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[bookmark: _Toc105593115]Chapter 1: Review of Literature
[bookmark: _Toc105593116]1. Mastitis
[bookmark: _Toc78034398]   Mastitis, an inflammation of mammary glands, is usually caused by pathogenic microorganisms, such as bacteria, fungi, yeast and algae. Mastitis is one of the most economically devastating diseases in the dairy industry worldwide. Annual economic losses due to bovine mastitis in the United States alone was estimated to be  $1.7 to 2.0 billion (NMC, 1996), and on average, clinical mastitis costs $444 per case during the first 30 days in milk (Rollin et al., 2015). The cost of mastitis per case was estimated to be $325.76 and $426.50 for primiparous and multiparous cows, respectively (Liang et al., 2017). Mastitis incurs severe economic losses to the dairy industry due to loss of milk production, treatment cost, milk disposal during treatment, culling of non-curable chronically infected cows and replacement costs (Guimaraes, 2017).  In addition to the incremental loss of milk, mastitis affects milk composition. For instance, on average total solids decrease by 1.07% (Janzen, 1970) which include decreased levels of fat and lactose. A study on economic losses due to correlating high SCC from dairy farms in the Midwestern Region of United States showed that 5.2 lbs. of milk is lost for every 100,000 cells/mL increase in SCC (Dickerell et al., 2016).  
[bookmark: _Toc105593117]1.1 Bovine Staphylococcal Mastitis
The most common staphylococci that cause mastitis in dairy cows are Staphylococcus aureus and non-aureus staphylococci (NAS) such as S. chromogenes, S. epidermidis, S. haemolyticus, S. simulans and S. xylosus (Thompson-Crispi et al., 2014, Song et al., 2020, Todar, 2020). S. aureus and NAS are in the family of Staphylococcaceae and genus Staphylococcus. Staphylococci are gram-positive, catalase- and coagulase-positive, non-spore forming, oxidase-negative, non-motile, cluster-forming, facultative anaerobe (Takahashi et al., 1999). 
S. aureus is typically found in the infected mammary gland and is one of the major contagious mastitis pathogens on dairy farms. Approximately 95% of  coagulase positive Staphylococcus isolates from bovine mastitis is S. aureus (Fox and Hancock, 1989) and about 15% of NAS have been linked to bovine mastitis, of which S. epidermidis, S. xylosus, S. chromogenes, S. simulans, and S. haemolyticus are predominant isolates from bovine milk (Wald et al., 2019). With the stringent application of current mastitis control measures, the incidence of S. aureus mastitis can be reduced but not fully controlled yet.  The cure rate of staphylococcal mastitis with antibiotic treatment is low and antibiotics are ineffective, and increased use of antibiotics on dairy farms leads to the development of antimicrobial resistant S. aureus and non-aureus staphylococci. Detailed understanding of staphylococcal virulence factors and pathogenesis of staphylococcal intramammary infections (IMI) in the dairy cow is necessary to develop an effective vaccine. In addition, the knowledge of the innate and adaptive immune responses during the early stages of host-pathogen interactions that may limit the progression of infection to mastitis is also important for the proper design of an innovative vaccine against staphylococcal mastitis. Understanding the pathogenesis of staphylococcal mastitis and its effects on the host immune system is critically important to develop effective vaccines to prevent the establishment of IMI, clinical disease, and subsequent production losses. 
Therefore, the development of one or more alternative non-antibiotic sustainable control measures such as an effective vaccine, phage therapy, probiotics and antimicrobial peptides coupled with good dairy herd health management are required.
[bookmark: _Toc105593118]1.2 Staphylococcus aureus Mastitis
S. aureus mainly causes subclinical mastitis characterized by high somatic cell counts. Treatment with antibiotic is the only available tool for intervention for cows that developed mastitis. However, the cure rate of staphylococcal mastitis with antibiotic treatment is very low. Drug distribution after intramammary administration may not be adequate because of extensive fibrosis and micro abscess formation in the gland. Cows with a long duration of infection (>3 months), are likely to be refractive to therapy.
Chronic S. aureus infections may form biofilm that serves as a physical barrier against both the host immune defense and antibiotics administered for treatment.  The antibiotics will never reach the bacteria in the middle of the dense biofilm, instead it will only affect those organisms on the outside of the biofilm cluster leaving those deeper in the biofilm unaffected (Atwood et al., 2016). 

S. aureus is not only mastitis pathogen of dairy cows but also zoonotic pathogen that also causes several infections in humans ranging from minor skin infection and food poisoning to life threatening endovascular infection and osteomyelitis (Wang et al., 2018). Due contagious nature of S. aureus IMI, it is a necessity to ensure transmission of the bacteria is fully controlled. The prevalence of S. aureus in raw milk samples was 46.2% which indicates serious public health threat and need to pasteurize milk before consumption. Nearly half of all milk sample occurrence coincides with other reported studies (Cavicchioli et al., 2015, Li et al., 2015).
In staphylococcal food poisoning symptoms may be due to toxin produced by S. aureus or persist because of the bacterial infection. S. aureus grows prominently in milk and other dairy products which contribute to majority of the pathways for human infection.  Staphylococcal food poisoning is triggered by the ingestion of staphylococcal enterotoxins (G Abril et al., 2020).  Human staphylococcal food poisoning is characterized by clinical signs such as vomiting, diarrhea, nausea, and abdominal cramps beginning 2 - 6 h post consumption of contaminated food.  For children and adults with weakened immune systems, only a few micrograms  of toxins are required to cause inflammatory response in the jejunum and ileum (G Abril et al., 2020).  The enterotoxins themselves alter the expression of cytokines within the human as well as the production of those vital immune cells, such as T cells, macrophages, monocytes, and mastocytes (G Abril et al., 2020). 
Improperly handled or contaminated foodstuffs or non-pasteurized dairy products are main source of staphylococcal poisoning. Two major factors contributing to the resulting bacterial growth are improper milk storage temperature (for example, storing milk at room temperature), and inappropriate handling of the foodstuffs (G Abril et al., 2020, Khairullah et al., 2020).  Higher levels of starch and protein in food, pH, water activity and warmer temperature increases enterotoxin production (G Abril et al., 2020).  
S. aureus optimal growth conditions are not as stringent as other bacteria that commonly cause food poisoning in humans.  S. aureus can withstand a pH interval of 4.5 - 7.0, a low water activity of 0.86, and a salt tolerance of up to 20%, that would normally be inhabitable or initiate cell death in bacteria (Valero et al., 2009, Medvedova et al., 2019).  Lower pH decreases the ability of S. aureus to adhere to solid surfaces, subsequently decreasing the ability to establish and maintain and infection (Cunha et al., 2019). S. aureus strains, such as Methicillin resistant Staphylococcus aureus (MRSA), have the ability to utilize salt and not only survive, but actually grow in unnatural temperatures (Medvedova et al., 2019). 
 To combat the growth of Staphylococcus aureus and the subsequent enterotoxins production different methods are used to greatly reduce growth of the bacteria.  At the producer level in the dairy farms, milk cooling systems are used to limit growth by continuously cooling and keeping the temperature below optimum level. In the dairy processing industry pasteurization is used for the reduction or eradication of both the bacteria and the enterotoxins.  normal A pasteurization temperatures of 92°C, resulted in 45% of samples still containing Staphylococcal enterotoxins compared to 72°C which resulted in 87.5% of samples still exhibiting SE post pasteurization (Necidova et al., 2016).  The Staphylococcal enterotoxins in pasteurized milk samples is nearly 50%, which raise serious concern of human consumption of pasteurized milk may still lead to food poisoning (Necidova et al., 2016, Wang et al., 2018).
Although producers take measures such as cooling milk, pasteurizations process, there is still the persistence of S. aureus in products consumed by humans. There are different methods to detect S. aureus in the animal before collecting milk or before enterotoxin can be detected. Conventional methods, such as animal studies and serological tests, are among the most labor intensive and lack sensitivity as well as specificity.  In addition, the conventional methods are not able to meet the need of real-time detection (Wu et al., 2016). The most common application used to detect staphylococcal enterotoxins is Polymerase Chain Reaction (PCR). PCR is commonly combined with other assays to improve sensitivity of the results in far less time.  The issues with PCR, however, is the cost as well as the requirement of trained professionals to perform the assays (Wu et al., 2016).  Immunoassays can be divided into three main groups: Optical, electrochemical, and mass detection techniques (Wu et al., 2016).  New technologies, including immunosensors in combination with optical, electrical, and mass-based bioassays utilize new recognition agents drastically increasing target molecules such as the enterotoxins produced by staphylococci (Wu et al., 2016).  With knowledge advancing and new techniques to go along, there are multiple viable options for real- time detection of enterotoxins both pre- and post-consumption.
[bookmark: _Toc105593119]1.3 Mastitis due to Non-aureus Staphylococci
Non-aureus staphylococci previously known as coagulase-negative staphylococci (CNS) increasingly reported as cause of mastitis in the dairy farms.  Although commonly grouped together, NAS have been shown to be drastically different not only in their genetic makeup, but also in their pathogenicity for dairy cows.  Some strains may cause little to no harm, while others cause chronic mastitis and increase somatic cell counts.  
NAS predominantly thrives on the skin of the udder and teats and dirty equipment and cause infection as an opportunistic pathogen (Bianchi et al., 2019). NAS pathogens enter the mammary glands through the teat opening and colonize the intramammary area, where they may form biofilm. 
Most commonly NAS are considered minor pathogens, however, some of them that increasingly cause mastitis include S. chromogenes, S. simulans, S. haemolyticus, S. xylosus, and S. epidermidis (Vanderhaeghen et al., 2014).  The distribution of strains varies; for example, S. chromogenes is more prevalent in primiparous cows, whereas S. epidermidis is seen more in IMI of multiparous cows (Thorberg et al., 2009).  Overall, NAS cause SCC of about 70,000 cells/mL of milk which is far lower than the threshold for major mastitis pathogens which is >200,000 cells/mL milk (Condas et al., 2017). Many herd-level factors played major roles for occurrence of NAS. In a herd with a lack of udder health programs, there are many positive cases of subclinical mastitis due to S. chromogenes, S. simulans, and S. xylosus in bulk tank milk samples (De Visscher et al., 2017). Mammary glands pre-colonized by certain strains of NAS will not be infected by major pathogens (Stevens et al., 2018).  
Based on their mode of transmission NAS can be divided into environmental and contagious species. For example, herds with free-stall barns tend to have less NAS compared to tie-stall and loose-pack bedding barns (De Visscher et al., 2017).  S. equorum and S. cohnii are two species of NAS that may originate from the cow’s environment and increase with unsanitary conditions. Many studies on bulk tank milk samples found that the incidence of NAS in a herd ranged from as low as 43% to as high as 60 or 90% (De Visscher et al., 2017, Jenkins et al., 2019, Yun et al., 2020). The housing of lactating animals may affect strains of NAS as well as their prevalence. Therefore, hygiene is of utmost importance in a dairy herd regarding specific NAS mastitis control management (De Visscher et al., 2017).  
In addition to housing differences, grouping and age differences of animals are a deciding factor for NAS variation and bacterial count (Pyorala and Taponen, 2009). NAS mastitis prevalence has been found to be significantly higher in primiparous cows than in multiparous animals (Tenhagen et al., 2006, Pyorala and Taponen, 2009).  A lower prevalence (16%) has been found in prepartum heifers in pasture grazing systems compared  to farms with heavy management practices with over 50% NAS prevalence (Pyorala and Taponen, 2009).  Multiparous animals were found to be infected with S. simulans more frequently and have been known to become infected later in lactation rather than starting a first lactation with NAS infection (Taponen et al., 2006). In primiparous animals the prevalence of S. chromogenes was higher compared to other NAS pathogens (Rajala-Schultz et al., 2004, Pyorala and Taponen, 2009). It is important to note that when determining a positive infection due to NAS, there is variation among studies due to the absence of standards for detecting NAS positive case. 


[bookmark: _Toc105593120]1.4 Virulence factors of S. aureus and non-aureus staphylococci
S. aureus and NAS have many virulence factors that can be grouped broadly into two major classes 1) non-secretory or structural components and 2) secretory (secreted) virulence factors  
1.4.1 Non-secretory  
Surface proteins of S. aureus are adhesins enabling bacteria to colonize host tissues (Pi et al., 2020). 
Staphylococcal protein A (SpA) - is a cell wall protein encoded by the spa gene and found in nearly all S. aureus strains. It binds Fcγ domains of the IgG antibody and prevent antibody mediated clearance of  S. aureus from the host (Todar, 2020). The SpA also binds to the Fab domain of IgM, triggering cross-linking between B-cell receptors. This cross-linking between B-cell receptors alters host adaptive immune responses by programming B lymphocytes death (Becker et al., 2014). The dysfunction of B-cell receptors resulted in reduced production of  antibodies and  enhanced B-cell death. Thus,  antibodies cannot effectively remove S. aureus due to this immune evasion  effects of Protein A (Daum and Spellberg, 2012).  

Biofilm-associated protein (Bap) - plays a critical role in biofilm formation and bap is more likely to be found in NAS than S. aureus. Another study (Shukla and Rao, 2017) also showed that bap was more likely (56.6%) to be found in Staphylococcus strains isolated from subclinical mastitis cases compared to clinical cases. 
Biofilm formation - The biofilm is composed of exopolysaccharides, creating a slime-like defensive matrix. The biofilm matrix allows the bacteria to become walled off from the host immune defenses (Coelho et al., 2011). Biofilm promotes the attachment and colonization of staphylococci on the mammary gland epithelium and inner mammary tissue (Coelho et al., 2011). Additionally, biofilms cannot be engulfed by individual macrophages due to their large mass, impeding the efficiency of host defense cells (Raza et al., 2013).
The initial attachment of the biofilm complex is via a capsular antigen: polysaccharide/ adhesin (PS/A). Following the initial attachment, the multiplication and maturation of cell layers resulted in the entire conglomerate biofilm. After biofilm formation the subsequent production of polysaccharide intercellular adhesin (PIA) begins (Pérez et al., 2020) which represents a factor of the staphylococcal biofilm matrix responsible for protecting against bovine innate immune defenses (Arciola et al., 2015). Along with PIA production, the bacteria are also able to detach and disperse, furthering the spread of infection in a mechanism known as metastasis (Shukla and Rao, 2017). Backtracking a few steps, post attachment of staphylococci to host epithelium, proteases (enzymes that break down proteins and peptides) play a role in transitioning from adhesion to invasion by cleaving host proteins (Magro et al., 2017b). These adhesion and invasion factors create a deep-seated, persistent infection that even intramammary antibiotics cannot reach.
Slime is an additional extracapsular layer of the biofilm but is not found on all biofilms (Milanov et al., 2010). Slime is essentially a pseudo-capsule produced by  bacteria, that reduce effect of antibiotics on bacteria (Cunha et al., 2019). All isolates do not contain genes enabling them for the phenotypic expression of slime layer. The biofilm/slime partnership depends on the bacterial strain. A study found that most S. aureus isolates (80%) that produced slime could also formed a strong biofilm (Gajewska and Chajęcka-Wierzchowska, 2020). However, for NAS, 87% of them with and 84.2% without slime production exhibited the ability to produce strong biofilm (Gajewska and Chajęcka-Wierzchowska, 2020). Strong biofilm production is characterized by the ability of staphylococcal isolates to colonize and form large, distinct biofilms completely covering a stainless-steel surface under laboratory conditions (Milanov et al., 2010). When evaluating slime production of 708 staphylococcal strains, 66% of NAS isolates exhibited at least a weak slime production capability (Vasileiou et al., 2018). When breaking down the NAS  into species specifics, S. epidermidis strain was a slime producer in 95% of cases compared to the combined number of NAS  expressing slime production in 65% of cases (Vasileiou et al., 2018). Further research is needed to understand why some biofilm produces additional slime and others do not and its implications on the pathogenicity to the host.
The production of PIA and PS/A in staphylococcal species is mediated by the intercellular adhesion operon (ica). The ica is formed by the icaA, icaB, icaC, and icaD genes in addition to a regulatory gene, icaR, which encodes the proteins IcaA, IcaB, IcaC, IcaD and IcaR  respectively (Vasileiou et al., 2018, Cantekin et al., 2019, Pérez et al., 2020). Although the role of the icaB gene is not fully understood, studies have shown that the co-expression of icaA and icaD facilitate the production of slime while icaC serves as a polysaccharide receptor (Bissong and Ateba, 2020). The presence of these specific genes controlling the intercellular adhesion operon function also vary with the specific strain of bacteria. For example, in a recent study the icaA gene was only detected in 24.1% of NAS isolates (Gajewska and Chajęcka-Wierzchowska, 2020). In comparison, the icaD gene was detected  in 21.4% of  NAS isolates and 100% of S. aureus isolates (Gajewska and Chajęcka-Wierzchowska, 2020).  Even within slime-producing species, genes continue to vary in frequency.  S. epidermidis isolates rely heavily on icaD (50%), eno (86%), and clfa (50%) genes while S. simulans icaB (65%) and icaC (50%) genes are the most predominant (Vasileiou et al., 2018).  Overall, adhesion genes allow for superior colonization of the species that foster them in their genetic code, allowing for stronger biofilm formation (Vasileiou et al., 2018).  
Understanding the phenotypic and genotypic requirements for biofilm formation is essential in developing effective treatment against staphylococcal mastitis.
The intercellular adhesion operon (ica) is present in almost all S. aureus isolates from bovine mastitis; however, in some cases, S. aureus biofilm formation was reported without this operon. The lack of ica indicates other surface proteins that can replace the function of PIA and PS/A synthesis. Staphylococci have several mechanisms to form biofilm and do not require one specific gene (Pérez et al., 2020). Furthermore, the biofilm complex matrix structure varies with staphylococcal species and within the environment where the bacterial species reside (Raza et al., 2013). These complications are another barrier illustrating why antibiotics are ineffective in overcoming staphylococcal mastitis. 

Staphylococcal accessory regulator (sarA) and sae RS, diminish protease production and aid in biofilm formation in S. aureus.  SarA mutant had decreased biofilm formation and susceptible to antibiotics.  The SarA mutation has also increased the production of alpha toxin, which is a virulence factor of S. aureus. The SaeRS leads to transcription of fnbA and other proteins found on the surface of S. aureus.  The SaeA mutation accounts for a higher production of extracellular proteases, which reduce the ability to bind fibronectin therefore not limiting the accumulation of surface associated proteins. The mutation of saeRS will reduce the number of surface proteins and biofilm formation (Mrak et al., 2012) and increase susceptibility to antibiotics and efficacy of treatment with antibiotics (Rom et al., 2017).
      	 S. aureus exhibits a flexible and adaptable regulatory circuit to accommodate the adaptations needed to keep up with the host’s immune system (Rom et al., 2017). Changing the ability of S. aureus to utilize regulatory loci that limit or enhance the amount of a protein produced can be useful in limiting biofilm formation (Rom et al., 2017).  Reducing the ability of S. aureus to form biofilm under in vivo condition may limit the number of bacteria  in infected animals and improve efficacy of antibiotics. 

