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Staphylococcus pseudintermedius is a major bacterial colonizer and opportunistic pathogen in dogs. Methicillin-resistant S. pseudintermedius (MRSP) continues to emerge as a significant challenge to maintaining canine health. We sought to determine the phylogenetic relationships of S. pseudintermedius across five states in the New England region of the United States and place them in a global context. The New England dataset consisted of 125 previously published S. pseudintermedius genomes supplemented with 45 newly sequenced isolates. The core genome phylogenetic tree revealed many deep branching lineages consisting of 142 multi-locus sequence types (STs). In silico detection of the mecA gene revealed 40 MRSP and 130 methicillin-susceptible S. pseudintermedius (MSSP) isolates. MRSP were derived from five structural types of SCCmec, the mobile genetic element that carries the mecA gene conferring methicillin resistance. Although many genomes were MSSP, they nevertheless harbored genes conferring resistance to many other antibiotic classes, including aminoglycosides, macrolides, tetracyclines and penams. We compared the New England genomes to 297 previously published genomes sampled from five other states in the United States and 13 other countries. Despite the prevalence of the clonally expanding ST71 found worldwide and in other parts of the United States, we did not detect it in New England. We next sought to interrogate the combined New England and global datasets for the presence of coincident gene pairs linked to antibiotic resistance. Analysis revealed a large co-circulating accessory gene cluster, which included mecA as well as eight other resistance genes [aac (6′)-Ie-aph (2″)-Ia, aad (6), aph (3′)-IIIa, sat4, ermB, cat, blaZ, and tetM]. Furthermore, MRSP isolates carried significantly more accessory genes than their MSSP counterparts. Our results provide important insights to the evolution and geographic spread of high-risk clones that can threaten the health of our canine companions.
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INTRODUCTION

Staphylococcus pseudintermedius is a major component of the normal cutaneous microflora in healthy domesticated dogs and is a frequent colonizer of the skin and mucosae (perineum and oral cavity) (Bannoehr and Guardabassi, 2012; Garbacz et al., 2013). It is also an opportunistic pathogen and is often implicated in skin and ear infections, urinary tract infections and post-surgical wounds (Bannoehr and Guardabassi, 2012; Garbacz et al., 2013). It does not typically colonize humans and other animals, but transmission from dogs to humans and other animal hosts (e.g., cats, horses, parrots) has been reported (Devriese et al., 2005; Stegmann et al., 2010; Laarhoven et al., 2011; van Duijkeren et al., 2011). Close contact between pet owners and veterinarians with infected dogs can facilitate cross-species transmission (Laarhoven et al., 2011; van Duijkeren et al., 2011; Somayaji et al., 2016). However, in a rare cluster of S. pseudintermedius infections documented in four elderly patients at a tertiary hospital with probable direct or indirect patient-to-patient transmission, no animal source was identified as the cause (Starlander et al., 2014). The bullous skin lesions found on two of the patients indicated the production of exfoliative toxin, a troublesome sign of its potential as an emerging zoonotic pathogen in humans (Starlander et al., 2014).

Similar to methicillin-resistant Staphylococcus aureus (MRSA) which is the leading cause of skin and soft tissue infections, endocarditis, bloodstream infections, pneumonia and bone and joint infections in humans (Turner et al., 2019), methicillin-resistant S. pseudintermedius (MRSP) continues to emerge as a significant challenge to supporting canine health (Lynch and Helbig, 2021). MRSP is often implicated in canine pyoderma and otitis externa (Lynch and Helbig, 2021). In dogs diagnosed with clinical infections, rates of MRSP can range from 7 to 38% (Couto et al., 2016; Nisa et al., 2019), and even an astounding 74% in dogs with superficial pyoderma (González-Domínguez et al., 2020), which can complicate treatment options (Bannoehr and Guardabassi, 2012; Garbacz et al., 2013). More problematic is that dogs can carry MRSP for more than a year after a clinically apparent infection, with systemic antibiotic treatment prolonging the duration of MRSP carriage (Windahl et al., 2012). The emergence of multidrug-resistant (MDR) MRSP strains further poses an important challenge to therapy in veterinary medicine (Lynch and Helbig, 2021).

The health and welfare of dogs and other companion animals, and the close interactions humans have with them, necessitates a deeper understanding of the bacterial pathogens that they harbor. Elucidating the origins, evolutionary history, and genetic basis of bacterial resistance from a genomic context is needed to explore patterns of dissemination at both local and global geographical scales. Moreover, a systematic effort to implement whole genome sequencing in veterinary medicine will be instrumental in advancing the One Health concept, centered on the interconnectedness of animal, human and environmental health (Zinsstag et al., 2011). Recently, we reported that the population structure of S. pseudintermedius in New England located in the northeastern part of the United States has been shaped by frequent recombination and long-distance dissemination (Smith et al., 2020). In the current study, we expanded the New England dataset to include additional newly sequenced genomes. We sought to determine the phylogenetic relationships of MRSP and MDR S. pseudintermedius across five states in New England and place them in a global context. We used 171 genomes from New England combined with 297 genomes from other parts of the United States and worldwide. We then used this combined dataset to identify co-circulating gene clusters related to MRSP and MDR in S. pseudintermedius. Our results suggest that the clonal expansion and geographical dissemination of certain sequence type (ST) were associated with the acquisition of resistance genes, which are part of a larger interconnected coincident accessory genome. Our results provide important insights into the evolution of high-risk clones and the geographical dissemination of resistance genes that can threaten the health of our canine companions.



