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Summary

The second messenger cyclic-di-adenosine
monophosphate (c-di-AMP) plays important roles in
growth, virulence, cell wall homeostasis, potassium
transport and affects resistance to antibiotics, heat
and osmotic stress. Most Firmicutes contain only one
c-di-AMP synthesizing diadenylate cyclase (CdaA);
however, little is known about signals and effectors
controlling CdaA activity and c-di-AMP levels. In this
study, a genetic screen was employed to identify com-
ponents which affect the c-di-AMP level in Lactococ-
cus. We characterized suppressor mutations that
restored osmoresistance to spontaneous c-di-AMP

phosphodiesterase gdpP mutants, which contain high
c-di-AMP levels. Loss-of-function and gain-of-function
mutations were identified in the cdaA and gdpP genes,
respectively, which led to lower c-di-AMP levels. A
mutation was also identified in the phosphoglu-
cosamine mutase gene glmM, which is commonly
located within the cdaA operon in bacteria. The glmM
I154F mutation resulted in a lowering of the c-di-AMP
level and a reduction in the key peptidoglycan precur-
sor UDP-N-acetylglucosamine in L. lactis. C-di-AMP
synthesis by CdaA was shown to be inhibited by
GlmMI154F more than GlmM and GlmMI154F was found to
bind more strongly to CdaA than GlmM. These findings
identify GlmM as a c-di-AMP level modulating protein
and provide a direct connection between c-di-AMP
synthesis and peptidoglycan biosynthesis.

Introduction

Ubiquitous nucleotide second messengers including cyclic
adenosine monophosphate (cAMP), cyclic guanosine
monophosphate (cGMP), guanosine pentaphosphate
((p)ppGpp), cyclic di-GMP (c-di-GMP) and cyclic di-AMP
(c-di-AMP) have been shown to control a wide range of
bacterial processes (Kalia et al., 2013). The recently dis-
covered nucleotide c-di-AMP has been found in some
Gram-negative and many Gram-positive bacteria and has
been shown to control growth, cell wall homeostasis,
potassium transport, antibiotic resistance, osmotolerance,
cell lysis, metabolism and immunomodulation (Woodward
et al., 2010; Corrigan et al., 2011; Luo and Helmann,
2012a; Pozzi et al., 2012; Smith et al., 2012; Bai et al.,
2013; 2014; Mehne et al., 2013; Witte et al., 2013; Sureka
et al., 2014; Ye et al., 2014). Up until recently, c-di-AMP
was considered essential for cell viability; however, work in
Listeria monocytogenes has shown that c-di-AMP is not
essential for growth in minimal media (Whiteley et al.,
2015). For optimal growth on nutrient-rich media however,
levels of c-di-AMP need to be strictly controlled in the cell
by modulation of expression and/or activity of c-di-AMP
synthesis and degradation enzymes (Corrigan and
Grundling, 2013). Most bacteria possess one diadenylate
cyclase (DAC) enzyme [CdaA (also called YbbP and
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DacA)] (Romling, 2008; Corrigan and Grundling, 2013)
while Bacillus subtilis has two additional DACs [CdaS (also
called YojJ) and DisA] (Romling, 2008). DHH/DHHA1
domain containing phosphodiesterases (PDEs) such as
membrane-bound GdpP-type (also called YybT or Pde1)
and standalone PDEs carry out c-di-AMP hydrolysis (Bai
et al., 2013; Corrigan and Grundling, 2013). Recently,
another c-di-AMP PDE (PgpH) of the HD-domain family
has been identified in L. monocytogenes (Huynh et al.,
2015). Diadenylate cyclase activity of the DNA integrity
scanning protein DisA has been shown to be negatively
regulated by another DNA-associated protein RadA
(Zhang and He, 2013) while CdaS is regulated by its own
N-terminal inhibitory domain (Mehne et al., 2014). The
membrane-bound CdaA protein has been shown to be
regulated by the YbbR-domain containing protein CdaR
through direct protein–protein interaction (Mehne et al.,
2013). GdpP and PgpH activity is inhibited by the stringent
response compound (p)ppGpp and GdpP contains a puta-
tive regulatory hemin-binding Per-Arnt-Sim (PAS) domain
(Rao et al., 2010; Tan et al., 2013; Huynh et al., 2015).
Expression of gdpP in B. subtilis is also transcriptionally
regulated by σD (Luo and Helmann, 2012b). Recent work
has identified cross-talk between c-di-AMP and (p)ppGpp
signaling nucleotides with both high and low c-di-AMP
levels triggering high (p)ppGpp (Liu et al., 2006; Corrigan
et al., 2015; Whiteley et al., 2015). Apart from these
studies, little is known regarding stimuli that control the
c-di-AMP level within a cell. In single DAC-containing
bacteria, c-di-AMP has been shown to be involved in cell
wall homeostasis and osmotolerance and therefore stimuli
related to these processes are likely to be involved.

