
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Oct. 2010, p. 6541–6546 Vol. 76, No. 19
0099-2240/10/$12.00 doi:10.1128/AEM.00203-10
Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Glutamate Decarboxylase-Mediated Nisin Resistance
in Listeria monocytogenes�
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Analysis of a complete set of glutamate decarboxylase (gad) mutants of Listeria monocytogenes strain LO28
(�gadD1, �gadDT1, �gadD2, �gadT2, and �gadD3 mutants) revealed that the �gadD1 mutant is impaired in
its ability to tolerate exposure to both sublethal and lethal levels of the lantibiotic nisin. gadD1 is strain
variable and is found only in approximately 50% of L. monocytogenes strains. Growth and survival experiments
revealed that possession of gadD1 correlates with a higher degree of tolerance to nisin. Significantly, a similar
finding using a gadB mutant of L. lactis IL1403 implies that this may be a general phenomenon in Gram-
positive bacteria. Our findings thus suggest that the specific inhibition of GAD activity or a reduction in the
levels of free glutamate may prevent the growth of otherwise resistant GAD� bacteria in foods where low pH
and/or nisin is used as a preservative.

Listeria monocytogenes is a food-borne pathogen that is the
causative agent of listeriosis, an opportunistic infection asso-
ciated with high rates of morbidity and mortality (18). The
microorganism has also been the cause of significant commer-
cial losses, being responsible for 71% of all recalls of food
products due to bacterial contamination in the United States
between 1993 and 1998 (25). The ubiquitous nature of L.
monocytogenes, together with its ability to tolerate a variety of
environmental extremes, including high salt concentrations
and low pH, and the ability to grow at refrigeration tempera-
tures, makes control of the bacterium in foods difficult (10).
Hence it is not altogether surprising that the food industry
invests considerable effort into developing strategies to prevent
the survival and growth of this pathogen. One such strategy
involves the utilization of bacteriocins. Bacteriocins are anti-
microbial peptides produced by one bacterium that inhibit the
growth of other bacteria and have been used as “natural”
preservatives to control undesirable microbiota in food (5).
The most extensively studied bacteriocin is nisin A (here re-
ferred to as nisin), a 34-amino-acid class I bacteriocin (lantibi-
otic) produced by Lactococcus lactis strains that is currently
approved for use in foods in over 50 countries. Nisin functions
by binding lipid II, an essential precursor of cell wall pepti-
doglycan biosynthesis. Binding to lipid II also facilitates the
formation of pores within the cytoplasmic membrane leading
to the release of ATP and other small cytoplasmic contents,
resulting in depolarization of the membrane potential and
ultimately cell death (13).

The molecular mechanisms employed by L. monocytogenes
to cope with nisin are poorly understood. To date, loci that

have been implicated in nisin tolerance include the alternative
stress sigma factor SigB, the class three stress gene regulator
CtsR, the two-component systems LisRK and HK1027, and a
penicillin binding protein, Pbp (2, 6, 11, 15, 21). In addition,
several studies have uncovered a link between the acid stress
response of L. monocytogenes and nisin resistance (3, 17, 24).
Several systems are employed by L. monocytogenes to with-
stand low pH stress, but the glutamate decarboxylase (GAD)
system is probably the most important (an overview of the
GAD system is in Fig. 1). Mutation of specific gad genes
renders cells exquisitely sensitive to ex vivo porcine and syn-
thetic human gastric fluid and significantly impairs growth and
survival in low-pH foods (4, 7, 8). Given the link between acid
and nisin resistance phenotypes, the present study was initiated
in order to investigate the contribution, if any, of gad genes to
the nisin tolerance of L. monocytogenes.

MATERIALS AND METHODS

Media, chemicals, and growth conditions. All L. monocytogenes strains used in
this study are listed and described in Table 1. L. monocytogenes strains were
grown in brain heart infusion (BHI) broth statically at 37°C. Lactococcus lactis
strains were obtained from the University College Cork culture collection. L.
lactis strains were grown in GM17 (M17 supplemented with 0.5% glucose) broth
statically at 30°C. All media were purchased from Oxoid. Nisin powder (Sigma
N5764) was resuspended in sterile high-performance liquid chromatography
(HPLC) water.

