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ABSTRACT: Although teichoic acids are major constituents of bacterial cell
walls, little is known about the relationships between their spatial localization
and their functional roles. Here, we used single-molecule atomic force micro-
scopy (AFM) combined with fluorescence microscopy to image the distribu-
tion of wall teichoic acids (WTAs) in Lactobacillus plantarum, in relation with
their physiological roles. Phenotype analysis of the wild-type strain and of
mutant strains deficient for the synthesis of WTAs (ΔtagO) or cell wall
polysaccharides (Δcps1-4) revealed that WTAs are required for proper cell
elongation and cell division. Nanoscale imaging by AFM showed that strains
expressing WTAs have a highly polarized surface morphology, the poles being
much smoother than the side walls. AFM and fluorescence imaging with
specific lectin probes demonstrated that the polarized surface structure
correlates with a heterogeneous distribution of WTAs, the latter being absent
from the surface of the poles. These observations indicate that the polarized
distribution of WTAs in L. plantarum plays a key role in controlling cell
morphogenesis (surface roughness, cell shape, elongation, and division).

Lactic acid bacteria (LAB) play a central role in fermentations
and are attracting considerable attention in view of their

application as health-promoting cultures or probiotics.1 Lacto-
bacillus plantarum, one of the natural inhabitants of the human
and animal gastrointestinal tract,2 is a promising candidate probiotic
species in view of its ability to survive several days in the human
gastrointestinal tract,3 and to adhere to human mucosa in vitro.4

Teichoic acids (TAs) and related glycopolymers represent a
major class of cell wall constituents in Gram-positive bacteria,
accounting for up to half of the weight of the cell wall.5-7 TAs
were initially discovered in bacterial extracts from the lactic acid
bacterium Lactobacillus arabinosus,8 currently renamed L. plan-
tarum. The TA backbone generally consists of a poly(alditol
phosphate) containing either glycerol or ribitol. As observed in
most Gram-positive bacteria, L. plantarum contains two types of
TAs, i.e., lipo- and wall-teichoic acids (LTA and WTA, respec-
tively). In L. plantarum, LTAs are polyglycerophosphate polymers

mainly substituted with D-alanyl esters9 and attached to the
cytoplasmic membrane. WTAs are covalently bound to pepti-
doglycan (PG). In L. plantarum, two types of WTAs were found,
based either on glycerol or ribitol depending on the strain.10

Polyribitol- and polyglycerophosphate chains of WTAs are
decorated by D-alanine esters and glucose substitutions.10,11

Biosynthesis of WTA and LTA involves distinct biochemical
pathways. WTA synthesis is controlled by specialized genes called
tag or tar genes for the formation and export of polyglycerolphos-
phates or polyribitolphosphates, respectively. LTA biosynthesis is
less characterized but involves the LTA-synthase LtaS, as a key
enzyme that catalyzes the formation of polyglycerophosphates
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and was initially discovered in Staphylococcus aureus and in
Bacillus subtilis (4 paralogues).12-14

Although WTAs and LTAs were originally thought to be
essential for cell viability, WTA depletion was recently achieved
in B. subtilis and S. aureus through the inactivation of the tagO
gene that encodes the first enzyme in the WTA biosynthesis
pathway.15-17 In addition, mutants deficient for the LtaS synthase,
and therefore lacking LTA synthesis, were shown to be viable in the
same two species.12,14,18 Nevertheless, both WTA- and LTA-
deficient strains are strongly affected in cell morphology (e.g., shape
anomalies, aberrant septation), and combination of the two defi-
ciencies appeared to be lethal, showing that the synthesis of anionic
polymers is essential for cell physiology and survival.12,14,18 As
anionic polymers, TAs play a role as scavengers of cations such as
Mg2þ and may create a pH gradient across the cell wall by seques-
tering the protons expelled through the cytoplasmic membrane in
the generation of proton motive force.19,20 This may influence the
activity of several enzymes, in particular those involved in cell
growth and division such as PG synthesizing machineries and/or
PG hydrolases.14,21-23 Notably, in B. subtilis, WTAs and LTAs
appear to play distinct roles in morphogenesis, where WTA is
required for proper cell elongation and LTAs for proper cell
division.14

Although the chemical composition and biosynthesis of TAs
are partially described, the three-dimensional organization of the
individual molecules remains mysterious. Addressing this issue
is an important step toward understanding the physiological roles
of these polymers. Here, we use the combination of single-
molecule atomic force microscopy (AFM) and fluorescence
imaging to explore the spatial arrangement of WTAs in living
L. plantarum cells. Using concanavalin A (ConA) lectin probes,
we localize WTAs in the cell wall of wild-type (WT) and mutant
cells impaired in the production of WTAs or cell wall polysac-
charides (CPSs). The results show that the localization of WTAs
in L. plantarum is highly heterogeneous and that this polarized
distribution plays a key role in controlling cell morphogenesis
(surface roughness, cell shape, elongation, and division). Our
data provide new insights into the fate and functionality ofWTAs
during the cell cycle of L. plantarum.

