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A B S T R A C T

Staphylococcus aureus is a bacterial pathogen causing bovine intramammary infections (IMIs) often leading to
chronic clinical or subclinical mastitis. Predicting the outcome of S. aureus IMIs (duration and clinical vs sub-
clinical) based on the characterization of isolates would help to make better case management decisions. For this
purpose, 583 S. aureus isolates from series of quarter milk samples were characterized by genotypic tests (de-
tection of virulence genes seg, tst, lukM), epidemiological typing (spa type) and by a phenotypic test (biofilm
production). VNTR typing (variable number of tandem repeats) was used to establish persistence of the same S.
aureus strain in each series of sequential isolates. This allowed to associate each strain to a clinical/subclinical
status and to validate the duration of infection. We found differences in the distribution of spa types between the
strains from clinical and subclinical cases. Prevalence of lukM was also higher in strains from clinical cases than
in strains from subclinical cases. A Kaplan-Meier analysis was then used to determine factors influencing the
duration of the infection. Considering a multivariable model of the logistic regression, time to elimination was
shorter with the strains of the subclinical lactation series compared to the clinical series (series with at least one
clinical case). Strains from the spa type t359 and t529 were less likely to persist compared to those of spa type
t13410. In sum, strain characterization including determination of the spa type helps to predict duration of
infection and the clinical or subclinical outcome of S. aureus IMIs.

1. Introduction

Intramammary infections (IMIs) leading to subclinical or clinical
mastitis represent a recurring problem with important economic and
animal welfare impacts on the dairy industry worldwide (Halasa et al.,
2007). In Canada, S. aureus is the most commonly isolated pathogen in
the context of both clinical and subclinical IMIs (Reyher et al., 2011).
This pathogen is also well known to cause chronic IMIs that are re-
fractory to treatment (Melchior et al., 2006). S. aureus infected quarters
are the main reservoir that allows the infection to propagate during
milking (Zadoks et al., 2002). Better management practices are needed
to prevent or control S. aureus IMIs.

One way to improve the efficacy of S. aureus control programs
would be to identify the strains that are either prone to cause clinical

symptoms or subclinical infections as well as those able to persist in the
mammary gland and to cause chronic infections. Identification of pro-
blematic strains could help make better management decisions at the
farm.

The persistence of the infection or the severity of the mastitis
symptoms is determined by multiple factors from the environment, host
and pathogen including the genotype and phenotype of the S. aureus
strain involved (Veh et al., 2015). Determining the clonal origin of S.
aureus strains could provide information on pathogen-associated factors
(Feil et al., 2003). Spa typing is a specific molecular method which
classifies S. aureus strains by sequencing the X polymorphic hy-
pervariable region of the staphylococcal protein A gene (spa) (Koreen
et al., 2004). This typing method is well standardized and allows to
compare S. aureus strains coming from different sources worldwide.
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Many bacteria including S. aureus have the ability to produce bio-
film. Biofilm is an extracellular matrix that can reduce opsonisation by
antibodies and phagocytosis. Furthermore, bacterial community in
biofilm are less susceptible to antibiotics (Costerton et al., 1999;
Jacques et al., 2010). Production of biofilm is tightly regulated by
multiple regulatory gene systems. The quorum-sensing system Agr is
one of the most influential regulatory systems that influences the for-
mation of biofilm in S. aureus (Arciola et al., 2015). The activation of
this system is proportional to the bacterial density and that of the au-
toinducing peptide (AIP) released in the environment by the bacteria
(Novick, 2003). Low activation of the Agr system reduces the dispersion
of the biofilm and thus promotes a more abundant production (Otto,
2013).

S. aureus have some virulence factors that help the establishment of
an IMI (Sutra and Poutrel, 1994). They can be grouped in multiple
categories like hydrolytic enzymes, hemolysins and leukocidins (cyto-
lysins), and enterotoxins/superantigens. Enterotoxins like the staphy-
lococcal enterotoxin G (SEG) and the toxic shock syndrome toxin (TSST-
1) are superantigens that disturb the host immune response by causing
a non-specific polyclonal activation of immune cells (Dinges et al.,
2000). Leukocidin LukMF’ is a two-component pore-forming cytolysin
(Fromageau et al., 2010). Bovine neutrophils express a high quantity of
CCR1 receptors at their surface, which are the targets of the LukMF’
leukocidin and that make them vulnerable to lysis by this toxin
(Vrieling et al., 2015).

