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ABSTRACT All known group A streptococci [GAS] are susceptible to S-lactam antibiotics.
We recently identified an invasive GAS (iGAS) variant (emm43.4/PBP2x-T553K) with unusu-
ally high minimum inhibitory concentrations (MICs) for ampicillin and amoxicillin, although
clinically susceptible to B-lactams. We aimed to quantitate PBP2x variants, small changes
in B-lactam MICs, and lineages within contemporary population-based iGAS. PBP2x substi-
tutions were comprehensively identified among 13,727 iGAS recovered during 2015-2021,
in the USA. Isolates were subjected to antimicrobial susceptibility testing employing low
range agar diffusion and PBP2x variants were subjected to phylogenetic analyses. Fifty-five
variants were defined based upon substitutions within an assigned PBP2x transpeptidase
domain. Twenty-nine of these variants, representing 338/13,727 (2.5%) isolates and 16
emm types, exhibited slightly elevated B-lactam MICs, none of which were above clinical
breakpoints. The emm43.4/PBP2x-T553K variant, comprised of two isolates, displayed the
most significant phenotype (ampicillin MIC 0.25 wg/ml) and harbored missense mutations
within 3 non-PBP genes with known involvement in antibiotic efflux, membrane insertion
of PBP2x, and peptidoglycan remodeling. The proportion of all PBP2x variants with ele-
vated MICs remained stable throughout 2015-2021 (<<3.0%). The predominant lineage
(emm4/PBP2x-M593T/ermT) was resistant to macrolides/lincosamides and comprised 129/
340 (37.9%) of isolates with elevated B-lactam MICs. Continuing B-lactam selective pres-
sure is likely to have selected PBP2x variants that had escaped scrutiny due to MICs that
remain below clinical cutoffs. Higher MICs exhibited by emm43.4/PBP2x-T553K are probably
rare due to the requirement of additional mutations. Although elevated B-lactam MICs
remain uncommon, emm43.4/PBP2x-T553K and emm4/PBP2x-M593T/ermT lineages indicate
that antibiotic stewardship and strain monitoring is necessary.

KEYWORDS penicillin binding protein 2 x, transpeptidase domain, clinical
susceptibility, group A streptococcal lineages, PBP2x catalytic site, amino substituted
B-lactams

roup A streptococci (GAS) have never been reported with clinically defined resist-
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motifs critical in the polarity and conformation of the catalytic site that covalently
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binds to B-lactam antibiotics (16, 17). Substitutions within or near these motifs in GAS
are rare (18), contrasting with pneumococcal clinical isolates where such substitutions
are common (19, 20).

For pneumococci and GBS, our genome sequence-based detection of PBP variants
effectively detects strains with nonsusceptibility or reduced susceptibility (13-15, 20-23).
However, iGAS with MICs approaching clinical nonsusceptibility have not been detected
during more than 25 years of Active Bacterial Core surveillance (ABCs, unpublished).
Nonetheless, genomic-based surveillance led us to discover the first GAS strain con-
firmed to exhibit reduced B-lactam susceptibility (24). This strain (emm43.4/PBP2x-
T553K), represented by two nearly isogenic clinical isolates, expressed MICs for ampicillin
and amoxicillin of at least 4-8-fold above wild-type levels, although still minimally below
clinical resistance levels. While there have been additional retrospective discoveries of
GAS PBP2x variants exhibiting reduced susceptibility to B-lactams (25-27), no GAS
strains have been described with MICs for the key amino-substituted B-lactams
approaching those of strain emm43.4/PBP2x-T553K (24). Here, we quantitively assess
PBP2x sequences and associated phenotypes from ongoing population-based invasive
GAS (iGAS) surveillance, as well as routine outbreak strain characterization, within the
United States.

