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Staphylococcus aureus is recognized worldwide as a pathogen causing many serious
diseases in humans and animals, and is one of the most important etiological agents of
clinical and subclinical bovine mastitis. The aim of the present study was to investigate
and correlate properties, that may be associated with persistent mastitis, of S. aureus
strains isolated from milk of cows suffering from mastitis: (i) expression of capsular
antigens (CP5 or CP8) by specific ELISA; (ii) intracellular survival by invasion of MAC-T
S. aureus coey s . . .
Bovine mastitis cells; and (iii) biofilm production by spectrophotometry analysis after growth in TSBgic.
Biofilm The results showed that (i) the proportion of strains expressing capsular antigen was
higher in cap8- than in cap5-positive isolates; (ii) a correlation was observed between the
capsular profile and the intracellular survival as well as the biofilm production; and (iii)
the capsular profile, biofilm production and intracellular survival were associated with
only two agr-groups. Statistical and clustering analysis allowed us to establish different
profiles that could be associated with in vivo persistence. Indeed, isolates belonging to agr
group II, expressing the capsular antigen CP8 and showing low intracellular survival are
probably better adapted to an extracellular niche. Conversely, isolates belonging to agr
group I that do not express any capsular antigen (CP5 or CP8) but show high intracellular
survival are probably better adapted to an intracellular niche.
© 2013 Elsevier B.V. All rights reserved.
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1. Introduction acute and clinical mastitis with macroscopic alteration of

the milk, such bacterial infections can evolve towards

Staphylococcus aureus (S. aureus) is one of the most
common aetiological agents of contagious bovine mas-
titis (Watts, 1988). Although S. aureus strains can cause
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chronic and subclinical mastitis, without macroscopic
alteration of the milk but with high cell counts and
persistence of the bacteria in the mammary gland.
Staphylococcal subclinical mastitis account for up to
30% of all cases of bovine mastitis (Halasa et al., 2007).
They represent a serious economical problem for dairy
farmers with reduction of milk production and quality,
prolonged antibiotic treatments and premature culling.
The identification of the staphylococcal properties
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associated with long-lasting infections is therefore of the
upmost importance.

For instance, biofilm formation impairs the action of
both the host immune system and the antimicrobial
agents, and therefore represents one of the most important
survival mechanisms of bacteria persistently colonizing
the extracellular niche (Costerton et al., 1999; Melchior
et al., 2006). Nevertheless, several factors, environmental
as well as genetic, influence biofilm formation by S. aureus.

S. aureus is also known to penetrate, survive, and even
multiply within a large variety of eukaryotic cells, such as
the epithelial cells of the mammary gland or the immune
cells (Almeida et al., 1996; Kerro Dego et al., 2002). This
survival within the intracellular niche protects the bacteria
from the antibiotics commonly used in mastitis treatment,
but also enables them to persist in the host for a long time
without causing apparent inflammation (Boulanger et al.,
2003; Garzoni and Kelley, 2009).

The role of the staphylococcal capsule polysaccharides
(CP) in this internalization has been described. More
precisely, the absence of CP expression was shown to
enhance adherence (Pohlmann-Dietze et al., 2000) and
invasion (Tuchscherr et al., 2005) of endothelial and
epithelial cells by S. aureus. Furthermore, capsule-negative
S. aureus bacteria were shown to induce chronic experi-
mental mastitis in mice, suggesting that the loss of capsule
expression may enhance the persistence of S. aureus in the
mammary glands (Tuchscherr et al., 2005).

The aim of the present work was thus to determine
whether association of specific in vitro tests could establish a
profile of in vivo persistence. We therefore investigated the
correlation of features described to be associated with long-
lasting infections, respectively capsular antigen identity and
expression, biofilm formation, and intracellular survival, on
a collection of S. aureus strains isolated from cases of bovine
mastitis in Belgium. These phenotypic features were also
supplemented by phylogenetic analyses, such as agr-typing
and PFGE. Statistical and clustering analyses were per-
formed to associate the different tests together and to
evaluate the homogeneity and the distribution of profiles.