’RESULTS AND DISCUSSION

Inactivation of WTAs and CPS. Although WTAs are parti-
cularly abundant in L. plantarum,10,11 little is known about their
subcellular localization, organization, and function. To investi-
gate the localization of WTAs in relation with their physiological
role, we constructed a WTA-deficient derivative by mutation of
the single tagO gene copy (ΔtagO) that encodes the first enzyme
involved in WTA biosynthesis and has been shown to be dis-
pensable in other species.15,16 Besides TAs, the L. plantarum cell
wall also contains polysaccharides (CPS) that could bind lectin
probes, thereby interfering with the WTA localization. There-
fore, a CPS- null mutant was constructed as a control strain by
deleting the four gene clusters potentially involved in CPS
synthesis (Δcps1-4 strain, see Methods).
We confirmed that the two mutants indeed lack WTAs and

CPS using X-ray photoelectron spectroscopy (XPS), a technique
that analyses the chemical composition of the outermost cell
surface.24,25 Consistent with the general biochemical composi-
tion of bacterial cell walls, the main elements that were detected
were C1s, O1s, and N1s (Table 1). Phosphorus, which is abundant
in TAs, was present in small amount in the WT (0.6%) but was

hardly detected in the WTA-deficient strain. Compared to the
WT, the phosphorus content in the CPS-deficient strain was
clearly higher, consistent with the expectation that more TAs are
surface-exposed when CPS have been removed. To gain a bio-
molecular view of the cell surface, the XPS data were converted
into concentrations of basic model compounds,26 i.e., peptides,
glycans, and lipids (Table 1). We found that the surface com-
positions ofWT andWTA-deficient strains were very similar and
consisted primarily of glycans with some peptides and lipids. By
contrast, the CPS-deficient strain was poorer in glycans and
much richer in peptides. Assuming that PG consists approxi-
mately of 50% glycans and 50% peptides,26,27 we found that cell
surface of the CPS-deficient strain is essentially composed of PG,
together with proteins and TAs.
WTAs Are Required for Proper Cell Elongation and Divi-

sion. We examined the growth and cell morphology of the
WTA- and CPS-deficient strains in comparison with the WT
strain. The WTA-deficient strain displayed a growth defect and
reached a significantly lower final culture density compared to
the WT (Supplementary Figure 1a). Light microscopy revealed
that the growth defect of theWTA-deficient strain was associated
with the presence of several morphological anomalies (Figure 1).
First, WTA-deficient cells that were harvested in the exponential
phase of growth displayed a tendency to remain associated in
chains (65% of the cells compared to 35% in the WT, ng 200),
indicating a defect in cell division and/or cell separation. Second,
many cells were bent (46% of the cells, ng 200) and/or swollen.
In addition, a statistical shape analysis showed that a high number
of WTA-deficient cells were significantly shorter and/or display-
ing an increased diameter compared toWT cells (Supplementary
Figure 1b and Supplementary Figure 1c). Third, FM4-64 staining
of the plasma membrane revealed that a significant proportion
(16%, n g 200) of cells contained displaced septa. The above
morphological anomalies were even more pronounced in cells
harvested from the stationary growth phase (Figure 1b), indicat-
ing that the absence ofWTA disturbs cell elongation and division
events. In contrast, similar analyses of the CPS-deficient strain
did not reveal any major differences between this strain and the
WT (Figure 1c). Altogether, these observations demonstrate that
WTAs play an important role in controlling the morphogenesis
of L. plantarum and highlight their requirement for proper cell
elongation and division.
Polarized Surface Nanomorphology of L. plantarum Re-

quires WTAs. Scanning electron microscopy of the WT strain
suggested that the cell surface is homogeneous (Figure 2a). How-
ever, higher-resolution imaging by transmission electron micro-
scopy (Figure 2b) and live cell imaging by AFM (Figure 2c-h)
revealed a highly polarized cell envelope, the polar region being
smoother than the side walls. Quantitative information on the
cell surface roughness was obtained by performing statistical
analysis of the AFM height images at various length scales. To

