All tested strains of Streptococcus pyogenes (group A streptococcus, GAS) remain susceptible to penicillin. However, GAS strains with amino acid substitutions in penicillin binding proteins that confer decreased susceptibility to beta-lactam antibiotics have been identified recently. This discovery raises concerns about emergence of betalactam antibiotic resistance in GAS. Whole genome sequencing recently identified GAS strains with a chimeric penicillin binding protein 2X (PBP2X) containing a recombinant segment from Streptococcus dysgalactiae subspecies equisimilis (SDSE). To directly test the hypothesis that the chimeric SDSE-like PBP2X alters beta-lactam susceptibility in vitro and fitness in vivo, we generated an isogenic mutant strain and assessed virulence in a mouse model of necrotizing myositis. Compared to naturally occurring and isogenic strains with a wild-type GAS-like PBP2X, strains with the chimeric SDSElike PBP2X had reduced susceptibility in vitro to nine beta-lactam antibiotics. In a mouse model of necrotizing myositis, the strains had identical fitness in the absence of benzylpenicillin treatment. However, mice treated intermittently with a subtherapeutic dose of benzylpenicillin had significantly more CFUs recovered from limbs infected with strains with the chimeric SDSE-like PBP2X. These results show that mutations such as the PBP2X chimera may result in significantly decreased beta-lactam susceptibility and increased fitness and virulence. Expanded diagnostic laboratory surveillance, genome sequencing, and molecular pathogenesis study of potentially emergent beta-lactam antibiotic resistance among GAS is needed.

INTRODUCTION

Streptococcus pyogenes (group A Streptococcus, GAS) is a human-specific pathogen that annually infects more than 700 million people worldwide [START_REF] Carapetis | The global burden of group A streptococcal diseases[END_REF][START_REF] Ralph | Group a streptococcal diseases and their global burden[END_REF] . GAS causes infections that range in severity from pharyngitis ("strep throat") and mild cellulitis to lifethreatening toxic shock syndrome and necrotizing myositis ("flesh-eating disease") [START_REF] Bisno | Acute pharyngitis[END_REF][START_REF] Stevens | Necrotizing Soft-Tissue Infections[END_REF][START_REF] Walker | Disease manifestations and pathogenic mechanisms of Group A Streptococcus[END_REF][START_REF] Wessels | Clinical practice. Streptococcal pharyngitis[END_REF] .

GAS also causes acute rheumatic fever [START_REF] Watkins | Global, Regional, and National Burden of Rheumatic Heart Disease, 1990-2015[END_REF] . Despite decades of research, no licensed vaccine against GAS is available [START_REF] Osowicki | WHO/IVI global stakeholder consultation on group A Streptococcus vaccine development: Report from a meeting held on 12-13 December 2016[END_REF][START_REF] Schodel | Clinical development strategy for a candidate group A streptococcal vaccine[END_REF][START_REF] Steer | Status of research and development of vaccines for Streptococcus pyogenes[END_REF][START_REF] Vekemans | The Path to Group A Streptococcus Vaccines: World Health Organization Research and Development Technology Roadmap and Preferred Product Characteristics[END_REF] .

Some streptococcal species such as Streptococcus pneumoniae, Streptococcus agalactiae and Streptococcus dysgalactiae subspecies equisimilis (SDSE) are increasingly becoming resistant to many different classes of antimicrobials [START_REF] Andrejko | Association of pneumococcal serotype with susceptibility to antimicrobial drugs: a systematic review and meta-analysis[END_REF][START_REF] Golden | Canward: Comparison of antimicrobial resistance patterns in Streptococcus pneumoniae from respiratory and blood cultures in Canadian hospitals from 2007-16[END_REF][START_REF] Fuursted | Description and characterization of a penicillin-resistant Streptococcus dysgalactiae subsp. equisimilis clone isolated from blood in three epidemiologically linked patients[END_REF][START_REF] Kimura | First molecular characterization of group B streptococci with reduced penicillin susceptibility[END_REF][START_REF] Kobayashi | Low but Increasing Prevalence of Reduced Beta-lactam Susceptibility Among Invasive Group B Streptococcal Isolates, US Population-Based Surveillance, 1998-2018[END_REF] . However, GAS remains universally susceptible in vitro to beta-lactam antibiotics that are used for first line treatment [START_REF] Bisno | Acute pharyngitis[END_REF][START_REF] Wessels | Clinical practice. Streptococcal pharyngitis[END_REF] . The primary mechanism for beta-lactam antibiotic resistance among some streptococcal species such as S. pneumoniae is an accumulation of nonsynonymous (amino acid altering) mutations in genes encoding the penicillin-binding proteins (PBPs) such as PBP2X [START_REF] Fani | Genomic analyses of DNA transformation and penicillin resistance in Streptococcus pneumoniae clinical isolates[END_REF] . Individual amino acid substitutions can reduce the beta-lactam antibiotic binding activity of PBPs, and particularly under a selective environment of suboptimal therapy, mutations may accumulate to result in increasingly reduced susceptibility or outright resistance [START_REF] Zapun | Penicillin-binding proteins and beta-lactam resistance[END_REF][START_REF] Stanhope | Positive selection in penicillin-binding proteins 1a, 2b, and 2x from Streptococcus pneumoniae and its correlation with amoxicillin resistance development[END_REF] . Of note, most penicillin resistant S. pneumoniae strains have highly divergent alleles of the genes encoding PBP2X, PBP2B or PBP1A that were created by recombination with other species such as Streptococcus oralis or Streptococcus mitis [START_REF] Dewe | Genomic epidemiology of penicillin-non-susceptible Streptococcus pneumoniae[END_REF][START_REF] Chewapreecha | Comprehensive identification of single nucleotide polymorphisms associated with beta-lactam resistance within pneumococcal mosaic genes[END_REF] . The mosaic genes confer much greater decreases in beta-lactam antibiotic susceptibility than single amino acid J o u r n a l P r e -p r o o f substitutions. Importantly, the mosaic PBP2X genes in S. pneumoniae often decrease susceptibility to multiple families of beta-lactam antibiotics [START_REF] Dewe | Genomic epidemiology of penicillin-non-susceptible Streptococcus pneumoniae[END_REF][START_REF] Chewapreecha | Comprehensive identification of single nucleotide polymorphisms associated with beta-lactam resistance within pneumococcal mosaic genes[END_REF] .