Genetic manipulations. Restriction enzymes, T4 DNA ligase, PCR reagents,
and nucleic acid purification kits were purchased from Roche and used according
to the manufacturers’ recommendations. Colony PCRs were performed follow-
ing lysis of cells with IGEPAL CA-630 (Sigma). Primers were synthesized by
Sigma Genosys, and sequencing was performed by MWG Biotechnologies.

Creation of mutants. An L. monocytogenes LO28 gadD3 in-frame deletion
mutant was created using a plasmid construct generated by the splicing-by-
overlap-extension procedure as previously described (4) except that �-glycero-
phosphate (55 mM) was added to buffer all liquid media at the plasmid-curing
stage. Deletion of the 801-bp fragment of gadD3 in the �gadD3 mutant was
confirmed by sequencing. An L. lactis IL1403 gadB insertion mutant was created
by cloning 350 bp of the 5� end of the gene into plasmid pORI19 as previously
described (12).

Growth and survival experiments. For all assays, overnight cultures were
washed in one-quarter-strength Ringer’s solution. For growth curves, overnight
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cultures were inoculated (3%) into fresh broth supplemented with nisin. Aliquots
(200 �l) were added into individual wells of a 96-well plate, and cell growth was
measured spectrophotometrically over 24-h periods using a temperature-con-
trolled automatic plate reader (Spectra Max 340 spectrophotometer; Molecular

Devices, Sunnyvale, CA). For survival assays, approximately 1 � 107 CFU/ml of
cells was inoculated into fresh broth containing nisin and incubated at 37°C. At
various time points, 100-�l aliquots were removed and viable plate counts were
performed by serial dilution in one-quarter-strength Ringer’s solution and plat-
ing onto agar. All growth and survival experiments were performed in triplicate
from three separate overnight cultures and repeated on at least three different
days.

ATP assays. Total and extracellular levels of ATP in strains grown overnight
in 10 ml BHI broth statically at 37°C were determined using the Sigma ATP
bioluminescence assay kit (FL-AA) essentially by following the method de-
scribed by McEntire et al. (17). Briefly, cells were washed in 50 mM 2-(N-
morpholino)ethanesulfonic acid (MES) (pH 6.5). To determine total ATP levels,
20 �l of cells was added to 80 �l of dimethyl sulfoxide in a test tube and mixed.
Then, 5 ml of cold sterile water was added and 100 �l of the solution was used
with 100 �l of the Sigma enzyme mixture. To determine extracellular ATP levels,
100 �l of bacterial cells was added to 5 ml of sterile water and 100 �l of this was
used with 100 �l of the Sigma enzyme mixture. Intracellular ATP levels were
calculated as the difference between total and extracellular ATP levels. ATP
calibration curves were performed according to Sigma recommendations, and
new standard curves were prepared each day as suggested. ATP assays were
carried out on three separate overnight cultures for each strain (i.e., three
biological repeats) and repeated on two separate days. Bioluminescence was
measured using a Luminoskan Ascent luminometer (Thermo Scientific). To
determine bacterial cell dry weight, 1 ml of each bacterial culture was washed in
one-quarter-strength Ringer’s solution and dried in a preweighed aluminum dish
at 45°C overnight.

RESULTS AND DISCUSSION

Creation of an L. monocytogenes gadD3 deletion mutant. L.
monocytogenes strain LO28 possesses five gad genes at three

FIG. 1. An overview of the L. monocytogenes glutamate decarbox-
ylase (GAD) system. L. monocytogenes possesses five gad genes.
gadD1, gadD2, and gadD3 encode decarboxylases which catalyze the
conversion of glutamate to �-amino butyrate (GABA) and carbon
dioxide (CO2). gadT1 and gadT2 encode glutamate-GABA antiporters.
Nisin functions by binding to lipid II, an essential precursor of cell wall
peptidoglycan synthesis. Binding to lipid II facilitates the formation of
pores within the cytoplasmic membrane leading to the release of ATP
and may ultimately result in cell death. We suggest that under certain
conditions gadD1 may contribute to intracellular ATP pools and hence
tolerance of nisin.

