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Inactivation of Escherichia coliO157:H7
on surface-uninjured and-injuredgreen

pepper (Capsicum annuum L.) by
chlorine dioxide gas as demonstrated

by confocal laser scanningmicroscopy

Y. Han, R. H. Linton*, S. S. Nielsen and P. E. Nelson

Cells of Escherichia coli O157:H7 on uninjured and injured surfaces of green pepper were inactivated
by 0?15^1?2mgl71ClO2 gas treatments. A membrane-surface-plating method was used for resuscita-
tion and enumeration of E. coliO157:H7 treatedwith ClO2.The location and viability of E. coliO157:H7
on uninjured and injured green pepper surfaces after ClO2 gas treatments were visualized using con-
focal laser scanning microscopy (CLSM). Live and dead cells of E. coli O157:H7 on pepper surfaces
were labeled with a £uorescein isothiocyanate-labeled antibody and propidium iodide, respectively.
A 7?27 log reduction of E. coli O157:H7 on uninjured green pepper surfaces was obtained with a
0?60mgl71ClO2 gas treatment for 30 min at 208C under 90^95% relative humidity. For injured sur-
faces, a 6?45 log reduction was achieved with a 1?2mgl71ClO2 gas treatment. Each ClO2 gas treat-
ment (0?15^1?2mgl71ClO2) for inoculated bacteria on uninjured surfaces showed signi¢cantly more
reductions (1?23^4?24 log) than for those on injured surfaces (P50?05). The microphotographs
of CLSM showed that bacteria preferentially attached to injured surfaces and those bacteria could
be protected from bacterial reduction by the injuries.This study indicates that ClO2 gas treatment can
be a potential e¡ective method of pathogen reduction for fresh fruits and vegetables.
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Introduction

Outbreaks of Escherichia coli O157:H7 infec-
tions in recent years have been associated with
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fresh produce and fruit juices (CDC 1994, 1996,
1997a, 1997b, Ackers et al. 1996, Mermin et al.
1996). Researches have shown that E. coli
O157:H7 can survive or grow on lettuce (Diaz
and Hotchkiss 1996, Beuchat 1999, Seo and
Frank 1999), apples (Fisher and Golden 1998,
Buchanan et al. 1999), cantaloupe and water-
melon (del Rosario and Beuchat 1995), salad ve-
getables (Abdul-Raouf et al. 1993), and in apple
cider (Zhao et al. 1993,Miller andKaspar 1994).
Chlorinated water containing 50^200 ppm of
# 2000 Academic Press
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chlorine is widely used to sanitize whole fruits
andvegetables aswell as fresh-cut produce on a
commercial scale. However, its e¡ectiveness is
limited in reducing the population of micro-
organisms [less than 2 logcfu g71 (cm2) reduc-
tions] on fruits and vegetables (Beuchat 1992,
Brackett 1992, Beuchat 1999).Therefore, highly
e¡ective sanitizers need to be developed
to minimize contamination associated with
pathogenic infections on fresh fruits and vege-
tables.

Chlorine dioxide (ClO2) gas may be an alter-
native sanitizer to reduce micro-organisms on
the surfaces of fruits and vegetables. Aqueous
ClO2 as a sanitizer can be used to control
microbial populations in poultry processing
water (FDA1995).The Food and Drug Adminis-
tration (FDA 1998) further amended the food
additive regulations to allow the safe use of
ClO2 as an antimicrobial agent in water to
wash fruits and vegetables in an amount not ex-
ceeding 3 ppm residual ClO2. Costilow et al.
(1984) found that 2?5 ppm ClO2 was very e¡ec-
tive in the destruction of micro-organisms pre-
sent in water used for handling and washing
fresh cucumbers, but it failed to reduce the po-
pulation of micro-organisms present in fresh
cucumbers, even at higher concentrations
(105 ppm). Reina et al. (1995) also found that
the bacterial populations in pickling cucum-
bers were not greatly in£uenced by 5?1ppm
ClO2. These researchers concluded that many
micro-organisms were bound so strongly to
the cucumber fruit that they were protected
from ClO2. Because gas has a greater penetra-
tion ability than liquid, gaseous ClO2 may be
more e¡ective than aqueous ClO2 in reducing
micro-organisms on the surfaces of fruits and
vegetables. Studies have shown that ClO2 gas
had a potential application in sanitizing gas-
impermeable surfaces of medical implements
(Rosenblatt et al. 1987, Jeng and Woodworth
1990). Han et al. (1999) found that spoilage
micro-organisms inoculated on the epoxy-
coated surface of a model aseptic juice storage
tank could be completely inactivated with a
10mgl71 ClO2 gas treatment for 30min at
9^288C under 90% relative humidity (RH).
However, limited studies have been reported
on the use of ClO2 gas to sanitize the surfaces
of fresh fruits and vegetables.
Confocal laser scanning microscopy (CLSM)
has been used widely in microstructural stu-
dies of food products (Blonk and van Aalst
1993, Vodovotz et al. 1996). In recent years,
CLSM has been increasingly applied to food
microbiology related research (Vodovotz et al.
1996), especially in the studies of location and
viability of micro-organisms in foods (Hassan
et al. 1995, Kim et al. 1996, Korber et al. 1996,
Morris et al. 1997, Suominen et al. 1997,Wong-
Liong et al. 1997, Seo and Frank 1999). CLSM
has some unique advantages compared to the
scanning electron microscopy (SEM) which is
traditionally used for studying microbial
colonization and attachments to food or food-
contact surfaces. CLSM can provide more
information about microbial viability and iden-
tity, and produce 3-D images of samples. Also,
samples are easily prepared for CLSM and the
morphology of microbes and surfaces is fully
maintained.

