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Themain objective of the present study was to determine the efficacy of dielectric
barrier discharge (DBD) high voltage atmospheric cold plasma (HVACP) at 70 kV
for inactivating Salmonella enterica and shiga-toxin-producing Escherichia coli
(STEC) on desiccated shredded coconut. Additional objectives were to evaluate
sub-lethal injury in pathogen survivors, and selected quality characteristics of the
coconut as affected by HVACP. Shredded coconut inoculated with
~7.74 log10 CFU/g S. enterica or STEC, was exposed to HVACP (70 kV) for
3–15 min (S. enterica) and up to 5 min (E. coli). Non-HVACP-treated,
inoculated coconut served as control. Samples were held at 23 ± 1°C for 24 h
after HVACP treatment, and analyzed for survivors via the plate count method
using thin agar layer (TAL) media and selective (SEL) agar. For each pathogen,
differences in numbers of survivors on TAL medium and selective agar were used
to evaluate sub-lethal injury. Color and texture of the coconut were determined
using a ColorFlex EZ Spectrophotometer and a TA. XT Plus C Texture Analyzer,
respectively. HVACP treatments significantly decreased the initial numbers of
viable S. enterica and STEC (p < 0.05) with more survivors consistently
recovered on TAL media compared to selective agar. Reductions (log10 CFU/g)
of STEC and S. enterica after 3 min of HVACP treatment were 1.97 and 1.56,
respectively (p < 0.05) based on survivors on TALmedium. A greater extent of sub-
lethal injury was observed in STEC survivors compared to S. enterica (p < 0.05). The
TAL method allowed detection of sub-lethally injured pathogens in HVACP-
treated coconut that would have otherwise remained undetected if only
selective agar media were used. There were minimal changes in color and
texture of the coconut after HVACP (70 kV) treatment for 12 min. Based on
these results, HVACP (70 kV) has good potential for inactivating enteric
pathogens in desiccated shredded coconut to improve the microbial safety of
this popular food ingredient with minimal effect on product color and texture.
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Introduction

Coconut (Cocos nucifera L.) belongs to the family Palmae, and is
native to the tropical and sub-tropical regions of the world. It is
grown in over 90 countries with the largest coconut producers being
Indonesia, Philippines, India, Sri Lanka and Brazil (FAO, 2019;
FAOSTAT, 2020). Among the various coconut products, desiccated
coconut is the second most commonly traded product accounting
for 200 million tons produced globally (FAO, 1999). Desiccated
coconut is prepared by drying the shredded or ground coconut flesh,
commonly referred to as coconut meat, after removing it from the
brown testa (Sangamithra et al., 2013). This dried product is widely
used as an ingredient in a vast array of confectionery and bakery
products (Lamdande et al., 2018). Desiccated coconut is in the dried
fruits and vegetables subcategory of high risk low water activity (aW)
food products. That categorization was based on collation and
analysis of microbiological hazards of low aW foods that
ultimately resulted in the ranking of those foods of greatest
concern in terms of microbial food safety (FAO, 2014). In this
regard, desiccated coconut is viewed by the World Health
Organization (WHO) as a major microbial food safety concern
(WHO, 2022).

Currently used methods to control microbial contaminants on
coconut meat include heat pasteurization at 80°C–90°C in 2%
sodium metabisulphite solution for 20 min, passage through
boiling water, or exposure to 80°C for 5 minutes via steaming in
stainless steel blanchers. The pieces of coconut meat are then
shredded and dehydrated in a two-phase process in hot-air driers
(Tetra Pak, 2016) to achieve a moisture content of about 4.0%
(Codex Alimentarius Commission, 1994). Dhowlaghar et al. (2021)
observed that thermal resistance of Salmonella increased with
decreasing aW of the coconut. Therefore, in such situations,
additional heating is crucial to eliminate the pathogen. This in
turn would likely limit the marketability of the shredded coconut
due to reduced quality attributes particularly product color and
texture, as this product is largely used as an ingredient of other food
products.

