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Nisin-induced changes in Bacillus morphology suggest
a paradigm of antibiotic action
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Nisin is a small cationic lanthionine antibiotic produced by Lacto-
coccus lactis. During its antimicrobial action, it targets intermedi-
ates in the bacterial cell-wall biosynthesis, lipid Il, and undecapre-
nyl pyrophosphate. Here, we report results from electron
microscopic investigations of the effects of lethal nisin doses on
Bacillus subtilis cell morphology. Bacterial membranes were per-
meabilized shortly after B. subtilis was incubated with nisin, but
this did not lead to immediate cell death. Cell division, as well as
other life functions, persisted over at least half an hour after nisin
was added. Slower bacterial elongation, consistent with cell en-
velope inhibition and accelerated division, resulted in cell-length
reduction. Abnormal morphogenesis near the division site sug-
gests this to be the primary site of nisin action. Morphological
changes are characteristic of deregulation of a filamentous cell
envelope protein, Mbl, and the division-inhibiting Min system. We
propose a previously undescribed model, in which the lethal action
of nisin against B. subtilis starts with membrane permeabilization
and is followed by accelerated cell division, cell envelope inhibi-
tion, and aberrant cell morphogenesis.

cell wall | electron microscopy | bacterial morphology | lantibiotic |
cell division

widely used food preservative, the peptide antibiotic nisin,

E234, (1, 2) is produced by Lactococcus lactis and shows
high antimicrobial activity against a broad spectrum of Gram-
positive bacteria. Nisin is also effective in inhibiting the out-
growth of spores from Clostridium and Bacillus species (3). Nisin
activity toward Gram-negative organisms also has been re-
ported, although to a lower degree than against Gram-positives
and usually in combination with chelating agents (4, 5). Nisin is
active in the nanomolar range and has no known toxicity to
humans, which has placed it in the unique position of worldwide
acceptance as a powerful and safe food additive in control of
food spoilage (for a review, see ref. 6). The recent discoveries of
lipid II as a target for nisin and, in particular, the pivotal role
played by the pyrophosphate group, also have brought nisin to
the forefront in the battle with resistant human infections as a
model case for the design of new antibiotics.

The biosynthesis of nisin involves posttranslational modifica-
tions of ribosomally synthesized precursor peptide, which results
in the formation of unusual amino acids (lanthionine, dehy-
droalanine, and dehydrobutyrine) (3, 7). Nisin is a positively
charged peptide that is able to bind to negatively charged plasma
membranes (8—11) via nonspecific electrostatic interactions. The
antibacterial activity of nisin results from permeabilization of the
cytoplasmic membrane and interference with the cell-wall bio-
synthesis of sensitive bacteria. During its action, nisin targets the
cell wall precursors lipid II (12, 13) and undecaprenyl pyrophos-
phate (14).

Membrane permeabilization occurs after target recognition
and nisin/lipid II complex formation (12). The process is rapid,
with onset times ranging from milliseconds to seconds, and the
lifetime of the pores can extend to seconds (13, 15). Pore
formation leads to rapid dissipation of transmembrane electro-
static potential and vital solute gradients (4, 16, 17). The release
of ATP, in particular, has been used to quantify nisin (18). Sahl
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and coworkers (19) demonstrated the importance of peptidogly-
can inhibition during in vivo antimicrobial action of the lanthi-
onine antibiotics gallidermin and epidermin.

Bacterial peptidoglycan is a dynamic system, in which biosyn-
thetic incorporation of new peptidoglycan and degradation by
autolysins are tightly coupled and controlled (20). The late stages
of bacterial cell-wall biosynthesis take place on the outer leaflet
of bacterial membrane, where biosynthesis intermediates are
used as targets by a number cell wall-inhibiting antibiotics. In
rod-shaped bacteria, peptidoglycan growth is most rapid during
cell elongation and takes place, largely, near the division site
(21, 22).