TABLE 1. L. monocytogenes strains used in this study

L. monocytogenes
strain Relevant characteristics Reference

LO28 wt,a serotype 1/2c
�gadD1 mutant LO28 wt with a deletion in gadD1 4
�gadD2 mutant LO28 wt with a deletion in gadD2 4
�gadD3 mutant LO28 wt with a deletion in gadD3 This study
�gadT1 mutant LO28 wt with a deletion in gadT1 4
�gadT2 mutant LO28 wt with a deletion in gadT2 4
748b gadD1T1�, serotype non-4, isolated from ground beef
1191b gadD1T1�, serotype non-4, isolated from ground turkey
1066b gadD1T1�, serotype non-4, isolated from pork sausage
1520b gadD1T1�, serotype non-4, isolated from ground turkey
1032b gadD1T1�, serotype non-4, isolated from pork sausage
1742b gadD1T1�, serotype non-4, isolated from pork sausage
1223b gadD1T1�, serotype non-4, isolated from pork sausage
1205b gadD1T1�, serotype non-4, isolated from ground turkey
1061b gadD1T1�, serotype non-4, isolated from pork sausage
1038b gadD1T1�, serotype non-4, isolated from pork sausage
1028b gadD1T1�, serotype non-4, isolated from pork sausage
1121b gadD1T1�, serotype non-4, isolated from ground beef
878b gadD1T1 negative, serotype 4, clinical isolate
1078b gadD1T1 negative, serotype 1/2, isolated from chicken
246b gadD1T1 negative, serotype 4, isolated from silage
1059b gadD1T1 negative, serotype 1/2, isolated from pork sausage
169b gadD1T1 negative, serotype 1/2, Mercier clinical strain
2088b gadD1T1 negative, serotype 1/2, Mercier clinical strain
241b gadD1T1 negative, serotype 3, isolated from silage
104b gadD1T1 negative, serotype 4, isolated from milk
83b gadD1T1 negative, serotype 4, isolated from silage
147b gadD1T1 negative, serotype 4, isolated from dairy enrichment
168b gadD1T1 negative, serotype 1/2, isolated from aborted calf fetus
243b gadD1T1 negative, serotype 1/2, isolated from silage

a wt, wild type.
b These strains were originally obtained from Catherine W. Donnelly, University of Vermont, and have previously been described by Cotter et al. (8). Details of PCRs

with gtcA and gadD1 primers and serotyping information are also provided by Cotter et al. (8).

6542 BEGLEY ET AL. APPL. ENVIRON. MICROBIOL.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
19

 M
ay

 2
02

3 
by

 1
8.

23
6.

13
6.

14
4.



separate genetic loci: gadD1T1 (formerly gadAC), gadD2T2
(formerly gadBD), and gadD3 (Fig. 2A). The gadD genes en-
code decarboxylases, while the gadT genes encode glutamate-
GABA antiporters (see Fig. 1). We have previously reported
the mutation of four of these genes (4), but our initial efforts to
mutate gadD3 proved unsuccessful. Herein we report the cre-
ation of a gadD3 deletion mutant using the same procedure as
previously outlined (4) except that �-glycerophosphate (55
mM) was added to buffer all liquid media at the plasmid curing
stage. This mutant completes the full set of isogenic LO28 gad
mutants.

Examination of the nisin tolerance of gad mutants. Mutants
were not impaired in their growth under standard laboratory
conditions (BHI broth, pH 7) (data not shown). It was noted,
however, that �gadD1 mutant reproducibly reached slightly
higher optical densities (ODs) than the parent during expo-
nential growth but the final ODs of all cultures were similar
once stationary phase was reached (data not shown). In order
to investigate the role, if any, of each individual gad gene in the
tolerance of nisin, the growth of each mutant was compared to
that of the wild-type strain in BHI broth supplemented with
sublethal levels (100 �g nisin powder [Sigma]/ml) of the bac-
teriocin. It was observed that the �gadT1, �gadT2, �gadD2,
and �gadD3 mutants behaved identically to the parent at this
and all other sublethal concentrations tested. In contrast, the

�gadD1 mutant was reproducibly more sensitive (as deter-
mined by a longer lag phase and a slightly lower growth rate)
(Fig. 2B). The ability of each mutant to withstand exposure to
lethal levels of nisin (300 �g nisin powder/ml) was also exam-
ined, and again the �gadD1 mutant exhibited enhanced sensi-
tivity relative to the wild-type strain (two-log-greater reduc-
tion) after exposure for 60 min (Fig. 2C). A more detailed time
course assay with the parent and gadD1 mutant (Fig. 2D)
shows that although parental cell numbers were somewhat
reduced in the presence of 300 �g powder/ml, the �gadD1
mutant was significantly more sensitive. Taken together, these
experiments revealed that of all the gad genes only gadD1
contributes to the ability of the cell to cope with nisin.

