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Summary

The ability of excess Mg21 to compensate the

absence of cell wall related genes in Bacillus subtilis

has been known for a long time, but the mechanism

has remained obscure. Here, we show that the rigid-

ity of wild-type cells remains unaffected with excess

Mg21, but the proportion of amidated meso-diamino-

pimelic (mDAP) acid in their peptidoglycan (PG) is

significantly reduced. We identify the amidotransfer-

ase AsnB as responsible for mDAP amidation and

show that the gene encoding it is essential without

added Mg21. Growth without excess Mg21 causes

DasnB mutant cells to deform and ultimately lyse. In

cell regions with deformations, PG insertion is

orderly and indistinguishable from the wild-type.

However, PG degradation is unevenly distributed

along the sidewalls. Furthermore, DasnB mutant cells

exhibit increased sensitivity to antibiotics targeting

the cell wall. These results suggest that absence of

amidated mDAP causes a lethal deregulation of PG

hydrolysis that can be inhibited by increased levels

of Mg21. Consistently, we find that Mg21 inhibits

autolysis of wild-type cells. We suggest that Mg21

helps to maintain the balance between PG synthesis

and hydrolysis in cell wall mutants where this bal-

ance is perturbed in favor of increased degradation.

Introduction

Bacterial cell walls are exoskeletal macromolecular

structures that protect cells and give them shape and

mechanical integrity. Their physiology is characterized

by a delicate balance between rigidity, which confers

mechanical stability and plasticity, which permits growth

and division. The physical basis of the rigidity of bacte-

rial cell walls is a network of polymers whose dominant

component is the peptidoglycan (PG) (Turner et al.,

2014). The PG meshwork (the sacculus) is composed

of linear strands of glycan chains crosslinked via peptide

stems. Glycan chains are universally composed of

repeating units of b-(1,4) linked N-acetyl glycosamine

and N-acetyl muramic acid (Turner et al., 2014). The

stem peptides vary between species and are used as a

taxonomic criterion for classifying bacteria (Schleifer and

Kandler, 1972). They are synthesized as pentapeptide

chains containing unconventional D-amino acid residues

attached to the lactyl moiety of muramic acid, and

possess a di-basic amino acid in the third position.

Meso-diaminopimelic acid (mDAP) is characteristic of

Gram-positive bacilli and most Gram-negative species,

L-Lys of the majority of Gram-positive organisms and

L-Orn of Spirochetes (Vollmer et al., 2008a). In the rod-

shaped Gram-positive model organism Bacillus subtilis

the pentapeptide consists of L-Ala-D-iso-Glu-mDAP-D-

Ala-D-Ala (Atrih et al., 1999). Gram-positive cell walls

further contain carbohydrate-based anionic polymers,

primarily teichoic acids, which account for roughly half

of the mass of the cell wall. Their physiological functions

remain elusive but they play a major role in divalent cat-

ion binding (particularly Mg21) (Brown et al., 2013; Neu-

haus and Baddiley, 2003; Heckels et al., 1977), they

serve as scaffolds for a wide range of molecules and

they regulate cell wall-associated enzymes (Yamamoto

et al., 2008; Brown et al., 2013).

Plasticity of PG depends upon systems of enzymes

with opposing activities. On the one hand, synthetic

enzymes make and interlink new glycan chains, and, on

the other hand, hydrolytic enzymes cut existing bonds to

permit growth and remodeling (Turner et al., 2014).

High-molecular-weight penicillin binding proteins (PBPs)

are membrane-embedded PG-synthesizing enzymes
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that possess transglycosylase and/or transpeptidase

activities. In B. subtilis, PG degradative enzymes,

termed PG hydrolases, are numerous and highly redun-

dant (Smith et al., 2000; Vollmer et al., 2008b). They

possess a range of hydrolytic activities including recog-

nizing and cutting the bonds between the sugar moieties

in the glycan chain (glucosaminidases and murami-

dases/lytic transglycosylases), between N-acetyl mur-

amic acid and the peptide stem (amidases) and

between specific amino acids in the peptide stems or in

the peptide bridges (endopeptidases) (Smith et al.,

2000). Uncontrolled activity of PG hydrolases could

compromise cellular integrity and lead to lysis. Indeed,

some PG hydrolases are autolysins that can lyse grow-

ing cells when their proton motive force (pmf) is dissi-

pated by depolarization of the membrane by chemical

uncouplers, such as azide or CCCP, or by starvation

(Jolliffe et al., 1981; Lamsa et al., 2012). In B. subtilis,

the autolysins are the amidase LytC, the glucosamini-

dase LytD, and the DL-endopeptidases LytE and LytF

(Smith et al., 2000). Cells of the mutant strain where

genes encoding these four autolysins are absent do not

undergo lysis upon dissipation of the pmf, but they still

grow and divide, indicating that other PG hydrolases

can confer plasticity to the cell wall for these purposes

(Lamsa et al., 2012). The rest of the putative PG hydro-

lase complement of B subtilis includes more than 30

enzymes (Smith et al., 2000) that are not autolysins and

are often enmeshed in complex regulatory networks

(Meisner et al., 2013). Overall, and despite the impor-

tant role of PG hydrolases in cell wall metabolism, their

regulation remains largely unknown.

In rod-shaped bacteria, the coordination of PG syn-

thesis and degradation results in controlled cell wall

enlargement and division, and produces cells with nar-

rowly defined cell dimensions for a given growth condi-

tion. This coordination is effected by two complementary

PG-synthesizing systems that are associated with cytos-

keletal elements, and control sidewall elongation and

septation respectively. The system involved in cell divi-

sion is governed by the bacterial tubulin FtsZ and the

associated septation-specific PBPs. The system

involved in sidewall elongation is controlled by the Rod

system, a system of morphogenetic proteins including

the bacterial actin homologue MreB as well as MreC,

MreD, RodA, RodZ and elongation-specific PBPs (Eun

et al., 2015). One of the unexplained aspects of the Rod

system in B. subtilis is that the lethality and/or morpho-

logical defects of the absence of some of its compo-

nents can be overcome by adding Mg21 to the growth

medium (Formstone and Errington, 2005). mreB and its

paralog mbl are essential in standard laboratory condi-

tions. However, when growth media are supplemented

with 5–25 mM Mg21, mreB and mbl mutants grow and

divide normally and assume a normal rod-shaped mor-

phology. When Mg21 is depleted, the morphological

phenotype becomes manifest and they grow as

deformed and ballooning cells before eventually lysing

(Formstone and Errington, 2005; Chastanet and

Carballido-Lopez, 2012). Mg21 likewise suppresses the

viability and/or morphological defects of several other

cell wall related mutants (e.g. mreC, mreD, ponA, ugtP,

pgcA or gtaB)(Murray et al., 1998; Chastanet and

Carballido-Lopez, 2012), but the mechanism underlying

this rescuing role is currently unknown. Two main

hypotheses have been put forth to explain it. It has been

suggested that Mg21 may have a structural role in

enhancing the rigidity of the cell wall or, alternatively (or

simultaneously), a regulatory role by affecting the activ-

ity of cell-wall embedded enzymes (Formstone and

Errington, 2005). It has been known for several decades

that Mg21 binds to cell walls of Gram-positive bacteria

(Beveridge and Murray, 1980; Heckels et al., 1977).

