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Abstract

We have developed a novel roller conveyer plasma device, which generates gas plasma
via atmospheric pressure dielectric barrier discharge (APDBP) on rollers. High voltage
and earth electrodes are incorporated into the rollers, which are covered with a silicon
sheet. Bactericidal activity of the device was measured against Xanthomonas campestris
p.v. campestris (Xcc), which was spotted onto aluminium plates and subjected to gas
plasma treatment generated by APDBD. After treatment, viable cell number of Xcc
decreased with a decimal reduction time (D value) of 0.90 min [initial population: 5.0 x
10® CFU/mI] and below 0.34 min (initial population: 9.8 x 10° CFU/ml). APDBD
treatment induced slight morphological changes to Xcc along with significant
degradation of lipopolysaccharides (LPS) and degradation/oxidation of genomic DNA
to form 8-hydroxy-2'-deoxyguanosine (8-OHdG). Reactive chemical products
(hydrogen peroxide, nitrite and nitrate), ultraviolet light (UV-A) and slight temperature
elevations were observed during operation of the device. Our results suggest hydrogen
peroxide and nitrite generated during operation of the device cause oxidation and
degradation of the genomic DNA as well as the degradation of LPS, which are potential

mechanisms for inactivation. In addition, the successful inactivation of Xcc on cabbage
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leaf by the device suggests the method could have practical applications.

Keywords: Dielectric barrier discharge; Inactivation; Non-thermal gas plasma;

Oxidative stress; Xanthomonas campestris p.v. campestris
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1. Introduction

Soil-borne pathogens infect plants and can sometimes prevent their normal

growth. Interactions between soil organisms and plants can kill seedlings and even adult

trees. For most soil-borne plant diseases, pathogen spread occurs predominantly

between plants that have grown as close neighbours (Anderson and May, 1986). In

modern times, the development of efficient transportation systems for agricultural food

products has inadvertently allowed the rapid spread of pathogens. Thus, these plant

pathogens cause both environmental and economic problems because they can have a

devastating impact on crop production. In addition, previous studies have shown that

the transfer of agricultural food products, such as vegetables, from the farm to the

packaging plants presents potential cross-contamination (Wang and Ryser, 2014; Davies

and Breslin, 2003). Moreover, there is a significant contamination hazard during food

processing e.g., cutting plants (Scott and Bloomfield, 1990) as well as quality hazard.

Hygienic practice should meet microbiological criteria for ensuring public

health protection under the general principles of Good Hygienic Practices (GHPs) and

Good Manufacturing Practices (GMPs) described at the international level by the Codex

Alimentarius Commission (CAC/RCP 1-1969, 2009). For example, in the European
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Union, GHPs included in the annex to regulation (EC) No 852/2004 of the European

Parliament and of the Council of 24 April 2004 on the hygiene of foodstuffs (The

European Parliament and the council of the European Union, 2004) and in USA current

GHPs (CGMPs) are defined in the Code of Federal Regulations-Part 110 (US Food and

Drug Administration, 2015). In Japan, such issues are regulated by the Food Sanitation

Act and relevant laws (Government of Japan, 2006). Wherever possible, it is

recommended that a HACCP (Hazard Analysis and Critical Control Point)-system based

approach should is implemented to enhance food safety (CAC/RCP 1-1969, 2009).

There are numerous methods to kill microorganisms. These include thermal

processing (thermal treatment, microwave heating, infrared heating, radio-frequency

heating, and ohmic heating) and non-thermal processing (ozonation, irradiation

technology, high-pressure processing, pulsed electric field technology, and electrolyzed

oxidized water treatment) (Neetoo and Chen, 2014). Currently, there are few readily

available in situ methods for disinfection that potentially could facilitate future

application and implementation of a HACCP system. Consequently, there is a need to

develop novel generic techniques to efficiently and safely decontaminate foods during

the food processing procedure.

Xanthomonas campestris p.v. campestris (Xcc) is a bacterial pathogen that



80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

causes black rot, which is a kind of quality defect and considered the most important

worldwide disease of crucifers, attacking all cultivated brassicas, radishes and numerous

cruciferous weeds (Williams, 1980). Black rot is prevented and controlled by adopting

various different strategies such as using disease-free seeds, employing good sanitary

practices, managing insects and weeds, planting varieties of crops with partial resistance

to black rot and chemical control (Seebold et al., 2008). However, these control

measures are confined to the fields and are not applicable once the crop has been

harvested. Therefore, we were interested in the development of an efficient post-harvest

inactivation method for Xcc.

Gas plasma is the fourth state of matter and is generated by subjecting gases to

a high electric field, resulting in a mixture of partially ionized gas with dissociated

molecules, photons, electrons, free radicals, and other reactive species as well as

positive and negative ions (Shintani and Sakudo, 2016). The use of non-thermal

atmospheric gas plasma is a potential alternative to conventional methods for the

decontamination of food products (Afshari and Hosseini, 2014; Niemira, 2012; Shintani

and Sakudo, 2016; Yagyu et al., 2016). This methodology offers a broad range of

inactivation against viruses, fungi and bacteria, including those forming spores and

biofilms (Kelly-Wintenberg et al., 1999; Pan et al., 2013). In the food industry, gas
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plasma is a powerful tool for surface decontamination of not only foods but also food

packaging materials such as plastic bottles, lids and films without any associated

adverse effects (Pankaj et al., 2014).

