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General introduction

Chapter 1

Staphylococci are Gram-positive bacteria and can be found as opportunistic
pathogens in humans and animals. There are two staphylococcal species of particular interest to human and veterinary medicine: Staphylococcus aureus and
Staphylococcus pseudintermedius.
S. aureus is a coagulase-positive opportunistic pathogen. It is a common colonizer on human and animal skin. On average, 50% of all humans are S. aureuspositive at some stage in longitudinal studies, while in cross-sectional studies this
prevalence is usually closer to 30% (1). S. aureus in humans mainly causes skin
and soft-tissue infections but is also associated with severe systemic infections.
In animals, it occurs in cows, sheep, goats, horses, cats, dogs, and poultry (2).
The major types of infections are mastitis, dermatitis, impetigo, and arthritis.
Methicillin-resistant S. aureus (MRSA) poses a clinical challenge due to this resistance. MRSA results in increased morbidity and mortality, and infections with
MRSA in humans are the cause of higher health-care costs and the need for more
intensive nursing (3–5). In animals, a study on 20 Danish pig production farms
found that 76% of 480 pigs were positive for S. aureus carriage on at least 1/3
sampling moments in their three-week study (6).
S. pseudintermedius is also a coagulase-positive opportunistic pathogen. However, infections with this organism occur mainly in dogs and cats, and to a lesser
extent in humans (7). The organism is part of the Staphylococcus intermedius
group (SIG), which consists of S. intermedius, S. pseudintermedius, and S. delphini. S. pseudintermedius mainly causes skin and ear infections in dogs and cats,
but also post-operative wound infections (7). Methicillin-resistant S. pseudintermedius (MRSP) is often multi-drug resistant, which can make it difficult to treat
infections with this organism (8, 9).

Staphylococcal Chromosome Cassette mec
The rise of methicillin-resistant staphylococci started shortly after the introduction
of Celbenin (methicillin) in 1960. Around this time the British Staphylococcus
Reference Laboratory started to receive more and more isolates that were resistant
to this new drug (10). Methicillin is a β-lactam antibiotic. The best-known βlactam antibiotic is penicillin. Beta-lactam antimicrobials interfere in the synthesis
of the peptidoglycan layer by irreversibly binding to so-called penicillin-binding
proteins (PBPs), enzymes that play a crucial role by cross-linking the bacterial
peptidoglycan layer. The β-lactam-bound PBPs then can no longer cross-link the
peptidoglycan layer of the cell and the peptidoglycan layer is not strong enough for
the bacterial cell to survive. In methicillin-resistant staphylococci the mecA gene
encodes an alternative PBP2, namely PBP2A. This alternative protein has a low
affinity for β-lactam antimicrobials and cross-linking of the peptidoglycan layer is
no longer inhibited (11, 12). Bacteria containing the mecA gene are considered
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resistant against all β-lactam antimicrobials (13). However, mecA is not the only
gene encoding an alternative PBP2. Another gene was recently described in S.
aureus: mecC (14). This variant has a slightly different nucleotide sequence than
mecA, but its function is identical.
If present, these mec genes (mecA or mecC ) are incorporated in a mobile
genetic element called Staphylococcal Cassette Chromosome mec (SCCmec). SCCmec is a complex and variable element, and already eleven main types – and
many more subtypes and variants – have been described (15–17). Besides the mec
gene SCCmec can also contain other resistance genes, genes encoding restrictionmodification systems, and virulence genes.
Although many variants of the cassette have been described they generally
all contain certain features, namely a mec gene complex (six variants of the gene
complex have been described), containing the mecA gene and some additional
genes, and a cassette chromosome recombinase (ccr) gene complex (eight variants
of the ccr gene complex have been described), which is involved in the transfer of
the SCCmec element (16). Other essential parts for the transfer of the SCCmec
element are the repeat sequences in attB in the bacterial chromosome and the
SCCmec cassette, which are used during integration and excision. The mec gene
complex contains the mecA gene, and in some variants also the entire, or truncated
regulator genes mecR and mecI (the combination is often mentioned as mecRI ).
Three variants of ccr genes are known: ccrA and ccrB, which are always found
together and each have subtypes, and ccrC, of which no further subtypes have
been reported yet. Typing of the ccr gene complex is different than the mec
gene complex. For the mec gene complex the presence and organisation of genes
determines which complex is present. For the ccr gene complex it is often a
combination of different subtypes of ccrA and ccrB genes, and there is only one
type exception where ccrC is present. These subtypes are identified by determining
the nucleotide sequence and comparing it to a reference database (16).
Classification of SCCmec elements is mostly based on the mec gene and ccr
gene complexes. However, the composition of the so-called ‘joining regions’ (Jregions) is also taken into consideration (16). These J-regions are the regions
between orfY (the other end of the cassette than orfX ) and the ccr gene complex,
which is called J1; the region between the ccr gene and mec gene complexes is
called J2, and the region between the mec gene complex and orfX is called J3.
The J-regions can contain plasmid insertions, such as pUB110 in SCCmec types
I and II, or transposons, such as Tn554 in SCCmec types II and III. SCCmectyping is usually performed with conventional multiplex PCRs and real-time PCR
(16, 18, 19). However, proper typing of SCCmec elements can be difficult and
time-consuming due to the large number of PCRs and the inability of the assay
to detect SCCmec variants. If sequences of the cassette are available, for instance
in a whole-genome sequence, it is often easier to compare the nucleotide sequence
to reference sequences of the SCCmec elements by sequence alignments.
9
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Studies about the presumed fitness burden of SCCmec carriage for the host
strain report that it depends on the type of cassette that is present. Ender and
colleagues showed that a methicillin-susceptible S. aureus (MSSA) strain grew
much faster than its isogenic MRSA strain with a type I SCCmec element (20).
Conversely, Lee and colleagues showed that an MSSA strain grew just as fast as its
isogenic variant carrying an SCCmec type IV cassette and that this cassette was
not a fitness burden for the host cell (21). Previous publications suggested that
the size of the SCCmec element determines the fitness burden for the host strain
(22, 23). However, Lee and colleagues pointed out that the difference in genes in
these types of cassettes are more likely to determine if the presence of the SCCmec
cassette is a fitness burden (21).

Molecular typing
Typing of S. aureus and S. pseudintermedius to study the epidemiology of strains
has long been performed by pulsed-field gel electrophoresis (PFGE). Both species
were typed according to the protocol for S. aureus (24). Although PFGE is a
typing method with very high resolution (i.e. closely-related organisms can be
distinguished), it is very labour-intensive – a typical analysis takes four days –
and requires a lot of technical skills and specialised equipment in order to obtain
reliable results. Alongside PFGE, spa-typing is often used (25–27). This singlegene typing method is based on the presence of repeat sequences. Multi-locus
sequence typing (MLST) is also used. The MLST scheme for S. pseudintermedius
was originally based on the use of five genes, namely 16S, tuf, cpn60, pta, and
agrD (28), while many other MLST schemes – including the one for S. aureus
– use seven housekeeping genes for molecular typing (29). Using more genes for
MLST provides a higher typing resolution. Recently, the MLST scheme for S.
pseudintermedius was expanded and now also uses seven housekeeping genes (30).
During this migration the assignment of sequence type numbers was kept the
same as much as possible in order to ease the transition. All MLST profiles are
available online in a curated database (https://pubmlst.org) to harmonize the
assignment of sequence types. Epidemiological studies have shown that for proper
clone assignment not only MLST and spa-typing is required, but SCCmec typing is
also recommended (31). Other typing methods are also available, but the methods
mentioned above are used the most.
Additionally, whole-genome sequence analysis is performed more often to compare isolates with higher resolution.
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Staphylococcus aureus
When someone is colonized with S. aureus it increases the risk of a subsequent
infection (32). Infections with MRSA in humans are usually skin and wound
related, but systemic infections also occur. In 2014, 0.9% of all human invasive
(blood and cerebrospinal fluid) S. aureus isolates in the Netherlands was an MRSA
(33). Although the prevalence of MRSA in Dutch people is the lowest in Europe,
the prevalence of MRSA in pigs is rather high and people in contact with these
animals (particularly farmers and veterinarians) are at high risk of becoming colonized. However, MRSA in pigs and other production animals is of a specific
subtype and health-risks for this type of MRSA are different than for the other
types of MRSA.
We distinguish three types of MRSA: community-associated MRSA (CAMRSA), hospital-associated MRSA (HA-MRSA), and livestock-associated MRSA
(LA-MRSA). These three types contain a different variety of accessory genes, which
helps them to prosper in either animals (LA-MRSA), or in humans (CA- and HAMRSA). Human-associated strains (HA- and CA-MRSA) have more entero- and
exotoxin genes, which aid in immune evasion in people, while livestock-associated
strains have genes involved in collagen binding (34) and tetracycline resistance
(35). Ballhausen et al. showed that HA-MRSA adheres best to human endothelial and epithelial cells, followed by CA-MRSA. LA-MRSA was much less able to
bind to these human cells (36). Although distinction in genetic and phenotypic
characteristics between HA-MRSA and CA-MRSA are not clearly defined, there
are some general differences. CA-MRSA carries an SCCmec type IV or V more
often than HA-MRSA (37), in which SCCmec types I and III are more common
(38). Historically, CA-MRSA more often belongs to MLST ST8 and ST1, while
HA-MRSA has a more multi-drug resistance pattern than CA-MRSA and is often
of CC5; but these distinctions seem to blur (39, 40).
In the Netherlands, there is an active search-and-destroy policy for MRSA in
human healthcare. All patients in risk categories (e.g. hospital admission abroad,
contact with livestock) are screened for the presence of MRSA when they are
admitted to the hospital. If colonized, a decolonization protocol is initiated and the
patient is nursed in contact isolation (41). This has proven on multiple evaluations
to be effective not only in reducing the incidence of MRSA infections (and with
it morbidity and mortality), but also to reduce costs of healthcare (3, 4). There
is not yet a specific strategy to reduce LA-MRSA in livestock. Norway is an
exception to this and applies a search-and-destroy policy for LA-MRSA-positive
farms, similar to the search-and-destroy policy in Dutch hospitals. Farms are
actively screened for the presence of MRSA, and in case it is found the whole farm
is cleared, and the stables are disinfected. Farms that were in contact with this
contaminated farm, e.g. because the lorry visited multiple farms, are then also
screened – extensively – for the presence of MRSA (42). For the Netherlands this
11
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search-and-destroy policy would not be feasible because the prevalence of MRSA
is high, and on most farms MRSA is present in the environment (43), which is
difficult to clear from MRSA (44). In 2015 and 2016, British pork was found LAMRSA positive (45, 46). The government is considering LA-MRSA surveillance in
pigs, but plans about interventions (e.g. search-and-destroy) are not mentioned in
recent publications.
In animals, LA-MRSA is predominant. This type is found most frequently in
pigs and veal calves, but is hardly a clinical problem for animal health. However, people in close contact with farm animals are at increased risk of becoming
LA-MRSA positive (47, 48). The first Dutch case of LA-MRSA was described
in 2005, where a young girl was colonized and did not respond to decolonization
attempts. Her parents were also MRSA-positive and neither the girl or her parents
were classified in a risk category, but the family lived on a pig farm and it became
clear that the pigs were the source of this MRSA (49). When MRSA is obtained
after short-term exposure to pigs or veal calves a person will in most cases become
MRSA-negative within 24 hours after exposure ended (50). Seventy-one percent
of the Dutch finishing herds were estimated to be LA-MRSA-positive, while this
was 54% in finishing herds and 67% in breeding herds (51). Thirty-nine percent
of 540 screened pigs were positive for LA-MRSA at slaughter (35). LA-MRSA
in Europe is mostly MLST clonal complex (CC)398, while in Asia CC9 is more
common. Although LA-MRSA is mostly found in animals and in humans with
prolonged livestock exposure, human-adapted strains of LA-MRSA have been reported recently (52). These strains acquired the ϕSa3 phage, which contains genes
that enable the strains to evade the human immune system (53).
Colonization of MRSA can occur as persistent colonization or intermittently,
and some people or animals are never colonized with MRSA. There is a relationship
between the number of colony-forming units of LA-MRSA in a nasal swab and the
likeliness of persistent colonization (54). A variety of reasons has been suggested
to be associated with these differences of persistent and intermittent colonization
of S. aureus in general. In humans, single-nucleotide polymorphisms (SNPs) in
C-reactive protein and interleukin-4-related genes were shown to be involved (55),
and cell envelope protein loricrin influenced S. aureus colonization in mice (56).
Extracellular proteins of S. aureus – mainly collagen-, fibrinogen-, and fibronectinbinding proteins, but also protein A – have also shown to influence S. aureus
colonization, as reviewed by Peacock and colleagues (57). Also the level of MRSA
in barn dust was shown to be a determinant for MRSA carriage (58), and the
persistence and duration of exposure, as described above (50).
Historically, the Netherlands has one of the highest uses of antimicrobials in
veterinary medicine in Europe. This is one of the reasons why the Dutch government has set targets of 20%, 50%, and 70% for 2011, 2013, and 2015 respectively
for the reduction of antimicrobial use in animals with reference to 2009. Antimicrobial use has been reduced by 58.4% in the years 2009-2015, and now the country is
12
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in the middle-range of antimicrobial users in animals (59). Antimicrobial use is the
cause of the rise of antimicrobial resistance. Conversely, the reduction of antimicrobial use in pigs and veal calves led to a reduction in resistance in Escherichia
coli, which is used as an indicator organism for the general level of antimicrobial
resistance (60). However, a reduction in the use of antimicrobials doesn’t seem to
lead to a reduction of LA-MRSA prevalence (61).
Because there is need to reduce MRSA in animals, we aim to look for other
ways than antimicrobial treatment that can reduce colonization in animals and
therewith reduce the exposure of humans. This will reduce the incidence of infections in humans.

Staphylococcus pseudintermedius
Like S. aureus, S. pseudintermedius is also an opportunistic pathogen and typically found in dogs and cats. It causes a variety of infections, but mostly otitis
externa, pyoderma, and wound infections (62). S. pseudintermedius is difficult to
distinguish from S. intermedius and S. delphini, and these three species together
form the SIG. Until 2005 S. pseudintermedius and S. intermedius were considered
to be the same species (63). Because it is difficult to distinguish S. pseudintermedius from S. intermedius by biochemistry it was suggested in a publication in
2009 to report these isolates originating from dogs as S. pseudintermedius unless
they could be identified by molecular analysis (64).
Although S. pseudintermedius is mostly found in animals, it is occasionally isolated from human samples (65, 66). As discussed by Van Duijkeren et al. (65) it is
likely that people in contact with dogs have an increased risk of becoming S. pseudintermedius-positive. In human samples S. pseudintermedius is often misdiagnosed
as S. aureus because it is a coagulase-positive Staphylococcus, and identification of
coagulase-positive staphylococci in laboratories that analyse human samples is not
always sufficient to identify S. pseudintermedius. The biochemical profile is very
similar to other species of the SIG, and to that of S. aureus, which makes proper
identification difficult. The difference between S. aureus and S. pseudintermedius
is that the latter does not ferment mannitol. As a result S. pseudintermedius
isn’t always recognised as the cause of an infection in humans and the infection
will not be recognised as a zoonosis. After the introduction of the MALDI-TOF
MS – which is able to correctly identify this organism – S. pseudintermedius is
found more often in human samples (67). A PCR restriction fragment length
polymorphism (PCR-RFLP) targeting the pta gene was developed to identify S.
pseudintermedius and discriminate this species from other organisms in the SIG
and S. aureus (68). However, S. pseudintermedius strains with variations in the
restriction site have been reported, which result in a false identification as nonpseudintermedius. This shows that this test might not be sufficiently accurate
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(69). Also, PCR-RFLP is too laborious for routine diagnostic identification and it
can only be used for species identification of bacterial isolates; not to test a clinical
sample for the presence of S. pseudintermedius.
As with S. aureus, S. pseudintermedius has a methicillin-resistant variant,
called MRSP. MRSP is often multi-resistant, which makes it difficult to treat
infections (9). The prevalence is difficult to assess, as studies used different populations and came up with different percentages: in healthy dogs in the U.S. and
Slovenia it was 2% and 1.5%, respectively (70, 71). The prevalence of MRSP in
the Dutch population of healthy dogs is unknown since studies in the Netherlands
always included dogs that had already been diagnosed with MRSP (65, 72).
MRSP occurs globally and has been detected on 6/7 continents of the world:
Europe (27), Asia (73), Africa (74), Oceania (75), North America (27), and South
America (76). Although globally occurring, MRSP has spread clonally: in Europe,
the most-predominant MLST type is ST71, while in North America ST68 is found
most (27). Interestingly, the isolates of predominant type ST71 in this study
contained more antimicrobial resistance genes than the genotypes that were found
less often, which might contribute to its success.
However, it is unknown what factors are associated with the spread of this
successful MRSP clone. With insight in the global distribution and molecular
characteristics of MRSP strains the emergence, evolution, and spread of this organism might be understood better.
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Scope of the thesis
The aim of this thesis was i) to explore methods to reduce MRSA in pigs in
order to reduce the MRSA exposure of humans by studying the epidemiology of
methicillin-resistant staphylococci and the nasal colonization of pigs; ii) to study
the epidemiology of MRSP and its zoonotic potential.
In chapter 2 we describe a new colonization model for MRSA in new-born
piglets, which will be used to test methods that aim to reduce MRSA in these
animals. This model is applied in chapter 3 to evaluate the effectiveness of bacteriophages to reduce MRSA nasal colonization in piglets.
In chapter 4 we explore if certain genetic lineages of pigs are less likely to be
colonized with S. aureus than other pig lineages.
Chapter 5 describes the development of the nasal microbiota of new-born pigs
and the moment of MRSA colonization in these animals. We also compared the
nasal microbiome of MRSA-positive and MRSA-negative pigs and aimed to find
if the presence of certain organisms influence the colonization of MRSA in these
animals.
In chapter 6 we explore the presence of MRSA in pig husbandry in Sri Lanka
and the genotypes of MRSA that are present. These are compared to the genotypes
that are found in humans to determine if transmission of MRSA occurs in Sri
Lanka.
Chapter 7 describes the changes in the Dutch population of MRSP by studying
the distribution of genotypes and antimicrobial resistance patterns. Also, the
association of MLST types with clinical conditions and the proportions of MRSP
in the total number of S. pseudintermedius isolates.
In chapter 8 we describe the presence of MRSP in dogs in Sri Lanka. Isolates
of MRSP were genotyped and compared to the types found elsewhere around the
world to elucidate the epidemiology of MRSP in this country, and we identified
new variants of the SCCmec element.
In chapter 9 we compared whole-genome sequences of staphylococci in order
to find sequences that are specific for S. pseudintermedius. An S. pseudintermedius-specific genome region, obtained from the genome comparisons, was used
to develop a Real-Time PCR for the identification of bacterial S. pseudintermedius
isolates.
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Abstract
Methicillin-resistant Staphylococcus aureus sequence type (ST)398 is widely spread
among livestock. People in contact with livestock have a higher risk of testing
positive for MRSA. Several experimental settings have been described to study in
vivo colonization of MRSA in pigs, each having its own limitations. The aim of
this study was to develop a nose-colonization model in pigs to quantitatively study
the colonization of MRSA and the co-colonization of MSSA and MRSA.
Two experiments were performed: in the first experiment piglets received an
intranasal inoculation with MRSA ST398, spa-type t011, and in the second experiment piglets received an intranasal inoculation with two MSSA strains (ST398,
spa-types t011 and t034) and two MRSA strains (also ST398, spa-types t011 and
t034) to investigate co-colonization. Colonization was quantitatively monitored
for two weeks in both experiments.
Nasal colonization was successfully established in all piglets with stable amounts
of S. aureus between 104 − 106 CFU/sample. MSSA and MRSA were able to cocolonize.
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Introduction
Methicillin-resistant Staphylococcus aureus (MRSA) is widely spread among livestock in many parts of Europe, US, Canada, and Asia (1, 2). This LivestockAssociated MRSA (LA-MRSA) can particularly colonize pigs and calves and belongs mainly, depending on the geographical region, to Clonal Complex (CC)398
(Western countries) or CC9 (Asia).
It has been suggested that LA-MRSA of CC398 has adapted to its host after its
transmission from humans and subsequently acquired resistance against methicillin
and tetracycline (3). It is believed that at the same time it lost the human virulence
genes and the capacity for colonization in humans was reduced (3). However, in an
experimental setting it has been shown that MRSA is still able to colonize healthy
humans (4).
People in contact with livestock are at increased risk of acquiring MRSA (5,
6). Furthermore, human S. aureus colonization is a recognized risk factor for
infection (7). Any reduction of MRSA in pigs (in prevalence or load) is expected to
reduce incidence in humans. Currently, there are no effective intervention methods
available to reduce colonization in pigs.
Co-occurrence of multiple genotypes of S. aureus in humans has been reported, but a co-occurrence of MSSA and MRSA strains is not mentioned (8, 9).
Conversely, it is suggested that colonization with MSSA protects against cocolonization with MRSA (10, 11). However, it is not yet known if co-colonization
can be maintained in pigs. Knowledge of the underlying mechanism of colonization of S. aureus in pigs and the dynamics of colonization in an individual animal
under controlled conditions is facilitated by the availability of an in vivo model.
This may also help to understand the successful spread of specific clones and to
evaluate intervention methods.
Already some in vivo models for studying colonization in pigs have been described (12–15). Although these studies have merits for specific aspects, these
models do not allow the challenge with multiple strains in the same quantity or
didn’t collect quantitative data.
The aim of this study was to develop a nose-colonization model in pigs in
order to quantitatively study MRSA colonization and possible co-colonization with
MSSA.

Materials and methods
Experiment 1: colonization with MRSA
Eight Caesarean-Derived, Colostrum-Deprived (CD/CD) piglets – from a single
sow – were obtained, housed, and fed as described before (17). Four piglets were
housed per isolator. Nasal samples were taken to assess the presence of staphy25
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Table 2.1: Characteristics of the Staphylococcus aureus strains that were used for colonization
V0608892/1

10KE0026

Pig, diagnostic
Origin screening
Calf, (16)
mecA +
+
mecC −
−
PFGE N/Aa
F’
MLST ST398
ST398
spa
t011
t011
RAPD N/Aa
A
MLVA N/Aa
6-6---a

10KE0027

10KE0028

10KE0029

Calf, (16)
−
−
F
ST398
t011
A
6-6----

Calf, (16)
+
−
A’
ST398
t034
A
6-6----

Calf, (16)
−
−
A
ST398
t034
A
6-6---4

N/A: Data not available.

lococci using a Rayon swab (Copan, Brescia, Italy). Samples were plated on
Columbia agar with sheep blood (BA; Oxoid, Badhoevedorp, the Netherlands)
and the swab was enriched in Mueller Hinton Broth with 6.5% NaCl (MH+; Tritium Microbiology, Eindhoven, the Netherlands). After overnight (18-24 hrs; O/N)
incubation at 37 ○C BA was visually assessed for the presence of staphylococci and
MH+ was plated on Mannitol Salt Agar (MSA; Oxoid, Badhoevedorp, the Netherlands), which was assessed for the presence of S. aureus.
MRSA-strain V0608892/1, isolated from the nose of a healthy pig, was used
for colonization. This strain was of MLST ST398 (18–20), and staphylococcal
protein A (spa)-type t011 (21); see Table 2.1. At the age of 6 days the piglets were
administered 500 µl inoculum within one hour after preparation. The bacterial
suspension for colonization was prepared by making a 1:15 dilution of an O/N
liquid culture in BHI. Cultures were re-incubated while shaking until an OD600 of
0.5 was reached. Sixty ml of the log-phase culture was centrifuged at 2, 000 × g
for 10 min and cells were washed with phosphate buffered saline (PBS; Lonza,
Belgium); the pellet was suspended in 12 ml PBS. Quantitative culture showed
the inoculum contained 3.5 × 108 colony forming units (CFU) per administration
(500 µl).
To monitor colonization, nasal samples were obtained at 13 timepoints (see
Figure 2.1). Samples were processed as follows within 2 hours after sampling: swab
was suspended in 1 ml PBS and a serial dilution to 10−3 of the original suspension
was prepared. Fifty µl of the undiluted and the 10−3 suspension were plated on
Brilliance MRSA agar 2 (Oxoid, Badhoevedorp, the Netherlands) using an EddyJet spiral plater (IUL Instruments, Barcelona, Spain) in E-mode. Remainder of the
undiluted suspension was cultured in MH+ for enrichment, after O/N incubation
MH+ was plated on Brilliance MRSA 2 agar. Plates were enumerated according
to the manufacturer’s instructions.
Six days after inoculation the piglets received an intranasal administration of
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1 ml glycerol per day for 5 days to assess the effect of a carrier that can be used
in pharmaceutical preparations.
All bacterial concentrations were transformed to log10 values. The two-tailed
Wilcoxon Rank Sum test was used to compare the concentrations at t=12 (before
first glycerol administration) and t=18 (after last administration).

Experiment 2: co-colonization with MRSA and MSSA
Eleven CD/CD piglets were obtained, housed, and fed as described above and kept
in groups of 4, 4, and 3 piglets. Animals originated from two sows.
Nasal samples were obtained before inoculation and analysed as described
above to check for the presence of staphylococci before the start of the experiment.
For inoculation, two matching pairs of highly-related MRSA and MSSA strains
were used. Strains 10KE0026 (MRSA) and 10KE0027 (MSSA) were of ST398,
spa-type t011. These four strains were isolated from veal calves in a different
study (16). None of the isolates contained the mecC gene (22). Additionally,
Random Amplification of Polymorphic DNA (RAPD) (23) and Pulsed Field Gel
Electrophoresis (PFGE)-typing (24, 25) was performed. The MLVA-patterns of
strains 10KE0026, 10KE0027, and 10KE0028 were identical, but the pattern of
strain 10KE0029 had an additional fragment (6 - 6 - - - 4, see Table 2.1 for strain
characteristics).
For the inoculum all strains were prepared as described above and pooled
in equal volumes (the ratio between CFU and OD was found to be equal for all
isolates) and 2.4×107 CFU was delivered to each piglet. After plating the inoculum,
50 colonies were picked and characterized by mecA PCR and spa-typing to confirm
all strains were present in the inoculum.
Nasal swabs were obtained at 9 time points in experiment 2 (see Figure 2.2)
and analysed as described for experiment 1. Additionally, samples were plated
on MSA for the enumeration of all S. aureus. The number of MSSA per sample
was calculated by subtracting the number of MRSA from the total number of S.
aureus. Fifteen colonies per sample were picked from MSA to differentiate between
MSSA and MRSA at 1 (n=165), 8 (n=165), and 15 (n=165) days after inoculation.
Isolates were screened on nutrient agar supplemented with 8 µg/µl oxacillin, which
was proven to discriminate between the MSSA and MRSA strains that were used
in this study.
Both experiments were performed in accordance with the Dutch law on Animal
Welfare and were approved by the ethical committee of Utrecht University under
registrations 2010.II.05.098 and 2011.II.11.180.
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Figure 2.1: Experiment 1: mean concentration (CFU/swab) of MRSA and standard
deviation in nasal swabs of pigs in isolators A and B. Each isolator housed 4 piglets. △)
indicates the nasal administration of glycerol. Individual data per pig is shown in Figure S1.

Results
Experiment 1
All piglets were screened negative for the presence of staphylococci in nasal samples
at the age of 5 days, one day before inoculation. All samples were quantitatively
cultured and mean culture results for MRSA per isolator (4 piglets) are shown in
Figure 2.1; individual data is displayed in Suppl. Figure 2.1. Numbers of MRSA
were found of approximately 104 −106 CFU/swab and fluctuated slightly during the
experiment. However, the mean concentrations per sampling moment remained
stable. Following the Wilcoxon Rank Sum Test no statistically significant change
in MRSA concentration after the last administration of glycerol was found when
compared to the concentration prior to the first treatment (p > 0.05).

Experiment 2
All piglets were screened negative for the presence of staphylococci at the age of
5 days, one day before inoculation. After plating and quantifying the inoculum
fifty colonies were picked randomly from the agar plates with 50 − 500 colonies
and characterized. It confirmed that all strains could be recovered: 14/50 colonies
originated of strain 10KE0026 (1.34 × 107 CFU/ml), 3/50 colonies of 10KE0027
(2.88 × 106 CFU/ml), 6/50 colonies of 10KE0028 (5.76 × 106 CFU/ml) and 27/50
colonies of 10KE0029 (2.59 × 107 CFU/ml).
Nasal swabs were quantitatively cultured. There was more MRSA found than
the total number of S. aureus in 5 samples – so the concentration of MSSA would
be negative – (pig 6 t=11; pig 7, t=3 and t=4; pig 8, t=6; and pig 9, t=1).
The mean results for the enumeration of MSSA and MRSA are shown in Figure
2.2. Individual data per piglet is provided as supplementary data in Figures S2
and S3. The concentration of MSSA varied mainly between 105 − 107 CFU/swab
and was present in a larger proportion than MRSA, of which the concentrations
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Figure 2.2: Experiment 2: mean and standard deviation of the concentrations of A)
MSSA and B) MRSA in nasal swabs. Individual data per pig is shown in Figure S2.

varied between 104 − 106 CFU/swab (Wilcoxon Rank Sum test; p < 0.01). Fifteen
colonies per sample were picked and characterized to distinguish between MRSA
and MSSA to confirm the findings of the numbers of MSSA. As can be observed in
Figure 2.3 colonies of MSSA could be found in these cultures in larger quantities
than MRSA, and in some cases MRSA could not be retrieved by this method.
Nevertheless, the quantitative culture on Brilliance agar showed that MRSA is
clearly present in these samples.

