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‘Antibiotics have always been considered one of the wonder discoveries of the 20th 
century. This is true, but the real wonder is the rise of antibiotic resistance in hospitals, 
communities, and the environment concomitant with their use. The extraordinary genetic 
capacities of microbes have benefitted from man’s overuse of antibiotics to exploit every 
source of resistance genes and every means of horizontal gene transmission to develop 
multiple mechanisms of resistance for each and every antibiotic introduced into practice 
clinically, agriculturally, or otherwise.’ 
Julian Davies and Dorothy Davies (2010) 
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ABSTRACT 
 
Antimicrobial resistance is a major global concern driven especially by the misuse and 
overuse of antimicrobials both in humans and in animals. Methicillin-resistant 
Staphylococcus aureus (MRSA) and extended-spectrum beta-lactamase-producing 
Enterobacteriaceae (ESBL-PE) are major causes of nosocomial infections. As these 
multiresistant bacteria are increasingly found in livestock, the role of livestock as a 
reservoir for human infections deserves attention. 
MRSA has been causing healthcare-related infections since the 1960s and community-
associated infections since the 1990s. In 2004, new MRSA strains were detected in 
humans in Europe that were shown to be related to contact with pigs. These strains were 
later shown to belong to MRSA clonal complex 398 and are called livestock-associated 
MRSA (LA-MRSA). Prevalence of LA-MRSA in Europe is highest in pigs and veal calves, 
but it has also been found in other livestock, horses and companion animals. From 
asymptomatic, colonized animals, LA-MRSA may be transmitted especially to people 
working in close contact with livestock such as farmers and veterinarians, who in turn may 
transmit it further to healthcare facilities. ESBL-PE species are found in livestock, horses 
and companion animals. In Europe, prevalence is highest in pigs and broilers. Evidence on 
the zoonotic transmission of ESBL-PE is contradictory. People working on European pig 
and broiler farms have in some studies been shown to have higher ESBL-/AmpC-
producing Escherichia coli prevalence rates than the general population. 
Infection prevention and control (IPC) practices including proper hand hygiene and the use 
of personal protective equipment are important to prevent the spread of multiresistant 
bacteria and other pathogens in healthcare settings. Studies on IPC practices in the 
veterinary setting have mostly concentrated on companion animal clinics. Ambulatory 
veterinarians work on several farms a day and transport their equipment and medications 
from farm to farm. Hand hygiene facilities are offered by the farm or stable owner. 
There are several studies on the eradication of LA-MRSA from pig farms. A less studied 
approach is the use of bacteriophages, viruses that infect bacteria, which have been 
studied as an alternative to antimicrobial agents. Studies on bacteriophage treatment 
against S. aureus infections in livestock are few and the results have been inconclusive. 
The aim of this study was to study 1) the carriage of multiresistant zoonotic bacteria in 
veterinarians in Finland, 2) LA-MRSA colonization and genomic diversity in Finnish pigs, 3) 
the practices of ambulatory livestock and equine veterinarians to prevent zoonotic 
transmission, and 4) bacteriophage treatment as a possible way to eradicate LA-MRSA 
from colonized pigs. 
MRSA and ESBL-PE prevalence was studied in veterinarians in Finland using both 
phenotypic and genotypic methods to characterize the isolates. A questionnaire was used 
to collect important background information on risk factors. To study the adherence of 
ambulatory livestock and/or equine veterinarians to IPC measures, the replies to the 
questionnaire of a subset of the respondents were analysed using statistical methods. 
Quantity and colonization patterns of LA-MRSA in Finnish pigs were studied on two farms 
– farm 1 and farm 2 (10 pigs per farm) – and in a controlled facility (9 pigs). The strains 
were further compared with sequences from Finnish Food Authority surveillance and 
infection samples using core genome multilocus sequence typing (cgMLST). The suitability 
of bacteriophages for the eradication of LA-MRSA from healthy carrier pigs was 
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investigated in an open, controlled study. A cocktail containing three Staphylococcus 
bacteriophages was administered to the study group pigs (n=10) and a placebo solution to 
the control group pigs (n=9) three times. Phage and MRSA levels were observed for 22 
days. In addition, phage antibodies in pig sera were monitored. 
Prevalence of LA-MRSA in veterinarians in Finland was 0.3% (1/320) and the strain found 
belonged to spa type t011 and multilocus sequence type (ST)398. Virulence genes and 
resistance genes were typical for LA-MRSA strains found in Finnish pigs. ESBL-producing 
E. coli were carried by 3.0% of veterinarians (9/297) and one of the strains was also an 
AmpC producer. Several STs, blaESBL/AmpC genes and plasmid types were found, with 
ST131 being the most prevalent ST. Travelling and use of antibiotics during the past 12 
months was as common as among the average Finnish population. 
Ambulatory livestock and equine veterinarians (n=129) did not conform adequately to 
hygiene guidelines. Handwashing facilities were often adequate on farms according to 
66.9% of the veterinarians but in stables only according to 21.4% (p<.001). When moving 
to the next farm or stable, 75.0% always washed their hands or used hand sanitizer in 
livestock practice but only 42.5% in equine practice (p<.001). In livestock practice a 
protective coat or overalls were always used by 91.6%, whereas in equine practice only by 
27.7% (p<0.001). Altogether, 30.0% of the veterinarians reported cleaning their 
stethoscope less frequently than once a week. 
Quantities of LA-MRSA in pigs were low. On farm 1, MRSA was detected in all three 
samplings in the nares of all 10 pigs. On farm 2, MRSA was detected only in one sampling 
in three pigs. Quantities in the nasal samples were between 101 and 103 CFU/swab and in 
the skin samples between 101 and 102 CFU/swab. In the controlled facility, the nasal 
samples of all nine pigs were MRSA-positive at least once, and the trend was declining. 
Persistent low levels were detected on the skin. The strains and all sequences from the 
Finnish Food Authority but one clustered into one cluster in the cgMLST analysis. 
Bacteriophage treatment did not reduce LA-MRSA levels in healthy carrier pigs. Phages 
were detected in the samples the day following application. No side effects were observed 
in the pigs, and no bacteriophage antibodies were detected in the pig sera. 
In conclusion, prevalence of MRSA and ESBL-PE in veterinarians was low despite 
frequent animal contact. However, LA-MRSA was detected for the first time in a 
veterinarian in Finland, which, regarding the high prevalence in Finnish pigs, underlines 
the importance of protecting people working in close contact with pigs also in Finland. 
Ambulatory livestock and equine veterinarians’ adherence to IPC guidelines varied 
significantly between practice types. This may be partly explained by the poor availability 
of proper handwashing facilities in stables compared with farms as reported by the 
veterinarians. In addition, further education of both veterinarians and farm or stable owners 
is necessary. 
Low levels of LA-MRSA were observed in pigs on two farms and in the controlled facility. 
The declining trend in nasal samples in the clean environment of the controlled facility may 
indicate that air contamination could have been an important factor upholding the nasal 
carriage of LA-MRSA in pigs. The close relatedness of LA-MRSA t034 strains at the 
national level raises the question of which factors facilitate the spread of this successful 
clone. Possibly, due to the low levels of LA-MRSA in the pigs in the bacteriophage 
treatment trial, eradication of LA-MRSA using bacteriophages did not succeed. Further 
studies on the LA-MRSA t034 clone circulating in Finnish pigs as well as factors related to 
pig management that may explain the lower LA-MRSA prevalence in alternative farming 
systems may help to find ways to curb the spread of LA-MRSA in Finnish pigs. 
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1 INTRODUCTION 
 
In 1880, Scottish surgeon Alexander Ogston discovered that ‘micrococci’ were a major 
cause of abscess formation (Ogston, 1880). He observed ‘micrococci’ both in chains and 
in groups and named the grouped form staphylococcus (Ogston, 1882), while the chain 
form had already been named streptococcus (Etymologia: Streptococcus, 2016). A few 
years later, German surgeon Friedrich Julius Rosenbach was able to distinguish several 
different kinds of staphylococci in his studies on abscesses (Rosenbach, 1884). He 
suggested naming two clearly separate species Staphylococcus aureus (golden 
staphylococcus) and Staphylococcus albus (white staphylococcus; today Staphylococcus 
epidermidis) according to their colours on agar plates. 
In the late 19th century, surgical site infections were common. It was believed that pus 
formation was an essential step in wound healing and had nothing to do with the ‘hospital 
diseases’ that killed the patients. Surgeons had no influence on these diseases, which 
were an act of God (Lyell, 1989). Ogston’s discoveries were thus met with scepticism by 
his fellows. It was his work, however, the work on surgical hygiene by Joseph Lister, and 
the recognition of the importance of hygiene to prevent puerperal fever by Ignaz 
Semmelweis, among others, that made hospital infections rarer and hospitals safer for 
patients (Lyell, 1989). 
Nearly 50 years later, in September 1928, Alexander Fleming, studying S. aureus, 
discovered penicillin (Diggins, 1999), and in the beginning of the 1930s, German scientist 
Gerhard Domagk discovered the sulphonamide Prontosil (Christensen, 2021). Prontosil 
became the first antibiotic drug with a wider spectrum on the global market as large-scale 
production of penicillin proved difficult (Christensen, 2021). However, during the war, 
sulphonamides were gradually replaced by penicillin due to fewer side effects, 
sulphonamide resistance and most likely political reasons (Davenport, 2012). The 
subsequent antibiotic era made it possible to treat infections efficiently and made 
advances in modern medicine such as cancer treatment, organ transplantations and 
prosthetic joints possible. 
In his Nobel lecture in 1945, Fleming issued a warning about bacteria becoming resistant 
to penicillin through underdosing – something that, according to Fleming, was easily 
achieved in the laboratory and had ‘occasionally happened in the body’ (Fleming, 1945). In 
his paper on the history of the global response to antibiotic resistance, Scott Podolsky 
(2018) describes the slow development in the field. Even though contemporaries of 
Fleming expressed their concerns over the irresponsible use of penicillin and other 
antibiotics and warned about antibiotic resistance in the years to come, the era was 
marked by persistent optimism that upcoming resistance could be tackled by the 
pharmaceutical industry with the help of new antimicrobial agents. Despite the discovery 
that resistance could be transmitted also horizontally between strains and even species of 
bacteria through plasmids, and concerns raised both in scientific journals and the public 
media, the response was meagre also during the 1960s and 1970s. Overprescription and 
misuse of antibiotics continued both in the USA and in Europe, and it was not until the 
1990s that antimicrobial resistance became a global concern (Podolsky, 2018). 
During the 1990s, the Nordic countries became pioneers of antibiotic stewardship 
(Podolsky, 2018). In Finland, the Finnish Study Group for Antimicrobial Resistance (FiRe), 
a voluntary study group formed by Finnish clinical microbiology laboratories and the 



 

14 
 

National Public Health Institute, was established in 1991 to study the prevalence of 
antimicrobial resistance in bacterial isolates from humans (Nissinen & Huovinen, 2000). Its 
first studies surveyed antimicrobial resistance in those bacteria that were clinically most 
relevant (Nissinen et al., 1995a, 1995b, 1995c; Seppälä et al., 1992). In addition, it set out 
to standardize methods for susceptibility testing of bacteria in Finland, and since 1996 the 
FiRe standard has been used in all FiRe laboratories (Nissinen & Huovinen, 2000). Since 
1997, the data on antimicrobial resistance of clinically important bacteria have been 
collected in the Finres database (Finnish Institute for Health and Welfare, 2020). 
The European Antimicrobial Resistance Surveillance System was established in 2001, the 
same year that the World Health Organization (WHO) published its Global Strategy for 
Containment of Antimicrobial Resistance. The Infectious Diseases Society of America 
followed with a report on the antimicrobial resistance problem in 2004 (Podolsky, 2018). In 
September 2016, at the General Assembly of the United Nations, 193 countries signed a 
declaration to combat antimicrobial resistance, which was referred to as one of the biggest 
global health threats of our time. A review on antimicrobial resistance chaired by 
economist Lord Jim O’Neill estimated antimicrobial-resistant infections to kill 700,000 
people each year (O’Neill, 2014). In April 2021, the High-Level Interactive Dialogue of the 
United Nations General Assembly on Antimicrobial Resistance was convened that urged 
for joint action with a One Health approach against antimicrobial resistance in the wake of 
Covid-19 (United Nations, 2021). 
The One Health concept underlines the interconnectivity of humans, animals and the 
environment. Zoonotic diseases and antimicrobial resistance, among other things, are 
common One Health issues (CDC, 2018). Globally, 73% of all antimicrobials are used in 
livestock (van Boeckel et al., 2019). The extensive use of antimicrobials has made 
livestock a reservoir of resistant bacteria (van Boeckel et al., 2017). The sale of 
antimicrobials for livestock varies markedly between countries both globally and within the 
European Union (EU) (European Medicines Agency, 2020; van Boeckel et al., 2017). 
Antimicrobial growth promoters have been banned in the EU since 2006. However, 
antimicrobials are still used for growth promotion and to compensate for poor management 
and hygiene in wide parts of the world (van Boeckel et al., 2017). In Finland, the use of 
antimicrobial feed additives for growth promotion of livestock was discontinued gradually 
between 1990 and 1999 (FINRES, 1999; FINRES-Vet, 2005), and Finland is among the 
EU countries with the lowest sales of antimicrobials for livestock (European Medicines 
Agency, 2020). Nevertheless, zoonotic multiresistant bacteria are found also in Finnish 
livestock. 
Zoonotic multiresistant bacteria may spread in both directions between animals and 
humans and are found increasingly in the environment. S. aureus is found in several 
animal species including humans. Methicillin-resistant Staphylococcus aureus (MRSA), 
originally found in hospitals and healthcare facilities, is circulating in the community and is 
found in livestock, companion animals and wildlife. People working in close contact with 
livestock are at risk of becoming carriers of livestock-associated MRSA (LA-MRSA). 
Asymptomatic carriers may then transmit the bacteria further into the community and into 
healthcare facilities. Extended-spectrum beta-lactamase-producing Enterobacteriaceae 
(ESBL-PE) are also found both in animals and in humans, and as their resistance genes 
are located on highly mobile plasmids, resistance can be transmitted horizontally both 
within and between bacterial species. 
To prevent the spread of antimicrobial resistance, there are several important tools. Active 
surveillance and knowledge of the conventional and molecular epidemiology of these 
pathogens are necessary to be able to react appropriately. Antimicrobial stewardship must 
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be supported to promote the appropriate use of antimicrobials both in animals and 
humans. While the use of antimicrobials selects for resistant bacteria and contributes to 
the spread of clonal resistance, infection control prevents the clonal spread of resistant 
bacteria (Livermore, 2005). Thus, just like in the late 19th century, hygiene measures are 
important to prevent the transmission of multiresistant bacteria in healthcare facilities, the 
veterinary setting and in the community. In the specific case of LA-MRSA, finding ways to 
decrease the prevalence of LA-MRSA in animals is important to curb the transmission of 
these bacteria to people working with these animals and further into the community. 
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2 REVIEW OF THE LITERATURE 
 

2.1 Staphylococcus aureus 
 
S. aureus is a commensal bacterium of the phylum Firmicutes belonging to the family 
Staphylococcaceae. Gram staining shows grape-like clusters of Gram-positive cocci. As 
most staphylococci, S. aureus belongs to the facultative anaerobes and is catalase-
positive and oxidase-negative. In addition, it is coagulase-positive, with often golden 
colonies on agar (Harris et al., 2002). 
S. aureus is commonly found on the skin and mucous membranes of humans and 
animals. Roughly 20–40% of the adult population are asymptomatic nasal carriers of 
S. aureus (Choi et al., 2006; Gamblin et al., 2013; Köck et al., 2015; Wertheim et al., 
2005). While carriage can be either persistent or intermittent, there is also a distinct 
population of non-carriers (VandenBergh et al., 1999; Wertheim et al., 2005; Williams, 
1963). Colonization, i.e. bacteria multiplying within the host, increases the risk of 
staphylococcal infection (Kluytmans et al., 1997). As a commensal pathogen, S. aureus 
may cause infections when the skin or mucosal defence barrier is disrupted. Subsequent 
infection may vary from mild skin infections to severe bacteraemia (Lowy, 1998). In 
addition, S. aureus toxins may cause toxic shock syndrome and food poisoning (Lowy, 
1998). 
S. aureus has been detected in a wide range of both domesticated and feral animal 
species (Haag et al., 2019; Monecke et al., 2016). For domesticated animals, studies have 
reported carrier prevalences of 7.9–13.5% in horses (Burton et al., 2008; Islam et al., 
2017), 77% in pigs (Sun et al., 2015), 35% in heifers (Roberson et al., 1994), 8.3–19.2% in 
cats (Bierowiec et al., 2016) and 8.8% in dogs (Boost et al., 2008). Especially in pets, 
close contact with humans may play an important role in S. aureus colonization and the 
bacteria may be transmitted from humans to their pets (Bierowiec et al., 2016). Between 
humans, S. aureus is transmitted primarily through direct contact but also through fomites 
(Lowy, 1998; Miller & Diep, 2008). 
 
2.1.1 Penicillin resistance of Staphylococcus aureus 
Penicillin was introduced to the US market in 1945 and to the UK market in 1946 
(American Chemical Society, 1999). By that time penicillin resistance in S. aureus had 
already been observed (Kirby, 1944). Nowadays, penicillin resistance in human S. aureus 
strains is common due to the production of penicillinase, a beta-lactamase enzyme 
capable of inactivating penicillin. The enzyme was discovered by Alexander Fleming’s 
team in 1940 (Abraham & Chain, 1988). Resistance is mediated by the blaZ gene, which 
encodes for penicillinase. blaZ is located on a plasmid, which may carry other resistance 
genes, such as genes encoding erythromycin, fusidic acid or aminoglycoside resistance or 
disinfectant and heavy metal resistance. 
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2.2 Typing methods 
 
The work in this thesis is based on both traditional molecular typing methods and whole-
genome sequencing (WGS) based methods such as spa typing, multilocus sequence 
typing (MLST) and core genome MLST (cgMLST), which will be introduced in the section 
2.2.3. Other methods used to type S. aureus strains such as phage typing, pulsed-field gel 
electrophoresis (PFGE) and multiple-locus variable-number tandem repeat analysis are 
not dealt with within the limits of this thesis. 
 
2.2.1 Multilocus sequence typing 
MLST is one of the gold standard typing methods and is used for several bacterial species. 
When it was developed, the aim was to find a method which was able to discriminate 
between strains in local outbreak situations and still be able to see their relation to other 
strains in long-term global surveillance (Maiden et al., 1998). Compared with earlier 
methods, MLST results are easily compared between laboratories (Maiden et al., 1998). In 
the original MLST, allele fragments of 400–600 bp of 6 to 10, usually 7, housekeeping 
genes are amplified by polymerase chain reaction (PCR) using primers specific to the loci 
and then Sanger sequenced (Larsen et al., 2012; Maiden, 2006). The number of loci 
depends on the species in question. The loci that are chosen encode proteins that are 
important for the conservation of metabolic function, and thus these loci are very stable 
(Maiden, 2006). The allele fragments of each locus are given unique numbers in the order 
of their discovery. During MLST analysis, a code is assembled according to these 
numbers and defines the sequence type (ST). The numbers of the STs are arbitrary 
(Maiden, 2006). Open databases including allele sequences of the loci linked to allele 
numbers, and allelic profiles linked to the corresponding STs, are available on the 
PubMLST website (https://pubmlst.org). A Based Upon Related Sequence Types 
(eBURST) analysis can be performed to group the related STs further into clonal 
complexes (CCs) (Feil et al., 2004). 
The scheme for S. aureus includes seven loci (arcC, aroE, glp, gmk, pta, tpi and yqiL) 
(Enright et al., 2000). There are several MLST schemes for Escherichia coli. The widely 
used Achtman scheme comprises seven loci (adk, fumC, gyrB, icd, mdh, purA and recA) 
(Wirth et al., 2006). Traditional MLST is time-consuming and expensive. As WGS has 
become increasingly available due to decreasing costs, it is now possible to determine 
STs from WGS data (Larsen et al., 2012). 
 
2.2.2  spa typing 
spa typing is a single-locus typing method for S. aureus. It was developed to discriminate 
between epidemic and non-epidemic MRSA strains (Frenay et al., 1994). It was shown to 
be a quick and easy-to-use method to discriminate between strains in outbreak situations 
compared with PFGE and MLST (Shopsin et al., 1999). It has become one of the standard 
typing methods for S. aureus. spa typing makes use of the polymorphic X region in the spa 
gene encoding staphylococcal surface protein A (Frenay et al., 1994). The sequence and 
order of the repeats in the X region determines the spa type. Traditionally, the X region is 
amplified by PCR and Sanger sequenced but today there are both commercial and free 
tools to deduce the spa type from whole-genome sequences (BioNumerics, Bartels et al., 
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2014). spa repeat sequences and spa types are stored in the freely accessible Ridom 
SpaServer database (https://spaserver.ridom.de). Most spa types are associated with one 
MLST ST, but some types are associated with several STs (Enger et al., 2021; Tegegne et 
al., 2019). 
 
2.2.3  Core genome multilocus sequence typing 
The reduction in cost of WGS has opened up new possibilities for the typing of bacterial 
strains. While conventional MLST uses 6–10 loci, cgMLST uses typically 1500–4000 loci 
for this (Kimura, 2018; Pérez-Losada et al., 2018). Using such a large number of loci 
increases the discriminatory power substantially. As for MLST, schemes for cgMLST have 
been created for a species or a group of species. To define the loci, a large set of 
sequences is used to determine loci of the core genome that are conserved and present in 
>90% and often >95% of the isolates (Leopold et al., 2014; Uelze et al., 2020). Genes of 
the accessory genome are not included. There are several options for performing cgMLST 
such as the commercial software SeqSphere+ (Ridom, Münster, Germany) and 
BioNumerics (Applied Maths, Sint-Martens-Latem, Belgium), and the open-access 
Bacterial Isolate Genome Sequence Database software (Jolley & Maiden, 2010). The 
cgMLST scheme developed for S. aureus includes 1861 loci (Leopold et al., 2014). 
 

2.3 Methicillin-resistant Staphylococcus aureus 
 
Through the acquisition of a mobile genetic element, the staphylococcal cassette 
chromosome mec (SCCmec), S. aureus becomes MRSA. Methicillin resistance is 
conveyed by the mecA or mecC gene located on the SCCmec (Ito et al., 2012). These 
genes encode altered penicillin-binding protein (PBP2a or PBP2′) with a lower affinity to 
beta-lactam antibiotics leading to beta-lactam resistance (Hartman & Tomasz, 1984). 
Fourteen SCCmec types have been described (Urushibara et al., 2020), but SCCmec 
types I–V are globally disseminated (Lee et al., 2018). 
MRSA strains are often divided into healthcare-associated (HA-MRSA) or community-
associated (CA-MRSA) strains according to their epidemiology and genetics. Multidrug 
resistance is traditionally less common in CA-MRSA strains than in MRSA strains (Tsuji et 
al., 2007; Yang et al., 2019). However, the distinction is not clear as CA-MRSA strains are 
also spread in healthcare facilities (Popovich et al., 2008; Seybold et al., 2006; Yang et al., 
2019). The emergence of LA-MRSA has further complicated the classification. 
 