Using S. aureus isolates from series of quarter milk samples, the
objective of this study was to identify S. aureus genotypic and pheno-
typic characteristics modulating the duration of IMIs and manifestation
of clinical or subclinical mastitis. To our knowledge, this study is the
first of its kind because it compares series of quarter milk samples and
associated isolates rather than single mastitis episodes and isolates, and
also because it uses time survival analyses to determine bacterial factors
associated with the duration of IMIs.

2. Material and methods

2.1. Bacterial isolates collection

Five hundred eighty four S. aureus isolates from quarter milk sam-
ples were characterized in the study. All isolates came from the
Canadian Bovine Mastitis and Milk Quality Research Network Mastitis
Pathogen Culture Collection (Faculté de Médecine vétérinaire,
Université de Montréal, St-Hyacinthe, QC, Canada). As described in
Reyher et al. (2011), the isolates were collected over a two-year period
from 91 herds in the National Cohort of Dairy Farms from four different
regions of Canada (Atlantic provinces, Quebec, Ontario, Western pro-
vinces). All S. aureus isolates coming from quarter samples with at least
one colony of S. aureus from a 10-μL milk sample (100 cfu/ml) were
kept in the mastitis pathogen culture collection. S. aureus isolates were
Gram-positive cocci showing a positive catalase test, hemolysis on
blood agar, and positive nuclease and coagulase tests (Reyher et al.,
2011). All S. aureus isolates were archived with related data both at the
farm and cow levels.

2.2. Types of quarter milk samples

Quarter milk samples were collected on several occasions during the
two-year period: 1) during lactation, 2) prior to dry-off and after cal-
ving, and 3) when a clinical mastitis case was observed. More precisely,
during lactation, quarter milk samples (termed lactation samples) were
collected and consisted of 3 samplings, 3 weeks apart, during each of 3
periods of the year. Also, during one period of the year, 7 weekly lac-
tation samples were taken. All this was done for 15 cows per herd (10
randomly selected and 5 that had most recently calved) with always the
first lactation sample of the series taken on apparently healthy cows (no
abnormal milk). Any quarter that presented clinical mastitis (clinical

samples) during the sampling scheme (abnormal milk or a swollen
quarter and/or sick cow) were recorded and samples were thereafter
collected as a clinical case series. In such cases, quarter milk samples
were repeated 2–3 weeks and again 4–5 weeks after diagnosis. In ad-
dition, within each herd, the first 15 cows to be dried off were sampled
once between 4 to 2 weeks before dry-off and another time before dry-
off (both termed dry cow samples), another sample was taken within
24 h of calving and one last sample was taken 1–2 weeks after calving
(both termed fresh cow samples). Any quarter that presented clinical
mastitis was thereafter treated as a clinical case. Quarter sample series
with no clinical case were named subclinical series (subclinical sam-
ples). The somatic cell count (SCC) was available for most of the quarter
samples. The SCC were measured by the Fossomatic method as de-
scribed in Reyher et al. (2011).

Variable number of tandem repeats (VNTR) typing is described
below and was used to infer the persistence of the same S. aureus strain
in a quarter series of sequential isolates. This allowed to associate a
specific strain to a clinical/subclinical status and a duration of infec-
tion. The duration of IMI (or the time for elimination of S. aureus) is
defined further below. Complete characterization of S. aureus was
performed on the first isolate of the quarter series.

2.3. Extraction of gDNA

The isolates were inoculated in 3ml of brain heart infusion (BHI)
(BD, Mississauga, ON, Canada) and incubated overnight. Genomic DNA
was extracted using the kit Gen Elute kit according to manufacturer’s
recommandations (Sigma-Aldrich Canada, Oakville, ON, Canada) with
few modifications. Lysostaphin incubation was increased from 30min
to 1h30 and proteinase K incubation time was increased from 10min to
30min.

2.4. Determination of the duration of infection by VNTR typing

The duration of the infection was determined by the time between
samples having the first and the last isolates of the quarter milk series
showing an identical VNTR profile. If their VNTR profiles differed, the
other isolates of the series were also VNTR typed looking for sequential
isolates showing the same VNTR profile thus redefining another series
and duration of infection. The VNTR test was previously described by
Sabat et al. (2003). The primers used were targeting the clumping
factor genes A and B (clfA and clfB), staphylococcal protein A (spa), V8
serine protease (ssp) and Ser-Asp-rich fibronectin-binding protein
(srdCDE) (Table 1). All VNTR PCR were performed using the GeneAmp
PCR system 2700 (Life Technologies, Burlington, ON). The PCR reac-
tion final volume was 25 μL and was composed of 1× PCR buffer with
MgCl2 (New England BioLabs [NEB] Inc., Pickering, ON, Canada),
0.8 mM dNTP (Bioshop, Burlington, ON); 1.5mM MgCl2 (NEB); final
primer concentration was 160 nM except for the clfB primers which
were at 80 nM; final concentration of the Taq DNA polymerase (NEB)
was 0.025 U/μl. The cycling settings were 5min of denaturation at
94 °C; 20 cycles of amplification with 30 s at 90 °C, 30 s at 55 °C and 30 s
at 72 °C; 5min elongation at 72 °C. The amplicon was migrated on a
1.5% agarose gel, stained with bromide ethidium, visualized with a UV
transmitter and photographed. As mentioned above, the duration of
infection was determined by the time between samples having the first
and the last isolates of the quarter milk series showing an identical
VNTR profile, and only the first isolate of the quarter series with such a
validated infection duration was then used for further characterization
of the S. aureus strain (no duplication of isolates).