Cytokinesis in B. subtilis involves the protein ftsZ, which
self-assembles into ring-shaped structures at mid-cell position, Z
rings, at the beginning of the division process when the protein
concentrations exceed 10 uM in the presence of GTP (23, 24).
This process is normally suppressed by inhibitor protein systems,
one of which is the Min system. In Bacillus subtilis, it consists of
the ftsZ polymerisation inhibitor MinC and the protein MinD, an
ATPase bound to the plasma membrane in its ATP-associated
form and solublized upon nucleotide hydrolysis (25). In B.
subtilis the Min proteins are tethered in to the bacterial poles by
the protein DivIVA. Although the Min system does not deter-
mine the mid-cell localization of the division site, it serves to
prevent polar division. Inactivation of the Min system may result
in multiple septa formation (26, 27). When Z ring assembly is
complete, cell-wall synthesis is switched from elongation to
septal formation. Increased cellular concentrations of FtsZ lead
to additional division events away from the normal midcell
division sites and lead to the formation of minicells (28).

Cell shape determination in B. subtilis involves the protein
Mbl, and deletion mutants show twisted and distorted pheno-
types (29). The changes are more pronounced during rapid
division, where B. subtilis cells often remain attached in chain-
like structures (30). Errington and coworkers (30) report bulges
and increased cellular width in the rapidly growing parts of
Bacillus cells. Mbl also has been shown to affect the localization
of FtsZ, a tubulin-like protein directing septal formation in
prokaryotes. In normal cells, FtsZ self-associates approximately
midway down the bacterial length to form closed division rings
or Z rings, coaxial with the long axis of the rod. Instead, during
division in Mbl mutants, FtsZ self-assembles into spirals in the
mid-cell region of rapid growth (30). It has been suggested that
helical Mbl filaments running underneath the plasma membrane
are involved in anchoring the peptidoglycan and guide its
formation along the cylindrical surface of the cell (31).

Here, we report results from electron microscopic investiga-
tion of short- and intermediate-term (5-10 min) changes in
morphology of B. subtilis to lethal doses of nisin. We show the
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Fig. 1.

Electron micrographs showing cross-sections of B. subtilis after mild hypotonic challenge. (A) No nisin. (B) After exposure to 5 ug/ml nisin. Detachment

of the cell wall from the plasma membrane is clearly visible (arrow). (Scale bars: 100 nm.)

effects of rapid membrane permeabilization and subsequent
length, cross-section, shape, and population distribution changes
in bacilli. We outline the key changes taking place during
cell-wall inhibition in vivo, which we believe lead to the ultimate
decline in bacterial population. We proposed a model of nisin
action, which relies on uncoupling of ATP-dependent pathways,
regulating cell division, from the division process itself. We
conclude that membrane permeabilization, followed by cell-wall
inhibition and metabolic deregulation of bacterial division, is
responsible for the lethal action of nisin against B. subtilis.

Results

The antimicrobial action of nisin is based on a combination of
rapid events and longer timescale processes. Pore formation is a
rapid process occurring over times on the order of milliseconds
to seconds (15, 17, 32), whereas peptidoglycan inhibition has
noticeable effects after periods on the order of hours (33). We
have investigated the changes in morphology of Bacillus after in
vivo exposure to nisin in liquid cultures both at the short and at
the long time scales. Samples were collected 5 min after inoc-
ulation to observe immediate- and short-term effects of nisin in
vivo, as well as at 20- and 30-min delays to investigate cell shape
and population changes after short-term effects have subsided.

The addition of nisin to exponentially growing cells did not
have an immediate effect at concentrations up to 50 wg/ml.
However, 10 h after inoculation, bacterial density had declined
in all samples with nisin concentrations >2.5 ug/ml, as deter-
mined by inhibition assays in liquid cultures.

Bacterial cultures were subjected to a mild osmotic challenge
in 135 mM PBS and the membrane permeabilizing action of nisin

was investigated at 15- and 30-min intervals after antibiotic
addition. Electron micrographs in bacterial cross-section pro-
jections from untreated and nisin-treated cells are shown in Fig.
1. Cytoplasmic osmotic pressure aids adhesion of the plasma
membrane to the peptidoglycan layer, which results in the
circular cross-sections in untreated cells (Fig. 14). Treatment
with nisin at 5 pg/ml relieves the osmotic stress via pore
formation and leads to the astral bacterial cross-sections seen in
Fig. 1B after contraction of the plasma membrane. Partial
cell-wall detachment from the plasma membrane is visible in Fig.
1B. This results from a decreased cytoplasmic volume after pore
formation, which is not matched by a reduction in cell-wall
length.

