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ABSTRACT The control of the virulence response regulator and sensor (CovR-CovS)
two-component regulatory system in group A Streptococcus (GAS) strains regulates
more than 15% of gene expression and has critical roles in invasive GAS infection.
The membrane-embedded CovS has kinase and phosphatase activities, and both are
required for modulating the phosphorylation level of CovR. Regulator of Cov (RocA)
is a positive regulator of covR and also been shown to be a pseudokinase that inter-
acts with CovS to enhance the phosphorylation level of CovR; however, how RocA
modulates the activity of CovS has not been determined conclusively. Although the
phosphorylation level of CovR was decreased in the rocA mutant in the exponential
phase, the present study shows that phosphorylated CovR in the rocA mutant in-
creased to levels similar to those in the wild-type strain in the stationary phase of
growth. In addition, acidic stress, which is generally present in the stationary phase,
enhanced the phosphorylation level of CovR in the rocA mutant. The phosphoryla-
tion levels of CovR in the CovS phosphatase-inactivated mutant and its rocA mutant
were similar under acidic stress and Mg2� (the signal that inhibits CovS phosphatase
activity) treatments, suggesting that the phosphatase activity, but not the kinase ac-
tivity, of CovS is required for RocA to modulate CovR phosphorylation. The phos-
phorylation level of CovR is crucial for GAS strains to regulate virulence factor ex-
pression; therefore, the growth phase- and pH-dependent RocA activity would
contribute significantly to GAS pathogenesis.

IMPORTANCE The emergence of invasive group A streptococcal infections has been
reported worldwide. Clinical isolates that have spontaneous mutations or a trun-
cated allele of the rocA gene (e.g., emm3-type isolates) are considered to be more
virulent than isolates with the intact rocA gene (e.g., emm1-type isolates). RocA is a
positive regulator of covR and has been shown to enhance the phosphorylation
level of intracellular CovR regulator through the functional CovS protein. CovS is the
membrane-embedded sensor and modulates the phosphorylation level of CovR by
its kinase and phosphatase activities. The present study shows that the enhance-
ment of CovR phosphorylation is mediated via the repression of CovS’s phosphatase
activity by RocA. In addition, we found that RocA acts dominantly on modulating
CovR phosphorylation under neutral pH conditions and in the exponential phase of
growth. The phosphorylation level of CovR is crucial for group A Streptococcus spe-
cies to regulate virulence factor expression and is highly related to bacterial inva-
siveness; therefore, growth phase- and pH-dependent RocA activity and the se-
quence polymorphisms of rocA gene would contribute significantly to bacterial
phenotype variations and pathogenesis.
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Group A Streptococcus (GAS) is a human pathogen that causes diseases that range
from mild pharyngitis and tonsillitis to life-threatening necrotizing fasciitis and

toxic shock syndrome. Epidemiological analyses have shown that specific emm types of
GAS, such as emm1 and emm3, are associated with severe manifestations. Lynskey et al.
(1) showed that emm3-type isolates have unique mutations in the rocA gene that
contribute to increased production of the hyaluronic acid capsule. Miller et al. (2)
further suggested that a null mutant allele of the rocA gene is a contributing factor to
the association of emm3-type GAS isolates with severe infections. In addition to being
identified in emm3-type isolates, the truncation of the RocA protein was found in
emm18-type isolates (3).

RocA was identified as the positive regulator of covR transcription (4). CovR is the
intracellular response regulatory protein that is composed of a set of the two-
component regulatory system with the membrane-associated sensor CovS (5, 6). CovS
has both kinase and phosphatase activities to modulate the phosphorylation level of
CovR (7–9). The phosphorylation level of CovR was decreased in the rocA mutant
compared to that in the wild-type strain (2, 10). Miller et al. (2) showed that RocA only
enhances the phosphorylation level of CovR in the presence of a functional CovS. The
direct interaction between RocA and CovS was demonstrated previously (10, 11).
Lynskey et al. (11) showed that the N-terminal transmembrane domains of RocA are
essential and sufficient for RocA to bind to CovS and to modulate the phosphorylation
of CovR and CovR-controlled gene expression (11). Jain et al. (10) further indicated that
RocA is a pseudokinase and that both kinase and phosphatase activities of CovS are
required for RocA to modulate CovR phosphorylation. Nonetheless, Horstmann et al. (8)
proposed that RocA could modulate CovR phosphorylation through impairing the
phosphatase activity of CovS. Therefore, how RocA modulates the activity of CovS is not
conclusively known.

Similarly to the covS mutant, the levels of phosphorylated CovR are decreased in the
rocA mutant compared to those in the wild-type strains (2, 10). The expression of
CovR-controlled genes such as the hasABC operon (encoding the hyaluronic acid
capsule) and slo (encoding streptolysin O [SLO]) are upregulated in the rocA and covS
mutants compared to that in the wild-type strain (12). Therefore, both rocA and covS
mutants are more resistant to phagocytic killing than is the wild-type strain (2, 12–14).
Nonetheless, the phenotypes of covS and rocA mutants are not identical. For example,
the expression of cysteine protease SpeB was repressed in the covS mutant but was not
downregulated in the rocA mutant in the stationary phase of growth or in subcutane-
ous infection of mice (10, 12). In addition, the rocA mutant has a better survival fitness
in the respiratory tract infection model than the covS mutant (10).

The present study shows that, unlike the covS mutant, the level of phosphorylated
CovR in the rocA mutant was increased in the stationary phase and under acidic culture
conditions. Our results suggest that RocA enhances CovR phosphorylation through
inhibiting the phosphatase activity of CovS in the exponential phase or under neutral
pH culture conditions. The phosphorylation level of CovR is crucial for regulating
virulence factor expression in GAS strains; therefore, the rocA mutant or the RocA-
truncated isolates (e.g., emm3 and emm18 isolates) would produce higher levels of
CovR-controlled virulence factors in the exponential phase or under neutral pH condi-
tions than the RocA-intact isolates (e.g., emm1 isolates). This property would contribute
significantly to GAS pathogenesis.