2. Materials and methods
2.1. Bacterial isolates

A total of 229 bovine S. aureus isolates, collected
between 2005 and 2008 from bovine mastitis cases in
different areas of Wallonia (southern part of Belgium),
were assayed in this study. All isolates have already been
virulotyped (Ote et al., 2011). Two reference strains from
bovine mastitis were included in this collection: S. aureus
ATCC 29740 (N305) and S. aureus ATCC 31885 (NL6).

2.2. Capsular serotyping

The prevalence of the capsule-encoding genes (cap5 and
cap8) among the isolates of the collection has already been
determined by PCR and are shown in Table 1 (Ote et al.,
2011). However, capsular serotyping was performed using
ELISA test through the detection of capsular polysacchar-
ides types 5 and 8 (CP5 and CP8) from bacteria grown on
Columbia agar. Briefly, strains were cultured from frozen
stocks onto Columbia sheep blood agar plates and
incubated at 37 °C overnight. Bacteria were then collected
from agar plates by washing the plates with sterile PBS and
adjusted to 10'° CFU/ml by optical density (OD) measure.
The capsular serotype of 10°CFU of each strain was
determined by enzyme-linked immunosorbent assay
(ELISA) in 96-well microplates, using specific monoclonal
and polyclonal antibodies (kindly provided by GSK
Biologicals, Belgium) and horseradish peroxidase-based
quantification. The OD of each well was measured at
490 nm using a microplate reader (Bio-Rad). The results
were collected from at least two independent experiments
in which the capsule production of each tested culture was
evaluated in triplicates. OD values were compared to those
obtained with S. aureus CP reference strains, respectively
the CP5-positive strain Lowenstein (ATCC 49521) and CP8-
positive strain Wright (ATCC 49525), and isolates that
tested negative for CP5- and CP8- ELISA were defined as
non-typeable (NT).

Table 1
Capsular profile, intracellular survival, biofilm formation and agr-groups frequency distribution.
Intraceillular Biofilm formation agr-groups
survival
<2% >2% | No Weak Moderate Strong | 1 ur  Iv
cap5/INT 13 32 6 17 12 10 39 2 0
Capsular  cap5/CP5 5 23 4 13 7 4 21 7 0 0
profile cap8/INT 16 20 1 12 12 11 33 2 1 0
cap8/CP8 95 25 29 63 20 8 72 46 1 1
Intracellular <2% | 33 64 21 11 80 46 2 1
survival >2% | 7 41 30 22 85 13 2 0
No 18 20 2 0
Biofilm Weak 76 28 1 0
formation Moderate | 43 7 0 1
Strong 28 1 0

Significant correlations (P < 0.0005) are highlighted in bold. cap, capsule-encoding gene; CP, capsular polysaccharide; NT: non-typeable. Intracellular
survival is presented as the % of the initial inoculum. agr-typing: I, II, III, IV, agr-groups.
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2.3. Invasion assay

Bovine mammary epithelial cells (MAC-T) were used for
in vitro bacterial internalization assays as previously
described (Boulanger et al., 2007; Brouillette et al.,
2003; Buzzola et al, 2007; Tuchscherr et al., 2005).
MAC-T cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM), supplemented with 10% heat-inacti-
vated foetal bovine serum (FBS), non-essential amino
acids, insulin and antibiotics. Prior to each experiment,
MAC-T cells were seeded at ~6 x 10% cells/well in 24-well
culture plates and incubated for 3 days at 37 °C in 5% CO».
Approximately 16 h prior to the invasion experiments,
cells were washed twice with PBS and incubated with
invasion medium (growth medium without antibiotics
containing only 1% heat-inactivated FBS). Concurrently, S.
aureus strains were incubated in Brain-Heart Infusion
(BHI) broth overnight with shaking at 37°C. Bacteria
concentration was then adjusted to 10° CFU/ml in fresh
BHI by optical density (OD) measure, and confluent MAC-T
cell monolayers (~2.5 x 10° cells/well) were inoculated
with 107 CFU of S. aureus (10 pl/well, multiplicity of
infection ~40) and incubated at 37°C in 5% CO,. After
1h, supernatants of the co-cultures were removed and
cells were washed twice with PBS to remove unattached
bacteria. One ml of invasion medium supplemented with
lysostaphin (20 pg/ml) was added to each well to lyse
extracellular bacteria, and incubation was prolonged for an
additional 2 h at 37 °C in 5% CO,. Supernatants were then
collected and plated on Columbia sheep blood agar plates
to verify the lysis of extracellular bacteria by lysostaphin.
After two PBS washing steps, the MAC-T cells were
detached by incubation for 15 min at 37 °C with 100 wl/
well of trypsin and then lysed to release intracellular
staphylococci by addition of 900 pl/well of sterile distilled
water containing 0.025% Triton X-100. The cell lysates
were carefully suspended, serially diluted, and plated on
Columbia sheep blood agar plates to quantify CFU number
after overnight growth at 37 °C. Results are expressed as a
percentage of recovered bacteria from the initial inocu-
lum.

