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Nisin is a post-translationally modified antimicrobial peptide produced by Lactococcus lactis

which binds to lipid II in the membrane to form pores and inhibit cell-wall synthesis. A nisin-

resistant (NisR) strain of L. lactis, which is able to grow at a 75-fold higher nisin concentration than

its parent strain, was investigated with respect to changes in the cell wall. Direct binding

studies demonstrated that less nisin was able to bind to lipid II in the membranes of L. lactis NisR

than in the parent strain. In contrast to vancomycin binding, which showed ring-like binding, nisin

was observed to bind in patches close to cell-division sites in both the wild-type and the NisR

strains. Comparison of modifications in lipoteichoic acid of the L. lactis strains revealed an

increase in D-alanyl esters and galactose as substituents in L. lactis NisR, resulting in a less

negatively charged cell wall. Moreover, the cell wall displays significantly increased thickness at

the septum. These results indicate that shielding the membrane and thus the lipid II molecule,

thereby decreasing abduction of lipid II and subsequent pore-formation, is a major defence

mechanism of L. lactis against nisin.

INTRODUCTION

Lactococcus lactis is a lactic acid bacterium (LAB) that is of
major importance in the food industry. Some LAB produce
agents that are capable of inhibiting the growth of a wide
variety of food spoilage bacteria, for example by the
excretion of antimicrobial peptides or bacteriocins. One of
the best-studied antimicrobials is nisin (Sahl & Bierbaum,
1998). Nisin, a positively charged lantibiotic produced by
L. lactis, and nisin-producing strains have been used as
food preservatives for a long time, especially in dairy
products (Delves-Broughton et al., 1996; Hurst, 1981;
Mattick & Hirsch, 1944). Nisin displays a broad spectrum
of activity against Gram-positive bacteria (Jung, 1991) and

kills bacteria by inhibiting cell-wall biosynthesis and by
forming pores in the cytoplasmic membrane, both initiated
by binding to lipid II (Breukink et al., 1999; Brötz et al.,
1998). Multiple molecules in the lipid II–nisin complex
aggregate to form a pore (Hasper et al., 2004). Recently, it
has been reported that nisin, as well as some non-pore-
forming lantibiotics are also able to abduct lipid II from
major sites of cell-wall biosynthesis, providing another
mechanism of cell killing (Hasper et al., 2006). Insights
into the molecular mechanisms by which bacteria develop
nisin resistance and the basis of the large differences in
nisin sensitivity observed among wild-type bacterial species
is of major importance for future antimicrobial applica-
tions of nisin or nisin variants.

It has been reported that the lipid II content in the
cytoplasmic membrane of bacteria and their nisin

Abbreviations: LTA, lipoteichoic acid; WTA, wall teichoic acid.

NMR spectra are available with the online version of this paper.
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sensitivity are not correlated, but that resistance is a
combined result of changes in the cell wall that hamper
nisin from reaching lipid II (Kramer et al., 2004). The cell
wall in Gram-positive bacteria consists of a relatively thick,
multi-layered peptidoglycan sacculus that, depending on
the bacterial species, may contain proteins, lipoteichoic
acid (LTA), wall teichoic acid (WTA) and polysaccharides.
Notably, not all Gram-positive bacteria harbour LTA or
WTA. The cell wall has a net negative charge, mainly
because of the LTA and WTA content. LTA in its most
common form consists of a polyglycerol phosphate that is
linked to the membrane via a glycolipid anchor.
Alternatively, a polyribitol phosphate may form the LTA
core, but other polyols such as mannitol, erythritol or
arabitol can be present (Naumova et al., 2001). Some
bacteria do not possess LTA, but have other anionic
polymers such as teichuronic acid. LTA can contain
various glycosyl substituents, such as an OH group, D-
alanyl moieties, a-GlcNAc or a-galactose (Delcour et al.,
1999). In Gram-positive bacteria, four proteins, encoded
by the dlt operon, are required for the synthesis of D-alanyl
esters for substitution in LTA, which results in positive
charges being incorporated into the mostly negatively
charged cell wall (Delcour et al., 1999; Peschel et al., 1999).
To date, it is not known whether or not L. lactis contains
WTA. Three functions of D-alanyl teichoic acids have been
proposed so far, namely (i) preventing the binding of
autolysins (Steen et al., 2003), (ii) maintaining cation
homeostasis, and (iii) defining the electrochemical prop-
erties of the cell wall (Heaton & Neuhaus, 1993).

