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The bacterial cell wall is essential for viability and shape determi-
nation. Cell wall structural dynamics allowing growth and division,
while maintaining integrity is a basic problem governing the life of
bacteria. The polymer peptidoglycan is the main structural com-
ponent for most bacteria and is made up of glycan strands that are
cross-linked by peptide side chains. Despite study and speculation
over many years, peptidoglycan architecture has remained largely
elusive. Here, we show that the model rod-shaped bacterium
Bacillus subtilis has glycan strands up to 5 �m, longer than the cell
itself and 50 times longer than previously proposed. Atomic force
microscopy revealed the glycan strands to be part of a peptidogly-
can architecture allowing cell growth and division. The inner
surface of the cell wall has a regular macrostructure with �50
nm-wide peptidoglycan cables [average 53 � 12 nm (n � 91)]
running basically across the short axis of the cell. Cross striations
with an average periodicity of 25 � 9 nm (n � 96) along each cable
are also present. The fundamental cabling architecture is also
maintained during septal development as part of cell division. We
propose a coiled-coil model for peptidoglycan architecture encom-
passing our data and recent evidence concerning the biosynthetic
machinery for this essential polymer.

The major structural polymer in the cell walls of most eubacteria
is peptidoglycan, which is responsible for shape determination

and cellular viability. It is a complex polymer made up of glycan
strands of repeating disaccharide residues, cross-linked via peptide
side chains (1). It has a dynamic structure, continuously being
synthesized, modified, and hydrolyzed to allow for cell growth and
division, among many other roles (2). The peptidoglycan is essential
to allow a high internal osmotic pressure inside the cell to be
maintained. The crucial importance of this polymer is exemplified
by the range of antibiotics that specifically target its synthesis. These
include the �-lactams and glycopeptides, which have had such a
positive impact on human health. Much is now known about the
roles of multiple biosynthetic, modification, and autolysis enzymes
in peptidoglycan dynamics (2), and biochemical studies have re-
vealed that these systems result in a complex, mature peptidoglycan
structure (3, 4). Biochemical analysis generally requires hydrolysis
with a muramidase, resulting in release of muropeptide fragments.
However, any information as to the length of the glycan strands is
lost. An HPLC separation technique has been developed to spe-
cifically address the issue of glycan strand length (5). This has only
been applied to two organisms, and both were found to have
surprisingly short strands. In Escherichia coli, strands have an
average length of 21 disaccharide residues (5), and in Staphylococ-
cus aureus, they are even shorter at an average of 6 disaccharides,
much less than proposed (6, 7).

The classic model for peptidoglycan architecture suggests that
the glycan strands run parallel to the plasma membrane (8),
arranged perhaps as hoops or helices around the short axis of the
cell resulting in a woven fabric (9). However, the discovery of
very short glycan strands has led to the proposal of a ‘‘scaffold’’
model in which the strands are oriented vertically in respect to
the membrane (10, 11), although this hypothesis is controversial
(12). The application of high-resolution, atomic force micros-

copy (AFM) to the study of the structure of the outer surface of
S. aureus and Bacillus atrophaeus cell wall peptidoglycan reveals
a surface network of thin fibers (possibly of only a few glycan
strands) with large empty spaces in between (13, 14). This is
supported by an NMR structural analysis in which a ‘‘honey-
comb’’ architecture, based on the scaffold model, is proposed for
the peptidoglycan of E. coli (15).

Even though we understand a large amount about how
peptidoglycan is synthesized, modified, and hydrolyzed, how this
relates to its stress-bearing, dynamic structure is still largely
obscure. Also, how peptidoglycan architecture allows bacteria to
assume even relatively simple morphology, such as a rod, is
unknown. Any architectural model must also account for the
insertion of new material to permit cell growth. Random inser-
tion of nascent peptidoglycan in rod shaped organisms is un-
likely, especially because of the discovery of both helical tracking
of the biosynthetic machinery and vancomycin labeling of new
material in helices (16, 17). A helical model of insertion of cell
wall material has been discussed (12, 17–19) but remains un-
proven without direct architectural evidence.

Bacillus subtilis is a rod-shaped organism about which much is
known concerning structure and the function of the cell wall. The
chemistry of the cell wall peptidoglycan has been well established
(4), and an average glycan strand length of 96 disaccharides has
been proposed (7). Here, we have investigated the glycan strand
length of B. subtilis, finding a population of extremely long
strands. Furthermore, high-resolution AFM analysis has discov-
ered an unexpected and elegant peptidoglycan architecture. This
provides a model of cell wall architecture and presents exciting
opportunities to explain one of the most fundamental aspects of
bacterial growth and division.

