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Abstract

Brochothrix thermosphacta is a predominant spoilage microorganism in meat and its control
in processing environments is important to maintain meat product quality. Atmospheric cold
plasma is of interest for control of pathogenic and spoilage microorganisms in foods. This
study ascertained the potential of dielectric barrier discharge atmospheric cold plasma (DBD-
ACP) for control of B. thermosphacta in response to key parameters such as treatment time,
voltage level, interactions with media composition and post treatment storage conditions.
Challenge populations were evaluated as suspensions in PBS, as biofilms in meat model

medium and surface attached on raw lamb chops under MAP.

ACP treatment (80kV) for 30s inactivated B. thermosphacta populations below detection in
PBS, while 5 min treatment achieved a 2 Log cycle reduction using a complex meat model
medium and attached cells, suggesting useful control for meat processing facilities. A ‘worst
case scenario challenge’ of high population density on a nutritious medium in a biofilm
matrix was evaluated using a surface inoculated lamb chop and the antimicrobial efficacy of
plasma was reduced but still apparent over the 10 day storage period. However, there is scope
to further enhance microbial control leading to meat storage life extension through adjusting

the modality of treatment.

Keywords: Brochothrix thermosphacta, atmospheric cold plasma (ACP), meat model, lamb

chop, biofilm, planktonic cells.
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1 Introduction

There has been an increase in consumption and demand for meat and meat products among
consumers globally (Eblex, 2014). Sustainable meat production is multi-faceted, but one
aspect is shelf-life extension which requires the maintenance of both microbiological safety
and quality within an extended shelf life to facilitate access to international markets. Major
challenges exist for the safe extension of shelf life of fresh meat and compliance with
microbiological criteria in different regions (Adams and Moss, 2000). A rich nutrient
composition, high water content (>0.98) and pH 5.0-6.5 makes meat an ideal environment for

the rapid growth of several micro-organisms (Nowak et al., 2011).

B. thermosphacta is one of the most common food spoilage causing agents, usually growing
on raw food, lightly preserved meat products and meat processing facility surfaces (Nychas et
al., 2008). Its ability to survive and grow in the otherwise challenging environments
implemented in meat processing and preservation indicate the need for alternative
decontamination and control measures. It is a facultative anaerobe able to tolerate growth at
variable temperature of 0-30°C, pH 5-9 (Collins-Thompson and Lopez, 1980), within a water
activity range of 0.94-0.99 (Gardner, 1981), and tolerates up to 10% NaCl (Gribble and
Brightwell, 2013; Erkmen, 2000). The bacterium displays lipolytic activity also under
refrigeration temperature (Nowak et al., 2012) in prepacked and vacuum packed meat
products (Gardner, 1981) which helps bacteria to grow under O, depletion and in presence of
CO, concentrations (Pin et al., 2002). B. thermosphacta produces volatile compounds such as
acetoin, diacetyl (aerobic growth), or lactic acid and ethanol (anaerobic growth) causing
flavor deterioration and strong off-odors in meat (Borch et al., 1996; Stanley, 1981; McLean
and Sulzbacher, 1953). These characteristics reveal why B. thermosphacta is a significant

meat colonizer and food spoilage causing bacteria (Ercolini et al., 2006).
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Atmospheric pressure cold plasma (ACP) has proven potential for the microbial
decontamination of fresh produce such as lettuce, tomatoes and strawberries (Ziuzina et al.,
2015; Misra et al., 2014; Ziuzina et al., 2014) as well as almonds, seeds and spices (Ling et
al., 2015; Kim et al., 2014; Niemira et al., 2014). Thus ACP has potential for control of meat
surface and meat processing surface contaminants and investigating the susceptibility of key
spoilage micro-organisms such as B. thermosphacta is necessary to develop applications.
Cold plasma comprises of a partially ionized gas which consists of electrons, ions (positive &
negatives ions) and also neutral species including molecules in excited and non-excited state
(Misra et al., 2011; Bazaka et al., 2011). Several physical and chemical reactive species
involved in bacterial inactivation are generated within cold plasma; these species include
reactive oxygen species (ROS), reactive nitrogen species (RNS), ultraviolet radiation (UV)
and charged particles (Gaunt et al., 2006). Identified ROS involved include ozone, singlet
oxygen, nitric oxide, hydroxyl radicals, hydrogen peroxide, and superoxides (Fridman, 2008).
These have cellular interactions at the bacterial cell wall and membrane thus causing damage
to proteins, nucleic acids and surface cell lesions (Han et al., 2015; Green et al., 2012;

Laroussi et al., 2003).

