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In Gram-positive bacteria, the functional role of surface
polysaccharides (PS) that are not of capsular nature remains
poorly understood. Here, we report the presence of a novel cell
wall PS pellicle on the surface of Lactococcus lactis. Spontaneous
PS-negative mutants were selected using semi-liquid growth
conditions, and all mutations were mapped in a single chromo-
somal locus coding for PS biosynthesis. PS molecules were
shown to be composed of hexasaccharide phosphate repeating
units that are distinct from other bacterial PS. Using comple-
mentary atomic force and transmission electron microscopy
techniques, we showed that the PS layer forms an outer pellicle
surrounding the cell. Notably, we found that this cell wall layer
confers a protective barrier against host phagocytosis by murine
macrophages. Altogether, our results suggest that the PS pellicle
could represent a new cell envelope structural component of
Gram-positive bacteria.

Polysaccharides (PS)® are omnipresent components of
Gram-positive bacteria surfaces, which may be divided into the
following three major groups: (i) capsular polysaccharides
(CPS), which are in most cases covalently bound to peptidogly-
can (PG) and form a thick outer layer, (ii) wall polysaccharides
(WPS), which may be attached to the cell wall covalently or not
but without forming a capsule, and (iii) extracellular polysac-
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charides (EPS), which are released into the environment and
thus are not attached to the cell surface. In some cases, these
different PS are produced by the same bacterium (1, 2). How-
ever, there is a controversy regarding the differences between
CPS, WPS, and EPS. CPS may be released into the growth
medium as a consequence of handling conditions or because of
the instability of the polysaccharide linkage, and consequently,
they may be mistaken as EPS. Conversely, certain EPS could be
tightly associated to the thick PG layer even in the absence of
covalent anchoring (2, 3).

Polysaccharides, often exposed at the outermost layer of bac-
terial cells, have a wide range of important functions such as
adhesion to abiotic surfaces leading to biofilm formation or
specific interactions with other microorganisms or with
eukaryotic host cells (3, 4). It was also reported that surface-
exposed carbohydrates may serve as bacteriophage receptors
(5). The presence of CPS confers resistance to nonspecific host
defense mechanisms (3). Capsules have been extensively stud-
ied as virulence factors of many pathogens, which are able to
proliferate in the bloodstream, such as Streptococcus pneu-
moniae, group B streptococci, or Staphylococcus aureus. CPS
present large structural diversity. For example, S. pneumoniae
produces a range of different CPS, leading to more than 90
different serotypes (3). The significant diversity of PS is deter-
mined by their structure, which may differ not only in the
nature of sugar monomers composing repeating units, but also
in their mode of linkage, branching, and substitution. These
polysaccharides can be homo- or heteropolymers substituted
by both organic and inorganic molecules (3, 4).

The biosynthesis pathways of CPS, WPS, and EPS share sev-
eral common steps with other cell wall polymers (i.e. PG and
teichoic acids), which include the use of undecaprenyl phos-
phate as lipid carrier and the polymerization of nucleotide sug-
ars, most often containing glucose, galactose, and rhamnose (2).
The enzymes responsible for CPS, WPS, and EPS synthesis are
encoded by large gene clusters that are chromosomally or plas-
mid located; they often show unidirectional organization and
are co-transcribed as single polycistronic mRNAs. These oper-
ons contain genes encoding glycosyltransferases together with
genes that are responsible for chain polymerization and export
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(6). These loci are genetically heterogeneous within bacterial
species, thus creating a diversity of polysaccharides that affect
their function, as for example immune recognition (4).

Ubiquitous and recognized as virulence factors in pathogenic
bacteria, CPS are not a common feature of food bacteria such as
Lactococcus lactis. Instead, certain L. lactis strains are known to
produce EPS that are of industrial importance because they
contribute to the texture of fermented dairy products (1, 2). The
plasmid-encoded genes responsible for EPS production in the
dairy strains of L. lactis were characterized, and their organiza-
tion was found to be similar to that of CPS biosynthesis gene
clusters of Gram-positive pathogens (6, 7). The presence of
chromosomally encoded cell surface-associated polysaccha-
rides was suggested for some lactococcal strains (8). Neverthe-
less, the ability of PS to form an outer layer was never demon-
strated in this species.