Some studies on attachment of micro-organ-
isms to the surfaces of fruits and vegetables
showed that the attachment could increase re-
sistance of micro-organisms to sanitation
treatments. Seo and Frank (1999) found that
E. coli O157:H7 cells preferentially attached to
cut edges of lettuce leaf, and more viable bac-
teria were observed in the stomata and on cut
edges after treatment with 20mgl71 chlorine
solution. Itoh et al. (1998) also found the pre-
sence of viable E. coli O157:H7 in the inner tis-
sues and stomata of cotyledons of radish
sprouts grown from the seeds experimentally
inoculated with the bacterium and treated by
HgCl2. Buchanan et al. (1999) studied contami-
nation of intact apples after immersion in an
E. coli O157:H7 suspension and sanitation of
contaminated apples with 2000mgl71 sodium
hypochlorite for 1min, followed by a 1-min tap
water rinse.They found that the site of greatest
contamination was consistently the outer core
region, and that the bacteria in the blossom-
end region greatly in£uenced the e⁄cacy of sa-
nitization treatments.This treatment achieved
1^3 log reductions but did not eliminate the
bacteria, particularly from the outer core re-
gion. Beuchat (1999) reported that low levels
of E. coli O157:H7 inoculum, when applied
to lettuce using bovine feces as a carrier
and stored under commercial and home
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refrigeration conditions, could survive and
were not easily reduced by washing with water
or treating with 200 ppm chlorine solution.

Fruits and vegetables have complex surface
properties for bacterial attachment. The
bacteria not only preferentially attach to cut
or mechanical injured surfaces, but also
grow on these sites due to su⁄cient available
nutrients.Therefore, it may be more signi¢cant
to reduce the micro-organisms on cut or in-
jured surfaces than on uninjured surfaces. To
develop a good pathogen reduction technique
for fresh fruits and vegetables, information
comparing the reduction of micro-organisms
on injured surfaces and on uninjured surfaces
is needed.

In this study, bell-shaped green peppers were
selected as a model sample for fruits and vege-
tables having a smooth and easily washable
surface.The objectives were: a) to compare the
inactivation ofE. coliO157:H7 onuninjured and
injured surfaces of green pepper by ClO2 gas
treatments, and b) to visualize the location
and viability of E. coli O157:H7 on uninjured
and injured green pepper surfaces after ClO2

gas treatment using CLSM.

Materials and Methods

Surface-uninjured and -injured green
peppers

Bell-shaped, organic green peppers (Capsicum
annuum L.) were purchased from a local super-
market and stored at 78C. The green peppers
were rinsedwith cold tapwater (53 ppm chlor-
ine) for 1min at 228C. Smooth and uninjured
surface sections were selected and cut into
pieces (262 cm2, approximately 5 g).These sur-
face-uninjured green pepper pieces were
placed into 100615mm sterile plastic petri
dishes (Fisher Scienti¢c, Pittsburgh, Philadel-
phia, USA), and treated by UV-light (30W,
about 50 cm irradiation distance) in a class II
biosafety cabinet (Labconco Corporation, Kan-
sas City, Missouri) for 40min (20min for each
side) to reduce naturally existing bacteria to
less than 2 logcfu 5 g71 green pepper. Surface-
injured green pepper samples were arti¢cially
injured using uninjured green peppers. The
cuticle layer (about 1^2mm thickness) of each
uninjured surface (262 cm2) was gently cut
into a total of 36 incisions using a sterile blade.