 
Coagulases - are polypeptides tightly bound to S. aureus bacterial surfaces that react with prothrombin in the blood to form staphylothrombin. The formation of staphylothrombin enables the conversion of fibrinogen, a plasma protein, to fibrin. Fibrin catalyzes blood clots, which protect the bacteria from phagocytosis and other host immune defenses (McAdow et al., 2012). Coagulation and cell clumping in parallel protect the bacteria from host immune defenses due to the fibrin coat acting as a shield (Crosby et al., 2016). 
The adhesion proteins include SSP-1 and SSP-2 (Staphylococcal Surface Proteins 1 and 2), AtlE adhesin (autolysin E), aae adhesin (autolysin/adhesin Aae), and the fibrinogen-binding protein. Staphylococcal adhesin proteins and coagulase belong to a group of proteins called Microbial Surface Components Recognizing Adhesive Matrix Molecules (MSCRAMM). MSCRAMM also includes fibronectin-binding proteins A and B (fnbA and fnbB), fibrinogen-binding proteins also called clumping factors A and B (clfA and clfB), cell wall components (type 5 and 8 Capsules), collagen-binding proteins (can), fibrinogen-binding proteins (fib), laminin-binding protein (eno), elastin binding protein (ebpS), and fibronectin-binding protein (fnbA). All MSCRAMM proteins facilitate adhesion by binding to various extracellular proteins and surfaces (Gajewska and Chajęcka-Wierzchowska, 2020). The MSCRAMM group of adhesion proteins enhance the binding to the intramammary epithelial cell lining to initiate a strong initialization of biofilm formation. A study found that eighty-four (n=84) NAS isolates obtained from milk samples all produce biofilms and contain at least one MSCRAMM gene (Pizauro et al., 2019). Another study on sixty-seven (n=67) NAS isolates found eno (32.1%), fnbA (12.0%), and ebpS (12.0%) genes among isolates (Zuniga et al., 2015, Pizauro et al., 2019). In addition to the eno and fnbA genes positive isolates presence at high frequency, fib gene-positive isolates accounted for 71.7% of the samples (Zuniga et al., 2015). It can be concluded that eno, fnbA, and fib genes are of utmost significance for biofilm formation and resistance against host immunity.
The MSCRAMM enable the staphylococci to bind to the host tissue allowing adhesion and further biofilm formation (Goetz et al., 2017, Srednik et al., 2017, Vasileiou et al., 2018, Kumar et al., 2020). 
	Fibronectin is an additional glycoprotein located in the extracellular matrix enabling a bridge for S. aureus and NAS pathogens leading to the internalization into the mammary epithelial tissue (Dieser et al., 2019). Laminin binding genes work with fibronectin-binding genes to contribute to successful adhesion to host cells and further bacterial adhesion, causing a signal to be generated to begin biofilm production (Nobbs et al., 2009). This glycoprotein was found in 53% of isolates exhibiting strong biofilm production in vitro and a statistically significant effect on biofilm production (Dieser et al., 2019).
	Fibrinogen binding protein has been identified as a virulence gene. It can be distinguished between Staphylococcus aureus  and NAS  by PCR, specifically Staphylococcus epidermidis (Sunagar et al., 2013). As another glycoprotein, fibrinogen is found in the blood and can be immobilized by the  fibrinogen binding protein exhibited by various NAS species. Similar to clumping factors produced by S. aureus, the fibrinogen binding protein  causes coagulation and may lead to production of additional substances that will interfere with normal host physiology (Felipe et al., 2017).  While it has been concluded that the presence of the fib gene correlates with biofilm activity, further research still needed in the clarification of the exact importance of the protein in relation to the virulence of NAS  (Nilsson et al., 1998, Felipe et al., 2017).

1.4.2 Exotoxins
Invasins - are enzymatic proteins associated with the initial pathogenic attachment and invasion into eukaryotic host cells via outer membrane transporters. After invading the host cells through the outer membrane transporters, invasins releases the bacterial enzymes, toxins, and proteases to damage local cells. Invasins also utilize an adhesion mechanism to remain on the surface of host cells (Pollard, 2017). The cell damage usually only occurs in and around the site of bacterial growth and may not lead to mass cell death, unlike other virulence factors. Generally, invasins tend to be broad in function compared to other virulence proteins like exotoxins. However, some invasins, such as staphylococcal leukocidins, have a relatively specific cytopathic effect (Todar, 2020). The proteins locally damage host cells to facilitate the immediate growth and spread of S. aureus through the help of leukocidins, kinases, and hyaluronidase. Each of these secreted bacterial enzymes function differently to diminish host immune defenses and help further spread the bacteria. Leukocidins destroy leukocytes by breaking down the cell membrane and cytoplasmic granules, which contain enzymes used to combat foreign pathogens. S. aureus leukocidin  toxins that form pores in targeted cells circulating in the host including macrophages, neutrophils, monocytes, and dendritic cells (Thomsen et al., 2014). As previously mentioned, leukocidins, a type of pore-forming cytotoxin, target and destroy essential bovine immune cells. The target immune cells, leukocytes, are also called polymorphonuclear (PMN) cells, consisting of neutrophils, basophils, and eosinophils. Different leukocidin forms have also been revealed in bovine mastitis, such as lukS/lukF (γ-hemolysin), lukD/lukE, and especially lukM/lukF–PV(P83) (Magro et al., 2017a). By disarming the host immune defenses, these leukocidins contribute to rapid colonization of the intramammary tissue (Pérez et al., 2020). Kinases break down fibrin and clots formed by the host to prevent an isolated infection through phosphorylation. Hyaluronidase aids in bacterial spread by hydrolyzing hyaluronic acid, a polysaccharide present in connective tissue (Todar, 2020).
Exotoxins - are another group of enzymatic proteins with property of inducing harm to host cells (Dinges et al., 2000b). Type I exotoxins signal host cell membranes, type II damage host cell membranes, and type III enter host cells and directly alter the cell (Ala’Aldeen and Wooldridge, 2012). All these exotoxin types are secreted by virulent bacteria, with the secreted toxin portrayed as a major determinant of virulence. Exotoxins tend to be more specific in function in comparison to invasins. However, some may still play a role in initial cell invasion, initiating damage in many ways (Todar, 2020). S. aureus exotoxins typically damage host tissue by entering the host cells and catalyzing covalent modifications (BlumJ and Barbieri, 2019). The harmful covalent modification caused by a type III exotoxin occurs in several ways. Almost all S. aureus strains associated with bovine mastitis secrete exotoxins in the form of enzymes and cytotoxins including hemolysins, nucleases, proteases, lipases, hyaluronidase, and collagenase. These enzymes and cytotoxins convert local host tissue into nutrients required for bacterial growth (Dinges et al., 2000a). The exotoxins that cause damage and create the sustainable existence of pathogenic bacteria in the host are important for establishing a proliferating colony.
 
Enterotoxins - Some strains of S. aureus also secrete another type of exotoxin known as staphylococcal enterotoxins (SEA, SEB, SECn, SED, SEE, SEG, SEH, and SEI) (Ortega et al., 2010). They are characterized as type I toxins because the group of proteins does not directly enter cells. Instead, these toxins bind to extracellular surface receptors and trigger a cascade of specific responses inside the cell. These enterotoxins act as superantigens which are potent immune system stimulators by stimulating T-cells and a large aggregation of pro-inflammatory cytokines (Magro et al., 2017b). Mammary tissue damage caused by excessive proinflammatory cytokine release is commonly seen in clinical mastitis cases.
	 
In the NAS-	 Enterotoxin genes within NAS species are still being studied and there is a lack of knowledge of the potential presence of genes and their enterotoxigenic potential (Podkowik et al., 2013).  Contrary to  S. aureus, NAS are considered to be non-pathogenic and have actually been found to be capable of establishing a synergestic relationship with animals and humans (Fitzgerald and Penades, 2008). NAS can live in the environment or survive as a contagious pathogen on a skin.  
To date, about 25 staphylococcal enterotoxin (SE) genes have been identified in various NAS and S. aureus isolates.  A total of 263 NAS isolates causing IMI were found after evaluating  1000 milk samples from six different dairy farms (Park et al., 2011). Further speciationusing partial 16S rRNA and/ or rpoB gene sequence analysis (Park et al., 2011)  found that of the 25 known SE genes, 18 were identified IMI causing NAS species includingS. chromogenes (n = 190), S. xylosus (n = 24), S. haemolyticus (n = 16), S. sciuri subsp. carnaticus (n = 9), S. hyicus (n = 8), S. simulans (n = 7), S. caprae (n = 3), S. epidermidis (n = 2), S. succinus (n = 2), S. capitis (n = 1) and S. hominis (n = 1)” (Park et al., 2011).  The 263 isolates, 82 (31.2%) displayed one or more SE gene with the selq gene being the most prevalent (22.4%) and S. chromogenes making up the largest percentage of isolates in the bovine IMI samples (45.8%) (Park et al., 2011, Podkowik et al., 2013). 
	 In comparison to S. aureus isolates containing SE genes, NAS from bovine IMI appeared to present with unstable genetic elements responsible for harboring SE genes, continually losing stability with proceeding generations (Ubeda et al., 2007, Park et al., 2011).  
	While most foodborne diseases caused by staphylococci were predominantly caused by S. aureus, some proportions were caused by NAS that carry the same SE genes.  The first documented case of food poisoning caused by staphylococcal enterotoxins was in 1884 in Michigan (USA) by Vaughan and Sternberg due to consumption of contaminated cheese (Hennekinne et al., 2012). It was believed that the outbreak was due to S. aureus as the prospect of food poisoning due to NAS in relation to consumption of dairy products is of negligible risk.  The low risk is surprising due to the extremely high prevalence of NAS on dairy farms and their pathogenic potential due to presence of SE genes.  However the fermentation of foods seems to increase pathogenicity in a few NAS  (particularly S. xylosus, S. carnosus and S. equorum) presenting increased medical risk for humans (Blaiotta et al., 2004). 
	It can be concluded that while NAS are most prevalent in human and animal environments, as well as in the food products including dairy, there is a low chance of causing food poisoning.  However, due to the high prevalence of NAS, they can be regarded as opportunistic pathogens in both animals and humans.  animals or humans, with suppressed immune function may be susceptible toinfection by NAS.  To date, no NAS have been isolated as the cause of food poisoning from milk or dairy products or human pathology cases due to dairy product ingestion.

[bookmark: _Toc78034410]Toxic Shock Syndrome
	Toxic shock syndrome is caused by  toxic shock syndrome toxin- 1 (TSST-1), which was first identified in S. aureus by enterotoxin B Down the road it was discovered the genes responsible for TSST-1 were first found in NAS isolates from toxic shock syndrome patients (Crass and Bergdoll, 1986).  Proinflammatory cytokines tumor necrosis factor (TNF-α), interleukin-2 (IL-2), and interferon-γ (IFN-γ) present in high concentrations and result in the development of the toxic shock syndrome disease characterized by capillary leakage, high fever, and eventual multi-organ dysfunction.  The toxin cross epithelial cell barriers into the bloodstream and circulated through the body (Kuroishi et al., 2003).  The TSST-1 is rare and in a recent study  only  one strain of S. haemolyticus was positive (2017) (Martins et al., 2017)


 Membrane-impairing toxins - are a group of toxins that specifically lyse eukaryotic cell membranes and interfere with immune system components. Toxins start causing tissue damage after the penetration and multiplication of S. aureus at the site of infection, the teat canal. These toxins also include some hemolysins, leukotoxins, and leukocidins and can be considered a subdivision of type II exotoxins. They are also referred to as pore-forming toxins. The insertion of a transmembrane pore causes the breakdown of the cell membrane of a host cell. The pore in the outer membrane results in the disruption of selective ion transfer across the membrane, leading to the deterioration of the membrane itself (Todar, 2020).
Staphylococcal α and β toxins - also referred to as α and β hemolysins, are a type of membrane-impairing toxins expressing varying effects based on concentration levels. Hemolysins and phenol soluble modulins attack the immune cell membranes and initiating inflammatory responses (Oliveira et al., 2018).They can inhibit leukocyte chemotaxis, which decreases the inflammatory response at lower concentrations and can cause necrosis and tissue damage at higher concentrations. Therefore, it can be concluded that subclinical cases may be associated with lower concentrations, and clinical cases may be associated with higher concentrations of α and β toxins. A study from Brazil found that β toxins were present in 69% of hemolytic isolates, suggesting that beta-toxin may contribute to the virulence and pathogenesis of mastitis (Coelho et al., 2011). In addition, the α- and β-toxins aid in bacterial invasion and escape from the immune response by increasing the attachment of toxins to bovine mammary epithelial cells and the expansion of the S. aureus infection (Coelho et al., 2011). The amplification of infection leads to the persistence of staphylococcal bacterial growth and colony formation in the mammary gland, developing into chronic infections (Pérez et al., 2020).
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Physical barriers - closure of teat opening by a group of smooth muscles (teat sphincter), also called rosette of Frustenburg, and the keratin plug in the teat canal or fibrous structural proteins (scleroproteins) (Bragulla and Homberger, 2009, Wang et al., 2016). Physical barriers reduce the number of microorganisms that enter the cow’s mammary gland. The teat opening is closed by a teat sphincter and keratin plug formed from epithelial cells lining the teat canal  (Bragulla and Homberger, 2009, Smolenski et al., 2015, Wang et al., 2016).   The teat canal barrier is the first line of defense that mammary gland pathogenic agents will encounter.  The teat canal has a sphincter at the teat opening. Also, it forms a keratin plug from epithelial cells that line the teat canal. Milk letdown is induced by oxytocin, a hormone secreted by the pituitary gland upon stimulation by pre milking teat dipping in antiseptic solution and wiping for milking or by calf suckling teats. The oxytocin induces contraction of myoepithelial cells that line milk-producing epithelia cells forcing milk flow through the lactiferous duct, gland cistern, teat cistern and finally through the teat canal and teat opening into outside breaking the keratin plug.  The teat canal stays open post milking for approximately 30 min? or two hours? making it susceptible to the entry of pathogenic bacteria from outside into the intramammary area (Trevisi and Minuti, 2018) 

 	Antibacterial products such as esterified and non-esterified fatty acids, including palmitoleic, myristic, and linoleic acids (Zigo et al., 2021), constitute the mammary gland's natural defense against the mammary gland entry of pathogenic microorganisms mainly bacteria into intramammary area. Similarly, antimicrobial peptides, which are bactericidal cationic peptides are also indicated to have role in natural defense against intramammary infection (IMI) (Smolenski et al., 2015). The time of teat canal closure varies among cows. Some studies showed that 50% of teat canals were classified as closed by seven days after drying off, 45% closed over the following 50 - 60 days after drying off, and 5% had not closed by 90 days after drying off (Williamson et al., 1995). Teats that do not form a plug-like keratin seal are believed to be most susceptible to infection. Infusion of long-acting antimicrobials into the udder at drying-off (dry cow therapy) has been the major management tool for preventing IMI during the dry period and clear IMI established during the previous lactation (Williamson et al., 1995).
Another natural defense protein is lactoferrin, which is also seen in the adaptive immune response exhibiting another feature to fight against infectious agents.  As an innate immune mechanism, lactoferrin deprives the inflamed area off iron, causing oxidative stress.  This will inhibit bacterial growth and cause cells already breached by pathogens to die (Actor et al., 2009). 

As previously mentioned, staphylococcal mastitis is a very prevalent and economically devastating disease in the dairy industry. There are several members of NAS, with the major isolates from bovine IMI including S. chromogenes, S. haemolyticus, S. epidermidis, S. simulans, S. hyicus, and few less prevalent species (Fry et al., 2014). The virulence factors of staphylococci and their effect on mammary tissue have been well studied over the past 50 years, although pathogenic mechanisms of some species during IMI have yet to be thoroughly examined and defined. Understanding the pathogenesis of staphylococcal mastitis and its effects on the host immune system is critically important to develop effective vaccines to prevent the establishment of IMI, clinical disease, and subsequent production losses.  The genus Staphylococcus includes numerous species and strains within species (serovars) capable of causing mastitis and halting treatment efforts in dairy operations. Different species and strains can be classified based on various genetic and phenotypic characteristics (Côté-Gravel and Malouin, 2019). Strains such as the small colony variants (SCV) of S. aureus have adapted to form better biofilms and succeed at internalization into host cells, resulting in the protection of the SCV strain from the host adaptive immune responses (Côté-Gravel and Malouin, 2019). S. aureus and non-aureus staphylococci cause bovine mastitis through various pathogenic mechanisms, including evading host immune responses.   
A dairy cow’s immune response against staphylococcal IMI includes innate and adaptive immunity.  While both are extremely vital in preventing, expelling, and protecting against foreign antigens, the two branches have unique mechanisms. Innate immunity has a specialized ability to quickly identify microorganisms and provide a rapid defense to halt initial IMI before it develops into mastitis. The adaptive immune response can specifically identify and memorize the antigen to prevent future severe infection. Understanding how dairy cattle' innate and adaptive immune responses work together is valuable to develop effective vaccines or immunotherapy to increase overall resistance to invading pathogens.

Infection of mammary glands by pathogenic microorganisms such as bacteria induces immune responses  (Van Saun, 2016, Ruegg, 2021).  There are two types of immunity. These are innate and adaptive (Thompson-Crispi and Mallard, 2012). Both are critically important for immune-based mammary glands' protection against invading pathogenic microorganisms. 

