‘Ll amemcan  Journal of
SOCIETY FOR ; ®
3 MICROBIOLOGY Bacterlology

RESEARCH ARTICLE

L)

Check for
updates

Bacterial Second Messenger Cyclic di-AMP Modulates the
Competence State in Streptococcus pneumoniae
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ABSTRACT Streptococcus pneumoniae (the pneumococcus) is a naturally competent
organism that causes diseases such as pneumonia, otitis media, and bacteremia. The
essential bacterial second messenger cyclic di-AMP (c-di-AMP) is an emerging player in
the stress responses of many pathogens. In S. pneumoniae, c-di-AMP is produced by a
diadenylate cyclase, CdaA, and cleaved by phosphodiesterases Pde1 and Pde2. c-di-AMP
binds a transporter of K* (Trk) family protein, CabP, which subsequently halts K* uptake
via the transporter TrkH. Recently, it was reported that Pde1 and Pde2 are essential for
pneumococcal virulence in mouse models of disease. To elucidate c-di-AMP-mediated
transcription that may lead to changes in pathogenesis, we compared the transcrip-
tomes of wild-type (WT) and Apdel Apde2 strains by transcriptome sequencing (RNA-
Seq) analysis. Notably, we found that many competence-associated genes are signifi-
cantly upregulated in the Apdel Apde2 strain compared to the WT. These genes play a
role in DNA uptake, recombination, and autolysis. Competence is induced by a quorum-
sensing mechanism initiated by the secreted factor competence-stimulating peptide
(CSP). Surprisingly, the Apdel Apde2 strain exhibited reduced transformation efficiency
compared to WT bacteria, which was c-di-AMP dependent. Transformation efficiency
was also directly related to the [K*] in the medium, suggesting a link between c-di-AMP
function and the pneumococcal competence state. We found that a strain that pos-
sesses a V76G variation in CdaA produced less c-di-AMP and was highly susceptible to
CSP. Deletion of cabP and trkH restored the growth of these bacteria in medium with
CSP. Overall, our study demonstrates a novel role for c-di-AMP in the competence pro-
gram of S. pneumoniae.

IMPORTANCE Genetic competence in bacteria leads to horizontal gene transfer,
which can ultimately affect antibiotic resistance, adaptation to stress conditions, and
virulence. While the mechanisms of pneumococcal competence signaling cascades
have been well characterized, the molecular mechanism behind competence regula-
tion is not fully understood. The bacterial second messenger c-di-AMP has previ-
ously been shown to play a role in bacterial physiology and pathogenesis. In this
study, we provide compelling evidence for the interplay between c-di-AMP and the
pneumococcal competence state. These findings not only attribute a new biological
function to this dinucleotide as a regulator of competence, transformation, and sur-
vival under stress conditions in pneumococci but also provide new insights into how
pneumococcal competence is modulated.

KEYWORDS Streptococcus pneumoniae, c-di-AMP, stress response, CdaA,
competence, potassium, CSP

treptococcus pneumoniae (the pneumococcus) is an extracellular human pathogen
that frequently causes pneumonia, septicemia, otitis media, sinusitis, and meningi-
tis. The available pneumococcal vaccines protect against only a subset of over 90
capsular serotypes, and the threats from serotype switching and antibiotic resistance
are mounting. One of the hallmarks of pneumococcal research is the discovery of
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natural transformation, which is the ability of cells to acquire extracellular DNA (1).
Genetic competence is an important bioprocess that is critical for pneumococcal
evolution and adaptation to diverse stress and environmental conditions. The mecha-
nisms of competence initiation, DNA uptake and recombination, and competence
regulation have been extensively studied in this pathogen; however, the regulatory
cascades of competence development have not been completely elucidated.

The natural competence program of S. pneumoniae is initiated by the expression,
processing, and secretion of a small pheromone, competence-stimulating peptide (CSP)
(2). CSP is recognized by the histidine sensor kinase ComD of a two-component system,
ComDE (3-5). Phosphorylated ComE upregulates the expression of the early compe-
tence genes, including the alternative sigma factor, ComX. ComX drives expression of
late genes that govern transformation. Competent cells also induce cell lysis of neigh-
boring noncompetent bacteria in a process termed fratricide (6). Genomic DNA is
liberated from a subpopulation of cells that undergoes autolysis or is lysed through
fratricide by competent pneumococci releasing the murein hydrolase, LytA, and bac-
teriocins (6-11). Expression of immunity factors within competent bacteria protects
cells from lysis (9, 12). CSP-induced lysis is thought to be important for procurement of
DNA from closely related Streptococcus spp. and therefore offers a mechanism that can
promote horizontal gene transfer of compatible and beneficial genes (13, 14).

Environmental stochasticity is an element of competence induction that can affect
the production of and the response to CSP (15-17). Microaerobic conditions suppress
the ability to induce competence (18-21), and pH can affect competence induction and
autolysis (17, 22, 23). In addition, DNA-damaging agents and hypermutation trigger
competence (24, 25). Recently, it was suggested that initiation of the competence
program via CSP is not strictly a consequence of quorum sensing but can be modulated
by the input of multiple factors, including cell density and environmental stimuli (15).

Cyclic di-AMP (c-di-AMP) is a signaling dinucleotide that has recently been distin-
guished as a crucial player in bacterial physiology and stress adaptation. c-di-AMP is
produced from ATP or ADP by diadenylate cyclases and cleaved by c-di-AMP phos-
phodiesterases into pApA or AMP (26-28). In many species, c-di-AMP is an essential
second messenger. The physiological outcomes of c-di-AMP signaling are mediated by
the functions of c-di-AMP-binding effector proteins and RNAs. However, c-di-AMP-
producing bacteria express diverse c-di-AMP signaling networks, and not all effector
molecules are conserved among species. Mutation of genes encoding c-di-AMP-
synthesizing or -hydrolyzing enzymes disrupts c-di-AMP homeostasis, which alters cell
wall homeostasis, osmolyte transport, central metabolism, and virulence (29-34).