MATERIALS AND METHODS


Sample Collection in New England

The New England S. pseudintermedius collection consisted of 129 isolates that were previously published by our group and were sampled from October 2017 to October 2018 (Smith et al., 2020) as well as 69 new isolates sampled from July 2018 to June 2019. Methods for sample collection have been described previously (Smith et al., 2020). Briefly, isolates were obtained as culture swabs from routine clinical specimens submitted to the New Hampshire Veterinary Diagnostic Laboratory (NHVDL), New Hampshire, United States. The clinical specimens were received from different veterinary practices from the states of Connecticut, New Hampshire, Maine, Massachusetts, and Vermont, located in the northeastern part of the United States. All isolates were from animals diagnosed with clinical infections. As part of routine clinical submissions, the NHVDL was exempt from the IACUC approval process. We used commercially prepared tryptic soy agar with 10% sheep red blood cells to culture pure isolates. Initial species identification was carried out using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry using the Bruker Biotyper instrument (Bruker Daltonics, Bremen, Germany) and following manufacturer’s protocols. Species assignments were made by comparing mass spectra of our samples to two libraries of reference spectra RUO library 7311 (V7) and 7854 (V8) available in the Bruker MBT Compass. The most common sites of bacterial isolation were skin, ears, urine and wounds. All isolates were stored in Brain Heart Infusion broth with DMSO at −80°C. Associated metadata information for each isolate is included in Supplementary Table 1.



Cefoxitin and Oxacillin Susceptibility Screening

In vitro phenotypic screening for cefoxitin and oxacillin resistance was carried out using the Kirby Bauer disc diffusion technique. We followed the breakpoint guidelines of the most current Clinical and Laboratory Standards Institute for oxacillin and cefoxitin, which are used as the official predictors of methicillin resistance for Staphylococcus (Sweeney, 2018). For isolates identified as methicillin resistant, we also tested for the presence of the altered penicillin-binding protein PBP2a using a commercial latex agglutination test (MASTALEX MRSA Latex Kit, MAST, United Kingdom) following manufacturer’s protocols. Verification for the presence of the mecA gene, which encodes methicillin resistance, was done using whole genome sequencing (described below).



DNA Extraction and Whole Genome Sequencing

DNA extraction was carried out using the Zymo Research Quick-DNA Fungal/Bacterial Miniprep Kit (Irvine, California) following the manufacturer’s protocol. We quantified DNA concentration using a Qubit fluorometer (Invitrogen, Grand Island, NY). We prepared DNA libraries using the Nextera XT protocol with 1 ng of genomic DNA per isolate. Samples were sequenced using the Illumina HiSeq platform (San Diego, California) to produce 250 bp paired end reads. Sequencing was carried out at the Hubbard Center for Genome Studies at the University of New Hampshire.



Genome Assembly and Annotation

We assembled all genomes using Shovill v1.1.0.1 Shovill is a series of methods that includes subsampling read depth down to 150X, trimming adapters, correcting sequencing errors and assembling using SPAdes v3.13.0 (Bankevich et al., 2012). Next, we used QUAST v5.0.2 (Gurevich et al., 2013) and CheckM v1.1.3 (Parks et al., 2015) to assess the quality of our sequences and exclude genomes with < 90% completeness and > 5% contamination. We also excluded assemblies with > 200 contigs and an N50 < 40,000 bp from downstream analyses. Using these assembly thresholds, only 126 out of 130 genomes from reference (Smith et al., 2020) and 45 out of 69 newly sequenced genomes met the assembly thresholds we set. In total, our final New England dataset included 171 genomes. Genomes were annotated using Prokka v1.14.6 (Seemann, 2014). Finally, all sequences were compared to the S. pseudintermedius reference genome [National Center for Biotechnology Information (NCBI) Accession: NC_014925.1] using FastANI v1.32 to confirm species designation using the ≥ 95% in average nucleotide identity (ANI) threshold (Jain et al., 2018).