[bookmark: _Toc105593122]2.1 Innate immunity 
Innate immunity is a non-specific immune response that utilizes a cascade of cells and cytokines powered by molecules, such as chemoattractants, to target and destroys invading pathogens. The first line of physical defense is skin and mucous membranes. Once the first line of protection has been crossed, the innate immune response, or second line of defense, will be induced. The most common innate immune responses are phagocytic cells (neutrophils and macrophages), inflammation, and complement system activation.
Once the S. aureus or NAS induces tissue damage and provokes the secretions of chemoattractants, an inflammatory response is activated. During an inflammatory response, chemoattractants are released in response to invading antigens and attract the recruited groups of neutrophils to the site of infection. Neutrophils are phagocytic white blood cells patrolling the bloodstream for a signal that activates and recruits them to the site of inflammation in the body. Staphylococcal lipoteichoic acid (LTA), or the macroamphiphilic molecule of the Gram-positive bacteria, can induce a stronger secretion of chemoattractants similar to lipopolysaccharide (LPS) of Gram-negative bacteria (Fournier and Philpott, 2005). Once the response is activated, the chemoattractants attract polymorphonuclear cells (PMNs) and monocytes to the site of infection and subsequent inflammation. The neutrophils recognize when to halt their migration by interpreting the chemical gradient levels as they travel through the bloodstream. Once a high level of chemoattractants is met, the cells slow down their movement through blood circulation by binding to their endothelial ligands at the target area of inflammation.
Additionally, other cells such as lymphocytes residing in the tissues which are produced in the bone marrow are recruited to the site of inflammation following neutrophils to promote phagocytosis. If phagocytosis of the S. aureus by phagocytic cells (neutrophils or macrophages) failed to destroy bacteria. In that case, the innate immune system uses the natural killer cells (NK) to kill phagocytic cells and release the bacteria from them to allow for the second round of phagocytosis (Bröker et al., 2016). Murphy et al. (Murphy et al., 2019) found differences among the S. aureus strains and their ability to survive killings by neutrophils. If bacteria survive past the first line of the innate immune response, the second line of innate defense will be induced against the invading S. aureus depending on the strain. The phagocytic cells play a larger role in achieving bacteria cell death in the second line of defense.
 Murphy et al. (Murphy et al., 2019) found that secretion of cytokines and chemokines by the innate immune system significantly differed with the strain of Staphylococcus.  Murphy et al. (Murphy et al., 2019) measured different quantities of IL-6 and IL-8 chemoattractants in response to different strains. They found that IL-8 is a key chemokine in neutrophil recruitment, and the release of IL-8 by the innate immune system is crucial in the neutrophils' ability to respond rapidly (Murphy et al., 2019).
 It was shown that while all strains resulted in IL-6 and IL-8, the S. aureus strain known as CC97 produced significantly more IL-6 than the other strains, especially when compared to the strain CC151. This study also set out to determine if this difference in chemoattractant production could potentially positively affect the migratory response of the PMNs and monocytes to the site of inflammation. Murphy et al. (Murphy et al., 2019) showed a significantly greater chemotaxis response in the systems that were exposed to those strains that also produced significantly greater IL-6 and IL-8 chemoattractants. Response to invading pathogens is important, considering any delay in response can cause the innate immune system to fail, so the phagocytosis step of rapid response is important in providing support.
 As previously mentioned, there are coagulase-positive S. aureus and non-aureus staphylococci, also called CNS. The CNSs are increasingly becoming more common causes of IMI (Hosseinzadeh and Dastmalchi Saei, 2014). The most common Staphylococcus isolates from cases of mastitis in dairy cattle include Staphylococcus aureus and CNS (S. chromogenes, S. haemolyticus, S. epidermidis, S. simulans, and S. hyicus (Fry et al., 2014).  For example, S. haemolyticus can induce macrophage apoptosis by utilizing cytotoxins (Krzymińska et al., 2012). Apoptosis of the macrophages makes the innate immune system vulnerable to CNS invasion and dissemination from the site of infection.



The innate immune system is comprised of many cellular and humoral components such as phagocytic cells (neutrophils and macrophages), inflammation, fever, and complement systems (Rich et al., 2012). 

2.1.1 Humoral innate immunity
The complement system is a proteolytic cascade consisting of  30 proteins in plasma and on cell surfaces that start with the identification of pathogenic surfaces and lead to the generation of potent proinflammatory mediators (anaphylatoxins, e.g. C3a, C5a, C4a) eliciting inflammation and opsonins (e.g., C3b) that lead to cytolytic immune responses (lysis of the pathogenic surface) (bacteria, viruses, parasites), by membrane attack complex (C5b - C9- MAC) (Dunkelberger and Song, 2010). In general, when pathogenic microorganisms or foreign agent enters the body, the complement system can be activated in three different ways. These include 1) the classical, 2) lectin, and 3) alternative pathways. The classical pathway is activated following binding of the C1q component of complement to the antibody-antigen (Ag-Ab) complex, activating C1r and C1s, which cleave C4 and C2. The lectin pathway is activated when mannose-binding lectin (MBL) encounters conserved pathogenic carbohydrate motifs, activating the MBL-associated serine proteases (MASPs) and again cleaving C4 and C2. C4 and C2 cleavage products form the classical and lectin pathway C3 convertase, C4bC2a, which cleaves C3 into C3b and C3a. The second molecule of C3b can associate with C4bC2a to form the C5 convertase of the classical and lectin pathways, C4bC2aC3b. The alternative pathway (AP) is activated when C3 undergoes spontaneous hydrolysis and forms the initial AP C3 convertase, C3(H2O) Bb, in the presence of Factors B and D, leading to additional C3 cleavage and eventual formation of the AP C3 convertase (C3bBb) and AP C5 convertase (C3bBbC3b). Properdin facilitates AP activation by stabilizing AP convertases. All three pathways culminate in the formation of the convertases, which in turn generate the major effectors of the complement system anaphylatoxins (C4a, C3a, C5a), the membrane attack complex (MAC), and opsonins (e.g., C3b). Anaphylatoxins are potent proinflammatory molecules derived from the cleavage of C4, C3,  and  C5. The MAC  is a  terminal assembly of complement components C5b through C9, which can directly lyse targeted surfaces. C3b induces phagocytosis of opsonized targets and serves to amplify complement activation through the AP.
Multiple different cells release signaling molecules called cytokines into the system that allow the detection of invading agents.  The complement system has three pathways for activation and removal of the pathogen. The C3a and C5a are anaphylatoxins responsible for releasing histamine, vasodilation, and inflammation and eliminating or removing the pathogens.  This is the first of the three stages of pathogen recognition and inevitable removal. The fragments then activate those phagocytes for immediate elimination of the targeted pathogen.  The membrane attack complex of the complement system destroys the invading bacteria’s Cell membrane. The membrane attack complex of the proteins breaks holes, or pores, into the lining causing irreparable damage (Janeway Jr et al., 2001).

2.1.2 Cellular innate immunity
Phagocytic cells such as neutrophils, macrophages, cytotoxic cells, and antigen presenting cells are the first cells of the innate immune system to arrive at the site of infection.  Neutrophils are the most abundant leukocytes, increasing in numbers by up to 80% when an infection is present.  The main function of neutrophils is opsonophagocytic clearance of invading pathogens.  They move to the site of inflammation following proinflammatory signaling molecules (chemoattractant)  such as C5a, C3a, IL-8  from the site of infection as part of the inflammatory response (Nussenblatt, 2010). 


[bookmark: _Toc105593123]2.2 Adaptive immunity 
The second and possibly the most important branch of immunity is adaptive or acquired immunity. The humoral line of immunity is commonly associated with the antibody-mediated response.  The adaptive mechanism requires an invading antigen phagocytosed by antigen-presenting cells, broken down into small peptides, and loaded on major histocompatibility molecule II (MHC-II). The broken-down peptides are then transported to the cell surface and presented to naïve T cells patrolling the body.  The naïve T cells recognize a foreign peptide bond to MHC-II through its T cell receptor (TCR) and become activated T helper cells: Th1, Th2, Th17, Tfh, Treg, or Cytotoxic T cells. Depending on which T helper cell is induced by the antigen, an effector immune response (antibodies or activated killer cells) will be delivered specifically to the invading antigen. Adaptive immunity is often stronger than innate immunity; however, there is a much longer delay in response before the invading antigen is specifically targeted and removed from the body. Without adaptive immunity or lack of adaptive immune response within the animal immune system hindering the growth and proliferation of antigens, the same pathogen previously seen by the immune system would constantly be responsible for the eradication of entire animals.
Just like the innate immune system uses T-cells and B-cells to eradicate invading pathogen, the adaptive immune system also utilizes natural killer cells to fight off infection. For the body to exploit the adaptive immune system, it must have already been previously exposed to the pathogen. The adaptive immune system’s ability to activate natural killer (NK) cells and utilize them in a way that allows them to recall antigen-specific memories of particular pathogens. Familiar recognition of pathogens responsible for infecting the body in the past is one of the key defense mechanisms, including NK cells, to get rid of infecting pathogens. Only after the induction of the innate immune system through phagocytic cells with the proper presentation of bacterial antigens by antigen-presenting cells, the adaptive immune response would be triggered against the invading S. aureus and non-aureus staphylococci (Wilson et al., 2018). Since induction and activation of adaptive immunity require antigens uptake and presentation by antigen-presenting cells and the requirement of prior memory of exposure to mount a quick and robust response for exposure to a new pathogen, the adaptive immune response takes 5-7 days to be effective.
Once the Staphylococcal bacterium enters the body, it replicates and starts releasing antigens, such as staphylococcal superantigen analogous to SSL5 and SSL10. First, the neutrophils, specifically, are recruited by the innate immune system (Thomer et al., 2016). Although these staphylococcal superantigens can work as a protective measure for the S. aureus bacteria, they also will serve as a source of alarm to B and T cells. The antigens from invading bacteria will attach to the cell’s outer layer, allowing the natural killer (NK) cells to recognize and terminate the invading bacterium. To protect the body from future infections by the same pathogen, the adaptive immune system generates a percentage of its helper T-cells to serve as memory T cells (Krzyminska et al., 2012). If the pathogen is in the intracellular area of infected cells, the adaptive immune response will induce the helper T-cells to become cytotoxic T cells meant to identify and kill infected cells.  If antigens or pathogens are in the extracellular area, the helper T cells activate B-cells to secrete antibodies specific to those antigens.  After the B-cells secrete antibodies or immunoglobulins, the antibodies will bind to the foreign antigens that induced their production. Furthermore, the immunoglobulins bind to the foreign antigens that induced their initial production and block their ability to bind to receptors on host cells (Alberts et al., 2002). Blocking the foreign antigens or bacteria can reduce numbers and stop bacterial cell communication and replication (Thomer et al., 2016).
The two main branches of the dairy cow immune system, adaptive and innate, are essential in protecting against infectious agents. The innate immune system rapidly responds with an effector mechanism composed of neutrophil's rapid recruitment to the site of infection and inflammation. The adaptive immune system works as the second line of defense, and while often delayed, can recruit lymphocytes to respond to foreign antigens specifically. Understanding the collaboration of the dairy cow's innate and adaptive immunity is valuable in preventing infections by enhancing adaptive immunity with effective vaccines. 
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2.2.1 Adaptive immune response 
The humoral component of the innate immune system is a gateway into the adaptive immune system. If an antigen or infectious pathogen enters the body and remain in the extracellular spaces in the body, that extracellular antigen will be phagocytosed by antigen-presenting cells (APC) such as macrophages, B-lymphocytes and dendritic cells and broken into small peptides and loaded onto major histocompatibility molecule II (MHC-II) and transported to the cell surface and displayed to naïve-T cells at regional draining lymph nodes. The T-lymphocytes are produced in the bone marrow and transported to the thymus where they grow and differentiated into mature T-lymphocytes. In the thymus the T-lymphocytes binds to antigen presented by major histocompatibility molecule one (MHC-I) and MHC-II through its T-cells receptor (TCR). T-lymphocytes that reacts strongly to foreign antigen will be selected whereas T-cells that do not react to foreign antigen will be removed by mechanisms called positive central selection. Subsequently, the T-cells that react strongly to foreign antigen and self-antigen will be removed whereas T-cells that react strongly to foreign antigen but moderately to self-antigen will be selected to survive by mechanism called negative central selection. Lymphocyte maturation (and central tolerance) occurs in primary lymphoid organs such as the bone marrow and the thymus. In mammals, B cells mature in the bone marrow and T cells mature in the thymus. During positive selection, T cells are checked for their ability to bind peptide-MHC complexes with affinity. If the T cell cannot bind the MHC class I or MHC class II complex, it does not receive survival signals, so it dies via apoptosis. T cell receptors with sufficient affinity for peptide-MHC complexes are selected for survival. Depending on whether the T cell binds MHC I or II, it will become a CD8+ or CD4+ T cell, respectively. Positive selection occurs in the thymic cortex with the help of thymic epithelial cells that contain surface MHC I and MHC II molecules. During negative selection, T cells are tested for their affinity to self. If they bind a self-peptide, then they are signaled to apoptose (process of clonal deletion). The thymic epithelial cells display self-antigen to the T cells to test their affinity for self. Negative selection occurs in the cortico-medullary junction and in the thymic medulla. The T cells that do not bind self, but do recognize antigen/MHC complexes, and are either CD4+ or CD8+, migrate to secondary lymphoid organs as mature naïve T cells.  Regulatory T cells are another type of T cell that mature in the thymus. Selection of T reg cells occurs in the thymic medulla and is accompanied by the transcription of FOXP3. T reg cells are important for regulating autoimmunity by suppressing the immune system when it should not be active

provide cytotoxic cells and stimulate immune response (Shishido et al., 2012). This system is one that can be manipulated to induce immune response against specific invaders. The adaptive immune system mainly produces effectors (antibodies or activated cytotoxic T cells) that remove pathogens and memory cells which will retain the information about a specific pathogen.  If new antigen is injected into a cow, the antigen will be taken up by APC and broken into small peptides and loaded onto MHC-II molecules and transported to the cell surface and displayed to naïve T cells in the regional lymph nodes. The naïve T- cells exit from thymus into blood circulation and they can exit from blood circulation into lymph node at high endothelial venules. In the lymph node naïve T- cells binds to peptides presented by MHC-II molecules on APC through its T-cell receptor (TCR). This binding induces primary stimulation. The CD28 molecule on the surface of T- cells binds to CD80 or CD86 on the surface of APC which induce costimulation. The primary stimulation through TCR binding to peptide-MHC-II molecule followed by costimulatory signal from CD28 on the surface of T-cells binding to CD80 or CD86 molecule on the surface of APC activate T-Cells to became differentiate into active helper cells that produce IL-2 that induce proliferation of antigen specific repertoire of T-cells.  The activated T-helper cell if it became Th2 induce activation of B-cells to became plasma cells that produce antibodies. The activated B-cells became plasma cells that produce antibodies specific to antigen injected to a cow. If the injected antigen is from a pathogenic bacteria that infect a cow, the induced immune response will attack that pathogen through the antigen derived from the pathogen, thus, indicating the importance of vaccine in controlling  infectious pathogens (Thompson-Crispi and Mallard, 2012).

In dairy farms that implemented recommended current mastitis control practices, mastitis-causing pathogens shifted from contagious to environmental which requires a change in the management of mastitis prevention (Klaas et al., 2018). The World Health Organization in 2017 identified several antimicrobials that are of importance for human medicine, that are also used for mastitis treatment including cephalosporins (e.g., ceftiofur). In a comprehensive review, studies have concluded that there was no evidence supporting antimicrobial susceptibility results predicting treatment outcome of mastitis in dairy cattle (Barlow 2011).
[bookmark: _Toc105593124]3. Pathogenesis of staphylococcal IMI 
The dairy cow is exposed to several pathogens daily; the role of innate and adaptive immunity is to remove these pathogens before the infection is established and progresses to disease or further to persistent or chronic infection.  Both S. aureus and non-aureus staphylococci infections are difficult to clear in dairy cows due to the harbored resistance to the animal’s defenses and antibiotic treatment. 
Almost all mammary pathogens enter the udder via teat opening (orifice), except in rare cases where the udder gets infected secondarily via systemic infection (e.g., Mycoplasma bovis mastitis). The teat orifice is closed by a layer of the teat sphincter muscle, also known as the Rosette of Furstenberg, located directly above the streak canal. It is made up of loose folds of a membrane that smooth out as milk accumulates in the udder. It aids in preventing milk leakage between milkings and serves as a physical barrier for entry of mastitis pathogens through the teat orifice. Within the streak canal, keratin is produced by the teat duct epithelium to serve as a physical barrier against the entrance of mastitis pathogens. Keratin also has an antibacterial effect consequential of different bacteriostatic fatty acids such as myristic, lauric, palmitoleic, and linoleic acids. Fibrous proteins also make up keratin specifically implied to bind and destroy the cell wall of the pathogens. Damage to keratin by incorrect intramammary infusion or by faulty milking machine systems increases the potential for teat canal colonization by bacteria (Dinges et al., 2000a, Coelho et al., 2011, BlumJ and Barbieri, 2019). Upon entry through the teat opening, S. aureus adheres to the host's cells and invades into surrounding tissues to overcome being flushed out by the milk (Côté-Gravel and Malouin, 2019). Staphylococcus aureus has several virulence factors, including surface proteins, fibronectin-binding proteins (FnBP), fibrinogen binding proteins (FgBP), collagen-binding proteins (cna), clumping factors, and biofilm, all of which will allow it to adhere to these epithelial cells and evade the immune system (Côté-Gravel and Malouin, 2019).
Staphylococcus aureus uses the staphylococcal Fn-binding proteins, FnBPs, on the bacteria to connect to the fibronectin α-5B1 integrin on the host cellular surface (Josse et al., 2017).  This FnBP expression is extremely important for cellular adhesion but may vary across Staphylococcus strains. For example, methicillin-resistant S. aureus strains require an additional FnBR 11 to promote cell invasion (Josse et al., 2017). After several cellular interactions between FnBPs, Fn, and α-5B1 integrins have taken place between the bacteria and host cell, the S. aureus will deploy the actin cytoskeleton and enter the cell’s fluid membrane (Josse et al., 2017). The coagulase-negative staphylococci can also utilize adhesion capabilities, such as laminin-binding proteins, to adhere to host cells and tissues (Gomes et al., 2016).
 After adhering to the desired host cell, the S. aureus and non-aureus staphylococci, or CNS, secrete several exotoxins and enzymes that will assist in invading, penetrating, and destroying cells and tissues (Côté-Gravel and Malouin, 2019). For instance, the exotoxin hemolysin and exoenzymes are responsible for breaking down the epithelial tissue in the ducts and alveoli of the mammary glands, contributing to milk production losses during mastitis in dairy in cattle (Côté-Gravel and Malouin, 2019).
As mentioned prior, the phagocytic cells of the innate immune system will engulf and destroy S. aureus and non-aureus staphylococci. However, S. aureus and CNS have several evasion strategies. Two evasion proteins utilized by many strains of staphylococci are the extracellular fibrinogen-binding proteins (Efb) and the leukotoxin subunit (LukM) (Boerhout et al., 2015). The Efb protein can mask the surface of the S. aureus with a capsule-like shield to avoid binding of antibodies to S. aureus and subsequent removal by phagocytic neutrophils. The LukM binding subunit is capable of eliminating the leukocytes by interacting with its target receptor on the surface of the neutrophils (Boerhout et al., 2015). Staphylococcus epidermidis employs its exopolysaccharide PIA to form a biofilm that hinders phagocytosis by phagocytic cells of the innate immune system (Otto, 2012). This biofilm formation will protect and preserve the bacterium until conditions are more ideal for the bacterium to thrive.
       		In conclusion, the dairy cow's immune system plays a major role in protecting the animal from prevalent pathogens, such as persistent agents causing staphylococcal infections. The pathogenesis of staphylococcal infections depends on several virulence factors that allow them to overcome the host’s immune system. Understanding the detailed pathogenesis of staphylococcal IMI and the host’s innate and adaptive immune responses against IMI is the key to improving mastitis control by vaccine or immunotherapy. 