GAS infections are typically treated with a beta-lactam antibiotic such as benzylpenicillin [START_REF] Bisno | Acute pharyngitis[END_REF][START_REF] Wessels | Clinical practice. Streptococcal pharyngitis[END_REF][START_REF] Randel | Infectious Disease Society of A: IDSA Updates Guideline for Managing Group A Streptococcal Pharyngitis[END_REF][START_REF] Shulman | Infectious Diseases Society of A: Clinical practice guideline for the diagnosis and management of group A streptococcal pharyngitis: 2012 update by the Infectious Diseases Society of America[END_REF][START_REF] Robinson | Paediatrics: how to manage pharyngitis in an era of increasing antimicrobial resistance[END_REF] . In some cases, such as severe invasive infections or pharyngitis with treatment failure, other antimicrobials may be used. Given their very high incidence, GAS infections are a major cause of beta-lactam antibiotic use worldwide [START_REF] Dooling | Overprescribing and inappropriate antibiotic selection for children with pharyngitis in the United States, 1997-2010[END_REF][START_REF] King | Changes in US Outpatient Antibiotic Prescriptions From 2011-2016[END_REF] . However, to date, no beta-lactam-resistant strains of GAS have been reported [START_REF] Coonan | In vitro susceptibility of recent North American group A streptococcal isolates to eleven oral antibiotics[END_REF][START_REF] Kaplan | Susceptibility of group A betahemolytic streptococci to thirteen antibiotics: examination of 301 strains isolated in the United States between 1994 and 1997[END_REF][START_REF] Macris | Studies of the continuing susceptibility of group A streptococcal strains to penicillin during eight decades[END_REF] .

For this reason, most clinical laboratories do not routinely perform beta-lactam antimicrobial susceptibility testing on GAS isolates [START_REF] Humphries | Overview of Changes to the Clinical and Laboratory Standards Institute Performance Standards for Antimicrobial Susceptibility Testing, M100, 31st Edition[END_REF][START_REF] Weinstein | The Clinical and Laboratory Standards Institute Subcommittee on Antimicrobial Susceptibility Testing: Background, Organization, Functions, and Processes[END_REF] . As a result, GAS strains with decreased in vitro susceptibility to beta-lactam antibiotics may exist and unknowingly disseminate. In support of this possibility, our laboratory and others have recently identified GAS strains from geographically widespread locations with significantly decreased in vitro susceptibility to benzylpenicillin and other beta-lactam antibiotics [START_REF] Vannice | Streptococcus pyogenes pbp2x Mutation Confers Reduced Susceptibility to beta-Lactam Antibiotics[END_REF][START_REF] Musser | Reduced In Vitro Susceptibility of Streptococcus pyogenes to beta-Lactam Antibiotics Associated with Mutations in the pbp2x Gene Is Geographically Widespread[END_REF][START_REF] Southon | Population Genomic Molecular Epidemiological Study of Macrolide-Resistant Streptococcus pyogenes in Iceland, 1995 to 2016: Identification of a Large Clonal Population with a pbp2x Mutation Conferring Reduced In Vitro beta-Lactam Susceptibility[END_REF][START_REF] Ikeda | Isolation of Group A Streptococci with Reduced In Vitro beta-Lactam Susceptibility Harboring Amino Acid Substitutions in Penicillin-Binding Proteins in Japan[END_REF][START_REF] Olsen | A Single Amino Acid Replacement in Penicillin-Binding Protein 2X in Streptococcus pyogenes Significantly Increases Fitness on Subtherapeutic Benzylpenicillin Treatment in a Mouse Model of Necrotizing Myositis[END_REF] .