Discussion
Colonization of MSSA and MRSA in the nose of piglets was successfully established. In humans there is abundant information about the host factors that play
a role in colonization with S. aureus (26–28). For animals, however, there is no
information available about individual susceptibility for S. aureus colonization.
In this study the challenge with bacteria was standardised and the inoculum
was directly administered into the nose. Therefore, this model offers the possibility
to perform quantitative experiments to assess the interaction between strains during colonization and to assess differences in colonization properties of individual
strains. This is an asset above a published model, which promoted colonization
by secondary inoculation (intra-vaginal infection of the sow and exposure of the
piglets during delivery). The latter model does, however, reflect a more natural
route of colonization and also practices an early exposure of the piglets that do
not yet have a natural flora established in their nose.
The use of CD/CD piglets and housing of the animals in isolators was necessary
to successfully establish colonization with the selected strains. Naturally-born
piglets develop nasal microbiota upon birth, which would limit the ability of the
administered strains to colonize the host at a later stage (13). The influence
of a microbiota – among many other factors – plays an important role in the
success of colonization as bacteria need a niche to be able to colonize (29, 30).
Housing the animals in isolators prevents the uptake of other staphylococci from
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Figure 2.3: Presence of MSSA in the nasal samples of the co-colonization in experiment 2. Shaded cells represent MSSA, non-shaded cells represent MRSA. Each cell represents
one of the 15 tested colonies for each sample.

the environment.
Administration of glycerol did not lower the concentrations of MRSA, which
showed the robustness of nasal colonization in these animals and the lack of interference with the detection of S. aureus. This indicates that this model can be
used for testing intervention studies on S. aureus colonization, also when glycerol
is used as carrier in a pharmaceutical preparation.
Previous studies have shown that the presence of MSSA protects against methicillin-resistant strains (10, 11). However, in these studies it is expected that study
subjects are challenged with MSSA and MRSA separately (in a natural environment), while in the present study we challenged with both variants simultaneously.
As described above, this resulted in co-colonization of MSSA and MRSA. This suggests that when MSSA colonizes first, MRSA can no longer colonize because the
attachment-site is already occupied. However, when MSSA and MRSA are administered simultaneously (as described here) they can both colonize because the
attachment sites are still available. In a previous study it has been shown that
resistance genes on large mobile genetic elements are not a burden for healthcareassociated MRSA (31). However, in the present study it was shown that MSSA
colonization was statistically higher than MRSA colonization. After characterizing
the colonies that were selected at t=1 all strains but MSSA 10KE0027 (ST398,
spa-type t011) could be retrieved (data not shown). This indicates that strain
characteristics other than presence of mecA seem to contribute to colonization
differences.
Although the strains that were used in the second experiment originated from
calves, they were able to colonize pigs in our model. This is in agreement with the
observation that MRSA strains of spa-type t011 and t034 and MLST ST398 were
found in pigs before (32). For inoculation two genetically different MSSA and
MRSA strain-pairs were used to increase the chance of colonization in case the
hosts showed lower affinity to certain S. aureus genotypes. During the course of
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the experiment the two different MSSA and MRSA strains were not quantitatively
differentiated as this exceeded the scope of the experiment.
In conclusion, the described nasal colonization model in piglets is suitable for
quantitative analysis of S. aureus colonization in pigs and that MSSA and MRSA
can colonize simultaneously in piglets.
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Abstract
Methicillin-resistant Staphylococcus aureus (MRSA) is an important colonizer in
animals and an opportunistic pathogen in humans. In humans, MRSA can cause
infections that might be difficult to treat because of antimicrobial resistance. The
use of bacteriophages has been suggested as a potential approach for the control
of MRSA colonization to minimize the – often occupational – exposure of humans.
The aim of this study was to assess the efficacy of bacteriophage treatment on
porcine nasal colonization with MRSA in vitro, in vivo, and ex vivo.
The effectiveness of a bacteriophage combination of phage K*710 and P68 was
assessed in vitro by incubating them with MRSA V0608892/1 (ST398) measuring
the OD600 hourly. To study the in vivo effect, bacteriophages were administered
in a gel developed for human application, which contains 109 plaque-forming units
(pfu)/ml (K and P68 in a 19.25:1 ratio), for 5 days to piglets (n=8) that were
experimentally colonized with the MRSA strain. Eight piglets experimentally
colonized were used as a negative control. The MRSA strain was also used to
colonize porcine nasal mucosa explants and bacteriophages were applied to assess
the ex vivo efficacy of treatment.
Bacteriophages were effective in vitro. In vivo, sixteen piglets were colonized
with MRSA but the number of CFU recovered after the application of the bacteriophages in 8 piglets was not reduced compared to the control animals (approx.
105 CFU/swab). In the ex vivo model, 108 CFU were used to establish colonization with MRSA; a reduction of colonization was not observed after application
of bacteriophages. However, application of mupirocin both in vivo and ex vivo
resulted in a near-eradication of MRSA.
In conclusion: i) The MRSA strain was killed in the presence of the bacteriophages phage K*710 and P68 in vitro. ii) Bacteriophages did not reduce porcine
nasal colonization in vivo or ex vivo. Physiological in vivo and ex vivo conditions
may explain these observations. Efficacy in the ex vivo model matched that of the
in vivo system.
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Introduction
Worldwide, methicillin-resistant Staphylococcus aureus (MRSA) is an important
colonizer in animals and an opportunistic pathogen in humans. During the last
decade Livestock-Associated (LA-)MRSA of sequence type (ST) 398 has emerged
in Europe and North America (1–4). The transmission of MRSA ST398 from
livestock to humans has been reported in many countries (5, 6) and contact with
livestock is recognized as a risk factor for the presence in humans (7, 8). Although
this type of MRSA is believed to have adapted to livestock, ST398 is able to
colonize and cause infections in humans (9, 10). Reduction of prevalence of colonized livestock or reduction of shedding by positive animals will reduce exposure,
and thus the presence of LA-MRSA in humans. Other options than antimicrobial
chemotherapeutic agents should be explored for efficacy to reduce LA-MRSA in
animals, because antimicrobial use in animals for the purpose of decolonization is
a highly unwanted situation.
Bacteriophage therapy offers a possible alternative to classic antibiotic (antimicrobial chemotherapeutic) treatment to reduce bacterial colonization (11). Bacteriophages are able to infect bacteria and enter either a lysogenic or a lytic cycle,
with infection by constitutively lytic bacteriophages generally resulting in rapid
cell death. Also, if the phage-to-cell ratio is high enough, lysis from without may
cause the cell to burst before infection is initiated (12). A main advantage of bacteriophages is their specificity. Whereas classic therapeutic treatment with chemical
antimicrobials affects many different organisms in the body (e.g. the gut microbiota), causing a change in the microbial composition and inducing antimicrobial
resistance in a spectrum of bacterial species, bacteriophages are able to specifically target the organism or even only the strain that is causing the infection. The
in vitro lytic effect of bacteriophages can easily be tested. However, the use of
bacteriophages for therapy (e.g. to treat infections or reduce colonization) poses
additional challenges like the accessibility of bacteria and in vivo inactivation of
bacteriophages.
The aim of this study was to assess the effectiveness of bacteriophage treatment
on porcine nasal colonization with MRSA using in vitro, in vivo, and ex vivo
models.

Materials and methods
Bacteria and bacteriophages
MRSA strain V0608892/1 (ST398, spa-type t011, SCCmec type V) was used for
these experiments. The strain was isolated from a healthy pig upon diagnostic
screening.
A bacteriophage solution in a proprietary gel formulation developed for human
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application by Novolytics Ltd. (United Kingdom), containing bacteriophages P68
(a podovirus) (13) and phage K*710 (a myovirus) (14) in a 1:19.25 ratio with a
final concentration of 109 plaque-forming units (pfu)/ml was used. Both phages
were propagated on MRSA strain SAI653 and are effective against several MRSA
isolates of ST398 from pigs in the Netherlands and Denmark (data not shown).
The gel formulation without bacteriophages was used as a placebo control.

In vitro: growth curves
To evaluate the in vitro effectiveness of the bacteriophages the MRSA strain was
grown overnight in BHI (Oxoid, the Netherlands) at 37 ○C. A 1:50 dilution was
prepared in fresh BHI and cells were grown for approx. 3 h to mid-exponential
phase at 37 ○C with shaking at 200 rpm. The cell suspension was diluted in BHI to
a concentration of approximately 107 CFU/ml based on optical density at 600 nm
(OD600 ). A volume of 380 µl was transferred to an optical multi-well plate in
duplicate and 20 µl bacteriophage-containing gel (multiplicity of infection, MOI
5.3) or 20 µl placebo was added. The plate was incubated in a BioScanner C
(Labsystem France SA, France) at 37 ○C for 20 h; OD600 was measured every hour
and the experiment was performed three times.

In vivo: piglets colonization
Sixteen crossbred, caesarean-derived colostrum-deprived (CD/CD) piglets (obtained from two different sows) were equally divided over 4 isolators (A-D). Animals were obtained, housed and fed (15) and colonisation was established (16) as
previously described. In brief, colonisation with MRSA was established as follows:
at the age of 5 days the animals were screened for the absence of MRSA and at the
age of 6 days the animals received 500 µl intranasal inoculation of 109 CFU/animal
with strain V0608892/1. The strain was grown to log-phase in BHI broth, washed
with PBS and adjusted based on cell density. Amounts of MRSA were monitored
by nasal sampling at days 7, 8, 9, 11, and 12; samples were quantitatively analysed
for the presence of MRSA on Brilliance MRSA 2 Agar (Oxoid, the Netherlands)
as described before (16). Amounts of MRSA are reported as CFU/swab.
Five-hundred µl of bacteriophage-containing gel was administered to the animals in each nostril in isolators A and C at the age of 12 days, using a syringe.
The animals in isolators B and D received a placebo (identical gel without the bacteriophages). These treatments were performed daily for 5 days. Nasal samples
were obtained before the administration of bacteriophage or placebo gel on the
respective day to monitor colonisation. Monitoring continued for one week after
the last administration. All samples were processed within 2 h after collection and
MRSA was enumerated by quantitative plating as described above.
On day 19, nasal samples of bacteriophage-administered piglets were also anal-
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ysed for the presence of bacteriophages. After bacterial enumeration samples were
passed through a 0.45 µm filter (Pall, the Netherlands). This filtrate of the swab
suspension was plated onto Tryptone Soy agar (TSA, Oxoid) with 1.5% agar, containing strain SAI653. Plates were incubated overnight and assessed for the presence of plaques. If plaques were observed bacteriophages were enriched, regrown
and, after filtration, stored in 50% glycerol at −80 ○C. To test if the bacteriophages
were still effective against the bacteria colonising the piglets, the original gel suspension, 10 µl filtrate of the swab suspension (day 19), as well as this suspension
after storage at −80 ○C were spotted onto TSA with the bacterial isolate from the
respective pig at 16 days.
In order to show that a reduction of colonisation could be achieved the animals in isolators A and B were intranasally treated with a mupirocin ointment
(Bactroban® 2%) at the age of 22 days for the duration of 5 days, 2 daily doses of
50 mg; groups C and D remained untreated (no placebo was administered). Nasal
swabs were obtained at days 27, 28, 29, and 30 for enumeration of MRSA to study
the effect of mupirocin treatment.

Ex vivo: nasal mucosa colonisation
To evaluate the effectiveness of the bacteriophage-containing gel on mucosal explants, porcine tissue was obtained and the colonization assay was performed as
described previously with some modifications [17]. In brief, after nasal mucosa
membrane isolation the stripped mucosa tissue was divided into explant pieces of
0.5 cm2 using 8 mm biopsy punches (AcuDerm Inc, USA) and incubated at an
air-liquid interface. The explants were colonized with a bacterial inoculum, approximately 2 × 108 CFU in 1 ml Dulbecco’s PBS with magnesium and calcium
(DPBS; Gibco, the Netherlands), for 2 h to allow bacterial adhesion to the tissue.
Next, explants were washed three times with 1 ml DPBS. The time-point for this
post-adhering step is defined as t=0. The inoculated explants were incubated for
1 h [17]. Then, bacteria were isolated from the explants by scraping the epithelium surface using cell scrapers (Falcon, Becton Dickinson, the Netherlands), and
cells were suspended in 1 ml DPBS with 0.1% Triton X-100 (t=1; measurement
of initial attachment of bacteria). Bacterial suspensions were plated on Columbia
agar with sheep blood (Oxoid, the Netherlands) in serial dilutions (1:10) in DPBS.
The plates were incubated overnight and bacteria were enumerated. All incubation
steps of the explants were performed at 37 ○C and 5% CO2 atmosphere, incubation
of bacteria was performed at 37 ○C under aerobic conditions.
To evaluate the effectiveness of the bacteriophages, 50 ml bacteriophage-containing gel (MOI 10) or placebo gel was applied after 1 h of colonisation (t=1).
Additionally, 50 ml mupirocin (Bactroban® 2%) solution (1:1 in DPBS) was applied
to another set of explants. To control for the growth of S. aureus on the explants
the last set of explants was not treated. MRSA was enumerated 4 h (t=4) and
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24 h (t=24) post-adhering as described above. The experiment was performed 3
times independently.

Statistics
All numbers of CFUs were log-transformed. Mean concentrations and standard
deviations were calculated from replicates (in vitro and ex vivo experiments). In
the in vivo experiment each isolator (containing 4 piglets) was considered to be
one experimental unit and thus the mean concentrations and standard deviations
were calculated per isolator.
The concentrations of MRSA on nasal mucosa explants were compared using an
analysis of variance (ANOVA) to evaluate the effectiveness of the bacteriophagecontaining gel and mupirocin application. The concentrations of MRSA in nasal
samples were compared between isolators by ANOVA to see the effect of the bacteriophage treatment (days 13-22) and the mupirocin ointment (days 27-30).

Ethics
These experiments were approved by the Animal Ethical Committee of Utrecht
University and were filed under entries 2011.II.11.180 and 2012.II.08.127.

Results
In vitro
An in vitro setup was used to evaluate the effectiveness of the bacteriophagecontaining gel on MRSA growth in BHI medium (Figure 3.1). The results showed
that the bacteriophage-containing gel prevented bacterial growth, as growth was
only observed in the control and placebo samples, where the bacteria reached
stationary phase with an OD600 of 1.2 within 5 h. Additionally, no significant
differences between placebo and control samples were observed (Figure 3.1).

In vivo
The bacteriophage-containing gel prevented bacterial growth in vitro. Therefore,
the bacteriophages were tested in an in vivo experiment. The MRSA strain could
be retrieved from the pigs at amounts varying between 104 and 106 CFU/swab and
amounts of MRSA continued to vary between these values throughout the experiment (mean of 5.7 × 105 CFU/swab), see Figure 3.2 for observations. During and
after the application of bacteriophages the amounts of MRSA continued to oscillate between 104 −106 CFU/swab in the bacteriophage-treated and placebo-treated
pigs. No statistically significant effect was observed during or after bacteriophage
treatment (p > 0.05, ANOVA).
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Figure 3.1: Effect of bacteriophage solution on the growth of MRSA V0608892/1.
OD600 values reflect bacterial concentration in presence of the bacteriophage solution, placebo,
and no-treated control. The results are presented as the mean OD600 and standard deviation
of 3 different experiments in duplicate.

Bacteriophages were re-isolated from 5/8 piglets at day 19 (3 days after the last
bacteriophage treatment) using SAI653 as a culture strain. However, no plaques
were observed when these suspensions were plated onto the re-isolated strains from
the same piglet at 16 days. The original bacteriophage solution was still effective
against these bacterial re-isolates. After enrichment and storage at −80 ○C, 10 ml of
the enriched regrown bacteriophages was plated onto the same re-isolated strains
(16 days). These time spots were observed in all cultures of animals that were
treated with bacteriophages.
Mupirocin treatment reduced the recovery of the inoculated strain. In most
samples the inoculated strain could not be detected (p < 0.01, ANOVA). Only in
three samples from animals in both isolators it was possible to isolate MRSA after
enrichment culture (isolator A, day 27; isolator B, day 28 and day 29).

Ex vivo
Using porcine nasal mucosa explants it was possible to investigate the activity of
the bacteriophage-containing gel in a controlled setting that mimicked the in vivo
situation.
Similar to the animal study application of the bacteriophage-containing gel
showed no statistically significant differences between control, bacteriophage, and
placebo treatment (p > 0.05, ANOVA). A reduction of colonisation of MRSA
V0608892/1 from the explants was observed only when mupirocin was applied
(p < 0.01, ANOVA) (Figure 3.3).
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Figure 3.2: MRSA recovery in the in vivo experiment. Culture results for nasal samples in the in vivo experiment. Amounts of
MRSA are displayed in CFU/swab. The error bars represent standard deviation. Each group consisted of 4 piglets. Group A) piglets that
were treated with bacteriophage solution and received mupirocin ointment; B) piglets that received a placebo without bacteriophage and
were treated with mupirocin ointment; group C) received a bacteriophage treatment, but no mupirocin; and group D) was administered
a placebo without bacteriophage and was not treated with mupirocin. △) indicates bacteriophage or placebo treatment; ∎) indicates
ointment with mupirocin. If a sample was obtained on the same day as treatment took place the sample was taken before treatment was
applied.
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Figure 3.3: Eradication of MRSA V0608892/1 from the explants after application of
bacteriophage solution and mupirocin. Data are presented as the mean CFU and standard
deviation of three experiments; time is hours after adhesion.

Discussion
As human MRSA carriers have an increased risk for MRSA infection, control of
MRSA among livestock is important to reduce the exposure and risk for humans
(17). The use of antimicrobial chemotherapy to reach this goal is not desirable
because it would select for antimicrobial resistance. An alternative would be the
use of bacteriophages. In this study the possibility of bacteriophage treatment to
reduce levels of nasal colonisation was investigated.
Bacteriophages were able to prevent bacterial growth in vitro. However, an
effect of the bacteriophages in the in vivo and ex vivo experiments could not be
observed. This indicates that the nasal mucosa explant model can be applied
as a preliminary screening for the effectiveness of bacteriophages before in vivo
experiments are commenced.
It has been reported that an optimal MOI for in vivo application of bacteriophages is between 1 and 10 (12). The MOI in the ex vivo experiment was 10,
which was in agreement with the suggested MOI. In addition to MOI, an alternative representation of bacteriophage infectivity on a given strain is the efficiency
of plating (EOP) as this provides a quantitative assessment (18). Although the
in vitro experiments showed promising results, the EOP indicated that one of the
two bacteriophages (phage K*710) had a 107 -fold reduced ability to infect strain
V0608892/1, when compared to strain SAI653. The ratio of K*710 to P68 in the
cocktail was 19.25:1, resulting in an actual effective MOI of 0.52, which was solely
caused by phage P68. The bacterial amounts that were obtained in the in vivo
experiment are a relative enumeration of bacteria in the nasal cavity of each pig.
Therefore, it is not possible to calculate the MOI for the in vivo experiment.
Results from the in vitro EOP experiments highlight the importance of develop-
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ing a firm understanding of host-bacteriophage relationships prior to commencing
a bacteriophage therapy trial. While experiments in liquid culture indicated that
the bacteriophage cocktail was highly effective against the V0608892/1 strain, plate
cultures demonstrated that only one of the bacteriophages present (P68 present
as 5% of the total pfu) killed the bacteria by lysis from within and did that with
greatly reduced efficiency compared to SAI653. It is possible that this relative lack
of efficiency was responsible for the lack of efficacy observed in the in vivo and
ex vivo experiments. Additionally, this bacteriophage preparation was initially
designed for use against human variants of MRSA. From the results from the in
vitro experiment it was expected that these phages were equally effective against
the MRSA-strain that was used in the ex vivo and in vivo experiments.
Bacteriophages were re-isolated from 5/8 piglets that received bacteriophage
treatment using strain SAI653. However, the filtered sample suspension was ineffective against the bacteria that were re-isolated from the respective piglets, which
were colonized with strain V0608892/1. After the bacteriophages were enriched,
regrown, and stored at −80 ○C they were found to be still effective against the
MRSA isolates from the piglets they were isolated from. Most likely this was because the bacteriophages could not start a lysogenic infection in strain V0608892/1,
but after enrichment on strain SAI763 were able to show lysis from without. If
bacteriophages are more effective against SAI653 than V0608892/1 (see discussion about EOP), and were only isolated from 5/8 nasal samples at day 19 it is
most likely that the number of bacteriophages at day 19 was too low to infect the
cultures of bacterial re-isolates from day 16.
Alternatively, the presence of host-proteins may hamper the adherence of bacteriophages because of steric hindrance, since it is known that mammalian hostproteins cover the surface of bacteria (19, 20). However, only small amounts of
mucus were observed in the scanning electron microscopic images that were taken
of the nasal mucosa explants (21). Also, the expression of bacterial proteins in
vitro differs significantly from the expression ex vivo (22). In this case there is
either a lack of expression of the receptor in the bacteria when they are in vivo, or
the receptor is masked by a surface component. Nonetheless, bacteriophages have
already been successfully applied to reduce colonisation of the intestines and caeca
(23, 24), which are also covered with mucus, but where the contents are mixed
due to peristaltic action which would enhance the chances of bacteriophages reaching target cells. The gel formulation did not interfere with the phages (data not
shown).
In conclusion, the MRSA strain was killed by the bacteriophages in the gel
in vitro. However, MRSA reduction was not observed in the pig model or in
the nasal mucosa explant model in contrast to mupirocin treatment. This may
be due to differences in the experimental models, protein expression and binding
in vivo and ex vivo or due to a lack of specific efficacy against the host strain
used. It emphasises the need for extensive testing to gain a full understanding of
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phage-bacterial interactions in vitro more than only observing lysis from without
before commencing in vivo studies. For this, the ex vivo model provides a good
intermediate method to assess the effectiveness of phages.
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Abstract
Staphylococcus aureus is a common colonizer in pigs, with methicillin-resistant S.
aureus (MRSA) in particular being a potential health-risk to humans. To reduce
the exposure to humans, the colonization in pigs should be reduced. The aim of
this study was to quantitatively compare the susceptibility of pig lineages for S.
aureus colonization, and if the absence of S. aureus could be associated with the
presence or absence of other staphylococcal species.
Nasal samples (n=129) were obtained from seven different pig lineages in the
Netherlands, France, and Germany. S. aureus and other staphylococci were enumerated from these samples by Real-Time PCR and culture. Associations were
explored between the presence of S. aureus and other staphylococci.
S. aureus was detected by Real-Time PCR on all farms and in samples from
pigs of all lineages. Twenty-five percent of the pigs from lineage F (from two farms)
were colonized with S. aureus, while in all other lineages it was more than 50%
(p<0.01). Moreover, in S. aureus-positive samples from pigs of lineage F smaller
amounts of S. aureus were found than in other lineages. S. sciuri, S. cohnii, and
S. saprophyticus were usually not found in combination with S. aureus in these
samples.
In conclusion: i) Pigs from different genetic lineages have different susceptibilities for colonization with S. aureus. These pigs might contain a genetic factor
influencing nasal colonization. ii) Colonization of S. aureus is also associated with
the absence of S. sciuri, S. cohnii, or S. saprophyticus. iii) The farm environment
also influences the presence of S. aureus in pigs.
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Introduction
Staphylococcus aureus is one of the most common opportunistic pathogens. Its
methicillin-resistant variant – MRSA – is often multi-resistant and can pose a
therapeutic challenge when it causes an infection. MRSA can be distinguished
in community-associated (CA-MRSA), hospital-associated (HA-MRSA), and livestock-associated (LA-MRSA). LA-MRSA – in Western countries belonging to
Clonal Complex (CC)398 – is commonly found in pigs and calves and is a poor colonizer in humans (1). However, people with occupational exposure to LA-MRSAcolonized livestock (e.g. farmers) are at increased risk of becoming a carrier (2).
Despite the large proportion of LA-MRSA-positive individuals, the number of infections with LA-MRSA is limited. This may be attributed to the fact that the
largest fraction of LA-MRSA-positive individuals are healthy and are less likely
to develop an infection. Furthermore, the capacity of LA-MRSA to spread in
healthcare institutions is limited compared to HA-MRSA (3, 4). Nonetheless, the
incidence of infections with LA-MRSA in Denmark has increased amongst people
without livestock contact (5, 6).
To lower the risk for acquiring LA-MRSA and subsequently developing an
infection, the exposure needs to be limited either by reduction of shedding of
LA-MRSA by livestock or physical protection of people who are exposed (e.g. by
using a nose-and-mouth mask). Because of the increasing problem of antimicrobial
resistance, approaches to reduce LA-MRSA colonization – by other means than
the use of antimicrobials – need to be explored and assessed for their potential and
efficacy. In general, reduction of colonization of animals can be studied by different
approaches: i) the colonizing MRSA (and its interaction with the microbiota), and
ii) the host, e.g. epithelial adhesion.
Interactions of MRSA with its environment provide possibilities for interference
with colonization. In a study from Japan, S. aureus nasal colonization in humans
was eradicated by the introduction of Corynebacterium spp. into the nares (7). In
another study the serine protease Esp, secreted by Staphylococcus epidermidis, was
found to inhibit nasal colonization by S. aureus (8). Furthermore, a study looking
at nasal colonization in Dutch children showed a negative association between the
presence of Streptococcus pneumoniae and S. aureus (9, 10).
The approach from the host is based on the observation that not all hosts –
human and pig – are colonized: some are intermittent carriers, and others never
carry S. aureus (11, 12). This difference suggests that there are genetic differences
between hosts, e.g., the absence of a receptor or presence of a modified receptor.
In Danish pigs, a relationship between a SNP and carriage of S. aureus has been
identified, although the function of the gene in which this SNP is present is unknown (13). If such genetic predisposition for S. aureus colonization is present in
purebred pigs used in breeding, this might offer possibilities to select for animals
that are genetically less susceptible to colonization with S. aureus, and therewith
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Table 4.1: Farm details
Farm

a

Countrya Lineage

1
2

FR
FR

3
4
5
6
7
8
9

NL
NL
NL
NL
DE
NL
NL

10
11

NL
NL

Samples

D
F
G
B
E
G
C
B
A
F
G
C
A

10
10
10
10
10
10
10
10
10
10
9
10
10

Lineages on farm
B, D, E
F, G
F, G
A, B
E
G
C
B
A
F, G
F, G
C
A

FR: France, NL: the Netherlands, DE: Germany.

MRSA.
By characterizing the nasal staphylococcal microbiota in defined genetic pig
lineages both approaches can be studied. Although the focus for control in livestock
is only on MRSA, we investigated carriership of S. aureus in general. The aim
of this study was to explore if pigs of different genetic lineages have different
susceptibilities for nasal colonization with S. aureus and to investigate possible
(negative) associations with colonization of other staphylococci.

Materials and methods
Sample collection
Nasal swabs (dry, rayon-tipped, Copan, Italy) were collected for routine screening
from 13 groups of pigs, on 11 farms. In total, 129 samples were analysed. These
pigs were of seven different high-end lineages: A (n=20 samples), B (n=20), C
(n=20), D (n=10), E (n=10), F (n=20), and G (n=29) (Table 4.1). Farm owners
gave informed consent for using these samples for this study. These are all highend lineages that are used by Topigs Norsvin (the Netherlands) and are used in
pig production on the European continent. Farms were located in the Netherlands
(n=8), France (n=2), and Germany (n=1). Samples were obtained in August 2014
and March-April 2015. Ten swabs per lineage were used; in some cases a single
farm hosted multiple lineages (see Table 4.1). Swabs were suspended in 1 mL
molecular-grade saline before analysis.
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Real-Time PCR
To perform an accurate quantification of S. aureus in these samples Real-Time
(RT-)PCR was performed. Two-hundred µl of the swab suspension was used for
DNA isolation with the High-Pure PCR Template Preparation kit (Roche, the
Netherlands) and eluted in 50 µl. Five µl of DNA was used for quantitative PCR
of S. aureus targeting the nuc gene (14). Phocine Herpes Virus (PhHV) was added
before DNA isolation and used as an internal amplification control (15). RT-PCR
was performed on a LightCycler 480-II system (Roche) and quantification was
performed using a standard curve. The theoretical limit of detection (LOD) for
this PCR is 50 CFU/sample.

Bacterial culture
All staphylococci, including S. aureus, were quantified by bacterial culture. Serial
dilutions of suspensions in saline were prepared with 10−4 as the highest dilution.
From all dilutions 100 µl was plated onto Mannitol Salt agar (MSA) for the detection of staphylococci in general. After overnight incubation at 37 ○C (O/N), the
dilution with 20-200 colonies on MSA was used to count and select all morphologically distinct colonies, which were identified with MALDI-TOF MS (Bruker,
Germany) after they were subcultured on blood agar (BA). If MALDI-TOF MS
was inconclusive, tuf sequencing was performed to identify the staphylococcal
species (16).

Statistics
All analyses were performed using R statistical software v3.0.2. Proportions of
S. aureus-positive samples of different lineages were compared using Fisher’s Exact test. As post hoc test the proportions of S. aureus-positive samples from each
lineage were compared against the proportions in all other lineages by Fisher’s Exact test. Probabilities were corrected for multiple testing by the Holm-Bonferroni
method. Quantitative RT-PCR results were compared using the one-way ANOVA
test, with Tukey Honestly Significant Differences as post hoc test. Odds ratios
(OR) and 95% confidence intervals (CI) were calculated to explore associations
between the presence of S. aureus and other staphylococci.

Results
Nasal colonization with S. aureus
S. aureus was detected by RT-PCR in 84/129 samples (65%) on all farms and in
all different lineages: A: 11/20; B: 16/20; C: 13/20, D: 9/10; E: 8/10; F: 5/20; G:
22/29 (Figure 4.1A). None of the RT-PCRs was inhibited (data not shown).
53

Chapter 4

S. aureus per farm per lineage
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Figure 4.1: Presence of S. aureus in different pig lineages. Top row: the percentage of S. aureus-positive samples. Bottom row: quantitative results from S. aureus-specific
real-time PCR (only S. aureus-positive samples). Horizontal bars indicate median of the S.
aureus-positive samples. In the graph ‘S. aureus per farm per lineage’ the x-axis indicates the
combination of farm number and lineage name.

