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ABSTRACT

When used in combination with chelating agents (EDTA.
EGTA., citrate, phosphate), the bacteriocin nisin is effective for
reducing populations of gram-negative bacteria in vitro. This study
examined parameters (buffers, temperature presence of divalent
cations) that affect nisin inhibition of Escherichia coli O157:HT and
Salmonella typhimurium. Approximately 7 log,, colony-forming
units (CFU) per ml of E. coli and §. typhimurium were treated in PBS
or MOPS huffers containing 50 pg/ml of purified nisin, alone or in
combination with 500 mM lactate, 100 mM citrate, 50 mM EDTA,
and 1% (wt/vol) sodium hexametaphosphate (pH 7.0) at 37°C for 60
min or 5°C for 30 min. Surviving bacterial populations were com-
pared to untreated controls (buffers without nisin). Data indicated
that treatments with nisin in buffers resulted in reductions of 4.30 and
2.30 log,, CFU/ml of E. coli and S. rvphimurium, respectively. as
compared to untreated controls. Population reductions ranging from
2.29 10 5.49 log,, CFU/ml were observed when cells were treated
with nisin and chelator combinations at either 37°C for 60 min or 5°C
for 30 min. The addition of magnesium and calcium to buffers with
nisin decreased inhibition. Data obtained from spectrophotometric
experiments indicated that treatments were causing the release of
cellular constituents. However, transmission electron microscopy
(TEM) analyses were inconclusive, since cellular membranes did not
appear to be disrupted.
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The bacteriocin nisin is a 3,500-Da peptide produced by
Lactococcus lactis subsp. lactis that inhibits gram-positive
organisms, including the pathogens Listeria monocyiogenes,
Staphylococcus aureus, and Clostridium botulinum (9). Al-
though nisin was once thought to inhibit only gram-positive
bacteria, researchers have found that the spectrum of nisin
activily can be extended to gram-negative bacteria, including

"Names are necessary to report factually on available data: how-
ever, the USDA neither guarantees nor warrants the standard of the
product, and the use of the name by USDA implies no approval of
the product to the exclusion of others that may also be suitable

a varicty of pathogens. Stevens et al. (/.3) reported that when
gram-negative cells were treated with 20 mM EDTA and 50
pg/ml of nisin in a complex phage buffer and incubated at
37°C for 60 min, populations of Salmonella spp.. Enterobacter
aerogenes, Shigella flexneri. Citrobacter freundii, and
Escherichia coli O157:H7 were reduced by 3 1o 6 log,,
colony-forming units (CFU) per ml. Treatments with nisin
and 20 mM EGTA, citrate, or phosphate at 30 to 42°C also
enhanced the activity of nisin towards gram-negative bacteria
(12). EDTA is thought to chelate magnesium ions from the
lipopolysaccharide (LPS) layer of the outer membrane of
gram-negative bacteria (/7). It has been suggested that alter-
ations in the LPS layer may cause the outer cell surface to
become more permeable. thereby allowing the bacteriocin
access to the cytoplasmic membrane where nisin-mediated
inactivation occurs (/2).

Methods to substantially reduce or inhibit gram-negative
bacteria by food-grade compounds are of considerable inter-
est to the food industry, since there are both public health and
economic concerns. This study was undertaken to determine
if treatments with nisin and other food-grade chelators could
reduce populations of two gram-negative pathogens, E. coli
O157:H7 and S. ryphimuriwm, and to examine parameters (ie,
temperature, buffers. presence of divalent cations) affecting
nisin activity against the organisms. Further investigation of
nisin and chelator combinations against pure cultures under
various conditions is required before such treatments can be
utilized effectively in food systems.

MATERIALS AND METHODS

Bactrerial strains

Salmonella cholerasuis subsp. cholerius serotype typhimurium
ATCC 14028 (S. rvphimurium) and Listeria monocytogenes Scolt A
were obtained from the American Type Culture Collection (ATCC,
Rockville, MD). Escherichia coli O157:H7 was obtained from the
Food Research Institute (Madison, W1). Cultures were maintained in
75% glycerol at-20°C and propagated in tryptic soy broth (TSB)(Troy
Biologicals. Troy, MI) at 37°C for 18h.
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Nisin buffers, and chelators

Nisin (Ambicin, Applied Microbiology, NY) was stored at 4°C.
Final concentrations of 50 pg/ml of nisin were used throughout this
study. Nisin activity was monitored by using L. monocyrogenes Scou
A in spot assays as described previously (7).

