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Cyclic-di-AMP modulates cellular turgor 
in response to defects in bacterial cell wall 
synthesis
 

Anna P. Brogan1, Paola Bardetti2, Enrique R. Rojas    2 & David Z. Rudner    1 

Cyclic-di-AMP (c-di-AMP) is an essential second messenger in Bacillus 
subtilis and many other Gram-positive bacteria. Work over the past decade 
has revealed that this cyclic nucleotide controls cation and osmolyte 
transporters, leading to the hypothesis that c-di-AMP regulates cytoplasmic 
turgor pressure. Although the targets of c-di-AMP are well established, the 
signals that control the levels of this second messenger and the factors 
that transduce these signals are unknown. Here we report that c-di-AMP 
levels are modulated by the cyclase regulator CdaR in response to cell wall 
defects. We further demonstrate that changing the levels of c-di-AMP alters 
turgor pressure. Our data support a model in which CdaR senses defects in 
the cell wall and activates c-di-AMP synthesis in response. The increase in 
c-di-AMP reduces turgor, preventing lysis and enabling fortification of the 
peptidoglycan meshwork. Thus, a central function of c-di-AMP is to control 
cellular turgor in response to envelope defects.

Nearly all organisms use nucleotide analogues as second messengers 
in response to changing environmental and physiological conditions. 
Cyclic-di-AMP (c-di-AMP) is a broadly conserved signalling molecule 
that is essential for viability in many Gram-positive bacteria, including 
the human pathogens Staphylococcus aureus, Listeria monocytogenes 
and Clostridioides difficile1–5. Work over the past decade has revealed 
that c-di-AMP’s principal and essential function is to control the expres-
sion and activity of osmolyte transporters6. Insights from Bacillus 
subtilis provide a framework to understand this activity: in B. subtilis, 
c-di-AMP binds to and inhibits K+ and compatible solute importers, and 
activates K+ exporters7–10. In addition, riboswitches that bind c-di-AMP 
inhibit transcription of K+ importer genes11,12. Accordingly, high levels 
of the second messenger reduce intracellular osmolyte concentration, 
while low c-di-AMP levels increase intracellular osmolarity. These find-
ings have led to the hypothesis that c-di-AMP controls cytoplasmic 
turgor pressure13,14. In the context of this model, low c-di-AMP levels 
increase turgor pressure, while high c-di-AMP levels decrease it.

This hypothesis provides an explanation for the well documented 
link between c-di-AMP and antibiotics that target cell wall synthesis14. 
The cell wall that surrounds bacteria provides structural integrity 

and prevents lysis due to high cytoplasmic turgor pressure. This rigid 
meshwork, known as peptidoglycan (PG), is made of glycan strands 
crosslinked together by short peptides and is essential for viability 
in nearly all bacteria15. In rod-shaped bacteria such as B. subtilis, the 
PG meshwork is built by two types of cell wall synthases: the class A 
penicillin-binding proteins (aPBPs) and complexes of a SEDS (shape, 
elongation, division, sporulation) protein with its cognate class B PBP 
(bPBP)15. SEDS-bPBP cell wall synthesis occurs within a larger membrane 
complex (called the elongasome) that is guided by filament-forming 
proteins in the cytoplasm. The elongasome is essential for cell elonga-
tion and generates glycan strands that are oriented perpendicular to 
the long axis of the cell. The aPBP enzymes are thought to fortify these 
glycan strands by synthesizing peptidoglycan between them16. Both 
synthases are required to generate a robust cell wall, but how cells 
monitor the assembly of this essential matrix to prevent aberrant lysis 
remains poorly understood.

In B. subtilis, S. aureus, Streptococcus pneumoniae and other 
Gram-positive pathogens, mutations that increase c-di-AMP levels con-
fer resistance to β-lactams and other cell wall targeting antibiotics17–20. 
Reciprocally, mutations that reduce levels of the signalling nucleotide 
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To investigate whether increased levels of c-di-AMP can suppress 
severe cell wall defects, we took advantage of the synthetic relationship 
between pbp1 and gpsB, which encodes a scaffold protein for enzymes 
involved in PG biogenesis29. Neither gene is essential but cells depleted of 
PBP1 in the absence of gpsB have severe cell wall defects and are strongly 
impaired in growth (Fig. 1e)30. We found that deletion of cdaA or cdaAR in 
this background caused cell death, consistent with the synthetic growth 
defect of the ∆pbp1 ∆cdaA mutant. Conversely, cells lacking the phospho-
diesterases, GdpP or PgpH, that increase c-di-AMP levels restored some 
viability to the ∆gpsB mutant depleted of PBP1 (Fig. 1e). We conclude 
that reducing c-di-AMP levels is toxic, while increasing c-di-AMP levels 
is suppressive in this cell wall defective mutant.

Next, we systematically analysed the relationship between 
c-di-AMP levels and cell envelope-targeting antibiotics. To do so, we 
deleted the native copies of all three c-di-AMP synthases (∆disA ∆cdaS 
∆cdaAR) in a strain harbouring an IPTG-regulated allele of cdaA at an 
ectopic chromosomal locus. Expression of CdaA at low levels (5–10 µM) 
led to a reduction in growth in the presence of all antibiotics tested, 
consistent with previous observations in other bacteria (Fig. 1f and 
Extended Data Fig. 1a)5,17,21,22,24,25. Reciprocally, overexpression of cdaA, 
combined with deletions of the two genes encoding c-di-AMP phos-
phodiesterases improved growth (Fig. 1f and Extended Data Fig. 1b). 
Consistent with these findings, cells expressing low levels of CdaAR 
as the sole cyclase were inviable in the absence of PBP1 (Supplemen-
tary Fig. 3). Thus, when the cell wall is compromised, high levels of 
c-di-AMP improve growth, while low levels of the second messenger 
impair viability.

c-di-AMP levels increase in response to loss of PBP1
The experiments described above led us to hypothesize that B. subtilis 
actively monitors its PG meshwork and, in response to defects, activates 
CdaA to increase c-di-AMP levels and reduce intracellular osmolarity. 
The predicted decrease in turgor pressure would protect the cell from 
lysis and possibly facilitate repair of the cell wall. To investigate this 
model, we built an in vivo reporter to monitor c-di-AMP levels using a 
c-di-AMP riboswitch. The 5′ UTR of the B. subtilis kimA gene that encodes 
a K+ importer folds into a transcriptional terminator when bound to 
c-di-AMP11 (Fig. 2a). When c-di-AMP levels are high, transcription of 
kimA is reduced; when levels of the second messenger drop, there is less 
termination and increased expression (Fig. 2a). We inserted this ribos-
witch between the constitutive promoter Pveg and lacZ. Thus, the levels 
of β-galactosidase activity inversely correlate with the levels of c-di-AMP 
(Fig. 2a). We validated the reporter using our strain lacking the native 
cyclases and harbouring an IPTG-regulated allele of cdaAR. Low CdaAR 
expression results in low c-di-AMP levels and high β-galactosidase activ-
ity. Increasing CdaAR expression increases c-di-AMP and decreases 
reporter activity (Fig. 2b,c). The ranges in β-galactosidase activity and 
c-di-AMP levels in this strain were 2.4- and 1.4-fold, respectively. The 
experiments presented in Fig. 1f and Extended Data Fig. 1 indicate that 
these relatively modest changes are physiologically relevant. Similarly, 
a strain lacking cdaAR had a 1.3-fold increase in β-galactosidase activity, 
while the ∆gdpP mutant had a 1.3-fold decrease (Extended Data Fig. 2a). 
Thus, B. subtilis modulates this second messenger over a narrow range.

We used our riboswitch reporter to monitor relative levels of 
c-di-AMP in the presence and absence of PBP1 in a strain in which the 
only cyclase was CdaA (with its regulator CdaR) expressed under IPTG 
control. As can be seen in Fig. 2d, cells lacking PBP1 had 1.7-fold less 
β-galactosidase activity than PBP1+ cells. Importantly, CdaA protein 
levels remained unchanged in the PBP1 mutant (Fig. 2e). A similar 
reduction in reporter activity (1.7-fold) was observed in cells treated 
with moenomycin that inhibits the glycosyltransferase activity of 
class A PBPs, including PBP1 (ref. 31) (Fig. 2d). Thus, B. subtilis cells 
lacking aPBP activity increase the production of c-di-AMP. Interest-
ingly, this response was specific to moenomycin, as c-di-AMP levels 
were unaffected by other cell envelope-targeting drugs (Extended 

increase susceptibility to these drugs5,17,21–25. In these bacteria, c-di-AMP 
does not appear to target cell wall biogenesis factors. Thus, the changes 
in antibiotic resistance have been proposed to result from changes in 
turgor pressure13,14. Mutants with high c-di-AMP that are predicted to 
reduce turgor pressure resist β-lactam killing. Reciprocally, mutants 
with low c-di-AMP are more prone to lysis in the presence of these drugs 
due to high turgor. While this model is compelling in its simplicity, 
direct evidence that c-di-AMP levels impact turgor is lacking.

