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ABSTRACT Antimicrobial resistance-encoding mobile genetic elements (MGEs) may
contribute to the disease potential of bacterial pathogens. We previously described
the association of Group A Streptococcus (GAS) derived from invasive disease with
increasingly frequent antimicrobial resistance (AMR). We hypothesized that a 65-kb
AMR-encoding MGE (ICESpyM92), highly conserved among closely related emergent
invasive emm92 GAS, contributes to GAS disease potential. Here, we provide evi-
dence that a combination of ICESpyM92- and core genome-dependent differential
gene expression (DGE) contributes to invasive disease phenotypes of emergent
emm92 GAS. Using isogenic ICESpyM92 mutants generated in distinct emm92
genomic backgrounds, we determined the presence of ICESpyM92 enhances GAS vir-
ulence in a mouse subcutaneous infection model. Measurement of in vitro and ex
vivo DGE indicates ICESpyM92 influences GAS global gene expression in a back-
ground-dependent manner. Our study links virulence and AMR on a unique MGE via
MGE-related DGE and highlights the importance of investigating associations
between AMR-encoding MGEs and pathogenicity.
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Antimicrobial resistance (AMR) in bacterial pathogens is an alarming threat to
human health. Mobile genetic elements (MGEs), such as plasmids, transposons,

and integrative conjugative elements (ICEs), are a major source of AMR genes. AMR-
encoding MGEs are widespread in the absence of antimicrobial pressure, raising the
possibility that additional factors are involved in their maintenance and dissemination.
Data suggest that AMR-encoding MGEs may contribute to bacterial virulence in a variety
of ways. MGEs can encode virulence genes alongside AMR elements, like the phenol-
soluble modulin in the SCCmec element of methicillin-resistant Staphylococcus aureus
(1). MGEs may also encode virulence proteins that alter antimicrobial susceptibility, such
as the YbtPQ siderophore importer in Klebsiella pneumoniae (2). MGE gene content can
even indirectly influence virulence, as does an sRNA associated with the aminoglycoside
resistance locus of a plasmid-borne integron in Acinetobacter baumannii (3). Therefore,
the association of AMR with factors contributing to virulence on MGEs that can be hori-
zontally transferred between bacterial strains and species requires investigation if the
emergence of AMR is to be effectively countered.

Streptococcus pyogenes (Group A Streptococcus, GAS) is an exclusively human patho-
gen that primarily colonizes the epithelia of the human throat and skin. GAS serotypes
that have emerged over the past 30 years (e.g., emm1, emm3, emm89, and emm28) are
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responsible for an upsurge in invasive disease associated with high mortality rates (4).
Acquisition of MGEs in GAS contributes to enhanced virulence, clone emergence, and
niche specialization. Prophage-encoded virulence factors, such as pyrogenic exotoxins
(SpeA and SpeK), phospholipases (Sla) or DNAses (Sdn and Sda), contribute to the dis-
ease potential of emm1 and emm3 GAS (5–7). The MGE dubbed Region of Difference 2
(RD2) has been associated with emm28 strain prevalence in puerperal sepsis cases (8).
Horizontal transfer of RD2 into other strain backgrounds enhanced GAS colonization of
murine vaginal infection models (9), further suggesting MGE acquisition potentially
contributes to GAS disease phenotypes.

GAS remains universally susceptible to b-lactams and thus have not, historically, been
the focus of AMR research. However, recent epidemiological data reveal increasingly fre-
quent GAS invasive disease in the United States attributable to macrolide-resistant strains
(10), particularly among persons experiencing homelessness and/or intravenous drug use
(11). Most invasive AMR GAS infections in the United States from 2006 to 2017 were due
to a subset of emm types (emm11, 58, 77, 83, and 92), with emm92 contributing the largest
increase in erythromycin-nonsusceptibility (10). Whole genome sequencing analysis of
emm11, 75, 77, and emm92 invasive AMR strains revealed that diverse MGEs encode AMR
in GAS, including ICEs, prophages, and plasmids (12). The presence of similar invasive AMR
GAS among pediatric (12) and at-risk populations (e.g., adults experiencing homelessness
and/or intravenous drug use) (11, 13) indicates a concerning dissemination of resistance.

We recently described tetracycline and aminoglycoside resistance encoded in a
highly conserved 65-kb ICE (ICESpyM92) among emm92 GAS strains nearly exclusively
isolated from invasive or skin and soft tissue infections (SSTIs) over the span of several
years (2015–2017) across multiple surveillance sites in the United States (12). We
hypothesized that ICESpyM92 gene content contributes to GAS disease potential. Our
investigation of isogenic ICESpyM92 mutants indicates that a combination of ICESpyM92-
dependent and independent gene transcription influences emm92 virulence. Our findings
show that an AMR-encoding ICE can promote bacterial virulence, thereby providing
potential insights into maintenance and dissemination of such elements in the population
even in the absence of antimicrobial pressure.

RESULTS
Emergent emm92 GAS exhibits enhanced virulence in a murine model of SSTI.