This study examines the potential control of B. thermosphacta as a key spoilage micro-
organism of fresh meat using high voltage ACP. Planktonic as well as biofilm challenges
prepared on abiotic and meat surfaces were exposed to plasma reactive species to evaluate the
potential efficacy against the likely modes of contamination in meat and processing plants.
In-package treatment provides the dual advantages of mitigating against recontamination or
cross contamination events within processing and compatibility with the widely applied meat
preservation technology of modified or controlled atmosphere packaging. Thus, this study
investigated interactions of plasma discharging in modified atmosphere packaged (MAP)

meat samples to ascertain if this provides a processing advantage for microbial reduction and
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control. Evaluation of the potential for resistance or domination of some microflora as a
result of ACP treatment was explored using community profiling as a pre-requisite for the

safety of adopting this technology within a meat processing environment.

2 Material and methods

2.1 Inoculum preparation

B. thermosphacta ATCC 11509 was obtained in form of lyophilized culture from
Microbiologics® and was stored at 4°C. Cells were maintained in 87% glycerol at -80°C and
propagated as the working culture on Tryptic soy agar (TSA, Scharlau Chemie, Barcelona,

Spain) supplemented with 0.01M CaCl; at 26°C for 48h before storage at 4°C.

Working culture (planktonic bacterial cell suspension) was propagated overnight in 12% Beef
Extract broth (BE, Scharlau Chemie, Barcelona, Spain) at 26°C for 18h. Cells were then
centrifuged at 10,000 rpm for 10 min and the cell pellet was washed and re-suspended in 10
ml of phosphate buffer solution (PBS, Oxoid LTD, UK). The final bacterial cell density was

adjusted to 10”® CFU mlI™ in PBS, 3% or 12% BE.

For biofilm formation, the bacterial suspension (200pl) at a concentration of 1.0 x 10”® CFU
ml™ was dispensed into each well of a micro-titre plate. BE broth without inoculum was the
negative control. After every 24h of incubation, the supernatant (with non-adherent cells) was
replaced with fresh broth and further incubated for 24h at 26°C. The supernatant was then
carefully aspirated and wells were rinsed thrice with PBS to remove non-adherent cells. Prior
to each experiment the biofilm grown on micro-titre plate was air dried for 60 min. The
biofilm growth and density was monitored in a 96 well micro-titre plate using the Crystal
violet (CV) assay. The antibacterial effect of applied ACP treatment on bacterial biofilm was

quantified using Plate count (PC) method.
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2.2 DIT-120 plasma device/system

A custom built large gap dielectric barrier discharge (DBD) system (DIT-120) was used
(Figure 1). DIT-120 consists of high voltage transformer with maximum voltage output of
120kV at 50Hz. The system is further described in Han et al. (2015). The distance between
the two electrodes was maintained at 30mm for liquid studies and 45mm for meat studies,

which was depending on the height of the container used.

2.3 In package Plasma treatment of Liquids

Bacterial suspensions (100ul) in PBS and 3% BE were prepared in 96 well micro-titre plates,
placed at the center of the polypropylene plastic container and then sealed in a high barrier
polypropylene bag (Cryovac, B2630, USA). The samples were placed at the center of the
electrodes of the system, and exposed to a voltage range of 60-80kVgrums in conjunction with
treatment times from 15-300s using air as the inducer gas. The effect of post treatment
storage time was evaluated; samples were stored for 1h or 24h at 26°C or 4°C post plasma
treatment.  Experiments were performed in duplicate and replicated twice. A bacterial
suspension without any plasma treatment was kept as a negative control and stored under

similar conditions throughout the study.

2.4 In package Plasma treatment of biofilms
Brochothrix biofilms grown for 48h on micro-titre plate were ACP treated at 80kV for 60,
120 or 300 s, using air as the inducer gas. Samples were subjected to post treatment storage

for 24h and efficacy was evaluated using plate count and XTT assay.

2.5 Raw Meat Challenge study
Bacteria were cultivated using 12% beef extract broth and incubated overnight. Overnight

culture was centrifuged at 10,000 rpm for 10 min and the cell pellet was washed thrice with
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10 ml of sterile PBS. The pellet was re-suspended in sterile PBS and bacterial density was

adjusted to 10® CFU mlI™.

Samples of lamb chops were purchased from a local retailer, Dublin, Ireland. Approximately
259 of lamb was spot inoculated with 1 ml of prepared bacterial suspension. The inoculated
samples were allowed to dry to facilitate surface attachment of the bacteria. Samples were
then placed inside a plastic tray (196 x154 mm and 45 mm depth), flushed with 30% CO, +
70% O, modified atmosphere gas mixture using the vacuum packaging machine (Lavezzini

VG600, UK) and sealed prior to treatment.

