higher than some countries with longer 

established antimicrobial stewardship programmes. This study confirms that pig production is 

an important consumer of antimicrobials, accounting for approximately 40% of veterinary AMU 

in Ireland in 2016.  

(2) Farms that milled their own feed had lower AMU, while farms with higher prevalence of 

pericarditis, lung abscesses and liver milk spot lesions, as well as with higher finisher mortality, 

and those vaccinating for IAv had higher AMU. Farms that administered prophylactic 

antimicrobial treatments to sows or piglets had higher use of HP CIAs.  

(3) Resistance to the orally applied antimicrobials amongst commensal E. coli was highest in post 

weaned pigs and tended to decrease thereafter. Resistance to these antimicrobials was lower 

on farms not using medicated feed than on farms that used medicated feed. The farrowing 

house was identified as a focus of resistance to fluoroquinolones and 3rd generation 

cephalosporins.  

(4) The porcine faecal resistome was highly influenced by age and shaped mainly by the changes 

in microbial composition associated with normal development. It was most diverse in suckling 

piglets and highest in abundance after weaning. Thereafter, its abundance decreased as it 

progressed to a less diverse adult composition. The resistome was also shaped by AMU:  

diversity and abundance of ARGs was lower on low AMU farms than on moderate or high AMU 

farms.   
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7.2 General discussion 

This thesis explored the themes of AMU and AMR resistance in Irish pig farming. The research 

presented was conducted as part of the AMURAP project and commenced in 2017. AMURAP was 

conceived from the urgent need for data on AMU and AMR in Irish agriculture and, as well as the 

scientific objectives, the project aimed to engage and inform the industry stakeholders with the 

overarching objective of making a positive contribution to efforts to improve antimicrobial 

stewardship and ultimately, reduce antimicrobial resistance.  

Prior to AMURAP there were limited data on the quantities and patterns of AMU in Irish pig 

farming. Chapter 3 presented the first detailed report of AMU in the sector. Indeed, pig farming is 

the first, and so far, only sector to have comprehensive and publicly available sector-wide data in 

Ireland (Martin et al., 2020).  While some of the findings, for example, the reliance on in feed 

prophylactic AMU, were unsurprising, the results had important implications for the industry. 

These results were actively disseminated to the industry stakeholders via discussion groups, 

conferences, newsletters, technical reports and even a podcast. For the first time, pig farmers in 

Ireland could compare their own AMU to each other and national AMU to other countries. The 

international comparison was important as it showed that, while in no way out of step with industry 

norms, Ireland certainly was not leading the way in antimicrobial stewardship. Presently, the most 

important number on the country comparison graph in Figure 3.7 is the year, 2016. Since then, the 

French and British pig sectors have reported sizeable reductions in AMU, 25% and 43%, respectively 

(ANSES, 2020; UK-VARSS, 2021) but it is unknown whether the Irish pig farming community has 

responded in kind. In 2019, DAFM, assisted by the data and experience gained from the AMURAP 

project, launched the national AMU database for pigs32 but data is not yet publicly available. 

However, as participation is now a requirement for membership of the Bord Bia quality assurance 

scheme the coverage of this database is expected to be high. The findings from Chapter 3 also have 

implications for the Irish agriculture sector as a whole. Anecdotally, prior to the AMURAP project, 

the perception was that the pig and poultry sectors together accounted for all the oral 

antimicrobials used in veterinary medicine which typically account for two thirds of overall sales 

(HPRA, 2017). In fact, the data from this project suggests the pig sector accounts for around 40% 

of veterinary AMU while unpublished data from the poultry component of the AMURAP project 

indicates only a small contribution (Bradford, 2019) leaving the remainder to be accounted for by 

cattle (see Appendix E). This point is not made to absolve the pig sector. Rather, it emphasises that 

 
32 https://www.gov.ie/en/publication/fc9b3-pigs-farming-sectors/#national-antimicrobial-usage-database-
for-pigs 
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‘othering’33 has no place in the discourse on AMU in Irish agriculture. Each sector must look to its 

own data and identify where it can make a positive contribution to improving antimicrobial 

stewardship and reducing use. Going forward, AMU data is required from all sectors and work is 

underway within DAFM to implement a data collection system to meet the requirements of the 

new EU regulations (Government of Ireland, 2021)34. For the pig sector, new and up to date data 

would be welcome and it will be interesting to see how patterns of use will change over the coming 

years as farmers move away from routine prophylactic and metaphylactic use (Regulation (EU) 

2019/6).  

Identifying the drivers for AMU is a key step in implementing efforts to reduce it. Chapter 4 

presented a study investigating the risk factors for AMU in Irish pig farming using the data collected 

from the AMU study described in Chapter 3 with data on management, performance, biosecurity 

and prevalence of respiratory disease collected from 52 of the same farms. This work built on 

previous (and concurrent) research carried out during the PathSurvPig project (ref DAFM 14/S/832) 

conducted by UCD, Teagasc, Cork Institute of Technology (now Munster Technical University) and 

DAFM (Rodrigues da Costa et al., 2019, 2020; Calderón Díaz et al., 2020a; b). This was needed 

because the patterns of AMU and the drivers for it differ by country (Sjölund et al., 2016; Collineau 

et al., 2018) and it could not be assumed that risk factors identified in other countries were 

applicable to Ireland. That several parameters related to health, such as finisher mortality, IAv 

vaccination, prevalence of pericarditis, lung abscesses and liver milk spot lesions, were associated 

with AMU is hardly surprising but emphasises an important point. Antimicrobials, though overused, 

are a necessary tool in maintaining animal health and welfare in modern farming systems. The 

challenge then, is to improve these systems so that there is less need for AMU. The strategies to 

do so include vaccination, improving biosecurity, reducing stocking density, improved housing, 

better nutrition and various feed additives such as organic acids or probiotics (Allen et al., 2013, 

2014; Postma et al., 2015b; Dupont et al., 2017; Carmo et al., 2018) although opinions differ on 

their respective effectiveness and feasibility. Arguably, all have a role to play in the Irish context.  

Some factors that were not associated with AMU are nonetheless worthy of consideration. As 

discussed in Chapter 4, there is room for improvement in internal biosecurity practices on Irish 

farms, many of which are easily implemented, and, though not associated with AMU in this study, 

might aid in any on farm effort to reduce AMU as shown by others (Postma et al., 2015b; Collineau 

et al., 2017a,c; Raasch et al., 2020). Furthermore, although not associated with AMU in this study, 

 
33 Othering describes the phenomenon of an individual or group believing their own behaviour is more 
prudent or acceptable than others and is particularly well documented in the sphere of AMU (e.g., Coyne et 
al., 2014; Visschers et al., 2015) 
34 See also https://www.gov.ie/en/service/d93ee-national-veterinary-prescription-system/  

https://www.gov.ie/en/service/d93ee-national-veterinary-prescription-system/
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pleurisy is clearly associated with heavy AMU on severely affected farms and yet vaccination 

against APP was uncommon on Irish farms (at least in 2016/2017). This contrasts with Danish 

farmers where vaccination rates up to 48% have been reported (Kruse et al., 2019b) and poses the 

question of whether a higher uptake in Irish farms would help reduce AMU. The association of lung 

abscess and pericarditis prevalence with AMU, though they are also indicators of respiratory 

health, highlights the importance of systemic infections. Perhaps the most significant of these is S. 

suis for which a commercially available and effective vaccine would be a most welcome advance 

for the industry. The findings for pericarditis were interesting because lesions were much less 

prevalent than pleurisy or pneumonia and, surprisingly, there is still much to learn about the 

underlying aetiology (Buttenschøn et al., 1997). This suggests that pericarditis lesions are 

underappreciated as an indicator for on farm health and this is a topic worthy of further research. 

Validation of these findings would mean that simple slaughterhouse checks combined with AMU 

data might easily identify problem farms. Indeed, the PigHealthCheck initiative run by Animal 

Health Ireland offers the opportunity to combine monitoring of biosecurity, slaughterhouse checks, 

Salmonella status and AMU which would provide farmers and their veterinarians with a 

comprehensive overview of the farm’s health status and help direct where efforts can be made to 

improve herd health. Such data would also present intriguing research possibilities. However, at 

the time of writing, many aspects of this initiative are not yet implemented. 

Chapter 3 identified that nearly all AMU in Irish pig farming could be classified as prophylactic. 

Therefore, it was interesting that home milling farms used 66% less antimicrobials than farms 

purchasing all their feed. As discussed, this may be because there are nutritional advantages to 

milling feed on site, differences in management or differences in ease of access to antimicrobials.  

In reality, it may be a combination of all three, perhaps differently so for each farm. However, the 

ease of access aspect warrants further consideration because it has implications for what will 

happen after the new EU regulations governing AMU come into effect (Regulation (EU) 2019/6). 

Currently, if a home milling farm were to implement a prophylactic AMU regimen, they would need 

to possess a licence to medicate their own feed (and implement all the requirements that go with 

it) or to use other strategies such as top dressing, mass injections or delivery through water 

(perhaps requiring investment in a delivery system). None of these options are as easy as simply 

taking a delivery of medicated feed. If indeed this is the main difference between the two farm 

types, then a significant proportion of AMU on Irish farms is explained by behaviour. The new EU 

regulations aim to reduce such behaviour by outlawing prophylactic treatments, requiring a 

diagnosis prior to metaphylactic group treatments and restricting the validity of a veterinary 

prescription to five days. Similar barriers such as form filling (analogous to the five-day limit on 
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prescriptions) and requirement of independent or supervisory approval (analogous to a laboratory 

diagnosis - if the requirement were mandatory) have proved effective in reducing prescribing in 

human medicine (Davey et al., 2017). However, the legislation does not define what constitutes a 

diagnosis which leaves it open to member states to interpret how they will implement the 

regulation. At the time of writing, less than a month before this legislation comes into effect, it 

appears little will change in Ireland regarding the definition of a diagnosis within a group of animals 

meaning that an empirical diagnosis remains sufficient grounds for a group treatment. This in 

contrast to Danish regulations, for example, where the presence of the pathogen must be 

confirmed by a laboratory diagnosis (i.e., evidence based) before treatment is allowed35 (FAO and 

DVST, 2019). The problem is that, although prophylaxis will be prohibited, in reality the distinction 

between continuous prophylaxis and repeated metaphylaxis is blurred and open to interpretation 

since the disease being treated/prevented is usually endemic to the farm. This could represent a 

lost opportunity as it remains to be seen if the new regulations by themselves will be sufficient to 

effect a change in behaviour in farmers and veterinarians. If not, then other strategies to motivate 

behaviour change will be even more important. This is an area of increased research and, in Ireland, 

projects such as SWAB (Surveillance, Welfare and Biosecurity of farmed animals)36 and AMU-FARM 

(Burrell and Regan, 2021) aim to improve communication between farmers, veterinarians and 

advisors and provide the skills to encourage and enable behavioural change. 

The economic aspects of AMU in pig farming must not be forgotten as these underpin many of the 

attitudes to AMU among farmers (Lhermie, Gröhn and Raboisson, 2017). While some studies show 

reducing AMU can increase profitability (Rojo-Gimeno et al., 2016; Collineau et al., 2017a) others 

have shown antimicrobial restrictions are associated with increased veterinary and feed costs 

(Belay and Jensen, 2021). The perceived costs of alternatives to AMU and concerns over their 

efficacy and feasibility are known barriers to reducing AMU (Coyne et al., 2014, 2019). Therefore, 

it is important that any benefits are demonstrated, and if applicable, costs are acknowledged to 

help inform farmers decision making and the bio-economic model tool developed by the Teagasc 

pig development department (Calderón Díaz et al., 2020a) is being used to explore these issues in 

the Irish context. 

Chapter 5 presented a longitudinal study investigating AMR in commensal E. coli throughout the 

pig lifecycle. Longitudinal studies like this are rare but are useful because the AMR profile obtained 

from animals at or close to slaughter may not truly reflect the situation at farm level given that 

 
35 Although the veterinarian may prescribe a treatment pending the result 
36 https://www.teagasc.ie/rural-economy/rural-economy/agri-food-business/research/swab-project/  

https://www.teagasc.ie/rural-economy/rural-economy/agri-food-business/research/swab-project/


182 
 

most of the AMU and the highest prevalence of AMR generally occurs in younger animals. While 

AMR bacteria in slaughter animals is of relevance to food safety, AMR bacteria earlier in the 

lifecycle is of relevance to farm workers and to the environment. Farm workers are more likely to 

harbour AMR bacteria acquired from animals (Graveland et al., 2011; Dohmen et al., 2015; Dorado-

García et al., 2018) and this, as argued by Guardabassi, 2013, may represent the most important 

interface between human and animal bacteria, not the food chain. The overall findings that AMR 

peaked after weaning for the orally applied antimicrobials and was associated with AMU were not 

new. Nevertheless, they emphasise some salient points: AMR increased regardless of the class used 

and regardless of the level of AMU (i.e., moderate vs high). This is important because it shows the 

safest level of AMU is as little and as seldom as possible. A self-evident point, surely, but one that 

needs to be reaffirmed against a backdrop of routine antimicrobial administration. The findings 

that fluoroquinolone and extended spectrum cephalosporin resistance was highest in suckling 

piglets are important because they demonstrate that the farrowing house is a ‘hotspot’ for the 

ARGs most relevant to human health. While this had been demonstrated for ESBL/AmpC-producing 

E. coli before (Hansen et al., 2013; Dohmen et al., 2017) there were little data on fluoroquinolone 

resistance dynamics in the pig lifecycle until recently (Amsler et al., 2021). Taken together, these 

results suggests that efforts to contain resistance to these HP CIAs on pig farms should be directed 

at the farrowing house. Enhanced biosecurity measures such as protective clothing, hand hygiene 

and measures between different compartments might prove useful in this regard and may benefit 

the farm in other ways too. Intervention studies to confirm this would be beneficial. In Ireland, little 

is known of the molecular epidemiology of ESBL/AmpC producing E. coli on pig farms. Figure 5.5 

suggests some farms have distinct ESBL/AmpC genes and a whole genome sequencing study on the 

bank of isolates collected during this study would provide useful baseline information. These 

findings also suggest that on farm monitoring would provide a more accurate picture of the 

prevalence of fluoroquinolone resistant and ESBL/AmpC-producing E coli than sampling at 

slaughter. 

Chapter 6 presented a study using whole metagenome sequencing to explore the natural history 

of the resistome in the faecal microbiota of growing pigs on commercial farms. It showed that the 

resistome is shaped mainly by the changes in microbial composition associated with normal 

development. It is also shaped by AMU. In terms of moderating the resistome, the latter factor is 

clearly the most amenable to intervention37. Andersen et al. (2020) demonstrated that lifetime 

AMU is associated with ARG abundance at slaughter and predicted that reduced AMU would result 

 
37 Of course, manipulating the microbiota to a state that promotes optimal growth and health is the holy 
grail of many animal scientists!  
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in reduced ARG abundance. The work in this thesis complements those findings by showing that 

the relationship between AMU and ARG abundance also applies earlier in the lifecycle. However, 

neither study examined how removing or reducing antimicrobials would affect AMR at farm level. 

This would be interesting because, while the microbiota and resistome are impacted by AMU 

during a production cycle, the porcine microbiota has actually been shaped by AMU for several 

decades and it is not known yet how quickly it evolves in the absence of AMU. The findings 

presented should be considered a preliminary analysis. Further assembly of the raw reads into 

contigs, scaffolds and genomes will provide the necessary genetic context to better characterise at 

least some of the ARGs detected including their taxonomy and association with mobile genetic 

elements and thus may clarify their relevance to human health. This represents one of the most 

intriguing avenues for further research to arise from this body of work. 

The studies in Chapter 5 and Chapter 6 were presented separately but were conducted 

concurrently on the same animals at the same sampling points. Taken together, the entire project 

provides some intriguing insights to the evolution of AMR during the pig lifecycle. The effect of 

AMU on ARG abundance and diversity described in Chapter 6 were apparent regardless of which 

agent was used, even for trimethoprim and sulfadiazine which did not have a detectable effect on 

sulphonamide or trimethoprim resistance. Similarly, resistance in E. coli increased regardless of 

choice of antimicrobial, even for agents to which E. coli is considered intrinsically resistant (e.g., 

macrolides). In both cases, AMR peaked after weaning and was independent of the AMU category. 

In the case of E. coli, there was some evidence that this evolution was related to age related strain 

dynamics and not simply a case of recovery of the susceptible population after withdrawing 

antimicrobials. Gentamicin resistant strains did not reappear on farms with AMU later in the 

production cycle even though it was a feature of the response to AMU in weaner 1 (whether 

apramycin was used or not) suggesting that the earlier MDR strains were displaced as the animals 

grew. Although molecular studies would be required to confirm, if this hypothesis were correct it 

points to strains which are simultaneously adapted to the post weaning gastrointestinal ecosystem 

and to the presence of antimicrobials. The expansion of the resistome after weaning and the 

concurrent expansion of Prevotella, Megasphera, Faecalibacterium and others suggests similar is 

happening at genus level in the microbiota. It is not known if strain dynamics similar to that 

observed for E. coli apply to other members of the microbiota. If so, it might indicate a type of age 

‘compartmentalisation’ of AMR where a proportion of the AMR bacterial population is better 

adapted to intestine of the weaned piglet than anywhere else. Whether this would be of practical 

value or just of academic interest remains to be discovered but it should be remembered that the 
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post weaning microbiome evolved in an environment of near ubiquitous antimicrobial exposure 

over the last 50 - 60 years. 

The two studies together illustrate that AMR must be considered in terms of the whole resistome, 

not just its constituent parts, because the whole microbial community is responding to the changes 

in its ecosystem. One example illustrates this perfectly. Farm J, the only farm to use oral florfenicol 

during the study (see Table 5.1) happened to have the highest levels of chloramphenicol resistance 

in E. coli in Chapter 5. It also had the highest abundance of amphenicol resistant genes throughout 

the study with cmlA detected in the piglets and sows while fexA, only found on this farm, was 

detected in all samples after weaner 1 (including sows). The former confers resistance to 

chloramphenicol only and is found in Enterobacteriaceae whereas the latter also confers resistance 

to florfenicol and is found in Gram-positive bacteria (Schwarz et al., 2004). This illustrates a pan 

microbial response to an antimicrobial challenge. Phenicol resistance genes in isolation pose a 

relatively low threat to human health, owing to limited use in people but   such genes are not 

present in isolation as evidenced by frequent MDR in chloramphenicol resistant isolates. Moreover, 

the same farm also had the highest abundance of the multidrug resistance gene cfr(C) which 

confers resistance to both chloramphenicol and florfenicol as well as to lincosamides, 

oxazolidinones, pleuromutilins and streptogramins (Schwarz et al., 2016), and was the only farm 

where optrA, which confers resistance to oxazolidinones, florfenicol and chloramphenicol, was 

detected. Oxazolidinones are a relatively new class of antimicrobials, used to treat MDR Gram 

positive infection such as MRSA or vancomycin resistant enterococcus (VRE) in humans (Burkhardt 

et al., 2007), and have never been used in animals, but on this farm, resistance appears to have 

been selected for by the use of florfenicol as has been observed by others (Mencía-Ares et al., 

2020). It would be interesting to compare how the findings for the study batch on this farm (which 

was treated with amphenicols) would differ from another untreated batch from the same farm but 

nevertheless, the detection of oxazolidinone resistance genes in food producing animals is 

concerning. The immediate relevance of this finding to human health depends on which bacteria 

the genes are found in and whether they are associated with MGEs. In Spain, optrA and cfr(C) were 

associated with Staphylococcaceae, Streptococcaceae and Peptostreptococcaceae, all families 

which contain human pathogens (Mencía-Ares et al., 2020). However, further context is required 

and it would be interesting to see if assembly of the raw reads for farm J in this study provides any 

insight on the location of these genes. Indeed, follow up investigations and future monitoring are 

warranted. 

The detection of ARGs to antimicrobial classes important in human medicine illustrates the utility 

of metagenomic sequencing as a surveillance tool. It also highlights some important limitations. No 
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ESBL/AmpC gene was detected in any of the samples even those from which ESBL/AmpC-producing 

E. coli were isolated. These bacteria were present but below the limit of detection for this method, 

at least at the sequencing depth used in this study. This was also the case for pig samples in the 

EFFORT project which were sequenced at a much higher depth (Munk et al., 2018) and shows that 

this method is not yet sensitive enough to monitor for many of the pathogens and ARGs that are 

of interest to public health. Similarly, with regard to oxazolidinone resistance, the most relevant 

bacteria, i.e., S. aureus or Enterococcus spp., are generally of low abundance and investigation 

would require specific isolation techniques. Thus, it also follows that metagenomic sequencing 

methods are unlikely to detect novel ARGs emerging in low abundance microorganisms. Therefore, 

for the time being at least, a suite of methods will be required for a holistic understanding of the 

resistome.  

This thesis did not explore the AMR interface between animals (i.e., the pigs) and either the 

environment or people. Nor did it consider the impact of AMR on animal health. Therefore, it did 

not encompass all the pillars of the One Health framework. However, this was a One Health project. 

The starting point for improving antimicrobial stewardship and reducing AMU is to characterise and 

quantify this AMU. To promote behavioural change, one must first define the behaviour. To assess 

progress, one must measure. This thesis contributes valuable data to these efforts in Ireland. 

Demonstrating a relationship between animal health and AMU shows that investments to improve 

animal health at farm and national level are required to lower AMU. Demonstrating a relationship 

between AMU and AMR in E. coli and the wider microbiota closes the circle. Any threat posed by 

AMR in animals to human health is intertwined with the health of those animals. The results of this 

research offer encouragement that the efforts and investment necessary to reduce AMU on Irish 

pig farms will yield positive results. However, the work is only beginning: all the stakeholders in the 

Irish pig farming community must work together to bring about a positive change. This requires 

courage, leadership and ambition. It is my hope that in the not too distant future someone will 

write about the Irish success story.  
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Does the Use of Different Indicators
to Benchmark Antimicrobial Use
Affect Farm Ranking?

