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Abstract 

Staphylococcus aureus (S. aureus) is the most common cause of contagious 

bovine mastitis. Colonization of dairy cows by S. aureus, especially those expressing 

multi-drug resistance (MDR) and toxin production, is a concern for animal-health and 

well-being as well as public health. The primary objectives of this study were to 

investigate the prevalence, antibiotic resistance, virulence determinants and genetic 

diversity of S. aureus in bulk tank milk samples (BTM) using whole genome sequencing. 

A total of 365 pooled BTM samples (189 during winter and 176 during summer) were 

collected in 2016 from 189 herds from 19 different states in the United States. 

Staphylococcus aureus was cultured from 170 BTM samples, indicating a prevalence of 

46.6% in the BTM sample set and a herd prevalence of 62.4% (118 out of 189 herds). 

The most commonly identified antibiotic resistance gene was norA followed by aph(3’)-

ia. The mecA gene responsible for methicillin resistance was observed in only one isolate. 

Twenty-six isolates were identified as multi-drug resistant. In general, 100 % of the 

sequenced S. aureus isolates harbored at least one virulence gene and the aur, hlgB, hlgA, 

hlgC, hlb, lukE, lukD and splA genes were the most frequently detected. In the 53 

staphylococcus enterotoxin gene positive isolates, sen, sem, sei, seg, seo and seu were the 

most frequently detected putative virulence genes. Fourteen different sequence types 

(ST) based on muti-locus sequences and 18 spa types were identified. The most common 

ST was ST2187 and the most common spa type identified was t529. The most 

predominant clone was CC5 represented by multiple ST and CC151 was the second most 
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predominant clone. The single isolate identified as MRSA belonged to ST72-CC5 and 

spa type t126.  

A secondary study objective was to determine herd characteristics and 

management practices associated with the presence of S. aureus, as well as MDR strains 

of S. aureus, in BTM samples of U. S. dairy herds. Majority of the dairies adopted 

important mastitis-prevention practices such as fore-striping (86.9%), pre-milking teat 

disinfection (94%), post-milking teat disinfection (98.8%), drying teats before applying 

the milking unit (87.5%) and infusing long acting intramammry antibiotics at dry-off 

(95.8%). Mixed logistic regression modelling indicated that herd characteristics and 

management practices associated with a lower odds for isolating S. aureus from BTM 

included larger herd size (>500 lactating cows), herds with Jersey or other as the 

predominant breed (vs Holstein) and herds using non-manure organic bedding materials 

(e.g. straw, shavings) for lactating cows versus reclaimed sand. The practices of housing 

lactating cows on a bedded pack (vs free stalls) and herds that routinely examined 

foremilk as a part of their milking routine were associated with higher odds of isolating S. 

aureus from BTM. Mixed logistic regression models did not identify any herd level risk 

factors associated with the presence of MDR strains of S. aureus in BTM. Our findings 

indicated a high prevalence of S. aureus in BTM, with little antibiotic resistance but often 

carrying genes for the various enterotoxins identified in S. aureus.  

This study could help identify the predominant clones (CC5 & CC151) and 

provides continued surveillance of S. aureus strains found in U.S. dairy herds. It also 

provides an insight into the level of adoption of various recommended management 
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practices for control of S. aureus mastitis by U.S. dairy herds. Furthermore, with ongoing 

changes in housing, bedding and milking practices, it is important to examine newly 

adopted practices as potential risk factors for S. aureus transmission within and between 

herds. 
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1.1 Chapter summary 

Mastitis is a disease of major economic importance in the dairy industry 

worldwide. Despite considerable research on mastitis of dairy ruminants, the disease still 

remains a major problem to the dairy industry. Multiple factors such as milk quality, 

economic viability of the producer, decrease in antibiotic use and animal welfare drive 

the need to control mastitis. Among the various bacterial species causing mastitis, 

Staphylococcus aureus (S. aureus) is one of the bacteria that cause problems because of 

its pathogenicity, contagiousness, colonization of skin or mucosal epithelia, and poor cure 

rates associated with current therapies. Mortality due to S. aureus mastitis in dairy herds 

is usually low, but indirect losses resulting in premature culling due to chronic cases can 

be high in problem herds. One major public health concern associated with S. aureus is 

the emergence of methicillin resistant S. aureus (MRSA). Some recent evidence points to 

domestic animals, including food animals, as reservoirs of MRSA, and transmission 

between host species is likely possible (Loo et al., 2007; Harrison et al 2013). Over the 

past decade, a growing number of MRSA isolates have been reported in companion and 

food animals and in their human associates, including pet owners, farmers, and veterinary 

personnel. Recent studies have shown genetic similarity between MRSA isolates from 

food animals—including dairy cows, and those in humans, suggesting transmission 

between the species (Juhasz-Kaszanyitzky et al., 2007; Harrison et al., 2013).  

A better understanding of S. aureus mastitis epidemiology is necessary to help 

monitor the changing prevalence and the importance of this pathogen as an agent of 

mastitis. While identification of S. aureus infected animals is critical to implementing 

control strategies, subspecies identification may be necessary to differentiate strains from 
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one another based on their contagiousness. Ultimately, the most discriminatory means of 

comparing multiple S. aureus isolates to determine strain variation would be to compare 

the whole-genome sequences. In this chapter, the author will review the current state of 

knowledge regarding antibiotic usage in dairy farms, resistance patterns of mastitis 

pathogens, and genotypic variation and virulence factors of S. aureus isolated from 

bovine milk. 

1.2 Overview of U.S. dairy industry and the impact of mastitis 

Adoption of modern and efficient farming practices, along with successful use of 

land and resources, secure the United States’ position as one of the world’s largest 

producer of cow’s milk (U.S. dairy export council, 2015). In 2015, the United States had 

9.3 million cows and produced 94.3 million metric tons of milk across more than 60,000 

farms (United States Department of Agriculture, (USDA), 2016). Healthy, well-tended 

cows fed a nutritious diet consistently produce wholesome, high-quality milk and U.S. 

dairy farmers work closely with veterinarians to ensure production of high-quality milk 

(U.S. dairy export council, 2015). However, despite decades of implementation of control 

programs, mastitis continues to be the most challenging disease of dairy cows with 

significant negative consequences for the health and welfare of the cow. Mastitis 

treatment and control is one of the largest costs to the dairy industry, and is also a 

significant factor in dairy cow welfare. The physiological response of the cow to the 

disease and the agents causing the infection can adversely impact the quantity and quality 

of milk thereby reducing its value (Auldist et al., 1995; Auldist and Hubble, 1998). The 

National Mastitis Council (New Prague, MN) estimates an annual loss of about $2 billion 

dollars to the dairy industry due to mastitis. These losses are primarily due to milk 
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discarded due to the presence antibiotic residues or being unfit to drink, a reduction in 

milk yield due to illness and any permanent damage to udder tissue, the extra labor 

required to attend to mastitic cows, the costs of veterinary care and medicines, and the 

cost of reduced longevity due to premature culling (Huijps et al., 2008). 

The dairy industry in the U.S. has undergone significant structural changes over 

the past years, with the number of large operations increasing and total milk cow 

operations declining significantly. For example, the average herd size is now 234 cows as 

compared with 129 cows in 2003 (USDA, National Agricultural Statistics Service). 

Holsteins continue to be the predominant dairy breed followed by Jerseys with an 

average milk production of about 22,941 lbs/cow/year and an average test-day herd 

somatic cell count (SCC) of 204,000 cells per ml. However, like much of agriculture, 

dairy farms come in a wide range of sizes. The largest U.S. dairy farms have over 15,000 

cows, though farms with 1,000 –5,000 cows are becoming more common (ERS, 2000). 

This has resulted in changes in the way that dairy cows are housed and managed and has 

also influenced mastitis control strategies. These changes in management may have 

impacted the distribution of mastitis pathogens (Ruegg, 2012).  

1.3 Mastitis in dairy cows 

Mastitis is an inflammation of the mammary gland that affects a high proportion 

of dairy cows throughout the world. Mastitis differs from most other animal diseases in 

that several diverse organisms like bacteria, fungi and algae are capable of infecting the 

udder. These pathogens invade the udder, then multiply and produce harmful substances 

that result in inflammation, reduced milk production, and altered milk quality due to 
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increased SCC.  Elevated milk SCC is associated with altered protein quality, change in 

fatty acid composition, lactose, ion and mineral concentration, increased enzymatic 

activity, and a higher pH of raw milk (Coulon et al., 2002). Though less common, 

mastitis can also occur as a result of mechanical, chemical or thermal injury to the cow’s 

udder. Milk-secreting tissues and various ducts throughout the udder can be damaged by 

bacterial toxins, and sometimes permanent damage to the udder occurs. Severe acute 

cases can be fatal, but even in cows that recover there may be reduced milk yield for the 

rest of the lactation and subsequent lactations. 

The etiopathology of mastitis is multifaceted, with three main factors usually 

involved: exposure to microorganisms, host defense mechanisms, and environmental 

conditions (Zadoks et al. 2001). In order to control or prevent the disease, information 

regarding the prevalence and distribution of mastitis-causing bacteria (Zadoks et al. 2001; 

Olde Riekerink et al. 2010), along with the identification of risk factors 

(Leelahapongsathon et al. 2014) is important. Mastitis pathogens have been classified as 

major or minor pathogens based upon the pathogenicity, virulence and economic impact. 

Major mastitis pathogens tend to cause an increase in SCC and a large decrease in milk 

production whereas minor pathogens tend to cause only mild increases in SCC and 

slightly decreased milk production (Schepers et al., 1997; Reyher et al., 2012). Mastitis 

pathogens may also be classified as contagious and environmental based on their route of 

transmission and primary reservoir. Contagious pathogens such as Streptococcus 

agalactiae (S. agalactiae) and S. aureus are found in the udder tissues and are transmitted 

from cow-to-cow during milking routines by infective droplets on milkers’ hand, teat cup 

liners and wash cloths.  Environmental pathogens such as coliforms (Escherichia coli, 
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Klebsiella spp., Enetrobacter) and Environmental Streps (Streptococcus dygalactiae (S. 

dysgalactiae) and Streptococcus uberis (S. uberis)) are commonly found in the herd's 

surroundings such as bedding materials, manure and soil, with teat end exposure to these 

pathogens occurring between milkings.  

Depending on the degree of inflammation in the mammary gland, mastitis can 

also be classified as clinical or subclinical mastitis. Clinical mastitis is characterized by 

visible abnormalities in the milk or the udder such as milk that is discolored or with clots 

or flakes, or a warm or swollen udder. In some cases of clinical mastitis, the cow may 

also be systemically ill. Only 5 – 10 % of all mastitis cases are clinical and are often 

classified based on the severity as mild, moderate or severe. Subclinical mastitis refers to 

the absence of clinical symptoms of the illness and no visible changes to the milk, but an 

elevation in somatic cells. A SCC value of 200,000 cells per ml is considered as the most 

accurate threshold to distinguish infected from uninfected cows (Torres et al., 2008). 

1.4 Staphylococcus aureus mastitis in dairy cows 

Staphylococcus aureus is an important major mastitis pathogen responsible for 

contagious intra-mammary infection (IMI) in cattle worldwide. Staphylococcus aureus 

can cause clinical mastitis but frequently causes subclinical infections with elevated SCC 

and reduced milk yield (Sears and McCarthy, 2003; Halasa et al., 2009). Subclinical 

mastitis caused by S. aureus is a major concern for dairy producers due to its negative 

impact on milk yield and quality. Furthermore, due to a lack of obvious symptoms, 

asymptomatic animals can act as a reservoir of disease and source of infection for other 

cows in the herd (Bradley et al., 2007). The infection is spread at milking time when S. 
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aureus-contaminated milk from an infected gland comes into contact with an uninfected 

gland, and the bacteria ascend through the teat canal. When a quarter is infected, S. 

aureus can be excreted in the milk with large fluctuations in counts ranging from zero to 

108 CFU/ml (Asperger and Zangerl, 2003) 

The prevalence of S. aureus infection varies among herds, regions and countries. 

In an early study conducted during 1978 – 1980, nearly 27,000 milk samples were 

collected from cows from 28 Virginia dairy herds, with culture results showing that 6% 

of cows were infected with S. aureus (Jones et al., 1984). In a more recent study 

Schukken et al. (2009) reported that 3% of all animals in New York and other 

Northeastern states are infected with S. aureus. Traditionally, the prevalence of mastitis 

in prepartum heifers has been overlooked given the assumption that heifers without a 

developed gland are not susceptible to IMI. However, in several early studies, 12 to 15 % 

of first lactation cows were found to be infected with S. aureus at calving (Boddie et al., 

1987; Trinidad et al., 1990a; Trinidad et al., 1990b). Fox et al., (1995) also reviewed 

heifer mastitis, estimating that between 1% and 10% of all heifers were infected with S. 

aureus at parturition. Therefore, heifers are also a potential reservoir for S. aureus 

infection in dairy herds.  

Subclinical mastitis caused by S. aureus tends to become chronic and can be 

difficult to eradicate by conventional antibiotic therapies (Sears and McCarthy, 2003), 

due to the establishment of deep-seated pockets of infection in the milk secreting cells 

(alveoli) followed by abscess formation, intracellular survival within neutrophils and 

biofilm formation. Average cure rates have been reported to be only about 50% (17-95%) 

for subclinical cases and approximately 55% (26-92%) for clinical cases (Pyorala and 
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Mattila, 1987; Owens and Nickerson, 1990; Sol et al., 2000).  The cure rate for dry cow 

therapy has been reported to be 60%. In another study conducted by the Hill Farm 

Research Station, antibiotic treatment of heifers and cows infected with S. aureus resulted 

in a cure rate of 83.3% in the heifers versus 30% in lactating cows (Nickerson, 1993). 

The frequent incapacity of both the immune response and antibiotics to destroy the 

pathogen in the intramammary environment explains why S. aureus bovine mastitis 

constitutes a major challenge to dairy producers. 

1.5 Use of antibiotics on dairy farms and susceptibility of mastitis pathogens 

In modern dairy cattle operations, antibiotics are used to combat infectious 

bacterial diseases with a view to improve animal well-being and performance. Various 

antibiotics are used for treatment and prevention of mastitis caused by a variety of Gram-

positive and Gram-negative bacteria. Antibiotics are also used to treat other infectious 

diseases of dairy cows including respiratory infections, uterine infections and infectious 

foot disease. The use of antibiotics in food producing animals has resulted in several 

benefits, including healthier, more productive animals, lower disease incidence, reduced 

morbidity and mortality, and production of abundant, nutritious, high quality food for 

human consumption. In contrast to these benefits, there is increasing concern about the 

use of antibiotics to treat food animals, due to the risk of antibiotic residues in foods and 

the potential development and/or transmission of antibiotic resistance that could impact 

treatment of human diseases that require antibiotic intervention (Oliver and Murinda, 

2012). Data from the USDA National Animal Health Monitoring System (NAHMS) 

Dairy 2014 study conducted in 17 major dairy states in the U.S., representing 80.5% of 

dairy operations and 81.3% of dairy cows, revealed that the percentage of cows that were 
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treated with antibiotics was 22.0% for clinical mastitis, 3.6% for lameness, 2.6% for 

respiratory, 7.7% for reproductive disease, 1.1% for diarrhea or other digestive problems, 

and 0.5% for all other categories (USDA APHIS, 2014).  Over 80% of dairy farms 

reported using intramammary antibiotics to treat mastitis and about 90% of dairy farms 

reported routinely using long acting intramammary antibiotics at dry off  (Dry cow 

therapy; USDA APHIS, 2014). The same survey reported that cephalosporin, both first 

and third generation, was the most widely used antibiotic for treatment of mastitis. Of the 

21.7% of cows treated for mastitis with antibiotics, 50.4% received third generation 

cephalosporin and 15.2% received a first generation cephalosporin as their primary 

treatment for mastitis. Other antibiotics used frequently to treat cows with mastitis 

included lincosamide (24.6% of treated cows) and non-cephalosprorin beta-lactam 

antibiotics (8.7% of treated cows) (USDA APHIS, 2014).  

Resistance to antibiotics among mastitis pathogens has been well documented for 

nearly four decades, but there is no published evidence that resistance patterns are 

increasing. According to the National Mastitis Council’s expert group review, the 

currently available scientific evidence does not support widespread, increasing resistance 

among mastitis pathogens to antibiotics. However, inferences on development of 

resistance in relation to antibiotic use may be confounded by the lack of science-based 

evidence that compare antibiograms demonstrating resistance trends over time, before 

and after drug administration (Erskine et al., 2004). To date, there are no studies that 

show that the use of antibiotics to treat mastitis in dairy cows has resulted in the 

emergence of resistant strains in human and dairy cows. However, it is well documented 

that use of antibiotics in human and veterinary medicine will inevitably over time result 
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in the emergence of antibiotic resistant bacteria (Shryock and Richwine, 2010). 

Antibiotic resistant bacteria become a significant public health issue when a resistant 

organism becomes established as the dominant clonal type (e.g., Methicillin Resistant S. 

aureus and ceftiofur-resistant Salmonella) (Oliver et al., 2011). 

1.6 Antibiotic susceptibility of Staphylococcus aureus  

The use of antibiotics has been suggested to be a selective force in determining 

the ecology of bovine mastitis (Myllys et al., 1994). Very few studies (Mackie et al., 

1988; Erskine et al., 2002) have investigated the long-term effects of antibiotics use on 

the antibiotic susceptibility of mastitis pathogens. In one study of S. aureus isolates from 

clinical and subclinical mastitis in dairy cows from Northern Ireland during 1984 to 1987, 

Mackie et al. (1988) reported no change in proportions of S. aureus isolates susceptible to 

antibiotics. Several longitudinal studies have reported resistance patterns in mastitis 

pathogens over periods ranging from 6 months to 7 years. Most of these studies suggest 

that most mastitis pathogens are generally susceptible. (Erskine et al., 2002; Roesch et al., 

2006; Pol and Ruegg, 2007; Bengtsson et al., 2009; Botrel et al., 2010; Persson et al; 

2011; Sahebekhtiari et al., 2011). For example, in a 7-year study of Michigan dairy herds 

from 1994 to 2000, the proportion of susceptible bacterial isolates did not change for 

most of the antibiotics during the study period (Erskine et al., 2002). However, 

proportions of S. aureus isolates that were susceptible to ampicillin (37 to 62%), 

penicillin (38 to 60%), and erythromycin (75 to 95%) increased with time. Makovec and 

Ruegg (2003) reported similar conclusions, where an increased susceptibility to β-lactam 

antibiotics was observed in S. aureus. The percentage of S. aureus isolates susceptible to 

penicillin decreased from 51 to 70% between 1994 and 2001. However, there are 
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exceptions to these, where studies reported an increased resistance of some mastitis 

pathogens to some antibiotics. For example, various studies have reported that S. aureus 

shows heightened resistance particularly to penicillin (San Martin et al., 2003; Bengtsson 

et al., 2009; Kalmus et al., 2011; Persson et al; 2011; Sahebekhtiari et al., 2011) and 

ampicillin (San Martin et al., 2003; Sahebekhtiari et al., 2011).  

Pol and Ruegg (2007) evaluated the relationships between antibiotic usage at the 

farm level and the susceptibility of bacterial isolates collected from 1994 to 2000 in 

organic versus conventional dairies. The minimum inhibitory concentration (MIC) of 

selected antibiotics was determined for S. aureus, CNS, and Streptococcus spp. obtained 

from cases of subclinical mastitis in cows. The majority of isolates were inhibited at the 

lowest dilution of antibiotics tested, regardless to level of exposure to antibiotics 

estimated by use. For, S. aureus the MIC was dependent on the amount of exposure to 

penicillin and pirlimycin on farm. Tikofsky et al. (2003) studied antibiotic susceptibility 

of S. aureus isolates from cows using average daily dose (ADD) and reported that 

significantly fewer isolates obtained from conventional herds were susceptible to 

ampicillin, penicillin and tetracycline. However, Roesch et al. (2006) indicated that 

antibiotic resistance in mastitis pathogens (ie, S. aureus, non-aureus staphylococci, S. 

uberis, and S. dysgalactiae) from organic and inorganic Swiss dairy farms was not 

different. A study that investigated antibiotic susceptibility of S. aureus in bulk tank milk 

(BTM) in organic and conventional farms in Denmark and the United States reported that 

conventional dairy herds in Wisconsin had 3.3 times higher probability of having S. 

aureus isolates with reduced susceptibility to ciprofloxacin (0.5µg/ml) than organic dairy 

herds in Wisconsin (Sato et al., 2004). Some of the studies discussed above indicate that 
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S. aureus has resistance to certain antibiotics and it depends on the amount of exposure to

those antibiotics.  Some studies have reported that, antibiotic resistance is one of main 

reasons of low cure rate of mastitis caused by S. aureus (Barkema et al., 2006; Gao et al., 

2012).  However, cure rate for mastitis caused by S. aureus are also affected by the 

ability of the organism to form deep seated pockets of infection and also by the ability of 

the bacteria to hide within the neutrophils and other host cells thereby preventing contact 

with the antibiotics. More important concern is the emergence of multiple drug resistance 

(MDR) in some S. aureus strains, which is both potential challenge in the treatment of S. 

aureus mastitis and has developed into a public health issue (Davies, 1994). A study from 

Poland reported that of 123 S. aureus strains isolated from subclinical mastitis, 70% were 

susceptible to all 20 antibiotics tested, indicating a low level of antibiotic resistance 

overall. Ten strains were MDR, showing resistance to four or more of the 20 antibiotics 

tested. Three of these MDR strains were also positive for mecA gene (confers resistance 

to β-lactams by encoding a modified penicillin-binding protein) and classified as MRSA 

(Szweda et al., 2014). 

1.7 Methicillin resistant Staphylococcus aureus & Methicillin susceptible 

Staphylococcus aureus as a public health concern 

Methicillin resistant S. aureus (MRSA) is an important human pathogen, and has 

emerged as a major cause of healthcare associated (HA-) or community associated (CA-) 

infections (Klein et al 2007). Molecular epidemiology has revealed differences between 

HA-MRSA and CA-MRSA, such as resistance determinants, Staphylococcal cassette 

chromosome mec (SCCmec) types and clonal complexes (CCs) identified by multilocus 

sequence typing (MLST) or staphylococcal protein A (spa) typing (Enright et al., 2002; 
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Rybak and LaPlante, 2005). Staphylococcal cassette chromosome mec is a genomic 

island containing the antibiotic resistance gene mecA. The mecA gene encodes penicillin-

binding protein 2A and its active site does not bind methicillin or other β-lactam 

antibiotics. Methicillin resistant S. aureus can also cause infection in a variety of animal 

species including dairy cows. In food animals, primarily in pigs, a new MRSA strain with 

zoonotic potential has been recognized and designated livestock-associated (LA)-MRSA. 

The first report of MRSA in bovine mastitis milk came from Belgium, where in 1972 

Devriese and Hommez isolated strains that appeared to be of human origin using 

biotyping methods (Devriese and Hommez, 1975).  

