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Prevalence and Characterization of Staphylococcus aureus, Including
Methicillin-Resistant Staphylococcus aureus, Isolated from Bulk Tank
Milk from Minnesota Dairy Farms
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Staphylococcus aureus is a common causative agent of bovine mastitis in dairy herds. The emergence of methicillin-resistant
Staphylococcus aureus (MRSA) in hospitals as well as the community is a significant and costly public health concern. S. aureus-
related bovine mastitis is a common reason for therapeutic and/or prophylactic use of antibiotics on dairy farms. In this study,
herd prevalence of S. aureus, including MRSA, was estimated from bulk tank milk (BTM) from Minnesota farms. A total of 150
pooled BTM samples from 50 farms, collected over 3 seasons (spring, summer, and fall of 2009), were assessed. Herd prevalence
of methicillin-susceptible S. aureus (MSSA) was 84%, while MRSA herd prevalence was 4%. A total of 93 MSSA isolates and 2
MRSA isolates were recovered from 150 BTM samples. Antibiotic susceptibility testing of S. aureus isolates showed pansuscepti-
bility in 54 isolates, resistance to a single antibiotic class in 21 isolates, resistance to two antibiotic classes in 13 isolates, and re-
sistance to =3 antibiotics classes and thus multidrug resistance in 5 isolates. The two MRSA isolates displayed resistance to
B-lactams, cephalosporins, and lincosamides and were multiresistant. Staphylococcal protein A gene (spa) typing identified spa
types t529 and t034 most frequently among methicillin-susceptible isolates, while t121 was observed in MRSA isolates. Seven
isolates, including the two MRSA isolates, produced staphylococcal enterotoxins B, C, D, and E on overnight culture. MRSA iso-
lates were further genotyped using multilocus sequence typing (MLST) and pulsed-field gel electrophoresis (PFGE). Of the 2
MRSA isolates, one had a composite genotype profile of MLST ST 5-PFGE USA100-unknown spa type, which has been reported
among hospital-associated MRSA isolates, while the second isolate carried the MLST ST 8-PFGE USA300-spa type t121 genotype,
commonly identified among community-associated MRSA isolates. These results suggest that MRSA genotypes associated with

hospitals and community can be isolated from milk at very low rates.

he emergence of antibiotic-resistant microorganisms in farm

animal environments poses a potential public health concern.
Staphylococcus aureus is an important opportunistic pathogen
both in humans and in dairy cattle. It is also a common cause of
mastitis in dairy cows (59, 64), a primary reason for antibiotic use
on farms. However, the proportion of contagious pathogens (such
as S. aureus and Streptococcus agalactiae) has decreased relative to
that of environmental pathogens in the recent past (from 1994 to
2001) (40). The use of antimicrobial agents on dairy farms as well
as in other food animal production systems is a major concern in
the emergence of resistant zoonotic bacterial pathogens (50). Al-
though different antibiotic classes of drugs are used in animal
health management and in human medicine, the selection of re-
sistance to one drug class may lead to cross-resistance to another
(50). Antibiotics on dairy operations are used to treat highly prev-
alent infections, such as subclinical mastitis, and as a preventive
measure during dry cow therapy. Monitoring the emergence of
resistant pathogens in animal reservoirs is important particularly
for those with zoonotic potential.

Methicillin-resistant ~ Staphylococcus aureus (MRSA) has
emerged as a major cause of health care-associated (HA) and
community-associated (CA) infections (33). In addition,
livestock-associated (LA) MRSA genotypically classified under
clonal complex 398 (CC398) has been detected among pigs and
swine farmers in the Netherlands and other countries (15, 16, 31)
and is known to cause infections in humans and animals (14, 37,
65). MRSA isolates are frequently multidrug resistant (MDR),
which can result in higher costs, longer treatment times, and
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higher rates of hospitalization and comorbidities (10, 47). MRSA
was first reported from bovine sources in 1975 (17), although it
has occasionally been reported since then (21, 25, 30, 61). The
presence of MRSA in bovine milk and dairy environments poses
potential risk to farm workers, veterinarians (30, 36), and farm
animals that are exposed to contaminated cattle.

Limited data about the prevalence and genetic spread of MRSA
in dairy environments in the United States are available. Previous
studies have reported zero to low occurrence of MRSA among S.
aureus isolates from bovine milk—0.6% of 846 S. aureus isolates
in Michigan (20), 1.8% of 2,132 S. aureus isolates in Wisconsin
(39), and 0% of 357 S. aureus isolates in North Carolina and Vir-
ginia (2). In the recent past, very low prevalence rates of MRSA in
either individual cow milk or bulk tank milk (BTM) have been
reported internationally. In Hungary, although a prevalence of
70% was reported for S. aureus on farms (14 of 20 farms), no
MRSA isolates were detected from BTM (49). Similarly, in Korea,
a prevalence of 5.6% was reported for S. aureus from milk samples
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from individual cow udders (835 of 14,688 samples). However,
only 2.8% of these isolates were identified as MRSA (42).