Our previous study revealed that contemporary AMR emm92 (henceforth referred to as
emergent emm92) constitutes a highly clonal population in which ICESpyM92 is well
conserved, suggesting recent emergence (12). We hypothesized that emergence of
AMR emm92 may be, at least in part, due to increased virulence associated with
ICESpyM92. To test this hypothesis, we first investigated whether emergent emm92 vir-
ulence differs from that of the antimicrobial susceptible invasive emm92, MGAS270
(14). MGAS270 was isolated in the late 1980s from a patient with severe invasive dis-
ease. Using whole genome sequencing (WGS) and antimicrobial susceptibility testing
(data not shown), we confirmed MGAS270 lacks AMR-encoding elements, including
ICESpyM92 and the erythromycin resistance-encoding pRW35-like plasmid (Fig. 1).
While MGAS270 differs from the contemporary reference strain, TSPY556, by 115 single
nucleotide polymorphisms (Fig. 1), in the absence of readily available, more closely
related, ICESpyM92-negative contemporary emm92 GAS strains, MGAS270 was used to
represent the ICESpyM29-negative emm92 population. We compared emergent emm92
and MGAS270 virulence by measuring GAS colonization burden and necrotic lesion de-
velopment in a mouse SSTI model (15, 16). Mice were infected subcutaneously in one
flank with an emergent emm92 strain (TSPY1285) (12) and in the other flank with
MGAS270 (Fig. 2A). The median necrotic lesion size 48 hours postinfection (hpi) was sig-
nificantly greater at sites infected with emergent emm92 (Fig. 2B; P = 0.0064), as well as
at multiple time points in the course of the 7-day monitoring period (Fig. 2C; P , 0.05).
Harvesting of infected tissue for enumeration of bacterial burden revealed well-defined
abscesses predominantly formed at MGAS270 (ICE[–]) infection sites, whereas more
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FIG 1 Emergent emm92 constitutes a highly clonal population in which ICESpyM92 is well conserved,
suggesting recent emergence. (A) Comparison of MGAS270 whole genome sequence to emergent
emm92 reference genome (TSPY556; accession no. CP032700). Rings denote (from innermost to
outermost), genome position in Mb (ring 1), GC skew (ring 2), blast comparison of MGAS270 relative
to TSPY556 (ring 3), polymorphisms (SNPs/Indels) in MGAS270 relative to TSPY556 (ring 4), and
chromosomal features of TSPY556 reference genome (ring 5). Chromosomal features are color-coded
as follows: blue = mobile genetic elements (MGEs), red = annotated virulence and antimicrobial
resistance (AMR) genes [tet(M), aph(39)-III, sat4, and ant(6)-Ia], green = rRNA operons, and yellow =
sigX site of genome inversion. Note absence of AMR-encoding ICESpyM92 MGE in MGAS270 whole
genome sequence. (B) Phylogenetic reconstruction using 901 core biallelic SNP loci of invasive
emm92 from Houston (n = 19), Centers for Disease Control Active Bacterial Core surveillance (n =
239) and the MGAS270 strain, relative to the reference genome TSPY556. Node color indicates AMR
genotype for aminoglycosides (AG), macrolides (ErmA/B/T), and tetracycline (tetM). Shaded ovals
denote nodes corresponding to ICE(1) and ICE(–) strains. Nodes corresponding to TSPY1285 and
MGAS270 strains (circled in gray) are indicated. Phylogenetic tree is rooted in strain TSPY556.
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diffuse tissue inflammation was apparent at ICE(1) infection sites (Fig. 2D). The median
burden of GAS at the emergent emm92 infection site was also significantly greater than
at the MGAS270 site at 48 hpi (Fig. 2E; P = 0.0274). This difference was also statistically
significant in paired comparisons of the GAS burden at the infection sites in individual
mice (Fig. 2F; P = 0.0067). These results indicate that ICE(1) emergent emm92 is more vir-
ulent than the historical ICE(–) MGAS270 in SSTI.

FIG 2 Emergent emm92 GAS exhibits enhanced virulence in a murine model of SSTI. Individual mice
infected subcutaneously in flanks (contralaterally) with ICE(–) MGAS270 and ICE(1) emergent emm92
(TSPY1285) streptococcal strains (107 CFU) exhibit necrotic lesion development at 48 hpi. (A) Dashed
lines indicate area of infection site; image representative of observed necrotic lesion phenotype. (B)
Size of necrotic lesion (mm2) at sites of emergent emm92 and MGAS270 infection measured at 48
hpi. The mean (red cross) and median lesion size with 95% confidence interval (box and whisker plot)
are indicated. Symbols represent necrotic lesion size in individual mice. (C) Size of necrotic lesion
(mm2) at sites of emergent emm92 and MGAS270 infection measured at daily time points
postinfection. The mean lesion size (symbols) and SEM (error bars) are indicated. Necrotic lesions
were not visible at 1day postinfection (NA). Statistically significant differences in lesion size at each
time point are indicated. (D) Representative images of dermal tissue excised from mouse infections
sites (interior face of dermis shown). Area of inflammation associated with infection outlined in
dashed lines. Infectious site abscess at MGAS270 infection site indicated (arrow). (E and F) Infectious
site burden of emergent emm92 and MGAS270 quantified as CFU/mg of homogenized infected tissue
at 48 hpi. Median burden and 95% confidence interval (box and whisker plot) (E), as well as paired
comparisons (F) of infectious site emergent emm92 and MGAS270 burdens are indicated. Symbols
represent individual infection site burden and lines connect infection site burdens of individual mice.
Figure legends indicate symbol correspondence to infecting strain. Statistical significance was
determined by Mann-Whitney U-test (**, P , 0.01; *, P , 0.05) or by Wilcoxon signed-rank test (##,
P , 0.01).
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Presence of ICESpyM92 alters GAS virulence in mouse models of streptococcal
infection. To further test the hypothesis that ICESpyM92 contributes to emergent
emm92 virulence, we next generated isogenic ICE(1) and ICE(–) mutants of MGAS270
and emergent emm92 strains, respectively, for comparison in the mouse subcutaneous
infection model. The ICESpyM92-complemented strain (MGAS2701ICE) encodes ICESpyM92
immediately downstream of a 23S rRNA uridine methyltransferase (rlmD), the same gene
locus (D8S77_03855) at which the ICE is located in emergent emm92 (Fig. 1A). Multiple
attempts to generate an ICESpyM92-negative mutant (DICE) in the emergent emm92 isolate
TSPY1285 were unsuccessful. However, we were able to do so in the reference emergent
emm92 strain, TSPY556 (Fig. 1). TSPY556 and TSPY1285 differ by only 6 single nucleotide
polymorphisms (SNPs), including a nonsynonymous SNP resulting in an amino acid muta-
tion at position 272 in the CovS sensor kinase of TSPY556. CovRS two-component system
polymorphisms have been associated with virulence-related phenotypic differences (17),
such as in capsule production observed in TSPY556 relative to MGAS270 and TSPY1285 in
our initial studies (Supplemental Methods, Fig. S1). Mutagenesis of the SNP in the covSS272L