The emergence of MRSA in dairy cattle may be associated with contact with 

other host species of animals (eg, pigs or humans) or bacterial host species such as CNS 

that often carry resistance determinants that could be transferred to coagulase-positive S. 

aureus associated with mastitis (Holmes and Zadoks, 2011). There is concern that the 

emergence of MRSA in food animals may increase the potential threats of zoonosis 

(Juhasz-Kaszanyitzky et al., 2007; Loncaric et al., 2014), as MRSA has been reported in 

human as well as veterinary medicine (Leonard and Markey, 2008; Otter and French, 

2010). Several studies worldwide have established low levels of MRSA with bovine 

mastitis, such as in Korea (Nam et al., 2011), Germany (Fessler et al., 2010), Switzerland 

(Huber et al 2009), Japan (Hata et al., 2010), Turkey (Turkyilmaz et al., 2010) and 

Belgium (Vanderhaeghen et al., 2010). The prevalence of MRSA in S. aureus isolates 

obtained from bovine mastitis ranged from 1.1% to 17.3. In Hungary, although a herd 

prevalence of 70% was reported for S. aureus (14 of 20 farms), no MRSA isolates were 

detected from BTM (Peles et al., 2007). Similarly, studies done on BTM samples in 
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Switzerland (Huber et al., 2009) did not yield any MRSA isolates. The conclusions were 

that BTM is not a common source of MRSA. However, another study conducted in 

Germany reported that 36 out of 635 BTM samples (5.7%) were positive for MRSA 

(Kreausukon et al., 2012). Another study evaluated the presence of MRSA among S. 

aureus strains isolated from milk of mastitic cows in Belgium and compared their 

genotypic as well as phenotypic characteristics. Of the 430 S. aureus isolates recovered, 

19 isolates (4.4%) were identified as MRSA, and the presence of the mecA gene was 

confirmed by PCR for all 19 isolates (Bardiau et al., 2013). A study was conducted to 

determine the prevalence and antibiotic resistance of S. aureus isolated from raw milk 

(cow and sheep) and dairy products (traditional cheese and kashk) in Mazandaran 

Province, Iran. Out of 2650 samples, including 1930 raw milk and 720 dairy products, S. 

aureus was detected in 328 samples (12.4%) in which 53 (16.2%) were positive for 

MRSA confirmed by the detection of mecA gene. These S. aureus isolates also showed 

resistance to a variety of other antibiotics and a high frequency of blaZ (46%) and tetM 

(34.8%) resistance genes was found (Jamali et al., 2015). While a low prevalence of 

MRSA in bovine milk has been described in most countries, a recent study reported that 

the overall detection rate of mecA was 20.0% (29 out of 145) indicating the high 

prevalence of MRSA derived from bovine mastitis in Bangladesh (Hoque et al., 2018). 

A small number of U.S. studies investigating the prevalence of MRSA exist but 

most are limited in scale and geographic representation. Thus far, U.S. studies have 

described a very low prevalence of MRSA in mastitic milk from individual cows (0 to 

2%) (Erskine et al., 2002; Anderson et al., 2006) and in BTM (0 to 4%) (Virgin et al., 

2009; Haran et al., 2012). One national prevalence study, conducted by the USDA eight 
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years ago, failed to detect any MRSA in BTM from 542 dairy operations (Virgin et al., 

2009). However those authors acknowledge that they may have missed detecting MRSA 

due to the use of (now known to be) poor methods of detection.  In a recent longitudinal 

study of 50 Minnesota dairy herds the two MRSA isolates recovered displayed multidrug 

resistance to β-lactams, cephalosporins, lincosamides, macrolides and fluoroquinolones 

(Haran et al., 2012). One isolate 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.  

A more recent study in China identified 34 strains as MRSA among 219 bovine 

mastitis S. aureus isolates by cefoxitin disc diffusion test and oxacillin microdilution test; 

however only six strains were positive for mecA by PCR (Wang et al., 2015). A 2017 

study from southern Italy reported that 40 of the 484 (3.8%) S. aureus isolates from milk 

and milk products were MRSA. In that study, PCR assay for mecA, disk diffusion test 

with oxacillin and CHROMagar™ MRSA (CHROMagar, Paris, France) confirmed 

methicillin resistance of isolates (Basanisi et al., 2017). A recent study reported that out 

of 169 S. aureus strains isolated from Italian dairy cows, 157 (92.9%) were methicillin 

susceptible S. aureus (MSSA) and 12 (7.1%) were MRSA. This was confirmed using 

DNA microarray kit (S. aureus Genotyping Kit 2.0; Alere Technologies GmbH, Jena, 

Germany) which included probes for methicillin resistance mecA and mecC (Margo et al., 

2017). 

It is reasonable to assume that MRSA could cause future treatment failures in 

both humans and animals, including bovine mastitis. Genetic analysis of MRSA isolated 
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from humans and bovine mastitis has indicated that horizontal genetic transfer between 

human and animal pathogens can occur (Brody et al., 2008). It is therefore necessary to 

establish monitoring systems for trend analysis in bovine mastitis since it appears MRSA 

are an emerging pathogen in this sector (Huber et al 2009; Fessler et al., 2010; Hata et al., 

2010; Turkyilmaz et al., 2010; Vanderhaeghen et al., 2010; Nam et al., 2011). 

Although MRSA is important, MSSA is also of considerable, and probably even 

greater, concern because this organism is far more prevalent in dairy herds, and some 

may be resistant to other classes of antibiotics. Methicillin-susceptible S. aureus can also 

cause opportunistic infections in humans and studies have reported a prevalence of 38% 

from raw milk samples in Vermont and 35% from cow milk samples in Louisiana 

(Owens et al., 1988; D’Amico and Donnelly, 2010). Studies have reported a moderate to 

high prevalence of MSSA in BTM from U.S. dairy herds, with estimates varying between 

31% and 84% (Jayarao et al., 2004; Virgin et al., 2009; Haran et al., 2012). In a recent 

longitudinal study of BTM samples from 50 Minnesota dairy farms, the herd prevalence 

of MSSA was 84%, with 23%, 14% and 5% of MSSA isolates being resistant to 1, 2 or 3 

or more classes of antibiotics, respectively (Haran et al., 2012). Clearly S. aureus isolates 

that are multidrug resistant and/or capable of producing staphylococcal enterotoxins 

(SEs) represent a risk to both cattle and humans.  

1.8 Virulence factors and toxins produced by Staphylococcus aureus 

The clinical outcome of acute mastitis and progression to persistent mastitis might be 

related to the presence of S. aureus virulence factors in the strain causing the infection. S. 

aureus is capable of producing a wide range of virulence factors (Fluit, 2012). These 
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factors contribute to the ability of S. aureus to escape the immune response, and to adhere 

to and invade host cells. Staphylococcus aureus may activate or suppress expression of 

different bacterial virulence factors depending on the circumstances, resulting in different 

phenotypes of the same strain of the bacterium. Indeed, phenotype switching by 

alterations in virulence factor expression is part of the infection process that enables 

bacteria to hide inside host cells (Tuchscherr et al., 2010).  

In general, various types of virulence genes have been detected in clinical and 

subclinical mastitis S. aureus isolates and in isolates from BTM. These virulence factors 

are involved in: host colonization (cap, clfA/B, cna, fib and sak), toxin production (tst, 

sea-j, hla/b/g, lukD/E/F/M/S, etA/B) and biofilm formation (icaD, fnbB) (Fueyo et al., 

2005; Fournier et al., 2008; Yamada et al., 2005; Xu et al., 2015; Bardiau et al., 2016). 

Adhesion to the cell surface is a crucial step to establish infection and the S. aureus 

genome contains extracellular adhesion factor genes such as clumping factors A (clfA) 

and B (clfB), fibrinogen binding protein (fib), fibronectin-binding proteins A (fnbA) and 

B (fnbB), as well as an intracellular adhesion (ica) locus. The immune evasion cluster 

includes genes such as hemolysin beta (hlb), staphylokinase (sak), and chemotaxis-

inhibiting protein (chp). Beta toxin, encoded by the hlb, has been shown to be important 

for the intracellular virulence of S. aureus (Dupieux et al., 2015). 

Many of these virulence genes encode superantigen toxins that are also harmful to 

humans. For example, SEs (encoded by se genes) cause food poisoning, the toxic shock 

syndrome toxin-1 (encoded by tst) causes toxic shock syndrome, and leukocidins 

(encoded by lukD/E/FS) are involved in various types of clinical infections in humans 

(Lina et al., 1999; Deurenberg et al., 2005; Umeda et al., 2017). Traditionally, five 
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classical antigenic SE types (sea, seb, sec, sed, and see) have been recognized. However, 

in recent years, the existence of new types of SEs, including enterotoxin-like (sel) toxins 

(seg, seh, sei, selj, selk, sell, selm, seln, selo, selp, selq, selr, selu, selu2, and selv) have 

been reported (Letertre et al., 2003; Lina et al., 2004; Omoe et al., 2004; Jørgensen et al., 

2005a; Bania et al., 2006; Boerema et al., 2006; Hennekinne et al., 2012). Superantigen 

toxins are carried and disseminated by mobile genetic elements like prophages, plasmids 

and staphylococcal pathogenicity islands (Dinges et al., 2000; Schelin et al., 2011). The 

superantigen toxins display characteristics such as immunosuppression and pyrogenicity, 

which can enhance the toxic effects of endogenous endotoxin (Kulhankova et al., 2014). 

In humans, superantigen toxins are known to have a mitogenic effect on T cells and can 

cause toxic shock syndrome (Novick et al., 2001). In bovine mastitis, they are also 

suggested to play a role in the establishment of infection by providing an attractive 

environment for colonization (Graber et al., 2009; Piccinini et al., 2010). 

1.9 Food borne infections and Staphylococcus aureus 

Foodborne diseases have a major public health impact. It is estimated that in the 

U. S. alone foodborne illnesses affect 6 million to 80 million people each year, causing 

up to 9,000 deaths, and cost about 5 billion U.S. dollars (Balaban and Rasooly, 2000). 

Staphylococcus aureus is considered the third most important cause of disease in the 

world among the reported foodborne illnesses (Zhang et al., 1998; Asperger and Zangerl, 

2003; Normanno et al., 2005; Boerema et al., 2006). Growth of S. aureus in foods leads 

to the production of SEs, a cause of food poisoning (Akineden et al., 2001). 

Contaminated milk and milk products have frequently been implicated in staphylococcal 

food poisoning (De Buyser et al., 2001). Unlike the organism that produces the toxin, SEs 
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are remarkably heat resistant (Asperger and Zangerl, 2003) and hence may be present in 

dairy-origin foods derived from pasteurized milk, even when S. aureus is not viable 

(Jørgensen et al., 2005c). 

The presence of SE genes and production of SEs by S. aureus of bovine origin 

have been reported in numerous studies. If these enterotoxins are expressed this could 

result in human cases of food poisoning. A study published in 2001 from Germany 

reported that 75 of the 103 S. aureus isolates from bovine mastitis contained SE genes 

(sae, sac, sad, sag, sai, saj and tst). None of the isolates harbored the genes encoding seb, 

see, seh, eta or etb (Akineden et al., 2001). In a different study, a total of 462 bovine S. 

aureus isolates from 9 European countries and the U.S. were examined for the presence 

of genes encoding SEs A-E, H, and tst. Of the 462 isolates, 114 (25%) were tst positive, 

123 (27%) were sec positive and 59 (13%) were sed positive. In the American isolates all 

16 sed positive isolates were also sec and tst positive (Larsen et al., 2002). A 2004 

Brazilian study analyzed 100 S. aureus strains isolated from goat (n = 36) and bovine 

mastitis (n = 64) for the presence of genes encoding enterotoxins A, B and C. Among the 

100 S. aureus strains analyzed by Multiplex PCR, 37 (37%) were positive for some of the 

SEs genes investigated. Of these 37 strains, 33 (89%) were positive for sec and 4 (11%) 

were found to be sea and seb positive. Among the 64 strains from bovine mastitis, 4 

(6.3%) co-amplified the sea and seb genes and 2 (3.1%) were positive for sec gene. Of 

the 36 strains from goat mastitis, 31 (86%) amplified the sec gene (da Silva et al., 2005). 

Srinivasan et al. (2006) reported that 73 of 78 (93.6%) S. aureus isolates recovered from 

cows with clinical mastitis on 2 U.S. farms carried some enterotoxin genes. Genes for sea 

and see were not identified, but the gene for sed was frequently detected (52.6% of 
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isolates). Those researchers reported greater prevalence of newly identified enterotoxin 

genes (seg to seq), compared with classical enterotoxin genes (sea to see). Arcuri et al. 

(2010) reported that out of 291 S. aureus isolates from milk from mastitic cows, BTM, 

and cheese from Brazil, 109 (37.5%) showed production of one or more enterotoxins. Of 

the S. aureus isolates bearing SE genes, 17 (13.6%) were from mastitic cow's milk, 41 

(41.7%) were from BTM, and 51 (72.9%) were from cheese. The occurrence of newly 

identified SE genes (seg through sell) was considerably higher (87 of 109 PCR-positive 

strains) than that of classical SE genes (sea through see, 15 strains). The SE genes most 

commonly detected were seg and sei; they were found alone or in different combinations 

with other toxin genes, but in 60.8% of the cases they were co-detected and none of the 

strains possessed see. The tst gene was found in 8 isolates but none from mastitic cow's 

milk. In another study, 102 S. aureus were recovered from BTM (n=48) and milk filters 

(n=54) from 78 herds in Ireland and half of the isolates were toxigenic. The predominant 

toxin-type was the tst gene with 31 strains containing this alone. Of these 31 isolates, 26 

were of bovine origin (11 BTM and 15 milk filters) and 5 of caprine origin (2 BTM and 3 

from milk filters) (Murphy et al., 2010). Nineteen isolates (18.6%) between the BTM and 

milk filters had one or more SE toxins. The most common SE toxin-profile was a 

combination of seb and sec with seven of 102 (7%) isolates showing this profile (three 

each from both bovine BTM and milk filters and one from caprine BTM). One bovine 

isolate was positive by PCR for a combination of sec, sed and tst. No see enterotoxin 

producing strains were detected (Murphy et al., 2010). Eleven of 94 S. aureus isolates 

(11.7%) in BTM from Argentina showed production of enterotoxins (Neder et al., 2011). 

Of these 11 isolates, seven (7.4%) produced enterotoxin C, two produced enterotoxin D 
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(2.1%), one produced enterotoxin B (1.1%) and one produced CDE enterotoxins 

(1.1%). No isolates were detected that produced enterotoxins A or E only.  

In another study, among the 83 selected S. aureus isolates from bovine subclinical 

mastitis in Wisconsin, eight (9.6%) were positive for more than one enterotoxin. For 

these 8 isolates, the distribution of genes encoding enterotoxins was as follows: tst, 7 

(8.4%) isolates; sec, 5 (6.0%) isolates; and sed, 2 (2.4%) isolates (Oliviera et al., 2011). 

Conversely, a higher percentage of isolates, 46.9% of 130, associated with subclinical 

bovine mastitis in Turkey showed the presence of one or more enterotoxin genes 

(Gunaydin et al., 2011). Another study that investigated the genetic profile of 229 S. 

aureus isolates from clinical and subclinical bovine mastitis in Belgium, reported that of 

the 13 SE encoding genes investigated, the seo gene was the most frequently detected 

(73.4%), while the sej (45.0%), seg (38.0%), sei (36.2%), sen (35.8%) and sem (34.9%) 

genes were harbored by more than one third of the isolates. In contrast, the sea and sed 

genes were detected in only 5.2% of the isolates, whereas the see (0%), seb (0.4%) and 

seh (1.7%) genes were identified within a very few isolates. Finally, the tst gene was 

carried by 27.5% of the isolates (Ote et al., 2011). The same study also reported that 

majority of the isolates possessed the lukD (96.9%) and lukM (100%) genes, whereas 

only one isolate tested positive for both lukS-PV and lukF-PV. A longitudinal study of 50 

Minnesota dairy herds reported seven S. aureus isolates, including two MRSA, producing 

SEs B, C, D, and E, and also the presence of the respective genes for SEs (Haran et al., 

2012). The most commonly detected SE gene was sec followed by sed, seb and see. None 

of the isolates showed the presence tst gene, while the presence of PVL gene was 

detected in only one isolate. On the contrary, a study from Germany reported that all of 
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the 36 MRSA isolates tested negative for all genes encoding SEs (Kreausukon et al., 

2012). 

A more recent study in Italy evaluated a total of 227 S. aureus colonies, isolated from 54 

samples of raw milk and dairy products such as yoghurts and various kinds of cheese of 

bovine, ovine, caprine and bubaline origin for the presence of genes coding for SEs. 

Ninety-three colonies, from 31 of the 54 samples (57.4%) and from 18 (69.2%) of the 26 

farms of origin tested positive for SEs/SEls genes. The most frequent were sec gene alone 

(28.6%), sea, sed, ser, and selj (20%), seg, sei and seh (8.6%). The 77 colonies harboring 

“classical enterotoxins” genes (sea-sed) were further tested for enterotoxin production, 

which was found in 59.2% of the colonies (Carfora et al 2015). Cosandey et al. (2016) 

subtyped strains of S. aureus isolated from bovine mastitic milk and BTM in 12 

European countries. The study revealed CLB, CLC, CLF, CLI, and CLR were the 5 

major genotypic clusters, for strains isolated from both quarter milk samples and BTM. 

In addition, both types of isolates showed the same cluster dependent virulence gene 

patterns: CLB was typically positive for sea, sed, sej, and lukEB, and was negative for the 

other factors, whereas CLC strains were positive for sec, seg, sei, and tst but negative for 

sea, sed, sej, and lukEB. For CLF, both types of isolates showed a positive result for seg 

and sei, but were typically negative for lukEB. 

On the contrary, a study that compared S. aureus isolates from mastitis in cows, 

sheep and goats in Israel, and from cows in Germany, the USA and Italy, reported that 

none of the isolates carried the enterotoxin genes (seb, sed and see) but all were positive 

for lukA and lukB (Bar-Gal et al., 2015). A recent Swedish study investigated the 

presence of virulence genes in bovine S. aureus strains isolated from cows with clinical 
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mastitis and classified these isolates into three predominant pulsotypes (PT E, PT Q and 

PT U) by pulse-field gel electrophoresis (PFGE). This study reported the presence of 

lukD in all but one isolate and lukE in all isolates in PT’s E and U. Genes encoding 

enterotoxins were found in all pulsotype groups, but more common in PT U, where 25 of 

the 26 isolates were positive for seg, sei, sen and seu. Thirteen of these were also positive 

for tst, sec and sel (Arturrson et al., 2016). 

A study from Norway investigated the genetic diversity, SE genes and antibiotic 

susceptibility in S. aureus isolates (n=72) from bovine milk, whey and cheese samples 

from five dairies. They reported 16 different toxin gene profiles in 87.5% of the isolates 

with sec and tst being the most frequent (52.5%), followed by seg (35%) and seh (30%). 

The sea and seb were only detected in one isolate each, and in combination with other 

toxin genes. All isolates were MSSA. The blaZ gene was identified in 6.5% of the 

isolates (Mehli et al., 2017). Basanisi et al. (2017) reported that only three of the 40 

(7.5%) S. aureus strains isolated from milk and milk products carried one or more 

enterotoxin encoding genes (one strain had seg, sei, sem, sen and seo genes; two strains 

had seh gene). The evaluation of the presence of PVL-encoding gene showed that 50% 

(20/40) of isolated strains had lukF-PV and lukS-PV genes. A more recent study that 

investigated the population structure and genomic content of 157 Danish S. aureus 

isolates from BTM and clinical mastitis reported 6 enterotoxin genes (seg, sei, sem, sen, 

seo and seu) were found more frequently than the rest of the enterotoxins and was present 

in about 45 – 68% of the isolates (Ronco et al.,2018). Another recent study that compared 

the molecular epidemiologic profiles of 120 S. aureus isolates from bovine mastitis in 

eight countries using ribosomal spacer polymerase chain reaction (RS-PCR) reported that 
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there was a specific genotype for each country and among the virulence factors, fmtb, 

can, clfA and leucocidin genes were the most frequent. The sea and sei genes were 

present in seven out of 8 countries. Of the 17 New York isolates, 16 isolates harbored at 

least one of the genes encoding sea, sed, seg and sei enterotoxins, only one isolate was 

not enterotoxigenic. All the New York isolates were positive for lukE-lukD. Among other 

countries, seh showed high frequency in South American countries (Brazil, Colombia, 

Argentina), while sel was present in one Mediterranean country (Tunisia). The etb, seb 

and see genes were not detected in any of the isolates, while only two isolates were 

MRSA (Germany and Italy).  The results from this study suggest that it will be helpful to 

consider the region and strain virulence while formulating strategies to reduce the spread 

of infection and to set up control measures according to the pathogen and the host 

(Monistero et al., 2018). Another study from Bangladesh characterized a total of 145 S. 

aureus isolates, of which 85 isolates were from subclinical mastitis and 60 from clinical 

mastitis samples, by multiplex PCR. Of these, 101 (69.7%) were positive for one or more 

toxin genes, and six toxin genes (PVL, sea, seb, sec, sed and see) were detected in these 

isolates. The three most predominant toxin genes were PVL (24.8%), sea (17.9%) and 

seb (11.0%), followed by sec (9.7%), see (9.7%) and sed (6.2%). However, none of the 

145 isolates showed the presence of the eta, etb, and tst gene (Hoque et al., 2018). The 

amount of SE required for the onset of food poisoning ranges from 20 ng to 1μg 

(Normanno et al., 2007). Staphylococcus aureus is capable of producing toxins after 

reaching the concentration of 105 CFU/g or CFU/ml and is sufficient to cause 

intoxication symptoms (Untermann & Müller, 1992).  Because SEs are capable of 

retaining immunological and biological activity following pasteurization superantigen 
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encoding genes in S. aureus represent a risk for human health due to the possible 

presence of enterotoxins in milk. Similarly, S. aureus carrying the etA or tst genes, coding 

for toxins involved in important human diseases, makes the milk of cows with mastitis a 

potential reservoir for these toxins, and therefore a potential danger in human health, 

which strengthens the importance to consider raw milk consumption and its processing 

very carefully. 

1.10 Justification of Thesis Research Project 

Staphylococcus aureus is a common causative agent of contagious bovine mastitis 

and is a frequent reason for therapeutic and prophylactic use of antibiotics on dairy farms. 

It is clear that S. aureus on dairy farms causes impaired health and welfare of dairy cows, 

and significant economic loss to dairy producers.  Additionally, the emergence of 

multidrug resistant MSSA and MRSA poses a potential risk to farm families, farm 

workers, veterinarians, and to individuals consuming raw milk products. However, the 

nature and magnitude of this risk is not well understood. Fundamental information is 

lacking regarding the prevalence, genotypic variation, antibiotic susceptibility 

characteristics, and risk factors for presence of S. aureus in BTM, and in particular, 

MRSA and multidrug resistant MSSA, on U.S. dairy farms. Furthermore, ongoing 

surveillance is needed to detect changes in the epidemiology of S. aureus on dairy farms 

(e.g. to detect the emergence of new clonal types), and, if possible, to develop more 

effective control measures.  