Lorcan O’Neill 1,2*, Maria Rodrigues da Costa 1,2, Finola Leonard 2, James Gibbons 3,

Julia Adriana Calderón Díaz 1, Gerard McCutcheon 1,4 and Edgar García Manzanilla 1,2

1 Pig Development Department, Teagasc, The Irish Food and Agriculture Authority, Moorepark, Fermoy, Ireland, 2 School of

Veterinary Medicine, University College Dublin, Dublin, Ireland, 3 Irish Equine Centre, Naas, Ireland, 4 Pig Development
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The need to reduce antimicrobial use (AMU) in livestock production has led to the

establishment of national AMU data collection systems in several countries. However,

there is currently no consensus on which AMU indicator should be used and many of

the systems have defined their own indicators. This study sought to explore the effect of

using different internationally recognized indicators on AMU data collected from Irish pig

farms and to determine if they influenced the ranking of farms in a benchmarking system.

AMU data for 2016 was collected from 67 pig farms (c. 35% of Irish pig production).

Benchmarks were defined using seven AMU indicators: two based on weight of active

ingredient; four based on the defined daily doses (DDD) used by the European Medicines

Agency and the national monitoring systems of Denmark and the Netherlands; and one

based on the treatment incidence (TI200) used in several published studies. An arbitrary

“action zone,” characterized by farms above an acceptable level of AMU, was set to the

upper quartile (i.e., the top 25% of users, n = 17). Each pair of indicators was compared

by calculating the Spearman rank correlation and assessing if farms above the threshold

for one indicator were also above it for the comparison indicator. The action zone was

broadly conserved across all indicators; even when using weight-based indicators. The

lowest correlation between indicators was 0.94. Fifteen farms were above the action

threshold for at least 6 of the 7 indicators while 10 farms were above the threshold

for all indicators. However, there were important differences noted for individual farms

between most pairs of indicators. The biggest discrepancies were seen when comparing

the TI200 to the weight-based indicators and the TI200 to the DDDANED (as used by

Dutch AMU monitoring system). Indicators using the same numerator were the most

similar. All indicators used in this study identified the majority of high users. However,

the discrepancies noted highlight the fact that different methods of measuring AMU can

affect a benchmarking system. Therefore, careful consideration should be given to the

limitations of any indicator chosen for use in an AMU monitoring system.

Keywords: antimicrobial use, indicators, benchmark, pigs, defined daily dose
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INTRODUCTION

Antimicrobial resistance (AMR) is a public health issue of
global importance (1). There are concerns that antimicrobial
use (AMU) in animals plays a role in the emergence and
dissemination of AMR bacteria (2, 3). Antimicrobial resistance
is frequently detected in zoonotic and commensal bacteria (4)
and has been associated with the use of antimicrobials in animals
(5, 6). This has led to a concerted effort in many countries
to reduce AMU in livestock production (7, 8). Systems to
measure, benchmark and monitor AMU in livestock production
are considered key components of these efforts and forthcoming
European Union (EU) legislation requires all Member States
to collect AMU data for the pig, poultry and veal production
sectors by 2024 and for all species by 2030 (9). Several
AMU data collection systems have already been established in
various European countries (10). The longest established and
best known of these are Vetstat, which is operated by the
Danish Veterinary and Food Administration in Denmark (11);
and the sector specific databases overseen by the Netherlands
Veterinary Medicines Institute (SDa) in the Netherlands (12).
Aggregated veterinary antimicrobial sales data for all species are
collected by the European Medicines Agency (EMA) for the
European Surveillance of Veterinary Antimicrobial Compounds
(ESVAC) project and reported annually (13). Quantification of
AMU allows for a comparison of consumption between farms,
veterinarians, species, types of production and even countries
(14). These data can be used in a benchmarking system whereby
end users can compare their performance to their peers and
authorities can identify and focus on “high users” for intervention
or sanction. Many of the AMU data collection systems in
operation allow for benchmarking (10). Notable examples of
these include the “yellow card” scheme in Denmark (15) and the
“action threshold” for farms and veterinarians in the Netherlands
(12, 16) where high users may be subject to increased inspection
and restricted access to antimicrobials (17, 18). Quantification
of AMU also allows for the monitoring of trends over time,
assessment of the impact of interventions to reduce AMU
(14) and can provide data to assess the relationship between
consumption and the occurrence of AMR (5, 19)

One of the most important considerations when quantifying
AMU is the unit of measurement, known as an indicator.
Collineau et al. defined such indicators as “the number
of ‘technical’ units of measurement (i.e., the amount of
antimicrobials) consumed and normalized by the population at
risk of being treated in a defined period” (14). The numerator,
the amount of antimicrobials consumed, is generally expressed

Abbreviations: ADD, animal daily dose; AMR, antimicrobial resistance; AMU,

antimicrobial use; AY, animal year; CIA, critically important antimicrobial; DADD,

defined animal daily dose; DANMAP, Danish Integrated Antimicrobial Resistance

Monitoring and Research Programme; DAPD, proportion of animal population

in treatment per day; DDD, defined daily dose; DDDA, defined daily dose

animal; DVFA, Danish Veterinary and Food Administration; EEA, European

Economic Area; EU, European Union; EMA, European Medicines Agency;

ESVAC, European Surveillance of Veterinary Antimicrobial Consumption; PCU,

population correction unit; SDa- Netherlands Veterinary Medicines Institute;

SPC, summary of product characteristics; TI, treatment incidence; TK, treatable

kilograms.

in terms of the weight of active ingredient or the number
of Defined Daily Doses (DDD). The DDD system, developed
by the World Health organization as a standardized method
to measure drug consumption, assigns a specific dose to each
drug or product and thus accounts for differences in potency
between the various antimicrobial drugs (20). This method was
first adopted for use in animals by the Vetstat system (21).
Alternatively, the numerator may be expressed in terms of the
number of animals treated (or equivalently, the number of
treatment days). The denominator is a measure of the population
of animals at risk of treatment and can be expressed in terms
of the number of individuals in the population or its weight
of biomass. The denominator may measure the population in
terms of the numbers of animals produced, the numbers of
animals present or in terms of animal time (e.g., animal days).
The population’s weight of biomass is determined by assigning
an average weight to its constituent species and, where applicable,
production categories or age groups. It is also worth noting, that
when considering the particular time period under study (e.g.,
a calendar year), a certain proportion of the population may
have been treated with antimicrobials in the preceding period
and furthermore, species with more than one production cycle
per year (e.g., pigs and poultry) may not have been at risk for
the entire period used to calculate the denominator. Therefore,
unless the population is studied batch by batch, measurement
of AMU is often a proxy representation of AMU at population
level rather than a measurement of actual exposure for every
individual/batch.

The benchmarking systems of a selection of European
countries have been reviewed by others (22). The various AMU
data collection systems may differ, for example, in how they
define their DDD lists and/or in the weights they assign to
species or production categories (14, 22). Therefore, there are
now several AMU indicators in use with none having universal
acceptance (22, 23). How an indicator influences farm ranking
in a benchmarking system matters because farms may be above
a threshold for acceptable use with one indicator but below it
if a different one is used. Some studies have shown that the
use of different indicators affects the interpretation of AMU
at national level (24, 25) and farm level (26–28) but did
not assess how these differences would affect a benchmarking
system. A few studies have shown that indicators can influence
the farm classification in a benchmarking system: for cattle
in the UK (29); suckling pigs, finisher pigs and poultry in
Germany (30); and poultry in France (31). In pigs, the studies
to date have focused on comparing national indicators to those
based on ESVAC methodology (27, 30); a wider comparison
of currently available indicators is lacking. Furthermore, since
these comparisons were limited to specific age groups (27,
28, 30), metrics to benchmark AMU amongst farrow-to-finish
farms have not yet been evaluated. The objective of this
study was to determine if the use of different indicators to
benchmark antimicrobial use affected farm ranking amongst
a sample population of Irish farrow-to-finish pig farms. The
indicators chosen for evaluation are based on those used by
ESVAC for the reporting of antimicrobial sales in the EU,
the Danish Integrated Antimicrobial Resistance Monitoring
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and Research Programme (DANMAP)1, the Monitoring of
Antimicrobial Resistance and Antibiotic Usage in Animals in the
Netherlands (MARAN)2 and SDa3 reports in the Netherlands as
well as an indicator developed for use in several international
studies (32–34).

METHODS

Data Collection
Antimicrobial use data for the 2016 calendar year were collected
from farrow-to-finish pig farms in Ireland as part of cross-
sectional study investigating AMU. Details of the data collection
and descriptive results are reported elsewhere (35). Briefly, all
107 client farms of the Teagasc4 Pig Development Department
advisory service were invited to enroll in the study; 67
volunteered to participate. The sampled farms had a combined
sow population of 48,000 and thus represented ∼35% of the
Irish national herd in that year (36). Farm visits were conducted
between September 2017 and September 2018. Farmers provided
details about their antimicrobial use in medicated feed, namely,
the diets and age groups treated along with the antimicrobials
used. Prescription and or invoice records were consulted to
determine the numbers of injectable antimicrobial preparations
and oral remedies (not for premix) that were used. The farms
also submit quarterly performance and production data to the
e-Profit Monitor (ePM) database operated by Teagasc and this
was consulted to extract population data and feed consumption
data (to calculate amounts of medicated feed used) for each
participating farm. Eight farms did not submit data to the ePM
and provided the relevant production data directly. Further
details of the data collection and quantification of antimicrobial
use can be found in Appendix A in Supplementary Materials.

Calculation of Antimicrobial Use Indicators
Using the data collected, AMU for each farm was calculated
using seven different indicators. The AMU indicators chosen for
comparison in this study are presented in Table 1. This table also
presents further information on the development and usage of
these indicators.

In general, an indicator of AMU can be expressed as follows:

indicator =
numerator

denominator

The numerators and denominators for each indicator were
calculated using the general principles outlined below and with
the appropriate DDDs and assigned weights.

The AMU indicators used at farm level in Denmark, the ADD
(animal daily dose), and in the Netherlands, the DDDAF (defined
daily dose animal, farm), are stage specific (11, 12). Since the aim
of this study was to explore the use of indicators tomeasure AMU
on farrow-to finish farms, the methods used to measure AMU
in the pig population at national level in both countries were
applied at farm level instead of using the stage specific metrics.

1www.danmap.org
2www.wur.nl/en/Research-Results/Research-Institutes/Bioveterinary-

Research/In-the-spotlight/Antibiotic-resistance-2/MARAN-reports.htm
3www.autoriteitdiergeneesmiddelen.nl
4Teagasc, the Agriculture and Food Development Authority. www.teagasc.ie.

For Denmark, this is the DAPD (proportion of animal population
in treatment per day) (41) and in the Netherlands it is the
DDDANAT (defined daily animal dose in the Netherlands) (43).
Therefore, the metric which uses the DDDANAT methodology at
farm level in this study is termed the DDDANED in order to avoid
confusion with the DDDANAT and the DDDAF.

Numerator

Firstly, for each farm, the amounts of active ingredient in
each antimicrobial product used were calculated according
the protocols outlined by the EMA (46). For the weight-
based indicators, i.e., milligram per population correction unit
(mg/PCU) and milligram per kilogram liveweight sold (mg/kg
lwt), the numerator for an individual farm was simply the sum
of the weights of each active ingredient used.

To determine the numerator for the DDD-based indicators
the amount of active ingredient for each antimicrobial was
converted to “treatable kilograms.” In this study, treatable
kilograms (TK) represents the number of kilograms of pig that
can be treated with a given amount of antimicrobial if a defined
dose is used. It is based on the definition outlined by the
Netherlands Veterinary Medicines Institute (40).

TKDDD =
weight of active ingredient

DDD
(

mg/kg
) (1)

For the DDDvet/PCU and DDDvet/AY indicators, the treatable
kilograms (TKDDDvet) for each antimicrobial were calculated
using the DDDvet list for pigs (39). For the antimicrobials with no
assigned DDDvet (tulathromycin and tildipirosin) the consensus
DDDs defined by Postma et al. were used and adjusted for
duration of action using long acting factors (47). The treatable
kilograms (TKDEN) for the DAPD indicator used the Defined
Animal Daily Doses (DADD) applied in the Danish Integrated
Antimicrobial Resistance Monitoring and Research Programme
(DANMAP) reports (42). Finally, for the DDDANED indicator,
the treatable kilograms (TKNED) were calculated using the DG
standard available on the SDa website (44). For each indicator,
the total TK for each farm was the sum of the TKs for each
antimicrobial used.

Each DDD system employs different methodologies. The
DDDvet is defined for each antimicrobial by species and route
of administration based on the average of doses obtained from
the SPC documents from nine European countries (48). The
Danish equivalent, the DADD (used to calculate the DAPD),
is based on approved doses for each antimicrobial, route of
administration, pharmaceutical form and species (42). Dutch
DDDA values are defined for each product based on the SPC
document, meaning that identical antimicrobial preparations
can have different DDDAs (44). The DDD systems also differ
in how they treat combination products such as potentiated
sulphonamides; in the Netherlands they are considered as one
treatment (40) whereas the DDDvet and Danish DADD treats
each antimicrobial separately (39, 42).

Denominator

The denominator represents the population of animals at risk
of treatment. Each denominator partitions the pig population
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TABLE 1 | Summary explanation of the antimicrobial use indicators used in the study.

Indicator Developed by Numerator Denominator Comments

mg/kg lwt

milligram per kilogram

liveweight sold

Generic indicator Weight of active ingredient Liveweight of animals sent to

slaughter or sold from farm

mg/PCU

milligram per

population correction

unit

EMA - ESVAC for reporting

of antimicrobial sales in

EU/EEA (37)

Weight of active ingredient PCU; uses numbers of living

sows and animals sold from the

farm (e.g., for slaughter)

Assigned weights: weaners

25 kg; finishers, 65 kg; sows,

240 kg (37)

The PCU was designed for use at

national level using census,

slaughter and, export/import data

(37). These principles are adapted

to farm level for this study.

DDDvet/PCU

defined daily dose per

population correction

unit

EMA - proposed for use

when AMU data stratified by

species is available (37, 38)

Treatable kilograms (TKDDDvet ):

Defined doses based on DDDvet

for pigs (39)

PCU; see mg/PCU above Not currently in use for ESVAC

reports.

Included in SDa national report for

the AMU in the Netherlands in

2016 as a comparison to

DDDANAT (40)

DAPD

proportion of animal

population in treatment

per day (expressed per

1000 animals)

DANMAP - for reporting of

AMU in Denmark (41)

Treatable kilograms (TKDEN):

Defined doses based on DADD

values (42)

Biomass days;

Uses the numbers of animals

produced.

Assigned weights: piglets 4 kg;

weaners (< 30 kg), 18.5 kg;

finishers (> 30 kg), 68.5 kg;

sows, 200 kg

DANMAP defines average weights

and length of stay in each age

group to calculate biomass days.

These parameters are based on

national performance data. The

performance data from the sample

farms was used in the same way

(41).

DDDANED

defined daily dose

animal in the

Netherlands

Netherlands Veterinary

Medicines Institute (SDa) -

for reporting of AMU in the

Netherlands (40, 43)

Treatable kilograms (TKNED):

Defined doses based on product

level values in the DG Standard

veterinary medicines database (44)

Animal year (AY); the

denominator used by SDa in the

Netherlands (43)

Uses the average numbers of

animals present (or the number

of animal places)

Assigned weights: piglets (<

20 kg), 10 kg; finishers, 70 kg;

other pigs, 70.2 kg; sows,

220 kg

The DDDANED is equivalent to the

DDDANAT used to report AMU at

national level in the Netherlands

(43). It is renamed to reflect its use

in this study at farm level.

DDDvet/AY

defined daily dose per

animal year

SDa (40) TKDDDvet Animal year (AY); see DDDANED Included in Dutch national reports

since 2016 along with DDDANAT

(40)

TI200

treatment incidence (for

200-day lifespan)

Defined for use in pigs by

Timmermann et al. (32).

Adapted by Sjolund et al.

(33) and Sarrazin et al. (34)

Number of animal treatment days

using DDDvet as defined dose and

standard weights at treatment:

piglets 4 kg; weaners 12 kg,

finishers 50 kg (34, 45)

Number of animal days in the

rearing period (birth to slaughter)

Recalculates the combined TIs for

piglets, weaners and finishers into

the TI200 for a standardized

200-day lifespan as per Sarrazin

et al. (34)

AMU, antimicrobial use; DANMAP, Danish Integrated Antimicrobial Resistance Monitoring and Research Programme; DADD, defined animal daily doses, the DDD system used by
DANMAP; DDD, Defined Daily Dose; DDDvet, the DDD system developed for ESVAC; DDDANAT , defined daily dose animals, the indicator used to report AMU at national level in the
Netherlands; EMA, European Medicines Agency; ESVAC, European Surveillance of Veterinary Antimicrobial Consumption; EU, European Union; EEA, European Economic Area; PCU,
population correction unit; SDa, Netherlands Veterinary Medicines Institute; TI, treatment incidence; TK, treatable kilograms.

into age group or production categories and assigns each one
a standard weight. For example, the PCU assigns finisher pigs
a weight of 65 kg (see Table 1). The weight of biomass in each
category is calculated by multiplying the numbers of animals
by the assigned weight and the total denominator is simply
the sum of all the weights. A detailed description of the
calculation of the denominators is available in Appendix B in
Supplementary Materials.

TI =
amount of antimicrobial used

(

mg
)

DDDvet
(

mg/kg
)

× # animals at risk × assigned weight
(

kg
)

× number of days at risk
× 100 animals at risk

Treatment Incidence

Treatment incidence, first defined by Timmerman
et al. describes the percentage of pigs in a stage of
production treated with a dose of antimicrobial each
day or, equivalently, the percentage time of the period
at risk for which a pig was treated (32). The TI
indicator, as adapted by Sarrazin et al. (34), is calculated
as follows:
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The TI, which is based on the DDDvet, was calculated separately
for piglets, weaners and finishers using respective assigned
weights of 4, 12, and 50 kg (45). The number of animals and
the length of stay in each section were extracted from the ePM
or provided by the farmer directly. The TIs were combined and
recalculated as the TI200, representing a standardized 200-day
lifespan, using the formula defined by Sjölund et al. (33):

TI200 =
TIpiglet × suckling period+ TIweaner× weaner period + TIfinisher× finishing period

total rearing period
×

200 (standard life span)

total rearing period

Assigning a standard weight to each stage means that
the weight at the time of treatment is accounted for
(albeit based on an estimated standard) and allows for an
estimation of the numbers of animals treated. Therefore,
in contrast to the other dose-based indicators which
consider only the numbers of kilograms treated, the
numerator for the TI200 equates to the number of animal
treatment days.

Data Processing and Statistical Analysis
All data were entered into a Microsoft R© Excel 365 spreadsheet.
Calculations of indicators and statistical analysis were carried
out using Microsoft R© Excel and R version 3.4.2 (49).
Data visualizations was carried out in R using the ggplot2
package (50).

Spearman rank correlations were determined for each pair
of indicators. An arbitrary threshold to define excessive AMU
was set to the upper quartile (n = 17) for each indicator.
Farms above this threshold were defined as being in the
“action zone” whereby they could theoretically be targeted
for intervention to reduce AMU. For each pair of indicators,
the number of farms above the threshold for one of the
indicators but below for the other was determined. Kappa
coefficients were calculated for each pair of indicators to assess
the overall agreement between benchmarking classifications (i.e.,
in action zone or not). The kappa coefficient measures the
agreement between rating methods and ranges from 1 (perfect
agreement) to <0 (51). Finally, for each pairwise comparison
the change in rank for every farm between the two indicators
was calculated.

The above pairwise analysis was repeated for injectable
antimicrobials from the same AMU dataset. This was done to
explore the effect of the indicators on a dataset with a different
antimicrobial use profile.

The effect of selected antimicrobial use practices on farm
ranking was assessed by comparing the relative rank between
selected pairs of indicators between the farms that engaged in
the practice and those that did not. The pairs of AMU indicators
and antimicrobial use practices assessed were as follows: (1)
DAPD vs. DDDvet/PCU for the use of tylosin oral premix
in medicated feed; DADD (used to calculate the DAPD) =

4 mg/kg (42), DDDvet = 12 mg/kg (39), (2) DDDANED vs.
DDDvet/PCU for the use of trimethoprim and sulfadiazine (TMS)
oral premix; combination products such TMS are assigned a
single DDD by the SDa (40, 44), separate DDDvet values are

assigned to each constituent antimicrobial by the EMA (39),
and (3) mg/PCU vs. DDDvet/PCU for the use of injectable
tulathromycin; DDDvet, = 0.36 mg/kg (47). For each farm,
the relative rank was calculated by subtracting the farm’s rank
with the second named indicator from the rank with the first
named indicator. The results were visualized using box and
scatter plots.

RESULTS

Quantification of Antimicrobial Use
Table 2 provides a summary of AMU at farm level as measured
by each of the indicators and for each route of administration.
A detailed description of AMU on the sample farms is reported
elsewhere (35). Table 2 also presents the breakdown of AMU
for the primary routes of administration in each indicator for
the combined sample population. Medicated feed accounted
for the majority of AMU and ranged from 82.5 to 89.2%
of consumption depending on the indicator used whereas
consumption accounted for by injectable antimicrobials ranged
from 2.5 to 7.9%. Figure 1 visualizes the breakdown of AMU
in each route of administration by antimicrobial class and
stage of production.

Comparison of Indicators
The frequency distributions of AMU for the 67 sample farms
measured using the seven indicators is shown in Figure 2.
Figure 3 summarizes the pairwise comparison between each of
the seven AMU indicators for the complete AMU dataset and
shows the Spearman rank correlation coefficients (color code);
the number of farms exchanging places between zones and the
associated kappa coefficients (Figure 3A); and number of farms
moving 10 or more places in rank between each pair (Figure 3B).
Overall, 15 farms out of 17 were classified in the action zone for
at least six of the indicators while 10 farms out of 17 were above
the threshold for all seven.

The results of the pairwise comparison of indicators using the
injectable AMU dataset are summarized in Figure 4 using the
same format outlined for Figure 3 above. Twelve farms out of
17 were in the action zone for at least six of the seven indicators
while eight out of 17 were there for all seven.