2.3.1 Healthcare-associated MRSA 
The first methicillin-resistant S. aureus strains were reported in British hospitals in 1961 
(Jevons et al., 1963), shortly after the introduction of methicillin, a beta-lactam antibiotic 
developed to treat penicillin-resistant S. aureus infections (Enright et al., 2002). Recent 
evidence suggests that this archaic MRSA clone actually emerged in the mid-1940s as a 
result of the use of penicillin (Harkins et al., 2017). These first MRSA isolates did not 
cause severe outbreaks or spread between hospitals (Lindsay, 2013). However, during the 
following decade, reports of isolates and outbreaks increased in several countries 
especially in Europe (Ayliffe, 1997). The first major outbreak in the USA was reported in 
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1968 (Barrett et al., 1968). At that time, however, interhospital spread was not yet as 
common as in the 1980s and 1990s (Ayliffe, 1997). 
A decline in MRSA incidence was seen in the 1970s possibly due to the decreased use of 
streptomycin and tetracycline and the emergence of new infection control practices in 
hospitals (Grundmann et al., 2006). The emergence of new clones in the 1980s and 1990s 
led to a more rapid spread of MRSA in and between hospitals than before (Lindsay, 2013). 
Risk factors for MRSA infection and colonization at that time were all connected to 
treatment in hospital or a long-term care facility, or contact with other healthcare facilities 
(David & Daum, 2010). Today, MRSA is still a major cause of healthcare-associated 
infections around the world but the risks of MRSA colonization and infection are no longer 
limited to healthcare facilities. 
 
2.3.2 Community-associated MRSA 
In the beginning of the 1990s, MRSA strains were isolated from Australian patients with no 
previous contact with healthcare facilities (Udo et al., 1993). These MRSA strains were not 
multidrug resistant and differed from previously isolated HA-MRSA strains. Reports from 
the USA of MRSA infections in healthy children with no previous contact with healthcare 
facilities followed (CDC, 1999). In France, CA-MRSA was observed in a newborn and its 
mother (L’Hériteau et al., 1999). Later molecular analysis showed that these early strains 
had mecA on a type IV SCCmec cassette and virulence genes lukF and lukS (Vandenesch 
et al., 2003). lukF and lukS encode Panton–Valentine leucocidin (PVL), a toxin which is 
especially linked to skin and soft-tissue infections caused by S. aureus (Shallcross et al., 
2013). In 1999 and 2000 a new CA-MRSA clone emerged in the USA, USA300 (Tenover 
& Goering, 2009). This uniquely successful clone has become the predominant CA-MRSA 
clone in the USA and has also spread globally (DeLeo et al., 2010; Tenover & Goering, 
2009). The emergence of CA-MRSA has substantially increased the burden of MRSA on 
public health. The majority of infections caused by community-associated strains are skin 
and soft-tissue infections (DeLeo et al., 2010). In Finland, the proportion of CA-MRSA 
strains of all MRSA has increased during the last decade, and spa type t008 i.e. USA300 
is now the most frequent spa type accounting for 12% of all detected MRSA (Finnish 
Institute for Health and Welfare, 2021b; Junnila et al., 2020; Likitalo et al., 2016). However, 
the line between epidemiologically defined CA-MRSA and HA-MRSA strains is blurred 
(Junnila et al., 2020).  
 
2.3.3 Livestock-associated MRSA 
The first scientific report of MRSA in animals was on cases of bovine mastitis at the 
beginning of the 1970s (Devriese et al., 1972). Since then, MRSA has been detected in 
numerous animal species including mammals, birds and reptiles (Cuny et al., 2010). 
Recently, it was shown that European hedgehogs are a reservoir of mecC-MRSA lineages 
originating in the pre-antibiotic era (Larsen et al., 2022). The authors suggest that 
methicillin resistance emerged in these lineages as an adaptive response to betalactam-
producing hedgehog dermatophyte Tricophyton erinacei. 
Until 2005, reports of MRSA in animals were sporadic (Cuny et al., 2010). In 2004, a 
French study indicated that pig farmers were at increased risk of being colonized by 
resistant S. aureus (Aubry-Damon et al., 2004). A subsequent study showed that pigs and 
pig farmers shared similar S. aureus strains not present in the control group (Armand-
Lefevre et al., 2005). In 2004 and 2005, MRSA was found in the Netherlands in three 
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human cases with no history of known MRSA risk factors such as travelling or admission 
to a hospital abroad (Voss et al., 2005). All cases had contact with pig farming, and also 
family members were found to be MRSA-positive. The strains isolated from these cases 
could not be typed by PFGE using the standard method. A subsequent study (Voss et al., 
2005) found that MRSA prevalence among pig farmers was more than 760 times higher 
than among the general Dutch population. Furthermore, the strains isolated from all three, 
unrelated cases, family members of these cases, a nurse in contact with one of the cases 
and a pig from the home farm of one of the cases all belonged to spa type t108. 
Because the strains were non-typeable by conventional PFGE methods, they were first 
called non-typeable MRSA. Using MLST, all non-typeable MRSA isolates found in Dutch 
national human MRSA surveillance since 2003 were observed to belong to MLST ST398 
(Huijsdens et al., 2009). The isolates belonged to 27 different spa types but spa type t011 
and t108 clearly dominated. 
As a reaction to the Dutch reports, the European Food Safety Authority (EFSA) launched a 
baseline study in 2008 to investigate the prevalence of MRSA and especially ST398 in 
breeding pigs in the member states of the EU, Norway and Switzerland (EFSA, 2009). 
Dust samples were collected from breeding pig holdings in 24 member states and the two 
non-member states; MRSA was discovered in 12 member states. Prevalence varied from 
1.0% in Slovakia to 46.0% in Spain. In production holdings, MRSA was detected in 16 out 
of 24 member states and in Norway. Prevalence varied from 0.7% in Finland and Norway 
to 51.2% in Spain. In most countries, all detected MRSA strains belonged to ST398. 
ST398 belongs to CC398 and the majority of MRSA in livestock in Europe belong to 
CC398. Thus the term LA-MRSA often refers to MRSA CC398 and is used in this meaning 
also in this thesis. In Asia, CC9 dominates (Chuang & Huang, 2015) and in the USA both 
CC398 and CC9 are widely detected (Randad et al., 2021; Smith & Pearson, 2011). 
Phylogenetic analysis of CC398 strains has shown that the MRSA CC398 strains found in 
livestock most likely descend from methicillin-sensitive Staphylococcus aureus (MSSA) 
strains in humans and have acquired methicillin and tetracycline resistance after 
transmission from humans to animals (Price et al., 2012). Furthermore, there are several 
clades of S. aureus CC398 descending from these ancestral strains including two human-
associated clades and a livestock-associated subclade. Strains of the livestock-associated 
subclade lack PVL-encoding genes and the φSa3 prophage, which is present in the 
human-associated CC398 strains (Price et al., 2012). The φSa3 prophages carry the 
immune evasion gene cluster (IEC) containing genes encoding for immune evasion and 
enterotoxins (van Wamel et al., 2006). Further studies have shown that these genes are 
mostly absent from pig LA-MRSA isolates but are present in sporadic horse isolates (Cuny 
et al., 2015; McCarthy et al., 2012). The reason for the absence of φSa3 in porcine 
isolates may be explained by findings suggesting that while the acquisition of φSa3 helped 
the bacteria to evade human and equine immune response this was not the case for the 
porcine immune response (Jung et al., 2017). 
LA-MRSA strains also share characteristic resistance patterns. They are typically resistant 
to both beta-lactams and tetracyclines (Kadlec et al., 2009) and commonly also to 
trimethoprim and macrolides/lincosamides. In addition to mecA, isolates typically carry 
blaZ mediating penicillin resistance and tet(M) mediating tetracycline resistance (Argudín 
et al., 2011; de Vries et al., 2009; Kadlec et al., 2009; Mutters et al., 2016). In addition, the 
tet(K) gene mediating tetracycline resistance, the dfrK or dfrG genes mediating 
trimethoprim resistance and the erm(A), erm(B) and/or erm(C) genes mediating resistance 
to macrolides and lincosamides are found in many LA-MRSA isolates (Argudín et al., 
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2011; Kadlec et al., 2009). It has been shown that the additional tet(K) gene improves 
fitness of LA-MRSA strains in the presence of tetracycline (Larsen et al., 2016). tet(M) has 
been suggested as a rapid marker for the identification of the livestock-associated clade, 
while tet(K) may also be present in strains belonging to the human clade (Stegger et al., 
2013). Reports of linezolid resistance in sporadic pig isolates from Belgium and more 
recently from fattening pigs in Portugal are cause for concern as linezolid is one of the two 
last-resort antimicrobials for treating MRSA infections in humans (EFSA & ECDC, 2021). 
Resistance is mediated by the cfr gene, leading to a typical resistance pattern including 
resistance to linezolid, tiamulin, clindamycin and chloramphenicol (EFSA & ECDC, 2021). 
Resistance to the other last-resort antimicrobial, vancomycin, has not been reported in LA-
MRSA strains, but there is at least one report of a vancomycin-intermediate LA-MRSA 
strain from pigs in Brazil (Moreno et al., 2016). 
LA-MRSA strains often carry metal resistance genes, especially the czrC gene conferring 
zinc and cadmium resistance (Argudín et al., 2016), which is located within the SCCmec 
element (Cavaco et al., 2010). As tetracyclines and zinc oxide have been commonly used 
in pig production, the acquisition of these genes may give these LA-MRSA strains an 
advantage when colonizing livestock. Despite the common use of disinfectants in animal 
husbandry, LA-MRSA strains are not less susceptible to the commonly used antiseptics 
chlorhexidine, octenidine, polyhexanide, poly(vinylpyrrolidone)-iodine complex, and 
triclosan than HA- and CA-MRSA strains (Dittmann et al., 2019). On the contrary, LA-
MRSA strains were more susceptible to triclosan than CA-MRSA strains in the cited study. 
 

2.4 Livestock-associated methicillin-resistant Staphylococcus aureus in 
animals and humans in Europe 

 
2.4.1 LA-MRSA in pigs 
Most research on LA-MRSA has been conducted in pigs, and it seems that LA-MRSA in 
other species is often due to spillover from pigs (Hansen et al., 2017, 2019). Usually, pigs 
are asymptomatic carriers, although sporadic infections due to LA-MRSA have also been 
reported (Santos et al., 2020). MRSA transmission in humans is known to occur primarily 
through direct contact, but also indirect contact through fomites may be possible (Ludlam 
et al., 2010; Wolfensberger et al., 2018). Thus, it is assumed that direct contact is also the 
predominant transmission route for LA-MRSA in pigs. LA-MRSA has been detected on 
surfaces in the barn environment (Broens et al., 2011b; EFSA, 2009) and shown to survive 
in dust for weeks (Feld et al., 2018). Barn air in LA-MRSA-positive pig farms is highly 
contaminated with LA-MRSA (Friese et al., 2012; Schulz et al., 2012) and the level of air 
contamination correlates with the prevalence of LA-MRSA in farmers (Bos et al., 2016), 
which indicates that air contamination may play an important role also in the LA-MRSA 
colonization of pigs. Studies on transmission routes of LA-MRSA between pigs, however, 
are scarce. 
It has been shown that the MRSA colonization status of pigs changes several times during 
the production cycle, which indicates that pigs are not permanently colonized but rather 
repeatedly contaminated due to environmental contamination (Bangerter et al., 2016). The 
MRSA status of pigs correlates with age, as piglets closer to weaning age seem to be 
more likely to be MRSA-positive than younger piglets (Dewaele et al., 2011; Weese et al., 
2011), although conflicting results exist (Smith et al., 2009). However, MRSA prevalence 
decreases in fattening pigs when pigs come closer to market age (Hawken et al., 2013; 
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Verhegghe et al., 2013). Piglets born to MRSA-positive sows are more likely to be MRSA-
positive at least at one time point between birth and weaning than piglets born to MRSA-
negative sows (Verhegghe et al., 2013; Weese et al., 2011). Also, the MSSA colonization 
status of the pigs has been shown to change at least twice during the production cycle 
(Burns et al., 2014). The MSSA colonization rate was highest in pigs a few days after 
farrowing and in the weaner stage (Burns et al., 2014; Linhares et al., 2015), and the sow’s 
status before farrowing correlated with the piglets’ status two days after birth (Burns et al., 
2014). 
A nasal swab has been proven most effective to determine the MRSA status of a pig when 
using only one sampling site (Dewaele et al., 2011; Linhares et al., 2015). However, 
several sample sites increased the sensitivity of sampling. Sampling both the nares and 
the perineum or the nares and the skin behind one ear was more sensitive than sampling 
only the nares (Dewaele et al., 2011). There are only a few studies using quantitative 
methods to assess MRSA colonization in pigs. Espinosa-Gongora et al. (2015) used the 
most-probable-number method to quantify S. aureus and MRSA carriage in 480 pigs on 20 
Danish pig farms. In their study, the majority of samples (927/1075; 86.2%) showed an 
MRSA quantity of <103 CFU/swab, and only 3.0% (30/1075) showed nasal loads of 
104 CFU/swab. Based on studies of human S. aureus carriage and modelling of 

S. aureus carriage in pigs the authors classified pigs with nasal loads of <102 CFU/swab 
as non-carriers and presumed that only pigs with nasal loads of 104 CFU/swab were truly 
colonized. They assumed that these truly colonized pigs and the contaminated 
environment played an important role in maintaining MRSA colonization in the pig herd. 
Since the EFSA baseline study in 2008, surveillance of LA-MRSA in pigs in the EU has 
been voluntary and thus prevalence data have not been collected systematically. In the 
last two surveillance reports, reporting data on the years 2017–2019, prevalence data 
were reported by nine European countries including Norway and Switzerland (EFSA & 
ECDC, 2020, 2021). The countries reported prevalence of MRSA in general. Poland, 
Finland and Estonia reported MRSA in slaughter batches with prevalences of 100%, 77% 
and 90.4%, respectively. In fattening pig herds, prevalence has ranged from 35.7% in 
Germany in 2019 to 89.2% in Denmark in 2018. Prevalence in breeding pig herds has 
varied from 1.4% in the Netherlands in 2017 to 94.5% in Denmark in 2019. The lowest 
prevalence of 0.4% in pig herds in general was reported by Norway in 2017. Discussions 
on the need for a new baseline survey on MRSA are planned for 2021/2022 (Plantady, 
2020). 
Several risk factors for LA-MRSA carriage in pigs have been identified. Herd size is an 
important risk factor (Sørensen et al., 2018). A meta-analysis showed that a herd with 
500–999 pigs had higher odds of LA-MRSA carriage than a herd with less than 500 pigs, 
and a herd with 1000–4999 pigs had even higher odds of LA-MRSA carriage (Fromm et 
al., 2014). For herds of 5000 or more pigs there was no significant effect. When it comes 
to herd type, a farm with sows had a lower risk of being LA-MRSA-positive (Fromm et al., 
2014; Sørensen et al., 2018). According to the meta-analysis, wean-to-finish farms and 
grow-to-finish farms had higher odds of being MRSA-positive compared with farrow-to-
finish farms. Housing at least partly on a slatted floor compared with a plain floor was also 
associated with higher odds of MRSA positivity (Fromm et al., 2014). 
A dose–response relationship between antimicrobial drug use and LA-MRSA was shown 
in a Dutch study (Dorado-García et al., 2015a). Higher use of antimicrobials and especially 
the use of cephalosporins increased the odds of MRSA positivity (Dorado-García et al., 
2015a). Group treatment with antimicrobials has also been identified as a risk factor, as 
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well as group treatment through drinking water (Dorado-García et al., 2015a; Fromm et al., 
2014; Sørensen et al., 2018). In addition to antimicrobial use, the use of zinc oxide has 
been identified as a risk factor (Amachawadi et al., 2015; Slifierz et al., 2015). In some 
countries, LA-MRSA has been less prevalent on organic or alternative farms than in 
conventional farming (Cuny et al., 2012; Danmap, 2018; van de Vijver et al., 2014). 
Animal trade has also been identified as a risk factor for LA-MRSA (Broens et al., 2011b; 
Espinosa-Gongora et al., 2012) and the external supply of gilts has been shown to 
increase the odds of MRSA positivity (Fromm et al., 2014). A recent study from Italy found 
that LA-MRSA strains from Italy were closely related to LA-MRSA strains from Denmark, 
the main supplier of pigs in the Italian market (Pirolo et al., 2020). 
 
2.4.2  LA-MRSA in other livestock and horses 
Since the early reports of LA-MRSA in pigs, it has been discovered in a wide variety of 
other livestock including minks (Graveland et al., 2010; Hansen et al., 2017; Mulders et al., 
2010; Richter et al., 2012; Tenhagen et al., 2014), horses (Cuny & Witte, 2017; Islam et 
al., 2017), companion animals (Haenni et al., 2017), and wildlife (Porrero et al., 2013). 
Prevalences have varied between countries and species. As with pigs, other livestock 
have been mostly asymptomatic carriers and infections rare. 
In bovines, LA-MRSA was most prevalent in veal calves, although there was high variation 
between countries, which may possibly be explained by the production type (Hansen et al., 
2019). Veal calves are mainly male dairy calves. While white veal calves are mainly fed 
calf milk replacer and only a limited amount of roughage and are slaughtered at 6–8 
months, rose veal calves are fed roughage and concentrates after the first few weeks and 
slaughtered at 8–10 months (Bos et al., 2012). The milk-based diet leads to low iron intake 
and results in white veal (Pardon et al., 2014). The main producer countries of white veal 
in Europe are France, the Netherlands, Italy, Germany and Belgium (Pardon et al., 2014; 
Sans & de Fontguyon, 2009). Due to animal welfare concerns, the minimum haemoglobin 
concentration and the amount of roughage are regulated by EU legislation (Council 
Directive 2008/119/EC). For veal production in continental Europe, veal calves from 
several countries are gathered in sorting centres and transported to the farms at the age of 
approximately 2 weeks (Pardon et al., 2014). Gathering young susceptible animals from 
different sources leads to high infection pressure. Prophylactic group treatment with 
antimicrobials is used to decrease mortality (Pardon et al., 2014). White veal is produced 
in an all-in/all-out system. In an all-in/all-out system animals are kept on the farm in a 
group and not mixed with other groups. The group is moved from one production phase to 
another. After one group has moved on, the facility is empty and is cleaned before the 
arrival of the next group of animals. In the Nordic countries, only rose veal is produced due 
to welfare concerns and calves are often slaughtered after 10 months of age, in Finland as 
young bulls at an age of 18–20 months (Bostad et al., 2010; Fertner et al., 2016; Sandelin 
et al., 2021). 
Based on the literature and EFSA surveillance data it is difficult to provide exact data on 
LA-MRSA prevalence in bovines, as surveillance has been targeted at MRSA in general. 
High prevalences of LA-MRSA in veal calves have been reported especially from Belgium, 
where 46.2% of veal calf farms were positive for LA-MRSA in national surveillance in 2012 
(Nemeghaire et al., 2014). The same study reported an 8.5% prevalence for dairy farms 
and a 9.6% prevalence for beef farms. Even higher prevalences were reported in an 
earlier Dutch study in veal calf farms in 2007 and 2008, which found a somewhat higher 
prevalence for farms producing white veal (82%) than for farms producing rose veal (75%) 
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and a higher risk of LA-MRSA carriage for white veal calves than for rose veal calves (Bos 
et al., 2012). Almost all (97%) of the strains typed in a later study belonged to LA-MRSA 
spa types (Graveland et al., 2010). In this study, samples isolated per farm were 
processed individually, while in national surveillance, pooled samples were processed. In 
Italy, a 27.3% prevalence of LA-MRSA in veal calves was reported in a study conducted in 
2012–2013 (Zoppi et al., 2021). In German surveillance with samples from 2012 
(Tenhagen et al., 2014), MRSA prevalence was 19.2% in dust samples from veal calf 
farms and 45.0% in nasal swabs from veal calves at slaughter. The majority 
(approximately 70–75%) of the isolates belonged to LA-MRSA. In nasal samples from beef 
cattle at slaughter, LA-MRSA prevalence was 9.4%. In Denmark, a study (Hansen et al., 
2019) found no LA-MRSA in veal calves at slaughter. Of the 17 rose veal calf farms tested, 
2 (10.6%) were LA-MRSA-positive. The LA-MRSA strains isolated clustered with isolates 
from pigs in phylogenetic analysis. In Danish national surveillance from 2019, LA-MRSA 
was detected in 9.6% of veal calf herds (EFSA & ECDC, 2021). 
Treatment with antimicrobials, group treatment with antimicrobials and farm size have 
been identified as risk factors for LA-MRSA carriage also in veal calf farming (Bos et al., 
2012; Graveland et al., 2010). Prevalence of LA-MRSA in veal calves that had received 
antimicrobial treatment increased significantly with increasing age compared with those 
that had not been treated (Graveland et al., 2010). If the stable was cleaned before a new 
calf population entered the farm, the odds of LA-MRSA carriage decreased (Graveland et 
al., 2010). In dairy cows, LA-MRSA has been suggested to be transmitted between cows 
via contaminated teat cups of the milking machine and via contaminated milk between 
calves (Lienen et al., 2021). 
In poultry, LA-MRSA has been detected both in turkeys (Richter et al., 2012; Vossenkuhl 
et al., 2014) and in broilers (Mulders et al., 2010; Wendlandt et al., 2013a). Fattening 
turkey farms have been studied especially in Germany (Friese et al., 2013; Richter et al., 
2012; Vossenkuhl et al., 2014), with a 75% prevalence at farm level in a study of 20 farms 
(Richter et al., 2012) but a much lower MRSA prevalence (17.2%, not typed) in national 
surveillance in 2018 conducted on 297 farms (EFSA & ECDC, 2021). LA-MRSA 
prevalence in broiler flocks was reported by Belgium in 2017 to be 2.5% and in laying hen 
flocks 0.8% (EFSA & ECDC, 2020). Denmark reported a 3.2% prevalence in laying hen 
flocks in 2018 (EFSA & ECDC, 2021). 
LA-MRSA prevalence in horses has been low at 0.5–3.5% (Islam et al., 2017; Maddox et 
al., 2012; van den Eede et al., 2012). In Denmark, LA-MRSA was found on 6.8% of the 
sampled horse farms (Islam et al., 2017). Nosocomial spread in equine hospitals has been 
reported (Cuny et al., 2008; van den Eede et al., 2009), and a subclone of MRSA CC398 
with spa type 011 and SCCmec type IV spreading in equine hospitals in several countries 
in Europe has since been discovered (Abdelbary et al., 2014). However, this is not the only 
LA-MRSA clone found in horses (Cuny et al., 2015; Islam et al., 2017). Some of the equine 
strains have been shown to carry the IEC (Cuny et al., 2015; Islam et al., 2017; Walther et 
al., 2018). 