S. pneumoniae encodes an essential diadenylate cyclase, CdaA, and two c-di-AMP
phosphodiesterases, Pde1 and Pde2 (35). Previously, we identified a c-di-AMP-binding
protein, CabP, as a mediator of potassium uptake and c-di-AMP homeostasis (36, 37).
Recently, we found that phosphodiesterase-deficient pneumococcal strains, which
possess elevated levels of c-di-AMP, grow poorly under low [K*] conditions and are
highly susceptible to UV treatment and acidic, osmotic, and heat stress conditions
(35-37). In addition, in a heat shock suppressor screen, we recovered single-nucleotide
changes in cdaA that restored bacterial growth and stress resistance in these suppres-
sor mutant strains by diminishing the enzymatic activity of the cyclase (37).

In an effort to determine how c-di-AMP affects the pneumococcal transcriptome, in
this work we analyzed the gene expression profiles of wild-type (WT) and Apdel Apde2
bacteria by transcriptome sequencing (RNA-Seq). We found that a large number of
competence genes were upregulated in the Apdel Apde2 strain. Thus, we further
explored whether c-di-AMP affects pneumococcal competence and revealed that high
levels of c-di-AMP were detrimental to transformation, which was partly restored by
either reducing c-di-AMP levels or adding K* in the transformation medium. By
introducing a V76G mutation in CdaA to construct a cdaA* strain, which produces lower
levels of c-di-AMP, we compared and contrasted c-di-AMP-dependent phenotypes in
pneumococci. We found that c-di-AMP affects transformation, responsiveness to CSP,
and growth under stress conditions. The inability of the cdaA* strain to grow in medium
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with CSP was restored by deletions of the genes needed for K* uptake in S. pneu-
moniae. Overall, this study signifies that c-di-AMP influences the competence program
of S. pneumoniae partly through modulating K™ uptake.

RESULTS

RNA-Seq analysis reveals induction of competence genes in a Apde1 Apde2
strain. In a previous study, we demonstrated that Pde1 and Pde2 are phosphodies-
terases that cleave c-di-AMP and that a Apdel Apde2 strain has higher levels of
c-di-AMP than the WT (35). Strains deficient for one or both Pde-encoding genes have
been shown to have attenuated virulence in mouse models of otitis media, pneumonia,
and bacteremia (35, 38). We hypothesized that maintaining c-di-AMP homeostasis is
essential for pneumococcal virulence and the stress response since c-di-AMP, as a
signaling nucleotide, modulates gene expression and protein activity. To address how
c-di-AMP may augment the transcriptome, we compared the gene expression of the
Apdel Apde2 strain (with high c-di-AMP levels) to that of the WT (under homeostatic
c-di-AMP conditions) by RNA-Seq analysis. We found that 126 genes were significantly
differentially transcribed in the two strains using a fold change of =1.5 as a cutoff (see
Table S1 in the supplemental material). Of these, 106 genes were upregulated and 20
genes were downregulated in the Apde1Apde2 strain. Strikingly, 59 of the differentially
regulated genes have been reported to be CSP responsive, among which 20 of the
upregulated genes in the Apdel Apde2 strain were directly annotated as competence
(com) genes (Fig. 1A) (differentially regulated com genes are shown in Table 1, and the
full list of CSP-induced genes is shown in Table S2 in the supplemental material). To
validate the RNA-Seq results, we performed quantitative reverse transcription-PCR
(gRT-PCR) of a selection of differentially expressed genes. We found that the fold
change between the WT and Apdel Apde2 strains was comparable to that from the
RNA-Seq data (Fig. 1B). These results suggest that c-di-AMP may play a role in the
pneumococcal competence state.

c-di-AMP phosphodiesterase mutants have a defect in transformation. Due to
the marked induction of competence genes in the Apdel Apde2 strain, we hypothe-
sized that c-di-AMP may affect the pneumococcal competence program. To test this
hypothesis, we transformed the WT and the Apdel, Apde2, and Apdel Apde2 mutants
with linear DNA or shuttle plasmid pVA838. The linear DNA is comprised of the Janus
cassette, which contains a kanamycin resistance marker (39), and homologous arms for
replacing the arcA open reading frame (ORF). The plasmid harbors an erythromycin
resistance marker. The results showed that all of the pde-deficient strains had signifi-
cantly lower transformation efficiencies for both the integrative fragment and plasmid
than the WT strain (Fig. 1C and D). There was no difference in the number of live cells
at the time of plating. To investigate if this effect was due specifically to c-di-AMP
dysregulation or another unknown function of the Pde proteins, we determined the
transformation efficiency using two Apdel Apde2-derived strains, HSR1 and a Apde1
Apde2 cdaA-32 strain. We previously showed that these strains lack pde and pde2 but
that each harbors a point mutation in cdaA, which reduces intracellular c-di-AMP levels
(37). HSR1 contains a single-nucleotide change in cdaA, which results in a V76G
substitution. The Apdel Apde2 cdaA-32 strain has an addition of an adenine immedi-
ately before the stop codon, which extends translation by 32 amino acids. The
mutations in cdaA partially restored the transformation defect of pde-deficient pneu-
mococci (Fig. 1E), signifying that high levels of c-di-AMP are detrimental for transfor-
mation of S. pneumoniae.

Controlling potassium transport is a known effector function of c-di-AMP in pneu-
mococci (36). Previously, we demonstrated that a transporter of K* (Trk) family protein,
CabP, binds c-di-AMP. CabP facilitates K* uptake via the transmembrane protein TrkH
through a protein-protein interaction, but c-di-AMP-bound CabP dissociates from TrkH
and impairs K+ uptake (36). In addition, Apdel Apde2 bacteria, which possess high
levels of c-di-AMP, have a greater growth defect in culture medium with a low [K*] (36).
A study on competence in Streptococcus mutans reported that both a concentration of
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FIG 1 Differential gene expression between the WT and Apdel Apde2 strains determined using RNA-Seq and the
effect of mutations in cdaA on transformation of the Apdel Apde2 strain. (A) Scatterplot of RNA reads of the WT
and Apdel Apde2 strains determined using RNA-Seq. The com genes upregulated in the Apdel Apde2 strain are
indicated in red. Each spot or cross represents the average reads from three independent biological replicates. (B)
Validation of RNA-Seq results by gRT-PCR. Fold changes of selected genes were determined from cDNAs generated
from the same RNA samples as used in RNA-Seq. (C, D, and E) The WT, the pde mutants, HSR1, and the Apde1 Apde2
cdaA-32 strain were given CSP to induce transformation. Strains were transformed with either an integrative
fragment with a Janus cassette (C) or plasmid pVA838 (D and E). Transformation efficiencies were calculated as
output/input as described in Materials and Methods. Data shown are the means from three independent biological
replicates. Error bars indicate the standard errors of the means (SEMs). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****,
P < 0.0001; NS, not significant.