Mastitis experts have long recommended certain strategies to control S. aureus in 

herds, including, but not limited to, the use of single-use towels when cleaning udders 
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prior to milking, wearing clean disposable gloves when milking, use of post-milking teat 

disinfectants, and identification then isolation or culling of infected cows (National 

Mastitis Council, NMC. http://www.nmconline.org/contmast.htm). However, research is 

needed to describe how widely adopted these basic management strategies are and, if 

possible, identify if there are other herd characteristics or management factors that are 

associated with risk for the presence of S. aureus, and specifically with the presence of 

MRSA or MSSA, on dairy farms. The identification of risk factors could lead to the 

development of improved herd-level control strategies, including but not limited to farm 

hygiene practices, antibiotic use practices, or possibly the development of new vaccines. 

The aim of this thesis research is to investigate the population genetic structure 

and antibiotic resistance characteristics of S. aureus, and generate an improved 

understanding of herd characteristics or practices that are associated with the prevalence 

of S. aureus, and specifically with the presence of MRSA or MSSA, on U.S. dairy farms. 

The following specific objectives will address this goal:  

Objective 1: Describe the prevalence, genotypic diversity, and antibiotic 

susceptibility characteristics of S. aureus isolates recovered from bulk tank milk 

from U.S. dairy farms. 

Objective 2: Identify herd characteristics and management factors associated with 

risk for presence S. aureus, and specifically with the presence of MRSA or MSSA, 

on U.S. dairy farms. 

http://www.nmconline.org/contmast.htm
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CHAPTER 2 - PREVALENCE, ANTIBIOTIC RESISTANCE, 

VIRULENCE AND GENETIC DIVERSITY OF STAPHYLOCOCCUS 

AUREUS ISOLATED FROM BULK TANK MILK SAMPLES OF U.S. 

DAIRY FARMS 
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2.1 Chapter summary 

Staphylococcus aureus (S. aureus) is the most common cause of contagious 

bovine mastitis. Colonization of dairy cows by S. aureus, especially those expressing 

multi-drug resistance (MDR) and toxin production, is a concern for animal-health and 

well-being as well as public health. The objectives of this study were to investigate the 

prevalence, antibiotic resistance, virulence determinants and genetic diversity of S. 

aureus in bulk tank milk samples (BTM) using whole genome sequencing. A total of 365 

pooled BTM samples (189 during winter and 176 during summer) were collected in 2016 

from 189 herds from 19 different states in the United States. Staphylococcus aureus was 

cultured from 170 BTM samples, indicating a prevalence of 46.6% in the BTM sample 

set and a herd prevalence of 62.4% (118 out of 189 herds). A subset of 138 S. aureus 

isolates was stored at –80°C for further analysis. Phenotypic tests such as hemolysis on 

blood agar, catalase test and coagulase test confirmed 124 of these isolates as S. aureus 

that were then genome sequenced. The most commonly identified antibiotic resistance 

gene was norA (99.2%) followed by aph(3’)-la (14.5%). The mecA gene responsible for 

methicillin resistance (MRSA) was observed in only one isolate (0.8%). Twenty-six 

(20.9%) isolates were identified as multi-drug resistant. In general, 100 % of the 

sequenced S. aureus isolates harbored at least one virulence gene with the aur (100%), 

hlgB (100%), hlgA, hlgC, hlb (99.2%), lukE (95.9%), lukD (94.3%) and splA (88.7%) 

genes being detected most frequently. In the 53 Staphylococcus enterotoxin (SE) gene 

positive isolates, sen (37.9%), sem, sei (35.5%), seg (33.1%), seo (29.8%) and seu 

(25.8%) were the most frequently detected putative virulence genes.  Fourteen different 

sequence types (ST), based on muti-locus sequences, and 18 spa types were identified. 
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The most common ST type was ST2187 (20.9%) followed by ST352 (17.7%). The most 

common spa type identified was t529 (28.2%) followed by t1182 (15.3%). The most 

predominant clone was CC5 (50.8%) represented by multiple ST types and CC151 

(26.6%) was the second most predominant clone. The single isolate identified as MRSA 

belonged to ST72-CC5 and spa type t126. This isolate was negative for the tst gene but 

harbored all the other virulence genes identified in this study. Our findings indicated a 

high prevalence of S. aureus in BTM, with isolates having little antibiotic resistance but 

often carrying genes for the various enterotoxins identified in S. aureus. This study could 

help identify the predominant clones (CC5 & CC151) and provides continued 

surveillance of S. aureus strains found in U.S. dairy herds. 

2.2 Introduction

Staphylococcus aureus (S. aureus) is recognized worldwide as one of the major 

agents of contagious bovine mastitis and is a frequent reason for therapeutic and 

prophylactic use of antibiotics on dairy farms. It causes subclinical infections resulting in 

increased somatic cell count (SCC) and reduced milk production, but can also cause 

clinical mastitis. Subclinical mastitis caused by S. aureus is a major concern for dairy 

producers, affecting animal health and causing economic losses, due to its higher 

prevalence (compared to clinical mastitis) and negative impact on milk yield and quality. 

Subclinical mastitis caused by S. aureus tends to become chronic and can be difficult to 

eradicate by conventional antibiotic therapies (Sears and McCarthy, 2003), due to the 

establishment of deep-seated pockets of infection in the milk secreting cells (alveoli) 

followed by abscess formation, intracellular survival within neutrophils and biofilm 

formation.  
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Successful establishment of infection depends on virulence factors produced by S. 

aureus. A wide spectrum of secreted and cell surface-associated virulence factors can be 

expressed by S. aureus which promote adhesion to the host extracellular matrix 

components, invasion of non-phagocytic cells, formation of biofilm and fight the immune 

system (Foster, 2005). Staphylococcus aureus may activate or suppress expression of 

different bacterial virulence factors depending on the circumstances resulting in different 

phenotypes of the same strain. These virulence factors are encoded by either single or 

multiple genes, and various types of virulence genes have been detected in clinical and 

subclinical mastitis isolates and in isolates from bulk tank milk (BTM). At least 20 

different immune evasion molecules [protein A (spa), coagulase (coa), hemolysin beta 

and gamma (hlb, hlg), leucocidins; (lukD/E, luk M/F – PV), staphylokinase (sak), 

staphylococcal complement inhibitor (scn), the chemotaxis inhibitory protein (chip) 

aureolysin (aur)] 25 different toxins [staphylococcal enterotoxins (SE; sea to seq), toxic 

shock syndrome toxin-1 (tst), exfoliative toxins (eta, etb)], 24 microbial surface 

components [clumping factor A and B (clfA, clfB), extracellular fibrinogen binding 

protein (Efib), fibronectin binding proteins A and B (fnbA, fnbB) as well as intercellular 

adhesion locus (icaABCD)], and several other S. aureus virulence factor genes have been 

reported (Bergdoll et al., 1981; Dinges et al., 2000; O’Brien et al., 2002; Foster et al., 

2014). Some virulence factors are expressed by genes that are located on mobile genetic 

elements called pathogenicity islands (e.g., tst and some enterotoxins) or lysogenic 

bacteriophages (i.e., Panton-Valentine Leucocidin, PVL), while others such as the scn, 

chp and sak are integrated in the bacterial chromosome (van Wamel et al., 2006; Schelin 

et al., 2011).  
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Many of these virulence genes encode toxins that are harmful to humans and can 

cause severe gastrointestinal illness. For example, the toxic shock syndrome toxin – 1 

causes toxic shock syndrome, and leukocidins are involved in various types of clinical 

infection such as septic arthritis and pneumonia (Deurenberg et al., 2005; Umeda et al., 

2017). Staphylococcus aureus is considered the third most important cause of disease in 

the world among the reported foodborne illnesses (Normanno et al., 2005; Boerema et al., 

2006). Growth of S. aureus in foods leads to the production of SEs resulting in food 

poisoning (Akineden et al., 2001). Contaminated milk and milk products have frequently 

been implicated in staphylococcal food poisoning (De Buyser et al., 2001). The presence 

of staphylococcal enterotoxin genes and production of SEs by S. aureus of bovine origin 

have been reported in numerous international studies (D'Amico & Donnelly, 2010; 

Monistero et al., 2018, Wang et al., 2018; Margo et al., 2018 ). 

In recent years, the emergence and spread of antibiotic resistant S. aureus strains, 

and especially multidrug resistant (MDR) strains, have become a major problem. 

Staphylococcus aureus has evolved four general resistance mechanisms, including 

trapping of the drug, modification of the drug target, enzymatic inactivation of the drug 

and the activation of transmembrane efflux pumps, to fend off attack from antibiotic 

agents (Pantosti et al., 2007). Various genetic determinants such as mecA and blaZ 

(penicillins), aacA-aphD (aminoglycosides), ermA/B/C (macrolides), tetK/M 

(tetracyclines), vanA (vancomycin), fusB (fusidic acid), ileS (mupirocin) and rpoB 

(rifampicin) are reported to be responsible for the corresponding antibiotic resistance 

mechanisms in S. aureus (Jensen and Lyon 2009). 



32 

Furthermore, S. aureus can acquire the staphylococcal cassette chromosome 

SCCmec, giving rise to methicillin-resistant S. aureus (MRSA) (Pantosti, 2012). In fact, 

the expression of the mecA or mecC gene in S. aureus confers resistance to most β-

lactams, drugs which are frequently used for treatment of mastitis (Sawant et al., 2005). 

Methicillin resistant S. aureus is also an important human pathogen, and has emerged as a 

major cause of healthcare associated (HA-) or community associated (CA-) infections 

(Klein et al 2007). Methicillin resistant S. aureus can also cause infection in a variety of 

animal species including dairy cows. In food animals, and primarily in pigs, a new 

MRSA strain with zoonotic potential has been recognized and designated livestock-

associated (LA)-MRSA. The first report of MRSA in bovine mastitis milk comes from 

Belgium where the authors concluded, based on biotyping methods, that the MRSA strain 

appeared to be of human origin, (Devriese and Hommez, 1975).  

A small number of studies of the prevalence of MRSA in U.S. cows and herds 

exist but most are limited in scale and geographic representation. Thus far, U.S. studies 

have described a very low prevalence of MRSA in mastitic milk from individual cows (0 

to 2%) (Erskine et al., 2002; Anderson et al., 2006) and in BTM (0 to 4%) (Virgin et al., 

2009; Haran et al., 2012). One national prevalence study, conducted by the USDA, failed 

to detect any MRSA in BTM from 542 dairy operations (Virgin et al., 2009). It is 

reasonable to assume that MRSA could cause future treatment problems in both humans 

and animals, including bovine mastitis, due to its inherent multi antibiotic resistance. 

Genetic analysis of MRSA isolated from humans and bovine mastitis has indicated that 

horizontal genetic transfer between human and animal pathogens can occur (Brody et al., 

2008). Therefore, it is necessary to establish monitoring systems for trend analysis in 
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bovine mastitis since it appears MRSA could be an emerging pathogen (Huber et al 2009; 

Fessler et al., 2010; Hata et al., 2010; Turkyilmaz et al., 2010; Vanderhaeghen et al., 

2010; Nam et al., 2011). Additionally, the emergence of multidrug resistant methicillin 

susceptible S. aureus (MSSA) and MRSA poses a potential risk to farm families, farm 

workers, veterinarians, and to individuals consuming raw milk products. However, the 

nature and magnitude of this risk is not well understood.  

Common genotypes of S. aureus causing mastitis in ruminants have been 

described, suggesting potential tissue specificity (Mork et al., 2005; Aires de Sousa et al., 

2007). However, different genetic clusters among strains isolated from samples of human 

and bovine origin have been reported (Zadoks et al., 2000; van Leeuwen et al., 2005), 

which point to the concept of host specialization (Herron-Olson et al., 2007; Sung et al., 

2008). Staphylococcus aureus has been studied extensively and various typing methods 

have been developed for the characterization or subtyping of S. aureus isolates (Hwang., 

2010; van den Borne et al., 2010; Sakwinska et al., 2011). Phenotyping methods have 

been gradually replaced or supplemented with genotyping methods. A genotyping 

method based on amplification of the 16S-23S rRNA intergenic spacer region by 

polymerase chain reaction (ribosomal spacer-PCR, RS-PCR), showed the associations of 

genotype with virulence gene pattern and clinical properties of the disease (Fournier et 

al., 2008). Seventeen different genotypes were identified and further characterized for 

their virulence gene patterns. Staphylococcus aureus genotype B (GTB) and genotype C 

(GTC) were the most frequent genotypes found in bovine milk (80%), but only GTB was 

contagious, with cow prevalence of up to 87% within some herds. Genotype C was 
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noncontagious, infecting only individual cows in a herd and single quarters of the udder 

(Fournier et al., 2008; Graber et al., 2009). 

The two most common methods for genome sequencing are spa typing (Harmsen 

et al., 2003) and multilocus sequence typing (MLST; Enright et al., 2000). The former is 

based on DNA sequencing of the variable spacer region of the staphylococcal spa 

(staphylococcal protein A) gene, whereas the latter requires the sequencing of 7 

housekeeping genes. Other methods include agr typing (accessory gene regulator), 

SCCmec typing (staphylococcal cassette chromosome mec), pulsed field gel 

electrophoresis (PFGE; Bardiau et al., 2013) or other binary typing methods (Zadoks et 

al., 2000). The latter two methods are less appropriate for large clinical investigations and 

routine analysis in veterinary medicine because of their low throughput and high cost. 

The routine diagnostic approach regards an isolate from a mastitic milk sample as 

a single pathogen entity. However, phenotypic variants, and genotypic variants with 

distinct epidemiologic patterns (i.e., host, geographic distribution or pathogenic potential) 

are now widely recognized (Anderson et al., 2012; Haveri et al., 2008; Piccinini et al., 

2012).  Differences in phenotype and genotype among S. aureus isolates generate strain 

variations that influence the characteristics of the pathogen, especially its virulence 

potential in mastitis (Le Mare´chal et al., 2011). Knowledge of virulence potential, 

resistance to antibiotics, contagiousness and zoonotic potential (especially with regard to 

MRSA) is important to estimate potential risks of S. aureus strains causing mastitis. 

Ideally, this information would direct disease prevention and management at the cow and 

the herd level.  In this context, the aim of this research is to investigate the prevalence, 
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antibiotic resistance, virulence and genetic diversity of S. aureus in BTM of U.S. dairy 

herds using whole genome sequencing. 

2.3 Materials and Methods 

Herd Enrollment 

The S. aureus isolates used in this study were isolated from BTM samples 

collected as a part of another ongoing multi-state mastitis project that is investigating the 

relationship between bedding bacteria counts, bedding management and udder health. 

The participating herds were enrolled in fall 2015, with sample and data collection 

occurring in 2016. To be eligible for inclusion, herds had to be on a monthly milk quality 

testing program (i.e. Dairy Herd Improvement Association; DHIA) to record milk SCC 

and milk production data, and must have kept records of clinical mastitis events. Herds 

also had to agree to help collect the necessary samples for testing (e.g. bulk tank milk) 

and complete a herd management questionnaire describing herd characteristics, facilities, 

and specific management practices surrounding mastitis control, including antibiotic use 

practices. A total of 62 veterinary and university extension professionals assisted with 

recruiting farms for the study and performing sample collection. The farms (n=189) were 

recruited from 17 states (Wisconsin, Minnesota, California, Ohio, Indiana, New York, 

South Dakota, Iowa, Michigan, Idaho, Maine, Montana, Texas, Georgia, Vermont, 

Florida and Washington) in the U.S.  

On-Farm Sampling 
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Bedding and BTM samples were collected from each farm by the herd 

veterinarian or local university researcher twice; once in winter and once in summer, 

during the period between January 2016 and January 2017. At each sampling event, 

producers submitted 3 BTM samples that were collected over 3 consecutive days stored 

at – 20 °C and shipped on ice to the University of Minnesota Veterinary Diagnostic Lab 

(VDL; St. Paul, MN) for analysis. DHIA test day records for each herd were obtained 

electronically from the DHIA records processing centers (DRMS, Raleigh, NC; 

AgSource, Verona, WI; DHI provo, Provo, UT; AgriTech, Visalia, CA ). The completed 

herd management questionnaire responses were entered into an Excel database 

(Microsoft Corp., Redmond, WA).  

Laboratory analysis of samples 

i) Initial isolation of Staphylococcus aureus from bulk tank milk

Upon arrival at the VDL, BTM samples were subjected to routine BTM culture 

procedures to isolate and quantify major categories of bacteria, including S. aureus. 

Samples collected from three consecutive days from each herd were thawed at room 

temperature and pooled creating a total of 365 pooled BTM samples (189 winter and 176 

summer samples) from 189 herds. Bacterial identification was performed in duplicate 

using a Bruker MALDI-TOF Biotyper version 3.1.66 (Bruker Corp., Germany). If found, 

a single colony identified as S. aureus by MALDI- TOF from each BTM culture was 

streaked onto a fresh blood agar plate to isolate it in pure culture. Despite our confidence 

in using the MALDI for identification of S. aureus for this study, confirmatory traditional 

biochemical tests (e.g. tube coagulase test, catalase test) were also conducted. All S. 
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aureus isolates confirmed by MALDI-TOF were stored in a 50:50 mixture of 1% 

defibrinated sheep blood and glycerol at –80°C for genotypic and phenotypic 

characterization. 

ii) Phenotypic characterization of Staphylococcus aureus

The isolates stored at –80°C were thawed and re-isolated on 5% sheep blood agar 

(BBL™ Trypticase™ Soy Agar with 5% Sheep Blood (BD Trypticase™ Soy Agar II™)) 

during the summer of 2017. Briefly, 0.01ml of the stored sample was streaked onto the 

surface of blood agar plate using a sterile plastic loop. Plates were incubated at 37°C 

overnight and for another 24 hours to check for colony characteristics typical of S. aureus 

and beta-hemolysis. Isolates were transferred to Luria-Bertini (LB) agar plates (BD, MD) 

and further confirmed as S. aureus by catalase test using hydrogen peroxide and 

coagulase test using coagulase plasma with EDTA (BBL™ Coagulase Plasma Rabbit, 

with EDTA, lyophilized).  

iii) DNA extraction and whole genome sequencing

Isolates positive for the coagulase test were transferred to LB broth (BD, MD) and 

incubated at 37°C overnight. Bacterial DNA was extracted using DNeasy Blood and 

body fluid kit (QIAgen, MD) following the protocol for DNA extraction from Gram-

positive bacteria as described by the manufacturer. Amount and quality of DNA samples 

was measured on a NanoDrop 1000 spectrophotometer (Nano-Drop Technologies, 

Wilmington, DE). The DNA samples were transferred onto a 96 well tissue culture plate 

and sent on ice to the University of Minnesota Genomics Center (UMGC) for whole 

genome sequencing. Subsequently, a Nextera XT kit (Illumina, San Diego, USA) was 
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libraries were paired-end sequenced applying Illumina’s HiSeq 2500 High-Output 

platform.  

Genomic methods 

i) De novo assembly and subtyping

The quality of the illumina raw reads was analyzed by a genomics analyst at the 

University of Minnesota Informatics Institute (UMII). Subsequently, the sequences were 

trimmed using Trimmomatic platform followed by de novo assembly using spades on 

default settings to obtain de novo assembled contigs. The isolates were investigated for 

resistance genes and virulence genes in de novo assembled contigs using the ResFinder 

v3.0 (Zankari et al., 2012) and VirulenceFinder v2.0 (Joensen et al., 2014), respectively. 

MLST was performed using MLST v1.8 (Larsen et al., 2012) whereas spa-types were 

determined using spaTyper v1.0 (Bartels et al., 2014). The STs were then clustered into 

clonal complexes (CC) by eBURST v.3 (Feil et al., 2004). 

i) Phylogenetic analysis

Paired-end sequences were run through Trimmomatic v. 0.33 (Bolger et al, 2014) 

to remove adapter sequences and reads with a base quality score less than 20.  SNPs were 

identified from the trimmed reads with Snippy v. 4.1 using reference genome 

Staphylococcus aureus NCTC 8325 (Gillaspy et al, 2006). SNPs located within 

recombinant regions were filtered out of the core SNP alignment using Gubbins v. 2.3.4 

(Croucher et al, 2014). A few samples (n=7) were removed due to poor sequence quality 

or proportion of missing data. The SNP-based phylogenetic tree was built in MEGA v.7.0 

38 
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(Kumar, Stecher and Tamur, 2015) using the Maximum-likelihood method with the 

General Time Reversible model and discrete gamma distribution. One hundred bootstrap 

replications were performed.  

2.4 Results 

Prevalence of Staphylococcus aureus in bulk tank milk 

The mean herd size and level of milk production for the 189 study farms (940 

cows; 25,671 lbs/cow/year) was greater than that reported for all U.S. dairy farms (234 

cows; 22,941 lbs; Natzke, 2017). A total of 365 pooled BTM samples (189 during winter 

and 176 during summer) were available from 189 herds. Staphylococcus aureus was 

cultured from 170 BTM samples (88 in winter and 82 in summer), indicating a 

prevalence of 46.6% in the BTM sample set and a herd level prevalence of 62.4% (118 of 

the 189 herds were positive for S. aureus in BTM in at least one of the two samples 

collected). Of the 170 S. aureus isolates recovered, a subset of 138 (81 winter and 57 

summer isolates) were stored at –80°C for further study as storage of 32 isolates was 

missed. Of the 138 S. aureus isolates that were stored, we were able to re-isolate all of 

them on 5% sheep blood agar. All isolates were positive for the catalase test (n=138) but 

only 124 showed a positive reaction for the coagulase test, confirming these 124 isolates 

as S. aureus. DNA was extracted from all 124 isolates and subjected to whole genome 

sequencing. All isolates passed the quality control analysis for the sequences, and the 

virulence genes and resistance genes were identified for all 124 isolates.  

Identification of resistance genes 
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In general, all genes were identified with thresholds of 90% nucleotide identity 

with the exception of one isolate that did not carry any resistance genes. Among the 124 

isolates, all but one carried at least one resistance gene. Fifteen different antibiotic 

resistance genes were observed conferring resistance to 8 classes of antibiotics. The norA 

gene was found in all isolates except one, whereas the second most prevalent resistance 

gene, aph(3’)-ia was observed in 14.5% (18/124) of the isolates. Only 20.7% (26/124) of 

all isolates carried resistance genes other than aph(3’)-ia and norA (Table 1) . Altogether, 

77.4% (96/124) of isolates carried no resistance gene other than norA. The mecA gene 

responsible for methicillin resistance was observed in only one isolate (0.8%). This 

isolate showed the presence of other resistance genes including ant(6)-la, aph(3’)III, 

mph(C), msr(A), norA and blaZ, conferencing resistance to gentamicin, macrolide 

fluoroquinolone and beta-lactamase production, respectively. Apart from the one isolate 

that carried the mecA gene, 26 other isolates that carried at least two or more resistance 

genes (Table 2).  

Identification of virulence genes 

 Twenty-six different virulence genes were identified and were subsequently 

categorized into three groups according to prevalence among the 124 isolates. One group 

consisted of the 9 most prevalent genes (aur, splA, splB, hlgA, hlgB, hlgC, hlb, lukD and 

lukE) found in more than 70% of the isolates. Among these, aur and hlgB were present in 

100% of the isolates. In the second group, 6 enterotoxin genes (seg, sei, sem, sen, seo, 

seu) and one exoenzyme gene (splE) were prevalent in 25 – 40% of the isolates.  Finally, 

the third group consisted of 7 toxin genes (seb, sec, sed, seh, sek, sel, seq), 2 genes 
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involved in host colonization (scn, sak) and the toxic shock syndrome toxin (tst), ranging 

between 0.5 – 20% of isolates (Table 3).  

