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ABSTRACT

Staphylococcus aureus is an important cause of bo-
vine mastitis, and intramammary infections caused by
this pathogen are often characterized as mild, chronic,
or persistent. The strains of Staph. aureus associated
with mastitis belong to several distinct bovine-adapted
bacterial lineages. Studies of host-pathogen interac-
tions have demonstrated that significant differences
exist between Staph. aureus strains and lineages in
their ability to internalize and to elicit expression of
chemokines and pro-inflammatory mediators in bovine
cells in vitro. To determine the effect of bacterial strain
on the response to intramammary infection in vivo,
14 disease-free, first-lactation cows were randomly al-
located to 2 groups and challenged with Staph. aureus
strain MOKO023 (belonging to CC97) or MOK124 (be-
longing to CC151). Clinical signs of infection, as well
as somatic cell count (SCC), bacterial load, IL-8 and
IL-18 in milk, anti-Staph. aureus IgG in milk and se-
rum, anti-Staph. aureus IgA in milk, and white blood
cell populations in milk and blood were monitored for
30 d after the challenge. Cows infected with MOKO023
generally developed subclinical mastitis, whereas cows
infected with MOK124 generally developed clinical
mastitis. Milk yield was reduced to a greater extent
in response to infection with MOK124 compared with
MOKO023 in the first week of the study. Significantly
higher SCC, IL-8, and IL-1f in milk as well as higher
anti-Staph. aureus IgG and IgA in milk and anti-Staph.
aureus IgG in serum were also observed in response
to MOK124 compared with the response to MOKO023.
Higher proportions of neutrophils were observed in
milk of animals infected with MOK124 than in animals
infected with MOKO023. Higher neutrophil concentra-
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tion in blood was also observed in the MOK124 group
compared with the MOKO023 group. Overall, the results
indicate that the outcome of mastitis mediated by
Staph. aureus is strain dependent.

Key words: bovine mastitis, strain-specific immune
response, Staphylococcus aureus

INTRODUCTION

Mastitis is an inflammation of the mammary gland
that may be clinical or subclinical and of infectious or
noninfectious origin. Somatic cell count is the current
industry standard for detection of subclinical bovine
mastitis, mostly measured on composite milk from all
4 quarters. Regular individual cow milk recording is
recommended to prevent the spread of mastitis patho-
gens (Brightling et al., 2009; Osteras and Seglverad,
2009; AHI, 2011). Both clinical and subclinical mastitis
have been associated with significant economic losses
due to the cost of veterinary intervention, discarded
milk, a reduction in milk volume and quality, loss of
milk premiums, and premature culling of chronically
infected cows (Halasa et al., 2007). Clinical mastitis
in the United States has been estimated to cost $444
per case (Rollin et al., 2015). In Ireland, subclinical
mastitis, defined as an increase in SCC from 100,000 to
> 400,000 cells/mL, was associated with a reduction in
the value of raw milk by €0.0096 per liter and a total
loss of €51.3 million per year to the Irish dairy industry
(Geary et al., 2014).

Staphylococcus aureus is the most common pathogen
associated with mastitis in Ireland, isolated from 23
and 21% of milk samples from clinical and subclinical
cases, respectively (Barrett et al., 2005; Keane et al.,
2013). It is also the main cause of mastitis in Norway
(Osteras et al., 2006), Sweden (Persson et al., 2011),
and the Netherlands (Barkema et al., 1998). Mastitis
caused by Staph. aureus is often characterized as mild,
chronic, or persistent (Bannerman et al., 2004). Re-
occurrence of Staph. aureus infections after antibiotic

8453


https://orcid.org/0000-0003-1149-3923
https://orcid.org/0000-0001-5624-1338
https://orcid.org/0000-0003-1400-1859
https://orcid.org/0000-0002-9507-2191
https://orcid.org/0000-0001-6651-0482
mailto:Nola.Leonard@ucd.ie

Niedziela et al.: IM RESPONSES TO DISTINCT STAPH. AUREUS STRAINS

treatment (Ster et al., 2017) or recovery from infection
(Zadoks et al., 2001) makes this pathogen difficult to
eradicate in dairy herds.

Host factors, such as cow breed or the ability of
an animal to mount an immune response, have been
investigated for their associations with variations in
responses to Staph. aureus mastitis (Bannerman et al.,
2008; Benjamin et al., 2015). Pathogen factors have
also been studied, such as the ability of Staph. aureus
to induce an immune response (Bannerman et al., 2004;
Petzl et al., 2008; Petzl et al., 2016) or the ability of
small colony variants of Staph. aureus to cause disease
(Atalla et al., 2009). Both host and pathogen factors
influence progression and outcome of Staph. aureus
mastitis. To elucidate the molecular mechanisms of
infection by Staph. aureus, in vitro studies have been
conducted, investigating the immune response to Staph.
aureus in bovine mammary epithelial cells (bMEC;
Zbinden et al., 2014; Giinther et al., 2016), bovine mac-
rophages (Giinther et al., 2016), and bovine fibroblasts
(Benjamin et al., 2015). Of these studies, only 1 used
more than a single Staph. aureus strain (Zbinden et
al., 2014). The results of several in vitro studies, taken
together, suggest that differences exist between strains
of Staph. aureus in their ability to internalize within
bMEC and to elicit expression of chemokines and in-
flammatory mediators in bMEC (Zbinden et al., 2014;
Bardiau et al., 2016).

Strains of Staph. aureus can be characterized using
molecular methods such as multi-locus sequence typing
(Enright et al., 2000). Related sequence types (ST) are
grouped into lineages or clonal complexes (CC). Irish
clinical mastitis Staph. aureus isolates predominantly
belong to 4 main lineages: CC71, CC97, ST136, and
CC151, which account for 33, 18, 11, and 33% of iso-
lates, respectively (Budd et al., 2015). These lineages
differ genotypically and phenotypically (Budd et al.,
2016).