RESULTS
Roles of RocA in modulating CovR phosphorylation in different phases of

growth. CovS has both kinase and phosphatase activities and is required for RocA to
modulate the phosphorylation level of CovR (7, 8). In line with results of a previous
study (12), the Phostag Western blot analysis showed that the phosphorylation level of
CovR was decreased in the rocA mutant compared to that in the wild-type A20 strain
(Fig. 1A). Deletion of the rocA gene in the CovS kinase-inactivated (CovSH280A) mutant
or the phosphatase-inactivated (CovST284A) mutant (6, 8) did not influence the phos-
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phorylation level of CovR in comparison with that of the parental strains (Fig. 1A),
supporting the hypothesis that that RocA modulates CovR phosphorylation through
CovS.

How RocA influences the phosphorylation level of CovR in the different growth
phases was further elucidated. The kinase activity of CovS is essential for the optimal
CovR phosphorylation; therefore, how RocA influences the phosphorylation level of
CovR cannot be evaluated in the CovSH280A mutant. The growth activity of the
wild-type A20 strain, the CovST284A mutant, and their rocA mutants was similar (Fig. 1B).
The phosphorylation level of CovR in the CovST284A mutant was gradually decreased
from the lag phase (3 h) to the stationary phase (7 h) (Fig. 1C), suggesting that
phosphatase activity of CovS was not involved in the decrease of CovR phosphorylation
in the stationary phase. The phosphorylated CovR in the A20 rocA mutant was more
abundant in the stationary phase than in the lag and exponential phases (Fig. 1C). In
addition, the phosphorylation levels of CovR in A20 and its rocA mutant in the
stationary phase of growth were comparable (Fig. 1C). These results suggest that
RocA has a minor role in modulating CovR phosphorylation in the stationary phase
of growth.

Phosphorylation level of CovR in the wild-type strain and the rocA mutant in
the different growth phases under Mg2� treatments. Mg2� is the signal to enhance
CovR phosphorylation through inactivating the phosphatase activity of CovS (7). There-
fore, the role of RocA in response to Mg2� stimuli in the exponential and stationary

FIG 1 Phosphorylation levels of CovR in the wild-type strain (A20), the CovS kinase-inactivated mutant (CovSH280A), the CovS
phosphatase-inactivated mutant (CovST284A), and their rocA mutants (ΔrocA). (A) Phosphorylation levels of CovR in the A20, CovSH280A

mutant, CovST284A mutant, and their rocA mutants. Bacteria were cultured to the exponential phase of growth, and total proteins were
extracted for Phostag Western blot analysis. (B) Growth curves of A20, the CovST284A mutant, and their rocA mutants. OD600, optical density
at 600 nm. (C) Phosphorylation levels of CovR in A20, the CovST284A mutant, and their rocA mutants. Total proteins were extracted from
bacteria cultured for 3 to 7 h and analyzed by Phostag Western blotting. CovR�P, phosphorylated CovR; CovR, nonphosphorylated CovR.
Total protein was used as the loading control. *, P � 0.05.
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phases was evaluated. Strain A20 and its rocA mutant were cultured to the exponential
and stationary phases and treated with 20 mM Mg2� for 1 h before the Phostag
Western blot analysis. In the exponential phase of growth, the phosphorylation level of
CovR was increased in A20 and its rocA mutant under Mg2� treatments (Fig. 2A);
however, the increase of phosphorylated CovR under Mg2� stimuli was more pro-
nounced in the rocA mutant compared to that in the wild-type A20 strain (Fig. 2A). In
the stationary phase of growth, the phosphorylation level of CovR had no significant
changes in the presence or absence of Mg2� stimuli in both A20 and the rocA mutant
(Fig. 2B). In addition, the Mg2� treatment of the CovST284A mutant and its rocA mutant
did not have significant effects on the phosphorylation level of CovR (Fig. 2A and B).
These results suggest that the phosphatase activity of CovR is required for RocA to
modulate the CovR phosphorylation and that phosphatase activity might be dere-
pressed in the rocA mutant. In addition, the repression of CovS phosphatase activity by
RocA was only observed in the exponential phase of growth.

Phosphorylation level of CovR in the rocA mutant under neutral and acidic pH
conditions. Our previous study showed that acidic stress represses the transcription of
CovR-controlled genes through CovR-CovS (15). Therefore, in addition to Mg2�, acidic
stress could be the signal to inactivate the phosphatase activity of CovS. Results shown
in Fig. 2 suggested that the phosphatase activity of CovS was derepressed in the rocA
mutant in the exponential phase; therefore, whether CovS in the rocA mutant is more
susceptible to the pH changes than that in the wild-type strain was further analyzed.
The wild-type A20 strain and its rocA mutant were cultured to the early exponential
phase and treated with neutral and acidic broth for an additional 1 h before the

FIG 2 The phosphorylation level of CovR in the exponential-phase and stationary-phase wild-type strain (A20), the CovS
phosphatase-inactivated mutant (CovST284A), and their rocA mutants (ΔrocA) after Mg2� stimulus. Bacteria were cultured
to (A) the exponential phase (4 h of incubation) or (B) the stationary phase (6 h) and treated or not treated with 20 mM
Mg2� for an additional 1 h. After treatment, the total proteins were extracted and analyzed by Phostag Western blotting.
CovR�P, phosphorylated CovR; CovR, nonphosphorylated CovR. Total protein was used as the loading control. *, P � 0.05.
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Phostag Western blot analysis. In the wild-type A20 strain, the phosphorylation level of
CovR was slightly increased under acidic conditions compared to that under neutral pH
conditions (Fig. 3A). The phosphorylated CovR cannot be detected in the rocA mutant
under neutral pH conditions; however, the level of phosphorylated CovR under acidic
conditions was increased about 3-fold compared to that under neutral pH conditions
(Fig. 3A). Under neutral pH conditions, the phosphorylation level of CovR in the rocA
mutant was increased upon Mg2� stimuli (Fig. 3A). Nonetheless, under acidic pH
conditions, the Mg2� treatments had minor effects on enhancing the phosphorylation
level of CovR in A20 and its rocA mutant (Fig. 3A). Notably, the phosphorylation level
of CovR in response to Mg2� stimuli in A20 and its rocA mutant under neutral and
acidic culture condition were similar to those in the exponential and stationary phases,
respectively (Fig. 2 and Fig. 3A). The phosphorylation levels of CovR in the CovST284A

mutant and its rocA mutant were similar in the presence or absence of Mg2� stimuli
under both neutral and acidic conditions (Fig. 3A).

