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Sakacin P is a class IIa bacteriocin that is active against the food-borne pathogen Listeria monocytogenes, and
use of this compound as a biopreservative in foods has been suggested. In the present study, we characterized
30 spontaneous sakacin P-resistant mutants of L. monocytogenes obtained after single exposure to sakacin P.
The frequency of development of sakacin P resistance for all strains was in the range from 10�8 to 10�9. Using
the 50% inhibitory concentration (IC50) of sakacin P, the strains could be grouped into strains with high levels
of resistance (IC50, >104 ng ml�1) and strains with low levels of resistance (IC50, <104 ng ml�1). Resistant
strains belonging to the same IC50 group also had similar physiological and genetic characteristics. Generally,
the resistant strains showed substantial variations in many parameters, such as differences in the stability of
the acquired resistance to sakacin P, growth fitness, food-related stress tolerance, and biofilm-forming ability.
Fourier transform infrared spectroscopy revealed differences between wild-type and resistant strains in poly-
saccharide, fatty acid, and, protein regions. A mannose-specific phosphotransferase (PTS) operon has been
described for class IIa bacteriocin resistance, and the sakacin P-resistant strains displayed both up- and
downregulation of the expression of the mptA gene encoding the PTS system. This is the first comprehensive
study of the diversity of a large number of spontaneous resistant mutants obtained after one exposure to a class
IIa bacteriocin, particularly to sakacin P. The great diversity among the resistant strains exposed to the same
stress conditions suggests that there are different resistance mechanisms.

Listeria monocytogenes is a gram-positive human and animal
pathogen, and nearly all human L. monocytogenes infections
are due to ingestion of contaminated food (29, 30, 47). Liste-
riosis is a severe disease and has high hospitalization and
fatality rates (30). L. monocytogenes is ubiquitous in nature
(49), and it is relatively resistant to harsh environments, as well
as to a broad range of food processing and storage conditions
(16).

Bacteriocins produced by lactic acid bacteria are antimicro-
bial peptides and are usually active against gram-positive spe-
cies with low G�C contents (5). The bacteriocins can be
grouped into different classes (12, 26), and the class IIa bac-
teriocins are characterized by conserved sequence motifs and
high specific activity against L. monocytogenes (9, 13). So far,
nisin (class Ia) is the only bacteriocin approved for use as a
food preservative (E234). If more bacteriocins are to be ap-
proved for various industrial applications, class IIa bacteriocins
are considered the next in line (15). Sakacin P is a class IIa
bacteriocin produced by several strains of Lactobacillus sakei
(22, 26, 42, 43). Sakacin P is active against L. monocytogenes
(23–25), and unlike other class IIa bacteriocins, it has modest
activity against lactic acid bacteria (13).

The presence of isolates that are resistant to bacteriocins is

of great concern for use of bacteriocins as biopreservatives
(48). L. monocytogenes isolates that are naturally resistant to
class IIa bacteriocins have been reported (14, 37). Susceptible
strains can acquire resistance to class IIa bacteriocins through
exposure to bacteriocins (19, 25). Depending on the condi-
tions, the frequency of development of resistance to class IIa
bacteriocin ranges from 10�3 to 10�6 (11, 19, 25, 38). The
reported stability of the acquired resistance varies considerably
(10, 11, 19, 36, 38). Class IIa bacteriocin-resistant mutants of
L. monocytogenes have been grouped into mutants with high
levels of resistance and mutants with intermediate levels of
resistance (2, 10, 20, 21, 25, 44, 45).

It has been reported that in L. monocytogenes downregula-
tion of either the mpt (mannose permease two) operon, (7, 20,
21, 36), the mpo (mannose permease one) operon (2), the rpoN
gene (encoding the �54 factor), or the manR gene (transcrip-
tional activator for �54) (2, 6, 7, 39) led to resistance to class IIa
bacteriocins. This is in contrast to results reported by Gravesen
et al., who showed that there was upregulation of expression of
the mpt and manR genes in class IIa bacteriocin-resistant mu-
tants (20). Alterations in cell envelope fatty acid composition
(33, 45) and changes in the cell surface charge (44) have also
been reported to be involved in mechanisms of resistance to
class IIa bacteriocins.

In numerous studies of mutants of L. monocytogenes strains
resistant to class IIa bacteriocins only one or a few wild-type or
mutant strains were included, or the mutants with acquired
resistance were derived using different experimental condi-
tions; either the strains were exposed to different types and

* Corresponding author. Mailing address: Osloveien 1, 1430 Ås, Nor-
way. Phone: 4764970214. Fax: 4764970333. E-mail: Kristine.naterstad
@nofima.no.