In comparison, for S. aureus or methicillin-susceptible Staph-
ylococcus aureus (MSSA), a prevalence rate of 38%, i.e., 38 S. au-
reus isolates from 101 raw milk samples (collected from bulk tank,
milk cans, and cheese vats), has been reported in Vermont; farm
prevalence of S. aureus as reported in the same study was 67% (14
of 21 farms) (11, 29, 48). Similarly, 39 S. aureus isolates were
reported from 126 bulk tanks in Pennsylvania (31% prevalence)
(11, 29, 48), while 256 S. aureus isolates were reported from 732
individual cow milk samples in Louisiana (35% prevalence) (11,
29,48). Itis important to monitor the occurrence and distribution
of MSSA and MRSA isolates in dairy herds to detect the emergence
of new clonal types, similar to the emergence of LA MRSA CC398
(31).

S. aureus is also the third most reported cause of food-borne
diseases in the world (46, 67). Growth of S. aureus in foods leads to
the production of staphylococcal enterotoxins (SEs), a cause of
food poisoning (1). Contaminated milk and milk products have
frequently been implicated in staphylococcal food poisoning (13).
SEs are heat resistant and hence may be present even when S.
aureus is not viable (49). Presence of staphylococcal enterotoxin
genes and production of SEs by S. aureus of bovine origin have
been reported in numerous studies. Eleven of 94 S. aureus isolates
(11.7%) in BTM from Argentina showed production of entero-
toxins (45). One hundred nine of 291 S. aureus isolates (37.5%)
from milk from mastitic cows, BTM, and cheese from Brazil
showed production of one or more enterotoxins (3). Nineteen of
102 S. aureus isolates (18.6%) recovered from BTM and milk fil-
ters from national milk-producing herds in Ireland showed the
presence of one or more enterotoxin genes (44). Conversely, a
higher percentage of isolates, 46.9% of 130, associated with sub-
clinical bovine mastitis in Turkey showed the presence of one or
more enterotoxin genes (23). The aim of the present study was to
characterize and document the prevalence and distribution of
MSSA and MRSA in bulk tank milk samples. We also investigated
enterotoxin production by isolates. Both MSSA and MRSA iso-
lates were phenotypically and genotypically characterized.

MATERIALS AND METHODS

Farm sampling. Fifty dairy herds in Minnesota (MN) were sampled for
this study (Fig. 1). Of approximately 4,700 dairy herds in MN, about 2,500
are enrolled with the MN Dairy Herd Improvement Association (DHIA).
Herds for the study were selected from among the DHIA herds according
to their location in the three major dairy regions in MN, the southeast
region (n = 18), the south central region (n = 16), and the north central
region (n = 16). Herds were also categorized as small (40 to 99 cattle) (n =
15), medium (100 to 299) (n = 19), or large (=300) (n = 16), according
to the number of milking cows. Criteria for inclusion in the study in-
cluded location of farms in the three main dairy regions and less than 2 h
away from the Twin Cities. Participation was voluntary for the farms
which met the criteria. Fifty herds were randomly selected from this pool
to equally represent the three dairy regions as well as the three herd size
categories.

Bulk tank milk (BTM) samples were collected, in duplicate, on three
consecutive days in spring, summer, and fall of 2009. Samples for spring
were collected in the months of April and May, while samples for summer
were collected in July and August and samples for fall were collected in
October and November. An additional questionnaire documenting farm
management practices was administered by university personnel. Bulk
tank milk samples were frozen on the farm (—20°C) and then shipped on
ice to the University of Minnesota, Laboratory of Udder Health. Samples
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FIG 1 Spatial distribution of participating dairy herds in Minnesota (n = 50).
The 50 study farms are represented on the physical map of Minnesota. These
farms were selected to represent the three major dairy regions in Minnesota,
south central, southeast, and north central, as well as to have equal distribu-
tions of small (40 to 99 cattle), medium (100 to 299 cattle), and large (>300
cattle) farms.

collected from three consecutive days were pooled for a single herd from
a single season for a total of 150 pooled BTM samples (50 each from
spring, summer, and fall) for S. aureus assessment.

Isolation of MSSA. S. aureus was cultured from 1 ml of pooled milk by
direct plating onto factor medium (University of Minnesota, St. Paul)
using a spreader and incubated at 37°C for 24 to 48 h. S. aureus colonies
were identified on the basis of colony morphology and confirmed using a
Sure-Vue Color Staph ID confirmatory test (Fisher Healthcare, TX). Iso-
lates were transferred to Luria-Bertani (LB) broth (BD, MD), and DNA
was extracted using a QIAamp DNA minikit (Qiagen, MD) per manufac-
turer’s instructions. All isolates were also tested for growth on MRSA
Select plates (Bio-Rad Laboratories, WA) to determine the methicillin
susceptibility status of isolates.