For lineage F more S. aureus-negative than S. aureus-positive samples were
found (p<0.01). The amount of S. aureus in the positive samples ranged from
3.5 × 103 − 4.7 × 107 CFU/sample, with an overall mean of 1.1 × 105 CFU/sample
(Figure 4.1B).
The mean amount of S. aureus was also the lowest in pigs from lineage F,
although this difference was not statistically significant (one-way ANOVA, Tukey
HSD). On farm 2 and 9 were also pigs of lineage G, alongside pigs from lineage F.
Although these animals were in the same environment as those of lineage F, 70%
of the pigs of lineage G on farm 2 and 78% of the pigs of lineage G on farm 9 were
positive for S. aureus. However, on farm 11 (lineage A) 80% of the samples were
S. aureus-negative, while 90% of the samples from lineage A on farm 8 were S.
aureus-positive.

Association of S. aureus colonization with presence of other staphylococci
Besides S. aureus, 20 other staphylococcal species were isolated by culture, of
which S. cohnii was isolated most frequently (41 samples), followed by S. sciuri
(40 samples), S. saprophyticus (36 samples), S. equorum (30 samples), and S.
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Figure 4.2: Staphylococci in pig lineages. Percentage of samples per lineage from which
a specified staphylococcal species was isolated by culture. Rows indicate the different pig
lineages with the total number of samples from this lineage between brackets. The different
staphylococcal species are in the columns. If the cell is darker, it means that a higher percentage
of samples from that lineage contained this organism (right bar shows scale). Pig lineages are
sorted by percentage of S. aureus-positive samples (first column).

xylosus (28 samples). S. aureus was isolated by culture from 30 samples. Figure
4.2 shows the distribution of all the staphylococcal species that were isolated from
the different genetic pig lineages.
S. aureus was cultured from 40% of the animals of lineage B, but only 20%
of the animals from this lineage were positive for S. saprophyticus (Figure 4.2).
Conversely, S. aureus was cultured from only 10% of the animals of lineage C, but
60% were positive for S. saprophyticus.
The presence of S. aureus was negatively associated with the presence of three
other staphylococci species, namely S. sciuri (OR: 0.11, CI: 0.03 − 0.51), S. cohnii
(OR: 0.18, CI: 0.05 − 0.63), and S. saprophyticus (OR: 0.22, CI 0.06-0.79). The
prevalence of these bacteria is displayed in Suppl. Figure 4.1.

Discussion
S. aureus was detected in all pig lineages on all farms, but not in all individual
pigs. As S. aureus is transmitted via direct contact and through dust, it may
be assumed that this organism is present throughout the entire farm and all pigs
are exposed to this organism. Despite this general exposure, S. aureus was only
detected in 65% of the animals. This favours the hypothesis that certain factors
prevent S. aureus from colonizing in all animals.
Lineage F was the only lineage where more S. aureus-negative than S. aureuspositive pigs were found. Lineage A on farm 11 also had more S. aureus-negative
than -positive animals, but the pigs on farm 8 had more S. aureus-positive than negative samples suggesting that other factors on a farm also influence colonization.
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Pigs from lineage F were sampled on two farms (farm 2 and 9) and on both farms
lineage F had more S. aureus-negative than positive samples. Pigs of lineage G
were also present on both farms (mixed housing), and on both of these farms pigs
from lineage G were more often S. aureus-positive than -negative. Also, the mean
amount of S. aureus in the positive samples from lineage F was the lowest among
all lineages. This suggests that pigs of lineage F have a reduced susceptibility to
S. aureus colonization. A recent study in pigs in Denmark indicated that genetic
variation in pigs influences the ability of S. aureus to colonize (13). In this study
a locus was identified that was associated with nasal colonization of S. aureus.
Currently, this is the only association study of nasal colonization of S. aureus in
different pig lineages. Because the pig-production chain in Denmark uses different
pig lineages than the lineages described in our study these SNPs are not necessarily
present in the pigs in our study. The concept of host genetics influencing the ability
of bacteria to colonize is not new. A study in China identified SNPs in HEG1,
an uncharacterized protein, and ITGB5, which plays a role in the innate immune
system and influenced the susceptibility of pigs to enterotoxigenic Escherichia coli
(17, 18). However, none of these studies report a 100% association between gene
presence and the colonization of S. aureus or E. coli and indicates that this is most
likely determined by an interplay of multiple factors.
The other factor we studied is if S. aureus colonization is associated with the
presence of other staphylococcal species. A previous study showed that a serine
protease called Esp from Staphylococcus epidermidis inhibits growth of S. aureus
in vitro. When this strain was introduced into the nares of S. aureus carriers,
it was able to eliminate the presence of S. aureus (8). S. lugdunensis produces
lugdunin, which is encoded by the lugD gene, was shown to outcompete S. aureus
in an in vitro experiment. Also, when rats were co-colonized with S. lugdunensis
and S. aureus in the nose, the S. aureus strain was outcompeted (19). In this
study we did not find any S. lugdunensis, so these findings could not be confirmed
in pigs. Alternatively, colonization with S. aureus can be associated with other
bacterial species. In a study in Japan, both MRSA and MSSA were successfully
replaced by Corynebacterium spp. in almost all volunteers by nasal administration
of corynebacteria (7). Other studies showed a negative association between the
presence of S. aureus and nasal carriage of pneumococci (9, 10). In the present
study we found S. aureus together with S. sciuri, S. cohnii, or S. saprophyticus in
only eight samples (from six different farms), while 22 samples contained S. aureus
without any of these three species. It is possible that the presence of one of these
staphylococcal species can prevent – or at least inhibit – colonization by S. aureus;
but intervention studies are required to prove this.
In our study we also observed an influence of between-farm differences in lineage
A: many pigs on farm 8 were colonized with S. aureus, while only a few of the pigs
of the same lineage on farm 11 were colonized. Other factors cannot be excluded
but this study was not designed to systematically collect all potential factors on a
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farm; the number of farms was not sufficient to identify other factors.
It was shown that for pig farmers the most important determinants for becoming an MRSA carrier is the exposure to high amounts of MRSA in the air
of the barn and the hours that are spent in the barn (20). That study did not
find an association between MRSA persistence in farmers and the proportion of
MRSA-positive animals on the farm. However, on veal calf farms (where an allin-all-out regime with or without cleaning before the next herd is housed) the
MRSA prevalence in calves increased over time during a production cycle. This
led to higher probabilities for human MRSA carriage and indicates that the level
of MRSA contamination in the farm needs time to accumulate (21). In pig farming in the Netherlands an all-in-all-out regime is only applied with fattening pigs,
but not pregnant sows and gilts on a reproduction farm, so contamination of the
environment by MRSA-shedding adult pigs is continuous on the latter type of
farms. Further research should focus on the question if a reduction of the number of MRSA-positive pigs by introducing pigs with a genetic background that
makes them less susceptible to S. aureus colonization will lead to a reduced or
slower contamination of the environment. This would reduce the MRSA exposure
of individuals working on these farms.
RT-PCR to detect S. aureus is in this study more sensitive than culture on MSA
because low amounts of S. aureus may be overgrown when other staphylococci are
present in larger quantities. Therefore, the RT-PCR results were used when only
S. aureus results were considered (i.e. comparison of number of positive samples),
while the culture results for S. aureus were used when comparing the results from
all staphylococci.
Most of the lineages were sampled on more than one farm, except for lineages D
and E. Although samples from multiple farms in different countries were included
in the analysis, there might still be a bias because farm characteristics may also
contribute to the amount of S. aureus in the pig’s nose, and with only a few farms
per lineage this might have introduced a bias. However, the only lineage that
had less S. aureus-positive samples was lineage F. Samples from this lineage were
obtained from two farms: one in France and one in the Netherlands. But given
the small number of tested pigs these data should be confirmed in a larger study.
In conclusion: i) pigs from lineage F are less often S. aureus-positive than pigs
from other lineages. ii) S. aureus was rarely found in the same samples as S. sciuri,
S. cohnii, or S. saprophyticus, which indicates a possible interaction between these
species. And iii) the farm environment also influences the presence of S. aureus in
pigs.
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Suppl. figure 4.1: Venn diagram indicating samples containing S. aureus, S. sciuri, S.
cohnii, or S. saprophyticus. Most samples only contained one of these four organisms,
except for 13 samples containing both S. sciuri and S. cohnii.
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Abstract
The nasal microbiota of pigs is highly complex. Competition and interaction
between bacteria can protect against colonization of particular pathogens. Methicillin-resistant Staphylococcus aureus (MRSA) is an important colonizer in pigs.
We aimed to study the development of the microbiome of pigs shortly after birth
in association with colonization of S. aureus and MRSA.
Nasal swab samples (n=104) were obtained from eight neonatal pigs from two
independent litters, from just after birth until the age of six weeks. The developing
microbiome was analysed by Illumina MiSeq sequencing of the V3-V4 region of
the 16S rRNA gene. To study microbiome associations in relation to colonization
of S. aureus and MRSA they were quantified by respectively real-time PCR and
culture.
Directly after birth the microbial evenness (Shannon index of diversity) was
high (3.8), then dropped to 2.2 within 16 h and rose again to 3.2 when the pigs were
6 weeks old. This indicated that first the nasal microbiome is evenly distributed,
then skewed, and then became more evenly distributed from the age of two weeks.
The differences in composition of the microbiome resulted mostly from changes in
the numbers of OTUs of Catenibacterium, Blautia, Pasteurella, Cloacibacterium,
Gallicola, and Psychrobacter. MRSA was found in nasal samples from day 7 in
litter A and from day 3 in litter B. There were nine genera associated with S.
aureus-positive and -negative samples, and the most important determinant was
the genus Ruminococcus. Sixteen genera were negatively associated with MRSA,
and fifteen genera were positively associated with MRSA. Moraxella showed the
largest difference in number of reads in MRSA-positive and -negative samples.
In conclusion, this study identified bacterial genera that are positively and
negatively associated with colonization of S. aureus or MRSA. These data can be
used to test interventions in pigs to reduce the amount of MRSA.
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Introduction
Pigs are exposed to a large variety of microbial species throughout their life, usually by ingestion or inhalation. The large variety of microorganisms present in
barn dust, which is inhaled by pigs, is either transient or may colonize the nose.
Staphylococcus aureus is one of these organisms. Although S. aureus is of limited
clinical relevance in pigs, its methicillin-resistant variant – methicillin-resistant
S. aureus (MRSA) – is an important pathogen in humans. Livestock-associated
MRSA (LA-MRSA) – in the Netherlands often MRSA of clonal complex (CC)398
– is highly prevalent among pigs: all pig batches were positive for LA-MRSA when
they arrived at the slaughterhouse (1). MRSA can be present persistently or intermittently, and some pigs are never colonized (2). People in close contact with
livestock – usually occupational exposure – are at risk of acquiring LA-MRSA,
often by the high loads of LA-MRSA in barn dust (3). People who are LA-MRSApositive have a higher risk of developing an infection with LA-MRSA and infections
with LA-MRSA can be difficult to treat due to methicillin resistance. To reduce the
chance of people becoming colonized with LA-MRSA – and subsequently develop
an infection – the amount of LA-MRSA in animals should be reduced. Because
of the rise in antimicrobial resistance this should be realized by other means than
the use of antimicrobials.
The microbiota is a highly interactive system, because these organisms not
only influence the host, but also can influence each other. For example Corynebacterium, which in humans was able to outcompete S. aureus that had already colonized the nose (4). A negative association between S. aureus and Streptococcus
pneumoniae has also been observed (5, 6). There are also negative associations
between S. aureus colonization and other staphylococcal species, such as presence of S. sciuri, S. cohnii, or S. saprophyticus (7). When there is interference
or competition occurring between colonizing bacterial species, the option of reducing LA-MRSA colonization in pigs by changing the nasal microbiota may be
further explored. However, it is currently unknown at which moment after birth
LA-MRSA colonizes pigs and at what time interventions should commence.
The aim of this study was to elucidate the development of the nasal microbiome
of new-born piglets in a non-experimental setting and to explore the colonization
of S. aureus and MRSA and the associations with different bacterial genera. This
could provide information for the development of intervention measures to reduce
MRSA colonization in pigs.
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Materials and methods
Animals and sampling
The study was performed on a conventional farm (i.e. not in an experimental setup) and two random sows from different rooms were selected for this study. Eight
landrace piglets from two litters (A and B) were sampled at different time points
(see below). Piglets received colostrum and had access to solid feed ad libitum.
Animals received an iron injection (200 mg per animal) at the age of one week
(normal pig-farming procedure to supplement iron-deficiency, which is common
in piglets). Vaccinations against mycoplasma and circovirus were performed at
the age of four weeks. Piglets were weaned at the age of four weeks (normal
pig-farming management). Due to farm management piglets from litter A were
separated from the sow hours before sampling at t=28 days, and piglets from litter
B were moved to another pen the day after sampling at t=28. At this time piglets
were also mixed with piglets from other sows and kept in larger groups. Piglets
and sows enrolled in this study did not show clinical symptoms and therefore did
not receive any additional treatment or antimicrobials.
A nasal sample was obtained from all piglets within minutes after birth (t=0)
using a cotton swab (Medical Wire & Equipment, Wiltshire, United Kingdom).
Following swabs were obtained 8 h (t=0.3), 16 h (t=0.6), and 24 h (t=1) after
the first sampling. Then, the piglets were sampled daily (t=2, 3, 4), and followed
up by a weekly sampling until the piglets were 6 weeks old (t=7, 14, 21, 28, 35,
42). Nasal swabs were suspended in 1 ml saline supplemented with 1 mM EDTA
(Molecular grade, Sigma Aldrich, the Netherlands). This sample suspension was
used as input material for three analyses: i) microbiome analysis, ii) Real-Time
PCR to enumerate S. aureus in general (including MRSA), and iii) bacteriological
culture to enumerate MRSA.
Environmental samples were obtained using electrostatic dust-fall collectors
(EDCs) (8) at a height of 2.5 m, which were placed in the barn on days 0, 7,
14, and 21 after birth of the piglets. These passive samplers collected dust for
one week and were then processed as described before (9). In brief, EDCs were
suspended in saline with 1 mM EDTA and mixed in a Stomacher Blender (Seward,
West Sussex, UK). MRSA and S. aureus were quantified as described below.
The study was performed in accordance with the Dutch law on Animal Welfare. The protocol was approved by the Animal Ethical Committee of Utrecht
University, the Netherlands and was registered under 2014.II.05.036.

Nasal microbiome analysis
DNA isolation was performed on 104 nasal swab samples and two negative extraction controls using a modified version of the ‘Mag-Mini’ bead-beating and magnetic beads procedure (LGC genomics, Berlin, Germany), as described by Wyllie
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et al. (10) using 200 µl swab suspension. 16S rRNA gene PCR amplification of
the V3-V4 region and normalization of the PCR product was performed according
to Fadrosh et al. (11). The DNA library was washed using the Nextera AMPure
XP kit (Illumina) and the library was analysed on a MiSeq (Illumina) using the
500-cycle v2 kit as described by the manufacturer. To specify the species of the
genus Staphylococcus in these samples the analysis was repeated after amplification
of the tuf gene instead of the 16S rRNA gene, using the oligonucleotides described
by Heikens et al. (12). Barcode sequences, linkers etc. were the same as used for
the 16S rRNA gene analysis.
Untrimmed paired-end 2x250bp Illumina reads were first merged using FLASH
(v1.2.11) (13). The pooled sequencing reads were de-multiplexed with the script
split_libraries_fastq.py from the QIIME microbial community analysis pipeline
(v1.9.1) (14). The obtained sequences with a minimum of 97% similarity were assigned to operational taxonomic units (OTUs) using QIIME’s open-reference OTU
picking workflow (pick_open_reference_otus.py) for 16S rRNA gene analysis and
QIIME’s closed-reference OTU picking workflow (pick_closed_reference_otus.py)
for tuf gene analysis. Both workflows were carried out using the USEARCH
(v6.1.544) option ‘-m usearch61’ for OTU picking and detection and removal of
chimeric sequences. For 16S rRNA gene analysis, the obtained OTU sequences
were aligned to the Greengenes 16S rRNA gene database (gg_13_8_otus), while
for tuf gene analysis a custom database was created from sequences in GenBank
(accessed on 5 September 2016) and used for sequence alignment. OTUs that were
represented by less than 0.005% of the total number of reads were discarded in
both cases.
Data analysis was performed using R statistical software (v3.3.1) and the phyloseq package (15). Alpha diversity was explored by observed number of OTUs,
Shannon index of diversity, and Simpson index of diversity. Samples were rarefied
after describing the alpha diversity. The subsampling depth threshold used for
rarefication was 12,800 reads for 16S sequences and 10,000 reads for tuf. This
threshold was not reached by a total of 4 samples in the 16S rRNA gene analysis and 20 samples in the tuf gene analysis and these samples were excluded
from further analysis. Read numbers were merged to genus- level and a heatmap
was created using the phyloseq package in R. Original OTU data (which was not
combined to genus level) was ordinated by non-metric multi-dimensional scaling
(NMDS) and variables were fitted onto the ordinated data to find which variables
influence the ordinated data most, by using the package ‘vegan’ (16).

Quantification of S. aureus by real-time PCR
Two-hundred µl of the nasal swab suspension or EDC suspension was used to
quantify S. aureus. Phocine herpes virus (PhHV) was added to the sample as
an internal amplification control (17). DNA was then isolated with the High
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Pure PCR Template Preparation kit (Roche, the Netherlands) according to the
manufacturer’s instructions and the sample was eluted in 50 µl. Five µl of sample
DNA was used in a Real-Time PCR that quantified S. aureus targeting the femA
(18) and nuc (19) genes using a pre-defined standard-curve. Quantitative results
of the PCR are reported as CFU-equivalents (CFUeq).

Enumeration of MRSA by culture
A serial dilution of the sample suspension of the nasal swab or EDC was prepared
in PBS (Gibco, the Netherlands) to a final concentration of 10−4 . One-hundred
µl of each dilution was plated on Brilliance MRSA 2 agar (Oxoid, the Netherlands) and the remainder of the 10−1 dilution was transferred to a tube with 5
ml Mueller-Hinton Broth with 6.5% NaCl (MH; Oxoid). The 10−1 dilution was
chosen because the remainder of the undiluted sample was needed for other analyses. Plates and tubes were incubated at 37°C overnight (O/N). MRSA-suspected
colonies were counted and number of colony-forming units (CFU) of MRSA in
the swab suspension was calculated. One MRSA-suspected colony per sample was
subcultured onto Columbia agar with sheep blood (BA; Oxoid), and confirmed
as S. aureus ST398 by targeting the ST398-specific DNA fragment C01 (20), and
methicillin resistance was tested by using a mecA PCR (18). In case the C01-PCR
was negative the S. aureus-specific PCRs targeting the femA (18) and nuc (19)
genes were performed.

Inferential statistics for comparing the read distributions
Non-parametric comparisons were performed using the Mann-Whitney U-test to
test if the number of reads of every genus is different in S. aureus-positive and S. aureus-negative samples. The same comparisons were performed in MRSA-positive
and -negative samples. Rarefied read counts were used for these comparisons to
correct for the bias caused by the difference in total number of read counts per
sample. A Holm-correction for multiple testing was applied before evaluating the
results.

Results
Nasal microbiome analysis
The microbiome sequencing run for 16S rRNA gene analysis yielded 1.4 × 107
sequence reads, with a minimum of 123 and a maximum of 1.2 × 105 reads per
sample (mean and median were both 1.3 × 105 , with a standard deviation of 4.8 ×
104 ). From the 104 nasal samples and two controls that were included in the
microbiome analysis, 4 samples (pig 6799 t=1, pig 4588 t=0.3, and both negative
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Figure 5.1: Alpha diversity in nasal samples per time point. The first panel shows
the observed number of OTUs, while Shannon and Simpson are indices for evenness of the
population of OTUs.

control samples) gave less than 12,800 sequence reads and were excluded from the
analysis. The number of reads in the other samples were considerably higher than
the number of reads in the negative control samples, so ‘background noise’ was not
expected to have influenced further analysis. In total, 519 different OTUs were
found in the microbiome analysis. The Shannon index of diversity at the start of
the study had a median of 3.84 at t=0, then dropped to a median of 1.91 at t=7,
and then rose again to 3.24 at the last sampling at t=42. The observed richness
ranged from 292–398 OTUs at t=0 to 279-365 OTUs at t=7 and ranged between
303–437 during the rest of the study, with the exception of t=21, where in the
sample from piglet 7997 only 153 different OTUs were found (Figure 5.1).
The rarefied OTU data of 16S rRNA was ordinated to reduce the number of
dimensions (OTUs) that describe the sample (Figure 5.2). At birth, piglets show
a similar microbiome composition, which is clustered in the top-left corner of the
plot. As the study progresses, the samples shift clockwise from the top left corner
of the ordination plot, to the top right corner, to centre-right where samples from
t=1, 2, 3, and 4 are. Samples from t=7, 14, 21, and 28 are in the centre to bottomcentre region. This indicates the early-life microbiome of these pigs change in the
same way. Some samples from t=35 are closer to samples from t=28 (samples of
t=35 from litter B), while others are closer to samples from t=42 (samples of t=35
from litter A), which are all in the centre-left side of the plot. The differences at
t=35 are also observed in the alpha diversity of the OTUs in the microbiome, where
samples of litter A have a higher median Shannon index (2.82) than samples from
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Figure 5.2: Ordination plot of the microbiome of all nasal samples. Sample composition
ordinated by NMDS (i.e. relatedness of sequences is not taken into account). Colour of the
marks represent moment in time, which is also added to each observation as a label. The
shape of the mark indicates the litter.

litter B (2.47). However, these differences in alpha diversity were not statistically
significant (Wilcoxon Rank Sum test, p=0.69). The three genera of bacteria that
had the best fit to the dimension NMDS1 (i.e. the genus of which either an increase
or decrease of number of reads in a sample causes the largest shift along the axis in
the ordination plot) were Catenibacterium, Blautia, and Pasteurella. For NMDS2
these were Cloacibacterium, Gallicola, and Psychrobacter.
An overview of the abundances per genus at each sampling moment is displayed
in Figure 5.3. The most abundant genera throughout the study were Lactobacillus, Moraxella, Streptococcus, and Rothia, followed by Aerococcus, Haemophilus,
and Corynebacterium. Mannheimia was predominant in samples from t=0.3, and
Aggregatibacter was predominant at t=0.7. Relative abundances of both genera
were reduced after t=4. Staphylococcus was abundant in samples until t=1, but
was lower at t=2 and in subsequent samples.
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The microbiome sequencing run for the tuf gene yielded a total of 2.2 × 106
sequence reads, with a minimum of 1 and a maximum of 4.2×104 reads per sample
(mean and median were both 1.8×104 ). As all samples from every time-point in the
study showed identical OTU compositions this was regarded as highly unrealistic
and the tuf results were not considered for further analysis.

Staphylococcus aureus in nasal and environmental samples
Because the microbiome analysis does not distinguish organisms to the species
level an RT-PCR was performed to quantify S. aureus in all samples. A total
of 39/102 samples were S. aureus-positive, but mostly after day 4. None of the
piglets was negative for S. aureus on all sampling occasions. All piglets from litter
A were intermittently positive for S. aureus. Samples from litter A were more often
S. aureus-positive than samples from the second litter (24/52 and 15/52 samples,
respectively), and the mean amounts of S. aureus in positive samples were 4.6×104
and 3.0 × 104 CFUeq/swab for litters A and B respectively. In piglet 4588 from
litter B S. aureus was first detected at t=7, and a second piglet (5060) from this
litter became positive at t=21. Both animals remained S. aureus-positive until
the end of the study. The other two animals from litter B (6799 and 7997) were
intermittently positive and S. aureus was first detected at respectively t=3 and
t=4. S. aureus was also detected in the environment. The EDC in the stable of
litter A contained 8.3 × 105 CFUeq, which was sampled during the course of the
first week, while the EDC in the stable of litter B contained 3.0 × 105 CFUeq after
the first week. During weaning, the number of S. aureus CFUeqs in dust varied
around 106 CFUeq/sample. Individual results per sample are displayed in Figure
5.1. None of the PCRs for the detection of S. aureus was inhibited (data not
shown).
Inferential statistics on the distribution of reads showed that the abundance of
9 genera is different in S. aureus-positive samples (n=9 before t=7 and n=32 from
t=7 and after) and S. aureus-negative samples (n=51 before t=7 and n=16 from
t=7 and after), which are listed in Table 5.1. The largest shift in median number
of reads was for the genus Ruminococcus, which had a median of 76 reads in S.
aureus-positive samples and 14 in S. aureus-negative samples.

MRSA in nasal and environmental samples
Thirty-one of 39 S. aureus-positive nasal samples were also positive for MRSA,
and MRSA was also detected in 20 S. aureus-negative PCR samples. The mean
amounts of MRSA in positive samples were 138 and 19 CFU/swab in animals from
litters A and B respectively. In litter A, MRSA was first detected at t=2 in piglet
5660, but not on the next sampling occasion at t=3. All other piglets from litter
A became MRSA-positive for the first time at t=7. MRSA was first detected in
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Table 5.1: Distributions of read numbers of genera in S. aureus-positive and -negative samples
Median readsa
Order

Family

Clostridiales

Lachnospiraceae

Genus

Blautia
Dorea
Ruminococcaceae
Oscillospira
Ruminococcus
Erysipelotrichales Erysipelotrichaceae Catenibacterium
p-75-a5
Flavobacteriales
Weeksellaceae
Wautersiella
Lactobacillales
Aerococcaceae
Alloiococcus
Methanobacteriales Methanobacteriaceae Methanosphaera
a

S. aureus- S. aureuspositive
negative p-value
65
62
65
76
1
1
0
0
4

6
14
7
14
0
0
12
23
0

<0.01
<0.01
0.04
<0.01
<0.01
0.04
0.01
<0.01
0.03

Based on data from 39 S. aureus-positive and 63 S. aureus-negative nasal pig samples.
Only genera with a statistically significant different number of reads are shown (MannWhitney U test with p < 0.05).

3/4 animals of litter B at t=3, and in all animals at t=4. Piglet 4588 from litter
B was persistently MRSA-positive, while MRSA was not consistently present in
samples from other piglets. The EDC that collected dust during the first week
of the study contained 100 CFUs of MRSA in the stable in which litter A was
housed, and 330 CFUs of MRSA in the stable of litter B. For litter A the amount
of MRSA in the environment increased simultaneously with the increase of MRSA
in the nasal pig samples until 1.2 × 106 CFU/sample at t=14 and remained stable.
For litter B, MRSA was already present in the environment during the first week
of life, but the amount of MRSA in the environment increased from 3.0 × 105 to
1.4 × 106 CFU/sample during the first three weeks of the study.
The distribution and number of sequence reads of 31 genera was different in
MRSA-positive samples (n=10 before t=7 and n=43 from t=7 and after) and
MRSA-negative samples (n=50 before t=7 and n=5 from t=7 and after). The
results of the statistical analyses are listed in Table 5.2. Moraxella showed the
largest difference in median reads, which were 31,609 reads in MRSA-positive
samples and 7,446 in MRSA-negative samples.