allele reverted this phenotype (strain JMF1026, Fig. S1). Examination of emergent emm92
sequenced genomes (n = 263) determined CovRS polymorphisms are present in only 29
emergent emm92 strains (11%), a frequency comparable to that observed among other
sequenced invasive GAS isolates (18), suggesting CovRS mutation does not define emer-
gent emm92.

Using the newly generated isogenic strains (emergent emm92 strain JMF1026 and
DICE; MGAS270 and MGAS2701ICE), mice were infected at a lower infectious dose (106 CFU)
to better assess, in addition to virulence, the ICE-associated capacity of emergent emm92
strains to establish infection. Median necrotic lesion size 48 hpi was significantly greater at
the site infected with MGAS2701ICE than the site infected with the isogenic ICE(–) parent
strain (MGAS270; P = 0.0222) (Fig. 3A). Though not statistically significant, similar differen-
ces were observed between the DICE strain and its isogenic parent, as well as between the
emergent emm92 strain and MGAS270 (P = 0.069). As observed using TSPY1285, the
median GAS burden at 48 hpi was highest in the emergent emm92-infected site and signif-
icantly higher than in the sites infected by the MGAS270 and MGAS2701ICE (P = 0.001
and P = 0.0361, respectively) (Fig. 3B). Paired comparisons of GAS burden at infection sites
in individual mice indicate statistically significant differences between ICE(1) and ICE(–)
isogenic strain pairs (Wilcoxon, emm92 versus DICE: P = 0.0166, MGAS270 versus
MGAS2701ICE: P = 0.0245) (Fig. 3C). These results suggest that the presence of ICESpyM92
contributes to SSTI and promotes necrotic lesion development.

Histopathological comparison in individual mice of emergent emm92 strain JMF1026
and historical MGAS270 infection sites revealed contrasting patterns of tissue damage,
even at a lower infectious dose (106 CFU; Fig. S2). The MGAS270-infected sites exhibit for-
mation of a well-defined abscess and limited tissue damage (Fig. S2C), whereas the emer-
gent emm92 infected site shows extensive necrosis, breakdown of skin layers and greater
dissemination of infection (Fig. S2E). Similar phenotypes were observed when comparing
MGAS270-infected sites (Fig. S2D) with isogenic ICE(1) MGAS2701ICE-infected sites (Fig.
S2F) in individual contralaterally infected mice.

We additionally compared the virulence of ICE(1) and ICE(–) isogenic strain pairs in
a murine intraperitoneal model of invasive infection. An emergent emm92 infectious
dose of 108 CFU resulted in 50% survival of tested mice (n = 10) over a 72-h experimen-
tal period, whereas an equivalent dose of DICE GAS produced a lower level of lethality
(Fig. 3D). Conversely, infection with MGAS2701ICE resulted in reduced survival of mice
relative to infection with the isogenic ICE(–) parent strain. The difference in survival was
statistically significant between emergent emm92 and MGAS270 strains (P = 0.0115), fur-
ther evincing the enhanced virulence of emergent emm92. The differences in survival
between isogenic ICE(1) and ICE(–) strains trended similarly and, though not statistically
significant (P = 0.146), suggest that the presence of ICESpyM92 may contribute to GAS
pathogenicity. Differences in GAS burden in the harvested spleens (Fig. 3E) of intraperito-
neally infected mice similarly demonstrate the enhanced virulence of emergent emm92.
The median GAS burden in the spleens of emergent emm92-infected mice was
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FIG 3 ICESpyM92 contributes to enhanced virulence in a murine model of SSTI. Individual mice infected
subcutaneously in flanks (contralaterally) with isogenic ICE(1) and ICE(–) strain pairs (emergent emm92
[JMF1026] versus DICE and MGAS2701ICE versus MGAS270; 106 CFU) exhibit ICESpyM92-related statistically
significant differences in necrotic lesion development and bacterial burden at 48 hpi. (A) Size of necrotic lesion
(mm2) at sites of infection measured at 48 hpi. The mean (gray cross) and median lesion size with 95%
confidence interval (box and whisker plot) are indicated. Symbols represent necrotic lesion size in individual
mice. (B and C) Infectious site GAS burden quantified as CFU/mg of homogenized infected tissue at 48 hpi.
Median GAS burden and 95% confidence interval (box and whisker plot) (B) as well as paired comparisons of
isogenic ICE(1) and ICE(–) infectious site burdens in individual mice (C) are indicated. (D) Kaplan-Meier survival
curves of CD-1 mice (n = 10 per strain) infected intraperitoneally with isogenic ICE(1) and ICE(–) strain pairs

(Continued on next page)
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significantly higher (;200-fold, P = 0.0355) than in MGAS270-infected mice. The median
burden of DICE was lower (;18-fold) than that of its isogenic ICE(1) parent strain,
whereas that of MGAS2701ICE was higher (;20-fold) than that of MGAS270 (Fig. 3E).
Although the differences between isogenic ICE mutant strains were not statistically sig-
nificant, the similar trends of reduced host survival and higher GAS burdens associated
with strains encoding ICESpyM92 would suggest contribution of the ICE to GAS
virulence.