The presence of pathogens, most commonly Salmonella, molds,
and sulfur dioxide in desiccated shredded coconut are major food
safety issues (Manley, 2011; KumarMahnot et al., 2019; Dhowlaghar
et al., 2021). In low aW foods, Salmonella is a major pathogen of
concern. Although Salmonella will not grow at aW <0.94, it can
survive for extended periods in low aW foods including dried
coconut (Podolack et al., 2010; Nascimento et al., 2018; Liu et al.,
2022). In the United States, Salmonella was implicated in multiple
outbreaks involving dried and frozen shredded coconut (CDC,
2018a; CDC, 2018b; Luna et al., 2018), and in recalls of shredded
coconut and coconut products (CFIA, 2018; FDA, 2019). Although
to date there are no reported outbreaks or recalls of desiccated
shredded coconut due to shiga toxin-producing Escherichia coli
(STEC), fresh coconut can support the growth of enteric bacteria
(Escudero and Schaffner, 1981). Moreover, the complexities of
handling involved in preparing coconut for shredding and
drying, along with the low acidity of that product make it
susceptible to microbial contamination.

Over the past few decades, research on developing non-thermal
technologies such as ultraviolet radiation, high hydrostatic pressure,
and pulsed electrical fields for control of foodborne pathogenic

microorganisms has increased (Los et al., 2018; Chacha et al., 2021;
Jadhav et al., 2021). For instance, Gabriel et al. (2016) reported on
the application of UV-C radiation for microbial decontamination of
desiccated shredded coconut. Apart fromUV-C radiation, published
reports on the application of other non-thermal methods to
shredded coconut meat are scarce.

Another emerging non-thermal technology is atmospheric cold
plasma (ACP) (Bourke et al., 2017). Plasma is an ionized gas
consisting of ions, atoms, free radicals, free electrons, and
molecules in their basic or excited states. ACP is a partly ionized
gas state maintained at room temperature at atmospheric pressure,
with ionization of about 5% or less of the gas (Ekezie et al., 2017).
ACP technology provides several advantages in food industry
including short processing times (from a few seconds to
minutes), effectiveness at room temperature which is desirable
for heat-labile food products and ingredients, and low-energy
requirement (Kim et al., 2014). ACP has effectively inactivated
microorganisms in a variety of food products including fruits
and vegetables (Misra et al., 2014; Ziuzina et al., 2014; Won
et al., 2016; Molina-Hernandez et al., 2022), whole black pepper
(Hertwig et al., 2015), tender coconut water (Kumar Mahnot et al.,
2019), wheat grains (Thomas-Popo et al., 2019), nuts (Basaran et al.,
2008), meat (Jayasena et al., 2015), rice cereal bars (Suhem et al.,
2013) and poultry meat (Noriega et al., 2011; Moutiq et al., 2020).

Microorganisms may be in a sub-lethally injured state in food
products that are subjected to thermal or non-thermal preservation
methods. If sub-lethally injured pathogens are not detected, they
may later repair their lesions, multiply, and regain their
pathogenicity in foods (Wesche et al., 2009). The commonly used
method for evaluating bacterial sub-lethal injury after application of
antimicrobial treatments involve plating treated samples on both
non-selective and selective agar media (Ray 1989; Busch and
Donnelly, 1992; Wesche et al., 2009; Espina et al., 2016). While
selective agents in selective media can suppress growth of non-target
organisms, they may inhibit resuscitation and detection of sub-
lethally injured pathogens (Wesche et al., 2009). In this respect the
difference in colony counts of bacteria on non-selective and selective
media is used in calculating the percent sub-lethal injury in the
surviving population.

While there is a growing body of information on the application
ACP for microbial control in foods, there are no published research
reports on the fate of human enteric pathogens on shredded coconut
after treatment with high voltage ACP (HVACP). Accordingly, the
primary objective of the present study was to determine the efficacy
of dielectric barrier discharge (DBD) HVACP at 70 kV for killing S.
enterica and STEC on dried shredded coconut. Secondary objectives
were to evaluate extent of sub-lethal injury in pathogen survivors,
and the effect of HVACP on selected quality characteristics of
shredded coconut.

Materials and methods

Bacterial strains and culture conditions

Five serovars of Salmonella enterica (Enteritidis-ATCC13076,
Typhimurium ATCC 14028, Gaminara ATCC 8324, Newport
ATCC 6962, and Thompson BAA-3141) and shiga-toxin
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producing Escherichia coli (STEC) [O121, and O157 (ATCC 35150,
ATCC 43894, ATCC 43895, FRIK 125)] were obtained from the
culture collection of the Microbial Food Safety Laboratory, Iowa
State University, Ames, IA. The frozen stock cultures (−80°C) in
brain heart infusion (BHI) broth (Difco; Becton Dickinson, Sparks,
MD) with 10% (v/v) added glycerol were thawed under cold running
water, then activated in tryptic soy broth supplemented with 0.6%
yeast extract (TSBYE; pH 7.2; Difco) at 35°C. Working cultures were
held at 4°C for use in the experiments. For each experiment, two
consecutive 24-h transfers of each working culture in TSBYE (35°C)
were performed to prepare bacterial cells for the inoculation of the
shredded coconut.