Discussion
The nasal microbiota of new-born pigs is highly dynamic and is expected to change
rapidly under the influence of the environment. The inhalation of contaminated
barn dust is particularly expected to have an impact on the ability of S. aureus
– including MRSA – to colonize the pig’s nose. To determine at which moment
after birth the nasal cavity of a pig becomes colonized with MRSA and with
70
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Figure 5.3: Abundance (number of reads) of each genus in the nasal microbiome
of piglets at each sampling moment. The genera that fit best to the dimensions in the
ordination plot in Figure 5.2 are indicated with a green mark before the name of the genus.
The genera with the highest total abundancies are indicated with a red mark. The genera with
the highest significant associations with S. aureus and MRSA colonization are indicated with
a blue mark. Staphylococcus is marked in red.
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Table 5.2: Distributions of read numbers of genera in MRSA-positive and -negative samples
Median readsa
Order

Family

Actinomycetales

Dermatophilaceae
Micrococcaceae
Planococcaceae

Genus

Dermatophilus
Micrococcus
Bacillales
Rummeliibacillus
Solibacillus
Staphylococcaceae Jeotgalicoccus
Salinicoccus
Staphylococcus
Burkholderiales
Comamonadaceae Comamonas
Clostridiales
Lachnospiraceae
Blautia
Dorea
Epulopiscium
Tissierellaceae
Anaerococcus
Gallicola
GW-34
ph2
Ruminococcaceae Ruminococcus
Coriobacteriales Coriobacteriaceae Collinsella
Erysipelotrichales Erysipelotrichaceae Eubacterium
p-75-a5
Flavobacteriales Weeksellaceae
Cloacibacterium
Wautersiella
Lactobacillales
Aerococcaceae
Alloiococcus
Enterococcaceae
Vagococcus
Lactobacillaceae
Lactobacillus
Leuconostocaceae Weissella
Streptococcaceae Lactococcus
Pasteurellales
Pasteurellaceae
Actinobacillus
Aggregatibacter
Pseudomonadales Moraxellaceae
Acinetobacter
Enhydrobacter
Moraxella
a
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pS. aureus- S. aureuspositive
negative value
2
0
10
0
11
0
154
3
48
45
14
262
70
3
12
56
17
6
0
0
0
0
8
1 059
299
11
19
15
80
3
31 609

0
24
27
2
49
5
1 538
40
5
2
32
19
4
0
0
11
3
1
0
4
19
46
0
270
32
25
169
1 634
734
0
7 446

0.03
<0.01
0.02
0.05
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
0.04
0.01
<0.01
<0.01
<0.01
0.01
<0.01
0.05
0.04
<0.01
<0.01
<0.01
<0.01
0.01
<0.01
0.01
0.01
<0.01
<0.01
0.01
<0.01

Based on data from 51 MRSA-positive and 51 MRSA-negative samples. Only genera with
a statistically significant different number of reads are shown (Mann-Whitney U test with
p < 0.05).
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Figure 5.4: Number of CFUeqs of S. aureus (top row) and CFUs of MRSA (bottom
row) in nasal swabs from piglets and environmental samples (EDCs).

other bacterial species will provide information on when and which interventions
on MRSA colonization could be applied. For this, exploring the relationships
between genera that could be associated with MRSA colonization during early-life
development is warranted.
S. aureus was detected in all animals and the mean amounts in positive nasal
samples was 4.6 × 104 and 3.0 × 104 CFU/swab for the two litters. Similar results
were observed in a Danish study, where 8% of the samples contained 104 − 105
CFU/sample (2). However, most of the samples in this study (40%) contained less
than 100 CFU of S. aureus. The study only reports bacterial loads of S. aureus
on individual animal level and not on farm level, so it is unknown if all the Danish
samples with 104 − 105 CFU/sample originated from the same farm. The mean
amounts of MRSA in positive samples from our study were 138 and 19 CFU/swab
for litters A and B, which is considerably lower than the 104 − 106 CFU/swab that
were found after experimental colonization of pigs (21). Quantitative results of
MRSA in farm-reared pigs are not yet available.
Piglets were also exposed to MRSA in barn dust throughout the study. It
is remarkable that MRSA in piglets is only detected from t=7 onwards given
the high exposure during the first week of life. Although the MRSA exposure of
litter A was lower than for litter B at the beginning of the study (less MRSA
in EDC samples), piglets from litter A were persistently colonized with MRSA,
while piglets from litter B were intermittently colonized. Both litters were of the

73

Chapter 5

same genetic lineage, so it is not expected that genetics influenced this difference
(7). But it is still possible that receptors that allow MRSA attachment to the
cells are not fully expressed in the first few days of life. In humans, a high MRSA
load in barn dust was shown to give a higher MRSA prevalence among farmers
(3). The mean MRSA loads in EDC samples in that study were 95 CFUeq, which
is forty times less than we found in the present study (4.2 × 103 CFU/sample),
while they sampled for two weeks (one week in our study). The analyses were
performed in the same way. The mean of 95 CFUeq is based on observations
from a large number of different farms, which indicates that the MRSA exposure
of the piglets in this study is not an under-representation of the field conditions.
The mean amounts of MRSA in persistently colonized animals were higher than
in intermittently colonized animals, which is also observed in humans (22).
We aimed to specify the staphylococci in the microbiome by sequencing the
tuf gene, but this approach was unsuccessful. Although all PCR reactions for the
tuf gene yielded product, the oligonucleotides that were published by Heikens et
al. (12) seemed not suitable for downstream analysis with the MiSeq procedure.
Future experiments should aim to optimize the analysis of other genes than 16S
rRNA hyper-variable regions to allow the study of sub-populations in the microbiome.
Simpson’s indices of diversity (evenness in distribution of OTUs within a sample) were relatively low just after birth and rose as the piglets became older and
varied mostly between 0.6 and 1.0. This was higher than in a study on the development of the nasal microbiome of pigs during the first 49 days of life, which
found Simpson’s indices between 0.05-0.1 (converted from Inverse Simpson’s Index between 10-20) (23). These differences may be caused by differences in farm
management practices, or environmental factors.
In the ordination plot a difference was observed at t=35, where samples of
litter A piglets have a closer resemblance to the microbiome composition observed
in the samples from both litters on t=42. Samples from litter B at t=35 are more
similar to samples from t=28. The same differences were observed in the alpha
diversity. The piglets were moved to a different room after sampling at t=28.
This suggests that the nasal microbiome of piglets changes under influence of the
environment. This is supported by the differences in OTUs in pre-weaning and
post-weaning piglets in the study by Slifierz and colleagues (23), which showed
that the abundances of Moraxella and Clostridium change most after weaning. In
our study, Moraxella was abundant throughout the study. Clostridium was not
predominant in our study, but the number of reads was lower in the first week of
the study than towards the end. Although the differences in the microbiome are
partly associated with the host, the presence of the organisms in the environment
also plays a role in the changing microbiome.
The number of reads of nine genera were different in S. aureus-positive and
-negative samples. A study of the human nasal microbiome showed a negative as74
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sociation between S. aureus and Dolosigranulum, and also between S. aureus and
Corynebacterium (24). Dolosigranulum was not observed in the present study, and
it has not been reported in animals. Corynebacterium is known to interfere with
S. aureus colonization and is able to eradicate S. aureus nasal colonization in humans (4) and has been shown to be the most important microbial determinant of
S. aureus carriage (24). Although Corynebacterium spp. was found in the present
study, there was no evidence to confirm this inverse relationship in nasal pig samples. In human neonates S. aureus colonizes shortly after birth, and is speculated
to create a suitable environment for subsequent colonization with other organisms
such as Corynebacterium and Moraxella (25). In our study, Corynebacterium was
already observed shortly after birth, while S. aureus – after intermittent presence
– seemed to have colonized only from 7 days onwards. S. pneumoniae has been
shown to be an indicator for the absence of S. aureus in humans (6), but this
species is not often associated with animals. Furthermore, in the present study,
we were not able to confirm this, as the associations were studied at the genus
level. If besides S. pneumoniae also other streptococci were present that are not
associated with S. aureus then this could have weakened the statistical significance
of this association. This is a limitation of using the V3-V4 region of the 16S gene,
which is insufficient to distinguish all bacteria to the species level.
The number of reads of 31 genera was different in MRSA-positive and -negative
samples, with Moraxella as the genus with the largest difference in medians. Although Moraxella was found in the nasal microbiome of slaughter-age pigs, no
relationship between this genus and the presence of MRSA was detected in this
study (26). However, a study in human babies in the USA just as our study showed
a positive association between the colonization of Moraxella catarrhalis and S. aureus (6). Dependencies on metabolites can also contribute to the ability of an
organism to colonize. For example, Corynebacterium accolens converts triaglycerols to free fatty acids, which inhibits colonization and infection of S. pneumoniae
in humans (27). A commentary by De Steenhuijsen Piters and Bogaert highlights
the complexity of these metabolite cascades, and indicates that these are an essential part of understanding the microbe-microbe interactions (28). If the presence
of an organism that is associated with MRSA colonization will interfere with the
cascade of metabolites, then it is possible that already a small amount of this
organism causes a disruption of this cascade (e.g. underproduction of a metabolite that is essential for MRSA colonization). Therefore, only small differences
in read numbers of genera can still have a large influence on the ability to colonize. The genera that were found to be different in S. aureus- and MRSA-positive
and -negative samples should be confirmed in association studies in older animals
because most S. aureus- and MRSA-negative samples were from the first week
of sampling (t<7). Some associations may be biased by the sampling moment,
when the genus was mostly found in samples of the first week. If certain bacteria
can colonize the pig’s nose persistently and at the same time prevent MRSA from
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colonizing then these organism could be administered just after birth.
In conclusion, the nasal microbiome of pigs changes rapidly in the first 6 weeks
of life, and MRSA colonizes from the age of 7 days. Seven genera were positively
associated with S. aureus colonization, of which Ruminococcus showed the largest
difference in numbers of reads. Two genera were negatively associated with S.
aureus colonization. Fifteen genera were positively associated with MRSA colonization in pigs, and Moraxella showed the largest difference in median number of
sequence reads. Sixteen genera were negatively associated with MRSA colonization. Future studies should aim to find causal relationships of these associations
for the development of measures that prevent MRSA colonization in pigs.
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Supplementary figures

Suppl. figure 5.1: Number of reads per genus in S. aureus-negative and -positive samples.
Genera with statistically significant different numbers of reads in S. aureus-negative and S.
aureus-positive samples, as calculated by the Mann-Whitney U test. Results are based on
numbers of reads in 39 S. aureus-positive and 63 S. aureus-negative samples. X-axis: S.
aureus-negative (0) or -positive (1), Y-axis: number of reads of the OTU mentioned in the
title of the graph.
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Suppl. figure 5.2: Number of reads per genus in MRSA-negative and positive samples.
Genera with statistically significant different numbers of reads in MRSA-positive and negative
samples, as calculated by the Mann-Whitney U test. Results are based on numbers of reads
in 51 MRSA-positive and 51 MRSA-negative samples. X-axis: MRSA negative (0) or positive
(1), Y-axis: number of reads of the OTU mentioned in the title of the graph.
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Abstract
Methicillin-resistant Staphylococcus aureus (MRSA) is originally known as a nosocomial pathogen. More recently, MRSA emerged in livestock and is denoted as
livestock-associated MRSA (LA-MRSA). Most LA-MRSA strains in Europe, USA,
and Canada belong to Clonal Complex (CC) 398, and in Asian countries to CC9.
The zoonotic potential of LA-MRSA has been identified, particularly in association with pig farms. MRSA is a common nosocomial pathogen in Sri Lanka but
there is no data available on occurrence of MRSA in livestock. In this study, samples from 100 pig farms from Sri Lanka were analysed for the presence of MRSA
in pigs, farm employees, and dust. In parallel, 22 human MRSA strains from a
hospital were characterized. Isolates were confirmed as S. aureus and as MRSA by
detection of the methicillin resistance gene (mecA). Genotypes were determined
by multi-locus sequence typing (MLST) and spa-typing. MRSA prevalence at
farm level was 10%. MRSA-positive samples in pigs, humans, and dust were 1.2%
(6/493), 2.2% (5/228), and 0.8% (1/119), respectively. Results indicated a lower
prevalence compared to published studies outside Sri Lanka, mainly on intensively
raised animals. MLST identified ST1, ST5, ST6, and ST3841. Detected spa-types
were t002, t127, t304, t4403, and t10774. ST1 and ST5 were found both in pigs
and humans, suggesting a human origin. ST398 and ST9 were not detected. In
conclusion, the prevalence of MRSA is low in pig production in Sri Lanka and the
occupational risk for people working with the animals is negligible.
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Introduction
Methicillin-resistant Staphylococcus aureus (MRSA) has become a serious concern
as it increases morbidity and mortality in affected humans compared to infections
with methicillin-susceptible S. aureus. Furthermore, it is a financial burden for
health services. Methicillin resistance is caused by the presence of the mecA or
mecC gene, which encodes an alternative penicillin-binding protein with low affinity for beta-lactam antimicrobials (1). The healthcare-associated MRSA clones are
commonly referred to as hospital-associated MRSA (HA-MRSA). Other clones of
MRSA without a link to healthcare settings are denoted as community-associated
MRSA (CA-MRSA), with its first report in 1993 in a remote area of Western Australia (2). There is ample literature on both HA-MRSA and CA-MRSA that have
been reviewed extensively (3–5).
MRSA in animals gained much attention in the context of public health importance due to the emergence of MRSA clones in food-producing animals, which
have an identified zoonotic potential. In 2004, pigs were identified as the reservoir
of a novel MRSA clone (6). The clone was identified as livestock-associated (LAMRSA) and is now present on many continents (7–17). Remarkably, the type of
LA-MRSA differs with the geographical location, with strains belonging to Clonal
Complex (CC)398 in Europe (16), whilst CC9 is more common in Asian countries
(11, 13, 14). Multiple MLST types, dominated by ST398, have been reported in
the US and Canada (9, 10, 18).
Colonization of LA-MRSA in humans was initially reported in the Netherlands
(6) and Canada (9). The LA-MRSA prevalence rate is higher in people working
with live animals – up to 50% in pig farmers – compared to the general community
in the Netherlands (19). Although nosocomial spread has been described, ST398
has less capacity to spread in healthcare facilities compared to HA-MRSA (20).
Recent reports from Denmark show the presence of LA-MRSA in people with no
direct contact with livestock (21, 22), suggesting the possible adaptation of such
clones in humans.
In Sri Lanka, MRSA was first reported in the Peradeniya Teaching Hospital in
1989 (23). There are many reports from Sri Lankan hospitals describing individual
clinical cases as well as outbreaks caused by MRSA (24–27). Globally, Sri Lanka
has the highest reported rate (85%) of MRSA as a proportion of hospital-associated
S. aureus infections (4). CA-MRSA is endemic in Sri Lanka (5) and the proportion
of MRSA in community-associated S. aureus infections is 38.8% (28).
Being an agricultural country, questions rise whether livestock farming contributes to MRSA in humans or vice versa. Low biosecurity and the poorly regulated use of antimicrobials in animal production may lead to the selection and
spread of MRSA. With HA-MRSA and CA-MRSA widely spread in the country
it is questionable whether LA-MRSA proportionally contributes to the burden of
MRSA in humans.
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Except for a few farms scattered in different parts of the country, pig farming in Sri Lanka is largely confined to the western coastal part of the country.
This area is commonly known as the ‘pig belt’ and includes four districts, namely
Colombo, Gampaha, Kaluthara, and Puttlam. About 60% of the pig farms are
small-scale (up to 50 animals), 25% are medium-scale (51-100 animals), and the
remaining 15% are large-scale (29). All pork is produced for the Sri Lankan market (29). Generally, the biosecurity on these farms is of poor standards (personal
observations). Pigs are not imported routinely.
In this context, the aims of the study were i) to identify the presence of MRSA
in pig farming (pigs, farm staff, and adjacent environment/dust), ii) to compare
the genotypes of MRSA in pig farming to the types found in human clinical isolates
from a hospital.

Materials and methods
Selection of pig farms
This study was conducted from January–October 2015 on 100 pig farms situated
in five districts of Sri Lanka. On the day of sample collection, any of the pig farms
along the route of the veterinarians’ mobile clinic for the particular day were asked
to participate, thus farmers did not have prior knowledge on sampling. None of
the farmers refused our request to participate in the study. The number of farms
visited varied from 5–10 farms per day.

Sampling of pig farms
Each farm was visited by two veterinarians of the research team. Data on farm
management practices, including biosecurity measures, were gathered through a
structured questionnaire by interviewing the farm owner along with observations
made on the farm premises. Samples were collected from pigs, pig pens, the farmer
himself, farm employees, and their family members. Informed written consent was
obtained from each person. On each farm, whenever possible, nasal swabs from
five pigs were collected using one swab rubbing each nostril. When less than five
pigs were present on a farm then all animals were sampled. Transport swabs
(CITOSWAB, China) without transport medium were utilized. Suckling piglets
and sick animals on antimicrobial therapy were avoided but other parameters like
age, sex, or the purpose of the animals (breeder/fattener) were not considered
as criteria for sample collection. The animal handler, usually one of the farm
workers, chose the animals for sampling from a pen indicated by researchers. Farm
employees and their family members who volunteered to provide samples and who
were in good health and did not use antimicrobials at the time of sampling, were
included in the study. They were provided with sterile swabs and were instructed
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on how to collect a nasal swab themselves. Dust on walls and other surfaces (10×10
cm) of the pig pens were collected using sterile dry gauze pads. Two dust samples
were collected from each farm. All the procedures were approved by the Ethical
Review Committee of the Faculty of Medicine and the Ethics Committee of the
Faculty of Veterinary Medicine and Animal Science, University of Peradeniya, Sri
Lanka.

MRSA strains from a hospital
From a teaching hospital in Kandy district human clinical MRSA isolates were
obtained from both in- and out-patients. In the hospital laboratory various clinical samples, including pus aspirates and pus swabs, are cultured for diagnostic
purposes using conventional microbiological techniques. For the present study 22
MRSA isolates from this culture collection were selected based on the date of collection. Hence, all the MRSA isolates that were deposited in the same period as
the sampling from pig farms (January–October 2015) were included for molecular
analysis, as described below. For privacy reasons we did not trace back patient
history or any other data related to those isolates.

Isolation and identification of MRSA in pig samples
Nasal swabs and dust samples from the first 19 farms were analysed individually; for the remaining 81 farms both dust samples were pooled and analysed.
Samples were enriched in 5 mL Mueller Hinton broth (Oxoid) containing 6.5%
NaCl. After overnight incubation cultures were plated on Oxacillin Resistance
Screening Agar Base (ORSAB, Oxoid). After 48 h incubation at 37 ○C plates were
read according to the recommendations of the manufacturer. Suspected colonies
were subcultured on blood agar (BA; Oxoid) and initially identified as S. aureus
by using routine microbiological techniques such as colony morphology on BA,
Gram staining, tube coagulase, and DNase tests. Identification was confirmed by
Matrix-Assisted Laser-Desorption/Ionization - Time of Flight Mass Spectrometry
(MALDI-TOF MS; Bruker Daltonik, Germany).

Molecular analysis
DNA was extracted from bacterial isolates on BA. Briefly: a loop full of culture was
suspended in 100 µl of TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0), then incubated
at 95 ○C for 10 min and cooled on ice. The mecA-gene was detected with a conventional PCR as described previously (30). MLST and spa-typing were performed
as described (31, 32). PCR products were sent for sequence analysis (BaseClear,
Leiden, the Netherlands). Sequences were assembled using BioNumerics v7.5 (Applied Maths NV, Sint-Martens-Latem, Belgium). Allelic profiles and STs were
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Table 6.1: Availability of antimicrobials on farms at the time of sampling
Antimicrobial agent

No. of farms

Penicillins
Penicillin G
Penicillin+streptomycin
Amoxicillin
Amoxicillin/clavulanic acid

19
5
7
6
1

Sulfonamides
Trimethoprim/sulfonamide
Sulfathiazole

9
8
1

Fluoroquinolones
Enrofloxacin

7
7

Tetracyclines
Tetracycline
Tetracycline+neomycin

5
4
1

Macrolides
Tylosin

7
7

assigned using the MLST database (http://pubmlst.org/saureus/). Spa-types
were assigned using the spa-typing website (http://spaserver.ridom.de/).

Antimicrobial susceptibility testing
Antimicrobial susceptibility patterns of all MRSA isolates, were identified by determining the minimum inhibitory concentrations (MIC), using a semi-automated
broth microdilution method, Micronaut-S (MERLIN Diagnostika GmbH, Germany). Each isolate was tested against twelve antimicrobial agents, namely clindamycin, chloramphenicol, enrofloxacin, erythromycin, fucidic acid, gentamicin,
kanamycin, neomycin, nitrofurantoin, rifampicin, trimethoprim/sulfmethoxazole,
and tetracycline.

Results
Management practices and the usage of antimicrobials
For this study a total of 100 farms were visited to collect samples and to conduct
a questionnaire on management practices. The sampled farms were distributed in
the districts of Puttalam (n=11), Kurunegala (n=13), Gampaha (n=31), Colombo
(n=22), and Kalutara (n=23). In total 493 samples from pigs, 228 from humans,
and 119 dust samples (including pooled samples) were analysed. Eighty-eight
farmers provided information on the number of pigs on their farm. According to
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Puttalam
Kurunegala
Gampaha
Colombo
Kalutara

North-Western Province

Western Province

District

Province
11
13
31
22
23

Sampled (n)
6.6%
6%
9%
22%

MRSA-positive (%)

Farms

Table 6.2: Distribution of MRSA-positive farms in different districts

1
1
2
2

Pig

2
3

Employee

1
-

Dust

MRSA-positive (n)
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Table 6.3: Genotype distribution of MRSA isolated from different types of farm
samples
MRSA genotype
(CC/ST/spa-type)
Farm

Pigs

Humans

Dust

F003
F007
F015
F017
F020
F041
F057
F080
F085
F088

CC6/ST6/t304
Singleton/ST3841/t10774
CC5/ST5/t002
Singleton/ST3841/t10774
CC1/ST1/t127
CC6/ST6/t4403

CC5/ST5/t002
CC1/ST1/t127
CC5/ST5/t002
CC1/ST1/t127
CC1/ST1/t127
-

CC6/ST6/ST6/t304
-

the FAO classification (33) the number of sampled farms categorized as smallscale, medium-scale, and large-scale were 57, 17, and 14, respectively. Among the
14 large-scale farms there was only one farm with more than 500 animals. Some
farmers maintained a few animals as breeding stock. They produced piglets for
their own farm and sold excess animals. Farmers with only fatteners obtained
piglets from state-owned breeder farms or from nearby private breeder farms. All
the farms had open houses with half-high walls to separate pens, fresh air circulation, and direct contact with the environment, which allows birds and rodents
to enter the pens. Swill feeding was the common practice (88/100) while some
farmers did not provide relevant information. Three farmers provided commercial
feed particularly for the breeding stocks. Biosecurity levels in the pig farms were
poor. For instance, 5% of farms applied access through foot baths, boots were
changed on 6% of the farms, and 4% of the farms prevented unauthorized visitors
from entering the premises. Free access of wild animals, uncontrolled movement
of workers, together with swill feeding hindered biosecurity.
Antimicrobials were present in the storage cupboards of 30 farms and the
brand names of the antimicrobials were recorded. Conversations with farm owners
revealed that they kept antimicrobials to be used on sick animals, particularly
piglets with diarrhoea. The antimicrobials were categorized under their generic
names and the different antimicrobial groups were identified (Table 6.1). Accordingly, penicillins were the most common, followed by sulfonamides. Except one
drug belonging to the macrolides, which was available in both the injectable form
and powder form, all other antimicrobials seen on the farms were injectable. The
remaining 67 farms did not have any antimicrobials. No data were obtained from
three farms.
88

MRSA in pigs, farm employees, and the environment in Sri Lanka
Table 6.4: Genotype distribution of MRSA isolated from hospital patient samples
Genotype
CC

ST

spa-type

CC5

ST5

CC6
CC1

ST6
ST1
ST772

CC239
Singleton

ST368
ST580
ST1688

t002
t242
t045
t16107
t127
t16219
t16107
t425
t16105
t002

Isolates (n)
13
1
1
1
1
1
1
1
1
1

Isolation and molecular analysis of MRSA
A farm was considered positive for MRSA if any of the three types of samples contained MRSA. Twelve samples out of the 840 (1.4%) were positive for
MRSA. MRSA-positive samples in pigs, humans, and dust were 1.2% (6/493),
2.2% (5/228), and 0.8% (1/119), respectively. Ten farms had one or more MRSApositive samples (10%). One farm had MRSA in a pig and a human sample,
whereas another farm had MRSA in a pig and a dust sample. Out of the human
MRSA carriers, one was an employee of a farm having MRSA-positive pigs. The
other four humans worked on farms where MRSA was not detected in pigs. The
majority of MRSA-positive farms were located in Western province and the highest
percentage of positivity was detected in the Kalutara District (22%), followed by
Colombo (9%) and Kurunegala (6.6%) (Table 6.2). The MRSA isolates belonged
to ST1 (n=4), ST5 (n=3), ST6 (n=3), ST3841 – a singleton – (n=2) and were
distributed among different types of samples (Table 6.3). The isolates belonged
to five spa-types (Table 6.3). On one farm MRSA was isolated from a pig and a
farm worker that both belonged to MLST type ST1 and spa-type t127. On another farm MRSA was detected in pigs and dust, but these belonged to different
sequence types. Interestingly, ST3841 was isolated from two pigs from two farms
situated in different districts, namely Kalutara and Kurunegala. MLST analysis
of 22 MRSA isolates from the hospital patients revealed that 15/22 isolates belonged to ST5 (CC5), and the remaining isolates belonged to a variety of STs and
spa-types as shown in Table 6.4.
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Antimicrobial resistance profiles of MRSA isolated from pig farms
and hospital patients
All MRSA isolates were susceptible to chloramphenicol and nitrofurantoin (Table
6.5). MRSA isolates from pigs and farm workers were also susceptible to an additional seven of the tested antimicrobials (n=12). Conversely, resistance against
10/12 antimicrobials was observed among MRSA isolates from hospital patients.

Discussion
This study provides the first information of MRSA in association with livestock
in Sri Lanka. During the study period of 10 months, 100 farms from five districts
spanning the western coast of the country, with the highest proportion of pig
farms of the country, were sampled. The total pig population in Sri Lanka in
2014 was 71,838 (29), of which 88% (63,388/ 71,838) of pigs were reared in the
studied districts. MRSA was identified in only six pigs, five farm workers, and
a dust sample. Accordingly, the farm prevalence was 10%, which included four
farms each having a colonized worker in the absence of positive pigs. Since these
workers are restricted to work on one farm it is not possible that they obtained
MRSA from another pig farm. The identified farm prevalence is considerably lower
compared to prevalence of 70% in the Netherlands (34), 38% in Italy (7), and 45%
in Canada (9). The MRSA colonization rates of farm workers in our study was 2%,
which is much lower than those found in conventional farming in other countries,
which reported prevalence in pig farm employees of 37%, 20%, and 5.5% in the
Netherlands (35), Ontario, Canada (9), and Malaysia (14), respectively. The fact
that at the five farms with MRSA-positive pigs only one farm worker was positive
is clearly different from strong correlations between positive animals and farm
workers observed with intensive pig farming. In four farms only farm workers were
MRSA-positive. This suggests that transmission of MRSA between humans and
animals is not a frequent event. We hypothesize that the lower farm prevalence
and the lower within-farm prevalence, with limited transmission between pigs and
humans, may be due to various reasons. One important factor is persistence of
MRSA in the housing environment and air of pig barns (36). Transmission through
air is an important route of exposure for MRSA (37) and high concentrations of
staphylococci and endotoxins in pig farm air have been identified as occupational
risks (38). In Sri Lanka, most of the farms are small- to medium-scale and pigs
are reared in open houses with half-high walls, enabling air circulation and some
sunlight. Farmers routinely washed the pens at least twice a day, with ample water
to clean the floors after swill feeding and to cool the animals.
A majority of the published studies reporting MRSA, particularly LA-MRSA
(ST398 and ST9), was from animals reared in intensive farming systems and studies in non-intensive systems are scarce. A study from Germany reported the ab90
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Table 6.5: Antimicrobial susceptibility of pig and human MRSA isolates
Number resistant to antimicrobial/number of isolates (%)
Antimicrobial

Pigs

Farm workers

Hospital patients

Clindamycin
Chloramphenicol
Enrofloxacin
Erythromycin
Fusidic acid
Gentamicin
Kanamycin
Neomycin
Nitrofurantoin
Rifampicin
Trimethoprim/
famethoxazole
Tetracycline

0/6
0/6
0/6
3/6 (50%)
0/6
0/6
1/6 (16%)
1/6 (16%)
0/6
0/6
0/6

0/5
0/5
1/5
5/5
1/5
0/5
3/5
3/5
0/5
0/5
0/5

1/22
0/22
3/22
9/22
2/22
2/22
5/22
6/22
0/22
2/22
2/22

0/6

0/5

sul-

(20%)
(100%)
(20%)
(60%)
(60%)

(4.5%)
(13%)
(40%)
(9%)
(9%)
(22%)
(27%)
(9%)
(9%)

1/22 (4.5%)

sence of LA-MRSA (39) on a pig farm with an alternative rearing system, and a
study from Peru showed that MRSA colonization in backyard scavenging pigs is
lower compared to intensively farmed animals (40). Similarly, prevalence of MRSA
in Dutch organic pig farms is 21% in comparison to 70% on conventional farms
(41). In line with those findings, in the USA, people working with backyard pigs
did not have an increased risk for being MRSA-positive compared to the general
population (42). The aforementioned studies support the notion that intensification might be a risk factor for MRSA colonization in pig farms and occupational
transmission to humans.
Out of the 100 farms, 30 had antimicrobials on the farm premises at the time
of sampling and some farmers stated using these drugs for diseased animals without consulting a veterinarian. However, group medication of animals, which has
been identified as a risk factor for LA-MRSA in veal calf farming (43), was not
a common practice. This is also clear from the fact that almost only injectable
drugs were present. The farmers were unaware of antimicrobial stewardship and
should be educated to prevent unnecessary use. The most common feeding practice in the studied farms was swill feeding (88/100). This type of feed does not
contain antimicrobials in contrast to several types of commercial feed and it is not
a risk for selection of resistant bacteria. Furthermore, the levels of resistance seen
in farm MRSA isolates towards tested antimicrobials were low, and remarkably,
isolates from farm workers also showed low levels of resistance compared to those
of human patient isolates (27). The dogma is that there is a direct association of
antimicrobial usage with MRSA prevalence (43, 44), as has been shown in association with pig farming in the Netherlands (45). A limitation of this study could
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be the omission of sampling humans or animals on antimicrobial therapy, because
there is clear association between MRSA positivity and antimicrobial usage in the
same herd (44). In the present study, no risk factors could be defined, as histories
of antimicrobial use were not available due to poor record keeping, and low MRSA
prevalence.
Molecular characterization showed four different sequence types and 6 spatypes in farm isolates. An important finding was the absence of predominant
LA-MRSA types ST398 and ST9. Since its first isolation from Asia in 2009 on
Chinese farms, LA-MRSA belonging to ST9 was reported from farms in Malaysia
and Hong Kong (11, 14). The infrequent import of animals from positive countries
might explain the absence of CC9 and CC398 in Sri Lanka. Nevertheless, there
were six pigs colonized with MRSA of various sequence types. Among those, there
is a new sequence type (ST3841) of spa-type t10774. Two pigs carried this new
type and were reared on two different farms, at two distant districts – Kaluthara
and Kurunegala – so that a common origin could not be explained. The other STs
that were identified were ST5 and ST1. One pig was colonized with ST5/CC5 and
spa-type t002, which belongs to the most common CA-MRSA type described in
humans (28, 46), and which has also been identified in pigs, horses, dogs, and cats
in Canada (9, 18). It has been suggested that this type originates from colonized
humans. This was also described in a Korean study where on sixty-six pig farms,
besides CC398, the HA-MRSA ST72 type was identified occasionally (15). What
is unclear in these studies, is if this represents contamination of nasal passages or
that these MRSA types can establish colonization in pigs. Colonization of farm
workers with ST1 of spa-type t127 was the most common (3/5 MRSA isolates)
followed by ST5 of spa-type t002 (2/5 MRSA isolates). Both spa-types have been
reported among human HA- and CA-MRSA isolates in Sri Lanka (28). In the
present study, 15/22 MRSA isolates from human patients belonged to ST5, spatype t002. As this ST belongs to predominant CA-MRSA types it cannot be
excluded that patients acquired this strain outside the hospital. Interestingly, on
one farm both a farm worker and pig carried a MRSA ST1, spa-type t127 isolate
with the same resistance profile, which suggested transmission. Given the low
prevalence of MRSA on pig farms, it is highly unlikely that the workers obtained
MRSA from the pigs, and rather suggests a possible transmission from humans to
pigs.
In conclusion, MRSA has a remarkably low prevalence in the pig farming community in Sri Lanka. Predominant LA-MRSA types are absent on pig farms, but
pigs and farm workers share sequence types that are associated with CA-MRSA
and HA-MRSA strains. There is no evidence to support that human MRSA isolates originate from pigs.
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Abstract
Methicillin-resistant Staphylococcus pseudintermedius (MRSP), which is often multidrug resistant (MDR), has recently emerged as a threat to canine health worldwide. Knowledge of the temporal distribution of specific MRSP lineages, their
antimicrobial resistance phenotypes, and their association with clinical conditions
may help us to understand the emergence and spread of MRSP in dogs. The aim
of this study was to determine the yearly proportions of MRSP lineages and their
antimicrobial-resistant phenotypes in the Netherlands and to examine possible
associations with clinical conditions. MRSP was first isolated from a canine specimen submitted for diagnostics to the Faculty of Veterinary Medicine of Utrecht
University in 2004. The annual cumulative incidence of MRSP among S. pseudintermedius increased from 0.9% in 2004 to 7% in 2013. MRSP was significantly
associated with pyoderma and, to a lesser extent, with wound infections and otitis
externa. Multilocus sequence typing (MLST) of 478 MRSP isolates yielded 39 sequence types (ST) belonging to 4 clonal complexes (CC) and 15 singletons. CC71
was the dominant lineage that emerged since 2004, and CC258, CC45, and several
unlinked isolates became more frequent during the following years. All but two
strains conferred an MDR phenotype, but strains belonging to CC258 or singletons
were less resistant. In conclusion, our study showed that MDR CC71 emerged as
the dominant lineage from 2004 and onward and that less-resistant lineages were
partly replacing CC71.

