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Summary

Peptidoglycan performs the essential role of resisting
turgor in the cell walls of most bacteria. It determines
cell shape, and its biosynthesis is the target for many
important antibiotics. The fundamental chemical
building blocks of peptidoglycan are conserved:
repeating disaccharides cross-linked by peptides.
However, these blocks come in many varieties and can
be assembled in different ways. So beyond the funda-
mental similarity, prodigious chemical, organizational
and architectural diversity is revealed. Here, we track
the evolution of our current understanding of peptido-
glycan and underpinning technical and methodologi-
cal developments. The origin and function of chemical
diversity is discussed with respect to some well-
studied example species. We then explore how this
chemistry is manifested in elegant and complex pep-
tidoglycan organization and how this is interpreted in
different and sometimes controversial architectural
models. We contend that emerging technology brings
about the possibility of achieving a complete under-
standing of peptidoglycan chemistry, through archi-
tecture, to the way in which diverse species and
populations of cells meet the challenges of maintain-
ing viability and growth within their environmental
niches, by exploiting the bioengineering versatility of
peptidoglycan.

Introduction

Peptidoglycan is a component of nearly all bacterial cell
walls and has a variety of functions. It is a huge single
molecule (sacculus) surrounding the cytoplasmic mem-
brane, and as such it enables the cell envelope to resist
the turgor resulting from the difference in composition
between the cytoplasm and the external environment.
Furthermore, peptidoglycan is the anchoring point for pro-
teins and other polymers. Another common function is
interaction with a host: fragments of peptidoglycan shed
by commensal or pathogenic bacteria being recognized
by the immune system. The observed characteristics of
peptidoglycan (chemistry, structure, architecture and
mechanical properties) are the result of a series of possi-
ble reactions which can occur both in the cytoplasm and in
the cell wall itself (Fig. 1A).

The basic peptidoglycan precursor is broadly con-
served across species, consisting of disaccharides of
N-acetylglucosamine and N-acetylmuramic acid carrying
short peptides (Fig. 1B), but the chemistry and architec-
ture of the final peptidoglycan cell wall are diverse. High
performance liquid chromatography (HPLC) analysis has
revealed a great chemical repertoire of peptidoglycan
subunits even within an isogenic population (Vollmer
et al., 2008a; Desmarais et al., 2013). Numerous studies
have shown large scale ‘architectural’ features comprised
of peptidoglycan on the surface of living cells, or as con-
stituents of sacculi, and these differ between species and
stages in the cell cycle (Amako et al., 1982; Touhami
et al., 2004; Plomp et al., 2007; Hayhurst et al., 2008;
Andre et al., 2010; Turner et al., 2010; 2013; Wheeler
et al., 2011). These features range in size from tens of
nanometers to micrometers. Peptidoglycan polymers are
arranged to fulfil their functions on a length scale between
that of these features and the subnanometer scale of
muropeptide chemistry. Recently, application of tech-
niques such as Electron Cryo Tomography (ECT) and
Atomic Force Microscopy (AFM) have made molecular
organization on these length scales easier to address
directly (Li and Jensen, 2009; Dupres et al., 2010).
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Others have reviewed peptidoglycan chemistry and
structural models (Vollmer et al., 2008a; Vollmer and
Seligman, 2010; Desmarais et al., 2013), chemical
modification of peptidoglycan (Vollmer, 2008) and the
role of regulatory proteins and mechanical forces in
peptidoglycan synthesis and hydrolysis (Typas et al.,
2012). Here, we do not re-iterate this, neither do we
discuss models of cell growth, except where particularly
relevant. Instead, we illustrate the diversity of peptidog-
lycan structure, chemistry and architecture. We discuss
the genesis of current models of peptidoglycan arrange-
ment and how they have evolved with new data. Rather
than try to cover every species, we will discuss the
cases of Staphylococcus aureus, Bacillus subtilis and
Escherichia coli in detail as these have been most
heavily studied.

A time traveller’s guide to peptidoglycan structure

Most of the structural work on peptidoglycan pertains to
E. coli. Planar (glycan strands running parallel to the mem-
brane) and perpendicular (much like the later scaffold
model) models were first articulated in the early 1970s
(Braun et al., 1973). Three assumptions were presented
that should hold unless contradicted by experimental evi-
dence. Briefly, these were (i) peptidoglycan has a regular
structure, (ii) polysaccharide chains run in parallel, and
(iii) the spatial relationship between peptide side-chains is
constant so that biosynthetic enzymes are presented
with a consistent stereochemistry. On the basis of these

assumptions and the measured thickness of the peptido-
glycan layer in E. coli, a planar crystalline model was
adopted with the caveat that there would also be less
dense arrangements present in the sacculus between the
crystalline areas. The model accounted for an experimen-
tally determined 15–30% cross-linking of peptides, all of
which were placed in-plane, but at the time no information
on glycan strand length was available. It was proposed that
this model could be extended to all Gram-negatives and
many layers of this material could stack up to form Gram-
positive peptidoglycan. Subsequent electron microscopy
of B. subtilis sacculi showed circumferential features, too
large to be glycans, but which were explained in terms of
circumferential orientation of glycans (Fig. 2A, Verwer
and Nanninga, 1976). This model is still widely accepted
and can be found in textbooks, despite many subsequent
discoveries.

Shortly after the planar crystalline model was proposed,
a pair of thorough X-ray scattering studies of many organ-
isms including E. coli, B. subtilis and S. aureus gave a
strong indication that peptidoglycan is not a crystalline
material (Burge et al., 1977a,b). The main periodicity
identified was associated with the helical periodicity of the
glycans such that disaccharide motifs have a spacing of
0.98 nm. A helical arrangement with fourfold symmetry
was proposed for the glycans such that alternate peptides
would be parallel, then perpendicular to a plane tangential
to the cell surface. As a result of this, only half of the
peptides might be in-plane and available to form cross-
links in a single layered sacculus.

Fig. 1. A. The general process by which peptidoglycan is generated. Broadly conserved precursors may be modified and are then inserted
into the sacculus, which can be modified and/or hydrolysed resulting in a diversity of measurable characteristics.
B. Simplified peptidoglycan chemistry pertaining to many Gram-negative and some Gram-positive species. GlcNAc, N-acetylglucosamine;
MurNAc, N-acetylmuramic acid; L-Ala, L-Alanine; D-Glu, D-Glutamic acid; A2pm, meso-Diaminopimelic acid; D-Ala, D-Alanine.

The diversity of peptidoglycan 863

© 2014 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd., Molecular Microbiology, 91, 862–874



The X-ray scattering evidence sparked debate about
the level of order present in peptidoglycan and one might
have thought that direct measurement of strand organiza-
tion through imaging would resolve this. However, Trans-
mission Electron Microscopy (TEM) of negatively stained
E. coli sacculi did not reveal direct evidence of glycan
strand arrangement. Early experiments in which sacculi
were partially digested with enzymes targeting specific
bonds (Fig. 2B), or broken by sonication prior to imaging
(Fig. 2C), led to the conclusion that glycan strands were
circumferentially oriented (Verwer et al., 1978; 1980).
However, conflicting evidence was obtained in later
studies (de Pedro et al., 1997; Koch, 1998 – compared
Fig. 2B and Fig. 2D), which show similar effects from
enzymes targeting different bonds. Nonetheless, when
AFM measurements on sacculi showed a higher elastic
modulus (i.e. lower elasticity) in the circumferential direc-

tion than the longitudinal axis, this was taken to be evi-
dence for circumferential orientation of glycans (Yao et al.,
1999).