A better understanding of the differences between pore
formation and cell-wall inhibition can be obtained by analyzing
the cell-wall length in the cross-section and comparing it to the
bacterial diameter, measured within the plasma membrane. Fig.
2A shows the average cell-wall length of untreated bacteria and
bacteria exposed to nisin at 5, 10, 20, and 30 wg/ml. We observed
no statistically significant variation between untreated and nisin-
treated samples, which indicates that cell-wall degradation along
the circumference is insignificant on this time scale. In contrast,
the average bacterial cross-section was noticeably reduced from
~0.58-0.59 wm to 0.44-0.48 wm after the addition of nisin,
which is consistent with the occurrence of nisin-induced pores
during the period of osmotic challenge (Fig. 2B). There was
statistically significant dependence of cell diameter on nisin
concentration.

We used electron microscopy to investigate the effects of nisin
on bacterial length and division. Histograms of bacterial lengths
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Total length of B. subtilis cell wall in transverse bacterial cross-section (A) and cell diameter at the plasma membrane after a mild hypotonic challenge

(B). Luminal cross-section is reduced without concomitant reduction in cell-wall length.
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Fig. 3. Histogram of B. subtilis cell length at 5 (A and D), 20 (B and E), and 30 (C and F) min after incubation with nisin. (A-C) Control. (D-F) After treatment

with 5 pg/ml nisin.

are shown in Fig. 3. Contributions from different periods in the
cell cycle determine the shape of the distribution (Fig. 34). Cell
lengths of ~3.5 um can be attributed to the interphase and
contribute to the lower length region. Elongating and dividing
populations show high frequency at lengths of 4.5 um and reach
lengths as high as 5.5 um.

Samples for electron microscopy were collected at times 5, 20,
and 30 min after the addition of nisin at 5 ug/ml. Histograms of
bacterial cell lengths are shown in Fig. 3 D, E, and F, respectively,
with control samples lacking nisin in Fig. 3 4, B, and C. The
average interphase cell length 5 min after inoculation remained
at ~3.5 um. However, the dividing population appeared re-
duced. Because we did not observe an increase in bacterial ghost
counts, we concluded that nisin had stimulated cell division,
rather than killing longer cells. The average bacterial length of
the entire bacterial population decreased from 3.9 um in the
untreated samples to 3.5 wm after treatment with 5 ug/ml nisin
(Table 1).

After 20- and 30-min delays after nisin incubation, we ob-
served a reduction in the average bacterial cell length from 3.9
to ~3.4 um (Fig. 3 E and F). The distribution is skewed toward
lower bacterial lengths 30 min after nisin addition, whereas
bacterial division continues. The approximate length of the

Table 1. Average pole to pole and pole to septum length, /,
standard deviation of distributions, A/, and total population per
sample from untreated B. subtilis cells and cells treated with
nisin and decoynine

5 min 20 min 30 min
Nisin No nisin 5 ug/ml No nisin 5 pug/ml  No nisin 5 ug/ml
I, um 3.9 3.5 4.1 3.4 3.9 3.4
Al, pm 0.84 0.75 1.00 0.96 0.94 0.80
Counts 102 187 118 156 150 150

19898 | www.pnas.org/cgi/doi/10.1073/pnas.0608373104

dividing population was lower than the observed 4.5 um in the
control sample.

To obtain further insight into the effects of nisin on bacterial
cell division and the role of GTP, we treated B. subtilis cultures
with a lethal concentration of 50 ug/ml nisin (Fig. 4C) and with
the GTPase inhibitor decoynine (Fig. 4D). Decoynine treatment
leads to GTP but not ATP depletion (34) and does not reduce
FtsZ levels in L. lactis (35). The bacterial population remained
viable 30 min after treatment in both cases. The nisin-treated
cultures showed significant reduction in the average cell length
from 3.9 um to ~2.5 um. Incubation with decoynine led to a
notable reduction in the average cell length to 3.1 uwm with a
broad dispersion of cell lengths showing no distinct interphase or
division regions.