The minimum inhibitory concentration (MIC) for these strains do not meet the Clinical Laboratory Standards Institute (CLSI) threshold for resistance [START_REF] Humphries | Overview of Changes to the Clinical and Laboratory Standards Institute Performance Standards for Antimicrobial Susceptibility Testing, M100, 31st Edition[END_REF][START_REF] Weinstein | The Clinical and Laboratory Standards Institute Subcommittee on Antimicrobial Susceptibility Testing: Background, Organization, Functions, and Processes[END_REF] . When studied by whole genome sequencing, many of the GAS strains with a reduced penicillin susceptibility phenotype have nonsynonymous mutations in PBP genes [START_REF] Vannice | Streptococcus pyogenes pbp2x Mutation Confers Reduced Susceptibility to beta-Lactam Antibiotics[END_REF][START_REF] Musser | Reduced In Vitro Susceptibility of Streptococcus pyogenes to beta-Lactam Antibiotics Associated with Mutations in the pbp2x Gene Is Geographically Widespread[END_REF][START_REF] Southon | Population Genomic Molecular Epidemiological Study of Macrolide-Resistant Streptococcus pyogenes in Iceland, 1995 to 2016: Identification of a Large Clonal Population with a pbp2x Mutation Conferring Reduced In Vitro beta-Lactam Susceptibility[END_REF][START_REF] Ikeda | Isolation of Group A Streptococci with Reduced In Vitro beta-Lactam Susceptibility Harboring Amino Acid Substitutions in Penicillin-Binding Proteins in Japan[END_REF][START_REF] Olsen | A Single Amino Acid Replacement in Penicillin-Binding Protein 2X in Streptococcus pyogenes Significantly Increases Fitness on Subtherapeutic Benzylpenicillin Treatment in a Mouse Model of Necrotizing Myositis[END_REF][START_REF] Beres | Integrative Reverse Genetic Analysis Identifies Polymorphisms Contributing to Decreased Antimicrobial Agent Susceptibility in Streptococcus pyogenes[END_REF] . For the most part, a single amino acid change is present in each strain, but in some instances, multiple substitutions are found. This discovery has caused great concern among clinical microbiologists and infectious disease physicians [START_REF] Hanage | Streptococcus pyogenes With Reduced Susceptibility to beta-Lactams: How Big an Alarm Bell?[END_REF][START_REF] Hayes | Restricted Sequence Variation in Streptococcus pyogenes Penicillin Binding Proteins[END_REF][START_REF] Yu | Is There Emergence of beta-Lactam Antibiotic-Resistant Streptococcus pyogenes in China?[END_REF][START_REF] Avershina | Fighting Antibiotic Resistance in Hospital-Acquired Infections: Current State and Emerging Technologies in Disease Prevention, Diagnostics and Therapy[END_REF] . GAS strains, particularly under the selective pressure of intermittent or subtherapeutic beta-lactam therapy, could continue evolving an increasingly reduced susceptibility phenotype and eventually evolve to outright resistance.

J o u r n a l P r e -p r o o f

A recent whole genome sequencing study investigating GAS collected in Rennes, France identified five clonally related serotype emm81 strains with a 4-kb recombinant segment from Streptococcus dysgalactiae subspecies equisimilis (SDSE) [START_REF] Beres | Integrative Reverse Genetic Analysis Identifies Polymorphisms Contributing to Decreased Antimicrobial Agent Susceptibility in Streptococcus pyogenes[END_REF] . The recombination created a chimeric gene encoding PBP2X (Fig. 1A). This was the first discovery of an interspecies chimeric PBP2X in GAS [START_REF] Hayes | Restricted Sequence Variation in Streptococcus pyogenes Penicillin Binding Proteins[END_REF][START_REF] Boukthir | A prospective survey of Streptococcus pyogenes infections in French Brittany from 2009 to 2017: Comprehensive dynamic of new emergent emm genotypes[END_REF] . Compared to the most common (wild-type) PBP2X variant in GAS, the chimeric SDSE-like PBP2X differs by 55 amino acids (Fig. 1B) [START_REF] Beres | Integrative Reverse Genetic Analysis Identifies Polymorphisms Contributing to Decreased Antimicrobial Agent Susceptibility in Streptococcus pyogenes[END_REF] . Importantly, several of the individual amino acid changes in the chimeric SDSE-like PBP2X have been described in previous GAS studies and are known to alter the MIC for penicillin and other beta-lactam antibiotics [START_REF] Musser | Reduced In Vitro Susceptibility of Streptococcus pyogenes to beta-Lactam Antibiotics Associated with Mutations in the pbp2x Gene Is Geographically Widespread[END_REF][START_REF] Olsen | A Single Amino Acid Replacement in Penicillin-Binding Protein 2X in Streptococcus pyogenes Significantly Increases Fitness on Subtherapeutic Benzylpenicillin Treatment in a Mouse Model of Necrotizing Myositis[END_REF][START_REF] Beres | Integrative Reverse Genetic Analysis Identifies Polymorphisms Contributing to Decreased Antimicrobial Agent Susceptibility in Streptococcus pyogenes[END_REF][START_REF] Zhu | Functional Insights into the High-Molecular-Mass Penicillin-Binding Proteins of Streptococcus agalactiae Revealed by Gene Deletion and Transposon Mutagenesis Analysis[END_REF] .