Presence of ICESpyM92 contributes to in vitro differential gene expression. To
this point we had observed that ICESpyM92, which does not encode any known GAS
virulence genes, contributes to emergent emm92 virulence in a murine model in the
absence of antimicrobials. The predicted open reading frames (ORFs) of ICESpyM92
include multiple transcriptional regulators associated with a secretion/conjugation sys-
tem, AMR genes, and genes of unknown function (Table S3). Evidence suggests that
the presence of MGEs lacking AMR genes may influence the GAS transcriptome (8, 19).
We hypothesized that the presence of ICESpyM92 alters GAS global gene expression. We
first tested this hypothesis by performing in vitro RNA-seq analysis of isogenic ICE(1) and
ICE(–) strains to determine differential gene expression (DGE) patterns associated with the
presence of ICESpyM92 in emergent emm92 and MGAS270 genomic backgrounds. No dif-
ferences in rate of growth in vitro were observed across isogenic ICE(1) and ICE(–) strain
pairs (Fig. S3). Compared to ICE(–) strains, 60 and 210 transcripts were differentially
expressed (.1.5-fold, P , 0.05) in the presence of ICESpyM92 in the emergent emm92
(Fig. 4A, Table 1, and Table S4) and MGAS270 (Table S5) genomic backgrounds, respec-
tively. Of these, 44 transcripts showed concordant DGE patterns in both strain back-
grounds in the presence of ICESpyM92, suggesting their differential expression is ICE-de-
pendent (Fig. 4A and Table 1).

Among the transcripts that were upregulated in an ICESpyM92-dependent manner,
the lactose utilization operon (lacA.1-lacD.1), lactate oxidase (lctO), and arginine-deimi-
nase (ADI) pathway components (i.e., arcA, argF/arcB) exhibited the greatest difference
in expression levels (Fig. 4B). The transcript levels of speB and spyCEP, which encode
immunomodulating GAS proteases involved in virulence, were also increased.
Transcripts downregulated in the presence ICESpyM92 included components of the
inosine-monophosphate pathway of purine synthesis (e.g., purN, purH). Carbohydrate
and amino acid import/metabolism transcripts (e.g., pfkB/fruB, galactose PTS, and ABC
transporters) (Fig. 4B) were also differentially expressed and constituted a major part of
DGE observed in the presence of ICESpyM92 in the MGAS270 genomic background
(Table S5). These results suggest ICESpyM92-associated DGE alters metabolic and viru-
lence patterns that may in turn influence emergent emm92 infection of the host skin
niche.

In vivo data (i.e., emergent emm92 burden relative to MGAS270 and MGAS2701ICE)
(Fig. 3B) suggest core genome transcription differences independent of ICESpyM92
may contribute to disease phenotype. Thus, we also examined DGE in emergent
emm92 relative to historical MGAS270. Comparison of in vitro DGE in the emergent
emm92 and isogenic DICE strains relative to MGAS270 revealed that 56 transcripts
were differentially expressed in the emergent emm92 background, independently of
ICESpyM92 presence (Fig. 4C and Table 2). Several of these transcripts are associated
with GAS virulence, encoding adherent and immunomodulatory proteins (emm, scpA,
sclA, sof, sfbX, fbpA, and grab) as well as cytotoxins (nga and slo). Significant differential
expression of spyCEP and purN transcripts in the emm92 background relative to MGAS270
was also observed. These data suggest that there are also core genomic differences in

FIG 3 Legend (Continued)
(108 CFU). (E) GAS burden in spleens of intraperitoneally-infected mice, quantified as CFU/mg of homogenized
tissue at time test subjects were euthanized. Median GAS burden and 95% confidence interval (box and
whisker plot) are indicated. Symbols represent GAS burden in individual mice. Figure legend indicates symbol/
color correspondence to infecting strain. Statistical significance was determined by Mann-Whitney U-test (***,
P , 0.001; *, P , 0.05), Wilcoxon signed-rank test (#, P , 0.05), or by Mantel-Cox log rank test (##, P , 0.05).
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FIG 4 Presence of ICESpyM92 contributes to in vitro differential gene expression (DGE). RNAseq
analysis of isogenic ICE (1) and ICE(–) transcriptomes (emergent emm92 ([JMF1026] versus DICE and
MGAS2701ICE versus MGAS270) during exponential growth in vitro (THY medium) revealed ICE-related
DGE. (A) Diagram illustrating the number of transcripts upregulated (black) and downregulated (red)
in ICE(1) relative to isogenic ICE(–) transcriptomes in the emergent emm92 (yellow circle) and the
MGAS270 background (blue circle). Overlapping region indicates number of transcripts similarly
differentially expressed in both ICE(1) transcriptomes. (B) Correlation plot of 44 significantly
(P , 0.05; Bonferroni correction) differentially expressed genes ($1.5-fold relative to ICE[–] isogenic
strain) shared between the MGAS2701ICE (x axis) and the emergent emm92 (y axis) transcriptome. (C)
Correlation plot of 56 significantly (P , 0.05, Bonferroni correction) differentially expressed genes
($1.5-fold relative to ICE[–] MGAS270 strain) shared between the emergent emm92 (x axis) and the
isogenic DICE (y axis) transcriptome. Log2 values are plotted, colors correspond to gene operons and
names of virulence genes of interest are listed.
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emergent emm92 strains contributing to their enhanced skin pathogenicity relative to
MGAS270.