Results and Discussion
Glycan Strand Length in B. subtilis. To determine the strand length
of the glycans in B. subtilis, a method was developed based on
that used for S. aureus (6). Purified peptidoglycan labeled with
N-acetyl [14C]glucosamine was digested overnight with the S.
aureus amidase Atl. This resulted in solubilization of 96 � 4%
(n � 5) of the radiolabeled peptidoglycan [see supporting
information (SI) Text]. Glycan strands were separated from
peptide side chains by using ion exchange chromatography and
the glycan fraction verified by using radiolabeled material (see
SI Text and Fig. S1). Peptidoglycan digestion using the Atl
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amidase, and thus, the absence of any remaining peptide cross-
links, was also confirmed by using both amino acid and mu-
ropeptide analysis of the ion exchange purified material (see SI
Text and Figs. S2 and S3). Using the established method of
reverse phase chromatography on the purified glycan material
(6) allowed resolution of S. aureus but not B. subtilis glycan
strands (data not shown). Size exclusion chromatography of the
B. subtilis glycan material revealed a broad mass distribution,
including �25% of radiolabeled glycan eluting at approximately
the same as the void volume of the column (Fig. 1A), indicating
a mass of �250 kDa or 500 disaccharides. Muramidase digestion
of the material into its constituent disaccharides resulted in the
expected loss of the high mass peak (Fig. 1 A). Radioactivity of
the column eluate corresponded to the absorbance peaks, con-
firming these as glycan material.

To resolve the glycan strand length, AFM was used on size
exclusion purified glycan (eluted at 10–12.5 min) (Fig. 1 A).
Surprisingly, individual glycan strands of up to 5 �m in length
were found (Fig. 1B and Fig. S4), corresponding to 5,000
disaccharides, because one disaccharide is �1 nm in length (20).
Measurement of 83 strands (Fig. 1C) from the size exclusion high
mass fraction (eluted at 10–12.5 min) (Fig. 1 A) gave an average
of 1.3 �m (1,300 disaccharides). Using an identical method to
that described for B. subtilis, glycan purified from S. aureus did
not reveal any strand-like features when imaged by using AFM
(data not shown). A Cellosyl-digested B. subtilis glycan sample,
as well as a buffer-only sample, was also lacking strands (data not
shown). Thus, B. subtilis has glycan strands up to 50 times longer

than determined by differential sodium borohydride labeling (7),
which could only show average strand length.

To visualize peptidoglycan distribution in whole cells, differential
lectin-labeling and fluorescence microscopy were used (Fig. 1D).
Cells were chemically extracted to remove accessory polymers
containing GlcNAc and treated with wheat germ agglutinin
(WGA), to label peptidoglycan associated GlcNAc residues (21), or
Griffonia simplicifolia lectin II (GSII), a lectin that specifically labels
nonreducing GlcNAc termini (22). Cells with shorter glycan strands
would, therefore, fluoresce more when labeled with GSII compared
with cells with longer strands. S. aureus, with an average glycan
strand length of six disaccharides (6), was used as a control. Cell
walls of B. subtilis have a much increased overall labeling with WGA
compared with GSII (Fig. 1D), whereas in S. aureus, relative levels
are comparable (Fig. 1E). The small proportion (�10%) of B.
subtilis cells demonstrating any GSII binding is most likely because
of partial lysis because �1% of cells are labeled in a sigD mutant
(data not shown). SigD is known to control autolysis and the
expression of several peptidoglycan hydrolases (23). Purified bro-
ken sacculi show the same differential lectin binding (data not
shown). Interestingly, WGA does not bind the peptidoglycan of B.
subtilis uniformly but shows cross striations reminiscent of the
helical structures observed for the cytoskeletal-associated elements
MreC and MreD (16) (proposed to track the peptidoglycan bio-
synthetic machinery) and nascent peptidoglycan labeled with flu-
orescent vancomycin (6). Previously, WGA labeling has not shown
such detail, likely because of the presence of GlcNAc in teichoic
acids (24). The pattern of WGA labeling suggests the presence of
large-scale order in mature peptidoglycan, implying a complex
peptidoglycan organization.
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Fig. 1. B. subtilis glycan strand length determination. (A) Size exclusion chromatography of B. subtilis 168 HR amidase digested and ion exchange purified
glycan. Glycan containing material has a large mass range (i) verified by N-acetyl [14C]glucosamine labeling (ii). Muramidase (Cellosyl) hydrolysis confirms the
material as glycan (iii and iv). In (i), arrows indicate the elution times of linear molecular standards of polyethylene oxide (Polymer Laboratories) of masses shown.
(B) AFM height images of isolated glycan strands (eluted at 10–12.5 min in A). Z (height) range � 5 nm. (Scale bar, 1 �m.) (C) Length distribution of isolated B.
subtilis glycan strands. Measured are 83 strands from AFM images. (D) B. subtilis cell wall peptidoglycan labeled with WGA or GSII. Both lectin-labeled fluorescent
and corresponding bright field images are shown. Arrows indicate labeled bands and spots characteristic of a helical arrangement. (Scale bar, 2 �m) (E) S. aureus
cell wall peptidoglycan labeled with WGA or GSII. Both lectin-labeled fluorescent and corresponding light field images are shown. (Scale bar, 1 �m.)
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Our findings have important implications for cell wall archi-
tecture. Glycan strands of up to 5 �m in length preclude the
proposed ‘‘scaffold’’ model, where glycan is orientated perpen-
dicular to the cell membrane (10), at least for B. subtilis.