Isolation of MRSA. MRSA was isolated from a duplicate set of 150
pooled BTM samples. Isolation involved a two-step enrichment proce-
dure, with the inoculation of pooled milk into Mueller-Hinton broth
(Teknova, Inc., CA) supplemented with 6.5% NaCl (24 h at 37°C) fol-
lowed by phenol red mannitol broth supplemented with 4 mg/liter oxa-
cillin (24 h at 37°C). The samples were then streaked on MRSA Select
medium, a selective medium for detection of MRSA, for 24 h at 37°C. If
growth was detected, colonies were transferred to CNA plates (BBL; BD,
MD) for 24 h at 37°C to check for beta-hemolysis. Isolates were further
confirmed as S. aureus by a coagulase test using coagulase plasma with
EDTA (BBL; BD, MD). Thus, selectively enriched isolates that grew on
MRSA Select plates and showed classic positive beta-hemolysis in CNA
medium as well as coagulase positivity were considered suspect MRSA.
These isolates were then transferred to LB broth, and DNA was extracted
using a QIAamp DNA minikit as mentioned above.

Genotypic and phenotypic characterization of MSSA. All MSSA iso-
lates were confirmed as S. aureus by species-specific 16S rRNA gene PCR
using the primers 16s1 (5" CAG CTC GTG TCG TGA GAT GT 3') and
16s2 (5" AAT CAT TTG TCC CAC CTT CG 3') (7). 16S rRNA gene
amplicons which represented a fragment of the 16S rRNA gene were se-
quenced using standard Sanger sequencing at the Biomedical Genomics
Center (BMGC), University of Minnesota, using a primer concentration
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TABLE 1 Antibiotics used in the Kirby Bauer disk diffusion method and
concentrations of antibiotics used

Concn (pg) of

Antimicrobial agent antibiotic in disk

Amoxicillin-ampicillin 10
Ceftiofur 30
Cephalothin 30
Cloxacillin 1
Erythromycin 15
Novobiocin 30
Penicillin 10
Penicillin-novobiocin 10/304
Pirlimycin 2
Streptomycin 300
Tetracycline 30

a Penicillin, 10 ug; novobiocin, 30 ug.

of 3.2 pmol and approximately 20 ng of amplified DNA as a template
(http://www.bmgc.umn.edu/facilities/sequencing/services/sequencing
/home.html). Sequences obtained were compared to a reference S. aureus
16S rRNA gene sequence (NCBI accession no. AM980864) using the Basic
Local Alignment Search Tool (BLAST) (http://blast.ncbi.nlm.nih.gov),
and confirmation to the species level was carried out if sequences showed
98 to 100% similarity to the reference S. aureus gene.

Staphylococcal protein A gene, or spa, typing was carried out for all S.
aureus isolates as described previously (55). spa types were obtained using
the sequence comparisons against egenomics (http://www.egenomics
.com) and ridom (http://www.spaserver.ridom.de) databases.

MSSA isolates were screened for their antimicrobial agent susceptibil-
ity patterns using the Kirby Bauer disk diffusion method with commer-
cially available antibiotic disks (BBL, Sparks, MD). Table 1 lists antibiotic
disks used and their concentrations. Interpretations of results as suscep-
tible or resistant were done according to the Clinical and Laboratory Stan-
dards Institute M31-A3 guidelines (9).

Genotypic and phenotypic characterization of MRSA. All suspect
MRSA isolates were confirmed as S. aureus by 16S rRNA gene sequencing
as mentioned above for MSSA. Detection of the mecA gene, encoding the
modified penicillin binding protein PBP 2a, was performed on confirmed
S. aureus isolates. A mecA conventional PCR was performed using a
primer set targeting an upstream region of mecA, i.e., mecAl (5" GTA
GAAATGACT GAACGTCCGATA A3")and mecA2 (5" CCAATT CCA
CATTGTTC GGT CTA A 3"). Amplicons were sequenced and compared
for sequence similarity to a reference gene (NCBI accession no.
EU790490) using BLAST. The detection was repeated for confirmation at
the Minnesota Department of Health (MDH) using real-time PCR with a
second set of established primers as specified by Killgore et al. (32). The
mecA detection using the primers from Killgore et al. was also repeated in
our laboratory using conventional PCR for all suspect MRSA isolates. The
use of two different primer sets (the Killgore et al. primer set and the
primer set designed by our lab), which target the upstream and down-
stream ends of the mecA gene, identified possible differences in mediation
of methicillin resistance by this gene. Further, staphylococcal cassette
chromosome mec element (SCCmec) typing for the suspected MRSA iso-
lates was carried out as outlined by Zhang et al. (66).

Genotypic characterization involved spa typing for all suspect MRSA
isolates as mentioned above. All suspect MRSA isolates were further char-
acterized by multilocus sequence typing (MLST) as described by Enright
etal. (19). Sequence types were assigned using an established MLST data-
base (http://www.mlst.net). These isolates were also characterized using
pulsed-field gel electrophoresis (PFGE) using standard CDC protocols at
the MDH (41).