For the microbiological analysis, inoculated untreated samples were prepared to determine
the initial sessile bacterial challenge following attachment; Inoculated treated samples to
assess efficacy of the ACP treatment, un-inoculated untreated samples to estimate the initial
micro-flora and un-inoculated treated samples to analyze effect of ACP treatment on the
background micro-flora, respectively. The prepared lamb samples were treated at 80kV for 1
min. The lamb samples were stored at 4°C for predetermined interval days: 0, 1, 4, 7, 10, and
13 (to evaluate the potential for shelf-life extension). All experiments were carried out in

duplicate and replicated twice.

2.6 Concentration of reactive species inside packages

Ozone and carbon monoxide concentrations were measured inside the sealed packages
containing the Lamb sample using Gastec ozone and carbon monoxide detection tubes
(Gastec Corporation, Japan). Measurements were taken immediately after plasma treatment,
after 1 hour and 24 hours of post-treatment storage.

2.7 Microbiological analysis

Plasma treated samples (either PBS or 3% BE) were serially diluted in sterile Maximum

Recovery Diluent (MRD) and 1ml and 0.1ml aliquot of appropriate dilutions were surface
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plated on TSA + 0.01M CaCl; plates. The plates were incubated aerobically at 26°C for 24h

and for a further 24h to observe any subsequent increase in visible colonies.

The bacterial biofilm formation capacity was monitiored using crystal violet assay as
described in Stepanovi'c et al. (2000) after 24, 48h and 72h incubation times. The absorbance
was measured at 590nm using a micro-titre plate reader (Synergy HT, Biotek Instruments
Inc.). Each biofilm well absorbance value was corrected by subtracting the means of
absorbance of a blank (un-inoculated) beef extract.

Following each ACP treatment and 24h post treatment storage, the bacterial biofilm in 96
well plate was re-suspended in 200pul of sterile PBS. In order to disrupt the adhered biofilm,
the plate was sonicated (Bransonic 5510E-MT, US) for 5min. The suspension was then
pooled in sterile microtubes and serially diluted in sterile MRD which was further plated on
TSA + 0.01M CaCl,. The plates were incubated at 26°C for 24h to 48h. Results obtained
represented the survival bacterial population in Logio CFU mlI™. The plates with no growth

were further incubated until 72h and checked for the presence of colonies every 24h.

The effect of the ACP treatment on biofilm metabolic activity was determined using XTT
assay after each ACP treatment and 24h post treatment storage to evaluate post treatment
population viability. Fresh XTT stock solution was prepared as described in Peeters et al.
(2008). To each well, 100ul of PBS and 100l XTT solution was added and incubated in the
dark for 5h at 37°C. After incubation, the supernatant from each well (100pul) was transferred
into a new micro-titre plate and absorbance was recorded at 486nm using a micro-titre plate
reader (Synergy HT, Biotek Instruments Inc.). The percentage of surviving bacterial
population was calculated by comparing the absorbance of the treated samples with the
absorbance of the negative control (TSB without inocula) and untreated control biofilms,

respectively.
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To quantify effects on lamb, approximately 10g of lamb was sampled using a sterile forceps
and scalpel, transferred to a stomacher bag (BA6041, Seward LTD, UK) with the addition of
10ml of sterile Maximum recovery diluent (MRD) and stomached for 2 min. Subsequent
decimal dilutions were made in MRD and were surface plated on selective media STAA agar
(streptomycin-sulphate, thallous-acetate and actidione, Oxoid CM881) with STA selective
supplement (Oxoid SR0151). Surviving background microflora (aerobic mesophilic bacteria)
isolated from raw lamb was evaluated using non-selective TSA media incubated aerobically
at 26°C for 24-48h. Replicate samples were obtained from each tray to ensure reproducibility
of the experimental data and all experiments were performed in duplicate. Results are

reported as log10 CFU/g with error bars representing standard deviation.