Escherichia coli O157:H7

Escherichia coliO157:H7 C7927 was provided by
Dr M. P. Doyle at the University of Georgia,
Athens, Georgia, USA. It was maintained at
78C on slants of tryptic soy agar (TSA) (Difco
Laboratories, Detroit,Michigan, USA) and cul-
tured in tryptic soy broth (TSB) (Difco Labora-
tories) at 378C. The culture was transferred
twice to TSB by loop inoculation at successive
24-h intervals. Cells (approximately 16109

cfuml71) from a 24-h static culture incubated
at 378C were used to inoculate the green pep-
per.The inoculum suspension was enumerated
by surface plating duplicate samples on TSA
after serial dilution in 0?1% peptone solution.
The plates were incubated for 24 h at 378C.

Inoculation of green pepper

To ensure that the inoculum suspension was
evenly distributed, a pipette tip was used to
spread 100 ml inoculum across uninjured sur-
faces or 36 square injured surfaces on each
green pepper sample in a class II biosafety ca-
binet.The 100 ml inoculum achieved an average
inoculum level of 7?9+0?29 logcfu E. coli
O157:H7 cells on each sample. The inoculated
samples were dried by air-blowing for 2 h at
228C in the cabinet. The 2-h drying allowed
the inoculated cells to attach to the surfaces of
green peppers and minimized the growth of in-
oculated cells during drying. The inoculated
and dried samples were subjected to ClO2 gas
treatment.

Chlorine dioxide treatment of green pepper
samples

ClO2 gas treatment was carried out in a 10 l Ir-
vine Plexiglass cylinder with a stainless steel
shelf, where green pepper samples were placed.
A Thermo-Hygro recorder (Control Company,
Friendswood,Texas, USA) was used to monitor
relative humidity and temperature inside the
treatment cylinder. ClO2 gas was generated
from a CDG laboratory generator (CDG
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Technology, Inc., New York, USA). The gener-
ated ClO2 gas was collected in a 4?7 l Te£on
PEP gas sampling bag (Cole-Parmer Instru-
ment Co.,Vernon Hills, Illinois, USA) that was
placed in a light-protected black outer bag to
prevent light-decomposition of ClO2. A 60 ml
plastic gas sampling syringe was used to deli-
ver speci¢c volumes of ClO2 gas into the cylin-
der containing the green pepper samples.
During treatment, the ClO2 gas inside the cy-
linder was circulated by a diaphragm vacuum
pump (KNF Neuberger, Inc.,Trenton, New Jer-
sey, USA), and the cylinder was covered with
aluminum foil to prevent light-decomposition
of ClO2.

The concentration of ClO2 gas was measured
by a modi¢ed amperometric method (Green-
berg et al. 1992). ClO2 in solution (200ml) was
titrated with 0.00564N phenylarsine oxide
standard solution (HACH Co., Loveland,
Colorado, USA) using an amperometric titra-
tor (HACH Co.). The ClO2 solution was pre-
pared from the gas as following. Using a 10 ml
gas sampling syringe, 5ml freshly generated
ClO2 gas was immediately dissolved in 1 l deio-
nized and distilled water. Before injecting the
gas into the water, the gas was ¢rst dissolved
in the syringe by drawing some water in and
out repeatedly. Duplicate ClO2 solutions were
made within 10min. The ClO2 concentration
was measured in triplicate and the data were
recorded as mgl71 available ClO2.

The surface-uninjured and surface-
injured green peppers inoculated with E. coli
O157:H7 were treated with four di¡erent
concentrations of ClO2 gas (0?15, 0?30, 0?60,
and 1?2mgl71) for 30min at 208C and 90^95%
RH. After these treatments, green pepper sam-
ples were subjected to enumeration of cultur-
able E. coli O157:H7 and preparation of
specimens for CLSMexamination as described
below.

For each ClO2 gas treatment, three controls
were prepared.The positive control was inocu-
lated green pepper without ClO2 gas treat-
ment. One negative control was ClO2 gas
treated green pepper without inoculation, and
a secondwas the green pepper without inocula-
tion and ClO2 gas treatment. Each treatment
sample and the three controls were prepared
in triplicate.
Recovery and enumeration of E. coli
O157:H7 on the surface of green pepper

Each green pepper sample was transferred into
a 400ml stomacher bag (Fisher Scienti¢c Inc.,
Pittsburgh, Philadelphia, USA), combined
with 50ml of sterile 0?1% peptone solution,
and thenblendedwith a Seward 400 Stomacher
(SewardMedical Co., London, UK) for 2min at
a normal speed.The wash £uid was serially di-
luted, followed by surface plating (0?1ml) for
enumeration of E. coli O517:H7. The sensitivity
of this method is that above 250 cfuml71of bac-
teria in the wash £uid could be enumerated.