All suspect MRSA isolates were subjected to antibiotic sensitivity test-
ing using the broth microdilution method (compared to the Kirby Bauer
method used for MSSA strains) to obtain precise concentrations of anti-
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TABLE 2 Broth microdilution panel used at the University of
Minnesota, Veterinary Diagnostic Laboratory (VDL), showing MICs of
the two MRSA isolates

MIC in pg/ml (profile)® for:

Antimicrobial agent Spl2 Sp19
Amikacin 16.00 (S) =4.00 (S)
Amoxicillin-clavulanic acid 32.00 (R) =4.00 (R)
Ampicillin >16.00 (R) >16.00 (R)
Cefazolin >16.00 (R) =4.00 (R)
Cefovecin >8.00 (NI) >8.00 (NI)
Cefoxitin >16.00 (R) 16.00 (R)
Cefpodoxime >16.00 (R) >16.00 (R)
Ceftiofur >4.00 (R) >4.00 (R)
Chloramphenicol 8.00 (S) 8.00 (S)
Clindamycin =0.50 (R) =0.50 (R)
Doxycycline =2.00 (S) =2.00(S)
Enrofloxacin >2.00 (R) =0.25(S)
Erythromycin >4.00 (R) >4.00 (R)
Gentamicin =1.00 (S) =1.00 (S)
Imipenem 4.00 (R) =1.00 (R)
Marbofloxacin >2.00 (R) =0.25(S)
Oxacillin + 2% NaCl >4.00 (R) >4.00 (R)
Penicillin >8.00 (R) >8.00 (R)
Rifampin =1.00 (NI) =1.00 (NI)
Ticarcillin 64.00 (R) 32.00 (R)
Ticarcillin-clavulanic cid 32.00 (R) =8.00 (R)
Trimethoprim-sulfamethoxazole =0.50 (S) =0.50 (S)

S, susceptible; R, resistant; NI, not interpretable (no interpretations from CLSI).

biotics at which the methicillin-resistant strains would be growth inhib-
ited. Two different Sensititre antimicrobial agent panels were used: one at
the University of Minnesota, Veterinary Diagnostic Laboratory (VDL),
which compared against the veterinary CLSI reference M31-A3 (9), and
the other at the Minnesota Department of Health (MDH), which com-
pared against the human CLSI reference M100-S21 (Tables 2 and 3 list the
antimicrobial agents tested by these respective methods). These two dif-
ferent panels were used to test sensitivities to antibiotics in human as well
as animal medicine, as MRSA in animals may pose an animal as well as a
public health concern. Both antimicrobial agent panels tested for oxacillin
resistance as an indicator of methicillin resistance.

PCR amplification of genes encoding PVL toxin and TSST in suspect
MRSA isolates. The genomic DNA was extracted from the suspect MRSA
isolates using a QIAamp DNA minikit as mentioned above and was used
to screen for the toxic shock syndrome toxin (TSST) gene and the Panton-
Valentine leukocidin (PVL) toxin gene. PCR for the TSST (62) and PVL
toxin (38) genes was performed as described previously.

Detection of staphylococcal enterotoxin A, B, C, D, and E produc-
tion in suspect MRSA isolates. The suspected MRSA isolates were grown
in LB medium overnight at 37°C. The supernatant of the cultures was
collected by centrifugation at 3,500 X g for 5 min at 15°C. Sterile filtration
of the supernatant was carried out using Millipore Steriflip membranes
(0.22 pm) to avoid transfer of microorganisms to the assay. The commer-
cially available Ridascreen SET A, B, C, D, E (R-Biopharm GmbH, Ger-
many) sandwich immunoassay was used for the detection of staphylococ-
cal enterotoxin (SE) in the supernatants of culture fluids. Protocol was
followed as per manufacturer instructions for the enzyme immunoassay.
Optical density at 450 nm (OD,s,) results were interpreted using cutoff
values derived by adding 0.15 to the average negative-control OD,s,,.
Samples with OD 5, less than the cutoff value were considered negative,
while those with OD,5, equal to or greater than the cutoff were considered
positive for the respective toxin.

Journal of Clinical Microbiology


http://www.ncbi.nlm.nih.gov/nuccore?term=AM980864
http://www.ncbi.nlm.nih.gov/nuccore?term=EU790490
http://jcm.asm.org

TABLE 3 Broth microdilution panel used at the Minnesota Department
of Health (MDH), showing MICs of the two MRSA isolates

MIC in pg/ml (profile)< for:

Antimicrobial agent Spl12 Sp19
Clindamycin =0.25(S) =0.25(S)
Trimethoprim-sulfamethoxazole =1.00 (S) =1.00 (S)
Daptomycin =0.50 (S) =0.50 (S)
Quinupristin-dalfopristin =0.25(S) =0.25(S)
Mupirocin <1.00 (U) <1.00 (U)
Cefoxitin? >16.00 (U) >16.00 (U)
Tetracycline =1.00 (S) =1.00 (S)
Linezolid 2.00 (S) 2.00 (S)
Minocycline =0.50 (S) =0.50 (S)
Oxacillin >32.00 (R) 32.00 (R)
Gentamicin =2.00 (S) =2.00(S)
Vancomycin 1.00 (S) 1.00 (S)
Levofloxacin >8.00 (R) >8.00 (R)
Doxycycline =1.00 (S) =1.00 (S)
Erythromycin >8.00 (R) =0.12 (S)
Rifampin =0.25(S) =0.25(S)

“ Interpretations of susceptible, intermediate, and resistant profiles were taken from
CLSI M100-S21. Sp12 was found positive for inducible clindamycin resistance, while
Sp19 was found negative. Inducible clindamycin resistance testing was performed only
on erythromycin-resistant and clindamycin-sensitive or -intermediate isolates.

b Results for cefoxitin are noted as undefined (U). A cefoxitin MIC of =4 correlates
with oxacillin susceptibility, and a cefoxitin MIC of =8 or correlates with oxacillin
resistance.

RESULTS

MSSA isolate prevalence and characterization. Ninety-three
MSSA isolates were detected from the 150 bulk tank milk (BTM)
samples, a 62% prevalence in BTM. Herd level prevalence of
MSSA was 84% (42 of 50 farms, S. aureus detection in at least one
season in 2009 was considered positive). Of these 93 S. aureus
isolates recovered from BTM samples using conventional isola-
tion methods, none showed growth on selective medium for
MRSA, the MRSA Select plates, indicating that they were all MSSA
isolates. All isolates were confirmed as S. aureus in that they car-
ried a 98 to 100% sequence similarity of 16S rRNA genes to the
reference gene. Of the 93 MSSA isolates detected, 54 were pansus-
ceptible by the disk diffusion method, 21 were resistant to one
class of antibiotic, 13 were resistant to 2 classes of antibiotic, and 5
were resistant to three or more classes of antibiotic and thus mul-
tiresistant (Fig. 2). Of the 93 isolates from 42 farms, 29% were

16
14
12
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8
6 -
4
24
0-

MSSA isolates

1 2 3 4 5 6 7 28
No. of antibiotics tested

FIG 2 Frequency distribution of antimicrobial agent resistance patterns of
MSSA. Shown on the x axis are the numbers of antibiotics to which the isolates
were resistant. Of the 93 MSSA isolates, 54 were pansusceptible to all antibi-
otics, 15 were resistant to at least one antibiotic, and the remaining 24 were
resistant to 2 or more antibiotics, as tested by the Kirby Bauer method.
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FIG 3 Distribution of antimicrobial resistance to different classes of antibiot-
ics among the 93 MSSA isolates across the 3 seasons in 2009. Antimicrobial
agent resistance was determined for all MSSA isolates by the Kirby Bauer
method with individual antibiotic disks. Proportions of MSSA isolates varied
among the three seasons, as follows: summer, n = 16; spring, n = 41; and fall,
n = 36. P/N, penicillin-novobiocin.

resistant to cloxacillin, 17% to ampicillin, 16% to penicillin and
tetracycline each, 7% to erythromycin, 5% to pirlimycin, 4% to
novobiocin, 3% to streptomycin, and 1% to ceftiofur and ceph-
alothin each, as determined by the Kirby Bauer disk diffusion
method.

MSSA isolates were classified into the following spa types: t529
(n = 25),t034 (n = 10), t359 (n = 2), t189 (n = 2), t203 (n = 2),
t044 (n=1),t084 (n = 1),t1166 (n = 1),1267 (n = 4),t2734 (n =
1),t337 (n = 1), t4173 (n = 1), and t521 (n = 1). Among the 15
MDR isolates, t034 (n = 5) and t529 (n = 4) spa types dominated.
MSSA isolates showed the most resistance to beta-lactam antibi-
otics, followed by tetracyclines, across all 3 seasons (Fig. 3).

MRSA isolate prevalence and characterization. Both MRSA
isolates were also confirmed as S. aureus by a 98 to 100% sequence
similarity of 16S rRNA genes to the reference gene. Any S. aureus
isolate was characterized as MRSA if it showed the presence of the
mecA gene and displayed phenotypic resistance to oxacillin at a
MIC of =4 pg/ul. Eight isolates were identified as suspect MRSA,
as they amplified an upstream region of mecA and their sequences
aligned (98 to 100% nucleotide identities) with S. aureus mecA
gene sequences in the NCBI databases. However, the results of the
real-time PCR assay from the Minnesota Department of Health
(MDH) using an established primer set showed that only 2 of the
8 suspect MRSA isolates contained the mecA gene segment. Rep-
etition of the MDH mecA gene PCR in our lab using conventional
PCR produced consistent results. Sequence alignment of primers
used in our lab and those of Killgore et al. (32) showed that the
primers amplified different regions of the open reading frame
(ORF) of the mecA gene (regions separated by 500 bp). Further,
the Sensititre results for the 8 suspected MRSA isolates validated
that the two isolates which were identified as containing the mecA
gene by the MDH assay were MRSA because they were resistant
to oxacillin, with MICs of >32 ug/ml. Another isolate (Fa25)
showed a low MIC to oxacillin on only one of the panels but did
not carry the mecA gene in the MDH assay and hence was not
considered MRSA. The remaining 5 isolates were all sensitive to
oxacillin, confirming them as false positives.