We recently investigated the interaction of multiple
strains of Staph. aureus with bMEC and neutrophils in
vitro (Murphy et al., 2019). Challenge of bMEC with
strains from CC97 resulted in significant upregulation
of several cytokines and chemokines, with production
of chemotactic factors sufficient to attract neutrophils.
In contrast, challenge of bMEC with strains belonging
to CC151 resulted in modest upregulation of cytokine
and chemokine expression and was insufficient to at-
tract neutrophils. Other studies have also indicated
differing abilities among strains and lineages of Staph.
aureus to interact with bovine cells in vitro, including
lower expression of inflammatory mediators in bMEC
in response to CC151 strains compared with strains
from other Staph. aureus lineages (Zbinden et al., 2014;
Budd et al., 2016) and differences among CC5, CCS,
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CC97, and CC151 strains in their ability to invade
bMEC or form biofilm (Bardiau et al., 2016; Budd et
al., 2016). However, studies that compare responses
to different Staph. aureus strains in vivo are lacking.
Information about outcomes of IMI with strains be-
longing to CC151 is also limited. Only 2 in vivo studies
with strain RF122 (which belongs to CC151) have been
published to date (Wilson, 2011; Wilson et al., 2018).
Because CC151 is an important lineage causing masti-
tis in Ireland (Budd et al., 2015) and worldwide (Smith
et al., 2005; Schlotter et al., 2012; Barlow et al., 2013),
more in-depth studies are necessary.

The aim of this study was to assess the effect of
Staph. aureus strain on the immune response to IMI
and on disease presentation in vivo. Two strains were
selected based on their in vitro characteristics (Murphy
et al., 2019). These 2 strains were used to challenge 14
Holstein-Friesian cows, and the response to infection
was studied for 30 d.

MATERIALS AND METHODS
Ethics Statement

All procedures involving animals received approval
from the University College Dublin (Dublin, Ireland)
Animal Research Ethics Committee (protocol number
Leonard AREC 16 44) and project authorization from
the Health Products Regulatory Authority (Dublin,
Ireland; authorization number AE18982/P108). Animal
studies were compliant with all applicable provisions
established by FEuropean Union Directive 2010/63/
EU (http://data.europa.eu/eli/dir/2010/63/0j). All
animals were handled in accordance with good clinical
practices, and all efforts were made to minimize suffer-
ing.

Animals and Study Design

Fourteen first-lactation Holstein-Friesian cows were
purchased from 2 commercial farms, with 10 cows
sourced from farm 1 and 4 from farm 2. The number
of animals required was based on power calculations
approved by the University College Dublin Animal
Research Ethics Committee and as outlined under
Statistical Analysis. Source herds were selected based
on milk quality, with bulk tank SCC <200,000 cells/
mL. Animals were selected when composite milk SCC
was <100,000 cells/mL (based on their first and only
milk record) and were seronegative or vaccinated for
leptospirosis, salmonellosis, and Johne’s disease. The
low SCC status of the cows was confirmed after pur-
chase, with all quarters <100,000 cells/mL. Cows were
maintained outdoors at the University College Dublin
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research farm (Lyons Estate, Co. Meath, Ireland), had
at least 2 wk to acclimate to the herd before intra-
mammary challenge, and were fed a diet of grass and
silage ad libitum and 3 kg of a standard barley-based
concentrate containing 15% CP twice a day during
milking. The cows were milked twice a day, at 0830
and 1600 h in a 40-point rotary milking parlor (Dairy-
master, Cincinnati, OH) with on-platform teat sprays
and automatic cluster removal and milk yield record-
ing. On the morning of challenge, cows were on average
146 DIM, ranging from 127 to 169 DIM. Individual
animal information is included in Supplemental Table
S1 (https://doi.org/10.3168/jds.2019-17433).

Preparation of Staph. aureus Inoculum

Two strains were chosen for this study, based on in
vitro studies of host cell internalization and immune re-
sponse (Murphy et al., 2019): MOK023 (ST3170, CC97)
and MOK124 (ST151, CC151). The strains were iso-
lated from cases of clinical mastitis (Keane et al., 2013;
Budd et al., 2015), and their genomes were sequenced
(MOKO023 accession number SRS775827; MOK124 ac-
cession number SRS2841713). A pilot study established
500 cfu as an appropriate dose of MOK124 to establish
mild clinical mastitis in first-lactation cows, as defined
by an increase in SCC between 500,000 and 1,000,000
cells/mL and visible clots in milk, with the absence
of other clinical signs of disease such as a markedly
inflamed quarter, pyrexia, inappetence, or listlessness.
Bacteria were cultured for 18 h in Trypticase soy broth
(TSB, Aquilant Scientific, Dublin, Ireland). After
overnight culture, bacteria were centrifuged at 4,000
x ¢ for 10 min and subsequently washed twice with
PBS (Gibco, Waltham, MA). The optical density at
600 nm was adjusted to 1, and serial dilutions were
performed in PBS to obtain 500 cfu/400 pL (1,250
cfu/mL). The inoculum was plated in 9 replicates to
confirm the bacterial count and stored at 4°C overnight
before intramammary challenge.
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Intramammary Bacterial Challenge

At the time of challenge the cows were on average
2 yr and 4 mo old (between 2 yr and 2 mo and 2 yr
and 6 mo old). Animals were randomly assigned to be
challenged with one of the Staph. aureus strains, with
the assignment blocked by source farm and multiple
replications of treatment per farm. All investigators
were blinded to treatment assignment. No significant
differences were detected in pre-challenge SCC or DIM
between the 2 groups (Table 1). No bacteria were recov-
ered from quarter milk samples collected from all cows
immediately before challenge (10 pL of milk plated on
blood agar), and all quarters had SCC <100,000 cells/
mL. Teats were cleaned with ethanol and chlorhexidine
teat wipes (Teisen, Bradley Green, UK), and Staph.
aureus (500 cfu in 400 pL of PBS) was inoculated into
the teat sinus of the left hind quarter of each cow us-
ing a 1-mL syringe and an 18-gauge hypodermic needle
cut to 17 mm and filed smooth. The same volume of
PBS was inoculated into the right front quarter, as a
control. Following inoculation, 50 pL of the remaining
bacterial solutions were plated on Trypticase soy agar
(TSA; Lab M, Heywood, UK) in 9 replicates; colonies
were counted to determine the actual inoculum used
for challenge.

Sampling and Clinical Scoring

Before milk sampling, teats were cleaned with etha-
nol and chlorhexidine teat wipes (Teisen), and foremilk
was stripped from each quarter. Milk appearance was
recorded as follows:

a. Clots +: a few small flecks easily discernible in
normal colored milk;

b. Clots ++: clots approximately the size of rice
grains in slightly discolored milk;

c. Clots +++: large clots in cream-colored milk.

Table 1. Mean DIM and SCC values for cows challenged with Staphylococcus aureus strains MOKO023 (n = 7)
or MOK124 (n = 7); differences between groups calculated via 2-tailed unpaired t-test!

