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1  |  INTRODUC TION

The commensal bacterial species Streptococcus mitis (S.  mitis) is a 
prominent member of the oral microbiota, colonizing most of the 
surfaces in the oral cavity of healthy individuals (Aas et al., 2005). 

The association between S. mitis and the host is established early in 
life (Sulyanto et al., 2019), and it is usually a harmonic and lifelong 
partnership where disease rarely occurs. The hallmark of this com-
mensal relationship is the intricate and balanced interaction between 
the bacteria and the host's immune system. Altered conditions in the 
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Abstract
Streptococcus mitis is a commensal bacterial species of the oral cavity, with the poten-
tial for opportunistic pathogenesis. For successful colonization, S. mitis must be able 
to adhere to surfaces of the oral cavity and survive and adapt to frequently changing 
environmental conditions. Cyclic-di-AMP (c-di-AMP) is a nucleotide second messen-
ger, involved in the regulation of stress responses and biofilm formation in several 
bacterial species. Cyclic-di-AMP is produced by diadenylate cyclases and degraded by 
phosphodiesterases. We have previously shown that in S. mitis, one diadenylate cy-
clase (CdaA) and at least two phosphodiesterases (Pde1 and Pde2) regulate the intra-
cellular concentration of c-di-AMP. In this study, we utilized S. mitis deletion mutants 
of cdaA, pde1, and pde2 to analyze the role of c-di-AMP signaling in various stress 
responses, biofilm formation, and adhesion to eukaryotic cells. Here, we demonstrate 
that the Δpde1 mutant displayed a tendency toward increased susceptibility to acetic 
acid at pH 4.0. Deletion of cdaA increases auto-aggregation of S. mitis but reduces bio-
film formation on an abiotic surface. These phenotypes are more pronounced under 
acidic extracellular conditions. Inactivation of pde1 or pde2 reduced the tolerance to 
ciprofloxacin, and UV radiation and the Δpde1 mutant was more susceptible to Triton 
X-100, indicating a role for c-di-AMP signaling in responses to DNA damage and cell 
membrane perturbation. Finally, the Δpde2 mutant displayed a tendency toward a 
reduced ability to adhere to oral keratinocytes. Taken together, our results indicate an 
important role for c-di-AMP signaling in cellular processes important for colonization 
of the mouth.
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oral cavity can cause changes in the equilibrium of host–microbe in-
teractions resulting in a transition from a commensal to a parasitic 
relationship where S. mitis behaves as an opportunistic pathogen.

Immunocompromised individuals such as neutropenic cancer 
patients are especially vulnerable to bacteremia caused by S. mitis 
(Basaranoglu et al., 2019; Marron et al., 2000; Shelburne et al., 
2014). In addition, local infections where S.  mitis has been identi-
fied as the disease-causing agent have been reported sporadically 
(Al-Farsi et al., 2018; Byrd & Nemeth, 2017; Lu et al., 2003; Nygren 
et al., 2018). Persistent colonization of the oral cavity requires that 
bacteria can adhere to epithelial cells, form biofilm on the teeth, and 
avoid inducing a strong host immune response. They must be able 
to survive changing pH, temperature, and availability of oxygen and 
nutrients and withstand exposure to antibacterial chemicals used in 
the treatment of infections and oral hygiene products.

Cyclic-di-adenosine monophosphate (c-di-AMP) is a nucleotide 
second messenger, relaying information from the environment into 
cellular responses, allowing the bacteria to sense and respond to its 
surroundings (Witte et al., 2008). This signaling system has been 
characterized to a different extent in various species, among them 
several streptococci including the oral colonizer and cariogenic spe-
cies Streptococcus mutans (S. mutans) (Bai et al., 2013; Cheng et al., 
2016; Du et al., 2014; Kamegaya et al., 2011; Peng et al., 2016; Teh 
et al., 2019). The c-di-AMP signaling system has been shown to reg-
ulate phenotypes relevant for growth and colonization of the human 
body, such as biofilm formation (Du et al., 2014; Teh et al., 2019), 
osmotic stress tolerance (Devaux, Sleiman, et al., 2018; Smith et al., 
2012; Teh et al., 2019), acidic stress tolerance (Rao et al., 2010; Witte 
et al., 2013; Zarrella et al., 2018), the ability to adhere to eukaryotic 
cells (Du et al., 2014; Teh et al., 2019), and susceptibility to DNA dam-
aging and cell wall-targeting antibiotics (Cho & Kang, 2013; Corrigan 
et al., 2011; Luo & Helmann, 2012; Witte et al., 2013). Changes in the 
intracellular concentration of c-di-AMP can alter the ability of many 
bacteria to cause disease in mouse models, and thereby participate 
in the regulation of virulence, in vivo (Bai et al., 2013; Cho & Kang, 
2013; Du et al., 2014; Fahmi et al., 2019; Hu et al., 2020). In addition, 
c-di-AMP is recognized by several receptors of the innate immune 
system, leading to type I interferon production or NF-κB activation 
(Barker et al., 2013; McFarland et al., 2017; Parvatiyar et al., 2012; 

Woodward et al., 2010; Xia et al., 2018), and it is therefore directly 
involved in crosstalk between the microbe and the host (Andrade 
et al., 2016; Woodward et al., 2010). We have previously identified 
and characterized one c-di-AMP-producing diadenylate cyclase 
(CdaA) and two c-di-AMP-degrading phosphodiesterases (Pde1 and 
Pde2) in S. mitis CCUG 31611 (Rørvik et al., 2020) and showed that 
the c-di-AMP signaling system regulates growth, metabolism, colony 
morphology, and chain length in S. mitis.

In this study, we utilized our collection of S. mitis deletion mu-
tants of genes encoding c-di-AMP turnover proteins to investigate 
the role of c-di-AMP signaling in biofilm formation and stress tol-
erance relevant for persistent colonization of the oral cavity. The 
ability of S. mitis to tolerate different types of stress, such as acidic 
conditions, DNA damage, and cell envelope stress, was influenced 
by the c-di-AMP signaling system. In addition, we found that inter-
ference with c-di-AMP homeostasis affected biofilm formation on 
abiotic surfaces and there was a tendency toward an effect on the 
capacity of S. mitis to adhere to eukaryotic cells under the conditions 
tested in this study.

2  |  MATERIAL S AND METHODS

2.1  |  Chemicals

Unless otherwise stated, all chemicals were purchased from 
MilliporeSigma.