Table 1. Surface Chemical Composition of Three L. plantarum
Strains Measured by XPS and Proportions of Carbon Involved
in Peptides (CPe), Glycans (CGl), and Lipids (CLp) Deduced
from the Dataa

strain % C % O % N % P % CPe % CGl % CLp

WT 60.0 36.5 2.3 0.6 14 68 18

WTA-deficient 60.5 36.4 2.8 0.1 16 66 18

CPS-deficient 59.9 28.4 9.7 1.4 59 34 7
aMean of three independent experiments.
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this end, surface roughness was analyzed through the power
spectral density (PSD) of the fast Fourier transform of the height
images.28 Figure 2h shows the variation of root-mean-square
roughness (Rr.m.s.) as a function of the length scale. The surface
roughness of the poles increased very slightly with the length
scale to reach a plateau at an Rr.m.s value of 0.7 ( 0.2 nm. By
contrast, a much steeper increase of the Rr.m.s. was observed on
the lateral region, yielding a plateau value of 3.7 ( 0.4 nm.
Notably, the rough surface was decorated with waves 8( 3 nm in
height and separated by 102( 12 nm. This peculiar morphology
is not due to tip scanning artifacts since it was not affected by
the scanning direction or the applied load and is reminiscent
of the wave-like structures observed on another bacterium,
Lactobacillus rhamnosus strain GG (LGG).29 In the LGG
case, the waves were attributed to extracellular polysaccharides
(EPS), since they were no longer observed on a mutant impai-
red in EPS production.
The WT surface morphology characteristics were compared

with those determined for WTA- and CPS-deficient strains
(Figure 3). In contrast to WT cells, WTA-deficient cells dis-
played a rough, wave-like morphology over the entire surface and
seemed to lack the smoother poles (Figure 3a-c). However,
close examination revealed that, inWTA-deficient cells, the poles
were slightly smoother than the side walls (Rr.m.s value at 500
nmof 2.5( 0.3 nm vs 4.7( 0.4 nm, respectively). In contrast, the
surface morphology of CPS-deficient strain cells (Figure 3d-f)
was highly polarized and very similar to that of WT cells (Rr.m.s
value at 500 nm of 0.7( 0.2 and 3.5( 0.4 nm for the polar and
lateral regions, respectively). These data indicate that the occur-
rence of proper cell morphogenesis and polarized surface mor-
phology (smooth poles vs rough cell body) in L. plantarum are
two phenotypical traits that require WTAs.
Localization ofWTAsUsing FluorescenceMicroscopy. To

investigate whether the shape anomalies and surface morpho-
logy of the different L. plantarum strains correlate with the
localization of WTAs, the distribution of WTAs in the WT and
WTA- and CPS-deficient strains was analyzed using fluorescence
microscopy with a fluorescent ConA conjugate (Alexa Fluor 594
linked to succinylated ConA dimers) as a probe (Figure 4). The
ConA lectin specifically binds glucose (or mannose) contained in
glycopolymers and was used to label TAs in S. aureus and B.
subtilis.22,30,31 Since we previously showed that glucose substitu-
tions of LTAs of L. plantarum WCFS1 were below the NMR
detection threshold,9 we expect that, among TAs, only theWTAs
will be detected by the ConA probe. In addition, since glucose is
included in the repetition unit of WTA without additional
glucose decorations in L. plantarum WCFS1 (S. Tomita and S.
Okada, Tokyo University of Agriculture, personal communica-
tion), the WTA backbone will be directly addressed. However,
since CPS may also contain glucose (or mannose) residues, both
WTA- and CPS-deficient strains were analyzed in order to
distinguish the relative contributions of WTAs and CPS to the
detection signal. All measurements were performed with cells
collected from exponential and stationary phases of growth. Only
data obtained in the exponential phase are presented, since they
did not differ from those of the stationary phase.
WT cells were rarely labeled (around 10-15%). Fluorescence

was observed all around the cells and was generally concentrated
in cell aggregates (Figure 4a). As expected, cells treated with
trichloroacetic acid (TCA), which removes PG-associated poly-
mers, showed no labeling at all. Notably, the CPS-deficient strain
showed substantial labeling (up to 45% of the cell population),

