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The fresh-cut produce industry has been the fastest-growing portion of the food retail market during the past
10 years, providing consumers with convenient and nutritious food. However, fresh-cut fruits and vegetables
raise food safety concerns, because exposed tissue may be colonized more easily by pathogenic bacteria than
intact produce. This is due to the higher availability of nutrients on cut surfaces and the greater potential for
contamination because of the increased amount of handling. We found that applied Listeria monocytogenes
populations survived and increased only slightly on fresh-cut Red Delicious apples stored at 10°C but increased
significantly on fresh-cut honeydew melons stored at 10°C over 7 days. In addition, we examined the effect of
lytic, L. monocytogenes-specific phages via two phage application methods, spraying and pipetting, on L.
monocytogenes populations in artificially contaminated fresh-cut melons and apples. The phage mixture re-
duced L. monocytogenes populations by 2.0 to 4.6 log units over the control on honeydew melons. On apples, the
reduction was below 0.4 log units. In combination with nisin (a bacteriocin), the phage mixture reduced L.
monocytogenes populations by up to 5.7 log units on honeydew melon slices and by up to 2.3 log units on apple
slices compared to the control. Nisin alone reduced L. monocytogenes populations by up to 3.2 log units on
honeydew melon slices and by up to 2.0 log units on apple slices compared to the control. The phage titer was
stable on melon slices, but declined rapidly on apple slices. The spray application of the phage and phage plus
nisin reduced the bacterial numbers at least as much as the pipette application. The effectiveness of the phage
treatment also depended on the initial concentration of L. monocytogenes.

Over the past decade, the frequency of reported outbreaks
of illnesses due to foodborne pathogens has increased (Out-
break Alert, Center for Science in the Public Interest [www
.cspinet.org]). There may be a number of possible reasons for
this increase, including increased consumption of minimally
processed or fresh-cut produce and better epidemiologic sur-
veillance programs (4). Fresh-cut produce is a rapidly growing
$10 to 12 billion/year industry and accounts for more than 10%
of all produce sales in the United States with an annual growth
rate between 10 and 20% (International Fresh-Cut Produce
Association [http://www.fresh-cuts.org/fcf.html]). The growth
potential of foodborne pathogens is greater on fresh-cut pro-
duce than on produce with the peel or rind intact, because
there are more nutrients available on the cut surface and the
only preservation used is refrigeration (10, 23).

One foodborne human pathogen, Listeria monocytogenes,
has been associated with a number of serious foodborne out-
breaks and recalls (6). The bacterium is a psychrotroph, since
it survives and grows at temperatures as low as 8°C and can
therefore become a problem in refrigerated foods (5, 10, 30).
L. monocytogenes contamination has been primarily associated
with the consumption of dairy products, beef, pork, poultry,

and seafood. However, an increasing body of data supports
and suggests that salad vegetables, such as cabbage, celery,
lettuce, cucumber, onion, leeks, watercress, radish, tomatoes,
and fennel, among others, can have a high incidence of L.
monocytogenes, and some of these products have been impli-
cated in outbreaks of foodborne listeriosis (4, 24, 28). Little
work has been done regarding the capacity of fruit to support
the survival and/or growth of this pathogen (5), but outbreaks
of listeriosis usually occur at pathogen populations greater
than 103 CFU per g or per ml (29). The L. monocytogenes
serotypes 1/2a, 1/2b, and 4b are of particular concern, since
they account for up to 96% of human listeriosis cases through-
out the world (29). Because of the high case fatality rate asso-
ciated with L. monocytogenes infections, the U.S. Food and
Drug Administration (FDA and the U.S. Department of Ag-
riculture Food Safety Inspection Service have established a
zero-tolerance (no detectable level permitted) for L. monocy-
togenes in ready-to-eat foods, including processed fresh-cut
fruits and vegetables. Several food recalls have been triggered
by possible L. monocytogenes contamination during the last few
years, including a recall of packaged fresh-cut apples (23 to 27
March 2001; see FDA website).