Concurrently with some of this work, freeze etch elec-
tron microscopy revealed surprising surface features
associated with the peptidoglycan of S. aureus, suggest-
ing a far more complex and heterogeneous arrangement
of peptidoglycan than had been proposed previously
(Fig. 3A, Amako et al., 1982); work later validated by AFM
imaging of the surface of living and dividing cells (Fig. 3B,
Touhami et al., 2004).

The dawn of the muropeptide

Although pioneering work had revealed the peptidoglycan
precursor (Park and Johnson, 1949) and established
the biochemical diversity of peptidoglycan (Schleifer and

Fig. 2. TEM images of sacculi.
A. B. subtilis, sacculi broken by sonication, teichoic acids extracted, 37 000× magnification (Verwer and Nanninga, 1976).
B. E. coli partially digested with an endopeptidase breaking inter-peptide bonds (Verwer et al., 1978).
C. E. coli broken by sonication (Verwer et al., 1980).
D. E. coli partially digested with Cellosyl breaking intra-glycan bonds (de Pedro et al., 1997). A partial digestion with lysozyme (also breaks
intra-glycan bonds) had previously been reported to leave no oriented features.
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Kandler, 1972), prior to 1988 our knowledge of peptidog-
lycan chemistry in the sacculus was largely derived from
biochemical techniques that addressed the entire popula-
tion of muropeptides at once. For example, one could
analyse the amino acids/sugars and small fragments
released by partial or complete hydrolysis of sacculi.
HPLC muropeptide analysis revolutionized the study of
peptidoglycan by enabling the muropeptide population to
be separated based on chemical properties (Glauner
et al., 1988). This meant that composition could be
addressed in terms of larger building blocks i.e. those
manipulated by penicillin-binding proteins (PBPs), hydro-
lases and other enzymes that act within the cell wall,
rather than the cytoplasmic raw materials. By combining
HPLC with genetic knockouts or digestion of sacculi with
recombinant enzymes, it has been possible to assign
roles to many of the genes involved in peptidoglycan
biochemistry. On the basis of this knowledge, it is gener-
ally possible to look at a muropeptide profile and postulate
how a particular muropeptide came to be. For example, a
disaccharide–tetrapeptide monomer in B. subtilis is pre-
sumably the work of DacA, which removes the terminal
D-alanine (Atrih et al., 1999), or of an endopeptidase
cleaving in DD-cross-links.

Reverse phase HPLC requires that peptidoglycan is
extracted from a (rather large) population of bacteria,
digested with an enzyme, reduced and pumped through
a column which separates the resulting fragments based
on their chemical properties with a strong emphasis on
hydrophobicity (Desmarais et al., 2013). The result is a
population average, and there is always some material in
the sample that cannot be resolved by the column.
However, on the basis of this kind of data it is clear that
while the muropeptides have a common precursor they
are wildly diverse between species, within a sacculus and
across a population. This is true of S. aureus (de Jonge
et al., 1992), B. subtilis (Atrih et al., 1999) and E. coli
(Glauner et al., 1988).

Peptidoglycan is often compared using the metrics
of degree of cross-linking [i.e. (1/2 × Σdimers + 2/3 ×
Σtrimers + 3/4 × Σtetramers)/all muropeptides)] and

glycan strand length.Arange of cross-linking degrees have
been measured for a variety of E. coli strains from 31–61%
(Vollmer and Seligman, 2010). This is consistent with
the degree of cross-linkage proposed in earlier structural
models (Burge et al., 1977a,b). For exponentially growing
B. subtilis it is 56%, in stationary phase 64% and in spores
a remarkably low 3% (Atrih et al., 1996; 1999). In S. aureus
strains it varies between the high values of 74–92%
(Snowden and Perkins, 1990; de Jonge et al., 1992;
Boneca et al., 2000).

Glycan strand length can be analysed by determining
the proportion of anhydro-disaccharide-containing muro-
peptides within a sample of muramidase digested mate-
rial (Glauner et al., 1988). In several species, mostly
Gram-negatives, these muropeptides indicate strand
ends, so a higher proportion means shorter strands. Alter-
natively, glycan chains can be released from the peptides
by an amidase and separated by reverse phase HPLC
(Harz et al., 1990; Boneca et al., 2000) or size exclusion
HPLC (Hayhurst et al., 2008). As with muropeptide pro-
files, strand length differs between species. In E. coli,
average strand lengths between 18 and 60 disaccharides
have been reported (Vollmer et al., 2008a). In S. aureus,
strands have on average 6 disaccharides (Boneca et al.,
2000). In B. subtilis some glycan strands are too long to
be resolved by HPLC, in this case Atomic Force Micros-
copy (AFM) was applied to measure strands (Hayhurst
et al., 2008). In this species they are up to 5 μm (corre-
sponding to ∼5000 disaccharide units), and in some
species of ovococci (Wheeler et al., 2011; Bui et al., 2012)
there are strands in excess of 100 disaccharides in length
(exact lengths not determined). Notably in Helicobacter
pylori glycan strands are short: many strands have 6
disaccharides or less (Chaput et al., 2007).

Vive la différence: explaining the diversity of
peptidoglycan chemistry

Peptidoglycan monomers are synthesized as lipid-linked
precursors (lipid II) which are flipped from the inner to the
outer leaflet of the cytoplasmic membrane (Mohammadi

Fig. 3. Freeze etch SEM (A) and AFM (B)
images of the surface of intact S. aureus.
Scale bars: (A) 500 nm; arrows indicate thick
boundary line, (B) 50 nm (Amako et al., 1982;
Touhami et al., 2004).
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et al., 2011) before being inserted into the pre-existing
sacculus by PBPs. These monomers are disaccharide–
pentapeptides, with interspecies differences in peptide
composition. Chemical modification of peptidoglycan has
been covered thoroughly in the literature and illustrative
details can be found in recent reviews (Vollmer, 2008;
Vollmer et al., 2008a,b). In general, many Gram-positive
Firmicutes have an L-lysine in position 3, whereas
most Gram-negative proteobacteria have a meso-
diaminopimelic acid. Bacillus and Clostridia species are
notable exceptions to this, having Gram-negative
style meso-diaminopimelic acid which, unlike in Gram-
negatives, becomes amidated in most of the subunits
(Vollmer et al., 2008a). The second amino group on the
L-lysine or meso-diaminopimelic acid residue enables
cross-linking via an amide bond to another peptide. This is
not a universal mechanism and there are other forms of
cross-linking. For example in some species, notably
among the staphylococci and ovococci, cross-links are via
an additional peptide bridge (Vollmer et al., 2008a). Even
before lipid II is flipped, the precursor can be subject to
modification. Important modifications to S. aureus lipid II
are (i) the addition of the pentaglycine ‘branch’ by three
Fem-type amino acid transferases that are critical, as
S. aureus is unable to form direct cross-links between the
peptides (Rohrer et al., 1999; Hübscher et al., 2007) and
(ii) the amidation of glutamic acid by the amidotransferase
MurT/GatD to form glutamine, that is essential in
S. aureus (Figueiredo et al., 2012; Münch et al., 2012)
and S. pneumoniae; in the latter the PBPs require glu-
tamine residues to perform cross-linking reactions (Zapun
et al., 2013).