Figure 1. Phenotype analysis of L. plantarum WT and mutant cells.
Bright-field (left) and fluorescence (right) images of (a) wild type (WT)
cells, (b) WTA-deficient cells (WTA-), and (c) CPS-deficient cells
(CPS-). For each strain, the upper panel shows exponentially growing
cells, and the lower panel shows cells from the stationary phase. Arrows
in the WTA-deficient strain indicate mispositioned septa and aberrant
cell morphologies. Scale bar = 1 μm.
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thus revealing that the removal of CPS improved the ConA probe
accessibility of glucose-based glycopolymers. Finally, the WTA-
deficient strain displayed a complete lack of labeling except in
aggregates of dead cells, indicating that WTAs were the main
constituents detected by ConA.
The CPS-deficient cells exhibited heterogeneous staining

patterns that were not observed in the WT, i.e., fluorescent stain-
ing was absent from the septum region of dividing cells, as well as
from the newly formed poles of the daughter cells (Figure 4b).
This polar heterogeneity (new vs old pole) was no longer seen at
a later stage of the reconstituted cell cycle, as indicated by fully
labeled cells (Figure 4b and c). These observations indicate that
(i) in CPS-deficient cells, WTAs could not be detected at the
division site, and (ii) in WT cells, the polarized surface morphol-
ogy and homogeneous fluorescent labeling are not correlated.
We show below using single-molecule AFM that this apparent
discrepancy is likely to result from the lack of sensitivity of the
fluorescent probe.

Localization of WTAs Using Single-Molecule Force Spec-
troscopy. Whereas fluorescence imaging probes the entire cell
wall, single-molecule force spectroscopy (SMFS) maps the dis-
tribution of single constituents on the outermost cell surface.32-34

We therefore used SMFS with tips functionalized with ConA
dimers to gain a more detailed view of the WTA surface distri-
bution on the different strains. Figure 5a-c shows the adhesion
force map (Figure 5a), the adhesion force histogram with repre-
sentative force curves (Figure 5b), and the rupture length histo-
gram (Figure 5c) recorded on the lateral region of WT cells.
Adhesion forces of 69 ( 25 and 158 ( 45 pN mean magnitude
were homogeneously distributed across the cell surface. In the
light of earlier SMFS measurements,29,35,36 we attribute these
forces to the detection of single and double ConA-glucose inter-
actions, reflecting the detection of one or two glycopolymer
chains. Interestingly, the mean rupture distance was only 22 (
11 nm (Figure 5c), suggesting that the stretched molecules were
short and/or strongly anchored into the cell wall. Consistent

Figure 2. Electron microscopy and AFM topographic images of WT cells. (a) Scanning and (b) transmission electron microscopy images of L.
plantarumWT cells. Transmission electron microscopy images suggest that the cell surface is polarized, the polar region (thin arrow) being smoother
than the side walls (thick arrow). (c,d) Height and (f,g) deflection images of single L. plantarum WT cells in sodium acetate buffer, documenting a
polarized surface morphology. (e) Vertical cross-section taken along the dotted line shown in panel d. (h) Variation of the root-mean-square roughness
(Rr.m.s.) constructed from the power spectral density (PSD) analysis as a function of the length scale, on the smooth polar region (b) and on the rough
lateral region (2) of the cell. Each data point represents the mean ( standard deviation of 10 images obtained on 10 different cells.
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with this suggestion, most elongation force peaks could be fitted
neither with the wormlike chain (WLC) model nor with an
extended freely jointed chain (FJC+) model, which are typically
used to describe the behavior of single protein and polysaccha-
ride molecules, respectively.36 These observations are in sharp
contrast with results typically obtained for bacterial cell surface
polysaccharides. For instance, force curves recorded on LGG
bacteria with a ConA-tip displayed rupture lengths of up to 400
nm and were well-fitted with an FJC+ model.29 This strongly
suggests that the glycopolymers detected here reflect WTAs
rather than other cell wall constituents. Based on the above
findings, a 3-D view of the polymer properties was constructed by
combining adhesion forces (false colors, yellow meaning larger
adhesion forces) and rupture distances (z level) measured on
every position (Figure 5c, inset). The map clearly documents the
massive detection of single glycopolymers, presumably WTAs,
on the lateral region of L. plantarum.
Notably, molecular recognition mapping of the poles revealed

an almost complete lack of glucose residues (Figure 5d-f). In
addition, large variations in rupture distances and adhesion forces
were observed at the poles, which probably reflect nonspecific
adhesion. These recognition data correlate with the structural
images and demonstrate that the L. plantarum surface is highly
polarized, the poles being much poorer in glucose-based
glycopolymers than the rest of the cells. This heterogeneous
composition was further confirmed by recording adhesion
maps on the frontier region separating the pole from the side
walls (Figure 5g-i).
Contrary to the WT strain, glucose-based glycopolymers were

hardly detected on the cell surface of the WTA-deficient strain
(Figure 6a-c), whatever the subcellular region investigated
(polar region vs lateral region). Recognition maps obtained for
the CPS-deficient strain (Figure 6d-i) were virtually identical to