Previously, we reported on the control of Salmonella by
phages on fresh-cut fruits (21). The use of naturally occurring,
lytic phages to reduce contamination of fresh-cut produce with
foodborne pathogens has several advantages over the use of
chemical sanitizers and washes (21, 26). For example, methods
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commonly used in industry, such as aqueous washes containing
chlorine formulations or plain water, are nonspecific and can
achieve a less-than-10-fold reduction in Listeria populations on
cut-produce surfaces (15). Alternatively, specific phages attack
the targeted pathogens only, thus preserving the competitive
potential of the indigenous microflora (26). They also can
reduce the bioburden on produce of those bacteria that are
resistant to antibiotics (18). Homologous phages and bacterio-
phage pools have been used against spoilage bacteria on meat
(12, 13, 14). To reduce the potential for the development of
phage-resistant mutants, we applied a cocktail of different
phages. Lytic bacteriophages (phages) may provide an effective
alternative for decontaminating fresh-cut fruits that may con-
tain various bacterial pathogens.

Nisin, a broad-spectrum, pore-forming bacteriocin, is pro-
duced by lactic acid bacteria that are often found on produce
(17, 22). It is active against many gram-positive bacteria, in-
cluding L. monocytogenes (16). Nisin is especially active at the
lower pH values typical of many fruits and some vegetables
(27). Nisin is the only commercially available bacteriocin rec-
ognized as a safe and legal biological food preservative by the
Food and Agriculture Organization and World Health Orga-
nization (technical memorandum TM 1-1e SPEC; Danisco
Cultor, Brabrand, Denmark) as well as the FDA (9). Its use at
different levels has been approved in more than 70 countries
for application to a number of food stuffs such as dairy or
fermentation products, alone and with added vegetables, fruits,
or meats, baked goods, liquid egg products, canned foods, and
beer.

The objectives of this model study were to determine (i) the
survival and growth of L. monocytogenes applied to fresh-cut
apple and honeydew melon slices at 10°C, an abusive temper-
ature; (ii) the effectiveness of specific, lytic phages in control-
ling L. monocytogenes contamination on fresh-cut fruits; (iii)
the effectiveness of different phage application methods and
solutions; and (iv) the effectiveness of combining the phage
treatment with the application of the bacteriocin nisin.

MATERIALS AND METHODS

Fruit. Red Delicious apples and honeydew melons obtained from the market
were cut into 10-mm-thick slices with a deli slicer (Model 827; Berkel Inc., La
Porte, Ind.). For honeydew pieces, the 10-mm-thick melon rings were cut into
equally sized squares about 30 mm2. The fruit surfaces as well as the deli meat
slicer were disinfected with 70% ethanol immediately before slicing. A cork
borer was used to cut tissue plugs of apple and honeydew that were 10 mm thick
and 10 mm in diameter, resulting in tissue plugs of 0.785 cm3.

Phage. The phage mixtures LM-103 and LMP-102, which contained 14 and 6
distinct lytic phages, respectively, are specific for L. monocytogenes, including the
serotypes 1/2a, 1/2b, and 4b, which are predominantly associated with human
listeriosis. The mixtures were provided by Intralytix, Inc. (Baltimore, Md.). The
phage concentration was approximately 109 PFU/ml in 1 M phosphate-buffered
saline (pH 7.4). The mixture was diluted either with 0.85% NaCl (pH 6.5 to 7.0)
or with sterile water (pH 6.5 to 7.0) to approximately 5 � 107 PFU/ml immedi-
ately before application to the fruit slices. A buffered solution (phosphate-
buffered saline) for phage application was tested to determine if it would im-
prove the effectiveness in reducing L. monocytogenes populations compared to
phage application in water. The reduction achieved by the two different phage
mixtures, Lm-103 and Lm-102, was the same in our experiments according to the
statistical analysis. The mixtures were used interchangeably.

Nisin. The bacteriocin nisin, manufactured as Nisaplin (Aplin & Barrett Ltd.,
Beaminster, Dorset, United Kingdom), was obtained from Sigma (Sigma-Al-
drich, St. Louis, Mo.). Solutions containing 1, 200, and 400 IU/25 �l of nisin were
prepared immediately before use by dissolving Nisaplin in sterile distilled water.

For experiments where only one nisin concentration was used, the concentration
was 400 IU/25 �l.