Recent solid state NMR studies estimate the dissocia-

tion constant at approximately 0.6 mM (Kern et al.,

2010).

One of the ways bacteria can regulate the metabolism

of their cell walls is by chemical modification of the con-

stituent subunits. For example, a common modification

is the deacetylation of N-acetyl glucosamine. This modi-

fication abolishes the binding of LysM domain containing

proteins, such as some autolysins and PG hydrolases,

and may thereby modulate their activity (Mesnage et al.,

2014). A distinct and widespread modification is the

O-acetylation of N-acetyl muramic acid, which is

associated to resistance to lysozyme and endogenous

autolysis, as well as to resistance to penicillin and mac-

rophage killing (Bernard et al., 2011a; Davis and Weiser,

2011). Another common modification, only present in

Gram-positive organisms, is the amidation of carboxyl

groups of amino acids in the stem peptides or peptide

cross-bridges. Commonly amidated are the a-carboxyl

of the D-Glu in the second position of the stem peptide,

and the e-carboxyl group of the mDAP in the third posi-

tion. In Staphylococcus aureus and Streptococcus pneu-

moniae where the di-basic amino acid is L-Lys instead

of mDAP, D-Glu is amidated to D-iso-glutamine. The two

enzymes responsible for D-Glu amidation (the MurT/

GatD complex) have been identified (Munch et al.,

2012; Figueiredo et al., 2012), and PG transpeptidases

have been shown to work more efficiently when D-Glu is

amidated (Munch et al., 2012; Figueiredo et al., 2012).

In B. subtilis, mDAP was found to be amidated in most

muropeptides of vegetative cell PG, while D-Glu was not

amidated (Atrih et al., 1999; Warth and Strominger,

1971). Amidation of mDAP has also been found in PG

of other bacteria (Bernard et al., 2011b; Schleifer and

Kandler, 1972; Levefaudes et al., 2015; Mahapatra
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et al., 2005). AsnB1 and LtsA were recently identified as

the amidotransferases responsible for mDAP amidation

in Lactobacillus plantarum (Bernard et al., 2011b) and

Corynebacterium glutamicum (Levefaudes et al., 2015)

respectively. These proteins belong to a large family of

glutamine amidotransferases (Raushel et al., 1999),

which catalyze the transfer of ammonia from glutamine

to various substrates. A canonical member of this family

is the asparagine synthase of Escherichia coli, AsnB

(Huang et al., 2001). PG recognition by the mammalian

host innate immune system has been shown to be

affected by amidation of mDAP (Asong et al., 2009;

Girardin et al., 2003) but the physiological role of mDAP

amidation in the homeostasis of the bacterial cell wall

remains unknown. PG synthesizing enzymes seem to

work as efficiently on amidated as in non-amidated

mDAP in both L. plantarum and C. glutamicum (Bernard

et al., 2011b; Levefaudes et al., 2015), suggesting that

mDAP amidation may not be necessary for efficient cell

wall synthesis (Levefaudes et al., 2015; Hirasawa et al.,

2000). However, in L. plantarum asnB1 seems to be

essential and the mutant strains are affected in growth

and morphology (Bernard et al., 2011b).

In this work, we describe the differential amidation of

mDAP as an important chemical modification of the PG

of B. subtilis wild-type cells grown in the presence of

high concentrations of Mg21. We identified AsnB as the

enzyme responsible for catalyzing it, and characterized

the phenotype of mutant cells. Our results suggest that

both Mg21 and amidation of mDAP are involved in mod-

ulating PG hydrolysis.

Results

Excess extracellular Mg21 causes a decrease in
amidation of mDAP in B. subtilis

To gain insight into the effect of magnesium on the cell

wall, we examined the muropeptide composition of the

PG of wild-type B. subtilis cells grown in PAB (Penassay

broth) in the absence and in the presence of 25 mM

MgSO4. The muropeptide profiles (Fig. 1) were similar

to those previously reported for the PG of vegetative

cells grown in LB medium (Atrih et al., 1999). When no

Mg21 was added, uncleaved dimeric muropeptides con-

taining amidation on both mDAP moieties represented

34% of all muropeptides, while muropeptide dimers with

amidation on only one mDAP represented 14% of all

muropeptides (the major dimer peaks 12 and 15 are

indicated by red arrows in Fig. 1 and highlighted in grey

in Supporting Information Table 1). In contrast, cells

grown with excess Mg21 had only 21.6% of dimeric

muropeptides with doubly amidated mDAP, while the

dimers containing only one amidation represented 23%

of all identified muropeptides (Fig. 1 bottom panel, and

Supporting Information Table 1). This corresponds to

greater than 60% increase of singly amidated dimers in

cells grown in the presence of added Mg21. The effect

was identical in different growth media (Fig. 1 for PAB

medium, Supporting Information Fig. S1A and B for LB

medium), and it was independent of the wild-type strain

used. Data for the strain BSB1 are shown in Fig. 1 and

Supporting Information Fig. S1A and B; data for the

strain 168ed in Supporting Information Fig. S1C and D.
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Fig. 1. Effect of Mg21 on muropeptide composition of vegetative PG of wild-type B. subtilis. RP-UPLC separation of muropeptides released
by mutanolysin digestion of PGs extracted from B. subtilis wild-type strain BSB1 grown in PAB in the absence (upper chromatogram) and in
the presence of 25 mM MgSO4 (lower chromatogram). The major muropeptide dimer peaks with only one (peak 12) or two (peak 15)
amidated mDAP moieties are indicated by the red arrow pointing up and down respectively (their percentages of total muropeptide are
indicated in parentheses above the peaks). Supporting Information Table 1 lists the masses and the identities of the numbered peaks.
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To test whether this effect was produced by a generic

increase in the ionic strength in the medium, cells were

grown in the presence of 100 mM NaCl. This concentra-

tion of NaCl has the same ionic strength as 25 mM

MgSO4, since I 5 1
2

Pn
i51 ci z2

i , where I is the ionic

strength, ci is the molar concentration of ion i and zi is

the charge number of that ion. In contrast to cells grown

in the presence of high Mg21, cells grown in medium

supplemented with NaCl did not show any changes in

the degree of amidation of dimeric muropeptides, nor

any other significant change in the muropeptide profile

(Supporting Information Fig. S1E). This indicated that

Mg21 specifically affected the level of amidated mDAP

in B. subtilis PG.