those obtained with the WT strain. These observations are con-
sistent with the fluorescence data (Figure 4) and demons-
trate that the glycopolymers detected on the WT surface reflect
primarily WTAs.
Biological Implications and Concluding Remarks. AFM

and fluorescence microscopy, combined with the use of specific
cell wall mutants, provide a powerful approach for studying the
organization of TAs in living Gram-positive bacteria. Whereas
fluorescence microscopy localizes TAs in the entire cell wall with
submicrometer resolution, AFM maps the distribution of single
TA molecules on the outermost cell surface (Figure 7). We have
shown that the localization of WTAs in L. plantarum is highly
heterogeneous and that this heterogeneous distribution plays a
key role in controlling cell morphogenesis. Our findings are con-
sistent with the notion that the organization of many bacteria is
highly polarized and that this cellular asymmetry is used to
achieve functions.
Combined AFM and fluorescence imaging revealed the com-

plex architecture and WTA distribution of the L. plantarum cell
envelope (Figure 7a). Specifically, we showed that (i) WT cells
have a highly polarized surface nanomorphology (smooth pole vs
rough lateral region), which requires WTAs sinceWTA-deficient
cells are no longer polarized; (ii) WTAs are largely absent from
the surface of the poles, which correlates with the surface
nanomorphology; (iii) WTAs are not detected at the division
site (septum and newly formed poles) of the CPS-deficient
strain; and (iv) with time, WTAs are progressively found at the
poles during the cell cycle (Figure 7b). That WTAs were not
detected in the septum region may reflect a lack of this compo-
nent at this specific location. However, we cannot exclude other
explanations, such as a lack of accessibility of WTAs at this site
(packing or length of the polymers), a lack of specificity of the
ConA probe, and the presence of immature forms of WTA.

Figure 3. AFM topographic images of mutant cells. (a,b) Deflection images of single WTA-deficient cells (WTA-) in sodium acetate buffer,
documenting a rough morphology both on the (a) lateral and (b) polar regions. (d,e) Deflection images of single CPS-deficient cells (CPS-) in sodium
acetate buffer, revealing a polarized surface morphology. (c,f) Variation of the Rr.m.s. measured as a function of the length scale on the polar (b) and on
the rough (2) regions of the (c) WTA- and (f) CPS-deficient cells. Each data point represents the mean ( standard deviation of 8 images obtained
on 8 different cells.
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Regarding the apparent discrepancy between fluorescence data
(full labeling) and AFM data (lack of polar labeling) obtained on
dividing cells, a possible explanation is that the fluorescent probe
detects WTAs deeper in the cell wall, while the AFM probe
addresses the extreme surface of the cell (Figure 7). According to
the “inside to outside” PG assembly model,37,38 its turnover is
slower at the pole compared to the side walls, meaning that
WTA-modified PG could remain localized in the layers close to
the plasma membrane at the poles. This is consistent with our
nanomorphology data obtained for WT and CPS-deficient cells,
showing a surface layer attributed toWTAs only in the side walls.
The heterogeneous distribution of WTAs plays a key role in

controlling cell morphogenesis since WTAs are required for
proper cell elongation and division and for polarized surface
morphology. A comparative study of WTA- and LTA-deficient
strains in B. subtilis made it possible to assign distinct morpho-
genetic functions to WTAs and LTAs, the former being espe-
cially involved in cell elongation and the latter in cell division.14

Here, cells of the WTA-deficient strain of L. plantarum were
shown to be shorter and strongly affected in shape, similarly to
the tagO mutant of B. subtilis.14,15 Also, L. plantarum WTA-
deficient cells were bent and/or swollen, suggesting that the
control of cell morphometry along the longitudinal and cross-
sectional axes is lost in the mutant. In contrast to WTA in B.
subtilis,14 L. plantarumWTA appeared to be important for proper
cell division. WTA-deficient cells had displaced septa leading to
asymmetric division, suggesting that subcellular recruitment of

the cell division machinery is not properly coordinated and/or
activated in the mutant. Taken together, our observations sup-
port the hypothesis that preventing WTA synthesis can locally
disturb the cell wall composition, thereby altering the proper
localization and/or activity of cell elongation and division machi-
neries that are required for appropriate control of cell morpho-
genesis. Our findings are consistent with two recent studies in S.
aureus.39,40 The first report, by Atilano et al.,39 provides a specific
molecular mechanism for how WTAs may regulate PG biosyn-
thesis by scaffolding S. aureus PBP4, its recruitment being mediated
by immature forms of WTAs only present at the septum. More
recently, Campbell et al.40 provided evidence that WTAs play a
fundamental role in regulating cell division in S. aureus. Cell division
defects were observed when TarO is inactivated, suggesting that
WTAs play a role in the regulation of PG biosynthesis by helping
to assemble the cell division machinery.
We propose that the heterogeneous distribution of WTAs

