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ABSTRACT Streptococcus pyogenes, also known as group A Streptococcus, causes a
wide variety of diseases ranging from mild noninvasive to severe invasive infections.
To identify possible causes of colonization-to-invasive switches, we determined the
genomic sequences of 10 isolates from five pairs each composed of an invasive
strain and a carriage strain originating from five infectious clusters. Among them,
one pair displayed a single-nucleotide difference in covS, encoding the sensor histi-
dine kinase of the two-component CovRS system that controls the expression of
15% of the genome. In contrast to previously described cases where the invasive
strains harbor nonfunctional CovS proteins, the carriage strain possessed the muta-
tion covST115C, leading to the replacement of the tyrosine at position 39 by a histi-
dine. The CovSY39H mutation affected the expression of the genes from the CovR
regulon in a unique fashion. Genes usually overexpressed in covS mutant strains
were underexpressed and vice versa. Furthermore, the covS mutant strain barely
responded to the addition of the CovS-signaling compounds Mg?* and LL-37. The
variations in the accumulation of two virulence factors paralleled the transcription
modifications. In addition, the covST175C mutant strain showed less survival than its
wild-type counterpart in murine macrophages. Finally, in two murine models of
infection, the covS mutant strain was less virulent than the wild-type strain. Our
study suggests that the CovSY39H protein compromises CovS phosphatase activity
and that this yields a noninvasive strain.

IMPORTANCE Streptococcus pyogenes, also known as group A Streptococcus, causes a
wide variety of diseases, leading to 517,000 deaths yearly. The two-component
CovRS system, which responds to MgCl, and the antimicrobial peptide LL-37, con-
trols the expression of 15% of the genome. Invasive strains may harbor nonfunc-
tional CovS sensor proteins that lead to the derepression of most virulence genes.
We isolated a colonization strain that harbors a novel covS mutation. This mutant
strain harbored a transcriptome profile opposite that of other covS mutant strains,
barely responded to environmental signals, and was less virulent than the wild-type
strain. This supports the importance of the derepression of the expression of most
virulence genes, via mutations that impact the phosphorylation of the regulator
CovR, for favoring S. pyogenes invasive infections.

KEYWORDS adaptation, covRS, environmental signal, group A Streptococcus, infection,
two-component regulatory system

treptococcus pyogenes (group A Streptococcus [GAS]) is an important human patho-
gen responsible for a large variety of clinical manifestations ranging from mild
superficial infections to more life-threatening invasive infections, including necrotizing
fasciitis (NF) and streptococcal toxic shock syndrome (STSS) (1). Sequencing of the
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variable extremity of the emm gene is at the basis of epidemiological surveys of
GAS infections, and more than 225 different emm genotypes have been described,
with variable distributions worldwide; emm1 is predominant in high-income countries
(2-4). The molecular mechanisms that enable GAS to cause a large range of diseases
are unknown. How GAS can regulate the expression of a variety of gene products
involved in GAS adaptation and survival in the human host influences the severity of
infection (5).

The CovRS (control of virulence) system (initially termed CsrRS [6]) is the best-studied sys-
tem among the 13 two-component signal transduction systems (TCSs) identified in the GAS
genome. The CovRS system is responsible for regulating, directly or indirectly, approximately
10 to 15% of the GAS genome, mainly as a repressor (7-10). Comparisons with TCSs in other
species, genetic evidence, and in vitro studies have indicated that CovS is a member of the
bifunctional HisKA family of histidine kinases (11) and that CovR is a transcriptional regulator
whose activity on promoters is controlled by its phosphorylation state (12-16). CovR is phos-
phorylated, most probably directly, by CovS and can be phosphorylated by the S. pyogenes
serine/threonine kinase (SP-STK) and exogenous acetyl-phosphate (12-15, 17, 18). CovR can
be dephosphorylated by CovS, which also has phosphatase activity, and by the S. pyogenes
serine/threonine phosphatase (SP-STP), whose gene is cotranscribed with that of SP-STK
(19-22). The CovS phosphorylation state is influenced by environmental signals, including
extracellular Mg?™, LL-37, elevated temperatures, acidic pH, and high osmolarity (19, 23-26).
Mg?* and LL-37 have opposite effects on the expression of the CovRS-controlled genes:
Mg?* enhances the repression of CovRS-repressed genes, and LL-37 has the paradoxical
effect of stimulating their expression (19, 23-26). A cluster of 3 amino acid residues from the
CovS extracellular domain, D,,-ED;s,, interacts with these environmental signals (26).
Mechanistically, a high concentration of magnesium increases the level of phosphorylated
CovR in a CovS-dependent manner (20); the effect of Mg?* is mediated mainly by the
impairment of CovS phosphatase activity and not by enhanced kinase activity (20).
Conversely, LL-37 signaling increases CovS phosphatase activity (21). In addition, the loss of
CovS phosphatase activity impairs the pathogenicity of S. pyogenes (21). An orphan regula-
tor, RocA, binds to CovsS in the membrane and enhances its autokinase activity or inhibits its
phosphatase activity (27, 28). Finally, the in vivo selection of covRS mutants leads to strains
with enhanced virulence both in humans and in animal models, highlighting the major
impact of the CovRS system on GAS virulence (10, 23, 29-34). The mutations all correspond
to a loss or a diminution of phosphorylated CovR, by either the absence of CovR or a muta-
tion affecting the capacity of CovS to phosphorylate CovR.

