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ABSTRACT Resistance to macrolide antibiotics is a global concern in the treat-
ment of Streptococcus pyogenes (group A Streptococcus [GAS]) infections. In Ice-
land, since the detection of the first macrolide-resistant isolate in 1998, three ep-
idemic waves of macrolide-resistant GAS infections have occurred, with peaks in
1999, 2004, and 2008. We conducted whole-genome sequencing of all 1,575
available GAS macrolide-resistant clinical isolates of all infection types collected
at the national reference laboratory in Reykjavik, Iceland, from 1998 to 2016.
Among 1,515 erythromycin-resistant isolates, 90.3% were of only three emm
types, emm4 (n = 713), emm6 (n = 324), and emm12 (n = 332), with each being
predominant in a distinct epidemic peak. The antibiotic efflux pump genes,
mef(A) and msr(D), were present on chimeric mobile genetic elements in 99.3%
of the macrolide-resistant isolates of these emm types. Of note, in addition to
macrolide resistance, virtually all emm12 isolates had a single amino acid substi-
tution in penicillin-binding protein PBP2X that conferred a 2-fold increased peni-
cillin G and ampicillin MIC among the isolates tested. We conclude that each of
the three large epidemic peaks of macrolide-resistant GAS infections occurring in
Iceland since 1998 was caused by the emergence and clonal expansion of pro-
genitor strains, with macrolide resistance being conferred predominantly by in-
ducible Mef(A) and Msr(D) drug efflux pumps. The occurrence of emm12 strains
with macrolide resistance and decreased beta-lactam susceptibility was unex-
pected and is of public health concern.

KEYWORDS Streptococcus pyogenes, molecular epidemiology, antibiotic resistance,
whole-genome sequencing, population genomics, macrolides, beta-lactams

treptococcus pyogenes (group A Streptococcus [GAS]) is an important human patho-

gen that globally is among the top 10 infectious causes of human mortality, causing
over 700 million infections and almost 520,000 deaths annually (1, 2). GAS causes a
wide spectrum of diseases ranging from prevalent uncomplicated mild infections
such as pyoderma (111 million cases/year) and pharyngitis (616 million cases/year) to
relatively infrequent severe life-threatening invasive infections such as necrotizing
fasciitis/myositis and sepsis (663,000 cases/year causing 163,000 deaths/year) (1, 2). GAS
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produces a myriad of extracellular virulence factors that contribute to adhesion,
degradation and breaching of tissue barriers, subversion and evasion of host innate and
adaptive immune defenses, and systemic intoxication, among many other pathogenic
processes (3-5). Among these, the Emm/M protein encoded by the emm gene is a
major virulence factor with multiple functions, including promoting adherence to
human epithelial cells and inhibiting phagocytosis in the absence of opsonizing
antibodies (6). The M protein is the primary surface antigen eliciting the human
immune response. Diversification in the first 180 nucleotides of the emm gene encod-
ing the hypervariable amino terminus of the M protein is the basis for emm typing, the
most commonly used epidemiological marker of S. pyogenes strain lineages (7). There
are over 250 S. pyogenes emm types listed in the CDC emm database as of 11 September
2019 (8). Importantly, there is no licensed vaccine to prevent S. pyogenes infections (9).

Beta-lactam antibiotics that inhibit peptidoglycan synthesis are the primary anti-
bacterial treatment for S. pyogenes infections, and despite over 75 years of use, no
penicillin-resistant clinical isolate has been reported (10, 11). However, two recent
studies reporting reduced in vitro susceptibility to B-lactam antibiotics among clinical
isolates are of concern (12, 13). Macrolides are secondary alternative antibiotics rec-
ommended for individuals allergic to penicillin. Macrolides, and the mechanistically
similar lincosamides and streptogramins, inhibit protein translation through binding
interactions with the ribosome. Because of drug synergism and the potential benefits
of inhibiting extracellular protein/toxin production, combination antibiotic therapy of a
beta-lactam and a lincosamide (e.g., penicillin and clindamycin) is recommended for
severe invasive S. pyogenes infections. In S. pyogenes, there are two principal mecha-
nisms for acquired macrolide resistance, target site modification, and active efflux (14,
15). Target site modification is mediated by erythromycin rRNA methylases, predomi-
nantly Erm(B) and Erm(TR), which methylate the 23S rRNA and block antibiotic binding
to the ribosome. This modification provides resistance to macrolides, lincosamides, and
streptogramin B and confers the MLSg resistance phenotype. Active efflux is mediated
by proton-dependent membrane-associated pumps that transport 14- and 15-mem-
bered macrolides out of the bacterial cell (but not 16-membered macrolides, lincos-
amides, or streptogramins), conferring the M resistance phenotype. Although the
macrolide efflux activity was initially attributed to Mef(A) (16), recent mef(A) and msr(D)
gene knockout and knock-in experiments demonstrate that Msr(D) is the functionally
predominant macrolide efflux transporter in S. pyogenes strains of multiple emm types
(17, 18). Macrolide resistance genes are not part of the GAS core chromosome but are
acquired and encoded largely on a diverse set of integrative conjugative elements and
chimeric mobile genetic elements (MGE), such as those formed by the integration of an
ARG-encoding transposon into a prophage (19-22). Resistance to macrolides at low
frequency can also spontaneously arise via mutations in the 23S rRNA and in ribosomal
proteins L4 and L22, encoded by genes rp/D and rplV, respectively (14).

Since the first reports of macrolide-resistant GAS in England in the late 1950s (23),
resistance has disseminated worldwide, and its prevalence has been reported to vary
profoundly geographically (i.e., between countries/regions at a point in time) and
temporally (i.e., in the same country/region over time) (15, 24). In many instances, an
increase in the prevalence of resistant isolates clearly corresponded with increased
antibiotic usage, consistent with the influence of antibiotic selective pressure (25).
However, in some cases, precipitous changes in resistance prevalence have occurred in
association with a change in the predominant GAS clone or mechanism of resistance
but independent of any perceived change in antibiotic usage (26). In Iceland, erythro-
mycin susceptibility testing was performed on at least 100 GAS isolates per year, and
the first macrolide-resistant isolate was not detected until early 1998. Over the next
year, the monthly proportion of macrolide-resistant GAS precipitously increased from
0% in March 1998 to 56% in March 1999 (27). Among 367 erythromycin-resistant GAS
isolates collected through July 1999, 99% were M resistance phenotype. T-antigen
typing of 30 isolates collected from July to December 1998 revealed 3 T-types, T8 (73%),
T6 (17%), and T28 (10%). Among 67 isolates compared by Sfil restriction pulsed-field gel
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electrophoresis (PFGE), 58 had the same banding pattern (27). The finding that the
majority of the isolates were T8 and of a single PFGE pattern suggested that the 1999
epidemic wave was likely mono- or pauci-clonal in nature. Of note, over the same time
frame (c.a. 1998 to 2001), a significant increase in macrolide-resistant GAS also occurred
in Spain (28) and in Toronto, Canada (29). A second modest peak of increased
macrolide-resistant GAS in Iceland occurred in 2004, followed by a third, larger and
rapidly arising peak in 2008 (30). Here, we present whole-genome sequencing-based
molecular epidemiological characterization of all available S. pyogenes erythromycin-
resistant isolates (n = 1,515) collected in Iceland from 1995 to 2016. Emphasis is placed
on the three predominant emm types (4, 6, and 12) causing the three successive
epidemic peaks of macrolide-resistant infections.