Herein, we hypothesized that the chimeric SDSE-like PBP2X alters beta-lactam susceptibility in vitro and strain fitness in vivo. To test this hypothesis, an isogenic mutant strain was created. Compared to naturally occurring and isogenic strains with a wild-type GAS-like PBP2X, strains with the chimeric SDSE-like PBP2X had markedly reduced susceptibility in vitro to nine beta-lactam antibiotics. Using a mouse model of necrotizing myositis (Fig. 1C) [START_REF] Olsen | A Single Amino Acid Replacement in Penicillin-Binding Protein 2X in Streptococcus pyogenes Significantly Increases Fitness on Subtherapeutic Benzylpenicillin Treatment in a Mouse Model of Necrotizing Myositis[END_REF] , the strains had no significant difference in virulence in the absence of intermittent subtherapeutic benzylpenicillin treatment. However, in the presence of intermittent subtherapeutic benzylpenicillin treatment, significantly more CFUs were recovered from limbs infected with strains with the chimeric SDSE-like PBP2X. In summary, the chimeric SDSE-like PBP2X variant in GAS significantly decreases beta-lactam susceptibility in vitro and increases fitness in vivo, resulting in increased virulence.

MATERIALS AND METHODS

J o u r n a l P r e -p r o o f

Growth of GAS strains GAS strains were grown in Todd Hewitt broth supplemented with 0.5% yeast extract (THY) with or without a subinhibitory concentration of benzylpenicillin (MilliporeSigma, Burlington, MA, USA) as described previously [START_REF] Olsen | A Single Amino Acid Replacement in Penicillin-Binding Protein 2X in Streptococcus pyogenes Significantly Increases Fitness on Subtherapeutic Benzylpenicillin Treatment in a Mouse Model of Necrotizing Myositis[END_REF] . Cultures were incubated at 37 o C in 5% CO2 for 20 h, and growth was determined by measuring the optical density at 600 nm in an automated plate reader (Synergy H1 Hybrid Reader, BioTek, Santa Clara, CA, USA).

Six replicates of each strain in each penicillin concentration (0, 6 or 12 ng/mL) were performed. GAS strains were also grown on THY agar supplemented with 5% sheep blood (Cardinal Health, Dublin, OH, USA) under the same conditions.

GAS strains and PBP2X isogenic mutant strain construction

Naturally occurring strain MGAS34668 has a wild-type GAS-like PBP2X. This strain is referred to as MGAS34668 (GAS-like PBP2X). Naturally occurring strain MGAS34772 has a chimeric PBP2X from SDSE. This strain is referred to as MGAS34772 (SDSE-like PBP2X). An isogenic mutant strain of MGAS34772 with the GAS-like PBP2X restored from wildtype strain MGAS2221 was constructed as previously described [START_REF] Zhu | Gene fitness landscape of group A streptococcus during necrotizing myositis[END_REF] . This strain is referred to as MGAS34772 (GAS-like PBP2X). Briefly, primer sets PBP-1-FWD and PBP-1-REV, PBP-2-FWD and REV, and PBP-3-FWD and PBP-3-REV (Table 1) were used to amplify a 1533-bp, 1602-bp, and 1560-bp fragment using genomic DNA of MGAS34772, MGAS2221, and MGAS34772, respectively. The three DNA fragments J o u r n a l P r e -p r o o f were seamlessly ligated and cloned into suicide vector pBBL-740 using the NEBuilder HiFi DNA Assembly kit (New England Biolabs, Ipswich, MA). The resulting construct was transformed into MGAS34772 to restore the GAS-like allele encoding PBP2X.

Whole-genome sequence analysis was performed on the isogenic mutant strain to confirm the desired mutation and an absence of spurious mutations.

Minimum inhibitory concentration (MIC) determination

MICs for beta-lactam antibiotics were determined by the Etest gradient method (bioMerieux, Marcy-I'Etoile, France) or the MIC Test Strip method (Liofilchem, Waltham, MA, USA) according to the manufacturer's instructions. The MIC of each strain was measured three times for each antibiotic. All replicate measurements were within +/-1 dilution, and mean MIC is reported in Table 2. Statistically significant differences were determined by ANOVA (GraphPad Prism V9.3.1, San Diego, CA, USA). The MIC determinations for penicillin and ampicillin were confirmed by broth dilution.

Mouse model of necrotizing myositis in the absence or presence of intermittent subtherapeutic benzylpenicillin treatment

The mouse model of necrotizing myositis used in these experiments has been previously described [START_REF] Olsen | A Single Amino Acid Replacement in Penicillin-Binding Protein 2X in Streptococcus pyogenes Significantly Increases Fitness on Subtherapeutic Benzylpenicillin Treatment in a Mouse Model of Necrotizing Myositis[END_REF] . The model includes the presence of intermittent subtherapeutic benzylpenicillin treatment. Mice were infected intramuscularly in the right lower hindlimb with 1x10 9 CFU of the indicated strain. This dose was selected by performing a dose J o u r n a l P r e -p r o o f escalation study to identify the inoculum that results in approximately 50% survival on day 7 after infection in the absence of benzylpenicillin therapy. Mice were then intermittently treated with a subtherapeutic dose of benzylpenicillin (MilliporeSigma, Burlington, MA, USA) on the day of infection (7.3 IU/g in the right lower hindlimb near the infection site) and day 10 after infection (11 IU/g in the left lower hindlimb). Group sizes were selected with a power calculation.