Various groups among the genes controlled by CovRS have been identified (21,
35). A group of CovRS-repressed genes includes, among others, slo, which encodes
streptolysin O (SLO), a pore-forming toxin that also facilitates the entry of the NAD-
glycohydrolase into eukaryotic cells (36, 37); speA, which encodes a superantigen;
and the has operon, encoding the biosynthetic enzymes of the antiphagocytic poly-
saccharide capsule (6). In both covS- and covR-deleted strains, these genes are over-
expressed (8). Another group of genes, sometimes described as being activated by
CoVRS, includes speB, encoding the extracellular cysteine protease SpeB, a major viru-
lence factor of S. pyogenes (38-45), and grab an a2-macroglobulin-binding protein
(10, 35, 46-48). These genes are underexpressed in covS mutant strains and strains
harboring point mutations in covR but are overexpressed in a covR-deleted strain (10,
35, 46-48). CovR represses their expression more efficiently than CovR phosphoryl-
ated on aspartate 53 (49). Also, speB expression is upregulated at high bacterial cell
densities (50).

In France, the epidemiology of GAS invasive infections is analyzed by the French
national reference center for streptococci (CNR-Strep [https://cnr-strep.fr/]), which col-
lects and analyzes invasive GAS strains sent on a voluntary basis by laboratories
located throughout the national territory. GAS strains isolated as part of the investiga-
tions conducted around clusters from contacts with no symptoms or noninvasive GAS
infection are also sent to and appraised by the CNR-Strep.
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TABLE 1 Selected pairs of clinical group A Streptococcus strains

Age emm PFGE

Pair Strain Sex¢ (yrs) Sample origin Clinical symptom(s) genotype? pattern® Type of mutation

1 M1-CovS-WT M 36 Blood culture NF + STSS emm]1 1-A Point mutation in covS
M1-CovS-Y39H M 7 Throat swab Pharyngeal carriage emm] 1-A

2 M11CovS F 56 Blood culture Peritonitis + STSS emml1 11-A3 Frameshift in covS
M1T1TWT M 54 Throat swab Pharyngeal carriage emml1 11-A3

3 2003-223 M 72 Pus Ethmoiditis emm77 77-A Frameshift in sfbX
2003-225 F 43 Cutaneous Soft skin infection emm?77 77-A

4 2009-126 M 75 Blood culture Bacteremia emm77 Mutation upstream of sof
2009-125 M 80 Cutaneous Impetigo emm?77

5 2007-635 M 47 Blood culture Bacteremia emm94 Loss of the com gene
2007-949 F 85 Cutaneous Cellulitis emm94

9The emm genotype was determined as previously described (77).
bPulsed-field gel electrophoresis (PFGE) patterns were determined as previously described (78).
‘M, male; F, female.

In order to identify the factors responsible for the noninvasive-to-invasive switch,
we sought to determine the genetic differences between invasion and colonization
GAS strains. Ten isolates from five pairs of GAS strains, belonging to five independent
clusters, each constituted by an invasive GAS strain and an asymptomatic-colonization
GAS strain, have been sequenced. Here, we report the characterization of the strains
from one emm1 pair in which, in contrast to the cases described until now, the carriage
strain harbored a mutation in covS. The transcription profiles, responses to environ-
mental signals, virulence factor production, cell interactions, and in vivo virulence of
these strains have been assessed, and differences between the wild-type (WT) and the
covS mutant strains were observed.

RESULTS

A carriage pharyngeal strain harbors a mutation in covS. To identify the factors
responsible for the shift from noninvasive to invasive strains, we selected five pairs of
GAS strains. These were isolated during five independent clustered cases, with an inva-
sive infection, yielding the “invasive strain,” and a swab from a family member with no
or a noninvasive infection, yielding the “colonization strain” (Table 1). Sequencing of
these strains identified two pairs (pairs 1 and 2) where the covS genes differed between
the strains, two pairs (pairs 3 and 4) where mutations were in the carriage strains in
sfbX or immediately upstream of the sof-sfbX operon, and one pair (pair 5) in which a
com gene was lost. In pair 2, composed of emm117 strains, the invasive strain displayed
a single mutation in the covS gene leading to a frameshift and a stop codon at the
26th position, whereas the colonization strain harbored a wild-type covS gene (Table 1). The
presence of such mutations in invasive strains has previously been described for GAS strains
of different emm types (10, 30, 31, 33, 34).