Preparation of inoculum

Six milliliters of each of the five working cultures of S. enterica or
STEC were separately combined in a sterile 50 mL centrifuge tubes.
The cells were harvested by centrifugation (10,000 x g, 10 min, 4°C)
using a Sorvall Super T21 centrifuge (American Laboratory Trading,
Inc., East Lyme, CT). The supernatants were discarded and the
pelleted cells were suspended and washed once in sterile 0.85% (w/v)
NaCl (saline). The washed cells were harvested by centrifugation as
previously described and re-suspended in 30 mL of sterile saline to
obtain a viable cell concentration of ~9.0 log10 colony forming units
(CFU)/mL. The five-strain cell suspension for each pathogen was
aseptically transferred to a separate sterile, appropriately labeled,
calibrated spray bottle. The numbers of viable cells in each cell
suspension were determined by serial dilution (10-fold) and surface
plating on TSAYE, xylose lysine tergitol 4 (XLT 4) agar (for
Salmonella) or sorbitol MacConkey agar (SMAC) for STEC, and
thin agar layer (TAL) medium (Kang and Fung, 2000). The TAL
mediumwas prepared by overlaying 14 mL of molten TSAYE (48°C)
onto solidified selective agar (XLT-4 or SMAC). Bacterial colonies
were enumerated after aerobic incubation (35°C) of TSAYE and
TAL plates for 24 h and selective agar plates (XLT-4 and SMAC)
for 48 h.

Preparation and inoculation of shredded
coconut

Packages of desiccated shredded coconut with no added
preservatives and from the same production lot (Bob’s Red Mill
Shredded Coconut) were purchased from a local store in Ames, IA.
Based on results of tests for sulfite using HPLC, that brand of
coconut contained no added sulfite, which is commonly used as a
processing aid in the production of shredded coconut. A package of
shredded coconut was aseptically emptied into a large sterile beaker,
and via use of a sterile spatula, the product was manually mixed.
Portions (25-g) of shredded coconut were aseptically weighed and
placed into separate sterile Petri dishes (150 mm × 15 mm). Each
Petri dish was gently shaken to distribute the shreds in a monolayer.
Samples (25-g) were each mist-inoculated with the 5-strain cell
suspension of S. enterica or STEC using a sterile calibrated spray
bottle. The spray bottle dispensed ~1.40 mL of cell suspension via
two sprays applied to shredded coconut to obtain ~5.6 × 107 CFU of
the respective pathogen per gram of sample. The inoculation was

performed in a large biohazard bag in a BSL2 laminar flow biosafety
cabinet. The Petri dishes containing the inoculated coconut were
placed on ethanol (100%) soaked paper towels on sheets of
aluminum foil. The outer sides of the Petri dishes were
disinfected using a paper towel soaked with ethanol (100%). To
facilitate drying of the inoculum and attachment of the pathogens to
the coconut shreds, the inoculated samples were held at ambient
temperature (22°C ± 1°C) for 1 h in the biosafety cabinet with the
blower off.

Water activity of shredded coconut

The water activity (aW) of non-inoculated shredded coconut was
measured using an AquaLab Series 3 water activity meter (Decagon
Devices, Inc., Pullman, WA). Separate sets of samples were sprayed
with sterile water to simulate inoculation, and the aW was measured
just after spraying and after air drying at 22°C ± 1°C for 1 h in the
laminar flow hood.

Application of high voltage atmospheric
cold plasma

A dielectric barrier discharge (DBD) system designed for in-
package plasma treatment (Yepez and Keener, 2016) was used in the
present study. Figure 1 shows a schematic of that system. The voltage
(70 kV) was produced by a step-up transformer (Phenix
Technologies, MD, United States) with a voltage output of
0–130 kV at a frequency of 60 Hz. The gap (discharge distance)
between the two circular aluminum disk electrodes was 41 mm,
representing the height of the polypropylene box. Each aluminum
electrode had an outer diameter of 152 mm. Plexiglass (10 mm
thick) and 4 mm thick polypropylene sheets served as dielectric
barriers. These barriers were used to prevent arc transitions and
facilitate the homogeneity of the plasma during HVACP treatment
of the coconut samples.