controls the location of PG hydrolases in L. plantarum, which in
turn affects cell division. Recent studies have revealed hetero-
geneous WTA distributions (septum vs rest of the cell) in B.
subtilis, S. aureus, and S. pneumoniae.21-23,39,40 It has been sug-
gested that the observed heterogeneity plays a key role in target-
ing PG hydrolases toward the site where they perform daughter
cells separation after cell division. Consistent with these studies,
the L. plantarum WTA-deficient strain displayed an increased
tendency to remain associated in chains and increased cell lysis in
the stationary phase of growth, suggesting that the activity or

Figure 4. Fluorescence imaging of WTAs. (a) Phase contrast and fluorescence images of WT cells, TCA-treated WT cells, WTA-deficient cells
(WTA-), and CPS-deficient cells (CPS-) stained with fluorescent ConA. Cells were harvested from the exponential phase. Arrows in the CPS-deficient
strain indicate dark areas corresponding to the lack of fluorescence at the septum and new poles of the cells. Scale bar = 1 μm. (b) Selection of images
obtained for the CPS-deficient strain at various stages of the cell cycle and (c) schemes of the proposed cell wall staining (numbers correspond to the
different stages shown in panel b). Following division (stages 2-5), the two newly formed poles are depleted inWTAs, thus resulting in a lack of staining.
The heterogeneity between the new and old poles is no longer observed at a later stage of growth (Stage 1). Scale bar = 1 μm.
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location of PG hydrolases is affected by the lack of WTA. These
observations suggest that WTAs also control the location of PG
hydrolases in L. plantarum. Future studies using sublocalization
experiments of PG hydrolases in both WT and WTA-deficient
strains should help resolving the relationship between these PG
degrading enzymes and WTA in L. plantarum.

’METHODS

Bacterial Strains and Growth Conditions. L. plantarum
WCFS141 and its derivatives were grown in Mann-Rogosa-Shape broth
(MRS) (Difco) at 30 or 37 �C without agitation. Escherichia coli
JM109 was used as an intermediate cloning host and cultivated aero-
bically at 37 �C in Luria-Bertani broth. When appropriate, antibiotics
were added to the media. For L. plantarum, 10 μg/mL chloramphenicol
and 10 μg/mL or (for replica plating) 30 μg/mL erythromycin were used.
For E. coli, 10 μg/mL chloramphenicol and 250 μg/mL erythromycin
were used.

DNA Manipulations. Plasmid DNA was isolated from E. coli
using Jetstar columns as recommended by the manufacturer (Genomed
GmbH, Bad Oberhausen, Germany). For DNA manipulations in E. coli,
standard procedures were used.42 Restriction endonucleases, DNA
polymerases, and T4 DNA ligase were used as specified by the manu-
facturers (Promega, Leiden, The Netherlands; Boehringer, Mannheim,
Germany). Primers were obtained from Genset Oligos (Paris, France).
Construction of Deletion Mutants. Construction of the L.

plantarum gene deletion mutants for tagO (lp_0730) and cps1-4 (lp_
2108 to lp_2099 [cps1, cps2, and cps3] and lp_1176 to lp_1227 [cps4])
was performed as previously described.43,44 A double crossover gene
replacement strategy was used to replace the target gene(s) by a
chloramphenicol resistance cassette (lox66-P32cat-lox71

43). Briefly, the
upstream and downstream flanking regions of the target genes, as well as
the lox66-P32cat-lox71 cassette were amplified by PCR. The resulting
amplicons were used as templates in a SOEing PCR reaction linking
the flanking regions and lox66-P32cat-lox71 cassette together by means
of complementary regions in the primers (Supplementary Table 1).