Emergent emm92 transcripts exhibit ICE-associated and ICE-independent dif-
ferential expression in the context of interaction with human epithelial keratino-
cytes. Our data to this point indicate gene expression differences in vitro associated
with the presence of ICESpyM92. To provide further evidence supporting our hypothe-
sis that ICESpyM92 influences GAS gene expression and in turn virulence, we measured
DGE in an ex vivo model of GAS infection. Emergent emm92 are nearly exclusively iso-
lated from SSTI. We therefore selected cultured human primary epithelial keratinocytes
(HEK) to assess ICE-related GAS DGE. We measured the transcript levels of targets of in-
terest (Fig. 4) in isogenic ICE(1) and ICE(–) strains adherent to HEK. Of the transcripts
examined, lctO, emm, and slo showed significant, ICE-related, increased expression
(.1.5-fold, P , 0.01) (Fig. 5A). Differential expression of targets was only detected in
the emergent emm92 strain background, as increased expression of slo in MGAS2701ICE

relative to its isogenic parent was not statistically significant (Fig. 5B).
Comparison of target levels in ICE(1) and ICE(–) strains in the emergent emm92 back-

ground relative to MGAS270 (Fig. 5C) and in emergent emm92 relative to MGAS2701ICE

(Fig. 5D) show that significantly enhanced lctO expression in the emergent emm92 back-
ground correlated with the presence of ICESpyM92 (P , 0.05). In contrast to our in vitro
observations, statistically significant differences in arcA transcript levels were not
detected (Fig. 5A and B). On the other hand, levels of emm and slo transcripts in the
emergent emm92 background relative to MGAS270 (Fig. 5C) and MGAS2701ICE (Fig. 5D)
indicate that both ICESpyM92 and strain background significantly influence expression
of these targets in the context of interaction with HEK (P, 0.05). In contrast, significantly
increased spyCEP expression in emergent emm92 relative to the MGAS270 background
appears to be independent of ICESpyM92 (P , 0.05) (Fig. 5C and D). These results sug-
gest that ICESpyM92 influences DGE in a background-dependent manner.

DISCUSSION

We previously described the association of GAS derived from invasive disease with
emerging resistance to second-line antimicrobials (12). That study found that closely

TABLE 1 GAS transcript differential expression in vitro associated with the presence of ICESpyM92 in emergent emm92 and MGAS270

Accession no.a Name Product

Log2 fold change

Emergent emm92b MGAS2701ICE c

D8S77_00280 purF Amidophosphoribosyltransferase –1.40 –1.45
D8S77_00285 purM Phosphoribosylformylglycinamidine cyclo-ligase –1.81 –1.98
D8S77_00290 purN Phosphoribosylglycinamide formyltransferase –1.85 –2.44
D8S77_00295 purH Bifunctional phosphoribosylaminoimidazolecarboxamide formyltransferase –1.83 –2.75
D8S77_02295 Galactose PTS sugar transporter subunit EIIA 2.43 2.51
D8S77_02300 Galactose PTS sugar transporter subunit EIIB 2.90 2.72
D8S77_02305 PTS Galactose transporter subunit EIIC 2.23 2.53
D8S77_02310 lacA.1 Galactose-6-phosphate isomerase subunit LacA 2.87 2.81
D8S77_02315 lacB.1 Galactose-6-phosphate isomerase subunit LacB 3.21 3.08
D8S77_02320 lacC.1 Tagatose-6-phosphate kinase 3.89 3.08
D8S77_02325 lacD.1 Tagatose-bisphosphate aldolase 3.09 2.90
D8S77_02995 arcA Arginine deiminase 2.86 1.97
D8S77_03000 GNAT family N-acetyltransferase 2.93 1.82
D8S77_03005 argF/arcB Ornithine carbamoyltransferase 3.07 2.00
D8S77_03010 arcD YfcC family protein/arginine/ornithine antiporter 2.92 1.74
D8S77_03015 arcT Sapep family Mn(21)-dependent dipeptidase 2.72 1.51
D8S77_05965 pfkB/fruB 1-phosphofructokinase 0.89 0.85
D8S77_07560 spyCEP Immunomodulating cell envelope protease 0.79 1.69
D8S77_07565 lctO L-lactate oxidase 3.20 2.28
D8S77_08555 speB Pyrogenic exotoxin B 2.73 1.51
aReference genome TSPY556 (NCBI: CP032700.1).
bDifferential gene expression in emm92 (JMF1026) relative to DICE isogenic mutant.
cDifferential gene expression inMGAS2701ICE mutant relative to MGAS270 isogenic parent.
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TABLE 2 Emergent emm92 transcripts differentially expressed in vitro relative to MGAS270, independently of the presence of ICESpyM92