The Petri dishes with inoculated shredded coconut were placed
in 27.6 cm × 7.25 cm x 4.1 cm polypropylene boxes with lids. The
boxes (lids closed) were placed in 29.2 cm × 33.0 cm high-barrier
polypropylene Cryovac bags (Cryovac Sealed Air Corp., Duncan,
SC, United States) filled with atmospheric air at atmospheric
pressure. The temperature and the relative humidity were
recorded for each experiment. The bags containing the boxes of
shredded coconut were heat sealed and placed between the dielectric
barriers separating the aluminum electrodes connected to the
transformer. The samples were exposed to direct HVACP
(70 kV) in atmospheric air at atmospheric pressure for pre-
determined time intervals (minutes). Inoculated control samples
were similarly packaged but received no HVACP treatment. Control
and HVACP-treated samples were held at ambient temperature
(22°C ± 1°C) for 24 h before they were analyzed for survivors.

Microbiological analysis

To analyze non-inoculated shredded coconut for naturally
occurring Salmonella and E. coli, 25-g portions of that product
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were homogenized with 75-mL 0.1% (w/v) peptone. Aliquots (1.0 or
0.1-mL) of the homogenate were surface plated on selective agar
(XLT-4 and SMAC) and on non-selective TSAYE. The inoculated
agar plates were incubated at 35°C and bacterial colonies were
enumerated after 48 h. Universal pre-enrichment broth (225 mL)
was added to the remaining homogenate, and the mixture was
incubated at 35°C. At 24 h and 48 h after incubation the enriched
homogenate was streak plated onto XLT-4 and SMAC agar.

Bags containing control and HVACP-treated shredded coconut
were cut open to remove the samples from the polypropylene boxes.
The samples were aseptically transferred to sterile Seward™
Stomacher™ Lab Blender bags (Fisher Scientific, Fair Lawn, NJ).
Seventy-5 mL of 0.1% (w/v) peptone (diluent) were added to each
25-g sample. Each mixture of coconut and diluent were
homogenized for 1 min in a laboratory stomacher blender
(Stomacher 400 Circulator, Steward, England) operating at
medium speed (230 rpm). Ten-fold serial dilutions of the
homogenate were prepared in 0.1% (w/v) peptone. Aliquots of
diluted homogenate were surface plated in duplicate on selective
agar (XLT 4 or SMAC) and Thin Agar Layer (TAL) recovery media
to enumerate non-injured and sub-lethally injured pathogens.
Bacterial colonies were enumerated after aerobic incubation
(35°C) for 24 h (TAL media) or 48 h (selective agar).

Determination of sub-lethal injury

Based on bacterial colonies on selective agar (SMAC or XLT-4)
and TAL medium for each time of exposure to HVACP, survivor
curves were prepared. For each type of agar medium, the reduction
in viability of each pathogen, termed the reduction factor (RF), was
determined. The RF is the ratio of the CFU/g of non-treated
(control) sample to the CFU/g of the HVACP-treated sample.
For each type of agar medium, the logarithm of the RF was used
to determine reduction in pathogen viability after each exposure
time via use of the following equation (Wuytack, et al., 2003):

Log RF = log[CFU/g before HVACP treatment ÷ CFU/g after
HVACP treatment].

The log of RF for XLT-4 or SMAC was plotted on the y-axis
against the log of RF for TAL agar on the x-axis. Using Microsoft
Excel 4.0 spreadsheet program (Microsoft Corporation, Redmond,
WA), linear regression lines were fitted through the data points and

sub-lethal injury was determined when the slope and y-intercept of a
regression line was significantly (p < 0.05) greater than 1.0 and 0,
respectively (Wuytack, et al., 2003).

Color evaluation of shredded coconut

The effect of HVACP treatment on the color of the shredded
coconut was examined. The ColorFlex EZ Spectrophotometer
(Hunter Labs, Reston, VA, United States) with a D65/10°

illuminant/observer combination was utilized to determine any
changes color of HVACP-treated samples compared to control.
Ten-gram portions of non-inoculated HVACP-treated and control
shredded coconut were aseptically placed in 35 mm × 10 mm petri
dishes The petri dish was then placed on the ColorFlex EZ
measuring port and covered with an opaque sample cup cover.
Each sample was tested in duplicate and CIE L*a*b* was used to
determine changes in color.