Two isolates (1.3%) from 150 BTM samples were confirmed as
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FIG 4 PFGE patterns of MRSA and staphylococcal enterotoxin-producing MSSA isolates, compared with subtypes obtained by MLST, spa typing, and SCCrmec
typing. The composite genotypes obtained by the combination of PFGE pulsotype with MLST sequence type, spa type, and SCCmec type provide important

information about the epidemiologies of the MRSA and MSSA isolates.

MRSA after enrichment and screening for the presence of the
mecA gene. The prevalence of MRSA in BTM is 1.33%, while the
herd prevalence of MRSA is 4% (2 of 50).

The two MRSA isolates each showed resistance to oxacillin, at
MICs of >32 ug/ul. The MRSA isolate, Sp19, showed resistance
to B-lactams, lincosamides, macrolides, and narrow-spectrum,
expanded-spectrum, and broad-spectrum cephalosporins, while
the other MRSA isolate, Sp12, showed resistance to fluoroquino-
lones, carboxypenicillins, and oxazolidinones in addition to the
antibiotic classes to which Sp19 was resistant, as shown in Tables 2
and 3.

Subtyping using MLST, PFGE, SCCmec typing, and spa typing
was performed for the 2 MRSA isolates and the 6 suspect isolates
(Fig. 4). One MRSA isolate, Sp12, shows a composite profile of
unknown spa type-PFGE type close to USA100-ST 5-mec type 11,
while the second isolate, Sp19, shows a composite profile of spa
type t121-PFGE type USA300-ST 8-mec type IVa. Other PFGE
types among the suspect MRSA isolates include USA400 (n = 2),
closest to USA400 (n = 2), and nontypeable (n = 2). MLST types
found in the false positives include ST 352 (n = 4), ST 398 (n = 1),
and unassigned ST. No mec types could be obtained for any of the
false-positive isolates. spa type t121 was the only spa type identi-
fied among the 2 MRSA isolates, while types t034 (n = 2), t359
(n = 2),12734 (n = 1), and unknown type (n = 1) were detected
in the suspect MRSA isolates.

Presence of TSST and PVL toxin genes and SE production in
suspect MRSA isolates. The 8 suspect MRSA isolates were ana-
lyzed further for their toxin production profiles and the presence
of TSST and PVL toxin genes. Although only 2 of the 8 isolates
were confirmed as MRSA by detection of the mecA gene and phe-
notypic expression of methicillin resistance, toxin data from the 6
suspect isolates are presented to depict the toxigenic potential of
non-methicillin-resistant strains circulating in milk. MRSA iso-
late Sp12 produced SE B, SE C, and SE D, while isolate Sp19 pro-
duced SE C, SE D, and SE E (Table 4). Among the 8 S. aureus
isolates analyzed, the order of SE production (produced by most
number of isolates) is as follows: SE C > SE D > SE B and SE E.
None of the 8 isolates showed the presence of the TSST gene, while
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the presence of the PVL toxin gene was detected in one isolate
alone, the Sp19 MRSA isolate.

DISCUSSION

MRSA has increasingly been recognized in farm animal popula-
tions in recent years. Some studies have investigated MRSA prev-
alence in pig populations in North America (31, 57); however,
limited information with respect to the genetic characterization of
MRSA in cattle or in bulk tank milk in the United States is avail-
able.

The 50 farms sampled in our study are representative of 2.3%
of all dairy herds enrolled with the MN DHIA (50 of 2,159 farms).
The mean milk production in terms of rolling herd averages (Ib
milk/cow/year) for the 50 farms (21,586 1b) was reflective of the
mean rolling herd averages of the farms enrolled with the MN
DHIA (21,329 1b).