 

2.4.3  LA-MRSA in humans working with livestock 
The first reports and studies on LA-MRSA included LA-MRSA both in humans with pig 
contact and in pigs (Armand-Lefevre et al., 2005; Voss et al., 2005). Subsequent studies 
established that humans working in close contact with LA-MRSA-positive livestock were at 
increased risk of becoming carriers of LA-MRSA (Lewis et al., 2008; van den Broek et al., 
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2009). Since then the prevalence of, and risk factors for, LA-MRSA carriage in people 
working in close contact with livestock, especially farmers, veterinarians and 
slaughterhouse workers, and their household members, have been studied. Nasal and/or 
oropharyngeal prevalence in veterinarians has varied depending on the country and the 
field of work (Table 1). 
Recently, a meta-analysis was conducted including 37 articles published between 2005 
and 2019 on LA-MRSA prevalence in populations with close contact with livestock 
(livestock farmers, veterinarians, slaughterhouse workers) and including a control group 
(Chen & Wu, 2021). Based on these articles the authors calculated a pooled odds ratio 
(OR) of 9.56 for LA-MRSA carriage in Europe in cattle, pig, poultry, horse or livestock 
workers and veterinarians compared with control populations with no livestock exposure 
(Chen & Wu, 2021). The OR was highest for pig workers (15.41, 20 studies including one 
from Australia and two from Asia) followed by cattle workers (11.62, 7 studies), 
veterinarians (7.63, 10 studies), horse workers (7.45, 2 studies) and poultry workers (5.90, 
5 studies). For industrial hog operation workers the OR was 4.69 but the analysis included 
only studies from the USA. Another meta-analysis of studies on livestock exposure (Liu et 
al., 2020) found an OR of 9.91 for LA-MRSA carriage in Europe compared with 
populations with no livestock exposure. The OR was highest for farm personnel (9.70) and 
for veterinarians (7.19) but these calculations included studies from Asia, the USA and 
Africa and CCs other than CC398. The study also found a monotonically increasing 
relationship between the OR for LA-MRSA carriage and hours of livestock exposure but 
again including studies with CCs other than only CC398 (Liu et al., 2020). 
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2.4.4 Risk factors for LA-MRSA carriage in humans working with livestock 
Repeated or long-term contact with colonized livestock has been shown to result in 
persistent or intermittent colonization in humans. In a study on veterinarians from 38 
countries all over the world taking part in an international conference on pig health, those 
participants that had at least 5 hours per week or daily pig contact had 16.3 times higher 
odds of nasal and/or oropharyngeal MRSA carriage compared with those who had pig 
contact less than once a month (Wulf et al., 2008b). A study on LA-MRSA in veal calf 
farmers and their household members showed that the probability of persistent LA-MRSA 
nasal carriage increased when the number of working hours increased (Dorado-García et 
al., 2013). A 1-year prospective cohort study including six samplings of 110 pig farmers 
with a median of 44 weekly working hours in the barns found 38% persistently carrying LA-
MRSA in their nose, 42% intermittently carrying LA-MRSA and 20% being non-carriers 
(van Cleef et al., 2014). Analysing for risk factors of LA-MRSA carriage, the authors found 
that a working week of more than 40 hours/week, assisting sows at giving birth and higher 
bacterial counts in environmental samples were associated with LA-MRSA carriage. 
In a 2-year prospective cohort study, 137 veterinarians with frequent contact with pigs or 
veal calves were tested five times during 2 years (Verkade et al., 2013). The proportion of 
persistent nasal and/or oropharyngeal carriers (positive in all samplings) was 23% 
(32/137), intermittent carriers (positive in 1–4 samplings) 41% (56/137) and non-carriers 
(negative in all samplings) 36% (49/137). Intensive contact with pigs was significantly more 
frequent in persistent and intermittent carriers than non-carriers. A subsequent study 
analysed LA-MRSA isolates from 16 of the veterinarians participating in the previous study 
using whole-genome mapping (Bosch et al., 2015). According to the analysis, all 16 
veterinarians carried indistinguishable strains in at least two samplings and eight 
veterinarians carried indistinguishable LA-MRSA strains in all four samplings. 
In another prospective cohort study (Walter et al., 2017), veterinarians were tested four 
times: in 2008–2009, 2011, 2012 and 2014. Of the 31 veterinarians who participated in all 
four nasal samplings 26% (8/31) were LA-MRSA-positive in all samplings, 23% (7/31) in 
three samplings, 35% (11/31) twice and 16% (5/31) only in the first sampling. The same 
spa type in all samplings was isolated from 50% (4/8) of the participants who tested 
positive in all samplings, but the strains were not characterized further. 
Graveland et al. (2011) studied the prevalence of MRSA in veal calf farmers, their 
household members, and farm employees during three periods with different levels of 
exposure to animals: for 3 weeks during high exposure (animals on farm), 3 weeks during 
no or low exposure (farmers on holiday or animals absent from farm) and again for 3 
weeks during high exposure (new animals on farm). Farmers took nasal and 
oropharyngeal samples once a week during high exposure and twice a week during low 
exposure. Samples were taken in the morning and in the evening. When the animals were 
on the farm, average MRSA prevalence was 25%, when animals were absent between 
production cycles but farmers were still present on the farm average prevalence was 22%, 
and when the farmers were on holiday absent from the farm only 11% were MRSA 
carriers. This study found that 7% were persistent carriers, 58% intermittent carriers and 
35% non-carriers. Persistent carriage was defined as a farmer being positive on all 10 
sampling days in at least one of the four samples. Altogether, 92.7% of the found spa 
types belonged to CC398 and all persistent carriers had only spa types of CC398 but not 
necessarily persistently the same spa type. None of the farmers persistently carried a 
strain other than CC398. 
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In contrast, a similar study conducted on pig farms found that 59% of the participating 35 
pig farmers were nasal carriers of LA-MRSA before leaving for a holiday of 7 to 14 days 
and were still LA-MRSA-positive after their return before entering the pig barn (Köck et al., 
2012). Only 7% of the previously positive farmers were cleared of LA-MRSA during their 
holiday and remained LA-MRSA-free during the testing on 3 consecutive days after 
returning home and to work in the pig barn. 
Family members of people working with livestock are also at increased risk of becoming 
LA-MRSA carriers. Van Cleef et al. (2015) detected a 10% prevalence of LA-MRSA in 
household members of pig farmers with 4% persistent nasal carriers. Household members 
of veal calf farmers were found to have a prevalence of 13%, with 8% persistent nasal 
carriers (Dorado-García et al., 2013). The nasal prevalence in household members of 
veterinarians visiting pig farms was 9% in a German study (Cuny et al., 2009). In a Dutch 
prospective cohort study (Verkade et al., 2014), mean nasal and/or oropharyngeal 
prevalence among non-exposed household members of livestock veterinarians was 4%. 
Transmission between family members was observed in 28 families (21%). Prevalence of 
LA-MRSA was significantly higher in household members of veterinarians persistently 
carrying LA-MRSA compared with intermittent or non-carriers. 
LA-MRSA carriage in humans with short-term livestock contact is often only temporary. 
When epidemiological fieldworkers sampling veal calves and pigs on farms were sampled 
for MRSA directly after sampling, LA-MRSA was detected in 17% of the fieldworkers’ nasal 
samples but 24 hours later only 6% were positive for LA-MRSA (van Cleef et al., 2011). 
Looking at LA-MRSA prevalence on the farms based on dust samples, the authors found 
that there was a positive association between the prevalence of LA-MRSA on the farms 
and the odds of the fieldworkers acquiring LA-MRSA. Similar results of LA-MRSA 
persistence in short-term contact with pigs were reported by Angen et al. (2017) with a 
nasal prevalence of 94% right after the pig farm visit, 23% 2 hours later, 1% after 7 days 
and no LA-MRSA detected after 14 days. The oropharyngeal samples of the participants 
were all MRSA-negative throughout the trial. 
 
2.4.5 LA-MRSA in the community and in healthcare facilities 
Since LA-MRSA was discovered, one of the main research questions has been whether it 
poses a risk to the wider community and healthcare facilities. LA-MRSA has been detected 
in the soil 300 metres downwind of pig farms and in the air 150 metres downwind of pig 
farms (Schulz et al., 2012). A recent study detected LA-MRSA in the soil 400 metres from 
the farm and in the air up to 300 metres from a pig farm but in very low concentrations 
(Angen et al., 2021). This study also found very limited temporary nasal contamination of 
humans staying outside the barn and up to 400 metres from the farm for an average of 
10.5 hours. Living in an area with high livestock density, living close to a livestock farm and 
living in rural areas rather than urban areas have been identified as risk factors for LA-
MRSA carriage in people without livestock contact in Dutch and Danish studies (Anker et 
al., 2018; Feingold et al., 2012; Zomer et al., 2016). 
Sporadic outbreaks of LA-MRSA in healthcare facilities have been reported (Nielsen et al., 
2016; Verkade et al., 2012; Wulf et al., 2008a) but there is also evidence that the 
transmissibility of LA-MRSA in hospitals is lower than that of other MRSA genotypes 
(Hetem et al., 2013). In Spain, 79% of clinical LA-MRSA isolates from hospitals were 
multiresistant and 17% were resistant to at least six antimicrobial classes (Ceballos et al., 
2020). A recent Danish study on LA-MRSA CC398 isolates in healthcare-associated 
infections in humans found that these isolates originated in pigs and were repeatedly 
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introduced to healthcare facilities from pig farms close by (Sieber et al., 2019). According 
to the study, the IEC and scn gene were often required for human carriage of these 
strains, while antimicrobial resistance genes typical for pig isolates erm(B), lnu(B), tet(K) 
and czrC were often lost. Acquisition of the IEC has been shown to increase transmission 
of LA-MRSA within households, but IEC-positive LA-MRSA has not been observed widely 
in the community or healthcare settings (Sieber et al., 2020; van Alen et al., 2017). 
A register-based cohort study in Denmark observed a lower risk of hospitalization and 
death up to 2 years after LA-MRSA diagnosis compared with other MRSA strains (Holten 
Møller et al., 2020). However, the hazard ratio for hospitalization (1.09) or death (0.85) 
was equal for carriers of LA-MRSA and other MRSA strains if an MRSA infection was 
present at the time of diagnosis. 
A study initiated by the European Centre for Disease Prevention and Control (ECDC) 
surveyed LA-MRSA prevalence among human isolates in EU / European Economic Area 
countries in 2013 (Kinross et al., 2017). Surveillance of MRSA in general was not 
standardized, not all countries replied, some countries only reported data for certain 
regions within the country and some reported only clinical samples. Therefore, the results 
of this survey are only indicative. The proportion of LA-MRSA isolates of all isolates was 
highest in the Netherlands and Denmark with 21.5% and 16.7% of clinical MRSA samples 
assigned to LA-MRSA. 
LA-MRSA is frequently found in meat but enterotoxin-encoding genes have been 
discovered infrequently in LA-MRSA isolates (Mama et al., 2020). In recent years, 
surveillance of MRSA in meat products has been restricted to a few countries only. LA-
MRSA prevalence in pork at retail has been reported by Switzerland (0.3%) and Finland 
(6.0%) in 2017. Switzerland and Austria tested broiler meat in 2018 with LA-MRSA 
prevalences of 0.6% and 1.0%, respectively. Spain tested rabbit meat in 2016 and found 
LA-MRSA in 6.0% of samples. LA-MRSA is not considered a food-borne pathogen (EFSA 
& ECDC, 2021; Wendlandt et al., 2013b) and common food hygiene practices are 
sufficient to prevent transmission through food. 
 
2.4.6 LA-MRSA in Finland 
The EFSA baseline study in 2008 indicated that the prevalence of LA-MRSA in dust 
samples from production pig holdings was very low in Finland, 0.7%, and no LA-MRSA 
was detected in dust samples from breeding pig holdings (EFSA, 2009). To obtain more 
accurate prevalence, a survey was launched in September 2009 (FINRES-Vet, 2011). In 
this study, 22% of the samples taken from pigs at slaughter were found to be positive for 
LA-MRSA. In a consecutive survey, conducted between October 2011 and March 2013, all 
top breeding farms with a special pathogen-free status in Finland were examined for 
MRSA (FINRES-Vet, 2015). No MRSA was detected. In 2016, the Finnish Food Safety 
Authority launched a new study to investigate the prevalence of MRSA in pigs at slaughter. 
Between 2016 and 2017, LA-MRSA was found in 77% of pig slaughter batches and 6% of 
pork meat samples at retail (FINRES-Vet, 2018). There are no recent data from 
surveillance at farm level. Prevalence of LA-MRSA in samplings conducted at 
slaughterhouses has been found to be higher than on farms (Broens et al., 2011a). 
Initially, LA-MRSA-negative pigs may become LA-MRSA-positive during transport or at the 
slaughterhouse due to contact with LA-MRSA-positive pigs or the slaughterhouse 
environment (Bangerter et al., 2016; Broens et al., 2011a; Schmithausen et al., 2015b). 
Recently the prevalence of LA-MRSA was surveyed also in fur animals. No LA-MRSA was 
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detected in the minks, blue foxes and raccoon dogs sampled (Finnish Food Authority, 
2021). 
A study conducted on Finnish pig farms in 2012–2013 (Ministry of Agriculture and 
Forestry, 2015) determined the prevalence of MRSA colonization among pig farmers and 
their household members and compared MRSA strains found in humans and animals. A 
total of 8% of the humans exposed to MRSA-positive pigs were found to carry MRSA. The 
strains isolated from humans and pigs all belonged to CC398. 
In Finland, the proportion of MRSA of invasive S. aureus isolates in humans is low 
compared with most of continental and especially southern Europe (ECDC, 2020). 
According to the ECDC data (2020), it was 2.1% in 2019 in Finland compared with 11.6% 
in France, 34.8% in Portugal and 46.7% in Romania. The number of new MRSA cases 
each year in Finland is around 1300 (Finnish Institute for Health and Welfare, 2021b). 
In humans, LA-MRSA CC398 was first discovered in Finland in 2007, in an employee of a 
veterinary teaching hospital during an epidemic involving 13 horses. Until April 2009, a 
total of 10 cases had been found. Only the staff member of the equine hospital had had 
evident animal contact (Salmenlinna et al., 2010a). Since then, LA-MRSA human cases 
have been reported yearly and the proportion of LA-MRSA of all MRSA cases has been 
slowly increasing. It reached 6.3% in 2020, t034 being the predominant spa type (Finnish 
Institute for Health and Welfare, 2021a). Until 2014, approximately 50% of the MRSA 
CC398 strains belonged to the human-adapted clade but since 2015 the proportion of the 
livestock-adapted clade has increased (Salmenlinna et al., 2021). 
 
 

2.5 Extended-spectrum beta-lactamase-producing Enterobacteriaceae 
 
The family of Enterobacteriaceae includes several Gram-negative bacterial species. When 
it comes to zoonotic multidrug resistance, E. coli, Klebsiella pneumoniae and Salmonella 
spp. are the most important bacteria belonging to this family. In Finland, the most 
important ones are E. coli and K. pneumoniae in humans (Finnish Institute for Health and 
Welfare, 2021b). In livestock, only the prevalence of ESBL-producing E. coli is monitored 
(FINRES-Vet, 2020). In surveillance samples of Finnish dogs, 95% of the ESBL-PE 
detected were E. coli and 3% K. pneumoniae (Anttila, 2019). E. coli is an opportunistic 
pathogen of the normal gut microbiota, is the most common cause of urinary tract 
infections in humans and animals and it causes also severe infections such as 
bloodstream infections (Nelson & Greene, 2020). K. pneumoniae is responsible for 
pneumonia and bloodstream infections mostly in intensive care units or among 
immunocompromised patients in the hospital setting (Nelson & Greene, 2020). 
ESBLs are enzymes produced by bacteria belonging to the Enterobacteriaceae family. 
There is no consensus definition of ESBLs. They may be classified more strictly or very 
broadly to also comprise AmpC enzymes. Often ESBLs are defined as beta-lactamases 
capable of hydrolysing the beta-lactam ring of penicillins, 1st, 2nd (excluding 
cephamycins), 3rd and 4th generation cephalosporins and the monobactam aztreonam but 
inhibited by clavulanic acid (Paterson & Bonomo, 2005). ESBL-producing bacteria are 
often variably resistant to other antimicrobial classes as well. Usually, the definition ESBL 
comprises only plasmid-encoded enzymes and does not include chromosomally-encoded 
enzymes (Paterson & Bonomo, 2005). While the linear chromosome of the bacterial cell 
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contains essential genes, the smaller circular plasmid contains only genes that give the 
bacterium additional advantage such as resistance genes. Most plasmids are highly 
mobile, easily transmitted between strains and species and thus important vectors of 
horizontal gene transfer (Smillie et al., 2010). 
AmpC beta-lactamases are found in the chromosomal DNA of many Gram-negative 
bacteria and confer resistance to penicillins, 2nd and 3rd generation cephalosporins and 
cephamycins, and are not inhibited by clavulanic acid (EFSA Panel on Biological Hazards 
(BIOHAZ), 2011). Intrinsic AmpCs are not found in Klebsiella or Salmonella but as an 
increasing number of AmpC genes are found on plasmids (pAmpC) their mobility between 
bacterial species or strains gives reason for the growing concern. As the resistance genes 
are located on extrachromosomal plasmids, dissemination is effective and transmission 
routes complex. Transmission may happen both vertically through bacterial clones 
(Huijbers et al., 2014) and horizontally by gene transfer (van Duijkeren et al., 2017). It is 
therefore difficult to determine the source of transmission. Mutations in genes encoding 
porins, drug efflux pumps or penicillin-binding proteins combined with ESBLs and/or 
AmpC, or production of carbapenem-hydrolysing beta-lactamases can lead to resistance 
to carbapenems (Arias & Murray, 2009), which are considered drugs of last resort. For 
simplicity, the term ESBL-PE is thereafter used in this thesis to cover both extended-
spectrum and AmpC beta-lactamase-producing Enterobacteriaceae. 
 
2.5.1 ESBL-PE in animals in Europe 
Prevalence of ESBL E. coli in livestock varies widely within the EU (EFSA & ECDC, 2021). 
In 2018, the prevalence of ESBL and/or AmpC E. coli in broiler flocks was lowest in Ireland 
and the Netherlands (0.5%) and highest in Lithuania (29.0%). In Finland, the prevalence 
was 0.6%. In broiler meat, prevalence ranged from 11.6% in Malta to 78.0% in Spain. In 
Finland, the prevalence was 15.3%. Prevalence in fattening pigs was lowest in Cyprus 
(2.1%) and Finland (2.4%) and highest in Italy (99.2%). In pork at retail, prevalence ranged 
from 0.0% in Finland and the Netherlands to 24.4% in Portugal. In bovine meat at retail, 
the UK had the lowest prevalence (0.3%) and Portugal the highest (18.3%). In Finland the 
prevalence was 0.7%. A recent meta-analysis determined a 6.2% prevalence for ESBL E. 
coli in dogs and 2.5% prevalence in cats in Europe (Salgado-Caxito et al., 2021). A total of 
36 different genotypes and 96 STs were detected among the isolates from dogs and cats 
in the European studies. 
 
2.5.2 ESBL-PE in humans 
Due to the fact that the resistance-encoding genes can be located on mobile elements 
such as plasmids, the epidemiology of multidrug-resistant Enterobacteriaceae is complex. 
Antibiotic use during the last 4 or 12 months and international travel, especially to India, 
have been shown to be risk factors for faecal colonization with ESBL-PE in a meta-
analysis of 62 studies (Karanika et al., 2016). A Dutch multicentre, longitudinal, 
prospective cohort study showed 34.3% of participants acquiring ESBL-E. coli during 
travel. After return, carriage rates decreased with 11.3% of travellers still carrying ESBL-
PE 12 months after return (Arcilla et al., 2016). Acquisition was especially high in travellers 
travelling to Asia or northern Africa. A Finnish study found 21% of travellers acquiring 
ESBL-PE and showed that use of antimicrobials in connection with travellers diarrhea 
significantly increased the risk for ESBL-PE colonization (Kantele et al., 2015). 
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Community carriage of ESBL E.coli and K. pneumoniae is relatively low in Finland, 4.7% 
and 1.1%, respectively (Ny et al., 2018). The most common ST detected in the strains was 
ST131 and the most prevalent ESBL gene was blaCTX-M-15 (Gröndahl-Yli-Hannuksela et. al, 
2020). Other ESBL genes detected in single isolates were blaCTX-M-55, blaCTX-M-132 and 
blaSHV-12.  
Studies on zoonotic transmission of ESBL-PE are inconclusive. In a study examining 716 
isolates from human, animal and food samples, Börjesson et al. (2016) did not find 
evidence of a major clonal spread of ESBL or pAmpC genes through livestock and food in 
Sweden. However, according to their study, poultry and chicken meat might act as a 
reservoir and one route of dissemination from animals to humans. However, a British study 
found no evidence that ESBL E. coli isolates from human invasive infections or from 
human faeces would have had any connection to the food chain as studied from sewage, 
food at retail, farm slurry and animals (Day et al., 2019). 
Companion animals and their owners seem to share several ESBL and pAmpC strains 
(Ljungquist et al., 2016; Pomba et al., 2017) but at least for some lineages this was more 
likely due to spillover from humans to animals (Kidsley et al., 2020). A recent Dutch 
modelling study based on data from both research and surveillance, calculated that 60.1% 
of the transmission of ESBL/pAmpC E. coli genes happened between humans within the 
community (Mughini-Gras et al., 2019). A total of 6.9% was attributed to carriers belonging 
to high-risk groups including returning travellers, patients with clinical ESBL/pAmpC E. coli 
infection or requiring hospitalization or stay in a long-care facility, and poultry and pig 
farmers. Food sources were responsible for 18.9% of intestinal carriage, seafood and 
chicken meat having the highest impact. Recreational contact with livestock stood for 3.6% 
and recreational contact with companion animals 7.9%, chickens and dogs being the 
species with the highest impact. In addition, swimming in surface fresh water and contact 
with wild birds accounted for a small proportion of transmission events. 
 
 

2.6 Control of transmission of multiresistant bacteria 
 
2.6.1 Surveillance in livestock in the European Union 
Surveillance of antimicrobial resistance in bacteria isolated from food-producing animals in 
the EU was based on Decision 2013/652/EU from 2014 to 2020. Since 1 January 2021, it 
has been based on Commission Implementing Decision (EU) 2020/1729, which is 
applicable from 2021 until 2027. The former decision included detailed rules for uniform 
surveillance and reporting of Salmonella spp., Campylobacter jejuni and Campylobacter 
coli, indicator commensal E. coli, ESBL-, AmpC- and/or carbapenemase-producing 
Salmonella spp., and E. coli in poultry, pigs and bovines as well as retail meat from these 
animals. The new decision does not include any changes in target organisms but there are 
changes to sampling, panels of antimicrobial substances and the possibility to use WGS 
as an alternative to phenotypic methods for ESBL-, AmpC- and/or carbapenemase-
producing E. coli. Surveillance of these bacteria in meat is broadened to cover imported 
meat at border control points. Monitoring of MRSA in animals and food is voluntary. 
Results of the monitoring are reported yearly in the European Union Summary Report on 
Antimicrobial Resistance in Zoonotic and Indicator Bacteria from Humans, Animals and 
Food of the EFSA and the ECDC. 
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Finland has implemented the FINRES-Vet surveillance programme covering antimicrobial 
resistance in zoonotic bacteria, pathogenic bacteria of animals and indicator bacteria since 
2002. In 2014, it was harmonized with EU legislation. In addition to the monitoring 
prescribed by EU legislation, Finland has made the national decision to monitor the 
resistance of certain animal pathogens, the resistance of bacteria isolated from bovines 
and, in occasional surveys, the resistance of MRSA in fattening pigs and pork. In addition, 
the occurrence of ESBL-producing E. coli in imported poultry flocks is monitored by the 
operators according to the instructions of the food industry and livestock producers’ 
association Animal Health ETT (Animal Health ETT, 2021a, 202b, 2021c, 2021d). In 
national legislation, MRSA is listed under ‘other notifiable animal diseases’ for bovines, 
pigs, horses, and fur animals, among others (Ministry of Agriculture and Forestry, 2021). 
MRSA findings in these animals must be reported monthly by veterinarians and 
laboratories to the municipal veterinarian or the Regional State Administrative Agency. 
 