MATERIALS AND METHODS

Bacterial isolates. A total of 15,217 GAS strains were isolated from patient specimens submitted to
the Department of Clinical Microbiology, Landspitali University Hospital, from 1995 to 2016. The
laboratory receives invasive (e.g., blood and cerebrospinal fluid [CSF]) isolates from the whole country
and acts as the primary laboratory for other GAS cultures for about 75% of the country. Macrolide-
resistant isolates were stored in glycerol broth at —-85°C (invasive isolates) or -20°C (noninvasive isolates).
The majority of the samples (~60%) were collected from patients from the Reykjavik capital region.
According to Iceland Statistics (hagstofa.is/en), the populations of Iceland and Reykjavik in 1995 were
267,809 and 158,597, respectively. In 2016, the population of Iceland was 332,529 and the population of
the Reykjavik region was 209,500. Information regarding the 15,217 isolates (e.g., sample origin,
geographic place of collection, date of collection, antibiotic susceptibility, patient residence, and patient
age and gender) was recorded in the Laboratory Information System at the Department of Clinical
Microbiology. Since 1998, all GAS detected in the department have been collected and stored frozen.
Isolates, except those from urine samples, were tested for erythromycin susceptibility using the disk
diffusion method based on CLSI criteria (31), and after June 2012, based on methods and criteria from
EUCAST (32). Isolates were considered to be the same strain if they were collected twice or more <7 days
apart from the same patient. When antibiotic-resistant susceptibilities were inconsistent between isolates
taken from the same patient, the isolate from the more invasive infection sample was used. Isolates were
grown on tryptic soy agar with 5% sheep blood (Benton Dickson) or with 5% horse blood (Oxoid) at 37°C
and 5% CO..

Whole-genome sequencing. All viable GAS isolates that tested resistant to the macrolide antibiotic
erythromycin (n = 1,575) within the collection were sent to the Center for Molecular and Translational
Human Infectious Diseases Research, Department of Pathology and Genomic Medicine, Houston Meth-
odist Research Institute (Houston, Texas) for whole-genome sequencing. Genomic DNA extraction and
multiplexed library preparation were performed as previously described (33). Paired-end, 150-nucleotide-
long sequencing reads were obtained using an lllumina NextSeq 500 sequencer. Sequence data
preprocessing (i.e., artifact and adapter trimming, quality filtering, and base call error correction) and de
novo assembly for each isolate were done as previously described (33).

Initial genetic typing and gene content profiling. The multilocus sequence type (MLST), emm type,
and antibiotic resistance gene content were determined for each isolate from the sequencing reads
relative to publicly available reference databases using SRST2 software (34) as previously described (33).
Mobile genetic element typing was determined relative to a published database of S. pyogenes phage
and integrating conjugative element (ICE)-encoded integrase and virulence factor genes using SRST2 as
previously described (35). The pbp2x gene was identified in and retrieved from isolate genome assem-
blies using blastn and bedtools-getfasta, respectively.

Polymorphism discovery. Sequence reads were mapped to relevant reference sequences using
SMALT (https://www.sanger.ac.uk/tool/smalt-0/), and polymorphisms between the aligned reads and the
reference sequences were identified using FreeBayes (36). Polymorphisms were filtered on the basis of
call consensus (=70%), mapped quality (=Q30), and coverage depth (=10-fold) using VCFlib (www
.github.com/ekg/vcflib#vcflib). Specifically, for emm4 isolates, core chromosomal single nucleotide poly-
morphisms (SNPs) were called relative to the genome of strain MGAS10750 (20), emmé6 isolates to
MGAS10394 (19), and emm12 isolates to MGAS9429 (20). SNPs were annotated, and the effects of variants
were predicted using SnpEff (37). Polymorphisms in the chimeric elements encoding mef(A) and msr(D)
among emm4, emm6, and emm12 strains were called relative to 29862, 29961, and ®29854,
respectively.

Phylogenetic inference and population structure. Concatenated SNP sequences used for evalu-
ation of genetic relationships among isolates were generated using Prephix and Phrecon (www.github
.com/codinghedgehog). To limit phylogenetic inferences to primarily vertically inherited core chromo-
somal SNPs, mobile genetic element (phage and ICE)-encoded regions were excluded and regions of
horizontal transfer and recombination were identified and excluded using Gubbins (38). Phylogeny
among isolates was inferred with the neighbor-joining method using SplitsTree (39), and phylograms
were generated with Dendroscope (40). Genetic distances among the isolates were calculated using
MEGA7 (41).

Construction of isogenic strain with the PBP2X-Met,,,Thr variant. Strain MGAS27213-L,,P,M,,T
was constructed from MGAS27213-L,,,P by allelic exchange using previously described methods with
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modifications (42). Overlap extension PCR was used to introduce the Met,o,Thr substitution into pbp2x
of MGAS27213-Lg,,P. Primers pbp2x-5'fwd (CAATTGTACAAAACCGTTACGATCCAAG) and pbp2x-5'rev
(TAGTAACATACATCAAAAAGTCTGGTTTATC) were used to amplify the pbp2x 5’ end. Primers pbp2x-T593-
3'fwd (CTTTTTGATGTATGTTACTACGACTAAACCAC) and pbp2x-3'rev (GTGAATACATATCAGTATTTGTGGG
TCATC) were used to amplify the pbp2x 3’ end, introducing a single A to C nucleotide change in pbp2x
codon 593. Primers pBBL740-fwd (GTAACGGTTTTGTACAATTGCTAGCGTAC) and pBBL740-rev (AAATACT
GATATGTATTCACGAACGAAAATC) were used to amplify and linearize suicide plasmid pBBL740 by
inside-out PCR. The pbp2x 5'-end and 3’-end amplicons were spliced with the linearized pBBL740
amplicon using a NEBuilder HiFi kit (New England Biolabs). The resultant spliced plasmid was trans-
formed into parental strain MGAS27213-L,,,P, and single crossover transformants were selected by
plating on Todd-Hewitt broth supplemented with yeast extract (THY) agar with 10 wg/ml chloramphen-
icol. Transformants were screened by genomic DNA PCR amplification and Sanger sequencing using
primers pbp2x-5'-fwd and pbp2x-seq (GATGTCTCACCAGGATTCTTTC). Ten confirmed single crossover
transformants were pooled, expanded by outgrowth, and then passaged eight times on THY agar plates
without chloramphenicol to promote double crossover resolution. Chloramphenicol-sensitive isolates
were identified by duplicate plating and screened for the pbp2x-Thr.,; allelic exchange by PCR ampli-
fication and Sanger sequencing. The resultant candidate MGAS27213-Ly,,P,Ms,;T-derived strains were
whole-genome sequenced to confirm the lack of spontaneous spurious mutations.

Data availability. Genomic sequencing data for all 1,515 macrolide/erythromycin-resistant isolates
were deposited into the National Center for Biotechnology Information Sequence Read Archive under
BioProject accession number PRINA614628, and the assembled sequences for composite elements
$29854, $29862, and $29961 were deposited in GenBank under accession numbers MT311967,
MT303952, and MT311968, respectively.

