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Abstract With the aim of improving the loss of quality in
retorted vegetables, experiments on pretreatment inactiva-
tion using microwaves were carried out to allow the heat-
ing intensity to be reduced during retorting. Microwave
heating reduced the bacteria level by 10° CFU/g, and was a
more effective method considering the short processing
time of 3 min and the required energy being 70-80% of
that when using steam. The inactivation effect was due to
dielectric heat generation by the high-frequency micro-
waves. The inactivation effect for heat-resistant Bacillus
amyloliquefaciens was indicated by a reduction of 107
CFU/g after 3 min of microwave heating. The total bac-
teria counts for peeled potato and spicy sauce with veg-
etables decreased by 3-4 log CFU/g after 3 min using
microwaves, and heat-resistant microorganisms were
reduced by 2 log CFU/g. Combining microwave heating
and mild retorting is expected to produce higher quality
vegetable foodstuffs compared to conventional retorting.
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Introduction

Various vegetables represent important materials in pro-
cessed foods. But their weak structural characteristics
during heating limit manufacturing methods to processes
such as low-temperature heating, drying, and freezing so as
to minimize the deterioration of sensory quality. Inactiva-
tion methods for vegetables based on heating include
blanching for several tens of seconds at 100 °C and pas-
teurization for 10-30 min at 85 °C (Choi et al., 2018). But
this type of mild heating makes it difficult to inactive the
heat-resistance microorganisms that are associated with
decreased organoleptic quality and safety. However, a loss
of quality is inevitable when applying retorting at 121 °C
to kill spores on vegetable foodstuffs (Gokhale and Lele,
2014; Kwak and Chang, 2001; Lee et al., 2012).

Hot-air drying is another widely used method for the
long-term storage of vegetables. However, such drying is
associated with various restrictions due to the generation of
off-flavors, tough texture, and browning reactions (Hwang
and Rhim, 1994). Freeze-drying at a low temperature can
minimize the disadvantages of hot-air drying, but it results
in a brittle structure and is more expensive than other
methods. The quality of frozen vegetables is degraded
during defrosting, and they are not convenient to store
(Choi et al., 2015). Other inactivation methods such as
adding natural antimicrobial agents including alcohol,
organic acid, surfactant, calcium, and bacteriocin are rel-
atively ineffective at controlling microorganisms, and their
use is limited by the deterioration of taste, aroma, and color
(Cho et al., 1994; Choi et al., 2018). Choi et al. (2013)
reported on the use of ultrahigh pressure (a nonthermal
inactivation method), but spores are not killed and can only
be applied to refrigeration products such as sauces, jam,
and processed meat and fish. In summary, the current
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processing and inactivation methods are not able to ade-
quately control the levels of microorganisms in various
vegetable foodstuffs while maintaining good quality, and
so a new inactivation method is required that also exhibits
the characteristic of a uniform temperature distribution.

One way to minimize excessive heating during steril-
ization is to reduce the retort conditions via pretreatment
inactivation with microwave heating. Microwaves are used
in the various food industries for cooking, pasteurization,
drying, and thawing (Campafione et al., 2010; Chan-
drasekaran et al., 2013). Microwave heating occurs via
dielectric loss due to the polarization of dipoles by elec-
tromagnetic waves with frequencies from 300 MHz to
300 GHz (Bae and Lee, 2010; Choi and Koh, 1993). In the
case of foodstuffs, rapid internal heating due to the vibra-
tion of water molecules induced by microwaves can kill
microorganisms with only a slight loss of sensory quality
within a short time compared to conventional conduction
heating. While the mechanism of microwave inactivation
has been identified as microbial death by rapid dielectric
heating at high frequency, the nonthermal inactivation
effects of electromagnetic fields have not been clearly
revealed (Curet et al., 2013; van Remmen et al., 1996).
Previous studies of microwave inactivation have been
restricted to applying pasteurization for pathogenic and
spoilage microorganisms in chilled products, and the
inactivation of enzymes (Bows, 2000; Kang et al., 2013).
There have been few detailed studies of the important
factors influencing microwave inactivation, such as the
energy consumption, initial temperature, and physical
properties of the foods and packaging materials (Knoerzer
et al., 2007; Kwak and Chang, 2001).

As a result of considering the relevant research litera-
ture, there were relatively few studies on the sterilization of
room temperature distribution foods using microwave
heating. Therefore, the aim of the present study was to
develop a novel technology for the inactivation of
microorganisms in instant-cooking foods containing vari-
ous vegetables and stored for a long time at room tem-
perature, based on microwaves as a new heating method
that can enhance the inactivation effect on heat-resistant
microorganisms.