2.2  |  Bacterial strains and growth conditions

The bacterial strains used in this study are summarized in Table 1. 
The deletion mutants and knock-back (KB) strains had been gener-
ated by markerless gene editing in a previous study (Rørvik et al., 
2020). Bacteria were, unless otherwise stated, grown in tryptone 
soya broth (TSB) (Oxoid) at 37°C in a humidified atmosphere con-
taining 5% CO2. Pre-cultures were prepared by growing bacteria 
from glycerol stocks (stored at −80°C) on blood agar plates [Blood 
agar base No.2 (Merck) + 5% defibrinated sheep blood (Oxoid)] 

TA B L E  1 Strains and mutants used in this study

Name Description Origin Reference

S. mitis CCUG 31611 Type strain Streptococcus mitis, corresponding to NCTC 
12261 and ATCC 49456

CCUG

S. mitis ΔcdaA Markerless in-frame deletion of SM12261_1351 S. mitis CCUG 31611 Rørvik et al., (2020)

S. mitis Δpde1 Markerless in-frame deletion of SM12261_1779 S. mitis CCUG 31611 Rørvik et al., (2020)

S. mitis Δpde2 Markerless in-frame deletion of SM12261_1122 S. mitis CCUG 31611 Rørvik et al., (2020)

S. mitis Δpde1pde2 Markerless in-frame deletion of SM12261_1779 and 
SM12261_1122

S. mitis Δpde2 Rørvik et al., (2020)

S. mitis cdaA-KB SM12261_1351 re-introduced into the original locus S. mitis ΔcdaA Rørvik et al., (2020)

S. mitis pde1-KB SM12261_1779 re-introduced into the original locus S. mitis Δpde1 Rørvik et al., (2020)

S. mitis pde2-KB SM12261_1122 re-introduced into the original locus S. mitis Δpde2 Rørvik et al., (2020)
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overnight, followed by inoculation and growth in TSB to an OD600 
≈ 0.5. Glycerol was added to a final concentration of 15%, before 
aliquotation into Eppendorf tubes and storage at −80°C until further 
use.

For experiments, bacteria were inoculated in TSB, either directly 
from blood agar plates or by diluting pre-cultures 1:10, and grown 
under standard conditions to mid-exponential phase (OD600 ≈ 0.5). 
The OD600 was then adjusted to 0.1, and these bacterial suspen-
sions (referred to as “synchronized cultures”) were used to start the 
respective experiments.

Viability assays were performed by making 10-fold dilutions of 
samples, spotting five µl of each dilution in duplicates on blood agar 
plates, and incubating the plates at 37°C, in an atmosphere supple-
mented with 5% CO2 for 24 h. The number of colony-forming units 
(CFU) was determined.

2.3  |  Stress tolerance

2.3.1  |  Susceptibility to the acidic environment

This experiment was carried out according to three slightly differ-
ent protocols: (1) The pH of synchronized cultures was adjusted to 
4 by addition of acetic acid (VWR, Radnor, PA, USA) or 2) HCl (VWR, 
Radnor, PA, USA), and the acidified cultures were incubated at 37°C 
for 40 min. Samples for viability testing were collected before acidifi-
cation (untreated control sample) and after 40 min incubation of the 
acidified cultures. (3) Exponentially growing bacteria (OD600 0.5) were 
pelleted and resuspended in either PBS (pH 7.2) or acetic acid (pH 4) 
and incubated for 45 min. At this point, samples were collected for 
viability testing. The experiments were performed in at least three 
biological replicates.

2.3.2  |  Susceptibility to DNA damaging radiation

This experiment was performed as described by Bai et al. (2013), 
with minor modifications. Synchronized cultures were used to make 
10-fold serial dilutions in phosphate-buffered saline (PBS). Five mi-
croliters of each dilution were spotted in duplicate onto two blood 
agar plates. One of the plates was treated with UV radiation (2.5 mJ/
cm2) by using a UV crosslinker (UVC 500, Hoefer Pharmacia Biotech 
Inc.), and the other plate served as untreated control and was used 
to calculate the total number of CFU in the cultures. The experiment 
was repeated at least seven times.

2.3.3  |  Susceptibility to heat

Synchronized cultures were incubated at 52°C for 30 min in a water 
bath. Samples for viability testing were collected before (untreated 
control) and after the 30-min incubation at 52°C. At least two indi-
vidual experiments were performed.

2.3.4  |  Survival in Triton X-100

Synchronized cultures were incubated in 0.1% Triton X-100 (Sigma) 
for 10 min at room temperature. Samples were collected before (un-
treated control) and after the 10-min incubation for viability assays. 
The experiment was repeated at least two individual times.

2.3.5  | Minimum inhibitory concentration of 
antibacterial chemicals

The minimum inhibitory concentration (MIC) was determined 
in broth microdilution assays. Synchronized cultures were di-
luted to an OD of 0.001 in Mueller–Hinton broth and distrib-
uted (100 µl per well) in U-shaped 96-well Nunc microtiter plates 
(Thermo Fisher Scientific). Twofold serial dilutions of ciprofloxa-
cin (32 mg/L–0.25 mg/L), ampicillin (2 mg/L–0.016 mg/L), xylitol 
(200,000 mg/L–781 mg/L), chlorhexidine (50 mg/L–0.195 mg/L), 
or sodium fluoride (50,000  mg/L–195  mg/L) were added to the 
bacterial suspensions, and the plates were incubated at 37°C, in 
a humidified atmosphere of 5% CO2. Plates were inspected for 
growth after 24 and 48 h. MIC was determined as the lowest con-
centration that inhibited visible growth after 24 h. If the results in 
some wells were inconclusive after 24 h, the plates were incubated 
for 48  h before the MIC was finalized. At least three biological 
replicates were performed.

2.4  |  Bacterial growth curves

Synchronized cultures were diluted to OD600 of 0.01 in TSB with 
the supplementations indicated for each experiment. Cultures were 
distributed in flat-bottom 96-well Nunc microtiter plates (Thermo 
Fisher Scientific) and incubated at 37°C in the ambient atmosphere 
in a Cytation™ 3 Cell Imaging Multi-Mode Reader (BioTek). The OD 
of static cultures was measured every 30 minutes for 20 h, and the 
OD of shaken cultures was measured every 15 min for 20 h. Growth 
in unmodified TSB (pH 7.2), and TSB buffered to pH 5.5, and 7.2, was 
measured in both static and shaken cultures. The buffered TSB ad-
justed to pH 5.5 and pH 7.2 was buffered with PBS. The addition of 
PBS to the TSB resulted in an increase in pH from 7.2 to 7.4. The pH 
in the PBS-buffered TSB was therefore adjusted to pH 7.2 or pH 5.5 
by the addition of HCl. Growth in TSB supplemented with ampicil-
lin (0.0625 mg/L), ciprofloxacin (1 mg/L), xylitol (100 g/L), chlorhex-
idine (0.781 mg/L), and sodium fluoride (391 mg/L) was measured 
in shaken cultures. The growth curves were repeated at least two 
individual times.

