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ABSTRACT Cyclic di-AMP (c-di-AMP) is a recently discovered second messenger in
bacteria. The cellular level of c-di-AMP in Streptococcus pyogenes is predicted to be
controlled by the synthase DacA and two putative phosphodiesterases, GdpP and
Pde2. To investigate the role of c-di-AMP in S. pyogenes, we generated null mutants
in each of these proteins by gene deletion. Unlike those in other Gram-positive
pathogens such as Staphylococcus aureus and Listeria monocytogenes, DacA in S. pyo-
genes was not essential for growth in rich media. The DacA null mutant presented a
growth defect that manifested through an increased lag time, produced no detect-
able biofilm, and displayed increased susceptibility toward environmental stressors
such as high salt, low pH, reactive oxygen radicals, and cell wall-targeting antibiot-
ics, suggesting that c-di-AMP plays significant roles in crucial cellular processes in-
volved in stress management. The Pde2 null mutant exhibited a lower growth rate
and increased biofilm formation, and interestingly, these phenotypes were distinct
from those of the null mutant of GdpP, suggesting that Pde2 and GdpP play distinc-
tive roles in c-di-AMP signaling. DacA and Pde2 were critical to the production of
the virulence factor SpeB and to the overall virulence of S. pyogenes, as both DacA
and Pde2 null mutants were highly attenuated in a mouse model of subcutaneous
infection. Collectively, these results show that c-di-AMP is an important global regu-
lator and is required for a proper response to stress and for virulence in S. pyogenes,
suggesting that its signaling pathway could be an attractive antivirulence drug tar-
get against S. pyogenes infections.
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Streptococcus pyogenes, also known as group A streptococcus (GAS), causes a variety
of human diseases, such as mild superficial infections (e.g., impetigo and pharyn-

gitis), invasive diseases (e.g., necrotizing fasciitis and cellulitis), toxigenic diseases (e.g.,
toxic shock syndrome and scarlet fever), and postinfectious autoimmune diseases (e.g.,
rheumatic fever, rheumatic heart disease, and poststreptococcal glomerulonephritis)
(1). The primary infection sites of S. pyogenes are the upper respiratory mucosal
epithelium and the superficial layers of the epidermis. Occasionally, S. pyogenes pen-
etrates the bloodstream or deep tissues and causes severe invasive diseases. S. pyogenes
infections still remain a major public health concern in both developed and developing
countries. A recent survey estimated that S. pyogenes causes 1.78 million new cases of
severe group A streptococcal diseases each year globally. Over 18 million people suffer
from the severe streptococcal diseases, resulting in over half a million annual deaths (2). In
the United States, more than 30 million cases of streptococcal pharyngitis (strep throat)
occur each year.

To cause diverse diseases successfully, S. pyogenes must be able to sense the unique
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environmental signals from infection sites and adapt to the host tissues through
regulation of various cellular activities, including virulence factor biogenesis. Thus, a
detailed understanding of the signaling pathway by which cellular activities, including
the biogenesis of cell components and virulence factors, are regulated will provide
insights into the initial colonization, successive invasion, and spread of streptococcal
infections.

Cyclic nucleotides that act as second-messenger molecules play key roles in signal-
ing pathways that sense environmental changes such as stress, temperature, nutrition,
and pH in both prokaryotes and eukaryotes (3–5). As second messengers, these cyclic
nucleotides are involved in the transmission of the signals to effector molecules (3, 6).
Cyclic di-AMP (c-di-AMP) is a new addition to the growing list of second messenger
nucleotides and has been identified in Gram-positive bacteria, including Listeria mono-
cytogenes, Bacillus subtilis, Staphylococcus aureus, and Streptococcus spp., and in a few
Gram-negative bacteria, such as Chlamydia trachomatis and Borrelia burgdorferi (3,
7–13). c-di-AMP has been implicated in diverse cellular processes in bacteria. Its main
role in bacteria is osmoregulation, but c-di-AMP also plays a distinctive role in each
bacterium (for a review, see reference 14). For example, c-di-AMP plays a role in fatty
acid synthesis in Mycobacterium smegmatis (15), in the growth of S. aureus under
low-potassium-ion conditions (16), in the sensing of DNA integrity in B. subtilis (17–19),
and in cell wall homeostasis in S. aureus and B. subtilis (8, 20–22). Although roles of
c-di-AMP have been shown to be critical in many pathogenic bacteria, neither its
environmental stimuli nor the mechanisms controlling cellular processes and virulence
are well understood (11, 16).

c-di-AMP is synthesized by diadenylate cyclases (DACs). DAC enzymes catalyze the
synthesis of a single molecule of c-di-AMP from two molecules of ATP or ADP through
a condensation reaction (5, 10, 23–25). Four classes of DACs have been identified so far:
DisA, DacA (also called CdaA), CdaS, and CdaM. All DAC proteins possess the conserved
diadenylate cyclase domain (DAC domain), the only known domain to synthesize
c-di-AMP, which commonly contains DGA and RHR motifs (26, 27). Some bacteria
produce multiple DAC enzymes. For example, B. subtilis produces three enzymes, DisA,
CdaA, and CdaS (28), and Clostridium spp. produce two DACs, CdaA and DisA. However,
most other bacteria possess only one c-di-AMP synthase. M. tuberculosis produces only
MtDisA, a DisA homolog (29). Mycoplasma pneumoniae produces only CdaM, which is
closely related to the DAC domain of CdaS in B. subtilis (30). The Gram-positive
pathogens S. pyogenes, S. pneumoniae, S. aureus, and L. monocytogenes produce only
DacA, which is the most common c-di-AMP synthase among the four DAC enzymes
discovered so far, as it is found in a wide variety of bacteria (10, 12, 31).

The c-di-AMP phosphodiesterases (PDEs) degrade c-di-AMP, converting it into the
linear form of phosphoadenyl adenosine (pApA), which can then be further degraded
into two molecules of AMP (32, 33). Three classes of PDEs have been discovered thus
far: GdpP, Pde2, and PgpH (34, 35). The presence of each class of PDEs varies by
bacterial species, but most bacteria produce two PDEs. L. monocytogenes produces
GdpP and PgpH, while Streptococcus and Staphylococcus species produce GdpP and
Pde2 (34).

Previously, we studied the role of one of the PDEs, GdpP, in S. pyogenes (36). We
created a gdpP in-frame deletion strain, ΔGdpP, that is predicted to produce an
increased level of c-di-AMP. ΔGdpP exhibited a defect in the production of the
virulence factor SpeB, and its virulence was attenuated in a mouse model of subcuta-
neous infection.

SpeB is a cysteine protease secreted in the stationary phase by S. pyogenes. It
accounts for more than 90% of the total secreted proteins in many S. pyogenes strains,
including HSC5 (37, 38). SpeB directly cleaves host molecules such as fibronectin (39),
vitronectin (39) immunoglobulins (40–42), C3b (43), and plasminogen (44). It also
indirectly damages host molecules by activating host matrix metalloproteases (45).
SpeB can disturb host immune functions by activating host immune-modulating
molecules such as kinins (46) and interleukin-1� (IL-1�) (47). SpeB also liberates
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streptococcal cell surface virulence factors such as M protein, protein F, and C5a
peptidase, possibly for dissemination (48). SpeB is initially translated as a preproprotein
(43 kDa) containing a signal sequence and a pro region. During secretion, the signal
sequence is cleaved off, and SpeB is secreted as the pro-SpeB zymogen (�40 kDa),
which is enzymatically inactive. The zymogen is folded and processed to the active
protease (28 kDa) through cleavages in the pro region, mainly through autocatalysis
(36, 49).

In addition to GdpP, S. pyogenes produces two other enzymes that are involved in
c-di-AMP biosynthesis and degradation: the c-di-AMP synthase DacA (SPy_1036, based
on the SF370 reference gene locus [50]) and the phosphodiesterase Pde2 (SPy_0720).
Here, we studied the influence of these enzymes on the growth and virulence of S.
pyogenes by analyzing gene deletion strains to decipher the roles of c-di-AMP. The data
reveal that dysregulation of the c-di-AMP signaling pathway results in pleiotropic
effects on growth, biofilm formation, resistance to stress, virulence gene expression,
and overall pathogenicity.

