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The preparation and packaging of fresh-
cut produce is a rapidly developing indus-
try which offers the consumer both con-
venient and nutritious food. Along with the
development of this industry, new prob-
lems may arise in the area of food safety.
There is very little knowledge concerning
the microbial contamination of fresh-cut
fruits and vegetables. Outbreaks of ill-
nesses from consuming intact fruits and
vegetables seem to occur less frequently
than from other foods such as meat and
dairy products (1,2,4,6). This may be the
result of the physical and chemical barrier
provided by the peel or rind, which pre-
vents the establishment of microbes on the
surface of the produce (6). This barrier is

removed during the processing of fruit for
the fresh-cut market and may result in the
establishment of high populations of food-
borne human pathogens, leading in turn to
increased health hazards. Therefore, it is

necessary to obtain information on the fate
and control of food-borne pathogens on
fresh-cut fruit.

Listeria monocytogenes (Murray et al.)
Pirie is a facultative, Gram-positive bacte-
rium that has been associated in recent
years with a number of outbreaks of the
food-borne illness listeriosis. This micro-
organism has the ability to withstand ex-
tremes in pH and low temperatures (13).
Dairy products have received the most
attention as a source of listeriosis, but this
bacterium has also been found in beef,
pork, poultry, and seafood (7). Its presence
on fruits and vegetables has been less often
reported but, recently, salad vegetables
such as cabbage, celery, lettuce, cucumber,
onion, leeks, watercress, and fennel were
found to contain high populations of L.
monocytogenes (15). In the United States,
the bacterium has been found on individual
fresh produce, such as cabbage, potatoes,
cucumbers, and radishes, as well as other
vegetables (9). However, during the past
10 years, there have been no confirmed
outbreaks on produce attributed to L.
monocytogenes (Center for Science in the
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Fig. 1. Survival of Listeria monocytogenes in various concentrations of apple juice and in saline
solution. Juice was inoculated with the bacterium and placed on a shaker, and populations were re-
covered at various periods of time.
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Public Interest, Lucy Alderton, personal
communication). Little work has been
done regarding the capacity of fruit to
support the survival or growth of this
pathogen. In addition to the effect of
environmental factors on the growth of
the bacterium on apple slices, there also
may be a significant interaction between
plant and human pathogens. For example,
Wells et al. (18) recently found that
populations of Salmonella spp. in wash
water of vegetables and fruit that were

affected with soft-rot were twice as high
as those on healthy produce.

The objective of this research was to
determine survival and growth of L. mono-
cytogenes on fresh-cut apple slices and in
apple juice, and the interaction of this
bacterium with postharvest apple patho-
gens. We also investigated the growth of L.
monocytogenes on apple slices as affected
by storage temperature, controlled atmos-
phere, growth temperature, and concentra-
tion of the inoculum.

MATERIALS AND METHODS
Preparation of L. monocytogenes and

fungal inoculum. The L. monocytogenes
culture used in our experiments was strain
LCDC 81-861 (obtained from Robert
Brackett, Department of Food Science and
Technology, University of Georgia, Agri-
cultural Experiment Station, Griffin
30223). For inoculation of the apples or
apple slices, L. monocytogenes cultures
were grown overnight in tryptic soy broth
(TSB; Difco Laboratories, Detroit, MI) at
30°C and 125 rpm. The cultures were har-
vested by centrifugation at 2,000 × g for 10
min, resuspended in saline solution (0.85%
wt/vol NaCl), and adjusted to 85% trans-
mission at 420 nm (Shimadzu UV/vis-160
spectrophotometer, Shimadzu Scientific
Instruments Inc, Columbia, MD). The
inoculum was diluted to a concentration of
about 1 × 105 CFU/ml before being added
to the wound, unless otherwise noted. It
was spiral plated and counted after one day
to determine the exact cell concentration of
the inoculum. For inoculation of the apple
juice, the bacteria were resuspended in
water rather than in saline solution.