2.5. Spa typing

The polymorphic X region of the spa gene was amplified using the
primers spa-1113f and spa-1514 r (Table 1), as describe by Aires-de-
Sousa et al. (2006). The PCR reaction was previously described in Veh
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et al. (2015). The presence of the amplicon was confirmed on a 1%
agarose gel and then sequenced at the Plateforme d’Analyses Biomolé-
culaires de l’Université Laval (Quebec, QC, Canada). The sequences were
analyzed with the software Bionumerics v5.10 (Austin, TX, USA). The
spa plug-in was used to compare the sequence obtained to the spa da-
tabase server (http://www.spaserver.ridom.de/). One specific spa type
was assigned to each strain.

2.6. Virulence gene PCR

The presence of the virulence genes seg, tst and lukM was detected
by PCR. Detection of the gene femA was used as a positive control. FemA
encoded for the biosynthesis of a cell-wall protein that is universally
carried by S. aureus (Mehrotra et al., 2000). All primer sequences are
presented in Table 1. One PCR multiplex (tst and femA genes) and two
additional simplex PCR (seg and lukM genes) were performed. The final
volume for each PCR reaction was 25 μl and consisted of 1X PCR buffer
(NEB), 0.4 mM of dNTP (Bioshop), 80 nM of each primer for simplex
PCR and 40 nM of each primer for the multiplex PCR; 0.025 U/ μL Taq
DNA polymerase (NEB). All the PCR reactions were performed on the
GeneAmp PCR system 2700 (Life Technologies). The cycling conditions
were 4min à 95 °C for initial denaturation, 35 cycles of 30 s at 95 °C
followed by 30 s at primer specific temperature (Table 1) and 1min at
68 °C. A final extension of the product was performed for 10min at
68 °C. The gDNA of the S. aureus strain N315 was used has a positive
control for the presence of seg and tst genes. S. aureus strain RF122 was
used has a positive control for the lukM gene.

2.7. Biofilm production in vitro

S. aureus strains were grown on BHI agar supplemented with 0.25%
glucose and were incubated overnight at 35⁰C. For each strain, a 0.5
McFarland standard suspension was prepared in BHI supplemented
with 0.25% glucose. One hundred μl of each suspension were in-
oculated in a flat bottom cellular culture treated 96-well plates in
quadruplicate. The plates were then incubated at 35⁰C for 24 h. After
incubation, plates were washed three times with 200 μL of PBS, then air
dried and stained with a 0.01% (w/v) crystal violet (Sigma-Aldrich
Canada, Oakville, ON, Canada) solution for 30min. The plates were
washed with distilled water twice and the biofilm was dissolved in
100% ethanol. The absorbance was measured at 540 nm by spectro-
metry (Bio-Tek Instruments, Winooski, VT). Each strain’s biofilm pro-
duction was normalized to the biofilm production of strain Sa2539
(value of 1.00), which produces a stable and moderate amount of bio-
film. For each strain, biofilm quantification was performed three in-
dependent times. The means of the biofilm production from the strains
were used for the subsequent statistical analysis.

2.8. Statistical analysis

2.8.1. Case-control study with clinical cases against series without any
clinical case

The case group contained all the quarter series (with isolates of the
same VNTR profile) showing at least one clinical case during the sam-
pling period. The strains from these series were compared to a control
group, which contained all series showing no manifestation of clinical
mastitis in the series, although a S. aureus strain was detected in the
series samples (subclinical mastitis). The distribution of the spa type
between strains causing clinical and subclinical mastitis was compared
using the Pearson chi-square test (x2). The distribution of virulence
genes in the strains of the case and control groups was also compared
using x2 test. The production of biofilm was compared using Wilcoxon
signed rank test.