Bacteria often encode several enzymes that synthesize and 
degrade c-di-AMP. Diadenylate cyclase (DAC) domains synthesize the 
cyclic nucleotide through condensation of two ATP molecules. Phos-
phodiesterases linearize the cyclic substrate to pApA and transporters 
export c-di-AMP. Many of these enzymes and their putative regula-
tors are conserved among c-di-AMP-containing bacteria6. B. subtilis 
encodes three DACs: CdaA, DisA and the sporulation-specific CdaS. 
It also contains two phosphodiesterases, GdpP and PgpH. Although 
the activities of these broadly conserved enzymes have been well 
established, the regulatory mechanisms that control their functions 
remain elusive. Nearly all bacteria that produce c-di-AMP contain the 
cyclase CdaA (also known as DacA in some species) and its putative 
regulator CdaR26. CdaR has a single transmembrane (TM) segment that 
interacts with the membrane domain of CdaA, followed by repeated 
YbbR domains of unknown function3,22. In a subset of bacteria, includ-
ing B. subtilis, a long intrinsically disordered region (IDR) with little 
sequence-level conservation follows the YbbR repeats. The signal(s) 
that CdaR responds to remains unknown.

Here we extend previous studies by showing that low c-di-AMP 
levels increase susceptibility to genetic and chemical perturbations 
to cell envelope biogenesis, while high c-di-AMP levels protect the 
cell from lysis. This analysis led us to discover that B. subtilis increases 
c-di-AMP levels in a CdaA-dependent manner in response to a reduc-
tion in aPBP cell wall synthesis. We show that CdaR’s IDR is required 
to increase c-di-AMP and to maintain viability when PG biogenesis is 
perturbed. IDRs from CdaR homologues can function in place of the 
native IDR on the B. subtilis regulator, suggesting that its regulatory 
function is broadly conserved. Furthermore, IDRs from two other  
B. subtilis proteins implicated in monitoring the cell wall can also 
replace CdaR’s IDR. Finally, we demonstrate that increasing c-di-AMP 
levels reduces cytoplasmic turgor pressure, and that decreasing the 
second messenger increases turgor. Collectively, our data define a 
signalling pathway in which CdaR’s IDR senses cell envelope defects and 
activates CdaA in response. The increase in c-di-AMP reduces turgor 
and protects the cell from lysis.

Results
c-di-AMP is critical in the presence of cell envelope defects
Previous studies have found that mutations in c-di-AMP-degrading 
enzymes provide resistance to β-lactam antibiotics17–20. To more directly 
investigate the relationship between c-di-AMP and cell wall synthesis 
in B. subtilis, we used an IPTG-regulated allele of pbp1 (also known as 
ponA) encoding the major aPBP cell wall synthase, PBP1. Depletion of 
this enzyme causes impaired growth, cell wall defects and lysis27. We 
introduced loss-of-function mutations in each of the c-di-AMP cyclases 
into the PIPTG-pbp1 strain and analysed growth. As can be seen in Fig. 1a, 
depletion of PBP1 in cells lacking disA or cdaS resembled the parental 
strain. However, growth was modestly impaired in cells lacking cdaA 
and the cdaAR operon upon PBP1 depletion (Fig. 1a). The growth defect 
was more pronounced in a pbp1 null mutant (Supplementary Fig. 1a,b). 
Furthermore, a stably expressed CdaA catalytic mutant (D171A) phe-
nocopied the cdaA null, consistent with the requirement for cyclase 
activity (Fig. 1a,b and Supplementary Fig. 1a,b)28. Fluorescence imag-
ing revealed that the ∆pbp1 cdaA mutants had aberrant morphologies 
and envelope integrity defects, as assayed by propidium iodide (PI) 
(Fig. 1c,d). Thus, c-di-AMP synthesis by CdaA is important for envelope 
integrity and growth when cell wall synthesis is impaired.
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Data Fig. 2b) (see Discussion). For simplicity, we refer to defects 
caused by loss of aPBP PG synthesis as cell wall defects, although the 
increase in c-di-AMP is specific to this type of defect. Importantly, a 
graded decrease in the levels of PBP1, using our IPTG-regulated allele, 
caused a graded increase in c-di-AMP (Fig. 2f). Thus, the magnitude 
of the response correlates with the extent of cell wall defects. Impor-
tantly, this response was specific to CdaAR, as c-di-AMP levels did 
not increase upon deletion of PBP1 when DisA was the sole cyclase 
(Extended Data Fig. 2c). Furthermore, the DisA-expressing cells had 
reduced viability compared with the CdaAR-expressing cells in the 
absence of PBP1 (Extended Data Fig. 2d), consistent with the idea that 
the CdaA-dependent increase in c-di-AMP is critical for survival when 
cell wall synthesis is compromised.

CdaR’s IDR is required for viability during envelope stress
To investigate the molecular basis of CdaA activation in response to 
cell wall stress, we focused on its putative regulator CdaR. CdaR con-
tains a single TM segment that interacts with the membrane domain 
of CdaA, followed by repeated YbbR domains of unknown function 
(Fig. 3a)3,22. Many CdaR family members, largely in the Bacilli, Entero-
cocci and Clostridia phyla, have extracytoplasmic IDRs appended to 
their YbbR repeats (Fig. 3a and Supplementary Fig. 4). Unlike the rest 
of the CdaR protein, this region is poorly conserved, yet is composed 
of similar hydrophilic and charged amino acids (Fig. 3b). Recently, we 
showed that the extracytoplasmic IDRs on two other B. subtilis proteins, 
RsgI and PBP1, are involved in responding to cell envelope defects30. 
Intriguingly, these IDRs have little sequence-level conservation but 
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Fig. 1 | CdaA-dependent c-di-AMP synthesis is important for cell envelope 
integrity. a, Serial dilutions (10-fold) of the indicated strains were spotted on  
LB agar in the presence or absence of 50 µM IPTG. All five strains express PBP1 
under IPTG control. The catalytic mutation (D171A) is located at the native cdaA 
locus. b, Representative immunoblots of B. subtills cells with a functional CdaA-
His fusion or the catalytic point mutant (D171A) (Supplementary Fig. 5a).  
Both are expressed under IPTG control at an ectopic locus in the presence of 
50 µM IPTG. SigA controls for loading. Molecular weight markers in kDa are 
indicated. c, Representative merged phase-contrast and fluorescence images of 
the indicated exponentially growing B. subtilis strains stained with propidium 
iodide (PI). Scale bar, 5 µm. d, Quantification of PI-positive cells from images as 

in c. Means ± s.d. are shown; n (single cell) = 1,670, 1,347, 1,182 (WT), n = 1,019, 
1,031, 1,178 (∆ponA ∆cdaAR), n = 1,106, 813, 994 (∆ponA cdaA-D171A). e, Serial 
dilutions (10-fold) of the indicated strains were spotted on LB agar in the absence 
of IPTG. The photograph is of a single agar plate with unrelated spots cropped 
out. f, Representative growth curves of ∆disA ∆cdaS ∆cdaAR PIPTG-cdaA grown 
with 10 µM (red) or 50 µM (grey) IPTG and ∆disA ∆cdaS ∆cdaAR ∆gdpP ∆pgpH 
PIPTG-cdaA grown with 500 µM (blue) IPTG in the presence of sub-inhibitory 
concentrations of the indicated antibiotics. IPTG at 50 µM is closest to 
physiological expression levels (Extended Data Fig. 3e). All experiments in this 
figure were performed in biological triplicate and a representative experiment  
is shown.
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similar amino acid content to CdaR’s IDR. The characterized IDRs are 
thought to sense cell wall defects by entering gaps in the meshwork or 
through non-covalent interactions with the PG30.

To investigate whether CdaR’s IDR is involved in sensing or 
responding to cell wall defects32, we compared IPTG-regulated alleles of 
cdaA-cdaR (cdaAR) and a variant in which the IDR on CdaR was deleted 
(cdaAR∆ID). Cells lacking all c-di-AMP cyclases are inviable, but cells 
expressing cdaAR or cdaAR∆ID grew similarly (Fig. 3c). However, upon 
deletion of PBP1, the cells expressing CdaR∆ID had a severe growth 
defect compared with full-length CdaR (Fig. 3c). The difference in 
growth was also observed in the presence of moenomycin (Fig. 3d). 
Importantly, CdaR variants in which the order of amino acids in the IDR 
was scrambled were fully functional (Fig. 3c,d). Immunoblot analysis 
of functional His-tagged variants indicate that CdaR, CdaR∆ID and the 
scrambled variants were all expressed at similar levels (Extended Data 
Fig. 3a and Supplementary Fig. 5b). CdaA-His was also present at similar 
levels in cells expressing CdaR or CdaR∆ID (Extended Data Fig. 3b), and 
CdaR-His and CdaR∆ID-His stability was unchanged in the absence of 
PBP1 (Extended Data Fig. 3c). Finally, co-immunoprecipitation experi-
ments indicate that the CdaA-CdaR complex was unaffected by the 
absence of CdaR’s IDR (Extended Data Fig. 3d). To investigate whether 
the function of the IDR is conserved among CdaR homologues, we 
generated CdaR chimeras in which the native IDR was replaced with 
IDRs from Bacillus cereus and Enterococcus faecalis CdaRs (Fig. 3b). 