Figure 5. Single-molecule AFM imaging ofWTAs inWT cells. (a,d) Adhesion forcemaps (400� 400 nm, gray scale: 250 pN) recorded in buffer on the
lateral and polar regions of L. plantarumWT cells using a ConA tip. Insets: deflection images in which the / symbol indicates where the force maps were
recorded. (b,e) Corresponding adhesion force histograms together with representative force curves. Each histogramwas built from n = 5120 force curves
from 5 maps, obtained using different tips and different cells. (c,f) Histograms of rupture distances (n = 5120) and representative 3-dimensional
reconstructed maps obtained by combining adhesion force values (expressed as false colors) and rupture distances (expressed as z level) measured at
different x, y locations. (g,h,i) Adhesion force map, adhesion force histogram, and rupture length histogram recorded on the frontier region separating
the pole from the side walls.
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Subsequently, PCR products were cloned into SwaI-Ecl136II digested
pNZ5319, an integration vector that does not replicate in L. plantarum
or other Gram-positive hosts but can replicate in the intermediate
cloning host E. coli.43 The sequence of the cloned DNA fragment was
confirmed by sequence analysis (BaseClear, Leiden, The Netherlands).
The mutagenesis plasmids were transformed in L. plantarum WCFS1
and colonies displaying a chloramphenicol-resistant and erythromycin-
sensitive phenotype, represent candidate double-cross over gene repla-
cements. The anticipated cat-replacement genotype was confirmed by
PCR using primers flanking the sites of recombination. This strategy was
applied for the construction of tagO::cat (lp_0730; WTA-deficient
strain, NZ3531Cm) and cps4::cat (lp_2108 to lp_2099; NZ3534Cm)
deletion mutants. In order to obtain the quadruple cps1-4mutant (CPS-
deficient strain, NZ3534 + 3550Cm), the lox66-P32cat-lox71 cassette of
the cps4mutant was excised by temporal expression of the cre recombinase

using the unstable cre expression plasmid pNZ5348 as previously
described.43 The resulting cps4::lox72 mutant (NZ3534) was used for
a next round of mutagenesis targeting for the deletion of the region
encompassing cps1, cps2, and cps3 gene clusters (lp_2108 to lp_2099)
following the same procedures as described above.
Phenotype Analysis. For growth analysis, three independent

cultures of the WT and WTA- and CPS-deficient strains were grown
overnight in liquid MRS medium without addition of antibiotic. Over-
night cultures were then diluted 1/100 in fresh medium, and growth was
followed by measuring the OD600 nm using a Varioskan Flash multimode
reader (Thermo scientific) during 24 h. For cell morphology analysis,
cells were harvested from cultures grown without antibiotic at early
exponential and stationary growth phase, washed with PBS, and mount-
ed on poly-L-lysin coated slides. Fluorescent staining of the membrane
was achieved by adding FM4-64 (Invitrogen) to the cell sample (final

Figure 6. Single-molecule AFM imaging of WTAs in mutant cells. (a,d,g) Adhesion force map (500� 500 nm, gray scale: 250 pN) recorded in buffer
with a ConA tip on single WTA- (a) and single CPS- (d,g) deficient cells. Insets: deflection images in which the / symbol indicates where the force
maps were recorded. (b,e,h) Corresponding adhesion force histograms together with representative force curves. Each histogram was build from n =
4096 force curves from 4 maps, obtained using different tips and different cells. (c,f,i) Histograms of rupture distances and representative 3-D
glycopolymer maps.
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concentration of 5-10 μg/mL) just before the observation. Bright field
and fluorescent images were acquired with a Hamamatsu ORCA-ER
camera attached to a Leica DMR microscope. ImageJ (http://rsb.info.
nih.gov/ij/) was used to analyze pictures; manipulation was limited to
altering brightness and contrast. Scanning and transmission electron
microscopy was performed as previously reported.45

Staining of Glycopolymers with Fluorescent ConA Lectin.
Staining of glycopolymers was carried out on cells from exponentially
growing and stationary phase cultures using the Alexa Fluor 594
conjugate of succinylated concanavalin A dimers (Alexa Fluor 594-
ConA; Invitrogen). Cells were washed with 150 mM Na-acetate buffer
(pH 4.7) and resuspended in 1 mL of the same buffer supplemented
with Ca2+ and Mn2+ (1 mM) as cofactors. To test the specificity of the
staining, a range of concentrations from 1 to 20 μg/mL of Alexa Fluor
594-ConA was then added, and the reactive mix was kept on ice for
30 min. Cells were washed with PBS and examined under the micro-
scope as described above. Best results were obtained with 10 μg/mL of
Alexa Fluor 594-ConA for the CPS-deficient strain and 1 μg/mL for the
WT strain. As a control,WT cells were treated with TCA, which removes

all polymers present at the cell surface. Cells (50 mL) were washed with
150 mM Na-acetate buffer (pH 4.7), resuspended in 10 mL, and boiled
with 1 g of TCA during 10 min. TCA was removed by 3 washing steps
with Na-acetate buffer, and cells were incubated with the ConA probe as
described above.
X-ray Photoelectron Spectroscopy. WT and mutant cells