2.8.2. Kaplan-Meier (time survival) analysis
The samples used for this statistical test were all the samples for

which the duration of infection was validated by VNTR typing. The time
of elimination of the S. aureus strain responsible for a quarter series was
defined as the time from the first positive sample to the last positive
sample followed by at least two negative samples. If the elimination
was not confirmed, right-censoring was applied at the last observation
available. In this case, the data were considered to be type 2 interval
censored (Huang and Wellner, 1997). Survival analysis with non-
parametric likelihood estimators of the survivor distribution was used
to estimate the time of elimination (Gentleman and Geyer, 1994). The
time of survival analysis compared sample types, S. aureus spa types,
possession or not of virulence genes, and biofilm production. Weighted
log-rank tests were applied on the variables (Sun, 1996).

Parametric regression proportional hazard models for interval cen-
sored data with Weibull baseline distribution were fit separately for
sample type, spa type, biofilm production, virulence genes, and also
within a model considering all of them.

All statistics were realized with R version 3.3.1 (R Core Team,
2015), and add-on packages, notably packages interval (Fay and Shaw,
2010) and icenReg (Anderson-Bergman, 2016).

3. Results

3.1. Description of the S. aureus isolates

In total, 353 distinct quarter series with at least one isolation of S.
aureus were compared. From these 353 quarter series, there was 119
series composed of a single positive isolate of S. aureus, which was
thereafter eliminated from the quarter based on two following samples
testing negative for S. aureus. The duration of infection associated to

Table 1
Primer names and sequences, expected sizes of amplicons, and PCR conditions used to characterize S. aureus strains.

Primer name Primer sequencea Product size (bp) PCR hybridization temperature Reference

seg Fwdb,c AATTATGTGAATGCTCAACCCGATC 642 50°C Jarraud et al. (2002)
seg Revb,c AAACTTATATTGGAACAAAAGGTACTAGTTC
tst Fwdb,d TTCACTATTTGTAAAAGTGTCAGACCCACT 180 50°C Jarraud et al. (2002)
tst Revb,d TACTAATGAATTTTTTTATCGTAAGCCCTT
femA Fwdb,d ACAGCTAAAGAGTTTGGTGCCTIIIIIGATAGCATGC 729 50°C Jarraud et al. (2002)
femA Revb,d TTCATCAAAGTTGATATACGCTAAAGGTIIIIICACACGGTC
lukM Fwdb,c TGGATGTTACCTATGCAACCTAC 780 55 °C Veh et al. (2015)
lukM Revb,c GTTCGTTTCCATATAATGAATCACTAC
spa-113fe TAAAGACGATCCTTCGGTGAGC 100– 442 63°C Aires-de-Sousa et al. (2006)
spa-1514 re CAGCAGTAGTGCCGTTTGCTT

a Fwd= forward; Rev= reverse.
b Used for the detection of virulence genes.
c Used in simplex.
d Used in multiplex PCR.
e Used for spa typing.
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those 119 isolates was the short time extending from the first S. aureus-
positive sample to the next sampling, which was negative. Besides those
119 single-isolate series, 234 quarter series could have up to 18 isolates
(collected from 18 quarter milk samples). For those multiple-isolate
series, 234 pairs of isolates were formed with the first and the last
isolates of the series to validate the persistence of the same strain in
each series using VNTR typing. This validation thus determined the
duration of infection for strains from multiple-isolate series (see below).

3.2. Validation of persistent strains from quarter series by VNTR typing

As mentioned above, VNTR typing was performed to determine the
duration of the S. aureus IMIs for multiple-isolate series. The infection
was considered to be persistent if the VNTR profiles for the first and last
quarter series isolates were the same. If the first and last isolates pre-
sented different profiles, the whole series of isolates was VNTR typed to
validate the exact duration of the infection by a specific strain. In total,
from the 234 pairs of isolates studied, 195 pairs showed a persistent
strain based on VNTR typing (195 quarter series having a S. aureus
strain with a validated duration), meaning that 39 pairs were composed
of isolates with different VNTR profiles (possible reinfection with a
different strain or a co-infection). The characteristics of the first isolate
of the pairs with a validated duration (195 persistent strains) were
compared to the characteristics of the 119 short-duration strains from
the single-isolate series and were all included in the Kaplan-Meier (time
survival) analysis.