The sequences of the pair 1 strains that are of the emm1 genotype were compared to
published complete genome sequences of emm1 strains and found to be very similar to
the genome sequence of the epidemic strain MGAS5005 (GenBank accession number
NC_007297.2) and strain A20 (GenBank accession number CP003901.1) isolated from a
patient with necrotizing fasciitis, with 60 to 65 single-nucleotide polymorphisms (SNPs)
and up to 14 indels of 1 to 21 nucleotides (nt) (51-53). A single-nucleotide difference was
observed between the strains from pair 1; it is located in the covS gene, covST115C. The
covS gene from one strain was identical to the wild-type covS gene (53); this strain was
named M1-CovS-WT. This single-nucleotide difference in covS led to the replacement of
the tyrosine residue at position 39 by a histidine residue (Y39H). This replacement did not
appear in the sequences obtained when performing a BLAST analysis of the first 100
amino acid residues of CovS against the nonredundant protein sequences from S. pyogenes
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FIG 1 Localization of the Y39H mutation. (A) Amino acid sequences of the first 50 amino acid residues
in the M1-CovS-WT and M1-CovS-Y39H strains. The 39th amino acid residue is in boldface type. (B)
Localization of the mutation in a schematic representation of CovS. Black arrow, 39th residue. (Modified
from reference 54.)

(NCBI database, January 2023). In fact, tyrosine 39, which is located at the end of the first
membrane-spanning domain, is highly conserved in CovS sequences (Fig. 1) (54). Altogether,
these results suggest that the Y39H modification is not a polymorphism but may be a
mutation; we named the mutant strain M1-CovS-Y39H. In contrast to what has been
described until now and was found for the strains from the emm11 strain pair, the mutant
M1-CovS-Y39H strain is the carriage strain, while the invasive strain harbors a wild-type covS
allele (Table 1). To our knowledge, this is the first description of this covS mutation and the
first report of a carriage strain harboring a covS mutation (34, 55). We consequently decided
to study this strain further.

The CovSY39H mutation yields unique transcriptomic profiles. The growth of
the M1-CovSY39H strain was identical to that of the M1-CovS-WT strain in Todd-Hewitt
(TH) broth supplemented with 0.2% yeast extract (THY broth), indicating that the Y39H
mutation did not alter the growth of the M1-CovS-Y39H strain in vitro (data not
shown). To characterize the consequences of the CovSY39H mutation, we compared
the transcriptomic profiles, determined by transcriptome sequencing (RNA-seq), of the
M1-CovS-WT and M1-CovS-Y39H strains grown in THY broth and harvested at entry
into stationary phase (optical density at 600 nm [OD,,] = 0.7) (Fig. 2A).

Statistical analyses of the RNA-seq data showed that 81 genes were differentially
expressed, with a statistically significant difference (see Table S2 in the supplemental
material) and a minimum fold change of 2. In particular, the expression levels of the
genes encoding streptolysin O (slo), streptokinase (ska), C5A-peptidase (scpA), secreted
inhibitor of complement (sicC3-like ADP-ribosyltransferase [spyAl), and fibronectin-binding
protein (fbaA), all known virulence factors (56, 57), were lower in the M1-CovS-Y39H strain
than in the M1-CovS-WT strain (Fig. 2A). In contrast, the expression levels of the genes en-
coding exotoxin B (speB) and immunoglobulin G-binding protein G (grab) and genes from
the pilus locus, or fibronectin-collagen-T antigen (FCT), were higher in the M1-CovS-Y39H
strain than in the M1-CovS-WT strain. The has genes were expressed at very low levels,
and their expression was not significantly different between the strains. In addition to var-
iations in the expression of genes involved in virulence, the two strains also differed in the
expression of metabolic genes, such as genes involved in pyrimidine metabolism (includ-
ing the pyrR regulatory gene) and sugar metabolism. To confirm the RNA-seq results, we
performed quantitative real-time PCR (qRT-PCR) analysis of several virulence genes
from independent RNA samples (Fig. 3A). The speB gene was overexpressed and the
ska and slo genes were underexpressed in the M1-CovS-Y39H strain compared to the
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FIG 2 The M1-CovS-Y39H strain displays an atypical transcriptomic profile and responds poorly to an
environmental cue. Shown are log, fold transcript differences in selected virulence genes between
the M1-CovS-Y39H and M1-CovS-WT strains grown in THY broth (A), M1-CovS-WT grown in THY broth
supplemented with MgCl, and THY broth (B), and M1-CovS-Y39H grown in THY broth supplemented
with MgCl, and THY broth (C), as determined by RNA-seq analysis (see Table S2 in the supplemental
material). Genes are in black; those that are overexpressed and underexpressed are highlighted with
a blue diamond above the zero bar and a red diamond below the zero bar, respectively. *, statistically

significant after a multiple-testing-adjustment procedure.