RESULTS

PBP2x substitutions and decreased B-lactam susceptibility. Among 13,727 iso-
lates, 55 Pbp2x transpeptidase types were observed with 1 to 4 substitutions relative
to the predominant wild-type PBP2x1 (Table 1). Of the 13,727 isolates, 2,660 were ini-
tially subjected to conventional broth microdilution testing and were representative of
46 of the 55 PBP2x types. None of these isolates exhibited MICs indicative of clinical
nonsusceptibility to B-lactams (28). Thirty of the 55 variant PBP2x types, representing
340 (2.5%) of the isolates and accounting for 17 emm types, exhibited reduced suscep-
tibility to B-lactam(s). Except for one type, PBP2x43 (T553K), the 30 PBP2x types were
associated with broth dilution MICs at least 4-fold below MICs indicative of clinical non-
susceptibility. Phenotypic differences between the different PBP2x types were small
and affected different patterns of B-lactams; however, they were reproducible using
Etests capable of measuring very low MICs (Table 1). Most of the associations of individ-
ual substitutions with reduced susceptibility were concordant with recent independent
data from GAS isolated in earlier years (26, 29).

Within these 30 PBP2x types, 23 specific substitutions at one of 19 different PBP2x1
residues were observed (Table 1). Of these 19 PBP2x1 positions, 11 are conserved with
the aligned GBS PBP2x protein (not shown). We recovered GBS reduced B-lactam sus-
ceptibility variants with substitutions in 4 of these 11 conserved PBP2x residues (Fig. 1)
during the period of 2015 to present (13-15, unpublished). These residues are each
within or closely neighboring one of the 3 conserved catalytic motifs (16-18) and cor-
respond to the GAS PBP2x positions T341, A397, G403, and T553 (Fig. 1).

Five PBP2x types associated with decreased B-lactam susceptibility were present in
multiple genetic backgrounds (PBP2x types 10, 7, 20, 32, and 45), with PBP2x-10 found
among 4 different emm types (Table 2). Reduced susceptibility sublineages (emm type/
PBP2x type combinations) accounting for multiple isolates were contained within
closely related phylogenetic clusters, indicating that each likely arose from the same
progenitor strain. This is shown for sublineages, including 15 or more isolates within
PBP2x-10 (Fig. 2 and 4), PBP2x-14 (Fig.S1), PBP2x-18 (Fig. 3, Fig. S2), and PBP2x-47
(Fig. 3, Fig. S3). Twenty-three of the 34 sublineages were represented by single isolates
(Table 2).

Eleven different sublineages, accounting for 9 different PBP2x types associated with
reduced B-lactam susceptibility were found in multiple states and years. The emm4/
PBP2x10 sublineage accounted for 116 isolates recovered throughout 2015 to 2021
within 9 of the 10 ABCs sites (Table 2, Fig. 2). Nonetheless, no sublineage revealed an
obvious trend of increase during 2015 to 2021 (Table 2).
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FIG 1 Depiction of the Pbp2x full-length protein and the transpeptidase encompassing region indicating, 3 conserved catalytic site motifs, and substitutions
within 19 residues (23 substitutions) associated with decreased susceptibility in this study to B-lactam antibiotics. The catalytic serine in motif | that covalently
binds to B-lactam antibiotics is indicated in red. The substitution associated with the most significant MIC, T553K, is highlighted in yellow. Substitutions at
4 positions indicated in red font accounted for 322/340 (94.7%) of the isolates with reduced susceptibility to B-lactams and occurred at positions M593 (205
isolates), P601 (42 isolates), A397 (48 isolates), and K410 (23 isolates). Corresponding substitutions in the GBS PBP2x associated with reduced susceptibility or
nonsusceptibility to B-lactams are indicated below. Substitutions reported in other studies (25-27, 29) to be associated with reduced B-lactam susceptibility in

naturally occurring isolates or through allelic exchange experiments are indicated with an asterisk.

Pbp2x43 (T553K). The most remarkable phenotype was the elevated MICs
(0.25 wg/mL for ampicillin and amoxicillin obtained by both broth dilution and Etest)
observed for two previously described emm43.4/PBP2x-T553K isolates from an out-
break investigation (24). The ampicillin MIC was at the breakpoint between susceptibil-
ity and resistance, and more than 10-fold higher than the basal MIC of =0.016 wg/mL
of strains carrying PBP2x1 (Table 1) and 5- to10-fold higher than any of the other
PBP2x variants (Table 1). The PBP2x-T553K isolates reproducibly displayed elevated
MICs for penicillin, cefotaxime, and cefoxitin; however, these MICs were not higher
than for other PBP2x variants (Table 1).

