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Pomegranate juice is a rich source of functional ingredients which
thermal processing significantly affects its functional compounds. In this
study, the effect of mild heat and microwave processing on the
inactivation of inoculated microorganisms in pomegranate juice was
studied. The juices were processed with mild heat treatment (52, 54, 56,
58 and 60°C for 0 to 120 s) and also with a domestic microwave at 600
W (for 0, 45, 60, 67.5, 75, 80, and 90 s) and 900 W (for 0, 30, 40, 45, 50,
and 60 s). Mild heat (at 60°C for 120 s) and microwave (600 and 900 W
for 90 and 60 s, respectively) treatments led to a reduction of
approximately 6.65 log cycles in E. coli and 5.06 log cycles in S.
cerevisiae. The mild temperature of 58°C for 120 s reduced S. cerevisiae
to below the detection limit, while the population of E. coli was
inactivated at 60°C for 120 s. Also, the S. cerevisiae load at 600 W/80 s
and 900 W/50 s was less than the detection limit. But, the E. coli load at
600 W/90 s and 900 W/60 s were less than detection limit. The type of
pomegranate juice did not have a significant effect on microbial
inactivation in both mild heat and microwave processes. Similar to mild
heat treatment, S. cerevisiae was more sensitive than E. coli at both
microwave powers.
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INTRODUCTION

Pomegranate (Punica granatum L.) and its
products have been used for centuries as a rich
source of bioactive compounds such as
flavonoids, ellagitannins, mainly punicalagins,
ellagic acid, and punicalins (Akhavan et al.,
2015). In recent years, the pomegranate has been
known as one of the new superfoods with health
promoting effects (Ciccone et al., 2023). This
fruit is one of the most important commercial
fruits in Iran and its total production in the year
2024 was ~ 1,350,000 tons. The pomegranate is
consumed as fresh fruit, juice, paste, jams and
jellies, and pomegranate supplements throughout
the world. The average consumption of
pomegranate in Iran is 7-8 kg per person per year,
which is mainly consumed as fresh fruit and
juices (obtained from pomegranate arils or whole
fruits). Traditionally, ready to-drink pomegranate
juice (as similar as possible to that produced at
home) is sold in grocery stores in Iran and
contains no preservatives and is offered to the
customers without any pasteurization, even
though such products have a limited shelf-life
(Neggazi et al., 2025).

The most serious concern in unprocessed fruit
juice is microbial contamination such as acid-
tolerant bacteria, fungi (yeasts and molds), and
pathogenic bacteria especially E. coli O157:H7,
Salmonella spp. and Listeria monocytogenes
(Neggazi et al., 2025; Shojaei et al., 2025). The
aforementioned microorganisms can survive in
acidic conditions for extended periods during
storage (Neggazi et al., 2025). Microbial growth
of fruit juices causes deterioration of nutritional
and sensorial properties such as loss of functional
ingredients, color, flavor, and odor, and can also
cause human illness in un-pasteurized fruit juices
due to pathogenic bacteria or toxigenic fungi
(Parish, 1997; Shojaei et al., 2025).
Consequently, because of cases of illness from
consumption of contaminated unpasteurized fruit
juices the United States Food and Drug
Administration (USFDA), enacted the 5-log
pathogen reduction standard in fruit and
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vegetable juices to ensure the safety of juice
products (FDA, 2004).

According to the increasing demand for freshly
squeezed fruit juices with minimal alteration of
nutritional and sensorial properties, minimally
processed techniques for fruit juices aimed at
reducing microbial populations and inactivating
pathogenic bacteria have been developed.
Typically, fruit juices processed at 80-90°C for
10-60 s to inactivate spoilage microorganisms
and enzymes to enhance the shelf-life of
refrigerated juices (Maghsoudi et al., 2023;
Wojcik et al., 2024); however considerable
alterations in the organoleptic properties of fruit
juices have been observed (Patras et al., 2010).
But, to achieve a 5-log reduction of pathogenic
bacteria in high-acid products the minimal
processing can be applied around 70°C for 6 s
(Kato et al., 2003). Therefore, replacing
conventional  pasteurization ~ with  milder
pasteurization processes in fruit juices should be
considered.

Also, the destruction of microorganisms using
clean technologies, for example microwave
processing has been developed on semi-industrial
and commercial scales particularly in citrus juice
pasteurization. Microwave  pasteurization
methods have effects similar to conventional
processing, but they can improve product quality
and reduce processing time (Woajcik et al., 2024).
The lethality of microorganisms using radio
frequency and microwaves has been studied and
discussed (Canumir et al., 2002; Kozempel et al.,
1998; Tajchakavit et al., 1998; Wojcik et al.,
2024).

Thermal inactivation of microorganisms in
various fruit juices and vegetables has been
reported by several authors (Gomes et al., 2023;
Liao et al., 2010; Noci et al., 2008; Wojcik et al.,
2024). However, little information is available on
the inactivation of yeasts and pathogenic bacteria
using mild heat and microwave treatments
specifically in pomegranate juice. Pomegranate
juice is a matrix rich in bioactive compounds that
may affect microbial resistance and heating
behavior. This study was designed to investigate
the effects of mild heat and microwave treatments



on the inactivation of E. coli and S. cerevisiae
inoculated into pomegranate juice from two
commercial Iranian cultivars.