Preparation of the bacterial inoculum. The L. monocytogenes culture, strain
LCDC 81-861 serotype 4b, from an outbreak from cabbage, was obtained from
Robert Brackett, Department of Food Science and Technology, University of
Georgia, Agricultural Experiment Station, Griffin, Georgia 30223. The strain was
selected for resistance to nalidixic acid (NAL). For inoculation of the fruit slices,
L. monocytogenes cultures were grown overnight on tryptic soy agar (TSA) plates
(BD Diagnostic Systems, Sparks, Md.) with 100 �g of NAL/ml at 37°C and then
in Luria-Bertani broth (BD Diagnostic Systems) for 6 h. The cells were harvested
by centrifugation at 10,000 � g for 15 min and washed once with sterile saline
solution (0.85% [wt/vol] NaCl). The pellet was resuspended in saline solution
and adjusted to a concentration of 5 � 108 CFU/ml at an optical density at 420
nm of 0.15 using a SmartSpec 3000 spectrophotometer (Bio-Rad Laboratories,
Richmond, Calif.). About 30 ml of the suspension was diluted to a concentration
of about 5 � 105 CFU/ml before being added to the slices unless otherwise
noted. The exact cell concentration of the inoculum was determined by spiral
plating on TSA followed by incubation at 37°C for 1 day.

For growth of Listeria at different pH values, 50 ml of tryptic soy broth in
Erlenmeyer flasks was adjusted with HCl or NaOH to a pH of 3.5, 4.0, 4.5, 5.0,
5.5, 6.0, 6.5, 7.0, 8.0, or 9.0. After inoculation with 50 �l of an L. monocytogenes
overnight culture, the flasks were placed on a gyratory shaker (150 rpm) at 10°C,
and samples were taken immediately after inoculation and after 90 h. In addition,
flasks containing about 108 CFU of L. monocytogenes/ml grown for 3 h were
inoculated with 107 PFU of the LMP-102 phage/ml and placed on a gyratory
shaker (100 rpm) at 30°C. Samples were taken immediately after inoculation as
well as 2 and 24 h after inoculation, and those with and without phage were
compared.

Application of the treatments. The fruit tissue plugs were randomly placed in
sterile 100- by 16-mm glass test tubes. The fruit squares were placed in commer-
cial 530-ml dome fruit plastic bowls (#518; Rock-Tenn. Co., Chicago Plastics,
Franklin Park, Ill.). The fruit tissue was then inoculated with 25 �l of the L.
monocytogenes suspension containing approximately 5 � 105 CFU/ml. The pro-
cedure for inoculating the pieces of fruit took approximately 10 min. Then, the
phage and/or nisin treatments were applied by pipette to a 5- by 5-mm area in
25-�l aliquots or as a spray to runoff (�250 �l/square) to the entire square. The
phage mixture was applied to the fruit pieces before the other treatments. There
were four fruit samples per treatment at each recovery time. In the spray tests
there were four samples, each including two subsamples at each recovery time.
The tubes were then loosely capped for sterility. The covers on the plastic bowls
allowed air exchange, which ensured that the environmental conditions (O2 and
CO2 content) did not change and therefore did not create a modified atmo-
sphere.

Efficacy of phage on various bacterial concentrations. To determine whether
the concentration of the bacterial contamination had an influence on the effec-
tiveness of the phage treatment, we compared the decrease in the bacterial
population at two initial concentrations (105 and 106 CFU/ml). Honeydew melon
squares were inoculated with L. monocytogenes at 105 or 106 CFU/ml and treated
with the same phage concentration at least 2 log units higher than the bacterial
concentration. The bacteria were recovered after 0, 2, 5, and 7 days. The log
CFU/sample values of the recovered bacterial populations were analyzed as a
three-factor general linear mixed model with treatment and time as the fixed
factors and experiment as a random block.

The difference between the control mean and the phage mean for concentra-
tions of 105 and 106 was examined in one of the experiments. The hypothesis that
the phage suppressed Listeria equally for both concentrations was tested at each
sampling time (after 0, 2, 5, and 7 days).

Effect of magnesium. The addition of Mg is known to aid phage packaging and
adsorption to the bacteria (3, 8). The fruit squares were inoculated with L.
monocytogenes as described above. To determine whether the addition of Mg
increased the efficacy of the phage treatment, two concentrations of 25 �l of a
magnesium-amino acid-chelate (lot# 203331; Albion Laboratories, Inc., Clear-
field, Utah), 14 mM (3 mg/ml) and 42 mM (8.98 mg/ml), were added with or
without the phage. Log (CFU) values of the recovered bacterial populations
were analyzed as a two-factor general linear model with treatment and time as
the factors. Since the time � treatment interaction was statistically significant,
mean comparisons were done.