Here, we show that L. lactis MG1363 synthesizes a thin com-
pact outer layer that we named pellicle. This chromosomally
encoded pellicle is composed of PS of a novel structure, not
previously described for L. lactis and other bacteria. The pellicle
protects the bacteria from phagocytosis in vitro.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions—Bacterial strains
used in this study are listed in Table 1. L. lactis was grown at
30 °C in M17 medium (BD Biosciences) supplemented with
0.5% glucose (GM17). For long-chain mutant selection, over-
night cultures were diluted and inoculated into 40-ml flasks of
GM17 medium, containing 0.03% of agar (Difco), to produce
~10-50 colonies per flask and incubated for 12 days. The non-
sedimenting mutants were then removed from the top of the
colonies and purified by re-streaking to single colonies, and the
ability to form chains was observed microscopically.

Mapping of Mutations in a Polysaccharide Synthesis Gene
Cluster in MG1363 Chromosome—Two parts of the 24.27-kb
cluster of the VES5748 chromosome were PCR-amplified using
two couples of primers: rpmB (5'-TAGACATTATATTTAC-
CTCCC), rgpF (5'-AGTATCATTCATAATTGTCACC) and
rgpeF (5'-AAAGTGATACATCCCTTAGG); and 229 (5'-
GAATTTGATTGATTACTTTAGG) and the Expand Long
Template PCR System (Roche Diagnostics) according to man-
ufacturer’s instructions. The DNA nucleotide sequence of the
amplified fragments (11.8 and 12.7 kb, respectively) was deter-
mined by GATC Biotech AG, using several internal primers,
located approximately every 600 bp. Comparison of the
obtained DNA sequence with the corresponding one of the
MG1363 genome sequence (9) allowed the identification of a
mutation in the llmg 0226 gene. To map other mutations, a
3175-bp fragment containing llmg 0226 gene was amplified by
PCR with Phusion TM DNA Polymerase (Ozyme), using prim-
ers 226 (5'-GTTACTTCTTCAGGAGATCC) and 229. The
DNA sequence of the obtained fragments was determined by
using internal primers.

Microscopy—Microscopy images were taken with a phase
contrast microscope (Leica Microsystems) equipped with an
image analysis system Induscam (Andersa). Transmission elec-
tron microscopy was performed as described previously (10).
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AFM Imaging— AFM images were obtained in acetate buffer,
at room temperature, using a Nanoscope IV Multimode AFM
and MCST tips (Veeco Metrology Group). Cells were immobi-
lized by mechanical trapping into porous polycarbonate mem-
branes (Millipore) with a pore size similar to the bacterial cell
size. After filtering a concentrated cell suspension, the filter was
gently rinsed with the adapted buffer, carefully cut (1 X 1 cm),
and attached to a steel sample puck (Veeco Metrology Group)
using a small piece of double-face adhesive tape, and the
mounted sample was transferred into the AFM liquid cell while
avoiding dewetting (11).

Polysaccharide Preparation and Structural Analysis—Bacte-
rial cells were collected by centrifugation and washed with 20
mM ammonium acetate buffer, pH 4.7 (12). Cell wall PS were
then prepared using a method developed previously (13). Bac-
teria were suspended in 4% SDS in ammonium acetate buffer
and boiled with intensive stirring for 1 h. Cells were collected by
centrifugation, and the pellet was washed six times with ammo-
nium acetate buffer to remove SDS and stirred with 5% trichlo-
roacetic acid in the presence of glass beads for 48 h at 4 °C.
Insoluble material was removed by centrifugation (12,000 X g,
10 min), and the supernatant was dialyzed and freeze-dried.
The resulting product was further purified on a Sephadex G-50
column. The major fraction, positive for neutral sugars, amino
sugars, and phosphate (average yield ~12 mg/liter of culture),
was used for further chemical analysis and NMR analysis.

For the estimation of relative quantities of PS in L. lactis
MG1363 and its mutant VES5748, cells were washed with
buffer and freeze-dried. Equal amounts (200 mg) of dry WT
and mutant cells were treated with SDS and trichloroacetic
acid as described above, and after dialysis of trichloroacetic
acid, 1 puM inositol was added to each preparation. The
lyophilized product was depolymerized with 48% hydroflu-
oric acid (Acros Organic) for 48 h at 4 °C, hydrolyzed with 4
M trifluoroacetic acid for 3h at 110 °C, converted into alditol
acetates by conventional methods, and analyzed by gas
chromatography.

