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Abstract
	The main objective of this thesis was to create a systematic review to investigate the prevalence of antimicrobial resistance in S. aureus strains. Preforming a systematic review requires expertise in the subject matter at hand and familiarity of the broad scope of literature surrounding the question. Systematic reviews require a defined protocol that allow for other investigators to repeat the review methods, and some of these protocols are published prior the collection of the data and synthesis of results. In this thesis, a literature review of the current state of systematic reviews in S. aureus in veterinary medicine and a review of systematic review guidelines were conducted. The main outcome of this thesis is the development of the systematic review protocol which will be submitted to Animal Health Reviews for publication. Incorporated is a narrative synthesis of the included references resulting from the systematic review. The references utilized in this review should be considered as preliminary, as only one reviewer was involved in the selection of the final library and the extraction of the data. It was discovered that there are limitations to this systematic review that effect the generalizability of the results and, for this reason, a meta-analysis was not attempted. Based on the narrative review of the selected literature, there were gaps uncovered in the available literature linking the antibiotic resistance to the strain types and a publication bias towards human-relevant animals. 
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S. aureus: A Novel “One Health” Pathogen
Seth Epling
	Staphylococcus aureus presents a global, One Health issue as it is a zoonotic, commensal bacterium that has the potential to become pathogenic which could result in the need for treatment in both human and other animal hosts. The One Health concept recognizes interdependence of human, animal, and environmental health (CDC, “One Health”). Zoonotic pathogens are transmitted between humans and animals and understanding how to control these pathogens requires recognizing human, animal, and environmental pathogen reservoirs. Human exposures of S. aureus are grouped into three epidemiological categories: livestock-acquired, community-acquired, and hospital-acquired, emphasizing the One Health scope of this pathogen. S. aureus is also grouped into categories based on antimicrobial resistant (AMR) profiles. S. aureus, especially methicillin resistant S. aureus (MRSA), are a significant human health care issue. Less literature is devoted to methicillin sensitive S. aureus (MSSA).   In both humans and other animals, S. aureus can act as a commensal bacterium with prevalence varying from host to host. The prevalence of S. aureus is predicted to be in 14-35% of cattle, 90% of chickens, and 20-30% of humans, indicating the total percentage of individuals where S. aureus can be isolated (Haag et al, 2019). In humans, S. aureus causes infections in organs such as the skin, mammary glands, and heart (Tong et al, 2015). It also has been observed to act as a nosocomial (i.e., hospital-acquired) pathogen, endemic in many hospitals (Tong et al, 2015). S. aureus also causes wide-spread infections amongst food and dairy animals, resulting in infections such as mastitis, dermatitis, abscesses, and septicemia (Haag et al, 2019). Humans often act as an intermediate host when S. aureus jumps between species, providing the species with a pool of both virulence factors and antibiotic resistant mobile genetic elements (Haag et al, 2019). S. aureus presents a huge financial burden. Infections in humans may require antibiotic treatment compounded with the burden of secondary complications. Mastitis due to S. aureus infections pose a financial burden in dairy production, as it lowers milk yield, increases the need for medication, and leads to the disposal infected milk (Haag et al, 2019). This chapter summarizes S. aureus from a One Health perspective by focusing on human and animal diseases, host specificity, and host jumping. The ever-increasing problem of antibiotic resistance in S. aureus and the acquisition of resistance will be summarized, as well as strain typing techniques that standardize global surveillance. S. aureus is a global health issue and will require a global effort and cooperation to effectively identify trends in host specific infection rates and interspecies transmission events. 
Human Infections
	S. aureus is the leading cause of both bacteremia and infective endocarditis. It infects the lungs, bones, the heart, and skin and soft tissue (Tong et al, 2015). These infections are not limited to a particular area of the world, as both industrialized and non-industrialized countries experience heavy burdens. Although there is a low reported presence of S. aureus in low-income countries compared to other infection diseases such as malaria, TB, and HIV, it is likely due to the lack of surveillance, diagnosis, and the limited number of studies completed (Nickerson, 2009). The available data shows that in low-income countries, 25% of diseases in neonates were caused as a direct result from S. aureus along with it being the primary cause of bacteremia under 1 years old. This is contrary to high income countries where the risk of infection was found to increase with age (Nickerson, 2009). There is limited data available regarding community risk because of the lack of studies that target non-hospitalized cases. Although the clinical manifestation of S. aureus changes depending on the income of a country, there are two universal risk factors in regard to infections, the first being the use of contaminated medical devices, and the second being the use of antimicrobials (Nickerson, 2009). S. aureus pathogens are endemic in hospitals across the world, presenting as the leading cause of infections in hospitalized patients and can lead to infections via contamination of medical devices during procedures (Archer, 1999; Solberg, 2000). Humans are also in close contact with animals through agriculture and domestication of animals leading to an increase in the risk of S. aureus spill-over between humans and animals.  
Animal Infections
	As in humans, S. aureus invades and colonizes a number of different tissues spaces leading to an acute or chronic infection. In different animal host species, the most common site of infection can vary. Current studies of S. aureus infections in animals are focused on food and dairy animals as well as companion animals because of the relevance to humans. Infections in wildlife are rarely reported because there is little effort to screen infections as there is a low chance of human spillover (Haag, 2019). Prevalence of S. aureus in wildlife has been investigated in a numerous host including black bears, dolphins, mallards, squirrels, deer, wild boars, and chimpanzees, reporting S aureus in over 100 different non-human animals, including mammals, birds, and fish (Heaton, 2020). These studies report S. aureus manifestations ranging from severe acute infections causing bronchopneumonia or endotoxic shock in common dolphins (Mazzaroil, 2018) to apparent colonization in great apes and lemurs with no reported infections (Schaumburg, 2013). 
	Ruminant infections are focused on mastitis because of its burden on dairy production and S. aureus is one of the leading causes of mastitis along with E. coli and Streptococcus species. Infected mammary glands can shed S. aureus with enterotoxins in the milk, presenting a potential public health issue. The pathogen is able to spread from individual to individual and to humans through milking and bedding practices (Sakwinska et al, 2011). In rabbits, S. aureus infections affect up to 60% of rabbitries causing dermatitis, abscesses, pododermatitis, and mastitis (Corpa et al, 2009). S. aureus is the leading cause of bacterial infections in poultry, manifesting as septic arthritis, abscesses, dermatitis, and septicemia (Peton and Le Loir, 2014). Companion animals, like cats, dogs, and horses, are affected by skin and soft tissue infections and present risk factors similar to their owners (Peton and Le Loir, 2014). The infections in these different animals show S. aureus’s ability to infect a broad range of host and environments. S. aureus infections are not limited to humans or a specific animal which makes the pathogen a critical One health issue. 
Multilocus sequence typing 
	The range of infections indicate a strong relationship between host and specific strain as evolutionary distinct S. aureus strains cause infections in different host (Peton and Le Loir, 2014; Haag et al, 2020). Methods, like Multilocus Sequence Typing, that allow discrimination of S. aureus lineages are critical to understand the epidemiology of infections. Different strains of S. aureus have different virulence and pathogenicity profiles. Gain and lose of genetic elements allow S. aureus strains or lineages to become endemic in certain hosts. Some strains are more adapted to specific species, whereas other strains are more adapted to zoonotic transmission. There are a variety of methods to identify strains of S. aureus some of which allow for further discrimination of the species. Initially biotypes based on phenotypic assays were used to discriminate beneath the level of species. At this level of classification, S. aureus is divided into six unique biotypes based on their reaction to simple assays. These six unique biotypes of S. aureus that have currently been identified are human, β-haemolytic, bovine, ovine-caprine, avian-abattoir, and non-host-specific (Peton and Le Loir, 2013). Further classification methods have arisen as investigators continue to study the bacteria using molecular typing methods such as Multilocus enzyme electrophoresis (MLEE) and pulse field gel electrophoresis (PFGE). These methods are able to discern isolates of S. aureus but are unique to laboratories and do not allow for comparability of isolates between investigators. Techniques that involve DNA sequencing allow for evolutionary patterns and population structure and present an unambiguous typing method. Figure 1.1) This heat map illustrates where the country origin of the isolates submitted to PubMLST.org. This is published on PubMLST.org. 