The changes in the phosphorylation level of CovR in strains with or without RocA
under neutral and acidic culture conditions were further evaluated by detecting the
CovR-controlled slo expression. In line with the results shown in Fig. 3A, the transcrip-
tion of slo in the acidic culture condition showed a 10-fold and a 2-fold decrease in the
rocA mutant and the wild-type A20 strain, respectively, in comparison with those in
neutral pH conditions (Fig. 3B). In addition, the transcription of slo was similar in the
CovST284A rocA mutant under neutral and acidic culture conditions (Fig. 3B). Finally, the
expression of SLO was compared in the wild-type A20 strain, CovST284A mutant, and

FIG 3 The phosphorylation level of CovR and the expression of CovR-controlled SLO in the wild-type strain (A20), CovS
phosphatase-inactivated mutant (CovST284A), and their rocA mutants (ΔrocA) under different pH and Mg2�-treatment
conditions. (A) The phosphorylation level of CovR in A20, CovST284A mutant, and their rocA mutants after neutral and acidic
broths treatments. Bacteria were cultured for 2 h in TSBY broth and treated with neutral and acidic broths (with or without
20 mM Mg2�) for an additional 1 h before the Phostag Western blot analysis. Total protein was used as the loading control.
(B) Transcription and (C) expression of streptolysin O (SLO) in A20, its rocA mutant, and the CovST284A rocA mutant after
neutral and acidic broth treatments. Bacteria were cultured for 2 h in TSBY broth and treated with neutral and acidic broth
for an additional 1 h. RNA was extracted for reverse transcription-PCR (RT-qPCR) analysis, and bacterial culture supernatants
were collected for detecting SLO by Western blotting. Biological replicate experiments were performed using three
independent preparations. The expression of slo was normalized to that of gyrA. *, P � 0.05.
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their rocA mutants under pH 7.5 and pH 6.0 conditions. SLO can only be detected in the
culture supernatants of the rocA mutant, and the amount of SLO was decreased after
acidic broth treatments compared to that treated by the broth with neutral pH (Fig. 3C).
These results indicated that the phosphatase activity of CovS is more susceptible to pH
changes in the rocA mutant than in the wild-type strain.

Phosphorylation level of CovR and expression of CovR-controlled virulence
factors in the rocA trans-complementary strain. To verify that the phenotypes
observed in the previous experiments were mediated by RocA, the rocA trans-
complementary strain was constructed, and the phosphorylation level of CovR and the
expression of CovR-controlled SLO in this complementary strain were analyzed. Results
showed that the level of phosphorylated CovR was increased to that of the wild-type
strain in the rocA trans-complementary strain but not in the rocA mutant and the
vector-controlled strain (Fig. 4A). The SLO expression of these strains was first analyzed
by Western blotting. In line with the results shown in Fig. 3C, SLO expression was only
detected in the culture supernatants from the rocA mutant and its vector-controlled
strain (Fig. 4B). In addition, the amount of SLO was decreased under acidic conditions
(Fig. 4B).

Next, the transcription of slo and the CovR-controlled ska and hasA in these strains
was compared under neutral and acidic culture conditions. The transcription of slo and

FIG 4 The phosphorylation level of CovR and the expression of CovR-controlled slo, ska, and hasA expression in
the wild-type A20 strain, its rocA mutant (ΔrocA), and the vector control (Vec), and rocA trans-complementary
strains (Comp). (A) The phosphorylation level of CovR in A20, its rocA mutant, and the vector control and rocA
trans-complementary strains. Bacteria were cultured to the exponential phase of growth, and total proteins were
extracted and analyzed by Phostag Western blotting. CovR�P, phosphorylated CovR; CovR, nonphosphorylated
CovR. Total protein was used as the loading control. (B) The expression of SLO and (C) the transcription of
CovR-controlled slo, ska, and hasA in A20, its rocA mutant, and the vector-control and rocA trans-complementary
strains after neutral and acidic broth treatments. Bacteria were cultured for 2 h in TSBY broth and treated with
neutral and acidic broths for an additional 1 h. Bacterial culture supernatants were collected for detecting SLO by
Western blotting, and RNAs were extracted for reverse transcription-quantitative PCR (RT-qPCR) analysis. Biological
replicate experiments were performed using three independent preparations. The expression of slo, ska, and hasA
was normalized to that of gyrA. *, P � 0.05.
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ska in the wild-type A20 strain was repressed about 2-fold under acidic culture
conditions compared to that under neutral pH conditions (Fig. 4C). In the rocA mutant
and its vector-controlled strain, the transcription of slo and ska was repressed about 10-
to 20-fold under acidic conditions (Fig. 4C). The transcription of hasA was not signifi-
cantly repressed after 1 h of acidic broth treatments in the wild-type A20 strain;
however, about 2-fold repression of hasA expression was observed in the rocA mutant
and its vector-controlled strain (Fig. 4C). Finally, the trans-complementation of rocA in
the rocA mutant restored the expression pattern of these genes to the wild-type strain’s
level under neutral and acidic conditions (Fig. 4C).

Phosphorylation level of CovR and expression of CovR-controlled genes in the
mutant with the truncated rocA allele. The emm3-type strains have been shown to
have the truncated rocA allele that contributes to the low levels of phosphorylated
CovR (1). The results shown in Fig. 3 suggested that the change of CovR phosphory-
lation level in the rocA mutant was more sensitive to different pH conditions than that
in the wild-type strain. These results suggest that the different phenotypes between
emm1-type and emm3-type strains could be contributed to by, at least partially, the
presence or absence of the functional RocA protein. The emm3-type isolate was rarely
identified in Taiwan. The emm3-type isolate of our collection showed an impaired
growth activity, and the phosphorylation level of CovR could not be restored after
complementation with the rocA gene from the emm1-type strain (data not shown),
suggesting that this emm3-type isolate has unidentified mutations in multiple loci.