3.3. Spa typing

The compilation of all spa types found for each of the first strain of
the 353 studied series is reported in Table 2. There were 22 different spa

types found among these strains and 57 strains were non typable (no
PCR amplification). A novel spa type with 14 repeats was discovered in
the series (t16275). The main spa types (n ≥ 10), were t529 (n= 115),
t267 (n= 67), t359 (n=36), t605 (n= 18), t2445 (n=11) and
t13401 (n=10). The distribution of the spa types based on the sample
type (lactation-subclinical, lactation-clinical, dry cow, fresh cow) did
not differed when considering all spa types (Pearson test, p > 0.1), but
differed if comparing the 6 main spa types and a group formed of the
non typable strains together with all minor spa types (p < 0.05).

3.4. Virulence genes

The distribution of the virulence genes for each of the first strain of
the 353 series is presented in Table 2. The non typable strains (n=57)
were not characterized for a total of 296 strains tested for seg and tst and
294 strains tested for lukM (two additional strains also not tested).
Among all the S. aureus strains tested, 31.8% were positive for seg
(n= 94). The presence of virulence genes varied with specific spa types.
The seg positive strains were mainly found in spa type t529 (82/94,
87.2%). The second and third most populated spa types, t267 and t359,
only included 2.1% and 6.4% of the seg positive strains, respectively.

For the tst gene, only 11 strains were positive, which is too few to
find a strong statistical significance.

The gene lukM gene was present at a higher rate than seg with
78.6% of all tested strains being positive (231/294 strains). The three
main spa types (t529, t267 and t359) included 44.6%, 25.5% and 13.9%
of the lukM positive strains found in the study, respectively.

3.5. Biofilm production

The ability to produce biofilm in vitro was investigated by the crystal

Table 2
Spa type, virulence genes and biofilm production of the first S. aureus strain of each quarter series, which were also classified by sample type (subclinical, clinical, dry-
cow, fresh-cow).

Type of S. aureus straina (n=353)b Virulence gene

Spa type n Subclinical
(n=137)

Clinical
(n= 82)

Dry cow
(n= 79)

Fresh cow
(n=55)

seg lukM tst Biofilm productionc

t529 115 38 32 25 20 82 103 9 1.02
t267 67 27 15 12 13 2 59 1 1.10
NTd 57 27 8 15 7 NAe NAe NAe NAe

t359 36 13 14 1 8 6 32 0 1.09
t605 18 8 1 9 0 0 1 1 2.18
t2445 11 3 4 4 0 0 11 0 0.59
t13401 10 5 1 2 2 0 2 0 3.59
t3380 9 3 2 3 1 0 8 0 1.11
t521 7 1 4 1 1 1 6 0 1.21
t1965 5 3 1 1 0 1 5 0 0.70
t1166 3 2 0 0 1 0 0 0 0.91
t11215 2 2 0 0 0 0 0 0 4.13
t1190 2 1 0 1 0 0 2 0 0.83
t1236 2 1 0 0 1 0 1 0 1.32
t015 1 0 0 0 1 1 0 0 1.26
t021 1 0 0 1 0 1 0 0 4.11
t10610 1 0 0 1 0 0 0 0 2.33
t12186 1 0 0 1 0 0 1 0 5.22
t16275 1 1 0 0 0 0 0 0 4.31
t127 1 0 0 1 0 0 0 0 3.68
t177 1 0 0 1 0 0 0 0 2.58
t224 1 1 0 0 0 0 NAe 0 NAe

t9129 1 1 0 0 0 0 NAe 0 NAe

a Based on sample type (lactation-subclinical, lactation-clinical, dry cow, fresh cow).
b There were 353 quarter series studied and the first S. aureus strain of each series was spa typed. The non typable strains (n= 57) were not further characterized

for a total of 296 strains tested for seg, tst and biofilm production and 294 strains tested for lukM.
c Data presented are the median values for all the strains of the indicated spa type. Each strain’s biofilm production was normalized to the biofilm production of

strain Sa2539 (value of 1.00), which produces a stable and average amount of biofilm.
d NT, non typable (no amplification of spa by PCR).
e NA, not available.
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violet staining method. A total of 296 out of the first strains of the 353
series were compared (the non-typable strains were excluded). The
median of biofilm production for each spa type is shown in Table 2. The
distribution of biofilm production for the six main spa types is presented
in Fig. 1. Biofilm production was different among the six main spa types
(p < 0.001). More specifically, spa type t13401 produces more biofilm
than all the other main spa types (p < 0.001), excepted for t605. The
spa type t605 produces more biofilm than t529, t267, t359, and t2445
(p < 0.001). The spa type t2445 also produces less biofilm than t267
(p < 0.001), t359 (p < 0.01), and t529 (p=0.01) (Fig. 1).