	Multilocus sequence typing (MLST) has become extensively used in epidemiological studies of bacteria such as C. jejuni, Neisseria, S. agalactiae and S. pneumoniae, and S. aureus (pubmlst.org). Isolates are typically defined by seven housekeeping genes in which different gene sequences define different alleles for each of the genes, and the different combinations of alleles for the seven genes define a strain type, or ST (pubmlst.org/Multilocus-sequence-typing).  There are currently 35,968 identified isolates of S. aureus, with the most common host in the database being humans (McCarthy et al, 2012), from countries around the world (Fig 1.1). The UK has the most typed isolates currently with 2006, followed by China and the United States with 876 and 855, respectively. The value of this particular typing technique is demonstrated through the wide range of countries that submit samples to the MLST database. Strain types can be phylogenetically related through programs such as eBurst (Fig 1.2), which divides large MLST strain types into groups known as Clonal Complexes (CC) (Feil et al, 2004). Multiple str A single connecting line indicates one difference in a gene region. These clonal complexes can show global and evolutionary patterns of certain S. aureus strains which is essential in understanding the epidemiology of One Health studies.Figure 1.2) eBurst cluster diagram based on MLST allele differences. This demonstrates the predicted phylogenetic relationship of isolates in different host. Animal isolates are green circles, human black and pink are isolates reported in both. This was derived from Peton and Le Loir (2014).

Host specificity and host jumps
The use of MLST in S. aureus has aided in the investigation of host-specific isolates helping further develop the 6 biotypes. In ruminants, common lineages are CC133, CC130, and CC97 while in rabbit and poultry, CC5 is the dominant clonal complex (Peton and Le Loir, 2014; Fig 1.2; Table 1.1). The predominant strains found in humans are CC8 and CC398. These strains are found in bovine and small ruminant mastitis as well. The pattern of the Clonal Complexes of MLST lead to the discovery that humans may act as a reservoir of S. aureus, as there have been reports of host jumping events including jumps from humans to livestock (Peton and Le Loir, 2014), from humans to domestic animals, (Haag et al, 2019) and from humans to chickens (Lowder et al, 2009). There is a risk of bias here, as the isolates in the MLST database are dominated by humans leading to the appearance that human to animal jumps are more common. More studies should focus on animal isolates to illustrate the overall relationship between hosts. Although host jumps are rare, as most lineages are contained within their host, there are some concerns elucidated from ST398 isolates. ST398 represents a multi-host MRSA lineage and a human associated MSSA lineage found in a variety of hosts such as humans, both in agriculture workers and those in communities, cows, pigs, and wildlife (Sakwinska et al, 2011). S aureus ability to colonize such a diverse number of species is a result of the gain and loss of mobile genetic elements (MGE) as well as host specific mutations that allow for strains to adapt to a particular host species. The animal host can provide pools of virulence traits that can be acquired by the isolates. The frequency of these jumps has a direct relationship with contact between hosts (Haag, 2019). This demonstrates how humans can act as a S. aureus reservoir between animal hosts resulting from the constant contact with animals through agriculture and domestication. The ability of S. aureus to gain MGE’s is a growing concern as the demand and utilization of antimicrobials for the prevention and treatment of infections continues to increase.	
Antimicrobial resistance
	Methicillin resistant S. aureus (MRSA) is global concern as these isolates are resistant to traditional antibiotics that target the penicillin binding protein (PBP). These isolates are the leading cause of nosocomial infections and can increase the difficulty of treatment (Tong et al, 2015). Isolates can gain resistance through the acquisition of plasmids during horizontal gene transfer between the environment, other S. aureus, and from other bacterial species (Alibayov, 2014). MGE’s and plasmids can increase resistance to more than just penicillin; they also increase resistance to other antimicrobials such as vancomycin, tobramycin, kanamycin, and many others (Alibayov, 2014). The selective pressure on isolates as a result of antimicrobial use increases with the frequency of use which indicates the need to control antibiotic use. The common treatments for mastitis or other intramammary infections are antibiotic categories such as β-lactams (penicillin’s), aminoglycoside, lincosamide, and macrolides (Molineri et al, 2021). The overuse or mismanagement of these antibiotics poses a potential public health problem in which resistant isolates could affect the production of food and human health. The use of antimicrobials in agriculture is more common than in humans which can create resistant isolates in agriculture with the potential to be transmitted to humans (Shepheard et al, 2013), further illuminating the importance of a One Health focus. The use of antibiotics should be well managed, both in humans and in agriculture and the spread of resistance should be globally surveilled, as different countries utilize and regulate antimicrobials differently. Table 1.1) This shows the dominant strains and clonal complexes from S. aureus Veterinary Medicine (Peton and Le Loir, 2014) and S. aureus in Animals (Haag, 2019). CC- Clonal Complex, ST- Strain type. Bold indicates dominant strains and asterisks denote host specific clonal complexes.

	S. aureus’ ability to acquire and lose MGE’s leads to the possibility of host jumps, and once colonized in a particular host, selective pressures will lead to host specificity. Humans act as a reservoir for other animal species because of consistent contact through production and management of meat and dairy animals and animal domestication. Humans also provide a route to global dissemination of S. aureus through trade and tourism. MGE’s are essential in S. aureus ability to gain host-specific virulence factors and antimicrobial resistance.  S. aureus is understudied in low-income countries and in non-human relevant animals (wildlife), and in order to gain a better picture of the epidemiology of this opportunistic pathogen, investigators must focus on both susceptible and resistant strains. The use of MLST will allow for global comparison and studies of evolutionary patterns, as not all S. aureus strains have the same virulence and pathogenicity, emphasizing the importance of studying traits as specific strains rather than a species.   
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The current state of Systematic Reviews describing S. aureus in Veterinary Medicine 
Seth Epling
	Systematic reviews of S. aureus are extensively used throughout human medicine. These systematic reviews focus on sterilization techniques, etiology, and treatment of infections in multiple countries spanning the world. The nosocomial threat of S. aureus has investigators focusing on the human infections of S. aureus in systematic reviews. In veterinary research of S. aureus, reviews typically are narrative, presenting many references but not using systematic methodology to find, sort, or extract data from these references. The object of this short review is to determine the scope of S. aureus systematic reviews in animals and veterinary medicine.  
	Search Strategy 
	In order to find systematic reviews of S. aureus in animals, the search term (aureus) AND ("Systematic review*") AND ((veterina*) OR (animal*)) was created and searched using the database PubMed. The search results provided 75 references that contained the search term which were then title screened for relevance. The requirements inclusion of a reference was that it had to be a systematic review that primarily focused on S. aureus or the resulting infections in animals or animal products.  Of the 75 results, eight were considered relevant. Furthermore, one reference was excluded because there was no English translation (Barberato-Filho, S., et al., 2020). 
[image: ]	Results and DiscussionTable 2.1) This table demonstrated the focuses of systematic review of S. aureus in animals and animal related products. “Typing?” refers to if there was a strain typing technique. AMR- Antimicrobial resistance, NA- not available