Our results suggest that there is a low prevalence of MRSA in
MN dairy herds. This is in accordance with the NAHMS Dairy
2007 study (including samples from MN), which found no MRSA
in bulk tank milk samples (63). Our methods were more robust
and used selective enrichment for oxacillin-resistant S. aureus

TABLE 4 Staphylococcal enterotoxins produced and toxin genes
detected for MRSA and MSSA isolates

Toxin production analyzed
for SE:

Toxin gene

Isolate®  Organism A B C D E detected by PCR
Sp12 MRSA - + + + - -

Sp19 MRSA - - + + + PVL

Fa6 MSSA - - + - - -

Fa20 MSSA - - + + - -

Fa25 MSSA - - + - - -

Fa42 MSSA - - + + - -

Fa43 MSSA - - - - - -

Fa48 MSSA - + + + + =

2 Only Sp12 and Sp19 are MRSA isolates; the rest were suspect MRSA but were
confirmed as MSSA isolates.
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prior to characterization, which may explain why some MRSA
isolates were detected in the samples we collected. Also to be noted
is the fact that 150 pooled BTM samples from three consecutive
days were analyzed, which could represent anywhere between 450
and 300 separate milk loads (assuming milk was emptied every
day and every other day, respectively). This sampling protocol in
addition to the selective double enrichment protocol for MRSA
may account for success in detecting MRSA and the higher rates of
prevalence of MSSA isolates than were found with previous stud-
ies. Consistent with our findings, other countries have reported
various rates of prevalence of MRSA in bovine milk: 1.4% in Swit-
zerland (25), 1.5% in Japan (24), 2.4% in Korea (42), 0 to 7.4% in
Belgium (61), and 5.1 to 16.7% in southwest Germany (58). Re-
cently, a study of S. aureus from mastitic cattle in India reported a
high prevalence of MRSA, i.e., 13% of S. aureus isolates (14 of 107
samples) (34). Such high prevalence has not been reported in
studies from the United States or Europe, with the exception of
southwest Germany (58). However, only 10 of 14 isolates classi-
fied as MRSA by the authors showed the presence of the mecA gene
by PCR.

Although 6 isolates were detected on MRSA Select plates, they
did not amplify the mecA gene by MDH primers or show resis-
tance to oxacillin, with the exception of one isolate, which showed
alow MIC on one of the two panels. They did amplify a segment of
the mecA gene, suggesting a possible truncation in the open read-
ing frame. It is likely that these isolates showed poor expression of
the mecA gene or overproduction of beta-lactamase, as they re-
mained susceptible to oxacillin plus 2% NaCl but resistant to pen-
icillin (26, 42). Another factor that may explain this discrepancy
could be that phenotypic expression of resistance varies with
growth condition (pH, osmolarity of medium, etc.) (8, 35). On
the other hand, higher MICs of oxacillin resistance (on the order
of 16 pug/ml) have been observed upon induction (i.e., culturing in
the presence of oxacillin) in MRSA isolates which previously ex-
hibited low MICs of 1 to 2 ug/ml. Hence, false positives could also
arise due to limitations in the microbiological detection methods
(56). Because of this, all suspect MRSA isolates from animal envi-
ronments should also be subjected to broth microdilution-based
MIC detection and confirmation for the presence of mecA by PCR
(32).

Also of interest is the recent finding in S. aureus isolates from
bulk milk as well as milk from mastitic cows in England of a di-
vergent mecA gene which is not detectable by routinely used PCR
primers and which showed 70% amino acid similarity to currently
identified mecA (22). This divergent mecA was associated primar-
ily with spa type t843 and CC130 and has also been identified in
human MRSA isolates from Scotland, England, Denmark, and
Ireland (22, 56). The discovery of novel mecA homologs suggests
the possibility of the presence of such a divergent homolog in the
6 suspect MRSA isolates, which were confirmed as mecA negative
by established primers described by Killgore et al. (32) but showed
the presence of mecA fragments amplified by primers used in our
lab. Also to be noted is the growth of these six S. aureus isolates in
a selective medium for identification of MRSA, the MRSA Select
plates, indicating that mechanisms of resistance to methicillin
may be different among some animal strains.

In a recent study of MRSA isolated from milk samples from
mastitic cows, 100% of isolates were resistant to erythromycin,
clindamycin, chloramphenicol, and gentamicin (60). In another
study in Switzerland, two MRSA isolates from 142 milk samples
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from mastitic cows were resistant to ampicillin, ceftiofur, clinda-
mycin, erythromycin, oxacillin, penicillin, and tetracycline (25),
while Vanderhaeghen et al. (61) reported resistance to tetracy-
cline, with frequent resistance to macrolides, lincosamides, and
aminoglycosides, in MRSA from milk from mastitic cows. Resis-
tance profiles of MRSA isolates from the previous two studies
closely resemble the profiles of both MSSA and MRSA isolates in
our current study. Further studies are needed to analyze the rela-
tionship between patterns of antibiotic use on farms and the emer-
gence of resistance to specific drugs. Few studies have analyzed the
statistical relationship between antibiotic use and emergence of
antibiotic-resistant pathogens on dairy farms. Poll and Ruegg (51)
reported a heterogeneous relationship of S. aureus MICs with
drug usage on farms and concluded that a clear dose-response
interaction was not observed. Further, they observed no signifi-
cant associations between level of antibiotic exposure (in organic
versus conventional farms) and MICs of mastitis pathogens (51).
Erskine et al. also detected no indication of increased resistance of
mastitis isolates (including S. aureus) to commonly used antibiot-
ics and instead reported an increase in proportion of isolates sus-
ceptible to ampicillin, penicillin, and erythromycin over a 7-year
period (2, 20, 39). Rajala-Schultz et al. analyzed the susceptibility
patterns of mastitis pathogens isolated at calving from first-
lactation and older cows and reported no significant difference in
the proportions of resistant isolates between first-lactation and
older cows (53). A study conducted by Roesch et al. in Switzerland
compared the rates of occurrence of resistant mastitis pathogens
between organic and conventional dairy farms and reported no
significant differences between the two (54).