Instead, the rocA gene from the emm3-type isolate was amplified and utilized for
replacing the rocA gene in the emm1-type A20 strain. The A20 strain with the truncated
rocA gene (rocAemm3 mutant) showed lower levels of phosphorylated CovR compared
to those of the parental A20 strain (Fig. 5A). In addition, trans-complementation with
the rocA gene from A20 to its rocAemm3 mutant restored the phosphorylation level of
CovR (Fig. 5A). Next, the expression of CovR-controlled slo, ska, and hasA expression in
the wild-type A20, its rocA mutant, the rocAemm3 mutant, and the rocA trans-
complementary strain under neutral and acidic pH conditions were analyzed. Results
showed that the transcription of slo and ska was more greatly repressed in the rocA
deletion (ΔrocA) and rocAemm3 mutants compared to that in the wild-type A20 strain
and the rocA complementary strain under acidic pH conditions (Fig. 5B). Nonetheless,
unlike the transcription of hasA that was upregulated in the rocA mutant, the rocAemm3

mutant showed a similar level of the hasA transcription compared to that of the
wild-type A20 strain (after 2 h of incubation and 1 h of neutral and acidic broth
treatments) (data not shown), suggesting that the truncated RocA would retain partial
regulatory activity in GAS strains. In line with these results, the rocA mutant showed a
more mucoid colony morphology than that of the rocAemm3 mutant after 12 to 16 h of
incubation (Fig. 5B, lower panels). Under the acidic condition, the rocA mutant showed
greater repression of the hasA transcription than that of the rocAemm3 mutant. In
addition, the trans-complementation of the rocA gene to the rocAemm3 mutant did not
significantly influence hasA transcription under neutral and acidic pH conditions com-
pared to that in its parental strain (Fig. 5B). These results suggest that the truncation of
rocA in the emm3-type strain had a minor effect on the derepression of hasA expression
compared to that in the rocA deletion mutant under this experimental condition.

DISCUSSION

RocA is a pseudokinase and modulates the phosphorylation level of CovR through
CovS (10, 16). The present study suggests that RocA enhances the phosphorylation
level of CovR by inactivating the phosphatase activity of CovS. In addition, in the
stationary phase or under acidic stress conditions, both RocA and the phosphatase
activity of CovS have minor roles in modulating the phosphorylation level of CovR.

Although the direct interaction between RocA and CovS is essential for RocA to
regulate CovR phosphorylation (11), how RocA modulates CovS activity is still not
conclusively determined. Lynskey et al. (11) and Jain et al. (10) suggested that RocA
enhances CovS kinase activity to result in increased CovR phosphorylation. Nonethe-
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less, Horstmann et al. (8) proposed that RocA could form a complex with CovS and
impair CovS phosphatase activity, resulting in increased CovR phosphorylation upon
activation. The present study shows that the phosphorylation level of CovR and the
expression of the CovR-controlled slo gene were similar in the CovS phosphatase-
inactivated mutant (CovST284A mutant) and its rocA isogenic mutant under different
culture conditions (Fig. 1A and C, Fig. 2, and Fig. 3). The CovS protein in the CovST284A

mutant retains its kinase activity (Fig. 1A); therefore, these results supported the
hypothesis that RocA would modulate CovR phosphorylation through inhibiting the
phosphatase activity of CovS.

In vitro analysis showed that the phosphorylated CovR has a better DNA-binding
activity to the speB promoter than that of the unphosphorylated CovR (17). Nonethe-
less, the transcription of speB is repressed by the nonphosphorylated CovR protein in
vivo (18, 19). Although the phosphorylation level of CovR was decreased in both covS
and rocA mutants compared to that in the wild-type strain, Feng et al. (12) showed that
the rocA mutant, but not the covS mutant, expresses speB in the stationary phase of
growth. Similar results were also reported by Jain et al. (10) in both M1 and M3 serotype
strains. In line with these studies, we also detected the SpeB protein in the culture
supernatant from the rocA mutant in the stationary phase (data not shown). In addition,
in the stationary phase of growth, the phosphorylation levels of CovR in the wild-type
strain, the CovST284A mutant, and their rocA mutants were comparable (Fig. 1C). These
results suggest that RocA and the phosphatase activity of CovS have a limited role in

FIG 5 The phosphorylation level of CovR and the expression of CovR-controlled slo, ska, and hasA expression in the
wild-type A20 strain, the rocA-deletion mutant (ΔrocA), the mutant with the truncated rocA allele from the emm3-type
isolate (rocAemm3), and its rocA trans-complementary strain (Comp). (A) The phosphorylation level of CovR in A20, its rocA
mutants, and the rocA trans-complementary strains. Bacteria were cultured to the exponential phase of growth, and total
proteins were extracted and analyzed by Phostag Western blotting. CovR�P, phosphorylated CovR; CovR, nonphospho-
rylated CovR. Total protein was used as the loading control. (B) The transcription of CovR-controlled slo, ska, and hasA in
A20, its rocA mutants, and the rocA trans-complementary strain after neutral and acidic broth treatments. Bacteria were
cultured for 2 h in TSBY broth and treated with neutral and acidic broths for an additional 1 h. Bacterial RNAs were
extracted for RT-qPCR analysis. Biological replicate experiments were performed using three independent preparations.
The expression of slo, ska, and hasA was normalized to that of gyrA. *, P � 0.05. The lower panels show the colony
morphology of A20 and its rocA mutants on the blood agar plate after 16 h of incubation at 37°C and under 5% CO2

conditions.
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modulating CovR phosphorylation in the stationary phase of growth. In addition, the
level of nonphosphorylated CovR is crucial for repressing speB transcription (18);
therefore, the increase of phosphorylated CovR in the stationary phase in the rocA
mutant would trigger the transcription of speB to levels similar to those of the wild-type
strain.

Unlike the covS mutants that are highly resistant to phagocytic killing, the CovS
phosphatase-inactivated mutant, which has an increased level of phosphorylated CovR,
cannot survive in human blood (8). These results suggest that GAS strains with a low
level of phosphorylated CovR are more virulent and invasive. Nonetheless, the survival
fitness of the covS mutants is decreased during pharyngeal infections compared to that
of the wild-type strain (20–22). Although the phosphorylation level of CovR was
decreased in both the covS and rocA mutants, Jain et al. (10) showed that the rocA
mutant outcompeted the covS mutant in the competition assay of the ex vivo respira-
tory tract infection model. The importance of the cysteine protease SpeB in pharyngeal
colonization was recently demonstrated (23). Therefore, these results suggest that the
ability of the rocA mutant to phosphorylate CovR and secrete SpeB protease could be
crucial for GAS to establish infections in the respiratory tract.