100

Changes in the population of MRSP in the Netherlands

Introduction
Staphylococcus pseudintermedius is an important pathogen in dogs and cats and
is sporadically associated with human infections (1–3). Methicillin-resistant S.
pseudintermedius (MRSP) has recently emerged in different parts of the world
(4–6). MRSP is resistant to all beta-lactam antimicrobials and is generally resistant to three or more antimicrobial classes (multidrug resistant [MDR]), which
poses a challenge to therapy in veterinary medicine. Recent genomic analyses indicated that antimicrobial resistance evolved through acquisition of mobile genetic
elements and through mutation, reinforcing the notion that antimicrobial use can
co-select for antimicrobial-resistant strains (7).
Most MRSP infections in dogs are surgical wound infections, pyoderma, and
otitis externa but also include pneumonia, urinary tract infections, and, to a lesser
extent, other infections (8). Furthermore, it became clear that companion animals
play an important role in the epidemiology of MRSP, as humans can become
transient carriers of MRSP after contact with their colonized dogs (9).
The prevalence of MRSP colonization in dogs depends on the population under
study as is summarized by Weese and Van Duijkeren (8). In a recent study in the
United Kingdom, no MRSP was isolated from dogs visiting veterinary practices
(10); however, MRSP isolates were found in 0.8% of canine clinical samples in a
German study and in 0.28% of those from another United Kingdom study (11,
12). In Germany, 7.4% of dogs were found to be MRSP-positive at admission
to veterinary clinics (13). In the Netherlands, prevalence data are not available
although MRSP has been identified in household dogs (14).
Clonal lineages of MRSP disseminated globally. Multilocus sequence typing
(MLST) has shown that sequence type 71 (ST71) is a dominant clonal lineage
that has spread successfully in Europe and Asia, whereas ST68 has spread mainly
in North America (15). A limited number of MRSP STs have been identified that
are reflected in the dissemination of a few dominant clonal lineages (5, 15–17).
Isolates belonging to ST71 and ST68 often contain genes that confer resistance to
multiple antimicrobials in addition to the mecA gene on the staphylococcal cassette
chromosome mec element (SCCmec), which encodes methicillin resistance (15, 18).
In this study, we investigated the molecular epidemiology of MRSP lineages in
the Netherlands by analyzing data for S. pseudintermedius isolates obtained from
dogs over a period of 20 years. This allowed us to study the yearly changes in
the proportion of MRSP versus S. pseudintermedius, the association with clinical
conditions, and the dynamics of their antimicrobial-resistant phenotypes.
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Materials and methods
Strain isolation and identification
S. pseudintermedius isolates were obtained from clinical specimens submitted to
the Veterinary Microbiological Diagnostic Center (VMDC) of Utrecht University,
the Netherlands from 2004 to 2013. All included specimens were from clinical infections and not from screening procedures. The specimens were cultured on sheep
blood agar (bioTRADING, the Netherlands), and after overnight incubation at
37 ○C, presumptive colonies were identified as S. pseudintermedius by colony morphology, Gram-staining, tests for catalase and coagulase, and by using mannitol
(bioTRADING, the Netherlands). Strains were confirmed as S. pseudintermedius
with PCR restriction-fragment length polymorphism (RFLP) analysis with MboI
digestion of the pta gene (2). All MRSP isolates were stored at −80 ○C in brain
heart infusion broth (BHI) with 50% glycerol.
Susceptibility to 14 antimicrobials belonging to 9 antimicrobial classes,
including beta-lactams (amoxicillin-clavulanic acid, ampicillin, and ceftiofur),
tetracyclines (tetracycline), lincosamides and/or macrolides (clindamycin and
erythromycin), amphenicol group (chloramphenicol), diaminopyrimidines-sulfonamides combinations (trimethoprim-sulfamethoxazole), aminoglycosides (gentamicin, kanamycin, and amikacin), fluoroquinolones (enrofloxacin), fusidic acid (fusidic acid), and rifamycins (rifampin), was tested by an agar diffusion method using
Neo-Sensitabs (Rosco, Denmark). The categories susceptible (S), intermediate (I),
and resistant (R) were defined on the basis of the breakpoints recommended by the
Dutch Committee on Guidelines for Susceptibility Testing (19). Intermediate susceptibility values were scored as resistant phenotypes. Since 2000, adjustments in
breakpoints according to the recommendations of the manufacturer (Rosco, Denmark) were implemented (http://www.rosco.dk/default.asp?mainmenu=20).
An isolate was classified as multidrug resistant when it was resistant to 3 or more
antimicrobial classes (20). Microbial resistance (R) and susceptibility (S) data
were assigned in resistance profiles. When resistance was found for a combination of beta-lactams and fluoroquinolones, of beta-lactams and aminoglycosides,
or of beta-lactams and trimethoprim-sulfamethoxazole, isolates were determined
as methicillin-resistant by mecA real-time PCR (21).

Retrospective data analysis on clinical MSSP and MRSP isolates
In the case of multiple samples from a patient, the first isolate of methicillinsusceptible S. pseudintermedius (MSSP) or MRSP was included in the study.
Trends in the yearly proportion of MRSP were assessed using the CochranArmitage test for trend. Associations of MRSP and MSSP with clinical conditions
(skin/pyoderma, wound/injury, arthritis, otitis, cystitis, or throat/respiratory infection) were assessed using univariate logistic regression by using the numbers
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of other diseased as reference groups. The associations were expressed as odds
ratios (OR) providing their 95% confidence intervals (CI); P-values of < 0.05 were
considered significant.

Genotypic characterization of MRSP
MRSP isolates were typed using MLST targeting seven genes as described previously (22). In a slightly adapted protocol, two freshly grown colonies were
suspended in 500 µl Tris-EDTA (TE) buffer (10 mM Tris HCl and 1 mM EDTA,
pH 8.0) with 20% Chelex-100 molecular biology grade resin (Bio-Rad, Veenendaal, the Netherlands) incubated at 99 ○C for 10 min and centrifuged for 1 min at
20, 000 × g The PCR mixture (20 µl) consisted of 5 µl DNA lysate, 2× GoTaq Hot
Start Green master mix (Promega Benelux BV, Leiden, the Netherlands), 1 µM
each of forward and reverse primer, and molecular-grade water. PCR products
were purified with ExoSAP-IT (Affymetrix, Santa Clara, CA, USA) according
to the manufacturer’s protocol and were subsequently sent for sequence analysis
(BaseClear, Leiden, the Netherlands). Sequences were assembled using BioNumerics v7.1 (Applied Maths NV, Sint-Martens-Latem, Belgium). Sequence types
were assigned by comparison with the allele sequences present in the PubMLST
database (http://pubmlst.org/spseudintermedius). New types were assigned
by the curator Vincent Perreten. Trends in the yearly occurrence of MLST clonal
complexes were assessed using the Cochran-Armitage test for trend; P-values of
< 0.05 were considered significant.

Population structure of MRSP
The software goeBURST, which uses the same clustering rules for linking STs as
eBURST, was used to infer the relatedness of STs (23, 24). Clonal complexes
(CCs) were defined as the predicted founder STs and linked single locus variants
(SLVs).

Results
Retrospective data analysis on clinical MSSP and MRSP isolates
Between 2004 and 2014, a total of 9,803 MSSP and 478 MRSP isolates, all first
isolates, were isolated from dog samples. Canine S. pseudintermedius accounted
for 95% of the total number of clinical S. pseudintermedius isolates at the VMDC.
The number of isolated canine MRSP isolates showed a significantly increasing
trend (linear slope = 0.0919 and P < 0.001) and an increase in the yearly MRSP
proportion from 0.9% in 2004 to 7% in 2013, with a slight decrease in 2010 (Table
7.1).
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Table 7.1: Number and proportion of methicillin-resistant and methicillin-susceptible S. pseudintermedius from dogs
Year

No. MSSP

No. MRSP

2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
Total

1 045
1 066
970
955
985
845
918
974
968
1 077
9 803

1
1
9
49
54
73
51
73
81
86
478

a

MRSP proportion (%)a
0.95
0.09
0.92
4.88
5.20
7.95
5.26
6.97
7.79
7.38
4.65

Linear slope = 0.0919; P < 0.001.

Association of MSSP and MRSP with clinical conditions
Descriptively, the majority of MSSP isolates were obtained from cases of otitis
externa (32.1%), and the majority of MRSP were obtained from cases of pyoderma
(43.7%). MRSP isolates were significantly more likely to be obtained from cases
of pyoderma (OR = 5.1), wound infection (OR = 4.3), or arthritis (OR = 3.3)
than MSSP isolates (Table 7.2). Conversely, MRSP isolates were significantly less
likely to be obtained from cases of otitis externa (OR = 0.5) or throat/respiratory
infections (OR = 0.5) than MSSP isolates (Table 7.2).

Distribution of allelic profiles
Out of the 478 isolates typed with MLST, 39 unique STs were identified (Table 7.3).
Most isolates (n = 292) belonged to ST71. Other predominant STs were ST258 (n
= 49), ST45 (n = 33), ST261 (n = 30), and ST265 (n = 17). Another 14 STs were
each represented by < 10 isolates, and 20 STs were represented by only a single isolate (ST68, ST118, ST282, ST307, ST333, ST337, ST341, ST343, ST344, ST345,
ST347, ST348, ST349, ST351, ST352, ST353, ST382, ST383, ST388, ST389) (Table 7.3). ST71 was first identified in 2004, increasing steadily since then, but
stabilizing from 2007 onwards. In 2006, only ST71 and ST45 were found, but
in the following years the number of STs increased with the introduction of 24
previously undisclosed STs (Figure 7.1; see also Suppl. Table 1).
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a

ND, not determined.

Skin/pyoderma
Wound/injury
Arthritis
Otitis
Cystitis
Throat/respiratory infection
Unknown

Clinical group
1 129
844
102
3 146
221
487
3 874

No. MSSP strains
(n = 9 803)
209
95
16
92
14
11
1

5.1
4.3
3.3
0.5
Not significant
0.5
NDa

4.2 − 6.2
3.5 − 5.1
1.9 − 5.6
0.4 − 0.6

95% CI

0.010 0.3 − 0.8
< 0.001

< 0.001
< 0.001
< 0.001
< 0.001

No. MRSP OR for methicillin
strains (n = 478)
resistance P value

Table 7.2: S. pseudintermedius isolated from clinical specimens of dogs
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Table 7.3: MRSP clonal complexes and different sequence types
Clonal complex

Sequence types

71
45
258

71, 123, 382
45, 179, 282
258, 118, 261, 265, 277, 307, 312, 334, 336, 342, 343, 346, 349, 350,
351, 383, 389
68, 29
196, 298, 333, 335, 337, 339, 341, 344, 345, 347, 348, 352, 353, 388

68
Singletons

Population structure of MRSP
Clustering of the 39 unique STs by the goeBURST algorithm showed that their
allelic profiles are only distantly related to each other and that they are grouped in
four CCs and 14 singletons. The CC consisted of allelic profiles with five or more
allele matches, while singletons (i.e., STs) were unrelated to any other within the
SLV collection. The founders in the CCs were assigned as ST71, ST68, ST45, and
ST258, respectively (Figure 7.2). The largest CC with founder ST258 consisted
of 17 STs. This CC solely represents isolates that emerged after 2007 (Table 7.3).
There were statistically significant annual trends in the occurrence of clonal complexes. The proportion of CC71 showed a significantly decreasing trend (linear
slope = −0.0748; P < 0.001), whereas the proportion of CC258 showed a significantly increasing trend (linear slope = 0.598; P < 0.001).
To determine the clonal relationships of the sequence types obtained in this
study together with the entries in the global PubMLST S. pseudintermedius
database, all entries available on September 2015 were clustered using the same
goeBURST procedure. This showed 6 major CCs, 23 smaller groups with no candidate founder, and 200 singletons. The branches are connected with a higher
locus variant level to show the relations of all STs (see Suppl. Figure 1). Currently, six major S. pseudintermedius clonal lineages are present (CC45, CC71,
CC68, CC258, CC240, and CC84). The largest is CC258, which has 129 STs with
founder ST258.

Distribution of antimicrobial resistance
The majority of MRSP isolates were resistant to either five or six antimicrobial
classes. Only three MRSP isolates (CC258) were resistant to two antimicrobial
classes and were not considered MDR. Three MRSP isolates (CC71 and CC45)
were resistant to eight antimicrobial classes. The resistance profiles were highly
diverse (see Suppl. Table 2). Combining the susceptibility data of drugs from
the same antimicrobial group identified common resistance profiles (Table 7.4).
This clustered the profiles into 6 major groups (see Suppl. Table 3). Profiles
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Figure 7.1: Distribution of MRSP clonal complexes per year. *) Combined numbers obtained
from 2004–2006. The numbers on top indicate the total number of isolates.

with resistances to seven antimicrobial classes were found in CC71 (n = 47) and
CC45 (n = 31) isolates and in three isolates with single STs. CC258 isolates
were susceptible to enrofloxacin and were resistant to five or six antimicrobial
classes. These profiles contained either resistance for tetracycline, chloramphenicol, trimethoprim-sulfamethoxazole, or gentamicin (see Suppl. Table 2). The
majority of the less-resistant CC258 isolates and single ST isolates were isolated
after 2010. Furthermore, the MDR MRSP population showed important dynamics
in antimicrobial resistances over the years.

Discussion
In order to develop measures to prevent and control the dissemination of resistant S. pseudintermedius, insights into the spread of resistant strains and into
the dynamics of antimicrobial resistance are needed. Among the diagnostic specimens studied here, the cumulative incidence of MRSP increased to a relatively
stable 7% in 2013. We estimated that our isolates originated from approximately
50% of the companion animal clinics present in the Netherlands. It cannot be
excluded, however, that there has been a submission bias over the years, as there
has been intense communication about MRSP issues to clinics via professional
veterinary journals in parallel to presentations at meetings and communications
from the diagnostic laboratory to the practitioners themselves after recovery of
MRSP from their patient’s sample. Practitioners may therefore have been keen to
submit samples when empirical antimicrobial therapy failed, which in turn may
have resulted in an increased detection of MRSP. However, the yearly isolated
number of MSSP isolates and the total number of submissions in a year were constant, which indicate that there was no general change in sample submissions. The
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Resistant for
antimicrobial
classes (no.)
3
7
5
9
12
8

Resistance
profile (no.)
RRRRRRSSR
RRRRSRSSR
RRRRRSSSR
RRRSRRSSR
RRRSRSSSR
RRRRSSSSR

Resistance
phenotypea
82
58
45
16
90
73

No. of
strains

2008-2013
2008-2013
2007-2013
2010-2013
2008-2013
2008-2013

Years

CC71 (47), CC45 (31), ST196 (1), ST335 (1), ST341 (1)
CC71 (57), CC45 (1)
CC71 (41), CC45 (1), CC258 (2), ST335 (1)
CC258 (16)
CC258 (83), CC71 (3), ST347 (1), ST298 (3)
CC71 (71), CC45 (1)

MRSP CC/ST (no.)

Table 7.4: Distribution of common antimicrobial-resistant phenotypes

7
6
6
6
5
5
a

Contains resistance (R) or susceptibility (S) in the order: β-lactam, lincosamide and/or macrolide, aminoglycoside, enrofloxacin,
tetracycline, chloramphenicol, fusidic acid, rifampin, and trimethoprim-sulfamethoxazole. Isolates were considered to be resistant to
lincosamide and/or macrolide when they were resistant to either clindamycin or erythromycin and they were considered to be resistant
to aminoglycoside when resistant to kanamycin, amikacin, or gentamicin.
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Figure 7.2: Clonal relationships of MLST sequence types in the Netherlands (2004–2013).
goeBURST analysis in which the branches are connected with a double-locus variant level to
show the relation of STs.
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number of clinics submitting MRSP-positive canine samples increased (data not
shown), which supported our observation that MRSP was emerging in the Dutch
dog population.
The preferred method to predict mecA-associated resistance in S. pseudintermedius isolates is to test for oxacillin susceptibility (25). As oxacillin was not
included in our routine susceptibility testing, we used other selection criteria to
predict mecA-associated resistance. To evaluate our method of selection, we performed a prospective study for 6 weeks, including all isolated S. pseudintermedius
isolates (n = 200) in this period. No discrepancy was found between phenotypic
resistance determination and mecA PCR in this study (data not shown). It is
therefore unlikely that we missed many MRSP isolates in our study. Nevertheless,
we cannot exclude an underestimation of the actual proportion of MRSP due to
our selection method.
We showed that MRSP was significantly more likely to be associated with
pyoderma, wound infection, or arthritis, whereas MSSP was associated with otitis
externa. Whether these associations reflect, for example, the selective pressure of
previously used antimicrobials in the patients or different strain characteristics is
unknown.
The increase in MRSP over the years was dominated by CC71, which is a
widespread multi-resistant MRSP lineage (15, 26). Diversion of ST71 was visible
in two single locus variants: ST123 with a nucleotide difference in the sar locus
and ST382 with a nucleotide difference in the cpn60 locus. The relatedness of
MRSP CCs was identified by clustering STs with the BURST algorithm that assigned the STs in four CCs with closely related STs. A similar type of clustering
has been observed in Staphylococcus aureus, in which single nucleotide differences
were proposed to define a group within an ST (27). GoeBURST analysis of all
STs present in the S. pseudintermedius MLST database confirmed that 478 Dutch
isolates belong to four CCs with the same predicted founder assignments (CC71,
CC258, CC68, and CC45) and to numerous unlinked STs. The recently-observed
emergence of MRSP in six clonal lineages (7) raised questions about which mechanisms shape the genetic diversity of MRSP isolates. Recombination, rather than
nucleotide substitution, has been suggested as the driver of the diversity in MRSP
populations (15). This is in line with recent studies showing the acquisition of
resistance genes by incorporation of mobile elements in the genome (7). Furthermore, in the very successful CC71 lineage, SCCmec types II and III predominate
(15, 28), but other types are emerging (7, 29).
Initially, MRSP isolates were resistant to eight or seven antimicrobial classes
tested in our test panel. Rifampin resistance was occasionally observed in the
studied population. This resistance results from induced rpoB mutations during
antimicrobial treatment, and our observation indicates that this resistance is not
maintained in the population (30). Almost all CC71 and CC45 isolates were resistant to fluoroquinolones, which have been described to be present in successful
110

Changes in the population of MRSP in the Netherlands

MDR MRSP clones (7). However, whether this resistance is a key factor to success is unclear, as since 2008, the emerging CC285 lineage and most singletons
were susceptible to fluoroquinolones. MRSP strains resistant to four to six antimicrobial classes carried different combinations of resistances for aminoglycosides,
tetracycline, and chloramphenicol. This may result from the fact that these resistances are associated with mobile elements, Tn5405, Tn5801, Tn916, and IS256
or IS1272 -like elements (7, 18), and with the multiple genes that can confer resistance to lincosamides and/or macrolides. For example, ermB has been shown
to be associated with Tn917 and Tn5405 (7, 18). The exact gene flow conferring
lincosamide and/or macrolide resistance is unclear, but the number of identified
mobile elements in MRSP may indicate the major role of transmission of resistance
genes in the success of the CC71 and CC285 lineages. These lineages showed a
stepwise gain and loss of phenotypic resistances over a period of 10 years that did
not influence their spread. For methicillin-resistant S. aureus (MRSA), it has been
shown that differential gene expression was important in the evolution of MRSA
ST8 virulence and spread in the community (31). To date, the molecular determinants underlying the success of CC71 and CC258 are unknown, although Osland
et al. suggested that ST71 strains were better adapted to produce biofilms (32).
However, the flexible availability of antimicrobial resistance genes in MRSP may,
as it has been suggested before, be a strong selection factor for the dissemination
of major clonal lineages (7).
In conclusion, our study showed that MDR S. pseudintermedius CC71 emerged
as the dominant lineage from 2004 and onward and that other less-resistant MRSP
lineages were partly replacing CC71 in later years. Furthermore, the MDR MRSP
population showed important dynamics in antimicrobial resistances over the years.
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Abstract
Multi-drug resistant (MDR) methicillin-resistant Staphylococcus pseudintermedius
(MRSP) has emerged rapidly. With insight in global distribution and molecular
characteristics the emergence, evolution, and spread might be better understood.
We investigated the presence and genetic characteristics of MRSP in Sri Lanka.
A total of 233 samples from dogs visiting veterinary clinics for any reason were
cultured for staphylococci and of the MRSP isolates the genomes were sequenced.
Genome sequences were used to identify acquired resistance genes and the MLST
and spa genotypes. From a questionnaire the history of antimicrobial treatment
and patient information was obtained.
S. pseudintermedius was isolated from 120/233 samples, eight of these were
MRSP. Six MRSP CC45 isolates contained a pseudo-SCC element ΨSCCmec 57395 .
Two isolates belonging to ST492 (CC761) and ST121 (CC121) contained a novel
variant of the SCCmec Type V(T) element, one with transposon-related genes, and
one with a type III restriction-modification system, a type 7 ccr gene complex,
and cadmium resistance. Thirty-seven percent of the dogs received antimicrobial
treatment at the time of sampling. Four of the dogs that were MRSP-positive
received antimicrobial treatment at the time of sampling.
The proportion of MRSP among S. pseudintermedius is low compared to other
countries, despite the fact that in Sri Lanka antimicrobials for treatment of animals are available over the counter. Important is the finding of novel type V(T)
SCC elements, which further confirms the recombination of SCC elements. The
ΨSCCmec 57395 was found in isolates of CC45, which is the only sequence type
known to contain this pseudo-cassette.
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Introduction
Staphylococcus pseudintermedius is a major opportunistic pathogen in cats and
dogs (1). It causes skin and soft tissue infections, otitis externa, and wound infections after surgery. S. pseudintermedius can be transmitted to humans (2), but
S. pseudintermedius in humans might be misdiagnosed as Staphylococcus aureus
because they share key biochemical characteristics such as the ability to produce
coagulase (3). As with S. aureus, S. pseudintermedius can contain a mobile element called Staphylococcal Cassette Chromosome mec (SCCmec). A typical
SCCmec cassette contains a recombinase gene complex (ccr) and a mec gene complex, which contains the mecA gene. Additional genes with a variety of functions
can also be present, such as transposons, IS-elements, restriction-modification systems, and resistance genes against metals (4). The mecA gene encodes for an
alternative penicillin-binding protein (PBP). This alternative protein has a lower
affinity for β-lactam antimicrobials than the regular PBP. S. pseudintermedius
strains that contain the mecA gene are called methicillin-resistant S. pseudintermedius (MRSP). Strains of MRSP are often resistant against multiple classes of
antimicrobials, which can make it a challenge to treat MRSP infections (5).
MRSP has been found all over the world, but genetic types differ between
geographical locations. For example, Multi-Locus Sequence Type (MLST) ST71 is
the predominant type in Northern Europe, while ST68 is predominant in Northern
America (6). S. pseudintermedius – including MRSP – has been reported from
China (7), Thailand (8), South Korea (9), Indonesia (10), and India (11). It is
unknown if MRSP is also present in Sri Lanka.
In Sri Lanka, a large variety of antimicrobials is available over the counter for
both humans and animals, and there is no surveillance for antimicrobial resistance
or antimicrobial use. However, a baseline study in humans was published, showing antimicrobial resistance profiles of Gram-negative blood culture isolates from
different regions of the country (12). The authors expressed their concerns about
the high level of antimicrobial resistance they observed.
The aim of this study was to obtain information about the presence and genetic
diversity of MRSP in dogs in Sri Lanka.

Materials and methods
Sampling
Samples were obtained from dogs attending veterinary clinics (primary healthcare
clinics, private veterinary clinics, veterinary hospital, veterinary teaching hospital)
in regions of Peradeniya and Colombo in Sri Lanka. Samples were obtained in
March 2014 from dogs with and without clinical illness. Samples were obtained
from skin lesions (if present), the groin, or the ear using a dry swab. Approval for
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this study was obtained from the Ethics Committee of the Faculty of Veterinary
Medicine and Animal Science at the University of Peradeniya, as discussed in their
meeting on 28th February 2014.

Sample analysis
As described before (13), samples were cultured overnight (O/N) in Mueller Hinton Broth (MH; Oxoid, the Netherlands) with 6.5% NaCl on the day of sampling
and subcultured on Colombia agar with 5% sheep blood (BA) to isolate all S.
pseudintermedius. Besides plating on BA, the MH enrichment was also subcultured in Phenol Red Mannitol broth (PMB; Oxoid) with aztreonam (75 mg/l)
and ceftizoxime (5 mg/l), both from Sigma Aldrich, the Netherlands) to select for
MRSP. After O/N incubation, PMB was also subcultured on BA. Colonies on BA
(after MH and after PMB) that were suspected to be S. pseudintermedius were
subcultured on fresh BA and tested by Gram stain, mannitol fermentation, and
coagulase tube test and stored at −80 ○C in nutrient broth (Oxoid) with 15% glycerol. Suspected isolates were shipped to the Netherlands (frozen on dry ice) and
confirmed by MALDI-TOF MS (Bruker, Germany) and mecA PCR (14).

Whole-genome sequencing
All isolates that were confirmed as MRSP were genotyped using whole-genome
sequencing (WGS). DNA was isolated with the Ultra Clean Microbial DNA isolation kit (Mo-Bio, Carlsbad CA, U.S.A.) with additional external lysis with achromopeptidase (Sigma Aldrich). MiSeq sequencing (Illuminia, San Diego, California, U.S.A.) was performed at the Utrecht Sequencing Facility (UMC Utrecht, the
Hubrecht Institute, and Utrecht University, the Netherlands). Reads were assembled into a scaffold genome consisting of contigs using SPAdes v3.1.1 (15). Genome
sequences were deposited in GenBank under accession numbers listed in Table 8.1.
Allele sequences for MLST were extracted using BLASTN and the STs were identified as described previously (16). The sequences encoding protein A were also
extracted using BLASTN and used for spa-typing (17). Acquired resistance genes
were identified using ResFinder (accessed on 6th October 2015) (18). Genome
sequences were compared using parsnp v1.2 (19) and visualised using TreeViewX.
The genome sequence of strain ED99 (GenBank accession CP002478) was used as
a reference.

Identification of SCCmec elements in MRSP
Contigs associated with SCCmec were extracted from the genome sequence and annotated using Prokka (20). SCCmec-types were assigned based on the presence of
elements as described in the guidelines (4) and aligned with the reference SCCmec
sequences using ACT v13.0.0. Only for isolate SL/154 the reads belonging to the
118

MRSP among dogs in Sri Lanka and novel SCCmec variants

SCCmec region could not be automatically combined into one contig that spanned
the entire SCCmec element. Therefore, the contig order was confirmed by primer
walking and Sanger sequencing from the mecA gene to maoC. Sanger sequencing
reads were aligned using BioNumerics v7.5 and had a read coverage between 4-8x
using different primer sets.
A figure of SCCmec sequence comparisons using SCCmec type V(T) (GenBank
accession ERR175868) as reference, was produced using EasyFig v2.2.2 (21).

Questionnaires
For every dog a short questionnaire was filled in by the veterinarian and the dog
owner. The following parameters were recorded: name of the dog, age, sex, reason
for visiting the veterinary clinic, if the dog was on antimicrobial treatment at
the time of sampling, and antimicrobials used for treatment. If the dog did not
receive antimicrobial treatment at the time of sampling it was asked when the last
antimicrobial treatment was applied.