Pan-Genome Analysis and Phylogenetic Reconstruction

We used Panaroo v1.2.7 (Tonkin-Hill et al., 2020) to characterize the pan-genome, consisting of core genes and accessory genes (Medini et al., 2005). To balance the tradeoff between inferring robust phylogenetic relationships vs. accounting for assembly errors, we only included core genes if they were present in ≥ 99% of the genomes. Nucleotide sequences of each orthologous gene family were aligned using Clustal Omega v1.2.4 (Sievers and Higgins, 2014) and concatenated to generate a core genome alignment. Phylogenetically informative single nucleotide polymorphisms (SNPs) in the core genome alignment were extracted using SNP-sites (Page et al., 2016). We used the core SNP alignment to construct a maximum likelihood phylogenetic tree using RAxML v8.2.12 (Stamatakis, 2014) employing a general time-reversible nucleotide substitution model (Tavaré, 1986) and four gamma categories for rate heterogeneity.



In silico Sequence Typing, Detection of Resistance Genes and SCCmec

Using the contig files, we determined the multilocus ST for all genomes used in this study using the program mlst v2.19.0.2 STs pertain to allelic profiles that characterize nucleotide differences in partial sequences of seven single-copy housekeeping genes (Maiden et al., 1998). In S. pseudintermedius, these allelic profiles are based on the genes tuf, cpn60, pta, purA, fdh, ack, and sar (Solyman et al., 2013). Allelic profiles of the genomes used in this study were compared to those in the S. pseudintermedius MLST database.3 Allelic profiles that did not appear in the pubMLST database were subsequently submitted for curation and ST designation. We next screened for the presence of horizontally acquired antibiotic resistance genes using ABRicate v1.0.14 and the Comprehensive Antibiotic Resistance Database (CARD) (Jia et al., 2016), utilizing an 80% nucleotide identity threshold. Finally, we used staphopia-sccmec v0.15 to determine the presence, type and subtype of the mobile genetic element SCCmec (Petit and Read, 2018). Staphopia-sccmec adheres to the naming convention developed by the International Working Group on the Classification of Staphylococcal Cassette Chromosome Elements (IWG-SCC) (IWG-SCC, 2009). It aligns experimentally tested SCCmec typing primers against assembled genomes using BLAST + (v2.7.1+) (Altschul et al., 1990). Samples with a perfect match to primer pairs for a given amplicon were assigned an SCCmec type and subtype following the Kondo et al. (2007) algorithm that uses multiplex PCRs to identify the individual SCCmec components. Isolates that harbored the mecA gene but did not produce a SCCmec designation using the staphopia-sccmec typing scheme were additionally screened against the ccr genes from previously described SCCmec elements unique to S. pseudintermedius (Worthing et al., 2018a). Sequences of the ccr gene were extracted and queried against each genome using a > 85% sequence similarity threshold with BLASTN v2.10.1 (Altschul et al., 1990).



Global Isolates of Staphylococcus pseudintermedius

To place the diversity and population structure of S. pseudintermedius in New England in a global context, we combined our genomes with previously published genomes from other parts of the United States and around the world. We downloaded and assembled 60 read pairs from the SRA archive as well as 130 high quality genome assemblies from NCBI in October 2020. We also downloaded 107 genome sequences from the PATRIC database in October 2020. Raw read pairs were assembled with Shovill using the same parameters described above, and all genomes were subjected to the same quality standards as those collected in New England. In all, the non-New England dataset comprised 297 genomes from five states in the United States (Texas, Washington, Tennessee, Wisconsin, and Georgia) and 13 other countries. Accession numbers and associated metadata of the 297 non-New England genomes are listed in Supplementary Table 2.



Identification of Coincident Resistance and Accessory Genes

To determine if antibiotic resistance genes are co-circulating with each other accessory genes and each other, we used the program Coinfinder v1.0.7 (Whelan et al., 2020). Coinfinder detects genes which associate or dissociate with other genes using a Bonferroni-corrected Binomial exact test statistic of the expected and observed rates of gene-gene association. We ran Coinfinder twice, first on our combined dataset to identify all coincident associated gene pairs, and then a second time using the query flag to look specifically at coincident associated gene pairs involving mecA. Network diagrams of these coincident gene-to-gene relationship were visualized with Gephi v0.9.2 (Bastian et al., 2009). We then compared the number of accessory genes between MRSP and methicillin-susceptible S. pseudintermedius (MSSP) genomes to determine if they were statistically different using Welch’s t-test with R package ggstatsplot v0.8.0 (Patil and Powell, 2018). We also used a pan-genome-wide association study (pan-GWAS) approach to identify genes that are enriched in MRSP compared to MSSP isolates using the program Scoary v1.6.16 (Brynildsrud et al., 2016). Lastly, we used the program islandpath v1.0.0 to predict genomic islands in our bacterial genomes based on the presence of dinucleotide biases and mobility genes (Bertelli and Brinkman, 2018).

We used the default parameters for each program unless indicated otherwise.