	
Out of the seven relevant articles, one did not contain a full text version, so the information was taken out of the abstract if possible (Roy et al, 2012) (Figure 2.1). Two of the articles focused primarily on the treatment of infections, although one did not focus on a specific animal or infection (Perlroth, 2008). There were three studies that focused on the prevalence of S. aureus, but only one utilized typing techniques that went beyond species (Heaton, 2020). Four out of the seven articles were published within the last three years. The majority of the articles (5/7) investigated the antimicrobial resistance of S. aureus. Five studies included the countries of origin for S. aureus, but only one study investigated the specific antimicrobials used and phenotypic antimicrobial methods based on country (Molineri, 2021). Two of the studies limited the search regions but did not include any further commentary on the locations (Sekyere, 2019; Dahkordi, 2019). The review completed by Heaton et al, recorded molecular typing techniques (Multilocus sequence typing and spa typing) and presented antimicrobial resistance antibiograms for isolates of a given animal, but the association between strain type and antimicrobial resistance were not explored (Heaton, 2020).
Overall, the prevalence of S. aureus in animals has not been systematically investigated. There are reviews that describe S. aureus in animals, but these are at risk of selection bias as they did not present a way to obtain all relevant papers (Haag et al, 2019, Peton and Le Loir, 2014). There were also no prevalence calculations in these studies, as they described findings derived from prior studies (Haag et al, 2019; Peton and Le Loir, 2014). The field of systematic reviews in veterinary medicine is a growing field indicated by the fact that four of the articles were published in the last three years. The field will likely continue to grow and understanding of the gaps in knowledge will aid future investigators to pursue unique questions. There has yet to be a review that explores the strain specific prevalence of antimicrobial resistance in different hosts. Since S. aureus is host-specific and different strains are able to obtain virulence and antimicrobial resistant genes from mobile genetic elements (Alibayov, 2014), it would be expected that different strains have different levels of resistance. The intrastrain variance of antimicrobial resistance should be investigated to determine the level of heterogeneity in strain AMR profiles. Another determinant of the prevalence of antimicrobial resistance could be geographical location, because different countries are using different antibiotics and have different methods of regulation of the use of their antimicrobials, supported by Molineri et al. In humans, there is a plethora of reviews about S. aureus, including studies about the role of livestock associated S. aureus, but understanding the epidemiology of S. aureus in animals will lead to a greater understanding as a One Health issue. 
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Strengthening Systematic Reviews: A review of Systematic Reviews guides
Seth Epling
	Systematic reviews have been proven to be a powerful tool in research where literature is systematically extracted from databases in order to synthesize all evidence relevant to specific research questions. These reviews cover a large range in questions from effectiveness of a treatment to methodological assessments to economic evaluation (Munn, Stern et al. 2018). The aim of these studies is to include all possible references persisting to a topic or question no matter the aim, direction, or significance of the result. Well-conducted systematic reviews summarize available data, demonstrating the gaps in the knowledge or provide decisions with ‘synthesized, reliable information’ (Denison, Dodds et al. 2013). The key words in the previous statement are ‘well-conducted’. Although these systematic reviews can be extremely powerful tool in research, reviews conducted without careful consideration led to false conclusions of the questions. In this literature review, we will investigate multiple systematic review guides than have been written by investigators with their expertise in reviews. These guidelines focus on largely the same thing, creating systematic and repeatable processes while limiting potential biases. Established databases such as PRISMA (Moher, Shamseer et al. (2015) and Animal Health Review (https://www.cambridge.org/core/journals/animal-health-research-reviews) have defined guidelines and step by step instructions that should be read before starting a systematic review. This literature review acts more as a supplementary material to the guides, adding perspectives from different focus areas. This chapter will dive into areas that strengthen the methodology behind systematic reviews focusing on a few areas.  i) Defining the scope of the review, ii) creating search terms and selection criteria, iii) Organization of references, iv) Data extraction and risk of Bias, and v) Understanding study limitations. 
Defining the Scope of the Review
	Systematic reviews have been extensively used by medical researchers to produce reliable findings to inform decisions in a specific field (https://www.cochranelibrary.com). Denison et al describes in detail the necessary steps to take before beginning a systematic review and will be referred to throughout this review. The field has grown, which has led to the development of peer-reviewed journal articles describing the types of systematic review an investigator should explore based on the variables in the desired review (Munn, Stern et al. 2018). Munn et al., describe the different types of reviews by listing the aim, the question format, and an example question to help investigator decide the aim of their question (Table 3.1). Understanding the scope of the review is extremely important to determine the best study design for your specific question. Study design is important as each have their own advantages and disadvantages (Dohoo et al, 2012). Although this is not a necessity, the strength of the review increases with inclusions of the proper study design. Randomized-controlled trials provide the strongest level of evidence in human trials but are rare in veterinary experiments (Sargeant and O'Connor 2014). For prevalence, cross-sectional studies are most appropriate whereas cohort studies are recommended for incidence measures (Munn, Moola et al. 2015). The use of observational studies is more prevalent in animal science methodology but there are methods established to further strengthen the use of these studies (Munn, Moola et al. 2015). The study designs that are the most effective will vary depending on the question and the type of systematic review. Table 3.1) This is derived from Munn et al “What kind of systematic review should I conduct? A proposed typology and guidance for systematic reviewers in the medical and health sciences” describing the different topics of systematic reviews.

Search Terms and Selection Criteria
[image: A screenshot of a computer

Description automatically generated with medium confidence]	Selecting the most inclusive search terms are vital for strengthening the review because the right terms are able to pull the greatest number of potentially relevant references. The terms in the search string find references that contain said term in either the title or abstract or is included as a keyword. Suggestions from Denison et al include breaking the question into different subject areas which is consistent with our supporting librarians (Christie Silkotch and Laura Kutner from Howe Library at the University of Vermont). These help to organize the search terms so that you can focus on each subject independently to find the search terms with the most relevant and greatest range of references. For example, the search log, which displays the number of references per search, from Agricola shows three subjects areas converted into search terms, sequence typing, S. aureus, and antimicrobial resistance (Table 3.2). This is also where the help of a librarian can solidify a search string. Librarians that work with these databases often know common verbiage or phrases used in literature. They can also provide insight into character shortcuts such as the truncation mark (*) to gain a broader range of studies. To further understand the verbiage used in the scientific community, explore the keywords of known relevant publications that could be incorporated into the search string. Table 3.2) This table describes the systematic approach to creating search strings in Agricola. The second to last column indicates the number of papers found in each search. 