The following buffers were used: 100 mM 3-[N-
morpholino|propanesulfonic acid (MOPS)(Sigma Chemical Co.. St.
Louis. MO) and | or 10 mM phosphate-buffered saline (10 mM PBS
contains 530 mg NaCl, 13 mg KH,PO,, 77 mg Na,HPO,, and 13 mg
KCl perliter: pH 7.2). Additional cell buffers were composed of [0 mM
PBS, 50 mM (hydroxymethyl) aminomethane (Tris)(Sigma), or 100
mM MOPS with | mM CaCl, (Sigma) and 4 mM MgSO, (Sigma).
After the addition of compounds (chelators or nisin) to buffers. all
solutions were adjusted to pH 7.0 with 10 M HClor 0.1 M NaOH, filter
sterilized (0.45 pm Acrodiscs, Gelman Sciences, Ann Arbor, MI),
stored at =20°C until needed, and tempered to 25°C prior to use.

Food-grade chelators were added to 100 mM MOPS or
I mM or 10mM PBS buffers for final concentrations of
500 mM pt-lactate (vol/vol)(Sigma), 100 mM citrate (anhydrous;
Sigma), 50mM disodium EDTA (Fisher Scientific Co., Kansas City,
MO), and 1% hexametaphosphate (HMP; wit/vol, sodium
polyphosphate)(FMC, Norwalk, CT).

Treatments

From an overnight culture. E. coli O157:H7 or &§.
typhimurium 14028 cells were inoculated into fresh media,
grown to approximately 7 log , CFU/ml (OD,, ca. 0.1), centri-
fuged (15 min,1,480 x g, 5°C), and resuspended in the original
volume of the respective buffer. In the first experiment, 1 ml of
cell suspension was added to individual microcentrifuge wbes,
centrifuged (16,000 x g,10 min, 25°C), and the cell pellet
resuspended in 1 ml of the following solutions: (a) buffer, (b)
buffer and nisin, (¢) buffer and chelator. or (d) buffer, chelator,
and nisin. After the addition of a solution, cells were incubated
under two conditions: 37°C for 60 min or 5°C for 30 min.
Additional experiments involving treatments of nisin and chela-
tors in buffers (10 mM PBS. 100 mM MOPS. 50 mM Tris) with
magnesium sulfate and calcium chloride were carried out simi-
larly, but incubation was for 60 min at 37°C. After incubation,
cells were centrifuged, washed with the respective buffer, seri-
ally diluted in 0.1% buffered peptone water (BPW)(BBL,
Cockeysville, MD), and plated in duplicate on trypticase soy
agar (TSA) (Troy Biologicals, Troy, MI) using a Model D Spiral
Plater (Spiral Biosystems Instruments, Bethesda, MD). Num-
bers of bacteria were determined after incubation for 36 h at
37°C.

Spectrophotometric determinations

Bacteria were grown to an optical density of 0.1 (600 nm)
and centrifuged for 15 min at 5°C and 1,480 x g. Cells were
washed twice by resuspension in equal volumes of 0.1% peptone
(pH 6.8), and centrifuged for 7 min at 16,000 x g and 25°C. Cells
were resuspended in equal volumes of (a) | mM PBS buffer, (b)1
mM PBS buffer with nisin, (¢) | mM PBS buffer with chelators,
or (d) 1 mM PBS buffer with nisin and chelators and incubated
at 37°C for 1 h and 6 h. Following incubation, cell suspensions
were centrifuged for 7 min at 16,000 x g and 25°C to pellet the
cells. The absorbance of the cell-free supernatants were deter-
mined at 260 and 280 nm with a Shimadzu spectrophotometer.

Electron microscopy studies

Following U.V. absorbance experiments after 6 h at 37°C, the
remaining cell pellets were fixed in 0.25% glutaraldehyde in 0.2 M
cacodylate buffer at 25°C for 18 h and prepared for transmission
electron microscopy (6) with phosphotungstic acid-negative stain-
ing.

Calculations and siatistical analyses

Least squared means of bacterial populations (log,, CFU/ml)
were calculated from three experimental replications. Statistical data
analysis (Analysis of Variance, ANOVA) was performed using the
General Linear Models procedure of SAS (/0). Inoculum counts
were used as a covariant to normalize data from treatment replica-
tions. Log reduction factors (LRF) were calculated as the difference
between populations of cells in buffer (untreated) and cells treated
with chelator, nisin, or nisin and chelator combinations (LRF= log
CFU/ml untreated ~log CFU/ml treated). The probability level was
P <0.05, unless otherwise noted.