Fungal cultures were grown on potato
dextrose agar (PDA) for a minimum of 6
days at 20°C before inoculation. The very
aggressive isolate Penicillium expansum
Link was originally taken from a decayed
apple in storage. The Glomerella cingulata
(Stoneman) Spauld. & H. Schrenk isolate
was obtained from Ken Hickey at the Penn
State Fruit Lab and Extension Center,
Biglerville, Pennsylvania. Conidia were
harvested and conidial suspensions were
adjusted to 106 conidia/ml using a haemo-
cytometer. All experiments were repeated
at least once.

Survival of L. monocytogenes in apple
juice. Apple juice was made from cv. De-
licious apples that were surface sterilized
with 70% ethanol and ground in a house-
hold juicer. The juice was filter sterilized.
Juice (100 ml) at full strength and diluted
to 50 and 25% with water was added to
250-ml Erlenmeyer flasks and the pH was
determined before inoculation and over the
period of the experiment (Mettler-Toledo
combination pH electrode attached to a
Biostat E Fermenter; B. Braun, Melsun-
gen, Germany). The juice was then inocu-
lated with 1 ml of a L. monocytogenes
suspension at a concentration of 1 × 106

CFU/ml. A similar flask containing 100 ml
of saline solution was inoculated as a con-
trol. The flasks were placed at 26°C on a
shaker at 150 rpm. Samples were taken
hourly for the first 6 h and then at 24 and 48
h after inoculation. Each sample was diluted
10-fold to ensure countable concentrations
and was then plated in duplicate onto tryptic
soy agar (TSA) plates with a spiral plater
(Autospiral DW; Don Whitley Scientific
Limited, West Yorkshire, England). After 2
days of incubation at 30°C, the plates were
read with a Protos plate reader (Synoptics
Ltd., Cambridge, England).

Fig. 2. Recovery of Listeria monocytogenes from cv. Delicious apple slices as affected by storage
atmosphere. The slices were inoculated with the bacterium (1 × 106 CFU/ml) and populations recov-
ered after incubation in (A) air or (B) controlled atmosphere (0.5% O2 and 15% CO2) at the indicated
temperatures for various periods of time. Vertical bars indicate standard errors of the means.
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Growth of L. monocytogenes on apple
tissue. For all experiments, cv. Delicious
apples were removed from storage in air
(0°C) after 4 to 8 months, allowed to warm
overnight, and surface sterilized with 70%
ethanol before being used in the experi-
ments. A L. monocytogenes suspension (25
µl) at a concentration of 1 × 106 CFU/ml
was pipetted into a cavity (8 mm in di-
ameter and 4 mm deep) made in the apple
tissue, unless otherwise noted.

To recover L. monocytogenes from ei-
ther the whole fruit or slices, a cylinder of
apple tissue (1 cm in diameter and 1 cm
deep) containing the entire wound was
removed with a sterile cork borer, placed in
a stomacher bag with 4.5 ml of peptone
water (pH 7.4) (14), and then blended in a
Stomacher blender (Stomacher 80; Seward
Medical, London) for 2 min at normal
speed. Buffered peptone water was used
for a better resuscitation of injured cells
and reduction of the lag phase to obtain
higher recovery rates at shorter incubation
times (14). The resulting slurry was fil-
tered through glass wool and plated as
described above.

Effect of inoculum concentration. Ap-
ple cores were removed and the fruit was
cut into eight equal slices. A cavity was cut
in the center of each slice. A L. monocyto-
genes suspension (25 µl) at 1 × 106, 1 ×
107, or 1 × 108 CFU/ml was pipetted into
the cavity. Three slices per treatment were
placed in a 950-ml Mason jar and stored at
20, 10, or 5°C in air (20.94% O2 and
0.35% CO2) or controlled atmosphere
(0.5% O2 and 15% CO2). The balance was
made up with N2. The slices were removed
for sampling at 0, 24, and 72 h after in-
oculation. The samples were processed as
previously described and colonies were
counted.