Measurement of intracellular ATP levels in the �gadD1
mutant. Although gadD1 has previously been shown to con-
tribute to growth at mildly acidic pH (pH 5.5) (8), the addition
of nisin in our experiments did not affect the pH of the broth
(pH 7.4) and nisin does not affect intracellular cytoplasmic pH
(3). It is therefore likely that the role of gadD1 in pH ho-
meostasis is not responsible for the observed altered nisin
phenotype. Amino acid decarboxylation has been linked to
ATP biosynthesis in Lactobacillus strains (1, 14, 19), and in-
tracellular ATP levels have been shown to be important for L.
monocytogenes in surviving exposure to nisin (3). We therefore
hypothesized that intracellular ATP levels may be altered in
the �gadD1 mutant. ATP assays were performed which re-
vealed that, under the growth conditions employed, the intra-
cellular ATP levels were reduced in the �gadD1 mutant, being
only approximately 60% of those of the parent (P � 0.01 as
determined by Student’s t test) (Fig. 3). This suggests that
GadD1 contributes significantly to ATP pools within the cell.

Correlation of nisin tolerance with the presence of gadD1.
While the other loci that have been shown to contribute to
nisin tolerance in L. monocytogenes are present in all Listeria
strains, the gadD1T1 operon is unusual in that it is present on
an islet of five genes that is absent from a large number of L.
monocytogenes strains (8, 23). We therefore hypothesized that
the natural presence or absence of gadD1 may impact on
the nisin tolerance of individual strains. Growth curves (12
gadD1� and 12 gadD1-negative strains) and survival assays (5
gadD1� and 5 gadD1-negative strains) in the presence of nisin
support this hypothesis; i.e., strains possessing gadD1 grew

FIG. 2. (A) Genomic organization of L. monocytogenes gad genes.
This figure was drawn approximately to scale using L. monocytogenes
EGDe genome sequence data. Numbers refer to the National Centre
for Biotechnology Information (NCBI) annotation numbers. Arrows
indicate orientation of genes. (B) Growth of L. monocytogenes LO28
wild-type and gad mutants in BHI broth supplemented with a sublethal
level of nisin. Overnight cultures were washed in one-quarter-strength
Ringer’s solution and inoculated into BHI broth supplemented with
100 �g/ml nisin powder. Cell growth at 37°C was measured spectro-
photometrically. Error bars represent standard deviations of results of
triplicate experiments. (C and D) Survival of strains in BHI broth
supplemented with a lethal level of nisin. Washed overnight cultures
were inoculated into BHI broth supplemented with 300 �g/ml nisin
and incubated with shaking at 37°C. Viable cell counts were performed
at intervals (after 60 min for panel C) by serial dilution in one-quarter-
strength Ringer’s solution and enumeration on BHI agar. Error bars
represent standard deviations of results of triplicate experiments.

FIG. 3. Intracellular ATP levels of L. monocytogenes LO28 wild-
type and gadD1 mutant cells. Strains were grown overnight in 10 ml
BHI broth statically at 37°C. Intracellular levels of ATP were deter-
mined as described in the Materials and Methods section. Error bars
represent standard deviations of results of triplicate experiments.
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better on average (Fig. 4A inset) in the presence of 100 �g
nisin powder/ml and were more resistant to nisin (300 �g nisin
powder/ml) than those lacking the gene (Fig. 4A and B). That
some strains contradicted this correlation is not totally unex-
pected, as the strains being compared are not isogenic, and
thus another factor(s) contributing to nisin tolerance may vary,
e.g., membrane charge or fluidity. While natural variation in
nisin tolerance within a species has previously been reported
(9, 16, 22), to our knowledge, gadD1 is the first genetic locus
that has been linked to this phenomenon. Given this link, it is
noteworthy that strains which possess gadD1 are more fre-
quently isolated from foods than those lacking the gene (23).

As low pH and nisin are often used together as part of the
“hurdle concept” in the preservation of minimally processed
foods, it is tempting to speculate that this locus may contribute
to the “fitness” of L. monocytogenes strains in certain foods.