RESULTS
Deletion of S. pyogenes genes involved in the synthesis or degradation of

c-di-AMP. The Gram-positive human pathogen S. pyogenes is predicted to produce
only a single c-di-AMP synthase, DacA (10). The gene for DacA is located immediately
upstream of the genes encoding YbbR and GlmM, and these three genes form an
operon according to our RNA deep-sequencing analysis (51) (Fig. 1A). Since GlmM, a
phosphoglucosamine mutase involved in the production of glucosamine 1-phosphate,
a building block of cell walls, is essential for growth in bacteria (24, 52), we deleted dacA
through an in-frame deletion strategy that does not interfere with the expression of
downstream genes within an operon. This was achieved by including the 106-bp region
directly upstream of dacA containing the putative promoter within the deletion con-
struct so that expression of the operon is maintained in the merodiploid state. Since
DacA in some Gram-positive pathogens was essential for growth in rich media (52–55),
we sequenced the chromosome of the in-frame dacA deletion strain, ΔDacA, by
high-throughput whole-genome sequencing to examine whether any significant sec-
ondary mutations that interfere with the c-di-AMP signaling pathway occurred during
the in-frame deletion process. ΔDacA was found to contain two mutations relative to
the wild-type HSC5: a 789-bp in-frame deletion in dacA, as expected, and a single
nucleotide polymorphism (SNP). The SNP changed an ATG encoding methionine at
residue 336 to ATA encoding isoleucine (M336I) in ptsI (spy_1372). The mutation in ptsI
appears not to interfere with the function of PtsI because this SNP is also present in
GCP754 (PstS�), which was shown to utilize multiple carbon sources that a PtsI�

mutant was unable to use (56). This result demonstrates that DacA in S. pyogenes is not
essential for growth in rich media. Pde2, a recently discovered c-di-AMP PDE, was also
successfully in-frame deleted (Fig. 1B and C). A mutant with a deletion of the remaining
PDE gene, ΔGdpP, whose creation process has been previously described (36), was
utilized for this study. A double mutant with the deletion of both PDE genes,
ΔGdpPΔPde2, was also generated by introducing the gdpP in-frame deletion construct
into ΔPde2.

Measurement of c-di-AMP in the gene deletion strains confirms that DacA is
the sole c-di-AMP synthase and that GdpP and Pde2 are phosphodiesterases. The
quantities of c-di-AMP produced by strains were measured by competitive enzyme-
linked immunosorbent assay (ELISA) previously described (57, 58). As expected, the
deletion of the gene for DacA, which is predicted to be the sole c-di-AMP in S. pyogenes,
abolished the production of c-di-AMP. The c-di-AMP amount in ΔDacA was not different
from that in Escherichia coli, which does not produce c-di-AMP (Fig. 2). The phospho-
diesterase deletion mutants, ΔGdpP and ΔPde2, produced increased amounts of
c-di-AMP (�5 times more) compared to that produced by the wild type, and the
increased amounts were similar each other. The amount of c-di-AMP in the double
mutant ΔGdpPΔPde2 increased even further, but the degree was not additive.
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Loss of DacA or Pde2 results in growth defects. When the lag times and
generation times of the mutants were measured in Todd-Hewitt medium with 0.2%
yeast extract (THY medium) (protein and carbohydrate rich) and C medium (only
protein rich), ΔDacA and ΔPde2 showed growth defects (Fig. 3). In the case of ΔDacA,
almost half of the times when cells were inoculated (inoculum size, 1% [vol/vol]), they
failed to grow. Even when it did grow, the lag time of ΔDacA was significant longer
(�1.5 times in THY medium and �2.1 times in C medium) than that of the wild type
(Fig. 3A). Once it grew, its growth rate was not significantly different from that of the
wild type in either medium (Fig. 3B). The increased lag time of ΔDacA could be due to
a low survival rate at the stationary phase. Serial dilutions of overnight cultures were
spread onto THY agar plates, and CFUs were counted to calculate survival rates. The
survival rate of ΔDacA was 11.2% � 8.0% (mean � standard deviation) of that of the
wild type, unlike the other mutants whose survival rates were similar to that of the wild
type. These results indicate that even though DacA is not essential in these media, it still

FIG 1 Construction of the ΔDacA and ΔPde2 mutants. (A) dacA genomic context and in-frame deletion
construct. The arrows indicate individual open reading frames and their orientations. dacA is coexpressed
with downstream genes ybbR and glmM. The predicted proteins encoded by these open reading frames
and their putative functions are shown below the gene organization. The region indicated by the bar
above dacA was deleted to make the dacA in-frame deletion mutant ΔDacA, which has a deletion from
bp 25 through 813 (Ile9 through Leu271) in dacA. (B) pde2 genomic context and in-frame deletion
construct. The region indicated by the bar above pde2 was deleted to make the pde2 in-frame deletion
mutant ΔPde2, which has a deletion from bp 82 through 912 (Pro28 through Arg304) in pde2. (C) PCR
confirms the deletion of dacA, gdpP, and pde2 in the corresponding mutant strains ΔDacA, ΔGdpP, and
ΔPde2, respectively. PCR was performed using the chromosomal DNA extracted from the wild type or
each mutant as the template and the primers listed in Table 1. The smaller PCR bands from the mutants
relative to the larger bands from the wild type in agarose gel electrophoresis indicate gene deletions.
DNA marker sizes are shown at the left side of the gel picture. The following strains were used: wild type
(WT), dacA deletion mutant (ΔDacA), gdpP deletion mutant (ΔGdpP), and pde2 deletion mutant (ΔPde2).
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plays a critical role in growth. ΔPde2 also showed a growth defect. Although the lag
time did not increase, the generation time for ΔPde2 increased to �1.5 times those of
the wild-type in both media. However, the other phosphodiesterase mutant, ΔGdpP,
did not show a significant growth defect (Fig. 3), which is in agreement with our
previous result (36).

c-di-AMP influences the production of a major virulence factor SpeB in S.
pyogenes. All of the mutants with deletion of a gene involved in c-di-AMP synthesis or
degradation presented a defect in the production of the secreted protease SpeB (Fig.
4). As we reported previously, the production of SpeB by ΔGdpP was reduced relative
to that by the wild type. ΔDacA and ΔPde2 showed a much more severe defect than
ΔGdpP in SpeB production. Both the ΔDacA and ΔPde2 strains showed no protease

FIG 2 ΔDacA does not produce c-di-AMP, while the PDE mutants produce larger amounts of c-di-AMP
than the wild type. The concentration of c-di-AMP (pmole/OD600) in each strain was measured with a
competitive ELISA. c-di-AMP levels in the ΔDacA mutant were equivalent to those in the negative-control
bacterium E. coli, indicating that the deletion of dacA abolished the production of c-di-AMP. In contrast,
all of the PDE mutants, ΔGdpP, ΔPde2, and ΔGdpPΔPde2, produced larger amounts of c-di-AMP than the
wild type. The significance of difference between values from any two strains was evaluated by one-way
analysis of variance (ANOVA) followed by the Tukey test. All the mutants showed a significant difference
compared to the wild type (****, P � 0.0001), but the comparisons between ΔDacA and E. coli and between
ΔGdpP and ΔPde2 did not show significant differences (n.s., no significance). The following strains were
tested: wild type (WT), dacA deletion mutant (ΔDacA), gdpP deletion mutant (ΔGdpP), pde2 deletion mutant
(ΔPde2), gdpP pde2 double deletion mutant (ΔGdpPΔPde2), and E. coli strain TOP10 (E. coli).