2.6.2 Infection prevention and control in veterinary practice 
Infection prevention and control (IPC) practices such as hand hygiene and the use of 
personal protective equipment (PPE) are an important tool to protect both patients and 
healthcare providers from healthcare-associated infections and to reduce the spread of 
microbes including those resistant to antimicrobials (WHO, 2019). In the veterinary field, 
several national guidelines for infection control or control of resistant bacteria have been 
issued (Australian Veterinary Association, 2017; BSAVA, 2016; Stull et al., 2018; Williams 
et al., 2015). These guidelines stress the importance of hand hygiene and the use of PPE 
to protect veterinarians from zoonotic diseases and resistant bacteria. In Finland, a 
hygiene guide for companion animal practices and hospitals was published only recently 
as a result of the National Action Plan on Antimicrobial Resistance (Thomson & Aaltonen, 
2019). Compared with human healthcare settings, the veterinary field is more diverse. 
While companion animal practices and clinics are closer to the hospital setting, ambulatory 
livestock and equine veterinarians work on several farms or in several stables every day. 
The farmer or stable owner provides the hand hygiene facilities, and the veterinarian 
transports the medicines and medical equipment between farms or stables. On livestock 
farms, PPE, such as coveralls and rubber boots, are often provided by the farmer as part 
of the biosecurity measures of the farm. The aim of biosecurity measures is to lower the 
risk of animal diseases entering an animal population, establishing themselves and 
transmitting within the population or to other populations (OIE, 2019). Use of PPE and 
hand hygiene are important biosecurity measures, but the emphasis is on protecting the 
animal population rather than the humans coming into contact with the animals. 
 
2.6.2.1 Hand hygiene 
According to IPC recommendations, a proper non-surgical handwash includes wetting 
hands and rubbing them with liquid soap for at least 15–20 seconds before rinsing and 
drying with disposable paper towels (CDC, 2002; Williams et al., 2015). According to WHO 
guidelines (2009), the duration of the entire procedure should be 40–60 seconds. The aim 
of hand hygiene is to decrease the amount of transient microbes on the skin (Pittet & 
Boyce, 2001) and handwashing removes only part of them, whereas alcohol-based hand 
rub has been shown to be more effective, faster and more accessible (Allegranzi & Pittet, 
2009). Nevertheless, as alcohol-based hand rubs do not work properly on hands soiled 
with organic material or certain pathogens such as non-enveloped viruses, bacterial 
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spores or parasite oocysts, handwashing remains an important part of hand hygiene in 
veterinary practice. To decontaminate clean hands with alcohol-based hand rub, a palmful 
of hand rub should be applied and hands should be rubbed until dry, the entire procedure 
lasting for 20–30 seconds (WHO, 2009). 
Several studies from both human healthcare settings and veterinary clinics have shown 
that adherence to hand hygiene guidelines is often poor (Anderson et al., 2014; Erasmus 
et al., 2010; Smith et al., 2013; Wright et al., 2008). Veterinary IPC studies are mainly 
restricted to companion animal clinics or hospitals and focused mainly on hand hygiene 
(Anderson, 2015; Anderson et al., 2014; Espadale et al., 2018; Schmidt et al., 2020), while 
studies on ambulatory livestock and equine veterinarians are few. In a mail-out population 
survey conducted in the USA, 48.4% of small animal veterinarians reported that they 
always washed or sanitized their hands between patient contact, while the corresponding 
proportion for large animal veterinarians and equine veterinarians was only 18.2%. 
Correspondingly, studies from Sweden and Finland have shown that hand hygiene and 
use of PPE are suboptimal on farms (Nöremark & Sternberg-Lewerin, 2014; Sahlström et 
al., 2014). Pig farms have stricter biosecurity policies than cattle and sheep farms 
(Nöremark & Sternberg-Lewerin, 2014; Sahlström et al., 2014), whereas in stables 
biosecurity requirements are often non-existent (Nöremark & Sternberg-Lewerin, 2014). 
 
2.6.3 Control of LA-MRSA on and between farms 
To prevent transmission of LA-MRSA from animals to humans, reducing the occurrence of 
LA-MRSA in pigs or eradicating LA-MRSA from pigs has been the focus of several studies 
(Dierikx et al., 2016; Höjgård et al., 2015; Kobusch et al., 2020; Olsen et al., 2018; 
Schmithausen et al., 2015a; Schollenbruch et al., 2021; Verstappen et al., 2016). As use 
of antimicrobials has been defined as a risk factor for LA-MRSA carriage in pigs, it has 
been expected that a reduction in their use would decrease the prevalence of LA-MRSA 
(Dierikx et al., 2016). In the Netherlands, one of the first countries to discover LA-MRSA in 
pigs, antimicrobial usage in industrial farming was drastically reduced from 2010 onward, 
decreasing antibiotic use in fattening pigs by 50% between 2009 and 2014 (SDa, 2015). 
Despite this reduction, the occurrence of LA-MRSA in pigs at slaughter and slaughter 
batches increased from 39% and 61% in 2005 to 83% and 100% in 2015, respectively 
(Dierikx et al., 2016). 
For the Dutch veal calf sector, reduction in antibiotic usage began in 2007 and had 
reduced by 46% by 2014 (SDa, 2015). An intervention study conducted in 2010–2012 
investigated the effects of a reduction in antibiotic use and a reduction in antibiotic use 
combined with a cleaning and disinfection programme on the prevalence of LA-MRSA on 
veal calf farms (Dorado-García et al., 2015b). A reduction in antibiotic use was achieved 
by favouring individual treatment instead of group treatment, allowing group treatment only 
if certain criteria were met including supervision by a veterinarian. Only one antibiotic for 
prophylactic mass treatment at the start of a production cycle was allowed. This so-called 
start treatment has since been banned in the Netherlands. The reduction in antibiotic use 
significantly reduced the probability of MRSA carriage in veal calves, whereas in the group 
with both a reduction in antibiotic use and cleaning and disinfection, there was no 
significant change in LA-MRSA prevalence compared with the control group. The authors 
suggest that this might have been due to increased LA-MRSA loads in the air of the 
housings after the cleaning and disinfection programme. 
In a pilot study (Schollenbruch et al., 2021), LA-MRSA-positive pigs were placed in two 
separate barns with straw bedding. One of the barns was subjected to a simple cleaning 
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procedure, while the other one was professionally cleaned and disinfected before arrival of 
the pigs. During the fattening period of 16 weeks, LA-MRSA prevalence in the pigs 
reduced to zero in the group with simple cleaning and to 28% in the group with cleaning 
and disinfection. The authors suggest that straw bedding containing epiphytic bacteria 
might be beneficial in reducing LA-MRSA prevalence in pigs and speculate that residual 
bacteria after the simple cleaning process might have competed with the LA-MRSA and 
contributed to the clearing of the pigs. However, as the study lacked a control group, the 
main finding of the study was that pigs can be cleared of LA-MRSA when placed in an LA-
MRSA-negative environment. 
 
2.6.3.1 Eradication trials 
Several eradication trials have been conducted on pig farms. A German study 
(Schmithausen et al., 2015a) set out to eradicate ESBL-PE and LA-MRSA from a pig farm. 
After culling the original pigs, the stables were professionally decontaminated. The new 
sows and gilts were screened for both ESBL-PE and LA-MRSA and entered the barns 
after negative samples. In addition, dust samples were taken at the supplier farm to 
confirm that the farm was negative for the pathogens in question. However, 2 days after 
arrival, three of the new pigs were found to be LA-MRSA-positive, while ESBL-PE was not 
detected. LA-MRSA prevalence increased during the following months. Within 2 months it 
reached the prevalence of LA-MRSA in the pigs on the farm before the culling and the 
decontamination process. ESBL-PE remained absent for the follow-up period of 12 
months. spa typing revealed that the original clones had been replaced by a new spa type 
after decontamination. One explanation for the recolonization of the farm with LA-MRSA 
might have been the new pigs as their screening had taken place 3 months before their 
transport to the farm. 
A recent study (Kobusch et al., 2020) showed that routine cleaning and disinfection 
procedures were enough to decontaminate a pig housing in the areas within reach of the 
animals. However, outside of the animal area, LA-MRSA was still detectable and may 
spread to the decontaminated areas. After the EFSA baseline study in 2008 found a 0.7% 
prevalence of LA-MRSA in production holdings in Norway, Norway adopted a strict search-
and-destroy policy concerning LA-MRSA (EFSA, 2009; Grøntvedt et al., 2016). An all-
in/all-out strategy with an LA-MRSA-negative supplier farm and good cleaning and 
disinfection routines were found to be effective in preventing LA-MRSA from establishing 
itself on a farm. In addition to animal trade, human-to-animal transmission was found to be 
an important route for the introduction of LA-MRSA (Grøntvedt et al., 2016). Norway’s 
policy was adopted at the point when LA-MRSA prevalence in pigs in Norway was low and 
has been considered cost-effective (Norwegian Veterinary Institute, 2016). A Swedish 
modelling study (Höjgård et al., 2015) found that the prevention of the introduction of LA-
MRSA in pigs in Sweden would be feasible considering the costs of eradication measures 
and the benefits, i.e. healthcare costs saved. At the time of the study, LA-MRSA was at a 
very low level in Swedish pigs (SWEDRES-SWARM, 2011). The costs of eradication from 
a pig population with high LA-MRSA prevalence was estimated to greatly exceed the 
savings achieved in the public health sector in a Danish modelling study (Olsen et al., 
2018). 
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2.6.3.2 Phage trials 
The emergence of antibiotic resistance in bacteria has brought up the need for new 
therapies. One of these alternatives to chemotherapeutics, phage therapy, was actually 
used and studied in the pre-antibiotic era (Abedon et al., 2011; D’Herelle, 2007). 
Bacteriophages (phages) are viruses which infect bacteria and are present everywhere in 
the environment. Phages usually follow either a lytic or lysogenic life cycle (Skurnik & 
Strauch, 2006). Lytic phages attach to the surface receptors of the bacterium. They then 
inject their genome into the bacterium, replicate their genome and produce viral proteins, 
utilizing the metabolism of their host. The host is then killed to free the new generation of 
phages (Skurnik & Strauch, 2006). Temperate phages may either enter the lytic cycle 
described or a lysogenic cycle, where they integrate their genome in the host genome and 
replicate with the host without producing virions (Howard-Varona et al., 2017). Only lytic 
phages can be used for therapy purposes as lysogenic phages may integrate their 
genome into the host genome and thus make the host more pathogenic than before 
(Weinbauer, 2004). 
Phages target a limited host range, often only one bacterial species or subtype, and the 
pathogen needs to be identified to find the right phage before starting the therapy. 
However, this limited range of hosts also eliminates the common side effects of 
chemotherapy as only the pathogen is targeted and the normal microbiota is left unharmed 
(Skurnik & Kiljunen, 2016). While most S. aureus infecting phages belong to the 
Siphoviridae family and are lysogenic, lytic phages with a broad host range belonging to 
the Herelleviridae (formerly part of the Myoviridae) family are most interesting from the 
phage therapy point of view (Azam & Tanji, 2019). 
Phage therapy has been used to treat S. aureus infections in livestock with contradictory 
results. Gill et al. (2006) performed a placebo-controlled, multisite trial to eliminate 
S. aureus mastitis in dairy cows with the help of S. aureus bacteriophage K. In the 
treatment group, 16.7% of quarters were cured, whereas in the control group none of the 
quarters were cured but the difference was not statistically significant. In two studies on a 
sheep model of sinusitis, a cocktail of S. aureus-specific phages was shown to significantly 
reduce biofilm levels without inflammatory signs (Drilling et al., 2014) and not to have an 
effect on the profile of immune cells or cause tissue damage in the sinus mucosa during a 
20-day treatment (Drilling et al., 2017). The efficacy of a bacteriophage cocktail was tested 
on piglets inoculated with an LA-MRSA strain in vivo, on the LA-MRSA strain in vitro and 
on porcine nasal mucosa inoculated with the same strain ex vitro (Verstappen et al., 
2016). The phage cocktail was effective only in vitro. It did not reduce the colonization in 
the piglets or the nasal mucosa model. Thus, more studies are warranted to assess the 
efficacy and safety of phage treatment against S. aureus colonization and infection in 
livestock. 
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3 AIMS OF THE STUDY 
 
The aims of this study were to investigate the molecular epidemiology of LA-MRSA CC398 
and ESBL-PE in Finland in humans working in close contact with animals, i.e. 
veterinarians, to study colonisation and genetic diversity of LA-MRSA in pigs, and to study 
measures to prevent the transmission and spread of LA-MRSA and other multiresistant 
bacteria from animals to humans. 
The specific aims of the individual studies were to: 

1. determine the occurrence of LA-MRSA and ESBL-PE in Finnish veterinarians and 
characterize the isolated strains using WGS; 

2. investigate the adherence of Finnish ambulatory livestock and equine veterinarians 
to guidelines concerning hygiene practices and use of PPE; 

3. assess the quantity of LA-MRSA in porcine nasal and skin samples on farms and in 
a controlled environment and look into the genetic diversity of the strains; 

4. test phage treatment to eradicate or decrease the prevalence of LA-MRSA in pigs to 
prevent transmission from pigs to humans. 
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4 MATERIALS AND METHODS 
 

4.1 Study setting: studies I and II 
 
All veterinarians and students eligible to work as substitute veterinarians taking part in the 
Annual Veterinary Congress 2016 in Helsinki, Finland, were invited to participate in study I. 
The study was advertised both on social media (Facebook group for veterinarians) and in 
the Finnish Veterinary Journal (8/2016). For study II, a subset of the responses in study I 
was used, namely the responses of all ambulatory livestock and/or equine veterinarians 
who participated in study I and submitted the web-based questionnaire. 
 

4.2 Questionnaire (I, II) 
 
A web-based questionnaire was available to the study participants of studies I and II both 
on-site and afterwards between November 2016 and January 2017 (Appendix 1). In eight 
sections it covered questions concerning background information, general, occupational 
and recreational risk factors for carriage of multiresistant bacteria, hand hygiene 
opportunities at work, hand hygiene practices, use of PPE, and medical equipment 
hygiene. It was piloted by 14 veterinarians from all fields and edited according to their 
comments. 
 

4.3 Study setting: studies III and IV 
 
Pigs (III, IV) 
The study populations of studies III and IV are partly overlapping (Table 2). Study IV was 
an experimental study conducted at the large animal facilities of the University of Helsinki 
Laboratory Animal Center (later ‘controlled facility’). To select the pigs for the experiment, 
54 weanling pigs of about 14–15 kg were sampled on farm 1 in 2017. MRSA was detected 
in 38 of these pigs, and 20 pigs were randomly chosen from these 38 and assigned to two 
groups: the study group and the control group. Two weeks after sampling, these pigs were 
transported to the controlled facility. There the pigs were placed in two separate rooms 
with separate ventilation. In these rooms, the pigs were housed in two groups of five pigs 
in two pens with constant contact between the groups. 
Study III was conducted between 2016 and 2017 on two farms – farm 1 (same farm as in 
study IV) and farm 2 (a 120-sow farrow-to-finish farm) – and in the controlled facility. Per 
farm, 10 growing pigs from one pen were sampled three times at 1-week intervals in 2016. 
Both farms were farrow-to- finish farms: farm 1 with 700 sows and farm 2 with 120 sows. 
In addition, the 10 pigs of the control group in study IV were included in this study. Three 
samplings within 15 days were included (days 1, 10 and 15) to match the study setting on 
the two farms. 
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Samples of the pigs in the control group taken on farm 1 for selection prior to the 
experiment were included in the cgMLST analysis (III). In addition, a convenience sample 
of 17 LA-MRSA CC398 spa type t034 isolates of the Finnish Food Authority were included 
in the cgMLST analysis. The strains had been isolated from pigs between 2008 and 2017 
both for surveillance and from pathology samples. 

Table 2. Distribution of study populations between studies III and IV.  

  Year Population details Study III Study IV 
 

    
 

 2016 Farm 1  10 pigs Included Not included 
 2016 Farm 2  10 pigs Included Not included 
      
Pre-
experimental 
selection 

2017 Farm 1  10 + 10 pigs; 
later control 
group and study 
group 

Control group 
samples included in 
cgMLST analysis 

Both groups 
included 

      

Experimental 
phase  

2017 Controlled 
facility: 
control 
group 

10 pigs Included Included 

 
   

Controlled 
facility: 
study group 

10 pigs Not included Included 

   
   

 

2009–
2017 

Finnish 
Food 
Authority; 
surveillance 
and 
pathology 
samples  

17 strains Included in cgMLST 
analysis 

Not included 

cgMLST, core genome multilocus sequence typing 

 

Phages and host bacteria (IV) 
Six phages were used in the work (Table 3). All host MRSA strains were isolated from 
farms 1 and 2 in 2016 and were characterized in study III. 
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Table 3. Phages and host bacteria used in study IV. 

Phages Source Host bacteria 
Additional 
information 

vB_SauM_fRuSau02 
(fRuSau02) 

Isolated from 
commercial phage 
therapy product1 

Clinical 
Staphylococcus 
aureus strain 13 
KP2 

 

vB_SauP_EBHT3 
(EBHT) 

Collection of DSMZ4 MRSA 19A23 Named mEBHT 
when cultured in 
19A25 

ɸYeO3-126,7 
 

Yersinia 
enterocolitica 
6741/76-c8 

For optimization of 
in-house ELISA for 
antibody detection 

    
vB_SauS_fPfSau02 
(fPfSau02) 

Isolated from pig 
faeces on farm 2 
with standard 
methods9 

18B23; later 
standard host 
19A23  

 

   

vB_SauS_fPfSau03 
(fPfSau03) 

19A23  

vB_SauS_fPfSau04 
(fPfSau04) 

5A13  

MRSA, methicillin-resistant Staphylococcus aureus 

1 Leskinen et al., 2017. 
2 GenBank accession MT926124. 
3 Characterized in study III. 
4 German Collection of Microorganisms and Cell Cultures. 
5 As a recent study (Tuomala et al. manuscript in preparation) showed that phage EBHT changes its host 
range according to the host it is produced in, the phage produced in 19A2 is named mEBHT. 
6 Pajunen et al., 2000. 
7 Pajunen et al., 2001. 
8 Skurnik, 1984. 
9 Sambrook & Russel, 2001. 
 
Experimental setting and animal well-being (IV) 
After transport, the pigs were given a 2-week assimilation period before the trial started. 
One pig belonging to the control group was lost due to an injury shortly after transport. The 
experimental period lasted 23 days. On day 23, the pigs were euthanized using 
medetomidine (0.1 mg/kg) and ketamine (10 mg/kg) for sedation and pentobarbital (60 
mg/kg) for euthanasia (Table 4). 
Personnel and scientists adhered to a strict safety protocol including disposable overalls 
with hoods, disposable FFP2 masks, latex gloves covered with surgical gloves, and boots 
always put on before entering the rooms and disposed of when leaving. Anything that was 
taken in or out of the rooms was disinfected (Virkon S, LANXESS, Cologne, Germany) 
first. To prevent the phages from spreading from the study group to the control group, all 
procedures were first completed for the control group and then for the study group. 
The trial was conducted as an open study. At the beginning of the experimental phase, 
phage spray was applied to the study group pigs on days 1, 3 and 5. The control group 
was given placebo solution on the same days. Nasal and skin samples for detection of 
MRSA were taken before phage/placebo spray application on day 1 and an additional six 
times during the next 3 weeks (Table 4). Blood samples were taken on days 1, 2 and 23 to 
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test for the formation of anti-phage antibodies during phage treatment. Environmental 
samples from the floors of the study group pigpens were collected on the day of transport 
before the pigs arrived, on day 1 before the first phage application and on day 23 after 
euthanasia of the pigs. 
Table 4. Timeline and interventions in experimental study IV. Emboldened time points are the 
sampling points included in study III for the control group. 

    
Selection 
on farm Transport  

Assimilation 
phase Experimental phase Eut 

Intervention Day 0 14 15–27 1 2 3 4 5 6 10 15 22 23 
Rectal 
temperature     x x x        
                
Nose swab  x   x x  x  x x x x  
                
Skin swab     x x  x  x x x x  
                
Blood sample     x x        x 
                
Phage/placebo 
spray1     x  x  x      
                
Body 
temperature        x x x x x x  

Eut, euthanasia 
1 The study group received phage spray and the control goup was given placebo spray. 
 
The well-being of the pigs was monitored visually daily by the staff of the controlled facility 
and additionally, during the experimental phase, through daily body temperature 
measurements. Initial rectal temperature measurement was changed after 3 days to avoid 
unnecessary stress by microchipping the pigs for body temperature measurement 
(Lifechip with Bio-Thermo, Destron Fearing, Dallas, TX, USA). 
 

4.4 Ethics statement (I, II, III, IV) 
 
The project including studies I and II was approved by the Coordinating Ethics Committee 
of the Hospital District of Helsinki and Uusimaa (HUS/1446/2016). The experiment that 
took place at the University of Helsinki Laboratory Animal Center (studies III and IV) was 
conducted according to the Finnish Law on Animal Welfare and approved by the Project 
Authorization Board ELLA (project identification code ESAVI/7280/04.10.07/2017). 
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4.5 Sampling (I, III, IV) 
 
Study I (humans) 
Oropharyngeal and nasal samples of veterinarians were collected by a qualified nurse on-
site with two separate cotton swabs (M-40 Transystem Amies agar gel, Copan 
Diagnostics, Brescia, Italy). In addition, participants were given written instructions and a 
transport swab (M-40 Transystem Amies agar gel, Copan Diagnostics, Brescia, Italy) for 
rectal self-sampling. 
 
Studies III and IV (pigs) 
Samples for preselection for the experiment in 2017 were taken from pigs with transport 
swabs (M-40 Transystem Amies agar gel, Copan Diagnostics, Brescia, Italy) from one 
nare. Samples for MRSA detection from the pigs on farms 1 and 2 in 2016 and in the 
controlled facility were taken from both nares and from the skin behind one ear from an 
area of approximately 5 × 5 cm with a cotton swab (Selefa, OneMed, Stockholm, Sweden). 
For the skin samples the swab was moistened with either 0.9% saline solution or buffered 
peptone water (Oxoid, Basingstoke, UK). Swabs were separately placed in test tubes 
containing 1 ml of either 0.9% saline solution or buffered peptone water. 
Blood samples were taken from the jugular vein into vacuum tubes (BD Vacutainer SST II 
Advance). Samples were centrifuged at room temperature 1 hour after sampling at 1000 
rpm for 10 minutes (Eppendorf 5804 R Centrifuge). The sera were stored at −20°C until 
analysis. Environmental samples were stored at +4°C until analysis. 
 

4.6 Isolation and identification of MRSA and ESBL-PE (I, III, IV) 
 
4.6.1 Isolation and identification of MRSA (I, III, IV) 
 
Enrichment protocols (I, III, IV) 
Human oropharyngeal and nasal samples (study I) and the porcine nasal and skin 
samples taken on-farm in 2016 (study III) were enriched using a one-step enrichment 
protocol using Müller Hinton broth supplemented with 6.5% NaCl (Oxoid, Basingstoke, 
UK). The human samples were pooled into one sample per participant and added to 5 ml 
of supplemented Müller Hinton broth, while the porcine samples were processed 
individually by adding 100 μl of the original saline solution to 900 μl of supplemented 
Müller Hinton broth. The samples were incubated at 37°C for 16–24 hours.  After 
incubation, 10 μl of the suspension was cultured on CHROMagar MRSA selective plates 
(CHROMagar Microbiology, Paris, France). After incubation of the plates at 37°C for 16–
24 hours, one (study I) or one to three (study III) typical mauve-coloured colonies were 
selected and cultured on bovine blood agar (Columbia blood agar base, Oxoid, 
Basingstoke, UK) and incubated again at 37°C for 16–24 hours. 
For the pre-experimental selection samples from farm 1 and the samples taken during the 
experiment (studies III and IV), the two-step enrichment protocol of the European Union 
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Reference Laboratory for Antimicrobial Resistance (EURL-AR) (2009) was followed with 
slight modifications. The transport tubes from farm 1 were kept refrigerated (+4°C) 
overnight and processed the next day, while for the samples taken during the experiment 
the enrichment was started 1 week after sampling. Samples from the pre-experimental 
selection were enriched individually in 9 ml of Müller Hinton broth with 6.5% NaCl, while for 
the samples from the experimental phase, 3 ml of Müller Hinton broth with 6.5% NaCl was 
added to each test tube containing the sample and 700–800 μl of buffered peptone water. 
Incubation and culturing on selective agar and bovine blood agar were done as described 
in the previous paragraph. 
 