To improve method sensitivity, centrifuga-
tion was used to concentrate the bacterial po-
pulation in the wash £uid so that less than
250 cfuml71 of bacteria in the above washing
£uid could be enumerated by the surface plat-
ing method. After making the ¢rst dilution (pi-
petting 1ml wash £uid into 9ml sterile 0?1%
peptone solution), the residual of thewash £uid
was poured into a 50ml sterile plastic centri-
fuge tube (Fisher) and centrifuged for 15min
at 4000 rpm speed (1500 g) in a IEC HN-SII
centrifuge (International Equipment Co.,
Needham, Massachusetts, USA). The pellet
was resuspended in 0?5ml sterile deionized
water (SDW) so that the bacterial population
in the 50ml washing £uid was concentrated
100 times. The resuspension (0?1ml) was
further mixed with 0?9ml SDW, giving a 10
times concentration factor for the washing
£uid. This concentration method allowed the
surface plating method to enumerate at least
10 cells of total bacterial population in the
50ml washing £uid.

For those control samples that had been in-
oculated or uninoculated, dried, untreated
with ClO2 gas, and recovered in the same man-
ner as ClO2 gas treated samples,E. coliO157:H7
was enumerated by surface plating of 0?1ml
bacterial dilution to sorbital-MacConkey agar
(SMAC) (Oxoid Inc., Ogdensburg, New York,
USA) supplemented with ce¢x-tellurite (CT)
(Dynal Inc., Lake Success, NewYork, USA) in
duplicate.The CTSMAC plates were incubated
at 378C for 24 h and counted. For each plate,
two typical E. coli O157:H7 colonies were cho-
sen and con¢rmed by anE. coli O157 LatexTest
(Oxoid Inc., Ogdensburg). Because no E. coli
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O157:H7 cells were recovered on all negative
controls, the initial population of E. coil
O157:H7 on each sample was equivalent to the
positive control count.

To enumerate ClO2-treated E. coli O157:H7
cells including sublethally injured bacteria, a
direct membrane-surface-plating method was
used (McCarthy et al. 1998). Each 100-ml wash
£uid, or its dilution, or resuspension of its
concentrates was surface plated in duplicate
over a sterile polycarbonate ¢lter membrane
(Osmonics Co., Westboro, Massachusetts,
USA), which was previously placed on the sur-
face of a TSA plate. The coarse side of the
membranewas faced upward. Plates were incu-
bated at 378C for 4 h to repair injured cells.
Then the membranes were gently and asepti-
cally transferred onto CTSMAC plates using
sterile tweezers. The membrane-CTSMAC
plates were further incubated at 378C for 20 h.
Escherichia coliO157:H7 colonies were counted,
after which the Latex con¢rmation test was
conducted.

An end-point method, which was similar to
the method used for recovery of ClO2 gas trea-
ted spoilage micro-organisms (Han et al. 1999),
was used to determine if all inoculated E. coli
O157:H7 on uninjured surface of green pepper
were inactivated by 1?2mgl71 ClO2 gas treat-
ment. After the treatment, each green pepper
sample was transferred into a sterilized bottle
containing 100ml of sterile tryptic soy broth
and incubated for 48 h at 378C. After the
incubation, samples were further plated on
CTSMAC plates followed by a 24 h incubation
at 378C. Typical E. coli O157:H7 colonies also
were identifed by E. coli O157 Latex tests.
Presence or absence of E. coli O157:H7 were
recorded as positive or negative results.
A negative result indicated that all of the
inoculated E. coli O157:H7 were killed after
the treatment.

Live/dead bacteria labeling methods

A £uorescein isothiocyanate-labeled a⁄nity
puri¢ed antibody (FITC-Ab) to E. coli O157:H7
(Kirkegaard & Perry Laboratories. Inc.,
Gaithersburg, Maryland, USA) was used for
labeling live E. coli O157:H7 on the surfaces of
green pepper. Propidium iodide (PI) from the
Live/Dead BacLight BacterialViability Kit (L-
7012) (Molecular Probes, Inc., Eugene, Oregon,
USA) was used for labeling dead E. coli
O157:H7. This method was developed by Seo
and Frank (1999) and used to label live and
dead bacteria on lettuce leaf surfaces. After
staining, live bacteria could be seen in green
color and dead cells in red by CLSM.