2.4. Biofilm production

Biofilm formation was evaluated by spectrophotometry
in microplates using safranin staining. Briefly, strains were
incubated in Tryptic Soy Broth (TSB) overnight with
shaking at 37°C. Cultures were then diluted 1:100 in
TSB containing 0.25% glucose (TSBg) (Melchior et al.,
2009) and transferred into wells of sterile 96-well
polystyrene tissue culture (TC) plates. TSBg. without
bacteria served as negative control. The TC plates were
incubated at 37°C for 24 h. The supernatant was then
discarded and the wells were carefully washed twice with
sterile PBS. The plates were dried, stained with safranin
0.1% (w/v) for 10 min, further washed twice with distilled
water and dried again at 37 °C. A mixture of 50% ethanol
and 50% acetic acid was added to each well and plates were
incubated at room temperature for 15 min. Finally, the OD
of each well was measured at 490 nm using a microplate
reader (Bio-Rad). The results were collected from at least

two independent experiments in which the biofilm
formation of each culture tested was evaluated in
triplicates. The quantitative classification of biofilm
production was based on cut-off value (ODc) and average
OD values (Stepanovic et al., 2007), leading to four
categories of strains: OD <ODc=no biofilm producer;
ODc < OD < 2x ODc =weak biofilm producer; 2x ODc x!
OD <4x ODc=moderate biofilm producer; 4x ODc<
OD = strong biofilm producer.

2.5. agr-typing

agr-groups were determined by multiplex PCR as
previously described (Gilot et al., 2002). In brief, multiplex
PCRs were performed on 2wl of DNA using Taqg DNA
polymerase (New England BioLabs) and 1 wM of each of
the following primers: Pan (5’-ATG CAC ATG GTG CAC ATG
C-3'), agr1 (5’-GTC ACA AGT ACT ATA AGC TGC GAT), agr2
(5'-TAT TAC TAA TTG AAA AGT GGC CAT AGC-3'), agr3 (5'-
GTA ATG TAA TAG CTT GTA TAA TAA TAC CCA G-3'), and
agr4 (5'-CGA TAA TGC CGT AAT ACC CG-3’). Amplifications
were performed with the following PCR programme: 1
cycle at 94 °C for 1 min; 26 cycles at 94 °C for 30 s, 55 °C for
30s, and 72 °C for 1 min; and finally 1 cycle at 72 °C for
10 min. All PCR products were separated by electrophor-
esis in 1.5% (w/v) agarose gel. Gels were stained with
ethidium bromide and photographed under UV light.
Patterns were compared to those obtained with S. aureus
agr group reference strains, respectively the N305 strain
(ATCC 29740) for agr group I, the Mu50 strain (ATCC
700699) for agr group II, the Seattle 1945 strain (ATCC
25923) for agr group III, and the A880740 strain for agr
group IV.

2.6. Pulsed field gel electrophoresis

Pulsed field gel electrophoresis (PFGE) analyses were
performed on all strains. In brief, lysostaphin pre-treated
bacterial cells were embedded in 1.8% certified low-melt
agarose (Bio-Rad), lysed in a 0.5M EDTA (pH 8) buffer
containing 10% N-lauroylsarcosine and 2 mg/ml lysozyme,
and treated with 1 mg/ml proteinase K. The genomic DNA
was digested with 20 U of Smal (Sigma) according to the
manufacturer’s instructions. The restricted fragments
were separated through a 1% pulsed-field certified agarose
(Bio-Rad) gel in 0.5% TBE buffer by using a CHEF MAPPER
(Bio-Rad), at 6.0 V/cm for 21 h, with pulsed times ranging
from 5 to 60s, with an angle of 120° and a linear ramp
factor. The size of each DNA band was estimated by
Biogene (Vilber Lourmat).