Modulation of signal transduction can occur by c-di-
AMP binding to effector proteins and RNA molecules,
which influences their activity. Effectors that bind c-di-
AMP have been identified including the transcription
factor DarR from Mycobacterium smegmatis (Zhang
et al., 2013); the K+ transport-gating protein KtrA, ion
transporter CpaA and PII-like signal transduction protein
PstA from Staphylococcus aureus (Corrigan et al., 2013);
the ydaO riboswitch class in Actinobacteria, Bacillales,
Clostridia and Cyanobacteria (Nelson et al., 2013); pyru-
vate carboxylase, CbpA, CbpB, NrdR, PstA; and several
other proteins that may bind c-di-AMP indirectly in
L. monocytogenes (Sureka et al., 2014). Crystal struc-
tures of pyruvate carboxylase (Sureka et al., 2014), PII-
like signal transduction proteins (Campeotto et al., 2015;
Choi et al., 2015; Gundlach et al., 2015a; Muller et al.,
2015), regulator of conductance of K+ (RCK) domains of
KtrA and CpaA (Chin et al., 2015; Kim et al., 2015), and
the ydaO riboswitch (Gao and Serganov, 2014; Jones and
Ferre-D’Amare, 2014; Ren and Patel, 2014) have pro-
vided insights into c-di-AMP binding sites. The first struc-
ture of a CdaA-type DAC has also been recently reported

(Rosenberg et al., 2015). Many c-di-AMP targets however
are yet to be thoroughly characterized, and thus their
roles in c-di-AMP-controlled phenotypes are still to be
elucidated.

Previous research has identified osmosensitive pheno-
types for gdpP mutants of Lactococcus lactis and
S. aureus (Smith et al., 2012; Corrigan et al., 2013). In
this study, we used a genetic screening approach to iden-
tify proteins involved in controlling the c-di-AMP level and
thus osmotolerance in L. lactis. The roles of the c-di-AMP
synthesis and hydrolysis enzymes (CdaA and GdpP)
were confirmed, while the broadly conserved cell wall
biosynthesis enzyme GlmM was identified as a new c-di-
AMP level modulator.

Results

Mutations in the DAC encoding gene (cdaA) restore
osmoresistance in gdpP-defective mutants

Previous studies in our laboratory identified a role of the
c-di-AMP PDE GdpP in osmotolerance in two independent
strains of L. lactis (Smith et al., 2012). During this work we
noticed that upon plating of spontaneous osmosensitive
gdpP mutants (OS strains) on high salt-containing agar,
the presence of healthy looking colonies at low frequency
(∼ 1 in 10 000–100 000, as seen in Fig. 1, panels A and C
in Smith et al., 2012). The OS strains used here contain
either single-nucleotide changes (OS1 and OS3 contain
gdpPA573D and gdpPE472Stop, respectively) or a single-
nucleotide insertion (OS2 contains gdpPK122Stop) (Smith
et al., 2012). We hypothesized that the reason for osmo-
sensitivity of gdpP mutant strains was due to a high intra-
cellular c-di-AMP level and that osmoresistant suppressor
mutants (OR strains), which could grow on high salt agar
would contain mutations which would lower the c-di-AMP
level. Two colonies derived from OS1 growing on high salt
agar [named OR1 and OR2 (Table S1)] were picked and
confirmed to be stably osmoresistant (Fig. 1A). In fact OR2
became dependent upon high osmotic conditions for effi-
cient growth (Fig. 1A). To identify the mutation(s) in OR1
and OR2, whole-genome sequencing was performed.
Only one common gene was mutated in both OR1 and
OR2, when compared with OS1, which was llmg_0448 (or
herein named cdaA) (Table 1). This gene encodes a DAC
which has homology to CdaA (also termed DacA and
YbbP). The mutations in cdaA are likely to cause abolished
protein expression (CdaAE11frameshift in OR1) or reduced
activity (CdaAM136I in OR2) of CdaA resulting in a lowering
of the intracellular c-di-AMP level. Indeed intracellular c-di-
AMP levels were significantly lower in the OR1 and OR2
strains than in the parent OS1, which contains a gdpP
mutation, though not as low as for wild-type MG1363
(below detection limit) (Fig. 1B). CdaAin L. lactis is the only
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protein containing a DAC domain. These results show that
the c-di-AMP level influences salt resistance in L. lactis and
can be altered through mutation in the DAC (CdaA) and
PDE (GdpP).

To identify more sites within CdaA which are important
for c-di-AMP synthesis and also other genes, which may
affect the c-di-AMP level and thus osmotolerance, 158
additional salt-resistant suppressor mutants from several
different gdpP mutant backgrounds [OS1 (n = 42), OS2
(n = 112) and OS3 (n = 4) (Table S1)] were obtained and
characterized. The cdaA gene was amplified by PCR and
sequenced and 66 independent cdaA mutations were
identified in total (Fig. 2 and Fig. S1). These mutations
resulted in amino acid changes, frameshift mutations, a
start codon change (from TTG to TTA) and the insertion of
an IS905 element 12-bp upstream of cdaA. Changes were
found at the extracellular N-terminal region, both in and
between the three transmembrane spanning domains and
also in the DAC enzymatic domain (Fig. 2), and therefore
may affect protein expression, signal sensing, oligomeri-
zation and/or enzymatic activity.Amajority of the mutations
resulted in a D123Y change in CdaA, suggesting a signifi-