† Supplemental material for this article may be found at http://aem
.asm.org/.

� Published ahead of print on 18 September 2009.

6973



concentrations of bacteriocins, or they were exposed succes-
sively many times (10, 11, 19, 20, 33, 38, 46).

The purpose of this study was to characterize a large number
of spontaneous mutant strains of L. monocytogenes that ac-
quired resistance after a single exposure to sakacin P. To our
knowledge, this is the first comprehensive study of the diversity
of a large number of spontaneous resistant mutants obtained
after a single exposure to class IIa bacteriocins, particularly to
sakacin P.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The L. monocytogenes wild-type
strains were selected based on their natural susceptibility to sakacin P (25). L.
monocytogenes L502 and L1037, for which the 50% inhibitory concentrations
(IC50) of sakacin P are high, and L. monocytogenes L40 and L688, for which the
IC50 of sakacin P are low (25), as well as laboratory reference strain EGDe, were
used (18). L. sakei Lb790(pMLS114) was used to produce cell-free supernatant
(CFS) containing sakacin P (32) (Table 1).

Depending on the experiment, the L. monocytogenes strains were grown in
tryptone soy broth (TSB) (Oxoid Ltd., Basingstoke, England), on tryptone soy
agar (TSA) (Oxoid Ltd., Basingstoke, England), in brain heart infusion (BHI)
broth (Oxoid Ltd., Basingstoke, England), on BHI agar (Oxoid Ltd., Basing-
stoke, England), in Listeria enrichment broth (Oxoid, Ltd., Basingstoke, En-
gland) with 0.1% Tween 80 (Sigma), or in Luria-Bertani broth (LB) (1% tryp-
tone [Oxoid], 0.5% yeast extract [Oxoid], and 0.5% NaCl [Merck]). For L. sakei
Lb790, deMan-Rogosa-Sharpe medium (Oxoid Ltd., Basingstoke, England) was
used. Unless otherwise stated, cultivation in broth media was performed without
shaking, and the sakacin P-resistant mutants were characterized in the absence of
sakacin P. The L. monocytogenes and the L. sakei Lb790 stock cultures were
stored frozen (�80°C) in BHI broth and deMan-Rogosa-Sharpe medium, re-
spectively, in the presence of 15% glycerol.

Production of CFS containing sakacin P. CFS containing sakacin P was pro-
duced by heterologous expression in L. sakei Lb790 as previously described, with
a slight modification (25). L. sakei Lb790 was grown overnight at 20°C (32) with
shaking at 200 rpm, and the CFS was subjected to heat treatment (85°C for 20
min). Aliquots of the CFS and pure sakacin P (stock concentration, 490 mg
liter�1; kindly donated by Inga M. Aasen, SINTEF, Norway) were stored at
�20°C.

Development of spontaneous mutants with resistance to sakacin P. Sponta-
neous mutants of L. monocytogenes that were resistant to sakacin P were selected
after a single exposure to sakacin P as previously described (19, 25). For each
strain, a total of six spontaneous mutants resistant to sakacin P (five mutants
obtained after exposure to the CFS and one mutant obtained after exposure to
pure sakacin P at a final concentration of 4.9 mg liter�1) were selected. The
sakacin P-resistant strains were designated by using the suffixes 1 to 6 following
the wild-type strain designations (see Table 3).

Serotyping of L. monocytogenes strains. The serotypes of the wild-type and
selected sakacin P-resistant strains were determined using a Listeria antiserum
kit (Denka Seiken, Japan) by following the manufacturer’s instructions.

Sakacin P susceptibility test. The susceptibility of the wild-type strains and the
spontaneous mutants to sakacin P was determined using a pure sakacin P solu-
tion and a slight modification of a previously described method (25). The inoc-
ulum for the IC50 test was prepared by diluting a 24-h culture (0.001%, vol/vol)
in Listeria enrichment broth. The IC50 determination was done twice on different
days. Spontaneous mutants for which the IC50 was higher than the IC50 for the
wild-type strain were considered resistant to sakacin P.

Stability of sakacin P resistance. The stability of the acquired sakacin P
resistance of the spontaneous mutants of L. monocytogenes was assessed by serial

cultivation in TSB in the absence of sakacin P. Every 12 h for 10 days, the
cultures were transferred (1%, vol/vol) to fresh prewarmed TSB at 30°C. The
stability was checked after the first 2 h of incubation (day 0) and then every other
day. The frequency of retention of resistance was computed by dividing the
number of CFU that grew on TSA with 30% CFS by the number of CFU that
grew on TSA without CFS. The wild-type strains were included as controls.