Effect of atmosphere and tempera-
ture. Apples were sliced, inoculated with L
monocytogenes, and stored in air or con-
trolled atmosphere as previously described.
Three fruit slices each were placed in 950-
ml Mason jars at 20, 10, and 5°C with
humidified air or appropriate gas passing
through the jar at 15 ml/min. Slices were
sampled for bacterial growth every 48 h.
Slices incubated at 5 or 10°C were sam-
pled for colony growth over a period of 13
days while those incubated at 20°C were
sampled over a period of 6 days due to
rapid deterioration of the slices.

To study the effect of temperature on the
growth of L. monocytogenes, four apple
slices were inoculated with 25 µl of 1.2 ×
103 CFU of the bacterium, randomly
placed in 950-ml Mason jars with humidi-
fied air and incubated at 20, 10, or 5°C.
Samples to quantify populations of L.
monocytogenes were taken at 2 h (time
zero) and 2, 5, and 7 days after inoculation.

Effect of culture growth conditions of
L. monocytogenes. Apple slices were in-
oculated with a L. monocytogenes culture
(7.3 × 105 CFU/ml) grown either at 30 or

5°C. The 30°C culture was grown over-
night on a shaker after inoculation with
cells from a 30°C pre-culture. The 5°C
culture was inoculated with L. monocyto-
genes cells grown for 2 months at 5°C and
placed on a shaker for 3 days at 10°C, fol-
lowed by 2 days at 5°C. After inoculation,
the samples were incubated at 20, 10, or
5°C and the bacteria were recovered at 0,
2, 5, and 7 days after inoculation, as de-
scribed above.

Interactions between L. monocyto-
genes and postharvest pathogens. Prior
to inoculations, whole apples were
wounded to a depth of 6 mm with the tip of
a disinfected ten-penny-nail, approximately
4 mm in diameter at the base. Wounds on

apples were inoculated with 25 µl of a
conidial suspension (106/ml) of G. cingu-
lata or P. expansum. Tween 20 (0.20%
wt/vol) was added to the water control and
the conidial suspensions to ensure homo-
geneous distribution of the conidia. The
wounds were inoculated with G. cingulata
7, 5, and 0 days before inoculation with 25
µl of L. monocytogenes cells (106 CFU/ml
in 0.85% NaCl). Another set of apples was
inoculated with spores of P. expansum 5, 2,
and 0 days before inoculation with 25 µl of
L. monocytogenes cells (105 CFU/ml in
0.85% NaCl). Fungal inoculum in the ap-
ples was allowed to dry for 1 h, after which
fruit were placed in a tray pack box with a
perforated polyethylene liner and stored at

Fig. 3. Growth of Listeria monocytogenes on cv. Delicious apple slices. The slices were inoculated
with the bacterium (1 × 105 CFU/ml) and bacterial populations were recovered after incubation in air
at 5, 10, and 20°C for various periods of time. Vertical bars indicate standard errors of the means.

Fig. 4. Recovery of Listeria monocytogenes from apple slices inoculated with bacterial cultures
grown at 30°C (H) or 5°C (C) prior to inoculation. The apple slices were incubated at 20, 10, and
5°C. Vertical bars indicate standard errors of the means.
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20°C. The apples inoculated with both
fungi and bacteria were incubated at 10 or
20°C. There were four apples per treat-
ment. L. monocytogenes was recovered
from the wounds at 0, 2, and 5 days after
inoculation with the bacterium as described
previously, except that 10 µg/ml cyclo-
heximide was added to the TSA plates to
inhibit growth of the fungi. The pH of the

apple tissue at the wound site was meas-
ured with a pH combination electrode,
Semi-Micro (81-03 Ross, Orion Research,
Inc., Beverly, MA).

Statistical data analysis. Data were
analyzed using the mixed model analysis
of variance procedure (SAS Institute, Cary,
NC). Examination of variance heterogene-
ity among treatments indicated that the

random experimental variance should be
partitioned into two to four experimental
variances, respectively. Group comparisons
and factorial interactions were evaluated
by contrasts. The design was balanced. A
slice represented one sample; four ran-
domized slices from different fruit were
analyzed for each treatment. The data were
normally distributed. Treatment means
were separated at P ≤ 0.05 using Tukey’s
multiple comparison test for Figures 1 to 4,
and simple contrasts for Figure 5. Unless
stated otherwise, only results significant at
P ≤ 0.05 are discussed.