cant proportion of sibling mutants were present in our
culture stocks. CdaA mutations were obtained in two inde-
pendent gdpP mutants derived from both MG1363 (OS1
and OS2) and an industrial L. lactis strain background
(OS3). Salt-resistant industrial strain derivatives OR3 and
OR4, which contained CdaAT50K and CdaAA195D changes,
respectively, had significantly reduced c-di-AMP levels
compared with their parent OS3 (Fig. 1C & 1D). Out of all
the salt-resistant suppressor mutants obtained, only five
mutants possessed no changes in the cdaA gene. Another
way the cell might reduce the c-di-AMP level is through
restoration of PDE activity. Therefore the gdpP gene was
sequenced in the five mutants and in four (derived from
OS1) new mutations were observed. The OS1 parent
contains an A573D change in GdpP from wild-type
MG1363 (Smith et al., 2012). The four osmoresistant sup-
pressor mutants either had reverted back to alanine at this
position or a similar residue (glycine) thereby likely restor-
ing c-di-AMP PDE activity. The final characterized osmore-
sistant suppressor mutant (OR5) still possessed the same
gdpP mutation present in its parent OS2 (K122Stop) and
therefore was predicted to still have no or low PDE activity.
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Fig. 1. Osmoresistant suppressor mutants of
Lactococcus lactis OS1 and OS3 have
reduced c-di-AMP.
A. Comparison of growth of L. lactis MG1363
background strains on GM17 agar or GM17
agar + 0.25 M NaCl following spotting of serial
dilutions.
B. Levels of c-di-AMP in wt, OS1, OR1 and
OR2 mutants from three biological replicates.
C. Comparison of growth of industrial L. lactis
ASCC892185 background strains on LM17
agar or LM17 agar + 0.2 M NaCl following
spotting of serial dilutions.
D. Levels of c-di-AMP in wt, OS3, OR3 and
OR4 mutants from three biological replicates.
Significant P < 0.01 (**) and P < 0.05 (*)
results were determined using Tukey’s test.
ND, none detected.

Table 1. Polymorphisms identified in osmoresistant suppressor mutants OR1 and OR2 compared with the parent OS1 by whole genome
sequencing.

Strain
Reference
position Gene or region Gene function

Nucleotide
change Protein effect

OR1 442 839 llmg_0448 (cdaA) c-di-AMP synthase A deletion Frameshift in codon 11
1010 850 142-bp upstream of busAA Glycine betaine transporter G → T Intergenic

OR2 443 214 llmg_0448 (cdaA) c-di-AMP synthase G → A M136I
824 826 16-bp upstream of uxuB Fructuronate reductase A → G Intergenic
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GlmM affects osmoresistance as well as peptidoglycan
precursor and c-di-AMP levels

The osmoresistant mutant (OR5), which contained unal-
tered cdaA and gdpP gene sequences as its osmosensi-
tive parent strain (OS2) was confirmed to be salt resistant
(Fig. 3A). Interestingly OR5 had a significantly reduced
level of c-di-AMP (Fig. 3B), which was similar to that
observed for cdaA mutant OR2 (Fig. 1B). Whole-genome
sequencing was carried out on this strain and its parent
(OS2), and only one single-nucleotide difference (A→T)
was identified. This change was in the glmM (femD) gene
and was confirmed by Sanger sequencing as causing an
I154F amino acid change in the encoded protein.
GlmM is the phosphoglucosamine mutase enzyme
responsible for interconversion of glucosamine-6-
phosphate to glucosamine-1-phosphate and forms an
early part of the biosynthetic pathway for cell wall peptido-
glycan and other cell wall polymers including the cell wall
pellicle produced by L. lactis (Fig. 3C) (Chapot-Chartier
et al., 2010). The glmM gene is present in the same operon
as cdaA in L. lactis (Fig. 3D), a genetic arrangement that is
highly conserved in almost all Firmicutes (Bai et al., 2013;
Corrigan and Grundling, 2013; Dengler et al., 2013; Mehne
et al., 2013). To determine if cell wall biosynthesis precur-
sor levels are affected by changes in the intracellular
c-di-AMP level and by the GlmM I154F mutation, we meas-
ured intracellular UDP-N-acetylglucosamine (UDP-NAG)
levels. The level of UDP-NAG was around threefold higher
in the high c-di-AMP gdpP mutant strain (OS2) compared
with wild-type and was reduced to below wild-type levels as
a result of the glmM mutation in OR5 (Fig. 3E). This result
demonstrates that c-di-AMP affects the level of cell wall
biosynthesis precursor and that the I154F GlmM mutation
leads to reduced peptidoglycan precursor biosynthesis.
Interestingly, the low c-di-AMP level observed in the glmM
mutant strain also suggests that cell wall precursor biosyn-
thesis activity can also affect the c-di-AMP level in the cell.

Previous work has identified the involvement of c-di-
AMP in cell lysis (Luo and Helmann, 2012a; Witte et al.,
2013). We therefore investigated if the glmM mutation
would also alter autolysis activity. Like that found in B.
subtilis and L. monocytogenes, most low c-di-AMP con-
taining OR cdaA mutant strains lysed significantly faster
than their parent (OS2) (Fig. 4). The glmM mutant (OR5)
lysed similarly to the strains that contained cdaA muta-
tions and faster than OS2 (Fig. 4). The wild-type exhibited

Fig. 2. Location of mutations in the CdaA protein in osmoresistant
suppressor mutants. Red dots indicate amino acid changes and
dark blue horizontal bars indicate frameshift mutations. The
transmembrane domains are highlighted as thick yellow regions
and the DAC domain is marked green. The DAC active site
residues are highlighted in cyan.
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a slower autolytic rate than OS2. These results collec-
tively provide support for the role of c-di-AMP and glmM in
cell wall stability.