For the preparation of oligosaccharides OS1, OS2, and OS3,
PS (20 mg) was treated with 48% hydrofluoric acid (10 °C, 48 h),
dried under a stream of air, and reduced with NaBH,. The
resulting mixture of oligosaccharides was separated by high-
performance anion-exchange chromatography, to give the
reduced hexasaccharide OS1 as a major product.

General and Analytical Methods—Monosaccharides were
identified as alditol acetates by gas chromatography on a Shi-
matzu GC-14 gas chromatograph equipped with a flame ioni-
zation detector and a Zebron ZB-5 capillary column (30 m X
0.25 mm), with hydrogen as carrier gas, using the following
temperature gradient: 170 °C (3 min) and 260 °C at 5 °C/min.
Gel permeation chromatography was carried out on a Sephadex
G-50 column (1.6 X 90 cm) and irrigated with water. Fractions
(5 ml) were assayed colorimetrically for aldose (14), amino sug-
ars (15), and phosphate (16).

High-performance anion-exchange chromatography was
performed on a CarboPac PA1l column (9 X 250 mm) with
pulsed amperometric detection, with an isocratic flow of 0.1%
NaOH. Fractions were collected and analyzed using Dionex
system with an analytical CarboPac PA1 column (4 X 250 mm)
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ered saline and lysed with 0.1% Tri-

N ton X-100 in H,O. Serial dilution
S were immediately plated on M17-

Glc agar plates for colony count.
e, VS For microscopic observation, mac-
\‘,\ A & rophages cultivated on glass cover-

slips were infected as described above
and extensively washed with phos-

phate-buffered saline. Monolayers
were washed three times with phos-
phate-buffered saline, fixed with
MeOH 100% for 2 min, and colored
with May-Griinwald stain (Sigma).
Specimens were observed with a
Nikon Eclipse E600 microscope
equipped with a Nikon DXM1200
FCCD camera.

FIGURE 1. Phase contrast (A-C) and transmission electron micrographs (D-F) of WT L. lactis control strain
MG1363 (A and D) and of two long-chain mutants VES5748 (B and E) and VES5751 (C and F). The outer
pellicle indicated by arrows (D) is not visible in the mutants (E and F). The scale bar represents 0.1 um.

TABLE 1

L. lactis strains and plasmids used in this study and their relevant
genetic properties

Strains Relevant genotype Ref.
MG1363 Plasmid-free wild type strain 48
NZ3900 MG1363 derivative, AlacF pepN::nisRK 49
VES5748 Spontaneous MG1363 derivative, C to T This work

transition in llmg 0226
VES5751 Spontaneous MG1363 derivative, CCAA This work

duplication in llmg 0226

at 1 ml/min. Products were desalted on a Sephadex G-15
column.

'H and "*C NMR spectra were recorded using a Varian Inova
500 MHz spectrometer for samples in D,O at 45 °C with ace-
tone internal reference (6;; = 2.23 ppm and 6~ = 31.5 ppm),
using standard pulse sequences DQCOSY, TOCSY (mixing
time 120 ms), nuclear Overhauser effect spectroscopy (mixing
time 400 ms), and HSQC and HMBC (100-ms long range trans-
fer delay). '"H-*'"P HMQC and HMQC-TOCSY were run with
'H-*'P coupling set to 11 Hz, TOCSY mixing time of 100 ms.

L. lactis Phagocytosis Assay—Bacteria were grown to station-
ary phase (16 -18 h; 1 X 10” colony-forming unit/ml) in GM17
at 37 °C without shaking. Bacterial cells were harvested by cen-
trifugation at 3000 X g for 5 min and washed twice in phos-
phate-buffered saline solution before resuspension in RPMI
1640 medium (Invitrogen) to a final density of 1 X 10° colony-
forming units/ml. The murine macrophage cell lines RAW
264.7 and ]J774 were propagated in RPMI 1640 medium supple-
mented with 10% fetal bovine serum (Invitrogen) in the pres-
ence of penicillin and streptomycin. Infections were performed
at a multiplicity of infection of 20:1 by centrifuging bacteria
onto macrophages at 500 X g for 5 min. The plates were then
incubated for 30 min at 37 °C under 10% CO, atmosphere.
Macrophages were extensively washed with RPMI 1640
medium and incubated for an additional hour in medium sup-
plemented with 100 mg/ml streptomycin and 100 units/ml
penicillin to kill extracellular bacteria. To monitor L. lactis
phagocytosis, macrophages were washed with phosphate-buff-
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RESULTS