Staining and preparation of slides for
microscopic analysis

Each green pepper sample was ¢rst cut into
two 0?560?5 cm cubes using a sterile blade,
being careful not to touch and disturb the
inoculated surfaces. A 0?560?5 cm piece of
cuticle layer with 0?2^0?3mm thickness was re-
moved from the top of the green pepper cube.
The cut cuticle pieces were submerged in 1ml
40 nM PI solution in a microtube for 15min at
room temperature, then transferred into an-
other microtube with 1ml SDWand gently sha-
ken three times. The samples were submerged
in FITC-Ab solution (1:200 dilution in 1% bo-
vine serum albumin in 0?01MPBS) and incu-
bated for 30min at 378C, followed by two
successive gentle washings in microtubes as
described above. Because the attachment of
bacteria to surfaces of green peppers may not
be strong, staining and washing procedures
should be carefully operated to minimize re-
moval of bacteria from the surface of green
peppers. Rinsing was not recommended for re-
placement of washing. After staining, each
sample was put on a microscope slides (Fisher),
dried for 10min in the biosafety cabinet, and
then mounted with a drop of immersion oil
(DF) (Fisher) and a No. 1 coverglass (Fisher).
The edges of the coverglass on each specimen
were sealed with tape to hold the sample and
to protect leaking of the mounting oil. Speci-
mens were refrigerated until examined by
CSLM.

Confocal Scanning Laser Microscopy

A Bio-Rad MRC-1024 confocal scanning laser
microscope (Bio-Rad, Inc., Hemel Hempstead,
UK) with a Krypton-Argon laser was used to
view green pepper slides using 606 oil immer-
sion objective with 1?4 numerical aperture.
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FITC-Ab-labeled and PI-stainedE. coliO157:H7
on green pepper surfaces were detected using
488 nm excitation wavelength. Emission light
from FITC was collected with a 522/35 ¢lter,
which was seen as green £uorescence in a mix-
er A. Emission from PI was collected with a
605/32 ¢lter, observed by red £uorescence in a
mixer B.The surfaces of green pepper were ob-
served by transmission light at 488 nm and ap-
peared in gray in a mixer C. Each ¢nal image
was a combination of the individual images of
those three mixers, in which the surfaces of
green peppers were shown in blue color instead
of gray. The size of each collected image was
5126512 pixels (each pixel is 0?55mm). At least
10 di¡erent locations in each sample were
examined using CLSM. Three-dimensional
images of surface of green peppers were recon-
structed from multiple optical sections using
Lasersharp Processing 3?2 Software (Bio-Rad,
Inc., Hemel Hempstead, UK). A 15-mm-thick
stack of optical sections was collected at
0?5 mm interval. All the images were adjusted
and edited using Adobe PhotoShop 5?0.

Statistical analysis

All the samples used for colony enumeration,
including controls and the samples for ClO2

gas treatments, were prepared in triplicate.
The mean values of duplicate plate counts of
triplicate samples were calculated and re-
ported with 95% con¢dence interval. Data
were subjected to analysis of variance and Stu-
dent Newman-Keuls’ (SNK) multiple range
Table 1. Log reduction1 of E. coli O157:H7 inoculat
peppers after ClO2 gas treatments

Samples2 Log reduction after ClO2 tre

0?15mgl71 0?30m

Uninjured suface 2?90+0?09Ad4 3?99+
Injured surface 1?67+0?08Bd 1?87+
1Values are means+ s. d. (n¼ 3).
2The initial populations of E. coli O157:H7 on sur
7?9+0?29 logcfu 5 g71.
3ClO2 gas treatments included 0?15, 0?30, 0?60 and 1?2m
90^95% RH.
4Values in the same column with di¡erent uppercase s
Values in the same row with di¡erent lower subscript l
5No viable E. coliO157:H7 was detected by the end-poin
tests (SAS Inc., Cary, North Carolina, USA) to
determine if signi¢cant di¡erences (P50?05)
existed between mean values.

Results

Log reduction of E. coliO157:H7 on surface-
uninjured and surface-injured green peppers
after ClO2 gas treatments

Using a colony enumeration method, log reduc-
tions of the E. coli O157:H7 inoculated on
surface-uninjured and surface-injured green
peppers after ClO2 gas treatments were mea-
sured (Table 1). For both surface-uninjured
and -injured samples, the log reduction of E.
coli O157:H7 signi¢cantly increased (P50?05)
as the concentration of available ClO2 gas in-
creased. The 0?60mgl71 ClO2 gas treatment
achieved 4?37 and 1?36 more log reductions on
uninjured and injured surfaces, respectively,
than the 0?15mgl71 ClO2 gas treatment. These
results suggested that the concentration of
ClO2 gas was a very important factor to inacti-
vate E. coli O157:H7 on green pepper surfaces.
Using the end-point method, all the inoculated
E. coliO157:H7 cells on uninjured green pepper
surfaces were inactivated after 1?2mgl71 ClO2

gas treatments, providing a more than 8?0 log
reduction. However, a positive result in the
end-point analysis was obtained for injured
surfaces after 1?2mgl71 ClO2 gas treatments.