The product of the gene located between cdaA and
glmM in L. lactis MG1363 (Fig. 3D) has significant homol-
ogy to the CdaR protein and has been identified as a
regulator of CdaA activity (Mehne et al., 2013). In B. sub-
tilis, L. monocytogenes and S. aureus, CdaR contains
several YbbR domains (Pfam07949) and is also encoded
by a single gene located between cdaA and glmM. In
L. lactis MG1363 there appears to have been a single-
nucleotide deletion in a single ancestral cdaR gene
resulting in a premature stop codon and is annotated
as a pseudogene in the MG1363 Genbank entry
(NC_009004.1). This deletion was confirmed by Sanger
sequencing in MG1363. It is possible that this pseudogene
could express two open reading frames (previously
denoted in NC_009004.1 as llmg_0449 and llmg_0450);
however, the YbbR domain would not be linked to the
N-terminal transmembrane domain and thus not exposed
on the extracellular side of the membrane like other CdaR
proteins. Investigation of other available Lactococcus spp.
genomes (strains SK11, IL1403, A76, TIFN3, TIFN6,
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UC509.9, A12, KF147, IO-1, CNCMI-1631 and CV56) and
four industrially used Lactococcus from our culture collec-
tion revealed a full-length ∼ 320 aa CdaR encoding gene in
all cases, therefore suggesting that the mutated CdaR in
MG1363 is unusual for Lactococcus.

GlmM downregulates c-di-AMP synthesis by CdaA and
the GlmMI154F variant has greater inhibitory activity

To evaluate the effect of GlmM and GlmMI154F in control-
ling CdaA activity more directly, we expressed different
combinations of L. lactis cdaA operon genes in Escheri-
chia coli, which is known to not produce c-di-AMP
(Corrigan et al., 2011; Mehne et al., 2013) (Fig. 5A). It was
found that E. coli expressing the cdaAR’-glmMI154F variant
operon had a fivefold lower c-di-AMP concentration com-
pared with that found for E. coli expressing the wild-type
cdaAR’-glmM operon (Fig. 5A). This suggests that the
I154F mutation in GlmM results in inhibition of CdaA activ-
ity and is in agreement with that found in L. lactis where
the glmMI154F mutation caused a lowering of the c-di-AMP
level (Fig. 3B). To determine the effect of wild-type GlmM
on CdaA activity, we compared c-di-AMP levels in E. coli
containing the cdaAR’-glmM and cdaAR’ only operons
and found that the presence of GlmM resulted in a 19-fold
reduction in c-di-AMP level (Fig. 5A). Combined, these
results demonstrate a general inhibitory effect of GlmM on
CdaA-mediated c-di-AMP synthesis and that the I154F
mutation in GlmM enhances CdaA inhibition.

To extend these findings further, we expressed combi-
nations of cdaA operon genes from another Gram-
positive bacterium (S. aureus NCTC 8325) in E. coli and
measured c-di-AMP levels (Fig. 5B). In agreement with
earlier, S. aureus GlmM was found to reduce c-di-AMP

levels (Fig. 5B). Comparison of c-di-AMP levels in E. coli
expressing S. aureus CdaA and CdaAR also suggests
that CdaR inhibits CdaA activity. These results suggest
that GlmM and CdaR are likely regulators of CdaA activity
in a broad range of bacteria.

GlmMI154F variant binds more strongly to CdaA
than GlmM

We hypothesized that the reason GlmMI154F inhibits c-di-
AMP synthesis by CdaA more than wild-type GlmM is due
to a stronger interaction between the two proteins. We
examined the binding between CdaA and GlmM or
GlmMI154F using a bacterial two-hybrid system. Following
measurement of β-galactosidase activities, a direct inter-
action was found between CdaA and GlmM while a sig-
nificantly stronger interaction between GlmMI154F and
CdaA was observed (Fig. 6). The higher binding affinity of
GlmMI154F for CdaA provides a possible explanation for
why this variant protein has greater CdaA inhibitory activ-
ity and why OR5 contains lower c-di-AMP levels.

Discussion

Here we identify GlmM as a modulator of c-di-AMP syn-
thesis through its regulation of CdaA activity. In addition, it
was found that c-di-AMP affects peptidoglycan precursor
synthesis, thereby demonstrating a close interconnection
between c-di-AMP and peptidoglycan synthesis pathways.
The broadly conserved clustering of glmM in the cdaA
gene operon in Firmicutes has drawn speculation of a role
of c-di-AMP in peptidoglycan biosynthesis (Luo and
Helmann, 2012a; Corrigan and Grundling, 2013; Mehne
et al., 2013; Witte et al., 2013; Commichau et al., 2015).
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How GlmM regulates CdaA activity is uncertain at present;
however, it appears likely to be through direct protein–
protein interaction. In agreement with this, recent work by
Gundlach et al. (2015b) has demonstrated binding
between B. subtilis CdaA and GlmM. Coordinated activity
of CdaA and GlmM is likely to occur and therefore play a
role in various phenotypic changes observed in cells with
altered c-di-AMP levels, such as cell lysis. A model likely to
be broadly conserved based on our results and others
involving CdaA and GlmM is presented (Fig. 7).