Results
A total of 233 dogs were sampled during the study in the regions of Peradeniya
(n=218) and Colombo (n=15). Two-hundred-and-five visited for clinical reasons,
28 dogs came in for vaccination. Samples were from the ear (n=114), the groin
(n=101), a chronic lesion (n=13), or an acute lesion (n=4). One sample with
unknown origin was included. The mean and median age of the dogs were 38.8
and 24.0 months, respectively (ranging from 2 weeks to 14 years). Most dogs were
male: 130 (56%) against 97 (42%) females, and the sex of 6 dogs was not recorded.
All samples were processed on the day of collection and S. pseudintermedius
was isolated from 120/233 (51.5%) samples. Eight of the 120 isolates were MRSP,
which means an MRSP prevalence of 3.4%, and a proportion of MRSP among
all S. pseudintermedius isolates of 6.6%. All MRSP were isolated from dogs that
were taken to the veterinarian for illness, but only one dog (sample SL/094) was
brought in for MRSP-related problems and suffered from dermatitis.

Genetic characteristics of MRSP isolates
Whole-genome sequencing of the eight MRSP isolates showed that six isolates
belonged to ST45 and ST282 (a single locus variant of ST45 with one nucleotide
difference in the tuf gene) (22, 23). The CC45 isolates belonged to spa-type t09,
except for isolate SL/152, to which no spa-type could be assigned because the
sequence was not present in the genome sequence (Table 8.1). The remaining
strains belonged to ST121 (CC121) and ST492 (CC761) with spa-types t06 and
t75 respectively. The parsnp-analysis corroborated the results of the MLST, as
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SL/094 (ST45)
SL/076 (ST45)
SL/114 (ST282)
SL/085 (ST45)
SL/164 (ST282)
SL/152 (ST282)
SL/066 (ST429)
ED99 (ST25)
0.03

SL/154 (ST121)

Figure 8.1: Non-rooted neighbour-joining tree of the parsnp-comparison of MRSP
genomes in this study. The genome of S. pseudintermedius strain ED99 was added as
reference. The accession numbers of the genomes are listed in Table 8.1.

displayed in Figure 8.1: the core genome of the ST45-isolates were highly similar,
with the ST282-isolates (CC45) as nearest neighbours.
All isolates contained genes encoding antimicrobial resistance to multiple
classes of antimicrobials. ResFinder identified the following resistance genes:
aac(6’)-aph(2”), aph(3’)-III, and ant(6)-Ia encoding resistance to aminoglycosides;
blaZ and mecA, encoding resistance against beta-lactams; and tet(M), encoding
resistance against tetracyclines. The genes cat(pC221), encoding resistance against
chloramphenicol; and erm(B), encoding resistance against macrolides were found
in the genomes of all strains except strain SL/066. Trimethoprim-resistance gene
dfrG was found in all isolates except strain SL/152. All the resistance genes that
were identified are summarised in Table 8.1.

Distribution of SCCmec elements and identification of novel variants
The MRSP CC45 isolates (SL/076, SL/085, SL/094, SL/114, SL/152, and SL/164)
contained a pseudo-SCCmec element ΨSCCmec 57395 , which was previously described by Perreten and colleagues in MRSP isolates from Thailand and Israel (8).
This SCCmec element contains a class C1 mec gene complex (mecA gene and two
IS431 elements in the same direction), cadmium, arsenic, and copper resistance
genes, but no ccr genes.
Isolates SL/066 and SL/154 contained a novel SCCmec variant homologous to
an SCCmec Type V(T) element as described for MRSP strain 23929 from Ireland
(22). The Type V(T) element of isolate 23929 carried a restriction-modification
system, CRISPR complex, two ccrC8 genes, and a class C2 mec gene complex
(Figure 8.2). The element of isolate SL/154 contained additional genes encoding
resistance to cadmium, an additional ccr gene complex consisting of ccrA1 and
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Acquired antimicrobial resistance against antimicrobials identified with ResFinder: aac(6’)-aph(2”), aph(3’)-III, and ant(6)-Ia encoding resistance to aminoglycosides; blaZ and mecA, encoding resistance against beta-lactams; and tet(M), encoding resistance against tetracyclines; cat(pC221), encoding resistance
against chloramphenicol; and erm(B), encoding resistance against macrolides; dfrG, encoding resistance to trimethoprim.

MLST

Isolate

Table 8.1: Genotypic characteristics of the MRSP isolates
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Table 8.2: Antimicrobial use at the time of sampling
Antimicrobial combination

n

Ceftriaxone, metronidazole
Ceftriaxone
Amoxicillin/clavulanic acid
Amoxicillin
Cephalexin
Ceftriaxone, oxytetracycline
Metronidazole, ceftriaxone, oxytetracycline
Oxytetracycline
Cefrimenzole
Cloxacillin
Cotrimoxazole
Doxycycline
Amoxicillin, enrofloxacin
Ampicillin
Ciprofloxacin
Clindamycin, metronidazole, doxycycline
Doxycycline, cefuroxime
Metronidazole, trimethoprim/sulfamethoxazole
Unknown

23
10
5
4
4
3
3
3
2
2
2
2
1
1
1
1
1
1
12

TOTAL

84

ccrB6 (ccr gene complex 7), and genes encoding a type III restriction-modification
system, which were all located directly down-stream of orfX. Also, it contained an
additional reverse transcriptase gene next to mecA (Figure 8.2). These inserted
genes were located roughly 2 kb in the direction of mecA from the integration site.
These genes were not present in SL/066, but the SCCmec element of this isolate
contained a transposon-related sequence at roughly 2.5 kb from orfX, in the direction of mecA. This sequence had approximately 85% homology to ISSau5, which
is present in MRSA252 (24) and contains several hypothetical proteins (Figure
8.2). A GenBank search identified 100% homology with an insertion sequence in
the genome of an S. pseudintermedius isolate from a dog in Tennessee, but this
sequence was not annotated, and was not flanked by genes related to an SCCmec
element (GenBank accession CP015626.1).

Insight in the antimicrobial use in dogs
At the time of sampling 84/233 (37%) dogs received antimicrobial treatment,
143/233 (63%) did not, and for 6/233 dogs this was unknown. Most dogs received a combination of ceftriaxone and metronidazole at the time of sampling
(n=23/84). For 12/84 dogs that received antimicrobial treatment at the time of
122

Figure 8.2: Organization of the SCCmec elements of S. pseudintermedius. Comparison of the SCCmec elements of S. pseudintermedius (SCCmec V(T)), isolate SL/154, and isolate SL/066. Sequence identity (homology) is indicated by a colour scale from dark
grey (100% identity) to light grey (74% identity), and a sequence size scale for 10 kb is displayed in the bottom-right corner. mecA is
indicated in red; IS431 is shown in pink; ccr complex genes are shown in yellow; Type-III RM system genes are shown in blue; CRISPR
system genes in green. Isolate SL/154 contains an additional reverse transcriptase next to mecA, and an insert with an additional ccr
gene complex and a type-III RM system. Isolate SL/066 contains an insert with transposon-related genes. GenBank accession numbers
are listed in Table 8.1.
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sampling it was unknown which antimicrobials were used. The individual compounds that were used the most were ceftriaxone in some form of combination
(n=39), followed by metronidazole (n=28), and amoxicillin (n=10). The antimicrobial treatment for the dogs in this study is listed in Table 8.2.
For dogs that were not treated with antimicrobials at the time of sampling it
was recorded when the last treatment took place. Twenty-three out of 143 dogs
received their last treatment more than a year prior to sampling, 14 were treated
between six months and a year before sampling, and ten were treated in the six
months prior to sampling. For 96 dogs it was unknown when the last antimicrobial
treatment took place, if any.
Four of the eight dogs from which an MRSP was isolated received antimicrobial
treatment at the time of sampling. All four dogs received a different treatment: i)
ceftriaxone and metronidazole; ii) amoxicillin and enrofloxacin; iii) cloxacillin; and
iv) doxycycline. One dog with MRSP that did not receive antimicrobial treatment
at the time of sampling had a last treatment one year before. The last antimicrobial
treatment of the other three dogs was not provided. There was not enough data
to explore the association between the presence of MRSP and the use of certain
antimicrobials.

Discussion
Identifying the presence of MRSP in Sri Lanka and their genetic characteristics
supports the understanding of the rapid emergence of successful resistant clones.
In this study six of the eight MRSP isolates belonged to CC45. These CC45 isolates
contained the pseudo-SCCmec element ΨSCCmec 57395 , which was also present in
CC45 isolates from Israel and Thailand (8). This could suggest that CC45 isolates
with the pseudo-SCCmec element most likely arose from a common ancestor and
may have been introduced in Sri Lanka from other countries or that CC45 spread
from Sri Lanka to other countries. This is similar to the hypothesis described
by Perreten et al., and is more likely than that strains evolved independently in
Sri Lanka through horizontal transfer and recombination. However, SNP analysis
of the core genome showed that four CC45 isolates have similar SNPs and that
the other CC45 isolates (ST282) have diverged into a different ST (Figure 8.1).
The dogs from which these isolates were recovered are from different towns, so
it is unlikely that they have a recent common source for this strain. It is likely
that these isolates diverged from ST45 after the integration of ΨSCCmec 57395 .
Genome sequences of S. pseudintermedius from other countries are not available
for accurate estimation of the evolution and dissemination of MRSP CC45.
The other SCCmec cassettes that were found are novel variants of the SCCmec
V(T) element, which was first described in an ST68 S. pseudintermedius isolate
(22). Isolate SL/154 contained this SCCmec V(T) element with an additional se-
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quence that resembles an SCC element containing a ccr gene complex, but without
a mec gene complex. This may suggest the integration of an SCC element within
another SCC element, which has been described before in S. aureus (25). The additional SCC element in isolate SL/154 of this study contained a type 7 ccr gene
complex, which is described in SCCmec Type X (26). Although the Type X element also contains a cadmium-resistance gene next to the ccr gene complex, this
is a cadD resistance gene, while the cadmium resistance gene in isolate SL/154 is a
cadA gene (27, 28). On the other side of the ccr gene complex, the SCCmec Type
X has the mec gene complex and arsenic resistance genes, which are not present
in SL/154. This suggests that the insert in isolate SL/154 is not an insert of a
mecA-lacking SCCmec Type X, but rather suggest the integration of a combined
sequence, or a yet-unknown cassette variant. It would require finding additional
variants similar to this SCC to elucidate the origin of this recombinant sequence.
Spa-type t09 was present in most isolates in this study, and has also been
found in China (in an isolate of CC425) (7), Thailand, and Israel (CC45) (8), but
it was not described in studies from Africa (9), North America, or Europe (6).
Type t06, on the other hand, was found in China (CC339, 84, and 45), North
America and Europe (CC71, 68, 273, 45, and 341) (6, 7). The new spa-types,
t72 and t75, are related to t06 and t09. Type t75 is similar to t06, but has an
insert with additional -[03]4 -34- repeats. Type t72 is similar to t09, but lacks the
-13-03- repeats. Isolates of spa-type t09 and t72 both contain the pseudo-cassette
ΨSCCmec 57395 . When comparing the whole genome sequences, the isolate with
spa-type t75 has the isolate with spa-type t06 as its nearest neighbour. The genome
of the isolate with spa-type t72 has the genomes with spa-type t09 as the nearest
neighbour. This shows that spa-typing relates to the genome phylogeny. Isolate
SL/152 did not have a spa-gene. Strains without this gene have been described
before in South China (7), the Netherlands (13), Thailand, and Israel (8).
The profiles of resistance genes in MRSP isolates from dogs in Sri Lanka
are similar to each other. Feng and colleagues described antimicrobial resistance
among MRSP in healthy and diseased dogs attending two veterinary hospitals in
China (7), and a study by Perreten and colleagues described the resistance genes
in MRSP isolates from healthy and diseased dogs in Europe and North America
(6). The aac(6’)-Ie-aph(2’)-Ia gene was present in all Sri Lankan (SL) isolates,
but in 88% of the European and North American (EU/NA) and 75% of the Chinese (CN) isolates; blaZ in all SL isolates, 99% in EU/NA, and 62% in CN; dfr(G)
in 88% in SL, 90% in EU/NA, and 68% in CN; erm(B) in 88% in SL, 89% in
EU/NA, and 78% in CN; cat(pC221) in 88% in SL, 57% in EU/NA, and 7% in
CN; tet(K) in 100% isolates in SL, 52% in EU/NA, and 23% in CN. Isolates from
China contained fewer resistance genes than the isolates from Sri Lanka, while
the isolates from Europe and North America contained more resistance genes than
those from China and were more similar to those found in Sri Lanka.
Forty percent of the dogs received antimicrobial treatment at the time of sam125
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pling. This figure is not a good representation of antimicrobial use for dogs in
general, because the dogs visiting the veterinary clinic often obtain this for clinical
reasons, although non-clinical reasons such as vaccination were also a reason for
a clinic visit to the veterinarian. It was remarkable that many dogs were treated
with ceftriaxone, a drug that should be administered parenterally for several days.
Although not documented, the parenteral treatment with ceftriaxone might have
been the reason for visiting the clinic on the day of sampling. In a study in the
United Kingdom 45.1% of 34,928 dogs visiting 11 veterinary clinics left with a prescription for antimicrobials, but no data was available on how many animals were
already on antimicrobial treatment before they attended the clinic (29). Antimicrobial usage in Sri Lankan dogs was frequent. Given the high use of antimicrobials
in these dogs it is surprising that MRSP was isolated from only 3.4% of the dogs,
while in a study among dogs visiting a Japanese Veterinary Clinic an MRSP prevalence of 30% was found (30). Ceftriaxone was the most frequently used individual
compound. This third-generation cephalosporin is mostly active against Gramnegatives, but has some activity against Gram-positives. However, as it belongs
to the beta-lactam group of antimicrobials, it may select for methicillin-resistant
staphylococci. The second most used antimicrobial was metronidazole, which is
used to treat anaerobic infections. However, metronidazole does not have an effect on staphylococci and therefore has no direct influence on the prevalence of S.
pseudintermedius in these samples. Documentation about antimicrobial use and
general figures about antimicrobial resistance in companion animals in Sri Lanka
are not available.
The proportion of MRSP among all S. pseudintermedius isolates in Sri Lanka
was 6.6%. This is similar to the MRSP proportions that were found in the Netherlands in recent years, where the MRSP proportion stabilized around 7% (23). In
Finland a proportion of 11.5% was found in screening samples from dogs from
2015 (31). The proportions of MRSP in Sri Lanka are similar to the Netherlands,
despite the common use of antimicrobials, as discussed above.
In conclusion, S. pseudintermedius, including MRSP, is present in dogs in Sri
Lanka. We observed clonal spread of isolates carrying the pseudo-SCCmec element
ΨSCCmec 57395 , and identified novel variants of the SCCmec V(T) element. This
provides further evidence for the ongoing recombination in SCCmec in MRSP.
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Abstract
Staphylococcus pseudintermedius is an opportunistic pathogen in dogs and cats and
occasionally causes infections in humans. S. pseudintermedius is often resistant
to multiple classes of antimicrobials. It requires a reliable detection so that it
is not misidentified as S. aureus. Phenotypic and currently-used molecular-based
diagnostic assays lack specificity or are labour-intensive. The aim of this study
was to identify a specific target for real-time PCR by comparing whole-genome
sequences of S. pseudintermedius and non-S. pseudintermedius.
Genome sequences were downloaded from public repositories and supplemented
by isolates that were sequenced in this study. A Perl-script was written that analysed 300-nt fragments from a reference genome sequence of S. pseudintermedius
and checked if this sequence was present in other S. pseudintermedius genomes
(n=74) and non-pseudintermedius genomes (n=139). Six sequences specific for
S. pseudintermedius were identified (sequence length between 300–500 nt). One
sequence, which was located in a gene that encodes a putative LPXTG-motif cellwall-anchored protein, was used to develop primers and a probe. The real-time
PCR showed 100% specificity for detection of S. pseudintermedius isolates (n=54),
and was negative for eight other staphylococcal species (n=43).
In conclusion, a novel approach by comparing whole genome sequences identified a sequence that is specific for S. pseudintermedius and provided a real-time
PCR target for rapid and reliable detection of S. pseudintermedius.
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Introduction
Staphylococcus pseudintermedius is an opportunistic coagulase-positive pathogen
in dogs and cats, which generally causes topical infections and otitis externa (1).
Infections in humans occur sporadically (2), and often have a zoonotic origin (3–5).
S. pseudintermedius is a normal inhabitant of the skin and mucosa and healthy
dogs and cats can be carriers (6, 7). Its methicillin-resistant variant (MRSP) is
often multi-resistant, and sometimes resistant against all common antimicrobials
(8, 9), which makes clinical infections with this organism difficult to treat.
S. pseudintermedius is traditionally distinguished from other members of the
Staphylococcus intermedius group (SIG) (S. intermedius and S. delphini) based
on the host (10) and by biochemistry, although it is difficult to distinguish this
organism from Staphylococcus aureus phenotypically. A molecular test was developed to identify S. pseudintermedius by PCR-RFLP (11), although this test
is laborious and strains with variations in the restriction site have been reported
(12). Sequencing of the tuf (13) or 16S rRNA genes (14) is also not conclusive,
while sodA and hsp60 sequences are more discriminative (15). Another study used
a conventional multiplex PCR for the identification of different coagulase-positive
staphylococci, but the 900 bp target based on the nuc gene was not suitable as
target for real-time PCR (RT-PCR) (16). More recently it was shown that S.
pseudintermedius isolates can reliably be distinguished from other members of the
SIG by MALDI-TOF MS (17, 18). This is an accurate technique, and the costs
per sample are low, but the high cost of the mass spectrometer itself makes that
it is not available for all laboratories.
PCR (conventional and real-time) is a technique that is used by many research and diagnostic laboratories, both in developed and developing countries, so
equipment and reagents are widely available and generally not expensive. Also,
whole-genome sequences (WGS) of many organisms are increasingly available now
the cost of sequencing is dropping. This means that much information about targets for organism-specific PCRs may already be available. However, a suitable
target for PCR is usually selected manually, which can make it a rather timeconsuming process and is limited to the targets that are generally known to be
conserved. The aim of this study was to apply a bioinformatics approach on WGS
comparisons to automate the discovery of a suitable target for the identification
of S. pseudintermedius by means of conventional and RT-PCR.

Materials and methods
Whole-genome sequencing
Fifteen WGS of S. pseudintermedius and 119 WGS of other staphylococci were
downloaded from public repositories at NCBI and DNA-nexus (strain IDs and ac133
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cession numbers are listed in Suppl. Table 9.1). The set of WGS was supplemented
by sequencing 59 clinical isolates of S. pseudintermedius, five of S. intermedius,
and 15 of S. delphini from dogs that were isolated in our diagnostic laboratory
(Veterinary Microbiology Diagnostic Centre, Utrecht University, the Netherlands).
Species names of clinical isolates that were included for sequencing in this study
were confirmed by MALDI-TOF MS. Illumina-sequencing of these genomes was
performed at the Utrecht Sequencing Facility (UMC Utrecht, the Hubrecht Institute, and Utrecht University, the Netherlands). Sequence reads were assembled
de novo using the program SPAdes v3.1.1 (19). The final number of genomes per
bacterial species is summarised in Table 9.1, and a full list of WGS with accession
numbers is available in Suppl. Table 9.1. The sequences of household genes 16S
rRNA, tuf, sodA, and nuc were extracted from the WGS and aligned to confirm
the taxonomy of the genome sequences and their species assignment in GenBank.

Genome comparisons
First, the relatedness of the SIG species was determined. The core genome of a
selection of strains (at least one genome of every Staphylococcus species in the data
set) was determined using the program Roary v3.5.6 (20). A gene was considered
to be part of the Staphylococcus core genome if at least 99% of the genomes contained this gene with at least 50% identity. To compare the genomes of all the
included species a SNP-alignment was performed and a Neighbour-Joining (NJ)
tree was constructed using FastTree (21). Macrococcus caseolyticus (GenBank
accession AP009484.1) was included as root. To identify an S. pseudintermediusspecific gene, a gene presence/absence analysis was performed on the pan-genome
of different staphylococcal species using Roary.

Sliding frame genome analysis
Because an S. pseudintermedius-specific gene could not be identified in the gene
presence/absence analysis, the WGSs of other staphylococci were compared. In order to identify a sequence that is conserved in S. pseudintermedius, but not present
in other staphylococci an iterative script was written in Perl to compare all genome
sequences. The WGS of S. pseudintermedius isolate 14S02884-1 was chosen as an
a priori reference genome. The reference genome was converted to frames by taking the first 300 nt of the reference sequence. Then, the frame of 300 nt shifted
100 nt downstream and the sequence in the frame was also recorded (nucleotides
100-400); this new frame had an overlap of 200 nt with the first frame. This
process was continued until the end of the genome was reached and the reference
genome was available in 300 nt sequences with 200 nt overlap with the neighbouring frame. First, a BLASTn of all S. pseudintermedius frames against the database
with 139 non-pseudintermedius genomes was performed. If a frame was present
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in non-pseudintermedius genomes it would be unsuitable for a pseudintermediusspecific target for PCR and was excluded from further analysis. Frames were
first compared to non-pseudintermedius genomes because it was shown by the
genome comparison described above that all staphylococci have a large part of
their genome sequences in common and a large part of the frames could be excluded from further analyses, which saves time. The frames that met the pre-set
criteria (Identity score<20 or Coverage score<20) were analysed with BLASTn to
the first non-reference genome of S. pseudintermedius, and the remaining frames
were iteratively compared to the other S. pseudintermedius genomes (BLASTn
filter was set to 100% identity and 100% query coverage for S. pseudintermedius
genomes). In this way, each iteration consisted of less BLASTn searches than
the previous, because frames (sequences) that were not suitable as a PCR target
were excluded immediately. See the diagram in Suppl. Figure 9.1 for a schematic
overview of the approach. The analysis included complete genomes and genome
sequences in contigs.
The script requires BioPerl and was run using Perl v5.18.2. The script is
available on github (https://github.com/koenverst/slidingframe/).

PCR design and validation
Overlapping frames that were conserved in S. pseudintermedius genomes and absent in non-pseudintermedius genomes were combined. To confirm that these
sequences were not present in other organisms of which the sequence was not included in the local sliding frame analysis a BLAST search was performed in the
online NCBI GenBank nr-database. Primers and a probe were developed using
Primer3 software (http://primer3.ut.ee) and were ordered at Integrated DNA
Technologies (Belgium).
Primers were first evaluated with conventional PCR: a combination of 97 S.
pseudintermedius and non-S. pseudintermedius isolates was used and included reference and clinical isolates. The number of isolates per species is listed in Table
9.2, and a full list of isolates with ID numbers and characteristics is available in
Suppl. Table 9.2. All isolates were analysed by MALDI-TOF MS to confirm their
species before the PCRs were performed. DNA was extracted for PCR analysis by
suspending 2 colonies of a fresh overnight culture on Columbia Agar with sheep
blood (Oxoid, the Netherlands) in 500 µl Tris-EDTA pH 8.0 (Sigma Aldrich, the
Netherlands) and incubated at 95 ○C for 10 min before centrifuging at 20, 000 × g
for 1 min. Five µl supernatant was used for PCR with GoTaq Green G2 master
mix (Promega, the Netherlands) and 600 nM of each primer. The cycling program
for conventional PCR was set to 2 min enzyme activation at 95 ○C, followed by
45 cycles of 30 sec denaturation at 95 ○C, 30 sec annealing at 58 ○C, and 1 min
elongation at 72 ○C and a 10 min finalisation step at 72 ○C before cooling to 4 ○C.
PCR products were visualised on agarose gel.
135
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Primers and probe were validated for RT-PCR with LightCycler 480 Probes
Master (Roche, the Netherlands) on a LightCycler 480-II system. The optimal
oligonucleotide concentrations for RT-PCR were determined to be 300 nM of each
primer and 75 nM probe. Five µl sample was used as template. The cycling
program was set to 10 min enzyme activation at 95 ○C, followed by 45 cycles of
30 sec denaturation at 95 ○C, 30 sec annealing at 58 ○C, and 1 min elongation at
72 ○C.

Results
The alignment of the 16S rRNA, tuf, sodA, and nuc sequences of all the genomes
that were downloaded from GenBank matched with their species names present
in the online database (data not shown). Of the clinical isolates that were sequenced for this study the MALDI-TOF MS identification matched with species
identification based on the WGS data.

Genome comparison
A comparison of a subset of 18 Staphylococcus species confirmed the previously
observed genomic relatedness of the SIG species (Figure 9.1). The staphylococcal
core genome consisted of 873 genes that were present in at least 99% of the genomes
with a minimum of 50% identity. Phylogenetic analysis showed that S. pseudintermedius is more closely related to S. delphini than to S. intermedius. Also, there
is only little variation between genomes of S. pseudintermedius, while S. delphini
genomes are more diverse (Figure 9.1). The pan genome of S. pseudintermedius
contained all genes in this species, regardless of their presence in other genomes,
and consisted of 9119 genes. An S. pseudintermedius-specific gene was not observed by comparing the pan genomes of all staphylococcal species and therefore
WGS comparisons were necessary to find an S. pseudintermedius-specific sequence
(data not shown).

PCR target selection
The reference S. pseudintermedius genome contained a total of 30,391 frames to be
analysed when a frame size of 300 and a frame shift of 100 nucleotides were chosen.
After the first iteration – comparing the frames (300 nt sequences) of the reference
genome to the non-pseudintermedius genomes – 24, 992/30, 391 (80.2%) frames of
the S. pseudintermedius reference genome were found to be present in the genomes
of other Staphylococcus species (with more than 20% coverage or more than 20%
identity) and were not considered in further BLASTn analysis because they would
be unsuitable for a pseudintermedius-specific PCR. The remaining 5, 399 frames
were analysed against the other S. pseudintermedius genomes to find which frames
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Figure 9.1: NJ tree of SNP comparison of the core-genomes of different staphylococcal species
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Figure 9.2: Iteration plot. Number of frames that met the filter criteria after each iteration.
At the 0th iteration all frames of the reference genome are present. The first iteration is the
comparison to the non-pseudintermedius genomes. All following iterations are comparisons to
S. pseudintermedius genomes.

were conserved in all genome sequences of S. pseudintermedius. When the script
finished, 10 frames were left that met the pre-set filtering criteria. These sequences
were identical in all S. pseudintermedius genomes and not present in genomes
of other staphylococci. The number of remaining frames after each iteration is
displayed in Figure 9.2. Overlapping frames could be combined into six sequences
ranging from 300 − 500 nt, and an online BLAST search in the ED99 genome
identified the function of the genes in which these sequences were present (Table
9.3). An online BLAST against all non-pseudintermedius sequences confirmed that
the sequences were not present in any other GenBank entry (July 2016).
All sequences were analysed with Primer3 to find oligonucleotides for a PCR.
Sequence 4 (500 nt) was chosen as PCR target because this sequence provided the
best locations for oligonucleotides. Sequence 4 is part of a gene that encodes a
putative cell wall anchor protein with an LPXTG-motif. The following oligonucleotides were developed: stapse-Fw: 5’-ACC AAG GCC TGT AAG TAA AGC
ACC-3’; stapse-Rev: 5’-TCT CTT TCA ACA TCG GCA TCA ACG C-3’, which
forms a 198 bp product, and stapse-P: 5’-6FAM-ACT GTC GCT GAA TCG CTT
GAT GAC G-BHQ1-3’ as a probe.

PCR validation
All tested S. pseudintermedius isolates (n=54) were positive in both the conventional and RT-PCR, and all non-pseudintermedius isolates (n=43) were negative.
A list with the isolates used for validation of the PCR are shown in Suppl. Ta138
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Table 9.1: Number of staphylococcal genome sequences used for sliding-frame analysis

Species
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.

agentis
aureus
capitis
carnosus
delphini
epidermidis
equorum
haemolyticus
hyicus
intermedius
lugdunensis
pasteuri
pseudintermedius
saprophyticus
schleiferi
warneri
xylosus

TOTAL

n
1
94
1
1
16
4
1
2
1
5
2
1
74
1
5
1
3
213

A full list of genome sequences
and accession numbers is available in Suppl. Table 9.1.

ble 9.2.