MATERIALS AND METHODS

Chemicals and microbiological media

Malt extract agar and nutrient agar (Difco
Laboratories, Detroit, USA), sorbitol
MacConkey agar (Liofilchem, Teramo, Italy),
dichloran rose bengal chloramphenicol agar
(Merck, Darmstadt, Germany) were used in this
study. KH2PO4, NaOH and NaCl were
purchased from Merck (Darmstadt, Germany).
Phosphate-buffered saline (PBS) was prepared
based on the formulation recommended by
Gabriel and Nakano (Gabriel & Nakano, 2011).

Pomegranate aril

MMSA

E. coli colony

Hand-press device

S. cerevisine colony

Preparation of pomegranate juice

Fresh and commercially matured pomegranate
cultivars of Malase Momtaze Saveh and Alak
Saveh were bought from the Agricultural
Research Center of Saveh, Iran. After deleting
defective ones, each fruit was washed, drained,
peeled, and then cut into pieces to separate the
arils manually. Next, their juices were extracted
by means of a hand press device. The juices of
Malase Momtaze Saveh arils (MMSA) and Alak
Saveh arils (ASA) were immediately centrifuged
at 10,000 rpm for 2 min at 4°C with a refrigerated
centrifuge (Sigma 3-30K, Osterode am Harz,
Germany) and subsequently refrigerated until
analysis. The experimental procedure of
microbial inactivation by mild heat and
microwave treatments is schematically illustrated
in Fig. 1.

Juice centrifuging

Ticrowave

Figure 1. Schematic illustration of pomegranate juice preparation, including manual aril pressing and
centrifugation, and subsequent microbial inactivation by mild heat and microwave treatments.
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Preparation of inoculums and inoculation of
test samples

According to recommendation of previous
researchers, in this study E. coli and S. cerevisiae
were nominated as spoilage and human illness
microorganisms (Neggazi et al., 2025; Tournas et
al., 2006). E. coli (RITCC 1177) and S. cerevisiae
(PTCC 5052) were purchased from the Razi
Institute Type Culture Collection and the Persian
Type Culture Collection (Tehran, Iran),
respectively. Lyophilized E. coli and S.
cerevisiae were revived on nutrient agar and malt
extract agar, and subsequently maintained at 4°C.
The cells of E. coli and S. cerevisiae were
separately loop-inoculated in nutrient broth (pH
7.0) and malt extract broth (pH 7.0), and then
incubated at 35°C and 27°C, respectively for
nearly 24 h in order to obtain cells in the early
stationary phase (Gabriel & Nakano, 2011;
Guerrero et al., 2001).

The resulting inoculated broth media were
centrifuged at 8000 rpm for 5 min, and the
precipitated cells were aseptically re-suspended
in a 50-mL sterile phosphate-buffered saline
(PBS, pH 7.2) solution and used as the
inoculums. The acclimatization time of the re-
suspended cells was limited to a maximum of 20
min prior to inactivation (Gabriel & Nakano,
2011). Then, 1 mL aliquot of E. coli and S.
cerevisiae in PBS was re-suspended in 100 mL
sterile pomegranate juice.

Mild heat treatment of inoculated juices

The clarified pomegranate juices (MMSA and
ASA) were sterilized by autoclaving at 121°C for
15 min to eliminate native microbiota prior to
inoculation. The sterilized juices were then used
for microbial inactivation studies. The
inactivation of E. coli and S. cerevisiae carried
out using mild heat as a thermal processing. For
the heat inactivation studies, 9.9 mL of sterilized
pomegranate juices in glass test tubes (24 mm
i.d.) were preheated to 52, 54, 56, 58 and 60°C on
a shaking water bath (Memmert, WNE 14,
Germany). The microbial cells (0.1 mL) were
inoculated into each of the tubes. Then, the tubes
with agitating were heated at considered
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temperatures for 0, 30, 60, 90 and 120 s. After
heat treatments, tubes were immediately
immersed and kept in an ice bath until survivor
enumerations.