Item MOKO023 (CC97) MOK124 (CC151) P-value
DIM 149 143 0.46
DIM range 127-169 128-165 NA
Composite SCC? (cells/mL) 41,429 44,000 0.72
Left hind quarter SCC” (cells/mL) 12,857 12,286 0.3
Daily milk yield* (kg) 16.8 16.9 0.92

'CC = clonal complex; NA = not applicable.

Before purchasing the cows (3 to 4 mo before challenge).

%1 wk before challenge.

*Average daily milk yield determined 1 wk before challenge.
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Milk samples were taken into 20-mL sterile universal
containers and subsequently used for bacterial count,
SCC, and differential cell count. Blood samples were
taken from the neck or tail vein into EDTA (Vacuette,
Greiner Bio-One, Kremsmiinster, Austria) and serum
tubes (Vacutainer, BD, Swindon, UK). Rectal tempera-
ture, milk yield, and appetite were also recorded. Milk
sampling took place at morning and afternoon milking
for the first 3 d, every morning for the following 3 d,
and 3 times per week (Monday, Wednesday, Friday) for
3 wk thereafter. Blood samples and rectal temperature
measurements were taken at the same frequency as
milk samples for the first week, and then on the first
sampling day of each week in the following weeks.

Bacteriology

Following Staph. aureus inoculation, milk from the
challenged quarter was serially diluted to 10~°, and 50
pL of each dilution plated on duplicate TSA plates.
The number of colonies was enumerated on the plates
from the 2 dilutions, with approximately 30 to 300
colonies per plate. Milk (10 pL) from each of the 4
quarters was also streaked on sheep blood T'SA plates
to confirm Staph. aureus morphology for the challenged
quarters and lack of contaminating organisms in all
quarters. Suspect colonies were plated on mannitol salt
agar to presumptively identify Staph. aureus. Colonies
exhibiting typical Staph. aureus morphology were se-
lected from TSA plates from each cow once a week and
stored in TSB with 20% glycerol; stored isolates were
subsequently confirmed as Staph. aureus based on their
morphology on blood agar and mannitol salt agar, as
well as the presence of the nuc gene and a positive
tube coagulase test. Strain identity was presumptively
identified by MIC testing of a panel of antibiotics using
VITEK 2 (Biomérieux UK Limited, Basingstoke, UK)
and comparison with the antibiotic resistance profiles of
MOKO023 and MOK124. To validate presumptive strain
identification, the genetic profiles of 6 representative
isolates were also confirmed by whole-genome sequenc-
ing on an Illumina MiSeq (Hllumina, San Diego, CA).
The sequenced isolates were randomly chosen from dif-
ferent cows.

ScC

Antimicrobial broad-spectrum microtabs (Advanced
Instruments Inc., Norwood, MA) were added to ap-
proximately 20 mL of milk following bacteriological
sampling. Somatic cells were counted using a Bentley
Somacount 300 (Bentley Instruments Inc., Chaska,
MN). Milk samples with values above the counting
capacity of the instrument (9.99 x 10° cells/mL) were
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diluted 1/10 using Maximum Recovery Diluent (Oxoid,
CMO0733, Waltham, MA) and re-counted. Average SCC
was defined as the average of the quarter-level SCC
values.

Differential Counts of Blood and Milk Cells

To determine differential cellular compositions, milk
smears were prepared using 8 pL of milk. Slides were
rapidly dried using a fan and stained with Speedy-Diff
(Clin-Tech Ltd., Guildford, UK) differential stain ac-
cording to the manufacturer’s protocol. Cell identifica~
tion was performed in various locations on the slide,
and 100 cells (or as many as were present if <100) were
identified. Cells were identified as neutrophils, lympho-
cytes, large mononuclear cells, or unknown cells. Blood
samples were analyzed for numbers of monocytes, lym-
phocytes, neutrophils, basophils, and eosinophils on an
Advia 2120 hematology system (Siemens, Frimley, UK)
within 6 h of sample collection.

ELISA

Milk was defatted by centrifugation at 800 x ¢, 15°C,
for 10 min. The top fat layer was discarded, and the
supernatant was stored in 1-mL aliquots at —20°C. For
quantification of cytokines, 100 pL of defatted milk
was assayed by sandwich ELISA for the presence of
IL-18 (Thermo Fisher Scientific, Waltham, MA) and
IL-8 (Cronin et al., 2015), per instructions. All samples
were assayed in duplicate, and values below the limit
of detection (31.25 pg/mL for IL-13 and 31 pg/mL for
IL-8) were set to zero.

Anti-Staph. aureus IgG and IgA in milk and anti-
Staph. aureus IgG in serum were also quantified by
ELISA. The protocol was adapted from Benjamin et
al. (2015): MOKO023 and MOK124 were grown in TSB
overnight, washed twice with PBS, and resuspended
in TSB to yield 1 x 10 cfu/mL. Bacteria were heat-
inactivated by incubating at 70°C for 45 min, with
vigorous shaking every 10 min. Wells of 96-well ELISA
plates were coated with either 100 uL of bacterial solu-
tion (MOKO023 or MOK124) diluted 1/10 in 0.05 M
bicarbonate buffer (Thermo Fisher Scientific) or 100
pL of 0.05 M bicarbonate buffer (a blank well), and
incubated at 4°C overnight. Plates were washed 3 times
with 300 pL of Dulbecco phosphate-buffered saline
(DPBS; Gibco)-0.05% Tween-20 (wash buffer; Sigma-
Aldrich, St. Louis, MO), and 100 pL of blocking buffer
(2% skim milk powder solution in DPBS) was added to
each well and incubated for 1 h at room temperature.
Following 3 more washes, 100 pL of sample (for IgG,
defatted milk diluted 1/1,000 or serum diluted 1/10,000
in DPBS; for IgA, defatted milk diluted 1/10 in DPBS)
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was added and incubated at room temperature for 1 h.
A calibrator and a nonspecific binding well (blocking
buffer instead of milk sample) were included with each
plate. Plates were washed 3 times. Subsequently, 100
pL of a horseradish peroxidase conjugated goat anti-
bovine IgG antibody solution (Invitrogen, Carlsbad,
CA) diluted 1/40,000 in DPBS or 100 pL of a horse-
radish peroxidase conjugated sheep anti-bovine IgA
(Bio-Rad, Hercules, CA) diluted 1/40,000 was added
and incubated at room temperature for 1 h. Lastly,
after washing, 3,3',5,5-tetramethylbenzidine substrate
(Thermo Fisher Scientific) was added to each well, and
the reaction was stopped with 0.16 M H,SO, (Thermo
Fisher Scientific) after 15 min. The absorbance at 450
nm was determined. Resulting absorbance values were
adjusted by subtracting the nonspecific binding well
values from each plate and subsequently calibrator cor-
rected using Factor software (Ruijter et al., 2006).