FIG 3 ΔDacA and ΔPde2 show growth defects. The lag times (A) and doubling times (B) of the mutants,
ΔDacA, ΔGdpP, ΔPde2, and ΔGdpPΔPde2, grown in THY or C medium were measured. The doubling
times of ΔDacA were not significantly different from those of the wild type in both media tested, but
ΔDacA exhibited an increase in lag time and sometimes failed to grow. In contrast, ΔPde2 showed a
longer doubling time than the wild type. The data are the means and standard errors of the means
derived from three independent experiments. The asterisks above the bars indicate significance of lag
time or growth rate differences (*, P � 0.05; **, P � 0.01; ***, P � 0.001) between a mutant and the wild
type as calculated by one-way ANOVA followed by Dunnett’s multiple-comparison test. The following
strains were tested: wild type (WT), dacA deletion mutant (ΔDacA), pde2 deletion mutant (ΔPde2), gdpP
deletion mutant (ΔGdpP), and gdpP pde2 double deletion mutant (ΔGdpPΔPde2).
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activity on protease indicator plates (Fig. 4A) and in liquid culture (Fig. 4B) and did not
produce detectable zymogen or processed SpeB as examined by Western blotting (Fig.
4C). Interestingly, even though DacA and Pde2 have opposing activities of c-di-AMP
synthesis and degradation, respectively, their phenotypes in relation to SpeB produc-
tion were very similar. As expected, the double mutant ΔGdpPΔPde2 did not produce
SpeB either (data not shown).

The �DacA and �Pde2 mutants have a transcriptional defect in speB express-
ion. The speB transcript abundance in the mutants relative to that in the wild type was
determined through quantitative reverse transcriptase PCR (qRT-PCR). Both ΔDacA and
ΔPde2 expressed 103 to 104 less speB transcript than the wild type (Fig. 4D), indicating
that the SpeB expression defect caused by dacA and pde2 deletion occurs at the
transcriptional level. The reduction of speB transcript in ΔPde2 was more extreme than
that in ΔDacA. In contrast, the speB transcript level in ΔGdpP was equivalent to that in
the wild type (Fig. 4D) even though ΔGdpP produced less SpeB in the Western blot
assay (Fig. 4C). This indicates that the defect in SpeB production caused by the deletion
of gdpP occurs at a posttranscriptional level, as reported previously (36).

Complementation of dacA and pde2 restores SpeB activity. For a complemen-
tation assay, we introduced the dacA and pde2 genes into each corresponding strain,
ΔDacA or ΔPde2, using a multicopy streptococcal expression plasmid, pABG5, that can

FIG 4 ΔDacA and ΔPde2 produce no SpeB due to a transcriptional defect. (A) Protease indicator plates showing
an absence of SpeB activity from ΔDacA and ΔPde2. Strains were grown overnight and spotted (2 �l) on 2% skim
milk agar plates after serial dilution. Protease activity forms a clear zone around spotted cells. SpeB is the major
protease secreted by S. pyogenes HSC5, as a ΔSpeB strain produces no zone of clearance (56). ΔDacA and ΔPde2
show no SpeB activity, and ΔGdpP shows reduced SpeB activity. Each strain name is shown above the picture, and
the dilution degree of cultures is indicated at the left side of the picture. (B) Comparison of SpeB activity in the
culture supernatants of the mutants. The same culture supernatants for the Western blotting were used to measure
relative SpeB activity using fluorescein isothiocyanate (FITC)-casein. (C) Western blot showing no detectable
zymogen or processed SpeB protein produced by ΔDacA and ΔPde2. Culture supernatants collected from
stationary-phase cultures grown in C medium were used for Western blotting. Anti-SpeB-antibodies are polyclonal
rabbit antibodies generated against purified SpeB. Secreted 40-kDa pro-SpeB (the upper band on the Western blot)
becomes active 28-kDa SpeB (the lower band) through processing in the culture. Each strain name is shown above
the blot, and protein marker sizes are presented at the left side. (D) Disruption of dacA or pde2 results in a severe
defect in speB transcription. The relative abundance of the speB transcript during stationary-phase growth in
mutant strains was determined using qRT-PCR and compared to that of the wild type. Each column represents the
speB transcript abundance in a mutant relative to that in the wild type. The figure shows the means and standard
deviations from three independent experiments. Asterisks indicate the significance of differences (***, P � 0.001;
****, P � 0.0001) between a mutant and the wild type as calculated by one-way ANOVA followed by Dunnett’s
multiple-comparison test. The following strains were tested: wild type (WT), dacA deletion mutant (ΔDacA), pde2
deletion mutant (ΔPde2), and gdpP deletion mutant (ΔGdpP).
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express a gene under control of the rofA promoter (59). When the SpeB activities of the
complemented strains, ΔDacA(pDacA) and ΔPde2(pPde2), were measured using pro-
tease indicator agar plates, both strains showed restored SpeB activity similar to that of
the wild-type control (Fig. 5A and B). However, the growth of ΔPde2 was not restored
in ΔPde2(pPde2) (Fig. 5B). The complementation of gdpP also restores SpeB activity, as
was shown in our previous report (36).

�DacA forms no biofilm, and �Pde2 forms more biofilm than the wild type. The
biofilm formation ability of the mutants was investigated (Fig. 6). The M protein null
mutant �Emm was used as a negative-control strain, as M protein was previously
shown to be required for biofilm formation under the assay conditions (60). ΔGdpP
formed the same amount of biofilm as the wild type. ΔDacA formed much less biofilm
(�0.2 times) than the wild type and was as defective as the negative control, �Emm.

FIG 5 Complementation of dacA and pde2 restores the SpeB activity. The dacA and pde2 genes were
expressed ectopically in ΔDacA or ΔPde2 using the expression vector pABG5 to complement the deleted
genes. The plasmid pABG5, which is a derivative of pLZ12Km, is a multicopy plasmid in S. pyogenes. The
resulting plasmids, pDacA and pPde2, were transformed into ΔDacA or ΔPde2 to generate ΔDacA(pDacA)
and ΔPde2(pPde2), and the SpeB activities of the complemented strains were determined using protease
indicator agar plates. ΔDacA(pDacA) showed growth and SpeB activity similar to those of the
wild-type controls (A). On the other hand, ΔPde2(pPde2) showed fully restored SpeB activity but not
growth rate (B). The following strains were tested: wild-type, WT; dacA-complemented strain,
ΔDacA(pDacA); and pde2-complemented strain, ΔPde2(pPde2).

FIG 6 Deletion of dacA results in decreased biofilm formation, but deletion of pde2 results in increased
biofilm formation. The biofilm formation ability of the mutants was examined and compared to that of
the wild type. An M protein null mutant, �Emm, was used as a negative-control strain. The data are the
means and standard deviations of eight data points from two independent experiments. The significance
of differences of values between any two strains was calculated by one-way ANOVA followed by the
Tukey test. All the mutants except ΔGdpP showed a significant difference compared to the wild type
(****, P � 0.0001). The comparisons between ΔDacA and �Emm and between ΔPde2 and
ΔGdpPΔPde2 did not show a significant difference (n.s., no significance). The following strains were
tested: wild type (WT), dacA deletion mutant (ΔDacA), gdpP deletion mutant (ΔGdpP), pde2 deletion
mutant (ΔPde2), gdpP and pde2 double deletion mutant (ΔGdpPΔPde2), and M protein gene
(emm)-inactivated mutant (�Emm).

Role of c-di-AMP in S. pyogenes Growth and Virulence Infection and Immunity

June 2019 Volume 87 Issue 6 e00147-19 iai.asm.org 7

https://iai.asm.org


In contrast, ΔPde2 and ΔGdpPΔPde2 formed more biofilm (�1.4 times) than the wild
type. These data highlight the complex relationship that exists between the c-di-AMP
level and biofilm formation.

�DacA is sensitive to salt, pH, and oxidative stresses. Cell growth of the mutants
in THY medium with various salt concentrations (0.1 N, 0.2 N, and 0.3 N KCl or NaCl) was
examined. ΔGdpP and ΔPde2 grew similarly to the wild type under all of the conditions
(data not shown). ΔGdpPΔPde2 also grew similarly to the wild type with all of the KCl
concentrations but grew less with all of the NaCl concentrations (data not shown). In
contrast, ΔDacA displayed a severe growth defect, as it failed to grow under almost all
conditions (Fig. 7A and B).

Cell growth of the mutants in medium with various pHs was also determined. The
wild-type HSC5 grew to a similar optical density at 600 nm (OD600) in medium adjusted
to pH 6 as in the original medium (pH �7.5), but it did not grow at all at pH 5 and
below. ΔGdpP, ΔPde2, and ΔGdpPΔPde2 grew similarly to the wild type at pH 6 (data
not shown). However, ΔDacA growth was undetectable at pH 6 (Fig. 7C).