We also tested the IDRs from B. subtilis RsgI and PBP1 that have been 
implicated in sensing cell wall defects30. In all cases, the CdaR chimeras 
supported growth in the absence of PBP1 (Fig. 3c). We conclude that the 
function of CdaR’s IDR is likely to be conserved and involved in sensing 
and responding to cell wall defects.

The experiments described above were performed under sensitiz-
ing conditions in which CdaA and CdaR were co-expressed below their 
native levels (Extended Data Fig. 3e). To investigate the importance of 
CdaR’s IDR at native expression levels, we analysed full-length CdaR and 
several variants in a strain lacking GpsB with reduced levels of PBP1. 
Expression of CdaR at native levels supported growth (Fig. 3e,f). By 
contrast, expression of CdaR∆ID resulted in complete loss of viability 
(Fig. 3e,f). CdaR with a scrambled IDR or RsgI’s IDR restored growth in 
this background (Fig. 3e).

CdaR’s IDR is required to modulate c-di-AMP levels
To determine whether CdaR’s IDR is required to increase CdaA activity 
in the presence of cell wall stress, we used our riboswitch reporter to 
monitor c-di-AMP levels (Fig. 2a). Cells expressing CdaA and CdaR, 
CdaR∆ID, or CdaR∆ID-IDscr1 at native levels (Extended Data Fig. 3e) were 
grown in the presence or absence of PBP1 and analysed for c-di-AMP 
levels. In the strain expressing full-length CdaR, β-galactosidase activ-
ity decreased in the absence of PBP1, reflecting an increase in c-di-AMP 
levels (Figs. 2d and 4a). By contrast, in cells expressing CdaR∆ID, 
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a transcriptional terminator upstream of lacZ. b, Bar graph showing 
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by ELISA and normalized to OD600 in the same conditions as in b. d, Bar graph 

showing β-galactosidase activity of the riboswitch reporter in the presence (+) or 
absence (∆) of PBP1 or treated with (+) 5 µg ml−1 moenomycin (MOE). All cells lack 
disA, cdaS and cdaAR, and harbour an IPTG-regulated allele of cdaAR expressed 
with 50 µM IPTG. e, Representative immunoblots of B. subtilis cells expressing 
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β-galactosidase activity was similar in the presence and absence of 
PBP1 (Fig. 4a). Importantly, the CdaR variant with the scrambled IDR 
phenocopied wild type. Similar results were obtained when the same set 
of strains were treated with moenomycin (Fig. 4b). These results argue 
that CdaR’s IDR is important for the activation of CdaA-dependent 
c-di-AMP synthesis in response to cell wall defects.

Cyclic-di-AMP controls cellular turgor pressure
We next investigated whether changes in c-di-AMP levels impact cyto-
plasmic turgor pressure. To assess the acute effects of a rapid increase 
in c-di-AMP, we took advantage of a hyperactive allele (L44F) of the 
sporulation-specific c-di-AMP synthase cdaS3. Expression of cdaS(L44F) 
under the control of a strong IPTG-regulated promoter (Phy) inhib-
its colony formation (Fig. 5a) and inhibits growth in liquid medium 
within 30 min of induction (Extended Data Fig. 4a). At this timepoint, 
c-di-AMP levels are markedly higher (Extended Data Fig. 5a–c). We 
introduced this hyperactive allele into a strain harbouring cytoplasmic 
mCherry and a GFP fusion to a membrane protein (FB) to visualize the 
cytoplasmic membranes. We then imaged the cells by fluorescence 
microscopy before and at timepoints after the addition of IPTG. 
Within 15 min of induction, cytoplasmic mCherry no longer filled the 
entire cell, and the fluorescent membrane protein accumulated in the 
regions that lacked mCherry fluorescence (Fig. 5b). These phenotypes 
became more pronounced over time (Extended Data Fig. 4b). Similar 
results were obtained using the fluorescent membrane dye TMA-DPH 
(Extended Data Fig. 4c) instead of FB-GFP. We used transmission elec-
tron microscopy (TEM) to obtain a higher-resolution view of the cell 
ultrastructure. As can be seen in Fig. 5c, 15 min after IPTG induction, 
the cytoplasmic membranes had retracted from the cell envelope, 

forming large invaginations in the cytosol (Fig. 5c and Extended Data 
Fig. 6). Membrane retraction can explain the absence of cytoplasmic 
mCherry and accumulation of FB-GFP, and is consistent with a rapid loss 
of cytoplasmic turgor pressure. In support of this idea, we found that 
cells treated with the phospholipid synthesis inhibitor cerulenin after 
cdaS(L44F) induction but before the onset of membrane invaginations 
still formed membrane patches that excluded cytoplasmic mCherry 
(Extended Data Fig. 7), indicating that the invaginations were not due 
to hyperactive membrane synthesis.

To more directly assess whether the membrane invaginations 
were due to a rapid drop in intracellular osmolarity and the resulting 
decrease in turgor, we induced cdaS(L44F) and, immediately before vis-
ualization, resuspended the cells in LB medium lacking NaCl (Extended 
Data Fig. 8a). The reduction in external osmolarity markedly reduced 
the formation of membrane invaginations (Extended Data Fig. 8b). Col-
lectively, these experiments strongly suggest that increasing c-di-AMP 
reduces cellular turgor pressure.

To probe the effects of an acute decrease in c-di-AMP levels, we 
generated a hyperactive allele of the c-di-AMP phosphodiesterase gdpP 
that lacks its transmembrane and PAS domains. Overexpression of this 
allele using the same strong IPTG-regulated promoter Phy prevented 
colony formation (Fig. 5a), inhibited growth in liquid medium within 
45 min (Extended Data Fig. 9a), and rapidly decreased the cellular pool 
of c-di-AMP (Extended Data Fig. 5d,e). By fluorescence microscopy, we 
observed cell bulging followed by lysis starting at 45 min after induc-
tion (Fig. 5d and Extended Data Fig. 9b). We attribute the morphologi-
cal changes and lysis to altered cell wall synthesis due to the massive 
increase in cytoplasmic turgor. Altogether, these data are consistent 
with acute changes in c-di-AMP impacting cellular turgor.
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Chronic changes in c-di-AMP levels cause changes in turgor
To investigate the impact of chronic increase and decrease in c-di-AMP, 
we fused cdaS(L44F) to our standard IPTG-regulated promoter (PIPTG) 
and grew the cells in 500 µM IPTG (high c-di-AMP) and separately 
expressed cdaAR under the same IPTG-regulated promoter at low lev-
els (5 µM IPTG) in a strain lacking the native cyclases (low c-di-AMP) 
(Fig. 5e,f). In liquid medium, these strains grew at rates similar to wild 
type, despite having higher and lower levels of c-di-AMP (Fig. 5e,f and 
Supplementary Fig. 7). We introduced orthogonal cytoplasmic report-
ers into these strains and wild type, and imaged a mixture of exponen-
tially growing cultures of each. As can be seen in Fig. 5g,h, the strains had 
qualitatively and quantitatively distinct widths: cells with low c-di-AMP 
levels were chubby and cells with high c-di-AMP were skinny. Changes 
in cell size that inversely correlate with c-di-AMP levels as shown here 
have been reported previously in S. aureus, Mycobacterium tuberculosis 
and Borrelia burgdorferi33–35. Although these phenotypes are consistent 
with the idea that c-di-AMP levels impact cytoplasmic turgor, turgor 
pressure has never been measured in strains with different levels of 
this second messenger.

To qualitatively assess whether cells with chronically high c-di-AMP 
have reduced turgor pressure, we analysed their propensity to lyse 
after treatment with lysozyme. We mixed exponentially growing cells 
expressing cdaS(L44F) under control of our standard PIPTG promoter 
with wild-type cells and imaged them by time-lapse microscopy on 
an LB agar pad before and after adding lysozyme. To distinguish the 
two strains, the wild-type cells expressed cytoplasmic GFP and the 
CdaS(L44F)-producing cells expressed mCherry. As anticipated, within 
5 min of lysozyme addition, most cells underwent lysis. However, a 
subset formed stable protoplasts (Fig. 5i). Consistent with the idea 
that cells with chronically high c-di-AMP have reduced turgor pressure, 
>2-fold more protoplasts were generated from cells with high c-di-AMP 
than wild type (Fig. 5j and Supplementary Movie 1).

To directly and quantitatively measure turgor pressure in cells with 
different levels of c-di-AMP, we used an established microfluidics-based 
assay36,37. First, the degree to which cells are inflated by turgor was 
determined by measuring cell length before and after acutely lysing 
them with detergent. In a separate experiment, cell length was meas-
ured in response to a series of hyperosmotic shocks, which reduce 
turgor pressure, to determine the shock magnitude (ΔC) that caused 
length to contract to its detergent-deflated value (Extended Data 
Fig. 10a). Combined, these data provide an empirical, quantitative 
measurement of turgor pressure in units of osmolarity, which can be 
converted to units of pressure using P = RTΔC (see Methods). For these 
experiments, we compared exponentially growing wild-type cells and 

the strains described above with high and low c-di-AMP. As can be seen 
in Fig. 5k, cells with chronically low c-di-AMP had higher turgor pressure 
than wild-type, while cells with chronically high levels of c-di-AMP had 
lower turgor pressure than wild type (Extended Data Fig. 10b–d). We 
conclude that cells modulate cytoplasmic turgor by controlling the 
levels of c-di-AMP.