Horstmann et al. (7) showed that the M1 serotype (emm1-type) strains have higher
levels of endogenous phosphorylated CovR than those in the M3 serotype (emm3-type)
strains. In addition, treatments of the M3 serotype strain with Mg2� (to inhibit the
phosphatase activity of CovS) result in a greater increase of phosphorylated CovR than
that in the M1 serotype strain (7). In the present study, we found that the increase of
the phosphorylated CovR and the repression of CovR-controlled hasA, ska, and slo
transcription in the rocA mutant under acidic conditions were more dominant com-
pared with those in the wild-type strain under similar conditions (Fig. 4C). These results
suggest that the difference between emm1 and emm3 strains would be caused, at least
partially, by the truncation of the rocA allele in the emm3 strains. The truncated rocA
alleles were found in the emm3 and emm18 isolates; in addition, the variations in the
amino acid sequence of RocA among the emm28 isolates and in the number of tandem
repeats in the promoter regions of rocA gene found in different emm89 isolates are
associated with the changes of the regulatory activity of RocA and the expression level
of rocA, respectively (24–26). These changes would result in the diverse responses when
GAS invades into a niche with neutral pH conditions (e.g., blood) during infection and
could be significantly associated with bacterial invasiveness.

In summary, results from the present study suggest that RocA modulates CovR
phosphorylation via inhibiting the phosphatase activity of CovS under neutral pH
conditions or in the exponential phase of growth. Clinical isolates that have sponta-
neous mutations or truncations in RocA would produce higher levels of SLO under
neutral pH conditions and be more susceptible to environmental pH changes than
strains with the intact rocA gene (Fig. 6); these properties could be significantly
associated with the bacterial invasiveness and pathogenesis.

MATERIALS AND METHODS
Bacterial strains and culture conditions. The GAS emm1-type A20 strain was described in a

previous publication (27). The emm3-type isolate was provided by Jiunn-Jong Wu (School of Biomedical
Science and Engineering, National Yang Ming University, Taiwan). GAS strains (Table 1) were cultured on
Trypticase soy agar with 5% sheep blood or in tryptic soy broth (Becton, Dickinson and Company, Sparks,
MD) supplemented with 0.5% yeast extract (TSBY). The neutral and acidic broths were prepared as
described previously (15). For treating GAS strains with Mg2� and neutral/acidic broths, bacteria were
cultured to the early exponential phase (2 h after incubation) of growth. Bacterial pellets were collected
by centrifugation (2,850 � g at 4°C), resuspended in fresh broth containing 20 mM Mg2� or in neutral/
acidic broths, and cultured at 37°C for another 1 h. Escherichia coli DH5� was purchased from Yeastern
Biotech Co., Ltd. (Taipei, Taiwan) and was cultured in Luria-Bertani (LB) broth at 37°C with vigorous
aeration. When appropriate, the antibiotics chloramphenicol (3 �g/ml and 25 �g/ml for GAS strains and
E. coli, respectively) and spectinomycin (100 �g/ml) were used for selection.

DNA and RNA manipulations. GAS genomic DNA extraction, RNA extraction, and reverse transcrip-
tion were performed as described previously (9). Real-time PCR was performed in a 20-�l mixture
containing 1 �l of cDNA, 0.8 �l of primers (10 �M), and 10 �l of SensiFast SYBR Lo-ROX premixture
(Bioline Ltd., London, UK) according to the manual. Biological replicate experiments were performed
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from three independent RNA preparations in duplicate. The expression level of each target gene was
normalized to gyrA and analyzed using the threshold cycle (ΔΔCT) method (Applied Biosystems 7500
software v2.0.5; Thermo Fisher Scientific, Inc.). In addition, all values of control and experimental groups
were divided by the mean of the control samples before statistical analysis (28). Primers used for
real-time PCR analysis (Table 2) were designed with Primer3 v.0.4.0 (http://frodo.wi.mit.edu) according to
the strain MGAS5005 sequence (NCBI reference sequence: CP000017.2).

Construction of the rocA mutants and the trans-complementary strain. To construct the isogenic
rocA mutant, the rocA gene with its upstream (723-bp) and downstream (569-bp) sequences were
amplified by the primers rocA-F-1 and rocA-R-2 (Table 2). The PCR product (2,642 bp) was ligated into the
temperature-sensitive vector pCN143 (19) with the BamHI site. The rocA gene in this plasmid was
removed by PCR with the two reverse primers rocA-F-3 and rocA-R-3 and replaced by the chloramphen-
icol cassette from Vector-78 (29). The constructed plasmid, designated pCN172, was transformed into the

FIG 6 Model showing the difference in modulating CovR phosphorylation in the wild-type and
rocA-mutated strains under Mg2� or acidic pH stimuli. The diagram shows that RocA modulates the
phosphorylation level of CovR via dominantly repressing CovS’s phosphatase activity under neutral pH
and in the exponential phase of growth. In the rocA-mutated strains (the rocA isogenic mutant or
RocA-truncated emm3-type isolates), the phosphatase activity of CovS is derepressed and resulted in low
levels of phosphorylated CovR compared to those in the wild-type strain. Also, under acidic pH or Mg2�

stimuli (signals to inactivate the phosphatase activity of CovS), the increase of phosphorylated CovR is
more pronounced in the rocA-mutated strains than that the wild-type strain, suggesting that RocA
inactivation would result in increased susceptibility of GAS strains in response to changes of environ-
mental conditions (e.g., pH, Mg2�, and growth phases).

TABLE 1 Plasmids and strains used in this study

Plasmid or strain Descriptiona

Reference or
source

Plasmids
pDL278 High-copy-number Escherichia coli-Streptococcus shuttle

vector
31

pCN143 Temperature-sensitive vector 19
pCN172 pCN143::rocA Δcm This study
pCN181 pDL278::rocA This study
pCN214 pCN143::rocAemm3 This study

Strains
A20 emm1/ST28 wild-type strain 27
ΔrocA A20 rocA isogenic mutant This study
CovSH280A A20 CovSH280A mutant strain 15
CovSH280A ΔrocA The rocA isogenic mutant of the A20 CovSH280A strain This study
CovST284A A20 CovST284A mutant strain 9
CovST284A ΔrocA The rocA isogenic mutant of A20 CovST284A strain This study
rocAemm3 A20 with the truncated rocA allele from the emm3-type

isolate
This study

acm, chloramphenicol cassette; ST28, sequence type 28.
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wild-type A20 strain, and the transformants were selected as described previously (19). The deletion of
the rocA gene in the selected transformants was confirmed by Sanger sequencing.