2.5  |  Biofilm formation assay

Synchronized cultures were 10-fold diluted in TSB or TSB buffered to 
pH 5.5 or 7.2. One mL of the bacterial suspensions were distributed, 
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in duplicates, into wells of flat-bottom 24-well polystyrene plates 
(Thermo Fisher Scientific). Plates were incubated in an ambient at-
mosphere or a humidified atmosphere supplemented with 5% CO2 for 
20 h, or in an anaerobic atmosphere (5% H2, 5% CO2, and 90% N2) for 
72 h.

The biomass of the biofilms was determined by removing the 
growth medium and the cells not attached to the substratum. The 
biofilms were stained with 0.1% safranin (Merck) for 30 min at room 
temperature. The unabsorbed safranin was removed, and the bio-
films were washed twice with PBS. Acetic acid (30%) was used to 
release the safranin from the biofilm, and the amount of safranin was 
quantified by measuring the absorbance at 530 nm in a Cytation™ 3 
Cell Imaging Multi-Mode Reader. The experiments were repeated at 
least two individual times.

2.6  |  Adhesion to oral keratinocytes

The oral squamous cell carcinoma cell line PE/CA-PJ49 (ECACC 
00060606, Salisbury, UK) was grown to confluence in 12-well Nunc 
cell culturing plates (Nunc) in Iscove's modified Dulbecco's medium 
(IMDM) supplemented with 10% fetal bovine serum albumin (FBS) 
and antibiotics (penicillin (100  kU/L), streptomycin (100  mg/L); 
Thermo Fisher Scientific) and pre-warmed to 37°C. Adhesion to 
oral keratinocytes was investigated by the method described by 
Rukke et al. (2016), with minor modifications. Briefly, on the day of 
the experiment, the cells were washed twice in PBS pre-warmed 
to 37°C to remove growth medium supplemented with antibiotics. 
One mL IMDM supplemented with 1% FBS, without supplementa-
tion of antibiotics, was pre-warmed to 37°C and added to each well. 
Synchronized bacterial cultures were pelleted and resuspended in 
IMDM with 1% FBS pre-warmed to 37°C. Bacterial suspensions 
were added to the cells at a final multiplicity of infection (MOI) of 
20 or 50 bacteria per eukaryotic cell. Plates were centrifuged at 
1000 × g for 1 min and incubated for 30 min at 37°C, in a humidi-
fied atmosphere supplemented with 5% CO2. After incubation, the 
medium was removed, and the cells were washed twice with PBS 
pre-warmed to 37°C. Cells were either released from the substra-
tum by incubation in the presence of trypsin (0.5%) for 20 min or 
the cells were lysed by incubation in Triton X-100 (0.1% for 10 min). 
Serial dilutions of the samples were prepared in PBS, and 5 µl of 
the dilutions were spotted in duplicate on blood agar plates and 
incubated at 37°C, in a humidified atmosphere supplemented with 
5% CO2, for determination of CFU. The experiments were per-
formed at least two times.

2.7  |  Statistical analyses

Statistical significance was determined as p < 0.05 and was calcu-
lated using the Kruskal–Wallis test followed by Dunn's multiple com-
parison test. Each mutant sample was compared to the WT sample. 
Statistical analyses were carried out using Excel or GraphPad Prism.

3  |  RESULTS

3.1  |  Disruption of c-di-AMP homeostasis affects 
the ability of S. mitis to survive certain stressful 
conditions

We used in-frame markerless deletion mutants of cdaA, pde1, and 
pde2 to analyze the role of the c-di-AMP signaling system in stress 
tolerance of S. mitis CCUG 31611. First, we performed pilot experi-
ments testing the ability of the WT to survive different pH, tem-
peratures, and UV radiation doses. We estimated that a 100-fold 
difference in the number of CFU under the test conditions com-
pared to the control conditions should allow for detection of both 
increased and decreased survival of the mutants compared to the 
WT. This criterion was fulfilled by incubating the WT in the presence 
of 175 mM acetic acid (pH 4.0) for 40 min, in PBS at 52°C for 30 min, 
or by exposing a newly inoculated blood agar plate with 2.5 mJ/cm2 
UV radiation. These conditions were used for further experiments.

The ∆pde1 mutant displayed a tendency toward reduced survival 
compared to the WT, in an environment acidified by acetic acidic, 
as indicated by an almost 20-fold difference in mean values and 
non-overlapping confidence intervals. However, the result was not 
statistically significant (p < 0.05) according to the statistical analysis 
(Figure 1a). There was no difference in survival of the mutants com-
pared to the WT during incubation for 40 min in an environment 
where the pH had been adjusted to 4.0 using the inorganic acid HCl.

The ∆pde1 and ∆pde2 mutants had a significantly reduced ability 
to survive exposure to 2.5 mJ/cm2 of UV radiation compared with 
the WT (Figure 1b). The ability to survive UV stress was completely 
restored in the pde1-KB and pde2-KB strains. Deletion of cdaA 
did not result in the altered ability of S. mitis to survive UV stress 
(Figure 1b). The cdaA-KB showed a lower ability to survive UV radi-
ation when compared to the WT (Figure 1b).

There was no statistically significant difference in survival be-
tween the ΔcdaA, Δpde1, or Δpde2 mutants compared to the WT 
after exposure to 52°C for 30 min (Figure 1c).

Survival in the presence of Triton X-100 was tested at the con-
centration used for eukaryotic cell lysis (0.1%). The Δpde1 mutant 
displayed a significantly decreased survival in the presence of Triton 
X-100 (Figure 1d). The susceptibility to Triton X-100 was fully re-
stored to WT levels in the pde1-KB strain.