Analysis of Peptidoglycan Architecture. To determine how the long
glycan strands fit into the peptidoglycan architecture, isolated
and purified peptidoglycan sacculi of B. subtilis were visualized
by AFM. When imaged in air, these sacculi retained the overall
length and width of the intact cell with an average single wall
thickness of 9 � 1 nm (n � 22). AFM also revealed the outer
surface of the sacculi to be rough, with little indication of
structural features (data not shown). However, it is well known
that the surface layers of peptidoglycan are hydrolyzed by
endogenous autolysins that are responsible for cell wall turnover
(23). Thus potentially, the outer surface of the cell wall has lost
relevant architectural features because it is in the process of
being dismantled and shed.

To examine the inner surface of the peptidoglycan, material
was purified from cells gently broken (to retain orientating
features) by a french press and visualized by AFM (Fig. 2). Cells
almost always fracture basically across their short axis, suggesting
an architectural feature in this plane (Fig. 2 A), which is also
conserved in E. coli (25). Such an orientated fracture plane
argues against the ‘‘scaffold’’ model of peptidoglycan architec-
ture (10), where one would not be expected. By using AFM (Fig.
2B), the outside of the cell wall appears rough, but where the
inner surface has been revealed, ‘‘cables’’ of material �50 nm in
width (average 53 � 12 nm, n � 91) are visible running almost
parallel to the short axis of the cell (average pitch of 12 � 6°, n �
43 relative to short axis). Broken cells also showed some
‘‘unraveling’’ of the cables, with the extensional forces during
sample preparation likely breaking the weaker bonds between
cables. The ‘‘unraveling’’ also suggests a helical cabling arrange-
ment (Fig. 2C). Cross-cabling striations can be observed with a
periodicity of 25 � 9 nm (n � 96) (Fig. 2C). High-resolution

1µm

P

H P

100nm

I

O

H

500nm

D

100nm
H P

A B

C
10µm

200nm H P500nm

H P

200nm

FE

1µm

H

O

I

O
H

O
I I

O I

H

200nm
200nm 200nm

B
B B B

H P500nm

H

H

P

P

Fig. 2. B. subtilis sacculi architectural features revealed by AFM. (A) Multiple broken sacculi of B. subtilis showing transverse breakage plane. (B–E) Images of
isolated, purified sacculi from gently broken cells. Images shown are top views, unless stated. (B) Outer (O) and inner (I) surface architecture of the cell cylinder,
demonstrating an inner cabling pattern. Enlarged images have a pitch of 45° (height) and 75° (phase). (C) Two cylinder fragments joined by a twisted cable.
Enlarged images have a pitch of 70° (height) and 80° (phase). An interpretative diagram is shown. (D) High-resolution image of cylinder inner surface (I). An
apparent twisted cable is visible along the torn edge of the inner surface. Background (B) is labeled in these images for clarity. (Scale bars, 200 nm.) The far-right
image shows a zoomed in three dimensional height image with a pitch of 60°. An interpretative diagram is shown. (E) View of the outer surface of the cylinder,
showing a rip along a cable interface. Height image has a pitch of 70°. (F) Partial Atl amidase digestion (250 �g ml�1 Atl, 2 min at 37°C) of broken sacculi brings
into relief cabling detail at the outer wall surface. Enlarged images have a pitch of 70°. In all images, height (H) and phase (P) images are shown with relevant
scale bars. White boxes show area of zoom.
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AFM, with a resolution of 1–5 nm, revealed an apparent helical
arrangement of the cross striations (Fig. 2D) but no finer details.
Even though the outside of the cell wall has lost much of the
visible cabling architecture, it still retains some features. ‘‘Rips’’
during breakage occur approximately across the short axis, even
in material not totally fragmented (Fig. 2E), and partial hydro-
lysis with Atl amidase reveals cabling remnants in the same
orientation as those observed on the inner surface (Fig. 2F). A
gallery of supporting images is shown in Fig. S5. Studies have
found 50 nm bundles of peptidoglycan fibers during protoplast
regeneration in Bacillus licheniformis (26) and apparent stria-
tions on the cell walls of B. subtilis and Lactobacillus helveticus
(27, 28).