RESULTS
Growth in apple juice. In apple juice,

there was a steady decline of L. monocyto-
genes populations over time. The pH of the
apple juice was 3.42 over the course of the
experiment. No bacteria were recovered
from 25 or 50% apple juice after a 24-h
incubation period and from 100% apple
juice after 48 h (Fig. 1).

Effect of inoculum concentration.
Over the 72-h period during which the
bacterial colonies were sampled, the bacte-
rial population increased by over two log
units on slices inoculated with the bacterial
suspension at 1 × 106 or 1 × 107 CFU/ml
but only by one log unit on slices inocu-
lated with the 1 × 108 suspension.

Effect of atmosphere and tempera-
ture. Storage atmosphere had no effect on
populations of L. monocytogenes recovered
from apple slices at three different tem-
peratures (Fig. 2A and B), but the visual
quality of the slices was better in con-
trolled-atmosphere storage than in air stor-
age. Over time, bacterial populations in-
creased by approximately one log unit at 20°C
(Fig. 3). There was no increase in populations
at 5°C, but the bacteria did survive at this
temperature over the 12-day duration of the
study. L. monocytogenes populations were
significantly higher at 20 than at 5°C
throughout the experiment (Fig. 3).

Effect of culture growth conditions of
L. monocytogenes. There was no signifi-
cant difference in the growth of L. mono-
cytogenes regardless of previous growth
temperature (5 or 30°C; Fig. 4). There was
no significant effect of the growth condi-
tions on the subsequent growth of the bac-
teria on apple slices stored at three differ-
ent temperatures.

Interactions between L. monocyto-
genes and fungi. L. monocytogenes popu-
lations recovered from apple slices de-
cayed by G. cingulata were significantly
higher than those decayed by P. expansum
at 20 and 10°C (Fig. 5 A and B). After an
incubation period of 2 to 5 days, no bacte-
ria were detected on apples decayed by P.
expansum. P. expansum also lowered the
pH of the apple tissue from 4.7 to 3.7 after
2 days at the wound site. G. cingulata in-
creased the pH from 4.7 to between 6.5
and 7.0 at the wound site 2 days after in-
oculation with L. monocytogenes.

Fig. 5. Interaction of Listeria monocytogenes with Glomerella cingulata or Penicillium expansum on
fresh cut apples at (A) 20°C and (B) 10°C. Recovery of L. monocytogenes was performed at 0, 2, and
5 days after inoculation with the bacterium. Infection with P. expansum (P) or G. cingulata (G), re-
spectively, at the time of inoculation with L. monocytogenes (P0, G0). Infection with P. expansum 2
(P2) and 5 (P5) days prior to inoculation with L. monocytogenes, respectively. Infection with G.
cingulata 5 (G5) and 7 (G7) days prior to inoculation with L. monocytogenes, respectively. Vertical
bars indicate standard errors of the means.



Plant Disease / February 2000  181

DISCUSSION
Wounded apple tissue supported not

only the survival but also the growth of L.
monocytogenes, especially at the higher
temperatures of 10 and 20°C. The fact that
there was only a one-log-unit increase in
the bacterial population on slices inocu-
lated with the bacterial suspension at 1 ×
108 indicated that the carrying capacity of
the fruit wounds was reached sooner than
with the two lower bacterial concentra-
tions. The growth of the bacterium on ap-
ple slices probably resulted from its ability
to modify the immediate micro-environ-
ment. This type of environmental modifi-
cation would not occur in a liquid medium,
such as apple juice, in which the bacterium
did not survive for extended periods of
time.