were collected from exponentially growing cultures, resuspended in
Milli-Q water (Millipore), and directly lyophilized. XPS analyses were
performed on a Kratos Axis Ultra spectrometer (Kratos Analytical)
equipped with a monochromatized aluminum X-ray source. The angle
between the normal to the sample surface and the electrostatic lens axis
was 0�. The analyzed area was ∼700 � 300 μm. The constant pass
energy of the hemispherical analyzer was set at 40 eV. The following
sequence of spectra was recorded: survey spectrum, C1s, N1s, O1s, P2p,
S2p and C1s again, to check the stability of charge compensation as a
function of time and the absence of degradation of the sample during the
analyses. To assess the level of surface contamination, sorbitol was
included in the analyses, starting from the freeze-drying process. Binding
energies were calculated with respect to the C-(C,H) component of the
C1s peak of adventitious carbon fixed at 284.8 eV. Following subtraction
of a linear baseline, molar fractions were calculated (CasaXPS program,
Casa Software) using peak areas normalized on the basis of acquisition
parameters, sensitivity factors and the transmission function provided by
the manufacturer.
AFM Measurements. AFM images and force-distance curves

were obtained in acetate buffer (150 mM in acetate, pH 4.75) at RT,
using a Nanoscope VMultimode AFM (Veeco Metrology Group, Santa
Barbara, CA). Cells were immobilized by mechanical trapping into
porous polycarbonate membranes (Millipore, Billerica, MA) with a pore
size similar to the bacterial cell size.46 Before use, membranes were
brought overnight at 110 �C and then cooled at RT. After filtering a cell
culture, the filter was gently rinsed with the buffer, carefully cut (1 cm�
1 cm), and attached to a steel sample puck (Veeco Metrology Group)
using a small piece of double face adhesive tape, and themounted sample
was transferred into the AFM liquid cell while avoiding dewetting. For
imaging, MSCT tips (Veeco) were used taking care to minimize the
applied force (<200 pN). For single-molecule force measurements, a cell
was first localized using a bare tip, after which the tip was changed to a
lectin-functionalized tip (see below). All force curves were recorded with
MSCT tips at maximum applied force of ∼350 pN with a loading rate
of 17,000 pN/s. The spring constants of each cantilever were measured
using the thermal noise method. Adhesion maps were obtained by
recording 32 � 32 force-distance curves on areas of given size, cal-
culating the adhesion force for each force curve and displaying the value
as a gray pixel. To compare biopolymer properties on the different
strains, three-dimensional reconstructed maps were obtained by com-
bining adhesion force values (expressed as false colors) and rupture
lengths (expressed as z level) measured at different x, y locations.

For single-molecule force measurements, AFM tips were functiona-
lized with the Concavalin A lectin (ConA, Sigma) using PEG-benzalde-
hyde linkers as described by Ebner et al.47 In our recording conditions
(pH 4.75), the ConA tetramer dissociates into dimers. Cantilevers were
washed with chloroform and ethanol, placed in an UV-ozone cleaner for
30 min, immersed overnight into an ethanolamine solution (3.3 g
ethanolamine into 6 mL of DMSO), then washed 3 times with DMSO
and 2 times with ethanol, and dried with N2. The ethanolamine-coated
cantilevers were immersed for 2 h in a solution prepared by mixing 1 mg
of Acetal-PEG-NHS dissolved in 0.5 mL of chloroform with 10 μL of
triethylamine, then washed with chloroform, and dried with N2. Can-
tilevers were further immersed for 5 min in a 0.1% iodine/acetone
solution, washed 3 times in acetone, dried under N2, and then covered
with a 200 μL droplet of a PBS solution containing ConA (0.2 mg/mL)
to which 2 μL of a 1 M NaCNBH3 solution was added. After 50 min,
cantilevers were incubated with 5 μL of a 1 M ethanolamine solution

Figure 7. Spatial organization of WTAs in the L. plantarum cell wall: a
dynamic three-dimensional view. (a) Schematic drawing of the cell wall
of the WT and mutant strains. The cartoons emphasize the localization
of glucose-based polymers as observed by single-molecule AFM (left;
red color means glucose detection) and fluorescence microscopy (right;
red color means glucose detection), as well as the cell surface nanomor-
phology (smooth vs rough) as observed by AFM imaging (left). (b)
Integrated model for the localization and fate of WTAs during the cell
cycle. According to the “inside to outside”mechanism of growth, the cell
wall turnover is slower at the poles than in the longitudinal part of the
cell. After cells separation, new material is progressively incorporated at
the pole close to the plasma membrane, the older material being pushed
toward the surface. Outer cell wall layersmay therefore lackWTA (black,
as observed by AFM), whereas inner layers would contain WTAs (red,
as detected by fluorescence).
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in order to passivate unreacted aldehyde groups and then washed with
and stored in PBS 10 min later.
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