The sensitivity of strains to oxidative stress was examined by challenge with methyl
viologen (MV) (paraquat) (Fig. 7D). Two methods were employed for this test: short-
term exposure to MV (50 mM for 3 h) and long-term exposure (1.7 mM for 18 h). In both

FIG 7 ΔDacA is more susceptible to environmental stress. (A and B) ΔDacA is sensitive to salt stress. The growth
(OD600) of S. pyogenes in THY medium with various concentrations (0.1 N, 0.2 N, and 0.3 N) of KCl (A) or NaCl (B) was
measured at 8 h postinoculation, when S. pyogenes typically reaches the stationary phase. (C) ΔDacA is sensitive to
low pH. The growth of S. pyogenes in THY or C medium whose pH was lowered to pH 6 was measured at 8 h
postinoculation. (D) ΔDacA has increased sensitivity to oxidative stress. The sensitivity of S. pyogenes strains to
oxidative stress was tested by challenging them with methyl viologen (MV). Cells were exposed to 50 mM MV for
3 h in short-term exposure and to 1.7 mM MV for 18 h in long-term exposure. The relative survival rate was
determined by comparing viable cell counts with and without MV treatment. The data in the figure are the means
and standard errors of the means derived from two independent experiments. The significance of the difference
between each mutant and the wild type was calculated by two-way ANOVA (A and B) or one-way ANOVA (C and
D) followed by Dunnett’s multiple-comparison test. (A and B) The values of all data points except those from THY
are different (P � 0.001) from those of the wild type. (C and D) Asterisks above the bars indicate the significance
of the difference (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001) between the mutant and the wild type.
The following strains were tested: wild type (WT), dacA deletion mutant (ΔDacA), pde2 deletion mutant (ΔPde2),
and gdpP deletion mutant (ΔGdpP).
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assays, the susceptibility of ΔDacA to oxidative stress was significantly greater than that
of the wild type (3.3 times more sensitive at the short-term exposure and 4.3 times at
the long-term exposure). In contrast, ΔPde2 was 1.5 times more resistant than the wild
type only in the long-term exposure. ΔGdpPΔPde2 behaved like ΔPde2 (data not
shown). ΔGdpP behaved like the wild type. These data demonstrate that c-di-AMP
contributes to multiple mechanisms of stress resistance, including salt, pH, and oxida-
tive stresses.

�DacA is more resistant to cell wall-degrading enzymes and more susceptible
to cell wall-targeting antibiotics than the wild type. Since c-di-AMP has been
demonstrated to influence cell wall properties (8), the rates of lysis of the mutants upon
exposure to cell wall-degrading enzymes were examined. S. pyogenes cells were treated
with PlyC or mutanolysin, and their relative lysis was determined by measuring cell
density (OD600). PlyC, an N-acetylmuramoyl-L-alanine amidase produced by streptococ-
cal phage C1, cleaves the cell wall of S. pyogenes by hydrolyzing the amide bond
connecting N-acetylmuramic acid and the first L-alanine of the murein pentapeptide
(61, 62). Mutanolysin is an N-acetylmuramidase that hydrolyzes the �-N-acetylmuramyl-
(1¡4)-N-acetylglucosamine linkage of the bacterial peptidoglycan (64). In this assay,
ΔPde2 was comparable to the wild type under both treatments (Fig. 8A and B). ΔGdpP
was more susceptible only to mutanolysin treatment. In contrast, ΔDacA was less
susceptible to both enzymes than the wild type (Fig. 8A and B).

To further investigate the differences in cell walls, the susceptibility of S. pyogenes
mutants to the cell wall-targeting antibiotics ampicillin and vancomycin was examined.
Cells were grown overnight in C medium containing sublethal concentrations of
ampicillin or vancomycin, and their growth was determined by measuring the OD600.
Ampicillin acts as an irreversible inhibitor of transpeptidase, which is required to
synthesize the bacterial cell wall. Vancomycin inhibits Gram-positive cell wall synthesis
by binding to terminal D-alanyl-D-alanine moieties of the N-acetylglucosamine/N-
acetylmuramic acid-peptide, which inhibits the action of both transglycosylase and
transpeptidase (65). Among the mutants, ΔDacA showed the most severe growth
defect in the antibiotic treatment (Fig. 8C and D). Together, these data demonstrate
that c-di-AMP plays a significant role in cell wall remodeling.

The virulence of �DacA and �Pde2 is highly attenuated in a murine model of
soft tissue infection. The ability of the ΔDacA and ΔPde2 mutants to cause disease in
soft tissue was evaluated using a murine subcutaneous infection model. The sizes of
lesions caused by strains were measured at 3 days postinfection, when ulcer formation
was maximal. In this infection model, ΔDacA and ΔPde2 did not produce any detect-
able lesions (Fig. 9A), while the wild type produced significant lesions, demonstrating
that the virulence of ΔDacA and ΔPde2 is severely attenuated. We have previously
shown that gdpP deletion attenuates S. pyogenes virulence to 50% in the same infection
model (36).

M protein, a cell surface-anchored adhesin and antiphagocytic factor that influences
virulence in animal models, can occasionally become lost during the process of
in-frame deletion (66). When the amounts of M protein transcript in mutants were
quantitated through qRT-PCR, they were comparable to that in the wild type, indicating
that the M protein expression ability of the strains used in this study was not impaired
(Fig. 9B).

DISCUSSION
The sole c-di-AMP synthase DacA in S. pyogenes is not essential for growth in

rich media. Due to the crucial role of c-di-AMP in multiple cellular processes, c-di-AMP
is often essential for growth in standard laboratory media in some c-di-AMP-producing
bacteria. In B. subtilis, c-di-AMP is essential for growth in rich media due to its
involvement in the regulation of potassium ion transport, which is required for growth,
but is not essential in a medium containing a low K� concentration (67). The sole
c-di-AMP synthase DacA of L. monocytogenes is essential for growth in a rich medium
because the loss of dacA increases production of the alarmone (p)ppGpp, which inhibits
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growth through inactivation of the transcriptional activator CodY (54). However, DacA
is not essential in a minimal medium that favors CodY inactivation.

DacA appears to be the sole c-di-AMP synthase in streptococci, because the deletion
of dacA abolishes the production of c-di-AMP in S. pyogenes (this study) and S. mutans
(68). However, unlike the case for L. monocytogenes, S. pyogenes dacA was deleted in a
rich medium without suppressor mutations in our study, indicating that DacA in S.
pyogenes is not essential under standard lab growth conditions. Previous studies have
shown that DacA is not essential for growth in some streptococci, such as S. sanguinis
and S. mutans (68, 69). Even though DacA is not essential for growth in S. pyogenes,
dacA deletion exhibited phenotypes with pleotropic defects, indicating that c-di-AMP
plays crucial roles in S. pyogenes growth and virulence.

c-di-AMP appears to influence the expression or activity of a SpeB transcrip-
tional regulator. This study demonstrates that all the enzymes identified in S. pyogenes
that are involved in c-di-AMP synthesis and degradation influence SpeB production.
The deletion of dacA and pde2 almost completely abolished SpeB production, while
gdpP deletion reduced it. The deletion of gdpP causes SpeB reduction at a posttran-
scriptional level, which is in agreement with our previous study (36). In contrast, the