M1-CovS-WT strain. The transcription of grab, speA, and has was not or was barely
affected. Overall, these results confirmed the RNA-seq data, although the transcrip-
tion differences were somewhat weaker in the qRT-PCR experiments. These data indi-
cate that the variations in gene expression between M1-CovS-Y39H and M1-CovS-WT
are opposite those classically described between covS and wild-type strains (23-26).
To further explore the phenotypes of both strains, we tested the influence of Mg2*
on their transcriptomic profiles (Fig. 2B and C, Fig. 3B, and Tables S1 and S2) (23, 24, 26).
The addition of 15 mM Mg?* to the growth medium did not impact the growth of these
strains (data not shown). Important changes in gene expression were observed for the
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zero bar are those that are overexpressed or underexpressed, respectively. Mean values and standard deviations (SD)
are indicated (n = 4 [A and C] and n = 3 [B]). P values were determined by an unequal-variance t test on AC; (*, P < 0.05;
**, P < 001; ****, P < 0.001).

M1-CovS-WT strain in response to Mg?*, with at least 202 genes being differentially
expressed (Table S2). Regarding virulence genes, speB, grab, genes of the pilus locus,
and one has gene were overexpressed in the presence of Mg?*. In contrast, sci, slo, spyA,
and spd3, among others, were underexpressed (Fig. 2B). qRT-PCR confirmed the RNA-seq
results and showed that the addition of Mg?* results in the overexpression of speB and
grab and the underexpression of speA, ska, and slo (Fig. 3B). These results indicate that the
addition of Mg?" elicited the same effects, as those described previously, on the expression
of GAS virulence genes in wild-type strains (23, 24, 26).

The addition of Mg?* to the growth medium of the M1-CovS-Y39H strain led to
slight transcription modifications. However, no statistically significant difference was
observed by either RNA-seq or qRT-PCR (Fig. 2C, Fig. 3B, and Table S2). This suggests
that the MgCl, effect was strongly attenuated in the M1-CovS-Y39H strain compared to
the M1-CovS-WT strain.

To further analyze the functionality of the CovSY39H protein, we tested the consequen-
ces on the expression of the chosen genes of the addition of the antimicrobial peptide LL-
37, which shifts the equilibrium toward CovS phosphatase activity, to the growth medium
(19, 23-26). The addition of 100 nM LL-37 to the growth medium did not impact the
growth of these strains (data not shown). Only the expression of the speB gene was modi-
fied for the M1-CovS-WT strain in response to LL-37 (Fig. 3C). However, this change was
lost with the M1-CovS-Y39H strain. This suggests that the effect of LL-37 was attenuated in
the M1-CovS-Y39H strain compared to the M1-CovS-WT strain.

These results suggest that the CovSY39H variant decreases the capacity of the CovS
sensor protein to transfer the environmental signals to the regulatory protein.

The CovSY39H variant limits the influence of Mg?* and LL-37 on SpeB and SLO
accumulation. To determine the phenotypic consequences of the transcription variations,
we assayed the levels of SpeB and SLO accumulation produced by the M1-CovS-WT and
M1-CovS-Y39H strains cultured in THY broth and THY broth containing MgCl, at the late
(ODgqo = 0.6 to 0.7) and early (ODg,, = 0.3 to 0.4) exponential phases, respectively (Fig. 4).
Proteins from the supernatants were precipitated, and immunoblot analysis was per-
formed with specific anti-SpeB (Fig. 4A) or anti-SLO (Fig. 4B) antibodies.

SpeB was more abundant in the supernatant of the M1-CovS-Y39H strain than
in the supernatant of the M1-CovS-WT strain when they were grown in THY broth
(Fig. 4A and B). SpeB was more abundant in the M1-CovS-WT supernatant when bac-
teria were grown in the presence of added MgCl, than in its absence (Fig. 4A).
However, this MgCl, effect was lost in the mutant strain, supporting the transcription
results (Fig. 3B and Fig. 4A). Furthermore, no significant difference in the levels of SpeB was
observed between the supernatants of M1-CovS-WT and M1-CovS-Y39H grown in the pres-
ence of MgCl,.
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FIG 4 Effect of the CovSY39H variant on SpeB and SLO production. Shown are the relative abundances
of the accumulated SpeB (A and C) or SLO (B and D) in the supernatants of M1-CovS-WT (closed circles)
and M1-CovS-Y39H (open squares) grown in THY broth or THY broth with MgCl, (A and B) or in THY
broth or THY broth with LL-37 (C and D) compared to those in the supernatants of the wild-type
strain grown in THY broth. Strains were grown to the late (ODg,, = 0.6 to 0.7) and early (ODg,, = 0.3
to 0.4) exponential phases for SpeB and SLO quantifications, respectively. The experiments were carried
out for the SpeB and the SLO quantifications 10 and 4 times, respectively. Statistical analysis was
performed by a Kruskal-Wallis test with a Dunn posttest and by two-way ANOVA with a Bonferroni
posttest for SpeB and SLO analyses, respectively (Prism 9). *, P < 0.05; **, P < 0.01; ***, P < 0.001;
P < 0.0001.

SLO was more abundant in the M1-CovS-WT supernatant than in the M1-CovS-
Y39H supernatant grown in THY broth (Fig. 4B). Whereas SLO was more abundant in
the supernatants of M1-CovS-WT grown in the absence than in the presence of added
MgCl,, this was not the case for the M1-CovS-Y39H strain, where there was no differ-
ence (Fig. 4B). Finally in the presence of MgCl,, both strains accumulated the same levels
of SLO.