Statistical Analysis

The experiment was designed with power 0.8 to de-
tect a 0.5 log difference in the mean infected quarter
SCC over time (from 100,000 cells/mL to 500,000 cells/
mL), which required 6 cows per treatment. Sample size
was calculated using methods based on the formula for
comparison of 2 groups based on a continuous outcome
variable: n = 202(%/2 + 23)°/ (1 — po)’, where n =
sample size, 0 = standard deviation of the population,
7. = standard normal deviate for the desired level
of significance, z3 = standard normal deviate for the
desired power and p; — py = the difference between
the 2 population means to be compared. Calculations
were performed using a web app (http://homepage
.divms.uiowa.edu/~rlenth/Power/), and percentiles of
the t distribution replaced the percentiles of the normal
distribution. One additional cow per treatment was
included as a contingency. It was further calculated
that 4 cows per treatment would have power 0.8 to
detect a 0.7 log difference. Differences in DIM, as well
as pre-challenge SCC and milk yield values between
groups, were calculated with a 2-tailed unpaired t-test.
Contingency tables were created for the presence of
clots in milk, swelling of quarter, and development of
fever (temperature above 39.5°C). The data analyzed
were the outcomes at the end of the trial, and out-
come was presence of the sign at any point during the
trial. Differences between groups were assessed using
Fisher’s exact test in GraphPad Prism (version 7, La
Jolla, CA). Repeated measures ANOVA was performed
using a MIXED procedure in SAS (version 9.4, SAS
Institute Inc., Cary, NC) to compare strain-dependent
differences. The following transformations were used
to satisfy the distributional requirements of ANOVA:
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logio(x + 1) for bacterial load, SCC, and percentage
of large mononuclear cells in milk; sqrt(x) for IL-8 in
infected and control quarters; and log;;(10x + 1) for
IgG in serum and for percentage of milk lymphocytes.
Milk yield, percentage of neutrophils in milk and
blood, and all other hematology measurements, as well
as the anti-Staph. aureus IgG and IgA concentration
in milk, were untransformed. The initial model fitted
for each variable included effect of strain, time, and
source farm, pre-infection value of the variable as a
covariate, and all interactions, and relevant quadratic
terms to detect curvature. The model was then se-
quentially reduced by eliminating all covariate terms
with P > 0.05. Tukey’s post-hoc multiple comparison
test was applied as appropriate. Average milk yields
for each cow from the week before infection were used
as the pre-infection values for milk yield, due to large
day-to-day variations in individual cows. Correlations
among repeated measurements across time between
strains were modeled using the appropriate covariance
structures for each variable analyzed. For effects with
large degrees of freedom, P-values were liberally inter-
preted (P < 0.15) so as not to miss any comparisons
of interest (Snedecor and Cochran, 1989, p. 305). The
procedures outlined would be severely biased for IL-1(3,
as this analyte was not detected in 85% of samples.
Consequently, this variable was analyzed as a binomial,
presence (1) or absence (0) of 11.-13, and analyzed for
the probability of “IL13 = 1” using a LOGISTIC model
in SAS, with strain, farm, and time as fixed effects, and
a Firth’s penalized likelihood approach to address is-
sues of separability and small sample size. Correlations
between variables were also measured using a Pearson
correlation coefficient.

RESULTS
Clinical Signs

For 2 cows challenged with MOKO023 and 1 cow chal-
lenged with MOK124, infection did not establish, and
these cows were excluded from our results. Differences
in disease presentation between groups infected with
the 2 strains were observed, and cows infected with
MOKO023 exhibited fewer clinical signs (Table 2). Clots
in milk were first observed at 31 h post-infection (hpi)
in the MOK124 group, whereas in the MOK023 group,
clots were first observed at 79 hpi (Supplemental Fig-
ure S1A, https://doi.org/10.3168/jds.2019-17433). The
highest rectal temperature recorded in a cow in the
MOK124 group was 41.2°C at 24 hpi; by contrast, the
maximum rectal temperature recorded in an individual
cow from the MOKO023 group was 39.2°C at 7 hpi. A
plot of rectal temperature over time is presented in
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Table 2. Signs of clinical mastitis after intramammary challenge with Staphylococcus aureus strains MOK023
or MOK124; differences between groups assessed using Fisher’s exact test

Clinical sign® MOKO023 (CC97) MOK124 (CC151) P-value
Clots in milk 3/5 6/6 0.1818
Swelling of quarter 0/5 6/6 0.0022
Temperature above 39.5°C 0/5 3/6 0.1818

!CC = clonal complex.

*To be counted as positive, the clinical sign was observed at least once.

Supplemental Figure S1B (https://doi.org/10.3168/jds
.2019-17433).

Two cows (1776 and 1920) from the MOK124 group
developed severe clinical mastitis and required treat-
ment. Pyrexia was recorded in cow 1776 at 24 hpi;
severe clotting of milk was observed at 31 hpi, and
the udder was swollen, hot, and painful. Milk from the
control quarter was also clotted. A decrease in appetite
was also observed at 31 and 48 hpi. Antibiotic (amoxi-
cillin-clavulanate) was administered to the infected and
control quarters at 31 hpi and 48 hpi, and subsequently
systemic antibiotic (tylosin) and an anti-inflammatory
drug (ketoprofen) were administered for 3 d. Despite
treatment, the left hind quarter became gangrenous,
with partial sloughing of the tissue by approximately 2
mo post-infection, although systemic signs abated and
the cow’s appetite returned to normal at 79 hpi. Cow
1920 presented with fever at 24 hpi, with severe clots
in milk and slight swelling of quarter at 48 hpi. The
fever resolved by 72 hpi; however, udder swelling and
severe clotting of milk persisted, and a slight decrease
in appetite was observed at 55, 72, and 79 hpi. The
cow was treated intramammarily in the infected quar-
ter with amoxicillin-clavulanate at 120 hpi, although
bacteria were recovered after antibiotic treatment until
the end of the study. Swelling of the infected quarter
was last observed at 336 hpi, and clots in milk were last
recorded at 600 hpi. Both cows were removed from the
trial after antimicrobial treatment.