2.8 Community profiling

Bacterial community profiling was performed on the same meat samples which were used for
the shelf-life study. To this end, homogenized samples, which were used for determination of
the background microflora using plate count assays, were frozen at -20°C until further use.
The procedure for isolation of bacterial DNA from meat samples was optimized from
methods used by Hu et al. (2009) and the instructions supplied with the Promega Wizard®
genomic DNA isolation kit (Promega) to increase the recovery of bacterial DNA. In brief,
10g meat samples were stomached with 10 ml MRD for 10 min. The homogenate was
transferred to a 25 mL tube and filled to the top with MRD. Samples were spun at 400 g for
10 min and the supernatant was transferred to a fresh tube and spun at 10000 g for 20 min.
The pellet was resuspended in 480 puL of 50 mM EDTA, transferred to an Eppendorf tube and
120 pL of lysozyme/lysostaphin (5 pg/mL lysozyme, 0.1 pg/mL lysostaphin) were added and
samples incubated at 37 °C for 1 hour. DNA isolation was then performed as per
manufacturers’ instructions. The recovery of DNA was confirmed using agarose gel

electrophoresis and visualization with ethidium bromide. Gels contained 1% agarose in TAE
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or TBE buffer and electrophoresis was performed at 120 V for 30 min followed by
visualization using UV transillumination on the Alphalmager system (Alpha Innotech).

PCR amplification

The V3 region of the 16S rRNA gene with a size of approximately 230 basepairs (bp) was
amplified using the gc338f (5> CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG
GCA CGG GGG GAC TCC TAC GGG AGG CAG CAG-3") and 518r (5 ATT ACC GCG
GCT GCT GG 3’) primer set. The reaction mixture contained 8.5 pL water, 12.5 pL. GoTaq
Green MasterMix (Promega), 1 pL of primer 1 (10 pM), 1 pL of primer 2 (10 pM) and 2 pL
of total DNA, in a total reaction volume of 25 pL. PCR amplification was performed using a
touchdown programme on the G-Storm thermocycler in which the temperature was decreased
from 65 °C to 55 °C in 5 cycles, followed by 25 cycles at 55 °C, and final elongation at 72 °C
for 10 min. To confirm successful amplification, 5-10 pL of the reaction mixture were run on
a 1.2 % agarose gel, followed by visualization with ethidium bromide. DNA extracted from
meat samples was used as template as well as DNA extracted from pure over-night cultures
of E. coli, S. aureus, L. monocytogenes, C. jejuni, and B. thermosphacta.

DGGE

The 230 bp PCR products were separated by denaturing gradient gel electrophoresis using the
CBS DGGE 4001 system (CBS Scientific, CA, USA). PCR products were diluted with 0.5x
TAE buffer and DNA loading dye or left undiluted and 2.5-5 pL of sample were loaded onto
8 % (wt/vol) polyacrylamide gels (acrylamide/bisacrylamide 37.5:1) in 0.5x TAE buffer with
a 30-60 % gradient of urea and formamide. Electrophoresis was performed at 60°C for 10
min at 200 V, 40 mA and then for 6 hours at 150 V. Gels were stained with SybrGold DNA
stain (Molecular Probes, Netherlands), diluted 1:10000 in 0.5x TAE buffer, for 20 min and

imaged with UV transillumination with the Alphalmager (Alpha Innotech) system.

10
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2.9 Statistical analysis
Each experiment was carried out in duplicate and replicated twice to ensure reproducibility of
the experimental data. Data were analyzed using SPSS 22.0 (SPSS Inc., Chicago, USA) to

carry out statistical analysis. P values < 0.05 were considered significant.

3 Results

3.1 B.thermosphacta is susceptible to ACP

Post treatment storage interval was found to control inactivation. The bacterial inactivation
after ACP treatment with 1h and 24h post treatment storage time (PTST) is represented in
Fig. 2. Plasma treatment of bacterial cells in PBS reduced the bacterial population by 5 Log
cycles with 15s of plasma treatment at 80kV with a 24h post treatment storage period.
Populations were undetectable after 30s or 60s treatment time. While with 1h post treatment
storage time, 30s ACP treatment showed + 1.5 Log cycles reduction. Increasing treatment
time to 60s with 1 hour PTST, reduced populations to undetectable levels. The limit of
detection was 1 Logio CFU ml™. Thus, various inactivation rates were observed based on

different in package post treatment storage time intervals.

Increasing the voltage level was found to enhance the inactivation rates. Previous studies
have shown the dependency of microbial inactivation on the voltage level (Han et al., 2014).
The interaction of voltage level and post treatment storage interval were further investigated
here for B. thermosphacta (Table 1). With 24 h post treatment storage, ACP treatment at
60kV & 70kV for 15s showed reduction of ~2-3 Log CFU ml™. Maximum reduction of 5 log
cycles was observed with 15s of ACP treatment at 80kV. While with 1h storage, a lower
reductions of 1.5 +0.5 Log;o CFU mlI™ was observed even with extending the treatment time
to 30 seconds at 70 kV and 80kV. The bacterial population was undetectable after 60s of

treatment with all storage time and voltage levels except 60kV voltage treatment with 1h post

11
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treatment storage. However, the effect of ACP was clearly observed after 300s of treatment.