To introduce the rocA gene from the emm3-type isolate to the emm1-type A20 strain, the rocA gene
of the emm3-type isolate was amplified by the primers rocA-F-5 and rocA-R-5 and ligated into the BamHI
site of pCN143. The constructed plasmid, pCN214, was electroporated into the A20 strain as described
previously (30) and cultured at 30°C with spectinomycin selection. The transformants were transferred to
37°C to force plasmid integration. Transformants in which plasmid was excised from the chromosome
and replaced with the rocA gene from the emm3-type isolate were selected on the blood agar plate at
30°C. The sequence of the rocA gene of the transformant was further confirmed by Sanger sequencing.

To construct the rocA trans-complementary strain, the rocA gene with its native promoter (2,100 bp)
was amplified from the emm1-type A20 strain by the primers rocA-F-4 and rocA-R-4 (Table 2). The PCR
product was ligated into the Streptococcus-E. coli shuttle vector pDL278 (designated pCN181) and
transformed into the rocA mutants. In addition, the empty pDL278 was electroplated into the rocA
mutants as the empty vector-controlled strains.

Western blot analysis for streptolysin O (SLO). The overnight-cultured bacterial suspension was
transferred (1:100) to fresh TSBY broth and cultured at 37°C for 2 h. The bacterial pellet was collected by
centrifugation (2,850 � g at 4°C) and resuspended in Mg2�-containing or neutral/acidic broths for an
additional 1 h at 37°C. Bacterial culture supernatants (30 �l) were mixed with 6� protein loading dye and
separated by 12% SDS-PAGE. Separated proteins were transferred onto the polyvinylidene difluoride
(PVDF) membrane (Millipore, Billerica, MA), and membranes were blocked by 5% skim milk in PBST buffer
(PBS containing 0.2% Tween 20) at 37°C for 1 h. SLO was detected by the anti-SLO antibody (GeneTex,
Irvine, CA). After hybridization, the membrane was washed with PBST buffer and hybridized with the
secondary antibody, peroxidase-conjugated goat anti-rabbit IgG (1:10,000 dilution; Cell Signaling Tech-
nology, Inc., Danvers, MA) at room temperature for 1 h. The blot was developed using Pierce ECL Western
blotting substrate (Thermo Fisher Scientific, Inc., Rockford, IL, USA). The signal was detected by the Gel
Doc XR� system (Bio-Rad), and the intensity of the detected bands was determined using Image Lab
v6.0.1 (Bio-Rad).

Phostag Western blot analysis. Bacterial protein was extracted by a method described previously
(19). Bacterial protein (10 �g) was mixed with 6� protein loading dye (without boiling) and separated
by 10% SDS-PAGE containing 10 �M Phostag (Wako Pure Chemical Industries, Ltd., Richmond, VA) and
0.5 �M MnCl2. Phosphorylated and nonphosphorylated proteins were separated on Phostag SDS-PAGE
gel for 120 to 140 min at 100 V at 4°C. Protein transfer, membrane blocking, hybridization, and signal
detection were performed as described previously (19).

Statistical analysis. Statistical analysis was performed using Prism software v5 (GraphPad, San
Diego, CA). Significant differences in multiple groups were determined using analysis of variance
(ANOVA). Posttesting for ANOVA was done using Tukey’s honestly significant difference test. A P value
of �0.05 was taken as significant.
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TABLE 2 Primers used in this study

Primer Use Sequence (5=–3=)a

Reference or
source

rocA-F-1 Construction cgggatcctgttcccccatacagctagg This study
rocA-R-1 Construction cgggatcccaacaccattgccatcactc This study
rocA-F-3 Construction tccccgcggtgatgttaaaggtatgaata This study
rocA-R-3 Construction tccccgcggcatttatccttctccttctc This study
rocA-F-4 Construction gcgggatccccgaggctgtcgtgaagtta This study
rocA-R-4 Construction gcgggatcctcagactcttaagttgattttgagtga This study
rocA-F-5 Construction cgcggatccaacgactgctcgttcaatca This study
rocA-R-5 Construction cgcggatccaaaatgccatcatgaatctgc This study
slo-F-1 qPCR gcagagcacaataaggtagt 15
slo-R-1 qPCR ctggtgtatgaaataggataag 15
hasA-F-2 qPCR tgaaagatctgacgctgacg 15
hasA-R-2 qPCR accccaaaggcattatcgta 15
ska-F-1 qPCR ttgctgacaaagatggttcg 19
ska-R-1 qPCR ccctggtctgaaatcgtcat 19
gyrA-F-3 qPCR cgtcgtttgactggtttgg 19
gyrA-R-3 qPCR ggcgtgggttagcgtattta 19
aUnderlining indicates restriction enzyme sites.

RocA Insensitizes CovR in Response to pH

May/June 2020 Volume 5 Issue 3 e00361-20 msphere.asm.org 11

https://msphere.asm.org


REFERENCES
1. Lynskey NN, Turner CE, Heng LS, Sriskandan S. 2015. A truncation in the

regulator RocA underlies heightened capsule expression in serotype M3
group A streptococci. Infect Immun 83:1732–1733. https://doi.org/10
.1128/IAI.02892-14.

2. Miller EW, Danger JL, Ramalinga AB, Horstmann N, Shelburne SA, Sumby
P. 2015. Regulatory rewiring confers serotype-specific hyper-virulence in
the human pathogen group A Streptococcus. Mol Microbiol 98:473– 489.
https://doi.org/10.1111/mmi.13136.

3. Lynskey NN, Goulding D, Gierula M, Turner CE, Dougan G, Edwards RJ,
Sriskandan S. 2013. RocA truncation underpins hyper-encapsulation,
carriage longevity and transmissibility of serotype M18 group A strep-
tococci. PLoS Pathog 9:e1003842. https://doi.org/10.1371/journal.ppat
.1003842.

4. Biswas I, Scott JR. 2003. Identification of rocA, a positive regulator of covR
expression in the group A Streptococcus. J Bacteriol 185:3081–3090.
https://doi.org/10.1128/jb.185.10.3081-3090.2003.