3.2  |  The c-di-AMP signaling system affects 
susceptibility to antibacterial compounds

Disruption of c-di-AMP homeostasis can affect the susceptibility of 
certain bacteria to cell wall-disrupting and/or DNA-damaging antibi-
otics (Corrigan et al., 2011; Dengler et al., 2013; Fahmi et al., 2019; 
Griffiths & O'Neill, 2012; Luo & Helmann, 2012; Massa et al., 2020; 
Witte et al., 2013). To establish whether this was the case in S. mitis, 
we determined the MIC of ampicillin and ciprofloxacin for the WT 
and ΔcdaA, Δpde1 and Δpde2 mutants. In addition, we determined 
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the MIC of chlorhexidine, fluoride, and xylitol, compounds with an-
tibacterial activity that S. mitis can be exposed to in the oral cavity 
(Kontiokari et al., 1995; Marquis et al., 2003; Russell & Day, 1993). 
Compared to the WT, the ΔcdaA mutant displayed higher tolerance 
to ciprofloxacin and higher susceptibility to ampicillin and fluoride 
and the Δpde2 mutant displayed higher susceptibility to ampicillin, 

ciprofloxacin, xylitol, and fluoride, whereas the Δpde1 mutant dis-
played higher susceptibility to ciprofloxacin (Table 2).

Although the MIC of the antibacterial compounds did not vary much 
between the WT and the ΔcdaA, Δpde1, and Δpde2 mutants in general, 
our visual inspection indicated that the MICs were reached at differ-
ent time points for the different strains. To analyze a potential effect 

F I G U R E  1 Stress tolerance of Streptococcus mitis is influenced by the c-di-AMP signaling system. The number of colony-forming units 
(CFU) before and after exposure to stress was determined, and the ratio was calculated and normalized against the WT. (a) Acid conditions 
(TSB adjusted with acetic acid to pH 4, 40 min), (b) UV radiation (2.5 mJ/cm2), (c) high temperature (52°C, 30 min), and (d) detergent 
(0.1% Triton X-100, 10 min). For the WT, there was approximately 105 CFU per µl in the untreated sample and this number was reduced 
approximately 100-fold in the treated sample. This applied to all treatments. Shown are averages and confidence intervals of the mean of at 
least two independent experiments. * indicates a statistically significant difference when compared to the WT (p < 0.05) calculated by the 
Kruskal–Wallis test followed by Dunn's post hoc test

TA B L E  2 Minimum inhibitory 
concentrations of antibacterial 
compounds

Strain

Antibacterial compound (mg/L)

AMP CIP XYL NaF CHX

(0.016–2) (0.25–32) (781–200,000) (195–50,000) (0.195–50)

WT 0.125 4.0 n.d.a  1560 1.56

∆cdaA 0.06125 8.0 n.d.a  780 1.56

∆pde1 0.125 2.0 n.d.a  1560 1.56

∆pde2 0.06125 2.0 200,000 780 1.56

Abbreviations: AMP, ampicillin; CHX, chlorhexidine; CIP, ciprofloxacin; NaF, sodium fluoride; XYL, 
xylitol.
an.d. not determined; bacteria grew at the highest concentration of antibacterial compound used 
in the assay. Numbers in parentheses signify the concentration range used in the experiment.
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on growth rate in more detail, we performed growth experiments in 
the presence of sub-lethal concentrations of antibacterial compounds 
and compared it to the growth in the absence of antibacterial supple-
ments. In TSB without any supplementation, the WT and ΔcdaA and 
Δpde1 mutants grew relatively similarly, but the ΔcdaA mutant gener-
ally reached a slightly lower OD in the stationary phase (Figure 2a, b and 
Rørvik et al., 2020). The Δpde2 mutant on the other hand displayed a 
reduced growth rate and reached a lower OD in the stationary phase 
than the other strains (Figure 2c and Rørvik et al., 2020). In TSB supple-
mented with ampicillin (0.0625 mg/L), the Δpde1 mutant grew slightly 
faster than the wild type in the exponential growth phase compared to 
the WT, while the Δpde2 and the ΔcdaA mutant grew slower compared 
to the WT (Figure 2d–f). The observed effect of ampicillin on the ΔcdaA 
and the Δpde2 mutants was over-compensated in their corresponding 
knock-back (KB) strains (Figure 2d, f). In TSB supplemented with cip-
rofloxacin (1 mg/L; Figure 2g–i), the ΔcdaA mutant displayed slightly 
increased growth in the exponential growth phase, while the end-OD 
was slightly reduced compared to the WT (Figure 2g). The Δpde1 mu-
tant grew slower than the WT in the exponential growth phase, while 
the Δpde2 mutant reached a lower OD compared to the WT at all time 
points measured (Figure 2h,i). At lower concentrations of ciprofloxacin 

or ampicillin, all strains displayed growth kinetics similar to growth in 
TSB without antibacterial supplements.

In the presence of xylitol (100 g/L), the ΔcdaA and Δpde2 mutants 
grew slower than the WT and Δpde1 mutant (Figure 3a-c). Growth was 
restored to WT levels in the corresponding knock-back strains. In TSB 
supplemented with chlorhexidine (0.78 mg/L), the ΔcdaA mutant grew 
slightly faster in the exponential phase but reached a lower end-OD 
compared to WT (Figure 3d). The Δpde2 mutant grew slower than the 
WT, and growth was restored in the Δpde2-KB (Figure 3f). In the pres-
ence of fluoride (390 mg/L) the ΔcdaA and Δpde2 mutants grew slower 
compared to the WT (Figure 3g,i). The cdaA-KB and pde2-KB strains 
grew with similar growth kinetics as the WT (Figure 3g,i). The Δpde1 mu-
tant did not display an aberrant phenotype compared to the WT when 
challenged with xylitol, chlorhexidine, or fluoride (Figure 3b, e and h).

3.3  |  Acidic growth conditions result in 
aggregation of the ΔcdaA mutant

The c-di-AMP signaling system is involved in regulating the growth of 
S. mitis in unmodified TSB at 37°C in shaking culture (Figure 2a-c and 

F I G U R E  2 Antimicrobial compounds affect growth differently in WT and mutants. Growth in the presence of sub-lethal concentrations 
of antibacterial compounds was investigated by measuring OD600 every 10 min until the stationary phase was reached. Growth in 
TSB supplemented with (a–c) no supplement, (d–f) ampicillin (0.0625 mg/L), and (g–i) ciprofloxacin (1 mg/L). Shown are representative 
experiments performed in triplicate, and the error bars represent the standard deviation of three replicates
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(Rørvik et al., 2020)). Growth was also analyzed under static growth 
conditions. The WT and Δpde1 mutants displayed similar growth ki-
netics in TSB under these conditions, whereas the ΔcdaA mutant 
displayed higher OD in the stationary phase and the Δpde2 mutant 
grew more slowly in the exponential phase but reached a compara-
ble OD to the WT in the stationary phase (Figure 4a; Table 3). S. mitis 
extracts energy from the fermentation of carbohydrates and pro-
duces organic acids as a by-product. This results in the accumulation 
of organic acid by-products over time. Since the difference in OD of 
the ΔcdaA mutant compared to the WT differed between shaken 
and static conditions and this was most pronounced in the stationary 
phase, we hypothesized that it was due to acidification of the growth 
medium. To test this hypothesis, growth was analyzed in TSB buff-
ered at pH 5.5 and pH 7.2 under both shaking and static conditions. 
At pH 5.5, the ΔcdaA mutant reached a higher OD in the station-
ary phase compared to the WT under static conditions (Figure 4b) 
and grew slower and reached a lower OD under shaking conditions 
(Figure 4d; Table 3). At pH 7.2, the ΔcdaA mutant grew similar to the 
WT under both shaking and static conditions (Figure 4c,e; Table 3). 
Growth of the Δpde1 mutant was similar to the WT under shaking 