Discussion
The availability of WGS allowed us to compare genome sequences of Staphylococcus
species and to find a conserved region in the genome of S. pseudintermedius that is
not present in other staphylococcal species. The limited number of sequences that
resulted from the comparison (i.e. six) showed that only a few unique and highlyconserved sequences exist in the genome of S. pseudintermedius. The nucleotide
sequence that was developed as a target for PCR is located in a gene that encodes a
putative cell-wall anchored protein that was also described as a putative LPXTGmotif cell wall anchor protein in strain ED99 (22). The sequence of this PCR target
is specific for S. pseudintermedius, but a homologous sequence is also found in S.
aureus and S. intermedius, but not in S. delphini (23). This is remarkable since
the genomes of S. pseudintermedius are more closely related to S. intermedius and
S. delphini than to S. aureus, and S. intermedius and S. pseudintermedius were
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Table 9.2: Number of staphylococcal isolates that were used for PCR validation

Species
S.
S.
S.
S.
S.
S.
S.
S.
S.

aureus
delphini
epidermidis
hyicus
intermedius
pseudintermedius
saprophyticus
schleiferi
xylosus

TOTAL

n
5
15
5
3
5
54
3
4
3
97

A full list of bacterial isolates, clinical details, and references is included in Suppl.
Table 9.2.
long considered to be the same species (10). A comparison of the core genomes
showed that S. pseudintermedius are highly related and are phylogenetically more
related to S. delphini, which is similar to a previous genome comparison based
on one isolate per species (23). Our results showed that the close relatedness of
strains is sustained after phylogenetic analysis of multiple genome sequences of
each species and confirmed that SIG species are distinct, but still highly related.
Both the conventional PCR and RT-PCR were able to correctly identify all 54
S. pseudintermedius isolates that were tested. In 100 ear swabs from dogs the RTPCR was tested on clinical samples and was able to detect S. pseudintermedius
(data not shown), but the clinical importance of the presence of S. pseudintermedius is often questioned since this organism can also be present without causing
clinical illness. As RT-PCR can quantify the bacteria it is interesting to study if it
is possible to distinguish clinical relevance by bacterial load, especially when this
RT-PCR is applied on samples from potential colonization sites.
The application of the sliding-frame script developed in this study largely depends on the availability of genome sequences, not only of the organism of interest
but also of related species, to be able to find species-specific regions. If fewer
genome sequences of S. pseudintermedius are included then the script would also
return conserved frames that might not be present in other S. pseudintermedius
genomes. It is likely that isolates of interest from the same geographical region, or
isolated during the same study, have a higher chance of similar genome sequences,
since S. pseudintermedius spreads clonally (24). For this reason this study included sequences of isolates from different geographical regions (the Netherlands,
Switzerland, Japan, Sri Lanka) to cover a higher genomic diversity.
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Table 9.3: S. pseudintermedius-specific sequences and annotations in strain ED99 that resulted from the sliding-frame analysis
Sequence

Size (nt)

Annotation in S. pseudintermedius ED99

1
2
3

400
300
300

4

500

5

300

6

400

Teichoic acid translocation permease protein (SPSE_1752)
Ribonuclease-diphosphate reductase, alpha subunit (nrdE )
Accessory Sec System Translocase (secY2 ) and Sec-system protein (asp1 )
Putative LPXTG-motif cell wall anchor protein (spsJ) and Accessory Sec System Translocase (secY2 )
Molybdate ABC transporter, periplasmic molybdate-binding protein (modA)
Multidrug-efflux transporter (SPSE_0785)

Other approaches for target selection have also been applied. For example,
a study of Haemophilus influenzae also used whole genome sequences to identify
a suitable target for PCR (25). In this study only three genome sequences were
compared, from which potential targets were distilled. Primers were developed for
multiple targets and these genes were sequenced in a larger set of strains (by Sanger
sequencing). The sequences were aligned and primers and probes were developed
based on these alignments. Although this is a very successful approach, it requires
more manual work and laboratory resources. The approach we describe here is
scalable to large numbers of genome sequences and requires limited manual work
once genome sequences are available. On the other hand, the approach described
in the Haemophilus study requires fewer genome sequences to be available, so this
approach might still be suitable for organisms that are under-represented in public
databases. M-GCAT (26) and MAUVE (27) are also computer programs that are
able to compare large numbers of whole genome sequences in a short time, but
they can only show similarities and dissimilarities. Our approach automatically
filtered sequences that were present in all S. pseudintermedius genomes and absent
in all non-S. pseudintermedius genomes.
In conclusion, we describe a novel RT-PCR assay that is specific for identification of S. pseudintermedius. We successfully applied a sliding-frame approach for
genome comparisons and an automated approach for PCR target selection. This
is also a promising approach to identify PCR targets for other organisms.
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Supplementary data
S. pseudintermedius genome

BLAST

Frames
staphylococci

BLAST
S. pseudintermedius 1

BLAST

S. pseudintermedius 2

BLAST

S. pseudintermedius 3

Suppl. figure 9.1: Schematic overview of the script. All the frames from the reference
genome are analysed with BLAST against the database with non-pseudintermedius staphylococci. Frames that meet the pre-set criteria (i.e. not present in non-pseudintermedius genome)
are iteratively compared to all remaining genomes of S. pseudintermedius, so that with each
iteration less frames need to be analysed.
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Suppl. table 9.1: Genome sequences of different staphylococcal species used for genome
comparison
Organism

Strain

Accession

S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.

908
04-02981
08BA02176
2395 USA500
25b MRSA
26b MRSA
27b MRSA
29b MRSA
31b MRSA
33b
502A
Bmb9393
CA12
CA15
CA-347
FCFHV36
FDA209P
HOU1444-VR
HUV05
ILRI_Eymole1/1
M121
MI
MS4
MSHR1132
NCTC13435
NCTC8532
NRS 100
RF122
RIVM1295
RIVM1607
RIVM3897
RKI4
SA564
HC1335
11819-97
55/2053
6850
ATCC 25923
Be62
CN1
COL
DSM 20231
ECT-R 2
ED133
ED98
FORC_001

NZ_CP009623.1
NC_017340.1
NC_018608.1
NZ_CP007499.1
NZ_CP010299.1
NZ_CP010298.1
NZ_CP010300.1
NZ_CP010295.1
NZ_CP010296.1
NZ_CP010297.1
NZ_CP007454.1
NC_021670.1
NZ_CP007672.1
NZ_CP007674.1
NC_021554.1
NZ_CP011147.1
NZ_AP014942.1
NZ_CP012593.1
NZ_CP007676.1
NZ_LN626917.1
NZ_CP007670.1
NZ_AP017320.1
NZ_CP009828.1
NC_016941.1
NZ_LN831036.1
NZ_LN831049.1
NZ_CP007539.1
NC_007622.1
NZ_CP013616.1
NZ_CP013619.1
NZ_CP013621.1
NZ_CP011528.1
NZ_CP010890.1
NZ_CP012012.1
NC_017351.1
NC_022113.1
NC_022222.1
NZ_CP009361.1
NZ_CP012013.1
NC_022226.1
NC_002951.2
NZ_CP011526.1
NC_017343.1
NC_017337.1
NC_013450.1
NZ_CP009554.1

agnetis
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus

Comment

Continued on next page
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Suppl. table 9.1 – continued from previous page
Organism

Strain

Accession

S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.

GR2
Gv51
Gv69
Gv88
HC1340
H-EMRSA-15
HO 5096 0412
JH1
JH9
JKD6008
JKD6159
JS395
LGA251
M013
MRSA252
MSSA476
Mu3
Mu50
MW2
N315
NCTC 8325
Newman
SA268
SA40
SA957
ST228 isolate 16035
ST228 isolate 16125
ST228 isolate 18583
ST228 isolate 10388
ST228 isolate 10497
ST228 isolate 15532
ST228 isolate 18341
ST228 isolate 18412
ST398
ST772-MRSA-V DAR4145
T0131
TCH60
TW20
USA300_2014.C01
USA300_2014.C02
USA300_FPR3757
USA300_TCH1516
VC40
Z172
UA-S391_USA300
USA300-ISMMS1
V2200
XN108

NZ_CP010402.1
NZ_CP012015.1
NZ_CP009681.1
NZ_CP012018.1
NZ_CP012011.1
NZ_CP007659.1
NC_017763.1
NC_009632.1
NC_009487.1
NC_017341.1
NC_017338.1
NZ_CP012756.1
NC_017349.1
NC_016928.1
NC_002952.2
NC_002953.3
NC_009782.1
NC_002758.2
NC_003923.1
NC_002745.2
NC_007795.1
NC_009641.1
NZ_CP006630.1
NC_022443.1
NC_022442.1
NC_020533.1
NC_020566.1
NC_020568.1
NC_020529.1
NC_020564.1
NC_020532.1
NC_020536.1
NC_020537.1
NC_017333.1
NZ_CP010526.1
NC_017347.1
NC_017342.1
NC_017331.1
NZ_CP012119.1
NZ_CP012120.1
NC_007793.1
NC_010079.1
NC_016912.1
NC_022604.1
NZ_CP007690.1
NZ_CP007176.1
NZ_CP007657.1
CP007447.1

aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus

Comment

Continued on next page

146

PCR for the detection of S. pseudintermedius
Suppl. table 9.1 – continued from previous page
Organism

Strain

Accession

S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.

XQ
AYP1020
TM300
CCUG 38984
S61H7
AV 8047
H4A
H9-D
P26
OD584/10
KM173/14
LMG 22190
214092305301-2
214092504301-1
215062304401-1
215070706401-1
215100905101-2
215102607201-2
ATCC 12228
PM221
RP62A
SEI
KS1039
JCSC1435
Sh29/312/L2
ATCC 11249
P66A
AV8061
P4A
P45A
P69A
HKU09-01
N920143
SP1
E140
ED99
HKU10-03
1726_ED99
23929
463949
69687
69876
BNG1
BNG3
GL117B
GL118B
GL119A
GL154A

NZ_CP013137.1
NZ_CP007601.1
NC_012121.1
Submitted
Submitted
MWRM00000000
MWRN00000000
MWRO00000000
MWRP00000000
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
NC_004461.1
NZ_HG813242.1
NC_002976.3
NZ_CP009046.1
NZ_CP013114.1
NC_007168.1
CP011116.1
NZ_CP008747.1
Submitted
MWRQ00000000
MWRR00000000
MWRS00000000
MWRT00000000
NC_013893.1
NC_017353.1
NC_022737.1
NZ_ANOI01000001.1
NC_017568.1
NC_014925.1
ERR144844
ERS140843
ERS208662
ERR163420
ERR144842
ERR144839
ERR144767
ERS217368
ERS217367
ERS208664
ERS208665

aureus
capitis
carnosus
delphini
delphini
delphini
delphini
delphini
delphini
delphini
delphini
delphini
delphini
delphini
delphini
delphini
delphini
delphini
epidermidis
epidermidis
epidermidis
epidermidis
equorum
haemolyticus
haemolyticus
hyicus
intermedius
intermedius
intermedius
intermedius
intermedius
lugdunensis
lugdunensis
pasteuri
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius

Comment

A.
K.
K.
K.
K.
V.
V.

Moodleya
Kikuchib
Kikuchib
Kikuchib
Kikuchib
Perretenc
Perretenc

A.
K.
K.
K.
K.

Moodleya
Kikuchib
Kikuchib
Kikuchib
Kikuchib

Continued on next page
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Suppl. table 9.1 – continued from previous page
Organism

Strain

Accession

S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.

HH15
SL/085
SL/094
SL/066
SL/076
SL/198
SL/152
SL/154
SL/164
SL/114
208071704702-1
208071804401-1
208072207201-1
208073001801-1
208081905001-1
208082101701-1
208082803802-1
208090205001-1
208090903101-3
208112602301-1
209011202701-2
209011300901-1
209013002001-1
209020401401-1
209022503501-1
209031201604-5
209032500801-3
209040302601-1
209042702101-1
209052604401-1
209080503802-1
209100702102-1
209113002401-1
210050305001-1
210062301601-1
210081303901-1
210083003701-1
210101902302-1
210102003501-1
211012802302-1
211041505801-1
211083101901-1
212030604001-1
212030802401-1
212042703101-1
212061102701-1
212112902001-1
212122401201-1

ERR144844
MQNB00000000
MQNC00000000
MQMO00000000
MQMP00000000
Submitted
MQNE00000000
MQNF00000000
MQNG00000000
MQND00000000
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted

pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius

Comment

Continued on next page
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Suppl. table 9.1 – continued from previous page
Organism

Strain

Accession

S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.

213010701401-1
213012202401-1
213012301501-1
213021206001-3
213032704301-1
213041503101-1
213062502301-1
213092504301-1
213101103401-1
213101701201-2
213121103601-1
213123104301-4
ATCC 15305
1360-13
2142-05
2317-03
5909-02
TSCC54
SG1
HKUOPL8
SMQ-121
C2a

Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
Submitted
NC_007350.1
NZ_CP009470.1
NZ_CP009762.1
NZ_CP010309.1
NZ_CP009676.1
NZ_AP014944.1
NC_020164.1
NZ_CP007208.1
NZ_CP008724.1
NZ_LN554884.1

a

b

c

pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
saprophyticus
schleiferi
schleiferi
schleiferi
schleiferi
schleiferi
warneri
xylosus
xylosus
xylosus

Comment

This strain was kindly provided by A. Moodley, Department of Veterinary Disease
Biology, University of Copenhagen, Denmark.
The strain was kindly provided by K. Kikuchi, Department of Infectious Disease, Tokyo
Women’s Medical University, Tokyo, Japan.
This strain was kindly provided by V. Perreten, Institute of Veterinary Bacteriology,
University of Bern, Switzerland.
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Suppl. table 9.2: Clinical isolates that were used for the validation of the PCR
Strain number

Species

Comment Animal

Source

Sample type

213062502301-1
208071704702-1
209011202701-2
V0406964
V0507787
V0609512
V0613031
V0704501
V0700233
V0703538
V0708754
V0801939
V0805157
208080503801-1
208110702701-2
209122904001-1
209080302201-1
209012301701-1
210052700901-1
210011202701-1
210071301401-1
210100504301-1
211042603101-1
211011900801-2
211033002401-1
211012702201-1
212082107701-1
212111203001-1
212020103201-1
212020901601-1
213112702201-1
213020703101-1
213021103101-1
208103101301-1
208061601601-1
209070904201-1
209060203801-1
209091505401-1
210042201601-1
210091404601-1
210072603201-2
210033003101-1
211042902102-1
211031801801-1
211021504502-1
211041101301-1
212110703302-1

S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.

MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MRSP
MSSP
MSSP
MSSP
MSSP
MSSP
MSSP
MSSP
MSSP
MSSP
MSSP
MSSP
MSSP
MSSP
MSSP

VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC

Unknown
Unknown
Unknown
Wound
Otitis
Pyoderma
Pyoderma
Otitis
Pyoderma
Pyoderma
Wound
Otitis
Pyoderma
Wound
Otitis
Pyoderma
Pyoderma
Pyoderma
Wound
Wound
Otitis
Wound
Pyoderma
Wound
Pyoderma
Pyoderma
Pyoderma
Wound
Wound
Pyoderma
Pyoderma
Pyoderma
Pyoderma
Cerumen
Cerumen
Cerumen
Cerumen
Cerumen
Cerumen
Urine
Nares
Skin
Cerumen
Skin
Skin
Cerumen
Skin

pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius

Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog
Dog

Continued on next page
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Suppl. table 9.2 – continued from previous page
Strain number

Species

Comment Animal

Source

Sample type

212073001901-1
212110102201-1
212080904001-1
213022203002-2
213042402601-1
213011603101-1
213090502601-1
S61H7
AV 8047
H-9D
P-26
KM173/14
LMG 22190
CCUG 38984
H-4A
OD584/10
214092305301-2
214092504301-1
215062304401-1
215070706401-1
215100905101-2
215102607201-2
AV8061
P-45A
P-69A
P66A
P-4A
ATCC 35556
ATCC 29213
14S03431-2
14S03722-3
15S00600-2
14S03506-3
14S03717-4
15S00592-5
15S00601-5
15S01646-5
LMG 13347
LMG 22205
LMG 22205
LMG 19137
14S03578-4
15S00601-4
15S01643-2
DSM 20459 T
14S03498-2
14S03716-2
14S03718-2

S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.

MSSP
MSSP
MSSP
MSSP
MSSP
MSSP
MSSP

VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
A. Moodleya
V. Perretenb
(2)
(2)
(1)
LMG
CCUG
(2)
(1)
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
V. Perretenb
(2)
(2)
A. Moodleya
(2)
ATCC
ATCC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
VMDC
LMG
LMG
LMG
LMG
VMDC
VMDC
VMDC
DSM
VMDC
VMDC
VMDC

Cerumen
Pus
Mouth
Cerumen
Cerumen
Skin
Skin
Unknown
Nares
Nares
Nares
Unknown
Skin
Skin
Nares
Lung
Nares
Nares
Skin
Eye
Unknown
Unknown
Nares
Nares
Nares
Unknown
Nares
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown

pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
pseudintermedius
delphini
delphini
delphini
delphini
delphini
delphini
delphini
delphini
delphini
delphini
delphini
delphini
delphini
delphini
delphini
intermedius
intermedius
intermedius
intermedius
intermedius
aureus
aureus
aureus
aureus
aureus
epidermidis
epidermidis
epidermidis
epidermidis
epidermidis
schleiferi
schleiferi
schleiferi
schleiferi
saprophyticus
saprophyticus
saprophyticus
hyicus
hyicus
hyicus
xylosus

Dog
Dog
Dog
Dog
Dog
Dog
Dog
Unknown
Pigeon
Horse
Pigeon
Horse
Dolphin
Dolphin
Horse
Marten
Horse
Horse
Horse
Horse
Horse
Horse
Pigeon
Pigeon
Pigeon
Dog
Pigeon
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown

Continued on next page
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Suppl. table 9.2 – continued from previous page
Strain number

Species

15S00577-2
15S00924-2

S. xylosus
S. xylosus

a

b

Comment Animal

Source

Unknown VMDC
Unknown VMDC

Sample type
Unknown
Unknown

This strain was kindly provided by A. Moodley, Department of Veterinary Disease Biology,
University of Copenhagen, Denmark.
This strain was kindly provided by V. Perreten, Institute of Veterinary Bacteriology, University of Bern, Switzerland.

References for bacterial isolates
1. Perreten V, Kadlec K, Schwarz S, Grönlund Andersson U, Finn M, Greko C, Moodley A,
Kania SA, Frank LA, Bemis DA, Franco A, Iurescia M, Battisti A, Duim B, Wagenaar JA,
van Duijkeren E, Weese JS, Fitzgerald JR, Rossano A, Guardabassi L. 2010. Clonal spread
of methicillin-resistant Staphylococcus pseudintermedius in Europe and North America: an
international multicentre study. J Antimicrob Chemother 65:1145–1154.
2. Sasaki T, Kikuchi K, Tanaka Y, Takahashi N, Kamata S, Hiramatsu K. 2007. Reclassification of
phenotypically identified Staphylococcus intermedius strains. J Clin Microbiol 45:2770–2778.
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Methicillin resistance is widespread among staphylococci. Many different
species carry the SCCmec cassette, which carries the genes responsible for resistance to beta-lactam antibiotics and often carry multiple other resistance markers.
It can be difficult to treat infections with resistant organisms. Two methicillinresistant species are particularly important in both human and veterinary
medicine: methicillin-resistant Staphylococcus aureus (MRSA) and methicillinresistant Staphylococcus pseudintermedius (MRSP).
In this chapter the One Health implications will be discussed, as well as possibilities for interventions, and the epidemiology of these two methicillin-resistant
staphylococcal species.

One Health
The emergence of methicillin-resistant staphylococci in humans and animals is
associated with the use of antimicrobials. To tackle the problem of antimicrobial
resistance in its entirety a One Health approach is needed to reduce the spread of
antimicrobial-resistant organisms, including livestock-associated (LA)-MRSA and
MRSP.

Methicillin-resistant Staphylococcus aureus
Human infections with MRSA most often affect skin and soft tissues, but more
severe infections, such as endocarditis and toxic shock syndrome also occur. In
2015, 709 people in the Netherlands were diagnosed with an MRSA infection and
28 of these with a systemic infection (1). The nose is the major site of colonization
and from here MRSA can spread to the rest of the body (2, 3). Although the entire
population is susceptible to colonization or infection with MRSA, there are certain
groups with an increased risk, of which – in the Netherlands – people who visited
a foreign hospital and people who work with livestock are the most important.
Although these are both scaled as risk factors, they are indicators for acquiring
different types of MRSA: working with livestock is the most important risk factor
for carrying LA-MRSA, while a visit to a foreign hospital is a risk factor for a
hospital-associated (HA-)MRSA. In 2015, 132 individuals in the Netherlands were
diagnosed with LA-MRSA (1). LA-MRSA is found in many animal species, but
pigs and veal calves are the most important. Prevalence among pigs was 99.5% at
slaughter in 2015 (4), and prevalence among veal calves at farm level was 28% in
2007/2008. Human contact with LA-MRSA-positive animals is the most important
risk factor for transmission. Increased exposure gives a higher chance of becoming
LA-MRSA-positive. A very specific group of people is exposed to these animals,
namely veterinarians, pig and veal calf farmers, and slaughterhouse workers. In
2015, there were 3,400 pig farms and 1,200 veal farms in the Netherlands (http:
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//www.cbs.nl). And even after people working on these farms become LA-MRSApositive after prolonged exposure, morbidity is only experienced after an infection
occurs. This risk for infection is relatively low, probably as occupationally exposed
people are generally healthy and LA-MRSA is not adapted to infect humans.
The use of antimicrobials, independent of the domain, contributes to the selection and spread of antimicrobial resistance. In veal calf farming an association
between the use on farms and the presence of LA-MRSA has been described (5).
In many countries outside the Netherlands antimicrobials are available over the
counter, and this is also the case in Sri Lanka (chapters 6 & 8). This means that
animals can be treated with antimicrobials at leisure and that animal owners often
decide for themselves or by advice of the local shop owner which drug should be
used. Professional stewardship for use of antimicrobial is lacking. In chapter 6 the
antimicrobial use on pig farms in Sri Lanka is described and questionnaires indicated that many farmers are not aware that antimicrobials are something different
than vitamins. This indicates the need to create awareness not only with policy
makers, but also with farmers. The use of antimicrobials in companion animals in
Sri Lanka (chapter 8) was 37% at the moment the dog owners visited their veterinarian, but it is unknown if the decision for antimicrobial treatment was taken by
the owner or the veterinarian. Despite the over-the-counter use of antimicrobials
in Sri Lanka the prevalence of methicillin-resistant staphylococci in pigs was relatively low, showing that other factors are influential for the selection and spread of
antimicrobial resistance. These other factors can be defined as ‘infection control’
and refer to several factors including hygiene.
In the Netherlands, people are particularly at risk of becoming colonized with
LA-MRSA when handling pigs. Although human-to-human transmissions of LAMRSA do not occur often, cases have been described (6). This low frequency
of human-to-human transmission is the reason why some Dutch hospitals have
announced to relax the isolation policy for LA-MRSA colonized individuals (7). In
Denmark a higher proportion of human-to-human transmissions has been recorded
in recent years (8, 9). Some of these cases were caused by a more virulent variant
of an LA-MRSA CC398 strain that contained phage ϕSa3, which harbours genes
for immune-evasion strategies in humans. This indicates that it is possible that
LA-MRSA CC398 in the Netherlands may also become more human-adapted,
and more human-to-human transmissions of LA-MRSA might be observed in the
future. Monitoring of all MRSA infections in humans, including follow-up enquiries
on risk factors, should be continued in order to detect an increase in humanto-human transmissions of LA-MRSA in case such events occur. This includes
molecular surveillance in order to detect a change in virulence-associated genes of
LA-MRSA.
LA-MRSA is mostly restricted to the farm, and people who live and work
on the farm are at risk of becoming colonized. A dose-response relationship was
found between the number of hours a person spends in the barn and the chance
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of becoming LA-MRSA-positive (10). However, household members of farmers
who don’t work with animals but reside on the same premises as the farmer are
less-often LA-MRSA-positive (11). Because these people live closest to the source
of LA-MRSA, but are not directly exposed to the source of LA-MRSA indicates
that there is limited spread of LA-MRSA outside farms, for example by the outlet
of dust-containing ventilation air. The difference with people who live in the
surroundings of a livestock farm are even larger, since these people are almost
never LA-MRSA-positive (12). These studies indicate that LA-MRSA generally
does not spread efficiently from the farm to the environment.
In chapter 6 we showed that in Sri Lanka MRSA in pig farming has a much
lower prevalence than in countries with intensively raised animals. This means that
people working with pigs in Sri Lanka do not have an additional risk for acquiring
LA-MRSA by pig farming and LA-MRSA is not considered to be a problem in pig
farming in Sri Lanka. Conversely, MRSA is a problem in hospitals (13–15), and
this suggests that transmission from humans to animals is more likely to occur than
the other way around. This is the exact opposite situation from the Netherlands,
where there is a high prevalence in pigs, but a low prevalence in humans.
Many pigs are LA-MRSA-positive at slaughter (4), and LA-MRSA can also be
found on pork that is bought by consumers (16). Despite the presence of LA-MRSA
on food there are only few incidents of people becoming ill from LA-MRSA from
food, but not more than from methicillin-susceptible S. aureus (MSSA) (17). This
indicates that contaminated food does not play an important role in the spread
of LA-MRSA. However, when LA-MRSA becomes more adapted to humans the
transmission through food might become more important.
Transmission of LA-MRSA from the farm to the environment is not efficient,
but can be facilitated by other means. In areas with many pig farms, such as the
southern part of the Netherlands it is likely that farmers visit neighbouring farms
and transmit LA-MRSA in this way. A similar route of transmission was observed
in Norway, where a livestock truck was identified as the vector that transmitted
LA-MRSA from one farm to another (18). Norway applies a search-and-destroy
policy at farm level. When an MRSA-positive farm is identified the animals are
killed and the farm will be cleaned and disinfected. For the Netherlands this
approach is not feasible as the spread of LA-MRSA is beyond a point where this
type of intervention is able to prevent the spread between farms. Even a so-called
depopulation-repopulation with MRSA-negative animals will most probably result
into a rapid re-colonization of MRSA in the animals on the clean farm.
Therefore, interventions should currently aim at the reduction of LA-MRSA
load in pigs, to reduce the shedding into the environment, and the exposure of
humans.
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Methicillin-resistant Staphylococcus pseudintermedius
MRSP is an opportunistic pathogen in dogs and causes mostly otitis, wound infections, and pyoderma. The prevalence of MRSP in dogs varies for every study
population (19). There is no data about the incidence of MRSP infections or the
prevalence of this organism among dogs in the Netherlands, but MRSP has been
identified in household dogs (20).
MRSP is an emerging zoonosis and isolated from an increasing number of patients (21–24). Until recently, MRSP infections were not often diagnosed most
likely because of insufficient ability to identify this organism in the medical laboratory, where it is often confused with MRSA because these organisms are both
coagulase-positive. Now that MALDI-TOF MS – which is able to correctly identify S. pseudintermedius – is taking a more prominent place in medical diagnostics
it is expected that infections with this organism are identified more often. Laboratories that do not use MALDI-TOF MS for the identification of bacteria could
use a PCR, as described in chapter 9.
Medical laboratories are perfectly able to perform proper antimicrobial susceptibility testing for methicillin-resistant organisms, so patients are not directly put
at risk when S. pseudintermedius is mis-identified as S. aureus. However, as long as
infections with this organism are under-estimated there will not be enough awareness for this emerging zoonosis among microbiologists. This is particularly important because of the highly resistant character of certain MRSP strains. Therefore,
also for MRSP, a One Health approach is required to get a thorough insight in
the epidemiology. This may provide data for taking adequate actions to prevent
transmission to humans and an S. pseudintermedius-specific PCR can contribute
to proper identification of this organism (chapter 9).

Interventions on LA-MRSA in pigs
To reduce colonization and infections with LA-MRSA in humans, interventions
need to be applied. Some of the interventions are able to reduce transmission
from animals to humans (i.e. personal protective equipment), reduce human-tohuman transmission and morbidity (search-and-destroy policy in hospitals), or
reduce the selection and spread of new antimicrobial-resistant strains (reduction
in antimicrobial use), but these interventions do not actually reduce the prevalence of LA-MRSA in animals. For this reason, other intervention methods are
needed to reduce LA-MRSA in pigs. This thesis describes three potential intervention methods to reduce LA-MRSA in pig farming: bacteriophages, competition
in colonization, and colonization differences in pig lineages.
Transmission of LA-MRSA to livestock farmers is expected to occur via direct hand contact with animals and inhalation of LA-MRSA-containing barn dust
(10). The most obvious intervention would be the use of gloves and a mouth157
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and-nose mask to prevent people from being in contact with contaminated dust.
Three observational studies describe the effect of wearing protective clothing in
veterinarians and farmers, but with contrasting results (25–27). To determine the
true effect of this intervention a dedicated study should be performed. Although
wearing gloves and mouth-and-nose masks would form a barrier for LA-MRSA
exposure, and thereby reduce morbidity, it does not contribute to the reduction of
LA-MRSA prevalence in pigs, which is the source of the problem.
If LA-MRSA is expected to be present in dust particles then cleaning and
disinfection of the stables is expected to reduce LA-MRSA on the farm. An experimental setup showed that LA-MRSA and ESBL-producing Enterobacteriaceae
were eradicated from the environment by a thorough cleaning and thermal and
chemical disinfection procedure (28). After the introduction of new pigs on the
farm, ESBL was still not detected, but a different type of LA-MRSA was detected
in the environment only two days after pigs arrived. The authors suggested that
the arrival of new LA-MRSA-positive animals re-contaminated the environment,
which also shows the importance of infection control to prevent (re-)introduction of
LA-MRSA on farms. Similar results were observed in a study on horse farms (29).
This would mean that it is nearly impossible to keep a farm free from LA-MRSA
as long as LA-MRSA-positive animals are supplied and cleaning and disinfection
is used as the only intervention method.
To reduce morbidity, Dutch hospitals implemented measures to limit MRSA
infections in hospitals in general (not only LA-MRSA), especially by the searchand-destroy policy. Although this has greatly reduced the incidence of in-hospital
infections with MRSA and reduced the healthcare costs (30, 31), it only eradicates
LA-MRSA from these people temporarily. When livestock farmers return to work
after their hospital visit they are exposed to LA-MRSA and become positive again.
The excessive use of antimicrobials contributed to the high prevalence of
antimicrobial-resistant bacteria. To control the emergence of resistant bacteria
the use of antimicrobials should be reduced. In the Netherlands, the reduction
of antimicrobial use has led to a reduction of extended-spectrum beta-lactamase
producing Escherichia coli in farm animals in recent years (32). However, the
reduction of LA-MRSA remained unsuccessful. Despite the efforts in the Netherlands and other countries, including the One Health approach described above, the
global annual antimicrobial consumption in food animal production is expected to
rise steeply from 63, 151 tons in 2010 to 105, 596 tons by 2030 (33). Rise in antimicrobial use is especially predicted in countries that are expected to shift towards
more intensive livestock production systems such as Brazil, Russia, India, China,
and South Africa. This rise is largely explained in the aforementioned study by the
increase in income and the need for more animal protein consumption. Especially
China shows a shift from a rice diet towards a diet that contains more pork and
eggs (34). However, the model does not correct for the fact that an increase in
income can cause an increase in nation-wide wealth, which may have a positive
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influence on the importance of antimicrobial use on the political agenda of these
presently less-wealthy countries. At the WHO-World Health Assembly in 2015
the global action plan on antimicrobial resistance was adopted and participating
countries agreed to the establishment and implementation of national action plans
to reduce antimicrobial use. The implementation of these plans should lead to a
global reduction of antimicrobial resistance.
Vaccinating pigs against S. aureus would be a straightforward way to reduce
– or possibly eliminate – LA-MRSA in livestock. However, vaccination against S.
aureus in humans has remained unsuccessful, as reviewed by Fowler and Proctor
(35). Many candidate vaccines were developed and found to be effective in mice,
but turned out to be unsuccessful in humans. It is assumed that the reason for this
is that a mouse model for in vivo testing does not properly relate to the human
immune response to S. aureus. Also, many virulence factors in S. aureus are
specific for either human or animal immune systems. Besides technical challenges
of developing a vaccine against S. aureus there will also be a financial challenge
that needs to be addressed.
Denmark, where more human-to-human transmissions of LA-MRSA were observed, as described above, has been advised to apply cleaning and disinfections
measures and reduce LA-MRSA in a ‘top-down’ approach. This means they first
aim to reduce LA-MRSA in pig breeding herds and by cleaning and disinfection
keep the LA-MRSA load in the barns at a low level (36). As described above,
it is difficult to keep farms free from LA-MRSA, even after a thorough cleaning
and disinfection procedure. This might be an effective method for countries with
a low LA-MRSA prevalence, such as Norway. Countries with a high LA-MRSA
prevalence, like the Netherlands and Denmark, will have a lower chance of success.