The T553K substitution was the only substitution closely neighboring the conserved
PBP2x catalytic motif Il (Fig. 1). In invasive GBS, corresponding substitutions T555S and
T555A have been associated with reduced B-lactam susceptibility (13-15), unpub-
lished, Fig. 1.

Fortuitously, from the same community screening, we were provided with three
emm43.4/PBP2x1 isolates that were highly related to the two nearly isogenic emm43.4/
PBP2x43 isolates (24). There were only 14 variable genomic positions evident among the
five isolates (pairwise range of 2 to10 SNPs), six of which were genomically unlinked mis-
sense mutations exclusively shared by the two PBP2x43 isolates (Table 3). Of the six
substitutions specific to the PBP2x43 variants, two included the PBP2x43 and ParCS79F
substitutions (SNPs 3 and 8), and three mapped within core genes with known involve-
ment in peptidoglycan structure and/or defense against B-lactam antibiotics (SNPs 5,13,
and 11). SNP5 (YidC-G23S), corresponded to an amino acid substitution within the termi-
nal residue of the highly predicted (despite the substitution) lipoprotein signal sequence
lipoprotein cleavage site of the YidC membrane insertase/chaperone (spy0290 in NCBI
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FIG 2 Core phylogeny of emm4 isolates (all 390 recovered in 2015 to 2019 are characterized). All isolates are within clonal complex CC39. Legends for this
and all other phylogenies depicted employ same scheme as follows: Innermost circle is color coded for PBP2x substitution, the second circle from inside is
color coded for resistance determinants for erythromycin and clindamycin (both constitutive and inducible), the third circle from inside is depicting state,
and the fourth circle from inside is depicting year of isolation. Figure depicts well established emm4/PBP2x10 sublineage recovered in multiple states and
years and is the principal component of a single major branch within the overall invasive emm4 phylogeny. The emm4/ermT-positive/PBP2x1 isolates are
situated on the same main branch, potentially indicating that the pbp2x10 missense mutation originated within an emm4/ermT background.

accession CP000262) (30, 31). SNP13 mapped to spy 1879 (accession CP000262), encoding
a predicted membrane protein component of an antimicrobial efflux ABC transporter
(32). The third SNP, SNP11, was a missense mutation within spy0519 (accession CP000262)
encoding a GH25 class peptidoglycan hydrolase (33). In a random screening of 100 isolates
among 20 emm types, these 3 non-PBP genes were invariably present, consistent with
inclusion in the core GAS genome. Screened representatives within all 29 of the other
PBP2x reduced-susceptibility variants carried alleles of these three genes that were identi-
cal to basally B-lactam susceptible strains of the same lineage. Subsequent to this work,
we received 167 subtype emm43.4 variants, the majority of which were highly related to
the two emm43.4/PBP2x-T553K isolates (average distance 10 SNPs). All of these emm43.4
isolates carried wild-type alleles of pbp2x, parC, yidC, spy1918, and spy0519.

Substitutions of positions M593 and P601. Together, or in combination, substitu-
tions of PBP2x positions M593 (M593T and M593L) and P601 (P601L and P601H)
accounted for 9 of the 30 different PBP2x types associated with decreased B-lactam
susceptibility and 246 of the 340 (72.3%) isolates (Table 1). The variety of strain back-
grounds described below associated with substitutions within these 2 positions indi-
cate that the strains described in this study are not directly related to corresponding
variants described in recently published reports (25-27, 34).

PBP2x-M593T was observed in 198 isolates of 4 different lineages, including 129
(65%) emm4/ermT isolates (Fig. 2) with high-level macrolide and clindamycin-resistance.