2.7. Statistical analysis

For calculation of the statistical significance of the
observed frequency distributions, contingency tables of
the random expected values were determined and Chi-
square tests were performed. P values lower than 0.05
were considered significant. K-means clustering method,
adapted for the clustering of categorical data, was used to
group similar strains into homogeneous groups (procedure
fastclus, sas 9.1).
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3. Results
3.1. Capsular serotyping

Seventy-three strains (31.9%) harboured the cap5 gene
while 156 (68.1%) tested positive for the cap8 gene
(Table 1) (Ote et al., 2011). Here, we further assessed
the effective production of the CP5 and CP8 polysacchar-
ides by ELISA analysis. Twenty-eight of the 229 S. aureus
isolates (12.2%) expressed CP5, 120 (52.4%) expressed CP8,
and 81 (35.4%) were defined as non-typeable (Table 1).

3.2. Invasion assay

We observed a high variability in the percentage of
recovered bacteria from the initial inoculum 2h post-
internalization (from O to 95%) into MAC-T cells. Never-
theless, our data highlighted three populations of strains,
corresponding to strains showing distinct survival rates,
respectively (i) 0.5 + 0.5%, (ii) 6.7 + 3.9% and (iii) 50.6 = 29%
of the initial inoculum. However, after further analysis (see
contingency tables below), we observed that populations (ii)
and (iii) behaved similarly in all other features. In order to
simplify the results presentation, we thus chose to keep the
distribution of the strains of our collection into two
populations. We determined that 129 (56.3%) showed an
invasion rate lower than 2% of the initial inoculum, while 100
(43.7%) showed an invasion rate greater than 2% (Table 1).

3.3. Biofilm production

In TSBgic, only 40 strains (17.5%) did not produce any
biofilm, while the majority were biofilm producers,
respectively weak (n=105; 45.8%), moderate (n=51;
22.3%) or strong (n=33; 14.4%) producers (Table 1).

3.4. agr-typing and PFGE

In our collection, all four agr-groups were detected. The
majority of the isolates (n=165; 72.1%) belonged to agr
group I, 59 (25.8%) belonged to agr group II, 4 (1.7%)
belonged to agr group III and only one strain (0.4%)
belonged to agr group IV (Table 1).

Concerning PFGE results, the 229 strains showed 157
distinct pulsotypes (data not shown). The four main
pulsotypes, namely A, B, C and D, grouped 33 (14.4%),
28 (12.2%), 7 (3.1%) and 8 (3.5%) isolates respectively
(Table 1). All the other pulsotypes were typically
represented by only one strain (n=153; 66.8%). These
results confirm the heterogeneity of our collection,
information quite important here regarding the lack of
anamnesis and farm origin of our strains.

3.5. Statistical associations

In order to determine whether the studied features
could be correlated, we disposed their frequency distribu-
tions in contingency tables, and the observed values were
compared to the random expected values by Chi-square
tests. P values lower than 0.05 were considered significant.
The observed frequencies that were statistically higher

than randomly expected were highlighted in bold in all
contingency tables.

We first observed that more cap8-positive strains
express CP8, whereas more cap5-positive strains are
defined as non-typeable (Table 1, P < 0.0005), suggesting
that CP8 strains tend to be capsulated, while CP5 strains
tend to remain acapsulated.

We then observed that more cap8/CP8-strains show a
low invasion rate (<2%), whereas more NT-strains show a
high invasion rate (>2%) (Table 1, P < 0.0005). Similarly,
more cap8/CP8-strains do not produce, or weakly, biofilm
in TSBg)c, whereas more NT-strains are moderate or strong
producers (Table 1, P < 0.0005).

We also observed that more strains showing a low
invasion rate do not produce, or weakly, biofilm in TSBgc,
and that more strains showing a high invasion rate are
moderate or strong biofilm producers in TSBg. (Table 1,
P < 0.0005).