[bookmark: _Toc105593125]4. Clinical Manifestation
 Mastitis causes physical, chemical, and microbial changes in the milk due to pathological alterations in the mammary gland tissue (Hussein et al., 2018). The most common or cardinal signs of mastitis or signs of inflammation of the udder are redness, heat, pain, swelling, and altered or reduced milk production of the mammary glands.  Staphylococci follow the same pattern of infection, and the consequential inflammatory signs are displayed locally in milk and udder tissue or systemically in the infected animal. Depending on the symptoms as well as the duration of infection caused by the infecting bacteria, mastitis can be classified as clinical or subclinical.
[bookmark: _Toc105593126]4.1 Clinical Mastitis
The incidence of clinical mastitis (CM) is estimated to range between 16 and 48% of cases and the prevalence of subclinical mastitis (SCM) is reported to be 20 to 80% globally (Zhang et al., 2016). Clinical mastitis can be detected on the farm based on the physical clinical symptoms expressed in either the cow’s milk or udder. If clinical mastitis progresses beyond local inflammation of the mammary gland to systemic involvement, as in the case of acute or peracute mastitis, infected animals will express systemic signs.  The secondary systemic signs may include increased body temperature, elevated pulse, and respiratory rates, loss of appetite, and dehydration (Martins et al., 2019b). 
[bookmark: _Toc105593127]4.2 Subclinical Mastitis
In comparison, subclinical mastitis does not present physical symptoms as seen in clinical cases. In most herds, subclinical mastitis incidence is 15–40 times higher than clinical mastitis (Ashraf and Imran, 2018).  Staphylococcus aureus is a major cause of bovine mastitis; however, it is mainly associated with subclinical infection. Mastitis caused by S. aureus is extremely persistent and reoccurs easily, becoming resistant to conventional antimicrobial treatments through selective pressure. Therefore, the only way to avoid the risk of transmission to the entire herd is to remove or cull the infected cows (Rocha et al., 2019).  The diagnosis of subclinical mastitis is challenging due to the absence of visible manifestations. Subclinical staphylococcal mastitis does not result in physical changes in the milk and/or udder. The milk will appear normal without clots or flakes; however, subclinical mastitis decreases milk quality and quantity. 
[bookmark: _Toc105593128][bookmark: _Toc78034413]5. Diagnosis of Staphylococcal Mastitis 
  Mastitis can be clinical or subclinical. Subclinical mastitis is defined as IMI with no clinical signs of infection. Cases of subclinical mastitis are mainly detectable using technologies that help to measure responses to the infection, such as increased somatic cell count (SCC). The SCC threshold of ≥200,000 cells/mL of milk in either a quarter or composite milk samples (Busanello et al., 2017), (Middleton et al., 2014).  Clinical mastitis is an IMI that manifests clinical symptoms or signs of infection.  Clinical mastitis causes inflammation and subsequent damage to the blood milk barrier in the mammary epithelial lining and broken tight junctions resulting in the leakage of blood, cells, and other extracellular fluid and components (Kandeel et al., 2019).  The increased recruitment of white blood cells to the infected mammary gland to fight off infection and dead bacteria, cells, and tissue during the fight form clots that are often seen when stripping out the foremilk prior to milking.  The swelling due to influx of fluid and white blood cells, redness/hyperemia due to increased flow of blood to the gland, increased heat brought by an increased flow of blood to the area, pain due to pressure caused by swelling on local nerve fibers and decreased or loss of milk production due to death of milk-producing cells constitute cardinal signs of inflammation.  Visual clinical examination reveals abnormal changes such as erythema (redness), edema (increased fluid in extravascular area or exudation), heat, pain, and reduced function (reduction in milk yield) (Kandeel et al., 2019). 
There are a multitude of risk factors for mastitis.  Parity is a large determining factor with a cow on her third lactation or greater, significantly increasing the prospect of developing clinical mastitis (Elghafghuf et al., 2014).  The increase in the number of lactations runs parallel with the increased probability of exposure to mastitis causative agents and, separately, the exacerbation of a previous case (Elghafghuf et al., 2014).  In addition, there is a significantly higher likelihood of developing clinical mastitis within the first 30 days in milk (DIM), with >50% of mastitis infection cases occurring during this period as opposed to the remaining days of lactation (Green et al., 2002).  However, it is important to understand that 80% of the clinical mastitis cases occurring > 30 DIM were due to new infections instead of reintroducing previous cases (Green et al., 2002). Bacterial species have a large influence on many facets of clinical mastitis, most importantly, infection duration, the severity, treatment outcomes, and milk yield.  Over 50% of recurring cases of clinical mastitis are caused by the same pathogen responsible for previous cases in the same animal (Bradley and Green, 2001).  Genomics may be useful in future studies to determine if the same strain of pathogen is the cause of both previous and future clinical mastitis outbreaks. Treatments may be tailored to pathogen specific therapeutics to target specific mastitis-causing agents.  Appropriate treatment type and duration significantly lower the overall risk of clinical mastitis recurrence by 1.3 times for each extended day of treatment (Pinzon-Sanchez and Ruegg, 2011).  
Current technologies have been developed allowing for on farm selective media culturing and subsequent rapid identification of main bacterial genera isolated from mastitic cases. Identification of pathogens are ideal for selection of the most beneficial therapeutic in individual cases of mastitis.  The most common system used for on farm rapid culturing is the Tri-plate system consisting of three types of media: Modified TKT (gram positive cocci and NAS), MacConkey (gram negative), and Factor (gram positive, inhibiting gram negative) (Royster et al., 2014).  Previous on farm culture (OFC) tests, such as the Minnesota Easy Culture System (Bi-plate differing gram negative and positive growth), were appropriate during the origination of OFC, however current technologies offer more precise differentiation with more comprehensive media (Royster et al., 2014).  Within samples isolated from clinical mastitis cases, S. aureus appears in high concentrations (104–105 CFU /mL), however only one colony is required for a positive result due to its classification as a major pathogen (Juronen et al., 2018). NAS colony forming unit (CFU/mL) counts from subclinical and clinical mastitis cases ranged from 103–104 and 105–106, respectively (Wald et al., 2019). Overall, a sample containing at least 10 CFU/mL of milk with SCC > 100,000 cells/mL is considered an intramammary infection 
The International Dairy Federation deems a SCC > 200,000 cells/mL as a case of subclinical mastitis aside from any determination of present microorganisms.  In addition to monitoring SCC at bulk tank levels to achieve premium prices individual cow SCC are used to identify and subsequently treat or quarantine specific animal to continue to ensure high milk quality and low transmission of pathogens via milk products. Current technology for indirect detection of mastitis cases includes Sodium Lauryl Sulphate Test (SLST), California Mastitis Test (CMT), White Side Test (WST), electric conductivity (EC), pH Multistix strips, detection of body enzymes, Matrix-assisted laser desorption/ionization time-of-flight mass-spectrometry (MALDI-TOF MS), Tanucheck kits, DeLaval cell Counter (DCC), flow cytometry, and Surf Field Mastitis Test (SFMT).
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The SLST and CMT are extremely similar and use the same reagent (detergent): 3% sodium lauryl sulfate, which disrupts the cell walls of somatic cells and reacts with the exposed DNA to form a gelatinous result (Sharma et al., 2010, Chen and Liou, 2018). The test results are scored on scale of 0 - 4, with a score of 0 or 1 is considered negative for subclinical mastitis and score of 2 or 3 is considered positive for subclinical mastitis (Mishra et al., 2018).  While both assays are accessible in the parlor, the subjective element of assigning an appropriate score proves to be insufficient and inaccurate for the standards of multiple farmers.  Similarly, the WST requires a minute amount of milk to be infused with a 4% Sodium Hydroxide (NaOH) reagent damaging and reacting with white blood cells coagulating into a viscous gel (Hussain et al., 2017). Heat can negate results after damaging the physiology of the leukocytes, resulting in the lack of normal interaction with the NaOH, meaning post pasteurization samples would not be accurate (Dunn et al., 1943).  The WST is another test applicable in the field on dairy farms. However, a similar scoring system to that of CMT and SLST is used on a scale of no reaction to strong positive reaction based on coagulation, making the accuracy also subjective (Islam et al., 2020).  Another very similar human biased test, the Surf Field Mastitis Test is yet another assay that utilizes a detergent to detect enhanced levels of leukocytes, however the substrate used is much more economically achievable and maintains similar sensitivity as WST and CMT (Muhammad et al., 2010).
The Tanucheck SCC Kit developed by the Translational platform for veterinary biologicals (TRPVB), for example, is a diagnostic test with the ability to detect high concentrations of SCC via color-changing technology with darker blue hues indicating more severe subclinical mastitis (Revathi et al., 2020). The rapid, portable DeLaval cell counter is an expensive technology that computes SCC with high accuracy, but due to the high cost of the machine and cartridges required for each sample, there are few facilities in which it is economically feasible for on-farm use (Kandeel et al., 2017). 
The dairy industry has increasingly been incorporating automatic milking systems (AMS) due to the overwhelming number of benefits such as minimizing labor costs and increasing milk production per cow (John et al., 2017).  The AMS technology contains in-line sensors allowing for the measurement of electrical conductivity (EC) and lactate dehydrogenase (LDH) enzyme concentrations for mastitis detection (Khatun et al., 2019).  Mastitic animals display an increase in the concentration of sodium and chloride ions with concurrent increases in number of damaged epithelial cells and diminished blood- milk barrier (Martins et al., 2019a). The fluctuation of ion levels results in the transformation of electric conductivity as well as the increase in pH levels within the milk. The higher ionic concentrations cause an increase in osmotic pressure associated with higher EC values indicating subclinical mastitis.  The main issue with EC is the timing in which the values are measured, post initial teat cleaning and foremilk stripping.  The loss of the data that may potentially be gathered from this crucial portion of the milking reduces accuracy of the sensors, however collecting this foremilk and analyzing the samples would lead to improved accuracy of EC values and pH (Khatun et al., 2019). The pH levels are determined easily using products such as Multistix strips that contain methyl red and bromothymol blue colorimetric systems indicating changes in pH acid to basic levels, respectively (Kandeel et al., 2019). LDH activity is similar in the increase being due to the weakening of tight junctions and leaking blood-milk barrier, however it seems to be more effective in the detection of subclinical mastitis caused by gram negative bacteria as opposed to gram positive pathogens (Khatun et al., 2019). Overall, sensors can be extensively useful with the correct herd calibration and the potential addition of the AMS sensors to utilize foremilk for consideration in mastitis detection.
Flow cytometry is an approach for identifying populations of cells or particles within a sample by determining chemical and physical markers.  The levels of milk leukocytes are increased in cases of subclinical mastitis and employing flow cytometry will allow for the classification of subpopulations (Souza et al., 2020). High levels of T lymphocytes (CD4+ CD8+) and polymorphonuclear leukocytes (PMN) are present in quarters experiencing subclinical IMI, in contrast to a higher level of monocytes and macrophages in healthy noninflamed quarters (Souza et al., 2020).  Specifically, concentrations of CD4+ T lymphocytes appear to be inflated in nonspecific subclinical cases of mastitis indicating the importance of this particular cell type in healthy mammary tissue (Souza et al., 2020).  Staphylococcal infected quarters express an elevated number of CD4-CD8- T lymphocytes, possibly allowing for future development of assays quickly and accurately identifying specific cell types in samples collected and processed in the field (Souza et al., 2020).  
Few tests offer high precision when identifying specific mastitis causing pathogens making the Matrix-assisted laser desorption-ionization time of flight mass spectrometry (MALDI-TOF MS) a highly evolved, upcoming technology in the agriculture industry.  The MALDI-TOF MS assay promotes the bio-typing of pathogens isolated from samples, producing swift, accurate microorganism identification, and has begun replacing techniques that currently dominate the industry.  In a study testing 152 strains of staphylococcal species, 99.3% were correctly identified, leading to a highly accurate tool for identifying staphylococcal strains (Dubois et al., 2010). An additional study found the MALDI-TOF MS attained 100% specificity and sensitivity when characterizing staphylococcal species isolates, both coagulase-positive and negative strains (da Motta et al., 2014). While not as accurate as tuf gene sequencing, the newer assay is the preferred detection method due to the lower cost in comparison without sacrificing the high accuracy (Dubois et al., 2010). The fault with MALDI-TOF MS is the lack of non-clinical isolates in the comprehensive database for comparison in cases such as NAS mastitis (Rodrigues et al., 2017). With further research and usage of this test, the catalog of organisms will naturally expand, allowing for a constantly increasing opportunity to identify microbial ecologies from isolated mastitis samples.
A fairly new approach to combating mastitis effects in the dairy industry is to prevent instances at the genomic level by evaluating markers and basing breeding selections including these results.  In its infancy, genomic selection was performed based on the assumption that specific alleles can be inherited leading to phenotypes that can be quantified, however the substantial genotyping costs makes for an inadequate procedure for continuation on genotyping progeny (Miles and Huson, 2021). To date, over 2,000 Cattle Quantitative Trait Locus (QTL) have been associated with phenotypic mastitis and documented in a database (Gutierrez-Gil et al., 2018).   Unfortunately, QTLs are polygenic and complex, implicating intertwined associated pathways with innate immunity mechanisms responsible for varying responses via cytokines and inflammatory facilitators due to pathogen-dependent etiology.  Due to the varying responses of the cow as a whole and within the mammary gland to different pathogens, for example, E. coli induces a rapid, severe response while S. aureus is characterized by a low inflammatory response in the mammary gland, choosing genes may benefit in one instance of mastitis but be detrimental in another (Buitenhuis et al., 2011).  In 2017, Zoetis integrated their Wellness Trait index for the first time including mastitis resistance in their genomic prediction toolbox (Zoetis, 2017).  Genomic reliabilities for compound traits, like mastitis, have increased substantially from 35.3% to 75% due to improved selection strategies (VanRaden et al., 2018). Future research will be needed to enhance knowledge of cellular networks to understand the complex genetics of mastitis and identify potential markers crucial in resistance selection for progeny.  Moreover, the interconnected relation between specific pathogen and innate immune response needs to further be evaluated to find blanket genetic markers that will allow for nonspecific mastitis pathogen protection through phenotypic resistance of mastitis through genomic election.

[bookmark: _Toc78034415]Conclusion
The test most importantly must be economically feasible for farmers to buy forthright and continue to use on a daily basis while maintaining a reliable level of acceptable accuracy. Lastly, the optimum diagnostic assay must possess the ability to produce these low cost, specific and sensitive results at a rapid pace.


To differentiate NAS from other staphylococci strains, it is common to use the gap gene in NAS and not to use commercial phenotypic tests such as API as they misidentify NAS frequently (Onni et al., 2010).

[bookmark: _Toc105593130]6. Prevention and Control of Staphylococcal mastitis 
[bookmark: _Toc78034416][bookmark: _Toc105593131]6.1 Control Management
Current mastitis control measures are based upon good milking time hygiene; use of properly functioning milking machines; maintaining clean, dry, comfortable housing areas; good nutritional programs; segregation and culling of persistently infected animals; dry cow antibiotic therapy; and proper identification and treatment of cows with clinical and subclinical mastitis. Despite the adoption of these control measures mastitis caused by S. aureus continues to be the most common disease of dairy cattle throughout the world.


The National Mastitis Council used published work to formulate a mastitis management program known as the “5-Point Plan” used to this day as the foundation for mitigating contagious mastitis (Ruegg, 2017).
[bookmark: _Toc78034417][bookmark: _Toc105593132]6.2 Management Techniques
      	The “5-Point Plan” for controlling mastitis incorporates all of the following important elements 1) effective post-milking teat dipping, 2) use of antibiotic dry cow therapy in every quarter at the end of each lactation, 3) appropriate treatment of clinical cases, 4) culling of chronically affected cows, and 5) maintenance of milk equipment to ensure stable teat end vacuum (Ruegg, 2017). Implementing this plan as a basis for management in the dairy industry, infection rates have decreased by up to 50%, allowing cow to cow transfer to also decrease gradually (Ruegg, 2017).  
      	The development and successive implementation of new technologies have helped the mitigation of mastitis within dairy herds.  For instance, Somatic Cell Count (SCC) can easily be used to detect abnormalities in milk and assess milk quality.  SCC is also used as a foundation for establishing milk quality thresholds and premiums for dairy farmers.
For the prevention and control of of S. aureus mastitis, nearly the same techniques are used in the parlor and for herd management.  Specifically, parlor and milker hygiene are vital to prevent or at least mitigate NAS mastitis.  The eno and bap positive NAS  have been found in liners and milkers’ hands (Otto et al., 2013) as well as in the mouths and nostrils of calves other areas of the farm (Otto et al., 2013). The presence of the bap virulence gene is extremely important in the environments where cross contamination can occur between different animal groups due to poor hygiene in milking practices (Otto et al., 2013, Felipe et al., 2017).
A study found that the number of NAS higher on milkers’ nasal swabs (11.8%) than milk (9.1%) which suggested food contamination (Gizaw et al., 2020)  during milking process, milking equipment and poor personnel hygiene of milkers. Test results of samples from udders, buckets, the milk tank, and milkers’ nasal swab and hands (Gizaw et al., 2020) showed presence of NAS in at least one sample from each site suggest ubiquitous reservoirs and conditions for NAS on dairy farms (Gizaw et al., 2020).  Overall prevalence of bovine mastitis causing NAS on dairy farms has significant variation based on environment, hygiene, and many other factors mentioned in the 5- and 10-point plans. The overall prevalence of bovine mastitis causing NAS is approximately between 11.3% and 78% (Rajala-Schultz et al., 2004, Piepers et al., 2007, Gillespie et al., 2009, Pyorala and Taponen, 2009, Schukken et al., 2009, Supre et al., 2011). 
A large component of hygiene on dairy farms is the type of bedding used and its impact on milk quality and overall health of the animals.  Bedding types are associated with cleanliness of specific body parts of cows and subsequent determination of hygiene based on the management practices of the farm.  A study found that out of different bedding types tested sand was the driest with lower bacterial counts (Robles et al., 2020).  There was correlation between wider stalls and deeper bedding management systems with significantly lower bulk milk bacterial counts and lower mean SCC (Robles et al., 2020).  
Most common control methods are antimicrobial use, often blanket treatments of lactating cows at dry off. The prudent antimicrobial use in the dairy farms is strongly recommended to slow down exponential increase of antimicrobial resistance. Regular monitoring of NAS using genetic traits and phenotypic patterns of antimicrobial resistance in addition to the recommended management plans are the best approach for the control of bovine NAS mastitis.  Prevalence of CNS has increased significantly in the past few years on dairy farms, creating larger ubiquitous reservoirs and extensively escalating the risk of transmission from animals to food or humans (DARBAZ et al., 2018). Control of rising NAS infections in livestock is vital to reduce transmission of antimicrobial resistant bacteria (ARB) or antimicrobial resistance genes (ARGs) from dairy farms to humans and food products (Gizaw et al., 2020).  
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      	Genetic selection is still a progressive field that has been on improvement. There is room for advancement as technology and knowledge become readily available. Collecting and documenting health data from farms and testing genomics of the herd will allow for predictions of beneficial traits for health and wellness as a selection tool.  Having a large database of genetic selection will allow for the herd health to improve over long term, even in the area of mastitis prevention (Vukasinovic et al., 2017).
On bovine NAS mastitis monitoring the genotypes and phenotypes can be extended to biofilm formation.  Assessing gene prevalence in association with biofilm formation and strength may allow for future development of therapeutics that will disrupt preformed biofilm or at least incapacitate biofilm strength (Felipe et al., 2017).  Due to multiple genes acting concurrently to form biofilm, emphasis on an individual genetic trait responsible for biofilm formation would most likely be ineffective for protection against bovine NAS mastitis. Blocking vital biofilm virulence genes in a cascade may provide the breakthrough in preventative technology or therapeutic treatment, potentially similar with antibiotic control methods.  Eliminating or reducing NAS ability to form biofilm or assisting in the removal of the biofilm is pivotal technology in the prevention and control of bovine NAS mastitis (Felipe et al., 2017).
Improving Hygiene continues to be the highest priority in decreasing NAS.  Due to growing concerns of antibiotic resistance, the use of therapeutic antibiotics is not encouraged, thus there is a critical need for new innovative preventative technology. 
[bookmark: _Toc105593134]6.4 Treatment 
There are different mechanisms by which bacteria may develop resistance to antibiotics including spontaneous mutations, acquiring DNA coding for antibiotic resistance gene. 
The most common deterrent of antimicrobials for bacteria is the outer membrane (Li and Webster, 2018). Antibiotic  resistance genes encode  products that are helpful in increasing resistance (Zhang and Feng, 2016). These genes, predictors for antibiotic resistance among alternate pathogens (Zhang and Feng, 2016).  Metabolic processes involving enzymes and transferases establish inherent resistance once the intrinsic genes are activated and are subsequently expressed at heightened levels (Zhang and Feng, 2016).
Acquisition of antimicrobial resistance can be achieved through the procurement of antibiotic resistant genes from other microorganisms.  The mechanisms in which genes are acquired include mobile plasmids or horizontal gene transfer (Li and Webster, 2018).  The four pathways antibiotic resistance can be gained include transformation, transduction, conjugation, and mutation (Li and Webster, 2018).  
Overall, human factors have a significant impact on antibiotic resistance and the populations of resistance genes in microorganisms due to effects on natural environments. Antibiotics are not only used to treat animals, but also in the form of feed additives for growth promotion, which continue to be unregulated in developing countries without stringent restrictions (Manyi-Loh et al., 2018). Wastewater, for example, is a reservoir of antimicrobial resistant genes able to undergo one of the pathways in which genes are acquired across microorganisms (Li and Webster, 2018). The use of antibiotics in the agriculture field contributes to residues as seen in pollutants, finding their way into reservoirs such as soil and the abovementioned wastewater.  
[bookmark: _Toc105593135]6.5 NAS