Typically the initial cross-linking reaction liberates the
terminal D-alanine of the donor molecule creating a penta-
tetrapeptide containing dimer, a penta-tetra-tetrapeptide
containing trimer or related higher cross-linked multimers.
So in general at this stage there are few possible
muropeptide products: an un-cross-linked pentapeptide
monomer and cross-linked species with penta and tetra-
peptides, and such peptides are seen in HPLC muropep-
tide analyses. However we have discussed that, for
example in S. aureus, incomplete glutamic acid amidation
and addition of glycines means that there are already many
more possible muropeptides. This small set of muropep-
tides are the substrates for a battery of enzymes which can
chemically modify peptidoglycan or break internal bonds
(peptidoglycan hydrolases). The action of these enzymes
results in further muropeptide diversity.

In S. aureus, a major chemical modification that occurs
in the cell wall is O-acetylation of N-acetylmuramic acid
(Bera et al., 2005), resulting in muramic acid which is both
N- and O-acetylated. Catalysed by the integral membrane
protein OatA, this modification contributes to lysozyme
resistance.

In B. subtilis, major modifications are de-N-acetylation
of N-acetylglucosamine and N-acetylmuramic acid
(Zipperle et al., 1984; Atrih et al., 1999), and alteration of
N-acetylmuramic acid to contain a δ-lactam ring in spore
cortex peptidoglycan (Atrih et al., 1996; Popham et al.,
1996). De-N-acetylation leads to increased resistance to
lysozyme. One enzyme that executes de-N-acetylation is
PdaA (Blair and van Aalten, 2004; Fukushima et al.,
2005), which presumably acts in the cell wall rather than
the cytoplasm (Vollmer and Tomasz, 2000). δ-lactam
formation requires prior de-N-acetylation by PdaA and
is executed by CwlD, presumably in the spore cortex
(Sekiguchi et al., 1995; Gilmore et al., 2004).

In E. coli, as with many Gram-negative bacteria, glycan
strands are terminated with 1,6-anhydromuramic acid
(Höltje, 1998), likely to be largely a result of lytic transgly-
cosylase activity (Höltje et al., 1975).

Peptidoglycan hydrolases are the remaining factors in
generating peptidoglycan diversity. This area has been
reviewed thoroughly (Vollmer et al., 2008b; van Heijenoort,
2011) and while B. subtilis, S. aureus and E. coli have
different palettes of enzymes, they are able to act on a
similarly broad range of cleavage sites. Hydrolases have
diverse functions and affect muropeptides primarily by
splitting and truncating peptide side-chains; they affect
glycan strand length by creating shorter strands.

In general, it is possible to interpret all of the peaks in a
HPLC muropeptide profile in terms of a history of sequen-
tial activities of the types of enzyme discussed here.
However, despite this knowledge we are generally unable
to assign muropeptides to particular subcellular locations,
stages in the cell cycle or members of a population, due to
the sample-averaging nature of HPLC.

Scaffold model controversy

By the mid-1990s, much was known about muropeptide
chemistry and glycan strand length had been determined
in some organisms, but orthodox models of peptidoglycan
structure were open to challenge. A neutron scattering
study provided evidence that E. coli peptidoglycan has
more than one layer (Labischinski et al., 1991), although
this is disputed in light of ECT images (Gan et al., 2008).
In a testament to the scarcity and conflicting nature of
structural data, there was sufficient ambiguity over pepti-
doglycan structure that a scaffold model in which glycan
strands are oriented perpendicular to the membrane
(Dmitriev et al., 2003; 2004) could be proposed. This
could be rapidly discounted for E. coli (Vollmer and Höltje,
2004) on the basis that the average glycan strand is too
long to fit within the periplasm if oriented perpendicular to
the membranes (Harz et al., 1990). However, in some
Gram-positive bacteria (including S. aureus) the cell wall
is thick enough to accommodate the known length of the
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glycan strands in this orientation, leading to a scaffold
interpretation of NMR data derived from small, soluble
synthetic peptidoglycan fragments (Meroueh et al., 2006).

Imaging architecture: the direct approach

The peptidoglycan layer is the main determinant of bac-
terial shape. When sacculi are purified, they retain mor-
phological features such that it is easy to deduce the
approximate overall shape of the living cell. In addition to
this gross morphology, it is well established by decades of
electron microscopy that subcellular ‘architectural’ fea-
tures can be observed in some species. It is recent direct
evidence, largely from ECT and AFM that currently
shapes our understanding of peptidoglycan structure,
either by revealing strand orientation directly or by reveal-
ing architectural features from which structure may be
inferred. A major current challenge is visualization of both
glycan strands and cross-links within sacculi – this has
never been achieved.

B. subtilis

Rod-shaped cells of B. subtilis grow by elongation of the
cylindrical part of the cell followed by septation. Peptido-
glycan is inserted in an apparent helical pattern during
elongation (Daniel and Errington, 2003; Tiyanont et al.,
2006). The insertion pattern during septation has not
been determined. B. subtilis is also capable of sporula-
tion, which follows asymmetric septation.

Peptidoglycan organization in B. subtilis had long been
assumed to take the form of layers of material where
glycan strands run parallel to the membrane and circum-
ferentially relative to the cell (Koch, 1995). AFM observa-
tions (Fig. 4B, Hayhurst et al., 2008) of the inner and outer
surfaces of sacculi showed that in the cylindrical body of
the cell fat, discontinuous bands of material much wider
than glycans run circumferentially (Fig. 4B). In some
cases of broken sacculi these bands remained intact and
formed links between sections of sacculi. In the septum, a
different architecture was observed: a thick outer band
surrounded a spiral or centripetal rings on the septal disc
itself (Fig. 4B). Higher resolution imaging of the bands
seen in the cylindrical body revealed cross striations with
an approximately 25 nm periodicity. This led to the inter-
pretation that each band was a flattened cable of pepti-
doglycan (Fig. 4C). Partial hydrolysis of outer surface
material was put forward for an explanation of why the
cables appeared more distinct on the inside of the saccu-
lus (more hydrolysis occurs at the outer surface (Smith
et al., 2000). The cable concept indicates that the very
long (>5 μm) glycan strands present in this species are
packaged in such a way that they could be inserted in
short helical segments with a length less than that of the

circumference of the cell (Fig. 4B). A proposal was made
that ropes consisting of a few glycans are coiled into the
cables in order to package the long strands, however
definitive determination of the internal structure is not
possible without a means of direct visualization.