In addition, we used atomic force microscopy (AFM)

to measure the rigidity of the cell wall of living cells in

the presence of Mg21. Excess extracellular Mg21 had

no effect on the rigidity of the cell wall of live hydrated

cells (representative cell are shown in Supporting Infor-

mation Fig. S2B and D). The Young modulus was

40.2 6 4.9 MPa for cells grown without supplemented

Mg21 and 39.7 6 4.6 MPa for cells in the presence of

25 mM MgSO4. The topography of cell surfaces like-

wise remained unchanged (Supporting Information Fig.

S2A and C), suggesting that excess Mg21 does not

affect the structure and mechanical properties of the

cell wall.

asnB, asnH, asnO are homologues of mDAP amide

transferases from L. plantarum and C. glutamicum

We sought to identify the amidotransferase responsible

for amidation of mDAP in B. subtilis. BLAST search

analysis using the amino acid sequences of AsnB1 from

L. plantarum and LtsA from C. glutamicum, revealed

three homologues in B. subtilis strain 168: AsnB, AsnH

and AsnO (Supporting Information Fig. S3). Their

homology with C. glutamicum LtsA has E values below

10e251 with identities ranging from 23% for AsnH, 31%

for AsnO and 56% for AsnB. Similarly, the homologies

with L. plantarum AsnB1 are high, with E values below

10e248 and identities at 28% for AsnH and AsnO and

50% for AsnB. The ansB, asnH and asnO gene prod-

ucts were previously predicted to be asparagine synthe-

tases on the basis of the amino acid sequence similarity

to AsnB of E. coli, to which they are all three ortholo-

gous to the same extent (� 28% similarity) (Yoshida

et al., 1999). Each of the three genes complemented an

E. coli strain lacking asparagine synthetases, indicating

that all encode enzymes capable of synthesizing aspar-

agine (Yoshida et al., 1999). However, while deletion of

asnO and/or asnH in B. subtilis had no effect on growth,

deletion of asnB was reported to lead to a slow-growth

phenotype even in the presence of high levels of aspar-

agine (Yoshida et al., 1999).

Mg21-dependent growth of DasnB mutant strain

To investigate whether AsnB, AsnH and/or AsnO are

involved in mDAP amidation in B. subtilis, we attempted

to inactivate the corresponding genes by backcrossing

their previously reported deletions (Yoshida et al., 1999)

into our BSB1 wild-type reference laboratory strain.

asnH and asnO null mutants were readily obtained. The

colonies of the resulting strains had normal rugose mor-

phology and grew as well as the wild-type strain. In con-

trast, the strain carrying a deletion of asnB (asnB::neo)

could not be reliably obtained using unsupplemented

growth media. Backcrossing the asnB::neo allele gave

variable results that were not reproducible between

experiments. Sometimes the few neoR transformants

produced colonies of different sizes with some being

smooth and others rugose, and sometimes no trans-

formants were obtained. This suggested that asnB is

essential in B. subtilis, like asnB1 in L. plantarum (Ber-

nard et al., 2011b), and that suppressor mutations arise

to alleviate the growth defect associated with the loss of

AsnB. To test if asnB plays an essential role in the

homeostasis of the cell wall, we tested whether high lev-

els of Mg21 were able to compensate this defect and

permit reliable transformation. In the presence of 25 mM

Mg21, we readily obtained colonies of the same size

with homogenously smooth appearance, giving the

strain BDA33 (asnB::neo). We were similarly able to

construct a triple mutant strain carrying deletions in

asnB, asnH, and asnO (BDA329).

The DasnB mutant was not able to grow on PAB

plates (�210 lM Mg21) on which the wild-type grew

normally. Even though AsnB is annotated as an aspara-

gine synthase, addition of asparagine to the medium did

not permit the restoration of growth under our experi-

mental conditions (Fig. 2A). However, growth was com-

pletely restored when the plates were supplemented

with 25 mM Mg21 (Fig. 2A). Growth of the DasnB

mutant was also Mg21-dependent in liquid media (Fig.

2B and C for PAB medium, and Supporting Information

Fig. S4 for LB). In PAB supplemented with 5 mM Mg21,

the mutant grew at significantly slower rate than the

wild-type, and at� 10 mM Mg21 it grew as well as the

wild-type strain (Fig. 2B and C). Taken together, these

results show that asnB is essential in media without

additional Mg21, suggesting that AsnB has a cell wall

related function in addition to its previously reported

asparagine synthetase activity (Yoshida et al., 1999).

Homeostasis of peptidoglycan hydrolysis in Bacillus subtilis 975

VC 2017 The Authors. Molecular Microbiology Published by John Wiley & Sons Ltd., Molecular Microbiology, 104, 972–988



Complete absence of amidated mDAP in the

peptidoglycan of DasnB mutant cells

To examine the involvement of AsnB, AsnH and AsnO in

amidating mDAP, we studied the chemical composition of

the PG of the mutant strains grown in the presence of

excess Mg21. Muropeptide profiles of the wild-type,

DasnH, and DasnO mutant strains were indistinguishable

(Supporting Information Fig. S5). In contrast, the DasnB

mutant strain (Fig. 2D) displayed a strikingly different mur-

opeptide profile, with a general shift of all major peaks to

lower retention times. This is particularly evident for the

major monomer (peak b in Fig. 2D) and dimer (peak o in

Fig. 2D) peaks. This was consistent with the absence of

amidation of the e-carboxyl of mDAP since the non-

amidated forms of mDAP-containing muropeptides are

less hydrophobic and thus their retention on the reverse

phase (C18) column is reduced. Consistently, mass-

spectrometry revealed masses in accordance with com-

plete absence of amidation on mDAP in the DasnB mutant

(Supporting Information Table 2).

The calculated crosslinking index of the DasnB mutant

(39%) was similar to that of the wild-type (40%) and

consistent with previously published estimates (Atrih

et al., 1999). This indicated that PG synthetic enzymes

involved in transpeptidation are capable of accepting

non-amidated forms of mDAP as substrate as efficiently

as the amidated forms.

Altogether, these results show that AsnB is indispensable

for amidation of mDAP in B. subtilis and suggest involve-

ment of this chemical modification in cell wall metabolism.

The link with cell wall metabolism is further reinforced by

the correlation of expression of asnB with cell wall metabo-

lism genes in approximately 200 different growth conditions

(Nicolas et al., 2012). All but two of the first twenty genes

which are most correlated with asnB are involved in cell

wall metabolism, which is not the case for asnH or asnO

(http://genome.jouy.inra.fr/cgi-bin/seb/index.py).