at least 25 mM environmental K™ and a potassium transporter, Trk2, were required for
competence development and efficient transformation (40). Therefore, we hypothe-
sized that high c-di-AMP levels diminishing K+ uptake may be impeding transforma-
tion. To explore the role of K™ transport in the transformation efficiency of S. pneu-
moniae, WT and AtrkH bacteria were transformed with plasmid in a modified protocol.
Strains were grown in Todd-Hewitt broth containing 0.5% yeast extract (THY) before
being thoroughly washed in a K*-free chemically defined medium (CDM) and resus-
pended in a CDM with 0, 1, or 10 mM K™, in which bacteria were incubated with CSP
and the plasmid to initiate competence. The input, or number of live cells after
incubation in the transformation medium, was similar between the two strains (see
Table S3 in the supplemental material). The transformation efficiency was not signifi-
cantly different between the WT and AtrkH strains after incubation in CDM with 10 mM
K* (Fig. 2A). However, AtrkH bacteria, which cannot grow but remain viable in medium
containing 1 mM K* (36) (Table S3), were unable to be transformed at this concentra-
tion of K+, while the WT still maintained a transformation efficiency similar to that in
medium with 10 mM K. Similarly, transformants were not recovered in either strain
after incubation in K™-free medium (Fig. 2A; Table S3). These results demonstrate the
essentiality of K™ in pneumococcal transformation. Next, the WT and Apdel Apde2
strains were transformed in a modified protocol with or without the addition of excess
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TABLE 1 Differentially expressed com genes in the Apdel Apde2 mutant compared to the WT

Protein Gene Description Fold change (log,)? g value
ComM SPD_1744 Immunity factor 3.8 0.0014
ComEA SPD_0843 Late competence protein, DNA receptor 4.1 0.0014
ComEC SPD_0844 Late competence protein, DNA transport 4.2 0.0014
ComX1 SPD_0014 Competence-specific sigma factor 4.3 0.0014
ComX2 SPD_1818 Competence-specific sigma factor 4.5 0.0014
ComE SPD_2063 Response regulator 47 0.0014
ComA SPD_0049 CSP ABC transporter ATP-binding protein 4.9 0.0014
ComD SPD_2064 Histidine sensor kinase 5.0 0.0014
ComB SPD_0050 CSP ABC transporter permease 5.0 0.0014
ComC SPD_2065 CSP precursor 5.1 0.0014
ComGF SPD_1858 Late competence protein, DNA uptake 5.1 0.0014
ComGE SPD_1859 Late competence protein, DNA uptake 5.2 0.0014
ComW SPD_0023 Competence positive regulator 5.2 0.0014
ComGG SPD_1857 Late competence protein, DNA uptake 5.2 0.0014
ComGC SPD_1861 Late competence protein, DNA uptake 5.2 0.0014
ComGD SPD_1860 Late competence protein, DNA uptake 54 0.0014
ComGB SPD_1862 Late competence protein, DNA uptake 54 0.0014
ComGA SPD_1863 Late competence protein, DNA uptake 55 0.0014
ComFA SPD_2035 Late competence protein, DNA transport ATPase 55 0.0014
ComFC SPD_2034 Late competence protein, DNA uptake 5.6 0.0014

aFold changes in RNA reads of upregulated com genes in the Apdel Apde2 compared to those in the WT. Data listed are the average fold changes (Apdel Apde2/WT)
from three biological replicate experiments.

K+ to THY medium. We found that addition of K+ significantly enhanced the transfor-
mation efficiencies of both the WT (2-fold) and Apdel Apde2 (10-fold) strains (Fig. 2B).
These findings highly suggest that the reduced transformation efficiency of the Apdel
Apde2 strain is partly due to impaired K+ uptake resulting from elevated c-di-AMP
levels in this mutant.

Survival in media with different concentrations of glycine or pHs is dependent
on c-di-AMP homeostasis. Based on the reduced transformation efficiency of the
Apdel Apde?2 strain compared to that of the WT, we posited that low c-di-AMP levels
may improve pneumococcal transformation efficiency. cdaA is an essential gene in S.
pneumoniae, and we were unable to delete it directly (35). However, we were capable
of deleting cdaA from the native locus after we inserted a second copy of cdaA at the
bgaA locus. Ultimately, we introduced the V76G point mutation in S. pneumoniae
through a six-step procedure (Fig. 3A). We designated this strain the cdaA* strain. As
expected, the cdaA* strain produced lower levels of c-di-AMP than did WT bacteria (Fig.
3B). After construction of a low c-di-AMP-producing strain, we measured the expression
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FIG 2 Effect of potassium on pneumococcal transformation efficiency. (A) WT and AtrkH bacteria were
transformed in a modified protocol as described in Materials and Methods. Pneumococci were washed
with potassium-free CDM and resuspended in CDM containing 0, 1, or 10 mM KCI. Transformation was
initiated by addition of CSP and plasmid pVA838. (B) WT and Apdel Apde2 bacteria were transformed
with the plasmid in transformation medium either with or without addition of 20 mM KCl using a
modified protocol as described in Materials and Methods. Transformation efficiencies were calculated as
output/input as described in Materials and Methods. ND, under the level of detection (no colonies were
recovered). Data shown are the means from three independent biological replicates. Error bars indicate
the SEMs. *, P < 0.05.
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FIG 3 Construction and characterization of cdaA* bacteria. (A) Construction of the cdaA* strain. The organizations
of the cdaA locus and the bgaA locus are shown. Bacteria were transformed with the indicated ORFs flanked by the
respective upstream and downstream homologous arms for integration and replacement of the previous gene as
detailed in Materials and Methods. WT bacteria were transformed with the Janus cassette, which confers kanamycin
resistance, to replace the native bgaA. The subsequent steps maintain the essential gene cdaA at the bgaA locus
in order to introduce the cdaA,,¢; mutation at its native site. (B) Determination of c-di-AMP levels in the WT and
cdaA* strains. (C) Expression of an early gene and a late gene in the WT, Apdel Apde2, and cdaA* strains. Relative
expression of comA and comEA was determined. Data shown in all graphs are the means from three independent
biological replicates. The error bars indicate the SEMs. **, P < 0.01; ****, P < 0.0001.

of com genes in the cdaA* strain compared with the WT and Apdel Apde2 strains.
Analysis of relative quantification of a representative early gene, comA, and a late gene,
comEA, showed that the Apdel Apde2 strain displayed higher expression of both
competence genes than WT and cdaA* bacteria (Fig. 3C). However, there was no
significant difference in expression between the WT and cdaA* strains, demonstrating
that lower c-di-AMP levels do not alter early and late com gene expression.