RESULTS

Epidemiological surveillance. In Iceland, 15,217 beta-hemolytic group A carbohy-
drate antigen-positive streptococcal clinical isolates were detected from patients with
noninvasive and invasive infections from 1995 to 2016 (Fig. 1). The majority of the
isolates, 10,010 (66%), were from the upper respiratory tract, nearly all (95%) of which
were from the throat. Of the 15,217 isolates, 1,806 (11,9%) were macrolide resistant,
1,515 (83.9%) of which were stored and viable upon retrieval. Isolation sites included
upper respiratory tract (n = 1,137, 75.0%), skin/wound (n = 214, 14.1%), middle ear
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(n =92, 6.1%), lower respiratory tract (n = 24, 1.6%), abscess (n = 21, 1.4%), blood
(n =11, 0.7%), and other 16, n = 1.1%). The proportion of available macrolide-resistant
isolates per year ranged from 35.2% for 2003 to 98.0% for 1999 (Fig. 1).

No macrolide-resistant GAS isolate was identified until July 1998. Following this,
resistant isolates rapidly increased in proportion to a peak of 47.2% of isolates in 1999.
Resistant isolates gradually declined in proportion to 5.0% in 2002. A second more
modest increase in the proportion of resistant isolates peaked at 19.9% in 2004. A third
peak of resistance rose to 44.9% of GAS isolates in 2008 (Fig. 1).

Whole-genome sequencing genetic characterization. To genetically characterize
the cohort, all 1,575 available viable erythromycin-resistant GAS isolates were whole-
genome sequenced to an average 214-fold depth of coverage (range, 18 to 1,859X)
using lllumina paired-end sequencing. Based on the sequence data, 60 of the isolates
were excluded from the investigation for reasons such as the isolate not being S.
pyogenes, being a duplicate, or being contaminated. The retained 1,515 erythromycin-
resistant S. pyogenes isolates and their epidemiological and genetic characteristics are
listed in Table ST in the supplemental material. Sequence reads for the isolates
assembled on average into 67 contigs summing to 1.82 Mbp with a G+C content of
38.4%, values which are consistent with closed genomes of S. pyogenes.

The 1,515 macrolide-resistant isolates comprised 27 emm types (Table S1 and Fig. 2).
Three emm types, emm4 (n =713, 47.1%), emmIi12 (n =332, 21.9%), and emmé6
(n = 324, 21.4%), account for the majority of the isolates (n = 1,369, 90.4%). Analysis of
the epidemic curve by emm type shows that the first wave (years 1998 to 2001) of
macrolide-resistant isolates was composed predominantly of emm4 (74%) with some
emm12 (24%). The second wave (years 2004 to 2005) was composed predominantly of
emm12 (68%) with some emm75 (17%). And the third wave (years 2007 to 2008) was
composed predominantly of emmé6 (91%).

Analysis of the antibiotic resistance gene (ARG) content of the cohort identified 17
different ARGs that were present in 21 different combinations (Table 1). One or more
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TABLE 1 Antibiotic resistance genes and profiles

ARG no. ARG profile@ No. of isolates
1 mef(A), msr(D) 1,361
2 erm(B), tet(M) 45
3 None (possible spontaneous 23s rRNA or ribosomal 44
protein mutants)
4 erm(TR), tet(O) 20
5 ant(6)-la, aph(3")-ll, erm(B), tet(M) 9
6 aph(3")-ll, erm(B), sat4A, tet(M) 7
7 erm(TR) 6
8 ant(6)-la, aph(3")-1ll, erm(B), sat4A 5
9 mef(A), msr(D), tet(M) 4
10 erm(TR), tet(M) 2
11 catQ, msr(D), spw, tet(M) 2
12 tet(O) 1
13 mef(A), msr(D), tet(O) 1
14 erm(TR), tet(T) 1
15 catA9, erm(TR), tet(M) 1
16 erm(B) 1
17 catQ, mef(A), msr(D), spw, tet(M) 1
18 ant(6)-la, aph(3")-lll, catA9, erm(B) 1
19 ant(6)-la, aph(3")-ll, catA9, erm(B), tet(M) 1
20 aadD, mef(A), msr(D) 1
21 aadD, ant(9)-la, aph-Stph, mef(A), msr(D), spc 1

9There were 17 detected antibiotic resistance genes: aadD, ant(6)-la and ant(9)-la = aminoglycoside O-
adenyltransferase; aph(3”)-1ll and aph-Stph = aminoglycoside O-phosphotransferase; catA9 and catQ =
chloramphenicol acetyltransferase; erm(B) and erm(TR) = erythromycin rRNA methylase; mef(A) and
msr(D) = macrolide efflux; sat4A = streptothricin acetyltransferase; spc and spw = streptomycin
3"-adenyltransferase; tet(M), tet(O), and tet(T) = ribosomal protection.

ARG were detected in 1,471 (97.1%) of the isolates, and no macrolide-resistant gene
was found in 44 isolates of 13 different emm types (Table S1). Previous publications
have shown that emm types 4, 6, 12, and 75 are commonly associated with macrolide
resistance. The most prevalent combination of macrolide resistance genes was mef(A)
and msr(D), conferring the M resistance phenotype, which was found in 1,369 (90.4%)
isolates. Virtually all isolates (1,359/1,369, 99.3%) of the three most prevalent emm types
(4, 6, and 12) encode mef(A) and msr(D) (Fig. 3). Reciprocally, virtually all (1,359/1,369,
99.3%) isolates carrying mef(A) and msr(D) in the cohort are of emm types 4, 6, or 12.
The erm(B) gene was found in 69 (4.6%) isolates (43/69 = emm types 11 and 75), and
the erm(TR) gene was found in 30 (2.0%) isolates (20/30 = emm77). Thus, 99 (6.5%)
of the isolates have an erythromycin rRNA methylase gene conferring the MLSg
phenotype. No isolate was found that encoded both a macrolide efflux and an
erythromycin resistance methylase gene.

Phylogenetic relationships. Within an emm type, the macrolide-resistant mef(A)-
and msr(D)-carrying isolates are closely genetically related, consistent with the isolates
arising from clonal expansion of a recent common progenitor (Fig. 4). The mef(A)- and
msr(D)-carrying emm4 (n = 709), emmé6 (n = 322), and emm12 (n = 327) isolates across
the 1.7-Mbp core chromosome differed pairwise on average by only 11.3, 9.2, and 20.8
SNPs, respectively. For each of these emm types, the few erythromycin-resistant isolates
that lacked any detectable ARGs were more genetically distant from the mef(A)- and
msr(D)-carrying isolates and appear to represent infrequent sporadic spontaneous
resistant mutants.

To investigate the context of the mef(A) and msr(D) genes within the isolate
genomes, the de novo-assembled contigs of the emm type 4, 6, and 12 isolates were
searched using BLASTn. For each of these emm types, the mef(A) and msr(D) genes were
found adjacently encoded on transposon Tn7207.1 inserted into a phage forming a
composite MGE like that first described for ©10394.4 of macrolide-resistant emm6
strain MGAS10394 (19, 43). These elements were all found integrated at the same site
in the genome disrupting the comEC gene. Full-length de novo assemblies of the
mef(A)- and msr(D)-carrying MGEs were obtained from emm4 strain MGAS29862
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(P29862; 52,479 bp, 57 coding DNA sequences [CDSs]), emmé6 strain MGAS29961
(P29961; 57,866 bp, 57 CDSs), and emm12 strain MGAS29854 ($29854; 52,542 bp, 58
CDSs). The sequences of these elements share a high degree of identity (>98%) with
each other and with ®10394.4 (Fig. S1).