Mouse survival and GAS CFU determination

For survival experiments, mice were monitored for near mortality at least once daily using standard criteria [START_REF]Guide for the Care and Use of Laboratory Animals[END_REF] . Survival was graphed as a Kaplan-Meier curve, and statistical differences were determined using a log-rank test (GraphPad Prism V9.3.1, San Diego, CA, USA). CFUs from infected muscle were determined by culturing tissue homogenates from limbs as previously described [START_REF] Olsen | A Single Amino Acid Replacement in Penicillin-Binding Protein 2X in Streptococcus pyogenes Significantly Increases Fitness on Subtherapeutic Benzylpenicillin Treatment in a Mouse Model of Necrotizing Myositis[END_REF] . Briefly, each infected limb was amputated, weighed, homogenized (Omni International, Kennesaw, GA, USA) in 1 mL sterile phosphate buffered saline, serially diluted, plated, and cultured overnight. CFU data were graphed as mean +/-SEM, and statistical differences were determined with a Mann-Whitney test. Mouse experiments were approved by the Institutional Animal Care and Use Committee of Houston Methodist Research Institute (protocol IS00006169).

RESULTS

J o u r n a l P r e -p r o o f

Naturally occurring strain MGAS34772 (SDSE-like PBP2X) has reduced susceptibility to beta-lactam antibiotics in vitro

Whole genome sequencing of GAS strains recovered from patients in Rennes, France identified serotype emm81 strain MGAS34772 with a chimeric PBP2X with a recombinant segment from SDSE (Fig. 1A) [START_REF] Beres | Integrative Reverse Genetic Analysis Identifies Polymorphisms Contributing to Decreased Antimicrobial Agent Susceptibility in Streptococcus pyogenes[END_REF] . This strain is referred to as MGAS34772 (SDSE-like PBP2X). Compared to the wild-type GAS PBP2X, the chimeric SDSE-like PBP2X differs by 55 amino acid substitutions (Fig. 1B). To test the hypothesis that the chimeric SDSE-like PBP2X confers reduced susceptibility to beta-lactam antibiotics in vitro, MGAS34772 (SDSE-like PBP2X) was compared to genetically closely related strain MGAS34668 with a GAS-like PBP2X. This strain is referred to as MGAS34668 (GAS-like PBP2X). The minimum inhibitory concentration (MIC) was measured for nine beta-lactam antibiotics, including four penicillins, four cephalosporins, and one carbapenem. Vancomycin was also tested as a control. Compared to MGAS34668 (GAS-like PBP2X), MGAS34772 (SDSE-like PBP2X) had significantly higher MICs to all beta-lactam antibiotics tested (Table 2). As expected, the strains had an identical MIC for vancomycin (Table 2).

Naturally occurring strain MGAS34772 (SDSE-like PBP2X) has increased fitness resulting in increased virulence in the presence of intermittent subtherapeutic penicillin treatment

J o u r n a l P r e -p r o o f

To test the hypothesis that the chimeric SDSE-like PBP2X alters GAS fitness in vivo, a mouse model of necrotizing myositis was used [START_REF] Olsen | A Single Amino Acid Replacement in Penicillin-Binding Protein 2X in Streptococcus pyogenes Significantly Increases Fitness on Subtherapeutic Benzylpenicillin Treatment in a Mouse Model of Necrotizing Myositis[END_REF] . This mouse model, including an intermittent subtherapeutic benzylpenicillin treatment strategy (Fig. 1C), was previously used to demonstrate that a single amino acid replacement in PBP2X significantly increased GAS fitness in vivo [START_REF] Olsen | A Single Amino Acid Replacement in Penicillin-Binding Protein 2X in Streptococcus pyogenes Significantly Increases Fitness on Subtherapeutic Benzylpenicillin Treatment in a Mouse Model of Necrotizing Myositis[END_REF] .

First, the fitness of naturally occurring strains MGAS34772 (SDSE-like PBP2X) and MGAS34668 (GAS-like PBP2X) were compared in the absence of intermittent subtherapeutic benzylpenicillin treatment. Mice were infected with the indicated strain and followed for survival and CFU recovery from infected limbs. Survival was assessed at day 7 after infection, and the resulting Kaplan-Meier survival curves were essentially superimposable (Fig. 2A). CFUs were recovered from limbs on day 3 after infection, and similar numbers of colonies were counted from mice infected with either strain (Fig. 2B).

These data demonstrate that in the absence of intermittent subtherapeutic benzylpenicillin therapy, naturally occurring strains MGAS34772 (SDSE-like PBP2X) and MGAS34668 (GAS-like PBP2X) have indistinguishable fitness and virulence.