Depletion of Mg21 causes deformation and cell lysis in

DasnB mutant cells

In the presence of high concentrations of Mg21 the

ultrastructure of the cell envelope of DasnB mutant

cells was not appreciably different from that of wild-
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type cells (Fig. 3A and B). Similarly, their cell surface

topography and their rigidity were comparable to those

of wild-type cells when assayed by AFM (Fig. 3C–F).

The rigidity of wild-type was 39.7 6 4.6 MPa versus

41.6 6 3 MPa for DasnB mutant, suggesting that the

absence of mDAP amidation did not affect the struc-

tural integrity and mechanics of the cell wall. DasnB

mutant cells grown in the presence of 25 mM Mg21

displayed normal rod shape (Fig. 3H), although they

were significantly shorter (Fig. 3I and J) and wider

(Fig. 3K) than wild-type cells (mean width was

1.1(60.05) lm and 0.85(60.07) lm respectively).

To investigate the phenotypes suppressed by the

presence of excess Mg21, we used time-lapse

microscopy. Cells were grown in a microfluidic device

in either PAB or LB medium supplemented with

25mM Mg21 and microscopically followed after

removal of Mg21. When unsupplemented PAB

medium was flowed through the microfluidic device,

cells lacking AsnB grew for approximately one cell

cycle and subsequently started to deform and rapidly

lyse (Fig. 4A, Supporting Information Movie 1).

Mutant cells grown in batch culture in the presence of

limiting concentrations of Mg21 displayed similar lytic

phenotype and morphological defects, with inhomoge-

neities in their diameter and an undulating appear-

ance of the sidewalls (Fig. 4B). Local thickening of

the cell wall was observed in some deformed cells

(Fig. 4C). When Mg21 depletion occurred in LB,

where the concentration of Mg21 is higher than in

PAB but still too low to support normal growth of the

DasnB mutant strain (see above and Supporting Infor-

mation Fig. S4), growth continued for several cell

cycles. The morphological deformations that accom-

panied growth were more pronounced (Fig. 6B upper

row of panels, Supporting Information Movie 3), pre-

sumably because cells grew longer before lysing. The

most remarkable morphological change was the

increase in cell diameter and the appearance of

bulges (Fig. 6B and Supporting Information Movie 3).

Fig. 4. Depletion of excess Mg21 causes cell deformation and lysis of DasnB cells.
A. Time-lapse microscopy capturing the phenotype of DasnB cells after removal of Mg21 in PAB. Cells of strain BDA33 (asnB::neo) were
grown in the microfluidics device under continuous flow of PAB medium supplemented with 25 mM MgSO4. The flow was stopped, the
microfluidic chamber was flushed with unsupplemented medium and the cells were allowed to resume growth in unsupplemented medium.
Cells were imaged every 20 seconds (every 80th image is shown), for full movie see Supporting Information Movie 1. White arrows indicate
lysing cells. Scale bar, 2 lm.
B. Phase-contrast micrographs of DasnB cells grown in LB medium in the presence of limiting concentrations of Mg2. Top panel, 1 mM
MgSO4; bottom panel, 5 mM MgSO4. Scale bar, 2 lm
C. Ultrastructure of DasnB cells grown in LB without added Mg21 examined by transmission electron miscroscopy. Scale bar is 500 nm.
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In contrast, wild-type cells grew and divided normally

in the microfluidic device (Fig. 6A and Supporting

Information Movie 2).

Ordered insertion of peptidoglycan in the sidewall of the

DasnB mutant

The cell deformations in the DasnB mutant could be

produced by deregulated PG synthetic activity, by

uncontrolled PG hydrolysis, or by both. To determine

whether cell deformations caused by the absence of

AsnB were accompanied by normal PG synthesis, we

visualized PG insertion in Mg21-depletion experiments

using TAMRA red D-lysine (TDL) (Kuru et al., 2012,

2015) by incubating cells 1 for 1=4 of cell doubling time

(5–6 minutes). This non-toxic fluorescent D-amino acid

derivative is incorporated in the fifth position of the stem

peptide in B. subtilis (Kuru et al., 2012). TDL labeling of

wild-type cells produced a regular punctuate fluorescent

pattern along the sidewall, revealing the sites of PG

insertion (Fig. 5A), as previously described (Kuru et al.,

2012, 2015). This punctuate labeling was ordered in

either the presence or the absence of Mg21 (Fig. 5A).

Super-resolution imaging of the TDL-labeled cells by

structured illumination microscopy (SIM) confirmed the

regularity of the pattern along the length of the cell (Fig.

5B and C). Peaks of fluorescence, corresponding to the

sites of PG insertion, were evenly distributed with an

average spacing between approximately 0.5 and 1 lm,

consistent with the reported spacing between the tracks

followed by MreB-associated PG synthetic machineries

along the sidewalls of B. subtilis (Dominguez-Escobar

et al., 2011; Garner et al., 2011).

Very similar labeling was observed for DasnB mutant

cells, whether they were grown in the presence or in the

absence of Mg21 (Fig. 5). Even in the zones where

DasnB cells were becoming deformed, there were no

notable differences of the distribution of the fluorescent
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Fig. S6.

Homeostasis of peptidoglycan hydrolysis in Bacillus subtilis 979

VC 2017 The Authors. Molecular Microbiology Published by John Wiley & Sons Ltd., Molecular Microbiology, 104, 972–988



asnB

wt

B

A

wt asnB+ Mg
C D

distance (μμm)

fl
uo

re
sc

en
ce

 in
te

ns
it

y

0 1 2 3
0

2000

4000

6000

distance (μm)

fl
uo

re
sc

en
ce

 in
te

ns
it

y

0 1 2 3
0

2000

4000

6000

Bnsatw no Mg

distance (μm)

fl
uo

re
sc

en
ce

 in
te

ns
it

y

0 1 2 3
0

2000

4000

6000

distance (μm)

fl
uo

re
sc

en
ce

 in
te

ns
it

y

0 1 2 3
0

1000

2000

3000

4000

5000

E F

SIM

maximum 
projection 

SIM

Fig. 6. Imaging of depletion of TDL label in growing cells.
A. and B. Time-lapse pulse-chase experiments in a microfluidic device (CellAssic). Disappearance of the TDL label from the PG of wild-type
(A) and DasnB mutant cells (B) during growth in LB without added Mg21. Images were taken every 5 minutes (every third image is shown in
the panels) after a 20 minute labeling pulse done in the presence of added Mg21. Phase contrast images are shown above of their
corresponding fluorescence images. Deformations of cells and the corresponding anisotropic loss of the label in the DasnB mutant are
indicated by white arrows. See also Supporting Information Movies 2 and 3. Scale bars, 2 lm.
C–F. SIM images of the depletion of TDL label in batch cultures of the wild-type (C and E) and the DasnB mutant (D and F) grown in LB
medium in the presence (C and D) and in the absence (E and F) of 25 mM MgSO4. SIM images of the medial plane of the cell are shown in
the upper panel, quantifications of fluorescence along the green line in SIM images are shown in the middle panel, and maximum projections
of the SIM images are shown in lowest panels. White arrows in panel F indicate regions of significant loss of label. Scale bars, 2 lm.
Epifluorescence images corresponding to panels C to F are shown in Supporting Information Fig. S7.
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signal with respect to other regions of the cell where

there were no signs of deformations (Fig. 5 and Sup-

porting Information Fig. S6).