Accurately detecting SNPs in phages in the S. pyogenes genome is problematic,
as most isolates are polylysogenic, which frequently causes cross-mapping of reads
and erroneous overcalling of SNPs in phage. Despite this, mapping the whole-
genome sequencing reads of the erythromycin-resistant isolates to the mef(A)- and
msr(D)-carrying MGEs detected relatively few SNPs. The 709 emm4 isolates differed
pairwise by 0.4 SNPs determined relative to $29862, the 322 emmé6 isolates by 4.6
SNPs relative to 29961, and 326/328 (99%) emm12 isolates by 0.95 SNPs relative
to ®29854. The finding that the isolates of the same emm type have mef(A)- and
msr(D)-carrying composite MGEs that are nearly sequence invariant is again con-
sistent with the macrolide-resistant isolates stemming from recent clonal expan-
sions.

Comparison of S. pyogenes genomes has identified strain-to-strain differences in
MGE content stemming from the dynamic gain and loss of ICEs and phages as the
largest source of genetic diversity. As a third measure of relatedness, the MGE content
of the isolates was assessed by sequence read mapping relative to a database of known
S. pyogenes MGE-encoded integrases (n =31) and virulence factors (n = 19). This
comparison process generates a 50-allele present/absent genotype. Among the 322
erythromycin-resistant emme6 isolates, 309 (96%) have the same inferred MGE content
(Table S2), as do 309 of the 327 (95%) emm12 isolates. Among the 709 erythromycin-
resistant emm4 isolates, 690 (97%) have the same inferred MGE-encoded virulence
factor content, although they differed more extensively in the detected MGE integrase
gene content. Results of the analysis of MGE-encoded gene content was consistent
with the SNP data for the core chromosome and the mef(A)- and msr(D)-carrying
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FIG 4 Genetic relationships among erythromycin-resistant isolates. lllustrated at the same scale are trees for the three most prevalent emm types,
which account for 90.3% of the 1,515 detected erythromycin-resistant isolates. Isolates that carry mef(A) and msr(D) are shown with circles, and
isolates that do not are shown with squares. Closely related clonal isolates carrying mef(A) and msr(D) are enclosed within dotted lines. The isolates
are colored by year of detection as indicated. (A) Phylogeny inferred for emm4 isolates. (B) Phylogeny inferred for emm12 isolates. (C) Phylogeny
inferred for emmé isolates.

composite MGEs. Our data demonstrate that the erythromycin-resistant emm type 4, 6,
and 12 isolates are within their respective emm types, each closely genetically related,
consistent with the isolates of each emm type stemming from recent clonal expansions.

Potential for altered beta-lactam antibiotic susceptibility. Recently, it was shown
that many S. pyogenes clinical isolates with nonsynonymous (amino acid substituting)
nucleotide changes in the penicillin-binding protein 2X gene (pbp2x) are associated
with reduced susceptibility in vitro to one or more members of the beta-lactam family
of antibiotics (12, 13). Among the 1,515 macrolide-resistant isolates, 25 pbp2x alleles
encoding 10 PBP2X variants were identified (Table S3). Although the pbp2x allele
differed from one emm type to another, virtually no allelic variation in pbp2x was found
within an emm type for the cohort. That is, in terms of pbp2x allele/PBP2X variants,
712/713 emm4 isolates have the same pbp2x allele/PBP2X variant, 324/324 emmé6
isolates are the same, and 327/332 emm12 isolates are the same. The emm4 isolates
have the consensus PBP2X wild-type (WT) sequence that is most prevalent among S.
pyogenes isolates of multiple emm types (12, 44, 45). The PBP2X variant of all 324 emm6
isolates have three substitutions (lleso,Val, Prog,Ser, and Lys,,sGlu), and 327/332
emm]2 isolates have a single substitution (Metso;Thr) relative to the PBP2X WT
751-amino acid sequence. This lack of pbp2x sequence diversity is again consistent
with emm type 4, 6, and 12 macrolide-resistant isolates stemming from recent clonal
expansions.
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TABLE 2 Antibiotic MICs

MIC (g/ml) for:b

emm Date Penicillin-G Ampicillin Erythromycin

type Isolate isolated Peak PBP2X substitution? (range, 0.002-32) (range, 0.016-256) (range, 0.016-256)

4 MGAS31145 Feb. 1998 1 Consensus WT 0.012 0.016 12
MGAS30167 Jan. 1999 1 Consensus WT 0.012 0.016 12
MGAS31312 Jun. 1999 1 Consensus WT 0.012 0.016 12
MGAS30569 Jan. 2000 1 Consensus WT 0.016 0.016 8
MGAS29862¢ Oct. 2001 1 Consensus WT 0.012 0.016 12

12 MGAS30669 Jun. 2000 1 MgosT 0.023 0.032 12
MGAS29854¢ Apr. 2001 1 MsosT 0.023 0.023 12
MGAS29776 May 2003 2 MsgosT 0.023 0.032 12
MGAS3113 Jun. 2004 2 MsosT 0.023 0.032 8
MGAS31135 Jul. 2005 2 MsosT 0.023 0.032 12

6 MGAS30249 Aug. 2007 3 ls02V, Ps76S, KrosE 0.012 0.016 8
MGAS30277 Jan. 2008 3 lssV, PereS, KoosE 0.016 0.016 8
MGAS29961¢ Apr. 2008 3 ls02V, Pe76S, KyogE 0.012 0.016 8
MGAS30512 Nov. 2008 3 lsosVs PereS, KrosE 0.012 0.016 8
MGAS30516 Feb. 2010 3 ls0sV, PereS, KoosE 0.016 0.016 8

899  MGAS27213:PBP2X-Lg,,P SeeoT 0.016 0.016 0.125
MGAS27213:PBP2X-Lgg,P,MsosT SeeoT, MsosT 0.032 0.032 0.125

aAmino acid substitutions relative to PBP2X consensus WT sequence (i.e., PBP2X-1 variant Table S3).

bAntibiotic concentration range of gradient method Etest strips.

cIsolates from which composite MGEs 29862, #29854, and $29961 carrying mef(A) and msr(D) were assembled.

dReference strains used for construction of isogenic pbp2x alleles/PBP2X variants, not part of the Iceland macrolide-resistant cohort.

The susceptibility to penicillin G, ampicillin, and erythromycin of the three predom-
inant PBP2X variants present in the emm 4, 6, and 12 isolates was tested for five isolates
of each emm type (Table 2). The isolates were selected to represent the temporal
spread of each emm type corresponding with the three peaks of macrolide-resistant
infections. All five emm4 isolates having the PBP2X WT variant were fully susceptible to
the beta-lactam antibiotics penicillin G and ampicillin. Despite the five emmé6 isolates
having a PBP2X variant with three amino acid substitutions relative to the PBP2X WT,
they were also fully susceptible to the beta-lactam antibiotics. In contrast, all five
emm12 isolates with a Metso5Thr substitution PBP2X variant had approximately 2-fold
increased MICs for both penicillin G and ampicillin. To unambiguously determine if the
PBP2X Metso5Thr substitution alters beta-lactam susceptibility, we constructed an
isogenic PBP2X Thro; substitution derivative using the parental strain MGAS27213-
PBP2X-Lgo,P (12). Importantly, whole-genome sequencing confirmed that the con-
structed derivative strain, MGAS27213-PBP2X-L¢o,P,Mso5T, only differs from the parent
strain by a single nucleotide change in codon 593 (ATG to CTG) of pbp2x. As antici-
pated, the parental strain had fully susceptible PBP2X WT penicillin G and ampicillin
MIC levels. In contrast, the isogenic PBP2X MetsosThr derivative had 2-fold increased
MICs (Table 2). All 15 of the emm4, emm6, and emm12 isolates encoding mef(A) and
msr(D) were erythromycin resistant, and both the parental and PBP2X Met;o;Thr
derivative strains were erythromycin susceptible.