Isolation of Spontaneous Muta-
tions in the Chromosomal Gene
Cluster, Encoding Polysaccharide Biosynthesis of L. lactis—
To isolate long-chain L. lactis mutants as nonsedimenting
derivatives, semi-liquid growth conditions were used (17, 18).
Long-chain derivatives of L. lactis MG1363 (Fig. 14), exempli-
fied here by mutant strains VES5748 and VES5751 (Fig. 1, Band
C), were obtained in these conditions. In most cases, lactococci
form long chains when cell separation is affected by reduced
activity of autolytic enzymes (17, 19) or by increased PG resis-
tance to hydrolysis (20, 21). Surprisingly, the activity of the main
lactococcal autolysin AcmA was unaffected in more than 100 of
such mutants (data not shown), albeit the long-chain pheno-
type of the acmA mutant allows us to expect the isolation of
such mutants in the screen that we used (19).

After different phenotypical tests, we found that part of these
mutants appeared to be resistant to the lactococcal virulent
small isometric headed phage sk1, specific to MG1363 (22). The
phage resistance phenotype was due to a phage adsorption
defect and not to an inhibition of intracellular development
(data not shown). It was previously established that genes
important for the adsorption of phages belonging to this group
are located within a 24.2-kb chromosomal gene cluster, which
is putatively involved in cell wall polysaccharide (PS) biosynthe-
sis in L. lactis strain IL1403 (5). We therefore determined the
nucleotide sequence of the corresponding cluster in one of the
mutants, VES5748 (Table 1), and found that it carriesa Cto T
transition in the llmg 0226 gene (gene annotation as in Ref. 9),
resulting in the appearance of a stop codon. Other long-chain
skl-resistant (skl-r) mutants carried point mutations or
insertions of IS981 in llmg 0226, probably because of the
intrachromosomal transposition event. Similar mutants
were also isolated based on phage sk1 resistance. In total, 20
skl-r long-chain derivatives were selected, all of which car-
ried mutations in the gene //mg 0226 (4 point mutations and
16 IS insertions). Although gene cluster, harboring all iso-
lated mutations, putatively encodes cell wall PS (23), this
compound was never isolated or characterized.
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TABLE 2
"H and "3C chemical shifts of WPS of L. lactis MG1363 and the
hexosaccharide OS1

Spectra were recorded in D, O at 45 °C. Chemical shifts are given relative to acetone
(8; = 2.23 ppm and §. = 31.5 ppm). NAc, CH, signals at 2.03 ("H); 23.1 (**C) and
2.10 (*H); 23.3 ppm (**C); *'P at ~0 ppm.

Unit 1 2 3 4 5 6a/b

a-Glc A, PS

'H 5.52 359 377 357 397 3.80/3.98

13C 96.2 723 735 701 724 67.0
B-Galf'B, PS

H 5.15 425 4.09 4.00 3.78 3.66/3.72

15C 107.3 895 766 835 715 63.7
a-Glc C, PS

'H 5.00 357 377 344 3.74 3.78/3.88

13C 99.0 724 740 705 728 61.5
a-Rha D, PS

H 4.90 4.06 3.76 3.50 3.98 1.25

3C 101.9 70.6 81.8 71.4 69.9 17.5
B-GIcNACE, PS
H

4.82 379 371 370 370 3.84/4.02
13C 100.8 563 823 692 754 66.5

B-GlcNAC F, PS
H

4.66 377 360 3.60 3.57 4.20/4.20

13C 103.4 56.6 743 701 754 65.3
Glc-ol A, OS1

H 3.61/3.72 3.84 3.84 370 390 3.65/3.96

15C 63.1 739 706 721 70.8 70.1
B-GalfB, OS1

H 5.15 425 410 399 377 3.65/3.70

13C 107.4 89.5 767 838 717 63.7
a-Glc C, OS1

H 4.99 357 376 343 3.74 3.77/3.88

13C 99.1 725 741 705 729 61.6
a-Rha D, OS1

H 4.87 4.02 377 348 399 1.24

15C 102.1 71.4 81.3 71.7 70.1 17.5
B-GIcNACE, OS1

'H 4.78 385 365 3.69 3.69 3.81/4.02

13C 100.8 56.4 825 69.1 755 66.5
B-GlcNAc F, OS1
H

4.66 375 357 350 345 3.81/3.93
BC 103.9 568 747 705 76.6 61.4

Isolation and Structural Characterization of the Cell Wall
Polysaccharide of L. lactis—To gain further molecular insights
into the PS produced by WT L. lactis MG1363, the carbohy-
drate-containing polymers of its cell wall were analyzed. The
cell wall PS was prepared by trichloroacetic acid extraction,
followed by purification by gel filtration chromatography. The
purified material was positive in colorimetric reactions for neu-
tral sugars, amino sugars, and phosphate. Monosaccharide
analysis revealed the presence of Rha, Glc, Gal, and GlcN in an
approximate molar ratio of 0.8:2:1.4:2.