Here, we describe the development of a novel plasma apparatus for the

disinfection of agricultural food products. The apparatus, termed a roller conveyer

plasma device, generates gas plasma in air via an atmospheric pressure dielectric barrier

discharge (APDBD) and can be utilized as an automated disinfection system during the

sorting of vegetables. In addition, we investigated the influence of gas plasma treatment

on the components of Xcc as well as determining the principal mechanism of

inactivation.
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2. Materials and Methods

2.1 Study plan

To enhance food safety, key hygiene control at each process is recommended wherever

possible using a potential HACCP-based approach, in addition to embracing the general

principle of food hygiene (CAC/RCP 1-1969, 2009). However, there are only a limited

number of methods for minimizing microbiological risk that can utilize an in situ

system during the sorting of vegetables. These considerations prompted us to design and

fabricate a novel roller conveyer plasma device, which is well suited to the disinfection

of vegetables during sorting on rollers. Here, we have extended this work by addressing

a number of additional issues as follows. Firstly, we aimed to assess the effectiveness of

our roller conveyer plasma device by analyzing the inactivation of Xcc, which is a key

plant pathogenic bacteria. We also identified the likely inactivating factors generated

during the operation of the roller conveyer plasma device. Finally, we elucidated the

mechanism of inactivation by analyzing the biochemical changes induced in Xcc after

treatment.

2.2 Roller conveyer plasma device
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In 2014, we designed and fabricated a unique gas plasma apparatus composed of rolling
electrodes and a high voltage power supply (Fig. 1). The apparatus is our original design
and is not manufactured commercially. The electrode comprised a plastic rod (diameter
= 30 mm) covered with a thin aluminium and silicon sheet, which was placed at an
interval of 50 mm from an earth electrode. The high voltage electrode was then
connected to an alternating power supply (10 KV peak to peak (KVp-p), 10 kHz; LHV-10AC,
Logy electric co. Ltd., Tokyo, Japan). Plasmas were generated on the silicon sheet when
electrically conductive samples, such as metals or vegetables, contacted both the

high-voltage electrode and earth electrode.

2.3 Methods

2.3.1 Preparation of bacterial cultures

Xcc (strain name, NGM120310-14) was cultured on yeast extract-dextrose-CaCO3
(YDC) plate medium at 25°C for 3 days. Colonies of Xcc were picked and suspended in
distilled water, which was used as the bacterial suspension. Aliquots of 20 pL of
suspension were spotted onto the aluminium plate (0.3 mm thickness) and then gently
air-dried on a hot plate (HP-4530, AS-ONE, Osaka, Japan) at 35°C before plasma

treatment or other treatments. In the case of plasma treatment, the effect of gas plasma
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generated by APDBD on Xcc using the roller conveyer device was investigated. APDBD

treatment was performed at atmospheric pressure for 0, 1.8, 3.7, 7.5, 15 and 30 min under

operating conditions of 10 kV and 10 kHz. The number of colony forming units (CFU)

per ml was measured by counting colonies of Xcc on YDC plate medium after

incubation for 3 days at 25 °C.

2.3.2 Determination of decimal reduction time (D-value)

D-value was defined as the time required to reduce the original number of viable cells

by 90%, and was calculated using the following equation:

D = 1/(AlogN/At),

where At is the time for a one logio reduction in viable Xcc cells and AlogN is the

logarithmic value of the changes in the CFU/mI of Xcc after plasma treatment (Sakudo

and Shintani, 2011).

2.3.3 Detection of UV and chemicals using chemical indicators

The following indicators were used to determine various parameters during operation of

the roller conveyer plasma device; Thermo Label 5E-50 (NiGK Corporation, Saitama,

Japan) for temperature, UV label-H (NiGK Corporation) for ultraviolet (UV) light,
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Quantofix® Peroxide (Macherey-Nagel GmbH & Co. KG, Diiren, Germany) for 0-25
mg/L H,0, (hydrogen peroxide), Merckoquant® Nitrite Test for 0.1-3 g/L NO,  (nitrite)
and Merckoquant® Nitrate Test (Merck KGaA, Darmstadt, Germany) for 10-500 mg/L
NOjs (nitrate). The levels of specific chemicals and UV were calculated from standard
curves, estimated on the basis of the color change using a relevant indicator as described
previously (Maeda et al., 2015). All of the indicators were held with stainless steel clips
on an aluminium plate, which was placed onto earth and high-voltage electrodes and

treated with plasma for an appropriate period.

2.3.4 Thermography
AFLIR i5 thermal imaging camera (FLIR Systems Japan K.K., Tokyo, Japan) was also
used to determine thermogenic capacity during operation of the plasma treatment

device.

2.3.5 Real-time polymerase chain reaction (PCR)
Bacterial genomic DNA (APDBD-treated or untreated) was subjected to real-time PCR.
SYBR® Premix Ex Tag™ Il (Takara Bio Inc.) was used for quantifying intact genomic

DNA of Xcc using primers DLH153 and DLH154 (Berg et al., 2006). After heating at
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95°C for 30 seconds, the fluorescence intensity of samples was measured during the

PCR comprising 40 cycles of 95°C for 5 seconds and 60°C for 30 seconds using a

Thermal Cycler Dice Real-time System (Takara Bio Inc.). The amplified products were

subcloned into pMD20 vector (Takara Bio Inc.) and verified by DNA sequencing using

an ABI PRISM3100 Genetic Analyzer (Applied Biosystems, Foster City, CA).