Direct plating (III, IV) 
Direct plating for quantitative assessment of MRSA was performed for the nose and skin 
swabs taken on the farms in 2016 and during the experimental phase in 2017. The 
samples were kept cold (+4°C) and processed within 12 hours (farm samples) and 3 hours 
(experimental phase samples). After thorough vortexing, serial dilution (10−1 to 10−4) was 
done with either 0.9% saline solution or buffered peptone water. A sterile spreader was 
used to spread 100 μl of the original solution and of the dilutions on CHROMagar MRSA 
plates. Incubation and reculturing of three typical colonies on bovine blood agar was done 
as described for the enrichment protocols. 
 
Identification of Staphylococcus aureus and confirmation of MRSA (I, III, IV) 
The identification of S. aureus was based on morphology, Gram staining, coagulase 
testing with rabbit plasma (BD BBL Coagulase Plasmas, Franklin Lakes, NJ, USA) and 
API Staph (bioMérieux, Marcy-l’Étoile, France) (I) or morphology, catalase testing, Gram 
staining and coagulase testing with rabbit plasma (BD BBL Coagulase Plasmas, Franklin 
Lakes, NJ, USA) (III and IV). 
For the farm isolates from 2016 and the isolates from the experimental phase an in-house 
multiplex PCR targeting mec (EURL-AR, 2009; Stegger et al., 2012) was used. From all 
catalase-, coagulase- and Gram-positive cocci isolated in study A and at the controlled 
facility, template DNA was extracted. Bacteria were cultured on bovine blood agar. Then a 
1 μl loopful of bacterial mass was suspended in 100 μl of solution A (1 μl/ml lysostaphin 
(Sigma-Aldrich L7386, Merck, Darmstadt, Germany) and 10 μl/ml lysozyme (Sigma-Aldrich 
L4919) in a Tris buffer (50 mM Tris buffer (pH 8), 50 mM NaCl and 25% saccharose)), 
followed by incubation at +37°C for 1 hour. Next, 50 μl of solution B (5 mg/ml proteinase K 
(Sigma-Aldrich P2308) in 50 mM Tris buffer (pH 8)) was added, followed by incubation at 
+50°C for 30 minutes. Inactivation of proteinase K was achieved through cooking for 5 
minutes. Cooling was followed by centrifugation at +4°C at 18,000 × g for 10 minutes. 
The isolates from the pre-experimental selection were confirmed to be MRSA using the 
PBP2′ latex agglutination test (PBP2′ Latex Agglutination Test, Oxoid, Basingstoke, UK) 
according to the manufacturer’s instructions. 
 
Control strains (I, III, IV) 
The positive and negative control strains used for identication of MRSA in the studies are 
depicted in Table 5. 
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4.6.2 Isolation and identification of ESBL-PE (I) 
Rectal swabs were stored at room temperature and processed within 24 hours of 
sampling. Selective isolation of ESBL-, AmpC- and carbapenemase-producing E. coli and 
K. pneumoniae was performed according to the protocol of the EURL-AR (2015). Selective 
MacConkey plates were validated using negative control strain E. coli ATCC 25922 and 
positive control strains 1967/06, B14-24 and 26/11 for quality control (Table 6). Single 
colonies with typical morphology of either E. coli (pink, moist, lactose-positive) or 
K. pneumoniae (mucoid, big, lactose-positive) were subcultured on CHROMagar 
Orientation plates supplemented with 1 mg/ml cefotaxime (USP, Rockville, MD, USA; 
Cayman Chemical Company, Ann Arbor, MI, USA). After incubation at +37°C for 20–24 
hours, single colonies either light pink, typical for E. coli, metallic blue, typical for K. 
pneumoniae, or mixed morphology of both colours were recultivated on bovine blood agar 
and incubated at +37°C for 20–24 hours. Species identification was based on Gram 
staining, an oxidase test and the API20E™ test (bioMérieux, Marcy-l’Étoile, France) 
according to manufacturers’ instructions. 
 
Table 6. Characteristics of positive control strains used for identification of extended-spectrum 
betalactamase-producing Enterobacteriaceae. 

Control strain Bacterial species Enzyme produced Enzyme 
type 

1967/061 Escherichia coli ESBL STX-M-9 

B14-241 Escherichia coli AmpC CMY-2 

26/112 Escherichia coli carbapenemase  OXA-48 

ESBL, extended-spectrum betalactamaseAmpC; AmpC, betalactamase 
1 Received from Annemieke Smet, University of Antwerpen, The Netherlands. 
2 Received from Jaroslav Hrabák, Charles University, Pilsen, Czech Republic. 
 
 

4.7 Antimicrobial susceptibility testing (I, III, IV) 
 
All isolates identified as S. aureus, E. coli or K. pneumoniae were tested for antimicrobial 
susceptibility using the disc diffusion method of the European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) standard (2013, 2015). For E. coli and K. pneumoniae, 
EU legislation (Commission Implementing Decision 2013/652/EU) and EFSA 
recommendations (EFSA Panel on Biological Hazards (BIOHAZ), 2011) were followed in 
the selection of the antimicrobial discs, and quality control was performed as described in 
section 4.6.2. For S. aureus, 30 μg cefotaxime discs (Rosco Diagnostica, Taastrup, 
Denmark) were used. EUCAST standard guidelines (2013) and EUCAST epidemiological 
cut-off values were used for measurement and interpretation of the zone diameters. The 
cut-off for a combination disc diffusion test was a ≥5 mm difference between inhibition 
zones. ESBL and/or AmpC and carbapenemase producers were identified according to 
Table 7. 
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Table 7. Interpretation of disc diffusion test results and combination disc diffusion test results for 
Escherichia coli and Klebsiella pneumoniae isolates to identify extended-spectrum beta-lactamase 
(ESBL) producers, AmpC producers, ESBL and AmpC producers, and carbapenemase producers.  

                 Phenotype 

Antimicrobial   ESBL1 AmpC2 
ESBL and 
AmpC3 CP4 

Cefotaxime 5 
μg, ceftazidime 
10 μg  

RR / RS / 
SR 

RR/ RS/ 
SR RR / RS / SR 

RR / RS / 
SR 

Cefoxitin 30 μg  S R R R 
Cefepime 30 
μg  R S R R 
Meropenem 10 
μg  S S S R 
Combination 
disc diffusion 
test5 

  Positive Negative Positive   

 
ESBL, extended-spectrum beta-lactamase; CP, carbapenemase producer; R, resistant; S, susceptible. 
1 ESBL producer. 
2 AmpC producer. 
3 ESBL and AmpC producer.  
4 Carbapenemase producer. 
5 Cefotaxime 30 μg and cefotaxime / clavulanic acid 30 μg / 10 μg; ceftazidime 30 μg and ceftazidime / 
clavulanic acid 30 μg / 10 μg. 
 

4.8 Whole-genome sequencing (I, III) 
 
4.8.1 Extraction of DNA (I, III) 
E. coli and K. pneumoniae isolates were grown in 7 ml Tryptone Soya Broth (Oxoid, 
Basingstoke, UK) for 16 hours at 37°C. Whole-genome DNA was extracted and purified 
with the PureLink Genomic DNA Mini Kit (Invitrogen, Thermo Fisher Scientific, Carlsbad, 
CA, USA) according to the manufacturer’s instructions. With the exception of strain 19A2 
and the strains isolated by the Finnish Food Authority, the same method described by 
Keto-Timonen et al. (2005) with modifications was used for DNA extraction of genomic 
DNA from S. aureus isolates in all three studies. 
Strains were cultivated in Tryptone Soya Broth as described in the previous paragraph. 
Cells were harvested from 2 ml of culture. For lysis, 400 μl of Tris-EDTA (10 mM Tris-HCl, 
1 mM EDTA) containing 8.1 mg/ml lysozyme, 161 IU/ml mutanolysin, 161.3 μg/ml 
lysostaphin and 16.1 μl/ml RNase was added. The suspension was incubated at 37°C with 
gentle shaking for 2 hours. To assure complete lysis, 9.2 mM of EDTA, 0.19 M of NaCl 
and 47.3 μg/ml of proteinase K were added. Thorough vortexing was followed by the 
addition of 0.8% (v/v) sodium dodecyl sulphate. Another 0.3% of sodium dodecyl sulphate 
was added in case the mixture did not turn opalescent. Incubation at +60°C for 1 hour 
under shaking followed. Phenol:chloroform:isoamyl alcohol and chloroform:2-pentanol 
extractions and precipitation with ethanol were performed. The DNA was then left for 
thorough vaporization of ethanol overnight. Tris-EDTA buffer was used for resuspension. 
After cultivation in 5 ml of lysogeny broth overnight at 37°C at 200 rpm, the cells of strain 
19A2 were collected by centrifugation. The NucleoSpin Microbial DNA Mini kit (Macherey-
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Nagel, Düren, Germany) was used for DNA extraction according to the manufacturer’s 
instructions. For the sequences from the Finnish Food Authority, DNA had been extracted 
with the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) following the Gram-
positive protocol according to the manufacturer’s instructions. 
The purity of the DNA of all other isolates except isolate 19A2 was checked with 
NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE, USA) and electrophoresis, 
and the concentration with Qubit® 2.0 (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, 
USA). For strain 19A2, Qubit 4.0 and agarose gel electrophoresis were used. 
 
4.8.2 Sequencing 
From study I, all phenotypically confirmed ESBL-, AmpC- and carbapenemase-producing 
E. coli and K. pneumoniae as well as MRSA strains were subjected to WGS. From study 
III, confirmed MRSA isolates were selected using the following priority order according to 
availability: 1) from nasal sample through direct plating, 2) from nasal sample through 
enrichment, 3) from skin sample through direct plating, 4) from skin sample through 
enrichment. Details of the WGS methods used are depicted in Table 8. 
 
Table 8. Details of whole-genome sequencing performed on strains from studies I and III. 

Study I III III 

Strains 
sequenced 

All phenotypically 
confirmed ESBL-
PE and MRSA 

Farm 1, farm 2 
2016 (not 6A3, 8A2, 
19A2); strains from 
Finnish Food 
Authority 

Pre-experimental 
strains farm 1 2017; 
6A3, 8A2, 19A2 

Platform Illumina HiSeq 
40001 

Illumina NovaSeq 
60001 

Illumina NovaSeq 
60002 

 
paired end paired end paired end 

Read length 2 × 100 bp 2 × 100 bp 2 × 150 bp 
Coverage 100 × 100 × 100 × 

ESBL-PE, extended spectrum betalactamase-producing Enterobacteriaceae; MRSA, methicillin-resistant 
Staphylococcus aureus 
1 Center for Genomics and Transcriptomics, Tübingen, Germany. 
2 Novogene, Cambridge, UK. 
 
4.8.3 Detection of resistance and virulence genes, and typing 
To detect resistance and virulence genes, and for MLST and spa typing of the isolates, 
tools from the Center for Genomic Epidemiology (CGE, Technical University of Denmark, 
Denmark) were used both online and locally using the scripts and databases of the CGE at 
https://bitbucket.org/genomicepidemiology/ either using raw reads or contigs (Table 9). 
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Table 9. Center for Genomic Epidemiology tools used for resistance and virulence gene detection, 
multilocus sequence typing and spa typing of resistant bacteria isolated in studies I and III. 

  Files used  CGE tools used 
Study I 

  

All confirmed 
ESBL-PE/AmpC-
PE/CPE isolates 

Contigs; assembly 
with PATRIC 3.3.18 
using SPAdes 

ResFinder 2.11; 
PlasmidFinder 1.32 
Enterobacteriaceae 
database; SpeciesFinder 
1.23; MLST 1.04, 5  

All confirmed 
MRSA isolates 

Raw reads MLST 1.04; spaTyper 1.06; 
ResFinder 2.11; 
VirulenceFinder 1.57  

Study III 
  

Confirmed MRSA 
isolates, one isolate 
per sampling 

Raw reads spaTyper 1.06; locally8: 
MLST4, ResFinder9, 
VirulenceFinder7 

AmpC-PE, AmpC-producing Enterobacteriaceae; CGE, Center for Genomic Epidemiology; CPE, 
carbapenemase-producing Enterobacteriaceae; ESBL-PE, extended-spectrum beta-lactamase-producing 
Enterobacteriaceae; MRSA, methicillin-resistant Staphylococcus aureus 
1 Zankari et al., 2012. 
2 Carattoli et al., 2014. 
3 Larsen et al., 2014. 
4 Larsen et al., 2012. 
5 Escherichia coli #1 (Wirth et al., 2006) was used as reference strain. 
6 Bartels et al., 2014. 
7 Joensen et al., 2014. 
8 Script and databases: https://bitbucket.org/genomicepidemiology/. 
9 Bortolaia et al., 2020. 
 
For study III, separate simplex PCR targeting the spa gene (Shopsin et al., 1999) was 
performed on all control group isolates from the experimental phase as well as a selection 
of isolates from farm 1 and farm 2. After Sanger sequencing of the PCR products at the 
University of Helsinki Institute of Biotechnology, BioNumerics 7.6.3 (Applied Maths, Sint-
Martens-Latem, Belgium) was used to determine the spa types. 
 
4.8.4 Core genome multilocus sequence typing (III) 
cgMLST was performed with SeqSphere+ 7.0.4 (Ridom, Münster, Germany) using the 
automated pipeline for assembly with SKESA (Souvorov et al., 2018) and the default 
scheme of 1861 target genes. A minimum spanning tree was created using the default 
cluster distance threshold of 24 and the ‘remove columns with missing values’ option. 
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4.9 Phage methods (IV) 
 
4.9.1 Phage titration and host range analysis 
The standard double layer method in lysogeny broth (Sambrook & Russel, 2001) was used 
to determine the phage titre. Lysogeny broth was supplemented with 1.5% (w/v) agar to 
prepare lysogeny broth agar plates. For soft agar, lysogeny broth was supplemented with 
0.4% (w/v) agar. The plates were incubated at 37°C. The spot assay (Sambrook & Russel, 
2001) was used to determine phage host range for phages that grew evenly in soft agar 
and the liquid culture method in Brain Heart Infusion Broth (Leskinen et al., 2017) for those 
that did not. 
 
4.9.2 Analysis of phage genome sequence 
A standard phenol-chloroform extraction and ethanol precipitation method (Sambrook & 
Russel, 2001) was used to isolate phage DNA. Phenol and chloroform residuals were 
washed away with the Vivacon 500 DNA concentrator (Sartorius, Göttingen, Germany) 
before WGS by Eurofins GATC Biotech (Konstanz, Germany). After de novo assembly 
with the A5 (Andrew And Aaron’s Awesome Assembly) pipeline (Coil et al., 2015), 
PhageTerm (Garneau et al., 2017) was used to determine genome termini. Geneious 
10.1.3 was used for verification of the assembly by mapping the original reads back to the 
assembled genome. For pairwise genome comparison, PLASTn with default parameters 
optimized for highly similar sequences was used. 
 
4.9.3 Phage cocktail 
EBHT was produced in liquid medium and fRuSau02 and fPfSau02 were produced from 
semiconfluent plates using standard methods (Sambrook & Russel, 2001) (Figure 1). 
Nasal spray bottles were used to apply 100 μl phage solution or placebo solution (SM 
buffer) to the nares of the pigs in the study group or the control group. The study group 
received a dose of 1 × 109 PFU of each phage. In addition, phage solution or placebo 
solution (SM buffer) was applied on the skin with larger spray bottles. One spray 
(approximately 1.2 ml/spray) was applied on the skin behind each ear, one on each side of 
the body and one on each side of the tail, i.e. six sprays in total matching a dose of 
approximately 1 × 109 PFU per study group pig. 
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mEBH fRuSau0 fPfSau0

Three- to fourfold concentration by ultrafiltration of raw lysates1

Liquid 
medium

Semiconfluent 
plates

Semiconfluent 
plates

500 ml 150 
l

500 ml 150 ml 120 ml 30 ml

Washing twice with 150 ml SM buffer2;
final concentrations 40–90 ml in SM buffer

1 :               1                  :                    1

Phage cocktail HFC-SA1

Nostril 
application

1×1010 PFU/ml 
per phage

Skin application
1.4×108 PFU/ml 

per phage

1 Vivacell 250 ultrafiltration concentrator with 100 kDa polyethersulfone membrane 
insert (Sartorius, Göttingen, Germany).
2 100 mM NaCl, 10mM MgSO4, 50 mM Tris-HCl, pH 7.5, 0.01% (w/v) gelatin.

Figure 1. Production of phage cocktail.
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4.10 Experimental phase 
 
4.10.1 Testing swab samples for phages 
Both skin and nostril samples were tested for phages by assaying 25 μl of each sample for 
plaques on S. aureus strains 13KP and 19A2 on soft-agar plates. If plaques were 
observed they were picked and suspended in 100 μl SM buffer. To identify the phages, 
plaque PCR was performed using 5 μl of the suspension as a template. The primers used 
are listed in Table 10. DreamTaq DNA polymerase (Thermo Fisher Scientific, Waltham, 
MA, USA) was used for PCR according to the manufacturer’s recommendations. 
 
Table 10. Primers used for phage identification in plaque polymerase chain reaction. 

Phage Primers used 

fRuSau02 fRuSau02_mcp_F (5′-GCCGTCCTGCTCAATCTACA) 
fRuSau02_mcp_R (5′-TACGTCTGCTGTTTCAGGCA) 

fPfSau02 fPfSau04_mcp_F (5′-AGCGAAAGTTAAAGACACAGGA) 
fPfSau04_mcp_R (5′-GCACTGTCTAATGTACGTTGCT) 

mEBHT EBHT-tp-for (5′-AGCGTGATTTCGGGTCGCTA) 
EBHT-tp-rev (5′-AGTGGCATGACGCACAAGG) 

 
For analysis of the environmental samples, 0.5–1.5 g of solid sample material was 
suspended in a 17-fold volume of SM buffer and incubated overnight at +4°C. After 
centrifugation, the supernatants were collected and sterile filtered. The phages were 
enriched adding a mixture of strains 13KP and 19A2 to 1.5 ml of the supernatants. Phages 
were then assayed in both strains as described for the swab samples. 
 
4.10.2 Analysis of pig serum samples for phage antibodies 
Phage antibody detection from pig serum samples was conducted with ELISA on 96-well 
plates (HB Black Frame, PerkinElmer, Waltham, MA, USA) using phages mEBHT and 
fRuSau02. Phage ɸYeO3-12 was used to optimize the ELISA assay as rabbit antiserum 
was available for the phage. For the ELISA plates, 500 ml phage lysate was produced of 
both phages. The lysates were purified with polyethylene glycol precipitation once and 
glycerol step gradient ultracentrifugation twice. 
Two different concentrations of phage ɸYeO3-12, 5 × 109 PFU in 200 μl and 1 × 1010 PFU 
in 200 μl, were used to set up and optimize an ELISA assay for antibody detection. A 96-
well plate was coated with the phage, and duplicate testing was performed for each 
condition. To block the wells, 100 μl of MAXblockTM Blocking Medium (Active Motif, 
Carlsbad, CA, USA) was added and the plates were rested for 3 hours at room 
temperature. A volume of 75 μl/dilution of six primary antibody dilutions (1:100, 1:500, 
1:1000, 1:2000, 1:5000 and 1:10,000) was used to test both phage concentrations. 
Detection was performed with 75 μl of a 1:200 dilution of Alexa Fluor 488-labelled 
secondary antibody Alexa Fluor 488-conjugated AffiniPure Goat Anti-Rabbit IgG (H+L) 
(Jackson ImmunoResearch Laboratories, West Grove, PA, USA) in phosphate-buffered 
saline. After incubation for 90 minutes at room temperature protected from light, 
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fluorescence was measured using the Hidex Plate CHAMELEON Multilabel Detection 
Platform (Hidex, Turku, Finland) and A488 settings. 
This method was then used for antibody detection from the pig serum samples. The wells 
were coated with 5 × 109 PFU of mEBHT or fRuSau02 in phosphate-buffered saline, and 
the assay was conducted with serum samples with 1:10 dilutions. For each sample, 
triplicate testing was performed. Detection was performed using Alexa Fluor 488-
conjugated AffiniPure Goat Anti-Swine IgG (H+L) secondary antibody (Jackson 
ImmunoResearch Laboratories, West Grove, PA, USA). 
 

4.11 Statistical analysis (I, II) 
 
Studies I and II 
The 95% confidence intervals (CIs) for proportions were calculated using Wilson’s method 
(Brown et al., 2001) with an Epitools calculator (Sergeant, 2018; 
https://epitools.ausvet.com.au/content.php?page=CIProportion). 
 
Study II 
The data were first analysed using frequency tables and cross-tabulation. Answers ‘not 
applicable’ were handled as missing data. A two-sample z-test 
(https://epitools.ausvet.com.au/ztesttwo) was used to compare proportions with the 
Benjamini–Hochberg correction (Benjamini & Hochberg, 1995) using the false discovery 
rate calculator (https://www.sdmproject.com/utilities/?show=FDR) to adjust p-values for 
multiple comparisons. 
Overall, hand hygiene between animals or animal groups and before moving on to the next 
farm was calculated pooling the answers for the originally separate questions of 
handwashing and use of hand sanitizer between animals or animal groups and before 
moving on to the next farm. If the answers differed, the answer option of higher frequency 
was chosen, for example ‘always’ before ‘often’. If only one of the questions had been 
answered, its response was used. 
The Shapiro–Wilk test was used to test the normality of the handwashing time estimates 
and Fisher’s exact test to check the association of handwashing time frame (<15 seconds 
or ≥15 seconds) with the time of graduation (<10 years ago or ≥10 years ago). An overall 
precaution awareness (PA) score was calculated (modified from Wright et al., 2008) based 
on a selection of 20 questions (Appendix 2) to test whether there was an association 
between time of graduation, gender or age, and the level of IPC practices. The questions 
were divided into questions related to livestock practice, questions related to equine 
practice, and general questions. For each respondent who had answered all questions 
included in the calculation, the answers were summed based on the points on the Likert 
scale. Three separate PA scores were calculated: an overall PA score based on all 
questions, a PA score for livestock practice based on the livestock-related and the general 
questions, and a PA score for equine practice based on the equine-related questions and 
the general questions. A high PA score meant strict IPC practices. 
For logistic regression analyses, the PA scores were dichotomized in the upper 25% 
(coded 1) and lower 75% (coded 0). Age was classified into three categories each 
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including an equal number of respondents. Time of graduation was first used for analysis 
divided into three categories and subsequently into four categories. 
Univariable logistic regression analyses were performed separately for the three 
categorized PA score variables as dependent variable and ‘time of graduation’ with three 
categories (not graduated or graduated <10 years before / graduated 10–20 years before / 
graduated >20 years before), ‘time of graduation’ with four categories (not yet graduated / 
graduated <10 years before / graduated 10–20 years before / graduated >20 years 
before), gender (male/female) and age (up to 31 years / 32–43 years / 44–65 years) as 
independent variables. Multivariable analysis was performed for variables with a p-value 
<0.2 in univariable analyses. A phi-correction coefficient between independent variables 
was calculated to avoid multicollinearity, and variables with φ<0.8 were allowed in the 
same model. For the final analysis, significance was set at p<0.05. Confounding was 
tested by including the most potential confounding variable, ‘gender’, in the model and 
observing its effect on the remaining variables. ‘Gender’ was included in the model if it 
changed the OR by approximately 20% even if it was not statistically significant. For all 
variables in the models, two-way interactions were tested as well. 
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5 RESULTS 
 

5.1 Study population (I, II) 
 
A total of 320 veterinarians and students with the right to work as substitute veterinarians 
participated in the study. The questionnaire was submitted by 262 participants and 129 
(49.2%) of these worked in ambulatory livestock and/or equine practice (Figure 2). The 
majority of the respondents and those working in ambulatory livestock and/or equine 
practice were women: 87.8% and 81.4%, respectively (Table 11). A total of 42.7% of all 
respondents had graduated less than 10 years earlier or had not yet graduated, whereas 
for ambulatory veterinarians this was true for half (50.4%) of the respondents. 
 