NMR analysis of the preparation indicated a homogeneous
phosphate-containing PS. To elucidate its detailed chemical
structure, the 'H and '>C spectra of the PS were fully assigned
using two-dimensional homo- and heteronuclear correlation
techniques (Table 2 and Fig. 2A). The structure of the PS is
schematically shown in Fig. 3. The PS is composed of the hexa-
saccharide repeating units, containing two Glc (A and C), two
GlcNAc (Eand F), one Rha (D), and one Galf(B) residues, linked
via a phosphodiester bond (Table 2 and Fig. 24 and Fig. 3). To
confirm this structure, the PS was depolymerized with
hydrofluoric acid and reduced, and the generated oligosaccha-
ride fragments were purified by preparative high-performance
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anion-exchange chromatography and analyzed by two-dimen-
sional NMR. One main product, the hexasaccharide OS1, was
formed by cleavage of the phosphodiester bonds; two other
oligosaccharides were produced by additional cleavage of
galactofuranosyl (OS2) or rhamnosyl (OS3) linkages (Fig. 3). 'H
and ">C NMR spectra of all oligosaccharides were fully assigned
(Table 2; Fig. 2B, and data not shown). Altogether, our data
unambiguously establish the structure of the PS of L. lactis
MG1363 as presented in Fig. 3.

To confirm that /[/mg 0226 mutation in skl-r long-chain
derivatives indeed affected the PS biosynthesis, the quantities of
PS synthesized by MG1363 and VES5748 mutant were com-
pared. The relative quantities of Glc and GlcNAc, which are
characteristic for the PS of L. lactis MG1363, were measured
using gas chromatography analysis with inositol as internal
standard. We found that the VES5748 mutant contained about
20-fold less Glc per mg of dry cells than MG1363, and no
detectable GIcNAc. We therefore conclude that the VES5748
mutant lacks the PS that is present in the wild type L. lactis
MG1363.

Detection of an Outer Polysaccharide Pellicle by Transmis-
sion Electron Microscopy (TEM) and AFM—We chose two
long-chain mutants VES5748 and VES5751 (Table 1) for
microscopy studies. As observed from TEM micrographs, an
outer pellicle is present in WT L. lactis MG1363 (Fig. 1D),
which is absent in the two long-chain mutants (Fig. 1, E and F).
This pellicle is clearly visible around the cells and intercalated
between the peptidoglycan of two dividing cells (Fig. 1D). We
therefore conclude that WT lactococci contain an outer layer
made of PS.

Because TEM micrographs could be biased by the fixation
and staining procedures, the presence of the polysaccharide
pellicle was examined by live cell AFM imaging (24), a micros-
copy technique that was reportedly used for EPS and CPS visu-
alization (25, 26). For this purpose, living bacterial cells were
immobilized in porous membranes for noninvasive imaging.
Fig. 4 shows AFM deflection images of single L. lactis NZ3900
(WT) and VES5748 mutant cells. The surface of WT cells
showed well defined division septum and ring-like structures
presumably reflecting “equatorial rings” of newly synthesized
PG (27). Besides these structures, the cell surface was feature-
less and very smooth, the root mean square roughness (R, . ;)
on 200 X 200 nm height images being 0.6 = 0.1 nm. By contrast,
mutant VES5748 exhibited a much rougher surface, with an
R, .. 0f 2.9 = 0.7 nm. The rough surface may reflect another
cell wall constituent, such as peptidoglycan, lying underneath
the pellicle. The increased surface roughness in PS-negative
mutants correlates with TEM observations revealing that
mutations lead to the disappearance of an outer layer.