Effect of Selected Antimicrobial Use
Practices on Farm Ranking
The effect of selected antimicrobial use practices on farm ranking
is visualized in Figure 5. Eleven out of 15 farms using tylosin
oral premix had a lower rank when measured in DDDvet/PCU
compared to the DAPD (Figure 5A). Of the 23 farms that used
trimethoprim/sulfadiazine oral premix, 16 had a lower rank when
measured with the DDDANED compared to the DDDvet/PCU
(Figure 5B). Ten farms used injectable tulathromycin. Seven of
those farms ranked lower when AMU was measured in mg/PCU
compared to DDDvet/PCU for the injectable AMU dataset
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TABLE 2 | Summary of antimicrobial use (AMU) at farm level expressed in various indicators for total AMU (overall), AMU with oral premix and AMU with injectable

antimicrobials.

Summary statistics for AMU at farm level Breakdown of AMU by route of administration

Overall Oral premix Injectable Oral premix Other oral remedies Injectable

mg/kg lwt 63.34 (18.29–153.33) 54.31 (9.72–150.61) 2.79 (1.38–4.01) 89.2% 8.3% 2.5%

mg/PCU 93.93 (25.14–214.64) 78.25 (13.82–205.20) 3.91 (2.07–5.84) 89.2% 8.3% 2.5%

DDDvet/PCU 4.50 (1.50–9.97) 3.66 (0.83–8.75) 0.41 (0.25–0.70) 83.1% 10.7% 6.2%

DAPD 40.49 (14.11–92.41) 31.64 (7.16–80.63) 2.84 (1.81–5.32) 85.2% 10.4% 4.4%

DDDANED 11.91 (4.09–28.47) 8.44 (2.18–23.73) 1.18 (0.77–2.25) 84.0% 8.9% 7.1%

DDDvet/AY 9.83 (3.49–20.95) 7.59 (1.84–18.26) 0.90 (0.58–1.56) 83.1% 10.7% 6.2%

TI200 15.37 (6.05–35.67) 12.87 (3.41–29.99) 1.17 (0.69–2.15) 82.5% 9.6% 7.9%

Median values are shown with the interquartile range in brackets. The percentage breakdown of consumption by route of administration is also shown.
mg/kg lwt, milligram per kilogram liveweight sold; mg/PCU, milligram per population correction unit; DDDvet/PCU, defined daily dose per population correction unit; DAPD, proportion
of animal population in treatment per day; DDDANED, defined daily dose animal in the Netherlands; DDDvet/AY, defined daily dose per animal year; TI200, treatment incidence (TI200).
Note that the mg/kg lwt and mg/PCU share the same numerator (weight of active ingredient) as do the DDDvet/PCU and DDDvet/AY [treatable kilograms (DDDvet )].

(Figure 5D). This effect was not apparent for the complete
AMU dataset.

DISCUSSION

This study explored the effect of using different indicators on
a theoretical AMU benchmarking system created for a sample
population of 67 Irish pig farms. The study farms represented
∼35% of the Irish pig herd and the farrow-to-finish system,
operated by all herds, accounts for virtually all pig production
in the country (52). The insights gained from this study are
likely to be applicable to any future efforts to benchmark AMU
amongst pig farms. The indicators chosen for investigation have
been used in national and international AMU reports and employ
a variety of methods to calculate their respective numerators and
denominators. Although each indicatormeasures the same event,
i.e., antimicrobial use on the farm during the year, the outcome
is expressed in a different way. The mg/kg lwt and mg/PCU
express AMU in terms of mg of active ingredient per kg of animal
produced. The DDD based systems, in contrast, express AMU in
terms of the weight of biomass treated per kg of animal. Here the
interpretation depends on the denominator: it is per kg of animal
produced if the PCU denominator is used (DDDvet/PCU); per
kg animal present (or animal place) per year if the AY is used
(DDDANAT and DDDvet/AY); and, per kg biomass day for the
DAPD. Finally, the TI200 expresses the percentage of animals
in treatment per day (or the percentage of their lifespan spent
in treatment) by using standardized weights for each age group
to estimate the numbers of animals treated. These disparate
measures make comparison of the absolute values obtained from
the different indicators challenging and it is further complicated
by the different weightings applied to the various antimicrobials
and categories of pig. Therefore, the effect on farm ranking in
a benchmarking system was used to evaluate the differences
between indicators and the central hypothesis of this study was
that the different methodologies employed by each indicator
would produce different results in terms of whether farms were
classified as “high users” or not. The threshold to define an action
zone, characterized by farms with unacceptably high AMU, was

arbitrarily set to the upper quartile. This method has been used
by others (30, 31) and is not intended to reflect what any future
threshold should be. In the Netherlands, for example, these
thresholds are species and production category specific, and have
evolved over time in response to changing patterns of AMU (53).

When applied to the complete Irish AMU dataset, the seven
indicators produced similar results. All AMU indicators showed
similar right skewed distributions, as reported in other studies
in pigs (54), in cattle (55) and in sheep (56), indicating a
distinct subset of the population with high AMU. The action
zone, which, for the purpose of this study consisted of the
17 farms with the highest AMU, was broadly conserved. For
each indicator pair, no more than three farms (4.5% of sample)
exchanged places between zones. Fifteen farms were in the
action zone for six out of seven indicators while 10 were
in all seven. Therefore, while the use of different indicators
did affect farm ranking, these fluctuations did not cause
widespread changes to the action zones. Echtermann et al.
found high correlations between indicators based on Swiss and
EMA defined doses and concluded that both systems would
produce similar results in a benchmarking system (27). In
the present study, relatively high levels of agreement held
true even when comparing weight- and dose-based indicators.
Another study which applied different indicators to AMU data
from poultry had a similar finding, contrary to its authors’
expectations, and proposed that low variation in patterns of
AMU between farms might explain this unexpected result
(31). Routine prophylactic administration of medicated feed to
weaned piglets was the predominant AMU practice on Irish pig
farms. Four classes of antimicrobials, tetracyclines, potentiated
sulphonamides, macrolides and penicillins, accounted for almost
all use. Moreover, high use was always associated withmedication
of older weaner pigs and or finisher pigs (35). Therefore, it seems
that the overall pattern of use is a more important determinant
of rank than the weighting given to the antimicrobial used.
In other words, a farm which medicates large portions
of the herd for extended periods will almost always rank
higher than a farm which does not regardless of the choice
of antimicrobial.
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FIGURE 1 | Summary of antimicrobial use for 67 farms in 2016 by antimicrobial class and stage of production measured in the various numerators and stratified by

route of administration. Legend: mg/kg lwt, milligram per kilogram liveweight sold; mg/PCU, milligram per population correction unit; DDDvet/PCU, defined daily dose

per population correction unit; DAPD, proportion of animal population in treatment per day; DDDANED, defined daily dose animal in the Netherlands; DDDvet/AY,

defined daily dose per animal year; TI200, treatment incidence (TI200). Note that the mg/kg lwt and mg/PCU share the same numerator (weight of active ingredient)

as do the DDDvet/PCU and DDDvet/AY [treatable kilograms (DDDvet)].

The injectable AMU dataset differed from the complete
AMU dataset in terms of the antimicrobial class profile with
increased relative importance of the macrolide, fluoroquinolone
and cephalosporin classes. Members of these three classes
are typically more potent than older classes of antimicrobials
such as penicillins or tetracyclines. Therefore, AMU could be
underestimated on farms using these antimicrobial classes if
weight-based indicators are used. This would be problematic
since these classes contain the highest priority critically
important antimicrobials (CIA) which are considered as the
most important to human health (57). In fact, compared to
the analysis for the complete AMU dataset, relatively modest
reductions in agreement between benchmarking classifications
were apparent if the TI200 was excluded from the analysis
of the injectable AMU dataset with at most one extra farm
exchanging places between zones for each pair. However, there
was marked disagreement between indicators pairs involving
the TI200. For these comparisons, Spearman rank correlation
coefficients ranged from 0.48 to 0.74 (p < 0.001) and the kappa
coefficients ranged from 0.37 to 0.53 with between six and eight
farms exchanging places between zones. There were also larger
fluctuations in rank with up to 62.1% of farmsmoving 10 or more
places (for mg/PCU vs. TI200, see Figure 4). The discrepancies

between the TI200 and the other indicators can be explained
by differences in the method of calculation. Since the TI200
uses the estimated number of treatment days as the numerator,
treatments to piglets, weaners and finishers are treated equally.
Therefore, farms with high AMU in piglets ranked higher with
the TI200 than they did with the other indicators because of
the large number of piglets that can be treated with a relatively
small amount of antimicrobial. Conversely, farms with high
AMU in finishers would rank lower with the TI200 despite
the large amounts of antimicrobials needed to medicate heavier
animals. This was important for the injectable AMU dataset
because in terms of treatment incidence, piglets were the highest
consumers (see Figure 1). A similar indicator, the Treatment
Frequency (TF), uses the actual weight at treatment and the actual
dose administered to measure AMU in Germany (58). Kasabova
et al. also found that body weight at treatment influenced the
benchmarking system when comparing TF to the DDDvet based
indicator (30). This was not an important consideration for
TI200 with the complete AMU dataset as medicated feed in the
weaners was still the dominant AMU practice. The observation
that highest priority CIAs did not have an impact on overall
consumption suggests that consideration should be given to
benchmarking these separately.
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FIGURE 2 | Frequency distribution of antimicrobial use from 67 farms in 2016 measured by each indicator. The action zone was defined as the upper quartile of AMU

(n = 17). Legend: mg/kg lwt, milligram per kilogram liveweight sold; mg/PCU, milligram per population correction unit; DDDvet/PCU, defined daily dose per population

correction unit; DAPD, proportion of animal population in treatment per day; DDDANED, defined daily dose animal in the Netherlands; DDDvet/AY, defined daily dose

per animal year; TI200, treatment incidence (TI200).

While it did not affect the benchmarking system as much as
expected, using different indicators did affect farm rank. Two
pairs of indicators [mg/PCU vs. mg/kg lwt and DDDvet/PCU
vs. DDDvet per animal year (AY)] shared identical numerators
and thus differed only in their denominator. These pairs had the
highest correlations, the least fluctuation in rank and generally
high agreement in the benchmark classification in both analyses
While the different denominators produce different absolute
values, they are all related to the underlying structure of the
pig population. For example, the DDDvet/PCU and DDDvet/AY
differ roughly by a factor of 2.2 which is close to the number
of production cycles per sow per year on a farrow-to-finish
farm. In other words, each animal place (AY) produces 2.2 pigs
(PCU) per year. Similarly, if the kg biomass days denominator
(used by the DAPD) and the AY denominator used the same
assigned weights, they would differ by a factor of 365 since the
former measures treatment per day and the latter treatment
per year. Therefore, the denominator has less influence on
ranking than the numerator when applied to a specific animal
production sector. This does not hold true if one wants to
compare AMU between different sectors with different life cycles.

In its comparison of the EMA’s methodology to its own, the
SDa found that AMU in broiler production was lower than for
pigs when measured in DDDvet/PCU but higher when measured
in DDDvet/AY (40). This is because there are more production
cycles per year in poultry. In terms of the numerator, the biggest
discrepancies are between weight-based and dose-based metrics.
For instance, the DDDvet value for chlortetracycline is 30 mg/kg
while for ceftiofur it is 0.8 mg/kg (39) which raises concerns
that a weight-based metric could encourage the use of some
of the highest priority critical antimicrobials. The example of
tulathromycin illustrated in Figures 5C,D shows that seven of
the ten farms that used it had a more favorable rank when
mg/PCU was used to measure their injectable AMU compared
to the DDDvet/PCU. This effect was not apparent for the
complete AMU dataset because of its low relative importance
compared to oral antimicrobials. However, discrepancies were
also apparent between the indicators using different DDD
systems. Figure 1 shows that the different DDD systems produce
different consumption patterns even though the underlying data
for each is identical. This is in agreement with Taverne et al. who
found that AMU in the Dutch pig population appeared lower
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FIGURE 3 | Pairwise comparison of antimicrobial use (AMU) benchmarking systems using the various AMU indicators for all antimicrobial use; 67 farms, 2016. The

color of the tile indicates the Spearman’s rank correlation coefficient of each pair of indicators. (A) The values within the tiles indicate the kappa coefficient and the

number of farms ranked in the AMU “action zone” (threshold = upper quartile of AMU) with one indicator but below the threshold in the comparison indicator. (B) The

values within the tiles indicate the percentage of farms who’s rank changed 10 or more places when comparing a given pair of indicators. Legend: mg/PCU, milligram

per population correction unit; mg/kg lwt, milligram per kilogram liveweight sold; DDDANED, defined daily dose animal in the Netherlands; DAPD, proportion of animal

population in treatment per day; DDDvet/PCU, defined daily dose per population correction unit; DDDvet/AY, defined daily dose per animal year; TI200, treatment

incidence (TI200).

FIGURE 4 | Pairwise comparison of antimicrobial use AMU benchmarking systems using the various AMU indicators for injectable antimicrobial use; 67 farms, 2016.

The color of the tile indicates the Spearman’s rank correlation coefficient of each pair of indicators. (A) The values within the tiles indicate the kappa coefficient and the

number of farms ranked in the AMU “action zone” (threshold = upper quartile of AMU) with one indicator but below the threshold in the comparison indicator. (B) The

values within the tiles indicate the percentage of farms who’s rank changed 10 or more places when comparing a given pair of indicators. Legend: mg/PCU, milligram

per population correction unit; mg/kg lwt, milligram per kilogram liveweight sold; DDDANED, defined daily dose animal in the Netherlands; DAPD, proportion of animal

population in treatment per day; DDDvet/PCU, defined daily dose per population correction unit; DDDvet/AY, defined daily dose per animal year; TI200, treatment

incidence (TI200).

if measured with the Danish metrics (24) and highlights that
international AMU comparisons should be made with caution.
At farm level, the example of tylosin, noted by Echtermann

et al. was also apparent in this study (27). The DDDvet for oral
tylosin is 12 mg/kg (39) whereas the DADD for tylosin oral
premix used by DANMAP to calculate DAPD is 4 mg/kg (42).
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FIGURE 5 | Comparison of farm rank between indicators for selected antimicrobial use (AMU) practices. Positive relative rank values mean the farm ranked higher for

the first named indicator; negative relative rank means the farm ranked higher for the second named indicator. (A–C) show the comparisons for the complete AMU

dataset. (D) shows the comparison for the injectable AMU dataset. (A) Comparison of relative rank between DAPD and DDDvet/PCU for tylosin oral premix. DADD oral

premix = 4 mg/kg; the DDDvet = 12 mg/kg. (B) Comparison of relative rank between DDDANED and DDDvet/PCU for farms using potentiated sulphonamides in

medicated feed. The DDDANED treats combination products as a single treatment, the DDDvet assigns a DDD to each component separately. (C,D) Comparison of

relative rank between mg/PCU and DDDvet/PCU for farms using injectable tulathromycin; DDDvet = 0.36 mg/kg. Legend: DAPD, proportion of animal population in

treatment per day; DDDvet/PCU, defined daily dose per population correction unit; DDDANED, defined daily dose animal in the Netherlands; TMS, trimethoprim and

sulfadiazine; mg/PCU, milligram per population correction unit.

In this instance, using a DDD higher than the dose typically
used could encourage its use (see Figure 5A). Similarly, assigning
separate DDDs to the constituents of combination products
might discourage their use, as seen in Figure 5B. The values
assigned to DDD have been shown to influence the choice of
antimicrobial. In Denmark, Animal Daily Doses (ADD) were
defined at product level until it became apparent that products
containing the same antimicrobial but with higher labeled
doses than their competitors were being used to manipulate
AMU reporting (25). Thereafter, the animal daily doses (ADD)
- for use with Vetstat - and the DADD (for use in the
DANMAP) were defined at the level of active ingredient (42).
More recently, the DVFA modified the “yellow card” system
by introducing weighting factors for certain antimicrobials (e.g.,
1.2 for tetracycline and 10 for colistin, 3rd and 4th generation
cephalosporins and fluoroquinolones) and DANMAP has since

reported declines in use of both tetracycline and colistin as
a result (59).

The appropriate indicator for use in a surveillance system
should be as fair as possible to all participants and should
not inadvertently promote one AMU practice over another.
To this end it may be preferable if the indicator reflects local
conditions regarding the DDD system and assigned weights
(27, 29). Accounting for the numbers of individual animals
treated produced the most divergent results in the benchmarking
classification and, as such, the question of whether to use
indicators such as the TI or treatment frequency which focus on
the number of animals treated or, indicators that focus on the
weight of biomass treated, ultimately depends on which is more
important in development of AMR; this requires further study.
The TI200 and age group specific indicators require accurate
attribution of AMU to the correct age group. This can be
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challenging when collecting AMU data from pig farms with more
than one age group, even for well-established data collection
systems (53). It is also important that animals are allocated to the
correct age group, an issue that may be complicated by variations
in terminology used by different farmers as noted by Kasabova
et al. (30). These factors meant that the TI200 indicator was the
most challenging to determine as its calculation required more
detailed knowledge of the population structure on the farm and
the length of stay in each section as well as accurate attribution of
antimicrobials. The other indicators, on the other hand, required
only the amounts of antimicrobials used and basic population
data for their calculation. While it is no doubt preferable
for an AMU database to collect as much data as possible,
AMU data collection in the field can be challenging (34) and
comprehensive AMU data collection systems take considerable
time and resources to set up (14). Some data collection systems
rely on data input by the farmer (10, 60) and in this scenario, the
need for a user friendly and easily understandable system should
be evident. It should also be remembered that benchmarking is
a communication tool whose aim is to increase understanding
of antimicrobial stewardship amongst its end users, farmers and
veterinarians, and ultimately to promote engagement with efforts
to reduce AMU. In this regard, it is preferable that the chosen
indicator hasmeaning to the end users, although, which indicator
is most understandable to the lay person has yet to be established.
This study, rather than demonstrate the ideal indicator, showed
that none were perfect and that even those that are considered
less than ideal (i.e., weight-based indicators and/or production-
based indicators) had an acceptable performance in identifying
high users. Further study is needed to confirm that these findings
apply to AMU data in other settings. However, they may be
applicable in settings where the time and resources needed to set
up a comprehensive data collection system are not yet in place
and thus encourage the implementation of a basic system which
can be refined later.

CONCLUSION

This study demonstrated that the use of different indicators to
benchmark AMU produced broadly similar results when applied
to AMU data collected from Irish pig farms. Overall patterns
of use in terms of treatment duration and age groups treated
were more important than the combination of numerator and
denominator in determining the benchmarking classification.
Careful consideration should be given to the choice of indicator
to ensure it gives a fair and accurate comparison of AMU

amongst participants and does not unintentionally promote
unwanted shifts in AMU practices. Indicators based on weight of
active ingredient, which are used by some data collection systems,
can be used to give a meaningful benchmarking classification
provided their limitations are accounted for.
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Table C.1: Summary of the main antimicrobial classes used in porcine medicine with 

examples of active ingredient and the classification according to the WHO (WHO, 

2019), EMA (EMA, 2019) and OIE (OIE, 2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Legend: WHO - World Health Organisation; EMA - European Medicines Agency;  OIE - World 

Organisation for Animal Health. CIA - critically important antimicrobial; HIA, highly important 

antimicrobial; IA - important antimicrobial; VCIA -  veterinary critically important antimicrobial; 

VHIA - veterinary highly important antimicrobial; VIA - veterinary important antimicrobial.  

*Highest priority critical important antimicrobials 

  

Antimicrobial class  Examples WHO list EMA list OIE list 

Quinolones and 
fluoroquinolones 

 enrofloxacin, 
marbofloxacin 

CIA* B VCIA 

Cephalosporins (3rd 
and 4th generation) 

 ceftiofur, 
cefquinome 

CIA* B VCIA 

Polymyxins  colistin CIA* B VHIA 

Macrolides 
 tylosin, tilmicosin, 

tulathromycin 
CIA* C VCIA 

Aminoglycosides 
 apramycin, 

streptomycin 
CIA C VCIA 

Pencillins 
 amoxicillin, 

benzylpenicillin 
CIA, HIA D VCIA 

Amphenicols  florfenicol HIA C VHIA 

Lincosamides  lincomycin HIA C VHIA 

Tetracyclines 
 chlortetracycline, 

doxycycline 
HIA D VCIA 

Folate pathway 
inhibitors:  

 sulfadiazine, 
trimethoprim 

HIA D VCIA 

Pleuromutilins  tiamulin IA C VHIA 

Aminocyclitols  spectinomycin IA D VCIA 
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Abstract

Background: There is concern that the use of antimicrobials in livestock production has a role in the emergence
and dissemination of antimicrobial resistance in animals and humans. Consequently, there are increasing efforts to
reduce antimicrobial use (AMU) in agriculture. As the largest consumer of veterinary antimicrobials in several
countries, the pig sector is a particular focus of these efforts. Data on AMU in pig production in Ireland are lacking.
This study aimed to quantify AMU on Irish pig farms, to identify the major patterns of use employed and to
compare the results obtained to those from other published reports and studies.

Results: Antimicrobial use data for 2016 was collected from 67 Irish pig farms which represented c. 35% of national
production. The combined sample population consumed 14.5 t of antimicrobial by weight of active ingredient
suggesting that the pig sector accounted for approximately 40% of veterinary AMU in Ireland in 2016. At farm level,
median AMU measured in milligram per population correction unit (mg/PCU) was 93.9 (range: 1.0–1196.0). When
measured in terms of treatment incidence (TI200), median AMU was 15.4 (range: 0.2–169.2). Oral treatments
accounted for 97.5% of all AMU by weight of active ingredient and were primarily administered via medicated feed
to pigs in the post weaning stages of production. AMU in Irish pig production in 2016 was higher than results
obtained from the national reports of Sweden, Denmark, the Netherlands and France but lower than the United
Kingdom.