Furthermore, we observed that more cap8/CP8 strains
belong to agr group II, while more NT-strains belong to agr
group I (Table 1, P < 0.005). Concerning biofilm production,
more agr group [ strains produce biofilm in TSBg, while
more agr group II strains do not produce biofilm in TSBgc
(Table 1, P < 0.0005). Finally, we found that more agr group
Il strains show a low invasion rate (<2%), whereas more agr
group I strains show a high invasion rate (>2%) (Table 1,
P < 0.0005).

We then divided the strains into eight groups according
to their capsular profile and intracellular survival ability,
and we compared their PFGE pulsotypes (Table 2). Strains
from pulsotypes C and D were shown to be NT-strains
exclusively, either cap8- or cap5-positive respectively.
Conversely, most of the strains from pulsotypes A and B
were CP8-strains showing a low rate of internalization
(<2%). Interestingly, 55.8% (n=53) of this subgroup of
strains (cap8/CP8, <2%) were only represented by these
two pulsotypes A and B, suggesting that these strains may
be more clonal than all other groups.

3.6. Clustering method (Table 3)

The cluster 1 grouped strains showing a low invasion
rate in MAC-T cells and belonging to agr group I. The cluster

Table 2
Distribution of the strains according to their capsular profile, intracellular
survival and PFGE pulsotypes.

Capsular Intracellular PFGE typing
profile survival A B C D Other
cap5/NT <2% 0 0 0 1 12 13
>2% 0 0o 0 7 25 32
cap5/CP5 <2% 0 0o 0 0 5 5
>2% 0 0 0 0 23 23
cap8/NT <2% 0 2 3 0 11 16
>2% 2 0 4 0 14 20
cap8/CP8 <2% 27 26 0 0 42 95
>2% 4 0 0 0 21 25
33 28 7 8 153 229

Capsular profile: cap, capsule-encoding gene; CP, capsular polysacchar-
ide; NT, non-typeable. Intracellular survival: presented as the % of the
initial inoculums. PFGE typing: A, B, C, D, the four main pulsotypes.
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Table 3
Clustering of the strains according to their capsular profile, intracellular
survival, biofilm formation and agr-groups (K-Means method).

Clusters
1 2 3 4 5
Capsular profile cap5/NT 10 23 5 4 3
cap5/CP5 2 8 6 9 3
cap8/NT 10 7 12 1 6
cap8/CP8 21 9 14 2 74
Intracellular survival <2% 43 0 0 0 86
>2% 0 47 37 16 0
Biofilm formation No 14 3 1 1 19
Weak 0o 37 4 4 64
Moderate 19 0 5 5 2
Strong 10 7 6 6 1
agr-groups I 40 46 37 2 40
11 0 0 0 13 46
11 2 1 0 1 0
I\% 1 0 0 0 0
Total 43 47 37 16 86

Significant correlations (P < 0.0001) are highlighted in bold. Capsular
profile: cap, capsule-encoding gene; CP, capsular polysaccharide; NT,
non-typeable. Intracellular survival: presented as the % of the initial
inoculums. agr-typing: I, II, IIl, IV, agr-groups.

2 grouped strains that were cap5-positive but tested
negative in vitro for CP5 ELISA, showed a high invasion rate
in MAC-T cells, formed weak biofilm in TSBg and belonged
to agr group L. The cluster 3 grouped strains showing a high
invasion rate in MAC-T cells and belonging to agr group L.
The cluster 4 grouped strains showing a high invasion rate
in MAC-T cells and belonging to agr group II. The cluster 5
grouped strains that were cap8-positive and tested
positive in vitro for CP8 ELISA, showed a low invasion rate
in MAC-T cells, formed weak or no biofilm in TSBg and
belonged to agr group II. Statistical significances were
included in the Table 3 and highlighted in bold
(p <0.0001).

4. Discussion

Although different properties associated with the
persistence of S. aureus in the host, especially the
mammary gland, have already been individually, or by
pair, explored, to our knowledge, this is the first study
correlating all features at the same time on such a large
collection of strains.