Antiphagocytic Properties of the L. lactis Polysaccharide
Pellicle—The CPS of Gram-positive pathogens play important
roles during bacterial infection and survival in the blood stream
and thus affect their virulence (3). In these bacteria, the pres-
ence of a capsule is often associated with antiphagocytic prop-
erties (28). We hypothesized that the outer PS pellicle of L.
lactis MG1363 could display a similar property. A murine mac-
rophage phagocytosis assay, which is routinely used for patho-
genic bacteria, was thus performed using lactococcal cells (29,

JOURNAL OF BIOLOGICAL CHEMISTRY 10467

8TOZ ‘ST auNC Uo anbiwouo.By 8Y2ieydey | ap feuoieN INISU| VN | 1 /61000 mmmy/:dny wouy pspeojumoq


http://www.jbc.org/

Lactococcus lactis Polysaccharide Pellicle

ppm
E2
-3
‘\ F2
60 | c6
Q <D
F6 <’°’BB
65 o E6 £6
F6 <.,
o A6 E4
b © F4,A oy
0 no <> DS & = <<
5 N> "D
=" D4
A5 B 32
75 B o =
o E5 F5
B3
80 | D3
L
o E3
85 B4
B2
90 | o
AT’
95 |
>
Al c
P=3
] E1
100 -
o
D1 )
105 | F1
o
B1
10
T T T T T T T T T T T
5.4 5.2 5.0 4.8 46 44 42 4.0 3.8 36 ppm
ppm >
(-~ o~
0: =o
65
= <>
70 2P0 = o
o LS Py ==
= >
O = .
75 - o [=-=]
(=} =
80
=
B ——1
>
85
90 i
95
@
100 c1 -
o FE1
D1 -
105 F1
(-]
B1
T T T T T T T T T T
5. .2 5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.4 ppm

10468 JOURNAL OF BIOLOGICAL CHEMISTRY

VOLUME 285-NUMBER 14+APRIL 2, 2010

8T0g ‘€T aunr Uo anbiwouo.By ayJeydsy e ap [euolieN INSU| YN | ¥ /B10°0q ['mmawy/:dny wouy papeojumoq


http://www.jbc.org/

F D E B A
-[-6-B-GlcNAc-3-0-Rha-3-B-GleNAc-2-B-Galf-6-0-Gle-P-]- WPS
|6
a-Gle
C
F D E B A
B-GleNAc-3-a-Rha-3-B-GleNAc-2-B-Galf-6-Gle-ol 0OS1
|6
a-Gle
C
F D E B
B-GleNAc-3-a-Rha-3-B-GleNAc-2-B-Gal-ol 0S2
|6
a-Gle
C
E B A
B-GleNAc-2-B-Galf~a-Glc-ol 0S3
|6
a-Gle
C

FIGURE 3. Structure of L. lactis MG1363 PS and the oligosaccharide prod-
ucts of its partial hydrolysis (0S1 to 0S3). A and C, Glc residues; B, Galf;
E and F, GIcNAc, and D, Rha; see also Table 2.

30). The obtained results showed that PS-negative bacteria
(strain VES5748) are more efficiently trapped inside the murine
phagocyte lines RAW 264.7 and ]J774 than the WT strain (Fig.
5). The yield of internalized mutant bacteria was about 10-fold
higher than that of WT, indicating a capacity of the lactococcal
PS pellicle (PSP) to provide antiphagocytic properties (Fig. 5).
Analysis of phagocyte micrographs confirmed the increased
susceptibility of the PS-negative mutant to phagocytosis by
showing large clusters of bacteria accumulating inside macro-
phages, whereas WT bacteria were essentially located at the
macrophage surface (Fig. 5, A and B). Similar results were
obtained using different bacteria/macrophage ratios (data not
shown). These results indicate that the PSP can protect L. lactis
against host phagocytosis by macrophages and in this way
plays, at least in vitro, a role similar to CPS of pathogenic
bacteria.

DISCUSSION

In this work, we identified a cell wall PS produced by the food
bacterium L. [actis that forms a compact pellicle located on the
outer surface of the cell. Isolation of long-chain mutants and
their examination by complementary microscopy techniques
(TEM and AFM) allowed us to unambiguously demonstrate the
existence of this outer PSP. To the best of our knowledge, this
compact pellicle-like layer was never studied in detail in L. lactis
nor in other Gram-positive bacteria. The absence of a “tradi-
tional” capsule, which could hide or replace the PSP, turned L.
lactis into a particularly suitable model organism to reveal and
characterize this novel cell envelope structure. Noteworthy, a
similar outer layer could be observed in a number of TEM
micrographs of L. lactis isolates of different origins, although its