DISCUSSION

Macrolide-resistant GAS first appeared in Iceland in 1998 and has for most years
since been relatively rare, with a yearly incidence typically below 5%. This contrasts with
three rapid increases reaching peaks in 1999 (47.2%), 2004 (19.9%), and 2008 (44.9%).
These peaks suggested clonal epidemics, now confirmed in this study. The first wave
(1998 to 2001) was composed predominantly of emm4 (74%), the second (2004 to
2005) of emm12 (68%), and the third (2007 to 2008) of emmé6 (91%). The peaks did not
coincide with significant changes in either the type or amount of macrolide consumed
over the year preceding the peaks. This suggests that GAS clones can spread rapidly in
populations where herd immunity may be low to that particular clone, decline in
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numbers as herd immunity increases, and be replaced by another newly emerging
clone. The results presented here should not be interpreted as macrolide consumption
having had no effect on the three epidemic peaks or, alternatively, that significant
changes in macrolide usage are not necessary for there to be significant changes in the
prevalence of macrolide-resistant GAS infections and the predominant clone causing
such infections. Similar results showing a lack of correspondence between macrolide
consumption and occurrence of macrolide-resistant GAS isolates in Portugal have been
reported, where a decline in erythromycin resistance was associated with the disap-
pearance of isolates belonging to an emm3-ST315 lineage and yet accompanied by a
high consumption of macrolides (26).

The short time between the emergence in Iceland of the first erythromycin-resistant
emm4 isolates in 1998 and the first emm12 isolates in 2000 (Fig. 1), with both
contributing to the first macrolide-resistant epidemic wave (1998 to 2001), and the
similarity in gene content and synteny of the mef(A)- and msr(D)-carrying elements in
these emm types (Fig. S1), raises the possibility that the emergence events are directly
related. That is, it is possible that the emm12 lineage progenitor arose through recent
horizontal acquisition of the mef(A) and msr(D) composite MGE directly from an
Icelandic emm4 donor. Alignment of emm4 $29862 with emm12 $29854 revealed a
difference of 668 SNPs. The several hundred-fold greater numbers of SNPs identified for
the mef(A) and msr(D) composite MGE inter-emm type versus intra-emm type (<1 SNP
pairwise) is inconsistent with the hypothesis of a recent emm4 to emm12 transmission
event and argues for emergence of macrolide-resistant emm4 and emm12 lineages into
Iceland not being directly related.

Another possibility is that the emergence and expansion of the macrolide-resistant
emm types contributing to the three epidemic waves that occurred in Iceland from
1998 to 2008 was driven by changes in antibiotic usage. Antimicrobial consumption of
macrolides in Iceland was fairly constant from 1997 to 2009, with mean annual
outpatient usage ranging from 1.85 defined daily doses per 1,000 inhabitants per day
in 1998 to 1.25 in 2009 (46). Over this period, there was a gradual decrease in the use
of short-acting macrolides (i.e., erythromycin) and a corresponding increase in the use
of intermediate-acting (i.e., clarithromycin) and long-acting (i.e., azithromycin) macro-
lides, but no year-to-year dramatic shifts occurred (Fig. S2). The detected macrolide-
resistant S. pyogenes isolates increased 12.8-fold from 1998 to 1999 (from 34 to 434
isolates, nearly all emm4) and increased 4.3-fold from 2007 to 2008 (from 65 to 281
isolates, nearly all emmé). The lack of any substantial change in macrolide usage
corresponding with these dramatic increases in detected macrolide-resistant isolates is
inconsistent with the emergence and expansion being driven by antibiotic selective
pressure.

Although beta-lactam susceptibility testing was not done for all of the Iceland
macrolide-resistant emm12 isolates, it is likely that all 327 isolates that have the PBP2X
Metso;Thr amino acid substitution have reduced beta-lactam susceptibility with ~2-
fold increased MICs for penicillin G and ampicillin. This idea is supported by the findings
that there were 2-fold increased penicillin G and ampicillin MICs for the five tested
emm12 isolates temporally spread over the first (1999) and second (2004) peaks of
macrolide-resistant infections and that the isogenic PBP2X Metsqo;Thr substitution in
the emm89 genetic background that demonstrated this single nonsynonymous A to
C nucleotide change in pbp2x/single amino acid Met to Thr change in PBP2X is
sufficient to increase penicillin G and ampicillin MICs 2-fold. It needs to be made
clear that none of the isolates tested had MICs meeting the in vitro definition for
penicillin or ampicillin resistance (EUCAST clinical breakpoint tables v10.0: ben-
zylpenicillin resistant, >0.25 ng/ml). It is noteworthy that the PBP2X Metgo5Thr
substitution is (along with the PBP2X Progy,Leu [12, 47]) only the second PBP2X
amino acid change to be experimentally proven to reduce S. pyogenes beta-lactam
susceptibility. A molecular understanding of how the PBP2X Met,,3Thr change
alters beta-lactam susceptibility requires further investigation and would be aided
by determination of an S. pyogenes PBP2X crystallographic structure.
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One prevailing argument for why all bacteria have not evolved/acquired polymor-
phisms conferring resistance to any given antibiotic is that such resistance mutations
result in organisms that are of reduced fitness in an environment that lacks that
antibiotic (48-51). In such an environment, bacteria with fitness-reducing resistance
mutations are, over time, out-competed by more fit, susceptible bacteria and conse-
quently become less prevalent/go extinct in the population. To our knowledge, the
identification in Iceland of the closely genetically related 327 emmi12 macrolide-
resistant isolates is the largest population identified of S. pyogenes clinical isolates with
a PBP2X substitution conferring reduced beta-lactam susceptibility that are clearly
recent clonally related descendants. Given that most of the isolates in this cohort come
from pharyngitis patients, this indicates that S. pyogenes strains with some beta-lactam
susceptibility-altering mutations in pbp2x are sufficiently fit to be readily transmitted
and cause abundant pharyngitis. This finding contradicts the recent analysis of Hayes
et al. (45) of PBPs among 9,667 GAS isolates, which found that “while heavy antibiotic
selective pressure may select for mutations in the PBPs, there currently is no evidence
of such mutations becoming fixed in the S. pyogenes population.”