The variant GlmMI154F identified in this study was found to
inhibit CdaA activity and bind to CdaA more strongly than
wild-type GlmM. The location of the I154 site can be
examined based on the known structure of the homolo-
gous GlmM from Bacillus anthracis (Mehra-Chaudhary
et al., 2011). Using SWISS-MODEL (Arnold et al., 2006),
the 154 site is predicted to be exposed on a GlmM surface
region away from the active site phosphate transferring
serine at residue 101. Interestingly the equivalent position
of I154 in L. lactis GlmM is a phenylalanine (F) in
S. aureus, B. subtilis and L. monocytogenes. This sug-
gests that the I154F mutation that occurred in the L. lactis
GlmM does not destroy activity of the enzyme. It is possible
that this region of the enzyme may be the point of contact
between GlmM and CdaA; however, more work is needed
to determine this.

The only other identified regulator of CdaA that has been
identified to date is the membrane-bound extracellular
exposed CdaR (Mehne et al., 2013). In the heterologous
host E. coli, it was shown that B. subtilis CdaR positively

regulated CdaA and binding between the two proteins was
confirmed (Mehne et al., 2013). In contrast, recent work in
L. monocytogenes has suggested that CdaR is a negative
regulator of CdaA as a cdaR mutant contained a slightly
higher c-di-AMP level (Rismondo et al., 2015). Like that
found for B. subtilis, L. monocytogenes CdaR and CdaA
directly interact (Rismondo et al., 2015). Our findings com-
paring c-di-AMP levels in E. coli expressing various com-
binations of cdaA operon genes from S. aureus suggest
that CdaR also negatively regulates CdaA activity in this
system. Despite these differences, which may be due to
variations in the experimental conditions employed, it is
clear that CdaR is an important regulator of CdaA.
Although strain backgrounds and gdpP mutations are dif-
ferent, an approximately threefold higher level of c-di-AMP
in OS1 and OS2 compared with OS3 could perhaps be due
to L. lactis MG1363 derivatives carrying a non-functional
negative regulator CdaR as mentioned earlier. In B. subti-
lis, another DAC (DisA) is regulated by RadA (Zhang and
He, 2013), suggesting that DAC enzymes likely operate as
complexes with other proteins, which regulate their activity
and thus c-di-AMP levels.

The vast majority of mutations restoring osmoresistance
in gdpP mutants were affected in the CdaA enzyme thus
providing an excellent inverse correlation between c-di-
AMP level and osmoresistance. Numerous single amino
acid altering suppressor mutations were identified in
regions in CdaA outside of the DAC domain including
within and between the three N-terminal transmembrane
domains. It is possible that the changes may affect CdaA
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Fig. 6. Lactococcus lactis GlmMI154F binds more strongly to CdaA than GlmM. Bacterial two-hybrid analysis showing β-galactosidase activity
in E. coli strains containing different combinations of two plasmids encoding domains of the Bordetella pertussis adenylate cyclase. Different
genes cloned into pKNT25 or pKT25 and pUT18C are indicated. The leucine zipper GCN4 (Zip) proteins are positive controls (anote that zip
was cloned in pKT25 while cdaA was cloned in pKNT25), while negative controls containing at least one empty plasmid (indicated as ‘-’) are
shown. The negative control strain with a slightly higher β-galactosidase activity (empty pKNT25 with pUT18C-glmM) was used for comparison
to the strain expressing both CdaA and GlmM. Significant P < 0.01 (**) results were determined using Tukey’s test using three biological
replicates.
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activity by affecting dimerization, which has been shown
recently for L. monocytogenes CdaA (Rosenberg et al.,
2015), interaction with the CdaR or GlmM regulatory pro-
teins or sensing of cell envelope or external stimuli. Syn-
thesis of c-di-AMP has been found to be essential in
several Gram-positive bacteria (Luo and Helmann,
2012a; Mehne et al., 2013) including L. monocytogenes,
S. aureus and Streptococcus pneumoniae, where deletion
of their single DAC gene is not possible when cultured on
rich media (Song et al., 2005; Chaudhuri et al., 2009;
Woodward et al., 2010). Recent work has however identi-
fied that CdaA is not essential in Streptococcus mutans
(Cheng et al., 2015) or in L. monocytogenes when cells are
cultured on minimal media or when suppressor mutations
affecting (p)ppGpp levels or peptide uptake exist (Whiteley
et al., 2015). As we were using rich media for our suppres-
sor selection experiment, we were surprised to see
frameshift mutations in the cdaA gene in osmoresistant
suppressor mutants upstream of the DAC domain encod-
ing region of cdaA, as this would be predicted to generate
a cell devoid of DAC activity. However, the location of an
alternative ATG start codon (residue 136) just inside the
start of the DAC domain could potentially allow expression
of an N-terminally truncated enzyme (Fig. 2). In agreement
with this, a low, but detectable level of c-di-AMP was found
in the OR1 mutant, which has a frameshift mutation early in
the gene (codon 11). Because of mutations in gdpP in the
osmoresistant suppressor mutants, low levels of c-di-AMP

are predicted to be more stable as the cell is likely devoid
of significant c-di-AMP PDE activity. It is also plausible that
cdaA naturally encodes two variants, one of which is the
full-length membrane-bound version, and the other may
begin with M136 and be devoid of the N-terminal trans-
membrane domains. Interestingly, this methionine is con-
served in most CdaA proteins in other bacteria (Fig. S1).