Recovery of bacteria. Recovery and quantification of the L. monocytogenes
populations from the tissue plugs were performed after 0, 2, 5, and 7 days of
storage at 10°C as described previously (5). Briefly, the tissue plugs were each
placed into a sterile plastic bag containing 4.5 ml of buffered peptone water and
homogenized in a stomacher blender for 120 s, speed setting 8 (Bagmixer 100
Minimix; Interscience). Aliquots (50 �l) of the homogenized mixtures or dilu-
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tions thereof were plated in duplicate on TSA-agar, using a spiral plater (DW
Scientific; Shipley, West Yorkshire, England). The agar contained 100 �g of
NAL (Sigma)/ml. The plates were incubated overnight at 30°C. Colony counts
were determined using an automated plate counter (ProtoCol; Synoptics, Cam-
bridge, United Kingdom), and the data were plotted as CFU per sample. All
experiments were repeated.

Phage titration. Samples from phage treatments in each experiment were
homogenized and then filtered through a 0.45-�m-pore-size membrane (Acro-
disk; Pall Gelman, Ann Arbor, Mich.). The phage titer in the filtrates was
determined using a soft agar overlay (1). The resulting plaques were counted
with the ProtoCol plate counter (Synoptics), and the data were plotted as PFU
per sample.

Environmental parameters. At the beginning and the end of the experiment
the internal atmosphere of the container and the pH of the fruit were deter-
mined. Six-milliliter gas samples collected from the headspace of 16- by 100-mm
glass tubes containing the tissue were analyzed for O2 and CO2 levels using O2

and CO2 analyzers (S-3A and CD-3A, respectively; Ametek, Pittsburgh, Pa.).
The pH values of the apple and melon slices were determined using an MI-410
combination pH microelectrode (Microelectrodes, Inc., Bedford, N.H.).

Statistical analyses. The bacterial recovery data (CFU per sample) were
transformed to log units, log 10 (x � 1). One was added to the values to allow the
use of zero values in the analyses. Since most values were quite large, this had
little to no effect on the analysis results. Any treatments where all the values were
zero or had the same value (no variability) were omitted from the analysis.

The data were first analyzed using Proc Mixed (SAS Institute) as linear models
with the most factors that would include all the treatments. The data were also
analyzed as higher-order linear models, although not all treatments could be
included in these models. The experiments set up at different times were treated
as blocks and included in the preliminary models as both a random and a fixed
effect. If the block effect accounted for very little variability, it was dropped from
later models. The assumptions of the general linear model were tested. When
necessary to correct for variance heterogeneity, the variance grouping technique

was used. When effect(s) were statistically significant, mean comparisons were
done with Sidak adjusted P values so that the experiment-wise error was 0.05.

RESULTS

Bacterial populations and pH. L. monocytogenes survived
and populations were higher than the initial populations by 0.6
log units on Red Delicious apple tissue (pH 4.4) and by 4.5 log
units on honeydew melon slices (pH 5.8) after 7 days at 10°C
(Fig. 1 and 2).

The bacterial populations on apples were lower after 2 days
than at the time of inoculation, but then they recovered and
were higher during the subsequent testing period (Fig. 2).
Bacterial populations continuously increased on honeydew
melon squares for 7 days at 10°C (Fig. 1). The growth of L.
monocytogenes in broth was pH dependent, with little growth
below pH 4.5, increasing growth between pH 5 and 6, and
optimum growth between pH 6 and 8 (results not shown). In
liquid culture, the phage also was active between pH values of
5.5 and 8. The greatest reduction of L. monocytogenes popu-
lations was achieved within a pH range of 7 to 8 (Fig. 3).

Treatment with nisin and phages. In two sets of experiments
with honeydew melons and Red Delicious apples, the effect of
nisin on L. monocytogenes was determined at three different con-
centrations alone or together with the phage treatment. Treat-
ments with phage alone reduced the bacterial populations on

FIG. 1. Recovery of L. monocytogenes from honeydew melon slices treated with nisin or nisin plus phage and stored over 7 days (T0 to T7) at
10°C. Superscript numbers: 1, treatment means within time with different (a, b, c, or d) letters are different at the 0.05 significance level (across);
2, time means within treatment with different (w, x, y, or z) letters are different at the 0.05 significance level (down). The log CFU values were
analyzed as a three-factor general linear model with block, treatment, and time as factors. Variance grouping was used to correct for variance
heterogeneity. As the time � treatment interaction was statistically significant, mean comparisons were done. Nisin treatments were as follows.
1IU, 200IU, 400IU: 1, 200, or 400 IU of nisin, respectively; P, phage treatment; C, L. monocytogenes control.
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honeydew melons (Fig. 4). Treatments with phage plus nisin or
nisin alone reduced the bacterial populations on both apples and
honeydew melons (Figs. 2 and 4). On honeydew melons, bacterial
populations treated with nisin at 200 and 400 IU were 2.8 to 3.2
log units lower than the control after seven days (Fig. 1). In
comparison, addition of the phage and nisin reduced the bacterial

populations by 4.3 to 5.7 log units. There was a phage � nisin
interaction on honeydew melons (Table 1). Combining phage and
nisin concentrations of 1, 200, and 400 IU reduced the bacterial
populations at different rates, with the highest reduction at 400
IU. However, without the addition of phage, the treatments with
200 and 400 IU of nisin were not different.