Next, the fitness of naturally occurring strains MGAS34772 (SDSE-like PBP2X) and MGAS34668 (GAS-like PBP2X) was compared in the presence of intermittent subtherapeutic benzylpenicillin treatment. Mice were infected with the indicated strain and given a subtherapeutic dose of benzylpenicillin on the day of infection and day 10 after infection (Fig. 1C). Limbs were harvested on day 17 after infection. All mice survived to day 17 (Fig. 2C). Consistent with the hypothesis that strain MGAS34772 (SDSE-like PBP2X), which has reduced susceptibility to beta-lactam antibiotics in vitro, is more fit in the presence of intermittent subtherapeutic penicillin in vivo, significantly J o u r n a l P r e -p r o o f more CFUs were recovered from limbs infected with this strain (Fig. 2D). These data show that in the presence of subtherapeutic benzylpenicillin treatment, the SDSE-like PBP2X increases GAS fitness and results in increased virulence.

Creation of isogenic mutant strain MGAS34772 (GAS-like PBP2X) from MGAS34772 (SDSE-like PBP2X)

The naturally occurring strains differ in other parts of the genome besides the recombinant segment encoding PBP2X [START_REF] Beres | Integrative Reverse Genetic Analysis Identifies Polymorphisms Contributing to Decreased Antimicrobial Agent Susceptibility in Streptococcus pyogenes[END_REF] . To unambiguously demonstrate that the chimeric SDSE-like PBP2X is responsible for the increased fitness phenotype of MGAS34772 (SDSE-like PBP2X), we created an isogenic mutant strain by restoring the wild-type GAS pbp2x allele (that is, the most common allele found in GAS) [START_REF] Beres | Integrative Reverse Genetic Analysis Identifies Polymorphisms Contributing to Decreased Antimicrobial Agent Susceptibility in Streptococcus pyogenes[END_REF] . This isogenic mutant strain is referred as MGAS34772 (GAS-like PBP2X).

First, the MIC of strains MGAS34772 (SDSE-like PBP2X) and MGAS34772 (GAS-like PBP2X) was measured for nine beta-lactam antibiotics. Consistent with the hypothesis that the chimeric SDSE-like PBP2X confers a reduced beta-lactam susceptibility phenotype in vitro, strain MGAS34772 (SDSE-like PBP2X) had significantly increased MICs for all beta-lactam antibiotics tested (Table 2). As expected, the strains had an identical MIC for vancomycin (Table 2).

Next, the growth of strains MGAS34772 (SDSE-like PBP2X) and MGAS34772 (GAS-like PBP2X) was compared in vitro. In the absence of benzylpenicillin, the isogenic strains had nearly superimposable growth curves (Fig. 3A). However, in the J o u r n a l P r e -p r o o f

Isogenic strain MGAS34772 (SDSE-like PBP2X) has increased fitness resulting in increased virulence in the presence of intermittent subtherapeutic penicillin treatment

Using the previously described GAS infection model and intermittent subtherapeutic benzylpenicillin dosing (Fig. 1C), mouse necrotizing myositis studies were performed with isogenic strains MGAS34772 (SDSE-like PBP2X) and MGAS34772 (GAS-like PBP2X). In the absence of benzylpenicillin treatment, mice infected with the isogenic strains did not differ in survival or CFU recovery (Fig. 4A-B). In the presence of intermittent subtherapeutic benzylpenicillin treatment, all mice survived to day 17 after infection (Fig. 4C). However, significantly more CFUs were recovered from limbs infected with MGAS34772 (SDSE-like PBP2X) (Fig. 4D).

Taken together, these data show that in the presence of intermittent subtherapeutic benzylpenicillin treatment, the naturally occurring and isogenic strains with the chimeric SDSE-like PBP2X are more fit, resulting in more virulence, than strains with the wild-type GAS-like PBP2X.

DISCUSSION

J o u r n a l P r e -p r o o f

In this study, our goal was to test the hypothesis that the chimeric PBP2X with a recombinant segment from SDSE alters beta-lactam susceptibility in vitro and GAS fitness in vivo. Naturally occurring and isogenic mutant strains were compared. Results demonstrate that the chimeric SDSE-like PBP2X confers significantly decreased susceptibility to all beta-lactam antibiotics tested. For mice with experimental necrotizing myositis, the strains had indistinguishable virulence in the absence of benzylpenicillin therapy. However, in the presence of intermittent subtherapeutic benzylpenicillin treatment, strains with the chimeric SDSE-like PBP2X had increased fitness resulting in significantly increased virulence. These data add important new information bearing on PBP2X variants and GAS fitness and virulence.