FIG 8 Susceptibility of S. pyogenes mutants to cell wall-degrading enzymes and antibiotics inhibiting cell wall synthesis.
(A and B) The lysis of mutant strains by the cell wall-hydrolyzing enzymes PlyC (A) and mutanolysin (B) was examined. A
stationary-phase culture of each strain was incubated with PlyC (3,000 units/ml) or mutanolysin (100 units/ml) at 37°C. The
turbidity (OD600) was measured to determine the degree of cell lysis over time. (C and D) The growth of the mutants
treated with sublethal levels of the cell wall-targeting antibiotics ampicillin (C) and vancomycin (D) was monitored. The
turbidity (OD600) of overnight growth in C medium containing an antibiotic was measured to determine cell density.
The figure present the means and standard deviations of data from experiments performed in triplicate. The significance
of the difference between the data points for each mutant and the wild type was calculated by two-way ANOVA followed
by Dunnett’s multiple-comparison test. (A) The values of all ΔDacA data points are different (P � 0.001) from those of the
wild type. (B) The values of all data points except those for ΔPde2 at 1 h and ΔGdpP at 1 h are different (at least P � 0.05)
from those for the wild type. (C) The values of all data points except those for ΔGdpP with 0.02 �g/ml ampicillin, ΔGdpP
with 0.06 �g/ml ampicillin, and ΔPde2 with 0.08 �g/ml ampicillin are different (P � 0.001) from those for the wild type. (D)
The values of all data points except those for ΔGdpP with 0.1 �g/ml vancomycin are different (at least P � 0.01) from those
for the wild type. The following strains were tested: wild type (WT), dacA deletion mutant (ΔDacA), pde2 deletion mutant
(ΔPde2), and gdpP deletion mutant (ΔGdpP).
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defect of SpeB production caused by dacA or pde2 deletion is caused at the transcrip-
tional level. Interestingly, although DacA and Pde2 are involved in opposing reactions
(synthesis and degradation of c-di-AMP, respectively), their null mutants presented
similar phenotypes with respect to SpeB production. This result may indicate that an
optimum cellular concentration of c-di-AMP is required for proper SpeB production.
Since c-di-AMP regulates the expression of speB at the transcriptional level, it is highly
plausible that a SpeB transcription regulator mediates in this control.

The phenotypes of the c-di-AMP PDE mutants �GdpP and �Pde2 are not the
same, implying that their cellular roles are different. Most microorganisms possess
two c-di-AMP-hydrolyzing PDEs that may fulfill different cellular roles, such as sensing
different signals or displaying different substrate preference. In L. monocytogenes, PgpH
is preferentially expressed in broth culture, while GdpP is preferentially expressed during
intracellular infection in eukaryotic host cells (34), suggesting that the express-
ion or activity of these enzymes is regulated by different stimuli. S. pyogenes produces
two PDEs, GdpP and Pde2. No homolog of PgpH has been identified in Streptococcus
spp. GdpP is attached to the membrane through two membrane-spanning helices at its
N terminus (34, 35). A PAS (Per-Arnt-Sim) sensory domain follows the membrane-
spanning helices. This domain can bind to heme, which inhibits phosphodiesterase
activity (70). GdpP contains a catalytic DHH/DHHA1 domain (DHH, Asp-His-His) that

FIG 9 The deletion of dacA or pde2 attenuates the virulence of S. pyogenes. (A) The ability of the ΔDacA and
ΔPde2 mutants to cause lesions in a murine subcutaneous infection model is shown. Virulence was evaluated
on the basis of the area of the lesion produced at the time when lesion formation was maximal (3 days
postinfection). The triangles represent lesion sizes in mice caused by the injection of the wild type, ΔDacA, or
ΔPde2. The solid bars indicate the mean values of the ulcer sizes. The asterisks above each bracket indicate
the significance of differences (****, P � 0.0001) between each mutant and the wild type as calculated by the
Mann-Whitney U test statistic. The following strains were tested: wild type (WT), dacA deletion mutant
(ΔDacA), and pde2 deletion mutant (ΔPde2). (B) Relative expression of the M protein transcript by strains. The
transcript amount of the M protein gene (emm) in mutant strains relative to that in the wild type was
determined with real-time RT-PCR. As a negative control, �Mga, a mutant with a mga gene disruption, was
used. Mga is the major positive transcriptional regulator for emm expression. Asterisks indicate the signifi-
cance of differences (***, P � 0.001; ****, P � 0.0001) between the mutant and the wild type as calculated by
one-way ANOVA followed by Dunnett’s multiple-comparison test. The following strains were tested: wild type
(WT), dacA deletion mutant (ΔDacA), pde2 deletion mutant (ΔPde2), gdpP deletion mutant (ΔGdpP), and mga
disruption mutant (�Mga).
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cleaves c-di-AMP into pApA. The operon containing gdpP appears to be conserved
among all GdpP-producing bacteria. In the operon, gdpP is cotranscribed with the
genes of the ribosomal protein L9 (RpL9) and the DNA helicase DnaB (71). Pde2 is a
recently discovered c-di-AMP-degrading enzyme containing a DHH/DHHA1 domain. It
was first identified in S. pneumoniae (32, 72), and its enzymatic activity and structure
have been studied in S. aureus (57), Mycobacterium spp. (73–75), and Borrelia burgdorferi
(76). S. pyogenes produces an ortholog with 60.8% amino acid identity to S. pneumoniae
Pde2. Pde2 is a cytoplasmic protein that can degrade c-di-AMP but preferentially
hydrolyzes linear pApA to AMP, as demonstrated in S. pneumoniae and S. aureus (32,
57). Deletion of pde2 leads to an increase of intracellular pApA levels, which in turn
increases the c-di-AMP concentration as pApA inhibits the c-di-AMP-hydrolyzing activ-
ity of GdpP (57). Thus, Pde2 also plays a key role in controlling intracellular c-di-AMP
levels.

In this study, the PDE gene deletion strains ΔGdpP and ΔPde2 presented phenotypic
differences even though their c-di-AMP production ability is the same (Fig. 2). Generally,
ΔPde2 exhibited a more severe defect than ΔGdpP. The growth rate of ΔPde2 was
significantly lower than that of ΔGdpP (Fig. 3), the defect in SpeB production by ΔPde2
was more severe than that by ΔGdpP (Fig. 4), and virulence of ΔPde2 was more
attenuated than that of ΔGdpP (Fig. 9). These data suggest that the cellular roles of the
two PDEs are different in S. pyogenes. They may be involved in different cellular
processes, their expression or activities may be stimulated by different environmental
signals, or their distinct enzymatic activities may cause different phenotypic outcomes.
Pde2 is an oligonucleotidase family protein. This family includes nano-RNase proteins
that degrade small RNA oligonucleotides such as pApA. pApA, which is accumulated by
the deletion of pde2, might play unique cellular roles separate from those of c-di-AMP
in S. pyogenes. The pde2 deletion also likely results in elevation of many other nano-RNA
molecules in the cell, some of which might have cellular functions. Similar to Pde2, a
nano-RNase in Gram-negative bacteria has been implicated in pGpG degradation.
Deletion of this protein gene results in elevated levels of pGpG, which in turn inhibits
c-di-GMP phosphodiesterases (77).

c-di-AMP appears to regulate the production of a factor other than M protein
to control biofilm formation in S. pyogenes. Just as c-di-GMP has long been known
to affect biofilm formation (78), c-di-AMP has recently been recognized as playing a role
in biofilm formation in some bacteria. In a B. subtilis mutant lacking both c-di-AMP
PDEs, GdpP and PgpH, the expression of genes involved in biofilm formation is reduced
significantly (79). In Streptococcus suis, a high c-di-AMP level due to the deletion of gdpP
increases biofilm formation (80). In S. mutans, both high and low c-di-AMP levels
promote biofilm formation. A DacA null mutation promotes biofilm formation in S.
mutans (68), and a null mutation of a c-di-AMP PDE, PdeA, also enhances biofilm
formation by upregulating the expression of gtfB, encoding a major glucan-producing
enzyme (81). Furthermore, a GdpP null S. aureus mutant produces 3 times more biofilm
than the wild type (8). It therefore appears that c-di-AMP’s influence on biofilm
formation by bacteria is quite complex. This lack of consistency may be due to the fact
that bacterial biofilms are highly complex and nonuniform structures, and there are
many different processes that feed into biofilm formation. Our study also demonstrates
that c-di-AMP plays a role in biofilm formation in S. pyogenes. The ΔDacA mutant
produced almost no biofilm, while ΔPde2 formed 1.4 times more biofilm than the wild
type (Fig. 6). It has been shown that M protein plays a crucial role in the initial
attachment of S. pyogenes to abiotic surfaces during biofilm formation (60). The wild
type and the mutants tested in this study expressed almost the same amount of M
protein transcript (Fig. 9B), indicating that c-di-AMP controls the production of a factor
or factors other than M protein that influence biofilm formation in S. pyogenes. Further
investigation is therefore necessary to elucidate the mechanism(s) by which c-di-AMP
influences biofilm formation.