Bacteriophages
Bacteriophages are a natural pathogen for bacteria, are specific (i.e. they can have
a narrow host range), and are harmless to animals and humans. Bacteriophage
treatment against MRSA has been successfully applied for systemic infections (37).
Therefore, they are expected to be a suitable method to reduce LA-MRSA in pigs.
As it is difficult to establish LA-MRSA colonization in the nose of grown pigs when
the nasal flora has already developed (38), it was necessary to develop a method
in which the pig nose can be colonized shortly after birth. In the model described
in chapter 2, the noses of piglets were experimentally colonized with LA-MRSA
and remained colonized for at least two weeks to test intervention methods.
The availability of this method enabled the study of the effectiveness of bacteriophages to reduce colonization of LA-MRSA, which is described in chapter 3.
A preparation with two bacteriophages, supplied by a company, was found to be
effective against a range of MRSA strains from human and animal origin. The
bacteriophage preparation was applied in LA-MRSA colonized piglets for 5 con159
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secutive days, but despite the successful use of this preparation in vitro it was not
able to reduce nasal colonization in pigs. Mupirocin, which was applied at the end
of the study, successfully reduced LA-MRSA in the pigs below detection level. After retesting the efficacy of the bacteriophages in the formulation it became clear
that one of the bacteriophages had a reduced efficacy against the strain that was
used to colonize the pigs. Other factors may also play a role in the ineffectiveness
of the bacteriophage treatment, like the mucosa preventing the bacteriophages to
reach the bacteria, or that host proteins block the attachment site of the bacteriophage. Therefore, the results that are described in chapter 3 do not imply
that bacteriophage treatment is unsuitable for the reduction of LA-MRSA in pigs,
but emphasizes the need for highly-infective bacteriophages that have broad host
ranges.

Competition in nasal colonization
It has been known for a long time that bacteria also interact and compete with each
other during colonization. In animals, probiotic use of Bacillus spp. demonstrated
to have protective effect on gastrointestinal infections with Salmonella (39). If
certain bacterial species can be associated with the absence of S. aureus (and
therewith LA-MRSA) in pigs then these species could be administered to the nose
of young animals in the form of probiotics. To study which bacteria in the pig’s
nose are associated with S. aureus we first focused on staphylococci (chapter 4).
In these nasal samples we found that if S. sciuri, S. cohnii, or S. saprophyticus was
present it was unlikely to find S. aureus. Not only staphylococci influence each
other during colonization, but also organisms from other genera. For example,
Corynebacterium was able to replace S. aureus in nasal colonization in humans
(40), and the colonization of the nasopharynx by Streptococcus pneumoniae is
negatively associated with the presence of S. aureus (41). In chapter 5 the nasal
microbiota of new-born piglets was studied to determine how the nasal microbiota
develops and when colonization by LA-MRSA starts. Piglets were monitored by an
intensive sampling scheme until they were six weeks old. LA-MRSA colonized from
the age of one week and throughout the study thirty-one genera were found to be
associated with the colonization of LA-MRSA. The presence of Moraxella in these
samples was associated with the absence of LA-MRSA. Although both studies
(chapter 4 and 5) were observational, they provide opportunities for intervention.
One way to prevent nasal colonization of MRSA could be the application of a nasal
probiotic.

Colonization in different pig lineages
In humans, single-nucleotide polymorphisms (SNPs) were identified that are associated with persistent and non-persistent carriage of S. aureus (42). Such dif-
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ferences in carriage were also observed in Danish pigs (43). Danish pigs have
a different genetic background than the pigs reared in the Netherlands, so their
findings cannot be directly applied to our study on the differences in S. aureus colonization in pig lineages from a Dutch supplier. We aimed to study the differences
in S. aureus colonization in purebred pigs.
Chapter 4 describes the comparison of S. aureus colonization in animals from
different lineages. One pig lineage was identified that had significantly less S. aureus-positive animals than other lineages. This shows that genetic differences may
contribute to a reduction of LA-MRSA in pigs. It takes multiple generations from
these high-end lineages (described in chapter 4) to derive the pigs that are actually used for fattening, and selection of the right cross-breeds that maintain their
lineage-specific characteristics such as fat percentage, meat conversion, and meat
quality. Because it is unknown which factor or factors contribute to this reduced
susceptibility for colonization with S. aureus, it will require further research in the
breeding programme before this can be applied in the field.
With the implementation of interventions the question should be addressed
who will carry the financial burden of applying these measures. If pig farmers
will get no financial compensation for their efforts to reduce LA-MRSA in animals, it is difficult to motivate them to implement interventions measures such as
vaccination or probiotics. These economic aspects should be part of future discussions about public health risks of food producing animals. This is a complex
issue, as production and trade of food has a global dimension. In the Netherlands,
the food production sectors have taken their responsibility to reduce the use of
antimicrobials considerably.
Reduction of LA-MRSA most likely cannot be achieved by addressing a single
issue, such as reduction of antimicrobial use, or applying farm hygiene to reduce
transmission through barn dust. Pigs are transported from one farm to another,
and LA-MRSA may be introduced from other farms, as described above. Furthermore, LA-MRSA cannot be eliminated only by reducing antimicrobial use in
a single country. This problem needs to be addressed globally and from both the
veterinary and medical side. The interventions studied in this thesis have the potential to contribute to the reduction of LA-MRSA in pigs, but further research is
needed to explore the full potential and their application in the field.

Epidemiology
Livestock-associated MRSA
Whole genome sequence analysis showed that LA-MRSA of Clonal Complex
(CC)398 most likely originated from a human MSSA strain by acquiring antimicrobial resistance genes against tetracycline and methicillin and losing bacteriophage ϕSa3 (44). Bacteriophage ϕSa3 contains human innate immune evasion
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modulators, which are not needed for colonization or infection in animals, but
strongly aid human colonization and infection with ST398. First observations
about MRSA originating from livestock were simultaneously reported from France
and the Netherlands in 2005 (45, 46).
Veal calves and pigs – both important colonizers of LA-MRSA – are largely imported and exported between EU member states. Veal calves are mostly imported
into the Netherlands from Germany, while pigs are largely exported to Germany
for slaughter (Agrimatie online, Handel en Afzet; Wageningen University and Research, http://www.agrimatie.nl). However, trade with other countries, such as
in Eastern Europe, is not uncommon. Although LA-MRSA is not easily transmitted from animals to humans or from humans to other humans, animal-to-animal
transmissions are easily made (38). Since European countries with a lot of live pig
export are the countries with the highest LA-MRSA prevalence in pigs, there is a
risk for further spread of LA-MRSA (47).
As described in chapter 6, pigs in Sri Lanka are rarely MRSA-positive, while
the prevalence of MRSA in in humans is high. This is the opposite of the situation
in the Netherlands, where MRSA prevalence in humans is low while nearly all pigs
are MRSA-positive. The MRSA types that were found in pigs were not animalrelated, as genotyping showed that 2/6 MRSA isolates that were found in pigs
were of the same types as were found in people in Sri Lanka (CC1 and CC5). This
suggested that these strains were transmitted from humans to pigs. Pig barns in
Sri Lanka are not often enclosed, and pens have only half-high walls. Because the
wind is able to blow through, there is little chance of accumulation of dust, which
is a vector for MRSA transmission to humans. These conditions, and the practice
of extensive farming (only few animals per farm) facilitate an environment where
MRSA is not able to accumulate in the farm environment. In this way humans are
not exposed to high levels of LA-MRSA from the environment. This emphasizes
the important role of accumulating dust in the transmission of LA-MRSA from
animals to humans.
Throughout Europe, the prevalence of LA-MRSA on pig holding level is 14%.
Spain (46%; n=150), Germany (44%, n=46), and Belgium (40%, n=15) have the
highest prevalence, while Cyprus (0%, n=4), Hungary (0%, n=40), Luxembourg
(0%, n=3), and Norway (0%, n=108) have the lowest prevalence. A prevalence
of 12.8% was reported for the Netherlands (47). However, this EFSA report was
based on results from a less-sensitive method. Another study was published about
the prevalence of LA-MRSA in the Netherlands in the same period, and reported a
prevalence of 67% of breeding herds (48). Nearly all cases mentioned in the EFSA
report were MRSA strains of ST398, with the exception of nine pig holdings in
Italy. One of the other types of LA-MRSA that was found in Italy was ST9, which
was first described in a sample from 2008 in Italy (49). This type is associated
with pigs in Asian countries, such as China (50, 51), Vietnam, and Korea. As
discussed in chapter 6, this type was not found in Sri Lanka. On the Eurasian
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continent, ST398 is more restricted to Europe, while ST9 is mostly found in Asia,
with no observation of any blending of these two clonal lineages. An explanation
for this absence of blending might be found in the religions in these countries,
because pork-consumption and pig production is particularly low in the countries
between Asia and Eastern Europe (Global Livestock Production and Health Atlas
of the Food and Agricultural Organization; http://kids.fao.org/glipha).
In Africa and Oceania hardly any pork is produced (together less than 1.5
million tonnes between 2013-2015) (OECD-FAO 2016), and research on MRSA
in pigs is sparse in these countries. A single study reported about a pig farm in
Dakar, Senegal, where 6/464 pigs were MRSA-positive, and spa-types of five out
of six isolates were related to ST5, and the spa-type of one isolate could not be
related (52). Like in Sri Lanka (chapter 6) it is not likely that these types of
MRSA are livestock-associated, but originated from humans. In North America,
just as in Europe, ST398 is predominant in pigs and pig farmers (53), while only
a single study in South America reports the presence of MRSA ST398 in pigs in
Peru (54).
Although MRSA is found in many countries around the world, LA-MRSA is
mostly of concern in countries with an intensive pig-production industry. Strains
of ST398 and ST9 are the most important types.

MRSP
Companion animals can be carrier, non-carrier, or intermittent carrier of MRSP
(20). However, it is common to have a different type of S. pseudintermedius on
each sampling occasion, or even on different body sites on the same sampling
occasion (55). This highlights the challenges of longitudinal studies. If only one
colony is picked from the culture and used for molecular typing while two or more
genotypically different strains are present, then a bias will occur in the study.
MRSP strains in dogs from many continents have been described, but studies from Africa and South America are sparse. A recent study showed that each
continent has a specific predominant genotype (56). In Europe, CC71 is predominant, but CC258, CC45, and CC68 are also observed. In North America CC68
is predominant and in Asia both CC45 and CC112 are found. The review by
Pires dos Santos compared the MLST types found globally and showed again that
CC71 is relatively clonal: it has mostly single-locus variants, but this CC is not
related to other complexes (56). This confirms a previously made assumption that
CC71 spread clonally (57). Most isolates of CC71 and CC45 are multi-resistant
and show resistance against chloramphenicol and enrofloxacin, while isolates from
CC258 and singletons were more sensitive to these antimicrobials (56). Resistance
against amikacin was observed less often (21 of 404 isolates of all CCs).
MRSP can harbour different SCCmec types, but type II-III is the most prevalent in MRSP in Europe (57). This is a combination of SCCmec type III found
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in S. aureus, and type II found in S. epidermidis (58). The SCCmec types that
occur in MRSP can also be found in other staphylococcal species, and highlights
that horizontal exchange of resistance genes among these species occurs. Because
methicillin-resistant (often multi-resistant) staphylococci are wide-spread among
humans and animals it highlights the need for a One Health approach to reduce the
prevalence of methicillin-resistant staphylococci in general and to reduce the risk
of transmission of resistance genes between organisms instead of a focus towards
one organism.
Despite the high prevalence of SCCmec type II-III in Europe, other types are
also found. In Israel and Thailand cassette ΨSCCmec57395 was found in isolates
of CC45 (59). This cassette does not contain ccr genes, which are needed for
the cassette to recombine. This may explain why this SCCmec element has not
been observed in other genotypes than CC45. Chapter 8 describes the presence
of a pseudo-SCCmec cassette ΨSCCmec 57395 in MRSP isolates of CC45 from Sri
Lanka. In addition, two new variants of the SCCmec V(T) element were observed
in isolates of CC121 and CC761. One of these new variants contains an additional
transposon-related gene set, while the other contains an additional restrictionmodification system, cadmium resistance genes, and an additional ccr gene complex. This shows that SCCmec elements frequently recombine so that new variants
will continuously arise. Since SCCmec elements also contain other resistance genes
than mecA and also virulence factors, the recombination of SCCmec can contribute
to an increase in the emergence of this pathogen.

Conclusions
Methicillin-resistant staphylococci should be reduced in animals in order to reduce
the incidence of infections in humans and to prevent future infections with humanadapted strains, as observed in Denmark. This thesis provided several possibilities
for the reduction of MRSA. We showed that pigs from different genetic lineages
have different susceptibilities for S. aureus colonization, which indicates that with
attention to MRSA colonization in the breeding programme the colonization of
MRSA in pigs can be reduced. Furthermore, it was shown that the presence
of other bacteria influence the colonization of MRSA in the pig’s nose. Probiotics with these bacteria could be applied to prevent MRSA nasal colonization in
new-born pigs. Bacteriophages were not able to reduce MRSA in experimentally
colonized pigs’ noses. Nevertheless, these experiments do not exclude that other
bacteriophages may be successfully used.
The genotypes of multi-resistant MRSP in the Netherlands were shown to be
shifting towards a type that is more susceptible to antimicrobials, which may reduce the difficulties of treating some infections with multi-resistant strains. MRSP
in Sri Lanka was shown in chapter 8 to be highly resistant. Continued monitor-
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ing and international studies will need to show if this is a persistent trend or
only a temporary local change in the Netherlands. The use of the S. pseudintermedius-specific PCR described in chapter 9 can contribute to faster and cheaper
monitoring of this species.
Only multi-tiered One Health approaches will be able to reduce the problem
of methicillin-resistant staphylococci.
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Introduction
Staphylococci are a group of bacteria that occur both in people and animals, and
Staphylococcus aureus and Staphylococcus pseudintermedius are the most important species in these hosts.
S. aureus often occurs in people and animals without causing disease. When
this bacterium does cause disease it is often associated with skin and soft tissue
infections. S. aureus can be resistant against antimicrobials, which might complicate treatment of infections. Some of these antimicrobial resistance genes are
on the Staphylococcal Chromosome Cassette mec (SCCmec), which is situated in
the genome of S. aureus. The mecA gene, which is present in this cassette, causes
resistance against methicillin and similar antimicrobials. If an S. aureus strain
carries the mecA gene then it is called a methicillin-resistant S. aureus (MRSA).
Different types of MRSA exist, of which the livestock-associated (LA-)MRSA
occurs in pigs and veal calves. People who work with these animals, like farmers and veterinarians, have an increased risk of acquiring LA-MRSA from these
animals because of the prolonged exposure. The presence of LA-MRSA doesn’t
necessarily cause disease, but if the immune defence system is suppressed the
bacteria can cause an infection that – because of the resistance against certain
types of antimicrobials – is difficult to treat. Hospitals in the Netherlands have
a strict isolation policy for patients who carry MRSA, and nursing and treating
these MRSA-positive patients is therefore very costly. Although human-to-human
transmissions of LA-MRSA do not occur often in the Netherlands, an increased
rate of such transmissions has recently been observed in Denmark.
S. pseudintermedius is a bacterium that occurs in dogs and cats, and sporadically in humans. Like S. aureus, this bacterium can also be present without causing disease; infections often occur in the outer ear, the skin, and surgical wounds.
S. pseudintermedius can also carry SCCmec; which is then called a methicillinresistant S. pseudintermedius (MRSP). Because this organism is only sporadically
found in humans and has a close resemblance to S. aureus it can be mistaken for
S. aureus in human diagnostic laboratories.

Aim of the research
The aim of this thesis was i) to explore methods to reduce MRSA in pigs in
order to reduce the MRSA exposure of humans by studying the epidemiology of
methicillin-resistant staphylococci and the nasal colonization of pigs; ii) to study
the epidemiology of MRSP and its zoonotic potential.
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Results
Reduction of LA-MRSA in pigs
This thesis describes three approaches to reduce LA-MRSA in pigs. Firstly, by
testing the effectiveness of bacteriophages. Bacteriophages are viruses that only
infect bacteria and are harmless to humans and animals. A combination of two bacteriophages was applied in the nose of pigs, after which the amount of LA-MRSA
was measured. A reduction of LA-MRSA was not observed in the bacteriophagetreated animals compared to the animals that did not receive bacteriophages. One
of the bacteriophages turned out to be less effective than was expected before the
start of the experiment. It is also possible that mucus produced by the nasal
mucosa of the pigs reduced the effectiveness of the bacteriophages. This does not
mean that the use of other bacteriophages cannot be successful in the reduction
of LA-MRSA in pigs.
As second method for the reduction of LA-MRSA in pigs that is described in
this thesis was based on the hypothesis that different genetic lineages of pigs can
have a different susceptibility for colonization by LA-MRSA. In one of the tested
lineages less S. aureus-positive animals were observed than in the other lineages.
Thirdly, we studied the influence of other bacteria on the colonization of S.
aureus. Three Staphylococcus species were found – S. hyicus, S. cohnii, and S.
saprophyticus – that were almost never present in the same sample as S. aureus.
This means that it is possible that these bacteria inhibit S. aureus colonization.
Furthermore, in a microbiome study – in which different groups of bacteria were
identified – nine bacterial genera were associated with the presence or absence of
S. aureus and 31 bacterial genera were associated with the presence or absence of
MRSA, of which Moraxella was the most important. The presence of Moraxella
was associated with the absence of LA-MRSA.

Epidemiology of LA-MRSA in Sri Lanka
In Sri Lanka, MRSA prevalence in pigs is low: MRSA was isolated from only 6/493
tested pigs. The probable cause of this low number of positive animals is the small
size of farms and the housing methods. The pens in which the pigs are kept are
open and because the barn is not fully enclosed dust is unable to accumulate. Dust
plays an important role in the transmission of MRSA.
The types of S. aureus that are often found in production animals in Western
countries were not observed in Sri Lanka. The MRSA isolates that were found in
humans in Sri Lanka were of different types than the MRSA isolates from pigs.
This suggests that MRSA from pigs is not the cause of problems with MRSA in
the community and hospitals in Sri Lanka, as was hypothesised.

173

Epidemiology of MRSP
MRSP among dogs seems to spread clonally and it was shown that the types of
MRSP that are found in dogs in the Netherlands are changing towards types that
are more susceptible to antimicrobials. MRSP isolates that were found a few years
ago were generally resistant, but the types that are found more recently are more
susceptible to antimicrobials.
Among dogs in Sri Lanka MRSP isolates were found that were resistant against
many antimicrobials. Some of these isolates contained an SCCmec cassette that
had not been described before. This indicates that the cassette of S. pseudintermedius is still changing and that novel types continue to be encountered.
For accurate detection of S. pseudintermedius a novel PCR target was identified and described in this thesis. Diagnostic tests that were used until now were
insufficiently able to correctly identify this species. By comparing several hundred
genome sequences of staphylococci a DNA sequence was identified that is specific
for S. pseudintermedius. This sequence was used to develop the new PCR.

Conclusions
It is necessary to reduce methicillin-resistant staphylococci in animals to reduce
the number of infections in humans and to prevent the development of a humanadapted variant. This thesis describes possibilities to reduce LA-MRSA in pigs.
It has been demonstrated that pigs with a certain genetic background carry
S. aureus less-often than pigs from other lineages. Theoretically this might offer
possibilities in the breeding programme to reduce S. aureus, including LA-MRSA,
in pigs. The presence of other bacteria in the pig’s nose also influence the presence
of LA-MRSA. For example the use of probiotics in new-born pigs could prevent the
colonization of LA-MRSA in these animals. Bacteriophages were not able to reduce
LA-MRSA in pigs, but this does not mean that other types of bacteriophages are
also not able to accomplish this.
The genotypes of MRSP that occur in the Netherlands seem to be changing
towards types that are more susceptible to antimicrobials. The MRSPs that were
found in Sri Lanka on the other hand were very resistant. Monitoring and international studies are needed to see if this change towards a more susceptible type
is a local temporary change in the Netherlands, or if this is a trend that is also
observed in other parts of the world.
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Inleiding
Stafylokokken vormen een groep bacteriën die voorkomen bij zowel mens als dier
met Staphylococcus aureus en Staphylococcus pseudintermedius als belangrijkste
soorten bij deze gastheren.
S. aureus komt vaak voor bij mensen en dieren zonder ziekte te veroorzaken.
Wanneer deze bacterie wel ziekte veroorzaakt zijn dat vaak infecties van de huid
en de weke delen. Er komt bij S. aureus resistentie tegen antibiotica voor, wat een
probleem kan zijn bij behandeling van infecties. Sommige van deze antibiotica resistentie genen liggen op een Staphylococcal Chromosome Cassette mec (SCCmec)
dat in het DNA van S. aureus ligt. Het mecA-gen dat in deze cassette ligt maakt
de stafylokok ongevoelig voor behandeling met meticilline en andere soortgelijke
antibiotica. Als een S. aureus het mecA-gen bij zich draagt dan spreken we van
een meticilline-resistente S. aureus (MRSA).
Er zijn verschillende varianten van MRSA, waarvan de vee-gerelateerde MRSA
(LA-MRSA) voorkomt bij varkens en vleeskalveren. Mensen die werken met deze
dieren, zoals veehouders en dierenartsen, hebben door dit intensieve contact een
verhoogd risico om LA-MRSA van deze dieren over te nemen. Hierdoor worden zij
niet direct ziek, maar bij een verminderde afweer kan deze bacterie kans zien om
een infectie te veroorzaken die, doordat deze resistent is tegen bepaalde antibiotica,
lastig te behandelen is. Ziekenhuizen in Nederland voeren een strikt isolatiebeleid
rondom patiënten die MRSA bij zich dragen. De verzorging en behandeling van
deze MRSA-positieve patiënten brengt daarom ook zeer veel kosten met zich mee.
Hoewel de huidige variant van LA-MRSA niet vaak van mens-tot-mens wordt
overgedragen wordt dit in Denemarken de laatste tijd vaker gezien.
S. pseudintermedius is een bacterie die vooral voorkomt bij honden en katten,
en sporadisch bij mensen. Deze bacterie kan eveneens aanwezig zijn zonder ziekte
te veroorzaken; infecties vinden meestal plaats aan de buitenste gehoorgang, de
huid en operatiewonden. Ook S. pseudintermedius kan SCCmec bij zich dragen;
we spreken dan van een meticilline-resistente S. pseudintermedius (MRSP). Omdat
deze bacterie relatief weinig voorkomt bij mensen, en veel lijkt op S. aureus is er
de kans dat deze in de humane diagnostische laboratoria niet worden herkend.

Doel van het onderzoek
Het doel van dit proefschrift was i) methoden te onderzoeken om LA-MRSA in
varkens te verminderen om daarmee de blootstelling van mensen te verminderen
door het bestuderen van de epidemiologie van LA-MRSA en de kolonisatie in de
neus van varkens; ii) om de epidemiologie van MRSP en haar zoönotisch potentieel
te onderzoeken.
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Resultaten
Vermindering van LA-MRSA in varkens
Er zijn in dit proefschrift drie benaderingen bestudeerd om LA-MRSA in varkens
te verminderen. Eerst door het onderzoeken van de effectiviteit van bacteriofagen. Bacteriofagen zijn virussen die alleen schadelijk zijn voor bacteriën, maar
niet voor mens en dier. Een combinatie van twee bacteriofagen is in de varkensneus toegediend, waarna de hoeveelheid LA-MRSA werd gemeten. Er bleek geen
afname te zijn na toediening van de fagen ten opzichte van niet-behandelde dieren.
Eén van de bacteriofagen bleek sterk minder werkzaam dan vooraf werd gedacht.
Daarnaast is het mogelijk dat het neusslijm van het varken de werking van de bacteriofagen heeft geremd. Deze resultaten sluiten niet uit dat andere bacteriofagen
wel effectief kunnen zijn.
Als tweede methode voor het verminderen van de hoeveelheid LA-MRSA in
varkens is in dit proefschrift de vatbaarheid voor kolonisatie van verschillende
genetische varkenslijnen bepaald. Hierbij werd in één van de onderzochte varkenslijnen minder S. aureus-positieve dieren aangetoond dan in andere varkenslijnen.
Als derde methode is gekeken naar de invloed van andere bacteriën op de
kolonisatie van S. aureus. Er zijn drie stafylokokken-soorten gevonden – S. hyicus, S. cohnii en S. saprophyticus – die slechts weinig tegelijkertijd met S. aureus
voorkomen. Het is dus mogelijk dat deze bacteriën er voor zorgen dat S. aureus
minder goed kan koloniseren. Daarnaast werden in een microbioom-studie, waarbij
verschillende groepen bacteriën in kaart werden gebracht, negen bacteriesoorten
geassocieerd met de aan- en afwezigheid van S. aureus. Eenendertig bacteriesoorten waren geassocieerd met de aan- en afwezigheid van MRSA. Hiervan was
Moraxella de belangrijkste bacteriesoort die geassocieerd was met de afwezigheid
van LA-MRSA.

Epidemiologie van LA-MRSA in Sri Lanka
In Sri Lanka komt MRSA slechts weinig voor bij varkens. In slechts 6 van de
493 onderzochte varkens werd MRSA aangetoond. Een waarschijnlijke oorzaak
van dit lage aantal positieve dieren is de kleinschaligheid van de bedrijven en de
manier van huisvesten. De hokken waarin de varkens worden gehouden zijn open
en doordat het geen afgesloten ruimte is kan stof zich niet ophopen. Stof speelt
een belangrijke rol in de overdracht van MRSA.
De S. aureus typen die in westerse landen vaak worden aangetroffen bij productiedieren werden in Sri Lanka niet aangetoond. De MRSA-isolaten die bij mensen
in Sri Lanka werden gevonden waren van andere typen dan de MRSA-isolaten van
varkens. Dit geeft aan dat MRSA bij varkens niet de oorzaak is van de MRSAproblematiek in de gemeenschap en ziekenhuizen in Sri Lanka, zoals vooraf werd
gedacht.
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Epidemiologie van MRSP
De verspreiding van MRSP bij honden bleek klonaal te zijn, en er werd aangetoond
dat er een verschuiving plaatsvindt in de typen van MRSP die bij honden in
Nederland voorkomen naar typen die meer gevoelig zijn voor antibiotica. Waar de
MRSP’s die een aantal jaar geleden werden gevonden nog resistent waren tegen
veel antibiotica, zijn de typen die meer recent worden gevonden meer gevoelig voor
antibiotica.
Bij honden in Sri Lanka werden MRSP-isolaten gevonden die resistent zijn
tegen veel antibiotica. Een aantal van deze isolaten had ook een SCCmec cassette
die nog niet eerder is beschreven. Dit toont aan dat er nog steeds veranderingen
plaatsvinden in de SCCmec cassette van deze bacterie, en dat nieuwe vormen zich
blijven ontwikkelen.
Daarnaast is er ook een nieuwe PCR ontwikkeld die S. pseudintermedius kan
identificeren. Diagnostische testen die tot nu toe werden gebruikt waren hier
onvoldoende toe in staat. Door het vergelijken van genoomsequenties (de DNAvolgorde in de bacterie) van honderden stafylokokken kon een voor S. pseudintermedius-specifieke sequentie worden geïdentificeerd, en gebruikt worden voor de
ontwikkeling van deze nieuwe test.

Conclusies
Het is noodzakelijk om meticilline-resistente stafylokokken in dieren te verminderen met als doel het aantal infecties bij mensen te verminderen en te voorkomen
dat een aan de mens aangepaste variant ontstaat. Dit proefschrift beschrijft een
aantal mogelijkheden voor de vermindering van LA-MRSA in varkens.
Er is aangetoond dat varkens met een bepaalde genetische achtergrond minder
vaak S. aureus bij zich dragen dan andere varkens. Theoretisch zou het via het
fokprogramma mogelijk zijn S. aureus, inclusief LA-MRSA, in varkens te verminderen. De aanwezigheid van andere bacteriën in de neus van het varken hebben
ook een invloed op de aanwezigheid van LA-MRSA. Bijvoorbeeld het gebruik van
probiotica in pasgeboren biggen zou mogelijk de kolonisatie van LA-MRSA in deze
dieren kunnen voorkomen. Bacteriofagen waren niet in staat LA-MRSA in varkens te verminderen, maar dit betekent niet dat andere typen bacteriofagen dit
wel zouden kunnen.
Er lijkt een verschuiving gaande van de genotypen van MRSP die in Nederland
voorkomen naar typen die gevoeliger zijn voor antibiotica. De MRSP’s die in Sri
Lanka werden gevonden zijn echter zeer resistent. Monitoring en internationale
studies zijn nodig om te zien of de verschuiving naar een gevoeliger type een
tijdelijke lokale verandering in Nederland is, of dat dit een trend is die ook in
andere delen van de wereld wordt gezien.
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