Conclusions: Pig production in Ireland is an important consumer of veterinary antimicrobials. The quantities and
patterns of AMU on Irish pig farms are comparable to pig production in other European countries but higher than
some countries with more advanced AMU reduction strategies. This AMU is characterised by a high proportion of
prophylactic use and is primarily administered to pigs post weaning via medicated feed. Further studies to better
understand the reasons for AMU on Irish pig farms and strategies to improve health among weaner pigs will be of
benefit in the effort to reduce AMU.
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Background
In the global effort to combat antimicrobial resistance a
‘One Health’ approach, encompassing human and animal
health as well as the environment, has been proposed [1,
2]. In common with other countries, Ireland has imple-
mented its own One Health action plan, iNAP (Ireland’s
National Action Plan against Antimicrobial Resistance)
[3]. Efforts to monitor and ultimately reduce antimicrobial
use (AMU) in livestock production are important compo-
nents of such plans [4]. These efforts are necessary as the
use of antimicrobials in livestock production has been
linked to the emergence and dissemination of antimicro-
bial resistant bacteria in animals and humans [5–7].
Pig production is the highest consumer of veterinary an-

timicrobials in many countries [8–10]. Until recently, only
a limited number of countries, such as Denmark [8] and
the Netherlands [9], monitored AMU stratified by species.
Currently, however, many countries have followed the ex-
ample of Denmark and the Netherlands and have devel-
oped, or are developing, their own AMU databases [11].
Data from some of these schemes were published recently,
for example, from Germany [12] and Belgium [10]. Else-
where, data on AMU in pig production derives from a
limited number of cross-sectional studies in countries
such as Canada [13, 14], Austria [15], France [16, 17],
Spain [18, 19] and Belgium [20] as well as two pan Euro-
pean studies [21, 22]. Several of these studies show that
the majority of antimicrobials are administered orally, as
group treatments, are frequently applied for prophylactic
(to prevent disease) or metaphylactic purposes (to treat a
group containing some diseased animals) and primarily
administered to pigs post weaning.
The pig population in Ireland comprises approxi-

mately 140–150,000 breeding animals and 1.5–1.6
million fattening pigs and is the third largest livestock
sector after dairy and beef [23, 24]. To date, data on
the use of antimicrobials in Irish pig production are
lacking but is reputed to be high [25].
The objectives of this study were 1) to quantify anti-

microbial use on Irish pig farms, 2) to determine the
major patterns of use employed, and 3) to compare the
results to those from other published reports and
studies.

Methods
Farm selection
A cross-sectional study was conducted on a convenience
sample of 67 Irish pig farms to investigate antimicrobial
usage. The participating farms were clients of the Tea-
gasc (The Agriculture and Food Development Authority)
farm advisory service1 which is available to all Irish pig
farms. In 2017, the Teagasc farm advisory service

included 107 pig farms, representing over 77,000 sows
(c. 50% of national herd); all farms were invited to par-
ticipate in the study and 67 agreed to co-operate. All
farms operated a farrow-to-finish system. Farrow-to-
finish enterprises account for virtually all of pig produc-
tion in Ireland [26].

Data collection
Farms were visited between September 2017 and Octo-
ber 2018 to collect detailed antimicrobial use data for
the 2016 calendar year. The farmers were asked to pro-
vide prescription and or invoice data in order to deter-
mine the amounts of antimicrobials used. Farmers were
asked to indicate which stages of production each anti-
microbial preparation was used in and whether any
prophylactic or metaphylactic use occurred during the
year. Population, feed consumption, performance and
production data were obtained from the Teagasc e-
Profit Monitor (ePM) database to which farmers submit
their data quarterly. Farmers not using the ePM (n = 8)
were asked to provide the relevant data directly.

Quantification of antimicrobial use
The amounts of active ingredient in each antimicrobial
product were determined according to the protocols
outlined by the European Medicines Agency (EMA) for
its European Surveillance of Veterinary Antimicrobial
Consumption (ESVAC) project [27]. Conversion factors
for prodrugs (such as procaine benzylpenicillin) and
international units (I.U.) were also obtained from the
ESVAC protocol.

Medicated feed
Antimicrobial oral premixes are remedies specifically
intended for use in medicated feed [28] and thus are dis-
tinct from oral remedies intended for use in water or
those added to feed as a ‘top dressing.’ While medicated
feeds may include other types of medication (for ex-
ample, anthelmintics, anti-inflammatories or zinc oxide),
in this article, the term ‘medicated feed’ will refer to
feeds or diets including antimicrobial oral premixes. Spe-
cific diets are fed during each stage of pig production
and any of these diets may be medicated with antimicro-
bials. The stages of production on Irish pig farms are
summarised as follows: piglets are generally weaned at
around 28 days, the weaned piglets remain in the weaner
stage, which, on Irish farms is typically split into first
and second stages, for up to 9 weeks and, thereafter, the
pigs stay in the finisher stage until slaughter, at around
24 weeks of age. A creep or pre-starter diet is provided
to piglets in the farrowing house; after weaning, the pigs
are typically fed a starter diet for 7–14 days, followed by
a link diet for another 7–14 days and then a weaner diet
for the remainder of the weaner stage; finally, finisher1https://www.teagasc.ie/animals/pigs/
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pigs are fed a finisher diet. Sows are fed specific diets de-
pending on whether they are in gestation or lactation.
The amount of medicated diet used in each category for
each antimicrobial included was determined by 1) con-
sulting data submitted to the ePM, 2) invoice records, or
3) data provided directly by the farmer. To calculate the
amounts of antimicrobial administered in medicated
feed the following formula was used:

weight of medicated feed kgð Þ
� inclusion rate of active ingredient mg=kgð Þ

The inclusion rate was expressed in terms of mg of
antimicrobial per kg of medicated feed (e.g. chlortetra-
cycline 300 mg/kg). This calculation was performed for
every combination of diet and antimicrobial inclusion
rate.

Other oral remedies and parenteral preparations
Complete prescription records for other oral remedies
and parenteral preparations were not available for five
farms. In these cases, missing values for each antimicro-
bial product used on the farm were imputed based on ei-
ther the estimate of use provided by the farmer or the
median value of use on the other farms using the same
product. To calculate the amounts of antimicrobials ad-
ministered by other routes of administration the follow-
ing formula was used:

number of packs� pack size g or mlð Þ
� strength mg=ml or mg=kgð Þ

This calculation was performed for each preparation
of each active ingredient.

Treatable kilograms
In order to adjust for differences in potency between the
various active ingredients, the amounts used of each
antimicrobial were adjusted to ‘treatable kilograms’ (TK)
based on the Defined Daily Dose for the given active in-
gredient (DDDvet) as defined by ESVAC [29]. ‘Treatable
kilograms’ represents the number of kilograms of pig
which can be treated with the given amount of anti-
microbial if the Defined Daily Dose is used. For example,
20 mg of marbofloxacin (DDDvet = 2mg/kg) can treat
10 kg of pig. This calculation is based on the definition
outlined by the Netherlands Veterinary Medicines Insti-
tute [9]:

treatable kilograms ðTKDDDvetÞ
¼ amount of antimicrobial used ðmgÞ

DDDvetðmg=kgÞ
Two antimicrobials, tulathromycin and tildipirosin, do

not have an assigned DDDvet; the defined daily animal

doses (DDDA) and long acting factors defined by
Postma et al. were used [30].

Indicators of antimicrobial use at farm level
The milligram per population correction unit (mg/PCU)
was developed by the EMA and is the indicator of anti-
microbial consumption used in the ESVAC reports on
sales of veterinary antimicrobials in the European Union
(EU) and European Economic Area (EEA) [31]. The mg/
PCU uses the weight of active ingredient as the numer-
ator while the population correction unit (PCU) is used
as the denominator. The PCU assigns a standardised
weight to each species and to sub-categories where ap-
plicable [31]. The calculation of mg/PCU for pigs is fur-
ther described in Additional file 1.
Treatment incidence (TI) represents the percentage of

pigs in a stage of production treated with a dose of anti-
microbial each day or, the percentage time of the period
at risk for which a pig was treated. The TI indicator, as
defined for pigs by Timmerman et al. [32] and adapted
by Sarrazin et al. [22], was calculated as follows:

TIDDDvet ¼ amount of antimicrobial used ðmgÞ
DDDvetðmg=kgÞ � kg of animal at riskðkgÞ � number of days at risk

� 100 animals at risk

The numbers of animals at risk and numbers of days
at risk for each category were derived from ePM or farm
data. For a detailed description of the TI calculation see
Additional file 1. The TIDDDvet was calculated for each
antimicrobial per age category (piglet, weaner, finisher
and sow). Finally, the TI for piglets, weaners and fin-
ishers were combined and recalculated as a standardised
TI200 using the formula defined by Sjölund et al. [21]:

TI200 ¼ TIpiglet � suckling period þ TIweaner � weaner period þ TI finisher � finishing period

total rearing period

� 200ðstandard li fespanÞ
total rearing period

Comparison to AMU in selected European countries
Data concerning the weight of antimicrobials used or
sold in pig production during 2016 were extracted from
the national reports of the following countries: Sweden
[33], Netherlands [34], Denmark [35], and France [36].
The value obtained was divided by the corresponding
PCU for pigs extracted from the ESVAC report for 2016
[37] to calculate consumption in mg/PCU. Antimicrobial
use in pigs in the United Kingdom (UK) for 2016 was
based on data collected by the e-medicine book for pigs
(eMB pig) and was reported in mg/PCU [38].
To allow a further comparison with the national AMU

consumption reports of Denmark and the Netherlands
for 2016, the total AMU of the combined population of
the sample farms was recalculated using their respective
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indicators. The DAPD, defined as the ‘proportion of
population in treatment per day’, is the indicator used to
report AMU at national level in Demark [8] and the
DDDANAT (Defined Daily Dose Animal) is used in the
national reports of the Netherlands [9]. For further de-
tails, see Additional file 1.

Data processing
All data were entered into a Microsoft® Excel 365
spreadsheet. Calculations and descriptive statistical ana-
lysis were carried out using Microsoft® Excel and R ver-
sion 3.4.2 [39]. Data visualisation was carried out using
the R packages ggplot2 [40] and VennDiagram [41].

Results
Farm characteristics
The 67 farms included in the study had a median herd
size of 528 sows (range 110–3000) and median produc-
tion of 12,429 pigs for slaughter (range 2600–58,300)
during 2016. The combined population of the 67 farms
was approximately 48,000 sows and thus represented
around 35% of the national herd in 2016 [42].

Overview of antimicrobial consumption
The total estimate of antimicrobial use on the 67 study
farms during 2016 by weight of active ingredient was
14.5 t, comprising a total of 19 different antimicrobial
compounds. Table 1 summarises the patterns of anti-
microbial use and shows the breakdown of use by route
of administration for each antimicrobial class. The ma-
jority of antimicrobials, representing 97.5% of the weight
of active ingredient and 93.9% of treatable kilograms
(TKDDDvet), were administered orally and mainly in med-
icated feed. One farm did not use any oral treatments
while all farms used injectable treatments. Tetracyclines,
potentiated sulphonamides, macrolides and penicillins
accounted for almost all antimicrobials consumed
(98.2% of the weight of active ingredient; 94.3% of
TKDDDvet). The use of tetracyclines in medicated feed
had the highest impact on consumption, was observed
on 64.1% of farms and accounted for more than half all
AMU by weight of active ingredient (32.4% of TKDDDvet).
Some patterns of use, while not impacting greatly on
overall consumption, were observed on most farms. For
example, all farms used injectable penicillins (amoxycil-
lin or benzylpenicillin) and 83.6% of farms used inject-
able fluoroquinolones (enrofloxacin and marbofloxacin).
Antimicrobial use was highest in weaner pigs, which
accounted for 69.7% of AMU by weight of active ingre-
dient and 63.2% of TKDDDvet. Finisher pigs accounted
for 25.4% of AMU by weight of active ingredient and
30.6% of AMU by TKDDDvet; sows accounted for 4.1% of
AMU by weight of active ingredient and 3.5% of AMU
by TKDDDvet and piglets accounted for 0.9% of AMU by

weight of active ingredient and 2.7% of AMU by
TKDDDvet (see also Supplementary Table 1, Add-
itional file 2). The indicators of AMU at farm level in
mg/PCU and treatment incidence (TI200) are sum-
marised in Table 2.

Antimicrobial use in medicated feed
Figure 1 summarises AMU in medicated feed for each
diet category. Sixty-one farms (91% of the sample) used
medicated feeds during 2016 and this accounted for
89.1% of all AMU by weight of active ingredient (83.1%
of TKDDDvet). The percentage of farms medicating each
diet category and the patterns of use employed are illus-
trated in Fig. 2. The majority of medicated feed was pro-
vided to pigs in the post weaning stages of production
and accounted for 66.3% of all AMU by weight of active
ingredient (58.6% of TKDDDvet). Most farms (88.1% of
sample) medicated at least the starter and/or link diets,
meaning that most pigs in the study were treated with
antimicrobials during the first 7–21 days post weaning.
Thirty-five farms (52.2% of sample) also provided medi-
cated creep diets to piglets in the farrowing house. Anti-
microbial use in the starter and link diets accounted for
14.8% of weight of active ingredient and 19.0% of
TKDDDvet. Regarding the active ingredients used, there
was more variation in these diets compared to the other
diet categories; tetracyclines, potentiated sulphonamides,
macrolides, penicillins and aminoglycosides were all
commonly used. Medicated weaner diets, mainly with
tetracyclines or potentiated sulphonamides, were used
on 38 farms (57.7% of sample). They generally followed
medication in the starter and/or link diets (see Fig. 2)
and accounted for 50.5% of total AMU by weight of ac-
tive ingredient (39.6% of TKDDDvet). Antimicrobial use in
medicated feed in the weaner stages was generally for
prophylactic purposes; farms applied the same protocol
to every batch produced during the year. In the finisher
stage, medicated feed was used on 16 farms (23.9% of
sample) and contributed to 20% of overall use by weight
of active ingredient (22.3% of TKDDDvet). Tetracyclines
and macrolides were the most commonly used classes in
finisher diets, however, heavy use of sulfadiazine and tri-
methoprim on one farm meant it was the antimicrobial
with the highest consumption in this category. Routine
prophylaxis was less common and practised by six farms.
In addition, 25.4% of farms provided medicated feed to
sows, typically once or twice per year for a period of 7–
10 days. The antimicrobials used in medicated feed var-
ied within the farm, between diets and over time. Half of
all farms used 3 or more antimicrobials (see Supplemen-
tary Figure 1, Additional file 2). This reflects the fact
that some farms used combinations of antimicrobials, ei-
ther combination products or custom formulations; that
some farms changed treatment regime during the year
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Table 1 Breakdown of antimicrobial use on 67 Irish farrow-to-finish pig farms during 2016 by route of administration and antimicrobial class. Percentages of active ingredient
and TKDDDvet refer to the percentage of overall consumption in terms of weight of active ingredient and number of treatable kilograms, respectively. Percentage of farms with
use refers to the percentage of the 67 farms which used each combination of antimicrobial class and route of administration. Total consumption by weight of active ingredient
was 14,505 kg; the corresponding number of treatable kilograms (TKDDDvet) was 775,128,079 kg. Mg/PCU in this table refers to consumption for the population of all 67 farms
combined

Overall (%) Medicated feed (%) Water (%) Top dressing (%) Oral dose (%) Injectable (%)

Antimicrobial class mg/PCU AIa TKDDDvet
b Farmsc AI TKDDDvet Farms AI TKDDDvet Farms AI TKDDDvet Farms AI TKDDDvet Farms AI TKDDDvet Farms

Tetracyclines 90.38 55.81 34.02 85.07 53.72 32.43 64.18 0.84 0.51 7.46 1.07 0.65 23.88 – – – 0.17 0.43 41.79

Potentiated sulphonamides 40.85 25.22 33.86 46.27 25.15 33.74 34.33 – – – 0.04 0.05 2.99 0.01 0.01 5.97 0.03 0.07 13.43

Macrolides 15.09 9.32 16.02 65.67 5.99 10.10 37.31 3.28 5.11 13.43 – – – – – – 0.04 0.80 34.33

Penicillins 12.69 7.84 10.39 100 3.68 4.57 50.75 2.48 2.73 32.84 0.01 0.01 2.99 – – – 1.68 3.09 100

Aminoglycosides 1.40 0.87 1.41 74.63 0.35 0.72 20.90 0.18 0.37 41.79 <0.01 <0.01 1.49 – – – 0.34 0.32 47.76

Amphenicols 0.54 0.33 0.62 19.40 0.09 0.17 5.97 0.21 0.39 5.97 – – – – – – 0.03 0.06 10.45

Polymyxins 0.29 0.18 0.68 20.90 – – – 0.18 0.68 20.90 – – – – – – – – –

Aminocyclitols 0.24 0.15 0.67 53.73 0.10 0.53 13.43 0.02 0.12 10.45 – – – 0.02 0.01 31.34 0.01 0.01 19.40

Lincosamides 0.22 0.13 0.97 56.72 0.10 0.82 13.43 0.01 0.09 10.45 – – – – – – 0.03 0.05 44.78

Fluoroquinolones 0.22 0.13 0.86 85.07 – – – – – – – – – < 0.01 < 0.01 5.97 0.13 0.86 83.58

3rd & 4th gen. Cephalosporins 0.03 0.02 0.49 23.88 – – – – – – – – – – – – 0.02 0.49 23.88

Pleuromutilins < 0.01 < 0.01 < 0.01 1.49 – – – – – – – – – – – – <0.01 <0.01 1.49

TOTAL 161.94 100 100 100 89.18 83.09 91.04 7.20 10.01 64.18 1.11 0.70 26.87 0.03 0.02 35.82 2.48 6.18 100
aActive ingredient
bTreatable Kilograms (using the defined daily dose, DDDvet [29])
cFarms with use
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Table 2 Summary of antimicrobial use at farm level expressed in mg/PCU and in treatment incidence (TI) per age category (piglet, weaner, finisher and sow) and the
standardised 200-day rearing period (TI200). Median values are shown with minima and maxima in brackets

mg/PCU TI200 TIpiglet TIweaner TIfinisher TIsow

Overall 93.93 (1.01–1196.00) 15.37 (0.22–169.15) 6.32 (0.28–72.42) 34.36 (0.18–237.64) 0.70 (0.01–130.84) 0.19 (0.01–7.52)

Medicated feed 78.25 (0–1023.10) 12.87 (0–154.93) 1.29 (0–11.86) 32.54 (0–233.18) 0 (0–104.77) 0 (0–7.47)

Water 0.40 (0–150.79) 0.3 (0–33.12) 0.16 (0–69.74) 0.28 (0–42.78) 0 (0–25.94) 0 (0–1.78)

Top dressing 0.03 (0–29.15) 0 (0–1.39) 0 (0–0) 0 (0–1.53) 0 (0–1.28) 0 (0–2.25)

Oral doses 0 (0–0.72) 0 (0–0.24) 0 (0–1.19) 0 (0–0) 0 (0–0) 0 (0–0)

Injectable 3.91 (0.47–19.36) 1.17 (0.14–11.42) 2.43 (0.27–36.39) 0.58 (0.05–9.72) 0.32 (0.01–3.92) 0.10 (0.01–1.03)

EMA category B antimicrobials a 0.18 (0–5.77) 0.24 (0–13.13) 0.39 (0–64.27) 0.16 (0–4.78) 0 (0–0.80) 0 (0–0.49)
aEuropean Medicines Agency category B antimicrobials include polymyxins, fluoroquinolones and 3rd and 4th generation cephalosporins [43]
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and, that the antimicrobials included often varied from
one diet to the next. Twenty-three of the 46 farms rou-
tinely medicating both the starter and link diets used the
same treatment regime in both diets; of those farms that
also medicated the weaner diet, all but one farm used a
different antimicrobial.

Antimicrobial use in other routes of administration
The use of antimicrobials in injectables and oral remed-
ies (other than premix) in weight of active ingredient
and treatable kilograms is illustrated in Fig. 3. Forty-
three farms (64.2% of sample) administered antimicro-
bials in water. This route of administration accounted
for 7.2% of consumption by weight of active ingredient
(10% of TKDDDvet). Macrolides and penicillins were the
antimicrobial classes with the highest consumption (see
Table 1). The most frequent practice was the adminis-
tration of the aminoglycoside antimicrobial, apramycin,
which was typically provided in drinkers in the farrowing
house or post weaning to treat gastroenteritis and was
used on 41.8% of farms. Top dressing, mainly with
chlortetracycline, was typically administered to older
weaners, finishers or sows, accounted for 1.11% of AMU
by weight (0.7% of TKDDDvet) and was used on 16 farms
(23.9% of sample). Oral dosing was recorded on 21 farms

(31.3% of sample) and accounted 0.03% of AMU by
weight of active ingredient and 0.02% of TKDDDvet.
Injectable antimicrobial remedies represented the third

most important route of administration. Penicillins were
the most used injectable antimicrobial class; all farms
used amoxicillin and/or benzylpenicillin (+/− strepto-
mycin). When measured by weight of active ingredient
injectables accounted for 2.5% of all AMU and 6.2% of
TKDDDvet.

Highest priority critically important antimicrobials
The highest priority critically important antimicrobials
(HP CIA), as defined by the World Health Organisation
(WHO) [43], used on Irish pig farms included: macro-
lides; fluoroquinolones (enrofloxacin, marbofloxacin);
third generation cephalosporins (ceftiofur); and poly-
myxins (colistin). The oral macrolides, mainly tylosin
but also tilmicosin, represented 9.3% of all AMU by
weight of active ingredient and 15.2% of TKDDDvet. The
long acting injectable macrolides, tulathromycin and til-
dipirosin, were not widely used but nevertheless
accounted for 12.5% of injectable TKDDDvet. The EMA
classifies the fluoroquinolones, polymyxins and 3rd and
4th generation cephalosporins as category B antimicro-
bials (‘restrict’) and macrolides as category C (‘caution’)
and thus differs from the WHO classification by ranking

Fig. 1 Consumption of the various classes of antimicrobials in medicated feed on 67 Irish pig farms, 2016. The data is stratified by weight of
active ingredient, the number of treatable kilograms and the percentage of farms with use for each category of diet. Six farms did not use
medicated feed during 2016 and some farms used more than one antimicrobial in a given diet during the year
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macrolides lower than the other HP CIAs [44]. In terms
of overall use, category B antimicrobials represented
0.33% of the weight of active ingredient used; however,
when measured in TKDDDvet they accounted for 2% of
consumption (see Table 1). Seven farms (10.4% of sam-
ple) did not use any category B antimicrobials during
2016 while most farms (85.1% of sample) used fluoroqui-
nolones. The use of category B antimicrobials at farm
level is summarised in Table 2. These were mainly ad-
ministered to suckling piglets and weaned piglets where
the highest treatment incidences were observed. In con-
trast, most farms did not administer category B antimi-
crobials to finisher pigs or to sows; median TIs in both
of these age groups was zero.