To explore the effect of low c-di-AMP on genetic competence, we sought to
determine the transformation efficiency of the cdaA* strain. In the transformation
protocol adapted from a report by van Opijnen et al. (41), the host bacteria are initially
grown in THYI, which is Todd-Hewitt broth containing 0.5% yeast extract (THY) sup-
plemented with 11 mM HCI and 0.5% glycine to reduce premature induction of
competence and to increase permeability of the cell wall, respectively (42). Next, the
bacteria are resuspended in competence-permissible medium THYIl with addition of
CSP and DNA. THYIl is THY supplemented with components necessary for the induc-
tion: 2mg - mI~" bovine serum albumin (BSA), 1T mM CaCl,, and 10 mM NaOH (17,
42-44). Finally, the bacteria are recovered in THY before plating. Surprisingly, the cdaA*
strain had a minor growth defect in THY medium but failed to grow in THYI (Fig. 4A and
B). Upon division of the different additions in THYI, we found that the cdaA* strain
exhibited a doubling time of 75.3 =4.3 min in THY, compared to the WT with a
doubling time of 49.1 = 1.9 min, which could be partially restored with the addition of
HCI (doubling time, 51.9 £ 1.4 min) (Fig. 4A and C). Most noticeably, the cdaA* strain
was unable to grow in THY with the addition of 0.5% glycine (Fig. 4D), which was
comparable to the growth in THYI. To further examine the role of c-di-AMP in pneu-
mococcal growth under these conditions, we grew the WT, Apdel Apde2, HSR1, Apde1
Apde2 cdaA-32, and cdaA* strains in THY adjusted to pH 6.5, 7.0, 7.5, or 8.0 or in THY
with the addition of 0.5% glycine and monitored the growth over time. The WT was
able to grow under all pH conditions but had a slight growth defect from the addition
of glycine (Fig. 5A and B). The Apdel Apde2 mutant favored growth in more-basic
media and had significantly better growth with glycine addition (Fig. 5C and D). In
contrast, the cdaA* strain preferred media at pH 6.5 to 7.0 and had growth arrest at pH
8.0 (Fig. 51). HSR1 and the Apdel Apde2 cdaA-32 strain, two mutants in the Apdel Apde2
background with lowered levels of c-di-AMP, corrected the growth phenotype of the
Apdel Apde2 strain in medium with either low pH or with the addition of glycine (Fig.
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5E to G and H). Next, to verify that c-di-AMP levels control pneumococcal survival under
basic conditions or in medium supplemented with glycine, we introduced native cdaA,
or the Janus cassette as a control, at the bgaA locus in cdaA* and tested the growth of
these strains. We found that complementation with native cdaA significantly increased
c-di-AMP levels (see Fig. STA in the supplemental material) and restored the bacterial
growth in medium adjusted to pH 8.0 or supplemented with glycine (Fig. S1B and C).
Taking these results together, the preferential growth of strains with dysregulated
c-di-AMP suggests that c-di-AMP controls the stress response to pH and affects growth
in media with additional glycine, which are components associated with pneumococcal
competence.

CSP is detrimental to low-c-di-AMP-producing bacteria through K+ uptake by
CabP and TrkH. Since we found that cdaA* bacteria are highly susceptible to the
addition of 0.5% glycine and basic conditions, we replaced the initial THYI medium for
transformation with THY and removed the NaOH addition in THYII to allow growth of
this strain in the transformation procedure. However, after induction with CSP and
growth in a modified THYIl without NaOH, there was still no growth of the cdaA* strain
during transformation. We hypothesized that one of the components in THYIl or CSP
inhibits the growth of the cdaA* strain. We examined the growth of WT and cdaA*
bacteria in THY or THY with the addition of BSA, CaCl,, or CSP individually at the same
concentration as what is found in THYII broth. Addition of BSA or CaCl, did not affect
growth of either the WT or the cdaA* strain (Fig. 6A). However, CSP reduced the growth
of the WT by 9% and the growth of the cdaA* strain by 94% compared to that in THY
alone (Fig. 6A). The growth defect of the cdaA* strain could be restored by comple-
mentation (Fig. S1D). The reduction in growth of the WT is consistent with reports of
CSP-dependent cell lysis termed fratricide (7-9, 12). The concentration of CSP in the
transformation protocol is 375 ng - ml~". In order to obtain a suitable concentration at
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FIG 5 Effect of pH and glycine on growth of the WT, Apdel Apde2, HSR1, and Apdel Apde2 strains with
CdaA-32 addition. The WT and the indicated mutant strains were grown in THY (the pH of this broth is 7.5)
(A, C, E, G, and I) or in THY with the pH adjusted to 8.0 with NaOH or adjusted to 7.0 or 6.5 with HCl or in
THY or THY with the same glycine concentration (0.5%) as in THYI (B, D, F, and H). Bacterial growth was
monitored as OD,,, every 2 h. Data shown are the means from three independent biological replicates. The
error bars indicate the SD. ***, P < 0.001; ****, P < 0.0001.
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FIG 6 Effect of CSP addition on growth of the WT, cdaA*, and Apdel Apde2 strains. (A) The WT and cdaA* strains
were grown in THY or in THY with 2mg - mI=' BSA, TmM CaCl,, or 375ng - ml~" CSP. Bacterial growth was
measured as ODq,, after 9h of incubation. (B) The WT, cdaA*, and Apdel Apde2 strains were grown in THY
supplemented with the indicated concentrations of CSP. Bacterial growth was measured as ODg,, after 10 h of
incubation. (C) Growth of the indicated trk mutants in the presence and absence of 375 ng - mI~" CSP. Bacterial
growth was measured as OD,,, after 8 h of incubation. Data shown for all panels are the means from three
independent biological replicates. The error bars indicate the SEMs. *, P < 0.05; ***, P < 0.001; ****, P < 0.0001.