September 2022 Volume 66 Issue 9

10.1128/aac.00802-22 6


https://www.ncbi.nlm.nih.gov/nuccore/CP000262
https://www.ncbi.nlm.nih.gov/nuccore/CP000262
https://www.ncbi.nlm.nih.gov/nuccore/CP000262
https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00802-22

Reduced B-Lactam Susceptibility in GAS

Tree scale: 0.01

NY, CT, MN, OR
PBP2X 2018-2021
~5 SNPs

O

[ PeP2x_1_wT

[l PBP2X_10_M593T
[ PBP2x_18 A397V
[l PBP2x_47_K410E

State

[Jeca
Bl co
[Jer
M ca
B vo
] mN
R
] Ny
B or
]

Year

2015
] 2016
[ 2017 NY, CT

I 2018 2015-2019
[] 2019
[] 2020
[] 2021

I '\
: i Epmanaes

Antimicrobial Agents and Chemotherapy

- 2015-2018

|
\;A

R =

CA, CO, NM, MN

FIG 3 Core phylogeny of emm1 sequence type ST28 lineage, average distance 45 SNPs (all 1619 characterized). PBP2x types of this lineage associated with
reduced beta-lactam susceptibility and represented by 15 or more isolates were characterized. Figure depicts three distinct tight phylogenetic clusters of

PBP2x10, PBP2x18, and PBP2x47 collected within multiple years and states.

Overall, type emm4 iGAS comprised isolates with a pairwise average distance of 57 SNPs.
The 129 emm4/ermT/PBP2x10 isolates had an average pairwise distance of 19.6 SNPs
and comprised 129/390 (33%) of emm4 iGAS recovered during 2015 to 2019. The emm4/
ermT/PBP2x-M593T variant constituted the primary component of a single major branch
within the emm4 phylogeny. Since 29 emm4/ermT-positive/PBP2x1 isolates are on the
same main branch, this potentially indicates that the PBP2x-M593T originated within the
ermT-positive background. Strain 20154138/ermT/PBP2x1, recovered during 2015, was
one of these 29 isolates and differed from its closest match (20155033/ermT/PBP2x10) by
only 6 SNPs. Extensive MIC and PCR-based testing of ABCs isolates recovered during
1999 to 2008 revealed no ermT-positive emm4 strains ([35], unpublished), suggesting the
first appearance of emm4/ermT strains within ABCs occurred no earlier than 2009.
Macrolide-susceptible, PBP2x1 isolates differed by as few as 18 SNPs from ermT-positive
isolates of both types PBP2x1 and PBP2x10, further suggesting relatively recent emer-
gence of emm4/ermT/PBP2x10 (Fig. 2).

PBP2x-M593T strains with reduced B-lactam susceptibility were also evident within tight
clusters of emm1/PBP2x10 (Fig. 3) and emm75/Pbp2x10 (Fig. 4) isolates recovered during
multiple years, with highest incidence in Colorado and Minnesota, respectively (Table 2).

The two emm12/PBP2x-M593T isolates from this study were recovered during 2018
and 2020. A small cluster of closely related (avg SNP distance = 10) type emm73/PBP2x46
(M593T, S562T, P676S) isolates had the same B-lactam MICs as PBP2x10 isolates (Table 1).
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FIG 4 Core phylogeny of emm?75 sequence type ST49 lineage associated with four reduced-susceptibility PBP2x variant types (all 111 characterized). Figure
depicts tight phylogenetic clusters of emm75/PBP2x10 collected during multiple years, with highest incidence in Minnesota and more recently emerged
emm?75/PBP2x20 within Colorado and New Mexico. Legends for this and all other phylogenies depicted employ same scheme as follows: innermost circle is

color coded for PBP2x substitution, the second circle from inside is depicting state, and the third circle from inside is depicting year of isolation.

The M593T substitution was also recently reported among isolates with reduced B-lactam
susceptibility in other countries, including Iceland (26) and Japan (27). These included a
large cluster of mefA-positive emm12 variants recovered in Iceland during 2000-2005
(26); however, M593T substitutions were not reported among emm1, emm4, emm12, and
emm?73, and there were only two macrolide-susceptible emm12/M593T variants recov-
ered in this study during 2018 and 2020-2021 (Table S1, Table 2). The $562T and P676S
substitutions were each found within various PBP2x types, including several not associ-
ated with decreased B-lactam susceptibility, that collectively accounted for 2431 isolates
(Table 1). Two unrelated isolates (Table 2) carrying the P676T substitution (PBP2x45)
revealed slightly higher MICs for penicillin and cefoxitin. An isolate with the M593L substi-
tution (PBP2x25), also had decreased B-lactam susceptibility, also consistent with a recent
study (29).