Materials and methods

Materials

The vegetables used as foodstuffs in sauces tested in this
study, such as potato, carrot, onion, and red pepper, were
purchased at a local market in Seoul, Korea. The samples

were stored at 4 °C in a refrigerator to minimize any
changes in quality such as taste, flavor, and appearance.
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Thermoduric bacteria that survive pasteurization at 63 °C
for 30 min or 72 °C for 15 s are Bacillus, Clostridium,
Microbacterium, and Micrococcus. Among these ther-
mostable bacteria, Bacillus spp. is a soil-derived microor-
ganism, which is present in many vegetables. The presence
of heat-resistant bacteria in processed food products con-
taining vegetables is important since they degrade the
quality and present sanitary problems. Therefore, the
inactivation effect of microwave heating against Bacillus
amyloliquefaciens, which is a typical heat-resistant
microorganism, was investigated.

To examine the inactivating effect of microwave heating
in food material against heat-resistant bacteria, a 1-mL
suspension of B. amyloliquefaciens was mixed with 110 g
of sterilized soaked rice and 80 mL of distilled water in a
sterilized transparent vinyl pouch made of PP
(polypropylene) material, and then heated in a household
microwave oven (RE-C21VW, 700 W, Samsung Elec-
tronics Co., Ltd., Seoul, Korea) with high frequency gen-
eration on three sides for 0, 3, 4, or 5 min.

In addition, unpeeled and peeled cubes (1.5 cm x 1.5
cm X 1.5 cm) of washed potato, and model foodstuffs
such as sauces containing vegetables, spices, and season-
ings were packed in a standing vinyl pouch with heat-
resistance and heated by microwaves of 100 °C for 3 min.
Potato is a typical vegetable used as a food raw material,
and the main growth microorganism is a heat-resistant
Bacillus spp. Considering this fact, potato was selected as a
sample for inactivation experiment in this study. The
temperature of the sample in the microwave oven was
measured using a fiber optic temperature sensor (OPTO-
CON TS3, Weidmann Inc., Dresden, Germany), and used
for setting of heating temperature and calculation of
amount of heat generated.

Atmospheric and superheated steaming were used as
control methods in this study at processing conditions of
100 °C for 20 min and 350 °C for 8 min, respectively.
Superheated and atmospheric steaming were done in a
superheated steamer (DFC-240W, Naomoto, Osaka, Japan)
by adjustment of heating temperature and treatment time.

In the experiments, the temperature and time conditions
on microwave and steam heating were determined through
preliminary experiments. Each of the atmospheric steam,
superheated steam, and microwave heating conditions
applied to the experiment was firstly selected in consider-
ation of the heating temperature and time range in which
the characteristic flavor and color of the sample potato
were not changed. Then, the final application temperature
and time were selected considering the conditions that
could be applied in the production line with commercial-
ized equipment. The heating energy in microwave and
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steam heating was calculated by using the specific heat,
mass and the temperature of the food materials. And the
microwave energy was calculated by using output power of
microwave oven and processing time.

Combination with retorting

In order to improve the quality of the retorted vegetables by
reducing the heating intensity during retorting, the effect of
combining pretreatment sterilization using microwaves and
retorting was investigated in this study.

Retorting was performed after microwave heating using
a pilot-scale, one-basket, water-cascading retort (Water
Cascading Retort, Stock Pilot-Rotor 900, Hermann Stock
Maschinenfabrik, Neumiinster, Germany). A sterilization
temperature of 121.1 °C and a steam pressure of 2.1 kg
cm? were used in each experiment. Considering the tem-
perature and time at which the vegetable base foods could
reach the sterilized state, the retort conditions using the
control were set at 121 °C for 20 min by preliminary
experiment.

Each experiment was repeated at least five times, and
the obtained data were subjected to statistical analysis. The
temperature profile of the samples during each sterilization
process were monitored using an F sensor (TrackSense
Prosensor, Ellab, Hilleroed, Denmark).

Measurement of microbial inactivation effects

The B. amyloliquefaciens strain was incubated on nutrient
agar at 30 °C for 1 week. A suspension of cultured vege-
tative cells containing endospores was then collected by
centrifugation (12,000x g for 2 min) and washed by repe-
ated centrifugation/resuspension in sterile distilled water at
4 °C. Plastic cryopreservation tubes containing 1 mL of
suspension (108 CFU/mL) were stored at — 70 °C until
used. In general, Bacillus spp. that grows in vegetables is
mixed with vegetative cell and endospore forming vege-
tative cell with heat resistance. Therefore, in the experi-
ment, Bacillus spp. was prepared mixed type with
vegetative cell and spore similar to actual environment.