In summary, PG synthesis assayed by TDL labeling

was ordered in the wild-type and in the DasnB mutant,

even under conditions which led to deformed cell mor-

phology in the mutant. This suggested that the organiza-

tion of PG synthesis is not defective in cells lacking

AsnB and thus that the deformations may be caused by

another mechanism.

Anisotropic peptidoglycan degradation in the DasnB

mutant

We then investigated cell wall degradation that accom-

panies sidewall elongation using TDL pulse-chase

microlufidic experiments. Cells were labeled with TDL

for one entire doubling time (�20 min) in the presence

of added Mg21, washed, and the disappearance of the

label was followed in real time allowing the cells to grow

in fresh medium without added Mg21. We reasoned that

the appearance of dark zones could indicate zones of

PG degradation (either loss/breakup or turnover/matura-

tion), and/or of new PG insertion. Since the pattern of

PG synthesis was regular in the DasnB mutant (Fig. 5

and Supporting Information Fig. S6), the appearance of

irregularities in the loss of fluorescence could therefore

be attributed to anisotropic degradation of PG.

Growth of wild-type cells was accompanied by an iso-

tropic loss of the TDL label (Fig. 6A, see also Support-

ing Information Movie 3). In contrast, loss of TDL label

in the DasnB mutant was unevenly distributed (Fig. 6B).

Fluorescence loss appeared concentrated in regions

where the cells were beginning to deform and increase

in diameter (white arrows in Fig. 6B, see also Support-

ing Information Movie 3). To quantify the loss of label

along the sidewall, we performed a similar experiment in

batch cultures and imaged the cells using SIM and epi-

fluorescence after one quarter to one half of cell cycle

of depletion (�10 min under these conditions). In the

presence of excess Mg21, the disappearance of the

label was isotropic in both wild-type cells and DasnB

mutant cells (Fig. 6C and D respectively; see also Sup-

porting Information Fig. S7A and B for the correspond-

ing epifluorescence images). Fluorescence intensity

profiles along the sidewalls showed evenly distributed

gaps in fluorescence intensity whose average distance

was again approximately 0.5–1 lm. (Fig. 6C and D),

suggesting that such gaps corresponded to MreB-

associated PG insertion and/or degradation. Wild-type

cells displayed the same pattern of fluorescence loss

upon Mg21 depletion (Fig. 6E and Supporting Informa-

tion Fig. S7C, see lower panel of Supporting Information

Fig. S7C for comparison of patterns obtained from SIM

and epifluorescence images). In contrast, fluorescence

intensity profiles along the sidewalls of DasnB mutant

cells in the absence of supplemented Mg21 showed

extensive areas of loss of the TDL label which appeared

more pronounced in zones where the cells were becom-

ing deformed from their normal rod-shape morphology

(Fig. 6F and Supporting Information Fig. S7D, see lower

panel of Supporting Information Fig. S7D for comparison

of patterns obtained from SIM and epifluorescence

images). This is particularly obvious in 3D projections of

SIM images where the entire cell body is more easily

visualized (white arrows in Fig. 6F and Supporting Infor-

mation Fig. S8).

Because PG insertion was regular in the DasnB

mutant in the absence of Mg21 even in regions where

the cells were becoming deformed (Fig. 5), these results

suggest that the degradation of PG is anisotropic in the

DasnB mutant. Such degradation could result from

either breakup (loss) of PG through PG hydrolase activ-

ity or from PG maturation. A key PG maturation enzyme

in B. subtilis is the D,D-carboxypeptidase DacA, which

removes the fifth amino acid from stem peptides and

contributes to the loss of fluorescent D-amino acids after

labeling of PG (Kuru et al., 2015). Although spatial

deregulation of DacA activity could explain the aniso-

tropic loss of TDL in DasnB mutant cells, it could not

account for the accompanying lysis and deformation

phenotype. This phenotype requires the activity of PG

hydrolases which would affect the connectivity of the PG

meshwork and act on its structural bonds. Therefore,

the lysis phenotype of DasnB and the associated loss of

label in regions of cell deformation is consistent with

deregulation of one, or a combination of, PG hydrolases.

In conclusion, the absence of amidated mDAP and

Mg21 leads to anisotropic PG hydrolysis and associated

morphological deformation, ultimately causing cell lysis.

Mg21 inhibits cellular autolysis

We found that Mg21 inhibited the lysis of the DasnB

mutant, and it was also previously shown to prevent the

lysis of DmreB mutants (Formstone and Errington,

2005). Furthermore, Mg21 inhibits cell lysis induced by

diverse conditions in unrelated Gram-negative microor-

ganisms (Rayman and MacLeod, 1975; Leduc et al.,

1982; Gschwender and Hofschneider, 1969). Thus, we

tested whether Mg21 may have an inhibitory effect on

PG hydrolases in B. subtilis. The autolysins responsible

for cell lysis in B. subtilis are LytC, LytD, LytE and LytF

(Jolliffe et al., 1981). The rate of cell autolysis upon

depolarization of the membrane by addition of

Homeostasis of peptidoglycan hydrolysis in Bacillus subtilis 981

VC 2017 The Authors. Molecular Microbiology Published by John Wiley & Sons Ltd., Molecular Microbiology, 104, 972–988



uncouplers can be therefore used as a readout of their

activity.

Mg21 reproducibly inhibited the rate of autolysis of

wild-type cells (a typical autolysis curve for cells in mid-

exponential growth is shown in Fig. 7A). We noticed that

the rates of cell autolysis of wild-type B. subtilis reported

in the literature are variable, and this variability was evi-

dent in our initial experiments. Thus, we hypothesized

that the rate of autolysis is dependent on the phase of

growth of the cells. We therefore examined it in various

stages of growth, from the exit from the lag phase to

entry into stationary phase (see Materials and Methods).