FIG. 2. Recovery of L. monocytogenes from apple slices treated with nisin or nisin plus phage and stored over 7 days (T0 to T7) at 10°C. Log
(CFU) values were analyzed as a two-factor general linear model with treatment and time as the factors. Variance grouping was used to correct
for variance heterogeneity. Nisin treatments were as follows. 1IU, 200IU, 400IU: 1, 200, or 400 IU of nisin, respectively; P, phage treatment; C,
L. monocytogenes control. As the time � treatment interaction was statistically significant, mean comparisons were done. Superscript numbers: 1,
treatment means within time with different (a, b, c, or d) letters are different at the 0.05 significance level (across); 2, time means within treatment
with different (w, x, y, or z) letters are different at the 0.05 significance level (down).

FIG. 3. Growth (log CFU/ml) at 30°C of a L. monocytogenes broth culture (5 � 107 CFU/ml) at different pH values 2 h after inoculation with
a phage mixture (107 PFU/ml).
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Overall, on apple slices, the bacterial populations on phage-
treated slices (mean � 2.18; P � 0.05) were statistically smaller
than on those without the phage (mean � 2.48; P � 0.05). The
treatment with 200 and 400 IU of nisin reduced the bacterial
populations by approximately 0.9 to 2.0 log units and in com-
bination with the phage treatment by approximately 1.5 to 2.3
log units after 7 days (Fig. 2). There was no difference between
the 200- and 400-IU nisin treatments on apple slices.

On both fruits, the combination of the phage with nisin at
various concentrations reduced the bacterial populations more
than nisin alone (Tables 1 and 2). On honeydew, phage plus
400 IU of nisin was more effective than phage plus 200 IU of
nisin for the first 2 days after inoculation, but there was no
difference after 5 and 7 days (Table 2). On apple slices only the
reduction on fruit treated with 400 IU was greater than on
those treated with 1 IU of nisin (Fig. 2).

When nisin and the phage were applied as a spray, there was
a time � treatment interaction (Fig. 4). The reduction in bac-
terial populations was greatest after 5 and 7 days in the nisin-
phage combination treatment but was not different from the
phage treatment alone. The nisin treatment alone reduced
pathogen populations, but not as well as the phage treatment
or the phage-nisin combination treatment.

Effect of phage on different bacterial concentrations. The
reduction of the initial bacterial populations by the phage
treatment was greater for 105 than for 106 CFU of bacteria/ml
(Table 3). At the early sampling times the relative suppression

TABLE 3. Reduction of L. monocytogenes populations at two
different initial concentrations by the phage treatment

and comparison of the reductiona

Time
(days)

Reduction of L.m. populations (CFU/sample)
with initial L.m. concn (CFU/ml) ofb:

105 106

Ctrl � Pc P value Ctrl � Pc P value

Comparison of
reduction,
105 vs. 106

CFU/sample
(P value)

0 0.6205 0.0058 0.5641 �0.0001 0.7763
2 2.0832 �0.0001 2.0669 �0.0001 0.8702
5 2.2129 �0.0001 1.6939 �0.0001 0.0100
7 1.4356 �0.0001 0.7370 �0.0006 0.0100

a The bacteria were recovered from honeydew melon slices stored for 7 days
at 10°C.

b L. m., L. monocytogenes.
c Numbers indicate L. monocytogenes populations on the control (Ctrl) minus

L. monocytogenes populations on the phage-treated samples (P).

FIG. 4. Populations of L. monocytogenes on honeydew melons fol-
lowing spray treatment with water (W), nisin (N), phage (P), or a
combination of nisin and phage (NP) and stored at 10°C over 7 days.
Superscript numbers: 1, treatment means within time with different (a,
b, c, or d) letters are different at the 0.05 significance level; 2, time
means within treatment with different w’s and x’s are different at the
0.05 significance level. Times zero and 2 were omitted in the statistical
analysis because of zero values. The log (CFU) values were analyzed as
two-factor general linear model with time and treatment as the factors.
Variance grouping was used to correct for variance heterogeneity. As
the time � treatment interaction was significant, mean comparisons
were done. Times zero and 2 were not included in the statistical
analysis because of zero values.