The features clearly visible in AFM images of the cylin-
drical part of B. subtilis sacculi and interpreted as cables
are not apparent in electron cryo-microscopy (ECM) or
ECT images of the cell wall or of sacculi (Matias and
Beveridge, 2005; Beeby et al., 2013). Contrast (signal-to-
noise ratio) limitations may make it difficult to visualize any
internal organization of peptidoglycan in B. subtilis using
these techniques. Nonetheless, peptidoglycan thickness
was observed not to be uniform and rough textured
(perhaps circumferential) outer surface features were
visible in ECT images. Some of these appear superficially
similar to those seen by AFM and may be related to those
observed previously by TEM (Fig. 2A, Verwer and
Nanninga, 1976).

The lack of direct visualization of the internal structure
of the proposed cables and the absence of distinct cables
in ECM and ECT images has led to an argument that they
do not exist (Beeby et al., 2013). Molecular dynamics
simulations comparing planar and scaffold models show
that the planar model agrees best with the way in which
peptidoglycan fragments fold after breaking of sacculi, as
visualized by ECT. However, it is not clear how such a
model would accommodate available AFM data, particu-
larly the evidence for very long glycan strands.

S. aureus

The presence of heterogeneity in the surface structures of
S. aureus is very well established. In some strains the
peptidoglycan is relatively well exposed and unobscured
by capsular material or appendages (although still con-
taining teichoic acids). Images of freeze etched S. aureus
revealed two distinct surface textures demarked by thick
lines (Amako et al., 1982; Giesbrecht et al., 1998). The
surface textures were recapitulated in AFM images of
living cells (Touhami et al., 2004) and ultimately deter-
mined to be comprised of peptidoglycan (Turner et al.,
2010). One of these textures is described as either con-
centric rings or spirals, the other as rough or knobbly.

S. aureus is a nominally spherical organism that lays
down a division septum to create two hemispherical
daughter cells. These then grow into spheres and the
process is repeated on orthogonal planes. Peptidoglycan
insertion apparently occurs only during septation (Pinho
and Errington, 2005) and is therefore associated with the
ring or spiral surface architecture (Fig. 4B). The volume of
the septal disc of peptidoglycan is lower than that of the
hemispherical shell which it becomes, so the material
must rearrange and reduce in density to take up this new
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Fig. 4. Peptidoglycan architecture in B. subtilis, S. aureus and E. coli.
A. Metrics of peptidoglycan for comparison. Ranges are lowest and highest values identified in the literature (Vollmer and Seligman, 2010;
Wheeler et al., 2011). In S. aureus and E. coli these are average values, in B. subtilis they are a representative of the overall range.
B. AFM gallery of sacculi comprising images comprising multiple sacculi per field, and key architectural details specific to each species
(Hayhurst et al., 2008; Turner et al., 2010; 2013).
C. Interpretive diagrams drawn from yellow rectangles marked in ‘B’.
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shape as the cell expands. Mature peptidoglycan has
a knobbly surface, so the peptidoglycan in the rings
becomes rearranged into knobbles as expansion takes
place (Fig. 4B). We hypothesize that this growth is facili-
tated by the action of peptidoglycan hydrolases, some of
which are known to be septally located (Yamada et al.,
1996), and by turgor pressure induced strain. Separating
the septal and mature regions of peptidoglycan is a thick
line of material, which when visualized by AFM appeared
to have a ‘piecrust’ surface texture (Fig. 4B). These pie-
crust structures are bisected during consecutive rounds of
division and are posited to have a role in establishing cell
polarity (Turner et al., 2010).

While there is a wealth of direct evidence from micros-
copy illustrating the surface of S. aureus peptidoglycan,
no direct visualization of the interior has been possible.
Evidence from solid state NMR indicates that despite the
quite disorganized surface, regions exhibiting a high
level of local order are nonetheless present within the
material (Kim et al., 2013). Perhaps hydrolases act
between these highly ordered regions and the regions
themselves are associated with the observed surface
knobbles. Alternatively, the presence of ordered regions
might be explicable in terms of nascent peptidoglycan
having a different level of order compared with mature
material.

There is no evidence from the study of sacculi to
suggest any overall glycan strand orientation which might
validate the broadly applied planar or scaffold models of
peptidoglycan structure (Dmitriev et al., 2004) for this
species of bacteria.

E. coli

As a Gram-negative bacterium, E. coli has a much thinner
layer of peptidoglycan than S. aureus or B. subtilis
(Vollmer and Seligman, 2010). This has made it more
tractable to high resolution imaging techniques in terms of
determination of internal structure. ECT of E. coli sacculi
revealed ‘tubes of density mostly in the plane of the sac-
culus and roughly perpendicular to the long axis of the
cell’ (Gan et al., 2008). These were interpreted to be
glycan strands as they were, in general, longer than would
be expected for peptide cross bridges which are the other
structures one might expect to see. This demonstrated
that the scaffold model is absolutely not applicable to
Gram-negatives (Dmitriev et al., 1999), which backs up
the argument that glycan strands are too long to fit within
the Gram-negative cell wall if arranged perpendicular to
the membranes (Vollmer and Höltje, 2004). ECT data
indicates that peptidoglycan organization is quite uniform
across the sacculus.

Recent AFM of E. coli sacculi (Turner et al., 2013) sup-
ports many of the conclusions drawn from ECT. However,

high resolution AFM images and in situ imaging of diges-
tion of sacculi revealed features running parallel to the
plane of the sacculus, but in many directions relative to its
long axis. Also observed were bands of porosity running
roughly circumferentially around the sacculi (Fig. 4B). This
resulted in three key differences in conclusions: (i) glycans
have no overall orientation relative to the cell, (ii) peptido-
glycan is organized into bands of greater or lesser porosity
which have an overall circumferential orientation, and (iii)
thickness varies across the sacculus. These bands were
proposed to define regions more or less available for
insertion of new peptidoglycan, which is dependent on
interactions between Lpo proteins in the outer membrane
and PBPs in the inner membrane (Paradis-Bleau et al.,
2010; Typas et al., 2010). It has been hypothesized that the
activation of PBPs by outer-membrane proteins is a means
to make peptidoglycan synthesis responsive to the prop-
erties of the pores (Turner et al., 2013) in the peptidogly-
can, thereby coupling peptidoglycan growth with cell
growth (Typas et al., 2012).

Septation

Septation is a different process in each of our three exam-
ples and this has strong implications for peptidoglycan
architecture. In S. aureus and vegetative B. subtilis it
follows a pattern common to Gram-positives in that a
septal disc is produced and then severed to liberate
daughter cells (Fig. 4A). However, in S. aureus septal disc
formation is preceded by formation of thick band of pep-
tidoglycan dubbed the ‘piecrust’ for its often crimped
surface texture. This is absent in B. subtilis septa
(compare panels in Fig. 4B). In S. aureus expansion of
the severed septal disc is thought to be the sole mecha-
nism of cell growth (Pinho and Errington, 2005; Turner
et al., 2010). In vegetative B. subtilis the septal disc
matures to form a cell pole.