RESULTS


Phylogenetic Diversity of Staphylococcus pseudintermedius in New England

We obtained a total of 170 high quality genomes of S. pseudintermedius isolates obtained through routine diagnostic tests of clinical specimens submitted to the NHVDL from October 2017 to June 2019 (Figure 1A and Supplementary Table 1). Of these, 125 came from a previously published study (Smith et al., 2020) and 45 that we have sequenced in this study. Isolates came from dogs (n = 165 isolates) and cats (n = 5 isolates). We obtained isolates from five states in New England: Connecticut (n = 2), New Hampshire (n = 112), Maine (n = 18), Massachusetts (n = 21), and Vermont (n = 18).
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FIGURE 1. Antibiotic resistance characteristics of the 170 New England S. pseudintermedius population. (A) Gene presence–absence matrix showing the distribution of antimicrobial resistance genes present in each genome (colored blocks—present; white—absent). The midpoint-rooted maximum likelihood tree was built using sequence variation in 2,013 core genes. Scale bar represents the number of nucleotide substitutions per site. Also shown are the SCCmec types identified using staphopia-sccmec. For visual clarity, only STs represented by 3 or more genomes were labeled. ST information of other genomes in the tree are listed in Supplementary Table 1. Isolates from cats were depicted with a cat icon, while the rest came from dogs. (B) Bar plots showing the number of genomes that carry resistance genes in each drug class. The bars and gene names are colored according to the resistance mechanism defined by the CARD database. (C) Distribution of the number of acquired resistance genes per genome (D) Violin plots showing the number of resistance genes per genome per year of sampling. Associated box plots depict the minimum, first quartile, median, third quartile and maximum values, with data points shown.


De novo assembly of the 170 genomes generated sequences of sizes ranging from 2.44 to 2.91 Mb (mean = 2.59 Mb). The number of predicted genes ranged from 2,231 to 2,797 (mean = 2,396) per genome (Supplementary Table 3). The pan-genome of the New England S. pseudintermedius population consisted of 4,553 orthologous gene families. These can be classified into core genes (n = 2,013 genes; present in 169–170 genomes), soft core genes (n = 49 genes; present in 162–168 genomes), shell genes (n = 641 genes; present in 26–161 genomes) and cloud genes (n = 1,850; present in 1–25 genomes). The combined core and soft-core genes comprised 45.29% of the pan-genome, while the combined shell and cloud genes (which together make up the accessory genome) comprised 54.71% of the pan-genome. We identified 264 genes unique to a single strain (or singletons) representing 5.80% of the pan-genome. We also sought to determine the degree of overall genomic relatedness among the S. pseudintermedius isolates. We calculated the ANI of all orthologous genes shared between any two genomes. Genome-wide ANI values for every possible pair of S. pseudintermedius genomes range from 98.84 to 100% (mean = 99.27%) (Supplementary Table 4). These results further reveal the large phylogenomic diversity present in the New England population.

The maximum likelihood phylogenetic tree based on the alignment of 72,152 SNPs of the core genes reveal many deep branching lineages consisting of 110 previously identified STs and 34 novel STs (Supplementary Table 1). The ST with the greatest number of isolates was ST155 (n = 7), while the rest consisted of less than four representatives. We detected 11 STs that were represented by two isolates and 125 STs that were represented by a single isolate. The five isolates from cats were found in disparate parts of the tree.



Antibiotic Resistant Genes

In silico detection of the mecA gene from the genome sequences revealed 41 MRSP isolates and 130 MSSP isolates. The mecA gene encodes an extra penicillin-binding protein (PBP2a) that has low affinity to virtually all beta-lactam antibiotics (Katayama et al., 2000; IWG-SCC, 2009). We found some discrepancies between the in vitro phenotypic testing for methicillin resistance and the in silico detection of the mecA gene. There were five isolates whose genomes contained the mecA gene but were phenotypically tested as methicillin susceptible. There were 17 isolates whose genomes did not contain the mecA gene but were phenotypically tested as MRSP. Pan-GWAS analyses using Scoary v1.6.16 (Brynildsrud et al., 2016) failed to identify genes or mutations specific to methicillin resistance. None of the genes examined contained any SNPs across either group that harbored mecA but tested methicillin-susceptible or lacked mecA but tested methicillin-resistant. For comparison, a recent work on 592 isolates of S. pseudintermedius showed that in silico resistance typing corresponds to in vitro typing 98.4% of the time across 13 antibiotics in nine classes (Tyson et al., 2021). Moreover, the authors of that study also demonstrated that the correlation between in vitro and in silico typing for the mecA gene was slightly lower at 97.0%, and 12 of the 592 isolates (2.03%) examined were resistant to oxacillin without mecA present (Tyson et al., 2021). In contrast, our study produced similar but higher number of isolates (17 out of 170 or 10%) whose genomes did not contain the mecA gene phenotypically tested as MRSP. A similar finding has also been reported in four S. aureus isolates from the Scottish MRSA Reference Laboratory and which has been posited to indicate the existence of alternative mechanisms of beta-lactam resistance (e.g., due to amino acid substitutions of endogenous PBPs) (Ba et al., 2014). In our analysis, we found that out of the 171 genomes examined, only four isolates that were phenotypically tested as MRSP and harbored the mecA gene also carried the mecA regulator genes mecI and mecR1. None of the isolates examined harbored the mecB or mecC gene, both of which were reported to be associated with methicillin resistance or regulation in S. aureus (Lee et al., 2018). We also identified multiple instances where isolates tested as MRSP in both in vitro and in silico settings yet lacked an SCCmec designation (Supplementary Table 1). These results suggest the presence of other yet unknown genetic determinants or alternative mechanisms of methicillin resistance in databases. Other possible reasons to explain the discrepancies between phenotypic and genotypic results for methicillin resistance are sequencing errors, undocumented regulatory genes influencing expression, or the existence of novel mecA homologs not recognized as yet in current search engines.