Bacteriology

Bacteria were not recovered from any quarter be-
fore intramammary challenge. Plating of the bacterial
suspensions after intramammary challenge indicated
that the cows received approximately 1.73 x 10% cfu of
MOKO023 and 5.83 x 10% cfu of MOK124. Infection was
not established in 2 cows from the MOKO023 group and
in 1 cow from the MOK124 group.

Staphylococcus aureus was recovered from milk of all
infected animals by 48 hpi. Differences were observed
in recovery of the 2 strains in milk over time; however,
bacteria were recovered consistently from all infected
quarters in the MOKO023 group until the end of the
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trial, and intermittent shedding of bacteria was ob-
served in infected animals from the MOK124 group,
with inconsistent recovery of the pathogen in milk
(Supplemental Table S2, https://doi.org/10.3168/jds
.2019-17433). Presumptive Staph. aureus were intermit-
tently recovered from the control quarter of cow 1776
starting at 7 hpi. The PBS-infused quarters and non-
challenged quarters of all other animals remained free
of detectable pathogens throughout the study.

We detected significant difference between groups (P
= 0.01) and a significant group X time interaction (P
= 0.002) in bacterial load in the infected animals. The
MOK124 bacterial load was significantly higher than
that of MOKO023 at 24 and 31 hpi, whereas the MOK023
bacterial load was higher than that of MOK124 be-
tween 216 and 504 hpi (Figure 1A). Maximum bacterial
load in the MOKO023 group was observed at 168 hpi and
reached 4.2 x 10" cfu/mL, whereas the MOK124 group
bacterial load peaked at 24 hpi at 7.5 x 10* cfu/mL.
Data for bacterial load and other selected variables for
all cows, including the uninfected animals, is presented
in Supplemental Figure S2 (https://doi.org/10.3168/
jds.2019-17433).

Antibiotic resistance profiles from a total of 42 iso-
lates taken from each infected cow from each week of
the study were consistent with the profiles of their
respective challenge strain, MOK023 or MOK124, sug-
gesting that cows were infected with the correct strain
for the duration of the study. Whole-genome sequenc-
ing of 6 isolates, each from a different cow, confirmed
that the sequenced isolates matched the appropriate
challenge strain.

Milk Yield

Milk yield dropped by 20% 1 d post-infection and by
35% 2 d post-infection in the MOK124 group, relative
to pre-infection levels, and returned to pre-infection
levels by 10 d post-infection (Figure 1B). In contrast,
milk yield of animals infected with MOKO023 remained
relatively unchanged. A group X time interaction (P
= 0.002) in daily milk yield was detected. Examina-
tion of the interaction means showed an overall effect
in line with the main effect P-value (P = 0.03). We
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also detected a significant source farm effect (P =
0.0003). The effect of strain depended on pre-infection
milk yield (P = 0.0007), so comparisons were made at
several values of initial milk yield, and infection with
MOK124 was found to result in a greater drop in milk
yield in higher-producing cows.

ScC

At challenge, SCC of all quarters was below 50,000
cells/mL, except for the left hind quarter of cow 603,
which was 64,000 cells/mL (Supplemental Table S1,
https://doi.org/10.3168/jds.2019-17433). Infected
quarter SCC in the MOK124 group increased rap-
idly and reached much higher values than that in the
MOXKO023 group (Figure 2A). The infected quarter SCC
values increased in both groups between 31 and 79 hpi.
Maximum SCC in the MOKO023 group reached a local
peak of 4.07 x 10° cells/mL at 79 hpi and a maximum
of 6.1 x 10° cells/mL at 552 hpi. In the MOK124 group,
maximum infected quarter SCC was 1.5 x 10" cells/
mL at 55 hpi. By 96 hpi SCC in the MOKO023 group
stabilized, whereas the SCC of MOK124-infected ani-
mals continued to decrease. The MOKO023-group SCC
remained <400,000 cells/mL from 96 hpi until the end
of the study, except for 504 and 552 hpi. The MOK124-
group SCC reached a low value of 1.6 x 10° cells/mL at
336 hpi but continued to fluctuate, reaching 1.7 x 10°
cells/mL at 600 hpi and 4.9 x 10° cells/mL at 696 hpi.

A significant difference was detected in infected quar-
ter SCC between groups (P = 0.0001), with a group
X time interaction (P = 0.005). Significant differences
were found in SCC between groups from 24 to 216 hpi
(Figure 2A). The SCC of PBS-infused quarters was also
significantly different between groups (Figure 2A).

Average SCC values were at a maximum 491,000
cells/mL in the MOKO023 group at 504 hpi and 4,300,000
cells/mL in the MOK124 group at 79 hpi. Average
SCC in the MOKO023 group also had a local peak at
79 hpi and was 380,000 cells/mL. Most average SCC
values in MOKO023-infected cows were <200,000 cells/
mL, but in the MOK124 group almost all cows had
average SCC >400,000 cells/mL between 31 and 216
hpi (Supplemental Table S3, https://doi.org/10.3168/
jds.2019-17433).

Cytokines in Milk

Pre-infection, the concentration of IL-8 in milk of
infected and control quarters was low; however, IL-8
concentration increased post-infection. Maximum IL-8
in the infected quarters was observed at 55 hpi for the
MOK124 group (2,330 pg/mL). Concentration of IL-8
in milk of animals from the MOKO023 group had a local
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Figure 1. Bacterial load in infected quarters (A) and cow-level
daily milk yield (B; LSM + SEM) after infection with Staphylococcus
aureus strain MOK023 (blue circles) or MOK124 (red squares). CC
= clonal complex. Data were analyzed using a MIXED model in SAS
(SAS Institute Inc., Cary, NC) with time as a repeated measure.
Overall P-values for between-group differences and for the group x
time interaction are denoted on the graph. Significant differences (P <
0.05) between groups at each time point are marked with *.

peak at 31 hpi (170 pg/mL) but reached its maximum
value at 504 hpi (610 pg/mL).