c-di-AMP is required for stress response and influences cell wall properties of
S. pyogenes. c-di-AMP has been reported to be associated with various stress re-
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sponses in bacteria. For example, S. aureus mutants lacking GdpP are more than 13%
smaller than their wild-type counterparts and display an 8-fold increase in resistance
against cell wall- and membrane-targeting antibiotics (8, 52). The cellular level of
c-di-AMP in S. aureus increases at the poststationary phase, which presumably supports
bacterial growth and survival in the later stages of growth (8). PDE mutant strains of L.
monocytogenes displaying high c-di-AMP levels produce very weak cell walls, which are
unable to resist acid stress and readily lyse (53). PDE mutant strains also gain resistance
to antibiotics due to the loss of cell wall homeostasis (53). In S. pneumoniae, alterations
in c-di-AMP levels via mutation of either Pde1 (GdpP ortholog) or Pde2 result in poor
growth and short-chain formation, as well as altered uptake of potassium ions (31).
Deletion of ossG (dacA ortholog) in S. thermophilus increases the susceptibility to
oxidative stress created by methyl viologen (paraquat) (82).

In our study, ΔDacA showed increased susceptibility to salts, pH, and oxidative
stress. Unlike the wild type, ΔDacA did not grow in almost all media containing more
than 0.1 N KCl or NaCl (Fig. 7A and B). Since alteration of c-di-AMP levels changes
potassium ion channel activity in other bacteria (52, 83), the growth impairment seen
for KCl and NaCl could be due to the role of c-di-AMP in potassium ion homeostasis.
Potassium ions are the most abundant cations inside cells and play a critical role in
responding to osmotic stress; therefore, dysfunction of the potassium ion transport
system could make cells vulnerable to osmotic stress in general. Also, ΔDacA was more
sensitive to low pH and oxidative stress than the wild type (Fig. 7C and D). Taken
together, these results indicate that c-di-AMP in S. pyogenes plays an important role in
stress response and is necessary to adapt to adverse stress conditions.

When S. pyogenes strains were challenged by cell wall-targeting enzymes and
antibiotics, once again, ΔDacA showed the most dramatic phenotypes. ΔDacA exhib-
ited increased resistance to both of the cell wall-targeting enzymes tested, PlyC and
mutanolysin (Fig. 8A and B). PlyC cuts peptides off the cell wall carbohydrate chain, and
mutanolysin cleaves between carbohydrates in the carbohydrate chain. Since these two
enzymes target different sites on peptidoglycan cell walls, the c-di-AMP null condition
might alter the accessibility of these enzymes to cell walls. Unlike the smaller size of
ΔGdpP mutants of S. aureus (8), there were no observable differences in cell sizes or
chain lengths in all the mutants we tested (data not shown). In contrast to the case for
the cell wall-hydrolyzing enzymes, ΔDacA was more susceptible to sublethal-level cell
wall-targeting antibiotics such as ampicillin and vancomycin (Fig. 8C and D). Thus,
similar to the case for other Gram-positive bacteria, c-di-AMP likely plays a role in the
regulation of cell wall synthesis in S. pyogenes.

The c-di-AMP signaling pathway may serve as an excellent target to develop
antivirulence drugs. Even though c-di-AMP is not essential for growth in rich medium,
perturbation of cellular c-di-AMP levels exhibited pleotropic phenotypes, indicating
that c-di-AMP plays crucial roles in S. pyogenes physiology. Additionally, the data
presented here demonstrate that c-di-AMP regulates the expression of the virulence
factor SpeB, indicating that c-di-AMP likely plays a crucial role in the virulence of S.
pyogenes (Fig. 4). Indeed, the virulence of ΔDacA and ΔPde2 was almost completely
attenuated in a mouse model of subcutaneous infection (Fig. 9). Since c-di-AMP is not
essential for growth but abolishes virulence, its signaling pathway may serve as an
excellent target to develop antivirulence drugs (84). To develop the antivirulence drugs,
it is imperative to understand in detail the mechanisms of how c-di-AMP controls
bacterial physiology and virulence, and this study paves the way to further unveil the
roles of c-di-AMP signaling networks in the pathogenesis of S. pyogenes.

MATERIALS AND METHODS
Bacterial strains and media. S. pyogenes HSC5 (emm genotype 14) (37, 38) was employed for all

experiments including strain construction. SF370 locus numbers (SPy_####) are used as references for
genes in HSC5 (50). Molecular cloning experiments utilized Escherichia coli DH5� or TOP10 (Invitrogen),
which was cultured in Luria-Bertani broth. Routine culture of S. pyogenes employed Todd-Hewitt medium
(BBL) supplemented with 0.2% yeast extract (Difco) (THY medium) with incubation at 37°C in sealed
tubes without agitation. Unless otherwise indicated, C medium (85) was used to grow S. pyogenes for
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SpeB activity assay, Western blotting, and RNA preparation for real-time PCR. To produce solid media,
Bacto agar (Difco) was added to a final concentration of 1.4% (wt/vol). Since S. pyogenes is an
aerotolerant anaerobe that grows better under anaerobic conditions, cultures on solid media were
incubated under the anaerobic condition produced by a commercial product (GasPak; catalog no.
260678 [BBL]). When appropriate, antibiotics were added to the media at the following concentrations
if they are not specified: kanamycin, 50 �g/ml for E. coli and 500 �g/ml for S. pyogenes; and erythromycin,
500 �g/ml for E. coli and 1 �g/ml for S. pyogenes.

Manipulation of DNA. Plasmid DNA was isolated via standard techniques and used to transform S.
pyogenes or E. coli as described previously (86). Restriction endonucleases, ligases, and polymerases were
used according to the recommendations of the manufacturers. Chromosomal DNA was purified from S.
pyogenes by using a standard kit (Wizard genomic DNA kit [Promega] or GenElute bacterial genomic DNA
kit [Sigma]). When required, DNA fragments were purified using the Mini Elute gel extraction kit (Qiagen)
following agarose gel electrophoresis.

Strain construction. In-frame deletion mutations in chromosomal loci were generated by employing
the temperature-sensitive shuttle vector pGCP213 (87). Deletion alleles of dacA and pde2 were generated
by PCR through a process of overlap extension PCR (88), and the modified alleles were inserted directly
into pGCP213 at the M13F and M13R universal primer binding sites utilizing the overlap extension PCR
cloning method described in detail elsewhere (89). These plasmids with the deletion alleles were named
pΔDacA and pΔPde2, respectively. The generated plasmids were used to replace the wild-type dacA or
pde2 by a method that employs the temperature sensitivity of the plasmid replication origin as was
described previously (90). To confirm that ΔDacA does not have significant secondary mutations,
whole-genome sequencing of the ΔDacA chromosome was performed (see below for the procedure).

Complementation strains were generated using the streptococcal multicopy plasmid pABG5 (59). For
the complementation, the dacA or pde2 gene was amplified by PCR and inserted into pABG5, which can
express a gene under control of the rofA promoter. The insertion was performed by the fast cloning
method or Gibson assembly (92, 93). The plasmids pDacA and pPde2 were transferred into the
corresponding strains to make the complemented strains ΔDacA(pDacA) and ΔPde2(pPde2).

The fidelity of all molecular constructs and mutated chromosomal loci was confirmed by PCR and
DNA sequencing (Genewiz or Macrogen). Primers for PCR used in this study are listed in Table 1.

Generation of the mutants ΔGdpP, �Emm, and �Mga has been described elsewhere (36, 60). The
emm gene encodes M protein, and mga encodes Mga, a positive transcriptional regulator for M protein
expression. �Emm and �Mga have a gene disruption of emm or mga, respectively, due to a plasmid
insertion into the genes through homologous recombination, so they do not express M protein.