We analyzed the shape of the bacterial length distributions to
investigate any effects of nisin on the relative population in
different phases of bacterial life cycle. We used skewness and
kurtosis to compare the observed bacterial length distributions
to a normal distribution. Error-corrected skewness/error and
kurtosis/error data from samples treated with 5 ug/ml nisin and
from untreated controls at 5, 20, and 30 min after nisin-
treatment are summarized in Table 2. No significant deviation
form symmetry or from normal distribution was observed in the
control samples. Five minutes after treatment with 5 pg/ml nisin,
we did not observe significant changes in the distribution profile.
At later times, 20 and 30 min after treatment, skewness values of
3.5 and 4.7 revealed a shift in the population toward shorter,
interphase cell lengths. Within the experimental error, kurtosis
analysis revealed no significant deviation from a normal
distribution.

Values of error-corrected skewness and curtosis from samples
treated with 0, 5, and 50 ug/ml nisin and with the GTPase
inhibitor decoynine 30 min after the addition of each compound
are shown in Table 3. A departure from symmetry is seen in the
change in skewness from 1.4 in the untreated case to 4.7 in the
presence of 5 ug/ml nisin and to 9.1 at a nisin concentration of
50 wg/ml. This indicates higher frequencies at shorter wave-
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Histogram of B. subtilis cell length 30 min after exposure to 5 and 50 pg/ml nisin. (A) Control. (B) After exposure to 5 ug/ml nisin. (C) After exposure

to 50 wg/ml nisin. (D) After treatment with GTPase inhibitor decoynine. Dose-dependent decrease in cell length is evident.

lengths, consistent with shortening of the bacterial population
and a preferential population of the interphase. The value of
kurtosis also increased from —1.08 in untreated samples, well
with the normal range, to 15.4 after incubation with 50 wg/ml
nisin. This is consistent with a focused short-length distribution
and a “tail” of longer bacteria.

Although addition of decoynine lead to a reduction in the
average bacterial length from 3.9 um to 3.1 wm, the population
distribution remained the same as in the untreated case. Skew-
ness revealed a symmetric distribution and kurtosis remained
within the range indicative of a normal distribution, suggesting
no departure from the normal cell cycle population.

Fig. 54 shows the normal progression of septal formation in
B. subtilis. By contrast, the addition of 5 wg/ml nisin resulted in
multiseptal divisions, often showing two closely located septa
(Fig. 5B). This is consistent with a model in which ATP
deregulation during pore formation by nisin may stimulate
spontaneous septation and uncontrolled cell division. Similar
formation of multiple septa close to the mid-cell site in B. subtilis
has been observed in cells in which the division-suppressing Min
system has been suppressed (26).

When the concentration of nisin is increased 10-fold to 50
pg/ml, not only is the septation control disrupted but the
formation of septa during division also can be affected. Cell-wall
inhibition in the region of rapid growth near the septation site
can lead to a reduction in cell length and aberrant morphogen-
esis. Fig. 5 shows examples of morphological aberrations during
septation. These include multiple septation (Fig. 5C), disjointed
helical septa (Fig. 5D), “corkscrew” cell-wall morphologies (Fig.
SE), and septal malformation (Fig. 5F). One example of division
“dead end” is the reduction of bacteria to large numbers of
nonviable “minicells,” devoid of a complete DNA set (Fig. 5G).
The formation of minicells has been reported when the cellular
concentration of FtsZ has been raised (28). Long, aseptal cells
also were observed after exposure to high nisin concentrations.

Discussion

In the present study, we investigate the morphological changes
in B. subtilis, a Gram-positive rod, after incubation with nisin to
analyze the effects of the antibiotic during its bactericidal action
in vivo. We observed morphological changes consistent with both

Table 2. Skewness/error and kurtosis/error values from cell
length distribution of B. subtilis cells treated with 5 ng/ml nisin

membrane poration and cell-wall inhibition. Our results show
that pore formation by treatment with nisin at a concentration
exceeding the minimal inhibitory concentration does not have an
immediate bactericidal effect but has longer-term consequences,
and cell demise results mainly from metabolic deregulation and
cell growth inhibition. We also were able to show that the most
severe cell-wall malformation occurs in the region of rapid
cell-wall growth near the site of septal formation, which high-
lights this region as the principal site of action for nisin.