The identification of a large number of naturally occurring GAS strains with mef(A)
and msr(D) M phenotype macrolide resistance, in conjunction with a pbp2x nonsyn-
onymous mutation producing a peptidoglycan synthesis transpeptidase (PBP2X) that
confers reduced beta-lactam susceptibility, is concerning given that beta-lactams and
macrolides are the first and second antibiotics of choice for treating S. pyogenes
infections. Such strains are potentially stepping stones along the evolutionary path to
true beta-lactam-resistant GAS. The use of either beta-lactam or macrolide antibiotics
could provide the selective environment that favors the survival of such strains,
increasing the opportunity for the incremental accumulation of additional resistance-
enhancing polymorphisms. This emphasizes the need for beta-lactam susceptibility
monitoring of GAS and the need for a vaccine to prevent GAS infections.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.6 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.4 MB.

ACKNOWLEDGMENTS

This study was supported in part by the Fondren Foundation, Houston Methodist
Hospital and Research Institute, and National Institutes of Health grants Al139369 and
Al146771 (to J.M.M.).

REFERENCES

Journal of Clinical Microbiology

1.

Carapetis JR, Steer AC, Mulholland EK, Weber M. 2005. The global burden
of group A streptococcal diseases. Lancet Infect Dis 5:685-694. https://
doi.org/10.1016/51473-3099(05)70267-X.

. Ralph AP, Carapetis JR. 2013. Group A streptococcal diseases and their

global burden. Curr Top Microbiol Immunol 368:1-27.

. Barnett TC, Cole JN, Rivera-Hernandez T, Henningham A, Paton JC,

Nizet V, Walker MJ. 2015. Streptococcal toxins: role in pathogenesis
and disease. Cell Microbiol 17:1721-1741. https://doi.org/10.1111/
cmi.12531.

. Hynes W, Sloan M. 2016. Secreted extracellular virulence factors. In

Ferretti JJ, Stevens DL, Fischetti VA (ed), Streptococcus pyogenes: basic
biology to clinical manifestations. University of Oklahoma Health Sci-
ences Center, Oklahoma City, OK.

. Proft T, Fraser JD. 2016. Streptococcal superantigens: biological prop-

erties and potential role in disease. In Ferretti JJ, Stevens DL, Fischetti
VA (ed), Streptococcus pyogenes: basic biology to clinical manifesta-
tions. University of Oklahoma Health Sciences Center, Oklahoma
City, OK.

. Smeesters PR, McMillan DJ, Sriprakash KS. 2010. The streptococcal M

protein: a highly versatile molecule. Trends Microbiol 18:275-282.
https://doi.org/10.1016/j.tim.2010.02.007.

September 2020 Volume 58 Issue 9 e00638-20

. Sanderson-Smith M, De Oliveira DM, Guglielmini J, McMillan DJ, Vu T,

Holien JK, Henningham A, Steer AC, Bessen DE, Dale JB, Curtis N, Beall
BW, Walker MJ, Parker MW, Carapetis JR, Van Melderen L, Sriprakash KS,
Smeesters PR, Group MPS. 2014. A systematic and functional classifica-
tion of Streptococcus pyogenes that serves as a new tool for molecular
typing and vaccine development. J Infect Dis 210:1325-1338. https://
doi.org/10.1093/infdis/jiu260.

. Centers for Disease Control and Prevention. 2020. Blast-emm & emm

databases. CDC, Atlanta, GA. https://www2.cdc.gov/vaccines/biotech/
strepblast.asp

. Vekemans J, Gouvea-Reis F, Kim JH, Excler J-L, Smeesters PR, O'Brien

KL, Van Beneden CA, Steer AC, Carapetis JR, Kaslow DC. 2019. The
path to group A Streptococcus vaccines: World Health Organization
research and development technology roadmap and preferred prod-
uct characteristics. Clin Infect Dis 69:877-883. https://doi.org/10
.1093/cid/ciy1143.

. Cattoir V. 2016. Mechanisms of antibiotic resistance. In Ferretti JJ, Ste-

vens DL, Fischetti VA (ed), Streptococcus pyogenes: basic biology to
clinical manifestations. University of Oklahoma Health Sciences Center,
Oklahoma City, OK.

. Horn DL, Zabriskie JB, Austrian R, Cleary PP, Ferretti JJ, Fischetti VA,

jcm.asm.org 11


https://doi.org/10.1016/S1473-3099(05)70267-X
https://doi.org/10.1016/S1473-3099(05)70267-X
https://doi.org/10.1111/cmi.12531
https://doi.org/10.1111/cmi.12531
https://doi.org/10.1016/j.tim.2010.02.007
https://doi.org/10.1093/infdis/jiu260
https://doi.org/10.1093/infdis/jiu260
https://www2.cdc.gov/vaccines/biotech/strepblast.asp
https://www2.cdc.gov/vaccines/biotech/strepblast.asp
https://doi.org/10.1093/cid/ciy1143
https://doi.org/10.1093/cid/ciy1143
https://jcm.asm.org

Southon et al.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

September 2020 Volume 58

Gotschlich E, Kaplan EL, McCarty M, Opal SM, Roberts RB, Tomasz A,
Wachtfogel Y. 1998. Why have group A streptococci remained suscep-
tible to penicillin? Report on a symposium. Clin Infect Dis 26:1341-1345.
https://doi.org/10.1086/516375.

Musser JM, Beres SB, Zhu L, Olsen RJ, Vuopio J, Hyyrylainen HL,
Grondahl-Yli-Hannuksela K, Kristinsson KG, Darenberg J, Henriques-
Normark B, Hoffmann S, Caugant DA, Smith AJ, Lindsay DSJ, Boragine
DM, Palzkill T. 2020. Reduced in vitro susceptibility of Streptococcus
pyogenes to beta-lactam antibiotics associated with mutations in the
pbp2x gene is geographically widespread. J Clin Microbiol 58:e01993-19.
https://doi.org/10.1128/JCM.01993-19.

Vannice K, Ricaldi J, Nanduri S, Fang FC, Lynch J, Bryson-Cahn C,
Wright T, Duchin J, Kay M, Chochua S, Van Beneden C, Beall B. 2019.
Streptococcus pyogenes pbp2x mutation confers reduced susceptibil-
ity to beta-lactam antibiotics. Clin Infect Dis https://doi.org/10.1093/
cid/ciz1000.

Leclercq R. 2002. Mechanisms of resistance to macrolides and lincosamides:
nature of the resistance elements and their clinical implications. Clin Infect
Dis 34:482-492. https://doi.org/10.1086/324626.

Silva-Costa C, Friaes A, Ramirez M, Melo-Cristino J. 2015. Macrolide-resistant
Streptococcus pyogenes: prevalence and treatment strategies. Expert Rev
Anti Infect Ther 13:615-628. https://doi.org/10.1586/14787210.2015
.1023292.

Clancy J, Petitpas J, Dib-Hajj F, Yuan W, Cronan M, Kamath AV, Bergeron
J, Retsema JA. 1996. Molecular cloning and functional analysis of a novel
macrolide-resistance determinant, mef(A), from Streptococcus pyogenes.
Mol Microbiol 22:867-879. https://doi.org/10.1046/j.1365-2958.1996
.01521.x.

Tatsuno |, Isaka M, Masuno K, Hata N, Matsumoto M, Hasegawa T. 2018.
Functional predominance of msr(D), which is more effective as mef(A)-
associated than mef(E)-associated, over mef(A)/mef(E) in macrolide re-
sistance in Streptococcus pyogenes. Microb Drug Resist 24:1089-1097.
https://doi.org/10.1089/mdr.2017.0277.