Prophylactic use
In addition to prophylactic AMU in medicated feed,
farmers practised other methods of prophylactic treat-
ment. Piglets were injected at birth, processing (iron in-
jection, clipping teeth and tail docking; typically
performed during the first week of life) or at weaning on
35 farms (52% of sample). Amoxicillin was the most
commonly used drug (n = 16; 23.8% of sample) but five
other classes of antimicrobial were utilised, notably: cef-
tiofur on six farms and long acting macrolides on five

farms. In the weaner stage, other oral remedies, mainly
amoxicillin (n = 4), chlortetracycline (n = 2) and tylosin
(n = 1) were used as prophylaxis on seven farms (10.4%
of sample). In finisher pigs, similar practices were ob-
served on three farms: amoxicillin (n = 1); tylosin (n = 2).
Sows received prophylactic treatments on 11 farms
(16.4% of sample), most frequently in the form of an
antimicrobial injection at either farrowing or weaning
(eight of 11 farms). Oral chlortetracycline was adminis-
tered to sows on four of the 11 farms. These practices
accounted for a significant proportion of their respective
routes of administration, for example prophylactic use of
water soluble antimicrobials accounted for 78.8% of use
in this route of administration by weight of active ingre-
dient (for further details see Supplementary Table 2,
Additional file 2).

Comparison of AMU in Irish pig production to other
countries
Figure 4 illustrates the comparison between AMU on
the Irish sample farms and AMU as derived from the re-
ports of Sweden, Denmark, the Netherlands, France and
the UK in 2016. Antimicrobial use for the combined
sample population of 67 Irish pig farms was 161.9 mg/
PCU and was the second highest of the 6 countries

Fig. 2 Venn diagram showing patterns of antimicrobial use in medicated feed for growing pigs on 67 farms, 2016. Each set contains the farms
medicating the given diet category during 2016: starter, link, weaner and finisher. The percentage and number of farms medicating each diet
category are shown in parentheses after the corresponding set title. The values within the sets show the percentage of farms (number in
parentheses) with each pattern of use. For example, 6% of the study farms (n = 4) medicated the link diet only; 22.4% of the study farms (n = 15)
medicated the starter, link, weaner and finisher diets. The values outside of the 4 sets indicate farms that did not use medicated diets
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behind the UK. Figure 4 also summarises the compari-
son of AMU between the Irish sample population and
the Danish and Dutch pig production sectors using their
respective national indicators. When measured in mg/
PCU, AMU on the Irish pig farms was approximately 3.7
times higher than consumption in both Denmark and
the Netherlands. However, when measured in their re-
spective national indicators, DAPD and DDDANAT, the
relative differences were reduced. For the Irish study
sample population, the DAPD was 3.2 times higher than
that for Danish pig production while the DDDANAT was
2.5 times higher than Dutch pig production.

Discussion
This study presents the first detailed data on antimicro-
bial use in the Irish pig industry. The study sample rep-
resented approximately 35% of the national herd and
while it cannot be assumed to be representative of the
whole of Irish pig production, the results obtained pro-
vide useful insights into antimicrobial use in the indus-
try. Whether measured by weight of active ingredient or
in defined daily doses (TKDDDvet) almost all antimicro-
bials were administered orally and primarily to pigs in
the weaner stage of production. This is in agreement
with several European studies [17–22, 45] and national

reports [8, 9]. Approximately 103 t of veterinary antimi-
crobials were sold in Ireland during 2016, based on sales
data submitted by Marketing Authorisation Holders to
the Health Products Regulatory Authority [46]. Extrapo-
lation of the results from this study suggests that pig
production accounts for approximately 40% of veterinary
AMU in Ireland. While this estimate must be inter-
preted with caution, the data from this study suggest
that pigs consume all the oral premix antimicrobials
(which accounted for one third of all sales in 2016) but
are not significant consumers of the other oral remedies
or injectable antimicrobials (which accounted for 33 and
27% of all sales respectively) [46].
Irish pig farms were also similar to European farms in

that so called ‘older classes’ of antimicrobials such as tet-
racyclines, potentiated sulphonamides, penicillins, and
macrolides were the most used. Macrolides, the third
most used class overall, are classified as HP CIA by the
WHO but category C (‘caution’) by the EMA. The differ-
ence in ranking between the EMA and WHO results
from the EMA’s assessment of the importance of this
class to veterinary medicine and the fact that for some
conditions macrolides represent the only suitable treat-
ment [44]. Colistin, classified as a HP CIA by the WHO
[42] and category B (‘restrict’) by the EMA [44] and

Fig. 3 Consumption of oral remedies other than premix and parenteral antimicrobials expressed in weight of active substance and treatable
kilograms (TKDDDvet) from 67 Irish pig farms, 2016. Other oral remedies include oral remedies for inclusion in water, oral powders for inclusion in
feed as a ‘top dressing’ and, oral doses
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widely used in European pig production [21, 22] was not
widely used on Irish farms. Use of cephalosporins and
fluoroquinolones (both HP CIA and category B) was also
relatively low; however, in countries such as the
Netherlands [9] and Denmark [8] where there are re-
strictions, their use in pig production is negligible or
zero. Furthermore, fluoroquinolones along with cephalo-
sporins, constituted 21.8% of injectable AMU when mea-
sured in TKDDDvet. Since piglet was the age group with
the highest exposure to injectable antimicrobials, this
implies large proportions of the pig population may re-
ceive treatment with these drugs at some point in their
life cycle. The widespread use of fluoroquinolones, in
particular, is concerning as there is evidence of increas-
ing fluoroquinolone resistance amongst Escherichia coli
isolates of porcine origin in Ireland. Data from the Euro-
pean Food Safety Authority (EFSA) monitoring program
showed that resistance to ciprofloxacin increased from
2% in 2015 to 7% in 2017 [47, 48].
In this study, 95.6% of all AMU by weight of active in-

gredient (89.5% of TKDDDvet) could be classed as
prophylactic. Sarrazin et al. reported increased treatment
frequency at 1, 4 and 9 weeks of age which coincided
with birth and associated procedures such as teeth clip-
ping and castration, weaning, and transfer to the finisher

stage, respectively [22]. Farmers administer prophylactic
treatments at these time points to prevent losses associ-
ated with expected disease associated with the stresses
of handling, movement and dietary changes [49]. Over
half of the study farms administered prophylactic anti-
microbial treatments during the first week of life and
88.1% of farms provided antimicrobials in medicated
feed at or just after weaning. On 56.7% of farms, medi-
cated feed was provided in the weaner diet. This is fed at
the end of the first weaner stage and throughout the sec-
ond weaner stage and thus covers another transfer be-
tween production stages. Therefore, in contrast to
Sarrazin et al., where treatments appeared to be adminis-
tered at strategic times [22], many farms in Ireland ad-
minister antimicrobials at, between and after these
times. An important reason for this difference is related
to the feeding infrastructure. On most farms, a single
feed bin supplies one or more houses containing pigs of
different ages. If medicated feed is to be provided to the
younger pigs just after transfer, the older pigs must be
medicated as well. With regard to the weaner and fin-
isher diets, this has important implications for the over-
all amounts of antimicrobial consumed since the older
and heavier the pig, the more it eats. Similar structural
issues were reported on Belgian farms using

Fig. 4 Comparison of antimicrobial use between the 67 Irish pig farms and 5 European countries in 2016. The large panel shows the comparison
of antimicrobial use (AMU) between the Irish sample population and five European countries expressed in mg/PCU [31]. The smaller panels show
the comparison of AMU between the Irish sample population and Denmark expressed in DAPD (proportion of animal population in treatment
per day) [8] and between the Irish sample population and the Netherlands expressed in DDDANAT (defined daily dose animal) [9]
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medicated feed [50] and demonstrate the importance
of improving antimicrobial delivery systems in efforts
to reduce AMU [51].
Quantitative comparisons between studies and na-

tional reports are hampered by the use of different indi-
cators of AMU. Use of the mg/PCU indicator, developed
by ESVAC [31], allowed a comparison of AMU between
the sample population in this study and the 2016 na-
tional reports of Sweden, Netherlands, Denmark, France
and the UK to be made. Antimicrobial consumption for
the combined population of Irish farms was the second
highest of the six countries compared. Irish AMU was
3.2 and 2.5 times higher than Denmark and the
Netherlands, respectively, when measured in their na-
tional indicators. The TI200 indicator allowed a com-
parison of use at farm level between the study farms and
the study by Sarrazin and colleagues [22]. Using pur-
chase data for 1 year, the median TI200 for 180 farrow-
to-finish farms from nine countries in 2015 was 7.1. For
the Irish farms in 2016, the median TI200 was 15.3. This
comparison should be made with caution. The weaner
stage on the Irish study farms was generally longer (me-
dian = 9 weeks, data not shown) than the European
farms (median = 6.5 weeks) [22]. Since most of the AMU
is administered in the weaner diet fed to older weaner
pigs, the weight at treatment used to calculate the TIwea-
ner is underestimated. This in turn means that the TI200
is overestimated. Also, the farrow-to-finish system ac-
counts for almost all pig production in Ireland [26], and
in this regard, the study is representative of the whole
industry. In other countries, where specialised weaner
and finisher farms are more prominent [26] measuring
AMU on farrow-to-finish farms may not be representa-
tive. Some studies have found that AMU is higher in fin-
isher pigs on specialised finisher farms than on farrow-
finish farms and suggest the stress of transport and mix-
ing pigs from different sources as a possible explanation
[12, 19, 52]. Nevertheless, these results show that AMU
in Irish pig production compared unfavourably to some
of its European peers in 2016. It should be noted, how-
ever, that comparable data from many other countries is
not yet available and that those countries with AMU
data are, in general, further into their respective ‘action
plans’ against antimicrobial resistance than Ireland.
These findings highlight the need to reduce AMU in

Irish pig production. New EU regulations governing
antimicrobial use and medicated feed, which come into
effect in 2022, will prevent prophylactic AMU and re-
strict metaphylactic group treatments as well as the use
of CIAs [28, 53]. This will require a significant shift in
behavioural and management practices related to AMU
on Irish pig farms, particularly with regard to routine
prophylactic use in feed medication. A pilot study car-
ried out on an Irish farm suggests this can be achieved

without impacting welfare or performance [54, 55] and
as an example, if AMU in medicated feed in the weaner,
finisher and sow diets were removed from the current
study, total AMU for the sample population would re-
duce to 43.1 mg/PCU which is just below the levels for
Denmark and the Netherlands. It should be noted that
several farms in the study were already at or below this
level of AMU (see Fig. 2); six farms (9% of sample) did
not use any medicated feed and seven (10.4% of sample)
did not use any category B antimicrobials. The risk fac-
tors for AMU on Irish pig farms have not been studied.
However, recent work has identified respiratory disease as
a significant problem on Irish pig farms [56] and this may
explain the high use of antimicrobials in the weaner diets
fed to 2nd stage weaner pigs. Also, internal biosecurity on
Irish pig farms is lower than in other European countries
[57]. Improved biosecurity was shown to aid in reducing
AMU on Belgian pig farms [58] and a recent initiative
launched by Animal Health Ireland has made biosecurity
audits available to all Irish pig farms.2 Other initiatives
such as measuring AMU, increased education and the
promotion of responsible use guidelines, which are all part
of iNAP [3], have had success in reducing AMU in pig
production in other countries [59]. The recent launch of
the ‘national AMU database for pigs’ by the Department
of Agriculture Food and the Marine has fulfilled a key pri-
ority of iNAP and will allow for the monitoring of AMU
in Irish pig production and for the assessment of the im-
pact of AMU reduction strategies [60].
The main limitation of this study is that the data was

collected from a convenience sample of farms and thus
may not be representative of the entire population. The
farms used in this study had originally volunteered to
take part in a survey investigating biosecurity and man-
agement practices and could represent farms with better
practices than the rest of the population which could
have introduced a selection bias. Nevertheless, the study
population represented around 35% of the national herd
and therefore a significant proportion of the industry.
Collecting AMU data in the field presents challenges.
Records are not always kept [20, 22] and antimicrobial
preparations are often used in different age groups with-
out records of which pigs they were allocated to [22]
and, therefore, assumptions and imputations had to be
made in some instances. There were similar challenges
in this study. Where records were incomplete, estima-
tions of AMU were given by the farmer and could be
subject to recall bias and intervention bias (where the
farmer deliberately under reports AMU). Since the ma-
jority of AMU was via medicated feed and is an import-
ant part of farm management, the risk of recall bias is
considered to be low for this route of administration.

2http://animalhealthireland.ie/?page_id=18234
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Overall, approximately 96% (94% of TKDDDvet) of the an-
timicrobials used could be accurately assigned to the
correct age group.

Conclusions
Antimicrobial use on Irish pig farms is characterised by
a high proportion of prophylactic use, primarily deliv-
ered using medicated feed and mainly administered to
pigs in the post weaning production stages. These pat-
terns of use are similar to those reported in other Euro-
pean studies although the amounts used are higher than
some countries such as Sweden, Denmark and the
Netherlands. This study confirms that pig production is
an important consumer of veterinary antimicrobials, ac-
counting approximately for 40% of AMU in Ireland in
2016; and reinforces the need to reduce AMU. The iden-
tification of the pattern of use with the highest impact
on consumption, the provision of medicated feed to
weaner pigs, suggest that efforts to understand the rea-
sons for this and promote better health among weaner
pigs will be of benefit.
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Oral remedy, 33.3% 

(34.5 tonnes) 

Injectable, 27.0% 

(27.9 tonnes) 

Premix, 33.3% 

(34.5 tonnes) 

3.8tn 

1.1tn 

Figure E.1: Sales of veterinary antimicrobials in Ireland in 2016 by route of administration. 

Adapted from HPRA report for 2016 (HPRA, 2017). Total sales in 2016 were c. 103 tonnes. 

The hatched areas on the pie chart indicate estimated proportion of use attributable to 

pigs. This estimate is extrapolated from the results obtained in Chapter 3. 
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Simple Summary: Antimicrobial resistance (AMR) is a major threat to public health. There are
concerns that antimicrobial use (AMU) in agriculture has a role in the development of AMR. Pigs are
one of the main consumers of veterinary antimicrobials and a better understanding of the drivers for
AMU in this sector will help in efforts to reduce use. The aim of this study was to investigate the
associations between antimicrobial use, farm characteristics, biosecurity, the presence of respiratory
disease on the farm and health management practices on Irish pig farms. Farms that manufactured
their feed on-site had lower total AMU than farms that purchased their feed from a feed mill. Higher
levels of lung abscesses and pericarditis (inflammation of the lining around the heart), both indicators
of respiratory disease, were associated with increased AMU. Higher levels of pericarditis were also
associated with increased use of critically important antimicrobials. Farms vaccinating against swine
influenza also had higher AMU. Farms that administered prophylactic antimicrobial treatments to
piglets had higher use of individual treatments and critically important antimicrobials. The results
from this study show that prophylaxis and respiratory disease are the main drivers of AMU on
Irish pig farms. These findings highlight areas of farm management where interventions may aid in
reducing AMU on Irish pig farms.

Abstract: The threat to public health posed by antimicrobial resistance in livestock production means
that the pig sector is a particular focus for efforts to reduce antimicrobial use (AMU). This study
sought to investigate the risk factors for AMU in Irish pig production. Antimicrobial use data were
collected from 52 farrow-to-finish farms. The risk factors investigated were farm characteristics
and performance, biosecurity practices, prevalence of pluck lesions at slaughter and serological
status for four common respiratory pathogens and vaccination and prophylactic AMU practices.
Linear regression models were used for quantitative AMU analysis and risk factors for specific AMU
practices were investigated using logistic regression. Farms that milled their own feed had lower total
AMU (p < 0.001), whereas higher finisher mortality (p = 0.043) and vaccinating for swine influenza
(p < 0.001) increased AMU. Farms with higher prevalence of pericarditis (p = 0.037) and lung abscesses
(p = 0.046) used more group treatments. Farms with higher prevalence of liver milk spot lesions
(p = 0.018) and farms practising prophylactic AMU in piglets (p = 0.03) had higher numbers of
individual treatments. Farms practising prophylactic AMU in piglets (p = 0.002) or sows (p = 0.062)
had higher use of cephalosporins and fluoroquinolones. This study identified prophylactic use and
respiratory disease as the main drivers for AMU in Irish pig production. These findings highlight
areas of farm management where interventions may aid in reducing AMU on Irish pig farms.

Keywords: antimicrobial use; biosecurity; Ireland; pigs; respiratory disease; risk factors

Animals 2021, 11, 2828. https://doi.org/10.3390/ani11102828 https://www.mdpi.com/journal/animals

https://www.mdpi.com/journal/animals
https://www.mdpi.com
https://orcid.org/0000-0002-6313-9283
https://orcid.org/0000-0003-2152-4009
https://orcid.org/0000-0002-2301-2560
https://doi.org/10.3390/ani11102828
https://doi.org/10.3390/ani11102828
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ani11102828
https://www.mdpi.com/journal/animals
https://www.mdpi.com/article/10.3390/ani11102828?type=check_update&version=2


Animals 2021, 11, 2828 2 of 23

1. Introduction

Antimicrobial resistance (AMR) is a continued and increasing threat to global public
health [1]. Improved antimicrobial stewardship and ultimately reduced antimicrobial use
(AMU) are key components of various action plans to mitigate this threat [2,3]. Antimi-
crobial use in livestock production is a focus of concern because it accounts for a large
proportion of global AMU [4] and animals may act as a reservoir for AMR pathogens and
AMR genes [5]. Furthermore, the literature suggests that restricting AMU in livestock can
reduce AMR in animals and humans [6].

The pig sector is a major consumer of veterinary antimicrobials (AMs) and ranks
highest in several countries [7–9]. In pig production, AMs are primarily administered as
group treatments to piglets post-weaning, via oral routes of administration and more often
at strategic times in the production cycle [10,11]. A better understanding of the risk factors
for this AMU will aid in efforts to reduce it. Antimicrobials are used for the treatment,
prevention and control of infectious disease [12–14], and respiratory and gastrointestinal
disease are the major indications for use [11,15,16]. Therefore, it would be expected that
disease burden is the primary driver for AMU. However, the relationship between disease
burden and AMU is not well-characterised [17,18].

Farm characteristics and management practices such as herd size [19–21], proximity to
other pig farms [20,22,23], raising finisher pigs on specialised farms (which may use multi-
ple suppliers) [20,21], increased farrowing rhythm and longer suckling period [24] can also
influence AMU. Furthermore, higher levels of biosecurity [24,25] and implementing some
specific biosecurity practices, such as provision of changing facilities [26] and provision of
boots to visitors [22], are also associated with reduced AMU. Vaccination is considered a
key tool in disease control and in reducing reliance on AMU [27–30]. However, despite
effectiveness in field studies [31–33], vaccination has been associated with increased AMU
in several studies [17,24,30,34,35]. Finally, socio-economic and demographic factors such as
age, gender, education or years of experience [36] and attitudes to AMR [37] can influence
on farm AMU, although their relative importance appears to differ depending on nation-
ality [17]. In general, pig farmers perceive AMs as an effective and cost-efficient tool in
disease management [30,38–40] and, at least in the past, were poorly aware or unconcerned
about the risks of AMR [38,39,41].

There is little information about the factors associated with the choice of AM treatment,
i.e., active ingredient and route of administration, on pig farms [42]. The various AMs
have specific indications for use, and many are licensed to treat more than one condition.
There are official national guidelines dictating which AMs should be used for specific
conditions [43,44]. However, they are not always followed [15,45] and there can be notable
variation in choice of treatment for the same condition [46]. A better understanding of the
reasons behind such choices may aid in improving antimicrobial stewardship and would
be especially useful for the highest priority critically important antimicrobials (HP CIA)
which are most important to public health.

According to Collineau et al., the relative importance of risk factors associated with
AMU varies between countries [17]. In Ireland, pig production accounts for approximately
40% of veterinary AM consumption, with prophylactic administration of medicated feed
being the dominant practice [47], but the drivers for this use on Irish farms have not been
studied previously. This study aimed to explore the risk factors for AMU in a cohort of Irish
farrow-to-finish farms using AMU, biosecurity, respiratory disease and farm management
data. A further aim was to investigate risk factors for specific AMU practices, namely the
choice of AM class and route of administration.

2. Materials and Methods
2.1. Farm Selection

This cross-sectional study was conducted on a sample of 52 Irish pig farms to in-
vestigate risk factors for AMU. The risk factors investigated were grouped as follows:
biosecurity practices; farm management practices, including vaccination; farm status and
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prevalence of respiratory disease; and farm performance indicators. The study farms were
part of a larger cohort of farms that participated in two separate but closely related projects,
investigating (1) antimicrobial use and (2) respiratory disease, which were conducted from
February 2016 to September 2018. All participants were clients of the Teagasc (Teagasc, the
Agriculture and Food Development Authority, https://www.teagasc.ie/animals/pigs/
accessed on 20 September 2021) farm advisory service, which is available to all Irish pig
farms. In 2017, the Teagasc farm advisory service included 107 pig farms, representing over
77,000 sows (approximately 50% of the national herd) [48]. All client farms were invited to
participate in both projects on a voluntary basis, and the 52 farms in this study represent
those that provided sufficient data to both the AMU and the respiratory disease projects.

2.2. Farm Production and Performance

The study farms submit their production data to the Teagasc e-Profit Monitor (ePM)
database quarterly. The following indicators for the 2016 calendar year were extracted from
the ePM database: herd size, piglet, weaner and finisher mortality, average age at weaning,
at transfer to finisher and at slaughter (which were used to calculate length of stay in the
weaner and finisher stages), average daily gain (ADG) and feed conversion ratio (FCR).