The inactivation effect of microwave heating against B.
amyloliquefaciens was measured using standard colony
counting on tryptic soy broth agar (TSB, Difco Laborato-
ries, Detroit, MI, USA) plates. And the inactivation effect
of pretreatment in microwave heating was quantified based
on the total bacterial growth on plate count agar (PCA,
Difco Laboratories, Detroit, MI, USA) (Choi et al., 2018;
Kwak and Chang, 2001). And heat-resistant bacteria were
counted on trypticase soy agar (TSA, Difco Laboratories,
Detroit, MI, USA) plates by analysis of total bacterial
count after heating the ground sample mixed with sterile
distilled water at 90 °C for 10 min.

Sensory evaluation

The organoleptic characteristics of the samples were
determined by a trained panel such as 20 researchers who
are in charge of processed food development. After com-
pleting three training sessions relate to descriptive profil-
ing, hedonic testing, and perception, sensory attributes
were evaluated based on the degree of overall acceptability
of the treated potatoes and spicy sauce based on consid-
eration of the taste, color, flavor, and texture. The panelists
rated the preference of sensory attributes of each sample on
a 5-point hedonic scale from 1 (extremely bad) to 5 (ex-
tremely good).

Statistical analysis

All of the data are expressed as mean and SD values of five
replicate measurements. The significance of differences
between the samples was assessed using analysis of vari-
ance and Duncan’s multiple-range test with Minitab soft-
ware (MTB13, Minitab Inc., State College, PA, USA). The
threshold for statistical significance was set at p < 0.05.

Results and discussions

Microbial inactivation effect of pretreatment
methods

Methods of pretreatment inactivation using microwaves
and steam were considered for improving the quality of
heated vegetables by reducing the heating intensity in this
study. The microwave and superheated steam heating
methods, which have the advantages of rapid heating, were
selected as effective pretreatment methods to avoid the
excessive heat sterilization strength of retort which causes
quality deterioration of vegetables. Peeled potatoes were
heated with conventional atmospheric steam, superheated
steam, and microwaves, for which the heating conditions
were 100 °C for 20 min, 350 °C for 8 min, and 100 °C for
3 min, respectively.

The experimental results are shown in Fig. 1. Each
method showed an inactivation effect as a reduction of
10°-10* CFU/g in the total number of cells, and there were
no marked differences in the inactivation efficacy between
the pretreatment methods. All three methods produced a
killing effect of 99.9-99.99%, which is statistically sig-
nificant (p < 0.05) compared to the untreated control.
From these experimental results, it can be seen that
atmospheric steam, superheated steam, and microwave
heating could be utilized as methods of pretreatment
inactivation in retorting [Fig. 1(A)].
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Though all three methods produced effective inactiva-
tion, microwave heating was a more sufficient method
when considering the sensory quality, cost, and commer-
cial applications associated with a short processing time of
3 min and the heating energy required being 70-80% of
that when using steam [Fig. 1(B)]. The reason that the heat
energy was consumed low in the microwave heating as
compared with the steam heating would be due to the rapid
dielectric heating in the food inside by the high frequency
vibration energy (Chandrasekaran et al., 2013; Park et al.,
2017; Resurreccion et al., 2014). Therefore, the subsequent
experiments were performed using microwave heating.

Inactivation by microwaves against heat-resistant
bacteria

Bacillus amyloliquefaciens is a species of bacterium in
genus Bacillus and a-amylase from B. amyloliquefaciens is
often used in starch hydrolysis. It is also a source of sub-
tilisin, which catalyzes the breakdown of proteins. This
enzyme activity originated from the B. amyloliquefaciens
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causes damages on the quality of processed veg-
etable foods, so B. amyloliquefaciens has been selected as a
target microbial for inactivation in this study.

Microwave heating showed an inactivation effect of a
reduction of 10> CFU/g after 3 min, but the killing inten-
sity did not increase when the heating time was increased
to 4-5 min (Fig. 2). Although this lengthening of the
treatment time increased the applied thermal energy by 1.3-
to 1.7-fold, it is assumed that the temperature of microwave
heating did not rise above 100 °C and the inactivation
effect does not increase all the time. This is because the
microwave chamber is not in a sealed state where pressure
can be applied during microwave heating.

The vegetative cell of Bacillus spp. form endogenous
spores when depleted of nutrients required for propagation,
and have heat resistance that does not sterilize at 100 °C.
Therefore, if the heat-resistant bacteria of Bacillus species
capable of forming endogenous spores in vegetable foods
can be killed in advance by pre-treatment, the heat steril-
ization conditions of retort for storage at room temperature
can be alleviated and the sensory quality can be improved.
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And also, considering that the level of heat-resistant bac-
teria in processed foods from either the ingredients or
contamination is typically 10°~10° CFU/g, the microwave
heating could be applied as a pre-inactivation method for
reducing the requirements of the retorting process (Lim,
1996; Luan et al., 2016).