Of the 124 isolates that carried the virulence genes, SE genes were present only in 

52 isolates (41.9%). The most common combination of SEs was seg, sei, sem, sen, seo, 

seu (n = 12), followed by sec, seg, sei, sel, sem, sen, seo, seu (n = 9), and sec, seg, sei, 

sel, sem, sen, seo (n = 5) (Table 4). Other virulence genes such as the exfoliative toxins 

(etA, etB), intracellular adhesion proteins (icaA, icaB, icaC, icaD), clumping factors 

(clfA, clfB), fibrinogen binding protein (fib), fibronectin binding proteins A and B (fnbA, 

fnbB) and the pore forming cytotoxin (PVL) were not identified in any of the isolates. 

Multi-locus sequence typing  

Among the MLST subtypes (Table 5), 14 different ST’s were identified which 

were further grouped into 5 clonal complexes (CCs). However, 16 (12.9%) isolates were 

identified as being of unknown ST type. The most prevalent of the ST’s was ST2187 

found in 20.9% (26/124) of all isolates. Of the remaining ST types, the prevalence of the 

six ST types (ST479, ST350, ST3028, ST351, ST151 and ST352) ranged between 4 and 

17% while the remaining 8 STs were less than 2%. In this study, CC1 was represented by 

ST1, ST9, ST72, ST97, ST124, ST352, ST805, ST2187 and ST3028, and was the 

predominant CC (50.8%) followed by CC151 - ST151, ST351 (26.6%), CC479 - ST479 

(4.03%), CC59 - ST87 (0.8%) and singleton - ST350 (4.84%).  

spa typing  

Among all isolates, 18 different spa types were observed and 16 (12.9%) isolates 

were identified as being of unknown spa-type.  The most prevalent of the spa types was 
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t529 found in 28.2% (35/124) of all isolates. Of the remaining spa types, the prevalence 

of the five spa types (t543, t1106, t267, t359, t1182) ranged between 4 and 16% while 

each of the other 12 spa types were present in less than 3% of the total isolates (Table 6).  

Phylogenetic tree  

The phylogenetic tree (Fig. 1) obtained from genome-wide single nucleotide 

polymorphic sequences grouped 112 of 117 strains into 4 clusters that showed a high 

phylogenetic similarity. One of the 4 major clusters included sequence types ST2187, 

ST3028, ST352, ST124 and ST97. These STs are under the clonal complex CC5. The 

second major cluster included ST151 and ST351 that were categorized as CC151. The 

ST’s under CC479 and those under singleton clustered together. Though the remaining 

ST’s such as ST1, ST9, ST72 and ST805 belonged to CC5, they showed lower 

phylogenetic similarity in relation to other strains in the CC5 and were inserted in 

separate branches. The single strain CC59 – ST87 showed phylogenetic similarity to 

strains in CC479. 

2.5 Discussion 

We carried out whole-genome sequencing of 124 S. aureus strains isolated from 

BTM samples from 189 herds from 17 states to investigate the prevalence, antibiotic 

resistance, population genetic structure and genomic content. The farms sampled in our 

study represent 4.7% of all the licensed dairy herds in the U.S. (189 of 40,219 farms). 

The mean herd size and level of milk production for the 189 study farms (940 cows; 

25,671 lbs/cow/year) was greater than that reported for all U.S. dairy farms (234 cows; 

22,941 lbs; USDA National Agricultural Statistics Service). 
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Prevalence of Staphylococcus aureus in bulk tank milk 

 In the current study S. aureus was cultured from 170 BTM samples, indicating a 

prevalence of 46.6% in the BTM sample set and a herd level prevalence of 62.4%. The 

prevalence in this study is lower than the results of a previous study from Minnesota 

herds that reported a prevalence of 63% in BTM and a herd prevalence of 88% (Haran et 

al., 2012). However, our herd prevalence is higher than a national study that reported a 

prevalence of 40.2% (Virgin et al., 2009). The latter study might have underestimated the 

prevalence because they collected only a single BTM sample whereas in the current study 

we collected 3 BTM samples in each of the 2 seasons. 

Identification of resistance genes 

In general, the prevalence of resistance genes (21.8%; except norA) was low in 

the population studied. In the current study, genes conferring resistance aminoglycosides 

and β-lactams were identified in 18.5% and 4.8% of the isolates, respectively. Beta- 

lactams are the most commonly used drugs for treatment of bovine mastitis. Compared to 

studies of Erskine et al. (2002) (12.7%) and Mackovec and Ruegg (2003) (37.2%), we 

found lower resistance to β-lactam antibiotics. However, we need to be cautious while 

comparing the results with these studies due to methodological differences. These earlier 

studies investigated S. aureus isolates from mastitis cases, were retrospective in nature 

and evaluated the antibiotic susceptibility using phenotypic tests. 

A potential challenge in the treatment of bovine mastitis is the emergence of 

MDR S. aureus strains. A study from Poland reported few strains (n = 10) that were 
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MDR showing resistance to 4 or more of the 20 antibiotics tested. Three of these MDR 

strains were also positive for the mecA gene and classified as MRSA (Szweda et al., 

2014). Similarly, in the current study we identified few isolates (n = 8) that carried genes 

conferring resistance to 3 or more classes of antibiotics.  

Another concern to the dairy industry is the emergence of MRSA in dairy cattle. 

Since the first publication in 1975 (Devriese and Hommez, 1975), most studies have 

reported a low prevalence of MRSA in dairy cows. Isolates are characterized as MRSA if 

they show the presence of the mecA gene and display phenotypic resistance to 

oxacillin/methicillin. In the present study we identified one isolate with the mecA gene, 

suggesting a very low herd prevalence (0.5%; 1 out of 189 herds) of MRSA. This is in 

accordance with NAHMS 2007 study, which found no MRSA (Virgin et al., 2009) in 

BTM samples and a 2012 study that reported a herd prevalence of 4% in a sample of 50 

Minnesota dairy herds (Haran et al., 2012). Similarly, low prevalences were reported by 

other authors investigating the presence of MRSA in raw cow's milk in other U.S. States 

(Erskine et al., 2002; Anderson et al., 2006). A low prevalence (1.4%) of MRSA in raw 

cow's milk was also reported in China (Wang et al., 2014). Researchers from Africa 

reported a prevalence of MRSA in raw milk ranging from 4.8% in Nigeria to 8.6% in 

Egypt (Karmal et al., 2013; Umaru et al., 2013). In addition to MRSA prevalence in 

BTM, numerous reports are available on the prevalence and characterization of MRSA 

from mastitic milk worldwide, such as in Korea (6.2%, Nam et al., 2011), southwest 

Germany (5.1 – 16.7%, Spohr et al., 2011), Switzerland (1.4%, Huber et al 2009), Japan 

(1.5%, Hata et al., 2010), Turkey (17.2%, Turkyilmaz et al., 2010), and Belgium (0 – 

7.4%, Vanderhaeghen et al., 2010). A recent study of S. aureus isolates obtained from 
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bovine mastitic milk samples in Bangladesh reported a high prevalence (20%; 29 out of 

145 samples) of MRSA identified by the presence of the mecA gene by PCR (Hoque et 

al., 2018). Such a high prevalence has not been reported in studies from the U.S. or 

Europe, with the exception of southwest Germany (Sphor et al., 2011).  

Resistance to penicillin is mediated by two mechanisms: either by secretion of 

enzyme β-lactamases or by the production of a penicillin binding protein (PBP2A). The 

β-lactamases inactivate the antibiotic by hydrolysis of its β-lactam ring and is encoded 

by blaZ gene in plasmid or chromosome (Olson et al., 2006). The PBP2A is encoded by 

mecA gene, embedded in a mobile genetic element on the bacterial chromosome called 

Staphylococcal Chromosome Cassette mec or SCCmec (Moon et al., 2007).  In the 

present study, 4 % of all S. aureus isolates carried the blaZ gene which corresponds to the 

low prevalence reported in Sweden (3.7 to 7.1%), Norway (5.0 to 11.4%) (Hendrikson et 

al 2008; Bengtsson et al 2009; Persson et al., 2011) and in Canada (8.7%) (Saini et al., 

2012).  

A high prevalence of penicillin-resistance has been reported from various 

countries worldwide; in Estonia, 61.4%; England, 36 to 46%; Korea, 38.6 to 78.8%; 

China, 96.0%; Malaysia, 46.0%; and Brazil, 70.0% (Hendrikson et al 2008; Kalmus et 

al., 2011; Nam et al., 2011; Gao et al., 2012; Jamali et al., 2015; Marques et al., 2017). 

The above mentioned studies report prevalence of the blaZ gene among S. aureus strains 

isolated from subclinical and clinical mastitis cases except for the studies from China and 

Malaysia that report the prevalence among strains from raw milk. A recent Danish study 

reported that 17% of 157 isolates from bovine mastitis produced beta-lactamases (Ronco 
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et al., 2018). Another study found no beta-lactamase genes among 70 clinical mastitis 

isolates (Artursson et al., 2016).  

Not surprisingly, norA was found in all isolates except one in the current study. A 

very high prevalence (99.3%) was also described in another study from Denmark (Ronco 

et al., 2018). This gene encodes an efflux pump (Santos Costa et al., 2015) that mediates 

resistance to quinolones and a variety of other compounds including quaternary 

ammonium compounds and dyes (Yoshida et al., 1990; Kaatz et al., 1993). Since 

fluoroquinolones are not used to treat U.S. dairy cows for mastitis, the presence of this 

gene is most likely explained by other factors. In the current study, a high percentage of 

resistance gene associated with aminoglycosides (aadD, ant(6)-ia, aph(3’)-ia, aph(3’)-

III) were noted. In addition, genes lnu(A), erm(B), mph(C), msrA, fexA, tet(K), tet(L), 

tet(M) that confer resistance to other antibiotics (Lincosamides, Macrolides, Phenicol and 

tetracycline) were also detected and some strains carried two resistance genes for the 

same antibiotic. 

Presence of the mecA gene is generally considered as the most reliable method for 

detection of methicillin resistance. In the present study, only one (0.8 %) of all S. aureus 

isolates evaluated carried the mecA. This corresponds to a very low herd prevalence 

previously reported in Minnesota (4%; Haran et al., 2012). However, one limitation of 

the current study is that we do not necessarily know if the isolates harboring these 

resistance genes were phenotypically resistant to the respective antibiotics. It remains to 

be determined whether these isolates are actually resistant to the antibiotics using 

phenotypic tests such as the selective enrichment for oxacillin resistant S. aureus, disc 

diffusion test or broth microdilution. A recent study from India reported that nine isolates 
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which had a mecA gene were phenotypically susceptible to oxacillin and the seven 

isolates that showed phenotypic resistance to oxacillin did not have either mecA or blaZ 

gene (Kulangara et al., 2017).  

Identification of virulence genes  

With regard to the risk of pathogenicity, the presence of virulence genes among 

all 124 isolates was assessed in this study. Staphylococcus aureus is characterized by 

different virulence factors and by large variations in the presence of these virulence genes 

(Aydin et al., 2011). In the present study, 26 virulence genes were distributed with 

varying frequencies among the S. aureus isolates. Among these are a variety of proteases, 

such as zinc-dependent metalloprotease aureolysin (aur), two cysteine proteases, 

staphopain A (ScpA) and staphopain B (SspB), and several serine proteases, including V8 

protease (SspA), exfoliative toxin A (etA) and etB, and a number of serine protease-like 

proteins (Spl) (Drapeau etal., 1972; Reed et al., 20011; Zdzalik et al., 2012). None of the 

isolates carried the genes for exfoliative toxins etA and etB, nor the PVL gene. The aur 

gene was present in 100% of the S. aureus isolates while the serine protease-like proteins, 

SplA, SplB and SplE were identified only in 88.7%, 78.2% and 33.1% of the isolates 

respectively. 

The hlgB gene was found in all isolates, and the hlgA, hlgC and hlb genes were 

found in 99.2% of the isolates. Silva et al. (2012) also found 100% hemolytic activity 

among S. aureus isolates from bovine mastitis. According to Burnside et al. (2010) 

hemolysins can be produced by most S. aureus isolates and is associated with the 

pathogenesis of disease caused by this bacterium (Lo et al., 2011). The hlb gene is 
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characteristic of isolates obtained from bovine mammary gland (Aarestrup et al., 1999); 

therefore, the findings suggest that the source of S. aureus in the BTM in the present 

study is more likely from an infected quarter of a cow. A study investigating 265 isolates 

of S. aureus from bovine mastitis (105), human carriers (100) and septicaemia in humans 

(60) reported that 96% of the bovine isolates carried the hlb gene but only 72% expressed 

β-hemolysin. Among the human isolates only 56% carried the gene and was expressed by 

only 11.8%. The authors speculated that since a larger proportion of the bovine isolates 

expressed β-hemolysin phenotypically, compared to human isolates, it could indicate that 

the expression of β-hemolysin has some association with infections in the bovine udder 

(Aarestrup et al., 1999). They also reported that 9 of the 10 isolates that were 

phenotypically negative began to express β-hemolysin after sub cultivation in bovine 

blood and milk indicating that there might be an association between the gene regulation 

and one or more factors in bovine blood and milk. In contrast, such changes were not 

observed after sub cultivation in human blood and milk (Aarestrup et al., 1999) 

Superantigens, especially SEs, have been suggested to play a role in the 

development of mastitis (Piccinini et al., 2010). Piechota et al. (2014) reported that genes 

encoding enterotoxins are more often identified in S. aureus isolates from the mastitic 

milk of cows than from isolates of healthy cows or the environment. A large proportion 

of the isolates (42.7%) in this study contained one or more enterotoxin genes. Variations 

in toxin gene prevalence in isolates from milk and cheese have been reported in several 

recent studies, from 74% down to 16% (Carfora et al., 2015; Hummerjohann et al., 2014; 

Hunt et al., 2012; Rosengren et al., 2010). The classic enterotoxin genes (sea – see) of S. 

aureus are known to cause food poisoning incidents. 
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The enterotoxin most frequently involved in staphylococcal food poisoning 

outbreaks is sea (Balaban and Rasooly, 2000). In the current study none of the isolates 

carried the sea gene which is consistent with a 2012 study from 50 herds in Minnesota 

(Haran et al., 2012). This study investigated the presence of virulence genes and the 

production of the respective toxins only among 8 isolates that were suspected as MRSA. 

Our results are in contrast with Monistero et al. (2018) who reported that 52.9% (9/17) of 

S. aureus strains isolated from clinical mastitis from 13 different farms in New York 

State carried the sea gene. A study from China also reported a similar presence of the sea 

gene (60.4%) among isolates obtained from raw milk (Wang et al., 2018). With the 

exception of few studies, the role of the newly discovered enterotoxins in food safety is 

largely unknown. Ikeda et al. (2005) described an outbreak due to consumption of 

reconstituted milk, which was contaminated with S. aureus producing sea and seh. 

Similarly, in another outbreak situation, mashed potatoes made with raw milk which was 

contaminated with S. aureus producing seh were identified as the cause (Jorgenson et al., 

2005a). In the present study seh was identified in only one isolate (0.8%) which is similar 

to the results of a recent study that showed none of the S. aureus isolated from New York 

carried seh gene. (Monistero et al., 2018).  

The SE C plays an important role in the pathology of staphylococcal bovine 

mastitis. This is supported by the results of a study which demonstrated that the 

concentration of SE C in mammary gland secretions increased with the severity of 

mastitis (Kuroishi et al., 2003). In an experimental study cows challenged with S. aureus 

after immunization with a non-toxic sec mutant had a significantly smaller increase (200 

vs 1400 x 103 cells/ml) in SCC compared to non-immunized control cows (200 vs 1400 x 
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103 cells/ml), indicating a limited infection (Cui et al., 2010). The SE gene sec has been 

the predominant enterotoxin gene identified in studies of isolates from bovine mastitis 

(Oliveira et al.,2011) and BTM (D'Amico & Donnelly, 2010; Jørgensen et al., 2005b), 

goat milk (Spanu et al., 2012; Xing et al., 2016) and cheese (Hunt et al., 2012). In the 

current study, the sec gene was present in 17 of the 21 enterotoxin profiles identified.  

However, the production of this enterotoxin can be reduced in milk (Even et al., 2009). In 

combination with sec, a considerable proportion (13 out of 17) of the analyzed isolates 

often contained the tst gene. This gene encodes the protein TSST-1 that can cause toxic 

shock syndrome, and is often related to isolates that cause foodborne disease (Adesiyun 

et al., 1992). The co-detection of sec and tst genes observed in our study is consistent 

with other studies of S. aureus from mammary secretions of dairy animals and from bulk 

milk (Jørgensen et al. 2005a; Akineden et al. 2008). 

A study published in 2015 reported that the newly described SE genes (seg and 

sei) were present only in strains isolated from mastitic quarter milk, whereas classical SE 

genes (sea to sed) were detected solely in strains isolated from BTM (Peles et al., 2015).  

However, in the current study we found isolates carrying the newer enterotoxin genes in 

BTM: Specifically, it is notable that strains possessing the sec gene also carried seg, sei, 

sel, sem, sen, seo and seu in addition to tst. Some authors reported a predominant and 

systematic co-detection of seg and sei genes (Rosec and Gigaud 2002) whereas others 

have reported their presence individually or in different combinations with other SE 

genes (Arcuri et al. 2010; Cremonesi et al. 2007). The co-detection of sec/tst and seg/sei 

has been attributed to their location within the same enterotoxin gene cluster (egc) in the 

genomic pathogenicity island SaPIn3/m3 (Alibayov et al., 2014; Jørgensen et al., 2005c). 
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In the present study, other SE genes were present in varying frequencies among 

the S. aureus isolates. There was only one isolate that carried a combination of seb, sek 

and seq and none of these were detected in other isolates alone or in combination with 

other enterotoxin genes. This isolate was the only one that carried the sak and scn genes. 

Our results are consistent with the findings of Monistero et al. (2018) who reported that 

none of the 17 isolates from New York carried seh, sak and scn genes, indicating a very 

low prevalence of these genes among U. S. isolates. These virulence factors (sak and scn) 

show activity against the human innate immune system but their presence among isolates 

recovered in herds with high prevalence of S. aureus mastitis suggests their involvement 

in the bovine mammary gland immune response (Margo et al., 2018), and should be 

further studied.  

Srinivasan et al. (2006) reported that 73 of 78 (93.6%) S. aureus isolates from 

cows with clinical mastitis on 2 U.S. farms carried some enterotoxin genes. Genes for SE 

A and SE E were not identified, but the gene for SE D was frequently detected (52.6% of 

isolates). Those researchers reported greater prevalence of newly identified enterotoxin 

genes (seg to seq), compared with classical enterotoxin genes (sea to see) which is 

comparable with the results of the present study. None of the isolates in the current study 

carried the see and PVL gene, which contrasts with the results of a previous U.S. study 

(Haran et al., 2012). The most commonly detected SE gene in that study was sec 

followed by sed, seb and see. None of the isolates showed the presence the tst gene, while 

the presence of the PVL gene was detected in only one isolate (Haran et al., 2012). Haran 

et al. (2012) did not investigate the presence of virulence genes or toxin production 

among the remaining 93 methicillin susceptible S. aureus isolates. In the present study, 
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the single isolate that carried the mecA gene was also found to carry the newly identified 

SEs and leukocidins D and E. This isolate did not carry the classical SEs and was 

negative for tst gene.  

Although more than 20 types of enterotoxin genes have been described 

(Hennekinne et al., 2012), only 13 were identified in this study. The VirulenceFinder 

database (Joensen et al., 2014) contains only 18 of the 20 enterotoxin genes. Thus, it is 

possible that the isolates carried other novel enterotoxin genes, or genes related to 

mastitis pathogenesis and host adaption. Furthermore, a high proportion (≥ 90%) of all 

isolates carried the leukocidin encoding genes lukD and lukE, similar to that reported 

among New York isolates (Monistero et al., 2018). These genes are often found in 

isolates associated with bovine mastitis (Fueyo et al., 2005; Bardiau et al., 2016) but have 

also been detected in clinical isolates from humans (Yoong and Torres, 2014). 

Compared to other studies from the U.S. that investigated S. aureus isolates from 

bovine mastitis or BTM, this is the only study that investigated the presence of both 

newly identified and classical enterotoxin genes. A high frequency of toxin genes does 

not necessarily mean that these isolates produce toxin at a level sufficient to cause disease 

via milk consumption. Toxin production by S. aureus begins when its populations 

exceeds 105 cfu/g, which is influenced by environmental conditions such as temperature 

abuse, pH, and water activity (Valero et al. 2009). A limitation of this study is that we 

only looked at the genotypic and did not evaluate the ability of these isolates for 

enterotoxin production.  

Multi-locus sequence typing 
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Our results highlight the diverse genetic backgrounds of the S. aureus isolates 

from BTM by spa typing and MLST. The MLST genotyping system provides a 

comparison of the nucleotide sequence of seven house-keeping genes (arcC, aroE, glpF, 

gmk, pta, tpi, yqiL) for isolate characterization (Urwin and Maiden, 2003) and spa typing 

provides a comparison of the variable repeat region of one gene (protein A) and is 

thereby less discriminatory than multi-locus sequencing methods (Aries de-Sousa et al., 

2006). Since MLST for S. aureus was first reported, it has been used for epidemiological 

analysis of S. aureus infections, such as staphylococcal food poisoning outbreaks 

(Enright et al., 2000). In the current study 14 MLST were identified. 

