












pbp2229 and hpk1021 inactivation in strain 412N, indicating
that PBP2229 and HPK1021 are directly involved in mediating
nisin resistance. Furthermore, promoter fusion analysis estab-
lished that hpk1021 inactivation in strain 412N reduced
pbp2229 expression to the wild-type level, demonstrating that
hpk1021 is required for pbp2229 induction. A similar involve-
ment of transcriptional induction of pbpB was evident in inter-
mediate vancomycin resistance in Staphylococcus aureus (6).
The increased lmo2487 expression also required an active
hpk1021 gene in strain 412N; however, inactivation of lmo2487
had no effect on the nisin sensitivity of strain 412N. Taken
together, the results indicate that 412N-type nisin resistance is
caused directly by enhanced PBP2229 expression, which in turn
is caused by the increased expression of HPK1021.

Various phenotypes of insertion mutants could be brought

FIG. 3. 2-D gel electrophoresis of L. monocytogenes 412 (A) and
412C (B). Enlargements of the region encompassing the MptA protein
spot (arrows) are shown.

TABLE 3. DNA microarray data from genes associated with bacteriocin resistance mechanismsa

Gene

Mutant (Cy5) vs wild-type 412 (Cy3)
ratio values, P values, and spot

appearances Gene

Mutant (Cy5) vs wild-type 412 (Cy3)
ratio values, P values, and spot

appearances

412N 412P 412C 412N 412P 412C

a Ratios and P values in bold represent genes with statistically significant differences in expression (P 
 0.008, corresponding to 
5% probability of false-positive
regulation; see Materials and Methods). E, exponent; n.d., not detected.
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about through polar effects on coexpressed downstream genes.
The size of the pbp2229 transcript has been determined by
Northern blot analysis to be about 2.1 kb (A. Gravesen, un-
published results), which corresponds very well to the 2,145-bp
reading frame. Accordingly, the L. monocytogenes EGDe ge-
nome sequence (http://genolist.pasteur.fr/ListiList/) has a ter-
minator sequence after the pbp2229 open reading frame. An
insertion in hpk1021 presumably affects the expression of the
downstream cognate response regulator, rrp1022, and possibly
also the three following genes. None of the latter three genes
has been suggested on the basis of homology to have a regu-
latory role. These observations strongly suggest that the phe-
notypes of the pbp2229 and hpk1021 insertion mutants are
caused directly by eradication of PBP2229 and the HPK1021-
RRP1022 two-component signal transduction system, respec-
tively.

The two-component signal transduction system encoded by
lisRK also affects nisin sensitivity (10); a lisK deletion mutant
displayed enhanced nisin resistance but reduced expression of
pbp2229, hpk1021, and lmo2487. The lisR gene was included in

the DNA microarray analysis in the present study, and the
hybridization data established that lisR expression was not sub-
stantially changed in L. monocytogenes 412N compared to wild-
type 412 (average ratio, 0.87) (data not shown). It is currently
not clear how the lisRK and hpk1021 response regulator sys-
tems interact in determining nisin sensitivity.

Nisin forms membrane pores through an interaction with
lipid II (17), which is an essential molecule in cell wall synthe-
sis. The fact that only intermediately resistant nisin mutants
were isolated could be explained by the hypothesis that high-
level resistance, like that seen with class IIa bacteriocins, is
attainable only through one mechanism, namely, elimination
of the docking molecule, and the elimination of lipid II is not
possible. Intermediate-level resistance, on the other hand, can
be obtained through several mechanisms, e.g., modifications in
cell envelope charge or density that reduce the accessibility of
the docking molecule. Accordingly, nisin sensitivity in various
Listeria mutants has been related to membrane charge and
fluidity (20, 24, 45), cell wall thickness (21), cell wall charge (1),
or a combination of these factors (11). Intermediate class IIa

TABLE 4. DNA microarray data from genes associated with virulencea

Gene

Mutant (Cy5) vs wild-type 412 (Cy3)
ratio values, P values, and spot

appearances Gene

Mutant (Cy5) vs wild-type 412 (Cy3)
ratio values, P values, and spot

appearances

412N 412P 412C 412N 412P 412C

a Ratios and P values in bold represent genes with statistically significant differences in expression (P 
 0.008, corresponding to 
5% probability of false-positive
regulation; see Materials and Methods). E, exponent.
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bacteriocin resistance in two mutants was related to membrane
fluidity (43).

Penicillin-binding proteins catalyze the incorporation of the
disaccharide-pentapeptide moiety of lipid II into the growing
peptidoglycan chain, and PBP2229 conceivably mediates en-
hanced nisin resistance by shielding lipid II and possibly also by
reducing the extracellular lipid II concentration. The results
presented here thus support previous suggestions that nisin
sensitivity is affected by the accessibility of lipid II (8, 15).

Possible mechanisms for cross-protection between nisin and
class IIa bacteriocins. As mentioned above, previous reports
on cross-resistance between nisin and class IIa bacteriocins
have presented various results. Some Listeria mutants ostensi-
bly did not exhibit cross-resistance (35, 38, 46), while others
showed various degrees of reduced sensitivity to the other
compound (11, 40). In one case, class IIa bacteriocin resistance
development was reported to confer increased nisin sensitivity
(5).