Biofilm production was also compared according to the presence or
absence of virulence genes. The seg positive strains produce less biofilm
than the seg negative strains (p < 0.01). The tst and lukM positive
strains produce less biofilm than the tst and lukM negative strains, re-
spectively (p < 0.001). It is noteworthy that the high biofilm producer
spa types t605 and t13401 mostly do not possess the lukM gene
(Table 2).

3.6. Strain characteristics and association with a clinical episode within a
series

All quarter milk series with at least one case of clinical mastitis (106
series, case group) were compared to all quarter milk sample series
without any case of clinical mastitis (247 series, control group). The
descriptive statistics showed a different spa type distribution between
the subclinical and clinical series (p < 0.05) (Table 3). The presence of
virulence genes among strains of those two groups was also compared.
A significant difference was found with the presence of the lukM gene.
The series with at least one clinical mastitis episode included 94% of
lukM positive strains compared to the subclinical mastitis series with
80% of lukM positive strains (p < 0.01) (Table 3).

In the logistic regression model for this case-control study, the only
factor that was significantly different was the biofilm production in vitro
(p= 0.05). The conclusion was that for each log of biofilm production,
there was a 97% increased chance to have clinical mastitis.

3.7. Time survival analysis

Time survival analysis according to the presence/absence of viru-
lence genes showed no significant difference when each virulence gene
was considered alone (Fig. 2A and B). Note that no time survival ana-
lysis was performed with the tst gene as a variable since there were too

few positive strains.
For the time survival analysis according to biofilm production,

strains were divided between the strong biofilm producers, which
produce more biofilm than the median of the overall dataset, and the
weak biofilm producers, which produce less biofilm than the median of
the overall dataset. The time to elimination of those two groups (high
and low biofilm producers) was then investigated. No difference could
be observed for the time to elimination with only the biofilm as the
main factor (Fig. 2C).

Time survival analysis, according to the sample type and spa type,
also did not show any statistical difference between these categories
(Fig. 3A and 3B).

The survival analysis was then followed by a logistic regression,
which included all variables (type of samples, spa type, biofilm pro-
duction, presence of virulence genes). In this multivariate model of the
logistic regression, time to elimination was shorter with the strains of
the lactation-subclinical series when compared to the lactation-clinical
series (p < 0.05), with the strains in the clinical samples having an
increase of 48% in the possibility that the bacteria persist longer than
the strains from the subclinical samples. Strains from the spa types t359
(p < 0.05) and t529 (p < 0.05) were 4.47 and 3.50 times more likely
to be eliminated from the quarters than strains from spa type t13401,
respectively.

3.8. Somatic cell counts

The somatic cell count (SCC) is routinely used to evaluate udder
health and to detect possible IMIs. The SCC was available for most of
the quarter samples in this study. Lactation-subclinical samples were as
expected associated with a lower log SCC (5.5) compared to lactation-
clinical (8.1), dry-cow (6.5) and fresh-cow (8.2) samples (p < 0.001).
Interestingly, persistent strains (> 100 days within a quarter) were
associated with samples having higher log SCC compared to samples
associated with strains that were eliminated (≤100 days within a
quarter) with 7.4 log vs 5.5 log cells/ml of milk, respectively
(p < 0.001). Note that these values are the specific quarter milk
sample SCC from the first sample of the series (i.e., of the quarter
sample from which the first isolate of the series came from).

4. Discussion

Currently, the only answer dairy producers receive from the bac-
teriology performed on milk samples is the species of bacteria that is
found. This information does not provide the dairy producer and the

Fig. 1. Boxplots of the biofilm production in vitro for S. aureus strains of the
major spa types (n ≥ 10). Each dot represents one strain. The horizontal bar
represents the median of biofilm production for each spa type. The boxes re-
present the interquartile interval. Biofilm production was different among the
six main spa types (p < 0.001). More specifically, spa type t13401 produces
more biofilm than all the other main spa types (p < 0.001), excepted for t605.

Table 3
Descriptive comparison of S. aureus strains associated with quarter sample
series with subclinical and clinical cases.

Strain
characteristic

Series with only
subclinical cases
(n=247)

Series with at
least one
clinical case
(n= 106)

p value1

n (%) n (%)

spa type t529 74 (30.0) 41 (38.7) P < 0.05
t267 46 (18.6) 21 (19.8)
t359 22 (9.0) 14(13.2)
t605 17 (6.8) 1 (0.9)
t13401 7 (2.8) 3 (2.8)
t2445 5 (2.0) 6 (5.7)
Others
and NT2

76 (30.8) 20 (18.9)

Superantigen
gene

seg 86 (33.6) 29 (35.4) p > 0.1
tst 12 (5.2) 4 (4.9) p > 0.1

Presence of lukM 161 (80.0) 75 (94.0) P < 0.01

1 Pearson test.
2 Include strains with minor spa types (n<10) as well as non typable (NT)

strains (those with no PCR amplification for spa).
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accompanying veterinarian with guidance for their decision to treat or
not the S. aureus infection or to cull the infected animal. The objective
of this study was to identify genotypic and phenotypic characteristics of
S. aureus strains that could be associated to clinical or subclinical
mastitis or that could be used to predict the duration of S. aureus IMIs.