which cdaA* may be able to grow, we diluted the concentration of CSP from 20-fold to
100-fold and measured the impact on growth of the WT, cdaA*, and Apdel Apde2
strains. While the WT and Apdel Apde2 strains were unaffected by the CSP additions,
the cdaA* strain displayed CSP dose-dependent growth, as well as marked growth
defects even with 3.75ng - ml~' of CSP added (Fig. 6B). Next, since the K* content
affects transformation efficiency, we explored the role of Trk family proteins in the
susceptibility of cdaA* bacteria to CSP. S. pneumoniae expresses two sets of Trk family
proteins, (i) CabP and TrkH and (ii) TrkA (SPD_0430) and TrkG (SPD_0429), which have
high sequence similarity, respectively, but TrkA and TrkG are not involved in K™ uptake
(36). The WT, cdaA*, cdaA* AtrkH AcabP, and cdaA* AtrkA AtrkG strains were grown in
THY or THY with the addition of CSP. The deletion of the K* uptake proteins CabP and
TrkH restored growth of the cdaA* strain with CSP, while the strain with deletion of TrkA
and TrkG was still susceptible to CSP addition (Fig. 6C). These results indicate that the
toxicity of CSP in cdaA* bacteria was mediated by c-di-AMP effector proteins CabP and
TrkH.

Role of CSP signaling in susceptibility of the cdaA* strain to pH, glycine, and CSP.
The two-component system ComDE recognizes CSP for competence induction and
CSP-dependent cell lysis (3, 4). In addition, ComA is an ABC transporter that is required
for releasing mature CSP (45, 46). We hypothesized that the susceptibility of the cdaA*
strain to pH, glycine, and CSP is due to a response through this signaling pathway. We
constructed AcomA and AcomD mutants in WT and cdaA* backgrounds to assess the
role of bacteria secreting CSP or responding to CSP in survival within basic medium and
medium with the addition of glycine or CSP. We found that deletions of comA and
comD did not obviously affect the growth of WT bacteria in all of the tested media (Fig.
7A, B, and C). However, the cdaA* AcomA strain had significantly enhanced bacterial
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FIG 7 Impact of ComA and ComD on survival of the cdaA* strain in basic medium or with the addition of glycine
or CSP. (A to D) The indicated strains were grown in THY (A), THY at pH 8.0 (B), THY with the addition of 0.5%
glycine (C), or THY with the addition of 375 ng - mI~" CSP (D). Bacterial growth was measured as ODq,, after 10 h
of incubation. Data shown are the means from three independent biological replicates. The error bars indicate the
SEMs. (E) Hypothetical model. c-di-AMP blocks K+ transport by directly binding CabP, which inhibits TrkH
transport. Regulation of K* is required for effective transformation in the presence of CSP, and therefore,
modulation of c-di-AMP levels can control pneumococcal competence. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****,
P < 0.0001.

growth compared to the cdaA* strain in THY and THY at pH 8.0 but not in medium with
additional glycine (Fig. 7A, B, and C). The deletion of comD in the cdaA* strain
reestablished growth in THY at pH 8.0 (Fig. 7B). These results indicate that the
susceptibility of the cdaA* strain to basic conditions is partially reliant on self-induction
of CSP-dependent signaling. After subjecting the strains to CSP, the AcomD strain grew
slightly better than the WT, as expected (Fig. 7D). Furthermore, the deletion of comD in
cdaA* bacteria restored growth to levels comparable to that in THY alone, while the
comA deletion had no appreciable effect (Fig. 7D). Taken together, these results
indicate that the susceptibility of the cdaA* strain to CSP and basic pH is through a
CSP-dependent signaling pathway, whereas the susceptibility to glycine is CSP inde-
pendent.

DISCUSSION

The competence state is an important process for bacterial horizontal gene transfer,
stress adaptation, and virulence (14, 17, 47). Available pneumococcal vaccines and
treatments for pneumococcal disease are being undermined by capsule switching and
acquisition of antibiotic resistance due to effective genetic competence (48-51). S.
pneumoniae utilizes a secreted small peptide, CSP, to induce natural competence.
However, the regulation of the competence signaling cascade can be affected by
environmental conditions and regulatory proteins, which have been extensively stud-
ied but still not fully deciphered. In this work, Apdel Apde2 bacteria exhibited de-
creased transformation efficiency, which was validated as being c-di-AMP dependent
through the employment of two mutants with distinct variations in CdaA that decrease
c-di-AMP production. Increasing the K* concentration in transformation media im-
proved transformation efficiency, linking an effector function of c-di-AMP with genetic
competence. Additionally, multiple components in transformation media, including
CSP, are toxic to cdaA* bacteria, which produce lower levels of c-di-AMP than the WT.
Toxicity of CSP in cdaA* bacteria was mediated by c-di-AMP effector proteins CabP and
TrkH. Thus, we describe a novel regulation of the pneumococcal competence state by
the bacterial second messenger c-di-AMP.

Unexpectedly, the induction of many competence-associated genes in the Apdel
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Apde2 mutant did not confer enhanced transformation (Fig. 1). The reduced transfor-
mation efficiencies of the pneumococcal pde mutants could be caused by c-di-AMP-
mediated dysregulation of (i) responses to environmental conditions, (ii) competence
regulation, and/or (iii) cell wall homeostasis. During acclimatization to environmental
conditions, pneumococci can engage the competence machinery as part of the stress
response (15, 17, 22, 25, 52-54). The results of this work suggest that differential control
of K* uptake by c-di-AMP affects competence and transformation in Apdel Apde2
bacteria. Control of K* transport as an osmolyte by c-di-AMP has been shown to affect
cell wall morphology (34), which may alter transformation. Previously, Binepal et al.
reported that in Streptococcus mutans transformation efficiency is reduced in medium
containing low K™ or in a strain lacking Trk2, the major potassium transporter (40).
Similarly, our work demonstrates that AtrkH pneumococci had a defect in transforma-
tion after incubation in a medium with low K*. Therefore, despite S. mutans encoding
a different competence regulon, which includes two secreted competence-inducing
peptides instead of one as in S. pneumoniae, there is a shared influence of K+
concentration on competence regulation and transformation.