Log reductions of E. coli O157:H7 on un-
injured surfaces were found to be 1?23, 2?12,
ed on surface-uninjured and surface-injured green

atments3

g l71 0?60mgl71 1?2mg l71

0?07Ac 7?27+0?68Ab 8?04+0Aa
5

0?03Bc 3?03+0?02Bb 6?45+0?02Ba

face-uninjured and -injured green peppers were

g l71 ClO2 gas, respectively, for 30 min at 208C under

ubscript letters are signi¢cantly di¡erent (P50?05).
etters are signi¢cantly di¡erent (P50?05).
t method after 1?2mgl71 ClO2 gas treatments.
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4?24 and 1?59, which were lower than the log
reductions on injured surfaces after 0?15,
0?30, 0?60 and 1?2mgl71 ClO2 gas treatments,
respectively. These di¡erences were deter-
mined to be signi¢cant (P50?05). Moreover,
the di¡erences increased as the concentration
of available ClO2 gas increased from 0?15 to
0?6mgl71.These results suggested that injured
surfaces increased protection ofE. coliO157:H7
from ClO2 gas treatments and the protection
became more obvious under a high level of
ClO2 gas treatment than a low level of treat-
ment. Possible explanations for protection
against ClO2 gas may be due to reduced expo-
sure due to bacterial attachment to pepper sur-
faces and penetration into injured surfaces.

Location of E. coli O157:H7 on green pepper
surfaces observed by CLSM

After FITC-Ab/PI staining, the location of
E. coli O157:H7 on the surface-uninjured and
-injured green peppers treated without or with
ClO2 gas was visualized by CLSM.The surfaces
of green peppers without inoculation (negative
control) andwith inoculation (positive control)
are shown in Fig. 1(a) and (b), respectively.
Although the auto£uorescence of green pepper
cell walls (in green) and nuclei (in red) could be
seen (Fig. 1a), they did not interfere with two-
color di¡erentiation for bacteria viability. Be-
cause the auto£uorescence was much weaker
than the £uorescence of bacteria stained by
FITC and PI, it could be minimized using a
low level of laser light. As seen in Fig. 1(b), the
living bacteria on the positive control sample
were stained green in color and the red green
pepper cell wall gave a con¢rmation for visuali-
zation of the stained bacteria by CLSM.

The distribution of bacteria on uninjured
surfaces was quite di¡erent from injured sur-
faces. On a £at uninjured surface, most bacter-
ia were evenly distributed as seen in Fig. 1(e),
(g), and (k). However, stacks of bacterial cells
also were observed on some surfaces as shown
in Fig. 1(c) and (i). On an injured surface, most
bacteria were found in injured locations, as
shown in Fig. 1(b), (d), (f ), (h), and ( j). This
might be because the inoculated bacteria were
transferred to the injured areas of green pep-
pers as the water in the inoculum suspension
£owed to those locations during drying.

Viability of E. coli O157:H7 on green pepper
surfaces after ClO2 gas treatment observed
by CLSM

After FITC-Ab/PI staining, the viability of
E. coli O157:H7 on the surface-uninjured and -
injured green peppers treated with 0?15, 0?30,
0?60 or 1?2mgl71 ClO2 gas was visualized by
CLSM. After 0?15mgl71 ClO2 gas treatment,
surface-uninjured peppers (Fig. 1(c)) showed
fewer living bacteria (green or yellow) than
surface-injured peppers (Fig. 1(d)). This was
consistent with the above results from colony
enumeration, in which surface-uninjured and
-injured peppers showed 2?9 and 1?67 log reduc-
tions, respectively. Besides green and red cells,
many yellow cells were visible in Fig. 1(c) and
(d). Seo and Frank (1999) suggested that the yel-
low bacteria might either be injured and cul-
turable, or injured and non-culturable. In Fig.
1(d), most bacteria were in yellow, but the log
reduction was quite low. Therefore, those yel-
low bacteria might be sub-lethally injured.The
scattered bacteria seemed to be more easily in-
activated than those in the center of a bacterial
stack on uninjured surfaces (Fig. 1(c)).