Our laboratory recently demonstrated that a single amino acid substitution in PBP2X (P601L) significantly decreases susceptibility to beta-lactam antibiotics in vitro and increases GAS fitness in vivo [START_REF] Olsen | A Single Amino Acid Replacement in Penicillin-Binding Protein 2X in Streptococcus pyogenes Significantly Increases Fitness on Subtherapeutic Benzylpenicillin Treatment in a Mouse Model of Necrotizing Myositis[END_REF] . The P601L change was important to study because it has convergently (independently) evolved in multiple GAS serotypes over geographically distant locations [START_REF] Beres | Integrative Reverse Genetic Analysis Identifies Polymorphisms Contributing to Decreased Antimicrobial Agent Susceptibility in Streptococcus pyogenes[END_REF] . The effect of some other amino acid changes in PBP2X has been investigated [START_REF] Vannice | Streptococcus pyogenes pbp2x Mutation Confers Reduced Susceptibility to beta-Lactam Antibiotics[END_REF][START_REF] Musser | Reduced In Vitro Susceptibility of Streptococcus pyogenes to beta-Lactam Antibiotics Associated with Mutations in the pbp2x Gene Is Geographically Widespread[END_REF][START_REF] Southon | Population Genomic Molecular Epidemiological Study of Macrolide-Resistant Streptococcus pyogenes in Iceland, 1995 to 2016: Identification of a Large Clonal Population with a pbp2x Mutation Conferring Reduced In Vitro beta-Lactam Susceptibility[END_REF][START_REF] Ikeda | Isolation of Group A Streptococci with Reduced In Vitro beta-Lactam Susceptibility Harboring Amino Acid Substitutions in Penicillin-Binding Proteins in Japan[END_REF][START_REF] Olsen | A Single Amino Acid Replacement in Penicillin-Binding Protein 2X in Streptococcus pyogenes Significantly Increases Fitness on Subtherapeutic Benzylpenicillin Treatment in a Mouse Model of Necrotizing Myositis[END_REF][START_REF] Beres | Integrative Reverse Genetic Analysis Identifies Polymorphisms Contributing to Decreased Antimicrobial Agent Susceptibility in Streptococcus pyogenes[END_REF] , including use of isogenic mutant strains to test penicillin susceptibility [START_REF] Beres | Integrative Reverse Genetic Analysis Identifies Polymorphisms Contributing to Decreased Antimicrobial Agent Susceptibility in Streptococcus pyogenes[END_REF] . However, more amino acid substitutions and beta-lactam antibiotics need to be tested. Also, the lack of in vivo animal model data leaves many important hypotheses untested.

The PBP2X variant studied herein is the first documented example of an interspecies chimeric PBP2X in GAS [START_REF] Beres | Integrative Reverse Genetic Analysis Identifies Polymorphisms Contributing to Decreased Antimicrobial Agent Susceptibility in Streptococcus pyogenes[END_REF] . The chimeric PBP2X was identified in five clonally related strains of serotype emm81 GAS recovered from patients with invasive infections in Rennes, France [START_REF] Boukthir | A prospective survey of Streptococcus pyogenes infections in French Brittany from 2009 to 2017: Comprehensive dynamic of new emergent emm genotypes[END_REF] . The epidemiology indicates that the GAS strains with a J o u r n a l P r e -p r o o f chimeric PBP2X were successfully transmitted from human to human. Of note, two of the isolates were recovered from patients with recurrent infection and treatment failure, which could occur in a selective environment of suboptimal therapy [START_REF] Boukthir | A prospective survey of Streptococcus pyogenes infections in French Brittany from 2009 to 2017: Comprehensive dynamic of new emergent emm genotypes[END_REF] . The same PBP2X variant, but with a different recombination segment containing additional SDSE gene content, was also discovered in a type emm238 GAS strain recovered in New Zealand [START_REF] Beres | Integrative Reverse Genetic Analysis Identifies Polymorphisms Contributing to Decreased Antimicrobial Agent Susceptibility in Streptococcus pyogenes[END_REF] . That is, like the P601L single amino acid substitution mentioned above, the same chimeric PBP2X variant has evolved in different GAS serotypes in geographically distant locations. It is unknown if the second example of an SDSE-like recombinant segment is the result of an intraspecies or interspecies recombination. However, because of this recurring theme, we speculate that other instances of interspecies PBP2X recombination have likely occurred, but since GAS strains are not routinely tested for susceptibility, the variants have gone undiscovered.

The recent discovery of GAS strains with amino acid substitutions in PBP2X and reduced susceptibility to beta-lactam antibiotics has generated significant concern among clinical microbiologists and infectious disease physicians [START_REF] Hanage | Streptococcus pyogenes With Reduced Susceptibility to beta-Lactams: How Big an Alarm Bell?[END_REF][START_REF] Hayes | Restricted Sequence Variation in Streptococcus pyogenes Penicillin Binding Proteins[END_REF][START_REF] Yu | Is There Emergence of beta-Lactam Antibiotic-Resistant Streptococcus pyogenes in China?[END_REF][START_REF] Avershina | Fighting Antibiotic Resistance in Hospital-Acquired Infections: Current State and Emerging Technologies in Disease Prevention, Diagnostics and Therapy[END_REF] . Most PBP2X variants in GAS have a single amino acid substitution compared to the wild-type sequence, but some strains with two or more amino acid changes have been discovered [START_REF] Beres | Integrative Reverse Genetic Analysis Identifies Polymorphisms Contributing to Decreased Antimicrobial Agent Susceptibility in Streptococcus pyogenes[END_REF] . Under selective conditions such as suboptimal therapy, these strains may accumulate more mutations that further reduce susceptibility to beta-lactam antibiotics.