Greater inactivation was observed with increasing voltage and post treatment storage time.

3.2 A nutritive environment offers protection against inactivation by ACP

The inactivation of B. thermosphacta was investigated in meat model medium (Fig. 3, Table
2). Plasma treatment was performed in a liquid meat model which was composed of 3% beef
extract. Samples were treated with direct plasma discharge at 80kV with 24h post treatment
storage period at 26°C. Table 2 shows that B. thermosphacta grown in the meat model
present a greater challenge to ACP inactivation than in PBS. The bacterial population was
reduced by 2.5 + 0.1 Logio CFU ml™ in beef extract after 300s of treatment while complete
inactivation in PBS was achieved after 30s. A protective effect against ACP treatment was

observed with the high nutrient content meat model (3% beef extract).

3.3 Adhesion and Biofilm formation capacity of B. thermosphacta

A preliminary adhesive assay was performed to evaluate the ability of B. thermosphacta to
adhere to polystyrene surface plates and also to study the conditions at which the bacteria
were able to form a biofilm. Bacteria were grown in 3% and 12% model meat media at
different growth durations. B. thermosphacta displayed adhesive behavior and biofilms
developed with increasing nutrient content and incubation periods (Fig.4). All in vitro assays,
i.e. OD measurement at 590nm, CV assay and PCA assay showed similar growth kinetics of
B. thermosphacta biofilms. These findings reflect the bacteria’s ability to generate additional

biofilm biomass in nutrient rich environmental conditions.

3.3.1 Biofilm monitoring by Crystal violet (CV) assay
The results demonstrated low biofilm formation after 24h of incubation while the biofilm
forming capacity was increased up to 48h (Fig. 4), therefore the 48h incubation period was

selected for further investigations.

12
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B. thermosphacta was grown in 0.5%, 1.2%, 3% and 12% beef extract medium. Bacteria
grown on 12% beef extract showed the highest biofilm formation, which was confirmed by
standard plate count method. Decrease in biofilm formation was observed with a decrease in
nutrient composition of the beef extract. There was no statistical difference in biofilm
formation observed for bacteria grown in 1.2% and 0.5% beef extract broth (Fig. 5). No

biofilm was detected in the negative control wells which only contained culture media.

3.4 ACP treatment interactions within biofilm in nutritive environment

In order to study the efficiency of ACP to inactivate B. thermosphacta biofilm, the 48h
bacterial biofilm grown in 12% BE was treated at high voltage of 80kV for 60s, 120s and
300s of treatment time. Surviving populations were estimated using viable cell counts (Fig.

6) and residual metabolic activity using XTT assay (Fig. 7).

Biofilm population of B. thermosphacta was significantly reduced (p < 0.05) from Log 8
CFU ml™ to 4 +0.6 Log CFU ml™ after 60s of ACP treatment. Prolonging the ACP treatment
time to 120s further reduced populations to 3+0.1 Log CFU ml™; however, there was no

further significant effect of extending treatment to 300s (Fig. 6).

XTT assay was carried out immediately post ACP treatment and 24h PTST (Fig. 7). The
ACP treatment of 80kV for 60s and 120s reduced the bacterial metabolic activity by 35% and
52% respectively. However, no further reductions were observed after prolonging the

treatment time to 300s, indicating a significant retention of metabolic activity.

3.5 Effects of in package ACP treatment of lamb chop

Initial background microflora levels present on raw lamb chop and its reduction by ACP
treatment is shown in Figure 8. The average initial concentration of background micro-flora
on the lamb sample was approximately 6 Logi;o CFU/g, with no significant reduction of

bacterial loads observed immediately post treatment. However, between days 7 and 10 of

13
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storage, bacterial concentrations in plasma treated samples were about 1 Log;o CFU/g lower
than those of untreated controls, indicating a reduced microbial growth rate. A total viable
count of approx. 10’ CFU/g was recorded at the end of the shelf-life study on day 13, a
concentration considered in the range of borderline acceptable for MAP packed meats
according to the UK Health Protection Agency (HPA, 2009). It is reported as the general
threshold value for spoilage causing sensorial deterioration, such as off-odors and slime
(Degirmencioglu etal., 2012, Limbo etal., 2010, Koutsoumanis etal., 2008; Rao and

Sachindra, 2002).