Different authors say the same concept in many different ways so understanding the most common verbiage in the literature will help you get more inclusive and relevant results. Silkotch and Kutner were instrumental in helping understand subject area hierarchies such as MeSH terms in PubMed (https://www.nlm.nih.gov/mesh/meshhome.html). These terms allow for a search of a subject rather than a term, creating simpler search strings. For example, instead of listing out all of the antimicrobials that could be in a reference, MeSH terms such as ‘Drug resistance, Microbial’ gather all articles that contain this subject header. There is a limitation with this kind of searching because not every database has these subject hierarchies and not every investigator will include the subject terms in publishing. Combining these subject terms with the keyword searches will gather a broad range of references.  
	After gathering all of the references, the study selection process will start but this requires pre-set conditions of inclusion and exclusion. The inclusion criteria can come directly from the systematic review type abbreviations, discussed in Munn and Stern.  The inclusion criteria are often presented in a question format, asking ‘Yes’, ‘No’, or ‘unknown’ questions, (Williams-Nguyen, Bueno et al. 2016, Sargeant and O'Connor 2014). The reviewers can screen the title and abstract of all the references and use these yes/ no questions to systematically and efficiently screen large number of references.  I would suggest including references that rest on the fence of inclusion and exclusion because, if they are not relevant, they will be excluded in full-text screening and data extraction. 
Organization of References
	Depending on the objective of the review, investigators will have different numbers of references at their disposal. EndnoteX9 is a common citation manager used for systematic reviews (Williams-Nguyen, Bueno et al. 2016), (Denison, Dodds et al. 2013), (King, Hooper et al. 2011) and, for full clarity, the only citation manager that I worked with . Endnote allows for an easy electronic transfer of the references from most databases into the investigators personal libraries in endnote, usually able to download directly from these databases. The libraries formed in Endnote can be transferred to an online (cloud-based) version of the application that allows for sharing of references with other investigators, or alternatively EndNote libraries can be exported and shared as electronic data files via media exchange. There are many guides from university libraries that have different methods to manage references (e.g. University of Southern Australia, University of Sydney, University of Southampton) and investigators should utilize at least one when using Endnote for the first time. With the potentially large number of papers that could be identified in the first selection step, organization of the libraries is imperative to ensure all reference are treated the same way.
	If the references come from multiple databases, which is common, downloading each set of references into their own database library helps with organization. This way the investigators can revert back to each database library if needed. Each library should be de-duplicated which helps eliminate references that are duplicates. There are guidelines on how to use Endnote to de-duplicate the libraries and we followed the McGill library’s guide to deduplicating in Endnote (Bramer, Giustini et al. 2016). After combining the individual database libraries into a combined library, the de-duplication process is repeated. This is where the majority of duplicates will occur as references will be published in multiple databases. 
	As investigators are screening through their initial selection, it is imperative to keep track of the studies such that the number of inclusion and exclusion can be reported for methodology. One way to keep track of references is through the use of Groups in Endnote. The references will be downloaded into a list of the articles, unfiled. While going through the articles, create groups to file the references as ‘inclusion’ or ‘exclusion’ plus the reason. These numbers can be presented as a flowchart (Figure 5.1) in the methodology demonstrating the number of references excluding for each reason. Reasons can include study design, language, publishing date, non-relevant studies, and many others that will be encountered during selection. Once finished, the library is ready to be full text review for data extraction. 
Data extraction and Risk of Bias
	Data extraction is the process of obtaining all desired data items from each reference and should be made such that each included reference gets the same amount of attention and detail. Often, data extraction forms are created to ensure that the needed data is extracted with limited biases (Center for Reviews and Dissemination (CRD), 2009; Higgins et al, 2021; Sergeant and O'Connor 2014; Williams-Nguyen; Bueno et al. 2016). The data from each reference should be ideally extracted by two independent reviewers. If not possible, a second reviewers should be validating the first reviewer’s decisions (Sargeant and O'Connor, 2014). The contents of the form revolve around both the pursing question and the intended results. Data extraction forms can be divided into different levels, manuscript data, study design data, and data about the outcome (Sargeant and O'Connor, 2014). Manuscript information such as authors, titles, funding source, and year published are important to note for citation purposes. Study characteristics of the references should be noted and will inform the reviewers on the quality of the references (Sargeant and O'Connor 2014), CRD). These include the study design, the study population demographics and size, and other characteristics that could affect the internal validity of these studies. Outcome data will depend on the intended results of the study, but it is important to note the methodologies of obtaining the outcomes as these methods could evolve and change over time. This may not be entirely clear before reading the literature and it is recommended to read different references that were included to get a sense of how data is being reported in a range of differing studies (Sargeant and O'Connor, 2014). Using relevant references to further understand the reporting of the outcomes will strengthen the data extraction form and bring light to limitations that may have been unknown beforehand. The data extraction form needs to include relevant information without wasting the time of the reviewers (Sargeant and O'Connor 2014; CRD) and by referring to references that will be included, it may help in preserving valuable time and resources.  
	Bias is important to understand before data synthesis is performed. Bias can be categorized into three main areas, selection bias, information bias and confounding factors. It is important to screen the references for their risk of biases and understand the potential risk that the relevant data could have on the overall synthesis of the combined data. Some reviews will rank the risk of biases for each study (Williams-Nguyen, Bueno et al. 2016)) but there is no established methodology of creating these risk scales and scales often ignore the direction of the bias (CRD). The practice of looking at each individual study as the individual and not comparing the risk of bias across studies gives a better understanding of an individual article impacting the results of the overall review (CRD). There are established checklists that can be used to evaluate the study quality depending on the study design used. The Johanna Briggs Institute created a Critical appraisal tool for different study designs, such as Randomized Controlled trials, cross-sectional studies, and cohort studies. These checklists are used by investigators when conducting these studies on their own but can be adapted to demonstrate the risk of bias in reviews. For observational reviews, the STROBE (STrengthening the Reporting of OBservational studies in Epidemiology) checklist is often used before submission to a journal. Increasingly, peer-reviewed journals are requesting authors include completed checklists of reporting methods with their manuscript submissions. This STROBE checklist has been further adapted to the use in veterinary medicine (STROBE-Vet) and Molecular Epidemiology (STROME) which can be integrated into data extraction forms. Although these risks of biases should not be compared by a scale, the risk should be discussed in the narrative summaries or by subgrouping the risks in quantitative synthesis (CRD). This risk of bias assessment can help explain and interpret the differences that may be seen in evidence synthesis and can serve as a guide to limiting these risks in further research.
	Combining the criteria for high quality studies and the data extraction form ensures you are getting the information you need as well as assessing the bias. Sampling a random, small percentage of the studies can determine if the data extraction form is efficient. All investigators write and report their data in different ways, the data extraction form can be altered in this sample stage to make the form most efficient. All altercations should be noted and described in the final review, if different from the initial protocol.  	
Understanding study limitations
	Every study has its limitations, and the strength of the study increases when the investigator is clear about the limitations of their own study. This is no different for systematic reviews, if not more important. Limitations arise as an investigator dives deeper into the literature and finds areas where the references lack certain factors or places where the a priori protocol did not account for.  Although these might affect the generalizability of the study, indicating these limits are important for the reader to fully understand the presented summary data. Not every reference is in every database meaning all of the possible references will not be available. Clearly presenting which databases were chosen for complete visibility of your synthesized data. Other limitations may arise based on the data availability and presentation as these will differ depending on the study. There may be instances where the investigators could realize that the data, they are finding may not fulfill what their protocol entailed. The protocol can be adjusted if this occurs, but this should be clearly stated in the final review. 

Systematic reviews present a practical way to synthesize available data for a given question, but these summaries are not absolute and do not conclude the investigations. Based on the limitations that are set in each review protocol, there will some trouble generalizing the results (Alonso-Coello, Carrasco-Labra et al. 2016). The findings in systematic reviews are summaries of the data and present an overall pattern of the literature but may not be directly translatable to each individual case. Limitations do not negate the quality or value of the systematic review, but presenting them lead to stronger, evidence-based conclusions. These reviews will also serve to investigate possible holes in the research that may strengthen the overall body of research. Systematic reviews and data summaries of the available evidence will help to focus research projects and present combined findings for a certain subject area.  Future experiments and new scientific objectives will arise while undertaking a review which speaks to the importance of systematic reviews. 
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Prevalence of antimicrobial resistance among Staphylococcus aureus strain types isolated from domestic livestock, domestic companion animals, wildlife, and other non-human animals: a protocol for a systematic review and meta-analysis
Seth Epling, John Barlow
Introduction
Rational
Staphylococcus aureus is a commensal organism and an opportunistic zoonotic pathogen of humans and animals (Haag et al., 2019). S. aureus is most often isolated from the skin of host species. The organism is halo-tolerant, and strains are able to survive outside the host in farm, household, or other environments for weeks to months (Kramer et al., 2006; Barberio et al., 2019). Sources of S. aureus exposure in humans and animals include direct contact with infected or colonized humans or animals, contaminated environmental surfaces, and airborne particulates (Peton and Le Loir, 2014).  Animal products (i.e., meat, eggs, and dairy products) are also a potential source of human exposure. In cattle, S. aureus infections are a major cause of mastitis and a financial burden on dairy production. S. aureus also causes mastitis in sheep and goats, as well as septicemia. In poultry, S. aureus is a common cause of skin, joint and bone infections, and has emerged as a significant pathogen in the broiler industry. S. aureus is a major pathogen of rabbits in commercial production systems, causing dermatitis, pododermatitis, and mastitis. S. aureus has also been isolated from horses, dogs, cats, and numerous wildlife species (Haag et al., 2019; Heaton et al, 2020).  In many of these species the extent of colonization in the absence of clinical disease is unknown. Often, specific strains or lineages (clonal complexes) are isolated from the different host species.  
Phenotyping and genotyping methods have demonstrated S. aureus is host adapted with genetic lineages associated with specific host species (Haag et al., 2019). Multilocus sequencing typing (MLST) is a DNA sequence-based approach to strain typing that is repeatable and portable across studies and laboratories providing the opportunity to analyze population structures across geographic locations, host species and time (Haag et al., 2019). The S. aureus MLST reference database current contains nearly 36,000 isolates representing more than 6,700 sequence types (https://pubmlst.org/organisms/staphylococcus-aureus). Sequence types are grouped into clonal complexes (CC) and lineages are associated with specific host species (Haag et al., 2019; Richardson et al., 2018). For example, CC97 and CC151 are two major lineages associated with cattle, CC5 and CC385 are poultry associated lineages, and ST151 is rabbit associated. Host-switching (species-jumping) events have occurred from humans to animals and in the reverse direction (Haag et al., 2019; Richardson et al., 2018). These host-switching events are associated with the loss or acquisition of mobile genetic elements or gene functions that allow adaptation to a new host environment. Among some S. aureus strains resistance to some antimicrobial classes is associated with specific host species (Richardson et al., 2018).
Antimicrobial resistance (AMR) among S. aureus strains, including methicillin resistant S. aureus (MRSA), is a significant human and animal health issue. Antimicrobial resistant S. aureus is a One Health issue, as strains have the potential to move between host species. For example, inter-species spread of MRSA CC398 between pigs and humans emerged as a public health issue in the past decades (Locatelli et al, 2016). The relationship between S. aureus sequence type, the antimicrobial phenotype or genotype of strains, and the host species is complex requiring continuous surveillance. The US CDC Emerging Infections Program (EIP) Healthcare-Associated Infections Community Interface monitors for changes hospital-onset (HO), healthcare-associated community-onset (HACO), and community-associated (CA) invasive S. aureus infections in humans. We are unaware of any S. aureus surveillance programs monitoring changes in animal associated infections.
Systematic literature reviews are one source of understanding prevalence of AMR in S. aureus (Heaton et al, 2020; Dehkodi et al, 2019; Sekyere et al, 2019). For example, Sekyere and Mensah (2020) completed a systematic review of molecular epidemiology and antibiotic resistance in selected gram-positive organisms, including S. aureus, in Africa. Their objective was to describe the molecular epidemiology of resistant gram-positive species from animal, human, and environmental sources. Their review identified seven publications with strain typing and AMR results for S. aureus from animals. Heaton et al. (2020) completed a systematic review and qualitative synthesis of publications reporting S. aureus in wildlife species, with the objective of describing the distribution of strains and antibiotic resistance. Their publication inclusion criteria were publications that reported the presence of S. aureus in any species of wildlife, and the resulting 51 publications varied in the extent of molecular strain typing and antimicrobial susceptibility testing or reporting. Molineri et al., (2021) reviewed antimicrobial resistance of Staphylococcus aureus from bovine mastitis. Their objectives were to determine the phenotypic resistance of S. aureus and their inclusion criteria included peer-reviewed publications of observational studies that collected S. aureus from bovine mammary quarter or composite milk samples and reported the proportion of isolates resistant to selected antimicrobials. They did not consider molecular strain type of the isolates, which is a possible limitation of their because previous studies have identified associations between AMR and strain types among isolates from bovine mastitis cases (van den Borne et al., 2010; Barlow et al., 2013; Haveri et al., 2005). We believe that a qualitative or quantitative systematic review of publications reporting prevalence of AMR phenotypes and genotypes among different molecular strain types of S. aureus isolates obtained from animals is justified from a One Health perspective. Animal species may be reservoirs for human exposure to antimicrobial resistant S. aureus and humans may be a source of antimicrobial resistant S. aureus for animals (Locatelli et al, 2016, Messenger et al, 2014, Liu et al 2015, Klous et al, 2016).