2.3.6 Quantification of 8-hydroxy-2'-deoxyguanosine (8-OHdG)

The amount of 8-OHdG was quantified by using 8-OHdG Check enzyme-linked

immunosorbent assay (ELISA) kit (JalCA, Shizuoka, Japan) to analyze oxidative

damage to the DNA of Xcc treated with APDBD. After treatment with APDBD, DNA

samples of Xcc were prepared from the suspension by boiling for 10 min. Samples were

mixed with the 8-OHdG assay preparation reagent set (Wako Pure Chemical Industries

Ltd., Osaka, Japan) and fractions were subjected to ultrafiltration using Microcon

centrifugal filter devices YM-10 (Millipore Corp., Billerica, MA). The colorimetric

reaction was performed at 25°C for 5 min. Absorbance was measured at 450 nm using a

Model 680 microplate reader (Bio-rad, Hercules, CA).

2.3.7 Measurement of lipopolysaccharides (LPS) of Xcc
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APDBD-treated or untreated bacterial suspensions of Xcc were resuspended in distilled
water (Otsuka Pharmaceutical Co. Ltd.) and subjected to the chromogenic Limulus test
(Limulus-color KY test; Wako Pure Chemical Industries Ltd.) for quantifying LPS.
Absorbance at 415 nm by reference to that at 655 nm were compared with a standard
curve obtained using an LPS solution of known concentration. LPS levels were then

estimated from the index of absorbance.

2.3.8 UV and heat treatment of Xcc

Aliquots of 20 ul of Xcc suspension were spotted onto the aluminium plates and air-dried
on a hot plate (HP-4530) at 35°C. The resultant dried samples were then subjected to
either UV or heat treatment. UV treatment was performed for various lengths of time at
20-25°C using a UV transilluminator UVGL-58 (UPD Inc.). In each case, the distance
between the transilluminator and sample of Xcc was 1 mm. The energy (mJ/cm?) of
UV-A and UV-C were estimated on the basis of color changes to the UV indicators (UV
label H). Heat treatments were performed on a heating block BI-516S (ASTEC) at
35-70°C for 2 min. Treated samples were then resuspended in distilled water and used for

subsequent analysis.
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2.3.9 Hydrogen peroxide and ONOO" (peroxynitrite) treatment of Xcc

Aliquots of 20 ul of Xcc suspension were incubated with various concentrations of

hydrogen peroxide or peroxynitrite (Dojindo laboratories, Kumamoto, Japan) at 37°C

for 2 min. The temperature of the bacterial suspension during treatment was maintained

using a heating block (BI1-516S). The treated samples were immediately diluted with

distilled water and cultivated on YDC plates at 25°C for 3 days to determine CFUs.

2.3.10 Determining the contribution ratio of individual disinfecting factors

generated during operation of the roller conveyer plasma device

Contribution ratio was defined as the proportion of decreased viable cell number

induced by an individual disinfecting factor to the overall decreased viable cell number

induced by APDBD treatment using the roller conveyer plasma device.

The contribution ratio was calculated using the following equation:

Contribution ratio (%) = (r / R) x 100,

where r represents the logarithm of the reduced viable cell number of bacteria treated

with an individual disinfecting factor (e.g. UV, hydrogen peroxide, nitrite, nitrate and

heat, generated during operation of the roller conveyer plasma device), while R

represents the logarithm of the reduced viable cell number of bacteria treated with the
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roller conveyer plasma device.

These terms are defined as follows:

r =-log E;/ Ey

R =-log N:/No

where Ey is the viable cell number of untreated bacteria (0 min, individual disinfecting

factor), while Ny is the viable cell number of untreated bacteria (0 min, APDBD

treatment with a roller conveyer plasma device). E; is the viable cell number of bacteria

after treatment with an individual disinfecting factor generated during operation of the

roller conveyer plasma device, while N; is the viable cell number of bacteria after

APDBD treatment with the roller conveyer plasma device.

2.3.11 Measurement of optical emission spectra

Multichannel spectrophotometers (S-2431, Soma Optics Ltd., Tokyo, Japan;

MCPD-7000, Otsuka Electronics Co., Ltd. Osaka, Japan) attached to a fiber probe were

used to measure emission of 200 to 1100 nm during roller conveyer plasma operation.

Analysis of the spectrum was performed after exposure for 400 msec with 20 times

integration time. To analyse UV energy, the areas of collected spectra emitted from the

roller conveyer plasma device and a UV transilluminator (UVGL-58; UVP Inc., Upland,
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CA) were calculated using ImageJ software (National Institute of Health, Bethesda,

MD) and then compared.

2.3.12 Scanning electron microcopy (SEM)

APDBD-plasma treated or untreated bacterial suspensions of Xcc were centrifuged. The

resultant bacterial pellets were washed with distilled water and fixed with 0.1 M

phosphate buffer containing 2% glutaraldehyde at 4 °C for 18 h followed by treatment

with 2% osmium tetroxide solution for 3 h, and then dehydrated with 50 ~ 100% ethanol

at room temperature. The samples were subsequently subjected to critical point drying

with CO, before depositing an osmium plasma ion coat. SEM was performed using a

JSM-6320F electron microscope (JEOL Ltd., Tokyo, Japan) at 5 kV and x 30,000

magnification.