Suppressor mutations in cdaA have recently been iden-
tified in a B. subtilis strain lacking both GdpP and PgpH
PDEs that underwent lysis on agar plates (Gundlach
et al., 2015b). Overall c-di-AMP levels within the mutants
however did not change, leading to speculation that local
pools of CdaA controlled c-di-AMP exist within the cell
(Gundlach et al., 2015b). Our findings of significantly
lower c-di-AMP levels within L. lactis cdaA osmoresistant
suppressor mutants perhaps reflect a simpler bacterium
where only one DAC is present. In addition to this, the
relatively high c-di-AMP levels we observed in the L. lactis
gdpP mutant, which were for example 80-fold higher than
the cdaA suppressor mutant OR1, is possibly reflective of
L. lactis lacking the CdaR gene, as previously mentioned
and also the PgpH PDE (Huynh et al., 2015). Similarly the
gdpP mutant of S. aureus, which also lacks PgpH, has
∼ 15-fold higher c-di-AMP than wild-type (Corrigan et al.,
2011). Evidence is mounting showing that growth condi-
tions can alter the importance of different enzymes in their
regulation of c-di-AMP levels, including nitrogen source
(Gundlach et al., 2015b) and growth in media or host cells

Fig. 7. Model of the c-di-AMP signaling
pathway involving CdaA from results obtained
in this and other studies. Solid black lines
indicate enzymatic reactions, dashed black
lines indicate a translation product, red lines
indicate a negative effect and green arrows
indicate a positive effect. Synthesis and
degradation of c-di-AMP is carried out by
diadenylate cyclase (CdaA as the most
common and is shown here) and
phosphodiesterase (GdpP is the most
common and is shown here). CdaR binds to
and regulates CdaA-mediated c-di-AMP
synthesis (note that in Lactococcus lactis
MG1363 cdaR is a pseudogene). The
stringent response nucleotide (p)ppGpp
inhibits GdpP thereby reducing c-di-AMP
hydrolysis while high or low c-di-AMP levels
can result in an increase in the (p)ppGpp
level. GlmM binds directly to and inhibits
CdaA-mediated c-di-AMP synthesis and
c-di-AMP levels affect peptidoglycan
precursor (UDP-NAG) biosynthesis, most
likely via GlmM.
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(Huynh et al., 2015) and it is likely that additional yet to be
discovered enzymes that can regulate c-di-AMP under
certain environmental conditions exist.

The role of c-di-AMP in cell wall homeostasis has been
established based on several findings from several labo-
ratories. It has been found in different bacteria that there
is a direct correlation between resistance to cell wall
acting antibiotics and c-di-AMP level (Corrigan et al.,
2011; Luo and Helmann, 2012a; Smith et al., 2012;
Kaplan Zeevi et al., 2013; Witte et al., 2013). S. aureus
gdpP mutants have increased peptidoglycan cross-linking
(Corrigan et al., 2011) and cells with low c-di-AMP have
been found to exhibit a lysis phenotype, which can be
stabilized by NaCl or Mg2+ (Luo and Helmann, 2012a;
Witte et al., 2013; Rismondo et al., 2015). In agreement
with this, we observed that many cdaA suppressor
mutants exhibited growth defects on normal agar, which
was restored upon addition of salt, and also differences in
autolysis rates for strains with different c-di-AMP levels,
although an absolute correlation between autolysis rate
and c-di-AMP level was not seen. The gdpP mutant OS2,
which had the highest c-di-AMP level lysed faster than the
wild type (c-di-AMP undetectable), but slower than the
cdaA and glmM suppressor mutants (intermediate c-di-
AMP level), suggesting that c-di-AMP level solely does
not control autolysis rates. Another major function of c-di-
AMP that has been identified is in the control of osmotol-
erance. Appropriate turgor pressure needs to be strictly
controlled in bacteria by regulation of the accumulation of
osmolytes including ions such as K+ and compatible
solutes such as glycine-betaine (Kempf and Bremer,
1998). Recent work has identified the K+ transport-gating
component KtrA as a c-di-AMP effector, which affects
osmoresistance by regulating K+ transport in a c-di-AMP-
dependent manner (Corrigan et al., 2013; Bai et al.,
2014). Additionally the riboswitch ydaO, which regulates
the expression of a broad range of genes, including osmo-
protection genes such as those encoding K+ and compat-
ible solute transporters, has been shown to bind c-di-AMP
(Nelson et al., 2013). In L. lactis, we have previously
shown that the glycine-betaine ABC transporter
BusAA-AB is downregulated fivefold in a gdpP mutant
suggesting it may be a reason for the osmosensitive phe-
notype in this strain (Smith et al., 2012). Interestingly
numerous destructive mutations were identified in the
GbuABC glycine-betaine transporter genes in c-di-AMP-
deficient suppressor mutants of L. monocytogenes
(Whiteley et al., 2015) suggesting that high levels of intra-
cellular glycine-betaine is detrimental to growth. We
hypothesize that K+ and glycine-betaine transporters are
closed or not expressed, respectively, in cells with high
c-di-AMP and are open or overexpressed, respectively, in
cells with low c-di-AMP. This would explain why high c-di-
AMP cells are osmosensitive and low c-di-AMP cells are

osmoresistant or even become dependent upon high
osmolarity for normal growth, as we found in the current
study. Further exploration of the role of c-di-AMP in
osmoregulation is required to confirm this model.

Although the goal of the genetic screen used in this
study was to identify genes controlling the c-di-AMP level,
it is also possible that the osmoresistance phenotype
could be restored by mutations in genes encoding c-di-
AMP binding targets, which are responsible for osmoregu-
lation. It is plausible that mutations in this target(s) could
interfere with c-di-AMP binding and therefore become
unresponsive to high c-di-AMP levels, thus leading to
restoration of osmoresistance. For this reason, we are
continuing our screening approach to identify c-di-AMP-
binding targets, which will help elucidate the varied roles
this signaling molecule plays within the cell.