Further, the response of B. thermosphacta inoculated on lamb to in-package treatment was
investigated. Inoculated samples were MAP packaged under high oxygen content (70%) and
then treated with ACP for 1 min at 80kV. The average initial population of challenge bacteria
attached on the meat was approximately 6 Log CFU/g, which showed a significant 0.8 Log
CFU ml™ reduction immediately post treatment (p < 0.05). Gradually the bacteria recovered
during the storage period and an increase in bacterial concentration was observed over the
following 24h (Fig. 9a). A difference of Logso 0.2-0.4 CFU ml™ was maintained between the
control and the treated samples up to the end of the storage time (p <0.05 on day 0, 4 and 7).
As demonstrated by enumeration on STAA selective agar plates, B. thermosphacta subjected
to ACP treatment showed an initial reduction of 1 Logiy CFU ml™, however with longer
storage periods the remaining bacterial population did grow to levels similar to untreated

samples (Fig 9b).

Both ozone and carbon monoxide concentration were measured inside the trays immediately
after treatment and after post-treatment storage (Table 3). High ozone concentrations were
detected for lamb which could be attributed to the in-package headspace, thus trapping more
reactive species in the package. Carbon monoxide (CO) is one of the main concerns of the

meat industry due to its high toxicity and for being a meat colorant currently banned in the
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EU as it stabilizes the red color and may mask visual evidence of spoilage. CO was
undetectable after treatment at 80 kV for 1 minute, suggesting that plasma treatment of meat
packaged under a modified atmosphere of 30% CO, + 70% O, gas mixture does not result in
carbon monoxide concerns with none detected immediately after treatment or indeed after 1
hour post treatment sealed storage. The meat volume and tray size appeared to have an
important influence on the ozone generation, being large portions of meat and trays
exceeding the electrode dimensions where ozone was generated in lower amounts. Further,
carbon monoxide was not detected in lamb trays therefore toxicity concerns related to the
potential high concentrations of carbon monoxide generated during the plasma treatment can

be discarded.

3.6 Community profiling demonstrates microbiological safety of ACP treatment

For community profiles of lamb samples, sampling points at days 7 and 14 in particular,
showed 5 strong bands, showing the predominance of 5 different microbial species at this
point (Figure 10). Amplicons of the bacterial species E. coli, L. monocytogenes, S. aureus, C.
jejuni and B. thermosphacta, which present potential challenge microorganisms for meat
products, were used as standards for method optimisation and comparison. Importantly, no
striking differences in population diversities were observed between plasma treated and
control samples. No predominant species absent in the control samples later emerged in
treated samples, which could have suggested a stronger resistance of particular species to
plasma exposure. Furthermore, comparison with the bands of known bacterial standards,
suggests B. thermosphacta (lane 14) as a predominant species in the control samples, whereas
the pathogenic micro-organisms were not identified in the control lamb samples. Microbial

diversity increased over storage time.
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4 Discussion

B. thermosphacta is a predominant feature of raw meat products (Osés et al., 2013; Borch et
al.,, 1996) and is known to cause significant meat spoilage (Ercolini et al., 2006).
Atmospheric Cold Plasma as a novel technology can be designed for flexibility in application
point and therefore may be incorporated into food or food environment decontamination
systems, but requires risk specific evaluation. Therefore in this study we examined the
susceptibility of B. thermosphacta to ACP treatment, taking microbial and food environment
challenges into consideration, in response to system and process parameters. Preliminary
studies demonstrated applied voltage level and treatment time along with PTST played a
critical role in the rate of ACP inactivation against planktonic cells of B. thermosphacta.
Higher inactivation efficiency of ACP against planktonic cells was observed with increasing
applied voltage levels and treatment time. An elevation in the concentration of the reactive
species (like ROS and RNS) has been reported with increasing voltage levels in association
with a higher bactericidal effect (Han et al., 2016, Cullen et al., 2013). These reactive species
generated are known to play an important role in bacterial inactivation, they have the ability
to disrupt the bacterial cell and destroy macromolecules like DNA, proteins and lipids thus
resulting in bacterial inactivation (Han et al., 2014). In our study, 60kV of ACP treatment of
bacteria suspended in PBS showed slow bacterial reduction but prolonging the treatment time
to 60s lead to inactivation below detection. At 80kV of ACP treatment, the effects were
apparent with 30s treatment time yielding inactivation below detection limits. Similar trends
were observed in relation to applied voltage and treatment time by Han et al. (2014) and
Niemira et al. (2014). A range of post treatment storage conditions were evaluated, where
24h of PTST was found to be most compatible for further experiments as it allowed longer
interaction between the bacteria and the reactive species thus retaining efficacy against the