The mecA gene is carried by a mobile chromosomal cassette SCCmec and are classified into types based on the combination of the ccr and mec complexes they carry (IWG-SCC, 2009). To date, 14 structurally variable SCCmec types (I–XIV) and several subtypes have been described (IWG-SCC, 2009; Lakhundi and Zhang, 2018; Urushibara et al., 2020). SCCmec typing of the New England S. pseudintermedius genomes revealed the presence of types IIIa (n = 1 genome), IVc (n = 1 genome), IVb (n = 1 genome), IVg (n = 11 genomes), V-VII (n = 7 genomes) (Figure 1A and Supplementary Table 1). These were distributed across different STs throughout the phylogeny. Because many of the known SCCmec types are based on those identified in S. aureus (IWG-SCC, 2009), our analysis is likely to underestimate the SCCmec diversity found in non-aureus species. Novel SCCmec elements have been identified in S. pseudintermedius that are not recorded in the current IWG-SCC database (Chanchaithong et al., 2016; Worthing et al., 2018a). We therefore used BLASTN to compare ccr gene sequences from previously identified S. pseudintermedius SCCmec elements against each genome assembly that harbored a mecA gene but lacked a designation from staphopia-sccmec and IWG-SCC. Results showed matches to three genomes (Supplementary Table 4). Two of these genomes (ST1602 and ST551) produced matches to ccrA1 (90% sequence similarity) and ccrB6 (100% sequence similarity) from a type designated as SCCmecAI16 (NCBI accession: LN864705) (Worthing et al., 2018a). The third genome (ST1492) produced a match to ccrA1 (91% sequence similarity), but not to ccrB6 for this same type. The observed sequence similarity to ccr genes previously reported as unique to S. pseudintermedius (Worthing et al., 2018b) highlights the need for further work on atypical SCCmec elements to understand the underlying mechanisms driving methicillin resistance in non-aureus species.

We determined the presence of other genes that confer resistance to different antibiotics as well. Based on the resistance mechanisms defined in the CARD database (Jia et al., 2016), we identified a total of 14 resistance genes present in both MRSP and MSSP genomes (MRSP determined by the presence of mecA) (Figures 1A,B and Supplementary Table 5). The most common resistance gene was blaZ, which is responsible for penicillin resistance. We detected blaZ in 146 genomes (or 85.88% of the population). The tetM gene, which confers tetracycline resistance, was detected in 79 genomes (46.47% of the population). Many MRSP and MSSP genomes also harbored genes conferring resistance to other antibiotic classes. Some resistance genes we detected were often associated with known STs. These included: trimethoprim resistance gene dfrG in 35 genomes (20.59%), macrolide resistance gene mefE found in 56 genomes (32.94%) and macrolide-lincosamide-streptogramin B (MLSb) resistance phenotype encoded by ermB detected in 46 genomes (27.06%). The plasmid-mediated streptothricin acetyltransferase gene sat4, aminoglycoside nucleotidyltransferase gene aad (6) and aminoglycoside phosphotransferase gene aph (3′)-IIIa were all detected in 48 genomes (28.24%). All five isolates from cats also carried resistance genes, ranging from 1 to 4 resistance genes per genome. A total of 39 genomes (or 22.94%) carried two antibiotic resistance genes. Of greatest concern is that 80 genomes harbored at least three resistance genes of which 11 had ten or more resistance genes (Figure 1C). Lastly, the number of resistance genes per genome was fairly consistent throughout the 3 years of sampling (Figure 1D). Only 17 genomes out of 170 do not carry any known transferrable resistance genes.