LTA has been shown to play an important role in nisin
resistance in Staphylococcus aureus and Streptococcus bovis;
however, the exact LTA composition of these strains has
not been analysed. A Staphylococcus aureus strain contain-
ing several copies of the dlt operon is less sensitive to
various antimicrobial peptides, including nisin (Peschel et
al., 1999). Nisin-resistant (NisR) cells of Streptococcus bovis
harbour more LTA than nisin-sensitive cells (Mantovani &
Russell, 2001). LTA alanylation also seems to affect the
susceptibility of Streptococcus pneumoniae to nisin (Kovacs
et al., 2006). We have shown previously that the cell wall of
Gram-positive bacteria can be a barrier for nisin to reach
lipid II, since protoplasts of a NisR strain of Micrococcus
flavus were almost as sensitive to nisin as protoplasts of the
parent strain (Kramer et al., 2004). However, the LTA of
the NisR strains has not been isolated in any of these
studies, nor have the molecular changes in LTA been
reported to be involved in the nisin resistance mechanism.

A transcriptome analysis study has shown that the
expression of various genes involved in four possible
mechanisms was changed in a L. lactis NisR strain compared
to the wild-type (Kramer et al., 2006), based on the
following observations. (i) Genes involved in cell-wall
structure showed higher expression of the dlt and gal
operons, resulting in a changed LTA structure. GalE,
encoded by the gal operon in L. lactis subsp. cremoris
(Grossiord et al., 2003), is involved in galactose substitution

in LTA. pbp2A was also more highly expressed. There was
also (ii) a difference in the expression of ABC transporters,
(iii) a difference in the expression of genes involved in the
saturation and elongation of fatty acids, and (iv) changes in
the expression of genes possibly controlling the pH on the
outer side of the membrane, preventing nisin binding to
lipid II (Kramer et al., 2006). However, the biochemical
changes in membrane and cell wall were not further
investigated in this study.

Since earlier studies have indicated that several genes
involved in cell-wall synthesis contribute to nisin resistance
(Kramer et al., 2006), and do not influence the total lipid II
content, we set out to further investigate the role of the cell
wall in nisin resistance. Our results point to a combination
of two major mechanisms to effect nisin resistance:
elevating the net charge of the cell wall concomitantly
with increasing the thickness of the septum, where the
majority of the lipid II molecules reside. Both strategies
effectively hamper binding of nisin to lipid II molecules in
the bacterial cytoplasmic membrane, preventing abduction
of lipid II from sites of cell-wall synthesis and preventing
cell lysis by pore formation.

METHODS

Bacterial strains, growth conditions and MIC determinations.
The strains used in this study were L. lactis IL1403 (Chopin et al.,

1984), L. lactis IL1403 NisR (Kramer et al., 2004) and L. lactis MG1363

DdltD (Duwat et al., 1997). All strains were grown at 30 uC in M17

(Terzaghi & Sandine, 1975) broth with 0.5 % glucose (GM17) and

antibiotics where appropriate (chloramphenicol, 5 mg ml21; nisin,

3000 mg l21, when using the NisR strain of L. lactis). GM17 plates

contained 1.5 % agar. The MIC was determined as described

previously (Kramer et al., 2004).

Isolation of a NisR variant of L. lactis IL1403. A nisin stock

solution was derived from nisaplin (2.5 % nisin; Aplin and Barrett) as

described by Pol & Smid (1999). A NisR isogenic variant of L. lactis

IL1403 was obtained as described previously (Kramer et al., 2004).