Objectives
The purpose of this research was to explore the possible associations between S. aureus strain type, host species source and the carriage of AMR for S. aureus isolates obtained from domestic animals and wildlife. Specifically, we completed a systematic review of peer-reviewed research publications in order to answer the question “What is the prevalence of AMR among different Staphylococcus aureus strain types for isolates collected from domestic animals and wildlife?” The primary objective of this systematic review was to summarize the state of knowledge and identify gaps in knowledge for this review question. We anticipate the primary results will be a frequency tables of 1) S. aureus strain types by the host of origin to quantify which strain types may be more prevalent in different animal species hosts, and 2) summary antibiograms by S. aureus strain types to quantify the frequency of antimicrobial resistant S. aureus strain types as a proportion of the total number of isolates collected from observational studies. If there are a sufficient number of cross-sectional observational studies that tested associations between host, strain type, and AMR, we will complete a meta-analysis to quantify possibly associations (Stroup et al., 2000).
Methods
Our systematic review protocol is outlined in figure 4.1. This protocol is based on the structure of Williams-Nguyen et al., (2016) systematic review protocol. We decided to structure our questions based on the guidelines in described by Munn et al. (2015), who provided an appraisal checklist for studies reporting prevalence data.
Eligibility criteria Figure 4.1) The overall process of our specific systematic review. 

Our criteria for study characteristics follow the CoCoPop guidelines, with our question formatted into the CoCoPop framework (Table 4.1). All publications reporting observational studies and passing our inclusion criteria will be included. There is no publication year constraint. Only English language studies will be included. The study must have at least one defined animal source and target population for collection of isolates and have a sample size of greater than 20 animals. This is to ensure that we are including cross sectional observational studies of animal populations that report S. aureus AMR prevalence. Descriptive case or case series reports of individual animals will be excluded. Descriptive surveys of a defined population of animals will be initially included for possible qualitative assessment of publications reporting S. aureus AMR prevalence. For possible analysis of associations (meta-analysis) we will include only publications reporting S. aureus AMR prevalence where an inference can be made about a target population with some defined exposure status that would be expected to influence AMR prevalence, such as extent of antimicrobial use in the study population. Studies will be excluded if they used retrospective isolates recovered from collections where there is no information on the size of source population. Descriptive surveys will be excluded where the authors applied only selective antibiotic culture methods to samples for one antibiotic (e.g studies of MRSA frequency where they only applied MRSA selective culture methods) and therefore did not quantify the frequency of antimicrobial susceptible S. aureus isolates from the source. The included studies must report the S. aureus isolates originated from cultures of samples collected directly from the animal or animal carcasses.  
The included publications must report the Multilocus sequence type of S. aureus isolates in the study. We will constrain on MLST as the molecular strain typing method due to the repeatability, portability, and ability to provide unambiguous results that are comparable between studies (Maiden, 2006). Publications that report MLST results for a subset of isolates will be included in our qualitative review and will be excluded from meta-analysis. MLST results can be derived from traditional PCR-based amplicon sequence analysis or from MLST predictions based on whole genome sequencing of isolates. The included publications must report results of phenotypic antimicrobial susceptibility testing assays for more than one antimicrobial. 
Information source 
The databases used will be PubMed, Agricola, Web of Science, and CAB direct. PubMed was chosen because it is one of the most common open access databases both in the medical and the veterinarian fields. We chose CAB direct and Web of Science because they are well known to the investigators and, with further research, we found that these databases have excellent coverage of veterinary research (Grindlay et at., 2012). 
Search strategyPopulation: Studies that collected Staphylococcus aureus from non-human animals and strain type isolates by Multilocus Sequence Typing .
Condition: Studies that report either quantitative measures of antimicrobial susceptibility (zone diameter by disc diffusion, or mic from broth dilution, broth microdilution, or agar dilution) or reporting categorical measures of antimicrobial susceptibility will be included. 
Context: S. aureus has been isolated from tissue samples including food animal products (milk and eggs) pre-processing (i.e. sample collected on the farm) or studies that have samples taken directly from the animal. For example, included samples are slaughterhouse raw samples, wounds, raw milk, bulk tank milk, infections, etc. Examples of excluded samples would be meat products at a retail market, feces

Table 4.1) This table shows how we separated our question into the CoCoPop framework

A library professional (Christie Silkotch, Library Assistant Professor, Howe Library, University of Vermont) was consulted to develop the search strategy. The search strategy was started in PubMed until the most parsimonious keywords were found. Effective key words were identified for the PubMed search from keyword lists of publications known to the authors’, preliminary literature searches and a search of PubMed MeSH terms. The search terms were then modified to work for the other databases. For PubMed, MeSH terms are used for maximum inclusivity. In Agricola, the code “NOFT” is integrated into the search, which constrains the search to keywords in the abstract and title but not the full text. When testing the Agricola search string we found the number of papers returned did not differ with or without the NOFT limiter. For CAB direct and Web of Science, the searches are keyword-based, because a categorical hierarchy such as MeSH in PubMed is not as developed for these databases. Here shown are the search strings for Pubmed and Agricola.