TABLE 1. Recovery of L. monocytogens from honeydew melon
slices treated with (P�) or without (P�) the phage in interaction

with different nisin concentrationsa

Treatment

Interaction mean (log CFU/sample)
for nisin concn (IU) of:

1 200 400

P � 5.81 ab wc 4.07 a x 3.62 a x
P � 4.18 b w 3.25 b x 2.43 b y

a The log (CFU) values were analyzed as a four-factor general linear model
with block, time, nisin, and phage as the factors. Variance grouping was used to
correct for variance heterogeneity. The data from fruit treated only with L.
monocytogenes were not included in the analysis. Since the nisin � phage inter-
action was statistically significant, mean comparisons were done.

b Phage means within nisin with different (a or b) letters are different at the
0.05 significance level.

c Nisin means within phage with different (w, x, or y) letters are different at the
0.05 significance level.

TABLE 2. Recovery of L. monocytogens from honeydew melon
slices treated with (P�) or without (P�) the phage in interaction

with different nisin concentrationsa

Treatment
Interaction mean (log CFU/sample) for Time (days)

0 2 5 7

Nisin
1 IU 3.17 ab zc 3.74 a y 6.31 a x 6.75 a w
200 IU 2.17 b y 2.93 b x 4.92 b w 4.60 b w
400 IU 1.32 c y 2.41 c x 4.40 b w 3.97 b w

Phage
P� 2.17 ab yc 3.70 a x 5.93 a w 6.20 a w
P� 2.28 a x 2.35 b x 4.49 b w 4.01 b w

a The log (CFU) values were analyzed as a four-factor general linear model
with block, time, nisin, and phage as the factors. Variance grouping was used to
correct for variance heterogeneity. The L. monocytogenes control was not in-
cluded in the analysis. Since the time � nisin and time � phage interactions were
statistically significant, mean comparisons were done.

b Treatment means within time with different (a, b, or c) letters are different at
the 0.05 significance level.

c Time means within nisin with different (w, x, y, or z) letters are different at
the 0.05 significance level.
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of L. monocytogenes by the phage was the same for the two
concentrations, but after 5 and 7 days of storage the phage
suppressed L. monocytogenes populations of 105 CFU/ml more
than at 106 CFU/ml.

Phage solution and application method. Recovery of L.
monocytogenes from control treatments (no phage) was greater
when buffer rather than water was applied at the time of
inoculation and after 7 days (Table 4). There was no statistical
difference in the bacterial populations recovered from slices
treated with phage in either solvent, but the trend was toward
a consistently lower bacterial population in the water control
and for phage in water using the spray application. However,
when the phage mixture was applied with a pipette, the trend
was reversed. In this case, the bacterial populations recovered
from the fruit slices treated with phage in water were consis-
tently larger than those treated with phage in buffer.

There was no statistical difference between the application
methods in respect to the efficacy of the phage (Table 4). The
phage treatment applied either way reduced bacterial popula-
tions compared with the control. However, while not statisti-
cally significant, the pathogen populations were consistently
smaller in the samples treated with the spray application than
in those with pipette application. Addition of a magnesium
chelate either had no effect or increased populations of L.
monocytogenes on honeydew melons treated with the phage
(data not shown). In addition, the bacterial populations in-
creased over time.

Phage titer. The titer of L. monocytogenes-specific phages
sprayed onto honeydew melon remained between 3.9 and 5.4
logs of PFU. It increased by about 1 log unit over a period of
7 days on honeydew melon. The phage titer was similar on fruit
treated with L. monocytogenes with or without nisin and was
not affected at the nisin concentrations examined. On apple

slices the phage titer declined rapidly to nondetectable levels
within 30 min after application.

Environmental parameters. The partial pressure of O2 and
CO2 inside the tubes indicated that the atmospheric conditions
did not change during 7 days of storage at 10°C. The O2

content was between 20.54 and 20.69%, and the CO2 content
was between 0.08 and 0.11%. The pH measurements of the
fruit tissue plugs indicated no significant change. The average
pH on apples was 4.37 and on honeydew was 5.77.