Global Phylogenetic Relationships

We next sought to determine how the New England lineages were related to the global population of S. pseudintermedius. We combined 297 high quality genomes downloaded from NCBI and PATRIC databases to the 170 genomes from New England. In total, we included 467 genomes (Supplementary Table 2). Within the global dataset, a total of 296 came from the United States. We built a maximum likelihood phylogenetic tree using 212,612 SNPs from the sequence alignment of 2,005 core genes (Figure 2A). STs that made up large clusters in the tree included STs 45, 64, 68, 71, 84, 155, 258, 261, 496, and 749. We found that the New England MRSP lineages were widely distributed across the tree. There were MRSP STs that consisted of a mix of genomes from New England and other countries, as in the case of STs 45, 64, 155, 261, and 749, which were also found in the United Kingdom, Sri Lanka, Netherlands, Australia, and New Zealand.
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FIGURE 2. Core genome phylogenetic tree of the global S. pseudintermedius population. (A) Midpoint-rooted maximum likelihood tree showing the phylogenetic relationships of 468 S. pseudintermedius genomes. The tree was built using sequence variation in 1,634 core genes. Scale bar represents the number of nucleotide substitutions per site. Also shown are the STs, SCCmec types and country of origin. For visual clarity, only STs of MRSP from large phylogenetic clusters were labeled. Images of hosts were only shown for those isolates sampled from cats and humans, while the rest came from dogs. Yellow asterisks on branch tips represent genomes from New England. (B) Geographical distribution of STs. Colors of countries on the map correspond to the same colors in panel a. Colors in the pie charts correspond to the STs in panel a. Only proportions of the major STs that have SCCmec are shown in the pie charts. The size of the pie charts is proportional to the number of genomes.


Among the STs that make up the largest phylogenetic clusters in the tree, the most common was ST71 (n = 81 genomes representing 17.34% of the global dataset). In this dataset, all ST71 genomes originated from dogs. ST71 was present in three states in the United States (Tennessee, Washington, and Texas) and in seven other countries. Despite the prevalence of ST71 worldwide, it is curious that we did not detect it in New England (Figure 2B). ST71 appears to have had experienced a recent clonal expansion, which was reflected by the extremely short branches in the tree. Its clonal expansion may have been facilitated by the acquisition of SCCmec type IIIa (as defined by staphopia-sccmec and IWG-SCC database), and which was present in all ST71 genomes. This ST71-associated SCCmec type is often referred to as SCCmec type II-III hybrid (Descloux et al., 2008; Perreten et al., 2010), while other studies of ST71-associated SCCmec type II-III designate it simply as SCCmec III (Worthing et al., 2018a; Krapf et al., 2019). Such inconsistencies and difficulties in the nomenclature and classification of SCCmec elements in S. pseudintermedius highlight the need to establish a genus-wide SCCmec nomenclature system that encompasses more non-aureus species. This will ensure a standardized and systematic approach to precisely characterize novel and rare SCCmec variants in the future.

Other notable STs carried other SCCmec types and included ST 258, ST261, ST1431, and ST749 (n = 23; all carrying SCCmec type IVg). In addition, ST84 and ST64 all carried SCCmec type V–VII apart from a single ST64 genome. Results of the BLASTN analysis that we carried out to compare ccr genes from SCCmec types unique to S. pseudintermedius against the non-New England genomes resulted in matches across 20 genomes (Supplementary Table 6). Eighteen of these genomes (encompassing all of ST496, n = 16) and a single genome each from ST121 and ST930 produced matches to ccrA1 (90% sequence similarity) and ccrB6 (100% sequence similarity) from the aforementioned SCCmecAI16 type. A single genome from Texas (tamu_1470) produced significant matches to the ccrB3 gene (94, 91, and 90% sequence similarity) from three previously described S. pseudintermedius SCCmec types SCCmecAI16, SCCmecKM241 (NCBI accession: AM904731) and SCCmecKM1381 (NCBI accession: AM904732), respectively (Descloux et al., 2008; Worthing et al., 2018a). One other genome (GCF_003383995.1_ASM338399v1) produced a significant match to the SCCmecAI16 ccrB6 gene (99% sequence similarity) only.

While the majority of the genomes were of canine origin, the global dataset also included genomes derived from cats (n = 6, of which five are from New England) and humans (n = 3) (Figure 2A). These non-canine genomes intermingled with the genomes of canine S. pseudintermedius throughout the phylogeny. The human-derived S. pseudintermedius genomes were from distantly related STs (ST155, ST879 and ST1025; one from the United States and two from the United Kingdom). Of the six cat-derived S. pseudintermedius genomes, one came from Denmark and was of ST990. None of the non-canine hosts were associated with the more dominant ST71.



Coincident Gene Clusters Associated With Methicillin-Resistant and Multidrug-Resistant Staphylococcus pseudintermedius