Competence development is an elaborate process that has a fine-tuned temporal
pattern of gene expression (55-59). Dysregulation of competence kinetics can lead to
alterations in transformation efficiencies. Imbalances in competence gene expression
have been shown to negatively affect the competence state (5, 60-62). After the
competence state is induced and subsequently shut off, there is a refractory period with
a lack of responsiveness to CSP (63, 64). The mechanism of CSP tolerance could be
affected by c-di-AMP. To observe the extent of competence gene induction after CSP
addition, we utilized a late-gene ssbB promoter-reporter assay, which indicates entering
the competence state (24, 25, 65). After addition of CSP, the WT and cdaA* strains
displayed similar kinetics and amplitude in expression driven from the ssbB promoter
(see Fig. S2 in the supplemental material). However, the Apdel Apde2 mutant had a
significantly reduced induction of this promoter (Fig. S2). These results suggest that low
c-di-AMP does not affect CSP-dependent induction of the competence state but that
high c-di-AMP impairs the response to CSP. Therefore, the ApdelApde2 strain has
diminished transformability and a delay in the CSP-dependent induction of the
competence state, which may be caused by a dysregulation in the response to CSP
and a prolonged refractory phase. The increased expression of com genes in the
Apdel Apde2 strain at a later stage in growth could be indicative of a misappro-
priation of competence induction or the inability to turn off competence. The
increased com gene expression during mid-log phase did not confer transformabil-
ity, as DNA added at this time did not result in transformants. In a previous report,
we demonstrated that c-di-AMP signaling is involved in the adaptation to multiple
stress conditions, including heat shock (35, 37). Heat shock proteins are expressed
during competence and have implications in the stress response, competence, and
virulence (54, 55). It is likely that c-di-AMP affects a shared mechanism that
regulates these complex processes.

Our results obtained by constructing a low-c-di-AMP-producing strain, the cdaA*
strain, suggest that c-di-AMP homeostasis must be maintained for competence pro-
gram integrity. The cdaA* strain was unable to grow under multiple conditions com-
monly utilized to stimulate pneumococcal transformation, including the addition of
glycine or CSP or the adjustment of medium to basic pH. In this study, we found that
all of these growth phenotypes were mediated by c-di-AMP. Glycine is an essential
amino acid in S. pneumoniae (66). The addition of 0.5% glycine is toxic for pneumococci
with low levels of c-di-AMP, which is possibly due to increased glycine uptake and/or
a buildup of glycine by enzyme inhibition/activity. c-di-AMP has been shown to
regulate amino acid transport via OpuC proteins in Listeria monocytogenes and Staph-
ylococcus aureus (67, 68). Previous studies have revealed that peptide and amino acid
transport systems are detrimental in c-di-AMP-deficient strains (69, 70). There are no
homologs for OpuC proteins in S. pneumoniae; however, these results suggest a
conserved role for c-di-AMP. Also, we found that the sensitivity of the cdaA* strain to
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CSP addition could be abolished by deletion of comD, which encodes the known
receptor for the initiation of competence (3, 4), or by the deletion of trkH-cabP, which
encodes a K™ uptake system that is controlled by c-di-AMP. It is not clear whether CSP
susceptibility due to excess K+ uptake is driven by a misappropriation of proteins
induced by the competence cascade, including lysins and bacteriocins, by the inability
to be protected by the immunity proteins, or by some other mechanism. CSP addition
to the cdaA* strain did not affect cell survival and may inhibit growth of cdaA*
pneumococci rather than cause cell lysis (see Fig. S3 in the supplemental material).
Lastly, we noted that the cdaA* strain could not grow in basic medium at pH 8.0 and
preferred more-acidic medium (pH 6.5 to 7.0). This is consistent with pde-deficient
pneumococci, which contain high levels of c-di-AMP and grow poorly in medium with
acidic pH (37). However, phosphodiesterase mutants of L. monocytogenes, Lactococcus
lactis, and Bacillus subtilis have been shown to display acid resistance, and in S. aureus,
bacteria elevate c-di-AMP levels in response to low-pH medium (32, 71-73). The
differences in observations might reflect a divergence of c-di-AMP function with regard
to pH adaptation. Overall, we report that cdaA* bacteria are hypersensitive to condi-
tions utilized in transformation media.

In this study, we describe that c-di-AMP signaling can mediate pneumococcal
survival under several environmental conditions, including differential pH and glycine
concentrations. These results provide novel insight into the repercussions of c-di-AMP
dysregulation and suggest that there may be additional, unidentified pneumococcal
c-di-AMP effectors. In particular, competence induction is less permissible in acidic
media than under alkaline conditions (15, 64). It has been reported that pneumococcal
autolysis is driven by a CSP-dependent pathway during alkaline pH stress but is CSP
independent and ComE dependent during acidic pH stress (22, 23, 74). We propose that
c-di-AMP, through altering environmental stimuli such as K* uptake, modulates com-
petence initiation, thereby affecting transformation and bacterial growth (Fig. 7E).
Future work will focus on defining the precise molecular mechanisms that are con-
trolled by K*-mediated c-di-AMP signaling in S. pneumoniae.

In summary, we describe a modulation of pneumococcal competence development
and transformation via the bacterial signaling molecule c-di-AMP. This work, as well as
our previous reports (35-37), indicates that the newly discovered second messenger
c-di-AMP controls pneumococcal physiology and stress response.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains utilized in this study are listed in
Table S4 in the supplemental material. S. pneumoniae D39 (serotype 2; ATCC) and its derivatives were
grown in Todd-Hewitt broth (BD Biosciences) containing 0.5% yeast extract (THY). Frozen bacterial stocks
were prepared by growing the strains in THY to an optical density at 620 nm (OD,,,) of 0.4 before
addition of glycerol to a final concentration of 10 to 15% and storing at —80°C. Pneumococcal strains
were grown on tryptic soy agar (Fluka Analytical) plates supplemented with 5% sheep blood. For
transformation or growth assays, THYI was prepared as 250 ml of THY with the addition of 185 mM HCI
and 0.5% glycine. THYII was prepared as THY with the addition of 2 mg - ml~' bovine serum albumin
(BSA), T mM CaCl,, and 10 mM NaOH. Both THYI and THYII were sterile filtered. For pneumococcal growth
in broth or on plates, bacteria were incubated at 37°C with 5% CO,. Antibiotics were supplemented with
4 g - ml=' erythromycin, 200 ug - ml~' kanamycin, or 125 ug - ml=" streptomycin as needed for
selection. From frozen stocks prepared in 50% glycerol, Escherichia coli strains were streaked overnight
on Luria-Bertani (LB) agar plates, and single colonies were inoculated in LB broth with shaking at 220 rpm
at 37°C. Antibiotics were supplemented with 100 ug - mI=1 ampicillin, or 25 ug - ml=' kanamycin as
needed.