Lactococcus lactis Polysaccharide Pellicle

existence was not discussed by the authors (31-33). Interest-
ingly, such a layer is also visible in TEM micrographs of other
Gram-positive bacteria such as Enterococcus faecalis (34), S.
pneumoniae (35), and Streptococcus mutans (36). This pellicle
may thus represent a novel cell envelope structural component
in a number of Gram-positive bacteria. The identification of
this layer in L. lactis now opens the possibility to confirm the
presence of similar pellicles in these bacteria, which possess
chromosomal clusters, putatively encoding cell wall polysac-
charide synthesis.

The composition of the L. lactis pellicle was established by
determining the structure of the PS and showing that it is not
produced in the PS-negative mutant strains. In contrast to EPS,
which are usually purified from culture supernatants, the PS of
MG1363 was extracted by a trichloroacetic acid treatment, pre-
ceded by boiling of bacteria in SDS solution (see under “Exper-
imental Procedures”). Such a harsh procedure, necessary for
the isolation of the PS, strongly suggests that it is covalently
linked to PG and therefore can be qualified as a cell wall PS.
Moreover, the extraction procedure also allows us to speculate
about the ratio between PG and PS in the L. lactis cell envelope.
Indeed, for PG extraction, we routinely use SDS, protease, and
nuclease digestion, followed by strong acid treatment (20). Fol-
lowing this procedure, we obtain ~50% mass reduction after
acid treatment, suggesting that PG and PS are present in com-
parable amounts in the cell wall preparation (data not shown).
Nevertheless, the PSP on TEM micrographs is thinner than the
PG layer, indicating that this PS layer should be more compact
in comparison with PG.

To our knowledge, the PS structure that was determined
here is unique among the previously described bacterial PS
structures. The monosaccharide sequence constituting the PS
repeating unit was not found by searching the carbohydrate
structural data bases (37) Noteworthy, the Glc residue
branched on GIcNAc was previously found in the O-antigen
from Escherichia coli lipopolysaccharide (38). Interestingly, the
PS characterized in this study is composed of hexasaccharide
repeating units linked by phosphodiester bonds. Although this
structure with phosphate in the polymer backbone is reminis-
cent of the teichoic acid structures (39), it does not contain
typical polyols (i.e. glycerol, ribitol, and glucitol) found in the
“classical” teichoic acids (2, 39) or in the teichoic acid-like poly-
mer (40). Consequently, the PS characterized in this study can
be qualified as a sugar-phosphate cell-wall PS (41, 42).

The resistance to small isometrically headed bacteriophage
sk1 phenotype of long-chain PS-negative mutants greatly facil-
itated further characterization and mapping of responsible
mutations. It was previously shown that lactococcal receptors
for the phages of 936 species, to which sk1 belongs, are encoded
in a gene cluster, potentially responsible for PS synthesis (5).
This chromosomally located gene cluster was first identified in
the closely related L. lactis subsp. lactis strain IL1403 (23). The
clusters of IL1403 and MG1363 strains are similar but not iden-

FIGURE 2. Partial heteronuclear "H-"3C chemical shift correlation (HSQC) spectrum of the L. lactis MG1363 polysaccharide (A) and OS1 fragment (B).
The corresponding one-dimensional "H NMR spectrum of OS1 is also shown (B). C-H signals appear in black; CH, signals are in red (A) and green (B). Residues are

indicated as in Table 2.
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FIGURE 4. AFM deflection images for single L. lactis WT (A) and its pellicle-negative derivative VES5748

(B) cells during the course of the division process.

llmg 0227 were only identified in
the genome of the opportunistic
pathogen Streptococcus agalactiae
(group B streptococcus) (43). Inter-
estingly, the corresponding genes in
group B streptococcus are located in
a locus that could be involved in the
synthesis of the group B antigen, a
cell wall-anchored polysaccharide
used to type this species (40).
Sequence analysis and topology
prediction indicate the presence of a
signal peptide and of a transmem-
brane domain in the C-terminal
part of the Llmg 0226 protein and
of seven transmembrane domains
in Llmg_0227. These features sug-
gest that Llmg_0226 is a secreted
membrane-associated protein, and

C Llmg_0227 is an integral membrane

protein, but the exact functions of
these two proteins cannot be

B RAW 264.7
011774

inferred from homology searches.