Whole-genome sequencing. The chromosome of the dacA deletion strain ΔDacA was purified using
the Wizard genomic DNA purification kit (Promega, Madison, WI, USA) and qualified utilizing Agilent
Bioanalyzer DNA 12000 assays, and its concentration was measured via Qubit. Genomic DNA was
sonicated to an average size of 175 bp. The fragments were blunt ended, an “A” base was added to 3=
ends, and the fragments were ligated with Illumina’s sequencing adapters to the ends. The ligated
fragments underwent amplification incorporating a unique indexing sequence tag. The resulting libraries
were sequenced by the Washington University Genome Technology Access Center (https://gtac.wustl
.edu/) using the Illumina HiSeq2500 (Illumina, San Diego, CA, USA) as single-end reads extending 50
bases of the library fragments, yielding �4 million reads (approximately 100	 coverage). The sequences
were compared to that of the wild-type HSC5 using DNAStar SeqMan NGen v 4.0.0 (DNAStar) with the
default stringency parameters.

qRT-PCR. RNA isolation from S. pyogenes cultures and quantitative reverse transcriptase PCR (qRT-
PCR) were conducted as described elsewhere (36). The primers for qRT-PCR are listed in Table 1. The
gyrase A subunit gene (gyrA) was used as the internal reference gene to normalize the expression level
of a specific transcript between samples (94). The reported data represent the means and standard errors
from three independent assays, each performed on a different day with a new RNA sample.

Determination of doubling time. Strains were grown overnight in THY medium and diluted 1:100
into fresh THY or C medium. The optical density at 600 nm (OD600) of the cultures was measured every
30 min. The OD600 values in exponential-growth-phase cells, which show a linear increase over time (x)
versus log10 OD600 (y), were used to calculate the time (minutes) needed for the cell density (OD600) to
double [doubling time (minutes) 
 log10 2/(Δlog10 OD600/minutes)]. The reported data represent the
means and standard errors derived from four independent assays. Lag times were determined by
measuring the time to reach to the exponential phase from inoculation.

Analysis of SpeB expression. The measurement of SpeB expression was performed using a protease
indicator medium, Western blot analysis, and SpeB activity assay as described previously (56, 95).

Measurement of biofilm formation. The degree of biofilm formation by strains was measured as
described previously with some modifications (60). Crystal violet (3%, wt/vol) was used instead of
safranin to stain S. pyogenes biofilm, which was quantified by measuring the OD600.

Effect of high salt concentration on cell growth. The ability of S. pyogenes strains to tolerate salt
stress was assessed through the addition of various concentrations of KCl and NaCl to media. S. pyogenes
cells grown overnight in THY medium were inoculated into fresh THY medium containing various
concentrations (0.1 N, 0.2 N, and 0.3N) of KCl or NaCl and incubated at 37°C. Cell growth (OD600) was
measured at 8 h postinoculation, when cells reached stationary phase.

Effect of pH on cell growth. S. pyogenes cells grown in THY medium overnight were inoculated into
fresh THY and C medium whose pH was adjusted to 4, 5, or 6 with 2 N HCl. Cell growth (OD600) was
measured at 8 h postinoculation, when cells reached stationary phase.
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Effect of oxidative stress on cell growth. Susceptibility to oxidative stress was measured by
exposing cells to methyl viologen (MV) (82). Briefly, S. pyogenes strains were grown in THY medium until
the OD600 reached 0.6. For short-term exposure, each culture was divided into two 7.5-ml subcultures in
15-ml screw-cap tubes (at a liquid/air space ratio of 1:1), and MV (paraquat; Sigma-Aldrich) was added
to one of the subcultures at a final concentration of 50 mM. Cultures were further incubated at 37°C for
3 h, and serial dilutions were spread onto THY agar plates for counting CFU. For long-term exposure, 3-ml
subcultures (OD600 
 0.6) were placed in 15-ml screw-cap tubes (at a liquid/air space ratio of 5:1),
supplemented or not with 1.7 mM MV, and incubated at 37°C for 18 h. Serial dilutions of cultures were
spread onto THY agar plates for CFU counting. MV sensitivity was measured by comparing recoverable
CFU values from MV-treated cultures to those from nontreated cultures.

Effect of mutanolysin or PlyC treatment on cell lysis. S. pyogenes cells grown in THY medium
overnight were harvested, washed twice with 10 ml phosphate-buffered saline (PBS), and resuspended

TABLE 1 Primers used

Category and namea Sequenceb

Plasmid created or size
(kb) of amplified DNA

Mutagenic primersc

ΔDacA-M13F-F1 tgtaaaacgacggccagtCCATTAGTACCAGTGACGACC p�DacA
ΔDacA-R2 CTCCTAGAATTTTCTTATACCATGG_ATCGATACTAGATAAATTATTCATACAACTC
ΔDacA-F3 GAGTTGTATGAATAATTTATCTAGTATCGAT_CCATGGTATAAGAAAATTCTAGGAG
ΔDacA-M13R-R4 cacacaggaaacagctatgacTCACTTCAGAATCTAATTTGATACG

ΔPde2-M13F-F1 tgtaaaacgacggccagtCATTTGCAAGACTAGCTTTGATAG pΔPde2
ΔPde2-R2 GCAAACAGCGATGAGTTC_GTCAGGATTTTGATGGCG
ΔPde2-F3 CGCCATCAAAATCCTGAC_GAACTCATCGCTGTTTGC
ΔPde2-M13R-R4 cacacaggaaacagctatgacGAACTTTTGACGTCCTGTGTAG

5pABG5 FC cgaccaagagagccataaacacc pDacA
3pABG5 FC cattttctctcctctcgaattcagttcc
5DacA-pABG5 FC gaattcgagaggagagaaaATGAATAATTTATCTAGTATCGATATTAAATTTTTATTAAG
3DacA-pABG5 FC ttatggctctcttggtcgCGTTTCATTTAGATTTCCCTCCTAGAATTTTC

5pABG5Gibson taacaaagtgcaggggccca pPde2
3pABG5Gibson acacttagaaagccaaataagtatttgataagtgtattctcc
5Pde2-pABG5Gibson tacttatttggctttctaagtgtAAAAAGAAAGATTAAAGCATGATAACAACTTTTG
3Pde2-pABG5Gibson cccctgcactttgttaCTAAATCTCTTGGCAAACAGCGATG

Analysis primersd

CFΔdacA-F AGCACCATCTACAATCATCTGATAAGTAGTG 1.6 in wild type, 0.8 in ΔDacA
CFΔdacA-R TGGAGGTTAGATAAACTTCCGCACC

CFΔgdpP-F CCAACGCTGTAGAATGGTATAATCC 1.6 in wild type, 1.1 in ΔGdpP
CFΔgdpP-R CTAATACAAAGCTAGCCTCAACGTG

CFΔpde2-F ACATCATGGCCCAATTCTTG 2.0 in wild type, 1.0 in ΔPde2
CFΔpde2-R TGCTTATTTTGCTGCGTTTG

RTspeB-F TGTCGGTAAAGTAGGCGGAC
RTspeB-R GAGCTGAAGGGTTTAGTGCG

RTemm-F TTCAGACGCAAGCCGTAAG
RTemm-R TCTAAATCACGGCGAAGACC

RTgyrA-F AACAACTCAAACAGGTCGGG
RTgyrA-R CTCCTTCACGGCTAGATTCG

Primers for PlyC expression
PlyCA-F GTACCCGGGAAAGGGAGAATTTATTTAATG 1.4
PlyCA-R CCCAAGCTTTCAATGATGATGATGATGATGGTCGACGGCGCTATTTTTAAATGT

TATCAAACCAGTTAG

PlyCB-F GTACCCGGGGAAGTAATTTCCATTCTTGAA 0.3
PlyCB-R CCCAAGCTTTTACTTTTTCATAGCCTTTCT

aPrimers are categorized as forward (F) or reverse (R) relative to the direction of a transcript. Forward primers anneal to the noncoding template strand, while reverse
primers anneal to the coding strand.

bSequences are shown 5= to 3=. Uppercase sequences anneal to the HSC5 chromosome, and lowercase sequences anneal to plasmid sequences. Underscores indicate
junctions between contiguous DNA regions. Restriction enzyme sites are underlined. The 6	 His tag sequence is in bold.

cMutagenesis primers were used for PCRs to amplify DNA segments used to construct plasmids for gene deletion.
dAnalysis primers were used in regular PCR to confirm (CF) gene deletion or in qRT-PCR (RT) to measure the level of gene transcription.

