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Methicillin-resistant Staphylococcus aureus (MRSA) is
ely spread among livestock in many parts of Europe,

 Canada, and Asia (Anonymous, 2009; Graveland et al.,
1). This Livestock Associated MRSA (LA-MRSA) can
ticularly colonize pigs and calves and belongs mainly,
ending on the geographical region, to Clonal Complex
)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 (Price et al., 2012). It is believed that at the
same time it lost the human virulence genes and the
capacity for colonization in humans was reduced (Price
et al., 2012). However, in an experimental setting it has
been shown that MRSA is still able to colonize healthy
humans (Slingerland et al., 2012).

People in contact with livestock are at increased risk of
acquiring MRSA (Van den Broek et al., 2009; Van Cleef
et al., 2010). Furthermore, human S. aureus colonization is a
recognized risk factor for infection (Wertheim et al., 2004).
Any reduction of MRSA in pigs (in prevalence or load) is
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A B S T R A C T

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-type t011

and t034) and two MRSA strains (also ST398, spa-type t011 and t034) to investigate co-

colonization. Colonization was quantitatively monitored for 2 weeks in both experiments.

Nasal colonization was successfully established in all piglets with stable numbers of

S. aureus between 104 and 106 CFU. MSSA and MRSA were able to co-colonize.
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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 (Bloemendaal et al.,
2009; Mongkolrattanothai et al., 2011). Conversely, it is
suggested that colonization with MSSA protects against
co-colonization with MRSA (Dall’Antonia et al., 2005;
Huang et al., 2011). 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 (Moodley et al., 2011; Broens
et al., 2012; Szabo et al., 2012; Crombe et al., 2012).
Although these studies have merits for specific aspects,
these models do not allow the challenge with multiple
strains in the same quantity or did not 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.

2. Materials and methods

2.1. 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 (Dekker et al., 2013). Four piglets were
housed per isolator. Nasal samples were taken to assess the
presence of staphylococci 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 h; O/N) incubation at
37 8C 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 (Enright et al., 2000; Van Wamel et al., 2010;
Van Meurs et al., 2013), and staphylococcal protein A (spa)-
type t011 (Harmsen et al., 2003); see Table 1. At the age of
6 days the piglets were administered 500 mL inoculum
within 1 h 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
milliliter of the log-phase culture was centrifuged at
2000 � 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 mL).

To monitor colonization, nasal samples were obtained
at 13 time points (see Fig. 1). Samples were processed as
follows within 2 h after sampling: swab was suspended in
1 mL PBS and a serial dilution to 10�3 of the original
suspension was prepared. Fifty microliter of the undilut-
ed and the 10�3 suspension were plated on Brilliance
MRSA agar 2 (Oxoid, Badhoevedorp, The Netherlands)
using an Eddy-Jet spiral plater (IUL Instruments, Barce-
lona, 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 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).

2.2. 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 four, four and three
piglets. Animals originated from two sows.

Table 1

Characteristics of the Staphylococcus aureus strains that were used for colonization.

V0608892/1 10KE0026 10KE0027 10KE0028 10KE0029

Origin Pig, diagnostic

screening

Calf,

(Graveland et al., 2010)

Calf,

(Graveland et al., 2010)

Calf,

(Graveland et al., 2010)

Calf,

(Graveland et al., 2010)

mecA + + � + �
mecC � � � � �
PFGE N/A F0 F A0 A

MLST ST398 ST398 ST398 ST398 ST398

Spa t011 t011 t011 t034 t034

RAPD N/A A A A A

MLVA N/A 6-6—— 6-6—— 6-6—— 6-6—4
N/A, data not available.
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Nasal samples were obtained before inoculation and
lyzed as described above to check for the presence of
hylococci before the start of the experiment.

For inoculation two matching pairs of highly related
SA and MSSA strains were used. Strains 10KE0026
SA) and 10KE0027 (MSSA) were of ST398, spa-type

1. These four strains were isolated from veal calves in a
erent study (Graveland et al., 2010). None of the isolates
tained the mecC-gene (Garcia-Alvarez et al., 2011).
itionally, Random Amplification of Polymorphic DNA
PD) (Damiani et al., 1996) and Pulsed Field Gel
trophoresis (PFGE)-typing (Ichiyama et al., 1991; Cook-

 et al., 2007) was performed. The MLVA-patterns of
ins 10KE0026, 10KE0027, and 10KE0028 were identical,

 the pattern of strain 10KE0029 had an additional
ment (6-6—4, see Table 1 for strain characteristics).