2.3. Antimicrobial Use

Antimicrobial use data for the 2016 calendar year were collected for each farm by
means of farm visits conducted from September 2017 to September 2018, as previously
described by O’Neill et al. [47]. In short, details of AMU in medicated feed regarding the
diets and age groups treated and the AMs used were provided by the farmers. The amounts
of AMs in oral remedies other than premix (i.e., not for medicated feed) and injectable
preparations were determined using invoice and or prescription records. Feed consumption
data (to calculate amount of medicated feed) and population data were extracted from
the ePM database. Treatment incidence (TI), which represents the percentage of pigs in a
stage of production treated with a dose of AM each day (or equivalently, the percentage
time of the period at risk for which a pig was treated) [49], was calculated for each AM
and route of administration in each stage of production (piglet, weaner and finisher). The
TI was calculated using the formula adapted by Sarrazin et al. [11] and the Defined Daily
Dose (DDDvet) for each AM, as assigned by the European Medicines Agency (EMA) [50],
and standard weights for each age group, as proposed by the European Surveillance of
Veterinary Antimicrobial Consumption (ESVAC) project [51]:

TIDDDvet =
amount of antimicrobial used (mg)

DDDvet (mg/kg)× kg of animal at risk (kg)× number of days at risk
× 100 animals at risk (1)

The TI values for piglets, weaners and finishers were then combined to calculate the
standardised TI200 indicator, which represents AMU for the entire rearing period, using
the formula defined by Sjölund et al. [10]:

TI200 =
TIpiglet × suckling period + TIweaner × weaner period +TIfinisher × fininshing period

total rearing period
×200 (standard life span)

total rearing period
(2)

Information on which vaccinations were used on the farm and whether the farm
administered prophylactic AM treatments (other than in medicated feed) in the different
production stages (by any route of administration) was also collected for each farm.

2.4. Biosecurity Assessment and Farm Management Practices

Biosecurity practices were assessed using the Biocheck.UGentTM (https://bioche
ck.ugent.be/en accessed on 20 September 2021) questionnaire, which was completed
during the course of farm visits conducted between February and May 2016 [52]. The
Biocheck.UGentTM questionnaire consists of 109 closed questions which assess various
biosecurity measures and farm management practices. Questions on farm characteristics

https://www.teagasc.ie/animals/pigs/
https://biocheck.ugent.be/en
https://biocheck.ugent.be/en
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do not contribute to the biosecurity score and include the age of the oldest and youngest
buildings, the number of employees and the experience of the farm manager/owner.
Information on whether the farm milled its own feed or purchased from an external
feed mill was also collected. Biosecurity-related questions are grouped into six external
biosecurity categories and six internal biosecurity categories. Each question contributes a
weighted score to its category and each category contributes a weighted score to the external
or internal biosecurity score. The overall biosecurity score is computed as the average of
the external and internal biosecurity scores. Scores range from 0 to 100, where 0 indicates
the absence of biosecurity and 100 represents perfect biosecurity. The questionnaire for
pigs is described in detail by Laanen et al. [25]. The scores for each category as well as the
internal, external and overall biosecurity scores were used in the statistical analysis.

2.5. Respiratory Disease Status and Farm Prevalence

Data on disease status and prevalence of pluck (lungs, heart and liver) lesions were
collected from November 2017 to April 2018, as previously described by Rodrigues da
Costa et al. [53]. Disease status for Influenza A virus (IAv), Porcine reproductive and
respiratory syndrome virus (PRRSv), Mycoplasma hyopneumoniae (Mhyo) and Actinobacillus
pleuropneumoniae (APP) was determined using serological testing. Thirty-two samples per
farm were collected and processed at the Blood Testing Laboratory of the Department of
Food, Agriculture and the Marine (Cork, Ireland). Serum was separated from the samples
and stored at −80 ◦C until further analysis. For analysis, all 32 samples were used for
detection of IAv and PRRSv (allowing for a minimum within-herd prevalence of 10%,
α = 0.05), while 16 samples were used for detection of Mhyo and APP (allowing for a
minimum within-herd prevalence of 18%, α = 0.05). The seroprevalence of antibodies
against IAv, PRRSv, Mhyo and APP were determined using the respective IDEXX ELISA
kits, for the four respiratory pathogens: Influenza A Ab Test, PRRS X3 Ab Test, HerdChek
Mycoplasma hyopneumoniae Ab Test and APP-ApxIV Ab Test (IDEXX, Hoofddorp, The
Netherlands), according to the manufacturer’s instructions. Farms were considered positive
if at least one sample tested positive by the relevant serological test.

All pluck examinations were carried out by a single trained veterinarian. Lungs were
removed from the carcass by abattoir personnel and scored in the evisceration line for
pneumonic lesions using the method described by Madec and Derrien [54]. Pleurisy in
the dorsocaudal lobes was scored using a modified version of the Slaughterhouse Pleurisy
Evaluation System (SPES) [55,56] with a 4-point scale, in which 0 = no pleurisy, 2 = focal
lesions in one lobe, 3 = bilateral adhesions or unilateral lesions affecting more than 1/3
of one diaphragmatic lobe and 4 = extensive lesions affecting more than 1/3 of both
diaphragmatic lobes (SPES score = 1 corresponds to cranial pleurisy and is not used in the
modified SPES scoring system). The prevalence of dorsocaudal pleurisy, i.e., lesions with
SPES score ≥ 2, and the prevalence of moderate or severe dorsocaudal pleurisy, i.e., lesions
with SPES score 3 or 4, were used for statistical analysis. Additionally, scars, indicative of
healing pneumonic lesions from previous infection, cranial pleurisy (adhesions between
lobes, on the surface of the apical and cardiac lobe, and/or adhesions between the lung and
the heart), pericarditis (expansion of the pericardial cavity with inflammatory exudate [57]),
lung abscesses and liver spots (indicative of transhepatic migration of the larvae of Ascaris
suum [58]) were recorded as present or absent.

2.6. Data Processing and Statistical Analysis

All data were entered into a Microsoft® Excel 365 (Microsoft Corporation, Redmond,
WA, USA) spreadsheet. Calculations and statistical analyses were carried out using
Microsoft® Excel and R version 3.4.2 [59]. Data visualisation was carried out using the
ggplot2 and VennDiagram packages in R [60,61]. Two separate analyses were carried out
to investigate risk factors associated with (1) quantitative AMU and (2) AMU practices.

For the quantitative AMU analysis, the outcome variables were total TI200 for group
oral treatments administered (TIgroup), total TI200 for individual treatments (TIindividual),
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combined TI200 for ceftiofur and fluoroquinolones (TIceflq) and total TI200 for all routes of
administration (TItotal). Variables were checked for normality by examining the quartile-
quartile plot and by using the Shapiro–Wilks test. The four outcome variables were not
normally distributed and thus, a log transformation was applied to approach a normal
distribution. The transformation of TIgroup and TIceflq required the addition of a constant (1
and 0.01, respectively) to account for farms with zero AMU in these categories. Collinearity
among the predictor variables was checked using Spearman rank correlations for contin-
uous variables, Wilcoxon rank sum test for continuous and categorical variables and chi
squared or Fisher’s exact test for categorical variables. Categorical predictor variables (all
were binary in this dataset) with less than 10 farms in either category were excluded from
further analysis. For each outcome variable, the associations with each of the predictor
variables were first assessed using univariable linear regression models. A multivariable
linear regression model was then created using predictor variables with p ≤ 0.25 in the
univariate analysis. Where there was collinearity among the predictor variables (Spearman
rho > 0.7 or p-value of chi-square/Fisher tests ≤ 0.05), the variable with the strongest
association in the univariable model or the one with the most biological significance was
selected. Alpha level for determination of significance was 0.05 and trends are discussed
between 0.05 and 0.1. The model was then refined using manual backward selection,
removing the predictor variable with the highest p-value until all remaining variables had
a p ≤ 0.1.

Associations between specific AMU practices and the predictor variables were inves-
tigated using logistic regression. Here, the outcome variables were each combination of
AM class and the two main routes of administration: oral group treatments (eight outcome
variables) and individual treatments (eight outcome variables). Collinearity among the
predictor variables was checked as per the quantitative AMU analysis and categorical
variables with less than 10 farms in either category were excluded from the analysis. Uni-
variable associations between each outcome variable and predictor variable were assessed
using chi-squared or Fisher’s exact test along with the respective odds ratio if the predic-
tor variable was categorical, and univariable logistic regression for continuous variables.
Thresholds for significance and tendency were set as for the linear regression analysis.
Multivariable logistic regression models were then created using predictor variables with
p ≤ 0.25 in the univariate analysis and refined using manual backward selection until all
remaining variables had a p ≤ 0.1.

3. Results

A summary of the farm characteristics and production data is presented in Table S1.
The 52 farms had a combined population of 38,764 sows and thus represented approx-
imately 29% of the national herd in 2016. The median herd size was 650 sows (range:
113–2354) and all farms operated a farrow-to-finish system which accounts for virtually
all pig production in Ireland [62]. Twenty-two farms (42.3% of sample) practised home
milling, whereby at least one diet was manufactured on the farm, while the remaining
farms purchased all feed. Antimicrobial use expressed as TI200 is summarised in Table 1.
The median TI200 was 14.2 (range: 0.2–169.1). Oral group treatments accounted for 93.3%
of consumption (81.5% via medicated feed, 11.6% via water) and were administered on all
but two farms. Provision of medicated feed to piglets via starter and/or link diets during
the first 7 to 21 days post-weaning was standard practice on 44 farms (84.6% of sample),
and 27 farms (51.9% of sample) provided medicated feed in the subsequent diets (see
O’Neill et al. [47] for a full description). All farms administered individual AM treatments.
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Table 1. Antimicrobial use on 52 Irish farrow-to-finish pig farms during 2016 summarised by mode of treatment. The
number of farms using each antimicrobial class and the mean and median treatment incidence (TI200) for each mode of
treatment is shown.

Antimicrobial Class Farms with Use Mean (SD) Median (Range)

Oral group treatments
Tetracylines 38 (73.1%) 7.7 (12) 1.2 (0–49.1)

Potentiated sulphonamides 17 (32.7%) 6.6 (22.8) 0 (0–150.1)
Penicillins 36 (69.2%) 2.7 (5.5) 0.9 (0–29.7)
Macrolides 23 (44.2%) 2.3 (4.4) 0 (0–23.6)

Lincosamides 10 (19.2%) 0.1 (0.5) 0 (0–2.9)
Amphenicols 7 (13.5%) 0.1 (0.4) 0 (0–2.5)

Aminoglycosides 27 (51.9%) 0.5 (1.3) 0 (0–8.9)
Aminocyclitols * 10 (19.2%) 0.1 (0.3) 0 (0–1.9)

Polymyxins 13 (25%) 0.8 (2.6) 0 (0–13)
Total oral group treatments (TIgroup) 50 (96.2%) 21 (28.5) 13.3 (0–167.8)

Individual treatments
Tetracyclines 22 (42.3%) 0.1 (0.2) 0 (0–0.9)

Potentiated sulphonamides 8 (15.4%) 0.1 (0.3) 0 (0–2.2)
Penicillins 52 (100%) 0.6 (0.6) 0.4 (0–2)
Macrolides 18 (34.6%) 0.2 (0.6) 0 (0–4)

Lincosamides 21 (40.4%) 0 (0) 0 (0–0.2)
Amphenicols 5 (9.6%) 0 (0) 0 (0–0.3)

Aminoglycosides 14 (26.9%) 0 (0.1) 0 (0–0.3)
Aminocyclitols 23 (44.2%) 0 (0) 0 (0–0.2)

Fluoroquinolones 45 (86.5%) 0.2 (0.3) 0.1 (0–1.2)
Cephalosporins 12 (23.1%) 0.2 (0.8) 0 (0–4.6)
Pleuromutilins 1 (1.9%) 0 (0) 0 (0–0)

Total individual treatments (TIindividual) 52 (100%) 1.5 (1.6) 1.1 (0.1–11.4)
Total antimicrobial use (TItotal) 52 (100%) 22.5 (28.6) 14.2 (0.2–169.1)

Cephalopsorin and/or fluoroquinolone use (TIceflq) 47 (90.4%) 0.5 (0.9) 0.2 (0–5.8)

* Aminocyclitols in group treatments were used in combination with lincosamides. Legend: TI—treatment incidence.

The breakdown of AMU by AM class and stage of production is shown in Figure 1. The
most frequently used AM classes overall were tetracyclines, potentiated sulphonamides,
penicillins and macrolides, accounting for 34.8%, 32.5%, 12.9% and 11.5% of AMU, respec-
tively. Fluoroquinolones and cephalosporins accounted for 1.8% of AMU and were used
on 90.4% of farms. Weaner pigs received 80.5% of all doses, but piglets accounted for 65%
of individual treatments. The biosecurity scores for the study farms are summarised in
Table S2. Farms typically had higher scores in external biosecurity (median 79.5 (range:
62–94)) than in internal biosecurity (60 (range: 29–80)). The category with the highest score
was ‘purchase of animals and semen’, where 49 farms (94.2% of sample) had a perfect
score, while the lowest scoring category was ‘cleaning and disinfection’ (median 38 (range:
0–95)). The farm vaccination and AM prophylaxis practices are summarised in Table S3.
All farms administered Erysipelothrix rhusopathiae and parvovirus vaccination to sows.
Vaccination against IAv and PRRSv was carried out on 19 and 21 farms, respectively (of
which 11 vaccinated against both). Piglets were vaccinated against porcine circovirus type
2 (PCV-2) on 94.2% of farms and 75% also vaccinated against Mhyo. Half of all farms
administered prophylactic AM treatments to piglets, typically in the first week of life either
after birth or at processing (teeth clipping, iron injection, tail docking, etc. (castration is not
routine practice in Irish pig production)). Twenty farms (38.5% of sample) administered
prophylactic treatments to sows mainly via medicated feed or injections around farrowing
or weaning. A summary of farm disease status for IAv, PRRSv, Mhyo and APP, and the
prevalence of pluck lesions at slaughter, are shown in Table S4. All but one farm was
positive for APP. Co-infection with other pathogens was common: 80.7% of farms (n = 42)
were positive for at least three of the four pathogens, while 38.4% (n = 20) were positive for
all four (see Figure S1).
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Figure 1. Breakdown of antimicrobial use by antimicrobial class and stage of production for indi-
vidual treatments, cephalosporin and fluoroquinolone treatments, group oral treatments and total
antimicrobial use on 52 Irish farrow-to-finish farms during 2016. Percentage of use refers to the
contribution of the antimicrobial class or stage of production to the overall treatment incidence
(TI200) indicator. Legend: cef + flq—use of cephalosporins and fluoroquinolones.

The univariable linear regression models for the TItotal, TIgroup, TIindividual and TIceflq
are summarised in Table S5. The final multivariable models are shown in Table 2. There
were significant positive associations between all the pleurisy-related variables (p ≤ 0.05)
and both TItotal and TIgroup, but these were not retained in the final models. The final
multivariable models for TItotal and TIgroup were similar and explained approximately 53%
and 55% of the variability, respectively. Farms with higher mortality in the finisher stage
and those vaccinating against IAv had higher AMU, while farms home milling and farms
with longer weaner stages had lower AMU (p ≤ 0.05). There were positive associations
between prevalence of lung abscesses and pericarditis and AMU, although these were not
significant for the TItotal (p ≤ 0.1). The final multivariable model for TIindividual explained
29% of the variability, with the administration of prophylactic AM treatments to piglets,
higher biosecurity score in ‘vermin and bird control’ and prevalence of liver milk spots
being positively associated with individual AMU (p ≤ 0.05). Farms with better biosecurity
scores in ‘feed, water and equipment supply’ had reduced individual AMU (p = 0.007).
Regarding the use of fluoroquinolones and third-generation cephalosporins, the model
for TIceflq explained 37% of the variability. Farms with prophylactic AMU in piglets, those
with lower biosecurity scores in ‘feed and water supply’ and those with higher prevalence
of pericarditis used more of these classes (p ≤ 0.05). Farms with higher weaner mortality
used less (p = 0.002), while farms which administered prophylactic AM treatments to sows
tended to use more (p = 0.062).

The univariable associations between the predictor variables and the use (or not) of
the various combinations of antimicrobial class and route of administration (group or
individual) are shown in Table S6. The results from the final logistic regression models for
AM classes used as group oral treatments are shown in Tables 3 and S7 and are presented
as odds ratios with their 95% confidence intervals. The associations identified in the
quantitative analysis of total and group oral AMU were also identified as risk factors
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for use of the most consumed AM classes. Home milling farms were less likely to use
tetracyclines (p = 0.048) and farms with a longer weaner stage were less likely to use
tetracyclines, potentiated sulphonamides or lincosamides as group treatments (p < 0.05).
Higher finisher mortality was associated with increased odds of potentiated sulphonamide
use (p = 0.033) and macrolide use (p = 0.014). Farms positive for IAv were less likely
to use oral penicillins (p = 0.041), but those vaccinating against IAv were more likely
to use oral tetracyclines, potentiated sulphonamides and macrolides (p < 0.05). Higher
prevalence of pericarditis was associated with increased odds of penicillin use (p = 0.007)
and polymyxin use (p = 0.046). Farms that administered prophylactic AM treatments to
piglets were 10 times more likely to use oral penicillins (p = 0.006). Higher scores in the
biosecurity categories ‘nursery unit management’ and ‘measures between compartments’
were associated with decreased odds of tetracycline use (p = 0.04) and polymyxin use
(p = 0.026), respectively. Higher scores in the ‘feed, water and supply of equipment’ and
‘environment and region’ categories tended to reduce the odds of potentiated sulphonamide
use (p < 0.1).

Table 2. Summary of multivariable linear regression models for total antimicrobial use (AMU) (TItotal), group oral AMU
(TIgroup), individual AMU (TIindividual) and cephalosporin/fluoroquinolone use (TIceflq). The outcome variables are
expressed as treatment incidence (TI200) and were log-transformed prior to analysis. Both the coefficients on the log scale
and the back-transformed estimates are presented.

Outcome Variable Predictor Variables Estimate a Std. Error Back-Transformed
Estimate (95% CI) p

LOG TItotal Intercept 3.28 0.936 26.48
adjusted R2 = 0.53 Finisher mortality_2016 0.28 0.135 1.32 (1.01–1.74) 0.043
p < 0.001 Home milling (ref = no) −1.08 0.265 0.34 (0.2–0.58) 0.000

Weaner stage (days) −0.03 0.013 0.97 (0.95–1) 0.027
IAv vaccination (ref = no) 1.06 0.272 2.88 (1.66–4.97) 0.000

Lung abscesses (%) 0.07 0.037 1.07 (0.99–1.16) 0.070
Pericarditis (%) 0.06 0.031 1.06 (1–1.13) 0.059

LOG TIgroup Intercept 2.93 0.832 18.72
adjusted R2 = 0.55 Finisher mortality 0.28 0.120 1.33 (1.04–1.69) 0.023
p < 0.001 Home milling (ref = no) −0.97 0.235 0.38 (0.23–0.61) 0.000

Weaner stage (days) −0.02 0.011 0.98 (0.95–1) 0.041
IAv vaccination (ref = no) 0.95 0.242 2.58 (1.58–4.19) 0.000

Lung abscesses (%) 0.07 0.033 1.07 (1–1.14) 0.046
Pericarditis (%) 0.06 0.028 1.06 (1–1.12) 0.037

LOG TIindividual Intercept −0.58 0.473 0.56

adjusted R2 = 0.29
Feed, water and equipment

supply b −0.01 0.007 0.99 (0.97–1) 0.048

p < 0.001 Vermin and bird control b 0.01 0.005 1.01 (1–1.02) 0.018
Piglet prophylaxis (ref = no) c 0.60 0.192 1.82 (1.23–2.67) 0.003

Liver milk spots (%) 0.01 0.004 1.01 (1–1.02) 0.018
LOG TIceflq Intercept −1.32 0.816 0.27

adjusted R2 = 0.37 Weaner mortality −0.41 0.126 0.66 (0.51–0.85) 0.002

p < 0.001 Feed, water and equipment
supply b −0.03 0.012 0.97 (0.95–1) 0.031

Sow prophylaxis (ref = no) c 0.72 0.378 2.06 (0.96–4.41)
Piglet prophylaxis (ref = no) c 1.16 0.350 3.19 (1.58–6.45) 0.002

Pericarditis (%) 0.14 0.041 1.15 (1.06–1.25) 0.001

Constants were added to the TIindividual and TIceflq (1 and 0.01, respectively) before log transformation. The back-transformed estimates
refer to the multiplicative effect per unit change of predictor variable. For example, farms vaccinating against IAv had 2.88 times higher
treatment incidence than farms not vaccinating. a Log scale. b Biocheck.UgentTM biosecurity score. c Prophylactic antimicrobial use.
Legend: CI—confidence interval; TI—treatment incidence; IAv—influenza A virus.
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Table 3. Summary of multivariable logistic regression models investigating risk factors for oral group antimicrobial treatment with various antimicrobial classes on Irish farrow-to-finish
pig farms (n = 52) during 2016. Predictor variables with p ≤ 0.1 were retained in the final models. Results are presented as odds ratios with 95% confidence intervals.

Outcome Variables: Oral Group Treatment with Antimicrobial Class

Tetracyclines Potentiated
Sulphonamides Penicillins Macrolides Lincosamides Amphenicols Aminoglycosides Polymyxins

Predictor Variable OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)
Herd characteristics
Home milling (ref = no) 0.16 (0.02–0.86) - - - - - - -
Finisher mortality (%) - 7.7 (1.7–88.88) - 2.81 (1.32–7.18) - - - -
Age at weaning (days) - - - 1.32 (1.05–1.78) - - - -
Weaner stage (days) 0.89 (0.78–0.98) 0.69 (0.45–0.87) - - 0.9 (0.8–0.98) - - -
Finisher stage (days) - - - - - - 1.07 (1–1.16) -
No. of sows per employee - - - - - - 0.98 (0.95–1.00) 1.02 (1–1.04)
Farmer experience (years) - - - - - - 1.08 (1.00–1.18) -
Youngest building (years) - - - - 1.3 (1.07–1.68) - - -
Biosecurity scores
Feed, water and equipment
supply - 0.92 (0.82–1.00) - - - - - -

Environment and region - 0.95 (0.87–1.00) - - - - - -
Nursery unit management 0.93 (0.87–0.99) - - - - - - -
Measures between compartments
and use of equipment - - - - - - - 0.94 (0.89–0.99)

Pluck lesions at slaughter and
disease status
Pleurisy (%) - 1.11 (1.03–1.25) - - - - - -
Moderate/severe pleurisy (%) - - - - - - 0.89 (0.81–0.96) -
Scars (%) 1.13 (1.02–1.3) - - - - - 1.1 (1.02–1.23) -
Lung abscesses (%) - - - - - 1.47 (1.09–2.9) - -
Pericarditis (%) - - 1.35 (1.11–1.73) - - - - 1.19 (1.01–1.44)
Liver milk spots (%) - - - - - 1.04 (1–1.11) - -
IAv status (ref = negative) - - 0.11 (0.01–0.74) - - - - -

Mhyo status (ref = negative) - - - - 134.31
(4.66–>9999) - - -

PRRSv status (ref = negative) - - - - - 270.67
(5.26–>9999) - -
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Table 3. Cont.