Growth fitness in the presence of different sugars. LB broth supplemented
with different sugars (0.5%, wt/vol; glucose, mannose, rhamnose, cellobiose, and
lactose) was prepared and sterilized using 0.2-�m polyethersulfone membrane
filters (Nalge Nunc International, United States). Growth was monitored using a
Bioscreen instrument (Oy Growth Curves Ab Ltd., Helsinki, Finland) at 30°C for
18 h. The growth study experiment was done at least three times on different
days.

The growth rate was computed from the slope of a linear regression line of the
growth curve using the logarithmic region and was expressed in h�1 (31). The
maximum cell density was estimated from the highest optical density at 600 nm
obtained after 18 h of incubation (46). The relative fitness of a resistant strain
was calculated by comparison with the wild type (resistant strain/wild-type
strain). Analysis of variance in conjunction with Tukey’s multiple-comparison
tests was performed using Statistix 8.1 (Analytical Software Tallahassee, United
States), and P values less than 0.05 were considered significant.

Growth fitness in the presence of food-related stresses. The protocol described
above was used, with slight modifications. BHI broth media were prepared by
adding hydrochloric acid (pH 4.0 to 5.5), lactic acid (pH 5; total concentration,
5 mM to 50 mM), acetic acid (pH 5; total concentration, 2 mM to 50 mM), or
sodium chloride (total concentration, 0.5% to 10% [wt/vol]). Plain BHI broth
was used as a control, and the growth was monitored at different temperatures
(10°C, 20°C, and 30°C).

Biofilm formation. The wild-type and resistant strains of L. monocytogenes
were screened for biofilm formation essentially as described by Borucki et al. (4).
The experiment was done twice on different days.

Electron microscopy. The wild-type and resistant strains of L. monocytogenes
were grown in BHI broth at 30°C, and for a study of flagellum formation the
strains were grown at 20°C. The cells were harvested at mid-exponential and late
stationary phases and were fixed as described by Giotis et al. (17). Two inde-
pendent biological samples were collected, and the cells were examined by
scanning electron microscopy using the standard protocol at the Molecular
Imaging Center of the University of Bergen, Bergen, Norway.

FT-IR spectroscopy. Preparation of samples for Fourier transform infrared
(FT-IR) spectroscopy was performed as described by Oust et al. (35). A bacterial
suspension was uniformly dispensed in duplicate into 96 wells of a transmittance
Si microplate (Bruker, Optics, Germany), and FT-IR measurement was per-
formed using an HTS-XT spectrometer (Bruker Optics, Germany). For each
strain, three independent biological samples were measured, and this gave a total
of six spectra.

The spectra were preprocessed by taking the second derivative and applying
extended multiplicative signal correction (27). The preprocessed spectra were
analyzed by principal component analysis (PCA) using The Unscrambler soft-
ware (The Unscrambler v9.6; CAMO AS, Norway). The PCA was performed
using different biochemical fingerprint regions of the FT-IR spectra (34). The
three biological samples were included in the PCA. Inspections of score plots for
the first four principal components (usually PC1 and PC2) were used to deter-
mine if the wild-type strains were different from the resistant strains. Loading
and line plots were used to identify chemical bands that were important for the
separation of the wild-type strains from the resistant strains.

qRT-PCR. A quantitative real-time reverse transcriptase PCR (qRT-PCR)
experiment was performed to quantify the level of transcription of the mptA
gene, and spontaneous mutants of L. monocytogenes representing organisms with
high and low levels of resistance to sakacin P were included. The strains were
grown at 30°C in plain LB broth or LB broth supplemented with glucose,

TABLE 1. Wild-type strains used in this study

Strain Description Reference(s)

L. monocytogenes L40 Chicken isolate, serotype 3b 25, 35; Liv M. Rørvik, personal communication
L. monocytogenes L688 Sheep brain isolate, serotype 4b 25, 35; Liv M. Rørvik, personal communication
L. monocytogenes L502 Cheese isolate, serotype 1/2a 25, 35; Liv M. Rørvik, personal communication
L. monocytogenes L1037 Seawater isolate, serotype 1/2a 25, 35; Liv M. Rørvik, personal communication
L. monocytogenes EGD-e Laboratory reference strain, serotype 1/2a 18
Lactobacillus sakei Lb790(pMLS114) Strain producing sakacin P from plasmid pMLS114 22, 32
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mannose, or cellobiose (0.5%, wt/vol) with shaking. A sample used for isolation
of total RNA was taken at mid-exponential phase. RNA extraction was done
using an RNeasy Protect bacterial mini kit (Qiagen) according to the manufac-
turer’s recommendation with “on-column” digestion of genomic DNA. First-
strand cDNA was synthesized from 300 ng of total RNA using random hexamers
and SuperScript III reverse transcriptase as suggested by the manufacturer (In-
vitrogen). In order to assess DNA contamination, a control sample with all
components of the reaction mixtures except SuperScript III was included.