In E. coli septation is a very different process. The cell
constricts due to the co-ordinated synthesis and cleavage
of septal peptidoglycan before forming two fully mature
opposing poles (Fig. 4A; de Pedro et al., 1997; Varma
et al., 2007; Uehara et al., 2010). E. coli septal and polar
peptidoglycan have not yet been studied in detail by AFM
or ECT. However, AFM does reveal a thickening of the
peptidoglycan at the leading edge of septum formation
(Fig. 4B).

Why and how is peptidoglycan so chemically diverse?

Our three case studies illustrate how diverse peptidogly-
can architecture is across different species, and how
much is still unknown about the way the sacculus is struc-
tured. However, there are even more unknowns when it
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comes to the way in which the sacculus is constructed
and how the diversity of chemical motifs within a popula-
tion of a single species maps onto architecture. As we
have seen, we can explain how muropeptides have come
about in terms of enzymatic pathways. We can also
explain why some of these are present, e.g. O-acetylation
in S. aureus imbues lysozyme resistance. However, many
of the motifs revealed through muropeptide analysis
cannot be explained in terms of biological function. One
example of this is the unknown function of the penta-
glycine cross-bridge in S. aureus. Another is the unknown
reason for some species utilizing lysine and others using
diaminopimelic acid to provide the amino group for cross-
linking.

We know that some muropeptides are not randomly
distributed across the sacculus. D-alanine-D-alanine
motifs are associated primarily with new insertion and
adopt a range of species specific localizations, as are
muropeptides containing artificially introduced D-amino
acids after pulse labelling (Kuru et al., 2012). It is pos-
sible that muropeptide chemistry could mark regions of
the sacculus as permissive or restrictive for insertion of
new material. For example, a region containing peptides
that are either already highly cross-linked or contain only
one or two amino acids would not be an efficient accep-
tor for transpeptidation. In the case of S. aureus, the
ring/spiral surface architecture is associated with high
levels of D-alanine-D-alanine motifs and the knobble
architecture with lower levels. Other unknown architec-
tural features are, for example, the orientation of neigh-
bouring glycan chains (parallel, anti-parallel or mixed)
and the localization of short/long glycan chains on the
sacculus, which is related to the distribution of glycan
chain ends.

The peptidoglycan sacculus is an inherited structure,
with some regions being several generations old. In
E. coli and B. subtilis, poles are anything between one
and in theory a large number of generations old, and in
the cylindrical part of the cell old material is dispersed
throughout the wall depending on insertion pattern and
turnover rate. In B. subtilis cables of peptidoglycan are
more apparent by AFM imaging on the inside of the sac-
culus than the outside – attributed to hydrolase activity
(Hayhurst et al., 2008). If one adopts a planar layered
model based on ECT and modelling evidence, again one
might expect chemical differences throughout the depth of
the wall. Links between chemistry and structure may be
particularly important at the poles, which are known to
have distinct chemistry (Obermann and Höltje, 1994; de
Pedro et al., 1997).

In S. aureus, orthogonal division leads to ‘sectoring’ of
the cell wall with smaller sectors being generally made
of older material (Turner et al., 2010). It is possible that
ageing of peptidoglycan leads to distinct chemistry or

conformation as the effects of modifying and hydrolysing
enzymes increasingly mask those of synthesis and
insertion.

Peptidoglycan structure – the missing link between
chemistry and architecture

Peptidoglycan has been the subject of much controversy
over the decades, in some part due to its importance for
bacterial life but also because it is the target for some of
our most important antibiotics. Advances in understanding
have consistently been underpinned by advances in
experimentation, such as HPLC and imaging technolo-
gies, and further breakthroughs will likely require more
technological leaps, most of which will be impossible to
foresee!

There are a small but growing palette of fluorescent
probes, which enable us to map moieties within the cell
wall or isolated sacculus. An expanded repertoire of
probes may allow us to address the biological function of
aspects of variation in peptidoglycan across species and
within the sacculus. Some probes may be combined with
super-resolution imaging techniques such as stochastic
optical reconstruction microscopy (STORM, Rust et al.,
2006; Heilemann et al., 2008; Turner et al., 2013) or
structured illumination microscopy (SIM, Gustafsson,
2005; Wheeler et al., 2011; Kuru et al., 2012) in order to
provide functional imaging on length scales similar to
those accessible to AFM or ECT. Some of these
approaches can be used in vivo. AFM and ECT both
have demonstrable maximum resolutions far in excess of
those which have been achieved in imaging peptidogly-
can and further work with these techniques will likely
yield more information on the fine structure of peptidog-
lycan and the way in which strands are arranged to form
the larger architectural features, such as ‘piecrusts’ in
S. aureus and ‘cables’ in B. subtilis. Variants of AFM can
be used to visualize individual polymer chains in ambient
conditions (Mullin and Hobbs, 2011) and even submo-
lecular detail (e.g. the benzene ring structure of penta-
cene) under high vacuum (Gross et al., 2009). These
technologies enabling direct imaging of peptidoglycan or
imaging of fluorescently labelled constituents at high
resolution have huge potential. However, we should not
overlook the power of indirect and ensemble measure-
ments, which can be coupled with qualitative and quan-
titative modelling. Advances in NMR have recently
yielded structural details on length scales far smaller
than those available to imaging approaches applied to
date (Kern et al., 2008; 2010; Sharif et al., 2009; Kim
et al., 2013) and further study with doubtless lead to
more insights. Optical microscopy has the distinct advan-
tage of allowing living cells to be studied in reasonably
large numbers and this has had an inestimable impact
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on bacterial cell biology in general. However, optical
microscopy can also be used to provide information
about cellular mechanical properties; for example by
imaging cells growing while embedded in polymers
(Tuson et al., 2012), in combination with AFM force
measurements (Deng et al., 2011) or optical trapping
(Wang et al., 2010). Where the mechanical properties of
the peptidoglycan can be successfully isolated from
those of other cell components, these techniques afford
an opportunity to constrain models of peptidoglycan
architectural dynamics in vivo that most of the direct
imaging techniques cannot.

Peptidoglycan architecture on the scale of tens to
hundreds of nm varies between species and within an
individual cell. In Gram-negative bacteria AFM and ECT
provide some level of access to the underlying structure,
and while the agreement between the two techniques is
not perfect, there are strong indications that peptidogly-
can organization is similar in all Gram-negatives
examined so far, albeit with some species specific char-
acteristics. However, in Gram-positives there is at
present no way of directly visualizing the interior struc-
ture of the sacculus. Here, there is great controversy as
authors propose radically different models of internal
structure based on the shape or surface features of the
sacculus images.