This strain was used for all experiments.

LTA purification and structure analysis. LTA purification was

performed by culturing 5 l each of L. lactis IL1403, L. lactis IL1403

NisR and L. lactis MG1363 DdltD overnight at 30 uC in 500 ml flasks

in GM17. Twenty grams (wet wt) of cells of each strain were

harvested, resuspended in 60 ml 0.1 M sodium citrate buffer, pH 4.8,

and disrupted with a Branson sonifier (250 P5) three times for 5 min

at an output level of 6. Between every cycle the cells were kept on ice

for 5 min. LTA purification was done essentially as described

previously (Morath et al., 2001). Briefly, the disrupted cells were

mixed with 60 ml n-butanol (Merck), stirred for 30 min at room

temperature and centrifuged at 13 000 g for 40 min at room

temperature. The centrifugation step was lengthened to obtain a

higher yield of LTA. The aquatic phase was lyophilized, filtered using

a 0.22 mm NC 20/20 membrane filter (Schleicher and Schuell),

resuspended in 5 ml chromatography start buffer (15 % n-propanol

in 0.1 M ammonium acetate, pH. 4.7) and centrifuged at 45 000 g for

15 min (Sorvall rotor, SS34) at room temperature. The supernatant

was subjected to FPLC on octyl-Sepharose CL 4B (Amersham

Pharmacia Biotech) with a 15–60 % propanol gradient. The phosphor

content of LTA was estimated according to the protocol of Rouser
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et al. (1970). NMR analysis was done at 600.13 MHz (1H) and 300 K,
and was performed as described previously (Morath et al., 2001).

Electron microscopy. Overnight cultures of either L. lactis IL1403 or
L. lactis IL1403 NisR were harvested at room temperature by
centrifugation for 1 min at 10 000 g. Cells were fixed in 3 %
glutaraldehyde in 0.1 M sodium cacodylate buffer, pH. 7.2 (CAC),
and kept on ice for 2 h. Subsequently, the cells were washed three
times in CAC, fixed in 1 % osmium tetroxide and 5 % potassium
bichromate (1/1) in CAC at room temperature, and washed three
times with MilliQ water. Contrast colouring was performed with
0.4 % uranylacetate, and rehydration with a 100, 96, 70 and 50 %
ethanol solution series. The cells were embedded in Epon synthetic
resin (Resolution Europe) and sliced on a cryo ultramicrotome
(Reichert-Jung). The sliced cells were examined using a Philips CM10
electron microscope (FEI Company).

Subcellular localization of nisin and vancomycin at the L. lactis

surface. Carboxyfluorescent-labelled nisin and vancomycin were
isolated essentially as described previously (Hasper et al., 2006). A
culture of L. lactis grown overnight was diluted 1 : 30 and grown
under the appropriate growth conditions for about 3 h to an OD660 of
about 0.8. Subsequently, fluorescein-labelled vancomycin
(1000 mg l21) or fluorescein-labelled nisin (200 mg l21) was added
to 0.5 ml culture and the cells were incubated under the appropriate
growth conditions for another 15 min. The culture was centrifuged,
then the cell pellet was washed in PBS (10 mM potassium phosphate,
pH 7.5, 150 mM NaCl), fixed in 1.6 % formaldehyde in PBS and kept
on ice for 1 h. After three washes in PBS, the cells were resuspended
in PBS and an equal volume of 1 % low-melting-point agar was added
for fixation. Cells were inspected with a Zeiss confocal laser scanner
(CLSM) 510 (excitation wavelength 488 nm, detection between 500
and 550 nm).