The primers and probes for mptA (lmo0096) and the 16S rRNA gene (Table
2) were designed using L. monocytogenes EGDe genome sequences available in
the ListiList database (http://genolist.pasteur.fr/ListiList) using Primer Express
2.0 (Applied Biosystems). Amplification and detection of the cDNA were done
as described previously (40). Data analysis was done as described by Schmittgen
and Livak (41). For each gene, two biological replicates were included, and each
biological replicate was measured four times. Changes were calculated relative to
corresponding wild-type strains grown on glucose. P values less than 0.05 and
changes that were �3-fold were considered significant.

RESULTS

Development of sakacin P resistance. The natural IC50 of
sakacin P for L. monocytogenes wild-type strain EGDe was
high (Table 3), and this strain was assigned to the group con-
taining L. monocytogenes L502 and L1037 (25). The frequency
of development of sakacin P resistance for all strains ranged
from 10�8 to 10�9. The sakacin P-resistant strains displayed a
wide range of levels of resistance to sakacin P (the IC50 were 20
to �105 times the IC50 for the wild-type strains). Based on the
IC50 of sakacin P, the spontaneous mutants could be grouped
into strains with high levels of resistance (IC50, �104 ng/ml)
and strains with low levels of resistance (IC50, �104 ng/ml).
The available stock solution of sakacin P was not concentrated
enough to determine the IC50 for some of the strains with high
levels of resistance to sakacin P. The resistant mutants had the
same serotype as the wild-type strains from which they were
derived.

Characteristics of the resistant strains grown in the absence
of sakacin P. (i) Stability of sakacin P resistance phenotype.
The stability of the resistance phenotype differed substantially
when the resistant strains were grown in the absence of selec-
tive pressure. As shown in Fig. 1, L. monocytogenes L40-6
started to revert after 50 generations, and L. monocytogenes
L40-1 was stable for more than 125 generations.

(ii) Growth fitness on different carbon sources. Generally,
the specific growth rates of the resistant strains on glucose,
mannose, and lactose were lower than the growth rates of the
corresponding wild-type strains. However, in LB broth supple-
mented with cellobiose, the growth of the wild-type strains and
the growth of the resistant strains were similar (Fig. 2; see
Table S1 in the supplemental material).

In the presence of mannose or glucose spontaneous mutants
of L. monocytogenes L40 and L502 could be placed in groups of
resistant strains that grew fast or slow (P � 0.05) (Fig. 2). A
positive correlation between the levels of sakacin P resistance
and growth rates on glucose and mannose was observed for

TABLE 2. Primers and probes used for qRT-PCR

Primer Sequencea

MptAF ..........................5�-CCTCGCAACTCACGGTGAAT-3�
MptAR..........................5�-TCTTGCTCGCCGAAAATCA-3�
MptA-Taq.....................5�-(6-FAM)TGCTGAAGGTATTTTGCAGT

CCGGAACA(TAMRA)-3�
16S rRNAF ..................5�-GCGCAGGCGGTCTTTTAAG-3�
16S rRNAR..................5�-CAATGACCCTCCCCGGTTA-3�
16S rRNA-Taq.............5�-(6-FAM)CTGATGTGAAAGCCCCCGGC

(TAMRA)-3�

a 6-FAM, 6-carboxyfluorescein (fluorophore); TAMRA, 6-carboxytetrameth-
ylrhodamine (quencher).

TABLE 3. IC50 of sakacin P for wild-type strains and spontaneous
mutants of L. monocytogenes strains

Straina IC50 (ng ml�1)b

L502 ............................................................................................ 0.32
L502-1c........................................................................................�105

L502-2 .........................................................................................�105

L502-3 .........................................................................................�105

L502-4 ......................................................................................... 103

L502-5 ......................................................................................... 102

L502-6 ......................................................................................... 102

L1037 .......................................................................................... 0.22
L1037-1c......................................................................................�105

L1037-2 ....................................................................................... 103

L1037-3 ....................................................................................... 102

L1037-4 ....................................................................................... 102

L1037-5 ....................................................................................... 102

L1037-6 ....................................................................................... 102

EGDe.......................................................................................... 0.27
EGDe-1 ......................................................................................�105

EGDe-2c ..................................................................................... 102