Earlier studies have associated types ST97, ST133, ST151 and ST479 with bovine 

mastitis (Holmes and Zadoks, 2011; Zadoks et al., 2011; Boss et al., 2016), whereas 

ST50 and ST71 have been associated healthy cows and BTM (Smith et al., 2005; Hata et 

al., 2010). However in our study, the most prevalent STs were ST2187, ST352, ST151 

and ST351. In the present study, ST97 and ST151 were identified in one (0.8%) and 18 

isolates (14.5%), respectively. Considering that the S. aureus strains were isolated from 

BTM we did not identify any isolate belonging to ST50 or ST71. Five clonal complexes 

were identified in the study (CC5, CC151, singleton, CC479 and CC 59) which is 

consistent with the findings of a study from Italy that reported CC151 and CC479 as the 

predominant clone (Margo et al., 2018). A study from Israel reported that CC151 was one 

of the predominant clone identified in cattle isolates (Bar-Gal et al., 2015) and Artursson 

et al. (2016) identified one isolate that belonged to CC479. A recent study from China 

reported that out of the 212 S. aureus isolates from bovine mastitis, 10 belonged to CC59, 

and CC151 and CC5 had less than 10 isolates (Li et al., 2017).  
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Spa typing  

Among the spa types, t529, t1182 and t359 were present in most isolates which is 

similar to a study from Denmark that reported t529 as the most prevalent spa type (Ronco 

et al., 2018). This spa type has been associated with S. aureus isolated from bovine 

mastitic milk (Ikawaty et al., 2009; Johler et al., 2011; Sakwinska et al., 2011; Boss et al., 

2016) as well as milk from healthy cows (Hasman et al., 2010). All 18 ST151 isolates 

belonged to spa type t529 which corresponds to previous studies (Sakwinska et al., 2011, 

Ronco et al., 2018). The most prevalent spa type among MRSA isolates from bovine 

sources is t011, as reported from Germany, Belgium, and Switzerland (Fessler et al., 

2010; Huber et al., 2009; Spohr et al., 2011; Vanderhaeghen et al 2010). MRSA isolates 

from bovine mastitis samples in Germany, Belgium and U.S. (Fessler et al., 2010; 

Vanderhaeghen et al 2010; Haran et al., 2012) also included other spa types—t034, 

t2576, t567, t359  and t2734. Limited data on spa type distribution are available for 

MSSA isolates from bovine sources. Of the spa types obtained in our study, none of the 

isolates were identified as belonging to the spa types identified in other countries except 

t359. One isolate identified as MRSA in the present study belonged to spa type t126 and 

ST72, which is different from t121 commonly found throughout France, Belgium, 

Germany and Switzerland. Similarly, a 2012 study from U.S. reported that one of the 

MRSA isolate belonged to spa type t121 and MLST ST8 (Haran et al., 2012). In 

summary we found some similarities and some differences in the prevalence of various 

spa types identified. The latter could be attributed to the use of different sample types 

among studies (e.g: BTM versus mastitic milk samples from cows) and also due to 

genetic diversity in strains from various geographic regions.  
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Of the other identified spa types in this study, t127 has been associated with 

human isolates (Hummerjohann et al., 2014). Recently, t127 was identified in sheep milk, 

possibly originating from humans milking the sheep with bare hands (Carfora et al., 

2016), and in pigs (Normanno et al., 2015). The spa type t127 has been reported as a 

community associated clone and was the most frequently distributed genotype among 

raw milk samples belonging to ST1 (Song et al., 2015). In the current study only one 

isolate was identified as spa type t127 and belonged to ST1 as reported earlier. This was 

the only isolate in the current study that carried the gene for enterotoxin H (seh) and is 

similar to the reports of Roussel et al. (2015), where the spa type t127 carrying seh was 

linked to staphylococcal food poisoning. In the current study, about 13% (16/124) of the 

isolates were identified as being of unknown spa type using spaTyper (Bartels et al., 

2014). The reasons for this could be that the spa genes were located on >1 contig and 

therefore not all repeats were identified by spaTyper (Bartels et al., 2014). A limitation of 

the current study is that only one isolate from each bulk tank was investigated. It is 

possible that this could result in an underestimation of the genetic variation among the 

strains in BT milk from U.S. dairy farms.  

2.6 Conclusions 

This study provides insight into the virulence characteristics and genetic diversity of S. 

aureus strains isolated from U.S. dairy herd bulk tanks. A high proportion of isolates 

carried various virulence/toxin genes that are harmful to humans. Only one isolate was 

identified as carrying the mecA gene confirming the evidence of low prevalence of 

MRSA among S. aureus isolated from U.S. dairy herds. Genotyping of the isolates 

revealed a limited number of clones belonging to 5 clonal complexes. Knowledge about 
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the epidemiology of S. aureus genotypes in dairy herds may assist in formulating 

strategies for reducing the spread of infection and for focused treatments. Also, ongoing 

surveillance is needed to detect any changes in prevalence and antibiotic 

susceptibility/resistance pattern of S. aureus isolates from dairy cows because of the 

potential zoonotic transfer of this organism to humans. 
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2.7 Tables 

Table 1: Prevalence of resistance genes among 124 Staphylococcus aureus isolates from 

bulk tank milk of 189 U.S. dairy farms 

Antibiotic class Resistance genes Number of isolates (%) 
Aminoglycoside aadD 1 (0.8) 

ant(6)-ia 2 (1.6) 
aph(3’)-ia 18 (14.5) 
aph(3’)-III 2 (1.6) 

Beta - lactam blaZ 5 (4.0) 
mec(A) 1 (0.8) 

Fluoroquinolone norA 123 (99.2) 
Lincosmaide lnu(A) 1 (0.8) 
Macrolide erm(B) 1 (0.8) 

mph(C) 2 (1.6) 
Macrolide,Lincosamide & Streptogramin B msrA 3 (2.4) 
Phenicol fexA 4 (3.2) 
Tetracycline tet(K) 2 (1.6) 

tet(L) 1 (0.8) 
tet(M) 1 (0.8) 
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Table 2: Multi-drug resistance gene profile identified among 124 Staphylococcus aureus 

isolates from bulk tank milk of 189 U.S. dairy farms 

Resistance gene Number of isolates (%) 
ant(6)-ia, aph(3')-III, blaZ, mecA, mph(C), msr(A), norA 1 (0.8) 
ant(6)-ia, aph(3')-III, blaZ, mph(C), msr(A), norA 1 (0.8) 
aadD, erm(B), fexA, norA, tet(L) 1 (0.8) 
aph(3')-ia, fexA, norA 2 (1.6) 
aph(3')-ia, lnu(A), norA 1 (0.8) 
aph(3')-ia, msr(A), norA 1 (0.8) 
aph(3')-ia, norA, tet(K) 1 (0.8) 
aph(3')-ia, norA 13 (10.5) 
blaZ, norA 3 (2.4) 
fexA, norA 1 (0.8) 
norA, tet(K) 1 (0.8) 
norA, tet(M) 1 (0.8) 
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Table 3: Virulence genes among 124 Staphylococcus aureus isolates from bulk tank milk 

of 189 U.S. dairy farms 

Genes  Protein Number of isolates (%) 
Hemolysins and 
Leukocidins 

  

hlgA Gamma hemolysin chain II 
precursor 

123 (99.2) 

hlgB Gamma hemolysin component B 124 (100.0) 
hlgC Gamma hemolysin component C 123 (99.2) 
hlb Beta hemolysin 123 (99.2) 
lukD Leukocidin D component 117 (94.3) 
lukE Leukocidin E component 119 (95.9) 
Proteases   
aur Aureolysin 124 (100.0) 
splA Serine protease A 110 (88.7) 
splB Serine protease B 97 (78.2) 
splE Serine protease E 41 (33.1) 
Superantigenic toxins   
seb Enterotoxin B 2 (1.6) 
sec Enterotoxin C 17 (13.7) 
sed Enterotoxin D 8 (6.4) 
seg Enterotoxin G 41 (33.1) 
seh Enterotoxin H 1 (0.8) 
sei Enterotoxin I 44 (35.5) 
sek Enterotoxin K 1 (0.8) 
sel Enterotoxin L 17 (13.7) 
sem Enterotoxin M 44 (35.5) 
sen Enterotoxin N 47 (37.9) 
seo Enterotoxin O 37 (29.8) 
seq Enterotoxin Q 1 (0.8) 
seu Enterotoxin U 32 (25.8) 
tst Toxic shock syndrome toxin 1 13 (10.5) 
Others    
sak Staphylokinase 1 (0.8) 
scn Staphylococcal complement 

inhibitor 
1 (0.8) 
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Table 4: Superantigen genotypes based on toxin genes identified among 124 

Staphylococcus aureus isolates from bulk tank milk of 189 U.S. dairy farms. 

Staphylococcal enterotoxin genes Number of isolates (%) 
seb, seg, sei, sem, sen seo, seu 1 (0.8) 
seb, sek, seq 1 (0.8) 
sec, sed, seg, sei, sel, sem, sen, seo, seu 2 (1.6) 
sec, seg, sei, sel, sem, sen, seo 5 (4.0) 
sec, seg, sei, sel, sem, sen, seo, seu 9 (7.2) 
sec, seg, sei, sel, sem, seo, seu 1 (0.8) 
sed 1 (0.8) 
sed, seg, sei, sem, sen, seo, seu 1 (0.8) 
sed, seg, sei, sen 2 (1.6) 
sed, seg, sei, sen, seu 1 (0.8) 
sed, seg, sei, seu 1 (0.8) 
seg, sei, sem, sen, seo 4 (3.2) 
seg, sei, sem, sen, seo, seu 12 (9.6) 
seg, sei, sem, seo 1 (0.8) 
seg, sei, sen, seu 1 (0.8) 
seh 1 (0.8) 
sei, sem, sen 2 (1.6) 
sei, sem, sen, seo, seu 1 (0.8) 
sem, sen 4 (3.2) 
sem, sen, seu 1 (0.8) 
sen 1 (0.8) 
No superantigen gene 71 (57.2) 
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Table 5: Prevalence of sequence types and clonal complexes among 124 Staphylococcus 

aureus isolates from bulk tank milk of 189 U.S. dairy farms 

MLST types Clonal complex Number of isolates (%) 
ST1 CC5 1 (0.8) 
ST9 CC5 1 (0.8) 
ST72 CC5 1 (0.8) 
ST87 CC59 1 (0.8) 
ST97 CC5 1 (0.8) 
ST124 CC5 2 (1.6) 
ST151 CC151 18 (14.5) 
ST350 CC Singleton 6 (4.8) 
ST351 CC151 15 (12.1) 
ST352 CC5 22 (17.7) 
ST479 CC479 5 (4.0) 
ST805 CC5 1 (0.8) 
ST2187 CC5 26 (20.9) 
ST3028 CC5 8 (6.4) 
Unknown ST - 16 (12.9) 
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Table 6: Prevalence of spa types among 124 Staphylococcus aureus isolates from bulk 

tank milk of 189 U.S. dairy farms 

Spa types Number of isolates (%) 
t126 1 (0.8) 
t127 1 (0.8) 
t193 1 (0.8) 
t224 3 (2.4) 
t267 7 (5.6) 
t359 16 (12.9) 
t521 1 (0.8) 
t527 1 (0.8) 
t529 35 (28.2) 
t543 5 (4.0) 
t693 1 (0.8) 
t1106 6 (4.8) 
t1182 19 (15.3) 
t2734 2 (1.6) 
t3124 4 (3.2) 
t3992 3 (2.4) 
t10189 1 (0.8) 
t10926 1 (0.8) 
Unknown 16 (12.9) 
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2.8 Figures 

Figure1: Phylogenetic tree including the sequence types identified from 124 

Staphylococcus aureus isolates from bulk tank milk of 189 U.S. dairy farms. The 

phylogenetic tree is based on 42684 genome-wide SNP’s and Staphylococcus aureus 

strain NCTC 8324 was used as reference chromosome. 
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CHAPTER 3 - HERD MANAGEMENT PRACTICES ASSOCIATED 

WITH THE PRESENCE OF STAPHYLOCOCCUS AUREUS AND 

MULTI-DRUG RESISTANT STRAINS OF STAPHYLOCOCCUS 

AUREUS IN BULK TANK MILK OF U.S. DAIRY FARMS 
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3.1 Chapter summary 

The study objective was to determine herd characteristics and management 

practices associated with the presence of Staphylococcus aureus (S. aureus), as well as 

multi-drug resistant (MDR) strains of S. aureus, in bulk tank milk (BTM) samples of 

U.S. dairy herds. Data from 168 herds from 17 U.S. states participating in Dairy Herd 

Improvement Association (DHIA) milk recording were used in this study. Participants 

were surveyed to obtain Information describing herd characteristics and management 

practices. Bulk tank milk samples (n = 323) were collected twice from each herd, both in 

summer and winter of 2016 (n = 323). Staphylococcus aureus was cultured from 147 of 

323 BTM samples, indicating a prevalence of 45.4% (95% CI = 40 – 51%) in the BTM 

sample set and a herd level prevalence of 69% (95% CI = 62 – 76%). The majority of 

dairies adopted important mastitis-prevention practices such as fore-striping (86.9%), 

pre-milking teat disinfection (94%), post-milking teat disinfection (98.8%), drying teats 

before applying the milking unit (87.5%) and using long acting intrammamary antibiotics 

at dry-off (95.8%). Mixed logistic regression modelling indicated that herd characteristics 

and management practices associated with a lower odds for isolating S. aureus from 

BTM included larger herd size (>500 lactating cows, odds ratio (OR) = 0.358, 95% CI = 

0.172 – 0.746 ), herds with Jersey or other as the predominant breed (OR= 0.159, 95% CI 

= 0.062 – 0.409) (vs Holstein)  and herds using non-manure organic bedding materials 

(e.g. straw, shavings) for lactating cows versus reclaimed sand (OR = 0.178, 95% CI = 

0.078 – 0.408). The practices of housing lactating cows on a bedded pack (vs free stalls) 

(OR = 8.193, 95% CI = 1.766 – 38.009) and herds that routinely examined foremilk as a 

part of their milking routine (OR = 1.962, 95% CI = 0.946 – 4.070) were associated with 



66 

higher odds of isolating S. aureus from BTM. The prevalence of MDR S. aureus isolates 

was low (6.5%), and the vast majority (99.1%) of S. aureus isolates carried genes 

conferring resistance to only one antibiotic, with fluoroquinolones being the most 

common drug of resistance. Mixed logistic regression models did not identify any herd 

level risk factors associated with the presence of MDR strains of S. aureus in BTM. 

3.2 Introduction

Mastitis is one of the most common diseases of dairy cattle worldwide. Total 

annual economic losses to dairymen in the United States attributable to mastitis have 

been estimated at $2 billion (Philpot, 1984). Among several etiological organisms that 

can cause mastitis, Staphylococcus aureus (S. aureus) is a major mastitis pathogen that 

can also pose food safety and antibiotic resistance threats (Kumar et al., 2011). It is a 

versatile pathogen of human and animals that causes a wide variety of disease and is an 

important cause of clinical and subclinical mastitis in dairy cows (Abebe et al., 2013). 

Subclinical mastitis caused by S. aureus tends to become chronic and can be difficult to 

eradicate by conventional antibiotic therapies (Sears and McCarthy, 2003) due to the 

establishment of deep-seated pockets of infection in the milk secreting cells (alveoli) 

followed by abscess formation, intracellular survival within neutrophils and biofilm 

formation. Considered a contagious mastitis pathogen, infection is primarily spread at 

milking when S. aureus-contaminated milk from an infected gland comes into contact 

with an uninfected gland via milk droplets on milking equipment or milkers’ hands which 

enables the bacteria to enter the gland through the teat canal. When a quarter is infected, 

S. aureus can be excreted in the milk with large fluctuations in counts ranging from zero 

to 108 CFU/ml (Asperger and Zangerl, 2003). Subclinical infections caused by S. aureus 



 
 

67 
 

have a huge impact on milk yield and quality. Studies have reported a significant 

decrease in milk yield as well as an increase in somatic cell counts (SCC; Botaro et al., 

2015) associated with S. aureus infection. For example, Staphylococcus aureus infected 

quarters had a SCC of 690,000 whereas healthy quarters had a SCC of 48,900/ml (Coulon 

et al., 2002). 

Although some studies (Zadoks et al., 2002; Sommerhauser et al., 2003) have 

suggested it is not possible to eradicate intra-mammary infections (IMI) caused by this 

bacterium, adoption of control practices reduces the incidence and prevalence of 

infection. The 5-point mastitis control plan developed in the 1960’s (Neave et al., 1969) 

and later extended to the 10-point plan (National mastitis council, 2001), covers effective 

herd and udder health management practices for control of all mastitis pathogens, 

including S. aureus. Over the past four decades, implementation of the 5-point plan has 

resulted in reduced prevalence of mastitis due to S. aureus in North America and the 

United Kingdom (Hillerton et al., 1995; Zadoks et al., 2002). For contagious pathogens 

such as S. aureus, recommended control practices include proper milking procedures 

such as fore-stripping, use of post milking teat disinfectant, drying teats before attaching 

the milking unit, wearing clean gloves and ensuring proper function of the milking 

equipment. Other control practices include establishing biosecurity to prevent 

introduction of pathogens, segregation of infected animals, culling of chronically infected 

cows, and use of suitable antibiotic therapy including treatment with long acting intra-

mammary (IMM) antibiotics at dry off. Barkema et al. (1998) reported that failure to 

implement the recommended control program correctly or completely could result in the 

failure to control S. aureus mastitis. 
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Staphylococcus aureus resides primarily in the udder (Roberson, 1999); hence, its 

presence in bulk tank milk (BTM) is strongly suggestive of infection in one or more 

cows that contributed to the tank before sample collection (Jayarao et al., 2004). 

However, it has also been reported that S. aureus could be isolated from teat skin 

(Piccinini et al., 2009). Culturing of BTM samples is a useful tool for evaluating milk 

quality and has been used to identify herd-level prevalence of S. aureus (Farnsworth, 

1993; Jayarao and Wolfgang, 2003; Jayarao et al., 2004). In a Canadian study, 58 out of 

59 farms tested from 1997 to 1998 had at least 1 of the 3 BTM sample positive for S. 

aureus (Kelton et al., 1999).  More recently, herd prevalence of S. aureus in Canada was 

estimated at 74% where at least 1 of 4 BTM samples collected over a period of 2 years 

from 226 herds was positive for S. aureus (Olde Riekerink et al., 2010). In U.S. herds, 

presence of S. aureus was estimated to be 62% (119/192) in organic herds, 42% (27/64) 

in conventional non-grazing herds, and 43% (15/ 36) in conventional grazing herds, when 

a single sample of BTM was cultured (Cicconi-Hogan et al., 2013). The United States 

Department of Agriculture, National Animal Health Monitoring System (USDA, 

NAHMS, 2008) estimated herd prevalence of S. aureus to be 43%. A recent study from 

50 Minnesota dairy farms reported a prevalence of 63% in BTM samples, and a herd 

prevalence of 88% (Haran et al., 2012). The cow-level (within herd) prevalence of 

infection with S. aureus varies among herds, regions and countries, and has been reported 

to be 6.4% in Switzerland (Moret-Stalder et al., 2009), 22% in Norway (Østerås et al., 

2006) and ranging from 3 to 15% in Dutch dairy farms (Sampimon et al., 2009). From 

1978 to 1980, nearly 27,000 milk samples were collected from cows from 28 Virginia 

dairy herds and culture results indicated 6% of cows were infected with S. aureus (Jones 
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et al., 1984). In a study by Schukken et al. (2009) it was reported that 3% of all animals 

in New York and other Northeastern states are infected with S. aureus. 

Antibiotic therapy, and particularly the adoption of blanket dry cow treatment, has 

played an important role in S. aureus mastitis control by reducing the levels of herd 

infection. However, in recent years there have been concerns about antibiotic use in food 

animal systems and the emergence and spread of antibiotic resistant S. aureus strains, 

especially multidrug resistant (MDR) strains that may pose a risk to human health. Multi-

drug resistance is defined as acquired non-susceptibility to at least one antibiotic agent in 

three or more antibiotic categories (Magiorakos et al., 2012). Various genetic 

determinants of resistance include mecA and blaZ (penicillins), aacA-aphD 

(aminoglycosides), ermA/B/C (macrolides), tetK/M (tetracyclines), vanA (vancomycin), 

fusB (fusidic acid), ileS (mupirocin) and rpoB (rifampicin) are reported to be responsible 

for resistance mechanisms in S. aureus (Jensen and Lyon 2009). A study from Poland 

reported that 8.3% of S. aureus isolates from mastitic milk samples (n = 10 of 123) were 

MDR (Szweda et al., 2014).  

One concern related to MDR is the emergence of MRSA. Resistance to 

methicillin is conferred by mecA that encodes the penicillin binding protein PBP2A. In 

the aforementioned polish study three of the MDR strains were also positive for mecA 

gene and classified as methicillin resistant S. aureus (MRSA; Szweda et al., 2014).  A 

small number of U.S. cow and herd MRSA prevalence studies exist but most are limited 

in scale and geographic representation. Thus far, U.S. studies have described a very low 

prevalence of MRSA in mastitic milk from individual cows (0 to 2%) (Erskine et al., 

2002; Anderson et al., 2006) and in BTM (0 to 4%) (Virgin et al., 2009; Haran et al., 
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2012). It is reasonable to assume that MRSA could cause future treatment problems in 

both humans and animals, including bovine mastitis due to its inherent multi antibiotic 

resistance. Genetic analysis of MRSA isolated from humans and bovine mastitis has 

indicated that horizontal genetic transfer between human and animal pathogens can occur 

(Brody et al., 2008). National studies investigating the current prevalence and nature of 

resistance are lacking and are needed to monitor whether prevalence of S. aureus and 

resistance patterns are changing so that monitoring systems can be established for trend 

analysis in bovine mastitis. 

In recent decades, considerable changes in housing and management of cows have 

occurred in the U.S. dairy industry that could impact the prevalence and incidence of 

mastitis in herds. For example, the average herd size is now 234 cows as compared with 

100 cows in 1997. Milk production per cow has nearly doubled and most farms use free 

stalls to house lactating dairy cows (ERS, 2000). Also, S. aureus transmission is typically 

associated with poor milking practices and defective milking equipment in the parlor. 

However, heifers that have never been milked before have reported to be positive for S. 

aureus (De Vliegher et al., 2012), demonstrating that other sources might be involved in 

its transmission. With these changes in herd management practices, the available 

information regarding management practices affecting either herd prevalence or 

antibiotic susceptibility of S. aureus may no longer be current. The first objective of this 

study was to describe the prevalence of S. aureus and of MDR S. aureus in BTM from 

U.S. dairy herds. The second objective was to identify herd characteristics and 

management practices associated with the presence of S. aureus, as well as MDR strains 

in BTM. 
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3.3 Materials and Methods 

Herd enrollment  

The S. aureus isolates used in this study were isolated from BTM samples 

collected as a part of another ongoing multi-state mastitis project that was investigating 

the relationship between bedding bacteria counts, bedding management and udder health. 

Participating herds were enrolled in fall 2015, with sample and data collection occurring 

in 2016. To be eligible for inclusion, herds had to be on a monthly milk quality testing 

program (i.e. Dairy Herd Improvement Association; DHIA) to record milk SCC and milk 

production data and must have kept records of clinical mastitis treatment events. Herds 

also had to agree to help collect the necessary samples for testing (e.g. bulk tank milk) 

and complete a herd management questionnaire describing herd characteristics, facilities, 

and specific management practices surrounding mastitis control, including antibiotic use 

practices. A total of 62 veterinary and university extension professionals assisted with 

recruiting farms for the study and performing sample collection. The farms (n=189) were 

recruited from 17 U.S. states (Wisconsin, Minnesota, California, Ohio, Indiana, New 

York, South Dakota, Iowa, Michigan, Idaho, Maine, Montana, Texas, Georgia, Vermont, 

Florida and Washington). 

Sample collection 

Bulk tank milk samples were collected from each farm by the herd veterinarian or 

local university researcher twice; once in winter and once in summer, during the period 

between January 2016 and January 2017. At each sampling event, producers submitted 3 

BTM samples that were collected over 3 consecutive days stored at – 20 °C and shipped 
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on ice to the University of Minnesota Veterinary Diagnostic Lab (VDL; St. Paul, MN) 

for analysis. DHIA test day records for each herd were obtained electronically from the 

DHIA records processing centers (DRMS, Raleigh, NC; AgSource, Verona, WI; DHI 

provo, Provo, UT; AgriTech, Visalia, CA). The herd management questionnaire 

responses were entered into an Excel database (Microsoft Corp., Redmond, WA) 

(Appendix A).  