To correlate it with the phase of growth, we measured

the apparent instantaneous rate of growth of the cells

five minutes before addition of the uncoupler and plotted

it against the rate of lysis. This approach revealed a lin-

ear relationship between the apparent instantaneous

growth rate of the cells and the rate of cell autolysis

(Fig. 7B), possibly explaining the variability of the

reported lysis rates in the literature. Importantly, the

presence of 25 mM Mg21 inhibited the rate of lysis at all

stages of growth (Fig. 7B). This suggests that Mg21

exerts an inhibitory effect on PG hydrolysis catalyzed by

autolysins.

Increased sensitivity of the DasnB mutant to lysozyme

and cell wall active antibiotics

Deregulation of the homeostasis of PG hydrolysis in the

DasnB mutant, with the resulting imbalance between PG

synthesis and degradation, could sensitize DasnB cells

to perturbations of the cell wall, such as the action of

lysozyme and antibiotics that target the cell wall. Fur-

thermore, PG hydrolysis has been implicated in the

mechanism of action of many antibiotics that target the

cell wall (Rogers et al., 1983; Tomasz et al., 1970;

Goodell et al., 1976; Luo and Helmann, 2012).

Presence of lysozyme in the growth medium totally

inhibited the growth of DasnB mutant strain at concen-

trations (1 mg ml21) where the growth of the wild-type

strain was unaffected (Fig. 8A). This increased sensitiv-

ity to lysozyme is consistent with the results obtained for

the DltsA mutant in C. glutamicum (Levefaudes et al.,

2015).

We then used disk diffusion assays to compare the

sensitivity of the DasnB mutant strain and the wild-type

to various antibiotics targeting different cellular

processes. As expected, the DasnB mutant was more

sensitive than the wild-type to antibiotics which target

different steps of cell wall synthesis, including

D-cycloserine, vancomycin, tunicamycin, methicillin,

penicillin and cefuroxime. It nevertheless had the same

sensitivity as the wild-type strain to the DNA gyrase

inhibitor ciprofloxacin, the RNA polymerase inhibitor

rifampicin, and the uncoupler CCCP (Fig. 8B).

Discussion

Magnesium holds a very particular place in cell biology

of B. subtilis since it can compensate the absence of a

number of otherwise essential cell wall related genes.

Hypotheses put forward to explain this effect include the

idea that Mg21 may somehow rigidify the cell wall, or

that it may affect the activity of cell wall associated
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enzymes, or both (Formstone and Errington, 2005). We

have tested the effect of Mg21 on the rigidity of the cell

wall of wild-type B. subtilis cells using AFM and have

found no effect. However, we identified a significant

decrease in the degree of amidation of mDAP in cells

grown in the presence of high concentrations (25 mM)

of Mg21, but not in the presence of equivalent ionic

strength of NaCl. Amidation of mDAP in B. subtilis has

been known for a long time, but its significance has

remained obscure. In B. subtilis and other species

where it has been reported, mDAP amidation is exten-

sive, but not total, and it seems to slightly differ in differ-

ent growth conditions (Atrih et al., 1999), suggesting a

possible regulatory role in cell wall homeostasis (see

also below).

We identified asnB, a gene encoding a member of

glutamine amidotransferase family (Massiere and Badet-

Denisot, 1998), as indispensable for this amidation.

AsnB is predicted to be a cytoplasmic protein indicating

that mDAP amidation occurs on peptidoglycan precur-

sors inside the cell, consistent with previous results with

C. glutamicum LtsA (Levefaudes et al., 2015). Surpris-

ingly, the DasnB mutant strain was only viable in the

presence of high concentrations of Mg21. Under these

conditions, the cells were shorter and wider, but their

ultrastructure and mechanics were not different from

wild-type. This width and length phenotype is similar to

the phenotype of cells in which the DL-endopeptidase

CwlO is inactivated (Meisner et al., 2013; Salzberg

et al., 2013), evoking a possible disruption of normal

functioning of the PG hydrolytic system in the DasnB

mutant. Indeed, when the concentration of Mg21 was

lowered in the growth medium, DasnB mutant cells

began to deform and lyse, revealing the essential role of

mDAP amidation in cell wall homeostasis.

We found that spatial organization of PG insertion is

not affected in the DasnB mutant. In addition, the

degree of crosslinking of peptide stems, which is a

proxy for the activity of PG transpeptidases, was

unchanged in DasnB relative to wild-type. Transpepti-

dases are therefore not affected by the absence ami-

dated mDAP in B. subtilis, even though this amino acid

participates in crosslinks. This is similar to the results

obtained in C. glutamicum where the AsnB homologue

LtsA has been shown not to be required for efficient

transpeptidation activity (Levefaudes et al., 2015).

In contrast to the normal spatial organization of PG

insertion, the zones of PG degradation were anisotropi-

cally distributed in the DasnB mutant in the absence of

excess Mg21. There were extensive zones of uncon-

trolled degradation that correlated with the zones of

deformation from normal rod-shaped morphology. Thus,

the genesis of the deformed morphology of DasnB

mutant cells lies in the loss of homeostasis of PG hydro-

lysis. Uncontrolled regional PG hydrolysis leads to a dis-

equilibrium between synthesis and degradation, causing

deformation and, ultimately, lysis. This phenotype sug-

gests a surprising degree of uncoupling between the

synthetic and hydrolytic activities in this mutant when

Mg21 concentration is lowered.

It is generally accepted that the synthesis of new PG

chains is somehow coupled with hydrolysis of the exist-

ing meshwork. According to the prevailing model, growth

of the multilayered Gram-positive sacculi follows a push-

up ‘inside-to-outside’ mechanism (Koch and Doyle,

1985), where new PG is inserted at the innermost face
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of the sacculus, pushing outward pre-existing PG mesh-

work, which is then degraded and released into the

medium by the action of PG hydrolases. The model is

termed ‘make before break’ since the physiological cou-

pling between synthesis and hydrolysis involves the

polymerization and crosslinking of glycan chains prior to

degradation (Koch et al., 1981). In the absence of ami-

dated mDAP and without excess Mg21 uncontrolled

hydrolysis occurs in the regions of the cell where we are

able to detect orderly PG insertion. Our results therefore

suggest that mDAP amidation allows physiological con-

trol over activity of one or more PG hydrolytic enzymes

and their coupling with the PG synthetic machinery.