EGDe-3 ...................................................................................... 10
EGDe-4 ......................................................................................�10
EGDe-5 ......................................................................................�10
EGDe-6 ......................................................................................�10
L40 .............................................................................................. 0.12
L40-1 ........................................................................................... 104

L40-2 ........................................................................................... 103

L40-3 ........................................................................................... 103

L40-4 ........................................................................................... 103

L40-5c.......................................................................................... 102

L40-6 ........................................................................................... 102

L688 ............................................................................................ 0.06
L688-1c........................................................................................ 104

L688-2 ......................................................................................... 103

L688-3 ......................................................................................... 103

L688-4 ......................................................................................... 103

L688-5 ......................................................................................... 103

L688-6 ......................................................................................... 103

a The designations of the sakacin P-resistant strains end with the suffixes 1 to 6.
b �105 represents concentrations higher than the highest sakacin P concen-

tration used.
c Sakacin P-resistant strains derived from exposure to pure sakacin P.

FIG. 1. Stability of sakacin P resistance phenotype in the absence
of sakacin P. Symbols: }, L40; f, L40-1; Œ, L40-2; �, L40-3; ‚, L40-4;
F, L40-5; E, L40-6. Wild-type strain L. monocytogenes L40 was in-
cluded as a control.
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resistant strains derived from L. monocytogenes L502 (r � 0.99
and P � 0.05) (Fig. 2A). However, as shown for a representa-
tive strain in Fig. 2B, no correlation was observed for resistant
strains derived from the other strains (r � 0.3 and P � 0.05).
In general, the resistant strains derived from L. monocytogenes
EGDe behaved differently than the other resistant strains (see
Table S1 in the supplemental material).

The resistant and wild-type strains had similar maximum
optical densities (total growth) on glucose and cellobiose (see
Table S2 in the supplemental material). On mannose, with the
exception of the slowly growing resistant strains of L. mono-
cytogenes L502 (Fig. 2A), the total growth of the wild-type
strains and the total growth of the resistant strains were similar
(P � 0.05). Some of the resistant strains had unique growth
fitness, particularly on rhamnose and lactose (see Tables S1
and S2 in the supplemental material).

(iii) Food-related stresses. Generally, the resistant strains
were affected more by food-related stresses than the wild-type
strains. When L. monocytogenes L502-6 was grown at room
temperature in the presence of 2 mM acetic acid, the lag phase
was prolonged by approximately 15 h and the specific growth
rate was reduced by 50% compared to the lag phase and
specific growth rate of L monocytogenes wild-type strain L502.
Under extreme stress conditions (i.e., low pH, low tempera-
ture, and high concentration of organic acids), the difference in
tolerance between the wild-type strains and the resistant
strains was minimal.

Variation in tolerance among the resistant strains was ob-
served; for instance, the lengths of the lag phase for L. mono-
cytogenes L502-1 and L502-6 in BHI broth at 20°C (no-stress

controls) were 40 and 80 min, respectively. In the control
experiment, L. monocytogenes L502-1 grew 15% slower than L.
monocytogenes L502-6. Addition of 5% NaCl prolonged the lag
phases of L. monocytogenes L502-1 and L502-6 by 2 and 20 h,
respectively. This salt also reduced the growth rate of L. mono-
cytogenes L502-6 by 70% compared to that of L. monocytogenes
L502-1. Generally, sakacin P-resistant strains showed less tol-
erance to salt and organic acid stresses than to stresses result-
ing from inorganic acid and low temperatures.

(iv) Biofilm formation. The resistant strains produced less
biofilm than the corresponding wild-type strains, and substan-
tial variation among the resistant strains was also observed. For
example, the biofilm formation by L. monocytogenes L502-1
was greater than that by L. monocytogenes L502-6 (P � 0.05),
and no difference was observed among resistant strains of L.
monocytogenes L40 (data not shown).

(v) Electron microscopy. No significant difference in morphol-
ogy was observed between the resistant and wild-type strains at
either the exponential or stationary phase (data not shown).

(vi) FT-IR spectroscopy. PCA of the FT-IR spectra showed
that the wild-type strains could be separated clearly from the
corresponding mutants, with few exceptions (Table 4). Figure
3 shows the separation of L. monocytogenes wild-type strain
L688 from the resistant strains in the polysaccharide region
(1,200 to 900 cm�1). The discriminatory power of the polysac-
charide region was greater than those of the fatty acid and
protein regions, in that order, and also varied from strain to
strain. Surprisingly, the resistant strains derived from L. mono-
cytogenes L502 clustered according to the level of resistance to
sakacin P (high or low) (Fig. 4). The wild-type strain L. mono-

FIG. 2. Growth rates and levels of resistance to sakacin P of spontaneous bacteriocin-resistant mutants of L. monocytogenes L502 (A) and L40
(B). Symbols: �, sakacin P; �, glucose; E, mannose; Œ, cellobiose. Values are expressed relative to the value for the wild-type strain (mutant/
wild-type strain).
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cytogenes L502 clustered together with the strains resistant to
high levels of sakacin P, and all the spectral regions confirmed
the separation (Table 4).