RESULTS

Susceptibility testing of a NisR variant of L. lactis

A NisR variant of L. lactis IL1403 was used that was able to
grow on media containing 3000 mg nisin l21, which is 75
times the MIC of the parental strain (40 mg l21; Kramer et
al., 2004). Vancomycin is another antimicrobial substance
that inhibits cell-wall synthesis by binding to lipid II. This
glycopeptide antibiotic binds to lipid II at the L-Lys-D-
Ala-D-Ala terminus of the pentapeptide side chain
(Sheldrick et al., 1978), but it does not make pores.
Vancomycin can be used as an indicator of the location of
lipid II in the cytoplasmic membrane of nisin-sensitive
and nisin-resistant strains (Daniel & Errington, 2003).
However, as these authors also show, a significant
proportion of the vancomycin (~50 %) was bound to
free D-Ala-D-Ala termini in the cell wall. It has been shown
that the peptidoglycan layer of L. lactis contains a
significant proportion of free D-Ala-D-Ala termini (25 %
of intact pentapeptides; Courtin et al., 2006). Thus,
vancomycin binding to free D-Ala-D-Ala termini will
contribute significantly to the signal. Sensitivity to
vancomycin was tested in the NisR strain as well as in
strain L. lactis MG1363 DdltD which is five times more
sensitive to nisin than the wild-type strain, probably due
to changes in D-alanylation of LTA. No cross-resistance
between nisin and vancomycin was observed in L. lactis

IL1403 NisR and L. lactis MG1363 DdltD. The MIC value
for vancomycin was unchanged for all the strains
investigated. Vancomycin resistance has been shown to
be caused by a decrease in the degree of cross-linking
(resulting in an increase in free D-Ala-D-Ala termini)
together with a thicker cell wall (Cui et al., 2000). This
implies that the total amount of free D-Ala-D-Ala termini
present in the cell wall does not change significantly with
the level of resistance to nisin.

Vancomycin and nisin bind at or close to cell-
division sites in L. lactis

The total lipid II content in the Gram-positive bacterial
cytoplasmic membrane is not correlated with nisin
sensitivity (Kramer et al., 2004). Possible changes in the
subcellular location of lipid II in the cytoplasmic
membrane of L. lactis wild-type and NisR strains were
investigated, using direct binding of carboxyfluorescein-
labelled vancomycin (Daniel & Errington, 2003). This was
done to determine whether the binding pattern of nisin to
lipid II is altered in the NisR strain. As described above,
vancomycin not only binds to the lipid II precursor, but
also binds to D-Ala-D-Ala termini present in the
peptidoglycan. Thus, as well as localizing lipid II and
native peptidoglycan (Daniel & Errington, 2003), carbox-
yfluorescein-labelled vancomycin will stain other parts of
the cell wall. Approximately equal amounts of vancomy-
cin were bound to wild-type L. lactis, L. lactis NisR and L.
lactis DdltD (Fig. 1a), indicating that the lipid II content
in the cytoplasmic membrane is similar in all three strains.
As described for S. pneumoniae (Daniel & Errington,
2003), vancomycin was predominantly present at the cell-
division sites in all three strains of L. lactis (Fig. 1a).
Approximately equal amounts of vancomycin were bound
at newly formed cell-division sites in L. lactis DdltD,
compared to wild-type L. lactis and L. lactis NisR cells
(Fig. 1a).

A quite different pattern was observed for binding of
carboxyfluorescein-labelled nisin to lipid II in the
cytoplasmic membranes of L. lactis wild-type, NisR and
DdltD cells. In this case, asymmetric fluorescent patches
were visible in the bacterial membrane (Fig. 1b). In
sensitive cells, the nisin–lipid II patches were located near
possible (new) cell-division sites. These patches were also
observed in the rod-shaped Bacillus subtilis, where lipid II
is abducted from its original location to form nisin–lipid
II patches (Hasper et al., 2006). Substantially less nisin
was bound to cells of L. lactis NisR than to cells of its
parent, although the binding pattern was basically
identical to that observed in the parent strain (Fig. 1b).
This raises the question as to which characteristics of the
cell wall might cause decreased binding of nisin to the
cellular membrane and lipid II. The binding pattern of L.
lactis DdltD was also essentially the same as that of the
parent (Fig. 1b).