P601 substitutions (P601L and P601H) were evident among 9 different lineages (42 iso-
lates and 6 PBP types), including PBP2x7, PBP2x16, PBP2x53, PBP2x20, PBP2x21, and
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TABLE 3 Missense SNPs specifically associated with emm43.4/PBP2x43¢

Antimicrobial Agents and Chemotherapy

Sequence in: Protein function (theoretical or known
emm43.4,PBP2 x 43/ association of missense derivative Relevant
SNP emm43.4,PBP2x1 Amino acid substitution (protein target) with antimicrobial resistance) references
3 AATCAGGAAAAGCACAAAT/ T553K (Pbp2x Peptidoglycan synthesis/cell division 24
AATCAGGAACAGCACAAAT conserved motif) (Decreased Pbp2x affinity for
B-lactam antibiotics)
8 ATGGGGATTTCTCTATTTA/ S79F (ParC) DNA gyrase (fluoroquinolone- 21
ATGGGGATTCCTCTATTTA resistance)
5 ACCTTGACAAGCTGTGTGG/ G23S (YidC signal sequence cleavage Membrane transport (membrane 30, 35
ACCTTGACAGGCTGTGTGG site) localization of Pbp2 x 43 protein)
13 GTTAGTCAACGGTAACATC K255N (spy1819 membrane fusion Antimicrobial efflux (persistence in 32
GTTAGTCAAAGGTAACATC protein component of resistance- presence of penicillin, antimicrobial
nodulation-division family ABC efflux)
transporter)
1 GCTCCTAATGCAACCTTAG/ T236A (GH25 bacterial lysozyme) 1,4-beta-N-acetylmuramidase 33
GCTCCTAATACAACCTTAG (peptidoglycan maintenance)
9 GGAGGACAGTCTGTGACGG P77S (Acetate CoA-transferase beta Fatty acid biosynthesis (unknown) Relevance
GGAGGACAGCCTGTGACGG subunit) unknown

9The bold/underline highlights missense SNPs in amino acid sequence.

PBP2x28 (Table 2, Fig. 2, 4, and Fig. S4, S5, S6). The P601L substitution was the only substi-
tution, either alone or in combination with M593T, that was associated with increased
MICs for 4 or all 5 of the antimicrobials assayed (Table 1). The P601L substitution was pres-
ent in 7 different lineages during 2015 to 2021, including 17 emma89/5T101 isolates (Fig. S4
and S5). A recent survey of emm types 1, 28, and 89 reported this substitution within multi-
ple U.S. isolates and a single Finland isolate during 2008 to 2013 (25, 26).

The combined M593T and P601L substitutions evident in the single PBP2x53 variant
were reproducibly associated with MICs for penicillin and ampicillin that were 2-fold
higher than for the singly occurring substitutions (Table 1). The PBP2x53 variant is
likely to have arisen from a point mutation of pbp2x46 within an emm?73 precursor
strain (Table 2, Fig. S6). Although substitution M593V (PBP2x12), was not independ-
ently associated with decreased B-lactam susceptibility, occurrence of M593V together
with P601L (PBP2x28) was associated with increased penicillin and ampicillin MICs
compared to P601L alone.

PBP2x16 (S562T,P601L) was associated with increased MICs to four of the five B-lac-
tams tested and was found in encapsulated emm89/ST101 (21) strains recovered from
five states during 2015 to 2019 (Fig. S5). Seven of these isolates were recovered from NM
in 2017 to 2018 and shared near identity (differed by 0 to 3 SNPs) (Fig. S4). The remain-
ing eight isolates were more distantly related. In contrast to other analyses (25, 29), we
did not detect reduced B-lactam susceptibility in multiple isolates carrying the G600D
substitution. A single isolate carrying PBP2x36 (G600D in combination with 1502N) had
slightly elevated MICs to penicillin and ampicillin (Table 1).