Although here presented as % of the initial inoculum,
the invasion rate values that we observed correspond to
those described in the literature (Boulanger et al., 2007;
Brouillette et al., 2003; Buzzola et al., 2007; Tuchscherr
et al.,, 2005). Thus, in accordance with the observation that
the presence of a capsule impedes cellular invasion
(Buzzola et al, 2007; Tuchscherr et al, 2005), we
confirmed that capsulated strains are less able than
acapsulated to invade and survive intracellularly. How-
ever, the fact that some capsulated isolates still show
internalization capacity further suggests that the absence
of capsule is not the only property facilitating invasion of
eukaryotic cells (for review, Tuchscherr et al., 2010).

We also correlated biofilm production to both the
capsule profile and the intracellular survival. Thus, NT-
strains or strains with an intracellular survival rate higher
than 2% were shown to be biofilm producers in TSBgc.
Inversely, more cap8/CP8-strains than expected or strains
with an intracellular survival rate lower than 2% do not
produce biofilm in TSBgc.

It should be noted that, although our statistical analysis
suggests a good correlation between the studied features,
even if performed in different media, our results could be
strengthened by analysis of bacteria grown in similar
conditions. It is besides quite intuitive to consider that milk
serum used in vitro reflects more closely the situation
encountered in vivo during mastitis. Further investigations
on capsular profile, intracellular survival and biofilm
formation will therefore be conducted on bacteria grown
in milk serum, or in classical medium supplemented with
different milk compounds, considering the potential
influence of these compounds on genes expression. Such
influence on biofilm production has already been demon-
strated for S. aureus (Melchior et al., 2009) but also for
other bacterial species, i.e. Streptococcus uberis (Mitchell
et al.,, 2010; Varhimo et al., 2011). Particularly, Melchior
et al. have shown that the growth media influences biofilm
formation. Indeed, they obtained different biofilm produc-
tion results in TSBgc and in milk serum. Moreover, they
observed that biofilm formation was higher for agr group I
strains than agr group II strains in TSBg, but lower for agr
group I strains than agr group Il strains in milk serum. Their
results in TSBg. are in agreement with our results. Thus,
the study of biofilm formation in milk serum for our
collection of strains would be particularly interesting.

In accordance with the literature (Boulanger et al.,
2007; Brouillette et al., 2003; Buzzola et al., 2007;
Tuchscherr et al., 2005), we further observed that more
agr group I strains show a high invasion rate (>2%), while
more agr group Il strains show a low invasion rate (<2%). In
parallel, we also highlighted that more agr group I strains
remain acapsulated (NT-strains), whereas more agr group
Il strains express CP8. However, as we did not assess the
functionality of the agr system of all strains of the
collection, we cannot determine whether the absence of
CP expression or the high invasion rate are directly linked
to regulation by the agr locus, or whether other factors,
such as those related to the culture medium used, could
play a role. In accordance with the literature, strains
belonging to agr group I produce biofilm in TSBg, while
conversely, more strains than expected belonging to agr
group II are non-producers in TSBgc.

Based on all these in vitro studied features, the
clustering of the strains allowed us to establish different
profiles that could be associated with specific niches
(intracellular or extracellular). Thus, we can assume that
cap5-positive strains belonging to agr group I, which in
vitro test negative for CP5 ELISA and show a high invasion
rate in MAC-T cells (cluster 2), could correspond to strains
adapted to the intracellular niche. Conversely, cap8-
positive strains belonging to agr group II, which express
CP8 in vitro and show a low invasion rate in MAC-T cells
(cluster 5), could correspond to strains better adapted to
the extracellular niche. We can hypothesized that strains



M. Bardiau et al./Veterinary Microbiology 169 (2014) 74-79 79

of the first group, probably adapted to an intracellular
niche, could lead to persistent infections by surviving
inside the host cells, and that strains of the second group,
probably adapted to an extracellular niche, could lead to
acute infections, more easily eliminated by the host. All the
intermediate cases (clusters 1, 3 and 4) could be related to
a certain probability of chronicity.

To further challenge these correlations of chronic
features, experiments will be now carried out on strains
whose case histories are known and whose chronic
tendency has been highlighted in vivo. Such confirmation
could lead to the development of a predictive algorithm-
based series of tests that would enable to predict the
chronic tendency of a given strain and would thus help the
farmer and/or the veterinarian to choose the best
therapeutic approach subsequently to a mastitis diagnosis.
Nevertheless, economical aspects of these kinds of tests
have to be evaluated and compared to the currently taken
measures in case of bovine mastitis.
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