We detected a group x time interaction in IL-8 con-
centration in milk from infected quarters (P = 0.0003;
Figure 2B). Significant differences between groups were
observed between 24 and 168 hpi. These differences
were in parallel with differences in SCC between the 2
groups. A significant correlation between IL-8 and SCC
in the infected quarter was observed (r = 0.6, P = 1.6
x 107"). An overall group difference (P < 0.0001) and
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a farm effect on IL-8 in infected quarters (P = 0.004)
were also detected. Although infection with MOK124
resulted in a higher IL-8 concentration in milk than did
infection with MOKO023 for cows from both farms, the
magnitude of the difference between groups was greater
for animals from farm 2.

-o- MOKO023 infected
- MOK124 infected
-~ MOKO023 control
= MOK124 control
A
81 & Group P = 0.0001
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Figure 2. Effects of intramammary infection with Staphylococcus
aureus strain MOKO023 (blue circles) or MOK124 (red squares) on
SCC (A; LSM + SEM) in infected quarters (filled symbols) and PBS-
infused quarters (empty symbols), and quarter-level IL-8 in milk (LSM
+ 95% CI; B). Levels of IL-8 were determined via ELISA. Data were
analyzed using a MIXED model in SAS (SAS Institute Inc., Cary, NC)
with time as a repeated measure. Overall P-values for between-group
differences and for the group x time interaction are denoted on the
graph, with the comparison for infected quarters shown above the plot
and the comparison for control quarters below the plot. Significant
differences between groups (P < 0.05) at each time point are marked
with *.
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Significant differences in IL-8 secretion in PBS quar-
ters also occurred (Figure 2B), with a significant group
x farm interaction (P < 0.0001), an overall group dif-
ference (P = 0.0003), and a farm effect (P = 0.001).
We found that IL-8 was higher in control quarters of
the MOK124 group than in the control quarters of the
MOKO023 group for cows from farm 2 only; no signifi-
cant difference was detected between groups for animals
from farm 1.

The TL-13 concentration in milk was determined at
0, 24, 48, 55, 72, and 168 hpi. There was no detectable
IL-18 in milk from any cow before infection, and IL-
13 was not detectable in milk from cows infected with
MOKO023; however, it was detected in milk from some
but not all cows infected with MOK124 from 24 hpi (P
= 0.006; data not shown).

Differential Cell Counts

Due to the low number of somatic cells in uninfected
milk, time 0 and control quarters were excluded from
statistical analysis. Post-infection milk somatic cells
were primarily neutrophils, which comprised 80 to 89%
of somatic cells in the MOK124 group and 41 to 69% of
somatic cells in the MOK023 group (Figure 3A). Infec-
tion with MOK124 resulted in a significantly higher
proportion of neutrophils in milk than did infection
with MOKO023 (P < 0.0001); this effect was more pro-
nounced in animals from farm 2. No differences were
detected between groups in the proportion of large
mononuclear cells or lymphocytes in milk.

Neutrophil concentration in blood was also higher in
MOK124-infected animals (P = 0.005; Figure 3B), in
particular at 55, 72, and 336 hpi. Maximum neutrophil
concentration was observed at 31 hpi for MOKO023-
infected animals and 72 hpi for MOK124-infected ani-
mals: 3.38 + 0.65 x 10° and 4.76 & 0.63 x 10’ cells/
pL, respectively.

Neutrophil counts above and below the normal range
of 1.7 to 6.0 x 10" cells/pL (Roland et al., 2014) were
observed in individual cows. In particular, neutrophil
counts below 1.7 x 10° cells/pL were observed in cows
1776 and 1920 on the morning of challenge. Other
hematology measurements, including white blood cell
counts, were not significantly different between the 2
groups.

Anti-Staph. aureus Antibody Levels
in Milk and Serum

Samples were tested for the presence of anti-Staph.
aureus IgG in milk and serum and anti-Staph. aureus
IgA in milk by coating an ELISA plate with heat-inac-
tivated MOKO023 or MOK124. All samples were tested
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against antigen prepared from both strains, and similar
results were obtained for serum IgG as well as for milk
IgA and IgG. Data generated from plates coated with
MOK124 were used for statistical analysis, because
MOK124 does not express protein A on its cell surface
(Budd et al., 2015).

Infection with MOK124 resulted in a higher Staph.
aureus-specific IgG concentration in milk (P = 0.002;
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Figure 3. Effects of intramammary infection with Staphylococcus
aureus strain MOKO023 (blue circles) and MOK124 (red squares) on
the proportion of neutrophils in milk from infected quarters (A) and
on the number of circulating blood neutrophils (B; LSM + SEM). CC
= clonal complex. Neutrophils in milk were counted on microscope
slides stained with a Speedy-Diff (Clin-Tech Ltd., Guildford, UK)
stain. Neutrophils in blood were determined by a blood differential
count on an Advia 2120 (Siemens, Frimley, UK). Data were analyzed
using a MIXED model in SAS (SAS Institute Inc., Cary, NC) with
time as a repeated measure. Overall P-values for between-group differ-
ences and for the group x time interaction are denoted on the graph.
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Figure 4A). A significant group X time interaction
occurred (P = 0.0002), with significant differences be-
tween anti-Staph. aureus IgG concentration observed
between 72 and 696 hpi. Maximum antibody titers for
both groups were achieved at 336 hpi, and the antibody
titer in MOK124-infected cows was 3.7-fold higher than
that of the MOKO023 group at that time point.

Anti-Staph. aureus IgG concentration in serum was
examined using the same method (Figure 4B). We
detected a significant group x time interaction (P <
0.0001), with significant differences between infecting
strains observed at 48, 72, 120, and between 336 and
696 hpi, and no overall group difference (P = 0.4) but
a significant farm effect (P < 0.0001). A group x farm
effect was also detected (P = 0.003), with higher anti-
Staph. aureus serum IgG in MOK124-infected cows
than in MOKO023-infected cows for farm 1. For farm 2,
data points that would be expected to show a signifi-
cant difference were missing. Maximum antibody titers
in serum were achieved at 336 hpi for both groups, with
anti-Staph. aureus IgG higher at 336 hpi than at 0 hpi,
although only significantly so for the MOK124 group.
The antibody titer in the MOK124 group was 1.6-fold
higher than in the MOKO023 group at that time point.

When assessing the anti-Staph. aureus IgG antibody
titer data for individual animals, it was observed that
cows from farm 2 had the lowest antibody titers in
serum, both pre- and post-infection. We further ob-
served that the IgG levels produced by cow 1776 were
particularly low.