Substitutions within motif I. PBP2x T341 and M342 occur within motif | (STMK) that
includes the catalytic serine. The three substitutions at these two positions (T341A,
T341S, M342I) were found within four different PBP2x types associated with reduced
B-lactam susceptibility, although they only accounted for seven isolates. The reduced
susceptibility associated with PBP2x-M342I has been corroborated in other studies (25,
29). In GBS we have encountered a substitution corresponding to PBP2x-T341A (T345I)
that is associated with reduced B-lactam susceptibility (unpublished). The pneumococcal
PBP2x-T341A equivalent (T338A) was highlighted in resistant mutants and PBP2x struc-
tural analyses (16, 17).

Substitutions neighboring motif Il. We detected three different substitutions
(K401E/PBP2x47, A397V/PBP2x14 and PBP2x18, and G403E/PBP2x52) among 72 isolates
that exhibited B-lactam MIC increases. In GBS we have also noted decreased B-lactam
susceptibility in variants containing substitutions in the positions corresponding to A397
and G403 (Fig. 1) (13-15). GAS isolates with the PBP2x-A397V substitution (26 emm101/
PBP2x14 isolates and 22 emm1/PBP2x18 isolates), only exhibited 2- to 3-fold increased
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MICs for cefoxitin. The A397V substitution was also associated with slightly increased
MICs to cefotiam (second generation cephalosporin) and ceftibuten (third generation
cephalosporin) in a GAS isolate recovered in Japan (27). Phylogenetic analysis revealed
that the 22 emm1 isolates sharing PBP2x-A397V were highly similar (Fig. S2), with an av-
erage 5 SNPs pairwise difference. Except for two isolates from CT, all were recovered in
NY during 2016 to 2019, consistent with recent transmission (Fig. S2). In contrast,
emm101/ST182 GAS sharing type PBP2x14 (1502V,A397V) were recovered in five states
during 2015 to 2019 and appeared to be both temporally related and unrelated strains
(Fig. S1). PBP2x-K410E, conferring reduced susceptibility for cefoxitin, was detected pri-
marily among nearly genetically identical (average 5 SNPs) emm1/ST28 strains found in
four states (NY, CT, MN, OR) during 2018 to 2019 (Fig. 3, Fig. S3).

Remaining substitutions associated with reduced B-lactam susceptibility.
Substitutions within 11 additional positions mapping within the transpeptidase
region (F274L, G288S, N357H, 1458V, 1463L, 1502N, Y572H, L602F, G643R, G646D,
and P676D), each corresponded to a single PPB2x type, except F274L (also in com-
bination with S562T), and were associated with reduced B-lactam susceptibility.
Other than PBP2x-P676T, found in single isolates of two lineages, these were re-
stricted to a single isolate.

Substitutions mapping outside the transpeptidase domain. We also screened all
substitutions outside our query region (residues 270 to 688) for potential reduced sus-
ceptibility to B-lactam antibiotics. Of 20 variants (1,867 isolates) with substitution(s)
within the N-terminal region (residues 1 to 269) and of 10 variants (1,215 isolates) with
substitutions mapping in the C-terminal region (residues 689-751), a subset of 461
(15%) isolates that accounted for each PBP transpeptidase type were subjected to con-
ventional MIC and Etest assays. No substitutions within these regions were associated
with increased B-lactam MICs. The entire compilation of distribution of the combined
PBP2x transpeptidase types/flanking substitutions from the data set is provided in
Table S1.

DISCUSSION

The advent of genome sequence-based strain surveillance has provided a detection
mechanism for subtle or rare antimicrobial resistance features that are difficult to dis-
cern with traditional phenotypic testing. During 2015 to 2021, we detected only 340/
13,727 iGAS isolates (2.5%) that had slightly decreased susceptibility, and only two iso-
lates with MICs at clinically defined cutoffs. Presently we see no trend of increases in
decreased susceptibilities to B-lactams among iGAS; however, this was a short surveil-
lance period. Although clinically defined B-lactam antibiotic resistance in S. pyogenes
had not been reported, we theorized that should it ever occur within our surveillance
catchment areas that we would detect it through our WGS bioinformatics pipeline
(21). Detection of PBP2x-T553K variants led to discovery of an unprecedented GAS MIC
(0.25 pwg/mL) for amino substituted B-lactam antibiotics at the breakpoint of clinical
nonsusceptibility (24).