2.3.13 DNA-PCR

Bacterial 16S rDNA PCR Kit Fast (800) (Takara Bio Inc., Shiga, Japan) was used for

amplification of intact genomic DNA from Xcc. Bacterial samples (APDBD-treated or

untreated) were suspended in distilled water (Otsuka Pharmaceutical Co. Ltd., Tokyo,

Japan) and boiled for 15 min to extract the genomic DNA. The resultant DNA samples
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were subjected to 25 cycles of PCR comprising of the following steps: 92°C for 5

seconds, 50°C for 1 second and 68°C for 8 seconds using a PC320 thermal cycler (Astec

Co. Ltd., Fukuoka, Japan). PCR products were subsequently subjected to agarose gel

electrophoresis using a 1% agarose gel (Agarose-RE, Nacalai Tesque, Inc.). The

amplified products were subcloned into pMD20 vector (Takara Bio Inc.) and verified by

DNA sequencing using an ABI PRISM3100 Genetic Analyzer (Applied Biosystems,

Foster City, CA).

2.3.14 Protein measurements

Protein levels of Xcc were determined by using a DC protein assay kit (Bio-rad), which

employs the Lowry method. Xcc suspended in distilled water (Otsuka Pharmaceutical

Co. Ltd.) was used as a sample for measuring protein levels. The protein level was

estimated from the index of absorbance at 655 nm on the basis of a standard curve of

bovine serum albumin (Wako Pure Chemical Industries Ltd.).

2.3.15 Treatment of cabbage leaves with APDBD

Xcc-contaminated cabbage was treated with APDBD using a roller conveyer plasma

device. Peeled leaves of cabbage (Brassica oleracea var. capitata, Nagano, Japan) were
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washed with 70% ethanol. The washed leaves were then contaminated by contact with a
suspension of Xcc (1.4 x 10° CFU/mlI) for 60 min. After air-drying at room temperature,
Xcc-contaminated leaves were subjected to APDBD treatment and incubated at 25°C for

14 days.

2.4 Statistical analysis

The results are the mean + standard deviation of experiments conducted in triplicate.
The statistical analysis of significant difference was performed by non-repeated analysis
of variance (ANOVA) followed by Bonferroni correction. The analysis was carried out

using the GraphPad Prism 5 software (GraphPad Prism Software Inc., La Jolla, CA).
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3. Results

The viable cell number of the untreated Xcc (0 min treatment) was 9.8 x 10°
CFU/ml, while viable cells were not observed in any of the treated samples (1.8, 3.7, 7.5,
15 and 30 min treatment) (Fig. 2A). These results showed that the samples of Xcc were
completely inactivated by APDBD treatment within 2 min. To further investigate the
bactericidal effect of APDBD treatment, higher cell numbers of Xcc were treated for 0,
0.5, 1 or 2 min (Fig. 2B). The viable cell number of the untreated sample was 5.0 x 10’
CFU/ml but this was reduced to 1.4 x 10" CFU/ml after 0.5 min, 9.4 x 10° CFU/ml after
1 min and 7.0 x 10° CFU/ml after 2 min of treatment. From the data, decimal reduction
time (D value) was calculated to be 0.90 min (initial population: 5.0 x 10’ CFU/ml) and
0.34 min or less (initial population: 9.8 x 10> CFU/ml) by APDBD treatment of Xcc.
Analysis of the samples by SEM showed that Xcc treated for 0.5 min had undergone no
discernable morphological changes (Fig. 3), while Xcc treated for 2 min appeared to
possess a slightly smoother cell surface.

Products generated during operation of the APDBD roller conveyer plasma
device were analyzed. Results using chemical indicators suggested that UV and reactive

chemical products such as hydrogen peroxide, nitrite, and nitrate were generated during
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operation of the roller conveyer plasma. Moreover, the amount of each product
generated was time dependent. The UV energy produced during plasma treatment was
estimated to be 193 + 32 mJ/cm? for 2 min APDBD treatment on the basis of a color
change of indicator UV label-H (NiGK Corporation) (Fig. 4). Analysis of the optimal
emission spectrum indicated that UV-A emission (320 to 400 nm) is generated during
the process of plasma production (Fig. 5). Further analysis of these spectra showed
strong peaks around 300 — 500 nm, possibly due to N, emission of the second positive
system (C°[u — B*IIg), and weaker peaks around 650 — 900 nm, possibly due to the N,
first positive system (B3Hg — A’su*) (Moisan et al., 2001). The increase in the level of
hydrogen peroxide depended on treatment time and was estimated to be 25.4 + 3.6 mg/L
at 5 min and 13.6 £ 3.2 mg/L at 2 min (Fig. 6). Production of nitrite and nitrate was also
observed during operation of the device and estimated to be 127 £ 6 mg/L and 266 * 58
mg/L at 2 min, respectively (Fig. 7). The temperature of the sample was also monitored
using thermo label 5E-80, which acted as a chemical indicator. However, no color
change was observed (data not shown), indicating that the temperature of the sample did
not increase above 50°C after 5 min operation of the plasma device. We also used a
thermal imaging camera FLIR i5 (FLIR Systems Japan K.K) to detect a temperature

change in the sample during operation of APDBD. Our results demonstrated that the
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temperature on the aluminium plate attached to the silicon sheet of the electrode
increased from 25.0 to 27.0°C after 5 min operation of APDBD.