Zhang Y, Tatsuno |, Okada R, Hata N, Matsumoto M, Isaka M, Isobe Ki,
Hasegawa T. 2016. Predominant role of msr(D) over mef(A) in macrolide
resistance in Streptococcus pyogenes. Microbiology 162:46-52. https:/
doi.org/10.1099/mic.0.000206.

Banks DJ, Porcella SF, Barbian KD, Beres SB, Philips LE, Voyich JM, DeLeo
FR, Martin JM, Somerville GA, Musser JM. 2004. Progress toward char-
acterization of the group A Streptococcus metagenome: complete ge-
nome sequence of a macrolide-resistant serotype M6 strain. J Infect Dis
190:727-738. https://doi.org/10.1086/422697.

Beres SB, Musser JM. 2007. Contribution of exogenous genetic elements
to the group A Streptococcus metagenome. PLoS One 2:e800. https://
doi.org/10.1371/journal.pone.0000800.

Chancey ST, Zahner D, Stephens DS. 2012. Acquired inducible antimi-
crobial resistance in Gram-positive bacteria. Future Microbiol 7:959-978.
https://doi.org/10.2217/fmb.12.63.

Vitali LA, Di Luca MC, Prenna M, Petrelli D. 2016. Correlation between
genetic features of the mef(A)-msr(D) locus and erythromycin resistance
in Streptococcus pyogenes. Diagn Microbiol Infect Dis 84:57-62. https:/
doi.org/10.1016/j.diagmicrobio.2015.08.007.

Lowbury EJ, Hurst L. 1959. The sensitivity of staphylococci and other
wound bacteria to erythromycin, oleandomycin, and spiramycin. J Clin
Pathol 12:163-169. https://doi.org/10.1136/jcp.12.2.163.

Schito GC. 2002. Is antimicrobial resistance also subject to globalization?
Clin Microbiol Infect 8(Suppl 3):1-8, discussion 33-5. https://doi.org/10
.1046/j.1469-0691.8.5.3.1.x.

Bergman M, Huikko S, Pihlajamaki M, Laippala P, Palva E, Huovinen P,
Seppala H, Finnish Study Group for Antimicrobial Resistance. 2004. Effect
of macrolide consumption on erythromycin resistance in Streptococcus
pyogenes in Finland in 1997-2001. Clin Infect Dis 38:1251-1256. https://
doi.org/10.1086/383309.

Silva-Costa C, Ramirez M, Melo-Cristino J, Portuguese Group for Study of
Streptococcal Infections. 2015. Declining macrolide resistance in Strep-
tococcus pyogenes in Portugal (2007-13) was accompanied by continu-
ous clonal changes. J Antimicrob Chemother 70:2729-2733. https://doi
.0rg/10.1093/jac/dkv182.

Hjaltested E, Vilhelmsson S, Kristinsson K. 1999. Rapid increase of
erythromycin-resistant Streptococcus pyogenes in Iceland. Abstr 39th
International Conference on Antimicrobial Agents and Chemotherapy.
American Society for Microbiology.

Alds JI, Aracil B, Oteo J, Gomez-Garcés JL, Spanish Group for the Study of
Infection in the Primary Health Care Setting. 2003. Significant increase in the

Issue 9 e00638-20

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Journal of Clinical Microbiology

prevalence of erythromycin-resistant, clindamycin- and miocamycin-
susceptible (M phenotype) Streptococcus pyogenes in Spain. J Antimicrob
Chemother 51:333-337. https://doi.org/10.1093/jac/dkg100.

Katz KC, McGeer AJ, Duncan CL, Ashi-Sulaiman A, Willey BM, Sarabia A,
McCann J, Pong-Porter S, Rzayev Y, de Azavedo JS, Low DE. 2003.
Emergence of macrolide resistance in throat culture isolates of group A
streptococci in Ontario, Canada, in 2001. Antimicrob Agents Chemother
47:2370-2372. https://doi.org/10.1128/aac.47.7.2370-2372.2003.
Magnussen MD, Gaini S, Gislason H, Kristinsson KG. 2016. Antibacterial
resistance in Streptococcus pyogenes (GAS) from healthy carriers and
tonsillitis patients and association with antibacterial sale in the Faroe
Islands. APMIS 124:327-332. https://doi.org/10.1111/apm.12513.
Clinical and Laboratory Standards Institute. 2018. M100 performance stan-
dards for antimicrobial susceptibility testing, 29th ed. CLSI, Wayne, PA.
EUCAST. 2020. Clinical breakpoints and dosing of antibiotics. https://
eucast.org/clinical_breakpoints/.

Beres SB, Olsen RJ, Ojeda Saavedra M, Ure R, Reynolds A, Lindsay DSJ,
Smith AJ, Musser JM. 2017. Genome sequence analysis of emm89
Streptococcus pyogenes strains causing infections in Scotland, 2010-
2016. J Med Microbiol 66:1765-1773. https://doi.org/10.1099/jmm.0
.000622.

Inouye M, Dashnow H, Raven LA, Schultz MB, Pope BJ, Tomita T, Zobel
J, Holt KE. 2014. SRST2: rapid genomic surveillance for public health and
hospital microbiology labs. Genome Med 6:90. https://doi.org/10.1186/
$13073-014-0090-6.

Kachroo P, Eraso JM, Beres SB, Olsen RJ, Zhu L, Nasser W, Bernard PE,
Cantu CC, Saavedra MO, Arredondo MJ, Strope B, Do H, Kumaraswami M,
Vuopio J, Grondahl-Yli-Hannuksela K, Kristinsson KG, Gottfredsson M,
Pesonen M, Pensar J, Davenport ER, Clark AG, Corander J, Caugant DA,
Gaini S, Magnussen MD, Kubiak SL, Nguyen HAT, Long SW, Porter AR,
Deleo FR, Musser JM. 2019. Integrated analysis of population genomics,
transcriptomics and virulence provides novel insights into Streptococcus
pyogenes pathogenesis. Nat Genet 51:548-559. https://doi.org/10.1038/
5s41588-018-0343-1.

Garrison E, Marth G. 2012. Halotype-based variant detection from
short-read sequencing. arXiv 1207.3907. https://arxiv.org/abs/1207
.3907.

Cingolani P, Platts A, Wang Le L, Coon M, Nguyen T, Wang L, Land SJ, Lu
X, Ruden DM. 2012. A program for annotating and predicting the effects
of single nucleotide polymorphisms, SnpEff: SNPs in the genome of
Drosophila melanogaster strain w1118; iso-2; iso-3. Fly (Austin) 6:80-92.
https://doi.org/10.4161/fly.19695.

Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA, Bentley SD,
Parkhill J, Harris SR. 2015. Rapid phylogenetic analysis of large samples
of recombinant bacterial whole genome sequences using Gubbins.
Nucleic Acids Res 43:e15. https://doi.org/10.1093/nar/gku1196.

Huson DH, Bryant D. 2006. Application of phylogenetic networks in
evolutionary studies. Mol Biol Evol 23:254-267. https://doi.org/10.1093/
molbev/msj030.

Huson DH, Scornavacca C. 2012. Dendroscope 3: an interactive tool for
rooted phylogenetic trees and networks. Syst Biol 61:1061-1067. https://
doi.org/10.1093/sysbio/sys062.