The concentration of anti-Staph. aureus IgA in milk
was also evaluated. Infection with MOK124 resulted in
a higher concentration of specific IgA, with maximum
titers observed at 168 hpi (Figure 4C). A group X time
interaction (P < 0.0001) and an overall group differ-
ence (P = 0.01) were detected. Higher IgA titers were
observed in the MOK124 group than in the MOKO023
group between 72 and 168 hpi.

DISCUSSION

Staphylococcus aureus is one of the most common
causes of bovine mastitis in Ireland and worldwide,
with specific lineages predominating in infection of the
mammary gland. Previous in vitro studies have sug-
gested that Staph. aureus expresses lineage-specific
traits, which may influence the outcome of infection
and induction of immune response (Zbinden et al.,
2014; Bardiau et al., 2016; Budd et al., 2016). This
is the first in vivo study in cattle that confirms that
2 Staph. aureus strains belonging to different lineages
caused mastitis of different severity.

Few studies of intramammary challenge by multiple
Staph. aureus strains have been published. A study by
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Figure 4. Effects of intramammary infection with Staphylococcus
aureus strain MOKO023 (blue circles) or MOK124 (red squares) on
anti-Staph. aureus IgG in milk from infected quarters (A; LSM =+
SEM) and in serum (B; LSM + 95% CI), and on anti-Staph. aureus
IgA in milk from infected quarters (C; LSM + SEM). CC = clonal
complex. IgG and IgA titers were determined by ELISA, using wells
coated with heat-killed MOK124. Data were analyzed using a MIXED
model in SAS (SAS Institute Inc., Cary, NC) with time as a repeated
measure. Overall P-values for between-group differences and for the
group X time interaction are denoted on the graph. Significant differ-
ences between groups (P < 0.05) at each time point are marked with *.
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Atalla et al. (2009) compared N305 to strain 3231 as
well as their small colony variants. The IMI with small
colony variants resulted in less inflammation than that
with the parent strains. However, the genotype of strain
3221 is unknown (Atalla et al., 2008), which makes
further comparison difficult. A study by Vrieling et al.
(2016), using 3 strains of unreported ST, associated the
severity of clinical signs in cows with the ability of the
infecting strain to secrete the LukMF' toxin.

Studies of Staph. aureus IMI commonly use strain
N305 (Schukken et al., 1999; Alluwaimi et al., 2003;
Bannerman et al., 2004, 2008; Atalla et al., 2009; Re-
inhardt et al., 2013), which belongs to CC97. Within
CC97, N305 belongs to ST115, which is not a common
ST isolated from mastitis cases, and has been proposed
to be an extramammary organism associated with teat
skin (Smith et al., 2005). Our study gives significant
insight into mastitis caused by a CC97 strain that was
recently recovered from a case of clinical mastitis and
was a common genotype on that farm, indicating con-
tagious spread (Budd et al., 2015). The outcome of
infection with MOKO023 is similar to that observed in
studies on N305, which also tended to cause mild and
chronic mastitis.

Staphylococcus aureus CC151 strains are common
causes of mastitis in Ireland (Budd et al., 2015) and
worldwide (Smith et al., 2005; Smyth et al., 2009;
Schlotter et al., 2012; Pichette-Jolette et al., 2019).
Two studies with a CC151 strain, RF122, have been
reported. In the study by Wilson (2011), bacteria were
inoculated into the teat canal; however, the trial was
cut short due to the development of severe clinical
signs. However, although the dosage used was very
low (2 to 10 cfu), the bacteria were delivered into the
teat canal in 10 mL of PBS. The large volume may
have enabled the bacteria to be delivered directly into
the gland cistern. In the second study by Wilson et
al. (2018), 4 cows were challenged with 5 x 10" cfu/
mL of RF122 by teat dipping twice daily for up to
5 d and monitored for 21 d. Three of the 4 infected
animals developed clinical mastitis. Our study achieved
infection in 6 of 7 animals after a single inoculation of
MOK124, and 2 of 7 animals developed severe clinical
mastitis. However, it is important to note that cows
used in this study were in their first lactation, with a
very low pre-infection SCC. In cows of higher parity or
SCC, larger doses may be needed to achieve IMI, as it
has been previously reported that cows with a lower
pre-challenge SCC were more likely to become infected
when challenged with Staph. aureus (Schukken et al.,
1999).

In this study, cows challenged with MOK124 received
a higher inoculum of Staph. aureus than did cows
challenged with MOKO023. However, infection with
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MOK124 was also established with 2.9 x 10 cfu in a
pilot study, and this caused clinical mastitis in 1 of 2
cows (Niedziela, 2019). Inocula below 100 cfu of N305
were used to successfully establish infection in other
studies (Bannerman et al., 2004, 2008). Generally, in-
ocula used in other studies varied greatly, from 56 cfu
(Kauf et al., 2007) to 5,000 cfu (Atalla et al., 2009) of
N305, and ranging from 50 cfu (Allard et al., 2013) to
5 x 10° cfu (Petzl et al., 2016) when other strain types
were used. Most of these studies did not report clinical
signs in the infected animals, unless multiple quarters
were inoculated. On the other hand, in a pilot study
with RF122, clinical signs were observed with as few as
2 cfu (Wilson, 2011). Furthermore, a study by Poutrel
et al. (1978) examined whether infections could be es-
tablished by various inocula of Staph. aureus (between
5 to >150 cfu) and concluded that the type of infection
caused and the ability to cause persistent infections
were not dependent on the inoculum dose. Therefore,
the differing host responses to MOK023 and MOK124
can likely be attributed to the genotype and virulence
traits of the strain and not to the inoculum dose.
After pathogen entry into the udder, gram-positive
bacteria are generally recognized by toll-like receptor
2, and this stimulates production of cytokines and
chemokines by the epithelial cells of the mammary
gland through the activation of NF-kB and subsequent
neutrophil recruitment (Oviedo-Boyso et al., 2007).
However, in response to Staph. aureus IMI, toll-like
receptor 2-mediated signaling was reported to be
inhibited (Giinther et al., 2017). Furthermore, it has
been reported that pro-inflammatory cytokines such
as IL-13 and TNF-a were absent from milk of cows
infected with Staph. aureus or were detected only at
very low levels (Riollet et al., 2000; Bannerman et al.,
2004). A variety of Staph. aureus strains were used in
the above studies: strain N305 from CC97 (Bannerman
et al., 2004), a strain belonging to ST8 (Giinther et
al., 2017), and an uncharacterized strain (Riollet et
al., 2000). Selected markers of the innate and adaptive
immune response to 2 genotypically distinct Staph. au-
reus strains were evaluated in the current study. In our
study MOK023 (CC97) did not cause IL-1(3 secretion,
consistent with the findings of Bannerman et al. (2004);
however, IL-13 production was evident in response to
MOK124 (CC151). The lack of in vivo studies includ-
ing CC151 strains may explain why Staph. aureus is
typically considered to cause a low immune response
(Bannerman et al., 2004) and to have a minimal effect
on milk yield or temperature (Benjamin et al., 2015).
Little is known about the protective effects of anti-
bodies to Staph. aureus (Karauzum and Datta, 2017).
In our study, a higher IgG antibody concentration in
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serum and milk and a higher IgA concentration in milk
were recorded for MOK124-infected cows compared
with MOKO23-infected cows. The anti-Staph. aureus
IgG levels in milk in the MOK124 group began to
increase as early as 72 hpi, potentially due to exuda-
tion of plasma into the mammary gland rather than
to antibody production in milk (Rainard et al., 2018).
Reaching the maximum IgG levels in milk and serum at
2 wk post-infection in both groups is indicative of a pri-
mary antibody response and suggests that the animals
were not previously exposed to intramammary Staph.
aureus. In a study by Benjamin et al. (2015) maximum
anti-Staph. aureus IgG concentration in both whey and
plasma of Staph. aureus-infected cows was reached at
12 d post-infection. Similar to our study, the antibody
response did not result in clearance of the pathogen.