The resistant strains had FT-IR spectral band intensities
distinct from those of the wild-type strains. For example, the
intensities of bands at 	2,922 cm�1, 	2,852 cm�1, and 	1,230
cm�1 were higher for the resistant strains than for the wild-
type strains (data not shown).

(vii) qRT-PCR. The expression of the mptA gene in L.
monocytogenes strain L40-1 with a high level of resistance was
downregulated at least 1,000-fold on all sugars tested com-
pared to the expression in the corresponding wild-type strain
grown on glucose (P � 0.001) (Fig. 5A). Interestingly, mptA
gene expression was upregulated in L. monocytogenes strain
L40-6 with a low level of resistance compared to the expression
in the wild type (P � 0.001 and �3-fold change). Resistant
strains derived from wild-type strain L. monocytogenes L502
(L502-1 and L502-6) showed patterns of mptA gene regulation

with respect to the resistance level similar to those observed for
L. monocytogenes L40 (Fig. 5B).

(viii) Spontaneous mutants obtained with pure sakacin P
and CFS. Resistant strains obtained after exposure to pure
sakacin P had phenotypic and gene expression profiles similar
to those of the resistant strains obtained after exposure to L.
sakei fermentate.

DISCUSSION

Spontaneous mutants of L. monocytogenes with acquired
resistance to class IIa bacteriocins restrict the potential use of
these bacteriocins as food biopreservatives. The present study
is a continuation of our previous work (25, 35), in which two
wild-type strains with high levels of natural susceptibility to
sakacin P and two strains with low levels of natural suscepti-
bility to sakacin P (25), as well as strain EGDe, were further

TABLE 4. FT-IR spectral regions that differentiate wild-type
strains from sakacin P-resistant strains of L. monocytogenes

Spectral regiona L688 L502c EGDe L1037 L40d

Fatty acid (3,100-2,800 cm�1) �b � � � �
Protein (1,800-1,500 cm�1) � � � � �
Fatty acid and protein mixed

(1,500-1,200 cm�1)
� � � � �

Polysaccharide (1,200-900 cm�1) � � � � �
Fingerprint (900-700 cm�1) � � � � �

a The assignment of bands is the assignment described by Naumann (34).
b �, wild-type strain forms a cluster distinct and separate from that formed by

sakacin P-resistant strains (see Fig. 3); �, no visible separation.
c For L. monocytogenes L502, the clustering was according to the level of

sakacin P resistance (see Fig. 4).
d L. monocytogenes L40-6 was frequently separated from the other strains (see

text).

FIG. 3. PCA score plot using spectra in the polysaccharide region
(1,200 to 900 cm�1) as variables for wild-type and sakacin P-resistant
strains of L. monocytogenes L688. The sakacin P-resistant strains (‚)
clustered separately from the wild-type (F). Three biological replicate
samples were included in the PCA.

FIG. 4. PCA score plot using spectra in the polysaccharide region
(1,200 to 900 cm�1) as variables for wild-type and sakacin P-resistant
strains of L. monocytogenes L502. The sakacin P-resistant strains of L.
monocytogenes L502 clustered according to their levels of resistance to
sakacin P as follows: low levels of resistance (�) and high levels of
resistance (‚). Wild-type strain L502 (F) clustered with the strains
with high levels of resistance. Three biological replicate samples were
included in the PCA.

FIG. 5. Changes in mptA gene expression in wild-type and sakacin
P-resistant strains of L. monocytogenes L40 (A) and L502 (B). The
calculated changes are relative to the expression in the corresponding
wild-type strains grown on glucose.
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characterized. In order to obtain insight into the mechanisms
and effects of acquired resistance to sakacin P, we included 30
spontaneous mutants derived from the five wild-type strains.

The frequency of development of resistance for all strains in
the present study ranged from 10�8 to 10�9. For class IIa
bacteriocins frequencies between 10�3 and 10�6 have been
reported (10, 11, 19, 25, 37, 38, 48). The observed divergence
between the present study and previous studies could be due to
strain variation (19, 48) and methodological differences. How-
ever, Gravesen et al. reported that the frequency of mutation
to resistance to class IIa bacteriocins was not dependent on
temperature, pH, salt, or the concentration of bacteriocin used
(19).