Transformation of pneumococci. Pneumococcal stocks were inoculated in THYl medium at an
0D, of 0.01. To maintain the same density at the time of competence induction, cells were grown to
an ODg,, of 0.05 or 0.1, and 200 ul was harvested and resuspended in THYII. Integrative or plasmid DNA
was added along with CSP1 at 375 ng - ml—". After 2 h of incubation at 37°C, 800 ul THY was added and
incubated for an additional 2 h. Transformed cells were selected on plates with the appropriate antibiotic
as output or on plates without antibiotic selection as input. The transformation efficiency was calculated
as the number of transformed cells divided by the total number of cells at the time of plating
(output/input).

For transformation in CDM, WT and AtrkH bacteria were grown in 5ml THY to an OD,, of 0.05.
Bacteria were harvested, washed once with 200 ml K*-free CDM, and then incubated in 1 ml K*-free CDM
twice for 30 min each at 37°C to deplete K*. Subsequently, bacteria in 200 ul K*-free CDM were
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harvested and resuspended in medium similar to THYII but replacing THY with CDM containing O, 1, or
10 mM KCI. Plasmid pVA838 (100 ng) was added along with CSP1 at 375 ng - ml~". After 2 h of incubation
at 37°C, 800 ul CDM containing the same concentration of KCl as in transformation medium was added
and incubated for an additional 1 h. Transformation efficiency was determined similarly as described
above.

To test the effect of K* on transformation of the ApdeT Apde2 strain, the WT and Apdel Apde2 strains
were grown in THY to an ODy,, of 0.05, and 200 ul was harvested and resuspended in THYIl in the
presence or absence of 20 mM KCl. The other steps were as in the regular transformation protocol using
100 ng pVA838 plasmid.

Construction of pneumococcal mutants. S. pneumoniae strains are listed in Table S4. Mutants were
generated by homologous recombination as described previously (75) using primers listed in Table S5
in the supplemental material. All mutant strains originate from the ST581 strain, which is referred to as
the WT. Generation of the Apdel, Apde2, Apde1 Apde2, HSR1, and Apde1 Apde2 cdaA-32 strains has been
reported in our previous studies (35, 37). The cdaA* strain was generated in a six-step process utilizing
the bgaA locus to express a second copy of the WT cdaA gene in order to replace the native locus with
cdaA,,¢c- The plasmid pBluescript SK(—) (Stratagene) was used as the backbone to construct an
integrative locus. The upstream and downstream homologous arms of the bgaA locus were modeled
after the design for the pPP2 plasmid (76). The upstream and downstream arms were amplified from D39
genomic DNA with primers Pr3332/Pr3333 and Pr3336/Pr3337, respectively. The PCR product of the
upstream arm was digested with Kpnl and Xhol and ligated with pBluescript SK(—) digested with the
same enzymes to construct pST3167. Next, the downstream-arm PCR product was digested with Sacl and
Sacll and ligated with pST3167 to construct pST3172. The Janus cassette was amplified with primers
Pr3334 and Pr3335, digested with Eagl and Sacll, and ligated to digested pST3172 to construct pST3222.
The entire integrative fragment (in the order of upstream, multiple-cloning site [MCS], Janus cassette, and
downstream) was amplified from pST3222 with primers Pr3332 and Pr3404. The PCR product was
digested with Kpnl and Sphl and ligated into pUC19 digested with the same enzymes to form the
integrative plasmid pST3277. The promoter and ORF of cdaA were amplified with primers Pr3342 and
Pr2879, digested with BamHI and Sall, and inserted in the MCS to construct pST3286. All plasmids were
confirmed by PCR, digestion, and sequencing.

For the six-step process to generate the cdaA* strain, the Janus cassette, which has kanamycin
resistance and a dominant rpsL* allele, was utilized for selection of kanamycin-resistant, streptomycin-
sensitive colonies. In contrast, unmarked strains are kanamycin sensitive and streptomycin resistant. WT
bacteria were transformed with pST3286, which contains a Janus cassette, to insert at the bgaA locus to
make ST3293. Next, this locus was unmarked to make ST3313 by introduction of a cdaA knock-in, which
was amplified from pST3286 with primers Pr3332/Pr3434 and Pr3336/3404, digested with Sacll, and
ligated. The native cdaA gene was replaced in ST3313 by overlapping PCR of the homologous arms and
the Janus cassette to make ST3334. The upstream arm, Janus cassette, and downstream arm were
amplified with primers Pr2874/Pr3470, Pr3471/Pr3472, and Pr3473/Pr2877, respectively. Fusion PCR was
performed with the upstream arm and the Janus cassette and subsequently with this fragment and the
downstream arm. Next, the Janus cassette at the cdaA locus was replaced with the cdaA,,; gene to
make ST3405. This gene with the homologous arms was amplified from HSR1 genomic DNA with primers
Pr2874 and Pr2877. The cdaA copy at the bgaA locus was removed by transformation with pST3277 to
introduce the Janus cassette and make ST3406. At the last step, the Janus cassette was removed by
transformation of the PCR product from the D39 bgaA locus with primers Pr3332 and Pr3404 to make
ST3409. ST3409 is referred to as the cdaA* strain. The complemented strains ST3466 and ST3467 were
made by transforming the cdaA* strain with integration of the Janus cassette from pST3277 as a negative
control or with integration of cdaA and the Janus cassette from pST3286 at the bgaA locus, respectively.