and static conditions at both pH 5.5 and 7.2 (Figure 4b–e; Table 3). 
The Δpde2 mutant grew significantly worse than the WT under all 
four conditions (Figure 4b–e; Table 3).

3.4  |  Biofilm formation of S. mitis is under influence 
by the c-di-AMP signaling system

The apparent pH-induced differences in growth of the ΔcdaA mu-
tant in static and shaking cultures suggest that aggregation and/
or biofilm formation of S.  mitis are controlled by the c-di-AMP 
signaling system. We therefore investigated the biofilm-forming 
ability of the WT and ΔcdaA, Δpde1, and Δpde2 mutants and their 
respective KB strains in unmodified TSB as well as in TSB buff-
ered to pH 5.5 and pH 7.2 in both ambient air and an atmosphere 
supplemented with 5% CO2. The amount of biofilm produced by 
the WT was higher under acidic conditions than under neutral 
conditions. In a humidified atmosphere supplemented with 5% 
CO2, the ΔcdaA mutant produced significantly less biofilm than 
the WT (Figure 5a). Biofilm formation was restored to WT levels 

F I G U R E  3 Chemicals found in oral hygiene products have different effects on the growth of the ΔcdaA, Δpde1, and Δpde2 mutants, 
compared to WT. Growth in the presence of sub-lethal concentrations of antibacterial compounds was investigated by measuring OD600 
every 10 min until the samples reached the stationary growth phase. (a–c) xylitol (100 g/L), (d–f) chlorhexidine (0.78 mg/L), and (g–i) fluoride 
(390 mg/L). Shown are representative experiments performed in triplicates, and error bars represent the standard deviation of three 
replicates
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following the reintroduction of cdaA, into the ΔcdaA mutant. In 
ambient air and unmodified TSB, there was a trend toward re-
duced biofilm formation by the Δpde2 mutant as suggested by 
the twofold difference in mean values and non-overlapping confi-
dence intervals, but the difference was not statistically significant 
(p < 0.05) according to the statistical analysis (Figure 5b). Biofilm 

formation of the ΔcdaA mutant was reduced to a greater extent 
in TSB buffered to pH 5.5 compared to unmodified TSB in both a 
humidified atmosphere supplemented with 5% CO2 and ambient 
air. (Figure 5c,d). There was no difference in biofilm formation 
between the WT and mutants in TSB buffered at pH 7.2 in a hu-
midified atmosphere supplemented with 5% CO2 or ambient air 

F I G U R E  4 The c-di-AMP signaling system influences the growth of Streptococcus mitis under acidic conditions. Bacteria were grown at 
37°C for 20 h in a plate reader with or without shaking as indicated below. The pH of the PBS-buffered TSB was adjusted from pH 7.4 to 5.5 
or 7.2 using HCl. Cultures were incubated under static conditions in (a) unmodified TSB (b) PBS-buffered TSB adjusted to a starting pH of 
5.5 (c) PBS-buffered TSB adjusted to a starting pH of 7.2. Cultures were incubated with recurrent shaking in (d) PBS-buffered TSB adjusted 
to a starting pH of 5.5 (e) PBS-buffered TSB adjusted to a starting pH of 7.2. Results represent the average of at least two independent 
experiments, performed in at least duplicates, and the error bars represent the standard error of the mean

TA B L E  3 Generation time

TSB—shaking TSB—static

Unmodified pH 5.5 pH 7.2 Unmodified pH 5.5 pH 7.2

WT 41.6 ± 3.7 45.0 ± 6.0 47.7 ± 8.9 25.6 ± 2.4 41.8 ± 3.7 40.1 ± 2.0

ΔcdaA 47.0 ± 1.7 69.8 ± 9.6 46.8 ± 13.9 26.5 ± 2.7 56.1 ± 4.5 35.8 ± 5.7

Δpde1 50.3 ± 7.1 47.8 ± 7.8 46.3 ± 14.3 33.4 ± 6.2 46.9 ± 9.0 44.9 ± 5.5

Δpde2 69.5 ± 9.1 145.1±18.6 98.0 ± 16.9 53.1 ± 11.2 100 ± 11.2 56.1 ± 1.6

Note: Generation time (min) calculated from at least two independent experiments. ± Indicate standard deviation.

F I G U R E  5 Biofilm formation of Streptococcus mitis depends on environmental pH and atmospheric conditions and is influenced by the c-
di-AMP signaling system. Biofilms were formed at 37°C in (a) unmodified TSB in a humidified atmosphere with 5% CO2 (20 h), (b) unmodified 
TSB in ambient air (20 h), (c) PBS-buffered TSB, with pH 5.5 in a humidified atmosphere with 5% CO2 (20 h), (d) PBS-buffered TSB with pH 
5.5 in ambient air (20 h), (e) PBS-buffered TSB with pH 7.2 in a humidified atmosphere with 5% CO2 (20 h), (f) PBS-buffered TSB with pH 7.2 
in ambient air (20 h), (g) unmodified TSB in anaerobic atmosphere (5% H2, 5% CO2, and 90% N2) for 72 h, and (h) appearance of cultures after 
24 h incubation at 37°C in unmodified TSB, PBS-buffered TSB with pH 7.2, or PBS-buffered TSB with pH 5.5 in a humidified atmosphere 
supplemented with 5% CO2. The brightness, sharpness, and contrast of the pictures have been adjusted for better visualization of the 
cultures. The pH of the PBS-buffered TSB was adjusted from pH 7.4 to pH 5.5 or pH 7.2 using HCl. Shown are averages and confidence 
intervals of the mean of at least two independent experiments. * indicates a statistically significant difference when compared to the WT 
(p < 0.05) calculated by the Kruskal–Wallis test followed by Dunn's post hoc test
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(Figure 5e,f). Interestingly, in unmodified TSB and TSB buffered 
at pH 5.5 in the humidified atmosphere supplemented with 5% 
CO2, the ΔcdaA mutant displayed an aggregating growth pheno-
type, where the cells appeared to clump together (Figure 5h). This 
phenotype was not visible in TSB buffered at pH 7.2. Under all 
conditions tested, cultures of the WT and Δpde1 and Δpde2 mu-
tants appeared homogenous regarding bacterial dispersion dur-
ing growth (Figure 5h).