In the present study, wide variation in the levels of acquired
resistance was observed among the sakacin P-resistant strains
(Table 3), and we divided the spontaneous mutants into strains
with high levels of resistance and strains with low levels of
resistance. The strains with high levels of resistance were over
105 times more resistant than the corresponding wild-type
strains, and the strains with low levels of resistance were 20 to
104 times more resistant. Previous studies grouped mutants of
L. monocytogenes that were resistant to class IIa bacteriocins
into mutants with high levels of resistance (500 to 106 times
more resistant than the wild-type strain) and mutants with
intermediate levels of resistance (2 to 8 times more resistant
than the wild-type strain) (2, 10, 20, 21, 44, 45).

In the present study, the sakacin P resistance phenotype was
stable for at least for 50 generations (Fig. 1), and a class IIa
bacteriocin-resistant strain with a stable phenotype for 20 gen-
erations has been described as a mutant (36). In addition, the
resistant strains had different phenotypic and genotypic char-
acteristics than the wild-type strains when they were tested in
the absence of sakacin P (see below). Membrane adaptation
has been described as a mechanism of resistance to class IIa
bacteriocins, and the authors also highlighted the presence of
extra resistance mechanisms among the mutants (44, 45).
Taken together, these findings strongly suggest that the resis-
tant strains obtained in the present study are mutants and that
resistance due only to phenotypic adaptation is an unlikely
explanation.

Sakacin P-resistant strains derived from the same strain
showed differences in the stability of the sakacin P resistance
phenotype. The strains derived from L. monocytogenes L40
(Fig. 1) and EGDe (data not shown) with high levels of sakacin
P resistance had a more stable resistance phenotype than the
strains with low levels of resistance. In contrast to previous
studies (10, 11, 19, 33, 36, 38), the present study included
several resistant strains, and the strains were grown for more
than 120 generations. To our knowledge, this is the first evi-
dence that links levels of resistance to sakacin P with the
stability of the resistance phenotype in spontaneous mutants
derived from the same wild-type strain. The observed stability
and other differences (see below) in the two groups (high and
low levels of resistance) derived from same strain may indicate
that there are different modes of resistance to class IIa bacte-
riocins, as suggested previously (10, 36).

Resistant strains of L. monocytogenes L40 and L502 were the
most thoroughly studied strains, and the spontaneous mutants
derived from these strains with the two different levels of
resistance also had different physiological and genetic charac-

teristics. L. monocytogenes L502 strains, with a low level of
resistance to sakacin P, generally grew slower (Fig. 2A), had
reduced tolerance to stresses, and produced less biofilm than
the strains with a high level of resistance to sakacin P. Repre-
sentatives of the two groups of L. monocytogenes L40 strains
showed similar tendencies. L. monocytogenes L40-6 was found
to be the least stable strain (Fig. 1) and grew slower than L.
monocytogenes L40-1 (Fig. 2B). In addition, the expression of
the mptA gene was upregulated in L. monocytogenes L40-6 and
L502-6 with low levels of resistance and downregulated in L.
monocytogenes L40-1 and L502-1 with high levels of resistance
compared to the expression in the wild-type strain (Fig. 5). Our
FT-IR spectroscopy results also confirmed the grouping ac-
cording to the level of resistance (Table 4 and Fig. 4).

Generally, the resistant strains had a reduced growth rate
when they were grown on mannose and glucose compared to
the growth on cellobiose (see Table S1 in the supplemental
material). This is consistent with studies that showed the in-
volvement of the mannose phosphotransferase (PTS) system in
class IIa bacteriocin resistance (2, 21). In contrast, some of the
resistant strains had growth rates on glucose (and to some
extent growth rates on mannose) that were similar to those of
the corresponding wild-type strains, and resistant strains with
unique growth fitness on cellobiose, lactose, or rhamnose were
observed (see Table S1 in the supplemental material). The
relationship between the level of resistance to sakacin P and
growth fitness was strain specific and sugar source dependent
(Fig. 2). For example, spontaneous mutants derived from L.
monocytogenes L502 with high levels of resistance to sakacin P
grew significantly faster on glucose and mannose than the
strains with low levels of resistance (Fig. 2A). However, no
apparent relationship was observed among the resistant strains
derived from the other wild-type strains. This substantial vari-
ation among the spontaneous mutants derived from the same
strain may show that there are complex responses of the resis-
tant strains due to alteration of the cell metabolism and/or
different targets of the bacteriocin on the bacterial cell.