Accession no.a Name Product

Log2 fold changeb

emm92 DICE
D8S77_00280 purF Amidophosphoribosyltransferase –2.14 –0.73
D8S77_00290 purN Phosphoribosylglycinamide formyltransferase –2.58 –0.72
D8S77_00810 Hypothetical protein 1.10 0.86
D8S77_00850 sloR Transcriptional regulator (environmental sensing/metabolism) 1.21 0.66
D8S77_00925 nga N-acetylglucosamine-1-phosphate uridyltransferase 2.85 2.03
D8S77_00930 ifs NAD glycohydrolase inhibitor 3.04 2.12
D8S77_00935 slo Cholesterol-dependent cytolysin streptolysin O 2.80 2.07
D8S77_00945 Hypothetical protein 2.86 2.60
D8S77_00950 Hypothetical protein 2.09 1.49
D8S77_00955 Hypothetical protein 1.84 1.53
D8S77_01975 NisF family ABC transporter ATP-binding protein 1.33 1.20
D8S77_02435 Bacteriocin immunity protein –1.54 –2.22
D8S77_02440 ABC transporter ATP-binding protein –1.43 –1.90
D8S77_02445 proB ABC transporter permease –1.57 –2.11
D8S77_03360 HNH endonuclease 1.54 1.41
D8S77_03365 Hypothetical protein 1.61 1.29
D8S77_03370 Phage portal protein 1.61 1.80
D8S77_03395 Phage terminase 2.73 2.78
D8S77_03400 DUF4355 domain-containing protein 2.64 2.72
D8S77_03405 Phage major capsid protein 2.58 2.72
D8S77_03410 Hypothetical protein 1.98 2.19
D8S77_03415 Hypothetical protein 2.59 2.63
D8S77_03420 Hypothetical protein 2.55 2.67
D8S77_03425 Hypothetical protein 2.30 2.57
D8S77_03430 Hypothetical protein 2.54 2.64
D8S77_03435 Phage tail protein 2.65 2.64
D8S77_03440 Hypothetical protein 2.56 2.56
D8S77_03445 Hypothetical protein 2.58 2.57
D8S77_03450 pblA Putative human platelet-binding protein, phage-associated 2.46 2.44
D8S77_03455 Hypothetical protein 2.62 2.53
D8S77_03460 pblB Peptidase/putative platelet-binding protein - phage-associated 1.83 1.76
D8S77_03470 Hypothetical protein 2.41 2.39
D8S77_03480 DUF1366 domain-containing protein –0.87 –0.89
D8S77_03515 pyrD Dihydroorotate oxidase –1.13 –0.73
D8S77_03815 grab a2macroglobulin-binding protein –3.07 –2.88
D8S77_04225 MFS transporter –1.55 –1.55
D8S77_04475 Sodium:alanine symporter family protein –0.97 –0.65
D8S77_06075 pyrR Bifunctional pyrimidine operon transcriptional regulator/uracil phosphoribosyltransferase –1.28 –0.81
D8S77_07470 Hypothetical protein 1.92 1.57
D8S77_07485 Hypothetical protein 1.65 1.77
D8S77_07490 Hypothetical protein 1.86 1.81
D8S77_07500 Hypothetical protein 2.48 –1.20
D8S77_07510 Hypothetical protein 2.11 0.83
D8S77_07560 spyCEP Immunomodulating cell envelope protease 2.25 1.47
D8S77_08330 sclA Streptococcal collagen-like surface adhesin 3.34 2.92
D8S77_08445 fbpA Fibronectin binding protein 1.51 1.38
D8S77_08450 scpA C5 peptidase 2.07 1.83
D8S77_08455 enn M-like protein 2.50 2.15
D8S77_08460 emm M protein 2.34 1.99
D8S77_08470 mga M protein trans-acting positive regulator 1.09 0.60
D8S77_08525 sfbX Fibronectin binding protein 2.14 2.04
D8S77_08530 sof Serum opacity factor 2.13 2.01
D8S77_08535 Hypothetical protein 1.65 1.09
D8S77_09095 sdaAA L-serine ammonia-lyase, iron-sulfur-dependent, subunit alpha 0.88 0.61
D8S77_09215 IS30 family transposase 1.44 1.55
aTSPY556 genome sequence (NCBI: CP032700.1).
bDifferential gene expression in emergent emm92 (JFM1026) and isogenic DICEmutant relative to MGAS270 strain. Bolded text denotes virulence genes of interest.
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related emm92 strains (emergent emm92), resistant to multiple antimicrobials and iso-
lated with increasing frequency during the study period (2015–2017), were obtained
nearly exclusively from invasive or skin and soft tissue infections (SSTI). We hypothe-
sized ICESpyM92 – responsible for aminoglycoside and tetracycline resistance in emer-
gent emm92 strains – contributed to GAS pathogenicity. The data presented support
this hypothesis and provide evidence that a combination of ICESpyM92- and core
genome-dependent differential gene expression contributes to invasive disease phe-
notypes in emergent emm92 GAS. Tested emergent emm92 strains exhibited greater
virulence in mouse subcutaneous and intraperitoneal infection models than the anti-
microbial-susceptible invasive isolate MGAS270, decreasing survival and generating
significantly greater infectious burdens at distinct infectious doses (106–108 CFU).
Measured differences in necrotic lesion size indicate enhanced invasiveness and tissue
destruction by an emergent emm92 strain. In vivo virulence phenotype trends associ-
ated with the presence of ICESpyM92 suggest that ICE contributes to emm92 virulence
and likely in conjunction with core genomic differences between emergent emm92 and
the historical MGAS270 strain. Significantly enhanced necrotic lesion formation and
increased infection site GAS burden resulting from introduction of ICESpyM92 into the his-
torical MGAS270 background suggest ICESpyM92 contribution to virulence is dependent
on genomic background. Our transcriptomic results in vitro and in GAS interaction with
HEK indicate that gene expression in emergent AMR emm92 is distinct from that in an anti-
microbial-susceptible emm92 strain, both in an ICE-related and independent manner.