Bacteriological culture of bulk tank milk 

The BTM samples were subjected to routine BTM culture procedures to isolate 

and quantify major categories of bacteria, including S. aureus. Samples collected from 

three consecutive days from each herd were thawed at room temperature and pooled 

creating a total of 365 pooled BTM samples (189 winter and 176 summer samples) from 

189 herds. Briefly, 200 µl of the pooled milk from each herd was diluted with 2 ml of 

sterile distilled water. Sample dilution (200 µl) and the undiluted pooled milk sample 

(200 µl) were plated on Factor plate, MacConkey agar and MTKT media plates. The 

plates were incubated at 37°C for 24hours Bacterial identification was performed in 

duplicate using a Bruker MALDI-TOF Biotyper version 3.1.66 (Bruker Corp., Germany). 

If found, a single colony identified as S. aureus by MALDI- TOF from each BTM culture 

was streaked onto a fresh blood agar plate to isolate it in pure culture.  All S. aureus 

isolates confirmed by MALDI-TOF were stored in a 50:50 mixture of 1% defibrinated 

sheep blood and glycerol at –80°C for future genotypic and phenotypic characterization. 

DNA extraction and whole genome sequencing  
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The isolates stored at –80°C were thawed and re-isolated on 5% sheep blood agar 

[BBL™ Trypticase™ Soy Agar with 5% Sheep Blood (BD Trypticase™ Soy Agar II™)] 

during the summer of 2017. They were confirmed as S. aureus by catalase test using 

hydrogen peroxide and coagulase test using coagulase plasma with EDTA (BBL™ 

Coagulase Plasma Rabbit, with EDTA, lyophilized).  

Isolates positive for the coagulase test were transferred to LB broth (BD DifcoTM

LB Broth, Miller) and incubated at 37°C overnight. Bacterial DNA was extracted using 

DNeasy Blood and body fluid kit (QIAgen, MD) following the protocol for DNA 

extraction from Gram-positive bacteria as described by the manufacturer. Amount and 

quality of DNA samples was measured on a NanoDrop 1000 spectrophotometer (Nano-

Drop Technologies, Wilmington, DE). The DNA samples were transferred onto a 96 well 

tissue culture plate and sent on ice to the University of Minnesota Genomics Center 

(UMGC) for whole genome sequencing. Subsequently, a Nextera XT kit (Illumina, San 

Diego, USA) was used for building DNA libraries according to manufacturer’s 

instructions. The DNA libraries were paired-end sequenced applying Illumina’s HiSeq 

2500 High-Output platform.  

De novo assembly and identification of multi-drug resistant strains of Staphylococcus 

aureus 

The quality of the illumina raw reads was analyzed using the Phred score, Fastq 

quality plots and bam alignment files by a genomics analyst at the University of 

Minnesota Informatics Institute (UMII). Subsequently, the sequences were trimmed 

using Trimmomatic platform followed by de novo assembly using spades on default 
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settings to obtain de novo assembled contigs. The isolates were investigated for all 

resistance genes in de novo assembled contigs using the ResFinder v3.0 (Zankari et al., 

2012). The isolates were classified as MDR strains if they carried resistance genes for 3 

or more classes of antibiotics. 

Statistical analysis  

Descriptive statistics were generated from the survey responses to describe the 

dependent variables of interest including prevalence of S. aureus at BTM level and herd 

level, plus antibiotic sensitivity patterns for S. aureus isolates, including MDR. A herd 

was defined as being positive for S. aureus if either one or both BTM samples collected 

were culture positive. 

Descriptive statistics for herd characteristics and herd management practices were 

summarized using the PROC FREQ procedure of SAS (SAS Institute Inc. Cary, NC). 

Initially the correlation between the various predictor or explanatory variables was 

explored using chi-square test (or Fisher’s exact test, as needed) for categorical variables 

and PROC CORR for continuous variables. The explanatory variables investigated 

included region (Midwest, Northeast, South vs West), breed (Jersey or Other vs 

Holstein), season (Summer vs Winter), herd size (Large >500 cows; Medium 200 to 500; 

vs Small < 200), milk production (High ≥ 12,000 kg/cow/year; Medium 10000 to < 

12,000; vs Low < 10000),  facility design (Tie stall,; Bedded pack; Dry lot; vs Free stall), 

ventilation system (Natural; Cross ventilated; Dry lot; vs Tunnel), quality of ventilation 

(Good: Constant air flow, no hanging odors; Fair: Some odors, but not overpowering; vs 

Poor: No air flow, strong hanging odors), bedding type (New sand; Manure solids; Other 
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organic; vs Reclaimed sand). Additional potential explanatory variables investigated 

included milking system and hygiene practices used in the parlor including milking 

schedule (2X vs 3X), milking system (Parlor; Rotary; vs Tie stall), udder hairs clipped or 

flamed (Yes vs No), whether herds practice tail docking or switch trimming (Yes vs No), 

whether staff spray off milking units (Yes, between all cows; Occasionally if it gets dirty; 

No; vs Yes, between pens), fore-stripping (Yes vs No), pre-dip use (Yes vs No), post-dip 

use (Yes vs No), drying teats before attaching the milking unit (Yes vs No). Finally, 

several mastitis management practices investigated as explanatory variables included 

bacteriological culture of milk from clinical mastitis cases (Sometimes; Never; vs 

Always), bacteriological culture of milk from cows with high SCC (>200,000 cells/ml) 

(Sometimes; Never; vs Always), bacteriological culture of milk from fresh cows 

(Sometimes; Never; vs Always), treatment of mild/moderate cases (milk with clots or 

flakes with little or no swelling of gland) of clinical mastitis with IMM antibiotics 

(Selective treatment with IMM antibiotics based on culture results; no treatment; 

treatment with non-antibiotic substances; vs treating all cases with IMM antibiotics), 

treatment of severe cases of clinical mastitis (Selective treatment with IMM antibiotics 

based on culture results; no treatment; treatment with non-antibiotic substances; vs 

treating all cases with IMM antibiotics), use of antibiotics at dry off (Some cows; No; vs 

Yes, all cows) and use of teat sealants at dry off (Some cows; No; vs Yes, all cows).  

Initial screening to identify herd characteristics or management practices 

associated with the dependent variable, odds for presence of S. aureus in BTM, was 

performed using PROC LOGISTIC. This analysis was completed only for those herds 

that provided complete herd characteristics and management data as well as DHIA data 
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(n = 168). Of the original 189 herds, 21 herds were omitted for following reasons: used 

limestone or two types of bedding material for lactating cows (n = 3), use of two housing 

system for the lactating cows (n = 5), provided incomplete DHIA test day data (n = 10) or 

incomplete herd management questionnaire (n = 3). All variables associated with 

presence of S. aureus in BTM in the initial screening with P-value <0.20 were examined 

in the full model. Multivariable logistic regression analysis was run using PROC 

GLIMMIX of SAS, with presence of S. aureus in BTM (yes/no) as the dependent 

variable. Herd was controlled for as a random effect to account for repeated sampling 

within herd. Backward stepwise elimination was performed until all variables remaining 

in the model had P-value < 0.1. A similar analytical algorithm was applied to identify 

management practices associated with presence of MDR strains of S. aureus in BTM, but 

this analysis considered the sample set for only those samples that were positive for S. 

aureus in BTM. Significance was set at P < 0.05.  A trend was set at 0.05 ≤ P < 0.10.  

3.4 Results 

Herd characteristics 

Data from 168 herds (323 BTM samples) that had a complete data set with respect 

to herd characteristics, management practices and DHIA udder health measures were 

used. Of the 168 U.S. herds, 73.8% were from the Midwest region, 11.3% from the West, 

10.1% from Northeast and the remaining 4.8% from the South. Among these herds, 

29.8%, 27.4% and 42.9% had fewer than 200 lactating cows, 201-500 cows, or more than 

500 lactating cows, respectively. The majority of the producers (90.5%; 152 of 168) 

reported milking Holstein cows, 7.7% Jerseys and remaining producers had other or 
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crossbreds as the predominant breed within their herds (Table 1). In 40.5%, 43.4% and 

16.1% of herds, average annual milk production per cow was reported to be greater than 

12,000 kg, between 10,000 and 12,000 kg, or less than 10,000 kg per cow per year, 

respectively.  

The DHIA test day data, indicated average 305 ME milk production was 11,944 

kg (SD = 1475.3), herd average linear score (LS) was 2.4 (SD = 0.6) and the average 

SCC was 211,600 cells/ml (SD = 98.9) (Table 2). The mean proportion of cows with LS 

greater than or equal to 4 on test day was 22%, and the mean proportion of cows with 

new IMI (if the last test LS increased from < 4.0 to ≥ 4.0) was 7.9%. The mean 

proportion of cows with a chronic infection (LS ≥ 4.0 in the last 2 tests) was 12% and the 

mean proportion of cows that cured an infection (if the last test LS decreased from ≥ 4.0 

to < 4.0) was 6.5%. Because the frequency for DHIA test events varied among study 

herds, the proportion of cows with new IMI and cures were corrected for an inter-test 

interval of 30.5 days. This was done by dividing the original new IMI or chronic 

percentage by the test day interval (days) then multiplying by 30.5.  

Housing and bedding characteristics 

In 85.7% or 7.7% of study herds, milking cows were housed in free stall barns or 

tie stall barns, respectively (Table 3). The remaining 6.6% of the herds used other 

housing arrangements for lactating cows including bedded pack (4.2%) or dry lot (2.4%). 

A majority of herds (77.4%) had a natural ventilation system, followed by tunnel 

ventilation or cross ventilation systems in 15% and 5.4% of the herds, respectively. 

Eighty percent of the herds reported that the ventilation quality was good and less than 
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1% reported that the quality of ventilation was poor. New sand (NS), reclaimed sand 

(RS), manure solids (MS) and other Organic bedding (OB) bedding was used in 27.4%, 

18.4%, 19.6% and 34.5% of herds, respectively, where OB materials included shavings 

(n=34), straw (n=17), casella organics (n=2) , corn stalks (n=1), rice hulls (n=1), 

sunflower seed hulls (n=1), paper+oat hulls (n=1) and ash+paper fiber (n=1) (Table 3). 

Milking procedures and hygiene practices 

Milking routine and mastitis management practices are summarized as follows 

(Table 4): Most herds (53.6%) reported milking cows twice per day, with 46.4% herds 

milking three times a day. Most herds (88.7%, n = 149) used a parlor system for milking 

cows, 4.2% used a rotary system and 7.1% of the herds milked cows in tie stalls. Within 

the parlor system category, 59.7% (89/149) and 40.3% (60/149) of herds used parallel 

and herringbone parlors, respectively. Fifty two percent of the herds reported clipping or 

flaming the hairs on the udder. Forty eight percent practiced tail docking, while 33% 

routinely trimmed switches. Of the 168 herds, 26.3% reported that they routinely washed 

the milking units after milking individual cows by spraying water, 43.7% reported that 

they occasionally sprayed or washed the milking unit only if it gets dirty, 21.6% reported 

that they wash the milking units after milking individual pens, and 8.4% reported not 

washing the milking units between uses. Among the milking procedures investigated 

86.9% of herds reported routinely checking foremilk, 94% used pre-milking teat 

disinfection, 98.8% used post-milking teat disinfection, and 87.5% reported wiping the 

udder dry with either paper or cloth towels before applying the milking unit.  

Clinical mastitis and dry cow mastitis management practices  
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Clinical mastitis and dry cow mastitis management practices on dairy herds 

participating in this study are summarized as follows (Table 5): 68% of the herds reported 

that they never cultured milk from fresh cows, 22.6% cultured occasionally and 9.5% 

always cultured milk from fresh cows. Fewer than 9% of the herds reported that they 

always culture milk from cows with high SCC, and the remaining 91% were equally 

divided between those that never cultured and those that occasionally cultured milk from 

cows with high SCC. The number of herds that cultured milk from clinical mastitis cases 

was almost equally divided between those that always (30.9%) cultured milk and those 

that cultured milk sometimes (39.3%) or never (29.8%). A majority of the herds (55.9%) 

reported treating all cases of mild or moderate clinical mastitis with IMM antibiotics, 

followed by 26.8% that selectively treated clinical mastitis cases with IMM antibiotics 

based on culture results. Similarly, 65.5% of the herds reported treating all cases of 

severe clinical mastitis with IMM antibiotics and 18.4% reported practicing other non-

antibiotic treatments including oral fluids, hypertonic saline, non-steroidal anti-

inflammatory drugs, oxytocin, topical udder cream and corticosteroids. Ninety six 

percent of the herds reported the use of long acting IMM antibiotics at dry-off and 80.4% 

reported using teat sealants at the time of dry-off. A total of 132 herds (78.6%) reported 

using both an antibiotic and a teat sealant at dry-off, followed by 28 herds (16.6%) that 

used an antibiotic but no teat sealant, and 6 herds using antibiotics only sometimes. Only 

one herd reported using a teat sealant alone.  

Prevalence of Staphylococcus aureus, antibiotic resistance genes, and multi-drug 

resistant strains in bulk tank milk 
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Of the initial 189 herds enrolled, data from only 168 herds (324 BTM samples) 

was used in the current study to describe the prevalence of S. aureus and prevalence of 

MDR strains. Twenty-one herds were omitted for following reasons: used limestone or 

two types of bedding material for lactating cows (n = 3), use of two housing system for 

the lactating cows (n = 5), provided incomplete DHIA test day data (n = 10) or 

incomplete herd management questionnaire (n = 3).Staphylococcus aureus was cultured 

from 147 BTM samples (76 in winter and 71 in summer), indicating a prevalence of 

45.4% (147/324, 95% CI = 40 – 51%) in the BTM sample set, and a herd level 

prevalence of 69% (116 of the 168 herds were positive for S. aureus in BTM in at least 

one of the two samples collected, 95% CI = 62 – 76%). Of the 147 BTM culture positive 

S. aureus isolates originally recovered, a subset of 120 isolates were stored at –80°C for 

further study as storage of 27 isolates was missed. All 120 stored S. aureus were re-

isolated on 5% sheep blood agar. All isolates were positive for the catalase test (n=120) 

but only 107 had a positive reaction for the coagulase test, confirming these isolates as S. 

aureus. DNA was extracted from these 107 isolates and subjected to whole genome 

sequencing. All isolates passed the quality control analysis for the sequences and 

resistance genes were identified in all (n=107) isolates.  

Fifteen antibiotic resistance genes were identified and all but one of the 107 

isolates (99.1%) carried at least one of these genes (Table 6). These genes conferred 

resistance to 8 classes of antibiotics. The norA gene was found in all 106 isolates with 

one or more resistance genes, whereas the second most prevalent resistance gene, 

aph(3’)-ia was observed in 14.9% (16/107) of the isolates. Only 21.5% (23/107) of all 

isolates carried other types of resistance genes than aph(3’)-ia and norA (Table 6). 
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Altogether, 77.6% (83/107) of the isolates carried no resistance genes other than norA. 

The mecA gene responsible for methicillin resistance was observed in only one isolate 

(0.9%). This isolate also had resistance genes ant(6)-ia, aph(3’)III, mph(C), msr(A), norA 

and blaZ conferring resistance to gentamicin, macrolide, fluoroquinolone and beta-

lactamase production, respectively. Other isolates (n= 22) carried at least two or more 

resistance genes (Table 7).  Among the 107 S. aureus isolates 6.5% (n = 7) (95% CI = 1.9 

– 11%) were resistant to three or more antimicrobials (Table 8 and Figure 1) and were 

considered to be MDR strains. 

Risk factors for the presence of Staphylococcus aureus and for the presence of MDR 

strains of Staphylococcus aureus in bulk tank milk 

Among the various dependent variables evaluated, univariable analysis showed 

region, breed, milk yield, herd size, housing facility, type of ventilation, bedding 

material, milking schedule, milking system, frequency of washing the milking unit and 

the practice of fore-stripping to be associated with the presence of S. aureus in the BTM 

samples at P ˂ 0.20 (Table 9), and therefore evaluated in a multivariable model. Results 

of the final multivariable logistic regression model (Table 10) indicate presence of S. 

aureus in BTM from herds housing Jersey or other breeds of cows was lower than those 

housing Holsteins [odds ratio (OR) = 0.159, 95% CI = 0.062 – 0.409]. Larger herds 

housing more than 500 lactating cows had 0.35 times lower odds of having S. aureus in 

their BTM as compared with herds that housed fewer than 200 lactating cows. (OR = 

0.358, 95% CI = 0.172 – 0.746). Herds housing lactating cows on a bedded pack had 

significantly higher odds for the presence of S. aureus in BTM as compared with free 

stall herds (OR = 8.193; 95% CI = 1.766 – 38.009). Herds using OB had lower odds for 
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the presence of S. aureus in BTM compared with those using RS as bedding material (OR 

= 0.178; 95% CI = 0.078 – 0.408). Herds that routinely practiced fore-stripping as a part 

of the milking routine had higher odds for the presence of S. aureus in BTM compared 

with herds that did not practice fore-stripping (OR = 1.962; 95% CI = 0.946 – 4.070).  

When considering only those herds that were positive for S. aureus in BTM, 

univariate models identified the explanatory variables region, breed, herd size, bedding 

material, milking schedule, milking system and the practice of culturing milk from fresh 

cows were initially associated with the presence of MDR S. aureus in the BTM samples 

at P ˂ 0.20.  However, in the final multivariable model none of these variables showed a 

significant association or a trend for association with the presence of MDR S. aureus in 

BTM.  

3.5 Discussion 

This is one of the first nationwide studies investigating the association between 

herd characteristics and management practices and presence of S. aureus, and specifically 

MDR S. aureus, in BTM of U.S. dairy herds. The results of this study will help with 

ongoing monitoring efforts to detect changes in prevalence and antibiotic resistance 

patterns of this important mastitis pathogen should these changes occur. While we 

identified several factors that were associated with risk of S. aureus in BTM, none of 

these are likely to be causal. As such, further research is required to identify underlying 

factors that may be directly associated with the presence of S. aureus in BTM.  

One of the strengths of this study is representative sampling of U.S. dairy herds 

(n=168) from 17 states enrolled in DHIA testing programs. However, with respect to the 
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generalizability of study findings, this was not a random sample of herds and selection 

bias could have occurred by selecting only dairy herds that participated in a DHIA 

recording program. The USDA APHIS study reported that only 56.3% of the dairy 

operations participated in the DHIA testing program (USDA APHIS, 2014) and herds 

participating in the DHIA program on average had better milk quality measured in terms 

of SCC (Norman et al., 2017). If herd managers cannot monitor individual cow SCC over 

time and if they are not able to identify, treat, segregate, or cull cows with chronic 

elevated SCC, a higher herd and within-herd prevalence of S. aureus IMIs can occur 

(Reneau, 1986). Therefore, this study could have underestimated the true prevalence of S. 

aureus in all U.S. dairy herds.  

Another strength of this study is that 3 BTM samples were collected at each 

sampling event and each herd was sampled twice, in both summer and winter seasons. 

This sampling strategy reduced the opportunity to underestimate BTM prevalence of S. 

aureus as compared to if only a single BTM sample were to be collected (Godkin and 

Leslie, 1990, 1993). Previous studies have reported the sensitivity of a single BTM for 

detection of S. aureus is low (9.2 to 42.2%) (Godkin and Leslie, 1993, Bartlett et al., 

1991) but the sensitivity increases if multiple consecutive samples are taken. Da Costa et 

al. (2016) reported that the herd prevalence (48%) was underestimated when they used a 

single BTM sample as compared to a herd prevalence of 69% when 3 BTM milk samples 

were used. A strength of the current study is that we used 3 BTM samples for each herd 

collected on three consecutive days.  

One study limitation is that isolates harboring resistance genes were not evaluated 

to determine phenotypic resistant to the respective antibiotics. It remains to be 
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determined whether these isolates are actually resistant to the antibiotics using 

phenotypic tests such as disc diffusion test or broth microdilution. Also, it is possible that 

the prevalence of resistance genes and MDR strains could be underestimated because 

some (n=27) of the S. aureus identified in the BTM samples were lost before analyses. 

Another study limitation is that we did not estimate the within herd prevalence which 

could have given more insight into the effect of management practices on control of S. 

aureus within dairy herds. 

Prevalence of Staphylococcus aureus and multi-drug resistant strains of 

staphylococcus aureus in bulk tank milk 

Herd prevalence of S. aureus (69%) was higher than the 2007 USDA NAHMS 

study that estimated a prevalence of 40.2%, but lower than that reported by Haran et al. 

(2012, 88%) for Minnesota dairies. Such differences in the estimates of herd prevalence 

among these studies may, in part, be attributable to methodological differences. The 

USDA study used a single BTM sample from each herd to estimate the herd prevalence 

whereas in the Haran et al. (2012) study and in the current study 3 BTM samples were 

used with repeated sampling events. In U.S. herds, the herd prevalence of S. aureus was 

estimated to be 42% in conventional non-grazing herds, and 43% in conventional grazing 

herds when a single sample of BTM was cultured (Cicconi-Hogan et al., 2013). The 

probability of detecting S. aureus in BTM is dependent on within herd prevalence of S. 

aureus IMI (Olde Riekerink et al., 2009). A limitation of the current study is that we were 

not able to describe the within-herd prevalence of infection or investigate herd 

characteristics or management factors associated with within-herd prevalence. The 
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within-herd prevalence is most accurately determined by culture of quarter milk samples 

from lactating cows within the herd (Lam et al., 1996).  

This cross-sectional study provides a snap shot of the antibiotic resistance pattern 

of S. aureus strains isolated from BTM of U.S dairy herds in 2016. As compared to 

earlier North American studies that investigated the antibiotic resistance of S. aureus 

(Makovec and Ruegg 2003; Haran et al., 2012), our results suggest that there is no 

change in the resistance pattern of this organism, and very few strains (6.5%) were MDR. 

For example, Makovec and Ruegg (2003) reported that, over a period of 8 years, a 

reduced resistance to β-lactam antibiotics was observed in S. aureus. Specifically, the 

percentage of S. aureus isolates resistant to penicillin, ampicillin and cloxacillin 

decreased from 49 to 30%; 48% to 30% and 3% to 0.4% between 1994 and 2001, 

respectively. However, there are a few exceptions to this where increased resistance of S. 

aureus has been reported from Chile, Sweden, Estonia and Tehran. For example, studies 

have reported that S. aureus demonstrated heightened resistance particularly to penicillin 

(San Martin et al., 2003; Bengtsson et al., 2009; Kalmus et al., 2011; Persson et al; 2011; 

Sahebekhtiari et al., 2011) and ampicillin (San Martin et al., 2003; Sahebekhtiari et al., 

2011). In the current study, the most common resistance gene, found in 99.1% of isolates 

tested, was norA that confers resistance to fluoroquinolones. This gene encodes an efflux 

pump (Santos Costa et al., 2015) that mediates resistance to quinolones and a variety of 

other compounds including quaternary ammonium compounds and dyes (Yoshida et al., 

1990; Kaatz et al., 1993). Since fluoroquinolones are not used to treat U.S. dairy cows for 

mastitis, the presence of this gene is most likely explained by other factors. Makovec and 

Ruegg (2003) and Erskine et al. (2002) tested the phenotypic resistance pattern of S. 
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aureus isolates using disk diffusion techniques and did not test these isolates for 

susceptibility to fluoroquinolones. Erskine et al. (2002) reported that over the seven 

years, only 1.1% of S. aureus isolates were resistant to gentamicin. In the current study 

aph(3)’-ia gene that confers resistance to aminoglycosides was found in 14.9% of the 

isolates. However, caution must be taken when making direct comparisons between our 

study and the studies of Makovec and Ruegg (2003) and of Erskine et al., (2002) due to 

differences in study methodology.  For example, we tested isolates recovered from BTM 

samples, while the previous two studies tested isolates recovered from milk collected 

from individual cows.  Furthermore the previous two studies described phenotypic 

resistance while we described only the presence of genes that confer resistance to various 

antibiotics. As such, we cannot conclude that there is an actual increase in resistance of S. 

aureus to gentamicin because we did not perform phenotypic tests for antibiotic 

susceptibility. 