To examine the consequences of membrane permeabilization
by nisin and the role osmotic pressure plays in maintaining cell
shape, we introduced untreated and nisin-treated B. subtilis cells
into a hypotonic environment. Plasma membrane integrity was
maintained in untreated cells, and the membrane adhered well
to the cell wall, which was drawn to its maximum cross-area
shape, a circle, by the osmotic pressure of its cytoplasmic
constituents. By contrast, nisin-treated cells showed a reduced
cytoplasmic cross-section, which indicates efflux of cytoplasmic
constituents. In the short-term (5 min after exposure), cell-wall
thickness remained unchanged, which emphasized the different
time scales of pore formation and cell-wall inhibition.

The osmotic stress collapse also led to partial detachment of
the plasma membrane from the cell wall. One possible expla-
nation may be sought in considering the surfactant properties of
nisin molecules, which may be capable of intercalating between
pyrophosphate-linked cell-wall anchors and the plasma mem-
brane. This would withdraw partially the isoprenyl anchor chains
from the membrane and weaken cell-wall adhesion. Another
manifestation of the reduced membrane adhesion to the pepti-
doglycan can be seen in Fig. 5F, where septal peptidoglycan
growth is seen away from the membrane into the cytoplasmic
space.

The most significant effects of nisin on B. subtilis were seen at
later times of 20 and 30 min after exposure. The overall
pole-to-pole and pole-to-septum average cell length decreased in
comparison with the untreated cells. This demonstrates the
cell-wall inhibitory action of nisin, which has been predicted
from its interactions with lipid II and undecaprenyl pyrophos-
phate and observed in chemically modified nisin (13, 14, 32).
One important point is that the reduction in cell length from
~4.0 pm in untreated samples to 3.5 um in the presence of 5

Table 3. Skewness/error and kurtosis/error values from
cell-length distribution of B. subtilis cells 30 min after treatment

5 min 20 min 30 min with 5 and 50 pg/ml nisin and decoynine at 500 ug/ml
Nisin No nisin 5 ug/ml No nisin 5 ug/ml No nisin 5 ug/ml Nisin No nisin 5 ng/mi 50 ug/ml Decoynine
Skewness 2.3 2.5 0.64 3.5 1.4 4.7 Skewness 1.40 4.69 9.13 2.19
Kurtosis —0.66 —-0.42 —1.84 0.20 —1.08 2.56 Kurtosis —1.08 2.56 15.4 0.09
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Fig. 5. Electron micrographs showing morphogenesis during cell division. (A) Septal formation in untreated B. subtilis. (B) Multiple septation 30 min after
treatment with 5 png/ml nisin. (C—F) Aberrant morphogenesis after treatment with 50 ug/ml nisin. (G) The formation of minicells. (C-F) Multiple septation with
abnormal septal orientation and cell swelling (C), helical septal formation (D), corkscrew growth of the cell envelope in the growth region near the division site
(E), and septal malformation and cell-wall formation away from the cell surface (F). (Scale bars: 200 nm, except B Top and Bottom and F, 500 nm.)

pg/ml nisin was achieved within the first 5 min after treatment.
This is surprising, because the duplication times in B. subtilis are
in the order of 30 min. Distribution analysis 30 minutes after the
addition of nisin revealed a relative increase in frequencies of
short bacteria, which suggests that more cells have progressed
through division into the interphase than in the control sample.
These observations suggest that nisin does not inhibit cell
division but, to the contrary, appears to drive the population
through division and to synchronize the bacterial development
through the cell cycle, in the short term at least.

The morphological changes after cell-wall inhibition by nisin
are rather different from those observed after treatment with
penicillin or vancomycin, which reflects the differences in mode
and site of action between these antibiotics. We did not observe
blebbing, spheroplasts, or the formation of a filamentous cell
wall as seen in Staphylococcus aureus after penicillin treatment
(36), and we did not see cell wall thinning, as seen after
vancomycin treatment. The reduction in cell length, which we
observed instead, indicates that cell-wall inhibition occurs mainly
during the active cell elongation of bacteria division cycle. We
also observed an increase in bacterial diameter in the immediate
vicinity of the newly forming septa, which reinforces the con-
clusion that nisin inhibits cell-wall formation predominantly on
the newly formed cell wall near the septation site. While this
work was under review, a report (37) appeared that describes a
mechanism of action for lanthionine antibiotics by means of
pyrophosphate-mediated sequestering of lipid II from sites of
bacterial cell-wall generation. These results are in agreement
with our findings of significant aberrations in cell-wall morpho-
genesis, where bacterial elongation is rapid.