target.
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B. thermosphacta biofilm growth was strong with aggregated biofilm mass apparent in the
nutrient rich conditions. This was greatly dependent on % medium, with high biofilm
formation in 12% beef extract. These results are in agreement with other studies by Zeraik &
Nitschke (2012) and Stepanovic et al. (2004) demonstrating strong influence of nutritional
availability on the surface properties of bacteria and biofilm formation. A strong bactericidal
effect in the biofilm was observed with increasing plasma treatment time from 60 to 300s.
However, significant metabolic activity was retained as observed by XTT assay, and
complete bacterial inactivation was not achieved even after 300s of ACP treatment,
indicating a viable but non-culturable state. B. thermosphacta biofilms grown in 12% beef
extract were found to be more resistant to plasma treatment compared to planktonic cells.
According to previous studies by Han et al. (2014), Ulbin-Figlewicz et al. (2014), Lee et al.
(2006), Gram positive bacteria were shown to be more resistant to ACP treatment than Gram
negative bacteria. The composition and thickness of the biofilm structure varies with type
and strain of bacteria which significantly affects the rate of ACP inactivation. Therefore,
further study is warranted to elucidate if ACP could mitigate B. thermosphacta biofilm

formation, either on biotic or abiotic surfaces.

The media employed also had a strong influence over the ACP bacterial inactivation,
showing a significant difference in the rate of bacterial inactivation when treated in PBS and
model meat media. Liquid inactivation studies in meat model media showed minimum
reduction of +2.5 Log CFU ml™ after 300s of ACP treatment, while +1 Log CFU ml*
bacterial reduction were obtained in lamb samples. The growth and survival of B.
thermosphacta in model meat media and lamb may be attributed to the high nutrient
conditions, complexity of the meat matrix and ability of the bacteria to grow in varied
conditions. Previous studies by Williams et al. (2005) have reported that the presence of high

organic components in the medium had certain protective effect against the bactericidal
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effects of plasma. Plasma treatment generates several reactive species which include atomic
oxygen, metastable singlet state oxygen, ozone, hydrogen peroxide etc. These organic
components in the media are scavengers for reactive species, which oxidize these higher
organic components breaking them into intermediate products (Reszka et al., 2010) and thus
protecting the bacterial cells from death (Patil et al., 2009). It can also be noted that (i) the
initial concentration of the challenge bacteria inoculated or present as background on meat
sample was higher than generally found on meat in industry, (ii) the time-lapse between
slaughter and MAP packaging as meat were purchased from local retail shop may have
further contributed to early meat spoilage. Further, the microbial community profiling of
lamb samples showed no evident changes or emergence of predominant species after the
treatments during the shelf-life study. The results obtained suggest that plasma treatment in
conjunction with MAP does not introduce a theoretical risk with regards to allowing some
populations to predominate and does not positively select certain bacterial species. The
diversity of reactive species generated with ACP and the complexity of their mechanisms of
action mitigates against microbial resistance to ACP, but this should be confirmed for key
risks. Thus, the overall results reported here indicate that ACP has good potential to be an
alternative safe decontamination process in meat industry, whether for raw meat product or
the related processing environment. The demonstrated challenge associated with effecting
control on highly nutritive surfaces, informs the need for flexibility in ACP treatment
application particularly to foods themselves, where repetitive or pulsed treatment may offer
advantages over single stage interventions. The simultaneous evaluation of the wide range of
parameters reported here provides broad insights into decontamination or control of a major
spoilage bacteria namely; B. thermosphacta, using ACP technology which can facilitate the

further scale-up and optimization.
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5 Conclusions

In conclusion, ACP was found to be effective against planktonic cells of Brochothrix
thermosphacta, providing complete inactivation in PBS and effectively reducing the bacterial
load in meat model media and on lamb both as planktonic and biofilm cells. The results
obtained showed significant influence of system and treatment parameters on the rate of
bacterial inactivation. Overall, the results show potential of high voltage in-package
atmospheric cold plasma treatment in reducing spoilage bacteria like B. thermosphacta on
meat products and meat environments, although process intensification is required for
complete elimination of B. thermosphacta by ACP. This treatment method could not only
help inhibit the population of spoilage bacteria but also ensure microbial safety by prolonging

the shelf life of meat while maintaining food quality.
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6 Figure legends

Figure 1: Experimental setup of DBD ACP (DIT120) cold plasma device

Figure 2: Plasma treatment at 80kv with 24h and 1h post treatment storage time with
different treatment time of 15s, 30s and 60s. Vertical bars represent standard deviation.
(®) Untreated sample with Oh storage (¢) ACP treatment after 1h PTST (m) ACP treatment

after 24h PTST

Figure 3: Effect of different ACP treatment time on B. thermosphacta grown in liquid meat
model and PBS. Vertical bars represent standard deviation. (A) ACP treated cells in PBS,
(A) untreated cells in PBS (m) ACP treated cells in 3% BE, (0) untreated cells in 3% BE.