This fully supports the transcription data and strengthens the conclusion that the
CovSY39H protein has a reduced capacity to respond to the MgCl, signal.

We also compared the levels of production of SpeB and SLO by both strains when
they were grown in the absence or the presence of the antimicrobial peptide LL-37.
The addition of LL-37 barely modified the production of SpeB, whose concentration
was higher in the M1-CovS-H39Y strain in THY broth and THY broth supplemented
with LL-37. The addition of LL-37 increased the relative abundance of SLO in the
supernatant of M1-CovS-WT. In contrast, it had no effect on the relative abundance
of SLO in the M1-CovS-Y39H supernatant. These results indicate that CovSY39H does
not respond to LL-37.

Altogether, these results suggest that CovSY39H is impaired in its capacity to respond
to environmental signals.

The M1-CovS-Y39H strain is impaired in its macrophage survival capacity. The
role of macrophages in the early steps of GAS infection remains unclear; they can kill GAS,
or the bacteria can survive and even multiply in the macrophages (58-60). They may
constitute a reservoir for GAS dissemination as macrophage intracellular persistence and
multiplication have been described in an emm1 GAS strain (60). A phagocytosis assay
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FIG 5 The M1-CovS-WT strain survives better than the M1-CovS-Y39H mutant strain inside macrophages.
A macrophage survival assay was performed with mouse RAW264.7 macrophages infected with M1-CovS-
WT (closed circles) and M1-CovS-Y39H (open squares) at an MOI of 10. GAS survival is expressed as a
percentage of intracellular bacteria at T,, T,, and T, relative to those at T,. The results are representative
of data from 7 independent experiments performed in triplicate. Error bars represent the means and
standard errors of the means (**, P < 0.01).

was performed with murine RAW264.7 macrophages at a multiplicity of infection (MOI)
of 10 bacteria per macrophage (Fig. 5). After a 45-min infection period, the M1-CovS-WT
and M1-CovS-Y39H strains were phagocytosed at similar levels (not shown). The macro-
phage survival assay indicated that at 2 h postinfection, the M1-CovS-WT strain survived
significantly better than the M1-CovS-Y39H strain (P = 0.0062). No significant differences
were observed at other time points. This suggests that the CovSY39H variant weakens
GAS survival in macrophages.

The M1-CovS-Y39H strain is less virulent than the M1-CovS-WT strain. With the
classical covS mutant strains being more virulent in models of invasive infections (29, 31, 54,
61) and the M1-CovS-Y39H strain displaying an atypical phenotype, we assessed whether
the virulence of this strain would be modified. Mice were infected intravenously with the
M1-CovS-WT and M1-CovS-Y39H strains, and survival was monitored (Fig. 6A). The M1-CovS-
Y39H strain was less virulent (P = 0.0051). To mimic natural infection and correspond to the
location where the M1-CovS-Y39H strain was swabbed, mice were also infected intranasally
with the same strains (Fig. 6B). We confirmed on the following days that both bacterial
strains were found intranasally and in the throat, and we monitored colonization (Fig. S1).
Whereas the CFU counts in M1-CovS-WT-infected mice increased during the first days, lead-
ing to the death of three mice, and then dropped in the surviving ones, they decreased in
the M1-CovS-Y39H-infected mice during the first days and then stabilized. However, since
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FIG 6 The M1-CovS-WT strain is more virulent than the M1-CovS-Y39H mutant strain. Mice were
infected with the M1-CovS-WT and M1-CovS-Y39H strains intravenously (n = 10) at 4 x 107 and
5 x 107 CFU, respectively (A), and intranasally (n = 6) at 5 x 10® and 1.2 x 10° CFU, respectively (B).
The survival of the animals was scored for a period of 14 days. Dashed lines, M1-CovS-WT; dotted
lines, M1-CovS-Y39H. **, P < 0.001 (by log rank and Gehan-Breslow-Wilcoxon tests).
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the M1-CovS-WT strain killed more mice than the M1-CovS-Y39H strain from day 5 postinfec-
tion onward, determining a colonization difference was impossible. Again, the M1-CovS-WT
strain tended to be more virulent than the M1-CovS-Y39H mutant strain (P = 0.057). This
indicates that with both infection models, the CovSY39H variant impairs GAS virulence.

DISCUSSION

To identify the factors involved in the switch from colonization to invasive strains, we
isolated pairs of colonization and invasive strains from infectious clusters and sequenced
their genomes. Two pairs displayed mutations in covS. One followed a previously described
schema where the covS mutant strain is the invasive strain (10, 29-34).