A study found that other than S. aureus, NAS are the most prevalent pathogen found in cows with subclinical mastitis (Persson et al., 2011).  NAS are highly resistant to β-lactam antibiotics such as penicillin G and ampicillin (Botrel et al., 2010, Persson et al., 2011).
methicillin resistance S. aureus (MRSA) is not the only staphylococcus species known to be resistant to methicillin, but methicillin resistant NAS (MRNAS) have been found to be of the same prevalence with MRSA.   Evaluation of 121 NAS isolates from bovine mastitis found that methicillin resistance was frequently observed among S. epidermidis and S. haemolyticus isolates (Fessler et al., 2010).  Multiple isolates of NAS havea mechanism for methicillin resistance due to presence of specific genes, merA or merC, located on the staphylococcal cassette chromosome (SCCmec) (Srednik et al., 2017).  There is one main gene, mecA, and its variant mecC, responsible for methicillin resistance. However; use of the mecA solely as a resistance marker provided false positives due to the ancestor of mecA naturally occurring in NAS (Couto et al., 1996).
Aside from methicillin, cephalosporins (cefotaxime, ceftriaxone, and ceftazidime) are one of the most marketed class of antibiotics utilized on dairies in the form of Spectramast® Lactating Cow and Dry Cow treatment (Zoetis, Kalamazoo, MI). 
 To improve efficacy of antimicrobials on NAS, heavy doses for extended periods of time are required (Ribeiro et al., 2016) to break through layer of biofilm and or slime. The ability to form biofilm and the strength of the defense also varies withspecies and genes affecting biofilm production.  A study tested 90 NAS isolates found that majority (96.7%) of them revealed at least some ability to form biofilm with only a very few (3.3%) unable to produce any biofilm (Srednik et al., 2017).  Similarly, other studies found that 90% of isolates were biofilm positive with at least 11 different species identified in each study (Piessens et al., 2012, Simojoki et al., 2012, Tremblay et al., 2013, Osman et al., 2015). Biofilm producing NAS isolates can further divided into weak (47.8%), moderate (13.3%) and strong (35.6%) producers (Srednik et al., 2017).  The ability to form biofilms appear to be highly dependent on species genetic elements with S. haemolyticus and S. deviesei forming significantly higher amounts of biofilm compared to S. chromogenes (Srednik et al., 2017).  
There are at least six genes found to have at least some link with biofilm formation in AS (Srednik et al., 2017). These are icaA and icaD, found in the majority (73.2%) of NAS (Felipe et al., 2017).  The bap is also important for biofilm formation.  However, within the icaA and icaD positive NAS the majority (81.7%) of them were negative for the bap gene (Felipe et al., 2017).  In contrast to S. aureus, NAS are still able to form biofilm although negative for icaA and icaD genes, proving they are not always essential for phenotypic mechanisms (Felipe et al., 2017).
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	Heavy pressure is placed not only on prevention of opportunistic NAS pathogens through improving farm hygiene, but also the cow level hygiene.  Effective vaccines are impactful tools for the prevention of various bacterial and viral pathogens of humans and animals Different vaccines are regularly given to dairy cows at drying off, before parturition, during early lactation as preventative measures against mastitis causing bacterial pathogens.  
The increasing trend of antimicrobial resistance among S. aureus isolates to all known antibiotics (for example, methicillin-resistant Staphylococcus aureus -MRSA) as well as its ability to equip itself with several virulence factors and mechanisms calls for sustainable control tool such as effective vaccines.  S. aureus is a zoonotic bacterium that causes different diseases in humans., making finding a solution that much more vital.  There are many problems with vaccine development for S. aureus including  strains variation with each strain having its own genetic makeup and virulence factors (Lin et al., 2009)., responsible for different clinical cases l (Daum and Spellberg, 2012).
In a bacterial there are several genes that can perform the same function.  Therefore, blocking function of one protein by directing immune response against one protein or getting rid of one specific gene may not affect pathogenicity or even the overall function of the bacteria at all.  This  is another problem to develop effective vaccine against bacteria in general and  S. aureus in particular (Daum and Spellberg, 2012).  
      	There were some vaccine trials using specific strains of S. aureus that had some effects against homologous strain but   did not have any effect on heterologous strains.   Bacterial capsule based vaccine had effect on capsule producing strains whereas this vaccine  did not have any effect on non-capsule forming strains.   (Daum and Spellberg, 2012).
Adjuvant vehicles allow for a slow antigen release and therefore longer lasting immune response from the host (Burakova et al., 2018).
There are two commercially available vaccines for S. aureus mastitis in dairy cows. These include1) Lysigin® (Boehringer Ingelheim Vetmedica Inc., St. Joseph, MO) in the United States, 2) Startvac® (Hipra,Girona, Spain), in Europe and some other countries and 3) Mastivac® (Labortorios Overjeo).
[bookmark: _Hlk104976133]  E. coli, S. aureus and NAS. This vaccine induced a significant increase in IFN-γ and reduce clinical severity (Ismail, 2017, Piepers et al., 2017).  Lysigin®  reduced mean duration of clinical mastitis, but did not reduce mean SCC.  (Middleton et al., 2006).  The two commercial vaccines only reduce clinical severity, the need for improved vaccine for S. aureus mastitisis extremely apparent.
A study found that of the NAS isolates from bovine mastitis at least 33% (cefoperazone) and up to 97% (chloramphenicol) were resistant to 11 groups of antibiotics tested (Gupta et al., 2019).  
Dairy cows are usually vaccinated at drying off with booster vaccinations in the dry period and early lactation.  Incidence of intramammary infection is high during early dry period ( the first two weeks after drying off) and during transition period (periparturient period). The increased prevalence of IMI during early dry period is due to increased colonization of teat skin by bacteria after drying off because of absence of pre- and post-milking teat dipping in antiseptic solution and increased possibility of entry of bacteria into intramammary area.The increased prevalence of IMI during transition period is due to increased surge of immunosuppressive hormones that induce parturition such as cortisol, and negative energy balance of the body due to  mobilization of energy from body reserve to fulfill energy demand for high milk production that cannot be achieved by feed  (Merrill et al., 2019).  The multivalent Lysigin® (Boehringer Ingelheim Vetmedica Inc., St. Joseph, MO) and Startvac® (Hipra,Girona, Spain), and Mastivac® (Labortorios Overjeo).
[bookmark: _Hlk104981190] The Lysigin® contains three inactivated serovars of S. aureus in the form of a bacterin marketed to reduce severity of chronic infections caused by S. aureus. In most recent studies, a study evaluating the efficacy of the Lysigin® bacterin vaccine utilized a herd consisting of multiparous and primiparous animals all assessed on the lactating cow model found no significant difference between vaccinated and unvaccinated groups (Middleton et al., 2006).  In opposition to claims by Boehringer Ingelheim Vetmedica Inc., the Lysigin® has not been proven to reduce new staphylococcal mastitis within a single herd. Another study that evaluated immune response in cows vaccinated with Lysigin® concluded that no significant differences in anti-S. aureus antibody levels between vaccinated and unvaccinated cows. Similarly vaccination with Lysigin®  did not reduce SCC in the vaccinated animals (Luby and Middleton, 2005). In conclusion, the Lysigin bacterin vaccine did not decrease intramammary infection due to S. aureus nor provide sufficient protective immunity through antibody production indicating the lack of efficacy of Lysigin® vaccine.  
Startvac®, is a multivalent vaccine that contains inactivated E. coli J5 strain, inactivated higher biofilm forming S. aureus strain SP 140 with claims of reducing subclinical cases of mastitis due to E. coli, S. aureus, NAS, and other forms of coliform mastitis.  The main mechanisms of reduction include affect biofilm formation of S. aureus and limited numbers of NAS and induced antibody production against coliform pathogens, including E. coli. Many studies have evaluated the efficacy of Startvac on both lactating cows and heifers and concluded that vaccination with Startvac reduce incidence of clinical mastitis (Bradley et al., 2015, Freick et al., 2016).  Another study on efficacy of Startvac concluded that vaccination with Startvac reduces prevalence of NAS (35%) and S. aureus (45%) IMI (Schukken et al., 2014).  In contrary to observed efficacy another study concluded that vaccination with Startvac did not induced significant reduction in Staphylococcal IMI between vaccinated and unvaccinated groups (Tashakkori et al., 2020).  It is important to note that Tashakkori et al. (2020) employed a much smaller sample size in contrast to the other studies possibly resulting in the conflicting results on reduction in severity of staphylococcal IMI (Schukken et al., 2014, Bradley et al., 2015, Tashakkori et al., 2020).  There was an overwhelming consensus for the reduction of staphylococcal pathogens in vaccinated groups. SCC did not follow a similar pattern as there was no significant difference between groups vaccinated with Startvac and the control group (Freick et al., 2016).  
A Mastivac® (Laboratorios Overjo), contains inactivated Staph. aureus, Strep. agalactiae, Strep. uberis, Strep. dysgalactiae, E. coli J5, Trueperella pyogenes, and Strep. pyogenes.  Mastivac decreases subclinical and clinical mastitis, reduces severity of IMI in both cows and heifers.  Cows vaccinated with Mastivac showed  no significant difference in rate of infection nor severity of infection  compared to control  cows (Tashakkori et al., 2017).  In contrary  another study showed protective effect of Mastivac® with significant reduction in SCC, staphylococcal bacteria counts, prevention of clinical mastitis, and overall increase in quality of milk produced in the vaccinated group (Kajaysri et al., 2014).  These two studies had drastically different sample sizes which may be responsible for inconsistent  results (Kajaysri et al., 2014, Tashakkori et al., 2017).
The experimental vaccine, Bestvac® Rind Mastitis (IDT Biologika GmbH, Dessau-Rosslau) exploits herd specific strains of S. aureus isolated from clinical cases in the herd, inactivated, then suspended in adjuvant to create an autologous vaccine.  Frick et al. (2016) examined the protective effects of the herd specific vaccine evaluating milk yield, rate of severe clinical infection, SCC, and staphylococcal bacterial count (Freick et al., 2016).  Results showed no significant difference of incidence of clinical mastitis nor milk yield due to vaccination with Bestvac®  (Freick et al., 2016). However, the quarter level SCC and S. aureus prevalence were significantly lower in vaccinated group compared to control group (Freick et al., 2016).  
Currently, novel vaccines targeting staphylococcal mastitis are continuously being developed using various approaches and technologies.  Our Lab developed two novel vaccines against Staphylococcal mastitis and currently evaluating their efficacies by controlled experimental vaccination and challenge study (Merrill et al., 2019).  The experimental vaccine containing S. chromogenes surface proteins (SCSP) resulted in promising reduction of mastitis and S. aureus bacterial shedding through milk (Merrill et al., 2019).  Further research needed to evaluate the efficacy of these experimental vaccines and others.
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Interpretive Summary

Mastitis is the most economically devastating disease of dairy cattle usually caused by bacterial infection of the udder. Staphylococcus is the most common bacteria that cause mastitis in dairy cows. Annual economic loss due to mastitis is estimated to be $2 billion in the United States alone. Current staphylococcal mastitis control programs are not fully effective and treatment of mastitis with antibiotics are not sustainable because of limited success and the emergence of antimicrobial-resistant bacteria. There is no effective vaccine against staphylococcal mastitis in dairy cows. An effective vaccine that prevents clinical disease and production losses is critically needed. We developed staphylococcal surface proteins vaccines and evaluated their protective effects by experimental vaccination and challenge studies in dairy cows. Our results showed that staphylococcal surface proteins-based vaccines induced significantly increased immune response in vaccinated cows compared to control cows. Induced immunity protected vaccinated cows from clinical mastitis and reduced subclinical mastitis. This is huge benefit for dairy producers because it decreases incidence of staphylococcal mastitis and increase productivity and profitability of dairy farms.
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Mastitis is an inflammation of the mammary gland usually caused by bacterial infection. Annual economic losses due to mastitis is estimated to be $2 billion in the United States alone. Staphylococcus aureus is one of the major bacteria that cause mastitis in dairy cows. Non-aureus Staphylococcus (NAS) previously known as coagulase negative Staphylococcus species (NAS) are the most frequent bacteria isolated from intramammary infection (IMI). S. chromogenes is one of the NAS increasingly reported as the cause of mastitis. Current mastitis control programs are not fully effective against staphylococcal mastitis, and antibiotics are not sustainable because of limited success and the emergence of antimicrobial-resistant bacteria. There is no effective vaccine against S. aureus mastitis in dairy cows that prevent new cases of mastitis and production losses. An effective vaccine that prevents clinical disease and production losses is critically needed. The objective of this study was to determine the efficacy of novel staphylococcal surface protein vaccines against staphylococcal mastitis in dairy cows. A total of 45 healthy dairy cows in their 1st or 2nd lactation from the East Tennessee AgResearch and Education Center Little River dairy herd were randomly divided into three groups and enrolled in the study. Staphylococcal surface proteins were extracted using cholic acid. Cows in groups 1 and 2 were vaccinated with 1.2 mg of Staphylococcus aureus surface proteins (SASP, n=15) and Staphylococcus chromogenes surface proteins (SCSP, n=16) with Emulsigin-D® adjuvant respectively. Vaccine injection was given subcutaneously at drying off (D0), 21 and 42 days after drying off (D21 and D42), and at 120 and 240 days after calving (C120 and C240). Control cows (n=14) were injected with PBS (pH 7.4) mixed with Emulsigin-D® at similar time points. All cows were monitored for any adverse reactions to the vaccines for three consecutive days (1 – 3 days)  and at 7 and 14 days post vaccination. Cows were monitored for increase in antibody titers in serum and milk, milk yield, somatic cell count in Milk, clinical and subclinical staphylococcal mastitis, S. aureus and NAS counts in Milk over one lactation of 300 days. Our results showed that both SCSP and SASP vaccines significantly increased immunological responses in vaccinated cows compared to control cows. The SCSP vaccine prevented clinical mastitis and significantly reduced the incidence of subclinical mastitis. 
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Annual economic loss due to mastitis is estimated to be $2 billion in the United States alone (DeGraves and Fetrow, 1993, Council), 1996, NMC, 1996, Rollin et al., 2015, Liang et al., 2017). Staphylococci are major bacteria that cause mastitis in dairy cows. Current mastitis control programs are not fully effective, and antibiotics are not sustainable because of limited success (Barkema et al., 2006b, McDougall et al., 2009) and the emergence of antimicrobial-resistant bacteria (Holmes and Zadoks, 2011, Fitzgerald, 2012a, 2012b). Treatment with antibiotics is of limited success which may dictate the culling of the animal (Barkema et al., 2006b, McDougall et al., 2009).  There is no effective vaccine against staphylococcal mastitis in dairy cows that prevent clinical disease and production losses. Lysigin® (Boehringer Ingelheim, St. Joseph, MO) is the only vaccine with partial efficacy in the U.S., whereas Startvac® (Hipra, Girona, Spain) is another partially effective vaccine in Europe. Neither Lysigin® nor Startvac® confers protection from clinical mastitis and production losses (Middleton et al., 2006a, Middleton et al., 2009a, Schukken et al., 2014a, Bradley et al., 2015, Freick et al., 2016). Staphylococcus aureus is one of the most common contagious mastitis pathogens (USDA APHIS, 2008a, 2008b, 2009a, Riekerink et al., 2010, USDA APHIS, 2014). Staphylococcus chromogenes is another increasingly reported non-aureus Staphylococcus (NAS) that causes mastitis in dairy cows (Gillespie et al., 2009, Pyorala and Taponen, 2009, Taponen and Pyorala, 2009, Piessens et al., 2011, Dufour et al., 2012, Fry et al., 2014, Taponen et al., 2017b). In a study on conventional and organic Canadian dairy farms, NAS were found in 20% of the clinical samples (Levison et al., 2016). There are several coagulase positive Staphylococcus species but 95% of coagulase positive staphylococci from cases of bovine mastitis is Staphylococcus aureus. S. aureus IMI may persist for a long time as a subclinical infection, causing increased somatic cell counts (SCC), poor milk quality and reduced milk production. Staphylococcus chromogenes is another common mastitis pathogen that exists in the environment as well as in the infected mammary gland (Bradley, 2002, Piessens et al., 2011) with highest rate of isolation from mammary secretions than from the environment (Gillespie et al., 2009, Piessens et al., 2011). S. chromogenes consistently isolated from the cow’s udder and teat skin (Taponen et al., 2008) and causes long-lasting, persistent subclinical infections (Taponen and Pyorala, 2009). S. chromogenes, along with other NAS, have been shown to cause subclinical infections in dairy cows that reduce the prevalence of contagious mastitis pathogens in their herds (Bradley, 2002). An in vitro study conducted on S. chromogenes showed that this organism had the ability to inhibit the growth of major mastitis-causing pathogens such as S. aureus, S. dysgalactiae, and S. uberis (De Vliegher et al., 2004). Recently, mastitis caused by NAS increasingly became more problematic in dairy herds (Taponen et al., 2007, Taponen et al., 2008, Pyörälä and Taponen, 2009, Taponen et al., 2017a). 