Since the gas composition of the atmosphere appeared to affect 
the biofilm-forming ability of S. mitis, we also tested the phenotype 
in unmodified TSB under anaerobic conditions. The ΔcdaA and 
Δpde2 mutants displayed heavily reduced biofilm-forming capabil-
ity compared to the WT as suggested by 5- to 10-fold differences 
in mean values and non-overlapping confidence intervals, but the 
effects were not statistically significant (p < 0.05) according to the 
statistical analysis (Figure 5g).

Under all conditions tested, the biofilm-forming ability of the 
mutants was, according to the statistical analysis, restored to WT 
levels in the respective KB strains (Figure 5).

3.5  |  Adhesion to oral keratinocytes may be 
negatively affected in Δpde2 mutant

Adherence to epithelial cells of the oral cavity is important for bac-
terial colonization. We therefore investigated the ability of the WT 
and mutants to adhere to a confluent layer of the human oral squa-
mous cell carcinoma cell line PE/CA-PJ49. pde2 mutant displayed a 
tendency toward reduced ability to adhere to the oral keratinocytes, 
but the effect was not significant (p < 0.05) in the statistical analysis 
(Figure 6a and b). Since 0.1% Triton X-100 also showed a tendency 
toward an effect on the number of viable S. mitis cells (Figure 1d), 
the experiment was repeated using 0.5% trypsin to disrupt the sur-
face interactions between bacteria and keratinocytes. Under these 
conditions, the Δpde2 and Δpde1Δpde2 mutants displayed an ap-
parent reduction in the ability to adhere to keratinocytes at both 
MOI 20 and MOI 50 in the form of differences in mean values and 
non-overlapping confidence intervals (Figure 6c and d). However, 
the results were not significant in the statistical analysis (p < 0.05). 
Reintroduction of pde2 into the Δpde2 mutant resulted in complete 

F I G U R E  6 The c-di-AMP signaling system may influence adhesion to oral keratinocytes. The oral squamous cell carcinoma cell line PE/
CA-PJ49 was grown to confluence and co-incubated with Streptococcus mitis WT and mutants with MOI 20 or MOI 50 for 30 min. The 
medium was removed, and cells were either lysed with 0.1% Triton X-100 for 10 min (a) MOI 20, and (b) MOI 50, or the cells were released 
from the surface using 0.5% trypsin for 20 min (c) MOI 20 and (d) MOI 50. The CFUs were determined, and the ratio of adhering bacteria 
to the cells was calculated and values of the mutants were normalized against the WT. For the WT, approximately 10 million and 25 million 
CFU were added to each well for MOI 20 and MOI 50, respectively. Approximately 1% of the original number of bacteria were attached 
to the keratinocytes after 30 min co-incubation. Shown are averages and confidence intervals of the mean of at least two independent 
experiments
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restoration of the WT phenotype at MOI 20 and MOI 50, respec-
tively (Figure 6c,d).

4  |  DISCUSSION

The oral cavity constitutes a dynamic ecosystem that is continuously 
provoked by biotic and abiotic factors. Consequently, microorgan-
isms that successfully colonize the oral cavity have to survive and 
quickly adapt to frequent changes in their environment. The c-di-
AMP signaling system is involved in regulating bacterial responses 
to environmental changes and interference with cellular c-di-AMP 
homeostasis can influence survival and stress tolerance of bacteria, 
biofilm formation, and host–microbe interactions (Bremer & Krämer, 
2019; Devaux et al., 2018; Xiong et al., 2020; Zarrella & Bai, 2020). In 
this study, we show that the c-di-AMP signaling system is influencing 
the ability of S. mitis to form a biofilm and cope with DNA damage, 
and there is also a tendency toward an effect on susceptibility to 
acid stress and membrane perturbation.

4.1  |  c-di-AMP is involved in DNA damage repair

We have previously shown that in the exponential phase, the c-
di-AMP concentration is abolished in the ΔcdaA mutant and sig-
nificantly increased in the Δpde1 and Δpde2 mutants (Rørvik et al., 
2020). The high intracellular concentration of c-di-AMP in the Δpde1 
and Δpde2 mutants sensitizes S.  mitis to UV radiation, suggesting 
that c-di-AMP is involved in regulating DNA repair mechanisms 
(Figure 1b). Similar results have been reported for S. pneumonia (Bai 
et al., 2013). The susceptibility to the fluoroquinolone ciprofloxacin 
was higher for the ΔcdaA mutant compared to the WT and reduced 
for both Δpde1 and Δpde2 mutants. UV light and fluoroquinolones 
affect DNA integrity differently (Table 2 and Figure 2g–i). The en-
ergy in UV radiation causes the formation of cyclobutane pyrimidine 
dimers and 6–4 photoproducts that in bacteria can be corrected 
by the photolyase or nucleotide excision repair systems (Goosen & 
Moolenaar, 2008). However, unmended pyrimidine dimers can result 
in replication fork collapse and chromosome fragmentation (Khan & 
Kuzminov, 2012). The fluoroquinolones target the bacterial type II 
topoisomerases, inhibit replication, and cause double-strand breaks 
in DNA. Double-strand breaks are repaired by recombinational 
DNA damage repair systems (Sinha et al., 2020). The exact role of 
c-di-AMP in DNA damage repair is unclear. It has been shown that 
DisA-type DACs form assemblies that dynamically move along DNA 
until it encounters DNA lesions and pauses (Oppenheimer-Shaanan 
et al., 2011). In vitro, DisA preferentially binds to three-way or four-
way junctions which lead to inhibition of the DAC activity. It has 
therefore been speculated that DisA utilizes c-di-AMP as a reporter 
for DNA integrity and reduced c-di-AMP concentration signals a 
pause in growth or development that allows time for DNA repair 
(Oppenheimer-Shaanan et al., 2011). Of note, a DisA-type DAC is not 
encoded in S. mitis. In M. smegmatis, c-di-AMP can interact directly 

with RecA, which results in disassembly of the RecA-nucleoprotein 
filament and reduced DNA strand exchange, suggesting a direct 
role for c-di-AMP in DNA repair (Manikandan et al., 2018); however, 
this does not seem to be the case in B. subtilis (Torres et al., 2019). 
Interestingly, in B. subtilis, M. smegmatis, and D. radiodurans, reduced 
c-di-AMP concentration sensitizes the bacteria to DNA damaging 
stress (Dulermo et al., 2015; Manikandan et al., 2018; Rao et al., 
2010). This is in contrast to the S. mitis group of bacteria in which in-
creased c-di-AMP concentration reduces survival under DNA stress 
((Bai et al., 2013) and this study). Future studies that identify the rel-
evant c-di-AMP effectors involved in DNA damage repair will clarify 
the diverging c-di-AMP-mediated mechanisms involved in coping 
with DNA stress in different bacteria.