In the present work, we observed that the three mutants
(originating from three different wild-type strains) that were
intermediately nisin resistant all had reduced class IIa bacte-
riocin sensitivity, but high-level class IIa bacteriocin resistance
did not occur. One of the mutants was analyzed by DNA
microarray hybridization, and the results suggested two possi-
ble mechanisms for the observed cross-protection. L. monocy-
togenes 412N had an approximate twofold decrease in mptA
and mptD expression, corresponding to the twofold increase in
the pediocin MIC. A similar expression change occurred in
class IIa bacteriocin-resistant mutants B73-V1 and B73-V2,
which had comparable class IIa bacteriocin resistance levels
(V. Vadyvaloo, personal communication). Additionally, strain
412N had a slight increase in dltA expression, which might lead
to a more negative cell wall through increased D-alanine con-
tent in TAs presenting nonspecific protection against cationic
antimicrobial peptides (1, 31).

Only a few of the tested class IIa bacteriocin-resistant mu-
tants displayed cross-protection to nisin; three out of eight
mutants that were highly resistant to class IIa bacteriocins and
one out of four mutants that were intermediately resistant to
class IIa bacteriocins had reduced nisin sensitivity. There was

thus no correlation between the class IIa bacteriocin resistance
level and the occurrence of cross-protection to nisin. DNA
microarray analysis of one mutant that was intermediately re-
sistant and one mutant that was highly resistant to class IIa
bacteriocins showed that the nisin cross-protection was neither
PBP2229 associated nor related to increased D-alanine con-
tent. Additionally, Northern blot analysis showed that none of
the 12 class IIa bacteriocin-resistant mutants used in this study
had an appreciable increase in pbp2229 expression (data not
shown). It is therefore presently not possible to suggest a
mechanism for the nisin cross-protection in the class IIa bac-
teriocin-resistant mutants.

Changed virulence gene expression in bacteriocin-resistant
mutants—is virulence altered? This report presents, to our
knowledge, the first assessment of virulence in spontaneously
bacteriocin-resistant L. monocytogenes. We analyzed the ex-
pression of 11 virulence genes under conditions that provide
prfA-mediated induction. It is customary to use a twofold cutoff
value when considering differential gene expression deter-
mined by DNA arrays (see, e.g., reference 23). However, dif-
ferences in transcript abundance of less than 2-fold can be
biologically significant (18), and a lower cutoff value of a 1.5-
fold difference in expression therefore also has been used (39,
42). Several studies on the function of listerial virulence genes
have used gene inactivation (3, 9, 13), which would yield a
marked reduction in expression. We are not aware of reports
on the effects of moderate changes in the expression of these
genes.

L. monocytogenes 412C, which is intermediately resistant to
class IIa bacteriocins, had a 2.4-fold reduction in prfA expres-
sion. In accordance with this result, a prfA deletion mutant (4)
was intermediately resistant to pediocin (A. Gravesen, unpub-
lished results). In addition to the statistically significant de-
creases in virulence gene expression described here, L. mono-
cytogenes 412N and 412C showed nonsignificant decreases in
the expression of the remaining prfA-dependent genes. L.
monocytogenes 412P, on the other hand, showed nonsignificant
increases (up to 2.4-fold) in the expression of all tested viru-
lence genes. The tested prfA-dependent genes included genes
involved in different steps of the infection cycle: inlA and inlB,

FIG. 4. Northern blot analysis of virulence gene expression. RNAs from L. monocytogenes 412 (first lane from left), 412C (second lane), 412P
(third lane), and 412N (fourth lane) were hybridized with probes for prfA, inlA, inlB, inlC2, and inlD. The positions of the 16S and 23S rRNA bands
are indicated.

VOL. 70, 2004 BACTERIOCIN RESISTANCE AND VIRULENCE IN LISTERIA 1677

 on June 25, 2019 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org/


which are essential for invasion of the intestinal epithelium;
actA, which mediates intracellular motility; and plcB and mpl,
which are required for escape from the phagosome (for re-
views, see references 19 and 44). The consistent changes in the
expression of the central virulence genes suggest that virulence
may be decreased in L. monocytogenes 412N and 412C and
increased in L. monocytogenes 412P. However, since nisin re-
sistance can be acquired through several different mechanisms,
it is not possible to extend the presumption to nisin-resistant
mutants in general.

All in all, our results indicate that enhanced pbp2229 expres-
sion, brought about by an increased level of the signal trans-
duction system encoded by hpk1021-rrp1022, is directly in-
volved in the prevalent nisin resistance mechanism occurring,
e.g., in L. monocytogenes 412N. We have also shown that in-
termediate cross-resistance occurs between nisin and class IIa
bacteriocins. This observation is important when the simulta-
neous use of the two compounds is being considered. Further-
more, our results imply that mutant-specific changes in viru-
lence may occur, and if this implication holds true, it may have
considerable impact on assessment of the threat imposed by
bacteriocin resistance. Supplementary studies with more mu-
tants and virulence assays are required to investigate the va-
lidity of the results for bacteriocin-resistant mutants in general
and to substantiate the biological significance of the observed
changes in virulence gene expression.
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