Pubmed:
(((Staphylococcus aureus [MeSH]) OR (Staphylococcal Infections [MeSH]) OR ("S. Aureus") OR ("Staphylococcus  aureus")) AND ((drug resistance, Microbial [Mesh]) OR (anti-infective [Mesh]) OR ("antibiotic") OR (antibiotic resistan*) OR (antimicrob*) OR ("susceptibility testing") OR (drug resistan*) OR (drug-resistan*))) AND (("Core genome") OR (Whole genome) OR (Whole genome Sequencing [MeSH]) OR ("cgMLST") OR ("wgMLST") OR (Multilocus sequence typing [Mesh]) OR ("MLST") OR ("Multilocus sequence typ*"))
Agricola:
((noft(S. Aureus)) OR (noft(Staphylococcus aureus)) OR (noft(Staphylococcal Infections))) AND ((noft("antibiotic*")) OR (noft(antibiotic resistan*)) OR (noft(antimicrob*)) OR (noft("susceptibility testing")) OR (noft(drug resistan*)) OR (noft(drug-resistan*))) AND ((noft("Core genome"))  OR (noft(Whole genome)) OR (noft("cgMLST")) OR (noft("wgMLST")) OR (noft("cgMLST")) OR (noft("wgMLST")) OR (noft("MLST"))  OR (noft("Multilocus sequence typ*")))

Additional references will be discovered by hand-searching references listed in review publications found among publications identified from search results or from the authors’ knowledge of the literature. 
Study Selection
After each search, the references will be imported into Endnote X9 as separate libraries and each database library will be de-duplicated.  The four libraries will be combined into one library and the final library will be de-duplicated following McGill library’s guide to deduplicating in Endnote (Bramer et al, 2016). The finished library will be shared between two separate reviewers who will independently select publications following our established CoCoPop criteria (Table 4.1). Potential relevance of the publications will be based on screening of titles and abstracts. For publications hand-selected from review articles or additional publications identified during the screening process, the two reviewers will add non-duplicate references to the Endnote library. In the first stage of screening, relevance of publications will be determined by the following criteria (modified from Williams-Nguyen et al., 2016). 1) Does the abstract refer to primary research reported in a peer-reviewed journal? 2) Does the abstract refer to S. aureus isolates that were strain typed by MLST, tested for antimicrobial resistance, and collected from animal sources? 3) ) Does the publication report prevalence of antimicrobial resistant S. aureus strains reported as a proportion of the total number of isolates tested? Any publication where the answer is ‘No’ for any of these criteria will be excluded. Articles where the answer is ‘Yes’ or where the answer is inconclusive will be retained for stage two screening  that includes review of the methods sections of the publications. The two reviewers will combine their initial screened libraries and discuss the differences. When necessary, a third party will resolve any conflict and a final initial (stage 1) library will be compiled, which will pass to a second stage of screening. In the second stage of screening, the methods sections of the English language full-text publications will be independently reviewed using the same three above criteria plus additional questions following guidance of Munn et al (2015). Criteria at this stage of review include: 1) Were the target, source and sample populations described? 2) Was the sample population selected in an appropriate random process?  3) Were S. aureus isolates collected from at least 20 animal subjects? 4) Was the study setting described? 5) Were S. aureus isolation and collection methods described? 6) Were MLST methods described? 7) Were antimicrobial testing methods described and did they conform to established practices (e.g. Clinical and Laboratory Standards Institute (CLSI)or the European Committee for Antimicrobial Susceptibility Testing (EUCAST) recommended practices)? 8) Was there appropriate statistical analysis to estimate prevalence of AMR among strain types?  Studies answering ‘Yes’ to these questions will be retained for data extraction for meta-analysis. Studies answering ‘No’ or ‘unsure’ to any one of these questions will be retained for qualitative analysis. We include an option to retain studies for qualitative analysis because based on our prior knowledge of the literature we anticipate there are a limited number of publications that will meet the criteria for meta-analysis. At the end of stage two, the two independent reviewers will agree on the final library of publications that pass to data extraction and whether a publication is included for either quantitative or qualitative analysis. 
Data extraction
After the initial screening, a data extraction form will be created to eliminate bias in the data synthesis phase. The publications will be categorized using the set of data items included in the final extraction form. The form will be tested using 10% of the publications or a minimum of 15 publications that are randomly selected from the final library. Independent reviewers will test the form and revisions to the form will be made by consensus. The data extraction and recording will be implemented using a Microsoft Excel spreadsheet.
During data extraction publications will be ranked based on STROBE-Vet reporting guidelines. Some additional factors will be considered as quality criteria, including MLST strain type reporting consistent with STROME-ID reporting criteria. For example, reporting of a new MLST type in the publication that is not submitted to the international MLST database for an official strain type, the paper will be considered lower quality. Further, if the authors do not include the methods of antimicrobial resistance or quantify the resistance, the study will be considered of lower quality. Data from these lower quality studies will be included in our qualitative systematic review but will be excluded from meta-analysis.
Data items 
The following information will be on the data extraction sheet, in 3 broad categories, manuscript information, study design and study results. Manuscript information including, title, author, year published, and publisher will be recorded to evaluate publication trends. Study characteristics recorded will include: Study setting (Farm, Veterinary clinic, household, zoological collection, native habitat), Location/ Country, Source Population, Target Population, Sampling type, Animal species, sample size and population size. Study results will include, the number of isolates collected, MLST types observed, Phenotype or Genotype of ABR (Y/N), Both (Y/N), Phenotypic Resistance Methods used, Quantitative measure of phenotypic resistance, antibiotics tested, which resistant genes were typed, was there a test of association. Each paper will be reviewed independently by two separate reviewers. If there are inconsistences, the paper will be discussed and if no conclusion can be meet, a third reviewer will used to resolve the decision.
There are two primary outcomes for this review. First, frequency and diversity of MLST types based on the host species to show the range of MLST types for a species at a population level. The second primary outcome will be to determine the frequency and the proportion of AMR of each MLST type by host species. The abundance of phenotypically resistant strains will be recorded as well as the strains that contain susceptible and intermediate phenotypes. The studies that quantitatively describe resistance will be recorded as higher quality compared to reports that qualitatively describe resistance. The AMR phenotype methods such as MIC, disc diffusion, agar dilution, and selective agar media, will be recorded to determine the frequency of phenotypic testing methods. The AMR genotyping methods will be recorded, as will the frequency of publications that apply both phenotypic and genotypic AMR testing on the same isolates. Secondary outcomes will include frequencies of the types of tissues samples, country of origin, and size of study population.  Study design will be recorded, and publications will be evaluated to assess the appropriate use of statistical tests of associations or prevalence estimates. 
Risk of bias assessment 
Risk of bias is important to understand in each individual study as high risk of bias will affect the internal validity of this study. Similar to Williams-Nguyen et al., we are categorizing the risk of bias into three domains: Sample selection bias, Information bias, and confounding factors. For each domain, we created questions that will allow the investigators to score each paper. Each question prompts the investigators in to determine if the risk of bias is great enough in an individual reference to affect the reporting of the desired data. 
Sample Selection Bias
These questions will determine the risk of bias for the sampling in each study. This will allow for stronger internal validity if the sampling risk of bias is low. 
1. Was sampling done in the study using a randomization technique?
1. Is the studied population well described? 
1. Is the sample size ≥50, ≥20, or <20?  
Information Bias
These questions are intended to determine if the methods of determining resistance are well stated and reproducible between laboratories. 
1. Phenotypic AMR: Was the phenotypic method described? Werequantitative results reported with the criteria for resistance clearly stated? 
1. Strain typing MLST: Were standardized S. aureus MLST methodologies used? Were novel alleles or strain types submitted to the PubMLST database for curation.      
Confounding factors
Different studies will have different confounding factors that may have been adjusted for within the study. These questions will determine if the study had adequate methods of controlling for confounding factors.
1) Were confounding factors identified by the investigators of the study?
2) Did they use sample restriction to control for these factors?
3) Did they use statistical analysis (stratification) to control these factors?
Data synthesis 
The primary objective is to present a narrative synthesis of the data. This is largely due to the expected heterogeneity of the studies as this review targets all animals, strains, and antibiotic classes, and we anticipate compiling information from many different studies reporting on different populations. Narrative synthesis is best adapted to reviews with high rates of heterogeneity (CRD).  The narrative summary will focus on study population and methods used, focusing on study details such as phenotypic methods used, animal host diversity or bias, common antibiotics used, and details on the most abundant strain types. In this section, the risk of bias for each reference will be demonstrated as well. The narrative synthesis will be able to cross-reference other reviews that investigate host specificity (Haag et al, 2019) and strain evolutionary relationships (Peton and Le Loir, 2014). The PhyloViz data visualization software tool will be used to create cluster diagram(s) of strain types for all the available isolates to show evolutionary relationship integrating epidemiological data, e.g. host source of isolates (Nascimento et al., 2017). 