Outcome Variables: Oral Group Treatment with Antimicrobial Class

Tetracyclines Potentiated
Sulphonamides Penicillins Macrolides Lincosamides Amphenicols Aminoglycosides Polymyxins

Vaccination and prophylactic
antimicrobial use practices

IAv vaccination (ref = no) 12.53
(1.72–183.73)

106.48
(5.14–>9999) - 24.11

(4.8–191.38) - - - -

Piglet prophylaxis (ref = no) - - 10.18
(2.22–64.81) - - 11.3

(1.09–367.08) - -

To aid readability of the table, p-values are omitted. A full version of the table including p-values is available in the Supplementary Material, Table S7. Legend: OR-odds ratio; CI-confidence interval;
IAv—influenza A virus; Mhyo—Mycoplasma hyopneumoniae; PRRSv—porcine respiratory and reproductive syndrome virus.
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The results from the final logistic regression models for AM classes used as individ-
ual treatments are summarised in Table 4 and Supplementary Table S8. All farms used
injectable penicillins (41.7% of all individual treatments), and thus this class was excluded
from the analysis. There was a tendency for increased odds of injectable tetracycline use
on farms with higher weaner mortality (p = 0.072). Farms with higher piglet or finisher
mortality tended to be less likely to use injectable macrolides (p < 0.1). The number of
sows per employee was positively associated with the use of injectable aminoglycosides
and third-generation cephalosporins (p < 0.05). Higher scores in the biosecurity categories
‘disease management’ and ‘feed, water and supply of equipment’ were associated with de-
creased odds of tetracycline use (p = 0.08) and fluoroquinolone use (p = 0.028), respectively.
However, a number of biosecurity categories were associated with increased odds of use
for certain AM classes. Farms with higher prevalence of liver milk spot lesions were less
likely to use tetracyclines (p = 0.021) but more likely to use lincosamides (p = 0.017). In
agreement with the findings for the TIceflq model, farms that administered prophylactic
AM treatments to piglets were 4 times more likely to use third-generation cephalosporins
(p = 0.074), and those that administered prophylactic AMs to sows were 17 times more
likely to use fluoroquinolones (p = 0.088).
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Table 4. Summary of multivariable logistic regression models investigating risk factors for individual antimicrobial treatment with various antimicrobial classes on Irish farrow-to-finish
pig farms (n = 52) during 2016. Results are presented as odds ratios with 95% confidence intervals.

Outcome Variables: Individual Treatment with Antimicrobial Class

Tetracyclines Potentiated
Sulphonamides Macrolides Lincosamides Aminoglycosides Aminocyclitols Fluoroquinolones Cephalosporins

Predictor variable OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)
Herd characteristics
Piglet mortality (%) - - 0.77 (0.57–0.98) - - - - -
Weaner mortality (%) 1.78 (1.04–3.66) - - - - - - -
Finisher mortality (%) - - 0.52 (0.22–1.04) - - - - -
Average daily gain (g) - - - 1.02 (1–1.03) - - - 0.99 (0.97–1)
Feed conversion ratio 0 (0–0.15) - - - - - - -
Pigs per sow per year - - - - 0.43 (0.2–0.73) 0.61 (0.38–0.89) - -
Weaning age (days) - 0.72 (0.5–0.95) - - 0.79 (0.6–0.97) - - -
Total rearing period (days) - - - - - 0.91 (0.83–0.97) - -
No. of sows per employee - - - - 1.04 (1.01–1.07) - - 1.03 (1.01–1.06)
Biosecurity scores
Transport of animals, removal of
manure and dead animals - - 1.11 (1.03–1.23) - - - - -

Feed, water and equipment
supply - - - - - - 0.9 (0.8–0.97) -

Vermin and bird control - 1.08 (1.02–1.19) - - - - - -
Disease management 0.97 (0.93–1.00) - - - - - - -
Fattening unit management 1.06 (1.01–1.13) 1.07 (1.01–1.16) - - - - - -
Overall internal biosecurity - - - - - 1.06 (1.01–1.13) - -
Pluck lesions at slaughter and
disease status
Pericarditis (%) - - - - - 0.82 (0.65–0.98) 1.59 (1.11–2.67) -
Liver milk spots (%) 0.96 (0.93–0.99) - - 1.04 (1.01–1.07) - - - -
IAv status (ref = negative) - - - - 0.07 (0–0.51) - - -
Vaccination and prophylactic
antimicrobial use practices
IAv vaccination (ref = no) - - - 8.18 (1.8–50.29) - - - -
PRRSv vaccination (ref = no) - - - 7.27 (1.54–45.87) - - - -
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Table 4. Cont.

Outcome Variables: Individual Treatment with Antimicrobial Class

Tetracyclines Potentiated
Sulphonamides Macrolides Lincosamides Aminoglycosides Aminocyclitols Fluoroquinolones Cephalosporins

Piglet prophylaxis (ref = no) - 0.01 (0–0.21) - - - - - 4.35 (0.96–26.2)

Sow prophylaxis (ref = no) - - - - - - 17.22
(1.15–1032.14) -

To aid readability of the table, p-values are omitted. A full version of the table including p-values is available in the Supplementary Material, Table S8. Legend: OR-odds ratio; CI-confidence interval;
IAv—influenza A virus; PRRSv—porcine respiratory and reproductive syndrome virus.



Animals 2021, 11, 2828 14 of 23

4. Discussion

This study explored the risk factors for AMU on Irish pig farms using data collected
during previously published studies investigating AMU, biosecurity and respiratory dis-
ease on Irish pig farms [47,52,53]. The study farms were clients of the Teagasc advisory
service and participated on a voluntary basis. This may have introduced selection bias,
where farms with a prior interest in improving herd health were more likely to enrol, and
therefore it cannot be assumed that the study sample is representative of the entire industry.
Nevertheless, it represented approximately 29% of the national herd, and the findings
of this investigation provide useful insights into the drivers for AMU in the commercial
pig sector in Ireland. The linear regression models identified the main risk factors for the
amounts of AMs used overall and for the primary modes of administration (group oral
and individual), as well as for the fluoroquinolone and third-generation cephalosporin
classes. The latter category is of interest due to the importance of these classes to public
health and concerns over resistance [63,64], as well as the fact that, although volumes
are relatively low, use is observed on most Irish farms [47]. The models for all AMU
(TItotal) and oral group treatments (TIgroup) provided similar results because the majority
of treatments are administered orally, particularly via medicated feed. Individual AMU
and cephalosporin/fluoroquinolone use also had risk factors in common, which is un-
surprising since cephalosporins (injectable) and fluoroquinolones (injectable or oral dose)
are relatively common individual treatments. The logistic regression models identified a
number of risk factors for the use of certain combinations of administration route and class
of AM. It should be noted that these models did not distinguish between low or high use,
for example, the absence of use of a particular AM does not imply less AMU overall as
another class may be used in its stead. For ease of interpretation, the results are discussed
below in terms of the broad categories of risk factors.

4.1. Farm Characteristics

Farms home milling at least one of their diets had approximately 66% lower AMU
than those that purchased all their feed. In particular, they were less likely to use group
tetracycline treatment (p = 0.048), which was the most widely and heavily used oral
treatment. This may relate to structural differences in AM delivery as home milling farms
are not permitted to manufacture medicated feed unless they also possess a licence to do
so [65]. Therefore, while home milling farms still have access to AMs, the “ease” of access
differs between both groups, and this may point to a social factor whereby convenience
and habit could explain some of the routine prophylactic AMU in medicated feed practised
on the study farms. On the other hand, home milling may confer health benefits as they are
reported to have lower finisher mortality compared to those purchasing their feed [66]. The
reasons for this are not clear but could relate to the diet form, for example, lower prevalence
of Brachyspira piloscoli was reported for Danish farms that provided home-milled or non-
pelleted feed [67].

Older weaning age has been associated with lower AMU on European farms [17,24],
likely because older piglets are less susceptible to the associated stresses of moving, mixing
and diet change [68,69]. In this study, farms with a later weaning age were more likely
to use macrolide group treatments (p = 0.037), but weaning age was not associated with
the quantity of AMU. The reason for the association with macrolide use is not obvious,
but the lack of association with quantitative AMU is likely due to insufficient variability
between farms as most of them weaned pigs at 29 days. After weaning, the weaner stage
on Irish farms is typically split into two sections, roughly 4–5 weeks each, with different
housing and feeding infrastructure. Medicating throughout both phases was common on
the studied farms. Contrary to the authors’ belief that a longer weaner phase might be
associated with increased AMU, farms with a longer stay in the weaner stage had lower
AMU. These farms were less likely to use oral tetracyclines or potentiated sulphonamides,
the classes that contributed most to overall use, and they were also less likely to use oral
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lincosamides. The contrary results could relate to differences in accommodation associated
with a longer weaning phase.

Farms with a higher number of sows per employee were more likely to use polymyxins
(colistin) (p = 0.072) and cephalosporins (ceftiofur) (p = 0.029). Conversely, such farms were
less likely to use oral aminoglycosides (apramycin) (p = 0.035). Colistin and apramycin
are primarily indicated for gastrointestinal disease [14], and the conflicting results here
may relate to the choice of one over the other on these farms when treating gastrointestinal
disease. Colistin and ceftiofur are both HP CIAs, and the observation that less well-staffed
farms are more likely to use them warrants closer inspection. These farms may have more
health problems due to a lack of staff and thus may be more inclined to use so-called ‘last
resort’ drugs. Convenience may be a factor too as the most widely used formulation of
ceftiofur is long-acting, although this association was not observed for other long-acting
parenteral AMs (e.g., macrolides).

4.2. Farm Performance Indicators

Finisher mortality is impacted by a variety of factors, including management, en-
vironment and infectious disease [70,71], and in this study, each additional 1% increase
in mortality was associated with 33% higher AMU. This association has been previously
demonstrated for the use of in-feed medication in Spain and the UK [26,72] and for AMU
on heavy pig-fattening farms in Italy [73]. Farms with higher finisher mortality were also
more likely to use oral potentiated sulphonamides or macrolides. Given that tetracyclines
were the most applied group treatments, this might indicate a greater likelihood to deviate
from the ‘standard’ use of tetracyclines. Since finishers accounted for just 10% of total
AMU, finisher mortality may also reflect overall health through all stages of production.
In this study, all farms that used medicated feed in finisher pigs also provided medicated
diets in the weaner stage, suggesting that these farms may also have health problems in the
earlier stages. Higher weaner mortality was associated with lower use of fluoroquinolones
and cephalosporins (TIceflq). It might be expected that weaner mortality would increase
the use of these drugs, but farms with higher weaner mortality due to infectious disease
may be more likely to focus on group treatments and, in this study, tended to have higher
odds of parenteral tetracycline use (p = 0.072).

4.3. Biosecurity Practices

In contrast to other European studies, there was no association between the internal,
external or overall biosecurity scores and total AMU [24,25]. Irish farms generally had
high external biosecurity scores, mainly because most farms are closed herds, neither
buying replacement gilts or finisher pigs from other sources. This may partly explain
the lack of association with AMU. However, farms with better scores in the biosecurity
category of ‘feed, water and equipment supply’ had lower use of individual treatments
including cephalosporins and fluoroquinolones, and they were also less likely to use
oral potentiated sulphonamides. Feed and water as well as their associated delivery and
storage are potential sources of pathogens [74]. There were other associations between
certain biosecurity categories and patterns of use. Better scores in the biosecurity category
‘measures between compartments’ were associated with lower odds of using polymyxins,
which may link poor biosecurity with gastrointestinal disease. Although biosecurity scores
were not associated with overall AMU in this study, there is evidence that farms which
improve their biosecurity can reduce their AMU [75,76]. The generally lower internal
biosecurity scores on Irish farms [52] demonstrate an opportunity for improvement, and
the PigHealthCheck initiative run by Animal Health Ireland, which provides for free
biosecurity assessments, is helping to raise awareness on this topic (https://animalhealthir
eland.ie/programmes/pig-healthcheck/introduction/ last accessed 20 September 2021).

https://animalhealthireland.ie/programmes/pig-healthcheck/introduction/
https://animalhealthireland.ie/programmes/pig-healthcheck/introduction/
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4.4. Respiratory Disease

Respiratory disease is an important cause of mortality in pig production [77] and
a major indication for AMU. In this study, neither farm status for IAv, PRRSv, Mhyo or
APP, nor the prevalence of pneumonia or pleurisy were directly associated with total or
group AMU. Instead, pericarditis and lung abscesses were positively associated with AMU,
which increased by 7% and 6% respectively, for each percentage increase in farm preva-
lence. Pericarditis was also associated with higher fluoroquinolone use (approximately
15%) and higher odds of oral penicillin use (p = 0.007). Fluoroquinolones and penicillins
are both are indicated for the treatment of APP infection and the latter is often used to
treat and control Streptococcus suis infection [14]. Lung abscesses and pericarditis may
be extensions of pneumonia and/or pleurisy involving infection with APP, Pasteurella
multocida or Streptococcus suis [78], or they may be sequelae of systemic infections such
as S. suis or Glaesserella parasuis. Thus, these lesions may be indicators of general health
on the farm as S. suis and G. parasuis are also implicated in meningitis, polyserositis and
arthritis, which are common conditions in pigs post-weaning [79,80]. Higher individual
AMU associated with increased prevalence of liver milk spots at slaughter may be a direct
result of Ascaris suum infestation, or it may indicate deficiencies in farm hygiene. Ascaris
suum infestation has also been shown to interfere with Mhyo vaccination [81], further
highlighting the importance of parasite control on pig farms.

4.5. Disease Management

Farms that administered prophylactic AM treatments to piglets had approximately
82% higher individual AMU (TIindividual), higher use of cephalosporins and/or fluo-
roquinolones (TIceflq) and they were also 10 times more likely to use oral penicillins
(p = 0.006). Prophylactic AMU in piglets was observed on 50% of the study farms and is
also common in other countries [82,83]. It usually occurs in the first week of life alongside
procedures such as teeth clipping, tail docking and iron injection. The purpose of these
treatments is to prevent infections associated with these procedures or with neonatal dis-
eases endemic to the farm (e.g., meningitis or colibacillosis). Amoxicillin injection was
the most common treatment used, but ceftiofur, enrofloxacin and long-acting macrolides
were also used. The association with oral penicillin use might indicate farms using both
strategies to control S. suis infection. Whether these treatments reduce morbidity and
mortality on these farms is unknown; however, this finding shows that the practice does
not reduce AMU. Farms that administered prophylactic treatments to sows tended to use
more fluoroquinolones in growing pigs. This may reflect the disease status on certain
farms or perhaps a behavioural pattern, where injudicious AMU practices co-occur on
some farms (or it may reflect the corollary: good antimicrobial stewardship on some farms
neither practising prophylaxis nor using HP CIAs). Farms vaccinating against IAv had
2.9 times higher TItotal compared to non-vaccinating farms. A similar association was
observed in French herds in the pan-European study carried out by Collineau et al., who
also reported other positive associations between vaccination and AMU for a number of
country/pathogen combinations [17]. In Denmark, a retrospective study investigating
trends in AMU and vaccination between 2007 and 2013 found no link between increased
vaccination and reduction in AMU that occurred during this period [84], while others
found that vaccination was associated with higher AMU [34,35]. This may seem counter-
intuitive, but the authors of these studies suggest that farmers may use vaccinations to
control diseases that are already on the farm in conjunction with AMs, while conversely,
farms free from a given disease do not need to vaccinate and may not need AMs. In the
present study, higher AMU on farms vaccinating against IAv may be a consequence of more
severe respiratory disease. An association between influenza and pleurisy was reported for
the larger cohort of Irish farms [53] and by others [85]. Co-infection is a common feature of
the Porcine Respiratory Disease Complex (PRDC), and often, these co-infections are syner-
gistic [86]. It is noteworthy that 11 of the 19 farms vaccinating against IAv also vaccinated
against PRRSv. This is an interesting observation given that Calderon Diaz et al. found
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that Irish farms vaccinating against IAv or PRRSv are less profitable than farms that were
positive but not vaccinating [87]. This could suggest that farms with high AMU are also
less profitable, but further research is required. These findings highlight that vaccination
alone may not be enough to eliminate disease and reduce AMU. However, their proven
efficacy against a range of porcine infectious diseases [31–33] means that they are a key
tool in this regard [28].

4.6. Implications for Irish Pig Sector

Prophylaxis was one of the main drivers of AMU in this study. This was seen in the
relationship between AMU and home milling and in the influence that prophylactic prac-
tices in sows and piglets had on the use of oral penicillins and HP CIAs. European Union
regulations from 2022 mean that prophylactic AMU in animals will be banned in almost all
circumstances, and metaphylactic treatments (group treatments in the presence of disease)
and the use of certain AMs, likely the EMA category B drugs [64], will only be allowed
where clearly justified [88]. This will require significant changes in management practices
on Irish farms as well as veterinary prescribing practices. One feature of prophylactic use is
that it may happen whether disease is present or not. This presents an opportunity in that
unnecessary use is easier to eliminate and sizeable reductions have been achieved in some
countries with similar patterns of AMU, such as the United Kingdom, in recent years [89].
Reducing the need for AMU is more challenging, however, requiring improvements in
overall herd health. Irish farmers previously identified economic concerns over interna-
tional competition and cost effectiveness of alternatives to AMU as barriers to reducing
in-feed medication [40], and there were similar findings amongst British farmers, where
high investment costs and staffing difficulties were cited as barriers [30]. Nevertheless, this
challenge has been met in other countries [90,91] and can be achieved without impacting
performance or profit [92–94]. One challenge facing farmers is the forthcoming ban on the
use of zinc oxide in the EU from 2022 [95]. In common with other countries such as Den-
mark [96], zinc oxide is widely used to control gastroenteritis on Irish farms: all but one of
the study farms used it in at least one diet in 2016 (data not shown). Data on the prevalence
of porcine gastrointestinal disease in Ireland are lacking and none were available for use
in this study. Therefore, it is unknown how gastrointestinal disease influences AMU on
Irish pig farms and future research would be of benefit. This study shows where some
improvements could be made to help farms reduce AMU. Further research is needed to
explore if farms practising home milling have advantages in management or nutrition that
can be applied to other farms. Farms should ensure they have adequate parasite control
regimens in place. High farm prevalence of pericarditis warrants a detailed investigation
since there are multiple aetiologies, and indeed this is a poorly researched topic. The
structure of the Irish pig industry presents some advantages in terms of AMU, many of
which have not been utilised. Firstly, the sector is relatively small—there are approximately
300 commercial pig farms in Ireland. This means that potential targeted interventions to aid
a reduction in AMU, for example farms with high prevalence of pericarditis, would involve
a small number of farms. Secondly, almost all herds are closed, meaning that neither
gilts nor fattening pigs are purchased from other farms. These practices (i.e., purchase of
animals) have been associated with increased respiratory disease [97] and mortality [98].
While AMU and respiratory disease are not lower in Ireland at present, the structure of the
industry may make it easier to sustain any improvements it can make.

5. Conclusions

This study identified prophylactic use and respiratory disease as the main drivers
for antimicrobial use in Irish pig production. Farms that milled their own feed had lower
AMU, while farms with higher prevalence of pericarditis, lung abscesses and liver milk
spot lesions, as well as with higher finisher mortality, and those vaccinating for IAv had
higher AMU. Farms that administered prophylactic AM treatments to sows or piglets
had higher use of HP CIAs. These findings highlight areas of farm management where
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interventions may aid in reducing AMU on Irish pig farms, although further investigations
at the individual farm level and in the wider population are required.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/1
0.3390/ani11102828/s1, Figure S1: Venn diagram summarising co-infection with four respiratory
pathogens on 52 Irish farrow-to-finish pig farms. Table S1: Summary of farm characteristics and
performance for 52 Irish farrow-to-finish pig farms from 2016. Table S2: Summary of biosecurity
scores evaluated using the Biocheck.UGent™ questionnaire from 52 Irish farrow-to-finish pig farms in
2016. Table S3: Summary of prevalence of pluck lesions and disease status on 52 Irish farrow-to-finish
pig farms. Table S4: Summary of vaccination and prophylactic antimicrobial use practices on 52 Irish
farrow-to-finish pig farms during 2016. Table S5: Summary of p-values for the univariable linear
regression models investigating risk factors for antimicrobial use (AMU) on 52 Irish farrow-to-finish
pig farms during 2016. Table S6: Summary of univariable associations between a range of risk factors
and the use of various antimicrobial classes via oral group or individual modes of treatment on
52 Irish farrow-to-finish pig farms during 2016. Table S7: Summary of multivariable logistic regression
models investigating risk factors for oral group antimicrobial treatment with various antimicrobial
classes on Irish farrow-to-finish pig farms (n = 52) during 2016 (this is a companion to Table 3).
Table S8: Summary of multivariable logistic regression models investigating risk factors for oral
group antimicrobial treatment with various antimicrobial classes on Irish farrow-to-finish pig farms
(n = 52) during 2016 (this is a companion to Table 4).
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~. Farm characteristics 

Ia. Are there, besides the pigs, any other farm animals present at your farm? 

Select one option. 
○ Yes 
○ No (Go to question II) 
 

Ib. What other farm animal(s) is (are) present at your farm? 

....................................................................................................... ............................................... 

II. What is the number of sows on your farm? 

.................... sows 

III. What is the number of weaned piglets on your farm? 

.................... weaned piglets 

IV. What is the number of finishing pigs on your farm? 

.................... finishing pigs 

V. What is the number of boars on your farm? 

.................... boars 

VI. How many years of experience in keeping pigs does the person in charge have? 

.................... years 

VII. How many people are working on the farm? 

.................... persons 

VIII. How old (in years) is the oldest building in which pigs are being kept? 

.................... years 

IX. How old (in years) is the newest building in which pigs are being kept? 

.................... years 
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A. Purchase of breeding pigs, piglets and semen 

1. Are breeding pigs (sows/gilts/boars) being purchased? (required) 

Select one option. 
○ Yes 
○ No (Go to question 10) 
 

2. Are your breeding pigs (during the past 2 years) always bought from the same original 
source? (required) 

Select one option. 
○ Always the same supplier 
○ Sometimes a different supplier 

3. Whenever breeding pigs are bought from another farm, is proof requested to ensure that the 
sanitary statute and health management of the farm of origin are equal or higher than your 
own farm? (required) 

A herd with a known health status is a herd that is free of a number of important diseases (e.g. Scabies, PRRS) 
and therefore guarantees that the delivered products (animals / sperm) originating from this herd are also 
free of these diseases. 