Texture evaluation of shredded coconut

A TA. XT Plus C Texture Analyzer (Stable Micro Systems,
Surrey, UK) was used to evaluate changes in texture of HVACP-
treated shredded coconut compared to control. A portion (10-g) of
coconut was placed on the analyzer and compressed (70%
compression) in two cycles at 2 mm/sec via use of a TA-11 probe
with a diameter 25 mm. Each sample was evaluated in duplicate, and
the results were subjected to Texture Profile Analysis to evaluate
texture changes.

Statistical analysis

Four replicate experiments were completed. Data on the average
numbers of pathogen survivors were analyzed using JMP Pro statistical
software version 16 (SAS Institute, Inc., Cary NC). For each pathogen,
significant differences (p< 0.05) in numbers of survivors as a function of
exposure time to HVACP were tested using analysis of variance
(ANOVA). Tukey’s means comparison post-hoc test was performed
to determine significant differences between treatments (p< 0.05). Tests
were carried out at a 5% significance level.

FIGURE 1
Schematic of the experimental set-up for atmospheric cold plasma treatment of desiccated shredded coconut.
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Results and discussion

Water activity (aW) of shredded coconut

The average water activity (aW) of the non-inoculated desiccated
coconut samples, which were sprayed with distilled water to
simulate inoculation, was 0.52 ± 0.004 (before spraying) and
0.72 ± 0.001 (after spraying). The observed increase in aW of the
coconut shreds from 0.52 to 0.72 is not surprising and is caused by
absorption of moisture from the spraying with the distilled water.
After air drying of the samples in a laminar flow hood at 22 ± 1 °C for
1 h, the average water activity was 0.67 ± 0.001. That lower aW
indicated loss of moisture during simulated drying of the inoculum
on the coconut shreds. At 24 h following HVACP (70 kV) treatment
for 12 min, the average aW of samples of desiccated coconut was
0.53, which was close to the initial aW of 0.52 ± 0.004. This indicates
that further loss of moisture from the coconut shreds occurred
following HVACP (70 kV) treatment for 12 min, and during in-
package holding of the samples for 24 h prior to microbial analysis.
Based on these results, spray inoculation followed by drying of the
inoculum did not significantly (p < 0.05) alter the aW of the
desiccated coconut shreds to exclude this product from the
category of low aW foods which have a water activity of <0.70
(Gurtler et al., 2014).

HVACP inactivation of pathogens on
shredded coconut

Naturally occurring Salmonella or E. coli was not detected in the
non-inoculated desiccated coconut shreds by direct plating on TAL
medium or by liquid enrichment. The efficacy of direct HVACP
treatment (70 kV) against S. enterica on artificially inoculated
desiccated shredded coconut is shown in Figure 2. Based on

colony counts on TAL medium, the viable count of S. enterica
on control coconut was 6.64 ± 0.16 log10 CFU/g. This was
~1.10 log10 CFU/g lower than the viable count of the pathogen
(7.74 ± 0.02 log10 CFU/g) on the coconut shreds before drying of the
inoculum at 22°C ± 1°C for 1 h. Reductions of viable counts of
pathogens during drying of inoculated surfaces have been reported.
For example, the initial viable count of S. enterica (7.22 log10 CFU)
and E. coli O157:H7 (7.21 log10 CFU) on the surface of whole
tomatoes was reduced by 1.37 and 1.07 log, respectively,
after1 h of air drying at ambient temperature (Lang et al., 2004).
These results and those of the present study suggest that substantial
numbers of pathogens lose viability during drying of the inoculum.
In the present study, it is likely that only cells that were less stressed
or sub-lethally injured by desiccation survived the drying process.

Compared to control (0 min) all HVACP treatments
significantly (p < 0.05) decreased the initial numbers of viable S.
enterica irrespective of agar medium used to recover survivors.
Based on colony counts on TAL medium, log10 CFU/g reductions
of S. enterica were 1.97, 3.19, and 4.20 after HVACP treatment for 3,
9, and 15 min, respectively. From results of using XLT4 agar,
reductions (log10 CFU/g) of the pathogen in HVACP-treated
samples were 2.17 (3 min), 3.49 (9 min) and 5.07 (15 min). In
general, a higher number of survivors were consistently recovered
on TAL medium compared to XLT4 agar; however, the differences
were not statistically significant (p > 0.05). The inability of some S.
enterica survivors to grow on the selective XLT-4 agar suggests that a
portion of the survivors was sub-lethally injured by HVACP.