Several staphylococcal vaccine efficacy trials showed that vaccination with Bacterin vaccines induced increased antibody titers in the serum and Milk that are associated with partial protection (Rivas et al., 2002, Leitner et al., 2003, Leitner et al., 2003a, Leitner et al., 2003b, Shkreta et al., 2004, Middleton et al., 2006a, Smith et al., 2006, Chang et al., 2008, Schukken et al., 2014b, Bradley et al., 2015, Piepers et al., 2017b) or no protection at all (Middleton et al., 2009a, Landin et al., 2015, Freick et al., 2016). However, effective intramammary immune mechanisms against staphylococcal mastitis that prevent clinical disease and production losses is still poorly understood. 
Estimated losses due to mastitis in the United States alone is around$2 billion with cumulative milk losses due to decreased value estimated to be $470 and gross profit losses is about-$722 per case (Puerto et al., 2021). Staphylococci are the most prevalent cause of mastitis and milk losses in dairy farms (Kalińska et al., 2017). Staphylococcus aureus most often causes subclinical or chronic recurrent mastitis whereas NAS make up the largest portion of isolates from clinical or subclinical mastitis  ranging from 36.6% to as high as 71.5% (Kalińska et al., 2017, Krishnamoorthy et al., 2017). NAS  are a group of more than 50 species comprised of multiple most common isolates with the highest frequency being S. chromogenes, S. simulans, S. epidermidis, S. haemolyticus, S. xylosus, and S. sciuri (Sender et al., 2017, Srednik et al., 2017, Schabauer et al., 2018, Jenkins et al., 2019, Kim et al., 2019). S. chromogenes recently emerging as a major mastitis pathogen that inhibit in vitro growth of major mastitis pathogens such as S. aureus and S. uberis via the production of bacteriocin (De Vliegher et al., 2004, Pyörälä and Taponen, 2009). 

The immunophysiology of mammary glands of dairy cows exhibits immense difficulty to clear bacterial intramammary infections (IMI). This is mainly because of 1) the immune effectors in the mammary glands of dairy cows is diluted by large volume of Milk that is usually removed at least twice daily, 2) milk is rich source of fat molecules that are frequently engulfed by phagocytic cells which decreases their bactericidal  effects and 3) mammary glands of dairy cows is not part of mucosal immune system and intramammary immune response  depends on systemic  immune responses in the body that need to cross from the general systemic circulation into the mammary glands.  S. aureus has several secreted virulence factors including  toxins (enterotoxins, non-enteric exfoliative toxins, toxic shock syndrome toxin 1, leukocidin, hemolysins) enzymes (coagulase, lipase, hyaluronidase, DNAse, staphylokinase, phosphatase, phospholipase, etc.) and non-secreted virulence factors that are integral structural component of the bacterium such as exopolysaccharides (capsules, biofilms), several surface proteins (staphylococcal protein A,  several surface proteins involved in bacterial adhesion to host tissue or adhesins: fibronectin binding protein, collagen binding protein)  and compounds such as siderophores for iron acquisition (Peterson, 1996, Bien et al., 2011). S. aureus uses a multitude of virulence factors and mechanisms  allowing for potent, evasive infections (Bien et al., 2011). Specifically, biofilm formation is one of the strongest virulence factors of Staphylococcus spp. enabling them  to evade the host immune system as well as rendering antibiotic treatments ineffective.  S. aureus can acquire virulence  genes  through horizontal gene transfer from other bacterial species creating strains such as the methicillin-resistant S. aureus (MRSA)  (Lindsay, 2014). The ability of S. aureus to express its virulence factors in coordination with its own bacterial number (quorum-sensing) and microenvironmental need during host pathogen interactions allows for an increased survival rate and an enhanced capability of causing infection. The inflated ability to cause a virulent infection also increases staphylococcal bacteria capability to resist immune defenses and subsequent clearance by the host immune system (Putz et al., 2020, Bohl et al., 2021).

Despite the significant effect of current mastitis control measures when fully adopted, especially on contagious mastitis pathogens, such as Staphylococcus aureus, Streptococcus agalactiae, these measures are not equally adopted by all farmers and mastitis continuing to be the most common and costly disease of dairy cattle worldwide (Kerro Dego, 2020). 
On average, starting from calving (giving birth) dairy cows are milked (in lactation) for about 300 days and then dried off (stop milking) for about 60 days before they calve again, and the lactation cycle continues again. The goal of a dry period is to give cows break from milking so that milk-producing cells regenerate, multiply, and are ready for the next lactation cycle. Cows are naturally protected against IMI during the dry period due to involution and closure of teat opening by the formation of a keratin plug in the teat canal. However, the time of teat canal closure varies among cows. Some studies showed that 50% of teat canals were classified as closed by 7 days after drying off, 45% closed over the following 50 - 60 days after drying off, and 5% had not closed by 90 days after dry off (Williamson et al., 1995). Teats that do not form a plug-like keratin seal are believed to be most susceptible to infection. Dairy cows are susceptible to IMI during early non-lactating (dry period) and transition (three weeks before and three weeks after calving) periods (Drackley, 1999, Pinedo et al., 2012, Esposito et al., 2014). The IMI is high during the early dry period because of the absence of hygienic milking practices (pre-and post-milking teat dipping in antiseptic solutions) known to reduce teat end colonization and infection. The high incidence of mastitis during the transition period is due to the combined effects of parturition inducing hormones (e.g., cortisol), which cause immunosuppression, a negative energy balance at early lactation to meet the high energy demand for increased milk production, and parturition related physical stress (Esposito et al., 2014). 

Infusion of long-acting antibiotics into the udder at drying-off (dry cow therapy) has been the major management tool for the prevention of IMI, as well as for the treatment of subclinical mastitis established during the previous lactation (Williamson et al., 1995). Dairy farmers in the United States and many other parts of the globe rely on the prophylactic intramammary infusion (IMM) of long-acting antimicrobials to prevent new infections during dry periods or to treat existing infections (USDA APHIS, 2008a). The IMM of antimicrobials at drying off is of growing concern because this practice exposes many healthy animals to antimicrobials. This poses antimicrobial selection pressure on commensal bacteria and other opportunistic bacteria to develop antimicrobial resistance. S. aureus is one of the pathogens with a known ability to develop antimicrobial resistance, and established S. aureus infections are persistent and difficult to clear. Once S. aureus infection is established, it is persistent and difficult to clear, due to its ability to form biofilm that are protected against the immune system and poorly accessible by therapeutics (Wellnitz and Bruckmaier, 2012). The emergence of aggressive, antibiotic-resistant S. aureus strains (such as methicillin-resistant S. aureus – MRSA) has become a significant problem, as these strains have spread beyond their typical hospital milieu to the environment and are commonly isolated from bovine sources (Holmes and Zadoks, 2011, Fitzgerald, 2012b, a). This evolution is linked to transfer of mobile genetic elements within the microbial population (Brody et al., 2008, Otto, 2010). The failure to control these infections leads to the presence of reservoirs in dairy herds, which ultimately leads to the spread of the infection and the culling of chronically infected cows (Barkema et al., 2006b, McDougall et al., 2009). Dependence on antibiotics for the prevention and treatment of mastitis is not sustainable because of its limited success (Barkema et al., 2006b, McDougall et al., 2009) and the emergence of antimicrobial-resistant bacteria that are a significant threat to human and animal health (Holmes and Zadoks, 2011, Fitzgerald, 2012a, 2012b). There is a critical need for an effective vaccine against staphylococcal mastitis in dairy cows. 

At the  end of lactation dairy cows enter into non-lactating dry period of 60 days. They are highly susceptible to IMI during first two weeks of dry period. Toward the end of  dry period dairy cows enteter transition period from dry to lactation during which they are extremely susceptible to IMI. The early dry period or the first two weeks of dry period and the transition period (periparturient period) or three weeks before and after parturition are the two most important times that dairy cows are highly susceptible to IMI. During the periparturient period dairy cows experience various metabolic, immunological, and physiological changes increasing the risk of periparturient diseases development (Redfern et al., 2021). Administration of long-acting preventive antimicrobial therapy (dry cow therapy) at drying off help to decrease the number of IMI during transition period and subsequent development of mastitis during early lactation stage. Dry cow therapy also helps to clear existing infections prior to drying off Blanket dry cow therapy (BDCT) is IMM of long-acting antibiotic at drying off for all lactating cows in the farm at drying off. Blanket dry cow therapy is the most common form of usage in over 90% of dairy farms in the United States (Bonsaglia et al., 2017). According to United States Department of Agriculture survey result  85% of conventional dairy farms use BDCT (FDA, 2015)  which estimated to be accounted for one-third of the total antibiotics used  on conventional dairy farms in the United States (Armstrong, 2020). While use of dry cow therapy is beneficial for dairy farmers to clear existing IMI, cure subclinical mastitis and prevent new IMI during dry period, there is growing concern on increased usage of antibiotics on all cows for enhancing emergence and spread of antimicrobial resistant bacteria.
Antibiotics usage for treatment of mastitis account for 85.4% of antibiotics usage on U.S. dairy farms (USDA, 2016). During the transition period when the cow goes from a non-lactating to a lactating state, physiological changes compromise the cow’s immune system that increases her susceptibility to disease. The use of blanket dry cow antibiotic therapy (BDCT) is common practice in preventing and eliminating IMI during the dry period. However, with growing concern of the use of antibiotics in food animals, current strategies including blanket antibiotic dry cow therapy in the dairy industry are being heavily reviewed and has motivated research into alternative practices (Ekakoro et al., 2018). Finding alternatives for preventive antibiotics use at dry-off is key in controlling mastitis and easing concerns of antibiotics resistance.

There were no specific antibiotics usage data available from dairy farms in the United States. Thus, it is not possible to know the doses of each antibiotic given to dairy cattle, the length of the treatment, and the diseases for which antibiotics were prescribed. However, the united states food and drug administration (FDA) report showed more than 16,155 kg of medically important antimicrobials intended for Intramammary  therapy were sold in 2019 (FDA, 2018). The previous review on the impact of antibiotic use in adult dairy cows indicated that common antibiotics use in dairy farms did not lead to the widespread occurrence of resistance among mastitis pathogens (Oliver et al., 2011).  However, some studies showed that use of antibiotics for mastitis treatment is associated with antimicrobial resistance development and changes in the diversity of mastitis pathogens (Myllys et al., 1994, Lago et al., 2011). Pol and Ruegg  (Pol and Ruegg, 2007)  reported a positive relationship between use of antibiotics such as pirlimycin, ampicillin, erythromycin, and tetracycline and increased resistance among gram-positive mastitis pathogens. Another study (Tikofsky et al., 2003) reported the higher proportion of resistant mastitis pathogens from conventional dairy farms that uses antibiotics than organic dairy farms which does not use antibiotics indicating antibiotics usage increases development of antimicrobial resistance. Recently Abdi et al. (Abdi et al., 2018) reported a high prevalence (34.3%) of resistant S. aureus isolates from different dairy farms in Tennessee, U.S. indicating a potential increasing trend of antimicrobial resistance in S. aureus isolates against some antibiotics. 

Alternatives to antibiotics such as internal teat sealants (ITS) are shown to reduce IMI during the dry period (McParland et al., 2019) and reduce new IMI after calving when used with or without antibiotics (Rabiee and Lean, 2013). Selective dry cow therapy (SDCT) is selectively treating only the quarters with an infection at drying-off. Despite reduction in antibiotic usage, SDCT was only applied on 10% of US dairy operations (USDA, 2016). The concern is due to increased risk of IMI that could influence herd health and profitability (Berry and Hillerton, 2002, Scherpenzeel et al., 2016).  Despite reduction of antibiotic use, the risk of missing IMI exists when compared to BDCT (Browning et al., 1994, Cameron et al., 2014, Rowe et al., 2020). Another alternative is supplementing nutritional additives to the cows’ diet to boost the immune system. Well-known dietary ingredients in the dairy industry is Vitamin E and selenium (Se) when fed daily promotes immune competency and reduce duration of clinical mastitis (Weiss et al., 1997, Spears and Weiss, 2008)

Antimicrobial treatment for mastitis can be administered either systemically or locally through intramammary infusion (IMM). The cure rate of subclinical mastitis ranged from4% to 92%. This variations in cure rate can be due to various reasons including treatment regimen, parity, SCC, bacterial species, bacterial load, and other environmental and pathogenic factors (Barkema et al., 2006a). 

Management based mastitis control measures have been developed and implemented with mild success on reducing contagious mastitis pathogens such as S. aureus, Streptococcus agalactiae mastitis (Bekuma and Galmessa, 2018, Bhakat et al., 2020, Rowe et al., 2021) but limited success due to the application disparities across mastitis management (Stevens et al., 2019). 

There are several factors affecting successful development of protective vaccine against S. aureus mastitis. These include strain variation, presence of exopolysaccharide (capsule, slime, biofilm) layer, dilution of intramammary immune effectors by large volume of Milk (Guidry et al., 1994, Yancey, 1999), interaction between milk components and immune effectors (Russell et al., 1977) and the  ability of S. aureus to evade host immune response through attachment to and subsequently internalize into mammary epithelial cells.

Several efficacy studies on Lysigen and Startvac showed lack of protective effects (Middleton et al., 2006b, Nickerson et al., 2008, Schukken et al., 2014a, Piepers et al., 2017a). While both vaccines were shown to have some effect of reducing inflammatory response and decreasing milk production losses especially in primiparous cows compared to multiparous cows neither group of animals significantly exhibited dependable protection against staphylococcal IMI (Middleton et al., 2006b, Nickerson et al., 2008, Schukken et al., 2014a). Neither of the vaccines definitively linked to decreased SCC nor decreased milk production losses with  increased anti-Lysigen or anti-Startvac antibody titers and subsequent significant protection against staphylococcal pathogens (Middleton et al., 2006b, Schukken et al., 2014a). Alternatively, the number of S. aureus and NAS count in milk  decrease significantly leading to a reduced severity of staphylococcal IMI as well as diminished spread in the herd and subsequently lower incidence of new cases (Schukken et al., 2014a). 

[bookmark: _Hlk102036061]Low efficacy of antibiotic treatment against staphylococcal mastitis, increased prevalence of antibiotic resistant S. aureus,, and high disparity between control and prevention methods across farms lead to unmanageable staphylococcal  spread (Guo et al., 2020, Liao et al., 2021). Livestock are potential reservoirs for the antibiotic resistant staphylococci (Gizaw et al., 2020). A large gap in knowledge, specifically with S. aureus, is the full identification of the innate and adaptive immune response post infection (Rainard et al., 2018). Efficacious and sustainable control methods, such as effective vaccine that prevent clinical disease and production losses is critically needed. The objective of this study was to analyze the protective effects of the SCSP and SASP vaccines under natural exposure throughout lactation period.


[bookmark: _Toc105593141]2. Materials and Methods

[bookmark: _Toc105593142]2.1 Vaccines preparation 
The SASP and SCSP extraction and vaccines preparation were made as described in previous studies (Abdi et al., 2019b, Merrill et al., 2019). The S. aureus (SASP) vaccine strain was one of the dominant isolates of S. aureus from cases of bovine mastitis across  east Tennessee dairy farms collected 2005-2012 (Abdi et al., 2019b, Vaughn et al., 2020).The S. chromogenes (SCSP) vaccine strain was  one of isolates clinical cases of mastitis that prevent mammary gland colonization  by S. aureus used for in vivo challenge (Merrill et al., 2019).

For vaccine preparation, each strain was streaked on blood agar plates (tryptic soy agar with 5% sheep blood) (Becton, Dickinson and Company, Franklin Lakes, NJ) and incubated overnight (16-18h) at 37ºC. Staphylococcal surface proteins were extracted following protocol developed in our lab (Abdi et al., 2019a). Briefly, after overnight growth of vaccine strains on blood agar plates, three colonies of each isolate (S. aureus and S. chromogenes) were suspended in 450 mL of Tryptic soy broth (TSB) and grown to mid-log phase in 5% CO2: 95% air balanced incubator with shaking at 125 rpm. Each culture was centrifuged for 10 minutes at 500Xg at 4ºC then the pellet was resuspended in 30 mL of 1% cholic acid (w/v) (Sigma-Aldrich Co.) and incubated at room temperature (25ºC) for 2 h with shaking at 125 rpm. Bacterial suspension was centrifuged at 10,000Xg for 30 min at 4ºC and the supernatant containing the proteins was buffer exchanged to PBS  using Cetriprep Ultracel- 10K YM concentrators (10kDa cutoff) (EMD Millipore Corporation, Billerica, MA). The proteins were filter sterilized and concentration was measured using a nanodrop spectrophotometer (ThermoFisher Scientific, Waltham, MA). 

The 1.2 mg of SASP or SCSP in 1.5 mL of PBS (pH 7.4)] was mixed with 1.5 mL of Emulsigen-D® (Phibro Animal Health Corporation, Teaneck, NJ), making a total volume of 3 mL. The control vaccine was  1.5 mL of PBS (pH 7.4) mixed with 1.5 mL of Emulsigen-D® resulting in a total volume of 3 mL.