The results for reference strain EGDe, the only fully se-
quenced strain of L. monocytogenes (18), were often different
from the results for the other four strains used. Strain Scott A,
another laboratory reference strain, showed similar aberrant
results (28). The EGDe strain may not be representative under
the conditions of this study, and the generalizations that we
made were based mainly on the results obtained with the other
four strains.

In stress conditions that mimic the food environment, the
resistant strains had less chance to grow, particularly in the
presence of acids (organic and inorganic), salt, and low tem-
peratures. We also found that the resistant strains had reduced
abilities to form biofilms. This may suggest that the resistant
strains do not compete well during harsh food processing and
under storage conditions in foods when the bacteriocin is not
present. More research is necessary to evaluate if resistant
mutants are outcompeted in food or if their presence repre-
sents a bottleneck for use of bacteriocins in food.

Data obtained from FT-IR spectroscopy confirmed the
grouping of the wild-type strains in the previously established
groups (35) (data not shown). For both wild-type and resistant
strains, the serotypes were accurately predicted by FT-IR spec-
troscopy irrespective of the observed high IC50 of sakacin P.
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Resistance to sakacin P introduced distinct changes mainly in
the polysaccharide, fatty acid, and protein regions, which rep-
resented the major cell membrane components (Table 4). The
variations among the resistant strains observed by FT-IR spec-
troscopy also may suggest that there are pleiotropic effects of
resistance to sakacin P in the intact cells.

Differences in band intensity between the wild-type and re-
sistant strains were observed. All of the resistant strains had
higher band intensities at 	2,922 cm�1, 	2,852 cm�1, and
1,230 cm�1 than the wild-type strains. Bands at 	2,922 cm�1

and 	2,852 cm�1 are assigned to carbon-hydrogen stretching
of CH2 in fatty acids, and bands around 1,230 cm�1 are due to
double-bond stretching of the head group of phospholipids or
phosphorus-containing carbohydrates, such as teichoic and li-
poteichoic acids (34). It is often reported that strains of L.
monocytogenes that are resistant to class IIa bacteriocins have
alterations in the cell envelope, such as alterations in the fatty
acid composition and cell surface charge (33, 44, 45). Taken
together, FT-IR spectroscopy results mentioned above also
strongly reflect the overall destabilized state of the cell enve-
lope in the resistant strains.

With regard to expression of the mptA gene, upregulation
and downregulation have previously been described for class
IIa bacteriocin-resistant mutants (2, 20, 44). It has also been
shown that components of the mannose PTS act as receptors
for class IIa bacteriocins, thus explaining the mutant down-
regulation of mptA (8). This is consistent with our data for the
resistant strains in the group with a high level of resistance to
sakacin P (L. monocytogenes L40-1 and L502-1). However, in
the characterized resistant strains belonging to the group of
strains with low levels of resistance to sakacin P (L. monocy-
togenes L40-6 and L502-6), the mptA gene was upregulated.
Gravesen et al. reported similar observations for a mutant with
an intermediate level of resistance (20). In the present study,
compared to the wild-type strains, the resistant strains with
induced upregulation of the mptA gene were approximately
1,000 times more resistant, had reduced growth fitness, and
had different FT-IR spectroscopy profiles. The present study
and the report of Gravesen et al. (20) clearly showed that the
level of mptA gene expression was not correlated to the level of
resistance, in contrast to other findings (2, 44).

It is not clear whether the upregulation of mptA indicates a
new mechanism of resistance. But since the growth in the
presence of mannose and glucose still was significantly reduced
in the resistant strains, it indicates that the mannose PTS
system is somehow involved, although in a different manner
than previously described. In bacteria, the PTS system in gen-
eral (3) and the mannose PTS in particular (1) have a central
role in a variety of regulatory events controlling carbon me-
tabolism. Whether the observed upregulation of the mptA gene
represents a new resistance mechanism itself or is due to in-
direct effects of an altered mannose PTS system remains to be
investigated.

In conclusion, the present study showed substantial diversity
among the spontaneous mutants. This finding emphasizes that
care has to be taken when generalizations based on studies of
a few strains and mutants are made. Spontaneous mutants with
high levels of resistance to sakacin P tended to be more stable,
had better growth fitness, and were more tolerant to food-
related stresses than mutants with low levels of resistance.

Previously, we showed that spontaneous mutants that were
resistant to sakacin P were also resistant to other members of
the class IIa bacteriocin group (25). In this respect, the results
obtained in the present study may apply to other related class
IIa bacteriocins, and this should create significant concern with
regard to application of class IIa bacteriocins to food.
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