The masking of the DasnB lysis phenotype by Mg21

indicates that this ion inhibits the lethal activity of certain

PG hydrolases that become deregulated in the absence

of amidated mDAP. The only PG hydrolases whose

kinetics can be measured in whole cells are the autoly-

sins, and we showed that Mg21 indeed inhibits their

activity. B. subtilis has a complement of about 40 puta-

tive PG hydrolases (Smith et al., 2000), nearly twenty of

which are expressed under vegetative growth condi-

tions. However, it remains to be determined which of

these PG hydrolases is inhibited by Mg21 and which

become deregulated in the absence of amidation of

mDAP. Nevertheless, the effect of Mg21 on inhibition of

lysis has now been shown both in Gram-positive

(present study) and in phylogenetically distant Gram-

negative organisms (Gschwender and Hofschneider,

1969; Rayman and MacLeod, 1975; Leduc et al., 1982),

possibly suggesting the existence of a common inhibi-

tory mechanism. The reported affinity of wild-type cell

wall for Mg21 is on the order of approximately 0.6 mM

(Takahashi et al., 2013; Kern et al., 2010). At milimolar

concentrations the vast majority of binding sites on the

cell wall are occupied by Mg21. It is therefore unlikely

that changing the concentration of Mg21 in the medium

from 5 to 10 mM significantly affects the degree of

Mg21 bound to cell wall polymers. Nevertheless, this is

precisely the concentration range at which the DasnB

mutant is rescued by Mg21. This suggests that the

inhibitory activity of Mg21 on PG hydrolases may not

depend on its binding to cell wall polymers, but rather

may be a result of direct interaction of Mg21 with the

enzymes. Further biochemical studies on purified

enzymes will be necessary to elucidate this question.

Taken together, our data lead to a model in which B.

subtilis modulates the degree of amidation of mDAP to

maintain an appropriate balance between hydrolysis and

degradation with changing environmental and physiolog-

ical conditions. The changes in mDAP amidation

induced in the wild-type cells by the presence of high

concentrations of Mg21 and the lysis phenotype of

DasnB mutant are consistent this model. Namely, since

Mg21 acts as an inhibitor for certain PG hydrolases,

excess Mg21 in the medium affects the balance

between hydrolysis and synthesis and causes it to shift

toward decreased hydrolysis. The cell would in turn try

to compensate to restore the balance by reducing the

extent of amidation of mDAP. Since the expression of

asnB is unaffected by the presence of added Mg21 (our

unpublished results), the physiological adaptation occurs

through post-transcriptional means. The decrease in

amidation would then permit the cell to increase the

activity of hydrolytic enzymes to allow normal growth.

Finally, the altered homeostasis of PG hydrolysis in

the DasnB mutant likely causes the observed increased

sensitivity of the mutant cells to cell wall active antibiot-

ics. Interestingly, mutants of the amidotransferase ltsA

responsible for mDAP amidation in C. glutamicum also

display higher susceptibility to b-lactam antibiotics (Lev-

efaudes et al., 2015). This suggests that amidation of

mDAP could be used as a target for adjuvant antibiotic

therapies aimed to increase the activity of existing

antibiotics.

Experimental procedures

Genetics, strain construction and growth conditions

The strains used in this study are described in Supporting

Information Table 3. Chromosomal DNA was prepared

using the Promega Genomic DNA prep kit according to

manufacturer’s instructions. Standard genetics techniques

were used for transformation (Marston and Errington,

1999). Selection of transformants was done on plates with

or without 25 mM MgSO4 as indicated in the text. The

strains were verified by PCR. The antibiotic concentrations

used were as follows: chloramphenicol 5 lg/mL, erythromy-

cin 1 lg/mL, kanamycin 10 lg/mL and spectinomycin 100

lg/mL. Growth curves were done in 96-well plates ih Syn-

ergy microplate reader (Biotek) with continuous agitation at

378C. For all experiments, overnight cultures were diluted at

least 10 000 in fresh medium and allowed to grow under

conditions indicated in the text to early exponential phase

before microscopic observation.

Peptidoglycan purification

B. subtilis wild-type and mutant strains were grown in 1 L

cultures (in growth media indicated in the text) to

OD600 5 0.5. Cultures were chilled in ice-ethanol bath for 20

min before harvesting by centrifugation at 5000g for 15 min

at 48C. Cell pellets were resuspended in 40 ml of ice cold

water and slowly added to 40 ml of boiling 8% SDS. Cells

were boiled for 30 minutes and allowed to cool before cen-

trifugation and repeated (�15 times) washes with hot water

to remove the SDS. The pellets were subsequently resus-

pended and incubated with 2 mg ml21 of Pronase (Roche)

in 40 mM Tris-HCl (pH 7) at 608C for 90 min. After
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centrifugation, the pellets were washed with water and incu-

bated with trypsin (Sigma) at 200 lg ml21 in 20 mM Tris-

HCl (pH 7.5) over night with agitation. Samples were boiled

for 5 min and washed with water before treatment with

DNAase (10 lg ml21) and RNAase (50 lg ml21) in 20 mM

Tris-HCl pH 7, 20 mM MgCl2, 10 mM CaCl2 for 2 hours at

378C with agitation. SDS was added to the samples (1%

final concentration) and the samples were incubated in boil-

ing water for 15 min. Samples were washed 3 times with

water and resuspended in 10 ml of 8 M LiCl, incubated for

15 min at 378C and washed with water. The pellets were

resuspended in 10 ml of 100 mM EDTA pH 7, incubated at

378C for 15 min and washed with water. The pellets were

resuspended in 10 ml acetone, sonicated for 5 min in ultra-

sonic bath, and washed with water three times. The sam-

ples were then resuspended in small volume of water and

transferred to pre-weighed 2.2 ml tubes whose caps were

punctured with a hot needle. The samples were lyophilized

overnight and the purified cell wall weighed. The cell walls

were resuspended to a final volume of 20 mg ml21 and

stored at 2208C.
To remove the teichoic acids and associated polymers,

10 mg of purified cell walls were incubated with 2 ml of

concentrated hydroflyoric acid (46% HF) for 48 hours at

48C. After this incubation, 15 ml of 100 mM Tris-HCl pH 7

was added to the sample and the samples were centrifuged

and washed repeatedly with 100 mM Tris-HCl pH7 until the

sample pH was neutral. The pellets were then washed

three times with water and the pure PG was lyophilized

overnight and then resuspended in water to 10 mg ml21.

Digestion of peptidoglycan with mutanolysin

To digest the purified peptidoglycan, 50 ll of pure peptido-

glycan (10 mg ml21) was incubated in 50 ll of 25 mM

NaHPO4 pH 5.5 and 2 ll of mutanolysin (10 mg ml21)

under agitation at 378C overnight. After this incubation, 100

ll of water was added and the sample was boiled for 5 min

to inactivate the enzyme. The sample was centrifuged and

the muropeptides found in the supernatant were reduced

with NaBH4 (200 ll of muropeptides solution, 200 ll 0.5 M

borate buffer pH 9, 25 ll fresh NaBH4 at 50 mg ml21) for

20 min at room temperature in open eppendorf tubes with

occasional agitation to remove the bubbles of H2. The

reduction reaction was ended by adjusting the sample pH

to approximately 4 with 85% ortho-phosphoric acid.