Table 11. General characteristics of veterinarians in studies I (n=262) and II (n=129). (Modified 
from studies I and II). 

Category Subcategory n (%) of participants 
(n=262) 

n (%) of ambulatory 
livestock and equine 
veterinarians 
(n=129) 

    
Gender female 230 (87.8) 105 (81.4) 
 male 30 (11.5) 23 (17.8) 
 not disclosed 2 (0.8) 1 (0.8) 
Years since graduation not yet graduated 16 (6.1) 15 (11.7) 
 0–9  96 (36.6) 50 (38.8) 
 10–20  76 (29.0) 31 (24.0) 
 >20  74 (28.2) 33 (25.6) 
Location of veterinary 
education 

Helsinki, Finland 236 (90.1) 116 (89.9) 

 Abroad 26 (9.9) 13 (10.1) 
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Figure 2. Flow chart of participants in study I and study II.

Study II

Study I

Total number of respondents to 
questions on ambulatory equine 
practice n=104

Total number of respondents to 
questions on ambulatory equine 
practice n=122

Participants giving nasal 
and oropharyngeal 
sample, returning rectal 
sample and submitting 
questionnaire n=251

Veterinarians and eligible students participating in the study and giving 
nasal and oropharyngeal sample for methicillin-resistant Staphylococcus 
aureus detection N=320

Participants returning rectal sample for extended-
spectrum beta-lactamase-/AmpC-/carbapenemase-
producing Enterobacteriaceae detection n=296

Participants submitting web-based questionnaire n=262

Participants working in ambulatory livestock and /or equine 
practice n=129

Participants 
working in 
ambulatory 
livestock and
equine practice 
n=97

Participants 
working in 
ambulatory 
equine practice 
only n=7

Participants 
working in 
ambulatory 
livestock practice 
only n=25
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5.2 MRSA and ESBL-PE in veterinarians in Finland (I) 
5.2.1 Prevalence of MRSA 
MRSA was detected in one veterinarian out of 320 (0.3%) who gave a sample. The strain 
belonged to ST398 and spa type t011. It was multiresistant and in addition to beta-lactam 
resistance conveying blaZ and mecA, it carried genes spc (aminoglycoside resistance), 
norA (fluoroquinolone resistance) lnu(B) (lincosamide resistance), tet(K) and tet(M) 
(tetracycline resistance), and dfrG (trimethoprim resistance). The virulence genes detected 
were hlb, hlgABC and aur. PVL genes lukF-PV and lukS-PV were not detected, neither 
were genes of the IEC or enterotoxin-encoding genes. 
 
5.2.2 Prevalence of ESBL-PE 
The prevalence of ESBL-/pAmpC-producing E. coli was 3.0% (CI 1.6%–5.7%) as ESBL-
/pAmpC-producing E. coli were detected in the samples of nine veterinarians. No ESBL-
/pAmpC-producing K. pneumoniae were detected. All nine isolates were ESBL producers 
and one also produced AmpC. 
Five different ESBL genes were detected through WGS (Table 10). blaCTX-M-15 was the 
most common gene and was found in three isolates. blaCTX-M-14 and blaCTX-M-1 were 
detected in two isolates each and blaCTX-M-27 and blaSHV-12 in one isolate each (Table 10). 
The only AmpC gene detected was blaCMY-76. 
More than two-thirds (6/9, 67%) of the ESBL-/AmpC-producing E. coli were resistant to 
three or more groups of antimicrobials. Resistance to sulphonamides (9/9), 
aminoglycosides (6/9) and tetracyclines (6/9) was most common. No carbapenem or 
colistin resistance genes were detected. 
The nine isolates belonged to seven different STs (Table 12). Three isolates belonged to 
ST131, while the other six isolates each belonged to different STs. All isolates carried 
plasmid IncFII (Table 12). In addition, six other plasmids were found. 
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5.2.3 Potential risk factors for carriage of multiresistant bacteria 
Work-related animal contact was reported by almost all (93.5%; 245/262) veterinarians 
who submitted the web-based questionnaire. Practitioners most commonly treated 
companion animals: 59.2% (155/262) at least weekly and 70.2% (184/262) more seldom. 
Cattle was the most frequently treated livestock: 27.1% (71/262) came into contact with 
cattle weekly and 43.1% (113/262) less frequently. Nearly all respondents (98.1%; 
257/262) had contact with animals in their leisure time; most common was contact with 
dogs, cats and horses. According to the respondents, wearing a dust mask often or always 
was most common in pig practice (13.0%; 12/93) and poultry practice (12.5%; 6/48). 
Of the nine veterinarians carrying ESBL/AmpC E. coli, eight submitted the web-based 
questionnaire. All reported work-based animal contact. Practice types were diverse: pig 
practice (2/8), cattle practice (4/8), equine practice (3/8) and companion animal practice 
(6/8) were reported. None of the veterinarians worked in poultry practice but two reported 
leisure time contact with poultry (less than once a week). The veterinarian carrying MRSA 
reported working in pig and cattle practice less frequently than once a week. The 
veterinarian reported no leisure time animal contact and reported wearing a dust mask 
always or often when working with pigs. 
Travelling abroad was common: 87.8% reported travelling abroad during the previous 12 
months. Asia was the most common ESBL-risk region and was reported by 13.7% 
(36/262) of the veterinarians, while 1.5% (4/262) had travelled to Africa and South 
America. A total of 34.9% (87/249) of veterinarians had received oral treatment with 
antibiotics during the previous 6 months. A total of 6.9% (18/262) of the respondents 
shared their household with another healthcare professional. Of all respondents, 12.2% 
(32/262) had been treated in hospital in Finland and 0.8% (2/262) abroad during the 
previous 12 months. None of the respondents reported having been colonized or infected 
with either MRSA or ESBL-PE previously. 
 

5.3 Protective practices of ambulatory livestock and equine veterinarians in 
Finland (II) 

 
5.3.1 Practice type 
Three-quarters of the respondents (75.2%; 97/129) worked both in ambulatory equine and 
ambulatory livestock practice. A third (35%; 36/104) of the veterinarians working in equine 
practice worked there at least weekly and two-thirds (65%; 68/104) less frequently. The 
most frequent animal contact in livestock practice was cattle: 93% (114/122) of 
veterinarians working in livestock practice worked in cattle practice and 62% of those 
(71/114) at least weekly. A total of 77 veterinarians worked in pig practice, 22% of them 
weekly (17/77). Work in poultry practice was reported by 46 veterinarians, seven (7/46; 
15%) weekly. Eleven veterinarians performed fur animal practice but all of them less 
frequently than once a week. The majority, 89.9% (116/129), of the veterinarians worked 
also in companion animal practice. 
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5.3.2 Handwashing facilities on farms and in stables 
When asked whether handwashing facilities were adequate, i.e. warm water, soap and a 
clean towel or paper hand towels were available on farms and in stables, 66.9% (79/118) 
of the respondents reported that this was often the case on farms, while for stables the 
corresponding percentage was significantly lower, 21.4% (25/117) (p<.001) (Figure 3). 
Handwashing facilities were always adequate on farms according to 11.0% (13/118) of the 
respondents and in stables according to 0.9% (1/117). The difference was statistically 
significant (p<.01). 
 

 
Figure 3. Adequacy of handwashing facilities on farms and in stables as reported by the 
respondents. The figure shows 95% confidence intervals and adjusted p-values for the two-sample 
z-test. 

 
5.3.3 Hand hygiene practices 
While 55.1% (65/118) of the respondents reported that they always washed their hands 
when they were dirty in livestock practice, significantly less, 28.0% (33/118; p<.001), 
reported doing so in equine practice. There was no statistically significant difference 
between livestock and equine practices in the use of hand sanitizer after washing hands. 
Hand sanitizer was often used by 12.8% (15/117) in livestock practice and 20.3% (24/118) 
in equine practice. 
There was a significant difference in overall hand hygiene covering both handwashing and 
hand sanitizer use before moving on to the next farm or stable. Compliance was 75.0% 
(87/116) in livestock practice and 42.5% (48/113; p<.001) in equine practice. 
A total of 112 respondents estimated their handwashing time (defined as the time used to 
rub hands with soap). The mean was 15.2 seconds with a median of 10.0 seconds. 
Removing two outliers (115 seconds and 150 seconds) lowered the mean to 13.1 seconds 
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but the median remained at 10.0 seconds. There was no association between 
handwashing time and the time of graduation. 
When treating a contaminated, fresh wound, 59.8% (64/107) of the respondents reported 
always using protective gloves in livestock practice and 68.9% (73/106) in equine practice. 
For a wound showing signs of infection the corresponding proportions were 72.4% 
(76/105) and 79.2% (80/101). The difference was not statistically significant in either case. 
 
5.3.4 Use of personal protective equipment 
The majority of the veterinarians (91.6%; 109/119) reported always wearing a protective 
coat or coveralls in livestock practice while significantly fewer 27.7% (33/119; p<.001) 
reported doing so in equine practice. There was a statistically significant difference also for 
always wearing work footwear; 95.8% (114/119) in livestock practice and 63.0% (75/119; 
p<.01) in equine practice. 
 
5.3.5 Cleaning of equipment used by ambulatory veterinarians 
Altogether 87.5% of the respondents reported cleaning or changing their protective coat or 
coveralls between farm visits and 81.7% reported the same for rubber boots (Figure 4). 
More than half of the respondents (59.3%) cleaned the outside of their medical supply 
case less frequently than once a week. The stethoscope was cleaned between animals or 
animal groups by 3.3% (4/120) of the respondents, between farms by 18.3% and less than 
a third (30.0%) reported cleaning it less frequently than once a week. 
 

 
Figure 4. Cleaning or replacement of possible fomites used during farm/stables visits reported by 
the respondents (n = 129). Number of respondents on the y-axis and proportions above columns. 
(Adopted from study II.) 

2,
5%

12
,5

%

5,
8%

0,
0%

0,
0% 3,

3% 7,
8%

87
,5

%

81
,7

%

51
,0

%

8,
5%

1,
7%

18
,3

%

47
,4

%

4,
2%

3,
3% 10

,6
%

8,
5%

4,
2%

14
,2

%

12
,9

%

5,
0%

0,
8%

13
,5

% 23
,7

%

12
,7

%

34
,2

%

17
,2

%

0,
8% 1,
7%

19
,2

%

59
,3

%

81
,4

%

30
,0

%

14
,7

%

0,0 %

10,0 %

20,0 %

30,0 %

40,0 %

50,0 %

60,0 %

70,0 %

80,0 %

90,0 %

100,0 %

0

20

40

60

80

100

120

Protective
jacket /

coveralls
(n=120)

Rubber boots
(n=120)

Safety shoes
(n=104)

Medical
supply case

(outside)
(n=118)

Medical
supply case
(contents)

(n=118)

Stethoscope
(n=120)

Other
equipment in

animal
contact
(n=116)

Between animals / animal groups Between farm visits
Once a day Weekly but not daily
Less frequently than once a week



 

 
 

61 

 

5.3.6 Precaution awareness of ambulatory veterinarians 
In total, 86 out of 97 veterinarians (88.7%) provided all answers to the questions related to 
the overall PA score, 97/122 (79.5%) to the PA score for livestock practice and 90/104 
(86.5%) to the PA score for equine practice. The only statistically significant association 
found in the univariable logistic regression analyses was between ‘years since graduation’ 
and the overall PA score as well as the PA score for equine practice. No associations were 
found for the PA score for livestock practice. As age was highly correlated with the ‘years 
since graduation’, it could not be included in the same model. There were no interactions 
between the variables. Gender was kept in the model to control for confounding as it 
changed the OR of the ‘years since graduation’. Both multivariable models showed higher 
odds for those not yet graduated (Tables 13–14) but the number of those was low. 
 
Table 13. Results of multivariable logistic regression with overall precaution awareness score as 
dependent variable (n=85). (Adopted from study II.) 
 

  B 
Wald’s 
p-value OR 95% CI 

Years since graduation  0.04   
Not yet graduated 1.99 0.04 7.33 1.06–50.67 
 <10 years −0.68 0.34 0.51 0.13–2.02 
10–20 years  −0.07 0.93 0.94 0.21–4.21 
>20 years   Ref  
Gender (female vs male) −0.80 0.29 0.45 0.10–2.00 
Constant −0.78 0.19 0.46  

Note: Cox and Snell R2 = 0.12, Nagelkerke R2 = 0.18, Hosmer and Lemeshow goodness of fit 
statistic = 1.35 (p-value = 0.85). 
B, beta coefficient; CI, confidence interval; OR, odds ratio; Ref, reference category 
 
Table 14. Results of multivariable logistic regression with precaution awareness score for equine 
practice as the dependent variable (n=87). (Adopted from study II.) 
 
 

  B 
Wald’s 
p-value OR 95% CI 

Years since graduation  0.02   

Not yet graduated 2.90 0.02 18.19 
1.67–
198.79 

 <10 years −0.82 0.24 0.44 0.11–1.74 
10–20 years  −0.50 0.53 0.61 0.13–2.90 
>20 years   Ref  
Gender (female vs male) −1.49 0.11 0.23 0.04–1.40 
Constant −0.67 0.25 0.51  

Note: Cox and Snell R2 = 0.19, Nagelkerke R2 = 0.28, Hosmer and Lemeshow goodness of fit 
statistic = 0.44 (p-value = 0.98). 
B, beta coefficient; CI, confidence interval; OR, odds ratio; Ref, reference category 
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5.4 Livestock-associated methicillin-resistant Staphylococcus aureus 
colonization in pigs (III) 

 
5.4.1 Quantitative analysis of MRSA in nose and skin samples 
A total of 132 isolates were identified as MRSA. Most of these isolates (89) originated from 
farm 1, but seven strains originated from farm 2 and 36 from the controlled facility. On farm 
1 and in the controlled facility, MRSA was detected in all three samplings, while on farm 2 
it was only detected in the second sampling (Table 15, Appendix 3)
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5.4.2 Comparison of spa typing results obtained by polymerase chain reaction and 

whole-genome sequencing 
WGS was performed on 66/141 isolates: 30/89 from farm 1 and 6/7 from farm 2 in 2016 
and 21/36 from the controlled facility as well as the 9 isolates from the pre-experimental 
selection (study populations shown in Table 2). A total of 64 sequences were obtained as 
sequencing failed for two isolates from farm 1. 
Sequencing of the PCR product resulted in a spa type for 33 of the isolates from farm 1 
and 2 of the isolates from farm 2 (Table 15). All isolates except one were assigned to spa 
type t034. One isolate from farm 1 was assigned to spa type t1255. There were 2 isolates 
from farm 1 and 3 from farm 2 that could not be reliably typed by BioNumerics. 
According to analysis of the whole-genome sequences, the strains belonged to three spa 
types – t011, t034 and t1255 – the first two being the most frequent and only one strain 
from farm 1 assigned to t1255. A total of 27 strains from farm 1 and farm 2 yielded results 
with both methods. Altogether, 17 strains showed different spa types by WGS compared 
with PCR, while the results were equal for 10 strains (Table 16). All strains from the 
controlled facility were assigned to t034 by both methods. 
 
Table 16. Results of spa typing for isolates from originating farm 1 and farm 2 in 2016 (A) and the 
controlled facility and pre-experimental selection in 2017 (B) spa typed either by PCR or by whole-
genome sequencing or both and sequencing read length. Results with matching spa type are 
shaded in dark grey and results with differing spa type in light grey. 

A     B    
Strain ID spa 

type 
(PCR) 

spa 
type 
(WGS) 

Read 
length 
in 
WGS 
(bp) 

 
Strain ID spa 

type 
(PCR) 

spa 
type 
(WGS) 

Read 
length in 
WGS 
(bp) 

1A1 t034 t011 2 × 100   F6 
Not 
seq. t034 2 × 150 

1A2 t034 Unknown  F7 
Not 
seq. t034 2 × 150   

1A3 t034 t011 2 × 100   F8 
Not 
seq. t034 2 × 150   

1B2 t034 Not seq.  F12 
Not 
seq. t034 2 × 150   

2A1 t034 t034 2 × 100   F16 
Not 
seq. t034 2 × 150   

2A2 t034 t011 2 × 100   F18 
Not 
seq. t034 2 × 150   

2A3 t034 t011 2 × 100   F19 
Not 
seq. t034 2 × 150   

3A2 t034 lost   F23 
Not 
seq. t034 2 × 150   

3A3 t034 t011 2 × 100   F28 
Not 
seq. t034 2 × 150   

3B1 t034 t011 2 × 100   F6A1 t034 t034 2 × 150   
4A1 Failed t011 2 × 100   F6A1MH t034 Not seq. 
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A     B    
Strain ID spa 

type 
(PCR) 

spa 
type 
(WGS) 

Read 
length 
in 
WGS 
(bp) 

 
Strain ID spa 

type 
(PCR) 

spa 
type 
(WGS) 

Read 
length in 
WGS 
(bp) 

4A2 t1255 Seq. failed  F6B1 t034 Not seq. 
4A2MH t034 Not seq.  F6B6 t034 t034 2 × 150   
4B1 t034 Not seq.  F6B6MH t034 Not seq. 
4B3 t034 t034 2 × 100   F7A1 t034 t034 2 × 150   
5A1 t034 t011 2 × 100   F7A1MH t034 Not seq. 
5A2 t034 t011 2 × 100   F7A5MH t034 t034 2 × 150   
5A3 t034 t011 2 × 100   F7A6MH t034 t034 2 × 150   
6A1MH t034 t034 2 × 100   F7B6MH t034 Not seq. 
6A3 t034 t034 2 × 150   F8A5MH t034 t034 2 × 150   
6B2 t034 t1255 2 × 100   F8B5MH Failed Not seq. 
6B3 t034 Not seq.  F8B1 t034 t034 2 × 150   
7A1 t034 Seq. failed  F8B1MH t034 Not seq. 
7A2MH t034 t011 2 × 100   F12A1 t034 t034 2 × 150   
7A3 Failed t011   F12A5 t034 t034 2 × 150   
8A2 t034 t034 2 × 150   F12A5MH t034 Not seq. 
8B1 t034 t011 2 × 100   F12B6 t034 t034 2 × 150   
8B2 t034 t034 2 × 100   F12B6MH t034 Not seq. 
8B3 t034 t011 2 × 100   F16A1 t034 t034 2 × 150   
8B3MH t034 Not seq.  F16B5MH t034 t034 2 × 150   
9A1MH t034 t034 2 × 100   F16B6 t034 t034 2 × 150   
9A2 t034 t011 2 × 100   F16B6MH t034 Not seq. 
9A3 t034 t034 2 × 100   F18A1 t034 t034 2 × 150   
10A1 t034 t011 2 × 100   F18A5MH t034 t034 2 × 150   
10A2 t034 t011 2 × 100   F18A6MH t034 t034 2 × 150   
10A3 t034 t034 2 × 100   F18B5MH t034 Not seq. 
12A2 t034 t011 2 × 100   F19A5 t034 t034 2 × 150   
12B2 Failed t011 2 × 100   F19A5MH t034 Not seq. 
13A2MH Failed t034 2 × 100   F23A5 t034 t034 2 × 150   
18B2 t034 lost   F23B5 t034 Not seq. 
19A2 Failed t034 2 × 150   F23B5MH t034 Not seq. 
20A2MH t034 t034 2 × 100   F23B6 t034 t034 2 × 150   
20B2 Failed t034 3 × 100   F23B6MH t034 Not seq. 
     F28A6MH t034 t034 2 × 150   
     F28B5MH t034 t034 2 × 150   

 
Not seq., not sequenced; PCR, polymerase chain reaction; Seq. failed, sequencing failed; WGS, whole-
genome sequencing 
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5.4.3 Multilocus sequence typing, resistance and virulence genes 
The multilocus ST of all strains was ST398. Resistance and virulence gene profiles of all 
strains proved to be very similar (Table 17). None of the strains harboured PVL genes lukF 
or lukS nor genes of the IEC or enterotoxin-encoding genes. 
Table 17. Distribution of results for multilocus sequence typing and resistance gene and virulence 
gene detection1 between 64 methicillin-resistant Staphylococcus aureus strains that were 
subjected to spa typing by polymerase chain reaction and/or whole-genome sequencing. (Modified 
from study III.) 

Number of 
strains 

Sequence 
type2 

Resistance genes Virulence genes 

59 ST398 mecA, blaZ, lnu(B), lsa(E), tet(M), tet(K), 
dfrG aur, hlgA, hlgB, hlg C 

4 ST398  mecA, blaZ, lnu(B), lsa(E), tet(M), dfrG aur, hlgA, hlgB, hlgC 

1 ST398  mecA, blaZ, str, lnu(B), lsa(E), tet(M), 
tet(K), dfrG aur, hlgA, hlgB, hlg C 

 

1 The following tools by the Center for Genomic Epidemiology were used: MLST (Larsen et al., 2014) for 
multilocus sequence typing, ResFinder (Bortolaia et al., 2020) for resistance gene detection and 
VirulenceFinder (Joensen et al., 2014) for virulence gene detection. 
 2 Multilocus sequence type. 
 
5.4.4 Core genome multilocus sequence typing 
When the 64 sequences of the isolates from both farms, those isolated during the pre-
experimental selection and those in the controlled facility were used to create a minimum 
spanning tree, all strains clustered into one cluster with minimum allele differences 
between 0 and 11. When adding the 17 strains from the Finnish Food Authority, all strains 
except one clustered into the same cluster (Figure 5). The first Finnish surveillance strain 
from 2008 had a 73 minimum allele difference compared with the cluster. All other strains 
had minimum allele differences between 0 and 22. 
The cgMLST analysis showed that the same t034 clone circulated on farm 1 in 2016 and 
2017. The strains isolated on farm 1 and farm 2 were very closely related. In addition, nine 
of the strains from the Finnish Food Authority’s collection were equally close (within 11 
alleles). These strains had been isolated in 2012–2017. 
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Figure 5. Minimum spanning tree based on sequences of 81 whole-genome sequenced 
methicillin-resistant Staphylococcus aureus isolates belonging to spa type t034 obtained from 
Finnish pigs. The tree is based on core genome multilocus sequence typing using 1861 genes. 
Columns with missing values were removed for calculation. The numbers in the circles represent 
the strains. The numbers on the connecting lines between the circles represent the allelic 
difference between the strains. Colours indicate year of isolation. (Adopted from study III.)