6.0

We speculate that the products of
llmg 0226 and/or llmg_0227 fulfill a

4.0

% bacterial inoculum

2.0 7

0.0 -

nonstructural but essential role in

the synthesis of the PS pellicle.
Intriguingly, we observed an
WT  PSP-negative elevated frequency of mutation
mutant events in the [lmg 0226 gene in

FIGURE 5. Phagocytosis of L. lactis WT (A) and its pellicle-negative derivative VES5748 (B) by murine ~comparison with the acmA gene,
macrophages RAW 264.7 and J774 is shown. Micrographs of bacteria after 30 min of incubation with RAW although inactivation of both

264.7 (A and B) and phagocytosis efficiency (C) are shown.

tical (9). However, both clusters harbor genes identified as
putatively responsible for the synthesis of rhamnose precursors
(rmlA, -B, -C, and -D), rhamnosyltransferases (rgpA and -B),
and several glycosyltransferases (9). The presence of an Rha
residue in the repeating unit of the PS and the absence of other
genes encoding the same functions in the genome of MG1363
unequivocally suggests that this cluster is involved in the syn-
thesis of the PS pellicle. The presence of a pellicle-like layer,
visible in TEM micrographs of 1L1403,° also indicates that a
similar PS is produced by the latter strain.

Surprisingly, all isolated mutations were IS insertions or
frameshifts located in llmg 0226, which is absent from the
orthologous gene cluster of IL1403. Consequently, we cannot
rule out that these mutations have a polar effect on the down-
stream-located and closely linked llmg 0227 gene (9). The
proximal part of LImg_0227 protein (117 amino acids) shows
homology to Limg 0215 of the same cluster and to YcaG of the
corresponding cluster in IL1403. This indicates that these three
proteins may belong to the same family. Noteworthy, the muta-
tions leading to resistance of IL1403 to bacteriophage bIL170,
belonging to 936 species, were located in the ycaG gene (5).
Outside of the Lactococcus genus, homologs of llmg 0226 or

6 E. Guédon, personal communication.
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genes leads to a similar long-chain

phenotype. This may indicate the
existence of an IS981 transposition-based mechanism dedi-
cated to affect PS-related surface diversity that could play a
role in survival of lactococci in changing environmental con-
ditions. Mutations due to IS981 transposition were previ-
ously reported and were shown to be involved in fitness
improvement of L. lactis (44).

In Gram-positive pathogens, the CPS are considered as vir-
ulence factors, acting by preventing phagocytosis. Because the
lactococcal pellicle may have similar properties, we performed
phagocytosis experiments and showed that the lactococcal PSP
confers resistance to ingestion by two cell lines of murine mac-
rophages. In our nonopsonic phagocytosis assay, the pellicle
could act by hindering cell surface components, preventing
their recognition by macrophage pattern recognition receptors
(28). The susceptibility to phagocytosis of PS-negative mutant
strains indicates that the PSP can help lactococci to escape
innate immune defenses, for instance to protect themselves
against mucosal immunity of the gut (45). Also, the protection
against host immunity could be relevant to the rare human
systemic dissemination cases (46).

The intercalation of PS between peptidoglycan layers in the
septum of dividing lactococcal cells, as observed in Fig. 1D,
could play a role in separation of daughter cells. The absence of
such a septal pellicle could thus affect cell separation and con-
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sequently explain the long-chain phenotype of PS-negative
mutants. Alternatively, the compact pellicle could serve as a
barrier, preventing passage of major autolysin AcmA through
the cell wall. Because the lack of AcmA activity in L. lactis
results in formation of long chains (19), a decrease of PG hydro-
lase activity due to a leakage of AcmA in the absence of such
external barrier could also be a reason for the long-chain for-
mation of PS-negative mutants.

Besides its use in milk industry, L. lactis is considered as a
convenient delivery vector for biological molecules for anti-
infective and anti-allergic therapies in the gastro-intestinal
tract (47). The potential capacity of the lactococcal pellicle to
interfere with the immune system or to constitute a barrier for
the extracellular delivery of proteins suggests its importance for
such applications. Pellicle-negative derivatives of Gram-posi-
tive food and probiotic bacteria could thus display a strong
applied potential. The use of PS-negative derivatives in the food
industry could be greatly facilitated by the possibility to apply a
food-grade procedure for their selection, based on differential
sedimentation of spontaneous long-chain mutants in semi-liq-
uid conditions.
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