Select one option. 
○ Yes 
○ No 

4. Are hygienic criteria (e.g. cleaning and disinfection of the vehicle) posed on the transport 
vehicle that brings the breeding pigs to the farm? (required) 

Select one option. 
○ Yes 
○ No 

5. How often a year are breeding pigs delivered to your farm? (required) 

Select one option. 
○ 2 times or less a year 
○ Between 3 and 6 times a year 
○ Between 6 and 12 times a year 
○ More than 12 times a year 
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6. Are all new breeding pigs put into a quarantine room separate from the rest of the 

herd? (required) 

The quarantine room can be in the same building but should have a separate entrance for animals and 
personnel, separate walls, a separate manure pit and separate air ventilation. 

Select one option. 
○ Yes 
○ No (Go to question 10) 
 

7. Is a strict all-in/all-out (AI/AO) management practised in the quarantine room? (required) 

AI/AO means that all the animals that have to be quarantined are put into the quarantine at the same moment 
and that all the quarantined animals are removed simultaneously. It's crucial that new animals are never put 
into the quarantine room if there are still animals inside. 

Select one option. 
○ Yes 
○ No 

8. What is the minimum duration (in days) of the quarantine period? (required) 

.................... days of quarantine 

9. Is there a separate hygiene lock for the quarantine room? (required) 

A hygiene lock is a room, where among others, you can change into specific clothes/boots and clean/disinfect 
your hands. 

Select one option. 
○ Yes 
○ No 

10. Are piglets being purchased? (required) 

Select one option. 
○ Yes 
○ No (Go to question 15) 
 

11. Are your piglets (during the past 2 years) always bought from the same original 
source? (required) 

Select one option. 
○ Always same supplier 
○ Sometimes a different supplier 
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12. Whenever piglets are bought from another farm, is proof requested to ensure that the 

sanitary statute and health management of the farm of origin are equal or higher than your 

own farm? (required) 

A herd with a known health status is a herd that is free of a number of important diseases (e.g. Scabies, PRRS) 
and therefore guarantees that the delivered products (animals / sperm) originating from this herd are also 
free of these diseases. 

Select one option. 
○ Yes, always higher or equal 
○ No 
○ I don't know 

13. Are hygienic criteria (e.g. cleaning and disinfection) posed on the transport vehicle that 
brings the piglets to the farm? (required) 

Select one option. 
○ Yes 
○ No 
○ I don't know 

14. How often a year are piglets delivered to your farm? (required) 

Select one option. 
○ Twice or less per year 
○ Between 3 to 6 times per year 
○ Between 6 to 12 times per year 
○ More than 12 times per year 

15. Is semen purchased? (required) 

Select one option. 
○ Yes 
○ No (Go to question 17) 
 

16. Whenever semen is bought from a farm/boar station, is proof requested to ensure that the 
sanitary statute and health management of the farm/boar station of origin are equal or higher 
than your own farm? (required) 

A herd with a known health status is a herd that is free of a number of important diseases (e.g. Scabies, PRRS) 
and therefore guarantees that the delivered products (animals / sperm) originating from this herd are also 
free of these diseases. 

Select one option. 
○ Yes, always higher or equal 
○ No 
○ I don't know 
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B. Transport of animals, removal of carcasses and manure 

17. Are finishing pigs being transported from your farm to the slaughterhouse? (required) 

Select one option. 
○ Yes 
○ No (Go to question 20) 
 

18. Is the transport vehicle for the finishing pigs empty on arrival at the farm? (required) 

Select one option. 
○ Always 
○ Sometimes (Go to question 20) 
○ Never (Go to question 20) 
○ I don't know (Go to question 20) 
 

19. Is the transport vehicle for the finishing pigs cleaned and disinfected before entering the 
farm? (required) 
Select one option. 
○ Always 
○ Sometimes 
○ Never 
○ I don't know 

20. Are sows being transported from your farm to either other farms or the 
slaughterhouse? (required) 

Select one option. 
○ Yes 
○ No (go to question 23) 
 

21. Is the transport vehicle for the sows empty on arrival at the farm? (required) 

Select one option. 
○ Always 
○ Sometimes (Go to question 23) 
○ Never (Go to question 23) 
○ I don't know (Go to question 23) 
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22. Is the transport vehicle for the sows cleaned and disinfected before entering the 

farm? (required) 

Select one option. 
○ Always 
○ Sometimes 
○ Never 
○ I don't know 

23. Are piglets being transported from your farm to other farms? (required) 

Select one option. 
○ Yes 
○ No (Go to question 26) 
 

24. Is the transport vehicle for the piglets empty on arrival at the farm? (required) 

Select one option. 
○ Always 
○ Sometimes (Go to question 26) 
○ Never (Go to question 26) 
○ I don't know (Go to question 26) 
 

25. Is the transport vehicle for piglets cleaned and disinfected on arrival at the 
farm? (required) 

Select one option. 
○ Always 
○ Sometimes 
○ Never 
○ I don't know 

26. Does the driver have access to the stables when loading the animals (finishing pigs, sows, 
piglets)? (required) 

Select one option. 
○ Yes 
○ No (Go to question 28) 
 

27. Does the driver receive and wear farm-specific clothing and shoes? (required) 

Select one option. 
○ Always 
○ Sometimes 
○ Never 
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28. Are the pigs loaded from a separate loading area or directly from the stable / central 

corridor? (required) 

The separate loading area (or loading bay) is a physically separated location where the animals are brought to 
during loading. 

Select one option. 
○ Separate loading area (Go to question 30) 
○ Central corridor or stable  
 

29. Is it possible for the pigs to return to the stables (e.g. by walking back or by being placed 
back in) after they have been in the transport vehicle? (required) 

Select one option. 
○ Yes 
○ No 

30. Is the manure removed and disposed of appropriately through the dirty road? (required) 

Select one option. 
○ Yes 
○ No 

31. Are farm-specific hoses for the removal of manure from the manure pit available on the 
farm (i.e. are there hoses for the removal of manure that always stay at the farm)? (required) 

Select one option. 
○ Yes 
○ No 

32. Is a dedicated carcass storage space, which is physically separated from the animal 
facilities, present on the farm premises? (required) 

Select one option. 
○ Yes 
○ No (Go to question 38) 
 

33. Is this carcass storage space located in the dirty area of the farm? (required) 

Select one option. 
○ Yes 
○ No 
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34. Can the carcasses be removed by the rendering company without them entering the 

premises of the farm? (required) 

Select one option. 
○ Yes 
○ No 

35. Is the carcass storage space protected from vermin, cats and/or dogs? (required) 

Select one option. 
○ Yes 
○ No 

36. Is this carcass storage space cleaned and disinfected after each pick-up? (required) 

Select one option. 
○ Yes 
○ No 

37. Is the carcass storage cooled? (required) 

Select one option. 
○ Yes 
○ No 

38. Are carcasses manipulated with gloves, or are hands cleaned and disinfected after 
manipulation of carcasses? (required) 

Select one option. 
○ Always 
○ Sometimes 
○ Never 
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C. Feed, water and equipment supply 

39. Can the feeding company fill up the silos without entering the clean area/road? (required) 

The clean road/area is the area of the production site with restricted access, i.e. this is the area where only 
animals from the farm, persons after they have applied the hygienic measures in the hygiene lock, and farm-
specific materials and vehicles are allowed. The dirty area comprises all other parts of the farm where visitors, 
external vehicles, … have access to. The dirty area also includes the carcass storage facility. 

Select one option. 
○ Yes 
○ No 

40. Does the feed supplier have access to the stables? (required) 

Select one option. 
○ Yes 
○ No 

41. Does the feed originate from a feeding company where it needs to meet certain hygienic 
requirements (e.g. Salmonella-free, heat treatment)? (required) 

Select one option. 
○ Yes 
○ No 
○ I don't know 

42. Is the quality of the drinking water checked every year at the source or at the storage tank 
by means of a bacteriological analysis? (required) 

Select one option. 
○ Yes 
○ No 

43. Is the quality of the drinking water checked every year at the main outlets (i.e. where the 
pigs drink) by means of a bacteriological analysis? (required) 

Select one option. 
○ Yes 
○ No 
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44. Is there a specific pass-through for materials to enter the buildings of the farm (e.g. a UV-

cabinet for foreign materials)? (required) 

Select one option. 
○ Yes 
○ No 

45. Are specific measures taken for the introduction of material (e.g. cleaning and disinfection, 
quarantine period at a specific location)? (required) 

Select one option. 
○ Yes 
○ No 
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D. Visitors and farmworkers 

46. Are visitors obliged to notify you of their presence before entering the stables (e.g. visitor's 
register)? (required) 

Select one option. 
○ Yes 
○ No 

47. Is a pig-free period (longer than 12 hours) expected of all visitors before they are allowed 
to enter the stables? (required) 

Select one option. 
○ Yes 
○ No 

48. Is there a hygiene lock available and is it always used by visitors when they enter the 
stables? (required) 

The hygiene lock is a room where, among others, you can change into farm-specific clothes/footwear and 
where you can wash/disinfect your hands. 

Select one option. 
○ Yes 
○ No (Go to question 51) 
 

49. Are all stables only accessible for visitors through a hygiene lock? (required) 

Select one option. 
○ Yes 
○ No 

50. Is there a strict separation between the clean and the dirty area of the hygiene 
lock? (required) 

The dirty area of the hygiene lock is where the farmworkers/visitors enter the room, and store their 
clothes/footwear and clean/disinfect their hands. In the clean area of the hygiene lock, they can put  on farm-
specific clothing and footwear. 

Select one option. 
○ Yes 
○ No 

51. Do visitors have to wear farm-specific clothes? (required) 

Select one option. 
○ Yes 
○ No 
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52. Do visitors have to wear farm-specific shoes? (required) 

Select one option. 
○ Yes 
○ No 

53. Do visitors and farmworkers have to wash and disinfect their hands before they are 
allowed to enter the stables? (required) 

Select one option. 
○ Yes 
○ No 

54. Do all the farmworkers always carry out these hygienic measures? (required) 

Select one option. 
○ Yes 
○ No 
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E. Vermin and bird control 

55. Are vermin (i.e. rats, mice, etc.) considered to be a problem at the farm? (required) 

Select one option. 
○ Yes 
○ No 

56. Is the outside of the farm buildings (around the walls) paved and clean (i.e. the removal of 
weeds, waste, …) so that there are no hiding places for vermin? (required) 

Select one option. 
○ Yes 
○ No 

57. Is a rodent control programme present on the farm? (required) 

Select one option. 
○ Yes (farmer, staff or professional company) 
○ No 

58. Do pets have access to the stables (including the storage for feed and bedding 
material)? (required) 

Select one option. 
○ Yes 
○ No 

59. Do birds have access to the stables? (required) 

Select one option. 
○ Yes 
○ No 

60. Are grids placed on the air inlets? (required) 

Select one option. 
○ Yes 
○ No 
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F. Location of the farm 

61. Is the farm located in an area with a high density of pigs or a low density of pigs? (required) 

A region with a high density of pigs has an average pig density of > 300 pigs/km² at municipality level. 

Select one option. 
○ Low density 
○ High density 

62. Are there any other pig farms within a 500-metres radius (0.3 miles) of your 
farm? (required) 

Select one option. 
○ Yes 
○ No 

63. Is manure from other farms being spread on farmlands within a 500-metres radius (0.3 
miles) of your farm? (required) 

Select one option. 
○ Yes 
○ No 

64. Do transport vehicles carrying animals from other farms often (i.e. minimum once a day) 
pass on a road less than 100 metres (328 feet) from your farm (e.g. due to the location of a 
slaughterhouse in the neighbourhood, …)? (required) 

Select one option. 
○ Yes 
○ No 

65. Have wild boars been spotted within a 10-kilometres radius (6.2 miles) of your 
farm? (required) 

Select one option. 
○ Yes 
○ No (Go to question 67) 
 

66. Is the farm enclosed by fences, wire, …? (required) 

Select one option. 
○ Yes 
○ No 
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G. Disease management 

67. Do you make use of a prelisted vaccination scheme and a protocol for strategic treatments 
(e.g. additives, pre- or probiotics)? If so, do you always abide by it? (required) 

Select one option. 
○ Yes 
○ No 

68. Is a regular (i.e. at least once a year) evaluation made of the disease status of the farm (e.g. 
serology, trends in slaughterhouse findings, etc.)? (required) 

Select one option. 
○ Yes 
○ No 

69. Are stay-behinds (due to unclear causes) and/or diseased pigs isolated from the healthy 
ones (in physically separated hospital pens or by euthanasia)? (required) 

Select one option. 
○ Always 
○ Sometimes 
○ Never 

70. Are diseased pigs consistently handled/visited after the healthy ones? (required) 

Select one option. 
○ Yes 
○ No 
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H. Farrowing and suckling period 

71. Are there sows present in the herd? (required) 

Select one option. 
○ Yes 
○ No (Go to question 79) 
 

72. Are the sows washed before they are moved into the farrowing unit? (required) 

Select one option. 
○ Always 
○ Sometimes 
○ Never 

73. Are suckling piglets transferred between sows (i.e. cross-fostering)? (required) 

Select one option. 
○ Yes 
○ No (Go to question 76) 
 

74. Does cross-fostering of suckling piglets between different sows occur once or more than 
once (per piglet)? (required) 

Select one option. 
○ Once 
○ More than once 

75. Does cross-fostering sometimes occur after 4 days post-farrowing? (required) 

Select one option. 
○ Yes 
○ No 

76. How many times are the piglets manipulated (e.g. vaccination, castration, clipping of the 
teeth, …) between birth and weaning? (required) 

.................... times manipulated 
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77. Are materials/tools for treatment (e.g. castration blade, tail-docker, ear-tagger, iron 

injection needles) regularly cleaned and disinfected between litters? (required) 

Select one option. 
○ Yes 
○ No 

78. Do you work with two blades and a small box containing a disinfectant when castrating the 
piglets? (required) 

Select one option. 
○ Yes/No castration/I use a different blade per pen 
○ No 
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I. Nursery unit 

79. Is there a nursery unit present on the farm? (required) 

The nursery unit is where all weaned piglets are housed together. 

Select one option. 
○ Yes 
○ No (Go to question 85) 
 

80. Is a strict all-in/all-out (AI/AO) management practised in each compartment of the nursery 
unit? (required) 

AI/AO means that the compartments are filled up and emptied in one single time. The most important point is 
that new animals are never placed in a compartment where animals from the previous production cycle are 
still present. 

Select one option. 
○ Yes 
○ No 

81. Are older piglets sometimes mixed with younger piglets? (required) 

Select one option. 
○ Yes 
○ No 

82. What is the maximal stocking density of a pen in the nursery? (required) 

Select one option. 
○ 3 piglets or less per m² 
○ 4 piglets per m² 
○ 5 piglets per m² 
○ 6 or more piglets per m² 

83. Is the nursery unit physically separated (i.e. no direct contact or access with sows through 
the door of the nursery, preferably separate stable) from the sow unit? (required) 

Select one option. 
○ Yes 
○ No 

84. Is there a separate hygiene lock for the nursery unit? (required) 

Select one option. 
○ Yes 
○ No 
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J. Finishing unit 

85. Are there finishing pigs present in the herd? (required) 

Select one option. 
○ Yes 
○ No (Go to question 91) 
 

86. Is a strict all-in/all-out (AI/AO) management practised in all compartments of the finishing 
unit? (required) 

AI/AO means that the compartments are filled up and emptied in one single time. The most important point is 
that new animals are never placed in a compartment where animals from the previous production cycle are 
still present. 

Select one option. 
○ Yes 
○ No 

87. Is a strict all-in/all-out (AI/AO) management practised in each pen per compartment of the 
finishing unit? (required) 

Select one option. 
○ Yes 
○ No 

88. Are the different age groups strictly separated into different (i.e. physically separated) 
compartments? (required) 

Select one option. 
○ Yes 
○ No 

89. Are older finishing pigs sometimes mixed with younger pigs? (required) 

Select one option. 
○ Yes 
○ No 

90. What is the maximal pig density in a pen in the finishing unit? (required) 

"Regular" finishing pigs are kept until they are between 90 and 115 kilograms (between 200 and 250 pounds). 
Heavy finishing pigs are those that weigh more than 115 kilograms (more than 250 pounds). 

Select one option. 
○ 1 or more m² per finishing pig (1.5 m² or more per heavy finishing pig) 
○ Between 0.7 and 0.9 m² per finishing pig (Between 1.1 and 1.4 m² per heavy finishing pig) 
○ Between 0.6 and 0.7 m² per finishing pig (Between 0.8 and 1.1 m² per heavy finishing pig) 
○ Less than 0.6 m² per finishing pig (Less than 0.8 m² per heavy finishing pig) 
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K. Measures between compartments, working lines and use of equipment 

91. Is compartment-specific clothing and footwear available and changed between each 
compartment? (required) 

Select one option. 
○ Always 
○ Sometimes 
○ Never 

92. Are hands washed and/or disinfected between different compartments/units? (required) 

Select one option. 
○ Always 
○ Sometimes 
○ Never 

93. Are either disinfection baths and/or boot washers used between different 
compartments/units or are boots changed between compartments? (required) 

Select one option. 
○ Yes 
○ No 

94. Is all the farm work performed from younger pigs to older pigs? (required) 

Select one option. 
○ Yes 
○ No 

95. Is the equipment that is needed for a specific animal category placed according to the 
working lines to avoid that the equipment is used in any other age categories? (required) 

Select one option. 
○ Yes 
○ No 

96. Is there a protocol for the cleaning and disinfection of equipment (such as brooms, spades) 
after their use and is this protocol abided by? (required) 

Select one option. 
○ Yes 
○ No 

97. Has clearly recognisable, separate material (e.g. by colours) been foreseen for each unit or 
age group? (required) 

Select one option. 
○ Yes 
○ No 
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98. Are the pig driving boards easy to clean and are they regularly (i.e. after every use or at 
least after every production cycle during the sanitary break) cleaned and 
disinfected? (required) 

Select one option. 
○ Yes 
○ No 

99. Is there any material being shared with other farms that enters the stables and/or has 
contact with your pigs? (required) 

Select one option. 
○ Yes 
○ No 

100. Are dedicated injection syringes that are specific to each age group available? (required) 

Select one option. 
○ Yes 
○ No 

101. Are dedicated injection needles that are specific to each age group available? (required) 

Select one option. 
○ Yes 
○ No 

102. After how many pigs is the injection needle changed? (required) 

If this differs per compartment/age category, please fill in the worst-case scenario. 

....................pigs injected before needle is changed 
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L. Cleaning and disinfection 

103. Are the different stages in the cleaning and disinfection process respected and is there 
sufficient time (according to the used product specifications) provided for each 
stage? (required) 

Select one option. 
○ Always 
○ Sometimes 
○ Never 

104. Is the efficacy of cleaning and disinfection checked with for example a 
hygienogram? (required) 

A hygienogram is a quantification of the bacterial status of the environment with a contact plate. 

Select one option. 
○ Always 
○ Sometimes 
○ Never 

105. Are the stables/compartments cleaned and disinfected after each production 
cycle? (required) 

This question concerns all stables: farrowing crates, nursery unit and fattening unit. 

Select one option. 
○ Yes 
○ No 

106. Is the sanitary break long enough, i.e. is there sufficient time for drying and adjusting the 
temperature before pigs enter the stable? (required) 

Select one option. 
○ Yes 
○ No 

107. Are the corridors and the loading area cleaned and disinfected after pigs are 
moved? (required) 

Select one option. 
○ Always 
○ Sometimes 
○ Never 
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108. Are disinfection baths/boot washers present at the entrance of the farm and are they 

used? (required) 

Select one option. 
○ Yes 
○ No (Go to end) 
 

109. Is the fluid of the disinfection baths immediately changed when visually 
contaminated? (required) 

Select one option. 
○ Yes 
○ No 
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Supplementary tables for Chapter 4 

The following tables are presented as Microsoft® Excel spreadsheets as they were too large to 
include in the thesis. Access using the link below 

https://drive.google.com/drive/folders/1sB9-fhNvXtSEj-mhrMsrIaE2I8CiQWaK?usp=sharing  

 

Table H.1: Summary of p-values for the univariable linear regression models investigating risk 
factors for antimicrobial use (AMU) on 52 Irish farrow-to-finish pig farms during 2016.  

Table H.2: Summary of p-values for the univariable associations between a range of risk factors 
and the use of various antimicrobial classes via oral group or individual modes of treatment on 52 
Irish farrow-to-finish pig farms during 2016.  

Table H.3: Summary of multivariable logistic regression models investigating risk factors for oral 
group antimicrobial treatment with various antimicrobial classes on Irish farrow-to-finish pig 
farms (n = 52) during 2016 (this is a companion to Table 4.7).  

Table H.4: Summary of multivariable logistic regression models investigating risk factors for oral 
group antimicrobial treatment with various antimicrobial classes on Irish farrow-to-finish pig 
farms (n = 52) during 2016 (this is a companion to Table 4.8). 

 

 

 

 

 

 

 

https://drive.google.com/drive/folders/1sB9-fhNvXtSEj-mhrMsrIaE2I8CiQWaK?usp=sharing
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Figure I.1: Taxonomic assignment of the positive control samples on each sequencing run. The 

ZymoBiomic® Mock Community Standard consists of eight bacteria: Escherichia coli, Salmonella 

enterica, Limosilactobacillus fermentum, Enterococcus faecalis, Bacillus subtilis, Staphylococcus 

aureus, Listeria monocytogenes, and Pseudomonas aeruginosa and two fungi: Saccharomyces 

cerevisiae and Cryptococcus neoformans. Expected relative abundance of 12% for each bacterial 

species and 2% for each fungal species. 
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