Cell-wall changes in nisin-resistant Lactococcus lactis
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The cell wall in L. lactis NisR is thickened at the
cell-division site

Since the nisin–lipid II patches appear to be formed near
the (future) cell-division sites (see Fig. 1a), this suggests
that L. lactis is most sensitive to nisin at this location. In the
NisR strain, the acquisition of nisin resistance could be
associated with molecular and/or structural changes in the
cell wall. Since earlier studies have reported that nisin
resistance in Listeria innocua is accompanied by an
increased overall thickness of the peptidoglycan
(Maisnier-Patin & Richard, 1996), the cell walls of L. lactis
and the NisR derivative were examined by electron
microscopy (Fig. 2a, b). The overall cell-wall thickness
was 17±2 nm, as measured in 10 different cells, in both
the NisR and the parental strains. Notably, a dramatic
difference in thickness of the peptidoglycan was observed
specifically at the cell-division sites: the cell-division site of
L. lactis NisR (11±2 nm) was at least twice as thick as that
of L. lactis (5±2 nm). Thus, upon the acquisition of nisin
resistance, the cell wall of L. lactis NisR thickens at the sites
where lipid II is primarily located in the cell.

LTA is less negatively charged in L. lactis NisR

The fact that L. lactis DdltD is more sensitive to nisin than
its parent suggests that LTAs play an important role in the
acquired nisin resistance mechanism. LTA was isolated
from L. lactis, L. lactis NisR and L. lactis DdltD, purified by
FPLC and analysed by NMR spectroscopy. The NMR
spectra show the resonance signal intensities of the D-
alanine, galactose, glycerol and fatty acid fractions of the
purified LTAs, which allows quantification of the sub-
stituents and to determine the mean glycerophosphate
chain length (Morath et al., 2001). LTA of L. lactis NisR

contains more D-alanyl esters and more galactose than the
parent strain (Table 1), and the backbone length is
shortened in L. lactis NisR. LTA of L. lactis DdltD contains
almost no D-alanine, but exhibits a fourfold increase in
galactose substitution relative to the wild-type strain. In
conclusion, LTA of L. lactis NisR is shorter in length and
contains more D-alanine and galactose than its sensitive
counterparts, making the cell-wall barrier less negatively
charged.

DISCUSSION

Lipid II is the docking molecule for the lantibiotic nisin
(Breukink et al., 1999). We have shown previously that the
lipid II content in the bacterial cytoplasmic membrane is
not directly correlated with nisin sensitivity of the
bacterium (Kramer et al., 2004). At least three mechanisms
for nisin resistance in bacteria can be envisaged. First, an
increase in the turnover of the sugar moieties to form
peptidoglycan may take place, which would decrease the
possibility of nisin binding to lipid II. Second, other
molecules in the cytoplasmic membrane may prevent nisin
from binding to the lipid II molecule. Third, nisin could be
prevented from reaching the cytoplasmic membrane, and
thus lipid II, due to changes in the cell wall such as an
increase in thickness and/or a change in overall charge. A
difference in charge would not affect sensitivity of the
bacterium to vancomycin, since vancomycin is uncharged.

Earlier studies indicated that genes involved in cell-wall
synthesis were involved in the acquisition of nisin
resistance (Kramer et al., 2006). Furthermore, it is possible
that changes in the subcellular location of the lipid II
molecule make cells less susceptible to nisin. The location

Fig. 1. Confocal microscopical examination of
wild-type L. lactis, L. lactis NisR and L. lactis