Controlled atmosphere is beneficial in
extending the shelf life of various fruits
and vegetables (10,12). In our work, the
low O2 concentration of 0.5% had no sig-
nificant effect on the growth of the bacte-
rium. However, it maintained the quality of
the slices better than air storage. Exposure
of fruits and vegetables to O2, CO2, or both
at levels beyond their tolerance limits at
specific temperature/time combinations
results in stress to the living plant tissue
leading to various physiological maladies,
one of which is off-flavor due to a shift to
anaerobic respiration (8,11). If exposed for
a shorter period of time, a given commod-
ity may tolerate lower levels of O2 and
higher levels of CO2 than would normally
be recommended. Fresh-cut fruits and
vegetables have fewer barriers to gas diffu-
sion and can tolerate lower concentrations
of O2 and higher concentrations of CO2

than intact commodities. In our work, we
were able to go below the level of 1 to 5%
O2 normally recommended for the intact
product, due to the short storage duration
and the use of fresh-cut apples (11,17).

The growth of L. monocytogenes LCDC
81-861 in shredded lettuce was not affected
when stored in a controlled atmosphere
containing 3% O2 and 97% N2 (5). This
same strain of the pathogen on asparagus,
broccoli, or cauliflower was also unaf-
fected by controlled atmosphere storage
(3). Controlled-atmosphere storage would
probably not be used to any great extent
with fresh-cut products because of the
short handling period. However, atmos-
pheres within film-packed fresh-cut
products become modified and this modi-
fied atmosphere packaging can have the
same effect as controlled atmosphere when
the gas mixtures are similar (16). Modify-
ing the packaging or storage atmosphere
has a positive effect on prolonging the
shelf life of the fresh-cut fruit; however, it
probably will not prevent the increase of L.
monocytogenes populations, especially at
higher temperatures (≥10°C).

Very little research has described the as-
sociation and interaction of plant and hu-
man pathogens on fruits and vegetables
(9). In this study, L. monocytogenes popu-
lations continually increased on fruit de-
cayed by G. cingulata, but the bacterium
was not able to survive over time when
inoculated onto fruit decayed by P. expan-
sum. One of the major factors associated
with the survival and growth of the food-
borne pathogen could be the change in pH
which occurred as the plant pathogens
colonized the fruit. The pH of the decayed
tissue increased as the decay caused by G.
cingulata progressed, but decreased as the
decay caused by P. expansum developed.
The substrate, as modified by G. cingulata,
was more suitable for survival and growth
of L. monocytogenes than the substrate
modified by P. expansum. Other factors in
the apple tissue which affect growth and
survival of L. monocytogenes may be
modified by these postharvest pathogens
and will require further study.

Our study shows that the temperature at
which the fresh-cut fruit is stored is critical
to minimize health risks from L. monocy-
togenes, as is the absence of postharvest
pathogens like G. cingulata, which has a
stimulating effect on populations of L.
monocytogenes. This indicates potential
interactions between postharvest plant
pathogens and food-borne human patho-
gens. Similarly, a study involving more
than 400 samples each of healthy and soft-
rotted commodities collected in retail mar-
kets revealed that the incidence of Salmo-
nella spp. on produce affected by bacterial
soft rot was twice that of healthy samples
(3,18). The presence of soft rot on produce
also affected concentrations of food-borne
human pathogens. There were 37 times
more Salmonella spp. in wash water from
soft-rotted samples than from healthy
samples. Controlled experiments with
potato, carrot, and pepper tissues inocu-
lated with a strain of Salmonella con-
firmed that bacterial soft-rot infection
increased multiplication of Salmonella
spp. by at least 3- to 10-fold compared
with multiplication on uninfected tissues.
The study concluded that, given the fact
that Salmonella spp. can survive and
grow on contaminated, fresh-cut surfaces
of tomatoes and other vegetables, sanita-
tion and treatments such as chlorination
should be practiced in the marketing
channels between the packing house and
final consumption (18).

Although L. monocytogenes can grow on
apple slices, the population of the bacte-
rium will not increase if the temperature at
which the slices are stored is low enough.
Therefore, even if the fresh-cut fruit does
become contaminated with the bacterium,
the potential for any possible harm to the
consumer will be minimized if the fruit is

kept at the recommended refrigeration
temperature of 4°C.
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