Figure 3 shows STEC survivors on shredded coconut after direct
treatment with HVACP (70 kV). Based on colony counts on TAL
medium, the initial viable count (log10 CFU/g) of STEC after 1 h of
drying of the inoculum at 22°C ± 1°C, was 5.99. As observed with S.
enterica, a portion of the STEC population lost viability after drying
the inoculum on the shredded coconut. The initial viable counts of
STEC decreased with increased exposure to HVACP irrespective of

FIGURE 2
Salmonella enterica survivors on desiccated shredded coconut following high voltage atmospheric cold plasma (HVACP) treatment at 70 kV.
Numbers of survivors are means from four replicate experiments. Error bars represent standard error of themean. Bars that do not have the same letter(s)
are significantly different (p < 0.05).
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the recovery medium (Figure 3). Significant inactivation of the
pathogen occurred after 2–5 min of HVACP treatment (p <
0.05). Based on colony counts on TAL medium, reductions
(log10 CFU/g) of the pathogen were 0.87, 1.56, 1.77, and
2.05 after HVACP treatments for 2, 3, 4, and 5 min respectively.
For the selective agar (SMAC), reductions (log10 CFU/g) of the
pathogen in HVACP-treated samples were 1.46 (2 min), 1.71
(3 min), 1.99 (4 min), and 2.22 (5 min). Although higher
numbers of STEC survivors were consistently recovered on TAL
medium compared to SMAC, the differences were not statistically
significant (p > 0.05).

Our results are consistent with those of published reports
indicating a decline in viability S. enterica or E. coli with
increased exposure to ACP on other low aW products such as
peppercorns (Hertwig et al., 2015), black pepper (Mosovska
et al., 2018), wheat grains (Thomas-Popo et al., 2019), and
almonds (Niemira, 2012; Hertwig et al., 2017). This pattern of
inactivation is likely due to longer exposure of the pathogens to
reactive oxygen species (ROS) and reactive nitrogen species (RNS) in
plasma that inflict more damage to the pathogens (Lu et al., 2014;
Olatunde et al., 2019). Structural and metabolic damage by ROS
such as oxygen atoms, hydroxyl radicals, metastable oxygen
molecules, and ozone, play a major role in microbial inactivation
(Deng et al., 2006). Moreover, RNS such as nitric oxide and nitrogen
dioxide can cause DNA cleavage, enzyme inactivation, and cellular
damage via lipid peroxidation (Deng et al., 2006; Han et al., 2014).

Following exposure of both pathogens to the same HVACP
treatment (70 kV, 3 min), reductions (log10 CFU/g) in viable
counts of STEC and S. enterica were 1.97 and 1.56, respectively
(p < 0.05) based on survivors on TAL medium. Those results
suggest that STEC is more tolerant than S. enterica to HVACP
under the specific conditions presented by that 3-min treatment.
Our results are consistent with those of Ziuzina et al. (2014) who
reported that Escherichia coli was more resistant than S. enterica
(p < 0.05) to HVACP (70 kV) treatment of cherry tomatoes with
air as the carrier gas at atmospheric pressure. However, contrary to

our results, Thomas-Popo et al. (2019) reported no significant
differences in the death rate between E. coli O157:H7 and S.
enterica following direct ACP (44 kV) treatment of tempered
wheat grains (p > 0.05). Niemira (2012) reported no clear
pattern of pathogen resistance in E. coli and S. enterica on
artificially inoculated raw almond kernels exposed to a cold
plasma jet for 10 or 20 s. The inconsistencies in those
previously mentioned findings may be attributed to various
factors such as bacterial strains, type of plasma source, surface
properties of the food product, ACP treatment parameters, type of
carrier gas, the relative humidity, and the physiological state of
pathogens (Bourke et al., 2017). Moreover, differences in cold
plasma generating systems and food matrix characteristics pose
challenges to meaningful comparisons of reported results on
microbial inactivation by ACP.

Sub-lethal injury in pathogen survivors on
HVACP-treated coconut

Themean values of sub-lethal injury in populations of S. enterica
and STEC survivors in HVACP-treated shredded coconut are
shown in Table 1. Those values are expressed by linear
regression parameters. HVACP-induced sub-lethal injury in
pathogen survivors was determined from the slopes and y
intercepts of the regression lines (Wuytack et al., 2003). A slope
of 1.0 and y intercept of 0 indicate no sub-lethal injury because the
same reduction in pathogen viability occurs on the selective agar and
the TAL recovery medium. When a slope and y intercept,
respectively, are significantly >1.0 and >0, there is sub-lethal
injury because of the higher reduction in viability on selective
agar compared to the TAL medium (Wuytack et al., 2003). In
the present study, the y-intercept of the regression line for STEC is
significantly different (p < 0.05) from 0. This difference indicates
significant sub-lethal injury in the population of STEC survivors. For
S. enterica, while the y-intercept exhibited a greater difference from

FIGURE 3
Shiga toxin-producing Escherichia coli survivors on desiccated shredded coconut following high voltage cold plasma (HVACP) treatment at 70 kV.
Numbers of survivors are means from four replicate experiments. Error bars represent standard error of themean. Bars that do not have the same letter(s)
are significantly different (p < 0.05).
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0 compared to STEC, that difference was not statistically significant
(p > 0.05).