RESULTS

Treatments

When all treatments (nisin, alone or in combination with
chelators in 10 mM PBS or 100 mM MOPS buffers), were
examined against E. coli O157:H7 (Fig. 1), only treatment had
a significant effect (P £ 0.0001). Of the weatments. EDTA and
nisinresulted in a greater LRF (5.42) than HMP and nisin (3.74),
lactate and nisin (4.47), citrate and nisin (4.32), or nisin alone
(4.30). Even in buffer, LRFs were associated with lactate (1.80)
and citrate (1.47) treatments. There were no statistical differ-
ences between buffer type (MOPS, PBS) or conditions (37°C,
60 min or 5°C, 30 min), nor were 2- and 3-way interactions
observed for analyses of E. coli O157:H7 data.

In contrast, statistical analyses for S. ryphimurium
demonstrated that in addition to the effects of treatment
and buffer (P < 0.0001), 2-way interactions of treatment
by buffer (P < 0.04) and buffer by condition (P < 0.0008)
occurred. Of the treatments examined (Fig. 2), EDTA with
nisin resulted in the greatest LRF (4.53), compared to
lactate with nisin (4.25), citrate with nisin (4.06), HMP
with nisin (1.88), or nisin alone (2.31). Treatments with
lactate (LRF=0.44) and citrate (LRF=0.38) did not signifi-
cantly alter bacterial populations. The 2-way interaction
of treatment by buffer (Fig. 3) indicated that when S.
typhimurium was treated with chelators plus nisin in PBS
buffer, resulting populations were significantly lower (P <
0.0001) than comparable populations in MOPS buffer
alone. When the interaction of buffer by condition was
examined. the greatest reductions of bacteria also were
observed when treatments were performed in PBS buffer
under either condition (data not shown).

A second experiment was conducted to determine if the buffers
were acting as chelators. Bacterial cells were treated with 100 mM
MOPS, 10 mM PBS, or 50 mM Tris buffer containing magnesium
sulfate and calcium chloride, with and without nisin, at 37°C for 60
min. Treatments with buffers alone or in combination with the
divalent cations did not result in statistically significant population
reductions (Fig. 4). Treating cells with buffer and nisin resulted in
significant population reductions. However, upon addition of diva-
lent cations to buffers with nisin, the cations appeared to reduce nisin
activity lowards the pathogens.
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Spectrophotometric experiments

In addition to calculating reductions of bacterial popula-
tions from plate count data, spectrophotometric cxperiments
were performed to monitor the release of cellular components
during treatments. Since it was found that the extent of
inactivation by 1 mM PBS was less than that by 10 mM PBS

Figure 1. Effect and significance (P <0.0001) of treatments
with nisin and chelators, in either buffer. on
E. coli Q157:H7. *Denotes log reduction factor (LRF: CFU/
ml control — CFU/ml treated). * “* * © ¢ Denote statistically
significant differences between populations.
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Figure 2. Effect and significance (P <0.0001) of treatments
with nisin and chelators, in either buffer, on
S. typhimurium ATCC [4028. *Denotes log reduction factor
(LRF: CFU/ml control -CFU/ml treated). “** Denote siatis-
tically significant differences berween populations.
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(data not shown), | mM PBS was used throughout these
experiments. Data from absorbance readings of cell superna-
tants at 260 nm for each organism are presented in Fig. 5 and

6. Except for treatments with lactate. absorbance readings
were 2 to 4 times greater for cells treated with a combination
of buffer, nisin. and chelators than for cells treated with buffer
alone, buffer and nisin, or buffer and chelators. Similar
patterns were observed for absorbance readings at 280 nm
(data not shown). The release of cellular components when
cells were treated with buffer and nisin, or combinations of
buffer, nisin, and chelators, suggests some degree of mem-
brane damage or cell lysis.