Kumar S, Stecher G, Tamura K. 2016. MEGA7: Molecular Evolutionary
Genetics Analysis Version 7.0 for bigger datasets. Mol Biol Evol 33:
1870-1874. https://doi.org/10.1093/molbev/msw054.

Zhu L, Olsen RJ, Nasser W, Beres SB, Vuopio J, Kristinsson KG, Got-
tfredsson M, Porter AR, DelLeo FR, Musser JM. 2015. A molecular trigger
for intercontinental epidemics of group A Streptococcus. J Clin Invest
125:3545-3559. https://doi.org/10.1172/JCI82478.

Banks DJ, Porcella SF, Barbian KD, Martin JM, Musser JM. 2003. Structure and
distribution of an unusual chimeric genetic element encoding macrolide
resistance in phylogenetically diverse clones of group A Streptococcus. J
Infect Dis 188:1898-1908. https://doi.org/10.1086/379897.

Chochua S, Metcalf BJ, Li Z, Rivers J, Mathis S, Jackson D, Gertz RE, Jr,
Srinivasan V, Lynfield R, Van Beneden C, McGee L, Beall B. 2017. Popu-
lation and whole genome sequence based characterization of invasive
group a streptococci recovered in the United States during 2015. mBio
8:e01422-17. https://doi.org/10.1128/mBio.01422-17.

Hayes A, Lacey JA, Morris JM, Davies MR, Tong S. 2020. Restricted
sequence variation in Streptococcus pyogenes penicillin binding proteins.
mSphere 5:e00090-20. https://doi.org/10.1128/mSphere.00090-20.

jcm.asm.org 12


https://doi.org/10.1086/516375
https://doi.org/10.1128/JCM.01993-19
https://doi.org/10.1093/cid/ciz1000
https://doi.org/10.1093/cid/ciz1000
https://doi.org/10.1086/324626
https://doi.org/10.1586/14787210.2015.1023292
https://doi.org/10.1586/14787210.2015.1023292
https://doi.org/10.1046/j.1365-2958.1996.01521.x
https://doi.org/10.1046/j.1365-2958.1996.01521.x
https://doi.org/10.1089/mdr.2017.0277
https://doi.org/10.1099/mic.0.000206
https://doi.org/10.1099/mic.0.000206
https://doi.org/10.1086/422697
https://doi.org/10.1371/journal.pone.0000800
https://doi.org/10.1371/journal.pone.0000800
https://doi.org/10.2217/fmb.12.63
https://doi.org/10.1016/j.diagmicrobio.2015.08.007
https://doi.org/10.1016/j.diagmicrobio.2015.08.007
https://doi.org/10.1136/jcp.12.2.163
https://doi.org/10.1046/j.1469-0691.8.s.3.1.x
https://doi.org/10.1046/j.1469-0691.8.s.3.1.x
https://doi.org/10.1086/383309
https://doi.org/10.1086/383309
https://doi.org/10.1093/jac/dkv182
https://doi.org/10.1093/jac/dkv182
https://doi.org/10.1093/jac/dkg100
https://doi.org/10.1128/aac.47.7.2370-2372.2003
https://doi.org/10.1111/apm.12513
https://eucast.org/clinical_breakpoints/
https://eucast.org/clinical_breakpoints/
https://doi.org/10.1099/jmm.0.000622
https://doi.org/10.1099/jmm.0.000622
https://doi.org/10.1186/s13073-014-0090-6
https://doi.org/10.1186/s13073-014-0090-6
https://doi.org/10.1038/s41588-018-0343-1
https://doi.org/10.1038/s41588-018-0343-1
https://arxiv.org/abs/1207.3907
https://arxiv.org/abs/1207.3907
https://doi.org/10.4161/fly.19695
https://doi.org/10.1093/nar/gku1196
https://doi.org/10.1093/molbev/msj030
https://doi.org/10.1093/molbev/msj030
https://doi.org/10.1093/sysbio/sys062
https://doi.org/10.1093/sysbio/sys062
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1172/JCI82478
https://doi.org/10.1086/379897
https://doi.org/10.1128/mBio.01422-17
https://doi.org/10.1128/mSphere.00090-20
https://jcm.asm.org

Macrolide Resistance and Reduced p-Lactam Susceptibility

46.

47.

48.

September 2020 Volume 58

Adriaenssens N, Coenen S, Versporten A, Muller A, Minalu G, Faes C,
Vankerckhoven V, Aerts M, Hens N, Molenberghs G, Goossens H, ESAC
Project Group. 2011. European Surveillance of Antimicrobial Consump-
tion (ESAC): outpatient macrolide, lincosamide and streptogramin (MLS)
use in Europe (1997-2009). J Antimicrob Chemother 66(Suppl 6):
Vvi37-vi45. https://doi.org/10.1093/jac/dkr456.

Olsen RJ, Zhu L, Musser JM. 2020. A single amino acid replacement in
penicillin binding protein 2X in Streptococcus pyogenes significantly
increases fitness upon subtherapeutic benzylpenicillin treatment in a
mouse model of necrotizing myositis. Am J Pathol https://doi.org/10
.1016/j.ajpath.2020.04.014.

Albarracin Orio AG, Pinas GE, Cortes PR, Cian MB, Echenique J. 2011.
Compensatory evolution of pbp mutations restores the fitness cost

Issue 9 e00638-20

49.

50.

51.

Journal of Clinical Microbiology

imposed by beta-lactam resistance in Streptococcus pneumoniae. PLoS
Pathog 7:1002000. https://doi.org/10.1371/journal.ppat.1002000.
Melnyk AH, Wong A, Kassen R. 2015. The fitness costs of antibiotic
resistance mutations. Evol Appl 8:273-283. https://doi.org/10.1111/eva
.12196.

Normark BH, Normark S. 2002. Evolution and spread of antibiotic resis-
tance. J Intern Med 252:91-106. https://doi.org/10.1046/j.1365-2796
.2002.01026.x.

Trzcinski K, Thompson CM, Gilbey AM, Dowson CG, Lipsitch M. 2006.
Incremental increase in fitness cost with increased beta-lactam resis-
tance in pneumococci evaluated by competition in an infant rat nasal
colonization model. J Infect Dis 193:1296-1303. https://doi.org/10.1086/
501367.

jcm.asm.org 13


https://doi.org/10.1093/jac/dkr456
https://doi.org/10.1016/j.ajpath.2020.04.014
https://doi.org/10.1016/j.ajpath.2020.04.014
https://doi.org/10.1371/journal.ppat.1002000
https://doi.org/10.1111/eva.12196
https://doi.org/10.1111/eva.12196
https://doi.org/10.1046/j.1365-2796.2002.01026.x
https://doi.org/10.1046/j.1365-2796.2002.01026.x
https://doi.org/10.1086/501367
https://doi.org/10.1086/501367
https://jcm.asm.org

	MATERIALS AND METHODS
	Bacterial isolates. 
	Whole-genome sequencing. 
	Initial genetic typing and gene content profiling. 
	Polymorphism discovery. 
	Phylogenetic inference and population structure. 
	Construction of isogenic strain with the PBP2X-Met593Thr variant. 
	Data availability. 

	RESULTS
	Epidemiological surveillance. 
	Whole-genome sequencing genetic characterization. 
	Phylogenetic relationships. 
	Potential for altered beta-lactam antibiotic susceptibility. 

	DISCUSSION
	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