A meta-analysis will be conducted with the references that fit into the following criteria:
1) The study is a cross-sectional observational study
2) The study defined their source population and included a random sampling technique
3) The study presented AMR by the strain type
4) The study had a susceptibility profile for all typed isolates
The meta-analysis will follow the framework designed in Barendregt et al., who alter the binomial model for systematic reviews of interventions to fit the prevalence reviews (Barendregt, et al, 2013). The variable for this review will be susceptible and resistant, where susceptible will be considered the ‘successes.
Meta-bias
	Our study has its own sources of bias as well in each of the three domains, selection bias, information bias and confounding factors. Our selection bias stems from our population inclusion criteria, we only included isolates that were strain typed using MLST and tested for antibiotics. Our study fundamentally excludes those isolates that have been found in certain host, but the researchers did not investigate antimicrobial susceptibility. Previous reviews have described associations between S. aureus strain types and host species (Haag et al., 2019; Heaton et al., 2020), so a systematic review of this question is less pressing. We have not identified a systematic review addressing the question of the relationship between S. aureus strain type, host source and AMR prevalence, despite a number of publications suggesting associations between strain type and AMR in some host species, e.g. dairy cattle (van den Borne et al., 2010; Barlow et al., 2013; Haveri et al., 2005). The study of antimicrobial resistance may be dependent on the economic importance of the host. We speculate that cattle and other food animals will likely have more frequent and comprehensive studies compared to studies of companion animals or wildlife (Haag et al., 2019). We will present the numbers of studies on each host to potentially identify this bias. The studies we included in our analysis only came from four databases supplement by our subject knowledge and are limited to English language publications. This introduces the possibility of missing studies. Although the databases are international, and our selection of databases is supported by previous research (Grindlay et at., 2012), we will summarize the geographic sources of the studies came to identify possible selection bias. A potential limitation of this analysis is the possible confounding between host species and strain type. This can be crudely resolved by completing summary assessments of the relationship between strain type and AMR stratified by host species. 
	Our information bias concerns circulate around the definitions of resistance and susceptibility. For our descriptive summaries of the isolates, we are using the profile that the investigators are describing. The isolates they say are resistant will be resistant in our summaries. It is possible for a dataset to be used for multiple papers as we did not investigate this, but excluding studies with retrospective isolates, we hope to eliminate this possible information bias. For meta-analysis we need to be careful because the cutoff point for susceptibility is different for every phenotypic test and for every investigator. By limiting our meta-analysis to those with defined quantitative measurements of resistance, our analysis will have a smaller number of studies but will have a stronger result. 
	The meta-analysis will demonstrate a publication bias towards strains that are highly resistant to antibiotics and to common antibiotics used. Some studies do not present the susceptible strains or include the total number of strains tested; these were not included in our meta-analysis. Many studies do not present AMR with a link to the strain type, giving resistance as a percentage of the total strains, which were not included in our meta-analysis. 
Discussion
This protocol follows the guideline laid out in PRISMA-P, Animal Health review, and study quality checklist like STROBE-VET and STROME-ID. This protocol was written before the data extraction began and is subject to change as the data synthesis has started depending on objectives and emerging evidence, all changes will be stated in the final article. Although, some data items and synthesis techniques may change, the rest of the protocol is systematically laid out to ensure all references are selected with the same criteria. 
The benefits of this systematic review will be the summarization of the heterogeneity of the studies. In this review, important study characteristics will be found such as the range of antimicrobials tested, the diversity of host species sampled, and methods behind phenotypic AMR profiles. Beyond study characteristics, a global evolutionary comparison of the strains will be created using data visualization tool for phylogenetic inference. This will allow for visualization of MLST strain types related to epidemiologic data such as host source and AMR profiles. This study will also reveal the commonality of linking the specific strain types and AMR profiles which will allow for further analysis of the study. If there are enough articles that meet the criteria for meta-analyses of prevalence (all isolates included, AMR linked by strain type, and random sampling), a quantitative synthesis of the data will be completed and an estimated prevalence of the antimicrobial susceptibility in S. aureus could be obtained. The prevalence of antimicrobial resistance is an emerging issue for not only animals but for humans as well (WHO). Prevalence of the resistance of potential pathogens will help save time and money in determining the most effective treatment for an infection.  
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Systematic Review of the Prevalence of antimicrobial resistance in S. aureus: Preliminary Results and Discussion
Seth Epling
	
Included references information
	The reference flow chart is illustrated in figure 5.1, the original database downloads occurred on August 4th, 2020. The final number of references to go through data extraction was 127, but this only included one of the investigators libraries because of time constraint so the following findings should be thought of as preliminary results. There were more studies that selected for MRSA specifically, some obtaining AMR associations, than there were included studies indicating the focus of MRSA in the animals and agriculture. Out of the 25 studies found in other systematic reviews, there were 6 duplicates. This shows the selection bias of our search because those references that would have been included, through title and abstract screening, if published in one of the selected databases. The de-duplication process is not perfect as there were 139 duplicates found during the selection process. Figure 5.1) This figure demonstrates the number of papers at each step in the systematic review process until data extraction. The white number indicates the number of references per step.


Study Characteristics
[image: Table

Description automatically generated]	There were 36 references that were included in the qualitative analysis (Supplemental table 1). The studies had a strong bias towards agriculturally related food and dairy animals (Table 5.1). Cows, Goats, Sheep, and pigs represent 58% of the animals studied in this review. This is consistent with the thought that there are more studies in agriculture because of the potential economic and human related burden that could be felt (Haag et al, 2019). Companion animals (Dogs, cats, and domesticated rabbits) were the next major focus and these studies sampled both the animal and their owner investigate spillover (Gomez-Sanz, 2013; Wan, 2012). There was only one study that had chicken samples in our review, this is surprising because chickens are a known source of S. aureus and should be a focus in the literature as they are up to 90% of chickens are colonized by S. aureus (Haag, 2019). The main countries of origin were Spain (7) and China (5) and European, Asia, and Africa were the main continents of focus. There was only one reference from the Unites States, and this was found by the investigators rather than by the search strings in the database. This reference would have been included based on title and abstract screening.  Table 5.1) This illustrates the years, animals, and regions in the 36 final papers. Percent of total is the number of articles for a category divided by the total number of articles, 36. Companion animals are dogs, cats, horses, and domestic rabbits. Large birds include vultures, magpies, and storks. Wildlife includes red deer, ibex, lemur, and wild rabbit. Superscripts indicate frequency.


Table 5.2) This table explores the frequency of the antibiotic methods used in the 36 final refences. Times used indicates the number of times the criteria was used in a reference and the percentage is out of 36 references. 



	There were many animals that were included in the final references, but cows were the focus of 16 studies, with 6 specifically focusing on dairy cattle. The smaller ruminants, goats, and sheep, were focused on in 10 studies, presented in 5 studies each. Studies investigating companion animals focused on dogs (4), cats (2), and domesticated rabbits (2). Vultures (2), Magpies (1), and white storks (1) consisted large birds and chickens had 1 article as well. Wildlife included Wild boar (3), Chimpanzee (2), Red deer (2), Ibex (1), Lemur (1), wild rabbit (1) and monkey (1). 
The methods of antibiotics used show a diverse methodology behind determining phenotypic resistance consistent with Molineri, 2021. There was a total of 62 different antimicrobials used in all of the references. Commonly, references use an array of antimicrobials that target different bacterial cellular mechanisms; cell wall synthesis (beta-lactams and non), protein synthesis, mRNA production, DNA synthesis, and Folic acid synthesis (Table 5.2). For beta-lactams, penicillin and cefoxitin were used in the majority of articles. For non-Beta lactam cell wall targets vancomycin was used the most common.  Tetracycline, erythromycin, gentamicin, and clindamycin were used in 75% or more in the articles for protein synthesis. Rifampicin, ciprofloxacin, and a combination of trimethoprim and sulfamethoxazole were used for mRNA production, DNA synthesis, and Folic acid synthesis, respectively. Rabbit farm
Figure 5.2) This linear correlation demonstrates the number of S. aureus isolates found and the sample size of the study. Each data point represents a study. The equation is displayed with the R2 value is displayed in the top left. The equation was forced through 0,0 because if there were no samples, there would be no isolates.