DISCUSSION

We found that treatment with a Listeria-specific lytic phage
cocktail alone or in combination with nisin is an effective
method for reducing L. monocytogenes contamination on
fresh-cut fruit. This is similar to our earlier report with respect
to Salmonella and Salmonella-specific phages on honeydew
melons (21).

The recovery of L. monocytogenes populations from honey-
dew melon pieces stored at 10°C over 7 days was several log
units higher than the recovery from Red Delicious apples. The
pH of honeydew melons is approximately 5.5 to 6.5, and that of
Red Delicious is 3.8 to 4.2. This pH difference may be a major
factor contributing to the differences in the bacterial popula-
tions on the produce and is in agreement with the growth
dynamics of L. monocytogenes at various pH values with phage
added, where pH values above 5 result in a greater reduction
in bacterial populations. These results are similar to those of
our previous experiments with Salmonella growing on low-
er-pH fresh-cut apples and higher-pH honeydew melons. The
more rapid increase of L. monocytogenes populations com-
pared to Salmonella on honeydew melons stored at 10°C may
be due to the greater cold tolerance of L. monocytogenes (21).

Of the many bacteriocins produced by lactic acid bacteria,
nisin is the only one approved as a preservative in 50 countries
and the only purified bacteriocin that is commercially available
(11, 27). The fact that the bactericidal activity of nisin increases
at a pH below 5, due to its greater solubility at low pH (25, 31),
makes it suitable for use on fruit, the pH of which is typically
in the range of 3 to 6. Foods that have been implicated in
Listeria outbreaks generally contain more than 3 log units of
bacteria per gram or milliliter (29). Using the combination of
a phage cocktail and nisin, L. monocytogenes populations de-
creased by 5.8 log units (to a final population of 1.4 CFU/ml)
and by 3.5 log units (to a final population of 0.6 CFU/ml) on
honeydew and apple slices, respectively. These reductions on
fresh-cut fruit are greater than those achieved with aqueous
chemical sanitizers or by washing with water, and they show
that the nisin treatment complements the activity of the phage
on produce with different pH values. By combining these two
treatments, we further reduced the likelihood of bacteria de-
veloping resistance to both nisin and the phages. Using com-
bined treatments is consistent with the hurdle concept by Leist-
ner (19), who describes the effective control of foodborne
pathogens by using a combination of compatible control mea-
sures to ensure the safety of food. The phage treatment is a
new and effective hurdle, which can be combined with nisin
and other control measures, such as pH and temperature, to
maximize protection from foodborne pathogens on fresh-cut
fruits (20).

TABLE 4. Effect of two different phage-carrying solutions and
application methods on the recovery of L. monocytogenes from

honeydew melon slices contaminated with 105 CFU of the
bacterium/ml

Application
method Solution

Mean recovery (log CFU/sample)
for recovery time (days)d

0 2 5 7

No phage Buffer 3.21 aa 4.73 a 7.04 a 7.73 a
Water 2.51 b 4.12 a 6.86 a 6.86 b

Phage, pipette Buffer 1.70 a 2.55 a 4.99 a 5.40 a
Water 1.78 a 2.98 a 5.31 a 5.94 a

Phage, spray Buffer 1.52 a 2.15 a 4.55 a 5.19 a
Water 1.53 a 1.85 a 3.65 a 4.73 a

No phage NAb 2.86 xc 4.43 x 6.95 x 7.64 x
Pipette NA 1.74 y 2.77 y 5.15 y 5.67 y
Spray NA 1.52 y 2.00 y 4.10 yz 4.96 y

a Solution means within application method with different (a or b) letters are
different at the 0.05 significance level.

b NA, data for buffer and water treatments were combined and then analyzed.
c Application means within time with different (x, y, or z) letters are different

at the 0.05 significance level.
d The phage was applied in buffer or water as a spray or with a pipette. The log

(CFU/sample) values were analyzed as a three-factor general linear model using
PROC MIXED (SAS Institute) with solution, time, and application as the factors.
Variance grouping was used to correct for variance heterogeneity. Means and
mean comparisons are given. Time and application as well as solution � appli-
cation and time � application interactions were significant.
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On honeydew melons, generally, control of L. monocyto-
genes increased with increasing nisin concentration. The
phage-nisin combination was more effective than the nisin
treatment alone, especially after longer storage periods. The
fact that the number of bacteria recovered from fruit treated
with the two highest nisin concentrations was statistically dif-
ferent only when the phage was added to the treatment may be
due to an interaction between the phage and nisin. This is
conceivable, since nisin creates nonselective and temporary
pores in the cytoplasmic membrane, and the phage may be
better able to infect such a weakened cell (17, 22). Nisin also
helps to reduce L. monocytogenes populations initially, while
the phage cocktail helps to keep pathogen populations low
over time. A stable phage titer on honeydew melons, indepen-
dent of the addition of nisin, further confirms the usefulness of
this treatment combination. The addition of a magnesium
amino acid chelate as a source of Mg improved the growth of
the bacterium more than it aided the phage and therefore is
not recommended as an additive to increase phage efficacy.