After a 0?30mgl71 ClO2 gas treatment, sur-
face-uninjured peppers (Fig. 1(e)) also showed
fewer viable bacteria than surface-injured pep-
pers (Fig. 1(f )). Moreover, these samples had
fewer living bacteria than those samples trea-
ted with 0?15mgl71 ClO2 gas. These results
also were consistent with the above log reduc-
tion results. Although bacteria on uninjured
surfaces were scattered (Fig. 1(e)), some bacter-
ia (in green) were still viable after the ClO2 gas
treatment, indicating their strong resistance
to the ClO2 gas treatment. In Fig. 1(f ) more vi-
able bacteria were found at injured locations
(indicated by an arrow) than at intact loca-
tions, suggesting these bacteria might also be
protected from ClO2 gas treatment by injuries
on pepper surface.

After a 0?60mgl71 ClO2 gas treatment, some
injured bacteria (in yellow) were found on sur-
face-uninjured peppers (Fig. 1(g)); whereas,
more living bacteria (in green) were observed
on surface-injured peppers (Fig. 1(h)). Most of



Figure 1. Microphotographs of CLSM. Bar ¼ 50 mm. (a) Auto£uoresence of green pepper cell wall and
nuclei. (b) LiveE. coliO157:H7 cells attached to injured pepper surface. (c) Live and deadE. coliO157:H7 cells
on uninjured pepper surface after 0?15mgl71 ClO2 gas treatment. (d) Live and dead E. coli O157:H7 cells on
injured pepper surface after 0?15mgl71 ClO2 gas treatment. (e) Live and dead E. coli O157:H7 cells on unin-
jured pepper surface after 0?3mgl71 ClO2 gas treatment. (f ) Live and dead E. coli O157:H7 cells on injured
pepper surface after 0?3mg l71 ClO2 gas treatment. (g) Live and deadE. coli O157:H7 cells onuninjured pep-
per surface after 0?6mgl71 ClO2 gas treatment. (h) Live and dead E. coli O157:H7 cells on injured pepper
surface after 0?6mgl71 ClO2 gas treatment. (i) Live and dead E. coli O157:H7 cells on uninjured
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Figure 1. (Continued)

pepper surface after 1?2mgl71 ClO2 gas treatment. ( j) Live and dead E. coliO157:H7 cells on injured pepper
surface after 1?2mgl71 ClO2 gas treatment. (k) Three dimensional microphotograph of live and dead E. coli
O157:H7 cells attached to uninjured pepper surface (control). (l) Three-dimensional microphotograph of live
and dead E. coliO157:H7 cells attached to uninjured pepper surface after 0?6mgl71 ClO2 gas treatment.
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these living bacteria were located along inju-
ries on green pepper surfaces (Fig. 1(h), as indi-
cated by an arrow). These results suggested
that the injuries to green pepper surfaces pro-
tected the bacterial cells from lethal e¡ect
of ClO2.

After a 1?2mgl71 ClO2 gas treatment, no
living bacteria (green or yellow) were found
on uninjured surfaces (Fig. 1(i)). This demon-
strated complete inactivation, which also
was validated by the end-point analysis. Living
bacteria (Fig. 1( j)), indicated by an arrow)
were still found on injured surfaces although
their population was much less than that in
Fig. 1(h).

Three-dimensional visualization of E. coli
O157:H7 on green pepper surfaces by CLSM

Living and dead E. coli O157:H7 on uninjured
green pepper surfaces were visualized in re-
constructed three-dimensional images by
CLSM. A 15-mm-thick stack of optical sections
were collected, which allowed for visualizing
all the bacteria attached to the uninjured sur-
faces and the cell nuclei of green pepper. Living
and deadE. coliO157:H7 cells on a positive con-
trol of green pepper and a sample treated with
0?60mgl71 ClO2 gas were showed in Fig. 1(k)
and (l), respectively. Because of interference of
colors, the side views of the reconstructed
images were not shown.

Analysis of the optical sections used for
reconstruction of the three-dimensional image
in Fig. 1(k) suggested that most living bacteria
were located 0^8 mm above the recognized sur-
face of green pepper. The level of the
recognized surface was de¢ned as the level at
which the surface on an image just became
clear and the last cell disappeared from the im-
age. Some living bacteria also were moving on
a hydrated surface. After 0?60mgl71 ClO2 gas
treatment, most dead bacteria were found
0^5 mm above the recognized surface of green
pepper (Fig. 1(l)). It seemed that viability of
bacteria might not be an important factor for
their attachment to uninjured surfaces. Visua-
lization of an injured surface using recon-
structed three-dimensional images (not shown
in this paper) suggested that bacteria
could be trapped at the locations as deep as in-
juries could occur.