Coinfinder detected 47,784 statistically significant gene-to-gene relationships across the combined global dataset, resulting in 50 gene clusters. The largest gene cluster comprised 1,113 genes and included 10 antibiotic resistance genes (mecA, tetM, cat, blaZ, aac (6′)-Ie-aph (2″)-Ia, dfrG, aad (6), APH (3′)-IIIa, sat4, and ermB). A large number of genes from this cluster were hypothetical proteins (n = 926). A list of annotated genes (n = 187) from this cluster can be found in Supplementary Table 7. All other gene clusters were far smaller, ranging anywhere from 2 to 29 genes. Two other gene clusters also included antibiotic resistance genes, one made up of 16 genes including mefE and one made up of 4 genes including blaZ. Gene clusters that included mecA and blaZ also contained their known regulatory genes; mecI, mecR1, blaI, and blaR1 (Figure 3A). When examining coincident gene-gene relationships involving mecA only, we identified 55 coincident genes, 18 known genes and 26 hypothetical proteins. Five of the genes directly coincident with mecA were antibiotic resistance genes; aac (6′)-Ie-aph (2″)-Ia, aad (6), aph (3′)-IIIa, sat4, ermB (Figure 3B). Three other resistance genes (cat, blaZ, and tetM) were part of the same larger coincident gene network but were not coincident with mecA directly. Other genes co-circulating directly with mecA were associated with a range of functions, including but not limited to the triggering of spore germination (prkC), DNA replication and transcription (topB), and RNA-stimulated ATP hydrolysis and RNA unwinding activity (srmB). A full list of coincident genes circulating directly with mecA and their annotations can be found in Supplementary Table 8. The statistical difference in number of accessory genes between MRSP and MSSP isolates as measured using Welch’s t-test was highly significant (p < 0.0001), with MRSP isolates harboring an average of more than 150 accessory genes compared to their MSSP counterparts (Figure 3C).


[image: image]

FIGURE 3. Coincident accessory and resistance genes. (A) Network diagram created with Gephi using output from Coinfinder carried out on 467 S. pseudintermedius genomes. Coincident gene clusters containing resistance genes are represented in color. The dark green nodes in the large green cluster represent genes associated with resistance genes. Resistance genes are labeled in red, and regulatory genes in blue. (B) Close-up view of the network that contains the mecA gene. Other resistance genes are colored in red, and genes with known functions are labeled in black. All other genes are hypothetical proteins. (C) Violin plots comparing the number of accessory genes in MRSP and MSSP isolates, created with ggstatplot. Violin plots depict the minimum, first quartile, median, third quartile and maximum values, with data points shown. The difference in the number of accessory genes is highly significant (p < 0.0001).


Results of the pan-GWAS analysis carried out to identify genes that are enriched in MRSP genomes largely reflected those of the coinfinder analysis with many of the same genes identified as significantly correlated. A full list of statistically significant genes associated with MRSP is found in Supplementary Table 9. The results of our pathogenicity island analysis resulted in the detection of anywhere from 0 to 13 genomic islands per isolate (mean = 1). The number of genomic islands seemed to be random when plotted in the context of the phylogenetic tree (Supplementary Figure 1), and there was not a significant trend between the number of antibiotic resistance genes and the number of pathogenicity islands predicted. A full list of isolates along with the coordinates of predicted genomic islands can be found in Supplementary Table 10.




DISCUSSION

We presented a population genomic analysis of clinical S. pseudintermedius isolates sampled from 2017 to 2019 across five states in the New England region of the United States and placed them in a global context. Our study revealed a genetically diverse set of isolates, both in terms of their genetic background and the antibiotic resistance genes they carry. Five structural types of SCCmec have contributed to the persistence of MRSP in the region, while ccr sequence similarity suggests potentially unique SCCmec elements that may be further influencing the MRSP population structure in New England and globally. In addition, we revealed a large number of co-circulating accessory genes associated with MRSP and MDR lineages, allowing for further studies into how coincident gene relationships may be affecting persistence, antibiotic resistance, and dissemination in this species.

MRSP has been spreading worldwide through the expansion and dissemination of specific lineages with different genetic backgrounds. Prior to 2010, population genetic studies of S. pseudintermedius reported that certain MRSP lineages predominate in different continents, as in the case of STs 71 and 258 in Europe, ST68 in North America, and STs 45 and 112 in Asia (Perreten et al., 2010; Pires dos Santos et al., 2016). However, the global population structure of MRSP has since been gradually changing and is becoming more heterogenous than previously recognized. In some parts of Europe, the apparent decline of ST71 appears to be concomitant with the emergence of two novel MRSP lineages of different origins: ST258 (from Northern Europe) and ST496 (from Australia) (Duim et al., 2016; Bergot et al., 2018). Moreover, ST71 now appears to have spread beyond the European borders to more distant locations. In New Zealand, the prevalence of ST71 in MRSP has been suggested to be a consequence of importation from other countries and autochthonous transmission within the country (Nisa et al., 2019). Importation of ST71 from other countries has also been postulated to explain its prevalence in Australia (Worthing et al., 2018b). The MRSP population in other parts of the world is more diverse. In Texas located in the southern part of the United States, the most prevalent MRSP STs were STs 64, 68, 71, and 84 (Little et al., 2019). Similarly, the MRSP population in Argentina consisted of genetically distinct STs not closely related to the more prevalent STs 71 and 68 (Gagetti et al., 2019). These included STs 339, 649, 919, 920, 921, and 922 that have not been reported elsewhere and were inferred to represent locally evolved clones (Gagetti et al., 2019). Our current study further corroborates these recent findings. Combined with our data, we postulate that the observed change in the global population structure S. pseudintermedius can be partly attributed to the increasing mobility of animals and people across geographical boundaries. The rapid spread of horizontally transferrable resistance genes is also a major contributing factor. Further dissemination of resistance genes can occur through subsequent transfers to other strains and/or vertical inheritance in descendant strains (McCarthy et al., 2015; Frosini et al., 2020). Thus, it is likely that it is only a matter of time before the globally dominant ST71 will be detected in New England, given its increased prevalence in the United States and abroad, as well as its unique adaptation in terms of increased adherence to canine corneocytes on the skin (Perreten et al., 2010; Latronico et al., 2014). It is clear that there is a need for enhanced S. pseudintermedius surveillance to rapidly identify and monitor the geographical spread of emerging MRSP and MDR lineages, including phenotypically tested MSSP that may carry other resistance genes.