Next, we investigated which of the individual inactivation factors (UV,
hydrogen peroxide and temperature as well as peroxynitrite related to nitrite and nitrate
formation) generated by operation of the roller conveyer plasma device contributed to
the inactivation of Xcc. Both UV-A and UV-C treatment of Xcc decreased viable cell
number (Fig. 8). Specifically, viable cell number decreased slightly, but insignificantly,
after UV-A exposure from 1.0 x 10® CFU/ml to 2.9 x 10° CFU/ml (142 mJ/cm?) and 5.5
x 10* CFU/mI (226 mJ/cm?) (Fig. 8A). However, UV-C treatment significantly reduced
viable cell number from 6.6 x 10° CFU/ml to 8.7 x 10* CFU/ml (232 mJ/cm?) (Fig. 8B).
Exposure of Xcc to 0.004% hydrogen peroxide solution at 37°C for 2 min decreased
viable cell number from 5.4 x 10" CFU/ml to 2.1 x 10’ CFU/ml (Fig. 9). Moreover, the
viable cell number of Xcc decreased to an undetectable level after exposure to hydrogen
peroxide concentrations of >0.009% for 2 min. The addition of peroxynitrite, which is
converted into nitrite and nitrate, resulted in a decrease of viable cell number of Xcc
from 2.5 x 10" CFU/ml to 3.0 x 10° CFU/ml at 9.5 mM of peroxynitrite (corresponding
to conversion into 399 mg/L of nitrite and >500 mg/L of nitrate) (Fig. 10). However, no

significant decrease of viable cell number was detected by addition of 2 mM of
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peroxynitrite (corresponding to conversion into 113 mg/L of nitrite and 416 mg/L of
nitrate). We also examined the thermal stability of Xcc. Our results showed that Xcc on
an aluminium plate exposed to various temperatures for 2 min gave no change of viable
cell number after heat treatment from 35 to 70°C (Fig. 11).

Based on these investigations, the contribution ratio of each inactivation factor
was calculated. Our findings reveal the contribution ratio of individual inactivation
factors produced by operation of the roller conveyer plasma device were as follows:
13.2% for hydrogen peroxide, 42.6% for nitrite, 0% for nitrate, and 0.04% for UV-A.

To further investigate the effect of APDBD treatment on Xcc, biochemical
changes to the genomic DNA were also analyzed. DNA-PCR was carried out by using
sequence-specific primers for Xcc 16S rDNA (Fig. 12). Analysis of the PCR products by
agarose gel electrophoresis identified a band of the anticipated size in the untreated Xcc
sample (0 min). A band of the same size was also detected in Xcc samples treated with
APDBD for 0.5 and 1 min, although the intensity of the amplified DNA was
considerably reduced by comparison with the untreated Xcc. No PCR product was
detected in Xcc samples treated with APDBD for 2 and 5 min. These results were
further supported by real-time PCR using primers targeting hrpF, which is a gene

specifically found in the Xcc genome (Fig. 13). Quantification of the hrpF gene as an
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index of intact genomic DNA of Xcc demonstrated that the amount of intact genomic
DNA decreased to 64% after 1 min APDBD treatment compared with untreated Xcc.
Prolonging APDBD treatment decreased the amount of intact DNA still further i.e., 50%
after 2 min and 32% after 5 min. These results suggested that the lower yield of
amplified product in the Xcc samples treated with APDBD may have been due to DNA
damage caused by APDBD treatment. DNA sequencing showed that the PCR products
displayed 99.62-99.87% identity to that of Xcc ATCC 33913 (Genbank accession
number AE008922.1). The DNA sequence of the hrpF gene from the recovered Xcc was
identical to that of Xcc ATCC 33913 (Genbank accession number AE008922.1).
Moreover, in order to investigate the levels of DNA oxidation in Xcc caused by the
operation of the roller conveyer plasma device, we quantified the amount of 8-OHdG
after APDBD treatment (Fig. 14). Our results showed that 8-OHdG content significantly
increased from 12.6 + 1.4 pug/ml (0 min) to 55.5 + 4.1 ng/ml (2 min). Furthermore, a
chromogenic Limulus test showed that the amount of LPS in Xcc following APDBD
treatment significantly decreased from 3.7 x 10’ EU/ml at 0 min to 2.5 x 10’ EU/ml at 5
min (Fig. 15). However, the total quantity of protein in the Xcc sample did not
significantly change after APDBD treatment (Fig. 16).

Finally, to examine the potential application of the APDBD roller conveyer
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plasma device for the disinfection of agricultural food products, plasma treatment was

applied to Xcc-contaminated cabbage leaves. The results demonstrated that 5 min

treatment with APDBD gave a clear disinfection effect on cabbage leaves contaminated

with Xcc (Fig. 17). By contrast, contaminated cabbage leaves treated with APDBD for 2

min or less showed signs of leaf-blackening, especially in the area of the leaf vein, after

14 days incubation at 25°C.
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4. Discussion

Black rot is one of the most important diseases of brassicaceous crops

worldwide (Williams, 1980), which results in the extensive loss of cabbage and other

cruciferous plants. Xcc is the main causative agent of black rot (Vicente et al., 2013).