DdltD cells labelled with vancomycin (a) and
nisin (b). The cells were incubated with 1 ml
fluorescein-labelled vancomycin l”1 or with
0.2 mg fluorescein-labelled nisin l”1, as
described in Methods. Representative cells
are shown in each case. (a) Arrows represent
lipid II–vancomycin binding in the cell-division
site. (b) Arrows represent nisin–lipid II com-
plexes formed near the cell-division site. Bars,
2 mm.
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of lipid II in the cytoplasmic membrane was visualized
using fluorescently labelled vancomycin, an antibiotic that
binds to D-Ala-D-Ala termini present in peptidoglycan, and
precursors thereof (such as lipid II). Fluorescently labelled
vancomycin was mainly localized at the septum in L. lactis,
L. lactis NisR and L. lactis DdltD. This result shows that the
cell-wall synthesis machinery, including lipid II, is located
at the cell-division sites in L. lactis, as also observed in the
coccoid S. pneumoniae, as well as in the rod-shaped
bacteria B. subtilis (Daniel & Errington, 2003; Hasper et al.,
2006) and Bacillus megaterium (Hasper et al., 2006).

Binding studies with fluorescently labelled nisin show that
L. lactis NisR binds significantly less nisin than L. lactis,
whereas the binding pattern seems to be the same. In
contrast to vancomycin binding, nisin and lipid II appear

to form large complexes, which are visible as patches close
to cell-division sites in the fluorescent images, rather than
being distributed over the entire cell-division site.
Abduction of lipid II and formation of giant complexes
was also observed with fluorescently labelled nisin in B.
subtilis and B. megaterium and with giant unilamellar
vesicles containing lipid II (Hasper et al., 2006).

To determine how L. lactis NisR is able to shield the
cytoplasmic membrane and lipid II from nisin attack, the
cell wall was examined in L. lactis wild-type and its NisR

derivative by electron microscopy. A locally thickened cell
wall at the septum was observed. In L. lactis NisR, this is the
primary location of lipid II in the cell. Thickening of the
peptidoglycan was also observed at possible future cell-
division sites. Localized thickening of the cell wall can be

Fig. 2. Electron microscopic analysis of L.

lactis (a) and L. lactis NisR (b). Representative
cells are shown. The overall cell-wall thickness
is 17 nm in both strains. The thickened septa
in the NisR strains are clearly visible at different
stages of division in the enlarged images on
the left (a) and the right (b).

Cell-wall changes in nisin-resistant Lactococcus lactis
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the result of an increased turnover of the lipid II
headgroup. This would decrease the lifetime of lipid II
and reduce the amount of binding of nisin to lipid II. An
increased turnover of sugar moieties in the lipid II
molecule could be due to a higher expression of certain
penicillin-binding proteins (PBPs), which are involved in
peptidoglycan chain cross-linking and strand elongation
(van Heijenoort, 2001). Indeed, in L. lactis NisR, expression
of a gene encoding PBP2A is increased relative to L. lactis
(Kramer et al., 2006). A putative PBP has also been shown
to be more highly expressed in a NisR strain of Listeria
monocytogenes (Gravesen et al., 2001). It has also been
observed that PBP1A plays an essential role in resistance to
cationic antimicrobial peptides in group B Streptococcus
(Hamilton et al., 2006). However, it was not established
whether the cell wall was (locally) thickened. Alternatively,
nisin could be less effective in abducting lipid II molecules
to form patches in the NisR strain because of the lower
accessibility to lipid II due to the thickened peptidoglycan
at the septa. The observed localized thickening of the cell
wall at only the septa in L. lactis NisR is in contrast with
observations in Listeria innocua, where the entire cell wall is
thicker in a NisR strain (Maisnier-Patin & Richard, 1996).
Listeria innocua is a fairly nisin-insensitive bacterium and it
is therefore difficult to use this species in a comparison of
resistance development in L. lactis, since L. lactis is very
sensitive to nisin. Thickening of the entire cell wall could be
a last resort for Listeria innocua to protect itself from the
action of nisin. Recently, it was reported that immediate
lethal doses of nisin caused membrane permeabilization,
followed by accelerated cell division, cell-envelope biosyn-
thesis inhibition and aberrant cell morphogenesis in B.
subtilis (Hyde et al., 2006). This is in line with our findings
that resistant strains appear to behave in the opposite way:
the cell division time for the NisR strain is longer than in
the wild-type strain, which indicates slower cell division
(data not shown), thereby making lipid II less accessible.