UHPLC and mass spectrometry

Muropeptides resulting from mutanolysin digestion were

separated by reverse phase ultrahigh-performance liquid

chromatography using a Zorbax RRHD Eclispse Plus col-

umn (C18 2.1 3 100 mm 1.8-lm) at 508C on Agilent

UHPLC129 system. The buffers were at 10 mM ammonium

phosphate, pH 5.6 (sodium azide at 180 lg L21 was added

to buffer A to avoid baseline drift at 202 nm). The methanol

gradient (from 0% in buffer A to 20% in buffer B) was devel-

oped at a flow rate of 0.5 ml min21. Muropeptides were

analyzed directly by matrix-assisted laser desorption

ionization-time of flight (MALDI-TOF) mass spectrometry,

as previously described (Courtin et al., 2006). The peaks

identified by MALDI-TOF were integrated in the Agilent

software to estimate the amount of each muropeptide.

The reported crosslinking index (%) was calculated as

previously described (Glauner, 1988). The %dimers/

(%monomers 1 23 %dimers).

Labeling with TDL and microscopy

For TDL labeling, 100 ml of culture in early exponential

phase was stained with 1 mM TDL (TAMRA Red D-lysine)

at 378C for 5 minutes (PG insertion labeling experiments)

or 20 min (PG degradation pulse-chase experiments). Cells

were rinsed twice in culture medium and 5 ml of washed

cells deposited on 1% agarose pads poured in frames

glued on microscope slides (Gene Frame from Thermo Sci-

entific). The imaging was done on Zeiss Elyra PS1 using

ZEN software. Cells were imaged in 3D-SIM mode with a

633 objective, 0.12 mm z step (20 steps), 50 ms exposure

time and 20% laser power (561 nm). Image reconstruction

was performed in ZEN with automatic parameter setting.
Samples for phase contrast and epifluorescence micro-

scopic observations were prepared as above and imaged

by an inverted Nikon microscope (Ti-E) using a 1003

phase lens, or on Zeiss Elyra PS1 as above. For measure-

ment of cell width and length, cells were incubated in the

presence of FM4-64 (1 lg ml21). Cell width and length

measurements were done in a custom program in

MATLAB.

Microfluidics

Bacterial growth and pulse chase experiments using TDL

dye were realized in the B04A Microfluidic Bacteria Plate

(CellASIC ONIX, Millipore) using an Eclipse Ti-E inverted

microscope (Nikon). Experiments were carried out at 378C.

Pressure setting of 5 psi was used to inject the medium

into the growth chamber. For growth experiment, phase

images were taken every 20 seconds. For TDL pulse-chase

experiments, cells were grown in LB and stained for 20 min

in LB 1 1 mM TDL in the microfluidic device. Cells were

then rinsed in fresh LB and images of phase and fluores-

cence were taken every 5 min.

Measurement of rate of autolysis

An overnight liquid culture of B. subtilis 168 grown in Difco

Antibiotic Medium 3 (PAB) was diluted to an OD600 nm of 1

and subsequently diluted by �104 fold in PAB and incu-

bated with continuous shaking at 378C with OD600 nm meas-

urements being taken every five minutes. Cultures were set

up in duplicate and grown to various stages of growth,

including early, mid and late exponential phase at which

point MgSO4 was added to half of the cultures to a final

concentration of 25 mM. Immediately after this addition

autolysis was induced by adding sodium azide to all cul-

tures at a final concentration of 75 mM. The OD600 nm was

monitored to follow the rate of lysis. To determine the appa-

rent growth rate m just before adding the uncoupler, we

selected the last 20 min (5 time points) of the log-

normalized growth curves, and applied a standard least-

squares linear fit. Similarly, we applied the same regression
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to the first hour (12 time points) of the log-normalized lysis

curves to obtain the lysis rates reported in Fig. 7.

Sample preparation for AFM

Overnight cultures of the indicated strains were diluted into

fresh LB (containing or not 25 mM MgSO4) and grown at

378C. When cells reached OD600 � 0.4, 1 ml of culture was

harvested and allowed to settle for 20 min on a piranha

cleaned, cell-tak modified (Corning), glass bottom Petri dish

(WPI, Meyer et al., 2010). Unattached cells were washed

away and the attached cells covered with culture medium

for further analysis with AFM.

Atomic force microscopy

Imaging and force measurement were realized using a

Nanowizard 3 Atomic Force Microscope (JPK Instruments

AG, Berlin, Germany) coupled to a Zeiss inverted micro-

scope. Topographic images and elasticity cartography were

generated simultaneously using the Quantitative ImagingVR

(QI) mode with DNP cantilevers (0.06–0.24 N m21, Bruker)

in culture medium. The ramp size and speed were set at

400 mm and 25 mm s21 respectively and the maximum load

was 6 mN, maps of 128 by 128 force curves were realized.

Calibration of the probe was carried out by measuring the

deflection sensitivity on glass surface and spring constant

was determined using the thermal tune method. Young

moduli were calculated by fitting force curves with the

Sneddon model using the JPK software.

Electron microscopy

For transmission electron microscopy (TEM), cells were

harvested at the desired OD600 by centrifugation, washed

two times with PBS and fixed in 2% glutaraldehyde and

0.1 M sodium cacodylate buffer pH 7.2, for 2 h at room

temperature. Subsequent steps were performed mainly as

described in (Rueff et al., 2014). TEM observations were

done at the Microscopy and Imaging Platform MIMA2,

INRA of Jouy-en-Josas, France.

Disk diffusion assays

Disk diffusion assays were performed as follows. Petri

plates containing LB medium were covered with 5 ml of

soft agar in which 200 ll of exponentially growing cells

(OD600 5 0.2–0.4) of the strain being tested were resus-

pended. The plates were allowed to dry briefly in a laminar

flow hood before 6 mm paper disks (Whatman) containing

25 ll of antibiotic solution were placed on the disks (cefur-

oxime 8 mg ml21, ciprofloxacin 100 lg ml21, D-cycloserine

16 mg ml21, CCCP 2.25 mg ml21, fusidic acid, 12.8 lg

ml21, methicillin 12.5 mg ml21, penicillin 8 mg ml21, rifam-

picin 128 lg ml21, tunicamycin 375 lg ml21, vancomycin

0.5 lg ml21). The plates were incubated at 378C overnight

and the zones of inhibition were measured by ImageJ after

scanning the plates. Two disks were used per antibiotic and

per plate. The values reported in Fig. 8 are an average of

three independent experiments.
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