Such a knowledge would certainly help case management decisions.
The spa typing method is frequently used to characterize S. aureus

isolates. Studies compared this technique to other typing methods like
pulse field gel electrophoresis (PFGE) and found that spa typing was as
good as such a technique to discriminate S. aureus strains of different
clonal origins (Rodriguez et al., 2015). The spa types found in the
present study were similar to those found in other studies conducted on
Canadian bovine IMI strains (Said et al., 2010; Veh et al., 2015). The
three main spa types encountered in this work (t529, t267 and t359)
were also recovered from other IMI cases around the world (Bar-Gal
et al., 2015; Cremonesi et al., 2015). The present work associated some
genotypic and phenotypic features to specific spa types, like the high
percentage of seg positive strains among t529. The ability to produce
biofilms in vitro was also different between spa types. We however
noticed several non typable strains in this study. An alternative typing
method could have been the use of a 14-loci VNTR typing approach
(Pourcel et al., 2009), which could have perhaps segregate some of the
non typable strains. In addition, PCR amplification of the 16S–23S
rRNA intergenic spacer was used successfully to identify S. aureus
strains that are highly contagious (e.g., genotype B) as detected in some
countries in Europe (Cosandey et al., 2016).

Biofilm production gives the ability to bacteria to resist against a
multitude of hazards. It gives protection against antibiotics that have
difficulty to reach the inner layer of the biofilm (Davies, 2003). The
inner layer is also populated with bacteria with a slower metabolism
that are less susceptible to antibiotics (Huang et al., 1995). The efficacy
of the host immune system is also severely impaired by the presence of

Fig. 2. Kaplan-Meier plots of the survival probability and duration of IMIs
(days) for (A) the presence or absence of the lukM gene, (B) the presence or
absence of seg gene, and (C) the S. aureus strains which produce more biofilm
than the overall median and the strains that produce less biofilm than the
median.

Fig. 3. Kaplan-Meier plots of the survival probability and duration of S. aureus
IMIs (days) for (A) the types of samples (lactation-subclinical, lactation-clinical,
dry-cow, and fresh-cow samples), and (B) the main spa types.
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biofilms (Domenech et al., 2013; Hernandez-Jimenez et al., 2013). In
this study, the virulence gene seg was strongly associated with lower
biofilm production. The same observation was made with the other
virulence genes tst and lukM. Overall, the presence of these virulence
genes is associated with a lower production of biofilm. On the other
hand, we found in the logistic regression of the case-control study that
isolates with a higher production of biofilm were more inclined to cause
symptoms (clinical mastitis). The strains causing clinical mastitis had
1.48 more chance to persist (longer time to elimination from the
quarter) than strains from the lactation series causing only subclinical
mastitis. Whether or not biofilm increases the chance to provoke clin-
ical symptoms by promoting persistency of S. aureus needs to be in-
vestigated further.

The leukocidin MF’ is a leukocidin mostly present in bovine-asso-
ciated strains of S. aureus (Hata et al., 2008; Haveri et al., 2007).
Vrieling et al. (2015), demonstrated that the pore-forming toxin leu-
kocidin MF’ specifically targets the CCR1 receptor, which is abundant
on the surface of bovine neutrophils, to promote efficient killing. When
comparing S. aureus strains from clinical and subclinical mastitis cases,
we found that the isolates from clinical samples have a higher per-
centage of lukM positive strains (94% vs 80%). Although this difference
appears to be small, this finding is reinforced by the recent study of
Hoekstra et al. (2018), which showed that isolates producing high le-
vels of lukMF’ were cultured significantly more frequently from clinical
than subclinical mastitis cases. The presence of lukM alone does not
provoke inflammation (Fromageau et al., 2011), but the presence of the
leukocidin may help in the establishment of the infection. The spa types
that more frequently do not have the lukM gene produce more biofilm.
This may indicate that there is more than one efficient strategy for
establishing an IMI, such as low biofilm producers may need the leu-
kocidin to protect themselves from the immune system of the host,
whereas high biofilm producers may succeed without the presence of
such a virulence factor.