4.2  |  The cellular c-di-AMP concentration affects 
cell envelope stress survival

Disruption of intracellular c-di-AMP homeostasis can result in 
changes in the cell membrane and/or the cell wall of bacteria indi-
cating a role for c-di-AMP in maintaining the integrity of the cell en-
velope. Deletion of pde1 resulted in significantly reduced survival of 
S. mitis in presence of the detergent Triton X-100 (Figure 1d). This is 
in agreement with studies reporting that increased c-di-AMP con-
centrations in B. anthracis and S. pneumoniae sensitized the bacteria 
to the detergent Triton X-100 (Hu et al., 2020; Kuipers et al., 2016) 
and reduced concentration of c-di-AMP in S. aureus resulted in de-
creased spontaneous autolysis and increased Triton X-100 tolerance 
(Dengler et al., 2013). Interestingly, we did not observe differences 
in MIC of chlorhexidine (Table 2), which also disrupts the membrane 
integrity, but may have additional effects on the cellular physiology 
(Russell & Day, 1993).

C-di-AMP signaling is frequently associated with regulation of 
cell wall homeostasis and altered susceptibility to cell wall-targeting 
antibiotics (Bowman et al., 2016; Cheng et al., 2016; Cho & Kang, 
2013; Corrigan et al., 2011; Dengler et al., 2013; Fahmi et al., 2019; 
Griffiths & O'Neill, 2012; Massa et al., 2020). It is often reported 
that there is a direct correlation between cellular c-di-AMP con-
centration and resistance to β-lactam and/or glycopeptide antibiot-
ics (Corrigan et al., 2011; Dengler et al., 2013; Fahmi et al., 2019; 
Griffiths & O'Neill, 2012; Luo & Helmann, 2012). However, it has 
been shown that deletion of c-di-AMP-specific phosphodiesterases 
in Lactococcus lactis and Borrelia burgdorferi does not influence the 
MIC of β-lactam antibiotics (Smith et al., 2012; Ye et al., 2014), or 
even increases the susceptibility to most cell wall-disrupting anti-
biotics in B.  burgdorferi (Ye et al., 2014). Furthermore, conflicting 
results regarding the c-di-AMP-mediated effect on susceptibility to 
cell wall-targeting antibiotics have been reported for both L. mono-
cytogenes and B. subtilis (Luo & Helmann, 2012; Massa et al., 2020; 
Witte et al., 2013).

We found that the MIC of ampicillin was twofold reduced in the 
ΔcdaA and Δpde2 mutants, but unaffected in the Δpde1 mutant 
(Table 2). These data indicate that the c-di-AMP concentration does 
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not directly control susceptibility to beta-lactam antibiotics in S. mitis. 
Deletion of cdaA or pde2 negatively affects the growth of S. mitis in 
rich medium, and these phenotypes are exacerbated in the presence 
of sub-lethal concentrations of ampicillin (Figure 2d–f). Based on this, 
we interpret the MIC data for ampicillin as a general antibacterial effect 
that aggravates the intrinsic growth defect of the ΔcdaA and Δpde2 
mutants, rather than a direct c-di-AMP-mediated susceptibility to cell 
wall stress. A model has been proposed suggesting that the suscepti-
bility to cell wall-disrupting agents is an indirect consequence of c-di-
AMP-mediated regulation of osmolyte transport and turgor pressure 
(Commichau et al., 2018). The correlation between c-di-AMP signaling 
and osmolyte homeostasis in S. mitis will be addressed in future studies.

4.3  |  c-di-AMP signaling does not regulate 
susceptibility to heat stress, xylitol, or fluoride

Increased c-di-AMP concentration has been shown to reduce heat 
tolerance of S. pneumonia (Zarrella et al., 2018). In contrast, in L. lac-
tis, increased heat resistance has been reported in response to 
deletion of its GdpP-type phosphodiesterase (Smith et al., 2012). 
However, we did not detect a statistically significant effect on the 
survival of bacteria undergoing heat treatment for any of our tested 
mutants compared to the WT (Figure 1c).

Xylitol, a commonly used sweetener, is thought to prevent caries 
as it is not fermented to produce organic acids (Grenby et al., 1989). 
Fluoride on the other hand affects bacterial growth and fermentation 
of carbohydrates by inhibiting the glycolytic enzyme enolase, and/or 
by acidification of the bacterial cytoplasm (Marquis et al., 2003). The 
MIC of xylitol was reduced in the Δpde2 mutant and the MIC of flu-
oride was reduced for the ΔcdaA and Δpde2 mutants (Table 2). Both 
of the mutants had decreased growth in sub-lethal concentrations 
of the two compounds (Figure 3a-c and g-i). However, since simi-
lar phenotypes are seen in the absence of antibacterial compounds, 
this may be caused by exacerbation of the abovementioned intrinsic 
slower growth of these two mutants, and not a specific c-di-AMP-
mediated regulation of xylitol-or fluoride-susceptibility.