Electron Microscopy

Transmission electron microscopy (TEM) of cells fol-
lowing treatments with citrate and nisinin | mM PBS revealed
some condensation within the cytoplasm of the bacterial cells
(Fig. 7a, 8a). This observation was not detected in bacterial
cells treated with buffer alone (Fig. 7b, 8b). With the excep-

Figure 3. Effectandsignificance (P< 0.0001 )oftrearment by buffer
(10 mM PBS and 50 mM MOPS) for S. typhimurium /4028.
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Figurc 4. Effect and significance (P < 0.0001) of treatment
by organism for E. coli O157:H7 and S. typhimurium ATCC
14028 following experiments with divalent cations (37°C, 60
min).
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tion of some cell ghosts. no other visible abberations were
detected in electron micrographs of cells treated with nisin,
chelators, or nisin and chelator combinations.
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DISCUSSION

Other researchers have examined the effect of nisin and
various food-grade chelators against gram-negative bacteria
at37°Cinvitro (2, 11-13). Intheir studies, nisin and chelators
were combined in a complex phage buffer consisting of Tris-
HCI, gelatin, magnesium sulfate, calcium chloride, and so-
dium chloride (pH 7.2). In this study, food-grade chelators
were combined with 50 pg/ml nisin in simple buffers (100
mM MOPS, 50 mM Tris, and 10 mM PBS, pH 7.0). At these
concentrations, the buffers alone did not reduce bacterial
populations (data not shown). However, when cells were
treated with buffers containing nisin, LRFs ranging from 2 to
4log,, CFU/ml occurred. The magnitude of reduction dimin-
ished as lower concentrations of buffer were used (data not
shown). The effectiveness of nisin diminished when magne-
sium sulfate and calcium chloride were added to the buffers
containing nisin, suggesting that MOPS. PBS, and Tris bulf-
ers may be acting as chelators. If they bound magnesium and
calcium from the surrounding solution, the buffers could not
cffectively chelate divalent cations from the LPS layer of the
gram-ncgative cells. Because the cauons were not removed,
the LPS layer remained intact and nisin could not penetrate the
outer membrane (/3). It has been demonstrated previously

that the use of magnesium and calcium with nisin in acomplex
phage buffer (/7, 12, 13) does not interfere with results.
However, neither this study nor previous studies have ad-
dressed the effects of the individual cations or other com-
pounds (e.g.. gelatin, sodium chloride) found in the phage
buffer on nisin and chelator combination cfficacy.

Stevens ctal. (/2) previously demonstrated that nisin and
phosphate combinations resulted in population reductions:
therefore, our results with a phosphate buffer and nisin and
concurrent reductions of the pathogens and release of cellular
components are not unexpected. In general, combinations of
bacteriocin and chelators in 10 mM PBS buffer resulted in
greater population reductions of S. ryphimurium as compared
to 100 mM MOPS buffer. However, populations of E. coli
O157:H7 remaining after treatments with combinations in
PBS were not statistically different from £E. coli O157:H7
populations treated with combinations in MOPS buffer. As
indicated by experiments with divalent cations. MOPS buffer
may he capable of chelating. Treatments with nisin and MOPS
buffer against E. coli O157:H7 resulted in reductions similar
to those seen with nisin and Tris or PBS bulfers. However,
S. typhimurium was not as susceptible to similar treatments
with MOPS. In other studies, rescarchers have demonstrated

Figure 5. U.V. absorbance (260 nm) experiments perjormed on E. coh O157:H7 after rreatments with nisin and chelators in i
mM PBS at 37°C for I and 6 h. Each point represents an average taken from 3 readings. A. Dara from treatments with EDTA.
B. Data from treamments with citrate. C. Data from treatments with lactate. D. Data from treatments with HMP.
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that Tris, a primary amine. is able to increase the permeability
of the outer membranes of gram-negative bacteria and en-
hance the activity of various antimicrobial compounds (7,8, /5.
16). As demonstrated in this study, Tris buffer may not only
chelate divalent cations. but may enhance nisin activity against
gram-negative bacteria in solution.

In earlier experiments, EDTA, EGTA, citrate, and phos-
phate at a concentration of 20 mM were used in combination
with nisin against various gram-negative bacteria (//, 12).In
this study, the food-grade compounds 500 mM lactate and 1%
sodium HMP, as well as higher concentrations of EDTA (50
mM) and citrate (100 mM), were examined for the ability to
enhance nisin activity against E. coli O157:H7 and
S. typhimurium. Presently, there is no report addressing the
efficacy of HMP and lactate in combination with nisin against
gram-negative bacteria. Other researchers have demonstrated
that sodium HMP makes the outer membrane of gram-nega-
tive bacteria permeable. thereby allowing hydrophobic antibi-
otics or detergents to effectively inhibit the organisms (/5).
The results from this study demonstrated that treatments with
HMP and nisin caused. the release of cellular components and
population reductions compared to buffer controls. However,
treatments with 1% HMP were not as effective as nisin in