In the current study only one isolate was identified as MRSA due to the presence 

of mecA gene. No phenotypic tests such as oxacillin resistance or growth on MRSA 

select plate was done to confirm this isolate as MRSA. The prevalence of MRSA in our 

study is in accordance with NAHMS 2007 study, which found no MRSA (Virgin et al., 

2009) in BTM samples and a 2012 study that reported a herd prevalence of 4% in a 

sample of 50 Minnesota dairy herds (Haran et al., 2012). Similarly, low prevalences were 

reported for dairies from other U.S. States (Erskine et al., 2002; Anderson et al., 2006). 

There have been reports of S. aureus isolates carrying the mecA gene that are 

phenotypically susceptible to oxacillin (Kulangara et al., 2017). Therefore, it is important 

to continuously monitor the resistance pattern of this organism due to its potential public 
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health impact. MRSA in milk can be considered as a food safety issue due to 

consumption of raw milk and cheese made of unpasteurized milk by the general 

population. Besides the possibility of food contamination, close contact between humans 

and animals is also an important risk factor for transmission of S. aureus. Mastitis is the 

most frequent reason for antibiotic usage in dairy herds (Oliver and Murinda, 2012) 

which is considered as a selection pressure for development of resistant pathogens 

(Myllys et al., 1994). Identification of risk factors for presence of S. aureus in BTM can 

help control the transmission of this organism thereby reducing antibiotic usage for 

treatment and in turn the potential development of resistance to antibiotics. 

Risk factors for the presence of Staphylococcus aureus in bulk tank milk 

The main target of the original 5-point mastitis plan was the control of contagious 

mastitis pathogens (S. aureus and Streptococcus agalactiae). Although knowledge to 

control S. aureus mastitis is widely available, the challenge to dairy extension specialists, 

veterinarians, and other dairy-farm consultants is how to reach and motivate producers to 

adopt these control measures. Adoption of most of these recommended mastitis-

management practices was good in herds that participated in this study. However, it is 

evident that important improvements can still be achieved. For example, only 9% of the 

herds cultured milk samples from fresh cows and cows with high SCC. This suggests that 

there may be an important opportunity for many dairy producers to improve and increase 

adoption of S. aureus mastitis control practices. This study also provided us an 

opportunity to evaluate newer practices (e.g. use of manure solids bedding) as potential 

risk factors for presence of S. aureus in BTM.  
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In the current study the final multivariable model identified four herd 

characteristics and one milking practice as being associated with odds for presence of S. 

aureus in BTM; herds housing jersey cows or other breeds (vs Holstein), larger herds 

with more than 500 lactating cows, and herds using organic bedding materials (e.g. straw 

or shavings) (vs RS) had lower odds for presence of S. aureus in BTM. Conversely, herds 

housing lactating cows in bedded pack (vs freestall) had increased odds for the presence 

of S. aureus in the BTM. Olde Reikerink et al. (2011) reported that S. aureus counts in 

BTM of free stall barns were lower than S. aureus counts in BTM of tie-stall barns in 

Dutch dairy herds. In the current study, we did not find any association between tie stall 

barns and presence of S. aureus in BTM. However, the counts of S. aureus bacteria in 

BTM were not evaluated in this study. A study of 226 Canadian dairy herds reported that 

soft stall bases and barn type (free stalls) had lower odds for the presence of S. aureus in 

bulk tank as compared to tie stall barns with no soft stall surface (Olde Reikernink et al., 

2010).   

Another risk factor that we identified was herds that routinely examined foremilk 

as a part of their milking routine had increased odds (OR = 1.962; 95% CI = 0.946 – 

4.070) for presence of S. aureus in BTM. This disagrees with a recent observational study 

of 307 Ohio dairy herds reported that implementation a combination of four 

recommended practices during milking routine (fore-strip, pre-dip, post-dip and use of a 

single towel per cow to dry teats) resulted in decreased probability of detecting S. aureus 

in BTM, and the herds that did not adopt these practices had almost two times higher 

odds of detecting S. aureus in their BTM (da Costa et al., 2016). The reason for these 

conflicting findings is unknown. However, readers should be cautious, as the latter study 
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looked at these practices together whereas in our study we investigated each of these 

practices alone. Other possible explanations could include an increase in the adoption of 

fore-stripping to detect clinical mastitis in herds outside of Ohio or increased adoption of 

fore-stripping in herds that are aware that they are S. aureus positive. Since our dataset 

included 17 herds from Ohio, we performed a secondary analysis of risk factors for 

presence of S. aureus in BMT after stractified by state. When evaluating just the Ohio 

herds, we observed no association between fore-stripping and presence of S. aureus in 

BTM (OR = 5.6 (95% CI = 0.349 – 89.934), P = 0.2103). However, we acknowledge the 

sample size was very limited with only 17 herds. Another study reported that herds 

factors such as good hygiene during milking, milking mastitic cows last, and hot water 

use for cleaning and disinfection of the milking machine were associated with reduced 

risk for presence of this bacterium in BTM. Specifically, the chance for detecting S. 

aureus in BTM was 2.8 to 17.4 greater from herds with poor milking hygiene (Azevedo 

et al., 2016).  It has been reported that S. aureus in milk was more frequently isolated 

from cows under poor udder hygiene (Schreiner and Ruegg, 2003). According to these 

authors, the association between S. aureus mastitis and udder hygiene status may indicate 

that control methods for contagious mastitis (e.g., teat dipping) are not as effective as 

expected when udders are dirty. 

In terms of bedding selection, our study identified a reduced risk for presence of 

S. aureus in herds using other organic materials (e.g. straw or shavings) as bedding for 

lactating cows as compared to reclaimed sand. In a different study conducting univariate 

analysis of 307 Ohio dairy herds, herds using sand as bedding tended to have lower odds 

for presence of S. aureus in BTM (OR = 0.66, P = 0.12; da Costa et al., 2016) as 
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compared with herds not using sand. The reason for such contradictory findings are 

unclear, but could be due to unaccounted for differences in herd management practices 

among herds using these different bedding types, and differences in the definition or 

categorization of bedding types between the two studies.  For example, the comparison 

group in the Ohio study was herds that used straw, shavings and a combination of these 

two materials as bedding material, while the OB group in our study included straw, 

shavings and various combinations of other organic substances as mentioned earlier. 

Additionally, the Ohio study only reported herds as using ‘sand’ and did not make a 

distinction between NS or RS, while our study analyzed NS and RS herds separately.  

Dry-cow treatment is considered the most efficient method to treat cows with a S. 

aureus IMI (Barkema et al., 2006) and producers that treat all cows with antibiotics at 

dry-off will therefore reduce the within-herd prevalence. This management practice has 

been recommended to dairy farmers since the introduction of the 5-point mastitis control 

plan (Neave et al., 1969) and continues to be associated with lower S. aureus prevalence. 

A study of 226 Canadian dairy herds identified blanket dry-cow treatment with 

antibiotics as being associated with lower risk for presence of S. aureus in the BTM 

(Olde Reikerink et al. 2010). In the current study the practice of routinely treating all 

cows with antibiotics at dry off was not identified as a risk factor for the presence of S. 

aureus prevalence in BTM. This could be because the vast majority of herds in our study 

already routinely used antibiotics at dry off. 

One limitation in our study is that we did not evaluate animal purchase or culling 

practices within the study herds, either of which could impact the risk for presence of S. 

aureus in BTM. 
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Risk factors for the presence of multi-drug resistant strains of Staphylococcus aureus 

in bulk tank milk 

When examining only those herds with S. aureus-positive BTM samples, none of 

the risk factors evaluated were associated with the presence of MDR strains (versus non-

MDR strains) in BTM. This could be due to the reason that there was a very small 

occurrence of MDR strains (6.5%); too few to identify associated risk factors.  We did 

not find any other studies that examined factors for the presence of MDR strains of S. 

aureus in BTM. It is worth noting that the vast majority of S. aureus isolates in this study 

carried resistance gene to only one antibiotic. 

3.6 Conclusions 

In this cross sectional study of 168 herds from 17 states, we estimated the S. 

aureus prevalence in BTM and herd prevalence in U.S. dairy farms to be 45.5% and 

69%, respectively. The majority of dairy farms surveyed had adopted important mastitis-

prevention practices such as fore-stripping, pre-milking teat disinfection, post-milking 

teat disinfection, drying teats before applying the milking unit and drying off all cows 

with antibiotics.  However, improvements can still be made in many herds. The odds for 

presence of S. aureus in BTM were increased in herds housing lactating cows on bedded 

pack and in those herds practicing fore-stripping as a part of milking routine. The odds 

for the presence of S. aureus in BTM decreased in herds housing Jersey or other breed of 

cows (vs Holstein), in larger herds housing more than 500 lactating cows and in those 

herds using organic bedding (e.g. straw/shavings) as bedding material (vs reclaimed 

sand). The prevalence of MDR S. aureus isolates was very low (6.5%) and the vast 
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majority (99.1%) of S. aureus isolates had genes conferring resistance to only one 

antibiotic, with fluoroquinolones being the most common drug of resistance. No risk 

factors were identified as being associated with presence of MDR S. aureus in BTM.  

Future studies monitoring the prevalence and the resistance status of S. aureus in 

dairy environments are needed because of the potential zoonotic transfer of this organism 

to humans. Furthermore, given the continued relatively high herd-level prevalence of S. 

aureus in U.S. herds despite the adoption of many recommended control practices, it will 

be necessary to continue to investigate better control strategies to optimize S. aureus 

prevention and control programs. While we identified several factors that were associated 

with risk of S. aureus in BTM, none of these are likely to be causal. As such, further 

research is required to identify underlying factors that may be directly associated with the 

presence of S. aureus in BTM. Additional studies could also investigate management 

practices associated with reducing the within herd prevalence of S. aureus. 
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3.7 Tables 

Table 1: General herd characteristics of 168 dairy farms participating in the survey 

Characteristics n % 
Region   

Midwest 124 73.8 
West 19 11.3 
Northeast 17 10.1 
South 8 4.8 

Breed   
Holstein 152 90.5 
Jersey 13 7.7 
Other 3 1.8 

Herd size    
Large 72 42.9 
Medium 46 27.4 
Small 50 29.8 

Milk production (kg)   
High (≥ 12,000) 68 40.5 
Medium  (10000 - <12,000) 73 43.4 
Low (<10000) 27 16.1 
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Table 2: Udder health outcomes from DHIA test day data of 168 dairy farms participating 

in the survey (n = 323) 

Characteristics n Mean Median Standard 
deviation 

Range 

Average 305 ME (kg) 323 11944.5 12206.8 1475.3 7131.8 – 14795.0 
Proportion of cows with 
LS≥4 323 22.0 20.0 9.6 1 – 55 

Proportion of cows with new 
intra mammary infection 
corrected for 30.5 days 

320 7.9 7.0 3.9 0 – 21 

Proportion of cows with 
Chronic infection 320 12.0 11.0 6.6 1 – 40 

Proportion of cows that cured 
corrected for 30.5 days 320 6.5 6.0 4.0 0 – 36 

Avg. Linear score 324 2.4 2.4 0.6 1 – 3.9 
Avg. Somatic cell count 
(1000/mL) 324 211.6 191 98.9 43 – 604 
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Table 3: Housing characteristics for lactating cows of 168 dairy farms participating in the 

survey 

Characteristics n % 
Housing system   

Free stall 144 85.7 
Tie stall 13 7.7 
Bedded pack 7 4.2 
Dry lot 4 2.4 

Ventilation system   
Natural 130 77.4 
Tunnel 25 14.9 
Cross 9 5.4 
Dry lot 4 2.4 

Ventilation quality   
Good  135 80.4 
Fair  32 19.0 
Poor  1 0.6 

Type of bedding material    
New sand 46 27.4 
Reclaimed sand  31 18.4 
Manure solids 33 19.6 
Other organic materials 58 34.5 
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Table 4: Milking routine and mastitis management practices on 168 dairy farms 

participating in the survey 

  Practice n % 
Milking schedule   
   2X 90 53.6 
   3X 78 46.4 
Milking system   
   Parlor 149 88.7 
   Rotary 7 4.2 
   Tie stall 12 7.1 
Clip or flame udders   
   Yes 88 52.4 
   No 80 47.6 
Are tails docked?   
   Yes 80 47.6 
   No 33 19.6 
   Switches trimmed 55 32.7 
Wash milking units between cows   
   Yes, between individual cows 44 26.3 
   Yes, between individual pens 36 21.6 
   Occasionally, if it gets dirty 73 43.7 
   No 14 8.4 
Fore-strip as part of milking process   
   Yes 146 86.9 
   No 22 13.1 
Predip use    
   Yes 158 94.0 
   No 10 6.0 
Dry teats before applying milking unit   
   Yes  147 87.5 
   No  21 12.5 
Post dip use    
   Yes 166 98.8 
   No 2 1.2 
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Table 5: Clinical mastitis and dry cow mastitis management practices on168 dairy farms 

participating in the survey 

Practices n % 
Bacteriological culture of clinical mastitis milk   

Always 52 30.9 
Never 50 29.8 
Sometimes 66 39.3 

Bacteriological culture of high SCC cows   
Always 14 8.3 
Sometimes  78 46.4 
Never 76 45.3 

Bacteriological culture of fresh cows   
Always 16 9.5 
Never 114 67.9 
Sometimes 38 22.6 

Treatment of mild/moderate clinical mastitis   
Treat all cases with intramammary (IMM) antibiotics 94 55.9 
Selectively treat with IMM antibiotics based on culture results 45 26.8 
No treatment 16 9.5 
Other non-antibiotic treatments 13 7.7 

Treatment of severe clinical mastitis   
Treat all cases with intramammary (IMM) antibiotics 110 65.5 
Selectively treat with IMM antibiotics based on culture results 26 15.5 
No treatment 1 0.6 
Other non-antibiotic treatments 31 18.4 

Use of antibiotics at dry-off   
Yes, all cows 161 95.8 
Some cows 6 3.6 
No 1 0.6 

Use of teat sealant at dry-off   
Yes, all cows 135 80.4 
Some cows 1 0.6 
No 32 19.0 
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Table 6: Antibiotic resistance gene identified among 107 Staphylococcus aureus isolates  

Antibiotic class Resistance genes Number of isolates (%) 
Aminoglycoside  aadD 1 (0.9) 

 ant(6)-ia 1 (0.9) 
 aph(3’)-ia 16 (14.9) 
 aph(3’)-III 1 (0.9) 

Beta - lactam blaZ 3 (2.8) 
 mec(A) 1 (0.9) 

Fluoroquinolone norA 106 (99.1) 
Lincosmaide lnu(A) 1 (0.9) 
Macrolide erm(B) 1 (0.9) 

 mph(C) 1 (0.9) 
Macrolide,Lincosamide & Streptogramin B msrA 2 (1.8) 
Phenicol fexA 4 (3.7) 
Tetracycline tet(K) 2 (1.8) 

 tet(L) 1 (0.9) 
 tet(M) 1 (0.9) 
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Table 7: Resistance gene profile of the 107 Staphylococcus aureus isolated from bulk 

tank milk 

Resistance gene Number of isolates (%) 
ant(6)-ia, aph(3')-III, blaZ, mecA, mph(C), msr(A), norA 1 (0.9) 
aadD, erm(B), fexA, norA, tet(L) 1 (0.9) 
aph(3')-ia, fexA, norA 2 (1.8) 
aph(3')-ia, lnu(A), norA 1 (0.9) 
aph(3')-ia, msr(A), norA 1 (0.9) 
aph(3')-ia, norA, tet(K) 1 (0.9) 
aph(3')-ia, norA 11 (10.2) 
blaZ, norA 2 (1.8) 
fexA, norA 1 (0.9) 
norA, tet(K) 1 (0.9) 
norA, tet(M) 1 (0.9) 
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Table 8: Multi-drug resistance gene profile identified among 107 Staphylococcus aureus 

isolates 

Resistance gene Number of isolates (%) 
ant(6)-ia, aph(3')-III, blaZ, mecA, mph(C), msr(A), norA 1 (0.9) 
aadD, erm(B), fexA, norA, tet(L) 1 (0.9) 
aph(3')-ia, fexA, norA 2 (1.8) 
aph(3')-ia, lnu(A), norA 1 (0.9) 
aph(3')-ia, msr(A), norA 1 (0.9) 
aph(3')-ia, norA, tet(K) 1 (0.9) 
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Table 9: Results of the univariate models for presence of Staphylococcus aureus in bulk tank milk (n = 323) 

Variable Crude proportion Estimate Standard 
error (SE) 

Odds ratio 
(OR) 95% CI P – value 

Region      0.0200 
Midwest  42.26 -1.0052 0.3770 0.366 0.170 – 0.753  
Northeast  37.50 -1.2039 0.5083 0.300 0.108 – 0.797  
South 62.50 -0.1823 0.6258 0.833 0.246 – 2.950  
West 66.67 Ref . . .  
Breed      0.0026 
Jersey or Other  71.88 1.2360 0.4107 3.442 1.588 – 8.090  
Holsteins 42.61 Ref . . .  
Milk yield      0.0126 
High 38.93 -1.0023 0.3392 0.367 0.186 – 0.707  
Medium  45.00 -0.7527 0.3344 0.471 0.241 – 0.899  
Low 63.46 Ref . . .  
Herd size      0.0294 
Large 53.96 0.5555 0.2680 1.743 1.034 – 2.961  
Medium 37.93 -0.0956 0.3028 0.909 0.501 – 1.645  
Small 40.21 Ref . . .  
Housing facility      0..0776 
Bedded pack  25.00 -0.8674 0.6775 0.420 0.092 – 1.442  
Dry lot  77.78 1.4840 0.8108 4.411 1.044 – 29.950  
Tie stall  58.33 0.5677 0.4313 1.764 0.763 – 4.222  
Free stall 44.24 Ref . . .  
Ventilation system       
Cross ventilation  73.33 1.3344 0.6504 3.798 1.127 – 15.241 0.0652 
Dry lot  75.00 1.4214 0.8653 4.143 0.858 – 30.220  
Natural  43.60 0.0654 0.3136 1.068 0.580 – 1.993  
Tunnel 42.00 Ref . . .  
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 Bedding material      <0.0001 
Manure solids  53.03 0.6810 0.3734 1.976 0.957 – 4.153  
New sand  28.57 -0.3567 0.3639 0.700 0.343 – 1.435  
Other organic  59.46 0.9426 0.3405 2.567 1.328 – 5.069  
Reclaimed sand 36.36 Ref . . .  
Milking schedule      0.1608 
2 49.13 0.3155 0.2250 1.371 0.883 – 2.135  
3 41.33 Ref . . .  
Milking system      0.1002 
Parlor 43.40 -0.8250 0.4589 0.438 0.170 – 1.056  
Rotary  61.54 -0.0896 0.7221 0.914 0.222 – 3.915  
Tie stall 63.64 Ref . . .  
Washing milking unit      0.0868 
No  38.46 -0.0866 0.4718 0.915 0.355 – 2.287  
Occasionally  41.55 0.0401 0.2985 1.041 0.581 – 1.879  
Yes, between cows  57.14 0.6690 0.3297 1.952 1.028 – 3.754  
Yes, between pens 40.58 Ref . . .  
Fore-strip      0.1476 
Yes  43.93 -0.4777 0.3298 0.620 0.322 – 1.181  
No 55.81 Ref . . .  
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Table 10: Result of the final multivariable logistic regression model for the presence of Staphylococcus aureus in bulk tank milk (n = 

323) 

Variable Category Estimate (SE) Odds ratio (95% CI) Adjusted proportion 
(95% CI) 

Type 3 P 
value 

Predominant Breed Jersey & Other -1.8402 (0.4813) 0.159 (0.062, 0.409) 22.24 (9.16, 44.80)  0.0002 
 Holstein Ref . 64.31 (46.51, 78.87)   
      
Herd Size Large (> 500 cows) -1.0276 (0.3731) 0.358 (0.172, 0.746) 26.10 (13.31, 44.80)  0.0029 
 Medium (200-500) 0.07347 (0.3715) 1.076 (0.518, 2.235) 51.50 (29.45, 72.99)   
 Small (< 200 cows) Ref . 49.67 (29.85, 69.58)   
      
Housing Facility Bedded pack 2.1033 (0.7799) 8.193 (1.766, 38.009) 82.21 (51.11, 95.33)  0.0237 
 Dry lot -0.9507 (0.8747) 0.386 (0.069, 2.161) 17.90 (3.52, 56.58)   
 Tie stall -0.1880 (0.5302) 0.829 (0.292, 2.352) 31.85 (13.28, 58.80)   
 Free stall Ref . 36.06 (24.39, 49.66)   
      
Bedding Type Manure solids -0.4031 (0.4081) 0.668 (0.299, 1.492) 44.44 (24.88, 65.89)  <0.0001 
 New sand 0.08369 (0.4055) 1.087 (0.490, 2.415) 56.55 (34.69, 76.12)   
 Other organic -1.7250 (0.4208) 0.178 (0.078, 0.408) 17.58 (8.39, 33.18)   
 Reclaimed sand Ref . 54.48 (30.74, 76.34)   
      
Practice fore-stripping Yes 0.6740 (0.3708) 1.962 (0.946, 4.070) 50.13 (33.38, 66.86) 0.0701 

 No Ref . 33.88 (16.20, 57.61)  
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3.8 Figures 

Figure 1: Frequency of multi-drug resistant strains and the respective antibiotic 

class 

 

Amino – Aminoglycosides, Fluoro – Fluoroquinolones, Pheni – Phenicol, Macro – Macrolides, 
Tetra – Tetracycline, Linco – Lincosamides, MLS – Macrolide, Lincosamides, Streptogramin-B 
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Staphylococcus aureus (S. aureus) is a common contagious bovine 

mastitis pathogen that causes significant economic loss to dairy producers.  

Additionally, one major public health concern associated with S. aureus is the 

emergence of methicillin resistant S. aureus (MRSA) and multidrug resistant 

(MDR) strains. Over the past decade, a growing number of MRSA isolates have 

been reported in companion and food animals and in their human associates, 

including pet owners, farmers, and veterinary personnel. A better understanding 

of the epidemiology of S. aureus mastitis is necessary to help monitor the 

changing prevalence and the importance of this pathogen as an agent of mastitis 

as well as to identify management strategies for improving control of S. aureus 

mastitis in dairy herds.  