Peptidoglycan in B. subtilis is biosynthesized by two sets of
machinery; one dedicated primarily to the cylinder to allow cell
elongation and the other to the septum for cell division (29).
Our cell wall preparations contained well defined septa at all
stages of formation (Fig. 3 and Fig. S6). Isolated septa have a
thickened 31 � 12 nm (n � 10) ridge at their cylinder junction.
Within this, the septa contain apparent cabling of average
135 � 40 nm (n � 23) width forming a likely spiral toward the
center. Completed septa have up to three cables across their
radius. Also present are striations with an average periodicity
of 33 � 19 nm (n � 121) running across each cable. Thus, both
the cell wall cylinder and septal peptidoglycan maintain con-
served architectural features, although the cable widths within
the septa are generally larger.

Analysis of the Peptidoglycan Architecture of an mreC Mutant. AFM
clearly reveals a complicated and highly organized peptidoglycan
architecture with underlying features that likely relate to its
function and are determined primarily during synthesis. The cell
cylinder cabling architecture probably occurs as a result of the
localization of the peptidoglycan biosynthetic machinery. MreC
is an important part of the cytoskeletal-associated complex,
arranged helically in the cell membrane (with a similar pitch to
our observed ‘‘cables’’) and is required for the production of
peptidoglycan along the cylinder (16). Importantly, a mutation
in mreC can be stably maintained resulting in round cells, unable
to make cylinder peptidoglycan and dependent on high Mg2�

concentrations for growth (16). Analysis of the glycan strands of

the mreC mutant found them to vary according to growth media,
being shorter than B. subtilis WT (Fig. 4A). When grown in
MgCl2, sucrose, and maleic acid medium (16), the WT has 8-fold
more glycan material eluting before 15 min than mreC. However,
glycan strands of mreC are still substantially longer than S.
aureus, as supported by the differential labeling of mreC pepti-
doglycan by GSII and WGA (Fig. 4B; compared with Fig. 1E).
Using AFM, we show that mreC cell walls lack the fracture plane
of the WT and well defined septa. There is no evidence of regular
cabling; the wall having no apparent features to differentiate the
inside and outside (Fig. 4C). Thus, MreC, as part of the cylinder
elongation biosynthetic apparatus, is required for the longest
glycan strands and cabling architecture.