buffers, or combinations of nisin with other chelators in
buffers. Treatments with lactate and nisin resulted in popula-
tion reductions comparable to combinations of nisin with
citrate. Of the chelators examined in earlier studies, 20 mM
EDTA. when combined with nisin, was consistently the most
cffective for reducing populations of gram-negative bacteria
(11, 12). As demonstrated in this study, even at 50 mM concen-
trations in MOPS or PBS buffers, EDTA and nisin resulted in
significant populationreductions. Despite the higher amounts of
chelators used in this study, such concentrations may be neces-
sary to remove exogenous divalent cations associated with food
systems and still be effective enough to disrupt the LPS layer of
gram-negative spoilage or pathogenic bacteria.

Inaddition to examining treatments at 37°C for 60 min (2,
11-13).treatments were efficacious under refrigerated condi-
tions (5°C for 30 min). The data from this study and previous
research (2, //-/3)demonstrate that bacteriocin and chelator
combinations effectively reduce populations of gram-nega-
tive bacteria at temperatures from 5 10 42°C.,

While treatments with buffer or buffer and chelators
caused the release of some cellular components. the extent
of release was not as great as that in treatments with buffer and
nisin or buffer. nisin, and chelator. Plate count data demon-

Figure 6. U.V. absorbance (260 nm) experiments performed on S. typhimurium ATCC 14028 after rreammends with nisin and
chelators in 1 mM PBS at 37°C for 1 and 6 h. Each point represents an average taken from 3 readings. A. Data from treaiments
with EDTA. B. Data from trearments with citrare. C. Data from treatments with lactare. D. Data from treatments with HMP.
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strated that significant LRFs occurred when cells were treated
with these same solutions. Nisin-induced cell damage and
concurrent population reductions also have been reported
previously (/7).

While U.V.-absorbing ccllular components were de-
tected in the supernatants after treatments, TEM analyses did
not indicate that membranes were disrupted. The appearance
of cell ghosts could be attributed to the presence of dead cells
in the initial suspensions or to artifacts that occurred during
processing of the cell pellets. Only treatments with nisin and
citrate in 1| mM PBS appeared to affect E. coli O157:H7 and
S. nyphimurium internally, as indicated by condensation of
cytoplasmic material. Cherrington et al. (3-5) observed that
when E. coli K12 was treated with formic or propionic acids
(pH 5.0), cytoplasmic constituents appeared to clump, B-
galactosidase was released. and RNA, DNA. protein, lipid,
and cell-wall syntheses were slowed or inhibited. It was

concluded that visible clumping of cellular constituents was
due to an irreversible denaturation of acid-labile protein and
DNA. resulting from lowered cytoplasmic pH (5). In this
study, since all treatments were performed at ncutral pH,
denaturation of protein and DNA due 1o cytoplasmic pH
changes was unlikely. However, nisin-mediated inactivation
due 1o destabilization of the cytoplasmic membrane, the
efflux of amino acids, disruption of proton motive force, and
in some cases cell lysis (9) could affect internal pH. With the
exception of cell lysis. such abberations associated with the
Gram-negative bacteria examined in this study may not be
detected by TEM. Further rescarch will be required to deter-
mine why cytoplasmic clumping occurs after treatments with
nisin and citrate under the conditions described.

Given that the concentrations of lactate, citratc, HMP,
EDTA. or simple buffers used in this study effectively en-
hanced nisin, and that treatments could be performed under

Figure 7. A. Electron nucrograph (31,000x) of E. coli Q157:H7 treated with cuitrare and nisin in | mM PBS buffer, 37°C, 6 h.
B. Electron micrograph (31,000x) of E. coli Q157:H7 treated with 1 mM PBS buffer, 37°C, 6 h. Scale: | micron (p) = 3.1 em.

>

Figure 8. A. Electron micrograph (38.925x) of S. typhimurium ATCC 14028 treared with citrate and nisin in 1 mM PBS buffer.
37°C. 6 h. B. Electron micrograph (38.925x) of S. typhimurium ATCC 14028 treated with | mM PBS buffer, 37°C. 6 h. Scale:

I micron (@) = 3.9 cm.
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refrigerated conditions, this information could be used to
apply nisin and chelators to a variety of foods for the inhibition
of pathogenic or spoilage gram-negative bacieria.
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