FIG 5 Emergent emm92 transcripts exhibit ICE-related and ICE-independent differential expression in
the context of interaction with human epithelial keratinocytes. Differential expression of selected
targets in ICE(1) relative to isogenic ICE(–) strains (A) emergent emm92 relative to DICE and (B) in
MGAS2701ICE relative to MGAS270 adherent to human epithelial keratinocytes (HEK) measured by
quantitative real-time PCR (qRT-PCR). (C) Differential expression of selected targets in the emergent
emm92 background relative to the historical MGAS270 genomic background (i.e., emergent emm92 and
isogenic DICE relative to MGAS270) and (D) in the emergent emm92 background relative to the ICE(1)
historical mutant (MGAS2701ICE) adherent to HEK measured by qRT-PCR. Compared GAS strains were
allowed to adhere to HEK (MOI 100:1), grown for 2 h in biological quadruplicate and transcript levels
were measured in triplicate for each target. Mean Log2 fold change in transcript level relative to
comparison strain is plotted (y axis) with 95% confidence interval (error bars) for each gene target (x
axis). Differentially expressed genes ($1.5-fold relative to comparison strain) and statistical significance are
indicated (#, P , 0.0001; ***, P , 0.001; **, P , 0.01; *, P , 0.05; ns = not significant; Student's t test).
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Our results add to research defining the contribution of MGEs to bacterial disease
potential by linking ICE-related DGE and virulence with AMR on a unique MGE.
Previous research had shown that bacteriophage encoding virulence factors (e.g.,
DNase, superantigens) can enhance virulence of GAS involved in disease outbreaks
while, independently, AMR-encoding ICEs may increase their drug resistance (20). The
RD2 element, encoding no AMR, was shown to enhance emm28 vaginal colonization in
mice (8). RD2-conjugants in other genomic backgrounds displayed a similar phenotype
(9). Furthermore, presence of RD2 influenced expression of .100 core chromosomal
GAS genes in a serotype-dependent manner (8, 9). Our research shows that, unlike pre-
viously described MGEs of GAS, ICESpyM92 both confers high-level AMR (12) and has
the potential to enhance emm92 virulence through alteration of the GAS transcrip-
tome. Jain et al. hypothesize RD2-encoded transcriptional regulators are responsible
for changes in core chromosomal GAS gene expression (8). Like RD2, ICESpyM92 enco-
des multiple transcriptional regulators associated with a secretion/conjugation system,
AMR genes, and genes of unknown function. Alternatively, the prophage-like SpyCIM1
altered virulence and metabolism gene expression in an emm1 strain during exponen-
tial growth, when SpyCIM1 is episomal to the GAS chromosome (19). The mechanism
by which ICESpyM92 gene content affects DGE is not presently known and is of inter-
est for further investigation.

ICESpyM92-related DGE and influence on virulence appear to be dependent on
genomic background. In both in vivo infectious models, the presence of ICESpyM92
more visibly influenced virulence and GAS burden in the MGAS270 background.
Likewise, ICESpyM92 did not have the same effect on ex vivo transcript levels in the
MGAS270 background as in an emergent emm92 strain. Furthermore, emm and slo
transcript levels of tested emergent emm92 and an isogenic DICE mutant relative to
MGAS270 indicate that ICESpyM92 and core chromosomal gene content have a com-
bined effect on DGE. The differences in ICE-related DGE in vitro between the two
genomic backgrounds examined (i.e., 60 transcripts in an emergent emm92 strain ver-
sus 210 in MGAS270) is further evidence that the conjunction of distinct core chromo-
somal traits with MGE content produces substantial variation in the GAS transcriptome.
Altered in vitro expression of known GAS virulence genes (scpA, sclA, sof, sfbX, fbpA,
grab, nga, and spyCEP) in an emergent emm92 isolate relative to MGAS270, independ-
ently of ICESpyM92, suggest that DGE solely related to core chromosomal differences
may be contributing to emergent emm92 virulence as well. This is supported by the
enhanced spyCEP transcript levels in the course of HEK adherence, irrespective of
ICESpyM92 presence. Core chromosomal differences in emergent emm92 that contrib-
ute to altered gene expression and virulence relative to MGAS270 remain to be
investigated.

ICESpyM92-related DGE suggests the ICE may influence GAS adaptation to stressors
in the SSTI niche. Lactate oxidase (lctO) mediates lactate metabolism and endogenous
hydrogen peroxide (H2O2) production, which varies widely across GAS emm types with
distinct disease potential (21). Differential expression of lctO is involved in GAS coloni-
zation of invasive infection models (22, 23). The arginine deiminase pathway has been
shown to enhance GAS virulence in animal models of invasive infection (24–26)
through modulation of host immunity (27). Differential expression of GAS transcripts
(emm and slo) directly involved in immune evasion and cytotoxicity in the course of
invasive disease (28), further suggest the ICE may influence emergent emm92 resist-
ance to stress from host immune cells. Phenotypes such as H2O2 production, cytotoxic-
ity and resistance to immune cell challenge will be explored in the future to define
how ICESpyM92-related DGE contributes to emergent emm92 virulence.

It is highly unlikely that antimicrobial pressure alone can explain the maintenance of
ICESpyM92 within currently circulating and increasingly frequent invasive emm92 strains.
AMR gene maintenance and dissemination by ICEs potentially involves associations with
virulence determinants, as suggested by the correlation of virulence and AMR gene diver-
sity in human gut microbiomes, independently of geographic origin, despite prominent
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differences in antimicrobial use (29). There is also evidence to support a role for virulence
factors in AMR maintenance from specific instances in which genes contributing to viru-
lence (1, 30) or fitness (31) correlate with AMR. Importantly, ICESpyM92 may not be the
only AMR-encoding MGE contributing to GAS pathogenicity. Our previous study showed
AMR in invasive disease-related emm77 and emm11 strains is encoded on well-conserved
ICEs and transposons, respectively (12).