Detecting sub-lethally injured pathogens in foods following a
decontamination treatment is critical to microbial food safety
because it precludes erroneous overestimation of the effectiveness
of that treatment. Moreover, it can provide opportunities for the
combined use of additional food preservation technologies in a
hurdle format to eliminate sub-lethally injured pathogens (Aaliya
et al., 2021; Ucar et al., 2021). The underestimation of pathogen
survivors due to sub-lethal injury occurs from use of selective media,
which will only allow non-injured survivors to form colonies (Busta,
1976; Wesche et al., 2009). One of the major impediments in
determining sub-lethally injured pathogens in food products is
the growth of background microflora. Given that selective media
can inhibit the resuscitation of sub-lethally injured cells, the use of
non-selective media seems logical. However, the use of non-selective
media facilitates overgrowth by the natural microflora thus
precluding detection of sub-lethally injured cells. To circumvent
this problem, Kang and Fung (2000) developed the thin layer agar
(TAL) method to enable the resuscitation of sub-lethally injured
cells while inhibiting the growth of background microflora. In the
present study, the use of the TAL method facilitated detection of
sub-lethally injured S. enterica and STEC in HVACP-treated
desiccated coconut that would have otherwise remained
undetected if only selective agar media were used. This in turn
would have underestimated the numbers of viable pathogen
survivors in that desiccated food product.

High variability in percent injury data across all replications of the
experiment was observed. This could be due to the varying degrees by
which the HVACP could have injured the cells since sub-lethal injury
can range from mild to severe. The type of injury, structural and/or

metabolic, is also an important consideration (Wesche et al., 2009).
Moreover, HVACP is a dynamic activated gas with varying amounts
and types of reactive species which can cause a spectrum of sub-lethal
injuries (frommild to severe) to bacterial cells. Severely injured bacteria
may suffer from oxygen toxicity from damage to oxygen detoxifying
enzymes, whereby they fail to grow aerobically unless the injury is
repaired. In this regard, the use non-selective agar combined with
anaerobic incubation could be an effective approach to facilitate
detection of such severely injured bacteria (Knabel et al., 1990;
Mendonca and Knabel, 1994). Although anaerobic incubation
conditions were not used in the present study, the likely oxygen
sensitivity that can occur in pathogens with severe sub-lethal injury
justifies further research on use of those conditions for recovering
survivors of HVACP treatments.

Effect of HVACP on color of shredded
coconut

Change in color of shredded coconut was determined using CIE
L*a*b, which is based on an Opponent-Color Theory. That theory
assumes that humans perceive color as pairs of opposites. These
pairs are (i) L—light and dark, (ii) a—red and green, and (iii)
b—yellow and blue. Thus, the L* value indicates the level of light
(50–100) or dark (0–50), a* value redness (positive) or greenness
(negative), and b* value yellowness (positive) or blueness (negative).
These values make up the three categories in which all color is
organized, namely, lightness, saturation (chroma), and hue.
Lightness refers the amount of white or black present in a color.
Saturation is the amount of grey in the color indicating brightness.
Hue refers to the amount of white, black, and grey in a color and thus

TABLE 1 Sub-lethal injury (expressed by linear regression parameters*) in surviving populations of Salmonella enterica and shiga toxin-producing Escherichia coli
following high voltage atmosphere cold plasma (70 kV) treatment of shredded coconut.

Pathogen Slope Y-intercept R2

Salmonella enterica 1.17 ± 0.112 −0.570 ± 0.339 0.957 ± 0.010

Escherichia coli 0.967 ± 0.025 −0.259 ± 0.079a 0.933 ± 0.019

*Values are means ± standard error of means from four replications of the experiment.
aIntercept significantly different from 0 (p < 0.05). A t-test was used to make inferences regarding the intercept and slope of each linear regression model.