4.4  |  Increased c-di-AMP concentrations may 
sensitize S. mitis to acid stress

The environment of the oral cavity fluctuates between acidic and 
alkaline pH. Successful colonizers of the oral cavity must be able to 
survive and adapt to these environmental changes. C-di-AMP signal-
ing has been implicated in acid stress tolerance (Bowman et al., 2016; 
Corrigan et al., 2011; Rao et al., 2010; Witte et al., 2013; Zarrella et al., 
2018). Our data suggest that increased c-di-AMP concentration may 
reduce the ability of S. mitis to survive acidic conditions (Figure 1a). 
Consistent with our results, reduced acid tolerance was observed in 
mutants of pde1 and/or pde2 in S. pneumoniae (Zarrella et al., 2018). 
In contrast, a c-di-AMP-deficient mutant of Streptococcus pyogenes 
did not grow at pH 6, whereas deletion mutants of the Pde1 or Pde2 

homologs grew similar to the WT (Fahmi et al., 2019). In B.  subtilis 
and L. monocytogenes, deletion mutants of their respective Pde1 ho-
mologs displayed increased survival in acidic conditions (Rao et al., 
2010; Witte et al., 2013) and S. aureus acid tolerance at pH 4.5 directly 
correlated with c-di-AMP concentration (Bowman et al., 2016). The 
deviating results of c-di-AMP signaling in acid stress tolerance can re-
sult from differences in experimental design. Our results suggest that 
the survival of S. mitis is reduced when the external environment is 
acidified by acetic acid, but growth in medium acidified with HCl does 
not affect survival. The exact mechanism behind this is not known, 
but the presence of acetic acid likely results in intracellular acidifica-
tion of the bacterial cytoplasm and/or toxic intracellular accumulation 
of the acid anion (Guan & Liu, 2020). Interestingly, growth of S. mitis in 
TSB acidified to pH 5.5 using HCl (Figure 4) displayed reduced growth 
of the ΔcdaA and Δpde2 mutants, indicating exacerbation of the in-
herent growth defects. These results suggest that the c-di-AMP sign-
aling can have a direct role in organic acid tolerance of S. mitis, but may 
not be involved in survival in acidic environments in general.

4.5  |  Biofilm formation of S. mitis is influenced by 
c-di-AMP signaling

Although the OD of the ΔcdaA mutant was lower compared to the WT 
in shaken culture, it was increased compared to the WT in static culture 
(Figure 4). This phenotype was more pronounced at pH 5.5 compared 
to 7.2 suggesting that c-di-AMP signaling influences adhesive proper-
ties of S. mitis, possibly in response to an acidic environment. This is in 
agreement with observations described for S. mutans, where the ΔcdaA 
mutant displays a clumping phenotype that sediments at the bottom 
of culturing vessels (Cheng et al., 2016), and for the cyanobacterium 
Synechocystis that aggregated upon interference with the c-di-AMP 
signaling system (Agostoni et al., 2018). Based on this, we hypothesized 
that the ΔcdaA mutant would be a strong biofilm former and quantified 
the mass of biofilm formed under different conditions. The biofilm mass 
produced by S. mitis was similar under all atmospheric conditions tested 
but varied depending on the pH of the growth medium (Figure 5). More 
biofilm was produced in TSB buffered at pH 5.5 than TSB buffered at 
7.2. However, contrary to our assumption, the ΔcdaA mutant produced 
less biofilm mass compared to the WT, suggesting that auto-aggregation 
of bacterial cells was increased in the ΔcdaA mutant compared to the 
WT, but adhesion to the abiotic surface of the assay plate was reduced. 
This was in agreement with our visual observation of the static culture, 
as the ΔcdaA mutant produced an aggregating growth phenotype in 
unmodified TSB and TSB adjusted to pH 5.5, but not in TSB buffered 
to pH 7.2 (Figure 5h).

The difference in the biofilm-forming ability of the ΔcdaA mutant 
compared to the WT was bigger at acidic pH compared to neutral 
pH. It is likely that c-di-AMP is upregulated under acidic conditions 
and that increased c-di-AMP levels are positively associated with 
biofilm formation.

The role of c-di-AMP signaling in biofilm formation has been studied 
in several species of streptococci with varying outcomes. Cheng et al. 
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reported that a S. mutans ΔcdaA mutant produced more extracellular 
polysaccharides leading to a thicker biofilm (Cheng et al., 2016). This 
correlated with a study in Streptococcus gallolyticus, where an increase 
in c-di-AMP resulted in less biofilm (Teh et al., 2019). However, these 
results are contradictory to two studies published by Peng et al. where 
the deletion of cdaA in S. mutans resulted in diminished biofilm, while 
deletion of the Pde1 homolog resulted in increased biofilm formation 
(Peng et al., 2016; Peng, Zhang, et al., 2016). However, Konno et al. used 
single and double mutants of the Pde1 and Pde2 homologs in S. mutants 
and showed that it was only the mutants of the pde2 gene that dis-
played increased biofilm production (Konno et al., 2018). Furthermore, 
the biofilm production of S. pyogenes directly correlated with the c-di-
AMP concentration (Fahmi et al., 2019). This was in agreement with 
observations in Streptococcus suis, where increased cellular c-di-AMP 
concentration correlated with increased biofilm production (Du et al., 
2014). Taken together, there seem to be great variations in the effect 
of c-di-AMP signaling on biofilm production in streptococci. Similar dis-
crepancies have been reported for the role of c-di-AMP signaling in bio-
film formation of B. subtilis (Gundlach et al., 2016; Townsley et al., 2018) 
and S. aureus (Corrigan et al., 2011; DeFrancesco et al., 2017).

There was a consistent but statistically nonsignificant trend to-
ward reduced adhesion of the Δpde2 mutant to oral keratinocytes 
compared to the WT, but the ΔcdaA mutant that displayed increased 
auto-aggregation, adhered to oral keratinocytes with similar effi-
ciency as the WT, and so did the Δpde1 mutant (Figure 6). Our data 
suggest that c-di-AMP signaling may impact adhesion to eukaryotic 
cells, which is in agreement with observations reported for deletion 
mutants of the Pde1 homolog in S. suis, S. gallolyticus, and B. subtilis 
(Du et al., 2014; Teh et al., 2019; Townsley et al., 2018). However, 
increased c-di-AMP concentration influences adhesion to mamma-
lian cells negatively in streptococci ((Figure 6) (Du et al., 2014; Teh 
et al., 2019)), whereas reduced c-di-AMP levels reduce adhesion of 
B. subtilis to plant cells (Townsley et al., 2018).

In several of the experiments performed in this study, we ob-
served partial complementation of mutant phenotypes and rela-
tively large variations between biological replicates. It is possible 
that this can be explained by the selection of suppressor mutations 
that counteract the potentially toxic effect of disturbed c-di-AMP 
homeostasis, as previously described for several bacterial species 
(Devaux, Sleiman, et al., 2018; Whiteley et al., 2015). This hypothesis 
will be pursued in a future study.

Although deletion of genes encoding c-di-AMP turnover pro-
teins influences bacterial biofilm formation and adhesion to eukary-
otic cells, the details of the regulatory mechanisms involved are still 
poorly understood. Identification and characterization of c-di-AMP 
effectors and comprehensive analyses of the role and regulation of 
these signaling components will improve our understanding of the 
role of c-di-AMP signaling in colonization and virulence of S. mitis.
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