The presence of ICESpyM92 does not appear to be the only contributing factor to
enhanced virulence of emergent emm92. Our data show a core genome-dependent level
of virulence associated with the emergent emm92 background. The paucity of temporally
distant emm92 strains available for comparison limits our ability to define the core
genomic differences, in addition to the presence of ICESpyM92, that contribute to emer-
gent emm92 isolate association with SSTIs. Although our direct comparisons were limited
to individual historical and emergent emm92 strains, the close-relatedness of emergent
emm92 described by our previous study suggests transcriptomic and phenotypic differen-
ces described herein may be illustrative of shared traits among increasingly frequent AMR
emm92 (32). Furthermore, our work highlights the importance of investigating associations
between AMR-encoding MGEs, their genomic background, and pathogenicity, not just in
GAS but in other pathogenic bacteria as well. Association of resistance and virulence phe-
notypes within MGEs in pathogenic GAS strains constitutes a concerning epidemiological
threat that necessitates continued surveillance and further investigation of AMR patterns
and disease phenotypes across GAS serotypes.

MATERIALS ANDMETHODS
Bacterial strains and culture conditions. The strains used in this study are listed in Table S1. GAS

was grown in Todd-Hewitt broth containing 0.2% (wt/vol) yeast extract (THY; Difco Laboratories), on
THY agar, and Trypticase soy agar containing 5% sheep blood (SBA; Becton, Dickinson), as indicated. For
all in vitro assays, overnight cultures were grown in THY at 37°C with 5% CO2 and were used to inoculate
fresh, prewarmed THY for growth to culture density required. For mutant strains containing antibiotic re-
sistance cassettes, growth media were supplemented with the corresponding antibiotic (kanamycin
150mg/mL, chloramphenicol 10mg/mL, kanamycin/chloramphenicol 100/10mg/mL).

Generation of ICESpyM92 mutants. Strain backgrounds for study were chosen based on an ab-
sence of mutations in known virulence regulators. Reversion of the nonsynonymous SNP at nucleotide
position 815 resulting in CovSS272L mutation in the TSPY556 strain was achieved using a previously pub-
lished procedure for allelic in-frame replacement of the covS gene (33). A counterselection approach
employing a levansucrase (sacB) marker was adapted from Hooven et al. (34) to generate an emm92
strain lacking the ICESpyM92 integrative-conjugative element (DICE). ICESpyM92 was transferred into
the MGAS270 strain by filter mating, as previously described by Sitkiewicz et al. (35), with modifications.
Detailed protocols are included in supplemental material. Plasmids and primers used in this study are
listed in Table S2.

Mouse subcutaneous infection model. GAS pathogenesis in the course of SSTI was modeled using
a previously published protocol (15), with modifications, approved by the UT Health Houston Animal
Welfare Committee (AWC). A bacterial suspension in saline of 2 � 108 CFU mL21 (107 CFU infectious
dose) or 2 � 107 CFU mL21 (106 CFU infectious dose), verified by plating for viable colonies, was used to
infect 3- to 4-week-old male and female CD-1 mice (Charles River Laboratories). Mice were anesthetized
by isoflurane inhalation, fur was removed from an ;3cm2 area of the haunch with Nair (Carter
Products), and 50 mL of bacterial suspension was injected under the skin. Mice were monitored twice
daily for 7 days and were euthanized by CO2 asphyxiation at 48 h or day 7 postinfection, at which point
infection site dermal tissue was processed for analysis. Protocol details for measurement of necrotic
lesion size and infectious site GAS burden is included in supplemental material.

Mouse intraperitoneal infection model. GAS pathogenesis and invasiveness was modeled using a
previously published protocol (17), with modifications, approved by the UT Health Houston AWC. A bac-
terial suspension in saline of 2 � 109 CFU mL21 (108 CFU infectious dose), verified by plating for viable
colonies, was used to infect 3- to 4-week-old female CD-1 mice (Charles River Laboratories). Mice were
anesthetized by isoflurane inhalation, and 50 mL of bacterial suspension was injected intraperitoneally.
Mice were monitored every 8 h for near-mortality over 72 h and survival was compared using Kaplan-
Meier analysis. Differences in survival were calculated using a Mantel-Cox (log rank) analysis with a P
value of ,0.05 considered statistically significant. Protocol details for measurement of GAS burden in
spleen tissue is included in supplemental material.

Exposure to primary human epidermal keratinocytes (HEK) and RNA isolation for qRT-PCR
analysis. Approximately 1 � 107 CFU of GAS (multiplicity of infection of;100) grown to midexponential
phase (THY broth at an OD600 of 0.4) was added to 12 technical replicate wells previously seeded with
human neonatal epithelial keratinocytes (HEK) cultured according to the supplier’s specifications in
Keratinocyte Medium (KM) (catalog number 2100, 2101; ScienCell Research Laboratories) and incubated
1 h at 37°C with 5% CO2. HEKs were then washed (5X) with Dulbecco’s Phosphate Buffered Saline to
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remove nonadherent GAS. HEK with adherent GAS were then incubated in KM for an additional 2 h, at
which point culture supernate was removed and adherent GAS were harvested for RNA isolation by cen-
trifugation, following lysis of HEK upon addition of RNAShield (Zymo).

RNA sequencing and qRT-PCR analysis. Transcriptional analyses were performed according to previ-
ously described protocols (36, 37) with modifications. Protocol details are provided in supplemental
material.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 3 MB.
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