Detection limit was 1 Log;o CFU/ml

Figure 4: Biofilm formation of B. thermosphacta after 24h, 48h & 72h of incubation at 26°C

by CV assay. (1) 3% BE, () 12% BE. Vertical bars represent standard deviation.

Figure 5: Media associated B. thermosphacta biofilm formation quantified by crystal violet

assay after 48 h incubation at 26°C.

Figure 6: Effect of ACP on B. thermosphacta 48 h biofilm in 12% beef extract, treated at 80
kV and assessed using plate count method. (m) ACP treated, (®) untreated biofilm control.

Vertical bars represent standard deviation. Limit of detection was 1 Log CFU/ml.

Figure 7: Percentage of B. thermosphacta biofilm survival curves upon exposure to 80kv of
ACP treatment based on XTT assay. (m) ACP treated biofilm, (®) untreated biofilm control.

Vertical bars represent standard deviation.

Figure 8: Background micro flora of Lamb chop packed with 30% CO, & 70% O, and
treated with plasma at 80kV for 60s for up to shelf life of 13 days. (®) untreated Control, (m)

60s ACP treated), dotted line indicate improper sealing.
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Figure 9(a): Effect of ACP treatment (1 min at 80kV) on Lamb inoculated with B.
thermosphacta, treated with direct and 24 hour post treatment storage at 4°C. (%) ACP treated

samples, (i) Control samples. Vertical bars indicate standard deviation.

Figure 9(b): B. thermosphacta inoculated on Lamb chop packaged with 70 % O, and 30 %
CO; concentration for period of 14 days, treated for 1 min at 80 kV and stored at 4 °C. (e®)

untreated Control, (m) 60s ACP treated)

Figure 10: DGGE image of bacterial 16s rDNA amplified from lamb samples, separated in a

polyacrylamide gel containing a gradient of 30-60% denaturant
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618 7 Table legends
619  Table 1: Effect of ACP on B. thermosphacta inactivation at different voltage levels after 1hr

620 and 24h PTST in PBS

621  Table 2: B. thermosphacta inactivation efficacy at 80kv with different media after 24 post

622 storage treament

623  Table 3: In-package ozone and carbon monoxide concentration measured inside the sealed

624  trays after plasma treatment at 80Kv.
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1 L. monocytogenes
2 E. coli

3 d0 control

4 d1 control

5 d4 control

6 d7 control

7 d13 control

8 Mixed standards
9 dO0 treated

10 d1 treated

11 d4 treated

12 d7 treated

13 d13 treated

14 B. thermosphacta
15 S. aureus

16 C. jejuni 1146DF



687 Table 1:
APPLIED PLASMA 1H POST 24H POST
VOLTAGES | TREATMENT STORAGE STORAGE
TIME (S) Cell SD* Cell SD*
density density
(Logo (Log1o
CFU/ml) CFU/ml)
0 7.184 0.02 7.10 0.06
15 6.95 0.04 4.56 0.12
60KV 30 6.54 | 0.06 0.0 0.0
60 6.21 0.11 0.0 0.0
120 4.99 0.18 0.0 0.0
300 0.0 0.0 0.0 0.0
0 7.184 0.02 7.10 0.06
15 6.52 0.12 3.46 0.12
70KV 30 5.81 0.04 0.0 0.0
60 0.0 0.0 0.0 0.0
120 0.0 0.0 0.0 0.0
300 0.0 0.0 0.0 0.0
0 7.183 0.02 7.10 0.06
15 6.115 0.05 2.17 0.14
80KV 30 5.763 0.03 0.0 0.0
60 0.0 0.0 0.0 0.0
120 0.0 0.0 0.0 0.0
300 0.0 0.0 0.0 0.0
688
689
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Table 2:

Cell
Plasma densit
Media treatment y SD*
time (s) (Loguo
CFU/mI)
C1 7.81 0.05
C2 8.59 0.10
15 8.44 0.07
(0)
Seé)f 30 8.27 0.12
extract 60 7.88 0.05
120 7.46 0.07
180 7.09 0.14
300 5.49 0.08
Cl 7.10 0.07
C2 5.89 0.25
15 2.17 0.14
PBS 30 000  0.00
60 0.00 0.00
120 0.00 0.00
180 0.00 0.00
300 0.00 0.00
C1*: Control without storage
C2**: Control with 24h storage
Table 3:
Measurement time
t=0h t=1h
Ozone- 1 min
Lamb 1800 ppm ND
Carbon monoxide-1 min
Lamb NT NT

*ND = non-detectable
**NT = not tested (if at a longer treatment time was non-detectable)
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