5.5 Phage trial to control livestock-associated methicillin-resistant 
Staphylococcus aureus in pigs

To produce a phage cocktail with a host range as wide as possible against Finnish LA-
MRSA strains, 92 LA-MRSA strains isolated on farms 1 and 2 in 2016 were used to test 
the host range of S. aureus-specific phages fPfSau02, fPfSau03 and fPfSau04. Based on 
this analysis, and as fPfSau02 and fPfSau03 proved to be the same phage, fPfSau02 was 
chosen for the trial. Phage fPfSau02 was included in the phage cocktail despite the fact 
that it is a lysogenic phage belonging to the Triavirus genus and Siphoviridae family. It 
could thus not be used in actual phage therapy treatment. However, this phage was 
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isolated from the same farm as the trial animals and had a wide host range among the 
MRSA strains from the same farm. Furthermore, the animals were studied in a closed 
environment, which made it possible to include the phage in the cocktail HFC-SA1. 
Phages fRuSau02 and mEBHT were included in the cocktail because they were 
substantially different in structure and genetically and infected most LA-MRSA strains 
tested. 
 
5.5.1 Animal well-being 
No signs of disease, change in body temperature or any other side effects were observed 
in the 19 animals that were part of the experimental phase. 
 
5.5.2 Detection of phages 
No plaques were detected in any sampling of the animals of the control group. Phages 
were detected in the samples of all study group pigs in at least one nasal or skin swab 
sample (Figures 6 and 7). If the phage was detected in either the nasal or the skin sample, 
the animal was considered to be phage-positive. Phages were only detected on days 2, 4 
and 6 of the experimental phase, i.e. 1 day after each phage application and only in low 
numbers: 1–13 PFU / 25 μl sample (Figure 6).  

 
There was no significant difference in the proportion of phage-positive samples and the 
titre of phages in nasal or skin samples. Phage plaques were only observed on strain 
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Figure 6. Number of phage plaque forming units (PFU) in nasal and skin swab 
samples. For each nasal and swab sample, 25 μl was analysed for the 
presence of phages in Staphylococcus aureus strains 13KP and 19A2 by the 
double-agar method. Plaques were only observed in strain 19A2. (Adopted from 
study IV.) 
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19A2, sensitive to phages mEBHT and fPfSau02 but not to fRuSau02. No phage plaques 
were detected in the environmental samples. PCR analysis of all 54 plaques obtained 
during the experiment showed that mEBHT clearly dominated over the other two phages 
and was detected in all plaques. Phage fPfSau02 was detected in one sample 
simultaneously positive for mEBHT. fRuSau02 was not detected in any of the samples.

(a)

(b)

Pig 6 Pig 7 Pig 8 Pig 12 Pig 16 Pig 18 Pig 19 Pig 23 Pig 28

Day 1
Day 2
Day 4
Day 6
Day 10
Day 15
Day 22

MRSA positive

     sample

MRSA negative

     sample

Pig 5 Pig 9 Pig 11 Pig 13 Pig 15 Pig 22 Pig 30 Pig 31 Pig 32 Pig 33

Day 1
Day 2
Day 4
Day 6
Day 10
Day 15
Day 22

MRSA positive

     sample

MRSA negative

      sample

MRSA-
positive 
sample

MRSA-
positive 
sample

MRSA-
negative
sample

MRSA-
negative
sample

Figure 7. Distribution of methicillin-resistant Staphylococcus aureus (MRSA) and 
phages in nasal and swab samples during the experiment. The results from control 
group (a) and phage group (b) are shown. Bars above and below the line indicate 
MRSA-positive and -negative samples, respectively. An animal was considered 
positive if MRSA was detected in either nasal swab sample at a given time point. 
The black arrows indicate positive phage findings in the same samples. (Adopted 
from study IV.)
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5.5.3 Detection of MRSA 
The number of MRSA-positive pigs in the study group did not decrease during the 
experimental phase. Prevalence of MRSA varied in both the test and the control group 
between samplings with 89% of negative pigs in the control group and 50% of negative 
pigs in the study group in at least one sampling (Figure 7). None of the animals were 
MRSA-negative in all samplings after the first phage treatment. MRSA was detected in all 
samplings in five pigs in the study group and one animal in the control group. The quantity 
of MRSA in the study group animals was in line with the quantities found in the control 
group animals in study III. Phages were detected in both MRSA-negative and MRSA-
positive samples. 
 
5.5.4 Phage sensitivity of MRSA strains collected in the study 
The 276 MRSA strains collected during the experimental phase were tested for phage 
resistance. Sensitivity of the strains was tested both for each phage individually and for the 
cocktail. All strains were sensitive to the cocktail and at least one of the phages (Table 18). 
For some strains, phage infection proved to be weak. However, no phage resistance was 
detected in the MRSA strains during the phage treatment. 
 
Table 18. Number and proportion of control group methicillin-resistant Staphylococcus aureus 
(MRSA) strains (n=110) and phage group MRSA strains (n=166) infected by phages after the end 
of the experiment. The table shows numbers separately for clearly infected and weakly infected 
strains as well as the total infected strains. 

Phage 

  Clearly 
infected 
control 
group 
strains  

  Clearly 
infected 
study 
group 
strains 

  Weakly 
infected 
control 
group 
strains 

  Weakly 
infected 
study 
group 
strains 

  Infected 
control 
group 
strains 

  Infected 
study 
group 
strains 

    n %   n %   n %   n %   n %   n % 
mEBHT  79 72  108 65  0 0  2 1  79 72  110 66 
fRuSau02  17 25  63 38  93 85  103 62  110 100  166 100 
fPfSau02   99 90   147 89   11 10   19 11   110 100   166 100 

 
 
Comparison of the infection profiles of the cocktail and the individual phages showed that 
all strains only weakly infected by the cocktail were resistant to mEBHT and weakly 
infected by fRuSau02. The infectivity of the cocktail was not influenced by the infection 
profile of fPfSau02. Strains that were clearly infected by fPfSau02 were not clearly infected 
by the cocktail. As fRuSau02 infected the LA-MRSA strains poorly and fPfSau02 did not 
infect them in the cocktail, and all phage samples collected during the experiment were 
positive for mEBHT, mEBHT was predominant in this experiment. 
 
5.5.5 Detection of phage antibodies in pig sera 
Antibodies against phages mEBHT or fRuSau02 were not detected in the pig sera. The 
signal levels in both the control and the study group remained equal during the entire 
experiment. Signals did not increase in the study group between the samples taken before 
the first phage application and the last day, day 23 of the experiment. 
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6 DISCUSSION 
 
For the past 15 years, LA-MRSA has been acknowledged as a risk for people working in 
close contact with LA-MRSA colonized animals. This thesis set out to shed light on the 
prevalence of LA-MRSA and ESBL-PE in veterinarians in Finland and to investigate risk 
factors and compliance with hygiene recommendations designed to protect the 
veterinarians and their patients from zoonotic transmission. Furthermore, the study aimed 
to study quantity and colonization patterns of LA-MRSA in pigs and the possibility to 
eradicate LA-MRSA from pigs with the help of phages. 
 

6.1 LA-MRSA and ESBL-PE carriage and hygiene practices in veterinarians 
in Finland 

 
6.1.1 LA-MRSA and ESBL-PE carriage in veterinarians 
The prevalence of LA-MRSA and ESBL-PE in veterinarians in Finland proved to be low. 
Veterinarians reported frequent travel and oral treatment with antibiotics comparable to the 
average population in Finland (Official Statistics of Finland, 2017; Social Insurance 
Institution of Finland Kela, 2017). Work-related animal contact, i.e. contact with live 
animals, carcasses, or samples of animal origin, was reported by almost all respondents. 
Of ESBL-PE, only ESBL-producing E. coli were found in the veterinarians. The detected 
strains were very diverse including seven different STs and several ESBL/AmpC genes 
and plasmid families. This indicates that there are possibly several sources of 
transmission. Strains belonging to ST131 were found in three veterinarians. The ESBL 
genes found in these strains, blaCTX-M-15, blaCTX-M-14 and blaCTX-M-27, are very prevalent in 
humans and especially in ST131 (Bevan et al., 2017; Ghosh et al., 2017). Two of the 
strains carried by the veterinarians carried blaCTX-M-1 genes, which are commonly found on 
IncI plasmids especially in poultry in Europe (Börjesson et al., 2016; de Been et al., 2014; 
Rozwandowicz et al., 2018) and when located on IncF plasmids have only been isolated 
from animal sources (Rozwandowicz et al., 2018). Both IncI and IncF plasmids were found 
in both strains, but as the analysis was not made at the plasmid level, it is not possible to 
say on which plasmid the genes were located. Neither is it possible to strictly divide strains 
into human and animal strains according to resistance genes and plasmid types (Day et 
al., 2016). blaCTX-M-1 genes have been detected in cattle and poultry isolates also in 
Finland but the plasmid types are not known (Päivärinta et al., 2016). It is not known in 
which type of practice the veterinarians carrying the strains carrying a blaCTX-M-1 gene were 
occupied, but two of the veterinarians carrying ESBL E. coli had reported work-related 
contact with cattle and two veterinarians leisure time contact with poultry. Most of the 
veterinarians carried enzyme types that have not been found in Finnish production animals 
(Oikarainen et al., 2019; Päivärinta et al., 2016; Pohjola et al., 2016). 
Despite frequent contact with animals, infectious material, faeces and secretions, 
asymptomatic carriage of ESBL E. coli was lower in veterinarians in Finland than in 
healthy volunteers from two city regions in southern Finland (Ny et al., 2018) and in a 
population-wide study in Sweden (Ny et al., 2017), both showing a carriage rate of 4.7%. 
Neither carbapenem nor colistin resistance genes were found in this study, although there 
are reports of both carbapenemase-positive E. coli and colistin-resistant strains in dogs 
and in humans in Finland (Finnish Food Safety Authority, 2017; Gröndahl-Yli-Hannuksela 
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et al., 2018; Grönthal et al., 2018; University of Helsinki, 2018; Finnish Institute for Health 
and Welfare, 2021b). In addition, transmission of a carbapenemase-producing E. coli 
strain between dogs and a human in the same household has been reported (Grönthal et 
al., 2018). Prevalence of ESBL-PE in this study was lower than in Britain, where a 
prevalence of 5.6% of ESBL E. coli was found in the veterinary staff and students of a 
companion animal teaching hospital, an equine teaching hospital and a livestock teaching 
hospital, equalling estimates of prevalence in the general population (Royden et al., 2019). 
Prevalence in this study was also lower than in a Dutch study, which found a 9.8% 
prevalence of ESBL E. coli and K. pneumoniae in veterinarians, veterinary technicians and 
assistants (Meijs et al., 2021). The prevalence found was higher than in the Dutch general 
population. As the authors suggest, one explanation for higher prevalence in the Dutch 
study may be the higher prevalence of ESBL-PE in animals in the Netherlands compared 
with Finland.  
The eight carriers of ESBL/pAmpC E. coli had travelled during the previous year but not to 
the most prominent ESBL risk regions Asia and Africa. Another possible source for ESBL-
PE carriage is food either during travel or at home (Kuenzli et al., 2014; Mughini-Gras et 
al., 2019). Global food products sold in Finland have been shown to contain ESBL-PE 
including vegetables that are often consumed raw (Kurittu et al, 2021). 
While MRSA prevalence in veterinarians in this study was low, this was the first time that 
LA-MRSA was detected in a veterinarian in Finland. The strain detected had the genotypic 
characteristics of LA-MRSA strains such as tetracycline resistance genes tet(K) and 
tet(M), lack of PVL-encoding genes and spa type t011, and the veterinarian reportedly had 
work-related pig contact. When MRSA prevalence was previously studied in Finnish 
veterinarians in 2009 (Salmenlinna et al., 2010b), no LA-MRSA was detected and overall 
prevalence was <1%. 
As the samples were taken both from the oropharynx and the nares and by a qualified 
nurse, it is unlikely that the low prevalence is due to poor sampling technique. There is 
evidence that an enrichment broth with a sodium concentration over 2.5% may inhibit 
growth of some MRSA strains, and that instead of a high sodium concentration 
antimicrobials should be used for inhibition of contaminating microbiota (Bruins et al., 
2007). The 6.5% sodium concentration in the enrichment broth used in this study may thus 
have had an effect on the prevalence of MRSA in this study. However, it is the 
recommended enrichment step for detection of LA-MRSA indicating that its inhibitory effect 
on LA-MRSA strains is limited (EURL-AR, 2009; Larsen, 2017). All typically coloured 
colonies from the selective plates were subjected to further testing and thus it is 
impropable that any MRSA colonies were missed. In hindsight, it would have been 
interesting to determine the prevalence of MSSA in the samples as well. 
It is surprising that prevalence of LA-MRSA was so low in this study, considering that only 
13% of the veterinarians reported wearing a dust mask always or often when working with 
pigs and since LA-MRSA is highly prevalent in Finnish pigs. Regarding the literature on the 
subject, wearing a dust mask seems to lower the risk of LA-MRSA transmission from 
livestock to humans. The Finnish Institute of Occupational Health (2019) has issued a 
guideline for people working in contact with pigs with instructions on hand hygiene and use 
of PPE including particulate respirators. Although the guideline is primarily aimed at pig 
farmers it includes important information on occupational health measures that 
veterinarians working with pigs should be made aware of. 
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6.1.2 Hygiene practices of ambulatory livestock and equine veterinarians 
This study is the first to assess infection control practices of ambulatory veterinarians in 
Finland. It covered approximately 10% of all authorized veterinarians in Finland (Finnish 
Veterinary Association, 2016). Compared with the age distribution of the members of the 
Finnish Veterinary Association, younger age groups participated slightly more actively in 
this study (Finnish Veterinary Association, personal communication, 24 April 2020). That 
the majority of respondents worked in both ambulatory livestock and equine practice 
reflects the Finnish municipal veterinary system where mixed practice is the norm. 
Hand hygiene is a core practice of both biosecurity and infection control guidelines. 
Accurate hand hygiene requires water, soap and a clean towel or, ideally, disposable 
paper hand towels. Although water temperature does not seem to have an effect on 
bacterial count reduction, tepid to warm water is recommended to improve hand hygiene 
compliance (Michaels et al., 2002). However, in this study only one-tenth of the 
veterinarians reported that adequate hand hygiene facilities were always available on 
farms. Less than 1% reported that this was the case in stables. Furthermore, 33% reported 
that there were seldom or never adequate hand hygiene facilities in stables. This is a 
poorer finding than in a Swedish study on biosecurity on farms and in stables (Nöremark & 
Sternberg-Lewerin, 2014) according to which 24% of the veterinarians reported that none 
or almost none of the stables they visited had handwashing facilities available. 
On the one hand, the poor availability and accessibility of handwashing facilities may also 
explain to some extent why handwashing before moving on to the next farm or stable was 
far from ideal. Guidelines stress that hands should always be washed when leaving animal 
premises. Some professionals have reported that they washed their hands at a petrol 
station between farms or used hand sanitizer or wipes in the car (Nöremark & Sternberg-
Lewerin, 2014). However, to avoid contamination of oneself and one’s environment with 
pathogens, it is crucial that proper hand hygiene takes place on the farm or in the stable 
before leaving. On the other hand, handwashing is only necessary when hands are visibly 
soiled (WHO, 2009), otherwise sanitizing hands with alcohol-based hand rub should be 
preferred. There is even preliminary evidence that the use of alcohol-based hand rub was 
more efficient than washing hands with antiseptic soap after performing general 
examination in horses (Traub-Dargatz et al., 2006). In a Finnish study on cryptosporidiosis, 
56% (14/25) of respondents reported that using hand sanitizer was possible only on some 
of the farms in the area and 36% (9/25) reported that on some farms it was not possible at 
all (Suokorpi et al., 2019). Poor availability of hand sanitizer on farms and in stables is one 
likely explanation for lack of compliance. In studies on human healthcare workers’ 
compliance, easy access is an important tool to increase use of hand sanitizer (Traore et 
al., 2007). It would be advisable that farmers provide alcohol-based hand sanitizer for 
visitors but that veterinarians also carry their own. 
According to recommendations on hand hygiene, proper handwashing includes rubbing 
hands together for 15–20 seconds (CDC, 2002; Williams et al., 2015). In this study, the 
corrected mean of the self-reported handwashing time was less than the minimum of 15 
seconds. This is in line with several studies on handwashing times in human healthcare 
settings reporting times of less than 15 seconds (Broughall et al., 1984; Lund et al., 1994; 
Quraishi et al., 1984). Video observation of hand hygiene in companion animal practices 
(Anderson et al., 2014) showed that 5% of hand hygiene opportunities included only water 
with a mean contact time of 2 seconds and 88% included soap and had a mean contact 
time of 4 seconds. It should be noted that scientific evidence on adequate handwashing 
time in ambulatory veterinary practice is lacking. Although farm animals and their 
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environment are most likely more contaminated than human patients in hospital, 
recommendations are either made for or extrapolated from human healthcare settings. 
Use of protective gloves when treating a contaminated, fresh wound was somewhat higher 
when treating horses than livestock. More than one-fifth did not always use gloves when 
treating an infected wound. However, gloves should always be worn when handling 
excretions or infectious material. Almost all of the veterinarians used protective coats and 
overalls always and the rest often when working with livestock. No differentiation between 
livestock species was made in this question. According to Sahlström et al. (2014), Finnish 
farmers reported that 75–86% of visitors used protective clothing when visiting pig farms, 
51% on dairy farms and 34% on beef farms. These numbers include all kinds of visitors. It 
is possible that veterinarians more often carry their own overalls for farms not providing 
protective clothing. In this study, less than 30% of the veterinarians used a protective coat 
or coveralls always and less than 30% often when working with horses. It has been 
reported that horse owners did not think that use of protective clothing was necessary 
(Nöremark & Sternberg-Lewerin, 2014). In addition, one reason for veterinarians not using 
protective clothing was horses’ fear (Nöremark & Sternberg-Lewerin, 2014). 
We did not look at veterinarians’ attitudes towards infection control practices. Previously, 
farmers have informed about veterinarians’ negative attitude or their indifference to visitors 
wearing protective clothing (Nöremark et al., 2016). Farmers felt it was difficult to advise 
the veterinarian. On the other hand, professionals reported that they sometimes adapted 
their routines according to the farmers’ requirements (Nöremark & Sternberg-Lewerin, 
2014). According to a Finnish study on biosecurity (Sahlström et al., 2014), in 2011 there 
were still farmers who did not wash their hands. Farm size correlated positively with most 
biosecurity measures except handwashing of farmers and visitors after work on sow farms. 
While rubber boots were cleaned or replaced by 80–90% of the veterinarians between 
farm visits, safety shoes were replaced or cleaned between visits only by half. Safety 
shoes are mostly worn by professionals when working with horses, while rubber boots are 
worn on farms. Thus, this seems another point where infection control is better 
implemented on livestock farms than in stables. Cleaning or replacing boots or shoes 
between farm or stable visits is an important biosecurity measure preventing the spread of 
pathogens between farms. To our knowledge, there are no data on practices of 
veterinarians from other countries. Studies on on-farm biosecurity found poor availability or 
improper use of protective clothing and boots on farms (Damiaans et al., 2019; Nöremark 
& Sternberg-Lewerin, 2014; Sarrazin et al., 2014). In Finland, farmers reported that visitors 
wore boots when entering the barn more often on pig than on cattle farms, with numbers 
ranging between 39% on beef farms and 81% on sow farms (Sahlström et al., 2014). The 
availability of boots was not reported. 
In Finland, many ambulatory veterinarians carry the medicines needed in a medical supply 
case. The case is often taken into the barn. Thus, it is worrying that so few clean the 
outside of the case between farm visits and even fewer the inside. It has been shown that 
stethoscopes have acted as a carrier in healthcare-associated outbreaks caused by 
Acinetobacter baumannii, ESBL-producing K. pneumoniae and carbapenemase-producing 
Pseudomonas aeruginosa in combination with other reservoirs in human healthcare 
facilities (Kanamori et al., 2017). However, in this study the veterinarians reported rarely 
cleaning the stethoscope between animals or animal groups and between farms. This is in 
line with findings from veterinary hospitals where both susceptible and resistant S. aureus, 
E. coli and Enterococcus spp. strains were frequently isolated from stethoscope 
diaphragms (Fujita et al., 2013; KuKanich et al., 2012). Other medical equipment identified 
as fomites in outbreaks in healthcare facilities include the rectal thermometer and 
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ultrasound probes (Kanamori et al., 2017), and Enterococcus spp. have been isolated from 
rectal thermometers in small animal veterinary hospitals (KuKanich et al., 2012). The 
frequency of cleaning thermometers and ultrasound probes remains unclear in this study, 
as the question concerned other equipment in general. It would be interesting to know 
whether the rectal thermometer is protected by disposable covers or properly disinfected 
between animals. The same applies for ultrasound probes, which are often used rectally in 
livestock and equine practice. 
The overall PA score, the PA score for treating livestock and the PA score for treating 
horses showed no statistically significant association with age, sex or year of graduation. 
This might be a result of the low sample size in each group as several participants had not 
responded to all questions and had thus to be excluded. Interestingly, the apparently 
significant association between high PA score for treating horses and recent graduation 
depended on the above-average scores of four respondents. It seems that the length of 
veterinary education does not have an impact on compliance with hand hygiene and 
hygiene of veterinary equipment. When interpreting our results it has to be noted that they 
come from a questionnaire, i.e. they represent the beliefs of the veterinarians in terms of 
the right work practices. In studies involving healthcare professionals, questionnaires have 
given a more embellished picture of hygiene compliance compared with observation 
studies on real-life practice (Broughall et al., 1984; Simmons et al., 1990; Tibballs, 1996). 
The low PA scores in our study point out that education and guidance on hygiene 
practices in veterinary practice are needed. 
 