5. Levin JC, Wessels MR. 1998. Identification of csrR/csrS, a genetic locus
that regulates hyaluronic acid capsule synthesis in group A Streptococ-
cus. Mol Microbiol 30:209 –219. https://doi.org/10.1046/j.1365-2958.1998
.01057.x.

6. Tran-Winkler HJ, Love JF, Gryllos I, Wessels MR. 2011. Signal transduction
through CsrRS confers an invasive phenotype in group A Streptococcus.
PLoS Pathog 7:e1002361. https://doi.org/10.1371/journal.ppat.1002361.

7. Horstmann N, Sahasrabhojane P, Saldana M, Ajami NJ, Flores AR, Sumby
P, Liu CG, Yao H, Su X, Thompson E, Shelburne SA. 2015. Characterization
of the effect of the histidine kinase CovS on response regulator phos-
phorylation in group A Streptococcus. Infect Immun 83:1068 –1077.
https://doi.org/10.1128/IAI.02659-14.

8. Horstmann N, Tran CN, Brumlow C, DebRoy S, Yao H, Nogueras Gonzalez
G, Makthal N, Kumaraswami M, Shelburne SA. 2018. Phosphatase activity
of the control of virulence sensor kinase CovS is critical for the patho-
genesis of group A Streptococcus. PLoS Pathog 14:e1007354. https://doi
.org/10.1371/journal.ppat.1007354.

9. Chiang-Ni C, Tseng HC, Shi YA, Chiu CH. 2019. Effect of phosphatase
activity of the control of virulence sensor (CovS) on clindamycin-
mediated streptolysin O production in group A Streptococcus. Infect
Immun 87:e00583-19. https://doi.org/10.1128/IAI.00583-19.

10. Jain I, Danger JL, Burgess C, Uppal T, Sumby P. 2020. The group A
Streptococcus accessory protein RocA: regulatory activity, interacting
partners and influence on disease potential. Mol Microbiol 113:190 –207.
https://doi.org/10.1111/mmi.14410.

11. Lynskey NN, Velarde JJ, Finn MB, Dove SL, Wessels MR. 2019. RocA binds
CsrS to modulate CsrRS-mediated gene regulation in group A Strepto-
coccus. mBio 10. https://doi.org/10.1128/mBio.01495-19.

12. Feng W, Minor D, Liu M, Li J, Ishaq SL, Yeoman C, Lei B. 2017. Null
mutations of group A Streptococcus orphan kinase RocA: selection in
mouse infection and comparison with CovS mutations in alteration of in
vitro and in vivo protease SpeB expression and virulence. Infect Immun
85:e00790-16. https://doi.org/10.1128/IAI.00790-16.

13. Yoshida H, Ishigaki Y, Takizawa A, Moro K, Kishi Y, Takahashi T, Matsui H.
2015. Comparative genomics of the mucoid and nonmucoid strains of
Streptococcus pyogenes, isolated from the same patient with streptococ-
cal meningitis. Genome Announc 3:e00221-15. https://doi.org/10.1128/
genomeA.00221-15.

14. Ikebe T, Matsumura T, Nihonmatsu H, Ohya H, Okuno R, Mitsui C,
Kawahara R, Kameyama M, Sasaki M, Shimada N, Ato M, Ohnishi M. 2016.
Spontaneous mutations in Streptococcus pyogenes isolates from strep-
tococcal toxic shock syndrome patients play roles in virulence. Sci Rep
6:28761. https://doi.org/10.1038/srep28761.

15. Chiang-Ni C, Tseng HC, Hung CH, Chiu CH. 2017. Acidic stress enhances
CovR/S-dependent gene repression through activation of the covR/S
promoter in emm1-type group A Streptococcus. Int J Med Microbiol
307:329 –339. https://doi.org/10.1016/j.ijmm.2017.06.002.

16. Jain I, Miller EW, Danger JL, Pflughoeft KJ, Sumby P. 2017. RocA is an
accessory protein to the virulence-regulating CovRS two-component

system in group A Streptococcus. Infect Immun 85:e00274-17. https://
doi.org/10.1128/IAI.00274-17.

17. Miller AA, Engleberg NC, DiRita VJ. 2001. Repression of virulence genes
by phosphorylation-dependent oligomerization of CsrR at target pro-
moters in S. pyogenes. Mol Microbiol 40:976 –990. https://doi.org/10
.1046/j.1365-2958.2001.02441.x.

18. Chiang-Ni C, Kao CY, Hsu CY, Chiu CH. 2018. Phosphorylation at the D53
but not T65 residue of CovR determines the repression of rgg and speB
transcription in emm1- and emm49-type group A streptococci. J Bacte-
riol 201:e00681-18. https://doi.org/10.1128/JB.00681-18.

19. Chiang-Ni C, Chu TP, Wu JJ, Chiu CH. 2016. Repression of Rgg but not
upregulation of LacD.1 in emm1-type covS mutant mediates the SpeB
repression in group A Streptococcus. Front Microbiol 7:1935. https://doi
.org/10.3389/fmicb.2016.01935.

20. Trevino J, Perez N, Ramirez-Pena E, Liu Z, Shelburne SA, Musser JM,
Sumby P. 2009. CovS simultaneously activates and inhibits the CovR-
mediated repression of distinct subsets of group A Streptococcus viru-
lence factor-encoding genes. Infect Immun 77:3141–3149. https://doi
.org/10.1128/IAI.01560-08.

21. Alam FM, Turner CE, Smith K, Wiles S, Sriskandan S. 2013. Inactivation of
the CovR/S virulence regulator impairs infection in an improved murine
model of Streptococcus pyogenes naso-pharyngeal infection. PLoS One
8:e61655. https://doi.org/10.1371/journal.pone.0061655.

22. Sarkar P, Sumby P. 2017. Regulatory gene mutation: a driving force
behind group A Streptococcus strain- and serotype-specific variation. Mol
Microbiol 103:576 –589. https://doi.org/10.1111/mmi.13584.

23. Makthal N, Do H, VanderWal AR, Olsen RJ, Musser JM, Kumaraswami M.
2018. Signaling by a conserved quorum sensing pathway contributes to
growth ex vivo and oropharyngeal colonization of human pathogen
group A Streptococcus. Infect Immun 86:e00169-18. https://doi.org/10
.1128/IAI.00169-18.