Conclusions
Peptidoglycan strands have a natural right-handed twist (15,
30), nascent (17) and whole material (Fig. 2 C and D) is
arranged helically, and cells of B. subtilis can grow helically
under some conditions (18). A model of peptidoglycan archi-
tecture has suggested a basic helical structure (9, 19). To
explain our data, we propose that during biosynthesis, small
numbers of glycan strands are polymerized and cross-linked to
form a peptidoglycan ‘‘rope’’. This rope is then coiled into a
helix with a width of �50 nm to form the inner surface cable
structures (Fig. 5). The nascent helix (cable) is inserted into the
cell wall by cross-links between two existing cables and the
overlying cable interface cleaved by autolysins known to be
essential for cell growth (31). The turgor pressure of the cell
causes the nascent cable helix, made up of the peptidoglycan
ropes, to f latten (Fig. 5), resulting in the characteristic 25 nm
cross striations within the �50-nm cables. As part of cable
maturation, the structure may become stabilized by inter/intra
glycan strand cross-links. Helical features are brought into
relief during Atl hydrolysis and high-resolution imaging (Fig.
2). This architecture would also accommodate very long glycan
strands. The shorter glycan strands may be structurally impor-
tant in the septum as specific cabling features or as a result of
surface associated hydrolysis. The model predicts that the cell
wall is likely only one intact cable thick with partially hydro-
lyzed cables also present externally.
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Fig. 3. AFM analysis of B. subtilis septal architecture. Images demonstrate architectural features during septum formation (A–H). Images show the progression
from early septa (A) through to complete septa (H). Visible are the large cables present in several images and cross-striations traversing the larger cables. All
images are phase (P) (top view). See Fig. S6 for the corresponding height images. (Scale bar, 500 nm.) (I) Height (H) and phase (P) images of a partially completed
septum still attached to the cell. A hole in the incomplete septum (S) can be seen. The cell pole at the other end of the sacculus has a small annular feature as
observed in complete septa. (Scale bars, 500 nm.)
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An explanation for the use of the helical cabling architecture
may lie in the stress imparted on the wall by the internal
osmotic pressure. In a cylindrical pressure vessel (such as B.
subtilis rods), the circumferential stress is twice the longitu-
dinal (32, 33). Thus, the cables provide strengthening to
prevent longitudinal splitting, as supported by the fracture
plane occurring approximately across the short axis during cell
breakage. The recently described ‘‘periplasm’’ in Gram-
positive bacteria with a ‘‘granular’’ layer provides the space to
synthesize and add the cabling to the inner surface of the cell
wall by using a biosynthetic machinery with enzymes protrud-
ing some distance from the cell membrane (34–36). The
septum has the same basic peptidoglycan architectural features
with perhaps two sets of biosynthetic machinery, one for each
new pole after separation, producing a spiral septum.

This study has revealed complicated peptidoglycan architec-
ture in B. subtilis. A mutant lacking the organization cannot
survive under normal conditions, suggesting strict functional
constraints on architecture. How peptidoglycan is able to main-
tain cell shape and viability is currently unknown. However, our
analysis provides the experimental framework to test one of the
most basic facets of growth and division in B. subtilis and more
widely across bacteria.

Materials and Methods
Size Exclusion Chromatography of B. subtilis Glycan Strands. B. subtilis pepti-
doglycan was purified as described (4) and digested overnight with the
recombinant amidase domain of Atl (see SI Text) (37). Glycan was purified
from the resulting soluble material by using a MonoS ion exchange chroma-
tography column, as described (see SI Text) (6), concentrated three times by
using SpeedVac, and applied to a TSKgelSW4000 size exclusion HPLC column
(Tosoh). Elution was in 100 mM sodium phosphate buffer, pH 2 at 0.5 ml min�1.
To confirm the material as glycan, it was digested overnight with the mur-
amidase Cellosyl and reapplied to the column. To radiolabel peptidoglycan,
cells were grown in minimal media containing N-acetyl [14C]glucosamine (38).
Details of the methods and additional controls can be found in SI Text.

Measurement of Glycan Strands by Using AFM. High-mass glycan from the size
exclusion column (eluted at 10 –12.5 min) was collected and desalted by
using a 10,000 MW cut-off filter (Amersham). The pH was adjusted to 7,
and the sample was equilibrated overnight at 4°C. A 1:8 dilution of the
sample was applied to a cleaned coverslip and N2 dried. AFM images were
collected in air by using a Veeco D3100 microscope, operated in Tapping
Mode™, with Olympus silicon cantilevers and a nominal spring constant
50 Nm�1.

WGA and GSII Lectin Labeling. Exponential phase cells were harvested, bathed
in 5% wt/vol SDS at 50°C for 30 min, washed, and resuspended in 48% vol/vol
hydrofluoric acid overnight. Cells were then washed, resuspended in 250 �l
water, and then incubated with 40 �M WGA or GSII (with 1 mM CaCl2) for 30
min. Cells were then washed to remove excess lectin, resuspended in 50 mM
glucose at an appropriate dilution, and mounted on a poly-L-lysine coated
slide. Images were collected by using a Deltavision microscope (Applied
Precision) and deconvolved by using Softworx version 3.5.1.

AFM of B. subtilis Sacculi. Exponential phase cells were harvested, boiled (7
min), and broken by using a french press at a pressure of 500 psi. Peptidoglycan
was then purified as described (4). For optimal imaging, sacculi were diluted
in MilliQ water, applied to a coverslip or to mica, and air dried before AFM
imaging as for glycan strands.
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Fig. 5. Model of B. subtilis cell wall peptidoglycan architecture. Image is
of a cell wall cylinder peptidoglycan architecture showing cable orienta-
tion with coiled substructure. Both cables and cross striations are shown.
(Scale bar, 1 �m.)
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