 
6.1.3 Protecting people working with livestock from multiresistant bacteria 
In 2016, the occurrence of LA-MRSA and ESBL-PE in veterinarians in Finland was low. 
However, some of the ESBL E. coli strains found may have originated in animals, and the 
MRSA strain was clearly livestock associated. There are several reasons that might 
explain the low prevalence of LA-MRSA in veterinarians compared with other European 
countries despite the high prevalence in pigs. Fewer farms and longer distances between 
farms resulting in fewer pig farm visits than in pig-dense areas in other countries are some 
possible explanations. The number of veterinarians working predominantly or solely in pig 
practice is also low. When it comes to hygiene practices of ambulatory veterinarians, 
comparable studies are lacking from countries with high pig density such as the 
Netherlands, Belgium and Denmark (Bjerg et al., 2019). The use of dust masks at least 
was at a very low level and does not serve as an explanation. 
When looking at the hygiene practices of ambulatory livestock and equine veterinarians, 
there is room for improvement on farms and especially in stables. One reason may be low 
zoonotic risk perception of veterinarians as the animal disease situation in Finland has 
traditionally been good (Finnish Food Authority, 2020). However, situations may change 
abruptly as shown by the sudden increase in ESBL-PE in dogs due to imports of shelter 
dogs from Russia, leading to a fourfold higher occurrence of ESBL-PE in dog surveillance 
samples in 2017 compared with 2016 (FINRES-Vet, 2018; University of Helsinki, 2017), or 
the current Covid-19 pandemic, in which human-to-mink transmissions led to outbreaks of 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) on mink farms in several 
countries and mink-to-human transmission became a major public health concern 
(Chaintoutis et al., 2021; Oude Munnink et al., 2021). Both LA-MRSA and ESBL-PE have 
been detected in hospitalized horses in Finland (FINRES-Vet, 2017; University of Helsinki, 
2019). There are no Finnish studies on horses in settings other than equine hospitals, but 
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according to studies published in Central European countries, especially ESBL-PE species 
are prevalent in horses (de Lagarde et al., 2019; Hordijk et al., 2020; Kaspar et al., 2019; 
Shnaiderman-Torban et al., 2020). Veterinarians should be aware that spillover of LA-
MRSA from livestock to other animal species is also possible in Finland. At the moment, 
surveillance data for LA-MRSA are only available for pigs and fur animals. It would be 
highly important to investigate the prevalence of LA-MRSA in Finnish cattle, especially 
calves, poultry and horses, to be able to assess the risks of LA-MRSA to people working in 
contact with these animals. The proportion of LA-MRSA in human surveillance samples 
has increased to approximately 6% during the last 5 years, possibly indicating an 
increasing risk of zoonotic transmission. In addition, it should be noted that a substantial 
proportion of the workforce on Finnish pig farms is foreign, may not therefore come into 
contact with Finnish healthcare and thus may not be included in the surveillance results. 
Adherence to recommendations was poorer in equine practice than in livestock practice. 
This may be explained by the different nature of the livestock and equine sectors. While 
hygiene requirements are self-evident in food production, this is not the case in a sector of 
animals kept for sports and leisure. In the livestock sector, biosecurity regulations have 
been promoted by the food industry and livestock producers’ association Animal Health 
ETT for decades, while there are no such regulations for the equine sector. Having proper 
guidelines would most certainly help to define responsibilities in infection control and 
support veterinarians communicating these matters to horse owners. Nevertheless, this 
study shows that there is room for improvement also on livestock farms. Infection control 
guidelines list that hands should always be washed before and after patient contact 
(Australian Veterinary Association, 2017; CDC, 2002; Thomson & Aaltonen, 2019; WHO, 
2009). One of the key factors influencing the frequency of handwashing is the availability 
and accessibility of handwashing facilities (Hugonnet & Pittet, 2000). This should be kept 
in mind when designing or renovating farms and stables. 
 

6.2 Measures to reduce livestock-associated methicillin-resistant 
Staphylococcus aureus prevalence in pigs 

 
6.2.1 Quantity, diversity and colonization patterns of LA-MRSA in Finnish pigs 
The quantity of LA-MRSA in pigs proved to be low both on the farms and in the controlled 
facility. The samples taken from the 10 pigs on farm 1 were repeatedly positive in all three 
samplings. It is impossible to say whether this was due to persistent colonization or rather 
repeated contamination of the pigs. Age and anatomical site have been shown to affect 
the detection of MRSA (Bangerter et al., 2016; Dewaele et al., 2011). 
When nine pigs also originating from farm 1 were moved to the initially clean controlled 
facility, a decline in detectable levels of MRSA in the nasal samples could be observed. 
This might be explained by lower levels of LA-MRSA in the air of the facility than in a barn 
with a high density of LA-MRSA-positive pigs. The skin samples, however, showed an 
increasing number of pigs positive for LA-MRSA by either method during the trial period. 
This might be related to increasing environmental contamination as described before 
(Kobusch et al., 2020) and contact between animals. 
On farm 2, LA-MRSA was detected only in the second sampling and the pigs seemed to 
be only temporarily MRSA-positive. This was surprising as farm 1 was supplying gilts to 
farm 2. Due to sampling only one pen it is not possible to say for certain that the entire 
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farm was in fact LA-MRSA-negative, and it is known that the status of an individual pig 
may change several times between birth and slaughter (Bangerter et al., 2016; Burns et 
al., 2014). However, as only a few pigs in the sampled pen were positive at the one 
sampling, it is more likely that this was a case of transient contamination. One possible 
explanation for this transient contamination of the pigs was given by the farmer, who 
reported that he had moved new pigs from farm 1 along the aisle next to the pen of the 
sampled pigs. If this was the reason for the MRSA-positive samples, it would be interesting 
to further investigate the reason why the pigs did not become colonized. Farm 1 was 
known to use zinc oxide, while farm 2 did not and there was a higher number of pigs on 
farm 1 than farm 2. The use of zinc oxide and a high number of animals are known risk 
factors for LA-MRSA carriage (Slifierz et al., 2015; Sørensen et al., 2018) as are the use of 
antimicrobials and animal traffic (Dorado-García et al., 2015a; Espinosa-Gongora et al., 
2012) but it is impossible to say whether they played a role in this case. The quantity of 
MRSA in the skin samples did not differ from the levels found in the nasal samples. When 
the sensitivity of nasal samples and skin samples has been compared, results have been 
conflicting (Agersø et al., 2014; Dewaele et al., 2011; Sasaki et al., 2021) but it is hard to 
compare the studies as the sampled area behind the ear has been different in each study. 
It is known that misassembly of repeated sequences in WGS-based spa typing is a risk 
when read lengths are shorter than 250 bp (Bartels et al., 2014). In this study, a 150 bp 
read length led to results identical to those from PCR-based spa typing, while 100 bp could 
not reliably differentiate between the closely-related spa types t034, t011 and t1255. PCR-
based spa typing found that all typed strains apart from one belonged to spa type t034, 
which is the most common spa type in both pig and human samples in Finland (Finnish 
Institute for Health and Welfare, 2021b; FINRES-Vet, 2018). Its proportion of all LA-MRSA 
strains in human samples was 72% in 2020 (Finnish Institute for Health and Welfare, 
2021b). 
cgMLST including t034 sequences of the Finnish Food Authority’s surveillance and 
infection samples showed one cluster including all strains except the first LA-MRSA strain 
isolated in Finland. The close relatedness of the Finnish Food Authority strains to the 
strains from the farms was surprising as the evolution rate of MRSA is one point mutation 
per 6 weeks (Harris et al., 2010). As it is unlikely that all of the Finnish Food Authority 
strains originated from one of these farms, it seems that this is an extremely successful 
clone which is not under high pressure to evolve. In a German study (Effelsberg et al., 
2019) the variation within a farm was lower in t034 isolates than t011 and t2011 isolates, 
but between farms the variation was high. 
When comparing the strains from the farms and the controlled facility, allele differences 
were similar to a pyoderma outbreak caused by MSSA in a kindergarten (Leistner et al., 
2017). Allele differences were also comparable to allele differences between pairs of LA-
MRSA isolates originating from the same human with no livestock contact in a study 
comparing samples taken 1 year apart (Meijs et al., 2020). cgMLST is gaining importance 
in outbreak investigations as it provides a higher resolution than spa typing. The high 
relatedness of the strains in this study indicates that the resolution of cgMLST may not be 
sufficient to find the source of t034 strains in Finland. Thus, it cannot be said based on this 
analysis whether the strains isolated on farm 2 originated from farm 1. 
 
6.2.2 Phage trial to reduce LA-MRSA levels in pigs 
Phage treatment resulted in neither eradication of LA-MRSA from the 10 pigs nor in a 
reduction of LA-MRSA levels in these pigs. Phages were detected in the pigs only on the 
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day after the application but not in any later samplings. They were detected in samples 
from both anatomical sites – nose and skin – and only in study group animals. One evident 
explanation for the later disappearance of phages might be that the LA-MRSA colonization 
was not sufficient for the phages to multiply. This is also supported by the fact that no 
phage antibodies were detected in pig sera. When comparing the three phages of the 
cocktail, mEBHT was found to dominate over fRuSau02 and fPfSau02. fRuSau02 was not 
detected in any of the follow-up samples and fPfSau02 only in one sample. Both findings 
were rather surprising as K-like viruses have been shown to infect LA-MRSA strains as 
well (Botka et al., 2019) and fPfSau02 had shown high infectivity in vitro. Decreased 
infectivity of fRuSau02 in the cocktail was later shown when using strain 13KP, which is 
resistant to the other phages in the cocktail, and this may explain the poor results for the 
phage. As fPfSau02 was able to only faintly infect strains the other two phages did not 
clearly infect, it was apparently inhibited by the two other phages. This may have 
happened through competition of receptors, differing adsorption efficacy, or superinfection 
exclusion. 
It is unlikely that fPfSau02 formed lysogens in the strains isolated from the study group 
pigs, as it was able to infect 165/166 of the strains. Analysis of the sequence of its 
production host, strain 19A2, revealed a prophage 95% identical to fPfSau02. Colony PCR 
using fPfSau02-specific primers indicated that the prophage or remnants of it were also 
harboured by four randomly chosen isolates from the study group (F13A1, F30A2MH, 
F15A3 and F11A7MH). Comparing fPfSau02 and the prophage found, the regions differing 
the most include regulatory genes for the maintenance of the lysogenic state, which may 
explain why superinfection immunity does not block lytic infection with fPfSau02. The 
prophage may also prevent lysogen formation of fPfSau02 in the strains. However, 
confirming this theory would require further experiments. 
The findings of this study are in line with the study conducted by Verstappen et al. (2016), 
in which phage treatment was effective against LA-MRSA strains in vitro but not in vivo. 
Neither resistance against the phages in the strains collected nor phage-specific 
antibodies in the pig sera were detected during the trial period. However, the quantity of 
LA-MRSA in the nasal and skin samples from the pigs mostly ranged between 101 and 102 
CFU/swab, while phages have been shown to be able to replicate only in bacterial 
concentrations over 104 CFU/ml. This may explain why the phages were not able to 
establish themselves in the animals. 
 
6.2.3 Approaches to prevent LA-MRSA in pigs – future aspects 
Eradicating LA-MRSA from pigs or at least reducing prevalence would be important to 
protect people working in close contact with the pigs and prevent LA-MRSA from 
spreading further to the community and healthcare facilities. Based on this and previous 
studies (Verstappen et al., 2016), phage treatment does not seem to be efficient when no 
infection locus is present but only healthy carriage at low levels. 
cgMLST showed a highly successful t034 clone circulating in Finnish pigs. Studying the 
reasons for the fitness of this clone in more detail might help to find ways to prevent the 
spread of LA-MRSA in Finland. The diverging results between nasal and skin samples of 
the pigs in the controlled facility indicate that the role of the barn environment and air may 
be extremely important in the maintenance of LA-MRSA. However, there are other 
important aspects to consider. The pigs on farm 1 were housed in a barn with several pens 
of 18 pigs on partly slatted floors with a small amount of shavings on the floor. In the 
controlled facility, the pigs were housed in two groups of five on a bedding of wood 
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shavings. There is evidence that LA-MRSA prevalence may be lower on 
organic/alternative pig farms than conventional pig farms but the reasons for this have not 
been studied (Cuny et al., 2012; van de Vijver et al., 2014). Pigs raised in alternative 
farming are often kept on straw bedding in holdings with a smaller number of pigs and with 
more space for the pigs, and antimicrobial treatment is far more restricted than in 
conventional holdings (Cuny et al., 2012). Straw bedding has been suggested to have a 
positive influence and to decrease LA-MRSA prevalence (Schollenbruch et al., 2021) but 
actual proof is lacking. In addition, organic farming may include several other welfare 
requirements (van de Vijver et al., 2014) that may have an impact on the immune status of 
the pigs such as a longer suckling period. Based on our study it is impossible to say which 
factors led to the decline in nasal carriage in the controlled facility, but the influence of pig 
management issues on the prevalence of LA-MRSA should certainly be studied further. 
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7 CONCLUSIONS 
 
This thesis adds to the knowledge of multiresistant bacteria, especially LA-MRSA, in 
Finland. Most studies concerning LA-MRSA have been conducted in Germany, Denmark 
and the Netherlands, countries with higher pig density and larger production units than in 
Finland, and thus data on the Finnish situation are valuable. The findings of this study can 
be used to plan measures to prevent occupational transmission of multiresistant bacteria 
and to plan further studies. 
 

I) Prevalence of LA-MRSA and ESBL-PE in Finnish veterinarians proved to be low. 
Frequent animal contact did not increase the prevalence in veterinarians 
compared with the rest of the population. However, the first report of LA-MRSA in 
a veterinarian in Finland demonstrates that measures to prevent zoonotic 
transmission of this pathogen are important also in Finland especially in 
occupations with close contact with pigs. 

II) Compliance of Finnish veterinarians with IPC guidelines was not sufficient and 
does not explain the low prevalence of LA-MRSA and ESBL-PE in Finland. Hand 
hygiene facilities in stables are far from adequate and should be improved also 
on farms. Biosecurity guidelines for the equine sector are needed. 

III) Bacterial quantity of LA-MRSA was low in nasal and skin samples of pigs. Moving 
pigs to a clean environment led to (further) decreased nasal quantities of LA-
MRSA, suggesting repeated contamination from the barn environment rather than 
persistent colonization. A highly successful LA-MRSA clone of spa type t034 is 
circulating in Finnish pigs. Studying this clone in more detail may help to prevent 
the spread of LA-MRSA. 

IV) Phage treatment did not influence the low LA-MRSA levels in healthy carrier pigs. 
Due to low bacterial quantities it may not be possible to eradicate LA-MRSA from 
healthy pigs using phages. However, further studies on pig management issues 
may help to find a way to reduce the prevalence of LA-MRSA. 
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APPENDIX 1 
 
Excerpt from web-based questionnaire including all questions relevant to studies I and II in English 
translation. The original questionnaire was available only in Finnish. 
Questions on work practices covered the past 12 months. 
2. GENERAL INFORMATION 
Gender  

□ Male 
□ Female 
□ Other 

 
Year of birth: 
Main type of occupation during previous 12 months 

□ Substitute veterinarian (temporary contracts) 
□ Municipality 
□ Practitioner as an employee 
□ Entrepreneur 
□ Government or European Union 
□ Employee in industry 
□ Student 
□ Retired 
□ Temporarily absent from work 

 
Location of veterinary education 

□ University of Helsinki or College of Veterinary Medicine 
□ Abroad 

 
Year of graduation (if graduated): 
 
3. OCCUPATIONAL CONDITIONS 
Have you during the past 12 months had contact with: 

 Live animals 
 Cadavers 
 Specimens of animal origin 

 
Answer options: 
□ Yes 
□ No 

 
Field of work during last 12 months 

 Cattle practice 
 Pig practice 
 Poultry practice 
 Fur animal practice 
 Other livestock practice 
 Ambulatory equine practice 
 Equine practice at equine clinic 
 Companion animal practice at practice or clinic 
 Companion animal practice at hospital (patients overnight) 
 Farm visits (non-practice related) 
 Animal welfare inspections 
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 Necropsies 
 Slaughterhouse 
 Laboratory work 
 Teaching and/or research 
 Office work 
 Other field of work 

 
Answer options: 

□ At least weekly 
□ Less frequently than weekly 
□ Not at all 

 
4. WORK PRACTICES 
Were handwashing conditions adequate (warm water, soap, fresh towel / paper hand towels) in the 
following locations? 

 Livestock farms 
 Stables 
 Equine clinic 
 Companion animal practice/clinic/hospital 
 Slaughterhouse 
 Laboratory 
 Other place 

 
Answer options: 

□ Always 
□ Often 
□ Sometimes 
□ Seldom 
□ Never 
□ Not applicable 

 
I washed my hands when they were dirty when I was working with 

 Livestock 
 Horses 
 Companion animals 
 Other animals 

 
I washed my hands between animals / animal groups when I was working with 

 Livestock 
 Horses 
 Companion animals 
 Other animals 

 
I washed my hands before moving on to the next farm when I was working with 

 Livestock 
 Horses 
 Companion animals 
 Other animals 

Answer options: 
□ Always 
□ Often 
□ Sometimes 
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□ Seldom 
□ Never 
□ Not applicable 

 
I used hand sanitizer between animals / animal groups when I was working with 

 Livestock 
 Horses 
 Companion animals 
 Other animals 

 
What was the average time (in seconds) you spent washing your hands (rubbing your hands with soap)? 
I used hand sanitizer after washing my hands when I was working with 

 Livestock 
 Horses 
 Companion animals 
 Other animals 

Answer options: 
□ Always 
□ Often 
□ Sometimes 
□ Seldom 
□ Never 

 
I used hand sanitizer before moving on to the next farm when I was working with 

 Livestock 
 Horses 
 Companion animals 
 Other animals 

Answer options: 
□ Always 
□ Often 
□ Sometimes 
□ Seldom 
□ Never 
□ Not applicable 
 

How often did you use the following protective gear during work (excluding surgery and dental procedures) 
with the following animals? 

 Protective coat / coveralls 
 Working footwear 
 Head gear 
 Livestock 
 Horses 
 Companion animals 
 Other animals 

Answer options: 
□ Always 
□ Often 
□ Sometimes 
□ Seldom 
□ Never 
□ Not applicable 
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I used protective gloves during the following procedures with the following animals 

 Treating a contaminated, fresh wound 
 Treating an infected wound (signs of infection) 
 Livestock 
 Horses 
 Companion animals 
 Other animals 

Answer options: 
□ Always 
□ Often 
□ Sometimes 
□ Seldom 
□ Never 
□ Not applicable 

 
When I used protective gloves when working with animals I washed and/or sanitized my hands: 

 Before putting on gloves 
 After taking off gloves 

Answer options: 
□ Always 
□ Often 
□ Sometimes 
□ Seldom 
□ Never 
□ Not applicable 

 
I used a dust mask during my work (excluding surgery and dental procedures) with the following animals: 

 Cattle 
 Pigs 
 Poultry 
 Fur animals 
 Other livestock 
 Horses 
 Companion animals 
 Other animals 

Answer options: 
□ Always 
□ Often 
□ Sometimes 
□ Seldom 
□ Never 
□ Not applicable 

 
 
If you have not been working in any kind of practice during the past 12 months, you may move on to topic 5, 
Exposure during leisure time. 
How often did you clean or change the following equipment in ambulatory practice? 
Please include equipment offered by the farms. 

 Protective coat / coverall 
 Rubber boots 
 Safety shoes 
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 Medical supply case (outside) 
 Medical supply case (inside) 
 Stethoscope 
 Other equipment in animal contact 

Answer options: 
□ Between animals / animal groups 
□ Between farm visits 
□ Daily 
□ Weekly but not daily 
□ Less frequently than once a week 
□ Not applicable 

 
5. EXPOSURE DURING LEISURE TIME 
Did you live on a farm with animals? 

□ Yes 
□ No 
 

Did your household include adults belonging to the following professions? 
□ Healthcare professional (e.g. doctor, dentist, nurse) 
□ Veterinary professional (e.g. veterinarian, technician) 
□ Farmer or other profession with animal contact 
□ No 

 
To which of the following areas did you travel during the last 12 months? 

□ Nordic countries 
□ Baltic countries 
□ Central Europe (Austria, Belgium, France, Germany, Liechtenstein, Luxembourg, Monaco, the 

Netherlands, Switzerland, Great Britain, Ireland) 
□ Southern Europe (Portugal, Spain, Gibraltar, Andorra, Italy, San Marino, Vatican City State, Malta, 

Slovenia, Croatia, Bosnia and Herzegovina, Montenegro, Serbia, Albania, Macedonia, Greece) 
□ Eastern Europe (Belarus, Bulgaria, Czech Republic, Hungary, Poland, Republic of Moldova, Romania, 

Russia, Slovakia, Ukraine) 
□ Asia 
□ North America 
□ Middle America 
□ South America 
□ Africa 
□ Australia and Oceania 
□ I have not been travelling outside Finland 
□ I have not had leisure time animal contact during the past 12 months. 

 
If you did not have leisure time animal contact during the past 12 months you may move on to topic 6 
Healthcare-related risks. 
How often have you had contact with the following animals during leisure time or at home during the past 
12 months? 

 Cattle 
 Pigs 
 Poultry 
 Fur animals 
 Other livestock 
 Horses 
 Dogs 
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 Cats 
 Rabbits 
 Rodents 
 Reptiles 
 Pet birds 
 Other animals 

Answer options: 
□ At least weekly 
□ Less frequently than weekly 
□ Not at all 

 
6. HEALTHCARE-RELATED RISKS 
Have you been to the doctor during the past 12 months? 

□ Yes 
□ No 

Where have you been to the doctor? 
□ Occupational healthcare (domestic) 
□ Other outpatient healthcare (domestic) 
□ Outpatient healthcare (abroad) 
□ Hospital (domestic) 
□ Hospital (abroad) 

Do you suffer from a chronic immunosuppressive disease which requires medical attention? 
□ Yes 
□ No 

Are you on immunosuppressive medication (e.g. systemic cortisone >1 month, biological medication or 
cytostatic)? 

□ Yes 
□ No 

Have you been on a course of antibiotics: 
 During the past month 
 During the past 12 months 

Answer options 
□ Yes 
□ No 

Do you know that you are or have been a carrier of a bacterium resistant to antimicrobials (e.g. MRSA, 
ESBL) at some point? 

□ Yes 
□ No 

If you answered ‘yes’ was it a case of infection or colonization? 
□ Infection 
□ Colonization 
□ Not applicable 
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APPENDIX 2 
 
Questions included in the calculation of the precaution awareness score 
Livestock-related questions Equine-related questions 

1. I washed my hands when they were 
dirty when I was working with 

 livestock 
 

1. I washed my hands when they were 
dirty when I was working with 

 horses 
 

2. I washed/sanitized my hands 
between animals / animal groups 
when I was working with 

 livestock 
 

2.   I washed/sanitized my hands between 
animals / animal groups when I was 
working with 

 horses 
 

3. I washed/sanitized my hands before 
moving on to the next farm when I 
was working with 

 livestock 
 

3.   I washed/sanitized my hands before 
moving on to the next farm when I was 
working with 

 horses 
 

4. I used hand sanitizer after washing 
my hands when I was working with 

 livestock 
 

4.   I used hand sanitizer after washing my 
hands when I was working with 

 horses 

5. I used protective gloves during the 
following procedures with the 
following animals 

 treating a contaminated, fresh wound 
 livestock 

 

5.   I used protective gloves during the 
following procedures with the following 
animals 

 treating a contaminated, fresh wound 
 horses 

 
6. I used protective gloves during the 

following procedures with the 
following animals 

 treating an infected wound (signs of 
infection) 

 livestock 

6.    I used protective gloves during the 
following procedures with the following 
animals 

 treating an infected wound (signs of 
infection) 

 horses 
 

7. How often did you use the following 
protective gear during work 
(excluding surgery and dental 
procedures) with the following 
animals? 

 protective coat/ coveralls 
 livestock 

7. How often did you use the following 
protective gear during work (excluding 
surgery and dental procedures) with 
the following animals? 

 protective coat/ coveralls 
 horses 

 
8. How often did you use the following 

protective gear during work 
(excluding surgery and dental 
procedures) with the following 
animals? 

 work footwear 
 livestock 

 

8. How often did you use the following 
protective gear during work (excluding 
surgery and dental procedures) with 
the following animals? 

 work footwear 
 horses 
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General questions 
1. When I used protective gloves when working with animals I washed and/or sanitized my hands: 

 After taking off gloves 
2. How often did you clean or change the following equipment in ambulatory practice? 
Please include equipment offered by the farms. 

 Protective coat / overalls 
3. How often did you clean or change the following equipment in ambulatory practice? 
Please include equipment offered by the farms. 

 Rubber boots 
4. How often did you clean or change the following equipment in ambulatory practice? 
Please include equipment offered by the farms. 

 Stethoscope 
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