The identification of coincident gene-to-gene relationships offers an important first step to understanding the role accessory genes play in the geographical dissemination and evolution of this opportunistic pathogen. Our results also demonstrate that portions of the accessory genome in MRSP isolates act as a pathogenicity island, although these genes may be more closely associated with virulence than antibiotic resistance given the lack of correlation between the two measures. By broadening our understanding of how accessory genes interact with one another, we can determine targeted approaches to treatment for MDR pathogens (Croll and McDonald, 2012). These findings offer a starting point for future researchers looking to build on the role co-circulating genes play in regulating, maintaining, and disseminating antibiotic resistance. Given that an accessory genome may be influenced by a wide variety of factors, a more detailed understanding of how certain genes are correlated can help us unravel their evolutionary origins (Jackson et al., 2011).

We acknowledge the imperfect nature of the New England dataset we used. The manner of the collection and sampling bias owing to the inclusion of clinical samples that have been sent to NHVDL by veterinary practices throughout the region meant that sampling may have missed some less common genotypes, certain regions in New England or other animal species. Our dataset was also biased toward those that were from animals diagnosed with infection, which meant we lacked information about S. pseudintermedius carriage in healthy animals. Because we only had less than 3 years of sampling, it is unclear whether the MRSP STs in New England represent long-standing variation or transient introductions. We also had disproportionately higher number of isolates from New Hampshire where NHVDL is located compared to the four other states in New England. This prevented statistical comparisons between individual states and thus should be considered when extrapolating information on gene prevalence compared to the broader S. pseudintermedius population. Similarly, the global dataset was biased toward certain countries and continents that report genomic data; hence, some geographical regions such as Africa and South America were poorly represented in our analyses. There were also fewer MSSP genomes relative to MRSP that were publicly available, which limited our ability to explore the phylogenetic and genomic differences between MRSP and MSSP. Another limitation of the study is the lack of information about the history of antibiotic use, treatment received or clinical outcomes of the hosts (animal or human) from which bacterial genomes were obtained. Hence, it is difficult to precisely deduce the contributions of specific S. pseudintermedius clones to disease outcomes. Nonetheless, our analyses revealed valuable insights and provided essential data to motivate the wider application of population genomics methods to support disease surveillance in veterinary medicine.

We expect that our study will foster new directions and opportunities to integrate whole genome sequencing approaches in veterinary medicine. Long-term, systematic genomic surveillance of S. pseudintermedius is needed to monitor the emergence and success of high-risk resistant clones. The widespread distribution of different MRSP lineages across continents is likely associated with cross-country importation of animals. While dogs are the natural hosts of S. pseudintermedius, the range of secondary hosts remains to be investigated. Future work should also focus on the association, if any, of the breed of dogs and S. pseudintermedius diversity, as well as bacterial differences between pets in homes, shelter dogs, stray dogs, working dogs (e.g., sheep dogs, rescue dogs, guide dogs, police dogs) and wild dogs. The genetic diversity of S. pseudintermedius in dogs may reflect the hygiene and social behavior patterns of the canine host, which will likely influence the frequency of exposure between dogs and other hosts (Bannoehr and Guardabassi, 2012). Such information will be critical to developing targeted strategies to control bacterial diseases in specific groups of dogs and in different settings. Whole genome sequencing will also be particularly important in clarifying cases of human infections where S. pseudintermedius had been previously misidentified as S. aureus (Börjesson et al., 2015). Lastly, understanding the genetic basis and drivers of host switching is critical to reducing the spread of resistance and to advancing the health of companion animals and the people who care for them.

In summary, our data show that S. pseudintermedius has diversified into multiple MRSP and MDR clones that have disseminated across New England and worldwide. This diversity is driven by the independent acquisitions of five structural types of the mobile SCCmec element, the spread of co-circulating antibiotic resistance gene clusters and the clonal expansion of certain MRSP clones. The diversity of S. pseudintermedius associated with canine infections and the existence of a wide array of transferable resistance genes warrants careful attention. Our study has important implications for both animal and human health, including epidemiological tracking, disease control and treatment of resistant bacteria.
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