In support of this idea, among the 55 amino acid substitutions identified in the chimeric PBP2X, 3 were not present in either the GAS or SDSE reference strain (Fig. 1B).

Notably, the G600D amino acid substitution present in the chimeric PBP2X but not either reference PBP2X has independently arisen in multiple GAS serotypes. Additional J o u r n a l P r e -p r o o f concern stems from the recent report of four clonally related penicillin resistant strains of SDSE in Denmark [START_REF] Fuursted | Description and characterization of a penicillin-resistant Streptococcus dysgalactiae subsp. equisimilis clone isolated from blood in three epidemiologically linked patients[END_REF] . These are the first known penicillin resistant SDSE. Compared to susceptible strains, the penicillin resistant SDSE strains have two amino acid changes in close proximity to active sites of the PBP2X transpeptidase domain. One of the amino acid changes, Q555E (corresponding to Q552E in S. pneumoniae and Q557E in S. agalactiae) has been reported in other penicillin resistant streptococcal species [START_REF] Zapun | Penicillin-binding proteins and beta-lactam resistance[END_REF][START_REF] Dahesh | Point mutation in the group B streptococcal pbp2x gene conferring decreased susceptibility to betalactam antibiotics[END_REF] , but it has not been identified in GAS [START_REF] Beres | Integrative Reverse Genetic Analysis Identifies Polymorphisms Contributing to Decreased Antimicrobial Agent Susceptibility in Streptococcus pyogenes[END_REF] . Of note, the penicillin resistant SDSE strains had additional amino acid substitutions in PBP1A and PBP1B, so the contribution of each substitution to the overall beta-lactam antibiotic resistance phenotype is uncertain [START_REF] Fuursted | Description and characterization of a penicillin-resistant Streptococcus dysgalactiae subsp. equisimilis clone isolated from blood in three epidemiologically linked patients[END_REF] .

Regardless, if a chimeric PBP2X were to arise in GAS by recombination with a penicillin resistant SDSE, the resulting phenotype could be markedly decreased susceptibility or outright resistance, both very concerning scenarios.

Despite more than 70 years of penicillin use as a first line therapy and the immense global burden of GAS infections, GAS remains universally susceptible in vitro to beta-lactam antibiotics [START_REF] Bisno | Acute pharyngitis[END_REF][START_REF] Wessels | Clinical practice. Streptococcal pharyngitis[END_REF] . The molecular basis for the enduring susceptibility phenotype is uncertain [START_REF] Horn | Why have group A streptococci remained susceptible to penicillin? Report on a symposium[END_REF] . However, our recent discovery of GAS strains, in varied genomic backgrounds and geographically widespread locations [START_REF] Musser | Reduced In Vitro Susceptibility of Streptococcus pyogenes to beta-Lactam Antibiotics Associated with Mutations in the pbp2x Gene Is Geographically Widespread[END_REF][START_REF] Olsen | A Single Amino Acid Replacement in Penicillin-Binding Protein 2X in Streptococcus pyogenes Significantly Increases Fitness on Subtherapeutic Benzylpenicillin Treatment in a Mouse Model of Necrotizing Myositis[END_REF][START_REF] Beres | Integrative Reverse Genetic Analysis Identifies Polymorphisms Contributing to Decreased Antimicrobial Agent Susceptibility in Streptococcus pyogenes[END_REF] , may be an early signal of emerging resistance. Furthermore, the lack of a commercially licensed vaccine against GAS leaves the world's population unprotected against ongoing transmission and evolution of these strains [START_REF] Osowicki | WHO/IVI global stakeholder consultation on group A Streptococcus vaccine development: Report from a meeting held on 12-13 December 2016[END_REF][START_REF] Schodel | Clinical development strategy for a candidate group A streptococcal vaccine[END_REF][START_REF] Steer | Status of research and development of vaccines for Streptococcus pyogenes[END_REF][START_REF] Vekemans | The Path to Group A Streptococcus Vaccines: World Health Organization Research and Development Technology Roadmap and Preferred Product Characteristics[END_REF] . Expanded diagnostic laboratory surveillance, genome sequencing, and molecular pathogenesis study of potentially emergent beta-lactam antibiotic resistance among GAS is needed. Comparison of isogenic strains MGAS34772 (SDSE-like PBP2X) and MGAS34772 (GAS-like PBP2X). In the absence of penicillin (A), the growth curves of MGAS34772 (SDSE-like PBP2X) and MGAS34772 (GAS-like PBP2X) are nearly superimposed. In the presence of 6 ng/mL (B) or 12 ng/mL (C) benzylpenicillin, strain MGAS34772 (SDSE-like PBP2X) grew to a markedly higher optical density. Replicate data are expressed as mean +/-SD (n=6 replicates per strain).

J o u r n a l P r e -p r o o f

J o u r n a l P r e -p r o o f J o u r n a l P r e -p r o o f Tables Table 1. Primers used in this study. Lowercase bases are complimentary to the adjacent sequence for ligation. Uppercase bases are complimentary to the target sequence. 
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