Here, we have developed a new type of roller conveyer device that generates

plasma in an open system at atmospheric pressure. As such, we reasoned that the device

could be used as a method to disinfect agricultural food products in a continuous

process. Our present results show that the roller conveyer device, which generates

plasma on the basis of APDBD, can be used to inactivate Xcc, which is a pathogenic

bacterium and causative agent of black rot in cruciferous plants.

According to a study performed by Shintani et al., a penetration depth of

reactive chemical products generated by gas plasma appears to be in the nanometer

range from the surface of the spore (Shintani et al., 2010). These findings imply that the

potential disinfection efficiency may vary according to the number of bacterial cells on

the aluminium plate. Specifically, higher cell numbers may cause clumping, which

would decrease disinfection efficiency. Indeed, we found that the viable cell number of

9.8 x 10° CFU/mI Xcc was reduced to an undetectable level after 2 min treatment with
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gas plasma, whereas >5.0 x 10’ CFU/mI Xcc showed a reduction to ~1.0 x 10’ CFU/ml
after 2 min treatment. In addition, inactivation efficiency may decrease when soil
particles are present on the surface of the vegetables, because the presence of soil may
change the electrical conductivity. Thus, prewashing the vegetables would be required
for efficient plasma treatment.

Products generated during operation of the roller conveyer plasma device, such
as UV radiation and reactive chemical products (hydrogen peroxide, nitrite and nitrate),
may be potential disinfection factors. Of these, hydrogen peroxide and nitrite appear to
be mainly responsible for disinfection. It is well known that application of gas plasma
generating systems often results in an elevation of sample temperature (Kim, 2004).
However, the device used in this study caused only a slight increase in sample
temperature of 2°C after 5 min treatment. Given that Xcc is highly resistant to heat
treatment at temperatures up to 70°C, thermal effects are not responsible for the
observed reduction in viable cell count. We also tested the effect of exposure of Xcc to
peroxynitrite, which is mainly converted into nitrate and a small amount of nitrite. Our
results show that incubation of Xcc in the presence of 2 mM peroxynitrite caused no
detectable reduction in viable cell number, but a significant decrease in viable cell count

after incubation with 9.5 mM peroxynitrite. Further analysis of our data obtained from
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chemical indicators suggested the percentages of disinfection contribution to be 42.6%
for nitrite and 0% for nitrate. UV-A energy production during operation of the roller
conveyer plasma device was estimated to be 127 mJ/cm? at 1 min, and 193 mJ/cm? at 2
min, but this is insufficient to inactivate Xcc. However, the concentration of hydrogen
peroxide generated by the roller conveyer plasma device (12.7 mg/L at 1 min; 13.6
mg/L at 2 min) was high enough to reduce the Xcc viable cell count. Nitrite production
was also detected (109 mg/L at 1 min; 127 mg/L after 2 min) at levels sufficient to
inactivate Xcc. The generation of nitrate by the gas plasma device was detected (166
mg/L at 1 min; 266 mg/L at 2 min), but not at the level required to affect the Xcc viable
cell count.

Further analysis of the data suggests the percentage disinfection contribution
was 13.2% for hydrogen peroxide, 42.6% for nitrite, 0% for nitrate, and 0.04% for
UV-A. Taken together, these results suggest that hydrogen peroxide and nitrite are
effective in inactivating Xcc. However, additional factors may also be involved in the
bactericidal activity of the roller conveyer plasma device because generation of
hydrogen peroxide implies the simultaneous production of other reactive chemical
products including free radicals, which have a bactericidal effect (Ma et al., 2015). In

addition, a synergic effect of multiple factors usually appears in the disinfection and
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control of bacteria (Leistner and Gorris, 1995). We believe that there may be a synergic

effect of hydrogen peroxide, nitrite, nitrate and UV-A. Therefore, further studies are

required to investigate the possible involvement of other disinfection factors and

synergic effect of multiple factors.

Several reports have shown that reactive chemical products generated by

plasma disinfection techniques contribute to inactivating bacteria (Laroussi and Leipold,

2004). Furthermore, reactive chemical products generated by the operation of N, gas

plasma induce structural changes in the very outer cell surface of Salmonella (Maeda et

al., 2015), which has a similar surface structure to Xcc (both bacteria being

Gram-negative). Here, we have shown that plasma generated by a roller conveyer

plasma device has an effect on bacterial DNA and LPS located at the outer membrane of

Xcc. In particular, APDBD treatment elicits the oxidation of Xcc DNA. LPS is an

endotoxin, a component of the outer membrane of Gram-negative bacteria, and is

known to be a highly resistant molecule (Hirayama and Sakata, 2002). It has been

reported that exposure of bacteria to N, gas plasma can cause a decrease in the level of

endotoxins (Shintani et al., 2007). By contrast, protein levels were found to be

unaffected by treatment with APDBD.