In addition, if a sealed pressurized heating system cap-
able of heating at high temperature and high pressure using
microwave heating could be constructed, it will be possible
to sterilize even heat resistant spores (Malyshev et al.,
2019; Park et al., 2017).

Microbial inactivation effect of microwaves
on various foods

Peeled and unpeeled potatoes were heated by microwaves,
respectively as representative samples for the detailed
investigation of the inactivation effect on vegetables. The
total bacteria counts of the peeled potato decreased by 3—4
log CFU/g after 3 min of microwave heating [Fig. 3(A)].
This indicates that peeled vegetables can be completely
sterilized by microwave heating. In the case of unpeeled
potato, the total cell count was around 6 log CFU/g, and so
3 log higher than for peeled potato. This meant that a cell
count of 3 log CFU/g remained after the 3 log reduction
produced by 3 min of microwave heating [Fig. 3(A)].
Regardless of whether the potato was peeled or unpeeled,
the number of heat-resistant cells was reduced by 10'-10>
CFU/g [Fig. 3(B)].

The inactivation effect of microwave was caused by
dielectric heat generation by the high-frequency energy
(Lim, 1996; Pandit and Prasad, 2003; Zhu et al., 2018). The
microwave heating of potatoes was associated with

3 4 5
Heating time (min)

reductions in the deterioration of odor and discoloration, in
addition to the excellent bactericidal effects. Moreover,
microwave heating can control the moisture content and
significantly (p < 0.05) improve the quality of processed
potatoes compared to when using water blanching (Lim,
1996; Pandit and Prasad, 2003; Resurreccion et al., 2014,
Xu and Shi, 2017).

To investigate the effect of microwave inactivation on
processed food, experiments were performed with spicy
sauce consisting of various foodstuffs such as potato, car-
rot, onion, garlic, and pepper. The total bacterial count was
decreased to 3 log CFU/g after 3 min of microwave heat-
ing, compared to a level of 6 log CFU/g in the controls
without treatment, while heat-resistant microorganisms
were reduced by 2 log CFU/g (Fig. 3).

The results of this study indicate the improvement in
sensory qualities obtained by using microwaves rather than
conventional heating with steam or hot water. The
organoleptic qualities of a sauce such as its taste, flavor,
color, and texture were significantly (p < 0.05) better after
microwave treatment than after conventional conduction
heating. The scores for the organoleptic characteristics
were higher by 0.2-0.4 points for microwave heating
(p < 0.05). Especially, when microwave heating inacti-
vated, the taste and flavor related to spicy characteristic of
the sauce were excellent as around 4.0 points. Moreover,
microwave inactivation has several advantages such as
energy efficiency due to the shorter processing time.

Combination of microwave heating and retorting

The sterilization effect obtained by combining microwave
heating as preheating followed by retorting was confirmed
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by a reduction in the total cell count of 10° CFU/g for
unpeeled potatoes and spicy sauce (Table 1), and the
heating sterilization time for the retorting phase was
reduced by 50% (i.e., 10 min, versus 20 min for traditional
retorting). The combination of microwave heating and mild
retorting was expected to result in a higher food quality

during complete sterilization compared to using conven-
tional retorting at 121 °C, because heat-resistant bacteria
appeared to be inactivated after applying the microwave
pretreatment.

The results obtained in this study suggest that micro-
wave inactivation can be useful for improving the

Table 1 Sterilization effects on potatoes and spicy sauce for the combination of microwave heating and retorting compared with other methods

Sterilization method

Control (no treatment)  Microwave heating  Retorting ~ Microwave heating + retorting
Sterilization conditions  Temperature — 100 °C 121.1 °C 100 °C, 121.1 °C
Time - 5 min 20 min 5 min, 10 min
Total number of cells'  Unpeeled potatoes 1.8 £ 0.2x10% 43 4 04x10% 0¢ 0¢
Peeled potatoes 1.3 4+ 0.1x10%* 0? 0¢ o¢
Spicy sauce 1.0 + 0.1x10% 0.0 + 0.1x10* 0¢ 0¢

Different superscript letters indicate values that differ significantly by ANOVA with Duncan’s multiple-range test at p < 0.05

"Data are mean + standard-deviation values (n = 10)
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organoleptic qualities and microbial safety of various
vegetable-based processed foods as a pretreatment process
or in combination with retorting (Coronel et al., 2007,
Malyshev et al., 2019). When the microwave heating is
applied to vegetable foods, the temperature rise is faster
than the hot water and steam heating in blanching, cooking
and pasteurization, thus shortening the heating time which
is advantageous in quality improvement and preservation
of nutrients (Malyshev et al., 2019; Park et al., 2017).
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