The rarity of GAS higher level MICs for B-lactams might be indicative of high fitness
costs associated with altering PBP2x substrate binding properties. We postulate that at
least three of the shared substitutions within the two PBP2X-T553K variants were posi-
tively selected to alleviate fitness costs and/or directly contribute to the resistance phe-
notype. Each of these three SNPs conferred a missense mutation within a distinct core
gene with documented involvement with antimicrobial resistance or peptidoglycan
modification. The high relatedness of the PBP2x-T553K variants to subtype emm43.4
isolates subsequently recovered through ABCs attests to the high clustering nature of
iGAS, where most cases represent highly related cluster isolates (36). The fact that
none of the 167 subtype emm43.4 isolates shared mutant alleles with emm43.4/PPB2x-
T553K that were associated with resistance to B-lactams or fluoroquinolones is consist-
ent with powerful selective effects of the extensive antimicrobial treatment histories
associated with both of the emm43.4/T553K iGAS cases (24). YidC, found in all life
forms, plays essential roles in inserting and assembling proteins into bacterial cell
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membranes (37). In Escherichia coli the YidC protein is required for the functional as-
sembly of active PBP2x (Ftsl) into the cell membrane (30). The substitution within the
GAS PBP2x-T553K mutants occurs at the leader peptide processing junction of the
unprocessed YidC and could affect the amount of the functional processed form of
YidC produced to assemble more effectively a functional PBP2x-T553K derivative
within the cell membrane. SNP13 mapped within a GAS gene encoding a membrane
component of an ABC-type transporter involved in drug efflux that was highly upregu-
lated in penicillin-persister strains (32). Finally, SNP11 occurred within the ubiquitous
GH25 class of bacterial lysozymes that serve essential roles in cell wall maintenance
(33). Although the contributions of these three unlinked, non-PBP mutations to the
MICs or fitness of the PBP2x43 isolates are not proven, their known involvement in
B-lactam resistance and peptidoglycan structure is unlikely to be coincidental and
may have roles that alleviate fitness costs or contribute to the resistance phenotypes
observed within the PBP2x-T553K mutants. The markedly elevated MICs of type
PBP2x43 isolates for amino-substituted antibiotics ampicillin and amoxicillin compared
to other B-lactams is consistent with previous observations in pneumococci where the
GAS PBP2x-T553 counterpart (T550) residue was found to be important in substrate
specificity (38, 39).

Other than for PBP2x43, the increases of B-lactam MICs in iGAS associated with
pbp2x missense mutations have been small and well below clinical nonsusceptibility
breakpoints (25-27). The few mutant PBP2x types that have shown widespread emer-
gence do not show trending increases in ABCs. Still, the emm4/ermT/PBP2x10 (M593T)
variant is concerning. This variant combines increased MICs for B-lactam antibiotics
with high-level macrolide/lincosamide resistance and is circulating within 9 of the 10
ABCs sites. Although not yet detected within the emm4/ermT background, the combi-
nation of M593T and P601L seen within type PBP2x53 is associated with somewhat
higher MICs and that have apparently arisen in a stepwise manner within an emm?73
lineage. Further, the P601L substitution has been shown to increase GAS strain fitness
in a mouse model of necrotizing fasciitis in the presence of subtherapeutic levels of
penicillin (40). The potential of PBP2x variants to confer increased fitness in disease
and during asymptomatic carriage is ample reason to continue monitoring for subtle
increases in B-lactam MICs and potential emergence of resistant strains. Although not
currently detected within ABCs, the emm43/PBP2x-T553K variant that exhibits amino-
substituted B-lactam MICs at the breakpoints that define nonsusceptibility is cause for
concern. This strain showed no growth defects in in vitro growth and potentially has a
fitness advantage in carriage and disease (24).