TABLE 2 Color evaluation of desiccated shredded coconut after treatment with high voltage atmospheric cold plasma (HVACP) at 70 kV for 12 min.

Treatment L* a* b* Hue Saturation Index

Control 80.36 ± 0.28b 1.26 ± 0.03c 17.85 ± 0.14e 86.00 ± 0.11d 17.90 ± 0.14f

HVACP 80.33 ± 0.17b 0.73 ± 0.04d 17.91 ± 0.27e 87.73 ± 0.14e 17.92 ± 0.27f

aValues are means ± standard error of means from three replications of the experiment. Values with the same letters with a column are not significantly different (p > 0.05).

TABLE 3 Average values from texture analysis of desiccated shredded coconut after exposure to high voltage atmospheric cold plasma (HVACP) at 70 kV for
12 min.

Treatment Firmness Adhesiveness Cohesiveness Resilience

Control 26,957 ± 1061.55b −5.34± 0.53d 0.97± 0.03e 0.19± 0.01g

HVACP 32933 ± 1464.85c −4.23 ± 0.62d 1.12 ± 0.04f 0.23 ± 0.01h

aValues are means ± standard error of means from three replications of the experiment. Values with the same letters within a column are not significantly different (p > 0.05).
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theoretically represents what humans perceive to be color (Hunter,
2012; Ly et al., 2020).

Table 2 shows mean values for L*, a* b*, hue, and saturation for
control and HVACP (70 kV)-treated (12 min) desiccated shredded
coconut. Samples of coconut exposed to HVACP for12min were
selected for instrumental analysis of color and texture because the
longer treatment time (16min) caused slight clumping or stickiness of
the coconut shreds. The a* value for HVACP-treated samples was
significantly lower (p < 0.05) than that of control samples, indicating
a decrease in redness of the treated samples. No significant difference (p>
0.05) between control and HVACP-treated samples was observed for L*,
b*, or saturation index; however, the hue of the HVACP-treated samples
was significantly higher (p < 0.05) compared to control. This result
suggests that the hue of theHVACP-treated samples was closer to yellow,
given the increased angle, in comparison to control samples, which were
closer to red. Overall, the data indicate that the HVACP-treated samples
were less red and slightly darker than the control samples.

Despite this significantly higher hue of the HVACP-treated
coconut compared to control, a color difference was not
perceptible to the naked eye. Gabriel et al. (2016) reported
similar changes for shredded coconut treated with ultraviolet-C
radiation. In that study, slight and significant differences in the color
parameters (via instrumental measurements) suggested a slight
darkening of the coconut; however, those changes were
indistinguishable to consumers, and the product was deemed
acceptable. In a review of the literature on ACP treatment of
foods, Pankaj et al. (2018) concluded that, overall, cold plasma
processing has minimal effects on the color of food products.

Effect of HVACP on texture of shredded
coconut

Average values for texture of control and HVACP-treated
(12 min) shredded coconut are shown in Table 3. The HVACP-
treated samples exhibited increased firmness, cohesiveness and
resilience compared to the control (p < 0.05). There was no
significant difference in adhesiveness between control and
HVACP-treated samples (p > 0.05). Based on these results we
infer that the HVACP-treated shredded coconut might be
“tougher” than the control as it better withstood deformation in
the texture analyzer. From a practical perspective, this toughness of
shredded coconut is likely to be insignificant considering the way in
which this food ingredient is used. Most shredded coconut is utilized
as an ingredient in baked products (cookies, cakes, biscuits, pie
fillings), confectioneries, and blended drinks such as coconut-
flavored smoothies (Sangamithra et al., 2013). In such instances,
the tough texture of the shredded coconut may not be unfavorable to
consumers due to both moistness and the dilution effect of other
bulk ingredients that are major components of those food products.

Conclusion

Direct HVACP (70 kV) treatment of desiccated shredded
coconut significantly inactivated S. enterica and STEC in that
product. Higher numbers of S. enterica or STEC survivors in
HVACP-treated shredded coconut were detected using the TAL

method compared to selective agar media. In this regard, the use of
selective agar media to evaluate pathogen survivors in HVACP-
treated desiccated coconut shreds can pose a food safety risk by
failing to detect sub-lethally injured pathogens. HVACP treatment
of shredded coconut for up to 12 min caused minimal changes in
color and texture. Based on the results of the present study,
HVACP (70 kV) has good potential for improving the microbial
safety of shredded coconut without substantially altering color and
texture of this popular food ingredient.
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