Here, we have used a molecular biological approach to elucidate the



468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

29

mechanism of disinfection mediated by APDBD treatment. Taken together, our results

suggest the likely mechanism by which the roller conveyer plasma device inactivates

Xcc involves the effect of reactive chemical species produced by the plasma.

Specifically, we believe reactive chemical products such as hydrogen peroxide and

nitrite contribute to Xcc inactivation. These highly reactive species are known to

covalently modify biological molecules, including nucleic acids and LPS (Gough and

Cotter, 2011; Byun et al., 1999; Tessarolo et al., 2006; Linley et al., 2012). Thus, DNA

oxidation and LPS degradation may be caused by reactive chemical products, such as

hydrogen peroxide and nitrite, generated by the roller conveyer plasma device (Fig. 18).

The overall effect of DNA oxidation and a reduction in LPS is to decrease bacterial

viability.

Because of its simple architecture the roller conveyer plasma device can be

relatively easily adapted to suit the desired process scale. Plasma treatment of

Xcc-contaminated cabbage leaves using the roller conveyer plasma device for only 5

min resulted in a clear disinfection effect. Additionally, APDBD treatment did not

appear to damage the surface of the cabbage leaf. Taking all of these benefits into

account, the potential usefulness of the roller conveyer plasma device to disinfect

agricultural crops contaminated with pathogens should be further investigated (Fig. 19).
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In addition, applicability of the device to various agricultural food products, especially

in terms of size and shape, should be further examined.

The roller conveyer plasma method may be utilized for the disinfection of

agricultural food products with surface contamination. So far, we have succeeded in

generating gas plasma on the surface of citrus fruits (e.g., Citrus natsudaidai) and

cabbage as well as cabbage leaves. However, it should also be noted that by comparison

to other well-established bactericidal methods, the mechanism of action of the roller

conveyer plasma device is quite different. For instance, validamycin A, which is an

antibiotic used as a popular commercial chemical in Japan, inhibits the multiplication of

Xcc by affecting extracellular polysaccharides on bacteria (Ishikawa et al., 2004).

Likewise, several commercial chemical pesticides are effective against Xcc, although

these agents are restricted to a limited growing stage in order to avoid phytotoxicity.

Moreover, addition of antibiotics to foodstuffs is not permitted in some countries. The

use of these pre-existing chemicals is based on a preventative strategy. However, the

widespread application of chemicals to control infectious agents can lead to resistant

strains of bacteria. Therefore, these chemicals can be used to control Xcc only in the

field, but not after harvesting. In contrast, the present system using a roller conveyer

plasma device can be applied to agricultural crops after harvesting to control infection
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during the sorting process. Moreover, the disinfection technique using a roller conveyer

plasma device achieves inactivation of Xcc without applying any agricultural pesticides.

Consequently, there is no selective pressure for generating resistant microorganisms.

However, it should be noted that nitrite generated during the plasma treatment in our

study may pose a potential hazard to human health because it can be transformed into

carcinogenic N-nitrosamines (Jakszyn et al., 2006). In addition, it remains unclear

whether the treatment of cabbage leaves with the roller conveyer plasma device

influences the organoleptic properties of the food (e.g., color, appearance, taste).

Although preliminary examination of the cabbage leaves after plasma treatment for up

to 5 min found no apparent change in color and appearance (Supplemental Fig. 1),

further detailed studies are needed.
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5. Conclusion

Our study suggests that the novel roller conveyer plasma system can efficiently

inactivate Xcc at atmospheric pressure. Furthermore, we clarified that hydrogen

peroxide and nitrite generated during operation of the device were mainly responsible

for the inactivation of Xcc. Analysis of the effects of the gas plasma treatment on the

components of Xcc showed that the likely inactivation mechanism of Xcc involves

degradation/oxidation of DNA and degradation of LPS mediated by these reactive

chemical products. We believe the roller conveyer plasma device could be used to

inactivate Xcc on leafy vegetables, after harvesting during the sorting process. However,

the potential practical application of the plasma device will become clearer after

investigating the mechanism of inactivation of various pathogens, such as bacteria,

viruses and protozoa, associated with different agricultural food products.
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Fig. 1 Schematic representation of a roller conveyer plasma device producing gas
plasma by atmospheric pressure dielectric barrier discharge (APDBD)

(A) The electrode is a plastic roller rod covered with an aluminium sheet (20 um
thickness) and silicon sheet (0.5 mm thickness). The aluminium sheet is connected to a
high-voltage power supply [10 KV peak to peak (10 kKVp.p), 10 kHz]. (B) The position of the
aluminium plate and electrodes during operation of the roller conveyer apparatus is
shown. Xanthomonas campestris pv. campestris (Xcc) suspended in distilled water (20
pl) was spotted and dried onto an aluminium plate (0.3 mm thickness). Plasma was
generated at the grounding position between the aluminium plate and silicon sheet by
the mechanism of APDBD. Spots of Xcc on the aluminium plate were set onto the

grounding position.

Fig. 2 Viable cell number of Xcc following APDBD treatment

Colony forming units (CFUSs) per ml as a viable cell number at individual APDBD
treatment time (A) 0, 1.8, 3.7, 7.5, 15 or 30 min and (B) 0, 0.5, 1 or 2 min are shown.
Differences where p<0.01(**) versus control (O min) were considered significant when

verified by the non-repeated measured ANOVA followed by the Bonferroni correction.
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Fig. 3 Morphological changes to the cell surface of Xcc after APDBD treatment

Xcc was treated with APDBD for 0, 0.5 and 2 min on an aluminium plate and then

subjected to scanning electron microscopy (SEM) analysis. The scale bars indicate 500

nm.