Nisin tolerance of L. lactis strains. To test whether this
newly established link between glutamate decarboxylase sys-
tems and nisin tolerance is specific to Listeria, or whether it
holds true in other glutamate decarboxylase-positive microor-
ganisms, we tested the sensitivity of Lactococcus lactis subsp.
lactis IL1403 and a gadB mutant thereof. It should be noted
that although L. monocytogenes possesses five gad genes, L.
lactis subsp. lactis strains, including strain IL1403, contain only
three, i.e., gadB, which encodes a glutamate decarboxylase,
gadC, which encodes a transporter, and gadR, which encodes a
putative regulator (Fig. 5A). Our analysis revealed that the
gadB mutant was not impaired in growth under standard lab-
oratory conditions (GM17 broth; data not shown). However,
the growth of this mutant was dramatically impaired in the
presence of sublethal levels of nisin (8 �g nisin powder/ml)
(P � 0.001 at 12 h as determined by Student’s t test) (Fig. 5B).
Survival of the mutant after 60 min in the presence of 45 �g/ml
nisin powder was approximately 5-fold less than that of the
parental strain (P � 0.05 as determined by Student’s t test)
(Fig. 5C). This result is interesting in light of the fact that GAD
activity is one of the criteria used to distinguish between L.
lactis subspecies. While L. lactis subsp. lactis strains are GAD�,
L. lactis subsp. cremoris strains, as a consequence of inactiva-
tion of their gadB gene by a frameshift mutation, do not pos-
sess GAD activity (20). Thus, to further investigate the link
between the mutation, natural or otherwise, of GAD and nisin
sensitivity, a selection of L. lactis subsp. lactis and L. lactis
subsp. cremoris strains was examined with a view to comparing
their individual and collective sensitivity to nisin. It was ob-
served that the former were significantly more tolerant to ex-
posure of sublethal levels of nisin (i.e., virtually no lag phase at
8 �g/ml) whereas their L. lactis subsp. cremoris counterparts
failed to grow at all (Fig. 5D). It would thus seem that the
provision of innate protection against nisin as a consequence of
the activity of a glutamate decarboxylase system is a common
feature among GAD� Gram-positive microorganisms. In silico
analyses of publicly available genomes reveal that gad genes
are present in the genomes of a wide variety of bacterial gen-
era, including the Gram-positive food pathogens Clostridium
botulinum, Clostridium perfringens, and Bacillus cereus (M. Be-
gley, unpublished observation), and thus the outcome of future
experiments to determine if these gad genes contribute to the
nisin tolerance of these strains is eagerly anticipated. It should
be noted that gad genes are also commonly found on the
genomes of numerous Gram-negative strains. While the outer
membrane of Gram-negative microorganisms provides protec-
tion against nisin, the lantibiotic is active against cells in which
this barrier has been disrupted, and thus it will also be inter-
esting to investigate the role of the GAD system in such cir-
cumstances.

In conclusion, we report the novel observation that a gene of
the glutamate decarboxylase acid tolerance system, namely,
gadD1, contributes to the inherent ability of L. monocytogenes
to tolerate the commercially important lantibiotic nisin. In
addition to uncovering this additional role for the GAD system
in listerial stress responses, we have also linked gadD1 with the

FIG. 4. (A) Growth of L. monocytogenes gadD1-positive (squares)
and gadD1-negative (circles) strains in BHI broth supplemented with a
sublethal level of nisin. Overnight cultures were inoculated into BHI
broth supplemented with 100 �g/ml nisin. Aliquots (200 �l) were
added into individual wells of a 96-well plate, and cell growth at 37°C
was measured spectrophotometrically using a temperature-controlled
automatic plate reader. The strains are listed in order of descending
optical density at 600 nm (OD600) after 12 h. The inset shows the mean
growth of gadD1-positive and gadD1-negative strains. (B) Survival of
L. monocytogenes gadD1-positive and gadD1-negative strains in BHI
broth supplemented with a lethal level of nisin. Overnight cultures
were inoculated into BHI broth supplemented with 300 �g/ml nisin.
Viable cell counts were performed by serial dilution in one-quarter-
strength Ringer’s solution and enumeration on BHI agar. Error bars
represent standard deviations of results of triplicate experiments.
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strain-variable nature of nisin tolerance among L. monocyto-
genes. Evidence is provided which reveals that this is not solely
an L. monocytogenes-associated phenomenon. Thus, it would
appear that targeting of the GAD system, through the specific
inhibition of GAD activity or a reduction in the levels of free
glutamate in foods, coupled with low pH and/or nisin may be
an attractive option for food processors.
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