An overarching model of peptidoglycan covering all
bacteria is a very appealing prospect, and we have seen
that there are statements that can be made about pep-
tidoglycan that apply to all, or to groups of species.
However, when one begins to investigate the detail of
peptidoglycan chemistry and architecture, diversity is
soon revealed and we must be aware of the dangers of
over-generalizing. Much of our current data, particularly
on the internal structure of Gram-positive peptidoglycan,
is indirect, for example in the form of surface images, or
population averages. This sort of information puts con-
straints on the models we can put forward, but sadly
does not make it obvious what our models should be. In
this imperfect situation, it is critical proposed models are
not over-generalized and take into account all available
data.

New advances in high resolution imaging technology
bring forward the possibility of directly visualizing peptido-
glycan chemistry in situ. With this type of data we will
begin to connect chemistry with architecture and explain
the diversity of features that have been observed, yielding
further insights into this polymer, which is so important for
bacterial life and, through the action of antibiotics, for
human health.

Acknowledgements

The BBSRC provided financial support for this work.

References
Amako, K., Umeda, A., and Murata, K. (1982) Arrangement

of peptidoglycan in the cell wall of Staphylococcus spp. J
Bacteriol 150: 844–850.

Andre, G., Kulakauskas, S., Chapot-Chartier, M.-P., Navet,
B., Deghorain, M., Bernard, E., et al. (2010) Imaging the
nanoscale organization of peptidoglycan in living Lactococ-
cus lactis cells. Nat Commun 1: 27.

Atrih, A., Zollner, P., Allmaier, G., and Foster, S.J. (1996)
Structural analysis of Bacillus subtilis 168 endospore pep-
tidoglycan and its role during differentiation. J Bacteriol
178: 6173–6183.

Atrih, A., Bacher, G., Allmaier, G., Williamson, M.P., and
Foster, S.J. (1999) Analysis of peptidoglycan structure
from vegetative cells of Bacillus subtilis 168 and role of
PBP 5 in peptidoglycan maturation. J Bacteriol 181: 3956–
3966.

Beeby, M., Gumbart, J., Roux, B., and Jensen, G. (2013)
Architecture and assembly of the Gram-positive cell wall.
Mol Microbiol 88: 664–672.

Bera, A., Herbert, S., Jakob, A., Vollmer, W., and Götz, F.
(2005) Why are pathogenic Staphylococci so lysozyme
resistant? The peptidoglycan O-acetyltransferase OatA is
the major determinant for lysozyme resistance of Staphy-
lococcus aureus. Mol Microbiol 55: 778–787.

Blair, D., and van Aalten, D. (2004) Structures of Bacillus
subtilis PdaA, a family 4 carbohydrate esterase, and
a complex with N-acetyl-glucosamine. FEBS Lett 570:
13–19.

Boneca, I., Huang, Z.-H., Gage, D., and Tomasz, A. (2000)
Characterization of Staphylococcus aureus cell wall glycan
strands, evidence for a new beta-N-acetylglucosaminidase
activity. J Biol Chem 275: 9910–9918.

Braun, V., Gnirke, H., Henning, U., and Rehn, K. (1973)
Model for the structure of the Shape-maintaining layer of
the Escherichia coli cell envelope. J Bacteriol 114: 1264–
1270.

Bui, N.K., Eberhardt, A., Vollmer, D., Kern, T., Bougault, C.,
Tomasz, A., et al. (2012) Isolation and analysis of cell
wall components from Streptococcus pneumoniae. Anal
Biochem 421: 657–666.

Burge, R.E., Adams, R., Balyuzi, H.H.M., and Reaveley, D.A.
(1977a) Structure of the peptidoglycan of bacterial cell
walls. II. J Mol Biol 117: 955–974.

Burge, R.E., Fowler, A.G., and Reaveley, D.A. (1977b) Struc-
ture of the peptidoglycan of bacterial cell walls. I. J Mol Biol
117: 927–953.

Chaput, C., Labigne, A., and Boneca, I. (2007) Characteriza-
tion of Helicobacter pylori lytic transglycosylases Slt and
MltD. J Bacteriol 189: 422–429.

Daniel, R., and Errington, J. (2003) Control of cell morpho-
genesis in bacteria: two distinct ways to make a rod-
shaped cell. Cell 113: 767–776.

Deng, Y., Sun, M., and Shaevitz, J. (2011) Direct measure-
ment of cell wall stress stiffening and turgor pressure in live
bacterial cells. Phys Rev Lett 107: 158101.

Desmarais, S., De Pedro, M., Cava, F., and Huang, K.C.
(2013) Peptidoglycan at its peaks: how chromatographic
analyses can reveal bacterial cell wall structure and
assembly. Mol Microbiol 89: 1–13.

Dmitriev, B., Ehlers, S., and Rietschel, E.T. (1999) Layered

The diversity of peptidoglycan 871

© 2014 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd., Molecular Microbiology, 91, 862–874



murein revisited: a fundamentally new concept of bacterial
cell wall structure, biogenesis and function. Med Microbiol
Immunol (Berl) 187: 173–181.

Dmitriev, B., Toukach, F., Schaper, K.-J., Holst, O., Rietschel,
E., and Ehlers, S. (2003) Tertiary structure of bacterial
murein: the scaffold model. J Bacteriol 185: 3458–3468.

Dmitriev, B., Toukach, F., Holst, O., Rietschel, E.T., and
Ehlers, S. (2004) Tertiary structure of Staphylococcus
aureus cell wall murein. J Bacteriol 186: 7141–7148.

Dupres, V., Alsteens, D., Andre, G., and Dufrêne, Y. (2010)
Microbial nanoscopy: a closer look at microbial cell sur-
faces. Trends Microbiol 18: 397–405.

Figueiredo, T., Sobral, R., Ludovice, A., de Almeida, J., Bui,
N., Vollmer, W., et al. (2012) Identification of genetic deter-
minants and enzymes involved with the amidation of glu-
tamic acid residues in the peptidoglycan of Staphylococcus
aureus. PLoS Pathog 8: e1002508.

Fukushima, T., Kitajima, T., and Sekiguchi, J. (2005) A poly-
saccharide deacetylase homologue, PdaA, in Bacillus sub-
tilis acts as an N-acetylmuramic acid deacetylase in vitro. J
Bacteriol 187: 1287–1292.

Gan, L., Chen, S., and Jensen, G.J. (2008) Molecular organi-
zation of Gram-negative peptidoglycan. Proc Natl Acad Sci
USA 105: 18953–18957.

Giesbrecht, P., Kersten, T., Maidhof, H., and Wecke, J. (1998)
Staphylococcal cell wall: morphogenesis and fatal varia-
tions in the presence of penicillin. Microbiol Mol Biol Rev
62: 1371–1414.

Gilmore, M., Bandyopadhyay, D., Dean, A., Linnstaedt, S.,
and Popham, D. (2004) Production of muramic δ-Lactam in
Bacillus subtilis spore peptidoglycan. J Bacteriol 186:
80–89.

Glauner, B., Holtje, J.V., and Schwarz, U. (1988) The com-
position of the murein of Escherichia coli. J Biol Chem 263:
10088–10095.

Gross, L., Mohn, F., Moll, N., Liljeroth, P., and Meyer, G.
(2009) The chemical structure of a molecule resolved by
atomic force microscopy. Science 325: 1110–1114.