CdaAR-mediated decrease in turgor protects cells from lysis
With the knowledge that c-di-AMP controls cytoplasmic turgor pres-
sure, we returned to our cell wall defective mutants to determine 
whether the CdaAR-mediated increase in c-di-AMP protects cells 
from lysis because of the reduction in turgor. To do so, we analysed 
the growth of our mutants in media with different osmolarities. The 
growth defect of cells expressing CdaR∆ID in the absence of PBP1 was 
partially suppressed on medium with high osmolarity and enhanced 
on low-osmolarity medium (Extended Data Fig. 10e,f). Importantly, 
this mutant maintained low c-di-AMP levels (Extended Data Fig. 10g) 
when grown in the presence or absence of high-osmolarity medium, 
indicating that the suppression was due to reduced turgor from the 
change in external osmolarity rather than altered c-di-AMP levels. Simi-
larly, the growth defect of cells lacking pbp1 and cdaAR or expressing 
cdaA(D171A) was suppressed in medium with high osmolarity (Extended 
Data Fig. 10h). Taken together, these results argue that the slow growth 
and cell envelope defects (Fig. 1c,d) associated with these double 
mutants are due to high cytoplasmic turgor and the resulting osmotic 
lysis. We conclude that the increase in c-di-AMP in cells lacking PBP1 
protects cells from lysis by reducing turgor pressure.

Discussion
Altogether, our data define a signal transduction pathway that con-
trols the intracellular pool of c-di-AMP and establishes a direct link 
between maintenance of the cell wall peptidoglycan and modula-
tion of cytoplasmic turgor pressure. Our findings support a model in 
which CdaR’s IDR senses defects in the PG meshwork and triggers the 
production of c-di-AMP by CdaA (Fig. 6). The rise in c-di-AMP inhibits 
osmolyte import and activates K+ export, thus decreasing intracellular 
osmolyte concentration and reducing turgor. This response protects 
the cell from autolysis and probably enables repair. Unlike the acute 
responses to the very high or very low levels of c-di-AMP reported here 
(Fig. 5b–d), the response to cell wall defects had a more modest impact 
on c-di-AMP levels (Fig. 2d–f) and therefore more modestly alters cyto-
plasmic turgor. We suspect that these changes are sufficient to prevent 
autolysis and are tuned by the extent of defects in the meshwork sensed 
by CdaR’s IDR. Our data further argue that this signalling pathway is 
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shared among bacteria that possess a CdaR homologue with an IDR 
(Supplementary Fig. 4). The role of the more highly conserved YbbR 
repeats on CdaR is currently unknown but, on the basis of our find-
ings, we suspect that it also monitors some aspect of the envelope and 
modulates turgor in response. More generally, we hypothesize that 
reducing cytoplasmic turgor in response to envelope stress is likely 
to be a common feature of many bacterial phyla beyond those that 
possess CdaAR and/or c-di-AMP.

The mechanism by which CdaR’s IDR monitors the PG meshwork 
is currently unknown. However, our previous studies of the IDRs on 
the anti-sigma factor RsgI and the cell wall synthase PBP1 suggest 
that these regions may enter gaps in the meshwork and generate a 
mechanotransducive pulling force. In the case of RsgI, this force disso-
ciates the autocleaved ectodomain of the anti-sigma factor, triggering 
intramembrane proteolysis of its membrane-anchored portion and 
activation of its cognate Sigma-I transcription factor30,38. For PBP1, 
we suspect that the pulling force stabilizes an active conformation of 
the polymerase39. By analogy, we propose that a pulling force exerted 
on CdaR causes a conformational change that activates CdaA, either 
allosterically or by changing its multimerization state.

It is noteworthy that the cell wall defects that CdaR responds to 
result from impaired synthesis by the class A PBPs (aPBPs), such as PBP1. 
Among all the cell wall targeting antibiotics tested, only moenomycin 
stimulated c-di-AMP production (Extended Data Fig. 2b). The aPBPs are 
thought to fortify the cell wall by synthesizing peptidoglycan between 
the circumferential glycan strands generated by SEDS-bPBP enzymes in 
the elongasome16. Evidence suggests that the aPBPs play a critical role 
in stitching these hoop-like strands together. Our findings that both 
CdaA-CdaR and RsgI-SigI act homeostatically support the idea that the 
IDRs evolved to monitor the wall for places where the aPBPs failed to 
generate a continuous meshwork. Detection of these gaps by RsgI’s IDR 
activates the SigI regulon to increase cell wall biogenesis, detection by 
CdaR’s IDR reduces turgor pressure, and PBP1’s IDR directs the synthase 
to the places that require fortification.

Interestingly, a meta-analysis of all the genes that are located 
downstream of the kimA riboswitch revealed that the largest class 
(>45%) are genes with Clusters of Orthologous Groups functions 
assigned to cell envelope biogenesis11,12,40. The vast majority of these 
c-di-AMP-regulated genes encode PG hydrolases and are mainly found 
in actinobacterial genomes. Since kimA is an off-riboswitch, an increase 

in c-di-AMP levels would result in a reduction in expression of these 
cell wall cleaving enzymes. By analogy to what we have discovered 
in B. subtilis, we hypothesize that cell wall defects in these actinobac-
teria increase c-di-AMP levels, resulting in both a reduction in turgor 
pressure41,42 and PG hydrolase production. Together, these responses 
would protect cells from autolysis.

Clinically relevant strains of S. aureus that have increased toler-
ance or resistance to β-lactam antibiotics often contain mutations 
in the phosphodiesterase gdpP that chronically increase c-di-AMP 
levels20,43–47. The mechanisms underlying these phenomena has been 
unclear. Our discovery that B. subtilis cells with chronically high levels 
of c-di-AMP have reduced cytoplasmic turgor pressure provides a 
plausible explanation for the increased antibiotic tolerance and resist-
ance in the S. aureus mutants. However, our analysis of turgor pressure 
revealed a second potential contribution to these phenomena. Spe-
cifically, cells with chronically high levels of c-di-AMP had nonlinear 
pressure–elongation curves (Extended Data Fig. 10d) whereby for 
hyperosmotic shocks less than 800 mM the cells barely contracted 
in length, compared with the linear force extension curves observed 
in wild type and cells with low c-di-AMP (Extended Data Fig. 10b,c). 
This indicates that cells with chronically high c-di-AMP have cell 
envelopes with increased stiffness across this pressure range48. We 
hypothesize that these properties arise from changes in the cell wall 
microstructure as a result of PG synthesis at reduced turgor pressure. 
Thus, if S. aureus cells respond similarly to chronically high c-di-AMP, 
then a reduction in turgor and stiffening of the cell wall could both 
contribute to the increased tolerance and resistance associated with 
∆gdpP mutants.

Modulating cytoplasmic turgor pressure represents an attrac-
tive mechanism to respond to intracellular and extracellular stress. In 
addition to cell wall defects, stresses that are thought to alter c-di-AMP 
levels include changes in external osmolarity, DNA damage and altered 
metabolism1,49–51. In the latter two cases, the role for altered turgor is 
less clear. One possibility is that increasing turgor in response to DNA 
damage might prevent or slow constriction of the cytokinetic ring to 
ensure repair of the chromosomal lesion before division. In the case 
of metabolic flux, if changes in metabolism impact PG precursor syn-
thesis, this could be balanced by reduced turgor to slow elongation or 
prevent autolysis. The challenge for the future is to define the full set 
of signals and transduction pathways that regulate the cellular pools 