The most prevalent spa type among MRSA isolates from bo-
vine sources is t011, as is corroborated by reports from Germany,
Belgium, and Switzerland (21, 25, 58, 61). MRSA isolates from
bovine mastitis samples in Germany and Belgium (21, 61) also
included other spa types—t034, t2576, and t567. Limited data on
spa type distribution are available for MSSA isolates from bovine
sources. Of the spa types obtained in our study, two of the MSSA
isolates belonged to the type found in Germany (21), t034, while
one MRSA isolate belonged to type t121, which is common
throughout France, Belgium, Germany, Switzerland, and the
United States and is associated with MLST ST 8 (http://www
.spaserver.ridom.de).

Isolate Spl2 carried a composite genotype of ST5-close to
USA100-mec type II, which is a genotype commonly reported
among hospital-associated MRSA isolates, while isolate Sp19 car-
ried a composite profile of ST8-USA300-mec type IVa, reported in
community-associated MRSA lineages with the smaller SCCrnec
cassette IV (41). In contrast, MRSA isolates from milk from mas-
titic cows in Switzerland and Belgium belonged to MLST ST 398,
which is a LA MRSA sequence type (21, 25, 41). Bovine MRSA
isolates from Germany were also untypeable by Smal PFGE (21,
25). Such untypeable ST 398 isolates have frequently been de-
tected from MRSA isolates from pigs in the United States as well as
in other countries (15, 57). Two of the suspect MRSA isolates
which were later confirmed susceptible to methicillin show spa
type, MLST, and PFGE composite profiles similar to those seen in
LA MRSA genotypes, indicating that such genotypes are circulat-
ing in dairy farms but remain susceptible to methicillin.

While the prevalence of MRSA is low in MN dairies and S.
aureus is eliminated by pasteurization, there is an unproved but
potential risk of transmission of MRSA to humans in situations
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where raw milk is utilized either directly for consumption or in
raw milk cheese production, especially young ripened cheeses. At
present, raw milk sales are legal in MN if the consumer purchases
directly from the dairy herd. Dairy producers also commonly con-
sume raw milk produced on their farms. Two surveys conducted
in 1999 and 2001 by Jayarao et al. (27, 28) reported that 60% of
dairy producers in eastern South Dakota and western Minnesota
consumed raw milk. In our current study, 36% of farms reported
consumption of unpasteurized raw milk produced on farm.

Staphylococcal enterotoxins are capable of retaining immuno-
logical and biological activity following pasteurization. When the
concentration of an enterotoxigenic strain of S. aureus exceeds 10°
CFU/ml or CFU/g, the strain is capable of producing toxin suffi-
cient to cause intoxication symptoms (5). However, one of the
limitations of this study is the unavailability of colony counts from
isolated MSSA and MRSA. In the case of MRSA at least, CFU/ml is
not representative of actual numbers of the organism present in
BTM, as the organism has been isolated after a double enrichment
and selection protocol. Of the 8 isolates analyzed for toxin pro-
duction, 7 showed production of at least one enterotoxin, which
could be explained based on the relatively high percentage of clas-
sical SE-producing strains from bovine subclinical mastitis (4, 6,
12, 52). As previously observed in literature, none of the S. aureus
isolates from milk produced SE E (6, 43, 52, 68), but we found one
SE E-producing MSSA isolate in this study.

In summary, two MDR MRSA isolates capable of producing
multiple staphylococcal enterotoxins and carrying genotypes
commonly isolated in both health care and community settings
were found in two MN dairy herds. Different states of interaction
can exist between S. aureus and its host: infection, carriage, colo-
nization, and contamination (18). Healthy humans can act as car-
riers if persistently or intermittently colonized by MRSA (coloni-
zation is a major risk factor) and can play a role in its spread
among animals, the dairy environment, and the community.
Transmission of MRSA between humans and animals, in partic-
ular, between cows and humans, has been reported previously
(30).

The presence of MRSA isolates in bulk tank milk may present a
potential public health risk, and MRSA may spread between ani-
mals if the numbers of isolates in dairy environments were to
increase. Further, resistance to multiple antibiotics is a more real-
istic risk to animal and public health if found to cause invasive
diseases other than MRSA. Therefore, careful monitoring of the
resistance status of S. aureus in dairy environments is needed, as
Staphylococcus aureus transmission is dynamic and involves hu-
mans, animals, and likely the farm production environment. Fu-
ture studies are also needed to help identify critical areas that allow
for contamination and spread within the farm environment.
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