Gustafsson, M. (2005) Nonlinear structured-illumination
microscopy: wide-field fluorescence imaging with theoreti-
cally unlimited resolution. Proc Natl Acad Sci USA 102:
13081–13086.

Harz, H., Burgdorf, K., and Höltje, J.V. (1990) Isolation and
separation of the glycan strands from murein of Escheri-
chia coli by reversed-phase high-performance liquid chro-
matography. Anal Biochem 190: 120–128.

Hayhurst, E., Kailas, L., Hobbs, J., and Foster, S. (2008) Cell
wall peptidoglycan architecture in Bacillus subtilis. Proc
Natl Acad Sci USA 105: 14603–14608.

van Heijenoort, J. (2011) Peptidoglycan hydrolases of
Escherichia coli. Microbiol Mol Biol Rev 75: 636–663.

Heilemann, M., van de Linde, S., Schüttpelz, M., Kasper, R.,
Seefeldt, B., Mukherjee, A., et al. (2008) Subdiffraction-
resolution fluorescence imaging with conventional fluores-
cent probes. Angew Chem Int Ed Engl 47: 6172–6176.

Höltje, J.-V. (1998) Growth of the stress-bearing and shape-
maintaining murein sacculus of Escherichia coli. Microbiol
Mol Biol Rev 62: 181–203.

Höltje, J.V., Mirelman, D., Sharon, N., and Schwarz, U.
(1975) Novel type of murein transglycosylase in Escheri-
chia coli. J Bacteriol 124: 1067–1076.

Hübscher, J., Jansen, A., Kotte, O., Schäfer, J., Majcherczyk,
P., Harris, L., et al. (2007) Living with an imperfect cell wall:
compensation of femAB inactivation in Staphylococcus
aureus. BMC Genomics 8: 307.

de Jonge, B.L., Chang, Y.S., Gage, D., and Tomasz, A.
(1992) Peptidoglycan composition of a highly methicillin-
resistant Staphylococcus aureus strain. The role of penicil-
lin binding protein 2A. J Biol Chem 267: 11248–11254.

Kern, T., Hediger, S., Mu¨ller, P., Giustini, C.C., Joris, B.,
Bougault, C., et al. (2008) Toward the characterization of
peptidoglycan structure and protein-peptidoglycan interac-
tions by solid-state NMR spectroscopy. J Am Chem Soc
130: 5618–5619.

Kern, T., Giffard, M., Hediger, S., Amoroso, A., Giustini, C.,
Bui, N.K., et al. (2010) Dynamics characterization of fully
hydrated bacterial cell walls by solid-state NMR: evidence
for cooperative binding of metal ions. J Am Chem Soc 132:
10911–10919.

Kim, S., Singh, M., Preobrazhenskaya, M., and Schaefer, J.
(2013) Staphylococcus aureus peptidoglycan stem
packing by rotational-echo double resonance NMR spec-
troscopy. Biochemistry (Mosc) 52: 3651–3659.

Koch, A. (1998) Orientation of the peptidoglycan chains in the
sacculus of Escherichia coli. Res Microbiol 149: 689–
701.

Koch, A.L. (1995) Gram-poisitive rod shaped organisms:
Bacillus subtilis. In Bacterial Growth and Form. New York:
Chapman and Hall, pp. 219–249.

Kuru, E., Hughes, V., Brown, P., Hall, E., Tekkam, S., Cava,
F., et al. (2012) In situ probing of newly synthesized pepti-
doglycan in live bacteria with fluorescent D-amino acids.
Angew Chem Int Ed Engl 51: 12519–12523.

Labischinski, H., Goodell, E.W., Goodell, A., and Hochberg,
M.L. (1991) Direct proof of a ‘more-than-single-layered’
peptidoglycan architecture of Escherichia coli W7: a
neutron small-angle scattering study. J Bacteriol 173: 751–
756.

Li, Z., and Jensen, G. (2009) Electron cryotomography: a
new view into microbial ultrastructure. Curr Opin Microbiol
12: 333–340.

Matias, V., and Beveridge, T. (2005) Cryo-electron micros-
copy reveals native polymeric cell wall structure in Bacillus
subtilis 168 and the existence of a periplasmic space. Mol
Microbiol 56: 240–251.

Meroueh, S., Bencze, K., Hesek, D., Lee, M., Fisher, J.,
Stemmler, T., and Mobashery, S. (2006) Three-
dimensional structure of the bacterial cell wall peptidogly-
can. Proc Natl Acad Sci USA 103: 4404–4409.

Mohammadi, T., van Dam, V., Sijbrandi, R., Vernet, T., Zapun,
A., Bouhss, A., et al. (2011) Identification of FtsW as a
transporter of lipid-linked cell wall precursors across the
membrane. EMBO J 30: 1425–1432.

Mullin, N., and Hobbs, J. (2011) Direct imaging of polyethyl-
ene films at single-chain resolution with torsional tapping
atomic force microscopy. Phys Rev Lett 107: 197801.

Münch, D., Roemer, T., Lee, S., Engeser, M., Sahl, H., and
Schneider, T. (2012) Identification and in vitro analysis
of the GatD/MurT enzyme-complex catalyzing lipid II
amidation in Staphylococcus aureus. PLoS Pathog 8:
e1002509.

Obermann, W., and Höltje, J.V. (1994) Alterations of murein

872 R. D. Turner, W. Vollmer and S. J. Foster ■

© 2014 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd., Molecular Microbiology, 91, 862–874



structure and of penicillin-binding proteins in minicells from
Escherichia coli. Microbiology 140: 79–87.

Paradis-Bleau, C., Markovski, M., Uehara, T., Lupoli, T.,
Walker, S., Kahne, D., and Bernhardt, T. (2010) Lipoprotein
cofactors located in the outer membrane activate bacterial
cell wall polymerases. Cell 143: 1110–1120.

Park, J., and Johnson, M. (1949) Accumulation of labile phos-
phate in Staphylococcus aureus grown in the presence of
penicillin. J Biol Chem 179: 585–592.

de Pedro, M.A., Quintela, J.C., Holtje, J.V., and Schwarz, H.
(1997) Murein segregation in Escherichia coli. J Bacteriol
179: 2823–2834.

Pinho, M., and Errington, J. (2005) Recruitment of penicillin-
binding protein PBP2 to the division site of Staphylococcus
aureus is dependent on its transpeptidation substrates. Mol
Microbiol 55: 799–807.

Plomp, M., Leighton, T., Wheeler, K., Hill, H., and Malkin, A.
(2007) In vitro high-resolution structural dynamics of single
germinating bacterial spores. Proc Natl Acad Sci USA 104:
9644–9649.

Popham, D.L., Helin, J., Costello, C.E., and Setlow, P. (1996)
Analysis of the peptidoglycan structure of Bacillus subtilis
endospores. J Bacteriol 178: 6451–6458.