Fig. 5 | c-di-AMP controls cytoplasmic turgor pressure. a, Spot dilutions of  
the indicated strains on LB agar supplemented with 500 µM or no IPTG.  
B. subtilis strains contain the Pspank (PIPTG) or Phyperspank (Phy) promoter fused to the 
cdaS(L44F) allele or the gdpP(cyto) allele lacking its TM and PAS domains.  
b, Representative fluorescence and phase-contrast images of B. subtilis cells with 
Phy-cdaS(L44F) grown in LB before and 15 min after addition of 500 µM IPTG. At 
15 min after induction, cells were pelleted, spotted onto LB agarose pads and 
imaged ~5 min after collection. Cells contain mCherry and SpoIVFB-GFP(FB-GFP) 
for cytoplasmic and membrane labelling. Sites of membrane accumulation and 
cytoplasmic gaps are indicated (yellow triangles). Treatment of cells with the 
fatty acid kinase inhibitor cerulenin 10 min after IPTG addition did not prevent 
membrane accumulation (Extended Data Fig. 7), indicating that this phenotype is 
not due to an uncoupling of phospholipid and cell wall synthesis. c, Transmission 
electron micrographs of the cells visualized in b. Cells were immediately fixed 
after collection. Scale bar, 100 nm. d, Representative overlaid phase-contrast 
and fluorescence images of B. subtilis cells with Phy-gdpP(cyto) and cytoplasmic 
mCherry before and 60 min after addition of 500 µM IPTG. Bulging (yellow 
triangles) and lysed (white triangles) cells are indicated. e, Bar graph showing 
β-galactosidase activity from the kimA riboswitch reporter. LOW cells (∆disA 
∆cdaS ∆cdaAR PIPTG-cdaAR) were grown with 5 µM IPTG; wild-type (WT); HIGH 
cells (PIPTG-cdaS(L44F)) were grown with 500 µM IPTG. f, Bar graph showing 
c-di-AMP levels as measured by ELISA assay in the same strains and conditions as 
in e. Values were normalized to the OD600 of the culture. Data are means ± s.d. of 
3 biological replicates (e,f). g, Overlaid fluorescence and phase-contrast images 
of the strains in e. LOW cells contain mTag-BFP, WT contains GFP, and HIGH cells 

contain mCherry. The strains were grown in their respective IPTG concentrations 
and mixed before imaging. h, Cell width quantification of the cells described in e. 
Each contained cytoplasmic mCherry for quantification (Supplementary Fig. 8). 
Large circles represent the mean width of ≥40 cells from at least 5 fields of view. 
Shades of red, blue and green are measurements from 3 biological replicates. 
*P < 0.05, NS, not significant; two-tailed Student’s t-test. The P values are 0.15 
between LOW and WT, 0.034 between WT and HIGH, and 0.043 between LOW 
and HIGH. i, Overlaid fluorescence and phase-contrast images from a time-lapse 
movie of WT (with GFP) and HIGH (with mCherry) as described in e. Exponentially 
growing cells were mixed and spotted onto an LB agarose pad. Lysozyme was added 
to the back of the pad and cells imaged over 20 min (Supplementary Movie 1).  
Timepoints 0 and 13 min after lysozyme addition are shown. Examples of 
protoplasts that have not lysed (red and green triangles) are highlighted.  
j, Quantification of the percent survival for each cell type after 20 min of 
lysozyme treatment relative to the number of initial cells in the region of interest 
shown in h. n = 496 cells (224 HIGH + 272 WT). These data are representative of 
3 biological replicates and one is shown. k, Bar graphs showing measurements 
of the cytoplasmic turgor pressure of the LOW, WT and HIGH strains described 
above (see Methods). The pressure values were calculated from the regression 
of the osmotic force extension curve for each strain (Extended Data Fig. 10b–d). 
The error bars show the propagation error as calculated from the regression and 
lysis error (see Methods). The number of cells analysed under each condition is 
reported in Extended Data Fig. 10. All microscopy was performed in biological 
triplicate and representative images are shown. Scale bars (b,d,g,i), 5 µm.
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of c-di-AMP and to understand how modulating cytoplasmic turgor 
functions to manage these stresses.

Methods
General methods
All B. subtilis strains were derived from the prototrophic strain PY79 
(ref. 52). Unless otherwise indicated, cells were grown in LB medium53 
at 37 °C with aeration. For all experiments, single freshly streaked colo-
nies were subcultured for 3 h at 37 °C before back dilution and growth 
to mid-log phase with aeration at 37 °C. Antibiotic concentrations 
used were: 100 µg ml−1 spectinomycin, 10 µg ml−1 kanamycin, 5 µg ml−1 
chloramphenicol, 10 µg ml−1 tetracycline, 1 µg ml−1 erythromycin and 
25 µg ml−1 lincomycin.

Strain construction
Insertion–deletion mutants were generated by isothermal assem-
bly54 of PCR products followed by direct transformation into  
B. subtilis using a one-step competence method. All deletions were 
confirmed by PCR. Antibiotic cassette removal was performed using 
a temperature-sensitive plasmid that constitutively expresses Cre 
recombinase55,56. Ectopic integration constructs were cloned in  
E. coli followed by transformation into B. subtilis. Unmarked insertions 
and point mutations were made via allelic exchange with the vector 
pminiMAD2 (ref. 57). Tables of strains, plasmids and oligonucleotide 
primers, and a description of strain and plasmid construction can be 
found online as supplementary data (Supplementary Tables 1–4 and 
Supplementary Information).

a

c

f g

WT Phy-cdaS(L44F)

b

FB
-G

FP

Phy-cdaS(L44F)

–IPTG +IPTG (15 min)

m
C

he
rr

y 
+ 

ph
as

e

+IPTG (15 min)

e

WT

LOW

HIGH

WT

PIPTG-cdaS(L44F)

Phy-cdaS(L44F)

–1 –2 –3 –4 –5–4 –5

–IPTG +IPTG

WT

Phy-gdpP(cyto)
m

C
he

rr
y 

+ 
ph

as
e

Phy-cyto-gdpP

–IPTG +IPTG (60 min)

h

d

0

100

200

300

400

500

M
ill

er
 u

ni
ts

WTLOW

Pveg-kimA-lacZ

HIGH

c-
di

-A
M

P 
(p

g/
O

D
60

0)

WT HIGHLOW
0

100

200

300

400

C
el

l w
id

th
 (µ

m
)

WT HIGHLOW

0.6

0.9

1.2

1.5

0.3

i j

0

5

10

15

20

25

30

WT HIGH

Su
rv

iv
al

 (%
)

13 min

WT + HIGH

0 min

0

k

0

500

1,000

1,500

2,000

2,500

WT HIGHLOW

Pr
es

su
re

 (m
M

)

61.4

49.2

36.9

24.6

12.3

Pr
es

su
re

 (a
tm

)

*
NS

*

http://www.nature.com/naturemicrobiology


Nature Microbiology | Volume 10 | July 2025 | 1698–1710 1706

Article https://doi.org/10.1038/s41564-025-02027-2

Statistics and reproducibility
All experiments were carried out in biological triplicate unless other-
wise indicated. Bar graphs show the individual replicates, with error 
bars representing the average and standard deviation across biological 
replicates. For fluorescence microscopy, all experiments were carried 
out in biological triplicate, and at least 10 fields of view imaged and 
analysed when quantified. Time-course TEM images are representa-
tives from two biological replicates.

β-galactosidase assays
B. subtilis strains were grown in LB medium at 37 °C to an OD600 of ~0.5. 
The optical density was recorded and 1 ml of culture was collected and 
assayed for β-galactosidase activity as previously described58. Briefly, 
cell pellets were resuspended in 1 ml Z buffer (40 mM NaH2PO4, 60 mM 
Na2HPO4, 1 mM MgSO4, 10 mM KCl and 50 mM β-mercaptoethanol). Of 
this suspension, 250 µl was added to 750 µl of Z buffer supplemented 
with lysozyme (0.25 mg ml−1), and the samples were incubated at 37 °C 
for 15 min. The colorimetric reaction was initiated by addition of 200 µl of 
2-nitrophenyl-β-d-galactopyranoside (ONPG, 4 mg ml−1) in Z buffer and 
stopped with 500 µl 1 M Na2CO3. The reaction time and the absorbance at 
420 nm and OD550 of the reactions were recorded, and the β-galactosidase 
specific activity in Miller units was calculated according to the formula 
[A420−1.75 × (OD550)]/(time [min] × OD600) × dilution factor × 1,000  
(ref. 59). Plots were generated using Excel or Graphpad Prism.

Immunoblot analysis
Immunoblot analysis was performed as described previously60. Briefly, 
1 ml of exponentially growing culture (OD600 ~ 0.5) was collected and 
resuspended in lysis buffer (20 mM Tris pH 7.0, 10 mM MgCl2 and 1 mM 
EDTA, 1 mg ml−1 lysozyme, 10 µg ml−1 DNase I, 100 µg ml−1 RNase A, 

1 mM PMSF) to a final OD600 of 10 for equivalent loading. The cells were 
incubated at 37 °C for 15 min, followed by addition of an equal volume 
of Laemmli sample buffer (0.25 M Tris pH 6.8, 4% SDS, 20% glycerol, 
10 mM EDTA) containing 10% β-mercaptoethanol. Samples were heated 
for 15 min at 65 °C before loading. Proteins were resolved by SDS–PAGE 
on 12.5% polyacrylamide gels, electroblotted onto Immobilon-P mem-
branes (Millipore) and blocked in 5% non-fat milk in phosphate-buffered 
saline (PBS) with 0.5% Tween-20. The blocked membranes were 
probed with anti-SigA (1:10,000)61, anti-EzrA (1:10,000)62, anti-His 
(1:4,000) (GenScript) and anti-HA (1:1,000) (Sigma) antibodies diluted 
into 3% BSA in PBS with 0.05% Tween-20. Primary antibodies were 
detected using horseradish peroxidase-conjugated goat anti-rabbit 
or anti-mouse IgG (BioRad) and the Super Signal chemiluminescence 
reagent as described by the manufacturer (Pierce). Signal was detected 
using a Bio-Techne FluorChem R System. Images were cropped and 
contrast adjusted using Fiji.