[bookmark: _Toc105593143]2.2 Study animals

Prior to enrollment in the study, cows were required to meet specific requirements. Cows must be healthy and   free of mastitis with due to major pathogens such as S. aureus, streptococci (S. uberis, S. agalactiae, S. dysgalactiae) and coliform bacteria (E. coli, Klebsiella spp.). Individual quarter milk and composite milk (from all quarters at equal proportion) somatic cell count of   less than 100,000 and 200,000 cells per milliliter (mL) of Milk respectively. Additionally, all four quarters must be free of mastitis caused by NAS and in the presence of NAS individual quarter somatic cell count must be less than 80,000 cells per milliliter (mL) of Milk.  Cows were screened weekly starting at four weeks prior to drying off at 28, 21, 14 and 7 days before drying off. A total of 45 dairy cows in their 1st - 6th lactation from the East Tennessee AgResearch and Education Center Little River dairy herd were randomly enrolled into three Groups of 16, 15 and 14 cows. Cows in groups 1 (SASP, n=15) and 2 (SCSP (n=16) were vaccinated with 1.2 mg of SASP and SCSP vaccines respectively with Emulsigin-D® adjuvant at 60, 40 and 20 (C -60, C -40 and C -20) days before expecting calving date and booster vaccination was given at 120 and 240 days in Milk (DIM). Cows in the group 3 (Control, n=14) were injected with PBS (pH 7.4) mixed with Emulsigen-D® at similar time points. All cows were vaccinated subcutaneously (SC) in the neck area. All individuals participating on the study collecting samples, giving vaccinations, and processing samples and subsequent data were blinded to the treatment groups. All experimental cows were housed at the East Tennessee AgResearch and Education Center- Little River Animal and Environmental Unit (ETREC-LRAEU, Walland, TN) dairy herd under the same herd care for the duration of the study.  Experimental cows were kept under similar management with other cows in the farm and usually fed a mixed total ration and other supplements required for dairy cows following the normal standard operating protocol of the farm. This study was approved by The University of Tennessee, Institutional Animal Care and Use Committee (IACUC) (Registration Number: 2655-1118).
2.2.1 Vaccination schedule

For Groups 1 and 2, three series of subcutaneous vaccinations were given on alternate sides of the neck roughly halfway between the top of the shoulder and the base of the ear at 60, 40 and 20   days before expecting calving date (C -60, C -40 and C -20) and booster vaccinations were given at 120 and 240 days in Milk (DIM). Cows in the group 3 (Control, n=14) were injected with PBS (pH 7.4) mixed with Emulsigen-D® at similar time points. The first vaccination was given on the upper left side of the neck, the second on the right side, and the third was on the lower left side of the neck. The fourth and fifth booster vaccinations were given on lower righ and upper left side of the neck. Vaccines were masked to personnel administering the vaccinations and subsequently conducting the assays. Treatment codes were uncoded after the completion of data collection and sample analyses. Injections were given using sterile disposable syringes and needles. (Table 1).

[bookmark: _Toc106626863]Table 1. Immunization protocol 

	[bookmark: _Hlk103929136]Group
	# Cows
	Vaccine/adjuvant
	 Vaccine dose/total volume
	Frequency

	1
	15
	SASP/Em-D
	1.2 mg/3 mL
	60, 40, 20 days before expected calving with 2 more booster doses at 120 and 240 DIM

	2 
	16
	SCSP/Em-D
	1.2 mg/3 mL
	

	3 
	14
	None-Em-D
	3 mL
	





2.2.2 Blood samples


About 20 mL of blood was collected into 10 mL plain uncoated tubes with clot activator from the jugular vein at each time point including prior to vaccination at 60 and at 40 and 20 days before expecting calving, at calving (C), and monthly at 30 – 300 days in Milk (DIM). Samples were kept on ice and transported to the lab and serum was prepared within 1 -2 h of blood collection. For serum preparation, tubes were centrifuged at 2,500 RPM at 4°C for 30 minutes to separate serum from blood components. The top serum layer was collected aseptically into sterile 96 well serum blocks and stored at -80°C  until  ELISA assay conducted.


2.2.3 Milk samples
During screening of cows to enroll in the study individual quarter milk samples (3 mL)  for bacteriological culture were aseptically collected into sterile 15 mL conical falcon tubes weekly at 28, 21, 14 and 7 days before drying off (D-28, D-21, D-14 and D-7). At similar time points individual quarter milk samples (50 mL) for somatic cell counts were collected into 50 mL vials with preservative pills containing potassium dichromate (Capitol Vial™, Auburn, AL). For Animals enrolled in the study individual quarter milk samples for bacteriological analysis (3 mL) and for somatic cell counts (50 mL) were collected at 60 days before expected calving (C -60), at calving (C) and 7 days in Milk (DIM) and monthly from 30 – 300 days in Milk (DIM). Composite milk samples (50 mL, collected from all quarters at equal proportion) for measuring antibody titers were collected into sterile 50 mL Falcon tubes immediately before first vaccine injection at 60 days before expected calving (C -60), at calving (C) and at 7 days in Milk (DIM) and  monthly from 30 – 300 DIM. Individual quarter milk samples for bacteriological analysis were collected aseptically with gloved hand after pre-dipping of teats into antiseptic solution (OPI blue dodecyl benzene sulfonic acid solution) (DeLaval, Inc., Kansas, MO) and thorough cleaning with an individual towel and wiping of teat opening with 70% ethanol (disposable alcohol impregnated swabs) (Covidien Webcol™, Dublin, Ireland). Milk samples were not collected during dry period at 40 and 20 days before expected calving to avoid the break of natural teat canal closure by keratin plug and entry of pathogenic bacteria. Milk samples collected for bacteriological culture were placed on ice and transported to the lab and cultured immediately or stored at -20°C until processed within 24 h of collection. Milk samples for antibody titers evaluation were transported to Lab on ice and processed into skim milk and stored at -80°C until measuring antibody titers by enzyme-linked immunosorbent assay (ELISA). To detect clinical mastitis during study period, inflammatory changes in the udder tissue (Table 2) and milk (Table 3) were examined and recorded as described previously (Merrill et al., 2019). Briefly, inflammatory (abnormal) changes in the udder tissue was detected by evaluation of udder for swelling, pain, redness (hyperemic) and increased heat during milking. The inflammatory changes in the mammary gland tissue were scored on scale of 0 (normal) to 3 (severe swelling)(Merrill et al., 2019) (Table 2). Similarly abnormal changes in milk such as clots, change in color (bloody milk, watery milk, etc.) and consistence (viscous milk, purulent inflammation with pus like discharge) were examined and recorded on scale of 0 to 3 as 0 (normal), 1 (few flakes), 2 (large clots/ slugs), and 3 (bloody, watery, stringy) (Merrill et al., 2019). Both mammary gland and milk examination and scoring were performed by research team member who is also stationed at ETREC- LRAEU farm. 
Somatic cell counts (SCC) was conducted at the Dairy Herd Improvement Association Laboratory,Knoxville, TN.Bacteriological analysis was performed following National Mastitis Council (NMC) guidelines (Oliver et al., 2004) with slight modification. Briefly, 100 μL of  milk sample was spread on individual blood agar plate  and incubated at 37°C for 24 for 48 h. At 24 and 48 h plates were examined for growth of colonies andcharacteristics of each colony such as size, morphology, hemolysis and pigment production were recorded. One colony of pure culture was Gram-stained and differentiated into Gram-positive or Gram-negative bacteria with identification of bacterial morphology. , an Gram positive cocci were further tested by catalase to differentiate staphylococci from streptococci. Catalase positive cocci are believed to be staphylococci and were further tested  by the tube coagulase using rabbit plasma to differentiate  the coagulase positive Staphylococcus  from coagulase negative staphylococcus.. Coagulase negative Staphylococcus further differentiated into specific species using API Staph or MALDI-TOF.. Based on hemolysis patterns on blood agar coagulase positive Staphylococcus further divided into beta-hemolytic (S. aureus) and non-beta hemolytic Staphylococcus. Non-beta hemolytic Staphylococcus further differentiated to the species level  by API Staph (bioMerieux Vitek, Inc., Hazelwood, MO, USA). Catalase negative Gram-positive cocci were further tested for growth in 6.5% NaCl, hydrolysis of esculin and sodium Hippurate, and the reaction of Christie–Atkins–Munch–Peterson (CAMP) test to detect beta-hemolytic streptococci. Streptococci were identified to the species level by API 20 Strep method (BioMerieux Vitek, Inc., Hazelwood, MO, USA). NaCl and Esculin positive and CAMP negative cocci are Enterococcus species (confirm with Strep 20 or MALDI-TOF); NaCl and Esculin negative and CAMP positive cocci are Strep. agalactiae (confirm with Streptex or MALDI-TOF). NaCl and CAMP test negative and esculin positive cocci were further tested by Strep 20 to differentiate into Strep. uberis (Sodium Hippurate positive and CAMP ±); Strep. dysgalactiae (Group C+, confirm by Streptex or MALDI-TOF), Strep. bovis (Group D+, confirm with Streptex or MALDI-ToF) and Alpha hemolytic Strep and non-hemolytic Strep.
Gram positive rods with spore formation is Bacillus spp. whereas non-spore forming with branching filaments are Nocardia (modified  acid fast stain, Streptomyces-pits agar). Non-branching non-filaments and catalase positive are Corynebacterium (48 h growth). Corynebacterium spp. (BHI positive and BHIT positive, confirm with API coryne or MALDI-TOF) and C. bovis (BHI negative and BH IT positive). Non-branching non-filaments and catalase negative Trueperella pyogenes (beta-hemolytic) and Lactobacillus (alpha hemolytic, confirm with API Coryne or MALDI-TOF).
The oxidase test was used to differentiate Gram negative rods into the Enterobacteriaceae or Gram-negative non-Enterobacteriaceae organisms. Enterobacteriaceae are oxidase-negative.  Oxidase-negative members of Enterobacteriaceae  were further inoculated into MacConkey agar  and differentiated to species level by API 20E (BioMerieux Vitek, Inc., Hazelwood, MO, USA). or MALDI-TOF. Oxidase positive Gram negative rods are inoculated to Pseudomonas agar to differentiate Pseudomonas aerginosa (green colonies) and if no growth conduct API 20E or MALDI-TOF to differentiate the isolate to species level.

Skim milk was prepared from composite milk by  centrifuging  milk at 10,000 RPM at 4°C for 25 min and collecting skim milk while discarding fat layer at the top and solid sediments Skim milk  was collected and stored  at -80°C until  ELISA assay conducted.

[bookmark: _Toc106626864]Table 2. Scoring system for inflammatory (abnormal) changes in the mammary gland tissue 
	Score
	Mammary gland tissue and/or cow’s behavioral responses

	0
	Normal. no redness, pain, heat, swelling, or milk loss. Animal appears to exhibit no abnormal reaction to udder palpation or no kicking or pawing

	1
	Minimal swelling. The udder is firm to the touch, but without any redness, swelling, heat, or milk loss. Animal appears to exhibit no abnormal behavioral responses.

	2
	Moderate swelling. Firm udder to the touch, hot and red. reduction in milk production. Abnormal behavior includes swaying, picking up feet (pawing), or  kicking upon udder touch or during milk collection.

	3
	Extreme swelling. Very firm udder with visible redness, increase heat, visibly swollen and larger than other quarters, increased milk production loss. Animal is severely irritable with behavioral signs of pain via stepping and kicking during collections.




2.2.4 Vaccines safety monitoring

 Cows were monitored throughout the study for adverse reactions to vaccines through rectal temperatures measuring prior to vaccine injection and daily for three consecutive days after vaccine injection for fever or increase in body temperature. Similarly  vaccine injection site reaction was measured in volume by taking three-dimensional measurements, height (depth), width (dorsal/ ventral), and length (cranial/ caudal) in millimeters (mm) and calculating cubic centimeter (Powers et al., 2007) daily for three consecutive days after each vaccine injection and at days 7 and 14 post each vaccine injection. Cows were monitored daily for by the ETREC-LRAEU staff oversaw the animals to document any abnormal behaviors including lethargy, loss of appetite, milk loss, or any other complications.







[bookmark: _Toc106626865]Table 3. Vaccine safety monitoring and samples collection schedule 
	Sample /dataType
	Group
	Time 

	Rectal temperatures
	All
	-60, -59 -58, -57, -53, -46, -40, -39, -38, -37, -36, -32, -23, -20, -19, -18, -17, -13, -6, C, 30, 60, 90, 120, 121, 122, 123, 134, 150, 180, 210, 240, 241, 242, 243, 247, 254, 270, 300 DIM

	Injection site reactions
	All
	-60, -59, -58, -57, -53, -46, -40, -39, -38, -37, -36, -32, -23, -20, -19, -18, -17, -13, -6, C, 30, 60, 90, 120, 121, 122, 123, 134, 150, 180, 210, 240, 241, 242, 243, 247, 254, 270, 300 DIM

	Blood for Antibody Titers measuring
	All
	-60, -40, -20, C, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300 DIM

	Composite milk from all quarters at equal proportion for measuring titers 
	
	-60, C, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300 DIM

	Composite milk from all quarters at equal proportion for somatic cell counts (SCC) and individual quarter milk samples for  bacteriological culture
	All
	-60, -40, -20, C, 7, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300

	Mammary gland score
	All
	-60, C, 7, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300 DIM

	Milk score
	All
	-60, C, 7, 30, 60, 90, 120, 150, 180, 210, 240, 270, C300

	Vaccine injection
	All
	-60, -40, -20, 120, 240 DIM








2.2.5 Milk Production

Milk yield was recorded automatically by the BouMatic and SmartDairy parlor system with the PCDart Interface. The average of total weight (Kg) of milk produced per day over three days before and after the actual sample collection date including the yield of actual sample collection date were obtained from   the recorded data and used to evaluate effect of vaccination on milk production patterns over the study period. and The average weight was calculated using weights from three consecutive days before and after the actual sample collection date including the actual sample collection date for the total of seven days. Milk yield was recorded on -60, C, 7, 30, 60, 90, 120, 150, 180, 210, 240, 270, and 300 DIM.  

Preparation of serum and skim milk

2.2.6 Enzyme linked Immunosorbent Assay

Milk and serum anti-SASP -and SCSP IgG, IgG1, IgG2, and IgA antibody titers were determined using indirect enzyme-linked immunosorbent assay (ELISA), as previously described (Merrill et al., 2019). Briefly, 96 well polystyrene Immulon® 2 HB plates (Thermofisher Scientific, Rochester, NY) were coated with 1µg/mL of SASP or SCSP  in a sodium bicarbonate (NaHCO3) coating buffer (200µL/ well) and incubated overnight (16-18 h) at 4ºC. The coating buffer was removed, and plates were washed 5X using an automated 405 touch screen (TS) microplate washer (Biotek Instruments Inc., Winooski, VT) with PBS-T (phosphate-buffered saline containing 0.05% Tween 20 (v/v) (Thermofisher Scientific). The plates were blocked with PBS-T containing 1% gelatin (w/v) (PBS-TG) (Thermofisher Scientific) for 2 h. The plates were washed again 5X with PBS-T (Thermofisher Scientific). Serum and skim milk samples were serially diluted four folds and incubated at room temperature (25ºC) for 1 h. Post incubation, plates were washed again 5X with PBS-T.A 1:10,000 dilution of horseradish peroxidase-conjugated polyclonal sheep anti-bovine IgG or IgA (heavy + light chain) or monoclonal sheep anti-bovine IgG1 or IgG2 secondary antibody (Bethyl Laboratories, Inc. Montgomery, TX)  in PBS-TG were added (100 µL/ well) and incubated at room temperature (25ºC) for 1 h. Post incubation, plates were washed 5X with PBS-T and ABTS™ horseradish peroxidase substrate (SeraCare Life Sciences, Milford, MA) was added (100 µL/well); plates were incubated at room temperature for 20 minutes. Absorbance of each plate was read at a wavelength of 405 nm (A405) using a Synergy H1 Microplate Reader (Biotek Instrument Inc.). Data were exported to Excel (Microsoft Corporation, Redmond, WA) and the average + 2 standard deviations (avg +2stdev) of the blank row was used to calculate the cutoff point for titer determination. Both serum and milk titers were calculated by the intersection of least-square regression of A405 versus the logarithm of the dilution.

[bookmark: _Toc105593144]2.3 STATISTICAL ANALYSIS

Outcomes measured at a cow level (e.g., total milk production, rectal temperature, size of vaccination site reaction and cow level mastitis) were modelled as two-level data structure with repeated measurements nested within cow. Outcomes measured either at the individual quarter (SCC, quarter level mastitis status) or had replicate measurements (antibody titers) were modelled as a 3-level data structure to account for the repeated measurements within each quarter and clustering of observations within a cow. Quantitative data with two or three-level were analyzed with mixed effects linear regression model. Mean rectal temperature, the size of site reactions following vaccination, the amount of milk production between the vaccinates and control cows were compared with mixed effects linear regression model. Treatment group, sampling day, and treatment by day interaction were included as fixed effects while the cow id was included as a random effect to account for the repeated measurements within a cow. Somatic cell count was log10 transformed and analyzed by including quarter as nested within animal as a random effect into the model. 
The overall SCM status of cows and quarters were modelled as a binary outcome, using logistic regression. Odd ratio [OR]: with its 95% confidence interval [CI] was used to assess the measure of association between vaccination and SCM incidence during the entire study period. Relative risks comparing vaccinated groups to the unvaccinated group was determined by fitting generalized linear model with binomial distribution and log link. Vaccine efficacy (VE) was calculated based on relative risk in each treatment group vs. control using the formula: VE = 1 – RRvac vs control (cite a Reference). Finally, the Glimmix procedure of SAS was used to assess if incidence density differed between vaccine groups using Poisson distribution and log link. Mean NAS count was analyzed by multilevel mixed effects negative binomial regression by including cow and quarter as random effects. The marginal output was obtained as log10 to obtain the mean concentration of the treatments and sampling day. Serum and milk antibody titers were log10 transformed and analyzed with three-level hierarchical data structure by including triplicate measurements per cow as additional random variable. To assess the significance of treatment (vaccinations), sampling day, and their interaction term, we used STATA’s ‘testparm’ post estimation of their effects. For all statistical analyses, the level of significance was set at α = 0.05. Data were analyzed in STATA 16.1 (STATA Corporation, College Station, TX) or SAS.

SAS 
Prior to analysis of variance (ANOVA), the univariate procedure was utilized to assess continuous outcomes for ANOVA assumptions. Somatic cell counts (SCC) were natural log transformed to meet assumption of normality of residuals and equal variance. To test if vaccination (SASP, SCSP, Control), day of sampling (C -60, C -40, C -20) days before calving, calving (C) and 7 days in milk and monthly from 30 - 300 days in milk (DIM) , or the interaction affected milk production or SCC, mixed model ANOVA and mean separation were used (SAS 9.4).  The random effects of cow within treatment and repeated measures of cows over time were included. 

To assess if treatment groups differed in development of subclinical or clinical mastitis, initial numbers and proportions of illness were assessed within the frequency procedure. Incidence of CM and SCM, and subsequent relative risks among treatment groups were determined in the Glimmix procedure using log linear models with binomial distribution and log link.  Vaccine efficacy was calculated based on relative risk in each treatment group vs. control using the formula: VE = 1 – RR vac vs control. Incidence density was determined as: (include the equation here). Finally, the Glimmix procedure was used to assess if incidence density differed between vaccine groups using Poisson distribution and log link. For all statistical analyses, the level of significance was set at α = 0.05.