Experimental procedures

Isolation of osmoresistant suppressor mutants from
gdpP mutant strains OS1, OS2 and OS3

Lactococcus lactis subsp. cremoris strains used in this study
are shown in Table S1. Strain MG1363 and derivatives were
cultured as described previously (Smith et al., 2012). Two
independent MG1363 derivatives (OS1 and OS2) and an
ASCC892185 derivative (OS3) contain mutations in the gdpP
gene, which were shown to be osmosensitive (Smith et al.,
2012). To isolate osmoresistant suppressor mutants, cells
were taken from different growth phases in broth (lag, mid-log
and stationary phase), from colonies of agar plates and from
frozen glycerol (40% final v/v) stocks and plated onto GM17
or LM17 containing an additional 0.2, 0.25 or 0.3 M sodium
chloride. Following incubation for 2–3 days at 30°C, colonies
were then re-streaked onto agar containing the same level of
salt again to ensure purity before being subcultured in broth
without added salt and frozen in 40% glycerol at −80°C. To
confirm stable osmoresistance, cells were tested for growth
on salt containing agar similarly to that described previously
(Smith et al., 2012).

Whole-genome sequencing and mutation identification

Whole-genome sequencing of strains OS2, OR1, OR2 and
OR5 was carried out using an Illumina HiSeq2000 instrument
(Macrogen, South Korea). Trimming and mapping of 100-bp
raw reads to the reference L. lactis MG1363 genome was
performed using Geneious Pro 6.1.6 (Biomatters Limited,
New Zealand) as described previously (Smith et al., 2012).
Criteria for SNP identification were > 100-fold coverage with
> 90% variant frequency as used previously (Linares et al.,
2010; Smith et al., 2012). In a few cases SNPs which were
called in one strain, but not another (due to having slightly
lower than 90% variation frequency), were confirmed using a
slightly lower threshold cut-off and manual inspection. SNPs
in OS1 have been identified before (Smith et al., 2012) while
SNPs in strains OS2, OR1, OR2 and OR5 are identified here
from mapping using average read depths of 554-, 659-, 704-
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and 633-fold respectively. SNPs in cdaA, gdpP and glmM
were confirmed following PCR using GoTaq green (Promega)
and Sanger sequencing (Macrogen) using primers listed in
Table S1.

Extraction of c-di-AMP

Overnight L. lactis cultures were diluted 1:100 into 30 ml
GM17 or LM17 broth and incubated at 30°C till OD600 ~ 0.7
(mid-log phase). Cells were pelleted by centrifugation at
3500 × g (Awel MF20, Awel International, France) for 5 min,
and re-suspended in 0.5 ml ice-cold extraction buffer (40%
methanol, 40% acetonitrile and 20% ddH2O in vol.). Fifty
microliters of 2′-,2″-dideoxy-cyclic diadenosine monophos-
phate (Biolog, Denmark) was added and used as an internal
standard. Samples were mixed with 0.5 ml equivalent of
0.1 mm zirconia/silica beads and disrupted using a Mini-
Beadbeater-16 (Biospec, USA) three times for 1 min each with
1 min cooling on ice in between. Glass beads were separated
by centrifugation at 16 873 × g (Eppendorf, Germany) for
5 min. The supernatant was dried under liquid nitrogen before
resuspended in 0.5 ml MilliQ water before being filtered
(0.22 μm pore size). Levels of protein in a second culture
sample taken at the same time were determined following
equivalent cell homogenization using a Qubit ProteinAssay Kit
and Qubit 2.0 Fluorometer (Invitrogen, Life Technologies).

Quantification of c-di-AMP

C-di-AMP was detected and quantified by ultra performance
liquid chromatography (UPLC)-coupled tandem mass spec-
trometry (UPLC-MS/MS; Waters Corporation, Milford City,
MA). The chromatographic separation was performed on an
ACQUITY UPLC, using a C18-BEH 1.7 μm × 2.1 × 100 mm
column. Eluent A consisted of 10 mM ammonium acetate in
water and eluent B was methanol. Sample volume of 10 μl,
with a flow rate of 0.3 ml min−1. Eluent A (98%) was used from
0 to 1 min followed by a linear gradient from 98% to 50% of
eluent A until 10 min. The column was then washed with
100% B for 4 min, and then re-equilibrated with 98% A for
6 min prior to re-injection. The internal standard of 2′-,2″-
dideoxy-c-di-AMP and commercial c-di-AMP (Biolog) were
used. Analyte detection was performed on a Synapt G2-Si
mass spectrometer equipped with an electrospray ionization
source (Waters Corporation) using MRM transitions of the
internal standard 627 → 216 and c-di-AMP 659 → 330 in
positive ionization mode, using argon as collision gas. Detec-
tion of c-di-AMP was carried out with Mass Lynx software
(Waters Corporation).