The other pair was atypical, with the colonization strain harboring a covS mutation,
covST115C. We assessed whether the covS mutant strain (M1-CovS-Y39H) is less viru-
lent than its WT counterpart (M1-CovS-WT) using two murine infection models. In the
first one, bacteria were injected intravenously, enabling the evaluation of GAS survival
in the blood. The second one, intranasal infection, takes into account that the orophar-
ynx is regarded as the most common site of colonization by GAS and mimics a
relevant natural portal of entry (62). In both models, the M1-CovS-Y39H strain was less vir-
ulent than the M1-CovS-WT strain. These results strongly support that the resultant variant
of the CovS sensor protein yields a less virulent strain, in contrast to all spontaneous CovS
variants isolated thus far (10, 29-34). The immune pressure selects in vivo covR or covS
mutations that enable the switch from a colonization phenotype to an invasive pheno-
type, and among the immune system components, macrophages play an important role,
either killing or being a reservoir for GAS (58-60). Our data indicate that whereas the M1-
CovS-WT strain multiplied during the first hours after phagocytosis, the elimination of the
M1-CovS-Y39H strain was already under way, suggesting a weaker survival capacity of this
strain. These results account for this mutant clinical isolate being less invasive than the
wild-type isolate and, consequently, the noninvasive strain of the pair.

The mutation replaces the tyrosine at position 39 with a histidine (CovSY39H). The
amino acid residue at position 39 is the first residue, starting from the N terminus of the
protein, of the extracellular domain (54). Most spontaneous mutations in covS lead to a
stop codon and, hence, a deleted CovS protein or are located in the cytoplasmic domain
of CovsS that starts at position 215 (34). Two notable exceptions are a triple mutation in
the first membrane-spanning a-helix and one in the small cytoplasmic domain preced-
ing this helix; yet both strains, like the other characterized spontaneous mutant isolates,
overexpress SLO (34).

A comparison of the gene expression profile of the strain harboring the CovSY39H vari-
ant to those of its wild-type counterparts indicated that this mutation yielded an effect op-
posite that induced by other natural CovS variants on the expression of genes belonging
to the CovR regulon (10, 35). Genes that are usually overexpressed, such as slo or ska, in
covS mutant strains were underexpressed in the M1-CovS-Y39H strain, and conversely,
those that are usually underexpressed in covS mutant invasive strains, such as speB or
grab, were overexpressed in the M1-CovS-Y39H strain. Furthermore, this was confirmed at
the protein level. SpeB and SLO were more and less abundant, respectively, in the super-
natants of the covST715C mutant than in the supernatants of the wild-type strain. Since
speB and slo are repressed by unphosphorylated and phosphorylated CovR, respectively
(49, 63), the CovSY39H protein could yield an excess of phosphorylated CovR in the ab-
sence of additional environmental signals. This could be due to excessive kinase activity.
This would be in contrast to classical spontaneous mutations in covS recovered from GAS
invasive isolates, which lead to CovS proteins that have lost the capacity to phosphorylate
CovR. Alternatively, the increased CovR phosphorylation could result from impaired phos-
phatase activity, such as that described previously for constructed mutant strains (21).

Mg?* and LL-37 are environmental signals that favor CovR-phosphorylated and
nonphosphorylated states, respectively, by acting on CovS phosphatase activity (20).
The effect of Mg?™" is mediated mainly by an impairment of CovS phosphatase activity,
whereas LL-37 signaling increases it (20, 21). To assess whether CovSY39H is impaired
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in its phosphatase activity, we tested whether M1-CovS-Y39H responds to the addition
of any of these signals. The transcriptomic profiles, or the expression levels of given
genes, and the accumulation of SpeB and SLO were therefore compared after cultivat-
ing the M1-CovS-WT and the M1-CovS-Y39H strains in the absence or presence of
MgCl, or LL-37. The effects of both Mg?* and LL-37 were weakened in the M1-CovS-
Y39H strain. These data indicate that the CovSY39H protein has a defective capacity to
respond to both of these environmental signals.

The strain in which a cluster of acidic residues (D,,5-ED;s,, thought to interact with
these environmental signals, had been mutated displayed hyporesponsiveness to environ-
mental signals (26). Constructed strains deficient in phosphatase activity also display high
levels of phosphorylated CovR and similar hyporesponsive phenotypes (20). Hence, there
is experimental evidence showing that a decrease in the relative concentration of phos-
phorylated CovR weakens the response to environmental signals. However, in contrast to
previous observations made with genetically modified strains, the transcriptional variation
due to the CovSY39H variant was not as strong as that due to the addition of Mg?* (63).
The localization of the CovSY39H mutation is original as the tyrosine at position 39 is the
first residue of the extracellular domain. It is not located in the cluster where environmen-
tal signals are thought to interact, nor is it directly involved in the phosphatase activity of
Covs, and this may cause it to be less stringent than the constructed ones. Altogether,
these data indicate that Y39 plays an important role in CovS protein activity. Its mutation
to a histidine may induce a conformational change that may constrain the CovS protein in
a conformation in which the phosphatase activity is decreased.