Co-immunoprecipitation
A volume of 100 ml of exponentially growing B. subtilis cultures 
(OD600 ~ 0.5) expressing CdaA-His6 with 500 µM IPTG and CdaR-HA 
with 20 mM xylose were collected (3,000 g, 10 min) and washed 
twice in SMM medium (0.5 M sucrose, 20 mM MgCl2, 20 mM maleic 
acid pH 6.5) before resuspension in 10 ml SMM + 0.5 mg ml−1 
lysozyme + 5 U ml−1 mutanolysin. Cells were rotated for 45 min at room 
temperature and monitored for protoplasting by light microscopy. 
Protoplasts were pelleted (3,000 g, 10 min) and washed once in SMM 
before lysing in 10 ml cold hypotonic buffer (20 mM HEPES-NaOH 
pH 8, 200 mM NaCl, 1 mM dithiothreitol, 1 mM PMSF, EDTA complete 
(Roche)). Lysates were supplemented with 1 mM MgCl2 and CaCl2, 
125 U benzonase and 20 µg ml−1 RNase A, followed by incubation 

Osmolyte
importers

K+

importers
K+

exporter

c-di-AMP

Reduce turgor pressure
Protect from autolysis

2 ATP

CdaA

CdaR

Fig. 6 | Schematic model of the CdaAR signalling pathway. CdaR’s intrinsically 
disordered region (squiggly blue line) senses defects in the cell wall meshwork, 
leading to a conformational change in the CdaAR complex that stimulates 
CdaA activity. Increased c-di-AMP molecules (pink circles) bind to cytoplasmic 
domains (blue circles)8 on membrane transporters. C-di-AMP binding inhibits 

K+ and osmolyte importers, and activates K+ exporters. The reduction in 
cytoplasmic osmolarity reduces cellular turgor pressure. Reduced turgor 
protects the cell from lysis and could enable fortification of the meshwork. In the 
absence of cell wall stress, the IDR resides in the Gram-positive periplasm68.
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on ice for 30 min. Lysates were subjected to ultracentrifugation at 
100,000 × g for 1 h at 4 °C. The supernatant was removed and the 
membrane pellet dispersed in 900 µl buffer G (20 mM HEPES-NaOH 
pH 8, 200 mM NaCl, 1 mM dithiothreitol, 10% (v/v) glycerol). To solu-
bilize the membrane proteins, 100 µl of 10% n-dodecyl-β-d-maltoside 
(DDM) was added to the membrane fraction and the mixture rotated 
for 1 h at 4 °C. The soluble and insoluble material were separated by 
ultracentrifugation at 100,000 × g for 1 h at 4 °C. The supernatant 
containing detergent-solubilized proteins was mixed with anti-His 
resin (Genscript) and rotated for 2 h at 4 °C. The resin was pelleted 
(3,000 g, 1 min) at 4 °C and washed 4× with 1 ml buffer G + 0.1% DDM, 
with 2 min of rolling at 4 °C between washes. The washed resin was 
resuspended in 50 µl 1× Laemmli sample buffer (0.25 M Tris pH 6.8, 4% 
SDS, 20% glycerol, 10 mM EDTA) and heated for 15 min at 50 °C. The 
resin was pelleted and supernatant transferred to a fresh tube before 
adding β-mercaptoethanol to a final concentration of 10%. The load 
and IP fractions were analysed by immunoblot as described above.

Growth curves
Cells were cultured to mid-log phase (OD600 ~ 0.5) in LB containing 
indicated IPTG concentrations and back diluted into LB at the indicated 
IPTG concentrations at OD600 = 0.005. When media contained antibiot-
ics, the concentration was 0.5× the minimum inhibitory concentration 
(MIC, as determined by an MIC assay). Diluted culture containing anti-
biotics was added in technical triplicate to clear polystyrene 96-well 
plates (Genesee), and plates were incubated at 37 °C with shaking at 
432 r.p.m. in an Infinite M Plex microplate reader (Tecan) for 18 h. The 
OD600 was monitored every 5 min. OD600 measurements were aver-
aged at each timepoint across the technical triplicates and plotted 
using Excel.

Spot titres
Cells were cultured to late-log phase in permissive conditions, washed 
3× in LB, normalized to OD600 = 1.5 and diluted 10-fold in LB to 10−6. 
Of each dilution, 5.5 µl was spotted onto LB agar supplemented with 
the indicated IPTG and xylose concentrations. Plates were incubated 
at 37 °C for 16 h before imaging. Images were adjusted to greyscale  
using photoshop.

Fluorescence microscopy
Fluorescence microscopy was performed on a Nikon Ti2-E inverted 
microscope equipped with a Plan Apo ×100/1.45 phase-contrast oil 
objective and a Hamamatsu ORCA-Flash4.0 V3 Digital CMOS camera. 
Light was delivered with the Lumencor Spectra III Light Engine contain-
ing the following filters: 390/22, 440/20, 475/28, 510/25, 555/28, 575/25, 
637/12, 748/12. Images were acquired using the Nikon Elements 5.2 
acquisition software. Cells were cultured to mid-log phase (OD600 ~ 0.5), 
1 ml of culture was collected (4,000 g, 5 min) and concentrated into 
50 µl LB, and 5.5 µl of concentrated culture were immobilized using 
2% agarose pads containing LB medium. For samples imaged during an 
induction time course, image acquisition occurred ~5 min after collec-
tion due to procedures of cell concentration, mounting on agarose pads 
and setting up of the imaging. During this 5-min period, the production 
or degradation of c-di-AMP probably continued. Envelope integrity 
was monitored using 5 µM PI (Sigma), and membranes were detected 
using either the GFP-tagged membrane protein SpoIVFB58 or the probe 
TMA-DPH at 50 µM (Fisher Scientific). Cytoplasm was labelled with 
constitutively expressed GFP, mCherry or mTag-BFP. Exposure times 
were 200 ms, 30 ms and 500 ms for cytoplasmic mCherry, GFP and 
mTag-BFP, respectively. Exposure times were 25 ms, 200 ms, 30 ms 
and 25 ms for phase, PI, SpoIVFB-GFP and TMA-DPH, respectively. 
Images were cropped and adjusted using Fiji. All images shown side 
by side were acquired, analysed and adjusted identically for com-
parison. Images are shown at a magnification of ×100 and cropped to 
26 µm × 26 µm, unless otherwise indicated.

Cell width and %PI-positive quantification
Width quantification was performed using MicrobeJ63 on cells 
expressing cytoplasmic mCherry or GFP. The settings were as follows: 
background = dark, thresholding = −50, area = 0–0, length = 1–30, 
width = 0.3–2, all other settings = default. All width measurements 
are representative of at least 70 cells and were quantified in biological 
triplicate. Plots were generated using superviolin (https://superviolin.
streamlit.app/). Percent PI-positive cells were manually quantified 
using cytoplasmic GFP and PI as indicators for cell boundaries. %PI 
measurements are representative of at least 1,000 cells per biological 
replicate. Plots were generated using Excel.

Time-lapse microscopy after lysozyme treatment
BAB1505 and 1509 were cultured to mid-log phase (OD600 ~ 0.5) in LB 
with 0 and 500 µM IPTG, respectively. Equal ODs of cells were com-
bined, and cells were pelleted (4 min, 5,000 g) and resuspended in 
50 µl LB. Volumes of 5.5 µl of cells were spotted onto a 2% LB agarose 
pad in a dish coverslip. Just before imaging, 5 µl of 2 mg ml−1 lysozyme 
was spotted onto the back of the pad. Cells were imaged every 20 s 
for 20 min. The experiment was repeated in biological triplicate and 
representative images are shown. Although the percentage of total 
protoplasting varied between replicates, the ratio of high to wild-type 
c-di-AMP-containing protoplasts remained consistently >2-fold.

Turgor pressure measurements
For all measurements, bacteria were subcultured to mid-log phase in 
LB medium before back dilution into LB and loading into a microflu-
idic plate (BA04, CellAsics, Millipore-Sigma) controlled by the ONIX 
microfluidic platform. Before loading into the microfluidic perfusion 
chamber, cells were incubated in the loading well of the microfluidic 
plate for 30 min at 37 °C to ensure steady-state growth. Time-lapse 
movies were performed on a Nikon Eclipse Ti2 inverted epifluores-
cence microscope with an oil-immersion ×100 objective (NA 1.40) and 
a BSI sCMOS camera. Cell tracking and analysis were performed using 
custom MATLAB scripts37. LB was supplemented with the indicated 
concentration of IPTG. At least 70 cells were analysed for each strain 
and condition. All experiments were performed in biological triplicate.

Calculation of lysis strain. Length contraction experiments were per-
formed in a microfluidic device and imaged by phase-contrast micros-
copy. After loading cells into the microfluidic perfusion chamber, cells 
were perfused with LB medium for 5 min, followed by LB supplemented 
with 5% N-lauroylsarcosine for 2 min, to lyse cells. Finally, the perfusion 
media were switched back to LB to remove detergent. The lysis strain 
(εl) was calculated using the equation εl = (li − lf)/li where li is the cell 
length before lysis and lf is the cell length after lysis.