Quantification of UDP-N-acetylglucosamine

UDP-NAG was detected and quantified using a modified
method (Marcellin et al., 2009). Cultures in mid-log growth
phase were spun at 6000 × g (Allegra X14, Coulter Beckman,
USA) for 5 min, and the cell pellet was resuspended in ice cold
50% acetonitrile containing 50 nmol of azidothymidine
(Sigma-Aldrich) as internal standard. Samples were lysed
using 0.1 mm glass beads (Biospec, USA) using a Precellys
24 homogenizer equipped with a cryolys unit (Precellys,

France) to maintain the temperature bellow 4°C. The super-
natant was freeze dried and resuspended in 200 μL of MilliQ
water. UDP-NAG was detected and quantified using liquid
chromatography–mass spectrometry. The mass spectrom-
eter, an ABSciex 4000 QTRAP (ABSciex, Canada), was
attached to a Dionex Ultimate 3000 liquid chromatography
system (Dionex, USA). Chromatographic separation was
achieved on a Gemini-NX C18 150 × 2.0 mm, 3 μm 110 Å
particle column (Phenomenex, Germany) maintained at 55°C
in the column oven as previously described (McDonald et al.,
2014).

Autolysis of L. lactis strains

Overnight cultures of L. lactis MG1363, OS2, OR5 and
several OR mutants with differing cdaA mutations were
diluted 1/100 in 35 ml of fresh GM17 broth. OD600 measure-
ments using a spectrophotometer (Lovibond, Germany) were
taken using 1 ml of culture regularly during the growth phase
and then less regularly during lysis. Before each sample was
taken, the culture was mixed by vortexing to ensure homo-
geneity of the cells.

Expression of cdaA operon genes from L. lactis and
S. aureus in E. coli

Genes from L. lactis MG1363 were synthesized and cloned
into XhoI and PstI sites in pRSET-A downstream of the T7
promoter by Geneart (Life Technologies, Germany). Gene
names in MG1363 are named llmg_0448 (cdaA), llmg_0449
and llmg_0450 (cdaR’) and llmg_0451 (glmM). The start
codon for CdaA was changed from a TTG to an ATG in all the
constructs and it was fused in-frame with the N-terminal
peptide encoded within pRSET-A. For the glmMI154F mutant
construct, a single-nucleotide change was introduced which
was identical to that found in L. lactis OR5. Genes from
S. aureus NCTC 8325 were synthesized and cloned into XhoI
and PstI sites in pRSET-A downstream of the T7 promoter by
Geneart (Life Technologies). Gene names in NCTC 8325 are
named SAOUHSC_02407 [cdaA], SAOUHSC_02406 [cdaR]
and SAOUHSC_02405 [glmM]. The start codon for S. aureus
CdaA was fused in-frame with the N-terminal peptide
encoded within pRSET-A. L. lactis gene plasmids were trans-
formed into E. coli BL21 (DE3) (New England Biolabs, USA),
while S. aureus gene plasmids were transformed in to E. coli
T7 Express lysY/Iq (New England Biolabs, USA). Genes were
expressed from OD600 ∼ 0.5 (mid-log phase) with 1 mM
isopropyl-B-D-thiogalactopyranoside (IPTG) for 3 h at 37°C
with shaking at 220 rpm. Cells from 6 ml culture were har-
vested by centrifugation at 16 873 × g for 5 min and c-di-AMP
levels were determined as above for L. lactis. Levels of
protein in a second culture sample taken at the same time
were determined following equivalent cell homogenization
using a Qubit Protein Assay Kit and Qubit 2.0 Fluorometer
(Invitrogen, Life Technologies).

Bacterial two-hybrid system analysis of the
CdaA–GlmM interaction

The bacterial adenylate cyclase two-hybrid system (Eurome-
dex, France) allows evaluation of protein–protein interactions
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following co-expression of test proteins fused to T25 and T18
subunits of the Bordetella pertussis adenylate cyclase. If the
proteins interact, T25 and T18 are brought together leading to
cAMP synthesis and activation of the catabolite activator
protein CAP resulting in increased expression of the lacZ
reporter gene and β-galactosidase activity. PCR primers used
to cloned genes into plasmids are shown in Table S1. The
L. lactis cdaA gene encoding a protein without the N-terminal
transmembrane domains (αα 98–292) was cloned into PstI
and KpnI digested pKNT25 in-frame and upstream of the T25
cya gene fragment. The wild-type glmM and glmMI154F variant
genes were cloned into PstI and KpnI digested pUT18C in
frame and downstream of the T18 cya gene fragment. Plas-
mids, including empty pUT18C and pKNT25 and also positive
control zip gene (encoding the leucine zipper GCN4 protein)
containing plasmids were transformed into E. coli DHP-1 with
selection using kanamycin (50 μg ml−1) and ampicillin
(100 μg ml−1) in Luria-Bertani (LB) agar. From this point
onwards antibiotics were always included when growing
these strains and incubation was always carried out at 29°C
(Gloeckl et al., 2012). β-Galactosidase activity on agar was
examined following spotting of 10-fold diluted E. coli over-
night cultures grown in LB broth onto LB agar with IPTG
(0.5 mM) and X-gal (40 μg ml−1) and incubation for 16.5 h at
29°C. Following this, the plates were stored for 4 days at 4°C
to allow color development. For β-galactosidase activity
assays, strains were grown overnight in LB broth with IPTG
(0.5 mM) and then diluted in the same fresh medium to an
OD600 of 0.1. The cultures were grown at 29°C to mid-log
phase (OD600 ∼ 0.5) and β-galactosidase was quantified as
described previously (Miller, 1972), except chloroform and
0.1% SDS were used to permeabilize cells instead of toluene.
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