One concern is that fundamental information is lacking regarding the 

genotypic variation and risk factors for presence of S. aureus, and in particular 

MDR strains of S. aureus on modern U.S. dairy farms. Also, ongoing surveillance 

is needed to detect changes in the prevalence and antibiotic susceptibility 

characteristics of this bacterium. While identification of S. aureus infected 

animals is critical to implementing control strategies, subspecies identification is 

necessary to differentiate sporadic strains from highly contagious strains. 

Knowledge of virulence potential, resistance to antibiotics, epidemiology 

regarding cross infection among animals, contagiousness and zoonotic potential 

(especially with regard to MRSA) is important to estimate potential risks of S. 

aureus strains causing mastitis in dairy cattle. Ultimately, the most discriminatory 
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means of comparing two or more S. aureus isolates to determine strain variation 

would be to compare whole-genome sequences. 

Another concern is that the U.S. dairy industry has undergone significant 

structural change over the past years, impacting the prevalence and incidence of 

mastitis in herds. With these changes in herd management practices, the available 

information regarding management practices affecting either herd prevalence or 

antibiotic susceptibility of S. aureus may no longer be current. Therefore, the 

main goal of this research is to investigate the prevalence, presence/absence of 

antibiotic resistance genes, presence/absence of putative virulence-associated 

genes and genetic diversity of S. aureus isolated from bulk tank milk (BTM) of 

U.S. dairy herds using whole genome sequencing.  An additional goal was to 

identify risk factors associated with the presence of S. aureus and MDR strains of 

S. aureus in BTM. Ideally, this information could lead to development of 

improved herd level control strategies as well as contribute to ongoing programs 

monitoring resistance patterns in this important mastitis pathogen.   

4.1 Prevalence, antibiotic resistance, virulence and genetic diversity of 

Staphylococcus aureus in bulk tank milk 

A cross sectional study was completed in 2016, enrolling a convenience sample of 

189 dairy herds from 17 U.S. states.  Bulk tank milk samples were collected 

twice, once in winter and once in summer, of 2016. Additionally participants 

completed a herd management questionnaire describing herd characteristics, 

facilities, and specific management practices surrounding mastitis control, 
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including antibiotic use practices for mastitis treatment and control.  Bulk tank 

milk samples were subjected to routine culture procedures and, if positive for 

growth of S. aureus as identified by MALDI- TOF, then a single colony was 

stored at –80°C for later re-isolation during summer of 2017. Confirmatory tests 

(e.g. catalase test, tube coagulase test) of all isolates were performed for 

phenotypic characterization. Bacterial DNA was extracted only from coagulase 

positive isolates (n=124) and sent to the University of Minnesota Genomics 

Center (UMGC) for whole genome sequencing. The resistance genes, virulence 

genes, sequence type (ST) and spa type was identified using tools available at 

center for genomic epidemiology. The clonal complexes (CC) of the different STs 

were identified by eBURST v.3 (http://eburst.mlst.net). A phylogenetic tree based 

on genome wide single nucleotide polymorphisms was constructed using the 

maximum likelihood method in MEGA v7.0. 

When considering the entire sample set of 189 herds the estimated 

prevalence of S. aureus in BTM samples was 46.6% with a herd prevalence of 

62.4%. The herd prevalence estimated in this study is higher than the 2008 USDA 

NAHMS study that estimated a prevalence of 40.2%, but lower than that reported 

by Haran et al. (2012, 88%), although the latter study was limited to farms in only 

one state, Minnesota.  The most commonly identified resistance gene was norA 

(99.2%) followed by aph(3’)-ia (14.5%). The mecA gene responsible for 

methicillin resistance (MRSA) was observed in only one isolate (0.8%).  From the 

124 isolates (189 herds), eight isolates carried genes conferring resistance to 3 or 

more classes of antibiotics and were classified as MDR strains.  

http://eburst.mlst.net/
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With regard to the risk of pathogenicity, 100 % S. aureus isolates harbored 

at least one virulence gene, with the aur (100%), hlgB (100%), hlgA, hlgC, hlb 

(99.2%), lukE (95.9%), lukD (94.3%) and splA (88.7%) genes being most 

frequently detected. Of the 53 Staphylococcus enterotoxin (SE) gene positive 

isolates, sen (37.9%), sem, sei (35.5%), seg (33.1%), seo (29.8%) and seu (25.8%) 

were the most frequently detected genes. Fourteen different STs and 18 spa types 

were identified. The most common ST was ST2187 (20.9%) followed by ST352 

(17.7%). The most common spa type identified was t529 (28.2%) followed by 

t1182 (15.3%). The most predominant clone was CC5 (50.8%) represented by 

multiple STs and CC151 (26.6%) was the second most predominant clone. The 

single isolate identified as MRSA belonged to ST72-CC5 and spa type t126. This 

isolate was negative for tst gene but harbored all the other virulence genes 

identified in this study. Our findings indicated a high prevalence of S. aureus in 

BTM, with less antibiotic resistance but often carrying genes for the various 

enterotoxins identified in S. aureus. This study could help identify the 

predominant clones (CC5 & CC151) and provides continued surveillance of S. 

aureus strains found in U.S. dairy herds. 

4.2 Herd management practices associated with the presence of 

Staphylococcus aureus and multi-drug resistant strains of Staphylococcus 

aureus in bulk tank milk 

To address the second major goal of the study, multivariable logistic 

regression analysis was used to identify herd characteristics and management 

practices associated i) with the presence of S. aureus in BTM (yes/no) and with ii) 
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presence of MDR strains of S. aureus in BTM. The majority of study herds had 

already adopted many of the long recommended practices identified by the 5-

point mastitis control program, designed to control contagious mastitis pathogens, 

with examples being the routine use of post-milking teat disinfectants (98.8%), 

use of single-use towels to dry teats prior to milking (87.5%), and infusion with 

long acting intramammary antibiotics at dry off (95.8%). That said, we were still 

able to identify four herd characteristics and one milking practice that was 

associated with the presence of S. aureus in BTM; herds housing Jersey cows (OR 

= 0.159, 95% CI = 0.062 – 0.409) vs Holsteins, herds with more than 500 

lactating cows (OR = 0.358, 95% CI = 0.172 – 0.746) vs < 200 lactating cows and 

herds using other organic bedding as bedding material (OR = 0.178, 95% CI = 

0.078 – 0.408) vs reclaimed sand had lower odds of having S. aureus in their 

BTM. Herds housing lactating cows on a bedded pack (OR = 8.193; 95% CI = 

1.766 – 38.009) vs free stall herds and herds that examine foremilk as a part of 

their milking routine (OR = 1.962; 95% CI = 0.946 – 4.070) vs those that do not 

examine foremilk had higher odds of having S. aureus in their BTM. It is 

probable that these risk factors are indirectly associated with presence of S. 

aureus in BTM, therefore further research is needed. 

When examining only S. aureus-positive BTM samples, we did not 

identify any risk factors associated with the presence of MDR strains of S. aureus 

in BTM. This could be due to the reason that there was a very small occurrence of 

MDR strains (6.5%); too few to identify associated risk factors.  

4.3 Conclusions and future directions 
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Mastitis is a very common disease occurring in most herds worldwide and 

is a frequent reason for therapeutic and prophylactic use of antibiotics on dairy 

farms in the United States. Prudent use of antibiotics on dairy farms needs to be a 

priority for the industry. Our study indicates a high prevalence of S. aureus in 

BTM with less antibiotic resistance in general, and a very low prevalence of 

MRSA. However, isolates often carried genes for the various enterotoxins. 

Genotyping of the isolates revealed a limited number of clones belonging to 5 

clonal complexes. Improving our knowledge regarding the epidemiology of S. 

aureus genotypes in dairy herds may assist in formulating strategies for reducing 

the spread of infection and for focused treatments. The odds for presence of S. 

aureus in BTM were increased in herds housing lactating cows on bedded pack 

and in herds practicing fore-stripping as a part of milking routine. The odds for 

the presence of S. aureus in BTM decreased in herds housing Jersey or other 

breed of cows (vs Holstein), in larger herds housing more than 500 lactating cows 

and in those herds using organic bedding (e.g. straw/shavings) as bedding 

material (vs reclaimed sand). No risk factors were identified as being associated 

with presence of MDR S. aureus in BTM.  

This cross sectional study provides a snap shot of the antibiotic resistance 

pattern, virulence profile and genetic diversity of S. aureus strains isolated from 

BTM of U.S. dairy herds in 2016. It also provides an insight into the level of 

adoption of various recommended management practices for control of S. aureus 

mastitis by U.S. dairy herds.  Furthermore, with ongoing changes in housing, 

bedding and milking practices, it is important to examine newly adopted practices 
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as potential risk factors for S. aureus transmission within and between herds. 

Further research is needed to understand the genetic and clonal diversity of S. 

aureus strains infecting dairy cattle and the molecular basis for pathogenesis of 

mastitis. Future studies monitoring the prevalence and the resistance status of S. 

aureus in dairy environments are needed because of the potential zoonotic 

transfer of this organism to humans. Furthermore, given the continued relatively 

high herd-level prevalence of S. aureus in U.S. herds despite the adoption of 

many recommended control practices, it will be necessary to continue to 

investigate better control strategies to optimize S. aureus prevention and control 

programs. While we identified several factors that were associated with risk of S. 

aureus in BTM, none of these are likely to be causal. As such, further research is 

required to identify underlying factors that may be directly associated with the 

presence of S. aureus in BTM. Additional studies could also investigate 

management practices associated with reducing the within herd prevalence of S. 

aureus. 
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Appendix 

Herd management questionnaire 

To be completed once by the producer and veterinarian at the beginning of the study. 
 

1. Farm Name:  _______________________________ Date completed: 
______________ 

 
2. Farm owner: _______________________________ Mobile: 

(_____)_______________ 
 

3. Farm manager (if not owner): _________________ Mobile: 
(_____)_______________ 
 

4. Farm Address: Street/road number: 
_______________________________________________   
 
City: _______________________ State: __________  Zip: 
____________ 
 
Email: _________________________________________ 

 
5. Herd Vet Name: ___________________________   Vet Email: 

___________________ 
               
                                                                                     Vet Phone: 
___________________  
 

6. Herd Information 
 

6.a) Predominant Breed(s) (describe all breeds): 

____________________________ 

6.b) Milk Production: ________________ lbs/cow/year 

6.c) Animal numbers (approximate): 

 Lactating 
cows 

Dry 
cows 

Young 
stock 

 
Number  

 
 

  

 
  6.d) Are you certified organic?   □ Yes         □ No 
 

7. DHIA Information 
 

7.a) DHIA Herd code number: ______________________ 
 
7.b) Frequency of DHIA testing: _______ times/ year 
 
7.c) DHIA Lab you test with: Name:________________________ State:_______ 
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7.d) Name of DHIA Records Processing Center (if known): 
___ DRMS (Raleigh, NC) 
___ AgSource (Verona, WI) 
___ DHI Provo (Provo, UT) 
___ AgriTech (Visalia, CA) 

 
 
 

8. Housing system: (Check the appropriate box) 
(if more than one type of housing is used, indicate all in use) 
 

 Lactating cow 
housing 

Dry cow housing 

Free stall   
Tie stall   
Loose 
housing 

Bedded pack   

Dry lot   
 
 
8.a) If free stall (if pens are different sizes or designs, describe the high group): 

 

8.a.i) Total number of pens for lactating cows: _________  
 
 

8.a.ii)  How many rows of stalls are in a pen?   
             □ 2 rows/pen     □ 3 rows/pen      □ Other 
(describe):_________________ 
 

8.a.iii) Number of stalls per pen: _______ 
 
8.a.iv) Average number of cows per pen: ____________ 
         (if pens are different sizes, indicate size of high group pen)    

 
8.b) If tie stall: Number of stalls in barn: ___________ 

 
8.c) If free stall or tie stall facility   

 
 8.c.i)  Stall surface  (Check one): 

 □ Deep bedded  
 □ Mattress 
 □ Concrete surface 
 □ Other (Describe): _______________________________ 

 
8.c.ii)  Stall width: ________ inches 
 
8.c.iii) Stall body length (from neck rail or brisket board to back curb): 
_______ inches 
 
8.c.iv) Total stall length (including head space to back curb): _______inches 
 
8.c.v) Does the stall have a brisket board or brisket locator?  

  □ Yes       □ No 
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8.d) If bedded pack or dry lot (if pens are of different sizes or designs, describe 

the high group): 

8.d.i) Number of pens for lactating cows: ___________ 

8.d.ii) Size of pen: ______ square feet 

8.d.iii) Avg. number of cows per pen: ______ 

 
 

 
8.e) Do lactating cows have access to outside paddock or exercise yard? (check 
one) 

□ Yes          □ No 
8.e.i) If Yes, number of months of access to outside: _______months per 
year 

8.e.ii) If Yes, number of hours per day, when outside: _______hours per day 
 

8.f) Type of ventilation for lactating cow barn: (Check one) 
□ Natural (e.g. curtain barn) 
□ Tunnel ventilated 
□ Cross ventilated 
□ Dry lot, so always outside in fresh air 
□ Other (describe): 
________________________________________________ 
 
 

8.g) Is the ventilation: (Check one) 
□ Good: Constant air flow, no hanging odors 
□ Fair: Some odors, but not overpowering 
□ Poor: No air flow, strong hanging odors 

     
 

9. Bedding management: 
 

9.a) Estimated depth of the bedding: _________ inches 
 
9.b) Frequency of scraping manure from back of stall surface (removal from 
yard/pack): 

 
_____times/day (or)  ____times/week (or) ____times/month (or)  
_____times/year 

 
 

9.c) Frequency of adding new bedding material to the stalls, bedded pack or yard 
area: 

 
_____times/day (or)  _____times/week (or) ____times/month (or)  
_____times/year 
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9.d) Frequency of scraping the alleyways behind stalls: 
 

_____times/day (or)  _____times/week (or) _____times/month (or)  
_____times/year 

 
9.e)  If a dry lot, yard or bedded pack, how often is the surface raked or tilled? 
        
       _____times/day (or)  _____times/week (or) _____times/month (or)  
____times/year 

 
 

 
 

 

9.f) If deep bedding, has the bedding ever been completely dug out and 

removed, then replaced (e.g. removing the entire back third of bedding from 

free stalls, or removing the entire build-up of bedding in a bedded pack or 

yard)?: (Check one) 

□ Regularly  
(i) Schedule: _______times/week (or) ______ times/month (or) ______ 

times/year 

(ii) Date last completed:___________ 

□ Infrequently 
 

(i) Date last completed: ___________ 
 

□ Never  
 
 

10. Bedding material details (for lactating cows) 

10.a) How long has the current bedding system been in use?  

          _____months (or) _____ years 

 

10.b) Type of bedding material for lactating cows: (Check one) 
 
     10.b.i    10.b.ii 
          Lactating cows   Dry 
Cows 
New sand    □      □ 
Reclaimed (recycled) sand  □      □ 
Limestone    □      □ 
Manure solids (Biosolids)  □      □ 
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Shavings/sawdust   □      □ 
Straw     □      □ 
Other (Describe):__________              □                                        □ 

 
 

10.c) Answer the following questions if you use SAND: 
 

10.c.i) Is the sand one of the following? (check one) 
□ Silica sand 
□ River sand  
□ Don’t know 

 
10.c.ii) If New Sand, is it washed before you purchase it? (Check one) 

                         □ Yes        □ No  
 

10.c.iii) If using reclaimed sand, how is it recycled (recaptured)? (Check 
one) 

□ Passive sand separator lanes  
□ Mechanical separator 
□ Other (describe): __________________________________ 

 
10.c.iv) If using reclaimed sand, time in storage from recapturing the sand 

to reusing in stalls: _________ days (or) __________ weeks 
 

10.c.v) If using reclaimed sand, it is stored:  □ In the open   or    □ Under 

cover  

10.c.vi) If using reclaimed sand, check which of the following is true: 

□ We use reclaimed sand 12 months per year  

    □ We use reclaimed sand most of the year, but in the coldest 
months we will purchase and use new dry clean sand.   
 
 

10.d) Answer the following questions if you use MANURE SOLIDS: 
 
10.d.i) Is it one of the following? (check one) 

□ Raw (Green) 
□ Composted 
□ Digested 
□ Other (Describe): __________________________________ 

 
10.d.ii) Are the solids pressed before use?   □ Yes  □ No 

 
10.d.iii) Are the solids mechanically dried before use?□ Yes  □ No 
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10.d.iv) If Digested solids, 
   a) What is the temperature is the methane digester (if known)? 
_____°F  

      b) What is the flow rate or material through the digester (if 

known)? _____Weeks 

10.d.v) If using manure solids, time in storage from recapturing the solids 

to reusing in stalls:  _____ Days (or) ____ weeks 

             10.e. Do you use bedding conditioner?  

   □ Yes    □ No 

10.e.i) If Yes, Name of conditioner: ____________________________ 

            10.e.ii) Amount applied: _______ ounces per stall treated 
 

                       (or)  _______ ounces per 24 square feet of pack/yard 
area 

              10.e.iii) How frequently is the conditioner applied to stalls:  

                      ______ times/week (or) _____ times/month 

 

11. Milking procedures: 

11.a) Milking schedule for the majority of the herd (Check one): 

□ 2X 
□ 3X 
□ Other (describe):___________________________________________ 

 
11.b) Milking System (Check one): 

□ Robot (Automated milking system) 
□ Parlor:    ____ Rotary        ____ Parallel        ____ Herringbone 
□ Tie stall 
 

11.c) Are milking units routinely washed/sprayed off between uses? (Check one) 
□ Yes, routinely between milking individual cows 
□ Yes, routinely between milking individual pens 
□ Occasionally, if the milking unit gets very dirty (e.g. splattered with 
manure) 
□ No, only at the completion of milking 

 
11.d) Do you pre-dip teats with a chemical disinfectant before milking? (Check 
one) 
 

  □ Yes   □ No 
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11.d.i) If yes, type of pre-dip disinfectant solution (Check one): 
□ Iodine 
□ Chlorhexidine 
□ Hydrogen peroxide 
□ Other (name): _______________________ 
 

11.d.ii) Please provide the name of the pre-dip product used: 
______________ 

 
11.e) Do you post-dip teats with a chemical disinfectant after milking? (Check 
one) 

□ Yes 
□ No 

 
11.e.i) If yes, type of post-dip disinfectant solution (Check one): 

□ Iodine 
□ Chlorhexidine 
□ Hydrogen peroxide 
□ Other (name): _______________________ 

       
11.e.ii) Please provide the name of the post-dip product used: __________ 

 
11.f) Do milkers routinely fore strip teats as a part of udder prep? (Check one) 

□ Yes            □ No 
 

11.g) Do you use an automatic teat scrubber? (Check one) 

□ Yes             □ No 
 

11.h) Are udders routinely wiped dry with an individual towel prior to attaching the 

milking unit? (Check one) 

□ Yes             □ No 
 

11.i) Do you clip or flame udders one or more times per lactation? (Check one) 
□ Yes             □ No 

 
11.j) Are tails docked? (Check one) 

□ Yes, tails are docked 
□ Switches on tails are trimmed, but the tail is not docked 
□ No, we do not dock or trim switches on tails 

  
11.k) Bulk milk storage delivery system (Check one): 

□ Stored in bulk tank => Route truck picks up milk 
□ Direct load onto tanker 

 
11.l) Number of loads or pickups per week:  _______ 
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11.m) If you have an on farm electronic record keeping system, What is it? 
(Check one) 

□ DairyComp 305 (or Scout) 
□ DairyPlan 
□ DHI-Plus 
□ PCDART 
□ Other (describe): ____________________________ 
 

12. Management of clinical mastitis 
 

12.a) How do you detect clinical mastitis? (Check one) 
□ Examine milk by fore-stripping in parlor 
□ Other 
(Describe):_______________________________________________
_ 

 
12.b) Do you routinely perform bacteriological culture of mastitis milk? (Check 
one) 

□ Never 
□ All  
□ Sometimes  
 

12.c) Do you routinely perform bacteriological culture of high SCC cows? (Check 
one) 

□ Never 
□ All  
□ Sometimes 

12.d) Do you routinely perform bacteriological culture of fresh cows? (Check one) 
□ Never 
□ All  
□ Sometimes 

12.e) If you culture milk from mastitic cows, where is this done (Check one): 
□ Reference lab (e.g. State or University Diagnostic lab) 
□ Local vet clinic 
□ On-farm culture 
□ Other (describe): 
_________________________________________ 
 

12.f) A mild or moderate case of clinical mastitis has abnormal milk and possibly 

a swollen/firm quarter, but the cow is clinically OK (e.g. bright, good 

appetite, no clinical dehydration).  How do you treat mild or moderate 

clinical mastitis cases? (Check one) 

□ No treatment 
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□ Treat all cases with intra-mammary antibiotics 

□ Selectively treat some cases with intra-mammary antibiotics, based 
on culture results (e.g. on-farm culture) 

□ Other treatments 
(describe):______________________________________ 

 
12.g) A severe case of clinical mastitis has abnormal milk and a swollen/firm 

quarter.  As well, the cow will show systemic signs of illness (e.g. 

depression, off feed, dehydration (sunken eyes), fever).  How do you treat 

severe clinical mastitis cases? (Check one) 

□ No treatment 

□ Treat all cases with intra-mammary antibiotics 

□ Selectively treat some cases with intra-mammary antibiotics, based 
on culture results (e.g. on-farm culture) 

□ Other treatments (describe): 
_____________________________________ 
 

12.h) Do you record clinical mastitis events on farm? (Check one) 
□ Always 
□ Sometimes  
□ Never 
 

12.i) If records are kept, how do you record clinical mastitis events? (Check one) 
□ Software (e.g. On-farm record keeping program) 
□ Paper 
□ Other (describe): ________________________________________ 
 

12.j) If mastitis treatment records are kept, what details do you record about 
clinical mastitis event  (E.g. cow, quarter, date, treatment given, culture 
result (if available), days treated, other) Describe what you record: 

  
_____________________________________________________________
______ 
 
_____________________________________________________________
______ 
 
_____________________________________________________________
______ 
 

 
13. Dry cow mastitis control program: 

 
13.a) Do you infuse cows with a long acting antibiotic at dry off (e.g. ToMorrow, 
Spectramast DC, Quartermaster)? (Check one) 

□ Yes, for all cows 
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□ Some cows 
□ Never 

 
13.a.i) If yes, product name? ____________________________ 
 

13.b) Do you use an internal or external teat sealant at dry off (e.g. T-Hexx or 

Orbeseal)? (Check one) 

□ Yes, for all cows 
□ Some cows 
□ Never 

 
13.b.i) If yes, product name? ____________________________ 
 

13.c) Do you routinely use vaccines for mastitis control (e.g. J-5, J-VAC, or 
ENDOVAC-Bovi)? (Check one) 

□ Yes  
□ No 

 
13.c.i) If yes, product name? ____________________________ 

 

13.d) Do you do any pretreatments to control mastitis in first calf heifers before 
they calve for the first time? (Check one) 

□ No 
□ Yes, we pretreat heifers with intramammary antibiotic: Product 
name: _____ 
□ Yes, we pretreat heifers with a teat sealant: Product name: 
_____________  
□ Yes, we pretreat heifers with both an intramammary antibiotic and 
teat sealant  
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