The PBP2x substitutions that were not associated with decreases in antimicrobial
susceptibility also require monitoring, as these variants could still have survival
advantages in the presence of B-lactams. For example, a missense mutation map-
ping within the transglycosylase domain of the bifunctional transglycosylase/trans-
peptidase PBP1b was described in pneumococci associated with increased propen-
sities to cause meningitis and was found to persist longer in the presence of
B-lactams (41). PBP2x is an essential class B PBP that lacks a transglycosylase region,
and in pneumococcal clinical isolates the substitutions within the broad transpepti-
dase domain that affect conformation or polarity of its active site cavity most com-
monly affect MICs to B-lactams (16, 17). Nonetheless, substitutions not directly
affecting the binding of B-lactams to the active site of PBP2x can decrease suscepti-
bility to B-lactams (42).

In summary, we see no significant emergence of decreased B-lactam susceptibility
in iGAS during multistate facilitated population-based strain surveillance. Ours and
other recent data (25-27) indicate that these PBP2x variants are not new but do indi-
cate that until now methods to detect increased GAS B-lactam MICs have lacked
adequate sensitivity. These data strongly indicate the need for strict stewardship of
these antibiotics and for continued monitoring of GAS strains for the potential emer-
gence of strains that cross clinical breakpoints for nonsusceptibility. B-lactam
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antibiotics remain the frontline antimicrobials of choice for GAS disease. There is little
doubt that the PBP2x variants described here and elsewhere have arisen and dissemi-
nated throughout the United States as a result of continued B-lactam selective pres-
sure (29).

MATERIALS AND METHODS

Isolates. All iGAS isolates were characterized as previously described (21, 34, 36). The surveillance
areas included 10 sites during 2015 to 2021, with populations ranging from 33.7 to 34.6 million residents
(https://www.cdc.gov/abcs/reports-findings/surv-reports.html). Isolates were recovered from five full
years of population-based iGAS surveillance (2015 to 2019) and 2 years (2020 to 2021) that is currently
incompletely compiled. An invasive case is defined as illness with isolation of GAS from either a normally
sterile site or a wound culture accompanied by necrotizing fasciitis or streptococcal toxic shock syn-
drome, in a resident of the surveillance site. GAS received from state laboratory requests for assistance
in outbreak investigations (24) were also characterized.

Sequencing and bioinformatics. Genomic sequences were generated with lllumina instruments
(21, 34) and deposited in the National Center for Biotechnology Information Sequence Read Archive
under BioProjects accession numbers PRINA395240 and PRINA559889. Our bioinformatics pipeline was
employed ([34], https://github.com/BenJamesMetcalf/GAS_Scripts_Reference).

Full-length (751 residues) PBP2x sequences were extracted from all isolates, with PBP2x transpep-
tidase types assigned based upon amino acids 270 - 688 (Table S2). Each type was assigned a num-
ber for comparison with full-length reference PBP2x-1 (GenBank accession AE004092). In all isolates,
substitutions flanking the type-determining region were combined with transpeptidase type and
recorded.

Single-nucleotide polymorphisms (SNPs) were determined for core genomes employing kSNP3.0
with kmer size of 19 (43). Pairwise comparisons were generated employing Mega7 (44). Phylogenetic
trees were generated using iTOL (45) from core genomic matrices with the maximum likelihood method
based upon the general time-reversible model.

Susceptibility testing. MICs were determined for ampicillin, penicillin G, cefotaxime, cefoxitin, and
meropenem by broth microdilution and by the agar diffusion gradient method (Etest, bioMérieux) for
selected isolates. MICs were recorded independently by three investigators. Broth dilution panels
employed much higher minimum concentrations for ampicillin (0.03 xg/mL), penicillin G (0.015 ng/mL),
cefotaxime (0.015 wg/mL), cefoxitin (2 wg/mL), and meropenem (0.06 wg/mL) compared to the Etest
ranges shown in Table 1.

The CDC determined that this surveillance project was not human subjects research; therefore, CDC
Institutional Review Board approval was not required.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 5.1 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.01 MB.
SUPPLEMENTAL FILE 3, PDF file, 0.9 MB.
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