Fig. 4 UV generation during the operation of APDBD

The UV energy at 0, 0.5, 1, 2 and 5 min according to the index of color change of the

indicator is shown. Differences where p<0.01(**) versus control (0 min) were

considered significant when verified by the non-repeated measured ANOVA followed

by the Bonferroni correction.

Fig. 5 Emission spectra during the operation of APDBD

Optical emission spectrum was analyzed by S-2431 (A) and MCPD-7000 (B) during

operation of the roller conveyer plasma device.

Fig. 6 Hydrogen peroxide (H2O,) production during the operation of APDBD

Hydrogen peroxide measured by a chemical indicator for hydrogen peroxide during the

operation of APDBD for 0, 0.5, 1, 2 or 5 min is shown. Differences where p<0.05(*)



702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

40

and p<0.01(**) versus control (O min) were considered significant when verified by the

non-repeated measured ANOVA followed by the Bonferroni correction.

Fig. 7 Nitrite (NO;) and nitrate (NO3") production during the operation of APDBD

Production of nitrite (A) and nitrate (B) during operation of APDBD for 0, 0.5, 1,2 or 5

min is shown. It should be noted that nitrate production at 5 min APDBD treatment

exceeded the upper limit of detection (>500 mg/L). Differences where p<0.01(**) versus

control (0 min) were considered significant when verified by the non-repeated measured

ANOVA followed by the Bonferroni correction.

Fig. 8 UV-A contribution to the inactivation of Xcc

The effect of UV-A (A) or UV-C (B) on the inactivation of Xcc is shown. Differences

where p<0.01(**) versus control (0 min at UV-A and UV-C, respectively) were

considered significant when verified by the non-repeated measured ANOVA followed

by the Bonferroni correction.

Fig. 9 Hydrogen peroxide mediated inactivation of Xcc

Differences where p<0.01(**) versus control (0%) were considered significant when
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verified by the non-repeated measured ANOVA followed by the Bonferroni correction.

Fig. 10 Peroxynitrite (ONOO)-induced inactivation of Xcc

Differences where p<0.05 (*) versus control (0%) were considered significant when the

data was subjected to Grubbs’ outlier test and verified by the non-repeated measured

ANOVA followed by the Bonferroni correction.

Fig. 11 Xcc response to heat treatment

Fig. 12 Changes to the genomic DNA (16S rDNA) of Xcc following APDBD

treatment

M, marker (100 bp DNA ladder). (+), positive control (i.e., E. coli DNA); (-), negative

control (water). Numbers refer to the APDBD treatment time (min).

Fig. 13 Changes to the genomic DNA (hrpF) of Xcc following APDBD treatment

The levels of intact hrpF gene were quantified by real-time PCR. The level of the

corresponding amplified product for the 0 min sample was assigned a value of 100%.

Differences where p<0.05(*) and p<0.01(**) versus control (O min) were considered
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significant when verified by the non-repeated measured ANOVA followed by the

Bonferroni correction.

Fig. 14 Changes to the level of hydroxy-2’-deoxyguanosine (8-OHdG) in Xcc

following APDBD treatment

Differences where p<0.01(**) versus control (O min) were considered significant when

verified by the non-repeated measured ANOVA followed by the Bonferroni correction.

Fig. 15 Changes to the level of lipopolysaccharides (LPS) in Xcc following APDBD

treatment

The amount of LPS is expressed as endotoxin units (EU) per ml. Differences where

p<0.01(**) versus control (O min) were considered significant when verified by the

non-repeated measured ANOVA followed by the Bonferroni correction.

Fig. 16 Changes to the level of protein in Xcc following APDBD treatment

The protein level of Xcc was determined using the Lowry method using DC protein

assay kit (Bio-Rad, Hercules, CA).
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Fig. 17 Xcc-contaminated cabbage leaves were treated with APDBD and then
incubated to allow the bacteria to grow

Control indicates a cabbage leaf which was not contaminated with Xcc. APDBD
treatment time (min) using the roller conveyer plasma device is also shown. The
APDBD-treated and untreated leaves were incubated at 25°C for 14 days. All
photographs were taken at the end of the incubation period. Note the marked reduction

in leaf-blackening of contaminated leaves treated with APDBD for 5 min.

Fig. 18 Schematic representation of the inactivation mechanism of Xcc mediated by
the roller conveyer plasma device

During operation of the roller conveyer plasma device, reactive chemical products such
as hydrogen peroxide and peroxynitrite are generated between the roller and aluminium
plate. These reactive chemical products are thought to modify Xcc DNA and LPS,

ultimately leading to cell death.

Fig. 19 Schematic representation of a roller conveyer plasma device for continuous
disinfection of cabbage

By connecting to a wire motor, the roller conveyer plasma device can transfer
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vegetables and fruits on rollers. Vegetables, fruits or other agricultural crops on the

roller conveyers are then sorted. The roller conveyer coupled to a gas plasma generator

provides an efficient means to disinfect agricultural food products during the sorting

process.
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