Osmotic force extension assays. The cells were loaded into the micro-
fluidic chamber and consecutive osmotic shocks were performed 
by perfusing LB supplemented with the indicated concentrations of 
sorbitol. Typically, osmotic shocks were performed every 5 min for a 
duration of 3 min each. Alexa Fluor 647 dye was added to specific media 
to track medium switching. To calculate the change in length resulting 
from each osmotic shock, we determined the interval of each shock 
when the medium was exchanged. Then, for every cell, we calculated 
the longitudinal strain during each shock using the formula εl = (li − lf)/li, 
where li is the length of the cell at the beginning of the interval and lf is 
the maximum length of the cell during the interval.

Pressure measurements. Turgor pressure measurements were per-
formed as previously described36. In brief, osmotic force extension 
experiments were combined with measurements of lysis strain. The 
pressure in units of osmolarity was calculated from the regression of the 
osmotic force extension curves, as the hyperosmotic shock magnitude 
that caused contraction of the cell wall to the rest length observed upon 
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lysis. The propagation error of the measurement was calculated using 
the formula σf ≈ |f| √((σa/A)² + σβ/B)² − 2(σaβ/AB) where σa is the standard 
deviation of the lysis strain, A is the lysis strain, σβ is the standard error 
of the regression, and B is the slope of the regression. The pressure in 
units of atm was calculated using the equation P = RT∆C where R is the 
gas constant, T the temperature, and ∆C the osmolarity differential 
between pre and post osmotic shock.

Measurement of c-di-AMP
Volumes of 10 or 25 ml of exponentially growing B. subtilis cultures 
(OD600 ~ 0.5) were collected by centrifugation (10 min, 3,000 g), washed 
in lysis buffer (50 mM HEPES-NaOH pH 7, 160 mM NaCl) and resus-
pended in 750 µl lysis buffer. The lysis buffer was determined to be of 
identical osmolarity to LB using a Touch Micro Osmette (Precision Sys-
tems). Cells were lysed using a FastPrep Bead beater (MP Biomedical) 
and a 30-µl sample was removed for protein concentration quantifica-
tion. Lysates were heated at 95 °C for 10 min, clarified by centrifuga-
tion (3 min, 20,000 g), and the supernatant stored at −20 °C. Protein 
concentration was determined using Pierce Bradford Plus protein assay 
reagent (ThermoFisher).

ELISAs were performed using the Cayman c-di-AMP ELISA kit 
according to manufacturer instructions. Samples were diluted 10-fold 
into Immunoassay C buffer for measurement, and all samples were 
measured in biological and technical triplicate. The signal was read out 
at A450 using an Infinite M Plex microplate reader (Tecan).

Transmission electron microscopy
Of exponentially growing cells, 200 µl were washed once in LB, then 
immediately mixed with 200 µl 2× fixing solution (1.25% formaldehyde, 
2.5% glutaraldehyde, 0.03% picric acid in 0.1 M sodium cacodylate 
buffer, pH 7.4) and immediately pelleted (6,800 g, 2 min). Samples 
were fixed at 4 °C overnight and then washed 3× in cacodylate buffer. 
The pellet was post fixed in 1% osmium tetroxide/1.5% potassium fer-
rocyanide for 1 h, washed 3× in water, incubated in 1% uranyl acetate (in 
water) for 1 h, and again washed 3× in water. Samples were dehydrated 
in increasing ethanol concentrations (50%, 75%, 95%, 100%) for 15 min 
each and incubated with propylene oxide for 1 h before embedding in 
epon mixed 1:1 with propylene oxide. Samples were allowed to polymer-
ize at 60 °C for 48 h. Samples were sectioned and images were acquired 
on a JEOL 1200EX TEM equipped with an AMT XR111 (11 megapixel) CCD 
camera. For time course imaging, samples were taken just before induc-
tion (t = 0 min) and at the indicated timepoints after induction. For 
non-induced samples, samples were taken at mid-exponential phase.

Osmolarity measurements
Volumes of 30 µl of media were assayed using a Touch Micro Osmette 
osmometer (Precision Systems). The system was calibrated before 
each set of measurements.

Multiple sequence alignment
Multiple sequence alignments were generated using Clustal Omega64.

Bioinformatics analysis
A local psi-blast run was performed on the amino acid sequence of B. 
subtilis CdaR against the RefSeq select database using 6 iterations and 
an e-value cut-off of 0.05 (ref. 65). The resulting sequences were ana-
lysed using IUPRED3 (ref. 66). If the disorder prediction was >0.5 for the 
final 20 amino acids or more, the protein was classified as IDR contain-
ing. Taxids of all CdaR homologues and IDR-containing homologues 
were used to plot onto a phylogenetic tree of 5,767 unique bacterial 
taxa. The tree was constructed using iTOL67.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
No large-scale datasets were generated over the course of this study. 
All relevant data are available in the supplementary material. Raw data 
for all graphs and uncropped immunoblots have been uploaded as 
source data. Primers, synthetic DNA constructs and strains used can 
be found in supplementary tables. The RefSeq database downloaded 
from NCBI (https://ftp.ncbi.nih.gov/refseq/release/) as of June 2019 
was used for the described bioinformatics analysis. The phylogenetic 
tree was generated from 5,767 unique bacterial taxa assembled from 
the assembled reference genomes in the prokaryotic RefSeq database 
as of June 2019. Source data are provided with this paper.
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Extended Data Fig. 1 | Cells with reduced levels of c-di-AMP are more sensitive 
to envelope-targeting antibiotics, while cells with increased levels of c-di-AMP 
are more resistant. Representative growth curves of the indicated strains grown 
in LB with 5, 50 µM, or 500 µM IPTG treated with sub-inhibitory concentrations 
of the indicated antibiotics. (A) Red lines show cells that express low levels of 
CdaA with 5 µM IPTG and grey lines show cells that express wild-type levels of 

CdaA with 50 µM IPTG. 50 µM IPTG is closest to physiological expression levels 
(Extended Data Fig. 3e). (B) Blue lines show cells that express high levels of 
CdaA with 500 µM IPTG in the absence of the phosphodiesterases GdpP and 
PgpH. All experiments in this figure were performed in biological triplicate and 
representative growth curves are shown.
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Extended Data Fig. 2 | Analysis of growth and c-di-AMP levels in mutants 
and after antibiotic exposure. (A) Bar graph showing β-galactosidase activity 
from the riboswitch reporter of the indicated B. subtilis deletion mutants. 
Cells lacking cdaAR have lower c-di-AMP and cells lacking gdpP have higher 
c-di-AMP. All measurements were performed in biological triplicate except 
the ∆cdaS condition which was performed in duplicate. (B) Bar graph showing 
β-galactosidase activity from the kimA reporter in cells lacking disA, cdaS, and 
cdaAR, and harbouring an IPTG-regulated allele of cdaAR in the presence of 
50 µM IPTG. The strain was treated with sub-inhibitory concentrations (0.5X 
MIC) of fosfomycin (FOS), bacitracin (BAC), penicillin G (PENG), oxacillin 

(OX), vancomycin (VAN), moenomycin (MOE), D-cycloserine (DCYC). Cells 
only increase c-di-AMP levels in the presence of moenomycin that inhibits 
the glycosyltransferase activity of class A PBPs. (C) Bar graph showing 
β-galactosidase activity from the kimA riboswitch reporter in cells expressing 
CdaAR or DisA as the only c-di-AMP cyclase in the presence of absence of PBP1. 
The center of error represents the average, and the error bars represent the 
standard deviation across three biological replicates. (D) 10-fold serial dilutions 
of the indicated strains spotted on LB agar supplemented with the indicated IPTG 
concentrations. CdaAR is critical in the absence of PBP1.
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Extended Data Fig. 3 | Analysis of CdaA and CdaR variants. (A) Immunoblot of 
B. subtilis cells expressing cdaR-His at its native locus (first lane) or cdaR-His and 
variants at an ectopic location under IPTG-control with 15 µM IPTG. All strains 
lack disA and cdaS. (B) Immunoblot of cells expressing CdaA-His under IPTG-
inducible control with 500 µM IPTG and CdaR-HA or CdaR∆ID-HA under xylose-
inducible control with 30 mM xylose. cdaA and cdaR were inserted at separate 
genomic location. The strains express (+) or lack (∆) PBP1. (C) Cells expressing 
CdaR-His at its native locus (lanes 1 & 2) compared to CdaA-CdaR-His with and 
without its IDR (∆ID) under IPTG-inducible control at an ectopic locus with 50 µM 
IPTG. (D) Immunoblots from a co-immunoprecipitation assay using anti-His 
resin and detergent-solubilized membrane fractions. The load (L) and eluate (E) 
were probed for CdaA-His, CdaR-HA, CdaR∆ID-HA and the membrane protein 