Discussion

Results of this study suggest that ClO2 gas is a
potential e¡ective sanitizer for fresh fruits and
vegetables. Foschino et al. (1998) reported that
a 5 log reduction of E. coli ATCC 11229
was achieved when the bacteria were sus-
pended in water with 1?4 ppm aqueous ClO2

for 30 s and when the bacteria were attached
to a steel surface with 7 ppm for 6min. How-
ever, Costilow et al. (1984) and Reina et al.
(1995) found that the bacterial populations in
cucumbers were not greatly in£uenced by
2?5 ppm or 5?1ppm ClO2, respectively. In this
study, an approximate 7 log reduction of E. coli
O157:H7 on uninjured green pepper surfaces
was obtainedwith a 0?60mgl71 ClO2 gas treat-
ment for 30min at 208C under 90^95% RH. For
injured surfaces, a 6?45 log reduction was
achieved with a 1?2mgl71 ClO2 gas treatment.
All the inoculated bacteria (8?04 logcfu 5 g71 )
on uninjured surfaces were completely inacti-
vated by the 1?2mg171 ClO2 gas treatment as
con¢rmed by an end-point method. Therefore,
gaseous ClO2 might be a better sanitizer than
aqueous ClO2 for sanitation of fruits and vege-
tables.

Based on the log reduction data, ClO2 gas
treatments for inoculated bacteria on unin-
jured surfaces showed signi¢cantly more inac-
tivation than for those on injured surfaces
(P50?05). The di¡erences in inactivation in-
creased as the concentration of available ClO2

gas increased from 0?15 to 0?6mgl71. The big-
gest di¡erence of 4?24 log reductions was found
after a 0?6mg l71 ClO2 gas treatment. The mi-
crophotographs of CLSM were consistent with
the log reduction data. More living bacteria
were found at injured regions of surfaces,
which agreed with the ¢ndings of Seo and
Frank’s (1999) and the results of our study on
attachment of E. coli O157:H7 to uninjured and
injured green pepper surface using scanning
electronic microscopy (Han et al. 2000). There-
fore, injuries to fruit and vegetable surfaces
could protect attached bacteria from sanita-
tion treatments. This is signi¢cant for
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minimally processed and refrigerated fruits
and vegetables, especially for fresh-cut fruits
and vegetables, because their cut surfaces will
largely protect bacteria from sanitation treat-
ments. For these foods, it is critical to sanitize
their uninjured surfaces before cutting. Once
the cut or injured surfaces are contaminated
by pathogens, it will be very di⁄cult to inacti-
vate these attached or growing bacteria. This
may explain why many researchers could not
achieve a 5 log reduction of micro-organisms
on cut fruits and vegetables using chemical sa-
nitizers at concentrations that did not compro-
mise sensory quality.

Besides protection of bacteria from sanita-
tion by injuries to surfaces or fruits and vegeta-
bles, the stage of growth or amount of cell
injury may be other important factors to a¡ect
the inactivation of bacteria on the surfaces by
sanitizers.The intact surfaces of fruits and ve-
getables will not provide nutrients for adhered
bacterial growth, therefore, the bacteria are in
the worst living conditions and can be easily
killed by sanitation treatments.Therefore, it is
also very important to minimize mechanical
damages to the surfaces of fresh fruits and ve-
getables before applying sanitation treatment
and to keep clean processing environment
after sanitation.

Numerous researchers have studied the at-
tachment of micro-organisms to food contact
surfaces and their responses to various saniti-
zer treatments (Zottola 1994, Foschino et al.
1998, Smoot and Pierson 1998, Lindsay and
von Holy 1999).They concluded that the attach-
ment of micro-organisms to the food contact
surfaces enhanced their resistance to sanita-
tion, whichwas similar to the results of studies
in bacterial attachment to surfaces of fruits
and vegetables. Therefore, attachment of mi-
cro-organisms to food surfaces and food con-
tact surfaces has become a protrusive problem
for sanitation. Zottola (1994) suggested that
correct and su⁄cient cleaning and sanitizing
procedures should be used for food contact sur-
faces. Beuchat (1999) indicated the need for the
development of sanitizers more e⁄cacious than
chlorine for the removal of pathogens from raw
fruits and vegetables. To solve this problem,
pathogen reduction using ClO2 gas may be an
encouraging alternative approach. However,
more studies on ClO2 gas sanitation should be
done, such as application technologies on a
commercial processing scale, safety of residual
ClO2 in products, and safe control of the sanita-
tion treatment.
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