The documentation of CovS sequence variants, identified either by analyzing
in vivo-selected GAS strains or by comparing the in vivo properties of constructed covS
mutants, indicates that all covS mutant strains have an invasive phenotype, with two
exceptions. The strain with the triple mutation in the extracellular acidic residue cluster is
more susceptible than the wild-type strain to opsonophagocytic killing (26). Also, the
total loss of CovS phosphatase activity impairs GAS pathogenicity, including mouse oro-
pharynx colonization (21). Mutations in other regulators have also been shown to decrease
virulence or increase colonization. One example is mutations in the Rgg2 and Rgg3 tran-
scriptional regulators that respond to short hydrophobic peptide signals. In contrast to the
deletion of the transcriptional activator Rgg2, which leads to diminished colonization,
the deletion of the transcriptional repressor Rgg3 increased colonization in the murine
oropharynx (62). The mutations may also alter the expression of a regulator. In both the
M1-CovS-Y39H strain and the constructed phosphatase-deficient strain, mga, which en-
codes an S. pyogenes master regulator, is less expressed than in their wild-type counter-
parts (21). Interestingly, carrier strains have a 12-bp deletion in the mga promoter region
(64). This deletion yields decreased mga transcripts, and strains harboring it are less viru-
lent than the wild-type strains, potentially contributing to the asymptomatic-carrier state.
The CovSY39H variant could therefore, in addition to directly modifying the expression
of numerous virulence factors, indirectly control those that are activated by Mga. Until
now, no spontaneous covS mutant displaying a colonization phenotype has been isolated.
The M1-CovS-Y39H strain was isolated from a healthy carrier during an epidemiological sur-
vey concerning an invasive case of GAS infection and displayed an in vivo virulence defect.

Previous studies of naturally occurring covS mutant invasive strains demonstrated
that these isolates were outcompeted in noninvasive infections and that there is a fit-
ness cost in the nasopharynx for these strains (35, 65). Those studies, together with
ours, support the requirement for wild-type covRS in GAS to permit the full cycle lead-
ing to dissemination and invasion after colonization. Finally, further analysis of the
CovSY39H protein, including the determination of its structure and its interaction with
CovR and its membrane regulator RocA, would broaden our knowledge of the GAS
CovRS TCS and possibly other TCSs.

MATERIALS AND METHODS

Bacterial strains and culture conditions. All clinical GAS strains listed in Table 1 were sent on a vol-
untary basis to the CNR-Strep by laboratories located throughout the national territory. Clinical
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characteristics were obtained from questionnaires sent with the isolates. Data collected included the sex
and date of birth of the patient, the date and origin of the sample, geographical area, and clinical mani-
festations. Strains were stored in 2% glycerol Todd-Hewitt (TH) broth at —80°C. GAS strains were cul-
tured in static TH broth supplemented with 0.2% yeast extract (THY broth) at 37°C without agitation.
When necessary, 15 mM MgCl, or 100 nM LL-37 was added to THY broth.

GAS strain sequencing and sequence analyses. Complete genome sequencing was carried out on
five pairs of GAS strains using lllumina technology, with a read length of 51 nt and >200-fold coverage.
Libraries were constructed by using the Illumina TrueSeq kit according to the manufacturer’s instruc-
tions. lllumina short reads were assembled by using Velvet software (66). In each pair, one assembly was
chosen as a reference sequence to align the reads of both strains by using the Burrows-Wheeler aligner
(BWA) (67). SNP calling was performed using SAMtools MPILEUP and varFilter (68). All putative SNPs
were visually verified by using Tablet (69). The alignment of the reference genome reads allowed the
identification of errors in the Velvet assembly. In pairs where SNPs were identified, the search for the
directionality of the mutation was carried out using NCBI BLASTP against the nonredundant protein
sequence database and specifying Streptococcus pyogenes (taxonomy identifier [Taxid] 1314), as
described previously by Almeida et al. (70). The two strains from pair 1 were found to be of the emm1
type and to differ by a unique SNP in the covS coding DNA sequence (CDS) at codon 39 (TAT versus
CAT) leading to either a tyrosine or a histidine. The sequence of the WT strain (isolated from blood) was
further completed as described previously (GenBank accession number LR031521) (51) and used as a ref-
erence sequence to confirm the SNP uniqueness in the strain isolated from the throat (GenBank acces-
sion number ERR9468758) by using breseq (71).

RNA isolation and lllumina RNA-seq. The S. pyogenes M1-CovS-WT and M1-CovS-Y39H strains were
cultured at 37°C in THY broth supplemented or not with MgCl,, and cells were harvested at the late ex-
ponential growth phase (ODg,, = 0.7 to 0.8), as described previously (26). Total RNA was extracted, as
described previously (72), from three independent cultures under each condition. Residual DNA was
removed using DNase (Turbo DNA-free kit; Ambion). RNA integrity was analyzed using an Agilent
Bioanalyzer (Agilent Biotechnologies). Strand-specific RNA-seq libraries ranging in size from 100 to
200 bp (insert size of 30 to 130 bp) were prepared as previously described (51). Multiplexed libraries (6
samples per lane) were sequenced on the Hi-Seq 2000 platform (lllumina), generating 6,300,000 to
40,000,000 50-bp-long reads per sample.