EzrA. The B. subtilis strains expressed CdaA with or without a His-tag under IPTG-
inducible control with 500 µM IPTG and CdaR-HA with or without its IDR under 
xylose-inducible control with 30 mM xylose. A non-specific cross-reactive band 
is indicated (*). The CdaA:CdaR complex does not require CdaR’s IDR. The co-IP 
was performed in biological duplicate and a representative experiment is shown. 
(E) Immunoblot of B. subtilis cells expressing CdaR-His at its native locus (lanes 
1&2) or CdaA-CdaR-His with and without its IDR under IPTG-inducible control 
expressed with the indicated IPTG concentrations. SigA was used to control for 
loading in panels (A), (B), (C), and (E). 50 µM IPTG is closest to physiological 
expression of CdaA and CdaR. All Immunoblots are representative of three 
biological replicates.
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Extended Data Fig. 4 | An acute increase in c-di-AMP causes membrane 
invaginations. (A) Growth curve of cells containing Phy-cdaS(L44F) induced with 
500 µM (pink) or without (black) IPTG. (B) Representative fluorescence images 
of cells grown in the presence of 500 µM IPTG for the indicated times. Cells were 
harvested at the indicated times, but images were acquired ~5 minutes later 
due to cell concentration, mounting, and imaging. Cells contain constitutively 

expressed cytoplasmic mCherry and membranes are labeled using the 
membrane protein SpoIVFB-GFP (FB-GFP). Sites of cytoplasmic retraction and 
membrane invagination are highlighted (yellow carets). (C) The same experiment 
as described in (B) with membranes stained with the membrane dye TMA-DPH. 
Scale bars indicate 5 µm.
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Extended Data Fig. 5 | Analysis of c-di-AMP levels in cells expressing 
cdaS(L44F) or gdpP(cyto). (A, B) Bar graphs showing β-galactosidase activity 
from the kimA riboswitch reporter in B. subtilis strains expressing cdaS(L44F) 
from (A) the Pspank (PIPTG) or (B) the Phyperspank (Phy) promoters. Expression 
was induced with 500 µM IPTG for 90 minutes. (C) Bar graph showing c-di-AMP 
levels as measured by ELISA assay in the same conditions as shown in (A, B). 
Values were normalized to the culture OD600. All ELISA measurements were 

performed in biological triplicate except the Phy condition which was performed 
in duplicate. (D) Bar graph showing β-galactosidase activity from the kimA 
reporter of cells expressing Phy-gdpP(cyto). Samples were taken at the indicated 
timepoints after addition (+) of 500 µM IPTG. (E) Bar graph showing c-di-AMP 
levels normalized to OD600 as measured by ELISA after 45 minutes of induction 
with Phy-gdpP(cyto). In all panels, the center of error represents the average, and 
the error bars represent the standard deviation across three biological replicates.
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Extended Data Fig. 6 | An acute increase in c-di-AMP causes membrane 
invaginations. Transmission electron micrographs of exponentially growing 
cells harboring Phy-cdaS(L44F) before and at indicated timepoints after the 

addition of 500 µM IPTG. Cells were immediately fixed after harvest. Scale bars 
indicate 100 nm. Sample preparation and imaging were performed in biological 
duplicate and representative images are shown.
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Extended Data Fig. 7 | An acute increase in c-di-AMP levels causes membrane 
invaginations independent of phospholipid biosynthesis. Representative 
images of B. subtilis cells harboring Phy-cdaS(L44F). Cells were induced with 
500 µM IPTG for 10 min and then treated with cerulenin (12.5 µg/mL) to block 
phospholipid synthesis for 5 min prior to harvest. Images were acquired ~ 
5 minutes later due to cell concentration, mounting, and imaging. The delay 
in cerulenin addition (10 min after IPTG-induction) was chosen based on 
control experiments showing that the drug rapidly inhibits transcription 
from an IPTG-regulated promoter (Supplementary Fig. 6). Importantly, no 
membrane invaginations are detectable at 10 min after IPTG addition (Extended 

Data Fig. 6). Thus, cerulenin treatment at 10 minutes enabled cdaS(L44F) 
expression and inhibition of phospholipid biosynthesis prior to the generation 
of membrane invaginations. Membrane accumulation did not increase over the 
next 75 minutes in cerulenin treated cells, suggesting that the severity of the 
membrane invaginations is partially due to uncoupled phospholipid synthesis 
from growth. Cells constitutively expressed cytoplasmic mCherry and were 
stained with TMA-DPH to label membranes. Sites of membrane invagination in 
the presence or absence of cerulenin are highlighted (yellow carets). Scale bar 
indicates 5 µm.
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Extended Data Fig. 8 | Membrane invaginations caused by an acute increase 
in c-di-AMP depend on the external osmolarity. (A) Bar graph showing the 
osmolarity of LB and LB lacking salt (no salt) as measured using an osmometer. 
The center of error represents the average and error bars indicate the standard 
deviation among three replicates. (B) Representative fluorescence micrographs 
of cells harboring Phy-cdaS(L44F) before (-IPTG) or at indicated time points 
after the addition of 500 µM IPTG ( + IPTG). 10 or 15 min after induction, cells 

were pelleted, resuspended in LB or LB (no salt), spotted onto LB or LB (no salt) 
2% agarose pads and imaged 5 min after harvest. Cells contain constitutively 
expressed cytoplasmic mCherry and membranes were labeled using a 
constitutively expressed membrane protein SpoIVFB-GFP (FB-GFP) and the 
membrane dye TMA-DPH. Carets highlight sites of cytoplasmic retraction and 
membrane invagination. Low external osmolarity (LB no salt) largely suppresses 
the membrane invagination caused by high c-di-AMP. Scale bars indicate 5 µm.
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Extended Data Fig. 9 | An acute decrease in c-di-AMP causes bulging and lysis. 
(A) Growth curves of B. subtilis cells harboring Phy-gdpP(cyto) that lacks its 
transmembrane and PAS domains induced with 500 µM IPTG (red line) or without 
inducer (black line). (B) Representative fluorescence and phase-contrast images 
of Phy-gdpP(cyto) cells at the indicated time points in the presence or absence 

of 500 µM IPTG. Cells were harvested at the indicated timepoints, and images 
were acquired ~5 minutes after harvest due to cell concentrating, mounting, and 
imaging. Cells constitutively express cytoplasmic mCherry. Sites of cell bulging 
(yellow carets) and lysis (white carets) are indicated. Scale bar indicates 5 µm.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Cyclic-di-AMP controls cellular turgor. (A) Diagram 
of a cell inflated by turgor pressure P = RT(Cin-Cout), where Cin is the cytosolic 
osmolarity and Cout is the extracellular osmolarity. Adapted from Bardetti et al36. 
(B,C,D) Osmotic force extension curves and lysis strains of cells lacking disA, 
cdaS, cdaAR and harboring PIPTG-cdaAR grown with 5 µM IPTG (B), wild-type 
(WT) (C), and cells with PIPTG-cdaS(L44F) grown with 500 µM IPTG (D). Cells 
grown in LB in a microfluidic chamber were exposed to a hyperosmotic shock of 
LB containing the indicated molarity of sorbitol (x-axis), and the mean percent 
change in cell length (εl) in response to the shock [(lengthfinal-lengthinitial)/
lengthfinal] was measured. The solid horizontal line indicates the average change 
in cell length (Lysis strain) upon lysis with detergent. Lysis strain was determined 
by growing cells in LB in a microfluidic chamber and measuring the percent 
change in cell length [(lengthfinal-lengthinitial/lengthfinal] before and after exposure 
to LB containing 5% of the anionic detergent N-lauroylsarcosine. Dotted lines 
represent the linear regression used to find pressure, which was calculated as 
the shock magnitude that causes contraction of length to the rest length upon 
cell lysis. The colored dotted lines indicate the pressure (P) in units of molarity 
shown in Fig. 5k. For the lysis experiments, n = 136,82,116 for LOW, WT, and HIGH, 
respectively. For the hyperosmotic shock experiments, the n for increasing 

sorbitol concentration was n = 104,104,104,68(LOW), n = 116,116,116,376(WT), 
and n = 50,50,50,59,74(HIGH). Error bars indicate average longitudinal strain 
and standard error among replicates. (E) Spot dilutions on LB, LB (no salt), or 
LB ( + 500 mM sorbitol) agar all containing 15 µM IPTG. Strains lack disA, cdaS, 
and cdaAR and harbour the indicated IPTG-regulated allele of cdaAR. Images 
are shown after one and two days of incubation. High osmolarity suppresses the 
growth defects associated with cdaAR-∆ID expression in the absence of PBP1. 
(F) Bar graph showing the osmolarities of the indicated media as measured 
by an osmometer. The center of error represents the average and error bars 
represent the standard deviation among three replicates. (G) Bar graph showing 
β-galactosidase activity from the kimA riboswitch reporter of strains assayed 
in (A) grown to mid-log in LB ( + 500 mM sorbitol). The strains lack pbp1, disA, 
cdaS, and cdaAR and express the indicated cdaAR allele with 50 µM IPTG. High 
external osmolarity does not impact the intracellular c-di-AMP levels of the 
strains. The center of error represents the average and error bars indicate the 
standard deviation between two biological replicates. (H) Growth curves of the 
indicated strains in LB and LB ( + 500 mM sorbitol). High osmolarity suppresses 
the growth defect associated with cdaA mutants. Spot titers and growth curves 
are representative of three biological replicates.
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