Several studies attempted to identify “the” critical bacterial factor
leading to a clinical or subclinical manifestation of bovine IMIs (Le
Marechal et al., 2011; Ote et al., 2011; Wolf et al., 2011). The present
study utilized a broader approach by using quarter sample isolate series
taken from fresh cows, through lactation and up to the dry period.
Hence, the characteristics of strains from quarter milk series with at
least one clinical mastitis case were compared to strains from the
quarter milk series without any case of clinical mastitis. Also, for the
first time, a wide range of S. aureus strains and sample types was used in
a time survival analysis in an attempt to associate the strains’ char-
acteristics to the duration of IMIs. However, the longitudinal study
previously performed to investigate bovine IMIs among Canadian dairy
farms (Reyher et al., 2011), and from which we retrieved the isolates
and associated data, was not specifically designed to completely sup-
port our time survival analysis. For instance, we needed to reconstruct
each quarter milk series in a chronological order to use them in a time
survival analysis. This means that the time gaps between the isolates
varied among the series that were compared and unexpected events
may have happened during those inconstant time gaps. For example,
between samples, the infection could have been cured and a new in-
fection could have occurred with the same strain. The duration of in-
fection or time to elimination may be falsely increased in those cases.
Even with such restrictions, the time survival analysis gave us inter-
esting insights into strains that are more prone to persist (longer time to
elimination from the quarter) than others.

In a previous study done by our team, the presence of the gene
coding for enterotoxin G (seg) in S. aureus strains causing subclinical
mastitis were correlated to a lesser chance to persist by 66.0% during
the lactation period (Veh et al., 2015). In that study, persistence was
strickly evaluated over the lactation period (subclinical cases only) or
over the dry-off period, which were generally shorter periods than those
investigated in the present study. In the present study, the duration of
infection could be set as a numerical value (numbers of days infected),

included strains from both subclinical and clinical cases as well as from
dry-cow and fresh-cow type samples and was observed over a longer
period of time. By observing over a longer period of infection and by
including clinical cases, the mere presence of the seg gene did not re-
duce the overall persistence of the S. aureus strains during lactation.

Time survival analyses performed according to the presence or ab-
sence of specific virulence genes, overall biofilm production or spa types
showed no significant difference when these characteristics were con-
sidered by themselves. In fact, differences were only observed when the
logistic regression combined all the variables in one statistical test. This
indicates that to determine the duration of infection by a particular S.
aureus strain, multiple variables must be considered. In the multi-
variable logistic regression model, strains from clinical-lactation type
samples were more persistent than subclinical-lactation strains. Some
studies showed that a higher SCC increases the chance of persistence of
the infection (Pinzon-Sanchez and Ruegg, 2011). We also found this
tendency, because persistent strains (> 100 days within a quarter) were
associated to samples having higher log SCC compared to strains that
were eliminated (≤100 days). Another factor or variable that could
have been examined is antibiotic resistance that could of course con-
tribute to persistence when antibiotic treatment is involved. Indeed, in
a recent study (Ster et al., 2017), we compared isolates that persisted
after three different types of extended therapies and showed that a
reduced antibiotic susceptibility may have a role in persistence. How-
ever, because this previous study showed that persistence could occur
for most of the isolates despite antibiotic susceptibility, we decided not
to determine the susceptibility profile of the 353 isolates used in the
present study.

Interestingly, the logistic regression model showed that the spa
types t529 and t359 were predicted to have more chance of being
eliminated than the spa type t13401. Those two spa types possess more
virulence genes and produce less biofilm than t13401. Other factors not
quantified in this study may also influence the persistence of strains, but
for these spa types a difference in survival could be found. These ob-
servations indicate that spa type could be suited to identify persistent
strains but more work is needed to obtain more precise prognostic
guidelines. For this purpose, a prospective study where cows would be
sampled at the start of the first lactation, at regular intervals, and for
more than one lactation would allow a better follow-up and thus a more
accurate survival analysis.

In this study, S. aureus phenotypic and genotypic characteristics
were evaluated to predict the duration of IMI. Duration of infection
according to the spa types should be further investigated as a prognostic
tool to help udder health management decision-making. However, the
bovine host genetic and immune status, and the influence of the en-
vironment and of management practices are also factors that could help
prediction. Barkema et al (2006) showed that cow and quarter level
factors such as parity and the position of the quarter (front vs rear) can
affect the outcome of S. aureus IMI. Management practices such as the
duration of antibiotic treatment can also have an impact on the cure
rate. Host factors and management practices were out of the scope of
this study but will have to be considered as determining factors in fu-
ture studies.
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