TO test if antibody titers differed between treatment groups, mixed model analysis of variance was used to test the fixed effect of treatment, day and treatment by day interaction, and the random effects of cow within treatment repeated over time. 
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[bookmark: _Toc105593146]3.1 Animal Retention

Out of the sixteen cows enrolled in the SCSP group, two cows were removed due to a left displaced abomasum (LDA) and two cows were removed due to physical injury; twelve animals completed the study. Out of the fifteen cows originally randomized into the SASP group, one cow was removed due to physical injury, one cow was removed due to an enlarged cecum, and one was removed due to late-stage abortion; twelve animals completed the study. Out of the fourteen animals originally randomized into the control group, one cow was removed due to physical injury and one cow was removed due to milk fever; twelve animals completed the study. Twelve cows completed the study in each treatment group (Table 1). The median parity number did not significantly differ by treatment group (P= 0.5755). 

[bookmark: _Toc106626866]Table 4: Description of study cows for the evaluation of Staphylococcus aureus (SASP)- and S. chromogenes (SCSP)- surface protein vaccines for the prevention of mastitis.

	Parameters
	Control
	SASP
	SCSP

	No. randomized
	14
	15
	16

	Parity, median (range)
	2 (1-6)
	3 (1-6)
	3 (1-6)

	No. withdrawn 
	2
	3
	4

	No. completed study
	12
	12
	12



[bookmark: _Toc105593147]3.2 Vaccine Safety 
Mean rectal temperature did not significantly vary by treatment (P= 0.3223) or treatment by day interaction (P= 0.0727), however, day had a significant (P<0.0001) effect. Mean rectal temperature did not significantly (P=0.667) vary between acute and delayed phases. Both day (P<0.0001) and its interaction with treatment (P=0.0331) were significantly associated with the mean reaction size at the sites of injections, with no main effect of treatment (P= 0.5750). Both mean rectal temperature and sizes of the injection site reactions temporarily increased immediately (i.e., during the acute phase) following the primary and booster vaccinations, after which it declined during the delayed phase (Figure 1).
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[bookmark: _Toc106626868]Figure 1. Effects of vaccinations on rectal temperature (A) and injection site reactions (B) over a full lactation cycle of dairy cows. SASP= Staphylococcus aureus surface protein; SCSP= S. chromogenes surface protein.

[bookmark: _Toc105593148]3.3 Effect of vaccinations on milk production and Somatic Cell Count 
Treatment (P= 0.9813) nor treatment by day interaction (P= 0.9375) had a significant effect on milk production (Figure 2A). However, there was a significant (P< 0.0001) effect of day on milk production that follows a normal lactation curve with peak milk production at about 60 to 90 days in Milk (DIM). The mean log10 SCC did not significantly differ by treatment (P= 0.3172), nor by treatment by day interaction (P= 0.4393) effect. However, there was a significant (P< 0.0001) day effect following a normal milk curve during lactation (Figure 2B). 
	[image: Chart, line chart

Description automatically generated] 
	[image: Chart, line chart

Description automatically generated] 


[bookmark: _Toc106626869]Figure 2. Effects of vaccinations on milk production (A) and somatic cell counts (B) over a full lactation cycle of dairy cows. SASP= Staphylococcus aureus surface protein; SCSP= S. chromogenes surface protein.


[bookmark: _Toc105593149]3.4 Staphylococcal Mastitis Status

Mastitis status was defined as staphylococcal associated bovine mastitis under subclinical (SCM) or clinical (CM) designation. Clinical signs determined the presence of CM, however further determination of pathogen presence needed to be of staphylococcal origin. SCM was defined as at least one quarter presenting with a SCC ≥200,000 cells/mL and at least 1 CFU/mL of S. aureus, or at least one quarter presenting with SCC ≥80,000 cells/mL and ≥100 CFU/mL of NAS. At cow level, three cows (6.7%; n=45 cows enrolled) developed CM (Control= 2 cases, SASP= 1 case, SCSP= 0 cases) during the study, with no significant (Fisher’s exact test P= 0.1934) vaccination effect. Fifteen cows (33.3%; n=45) developed SCM: 64.3% (n=14) in the Control group, 33.3% (n=15) in the SASP group, and 6.3% (n=16) in the SCSP group with a significant (Fisher’s exact test P= 0.0031) vaccination effect. Binary logistic regression analysis showed that vaccination with SCSP significantly (P=0.005; OR = 0.04: 95% CI = 0.004-0.4) reduced cow-level incidence of SCM compared to the Control group. Vaccination with SASP however, did not have a significant (P= 0.101) effect on the incidence of SCM when compared to the Control group (Figure 3A). Risk ratio analysis showed that SCSP vaccination significantly (P=0.018) reduced the risk of staphylococcal SCM by 10-fold; that of SASP was not significant (P=0.114). The SCSP showed 90% vaccine efficacy with significant protective effect; SASP vaccine had a vaccine efficacy of 48, although this was not statistically significant. Incidence density was calculated using cow days at risk, beginning at time of enrollment until either first incidence of staphylococcal SCM, or end of the study, whichever occurs first. Only the SCSP treatment group had a significant (P= 0.0096) effect on the incidence density; SASP (P=0.057) and Control (P= 0.1140) were not significant.  In the control group we observed 3.8 new cases of SCM per 1000 cow days, in the SASP group we observed 1.3 new cases of SCM per 1000 cow days, and in the SCSP group we observed 0.2 new cases of SCM per 1000 cow days (Table 2). 


[bookmark: _Toc106626867]Table 5: Summary table for comparing vaccination effects on cow level subclinical mastitis
	Measure
	Control
	SASP
	SCSP

	Absolute risk, %
	64.3 (43.5, 95.0)
	33.3 (9.5, 57.2)
	6.3 (0,18.1)

	Odds ratio, compared to Control
	1
	0.28 (0.06,1.3)
	0.04 (0.004, 0.37)

	Risk difference, Control-vaccine group
	0
	-0.31 (-0.66, -0.04)
	-0.58 (-0.86, -0.30)

	Risk ratio, relative to Control
	1
	0.52 (0.23, 1.17)
	0.1 (0.01, 0.7)

	Vaccine efficacy, relative to Control 
	0
	0.48 (-0.17, 0.77)
	0.9 (0.3, 0.99)

	Incidence density ratio, new cases/1000 cow days
	3.8 (1.9, 7.5)
	1.3 (0.52, 3.2)
	0.2 (0.03, 1.6)



[bookmark: _Toc105593150]3.5 Quarter level staphylococcal mastitis: clinical and subclinical
Across all observations, clinical mastitis caused by Staphylococcus species was observed in four quarters (two each in the Control and the SASP groups). The two quarter cases from the same cow in the SASP group were observed on milk collection days, while the other two cases in the Control group were observed during the intervals between subsequent monthly milk samplings. Overall, 85 cumulative quarter level staphylococcal subclinical mastitis incidences were observed during the study. Mixed effects logistic regression model showed that while treatment by day interaction (P=0.7847) and the main effect of day (P= 0.6377) were not significant, the main effect of treatment was significantly (P= 0.0005) associated with quarter level SCM. Both SASP (P=0.006) and SCSP (P<0.001) significantly reduced the incidence of SCM compared to the Control group. Cumulative incidence of SCM were 11.6% (in the Control), 2.4% (SASP) and 0.5% (SCSP) groups (Figure 3B). 
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[bookmark: _Toc106626870]Figure 3. Effect of vaccination on the cumulative incidence of cow-level (A) and quarter level (B) subclinical mastitis over a full lactation cycle of cows. SASP= Staphylococcus aureus surface protein; SCSP= S. chromogenes surface protein. Detection of Staphylococcus aureus and coagulase negative Staphylococcus spp.

NAS was enumerable from 18.6% (n=2,025) of quarter milk samples tested during the full lactation cycle across the treatment groups. By treatment group, 133 (Control), 129 (SASP), and 115 (SCSP) were NAS positive. While treatment (P=0.5825) and day (P=0.4800) did not have any significant effects, treatment by day interaction had a significant (P= 0.0305) effect on the mean NAS count (Figure 4). Staphylococcus aureus was enumerated only from five quarters representing four cows (two each from control and SASP groups). One of the control cows had 20 CFU/mL in the two front quarters on 300 DIM; the other cow had 80 CFU/mL in the left front quarter on 180 DIM. Two cows in the SASP group had 50 and 150 CFU/mL, respectively in their right front quarter at calving. 
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[bookmark: _Toc106626871]Figure 4. Effect of vaccination on mean counts of coagulase negative staphylococci (NAS) by treatment group (A) and day (B) during full lactation cycle of dairy cows (SCSP only). SASP= Staphylococcus aureus surface protein; SCSP= S. chromogenes surface protein. 

[bookmark: _Toc105593151]3.6 Milk and serum antibody titers in response to SASP and SCSP vaccines

Effects of vaccinations on Milk anti SASP Titers
Treatment (P= 0.004), day (P= 0.0001) and treatment by day interaction (P= 0.0101) were significantly associated with serum anti SASP IgA levels (Figure 5A). Except the main effects of treatment (P=0.4958), day (P< 0.0001) and treatment by day interaction (P< 0.0001) were significantly associated with the mean anti SASP IgG (Figure 5B). Similarly, except the main effects of treatment (P= 0.3882), day (P< 0.0001) and treatment by day interaction (P< 0.0001) were significantly associated with the mean anti SASP IgG1 (Figure 5C). Finally, except the main effects of treatment (P= 0.4402), day (P< 0.0001) and treatment by day interaction (P= 0.0008) were significantly associated with the mean anti SASP IgG2 (Figure 5D).
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[bookmark: _Toc106626872]Figure 5: Mean milk antibody response against Staphylococcus aureus surface protein during full lactation cycle of dairy cows. SASP= Staphylococcus aureus surface protein; SCSP= S. chromogenes surface protein. A) IgA; B) IgG; C) IgG1; D) IgG2. 

[bookmark: _Toc105593152]3.7 Effects of vaccinations on Milk anti SCSP Titers 
Day (P< 0.0001) and treatment by day interaction (P= 0.0077), but not the main effect of treatment (P=0.7369), were significantly? associated with the mean milk anti SCSP IgA level (Figure 6A). Except the main effects of treatment (P= 0.3026), day (P< 0.0001), and treatment by day interaction (P< 0.0001) were significantly associated with the mean levels of anti SCSP IgG levels in the Milk (Figure 6B). While day had a significant (P< 0.0001) effect on the mean milk anti SCSP IgG1 levels, treatment (P= 0.3271) and treatment by day interaction (P= 0.3551) were not significant (Figure 6C). In a similar manner, while day had a significant (P< 0.0001) effect on the mean milk anti SCSP IgG2 levels, treatment (P= 0.6416) and treatment by day interaction (P= 0.0830) were not significant (Figure 6D). Regardless of the treatment group, IgG2 levels were significantly (P< 0.001) increased at calving from D0 levels before returning to the baseline level on C120 measurement (first booster) and significantly (P< 0.001) increased again on C270 compared to the baseline level. 
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[bookmark: _Toc106626873]Figure 6: Mean milk antibody response against Staphylococcus chromogenes surface protein during full lactation cycle of dairy cows. SASP= Staphylococcus aureus surface protein; SCSP= S. chromogenes surface protein. A) IgA; B) IgG; C) IgG1; D) IgG2.

[bookmark: _Toc105593153]3.8 Effects of vaccinations on Serum anti SASP Titers 
Treatment (P=0.0012), day (P= 0.0001) and treatment by day interaction (P< 0.0001) were significantly associated with serum anti SASP IgA levels (Figure 7A). Except the main effects of treatment (P= 0.8579), day (P< 0.0001) and treatment by day interaction (P< 0.0001) were significantly associated with serum anti SASP IgG levels. IgG levels significantly increased from their baseline levels on D21 and sustained with some decline throughout the lactation period (Figure 7B). Treatment (P= 0.0465), day (P< 0.0001) and treatment by day interaction (P< 0.0001) were significantly associated with serum anti SASP IgG1 levels (Figure 7C). similarly, treatment (P< 0.0001), day (P< 0.0001) and treatment by day interaction (P< 0.0001) were significantly associated with serum anti SASP IgG2 levels (Figure 7D).
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[bookmark: _Toc106626874]Figure 7: Mean serum antibody response against Staphylococcus aureus surface protein during full lactation cycle of dairy cows. SASP= Staphylococcus aureus surface protein; SCSP= S. chromogenes surface protein. A) IgA; B) IgG; C) IgG1; D) IgG2. 

[bookmark: _Toc105593154]3.9 Effects of vaccinations on Serum anti SCSP Titers
Except the main effects of treatment (P= 0.8593), day (P< 0.0001) and treatment by day interaction (P< 0.0001) were significantly associated with serum anti SCSP IgA levels (Figure 8A). In a similar manner, except the main effects of treatment (P= 0.5770), day (P< 0.0001) and treatment by day interaction (P< 0.0001) were significantly associated with serum anti SCSP IgG levels (Figure 8B). Also, except the main effects of treatment (P= 0.9648), day (P< 0.0001) and treatment by day interaction (P= 0.0015) were significantly associated with serum anti SCSP IgG1 levels (Figure 8C). Finally, except the main effects of treatment (P= 0.8251), day (P< 0.0001) and treatment by day interaction (P< 0.0001) were significantly associated with serum anti SCSP IgG1 levels (Figure 8D).
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[bookmark: _Toc106626875]Figure 8: Mean serum antibody response against Staphylococcus chromogenes surface protein during full lactation cycle of dairy cows. SASP= Staphylococcus aureus surface protein; SCSP= S. chromogenes surface protein. A) IgA; B) IgG; C) IgG1; D) IgG2.


[bookmark: _Toc105593155]4. Discussion 

The overall purpose of the study was to evaluate the efficacy of the SCSP and SASP vaccines in dairy cows in a natural exposure environment over a period of one lactation cycle.  Compared to the control cows, both the SCSP and SASP vaccines elicited and immune response.  While the SCSP induced a higher protective response than that of the SASP vaccinated animals compared to the control, at the SASP did show minimal protective effects.  While the lack of clinical mastitis cases did not allow for a statistical determination of significance among groups, subclinical staphylococcal mastitis cases were significantly decreased in the SCSP vaccinated group compared to the control at the cow level.  Similarly, cases of subclinical staphylococcal mastitis cases were reduced at the quarter level in both the SCSP and the SASP vaccinated groups compared to the control.  Overall, increasing the number of animals on the study may be beneficial in determining a difference in clinical mastitis cases among groups.  Additionally, utilizing a farm with a higher prevalence of staphylococcal mastitis cases may also aid in better determining the association of clinical mastitis among groups.

Throughout the study, the SCC was evaluated to not be significantly different between any groups although the SCC followed an expected trend along a lactation curve (Madouasse et al., 2012).  Milk production did not differ significantly among groups, but similarly to SCC milk production followed the expected lactation curve for dairy cows (Lee et al., 2020).  The current study does not model the study performed by Merrill et al. utilizing the same SCSP and SASP vaccines for SCC and milk production analysis.  Due to the nature of a natural exposure study, the prevalence of staphylococcal bacteria and number of cows in the study may have influenced the significant association of SCC and milk production among groups.  Similar to the lack of identification of clinical mastitis cases, future studies may employ more animals in a dairy farm environment with a higher prevalence of staphylococcal bacteria in order to clarify findings.  

Both the SASP and SCSP vaccines were evaluated under in an early dry period challenge study finding both produced immunogenic effects with the SCSP vaccinated group eliciting higher protective effects against the control compared to the SASP group against the control (Merrill et al., 2019).   While there is an observed protective effect amongst the vaccinated groups compared to the control group, the type of immune response is unknown.  Potentially with cytokine analysis, a more definitive determination of cytokine expression and subsequent protective effects may be determined along with type of immune response, cell mediated (Th1), antibody mediated (Th2), or a combination of both immune responses. Similarly,  the commercial vaccine Startvac® showed some protective effects during a controlled challenge study, however the route of protection is also unknown (Piepers et al., 2017a).  While the Startvac® vaccine was a challenge study compared to the current natural exposure study, both studies found a decreased inflammatory response in vaccinated cows in comparison to the control cows (Piepers et al., 2017a).  In contrast to the Peipers et al. study, the current study expressed no difference in the serum anti-SCSP and serum anti-SASP IgG1 titers (Th2 immune response) in the vaccinated group compared to the control group. The serum anti-SCSP and serum anti-SASP IgG2 titer levels (Th1 immune response) were significantly increased compared to the control cows, similar to the previous SCSP and SASP challenge study and the Startvac® vaccine (Piepers et al., 2017a, Merrill et al., 2019).  The significant serum anti-SCSP and serum anti-SASP IgG2 titers suggests the Th1 immune response may be the cause of the reduction of subclinical staphylococcal mastitis among the SCSP group at a cow level and the subclinical staphylococcal mastitis among the SCSP and the SASP groups at quarter level compared to the control group.

Aside from the Startvac® vaccine, the other vaccine commercially available is Lysigin® developed by Boehringer Ingelheim Vetmedica Inc and is available in the United States marketed for the reduction of staphylococcal mastitis in dairy cattle.  Lysigin® is akin to Startvac® in the formulation is a bacterin vaccine.  Multiple studies published contradictory findings with a study by Nickerson et al. showing that boosters of Lysigin® every six months beginning at six months of age until calving reduced the incidence of non-aureus Staphylococcus species (NAS) (Nickerson et al., 1999).  Similarly, Lysigin was found to decrease incidence of S. aureus intramammary infection at calving compared to control cows (Nickerson et al., 2008).  Another study performed by Middleton et al. found during a controlled challenged study, the group of heifers vaccinated with Lysigin® expressed no protection against S. aureus compared to the control group (Middleton et al., 2006a).

Due to the commercially available vaccines utilizing Bacterin technology, the whole deal cell of a S. aureus strain is used when developing the vaccine.  While there was shown to be an immune response in some studies for both Lysigin® and Startvac®, the reduction in staphylococcal mastitis incidence was not achieved (Middleton et al., 2006a, Middleton et al., 2009b, Schukken et al., 2014a).  In order to optimize an effective vaccine, a smaller scope needs to be utilized while still maintaining a broad enough spectrum to elicit immune responses and subsequent protective effects in dairy cows.  The SCSP and SASP vaccines may have the ability to provide protective effects with further identification and evaluation of specific surface associated proteins.  Additionally, potential optimization of the adjuvant by choosing a different dosage or even another adjuvant may prove to be beneficially in eliciting a stronger immune response.  Overall, future studies need to be completed using a larger cohort of cows in a more heavily S. aureus prevalent farm vaccinated with more closely identified proteins from the SCSP and SASP groups to clarify further the potential protective effects expressed within this study.
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