LTA is the major determinant of cell-wall electrostatic
interactions, because it is predominantly negatively
charged. In addition, it can contain positively charged D-
alanyl esters. A large difference was observed between the
LTA of L. lactis and that of L. lactis NisR: the latter contains
many more D-alanyl esters and more galactose. This is in
accordance with transcriptome analysis data, showing
higher expression of genes of the dlt and gal operons

(Kramer et al., 2006), and is also in accordance with data
from a strain of Staphylococcus aureus containing several
copies of the dlt operon. The dlt operon is responsible for
D-alanyl ester substitution in LTA, leading to the
incorporation of positive charges. The Staphylococcus
aureus strain with increased dlt operon expression was less
sensitive to various antimicrobial peptides, including nisin
(Peschel et al., 1999). Nisin has a net positive charge and
the increase of positive charge in the cell wall probably
hampers nisin from reaching lipid II in the cytoplasmic
membrane by electrostatic repulsion. In a Lactobacillus
plantarum strain, LTA showed higher levels of glucose
when the dlt operon was deleted (Palumbo et al., 2006).
This suggests that by deleting the dlt operon, other sugar
moieties increase in number in the LTA. It has also been
described in several studies that deletion of dltA in
Enterococcus faecalis and Streptococcus pneumoniae, result-
ing in the absence of D-alanine in the teichoic acids,
produces a strain that is more sensitive to antimicrobial
peptides (Kovacs et al., 2006; Fabretti et al., 2006).
However, these strains are less sensitive to nisin than L.
lactis. It has been suggested that many low-G+C Gram-
positive bacteria have teichoic acids that contain D-alanine
residues in order to protect themselves from the action of
antimicrobials such as nisin (Kovacs et al., 2006). An
increase in substituted LTA might make the cell wall more
tightly packed, thereby shielding the membrane and lipid II
from nisin binding. It is also interesting to note that the
backbone length of LTA is significantly reduced in L. lactis
NisR, which could affect cell-wall packing density. In
contrast to LTA of NisR Streptococcus bovis, L. lactis NisR

cells did not contain more LTA (Mantovani & Russell,
2001), since the same amount of LTA was purified from
wild-type cells as from L. lactis NisR cells. The observed
increased sensitivity of L. lactis DdltD can therefore be
attributed to an increase in negative charge in the LTA,
which might lead to a more efficient passage of nisin
through the cell wall to reach lipid II and form pores. The
acquired NisR phenotype observed in L. lactis is most
probably a combination of at least two main effects that
add up to a final high nisin resistance level. Shielding of
lipid II by the cell wall is acquired by changing the overall
charge of LTA. The reduction in accessibility is also
accomplished by local thickening of the cell wall at the cell-
division sites, where lipid II is most abundant. Shielding of
the membrane, and thus the lipid II molecule, appears to

Table 1. Substitutions in LTA of L. lactis strains

LTA was isolated from L. lactis, L. lactis NisR and L. lactis DdltD, purified by FLPC and analysed by NMR spectroscopy, as described in Methods.

The NMR spectra (see Fig. S1, available with the online version of this paper) were used to quantify the substituents in relation to the phosphate

content and to determine the mean glycerophosphate chain length.

Strain Galactose in LTA (%) D-Alanine in LTA (%) Non-substituted LTA (%) Backbone length

L. lactis IL1403 11.8±1.6 28.5±6.6 59.8±5.2 16

L. lactis IL1403 NisR 25.0±5.2 45.0±6.0 30.0±1.8 7

L. lactis MG1363 DdltD 46.0±0.4 5.9±3.5 48.0±3.3 12
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be the major defence mechanism of L. lactis IL1403 against
nisin.
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