For the inoculum all strains were prepared as described
ve and pooled in equal volumes (the ratio between CFU

 OD was found to be equal for all isolates) and
 � 107 CFU was delivered to each piglet. After plating

 inoculum, 50 colonies were picked and characterized
mecA-PCR and spa-typing to confirm all strains were
sent in the inoculum.
Nasal swabs were obtained at nine time points in
eriment 2 (see Fig. 2) and analyzed as described for
eriment 1. Additionally, samples were plated on MSA
the enumeration of all S. aureus. The number of MSSA

 sample was calculated by subtracting the number of
SA from the total number of S. aureus. Fifteen colonies

 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 mg/mL 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.

3. Results

3.1. Experiment 1

All piglets were screened negative for the presence of
staphylococci in nasal samples at the age of 5 days, 1 day
before inoculation. All samples were quantitatively cul-
tured and mean culture results for MRSA per isolator (four
piglets) are shown in Fig. 1; individual data is displayed in
Fig. S1. 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 Wil-
coxon 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).

Supplementary Fig. S1 related to this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.vetmic.2014.09.019.

3.2. Experiment 2

All piglets were screened negative for the presence of
staphylococci at the age of 5 days, 1 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 five
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,

1. Experiment 1: mean concentration (CFU/swab) of MRSA � standard

ation in nasal swabs of pigs in isolators (A) and (B). Each isolator housed

 piglets. (D) indicate the nasal administration of glycerol. Individual data

pig are shown in Fig. S1.
2. Experiment 2: mean � standard deviation of the concentrations of (A) MSSA and (B) MRSA in nasal swabs. Individual data per pig are shown in Fig. S2.

http://dx.doi.org/10.1016/j.vetmic.2014.09.019
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t = 1). The mean results for the enumeration of MSSA and
MRSA are shown in Fig. 2. Individual data per piglet is
provided as supplementary data in Figs. S2 and S3. The
concentration of MSSA varied mainly between 105 and
107 CFU/swab and was present in a larger proportion than
MRSA, of which the concentrations varied between 104 and
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 Fig.
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.

Supplementary Figs. S2 and S3 related to this article can
be found, in the online version, at http://dx.doi.org/
10.1016/j.vetmic.2014.09.019.

4. 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 (Peacock et al., 2001; Ruimy
et al., 2010; Mulcahy et al., 2012). For animals, however,
there is no information available about individual suscep-
tibility for S. aureus colonization.

In this study the challenge with bacteria was stan-
dardized 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 differ-
ences in colonization properties of individual strains. This
is an asset above a published model, which promoted
colonization by secondary inoculation (intra-vaginal in-
fection 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 coloniza-
tion 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 (Broens et al., 2012). 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 (Van Belkum et al.,
2009; Edwards et al., 2012). Housing the animals in
isolators prevents the uptake of other staphylococci from
the environment.

Administration of glycerol did not lower the concen-
trations 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 (Dall’Antonia
et al., 2005; Huang et al., 2011). 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 healthcare-
associated MRSA (Knight et al., 2013). However, in the
present study it was shown that MSSA colonization was
statistically higher than MRSA colonization. After charac-
terizing 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.

Fig. 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.

http://dx.doi.org/10.1016/j.vetmic.2014.09.019
http://dx.doi.org/10.1016/j.vetmic.2014.09.019
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Although the strains that were used in the second
eriment originated from calves, they were able to
nize pigs in our model. This is in agreement with the

ervation that MRSA strains of spa type t011 and t034
 MLST ST398 were found in pigs before (Hasman et al.,
0). For inoculation two genetically different MSSA and
SA strain-pairs were used to increase the chance of
nization in case the hosts showed lower affinity to

tain S. aureus genotypes. During the course of the
eriment the two different MSSA and MRSA strains were

 quantitatively differentiated as this exceeded the scope
he experiment.
In conclusion, the described nasal colonization model in
lets is suitable for quantitative analysis of colonization
. aureus in pigs and that MSSA and MRSA can colonize
ultaneously in piglets.
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