A previous study of anti-Staph. aureus IgA secreted
during IMI found no anti-Staph. aureus IgA in the se-
rum of infected animals, and anti-Staph. aureus IgA
was only found in milk of quarters from which Staph.
aureus was recovered at the time (Leitner et al., 2000).
In our study, anti-Staph. aureus IgA levels in milk
from both groups reached their maximum levels 1 wk
post-infection, as opposed to IgG, which reached its
maximum levels 2 wk post-infection.

The results of this in vivo study contrasted with those
of an in vitro study involving MOKO023 and MOK124
(Murphy et al., 2019), where challenge of bMEC with
MOKO023 caused a high and rapid increase in expression
of chemokines and pro-inflammatory mediators suffi-
cient for neutrophil chemotaxis, whereas challenge with
MOK124 caused a lower upregulation of gene expression
and did not result in neutrophil chemotaxis. Therefore,
it was expected that IMI with MOKO023 would lead to
higher production of pro-inflammatory mediators and
a subsequent recruitment of somatic cells in vivo, at
least initially. The lack of clinical or subclinical signs of
mastitis in cows infected with MOKO023 suggests that
this strain does not trigger comparable initial signals to
MOK124, as bacterial load was similar between both
strains. This may be partially attributable to the fact
that MOKO023 internalizes within bMEC to a greater
extent than MOK124 does (Murphy et al., 2019). A
recent transcriptomics study of IMI with an STS8 strain
of Staph. aureus highlighted inhibition of the innate
immune response and simultaneous rearrangement of
the cytoskeleton in host cells as differentially expressed
pathways, suggesting that internalization of bacteria
into the epithelial cells of the mammary gland was
occurring at early stages of infection (Giinther et al.,
2017). However, it is also possible that early immune sig-
naling by bMEC in response to infection with MOK023
could have contributed to control of proliferation of this
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strain. Rapid cytokine upregulation, as early as 3 hpi,
was observed in bMEC in vitro in response to CC97
strains including MOKO023 (Murphy et al., 2019). The
ability of MOK124 to cause severe clinical mastitis may
alternatively be related to toxin production: MOK124
carries genes for the LukMF’ leukocidin (Budd et al.,
2015), the level of which in milk has been previously
associated with mastitis severity (Vrieling et al., 2016).
Further, MOKO023 and MOK124 also differ in their abil-
ity to form biofilm in vitro (Budd et al., 2016), a trait
previously associated with clinical presentation of IMI.

Strain-specific virulence traits of Staph. aureus and
their outcome on the course of human infection have
also been investigated. Virulence factors such as cy-
tolytic toxicity and biofilm formation influence the
outcome of bacteremia caused by CC22 strains, but
not by CC30 strains, suggesting that different Staph.
aureus lineages may have developed different strategies
to overcome host responses (Recker et al., 2017). Fur-
thermore, strain-specific virulence has been observed
in other bacterial species, such as Mycobacterium bovis
(Jensen et al., 2018) and Escherichia coli (Goldstone et
al., 2016; Blum et al., 2017, 2018). Further investigation
of the strategies to overcome the host immune response
used by specific strains and lineages within bacterial
species will be necessary in the future. If the severity of
disease can be predicted based on bacterial genotype,
this may enable better prediction of disease outcome
and therefore inform decisions about treatment or cull-
ing of infected animals.

A limitation of this study was the fact that the cows
were not sampled more than once before challenge. Al-
though all animals had a low SCC, it is possible that 1
or more could already have been infected with Staph.
aureus. Although we believe that previous infection is
unlikely, ideally sampling and culture of milk on 3 oc-
casions at weekly intervals before challenge should have
been completed.

This is the first study that compares the ability of 2
well-characterized strains of Staph. aureus from differ-
ent bovine-adapted lineages to cause IMI. Significant
differences (P < 0.05) in disease presentation and the
immune response of cows to MOK124 and MOKO023
were detected, with severe clinical mastitis observed in
response to MOK124 only. Meanwhile, the low aver-
age SCC in MOKO023-infected cows revealed a potential
challenge for the farmer in detecting an infection with
this strain, which might allow the strain to be transmit-
ted to other animals in the herd and may potentially
cause more severe disease should the animal become
immunocompromised. Early lactation is when cows are
most immunocompromised and likely to develop masti-
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tis (Breen et al., 2009), and should MOK023 persist in
the udder through the dry period, a possibility exists
that the infection might flare up in the next lactation.

In this study we have demonstrated that differences
in mastitis outcome occur in response to 2 strains of
Staph. aureus originating from different lineages. There-
fore, studies of single strains may not be generalizable
to all strains of Staph. aureus. Genotyping strains with
a standardized method such as multi-locus sequence
typing would greatly assist in comparison of results
across studies. A need for better detection options for
Staph. aureus IMI may exist, as illustrated by the low
SCC induced by the MOKO023 strain. Lower SCC lim-
its may need to be used to classify healthy animals.
To assist strain-specific detection of bovine mastitis,
pen-side genotyping of the infecting organism may be
helpful in the future.
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