Role of c-di-AMP in S. pyogenes Growth and Virulence Infection and Immunity

June 2019 Volume 87 Issue 6 e00147-19 iai.asm.org 15

https://iai.asm.org


in PBS to an OD600 of 1.0. One milliliter of each cell suspension was transferred to a 1.5-ml cuvette, and
mutanolysin (100 units; Sigma) or PlyC (3,000 units) (61, 96) was added. The cysteine protease inhibitor
E-64 (final concentration, 20 �M) that inactivates secreted SpeB was also added to these solutions. The
solutions were incubated at 37°C, and cell lysis was monitored by measuring the OD600 every hour up
to 8 h. These experiments were performed in triplicate.

PlyC is a multimeric enzyme composed of one PlyCA subunit and eight PlyCB subunits (61). For the
purification of PlyC, the PlyC genes, plyCA and plyCB, were amplified separately from purified phage
stocks through PCR with primers listed in Table 1. The 6	 histidine tag sequence was embedded in the
reverse primer to tag PlyCA at the C terminus. Each amplified gene was inserted behind the arabinose-
inducible promoter in pBAD33 (97) and transferred to E. coli TOP10 cells. After each subunit of PlyC was
expressed separately in E. coli, cells were lysed with a French pressure cell. The two cell extracts
containing PlyCA or PlyCB were mixed and incubated with gentle shaking at 4°C overnight. PlyC was then
purified from the mixed cell extract through affinity chromatography using the Talon polyhistidine tag
purification resin (Thermo Scientific).

Susceptibility to sublethal concentrations of ampicillin or vancomycin. The susceptibility of
mutant strains to sublethal concentrations of cell wall-targeting antibiotics was monitored. S. pyogenes
cells grown in THY medium overnight were harvested and inoculated in fresh C medium containing
ampicillin (0.00, 0.02, 0.04, 0.06, or 0.08 �g/ml) or vancomycin (0.0, 0.1, 0.2, 0.3, or 0.4 �g/ml). Cells were
then grown overnight at 37°C, and the OD600 of the cultures was measured to determine the final cell
density. This experiment was performed in triplicate.

Quantification of c-di-AMP in cell extracts by ELISA. The quantity of c-di-AMP in cell extracts was
measured by competitive enzyme-linked immunosorbent assay (ELISA) as described previously (57, 58).
S. pyogenes strains were grown to the exponential phase (OD600 
 �0.4) in 10 ml THY medium, washed
three times with PBS, resuspended in 1 ml PBS, and lysed by PlyC treatment. The clear supernatant of the
culture was collected in a fresh tube after centrifugation at 7,000 relative centrifugal force (rcf) at 4°C for
10 min. The cell lysates were then boiled for 10 min. Clear supernatants were collected after centrifu-
gation and stored at �80°C until used to measure intracellular c-di-AMP concentration. Since E. coli does
not produce c-di-AMP, E. coli TOP10 cells (Invitrogen) were used as a negative control for the assay.
TOP10 cells were cultured to the exponential phase (OD600 
 �0.4) in 10 ml LB broth with continuous
shaking at 37°C, washed three times with PBS, resuspended in 1 ml 50 mM Tris buffer (pH 8), lysed with
beads using Fast Prep 24 5G (MP Biomedical) at 6.0 m/s for 40 s, and stored at �80°C until used to
measure intracellular c-di-AMP concentration.

CabP protein was purified as previously described (57). Briefly, E. coli BL21(DE3) with the recombinant
plasmid pET28b-His-CabPspT from the Grundling lab was grown to an OD600 of �0.6 in 600 ml LB
medium containing 30 �g/ml kanamycin at 37°C in a shaker. The culture was then incubated at room
temperature for an additional 4 hours with 0.1 mM isopropyl-�-D-thiogalactopyranoside (IPTG) to induce
CabP production. Next, cells were harvested, washed, and resuspended in 20 ml lysis buffer (50 mM
Tris-HCl [pH 7.5], 500 mM NaCl, 10 mM imidazole, and 10% glycerol). The cells were then lysed by bead
beating using the Fast Prep 24 5G (6.0 m/s for 40 s twice). The beads and cell debris were removed by
centrifugation at 13,000 rcf at 4°C for 20 min, and then 8-ml cell lysates containing His-tagged CabP
proteins were loaded onto the column with 1 ml HisPur cobalt resin (Thermo Scientific) and incubated
for 1 h. The resin was washed with 10 ml of lysis buffer containing 10 mM imidazole, 20 mM imidazole,
and finally 30 mM imidazole, successively. Subsequently, the proteins were eluted in 4 ml lysis buffer
containing 250 mM imidazole. The eluted proteins were then dialyzed twice against 1 liter of PBS at 4°C
for 1 h and then overnight against 1 liter of PBS containing 10% glycerol. The proteins were concentrated
using a Centriprep centrifugal filter unit (Sigma-Aldrich) at 2,000 	 g at 4°C until they reached �0.2 mg/
ml. The protein concentration was measured with the Bradford assay kit (Sigma-Aldrich). Finally, the
purity of the protein was determined by SDS-PAGE, and the protein samples were stored in small aliquots
at �80°C until used.

The purified CabP was diluted to 50 �g/ml in coating buffer (50 mM Na2CO3, 50 mM NaHCO3, pH 9.6),
and 100 �l of the solution was added to each well to coat the wells of a 96-well flat-bottom plate (Dot
Scientific Inc.). The coated plates were sealed with plastic wrap and incubated overnight (14 to 18 h) at
4°C. The coated wells were then washed three times with PBS containing 0.05% Tween 20 (PBST) and
blocked with 5% bovine serum albumin (BSA). The cell extract samples were diluted (5 times) with 50 mM
Tris buffer (pH 8). For preparing a standard curve, c-di-AMP (Biolog) solutions containing 0.5 nmol to
250 nmol were prepared in 50 mM Tris buffer (pH 8). Biotinylated c-di-AMP (Biolog) was added to all the
controls and samples to give the final amount of 25 nmol. 100 �l of all the controls and samples were
added to the coated wells (in triplicate). The plates were incubated for 2 h at room temperature. Each
well of the plates was washed three times with 200 �l PBST. Next, 100 �l of 0.1-�g/ml high-performance
streptavidin (Thermo Fisher Scientific) in PBS was added and incubated for 1 h. Wells were washed three
times with PBST before adding substrate. One hundred microliters of the substrate (0.5 mg of
o-phenylenediamine dihydrochloride [Sigma-Aldrich] in citrate buffer [pH 5] containing 20 �l H2O2) was
added to each well and incubated for 30 min at room temperature. Finally, the reactions were stopped
with 100 �l of 2 M H2SO4. The OD492 was measured for each well using a plate reader (EL-808 Ultra
microplate reader; Bio-Tek Instruments, Inc.). A standard curve was generated to measure the level of
c-di-AMP. The concentrations of the samples were plotted along the x axis against OD492 on the y axis,
and a polynomial standard curve was generated to find the concentration of c-di-AMP in the samples.

Murine subcutaneous infection. The ability of S. pyogenes strains to cause disease in soft tissue was
evaluated using 6- to 8-week-old SKH1 hairless mice (Charles River Labs) as described previously (36).
Each mouse was subcutaneously injected with approximately 1 	 107 CFU in a 100-�l volume into the
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right flank. The area of the lesion that formed was documented every 24 h by digital photography, and
the lesion area was calculated from the digital record using ImageJ (NIH). Any differences in the areas of
lesions between experimental groups were tested for significance by the Mann-Whitney U test. This
study was carried out in strict accordance with the recommendations in the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health. This animal study was approved by the
Institutional Animal Care and Use Committee (IACUC) of Indiana State University (ISU). All mice were
anesthetized with isoflurane when the lesion sizes were measured and were euthanized by carbon
dioxide asphyxiation at the end of the experiment.

Statistical testing. All statistical tests were performed using GraphPad Prism (*, P � 0.05; **, P � 0.01;
***, P � 0.001; ****, P � 0.0001).
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