The AcomA and AcomD mutants were generated as follows. For comA, the upstream and down-
stream arms were amplified with primers Pr2084/Pr2085 and Pr2086/Pr2087, respectively. The comD
upstream and downstream arms were amplified with primers Pr3529/Pr3530 and Pr3531/Pr3532, respec-
tively. The upstream and downstream arms were digested with Xbal and Xhol, respectively, before
ligation with the Janus cassette amplified with Pr1097 and Pr1098 and digested with the same enzymes.
These ligations were transformed into the WT and cdaA* strains. The AtrkH AcabP and AtrkA AtrkG
mutants in the cdaA* background were constructed by amplifying the genetic loci of existing mutants
from our previously study using primers Pr2976/Pr2973 and Pr2994/Pr3001, respectively, and transform-
ing into the cdaA* strain (36). All strains were confirmed by PCR, and mutations with cdaA were
confirmed by sequencing as well.

RNA extraction. RNA was extracted using the RNeasy kit (Qiagen) according to the manufacturer’s
instructions. Briefly, pneumococcal strains were grown in THY to an OD,,, of 0.4 to 0.5. Five to 10
milliliters was harvested by centrifugation at 3,500 rpm for 10 min. The supernatant was removed, and
each pellet was resuspended in 500 wl RLT buffer. Suspensions were transferred to 2-ml Safelock tubes
with beads. Cells were disrupted in a mini-bead beater (Biospec Products) at 4,200 rpm for 50 s twice.
After disruption, lysates were centrifuged for 30 s at 13,000 rpm. The supernatant above the beads was
removed and transferred to a new tube. An equal volume of 70% ethanol was added before transferring
the lysate to an RNeasy spin column (Qiagen). Lysates were centrifuged for 30 s at top speed. RW1 was
added and spun through before an on-column digest with the RNase-free DNase | set (Qiagen) according
to the manufacturer’s instructions. RW1 was added and spun through again before washing with RPE
buffer twice. The spin column was placed in a fresh tube for collection of the RNA in water. The extracted
RNA was subjected to two off-column DNase | digests in solution along with collections by sodium
acetate and isopropanol precipitation and was checked by PCR for the absence of contaminating DNA.
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The RNA concentration was measured by A, and RNA was assessed for purity by reading the A,¢,/A,5,
and A, /A,;, ratios. Lack of degradation of the RNA preparation was confirmed by running it on an
agarose gel and observing intact rRNA bands.

RNA-Seq analysis. RNA samples for RNA-Seq analysis were prepared and analyzed as described
previously (77). Briefly, rRNA was removed from the samples using the Ribo-Zero magnetic kit (Epicentre),
and strand-specific DNA libraries for lllumina sequencing were made with the ScriptSeq Complete kit
(Epicentre). The sequencing was performed at the University at Buffalo Next Generation Sequencing
and Expression Analysis Core Facility. The sequencing files were uploaded to RNA Rocket, trimmed,
aligned, and assembled to the annotation of S. pneumoniae D39 in the PATRIC database (http://
patricbrc.org). Assembled RNA-Seq data were also analyzed on the Rockhopper system (Wellesley
College) (78, 79).

cDNA synthesis and gRT-PCR. RNA was converted to cDNA as previously described (80). Quanti-
tative reverse transcription-PCR (qRT-PCR) was run and analyzed on a Step One Plus real-time PCR System
(Applied Biosystems, Life Technologies) using iQ SYBR green supermix (Bio-Rad) according to the
manufacturer’s instructions. Primers for qRT-PCR were designed with annealing temperatures of 60°C and
to amplify ~200-bp regions internal to the ORF using Primer3Plus (http://bioinformatics.nl/primer3plus).
Semiquantitative PCR amplifying rpoB was utilized to normalize the dilution of ¢cDNA prior to
gRT-PCR. The threshold cycle (C;) value of each gene was compared to that of rpoB as a constitutive
control in the WT for relative quantification or AAC;. The expression of rpoB was not altered in the
RNA-Seq analysis between the WT and Apdel Apde2 strains. Furthermore, rpoB has been previously
shown not to be differentially expressed with competence induction and has been used as a control
(54, 55, 81).

Measurement of c-di-AMP concentration by ELISA. Determinations of c-di-AMP in S. pneumoniae
were performed as described previously (37). Briefly, pneumococcal stocks were grown in THY to an
ODy,, of 0.4. Five milliliters was harvested by centrifugation at 3,500 rpm for 10 min, washed, and
resuspended in 500 ul of 50 mM Tris-HCI (pH 8.0). Cells were sonicated by two 30-s pulses and boiled for
10 min in order to measure intracellular accumulation of c-di-AMP. Whole-cell lysates were assayed for
c-di-AMP through a competitive enzyme-linked immunosorbent assay (ELISA) developed previously (82).
The c-di-AMP concentration was normalized to the ODq,,. Three independent biological replicates were
measured for each sample.

B-Galactosidase assays. The promoter-reporter fusion plasmids of pPP2-erm (pST2868) and pPP2-
erm:P’gyrA (pST2885) were utilized as the positive and negative controls as described previously (37). The
promoter region of P'ssbB was amplified using the D39 equivalent primers Pr3421 and Pr3422 described
by Chastanet et al. (83). The promoter fragment was digested with EcoRl and BamHI and ligated with
pST2868 to generate pST3302. Pneumococcal cultures were grown in THY to OD,,, of 0.1. Next, 375 ng -
ml—" CSP1 was added, and samples were incubated for the time indicated. Samples were prepared and
analyzed as described previously (37) on an iD3 SpectraMax (Molecular Devices). The initial slope of the
first six readings (OD,s,) every 10 min were used to calculate the Miller units.

Statistical analysis. Log-transformed data from the transformation efficiencies were analyzed by
one-way analysis of variance (ANOVA) with Dunnett tests to correct for multiple comparisons. Growth
curves were analyzed by two-way ANOVA with the Bonferroni correction. All other data were analyzed
by one-way ANOVA with Dunnett tests to correct for multiple comparisons to the control or by two-tailed
t tests for single comparisons, with at least three independent replicates for each sample.

Accession number(s). The RNA-Seq data have been deposited at NCBI Gene Expression Omnibus
(GEO) (https://www.ncbi.nlm.nih.gov/geo/) under accession number GSE113231.

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