Isolate diversity 
The most abundant isolate was ST398 with 376 isolates, followed by ST9 with 104 and ST71 with 75 isolates. There is a large risk of bias in the isolate count as some articles sample more than others, which could result in a greater number of isolates (Figure 5.2). For example, 243 of the 376 ST398 isolates came from one reference (Ruiz-Ripa, 2019). Without these isolates, ST398 still has the most reported isolates with 133. ST398 was also reported in the greatest number of articles along with ST1, both being found in 13 different studies. This is consistent with the findings described before (Table 1.1) that illustrated that CC1 and CC398 colonize and infect a broad range of animals, including bovine, sheep and goat, rabbit, chicken, pig, and companion animals (Peton and Le Loir, 2014; [image: ]Heaton, 2020; Haag, 2019).  ST133, ST5, and ST15 had 11, 10, and 10 references, respectively. ST133 is bovine associated (Haag, 2019; Peton and Le Loir, 2014) so the abundance of this strain type is likely due to the publication bias towards bovine and ruminant associated studies. Figure 5.2 shows a moderate correlation (R2=0.685) between the number of host samples and the number of strains isolated from a study suggesting that the number of isolates increases with an increased sample size. There were plenty of singleton isolates found in this review, 111, and figure 5.3 shows the moderate direct correlation between the total number of animal host samples and the number of unique isolates. Figure 5.2 and 5.3 both show the possible publication bias of this review, as host with more samples could have more total number of isolates and more unique isolates. Dog and their owners
Cow
Goat
Figure 5.3) This correlation illustrates the number of unique strain types found in an animal and the total animal population sampled. Each dot represents an animal host. The equation is displayed with the R2 value is displayed in the top right. The equation was forced through 0,0 because if there were no samples, there would be no isolates. 

Limitations
There were limitations of our study based on our selection criteria and objectives which likely lead to the biases mentioned previously. Many investigators elect to MLST type one isolate per other identification method (Spa-type, PFGE) to save time and money and these were not included in our study unless the investigators stated the correlation between the methods “In brackets when the ST or CC is assumed according to the spa‐type” (Ruiz-Ripa, 2019). Furthermore, only studies that provided antimicrobial resistance information for all isolates were included in the qualitative analysis. These criteria excluded investigators that utilize MRSA selective on all samples because not all strains would have an equal chance to be typed (166 references, Figure 5.1). One reference with a large sample size could skew the strain abundance as well. For example, Ruiz-Ripa had over half of the ST398 isolates found in this review as they sample 691 rabbits, with and without infections (Ruiz-Ripa, 2019). Studies revolving around infections may present a bias because some strains are able to infect and spread more easily (ST398) which would present as these strains being more prevalent in an infected population. For this reason, studies that reported strains based on infection were excluded from the meta-analysis. In our study, we found strong bias against literature that reported the association between the strain type and their antimicrobial resistance phenotype. Future studies should include both strains that cause infection and strains that are isolated from healthy animals to obtain a better picture of the overall prevalence of antibiotics.  
There was a strong limitation in both the literature and our selection criteria that prevents us from obtaining the prevalence of antibiotics resistance in S. aureus. The main limitation was that many references did not link the antibiotic resistance to the strain types. Often, articles present their phenotypic resistance in a specific host or infection, giving the resistance as a proportion of the total number of isolates. Different strain types are better adapted to gain resistance through mobile genetic elements (Alibayoy, 2014), which demonstrates the need to distinguish strain types from each other. Furthermore, studies that did include antibiotic resistance with their strain types were excluded if they did not present all the isolates. 
The limitations presented previously were great enough such that we believed a meta-analysis in the current state would not give use an accurate representation of the prevalence of antibiotic resistance in certain strains. We are continuing to think about the selection criteria for inclusion into data extraction and meta-analysis such that we obtain a better estimate of the true prevalence. 
The observational studies used in this review did not include exposure measures in their studies, which does not allow for conclusions of strain type resistance and antimicrobial exposure. This is an opportunity for a future study that focuses on the exposure and strain type resistance. As previously stated, the acquisition of mobile genetic elements varies between isolates and antibiotic exposure creates selective pressure that allows for the survival of these resistant S. aureus. Pursuing a systematic review that investigates the antibiotic gene prevalence in certain strains and the exposure of antibiotics could help to prevent the spread of multi-drug resistant species. 

Conclusion
	This thesis demonstrates the methodology behind creating a systematic review protocol as well as presenting a narrative summary of the studies that investigate the prevalence of antibiotic resistance in S. aureus isolates derived from animals. These literature and systematic reviews demonstrate gaps and limitations of the available literature based on question and set criteria. Although no measures of prevalence were calculated, we were able to identify common antibiotics and their techniques, the publication bias of bovine and ruminant isolates, and the lack of data pertaining to susceptible isolates. This review will lead to further questions surrounding antibiotic usage and the antimicrobial resistance in S. aureus and the use of MLST to compare global data. Linking AMR and MLST technique will allow for further discrimination into the diversity of AMR in S. aureus, allowing for intrastrain comparison of resistance. One Health is a growing field and systematic reviews can be adapted to fit certain questions that pertain to One health issues. Each aspect of One Health is important and methodologies such as systematic reviews aid in furthering investigations in their respective fields.  
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ig. 1. €BURST plot of 696 STs from human and animal hosts, from Shepheard et al. 2013 (doi: 10.1371/journal pone.0062369.g002). Comparative eBURST of 696 STs.
Genotypes from the human host are shown in black, genotypes from animal hosts are shown in green. Genotypes found in both human and animal hosts are highlighted in
ink. The authors have tagged the Clonal Complexes (CC) that predominate in a given animal host (see text for details).
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ig. 1. €BURST plot of 696 STs from human and animal hosts, from Shepheard et al. 2013 (doi: 10.1371/journal pone.0062369.g002). Comparative eBURST of 696 STs.
Genotypes from the human host are shown in black, genotypes from animal hosts are shown in green. Genotypes found in both human and animal hosts are highlighted in
ink. The authors have tagged the Clonal Complexes (CC) that predominate in a given animal host (see text for details).
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Bovine 8,71,97%, 126, 130, 133, 151%, 398, 479, 504, 522, 705* 1,5,7,9,97,152, 188, 398, 520,130,1943 |Mastitis, impetigo

Sheep/Goat 97,126, 130, 133, 151,522 Mastitis, Septicemia

Rabbit 1,5,21,45,96,121, 398, 425 Dermatitis, pododermatitis, mastitis
Chicken/poultry 1,5,385% 398 5,121, 385 Septic arthritis, dermatitis, septicemia
Pig 398 Skin infections, pododermatitis, mastitis
Companion animals|1, 8, 254, 398 Skin and soft tissue, mastitis
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Reference Full text? Focus Saureus Origin  Number of refernces Infections? Geographic area  Typing? AMR? Type of Review Notes:
Molineri, 2021 Yes | Antimicrobial resistance Bovine 155 Mastitis Global No [ Yes [ Association
Heaton, 2020 Yes Epidemiology wildlife 51 NA Global Yes | Yes | Prevalence
Pereira, 2010 Yes Vaccine Bovine 22 NA NA No | No | Effectiveness
Dehkordi, 2019 Yes Epidemiology Food source 34 NA Iran No | Yes | Prevalence
Roy, 2012 No Treatment Bovine NA Intramammary infection North America NA | NA | Effectiveness
Sekyere, 2019 Yes Epidemiology Human, animal 172 NA Africa No | Yes | Prevalence |Gram-positive focused
Perlroth, 2008 Yes Treatment Human, animal, in vitro 10 Yes NA No | Yes | Effectiveness
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Question Format

Question Example.

Effectiveness

To evaluate the effectiveness of a certain treatment/practice in
terms of its impact on outcomes

Population, Intervention,
Comparator/s, Outcomes
(PICO) [23]

What is the effectiveness of exercise for treating depression in adults compared to no
treatment or a comparison treatment? [69]

Experiential
(Qualitative)

To investigate the experience or meaningfulness of a
particular phenomenon

Population, Phenomena of
Interest, Context (PICo) [13]

What is the experience of undergoing high technalogy medical imaging (such as
Magnetic Resonance Imaging) in adult patients in high income countries? (70]

Costs/Economic
Evaluation

Prevalence
and/or
Incidence

To determine the costs associated with a particular
approach/treatment strategy, particularly in terms of cost
effectiveness or benefit

To determine the prevalence and/or incidence of a certain
condition

Population, Intervention,
Comparator/s, Outcomes,
Context (PICOC) [14]

Condition, Context,
Population (CoCoPop) (151
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Uganda', Rwanda’ 2 5.6
Madsgascar 1 28
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