On apple slices (pH 4.4), the initial L. monocytogenes pop-
ulations recovered were smaller than those on honeydew
melon, due most likely to the sensitivity of the bacteria to the
lower pH of apples. The population reduction on apples was
mostly due to the nisin treatment, because the phage treatment
alone did not reduce the bacterial populations. We previously
reported that a lower pH can reduce or inactivate Salmonella
phage populations (2, 21), and the titer of the Listeria-specific
phage mixture used in this study on low-pH apple slices also
declined rapidly to nondetectable levels. As with honeydew
melon, there was an interaction between the phage and nisin
on apples. In the presence of nisin, L. monocytogenes popula-
tions were smaller on phage-treated samples than on those not
treated with the phage. This indicates that there were still
active phages present on the apple slices. A possible explana-
tion is that a part of the phages’ infection mechanism may have
been impaired by the acidic pH of the apples, because in the
presence of nisin they were again able to reduce bacterial
populations. Nisin, as mentioned above, can form temporary
pores in the bacterial membrane (17, 22). The successful use of
phages on fresh-cut produce with a low pH, such as that of
apples, may require the application of higher concentrations of
phage or the development of low-pH-tolerant phage mutants.
The other alternative on acidic fruit is the combination of the
phage with bactericidal compounds, such as nisin, which is
more effective at a low pH, resulting in a small additive effect.

The spray application was compared to the pipette applica-
tion, which simulated the dipping process. Even though the
amounts of liquid applied with the two application methods
were different, they were comparable per contaminated area.
The phage titer on honeydew squares treated with either ap-
plication method was equal or higher for the pipette applica-
tion than for the spray application. The method of the phage or
phage and nisin application did not influence the efficacy of the
treatment on honeydew melons. However, we observed a trend
of consistently lower bacterial populations treated with the
spray in comparison to the pipette application. Taking into
consideration that a higher titer was recovered from honeydew
squares treated by pipette application, in some cases, the spray
application was more effective.

The phage application on honeydew melons was more ef-

fective over time than nisin. Nisin was effective for up to 2 days
and could be used as an additional safety hurdle. However,
nisin was not necessary for achieving the same long-term re-
sults as when the phage was applied alone on honeydew mel-
ons. While there was no difference between the sprayed phage
and the phage-plus-nisin application, the trend was toward
lower bacterial populations in the combination treatment. One
reason may be that nisin loses activity after a short period of
time, and another may be the possible development of nisin-
resistant mutants. Therefore, the nisin-phage combination
treatment may reduce the risk of the emergence of nisin-
resistant mutants. Although nisin was initially very effective in
reducing bacterial populations of Listeria, the phage applica-
tion keeps the populations low over a longer time period (Fig.
4).

Increasing the initial phage/Listeria ratio enhanced the effi-
cacy of the phage in reducing bacterial populations. Contam-
ination of fresh-cut produce with foodborne pathogens is not
likely to occur at the high bacterial levels used in our experi-
ments. Thus, phage treatment may be a useful way to reduce
and maintain low populations of foodborne pathogens before
problems, which may develop at levels of 3 log units or higher
(29), occur on fresh-cut produce.

In conclusion, phage and nisin applications reduce patho-
genic bacterial contamination and growth on produce, and
when implemented can contribute to the microbial safety of
fruits and vegetables. On fruit with a lower pH, the addition of
nisin at higher concentrations complements phage activity in
the control of L. monocytogenes. In addition, the effect of nisin
on reducing L. monocytogenes is short term compared to the
phage treatment. A spray application may increase the effec-
tiveness of the phage through better coverage of the slices.
Phages may provide a novel, environmentally safe alternative
for control of bacterial contamination of produce. They can be
used alone or in combination with other control measures, and
are compatible with at least some of the practices currently
used in the food industry, to reduce the contamination of
whole or fresh-cut fruits and vegetables by foodborne patho-
gens.
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