RNA-seq data analysis. The M1-CovS-WT sequence (GenBank accession number LR031521) was
used as a reference sequence to map sequencing reads. RNA-seq data were analyzed using bowtie-
0.12.7, Rsamtools (version 1.26.2), Genomic-Alignments (version 1.10.1), and Genomic Features (version
1.26.2) in R 3.3.1 as previously described (51, 73). For differential expression analysis, normalization and
statistical analyses were performed by using the SARTools package and DESeq2 (74, 75). P values were
calculated and adjusted for multiple testing using the false discovery rate-controlling procedure (68).

First-strand cDNA synthesis and quantitative PCR. A total of 0.5 ng of total RNA was used for first-
strand cDNA synthesis using SuperScript Il reverse transcriptase and random primers according to the manu-
facturer’s instructions (Invitrogen, Life Technologies). Quantitative PCR (qPCR) was carried out with SYBR
green PCR kits (Applied Biosystems, Life Technologies) using six pairs of primers (see Table S1 in the supple-
mental material). Relative quantification of the expression of specific genes was performed with the 27247
method using gyrA as the housekeeping reference gene, and values were expressed as log, fold changes.
Each assay was performed on independent biological triplicates, and the statistical significance of the differ-
ences was inferred by using a two-tailed unequal-variance t test (Welch’s test) on the AC, values.

SpeB and SLO accumulation assays. Cultures grown overnight in static THY medium, supple-
mented or not with MgCl, or LL-37, were diluted 1:30 in the appropriate growth medium and incubated
at 37°C, and the OD,,, was monitored. Since SpeB, but not SLO, was assayed at a growth phase during
which its accumulation becomes consequent, the medium was supplemented with the cysteine prote-
ase inhibitor E-64 (28 wM) for the SpeB assays. Supernatant proteins were precipitated in the presence
of 0.6 N TCA (2,2,2-trichloroacetic acid) for 1 h at 0°C. After centrifugation, pellets were resuspended in
50 mM Tris (pH 8.0), and total proteins were quantified using the bicinchoninic acid (BCA) assay kit
(Thermo-Fisher). Defined concentrations of total proteins were loaded onto a nitrocellulose membrane.
The detection of SpeB or SLO was performed by incubation with specific anti-SpeB or anti-SLO rabbit
antibodies (Abcam) overnight at 4°C. Horseradish peroxidase (HRP)-coupled goat anti-rabbit secondary
antibody (Zymed) was added, and detection was performed with enhanced chemiluminescence (ECL re-
agent; GE Healthcare). The results of immunoblot assays were analyzed using ImageJ software. The
Kruskal-Wallis test or one-way analysis of variance (ANOVA) was used (Prism 9).

Macrophage survival assay. The RAW264.7 murine macrophage cell line was used to perform
phagocytosis and survival assays. Twenty-four-well plates were seeded with 5 x 10° RAW264.7 cells per
well in Dulbecco’s modified Eagle’s medium (DMEM) (high glucose) supplemented with 10% fetal calf
serum at 37°C under a 5% CO,-enriched atmosphere. After 24 h, mid-logarithmic-phase bacterial cul-
tures, resuspended in DMEM (high glucose) supplemented with 2 mM t-glutamine, were added at a mul-
tiplicity of infection (MOI) of 10. The survival assay was carried out as previously described (76). The
plates were centrifuged at 6,600 rpm for 10 min. The infected cells were then incubated for 45 min at
37°C, washed three times with phosphate-buffered saline (PBS), and treated with penicillin-streptomycin
for 30 min. At time zero (T,) (corresponding to 30 min after the addition of antibiotics) and at specific
time points thereafter, intracellular GAS were recovered, and serial dilutions were plated. The results
were expressed as the percentage of intracellular GAS relative to GAS at T,. For all experiments, 7 inde-
pendent assays in triplicate were carried out. Two-way ANOVA with a Bonferroni posttest was used
(Prism 9).
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Animal experiments. The procedures for animal experiments were performed according to the
guidelines of the European Commission for the handling of laboratory animals, directive 86/609/EEC
(http://ec.europa.eu/environment/chemicals/lab_animals/home_en.htm), and were approved by the
Université Paris Descartes ethics committee. Female CD1 mice (6 weeks old; Charles River Laboratories,
France) were either injected intravenously in the tail with 4 x 107 to 5 x 10”7 CFU of exponentially grow-
ing bacteria or infected intranasally with 5 x 10® to 1.2 x 10° CFU of exponentially growing bacteria in a
volume of 5 uL per nostril. Animal survival was monitored for 10 or 15 days. The log rank (Mantel-Cox)
and Gehan-Breslow-Wilcoxon tests were used to analyze the data (Prism 9).
Data availability. The genome sequence data for the five pairs of strains have been deposited at
the DDBJ/EMBL/GenBank database (BioProject accession number PRJEB52031 and SRA accession num-
ber ERP136702).
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