In our studies, the samples treated with nisin revealed a high
frequency of double septa forming near one another and a
number of multiseptal bacteria, where up to four septa appeared
in the midcell division region (Fig. 5C). One possible explanation
is that ATP-dependent septation-repressor mechanisms, such as
the Min system (38), are deregulated after membrane perme-
abilization, whereas septal formation continues. Because the
action of nisin leads to efflux of ATP (17), the spatial regulation
of Z ring formation is likely to be affected and favorable
conditions for Z ring formation can occur over a division “band,”
rather than a specific site. At the same time, reduction in
cytoplasmic GTP levels may be insufficient to prevent FtsZ

19900 | www.pnas.org/cgi/doi/10.1073/pnas.0608373104

self-association, which has been reported to continue at GTP
concentrations only one-10th of their normal value (39).

In B. subtilis, Mbl has been shown to localize in helical
filaments, running along the length of the cell (30). Mbl deletion
mutants show characteristic shape deformations, namely twisted
phenotypes with increased cell diameter and other deforma-
tions, that are particularly well pronounced near the mid-cell
division region. In our study, we observed similar helical for-
mation of the septa after exposure to high doses of nisin (Fig.
5D) and cell widening in the region of axial growth near the
division site (Fig. 5F) and helical cell-wall morphogenesis.

Minicell formation has been observed in the presence of
elevated FtsZ concentrations (28). We observed a large number
of minicells after exposure of B. subtilis to high doses of nisin.
These minicells appeared around the midcell septal doubling
site, observed after treatment with lower nisin doses. As septal
completion appears accelerated at higher nisin doses, minicells
are most likely the end result of complete multiseptal formation.

Conclusions

Nisin induced leakage of cytoplasmic contents from treated
samples, which we saw as a reduction of bacterial cross-section.
Septal formation continued in the presence of nisin, although it
displayed multiple aberrations. Cytokinesis was evident 30 min
after addition of nisin, which contradicts the current view of a
rapid cell death after antibiotic addition. The principal site of
cell-wall inhibition by nisin appears near the division site, where
peptidoglycan formation is accelerated. We propose a picture of
nisin action, in which nisin permeabilizes plasma membranes,
accelerates cell division and causes minicell formation. Nisin also
deregulates cell envelope formation, which leads to aberrant cell
morphogenesis. The proposed mechanism is distinctly different
from cell-wall inhibition by glycopeptide and B-lactam antibiot-
ics and the action of other pore-forming peptides.

Materials and Methods

Bacterial Strains. Plasmid-free nisin-producing strain Lactococcus
lactis FI5876, L. lactis MG1614, lacking the nisin production
gene and subtilin-producing B. subtilis ATCC 6633 were a kind
gift from Hikki Horn, Arjan Narbad, and Mike Gasson (Bio-
technology and Biological Sciences Research Council Institute
for Food Research, Norwich, U.K.). Nisin was produced from L.

Hyde et al.
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lactis FI5876 and purified by hydrophobic chromatography and
reverse-phase HPLC as described in ref. 40. Inhibitory activity
of nisin was tested by disk diffusion in agar (41, 42) and in liquid
medium against L. lactis MG1614. B. subtilis ATCC 6633 was
grown in Luria broth at 37°C to ODgoy = 1.0. Nisin then was
added to 50-ul culture aliquots at concentrations of 0, 5, 10, 20,
40, and 50 pug/ml, and the culture was incubated for an additional
15 or 30 min at 37°C. Care was taken to maintain comparable
bacterial counts in all experiments because nisin partitions
preferentially onto the polar/apolar interfaces of membranes,
which can lead to significant variation in therapeutic surface
densities of the antibiotic. Decoynine was added at 500 wg/ml,
and cells were harvested after 30 min of incubation at 37°C.

Electron Microscopy. Bacterial pellets were washed with 50 mM
phosphate buffer (pH 6.9) and centrifuged at 3,000 X g for 15 min.
Cells were fixed in 3% glutaraldehyde in 0.1 M cacodylate buffer
(pH 7.2) overnight. Pellets were postfixed in 1% aqueous osmium
tetroxide for 30 min and set in 4% agarose. They were dehydrated
in a graded ethanol series and embedded in Transmit low viscosity
resin (TAAB). Ultrathin sections (70-90 nm) were cut by using a
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