Rohrer, S., Ehlert, K., Tschierske, M., Labischinski, H., and
Berger-Bächi, B. (1999) The essential Staphylococcus
aureus gene fmhB is involved in the first step of peptidog-
lycan pentaglycine interpeptide formation. Proc Natl Acad
Sci USA 96: 9351–9356.

Rust, M., Bates, M., and Zhuang, X. (2006) Sub-diffraction-
limit imaging by stochastic optical reconstruction micros-
copy (STORM). Nat Methods 3: 793–795.

Schleifer, K.H., and Kandler, O. (1972) Peptidoglycan types
of bacterial cell walls and their taxonomic implications.
Bacteriol Rev 36: 407–477.

Sekiguchi, J., Akeo, K., Yamamoto, H., Khasanov, F.K.,
Alonso, J.C., and Kuroda, A. (1995) Nucleotide sequence
and regulation of a new putative cell wall hydrolase gene,
cwlD, which affects germination in Bacillus subtilis. J Bac-
teriol 177: 5582–5589.

Sharif, S., Singh, M., Kim, S., and Schaefer, J. (2009)
Staphylococcus aureus peptidoglycan tertiary structure
from carbon-13 spin diffusion. J Am Chem Soc 131: 7023–
7030.

Smith, T., Blackman, S., and Foster, S. (2000) Autolysins of
Bacillus subtilis: multiple enzymes with multiple functions.
Microbiology 146: 249–262.

Snowden, M., and Perkins, H. (1990) Peptidoglycan cross-
linking in Staphylococcus aureus. Eur J Biochem 191:
373–377.

Tiyanont, K., Doan, T., Lazarus, M., Fang, X., Rudner, D., and
Walker, S. (2006) Imaging peptidoglycan biosynthesis in
Bacillus subtilis with fluorescent antibiotics. Proc Natl Acad
Sci USA 103: 11033–11038.

Touhami, A., Jericho, M., and Beveridge, T. (2004) Atomic
force microscopy of cell growth and division in Staphylo-
coccus aureus. J Bacteriol 186: 3286–3295.

Turner, R., Ratcliffe, E., Wheeler, R., Golestanian, R., Hobbs,
J., and Foster, S. (2010) Peptidoglycan architecture can
specify division planes in Staphylococcus aureus. Nat
Commun 1: 26.

Turner, R., Hurd, A., Cadby, A., Hobbs, J., and Foster, S.

(2013) Cell wall elongation mode in Gram-negative bacte-
ria is determined by peptidoglycan architecture. Nat
Commun 4: 1496.

Tuson, H., Auer, G., Renner, L., Hasebe, M., Tropini, C.,
Salick, M., et al. (2012) Measuring the stiffness of bacterial
cells from growth rates in hydrogels of tunable elasticity.
Mol Microbiol 84: 874–891.

Typas, A., Banzhaf, M., van den Berg, van Saparoea, B.,
Verheul, J., Biboy, J., Nichols, R., et al. (2010) Regulation
of peptidoglycan synthesis by outer-membrane proteins.
Cell 143: 1097–1109.

Typas, A., Banzhaf, M., Gross, C., and Vollmer, W. (2012)
From the regulation of peptidoglycan synthesis to bacterial
growth and morphology. Nat Rev Microbiol 10: 123–136.

Uehara, T., Parzych, K., Dinh, T., and Bernhardt, T. (2010)
Daughter cell separation is controlled by cytokinetic ring-
activated cell wall hydrolysis. EMBO J 29: 1412–1422.

Varma, A., de Pedro, M., and Young, K. (2007) FtsZ directs a
second mode of peptidoglycan synthesis in Escherichia
coli. J Bacteriol 189: 5692–5704.

Verwer, R., and Nanninga, N. (1976) Electron microscopy of
isolated cell walls of Bacillus subtilis var. niger. Arch Micro-
biol 109: 195–197.

Verwer, R.W., Nanninga, N., Keck, W., and Schwarz, U.
(1978) Arrangement of glycan chains in the sacculus of
Escherichia coli. J Bacteriol 136: 723–729.

Verwer, R.W., Beachey, E.H., Keck, W., Stoub, A.M., and
Poldermans, J.E. (1980) Oriented fragmentation of
Escherichia coli sacculi by sonication. J Bacteriol 141:
327–332.

Vollmer, W. (2008) Structural variation in the glycan strands
of bacterial peptidoglycan. FEMS Microbiol Rev 32: 287–
306.

Vollmer, W., and Höltje, J.V. (2004) The architecture of the
murein (peptidoglycan) in gram-negative bacteria: vertical
scaffold or horizontal layer(s). J Bacteriol 186: 5978–5987.

Vollmer, W., and Seligman, S. (2010) Architecture of pepti-
doglycan: more data and more models. Trends Microbiol
18: 59–66.

Vollmer, W., and Tomasz, A. (2000) The pgdA gene encodes
for a peptidoglycan N-acetylglucosamine deacetylase in
Streptococcus pneumoniae. J Biol Chem 275: 20496–
20501.

Vollmer, W., Blanot, D., and de Pedro, M. (2008a) Peptidog-
lycan structure and architecture. FEMS Microbiol Rev 32:
149–167.

Vollmer, W., Joris, B., Charlier, P., and Foster, S. (2008b)
Bacterial peptidoglycan (murein) hydrolases. FEMS Micro-
biol Rev 32: 259–286.

Wang, S., Arellano-Santoyo, H., Combs, P., and Shaevitz, J.
(2010) Actin-like cytoskeleton filaments contribute to cell
mechanics in bacteria. Proc Natl Acad Sci USA 107: 9182–
9185.

Wheeler, R., Mesnage, S., Boneca, I., Hobbs, J., and Foster,
S. (2011) Super-resolution microscopy reveals cell wall
dynamics and peptidoglycan architecture in ovococcal bac-
teria. Mol Microbiol 82: 1096–1109.

Yamada, S., Sugai, M., Komatsuzawa, H., Nakashima, S.,
Oshida, T., Matsumoto, A., and Suginaka, H. (1996) An
autolysin ring associated with cell separation of Staphylo-
coccus aureus. J Bacteriol 178: 1565–1571.

The diversity of peptidoglycan 873

© 2014 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd., Molecular Microbiology, 91, 862–874



Yao, X., Jericho, M., Pink, D., and Beveridge, T. (1999) Thick-
ness and elasticity of Gram-negative murein sacculi
measured by atomic force microscopy. J Bacteriol 181:
6865–6875.

Zapun, A., Philippe, J., Abrahams, K., Signor, L., Roper, D.,
Breukink, E., and Vernet, T. (2013) In vitro reconstitution of

peptidoglycan assembly from the Gram-positive pathogen
Streptococcus pneumoniae. ACS Chem Biol 12: 2688–
2696.

Zipperle, G.F., Ezzell, J.W., and Doyle, R.J. (1984) Glu-
cosamine substitution and muramidase susceptibility in
Bacillus anthracis. Can J Microbiol 30: 553–559.

874 R. D. Turner, W. Vollmer and S. J. Foster ■

© 2014 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd., Molecular Microbiology, 91, 862–874