24. Bernard PE, Kachroo P, Eraso JM, Zhu L, Madry JE, Linson SE, Ojeda
Saavedra M, Cantu C, Musser JM, Olsen RJ. 2019. Polymorphisms in
regulator of Cov contribute to the molecular pathogenesis of serotype
M28 group A Streptococcus. Am J Pathol 189:2002–2018. https://doi.org/
10.1016/j.ajpath.2019.06.009.

25. Zhu L, Olsen RJ, Horstmann N, Shelburne SA, Fan J, Hu Y, Musser JM.
2016. Intergenic variable-number tandem-repeat polymorphism up-
stream of rocA alters toxin production and enhances virulence in Strep-
tococcus pyogenes. Infect Immun 84:2086 –2093. https://doi.org/10.1128/
IAI.00258-16.

26. Bernard PE, Kachroo P, Zhu L, Beres SB, Eraso JM, Kajani Z, Long SW,
Musser JM, Olsen RJ. 2018. RocA has serotype-specific gene regulatory
and pathogenesis activities in serotype M28 group A Streptococcus.
Infect Immun 86:e00467-18. https://doi.org/10.1128/IAI.00467-18.

27. Chiang-Ni C, Zheng PX, Ho YR, Wu HM, Chuang WJ, Lin YS, Lin MT, Liu
CC, Wu JJ. 2009. emm1/sequence type 28 strains of group A streptococci
that express covR at early stationary phase are associated with increased
growth and earlier SpeB secretion. J Clin Microbiol 47:3161–3169.
https://doi.org/10.1128/JCM.00202-09.

28. Valcu M, Valcu CM. 2011. Data transformation practices in biomedical
sciences. Nat Methods 8:104 –105. https://doi.org/10.1038/nmeth0211
-104.

29. Tsou CC, Chiang-Ni C, Lin YS, Chuang WJ, Lin MT, Liu CC, Wu JJ. 2010.
Oxidative stress and metal ions regulate a ferritin-like gene, dpr, in
Streptococcus pyogenes. Int J Med Microbiol 300:259 –264. https://doi
.org/10.1016/j.ijmm.2009.09.002.

30. Chiang-Ni C, Tsou CC, Lin YS, Chuang WJ, Lin MT, Liu CC, Wu JJ. 2008.
The transcriptional terminator sequences downstream of the covR gene
terminate covR/S operon transcription to generate covR monocistronic
transcripts in Streptococcus pyogenes. Gene 427:99 –103. https://doi.org/
10.1016/j.gene.2008.08.025.

31. Chiang-Ni C, Zheng PX, Tsai PJ, Chuang WJ, Lin YS, Liu CC, Wu JJ. 2012.
Environmental pH changes, but not the LuxS signalling pathway, regu-
late SpeB expression in M1 group A streptococci. J Med Microbiol
61:16 –22. https://doi.org/10.1099/jmm.0.036012-0.

Chiang-Ni et al.

May/June 2020 Volume 5 Issue 3 e00361-20 msphere.asm.org 12

https://doi.org/10.1128/IAI.02892-14
https://doi.org/10.1128/IAI.02892-14
https://doi.org/10.1111/mmi.13136
https://doi.org/10.1371/journal.ppat.1003842
https://doi.org/10.1371/journal.ppat.1003842
https://doi.org/10.1128/jb.185.10.3081-3090.2003
https://doi.org/10.1046/j.1365-2958.1998.01057.x
https://doi.org/10.1046/j.1365-2958.1998.01057.x
https://doi.org/10.1371/journal.ppat.1002361
https://doi.org/10.1128/IAI.02659-14
https://doi.org/10.1371/journal.ppat.1007354
https://doi.org/10.1371/journal.ppat.1007354
https://doi.org/10.1128/IAI.00583-19
https://doi.org/10.1111/mmi.14410
https://doi.org/10.1128/mBio.01495-19
https://doi.org/10.1128/IAI.00790-16
https://doi.org/10.1128/genomeA.00221-15
https://doi.org/10.1128/genomeA.00221-15
https://doi.org/10.1038/srep28761
https://doi.org/10.1016/j.ijmm.2017.06.002
https://doi.org/10.1128/IAI.00274-17
https://doi.org/10.1128/IAI.00274-17
https://doi.org/10.1046/j.1365-2958.2001.02441.x
https://doi.org/10.1046/j.1365-2958.2001.02441.x
https://doi.org/10.1128/JB.00681-18
https://doi.org/10.3389/fmicb.2016.01935
https://doi.org/10.3389/fmicb.2016.01935
https://doi.org/10.1128/IAI.01560-08
https://doi.org/10.1128/IAI.01560-08
https://doi.org/10.1371/journal.pone.0061655
https://doi.org/10.1111/mmi.13584
https://doi.org/10.1128/IAI.00169-18
https://doi.org/10.1128/IAI.00169-18
https://doi.org/10.1016/j.ajpath.2019.06.009
https://doi.org/10.1016/j.ajpath.2019.06.009
https://doi.org/10.1128/IAI.00258-16
https://doi.org/10.1128/IAI.00258-16
https://doi.org/10.1128/IAI.00467-18
https://doi.org/10.1128/JCM.00202-09
https://doi.org/10.1038/nmeth0211-104
https://doi.org/10.1038/nmeth0211-104
https://doi.org/10.1016/j.ijmm.2009.09.002
https://doi.org/10.1016/j.ijmm.2009.09.002
https://doi.org/10.1016/j.gene.2008.08.025
https://doi.org/10.1016/j.gene.2008.08.025
https://doi.org/10.1099/jmm.0.036012-0
https://msphere.asm.org

	RESULTS
	Roles of RocA in modulating CovR phosphorylation in different phases of growth. 
	Phosphorylation level of CovR in the wild-type strain and the rocA mutant in the different growth phases under Mg2+ treatments. 
	Phosphorylation level of CovR in the rocA mutant under neutral and acidic pH conditions. 
	Phosphorylation level of CovR and expression of CovR-controlled virulence factors in the rocA trans-complementary strain. 
	Phosphorylation level of CovR and expression of CovR-controlled genes in the mutant with the truncated rocA allele. 

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains and culture conditions. 
	DNA and RNA manipulations. 
	Construction of the rocA mutants and the trans-complementary strain. 
	Western blot analysis for streptolysin O (SLO). 
	Phostag Western blot analysis. 
	Statistical analysis. 

	ACKNOWLEDGMENTS
	REFERENCES