Microwave treatment of inoculated juices

The 99 mL of sterilized pomegranate juices
inoculated with 1 mL of E. coli and S. cerevisiae
cells in the Schott-Duran bottles under sterile
conditions. A 2450 MHz domestic microwave
oven (LG, 180-900 W) was used in microwave
inactivation tests. Pomegranate juices were batch
pasteurized into microwave oven at two
microwave powers for different times, base on
receiving same energy at each power. Samples
were treated at 600 W for 0, 45, 60, 67.5, 75, 80,
and 90 s; and 900 W for 0, 30, 40, 45, 50, and 60
s. Treatment times were selected based on
preliminary experiments to achieve similar total
energy delivery at each power level while
preventing sample boiling. After microwave
treatments, tubes were immediately immersed

and kept in an ice bath until survivor
enumerations.
Survivor enumeration and  decimal

reduction times calculations

Tubes containing the inactivated cells were
serially diluted with PBS and then, the number of
surviving E. coli were determined by surface-
plating on sorbitol MacConkey agar and
incubating at 35°C for 48 h. The number of
surviving S. cerevisiae determined by surface-
plating on dichloran rose bengal chloramphenicol
agar and incubating at 25°C for 72 h. Then, the
log reduction and D-values (decimal reduction)
of the heat and microwave treated juices were
estimated. Survival curves were drawn on a semi
log graph by plotting the logarithmic number of
colony-forming units per milliliter against
heating times of the treatments. D-value is the
negative inverse slope of the plot represented the
heating time of the treatments required to
inactivate 90% of the microbial population
(Guerrero et al., 2001). The log counts of colony-
forming units for each power and heating time



were averaged, mean values plotted and curves
were fitted by linear regression.

Statistical analysis

All experiments were performed in triplicate
using a completely randomized design and data
were analyzed with SAS software version 9.2
(SAS Institute, Inc.). Data were analyzed using
analysis of variance (ANOVA), followed by
Duncan's multiple range test for mean separation
(P <0.05).

RESULTS AND DISCUSSION

The results of some physicochemical
characteristics of the studied pomegranate juice
obtained from two pomegranate cultivars of
MMSA and ASA are presented in Table 1.

Table 1. Some physicochemical quality parameters of
untreated pomegranate juices™

MMSA ASA
Soluble
solids content 16.7+0.2b 17.2+0.1a
(°Brix)
pH 3.56+0.01a 3.09+0.02b
Titratable
acidity 0.81+0.01b 1.61+0.00a
(9/200mL)

* Values with different letters within a similar row are
significantly different (P<0.01). (Malase Momtaze
Saveh arils (MMSA); Alak Saveh arils (ASA)).
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Mild heat inactivation of inoculated
microbes in juice

Survival curves of E. coli and S. cerevisiae
inoculated into pomegranate juice at mild heat
treatment (52, 54, 56, 58 and 60°C for 0 to 120 s)
are shown in Fig. 2. Survival curves plotted the
number of microorganisms against heating time.
In general, microbial load reduction by increasing
the temperature from 52 to 60°C was significant.
Mild heat treatment of juice samples reduced the
E. coli and S. cerevisiae population by 1.20-6.65
and 0.43-5.05 log cycles, respectively. Using a
linear model at the studied temperatures/times
(52-60°C for 0-120 s), the D-values of E. coli
were in the range of 17.15 s at 60°C and 107.95 s
at 52°C. Also, in the same temperatures/time
conditions, the D-values of S.cerevisiae were in
the range of 18.62 s at 60°C and 375.02 s at 52°C.
The z-values of E. coli and S. cerevisiae were
13.69 and 31.25°C, respectively. D-values at
higher temperatures were significantly lower than
those at lower temperatures.

Based on our results, it was found that
inactivation of microorganisms at high
temperatures is independent of juice types, but
the temperature and residence time had a
significant effect on the inactivation of these
microorganisms. The D-values indicated that E.
coli was more heat-sensitive than S. cerevisiae at
lower temperatures and was inactivated more
rapidly. However, at higher temperatures, S.
cerevisiae was more sensitive to heat than E. coli.
Thus, the S. cerevisiae population fell below the
detection limit after treatment at 58 °C for 120 s,
while E. coli required 60 °C for 120 s to reach the
same level.
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Figure 2. Effects of temperatures/times combination (mild heat at 52-60°C for 0-120 s) on survival of inoculated
E. coli and S. cerevisiae in the pomegranate juices (Malase Momtaze Saveh arils (MMSA); Alak Saveh arils
(ASA)).

Several studies reveal that mild heat treatments
(40-60°C) can effectively reduce microbial
populations through targeted cellular disruption.
Chen et al. showed dramatic E. coli reduction in
broccoli sprouts (Chen et al.,, 2022). Sado
Kamdem et al. demonstrated enhanced
Salmonella inactivation when combining
essential oils with mild heat (Sado Kamdem et al.,
2015), and Zhang et al. observed effective
microbial inactivation in liquid systems using
mild heat (40-50°C) combined with plasma-
activated water against S. cerevisiae, achieving a
4.40 log reduction (Zhang et al., 2020). Liao et al.
(2010) reported that aerobic bacteria survived
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>26.3% at 37-42°C, with significant reduction at
47°C and complete inactivation (3.9 log cycles)
at 62°C. Molds and yeasts exhibited greater
temperature sensitivity than aerobic bacteria,
achieving complete inactivation (3.9 log cycles)
at 57-62 °C. At 57 °C, aerobic bacteria were
reduced by only 2 log cycles, whereas molds and
yeasts were entirely eliminated. These results are
in accordance with our findings. Furthermore, the
reduction of 6 and 6.7 log cycles of aerobic
bacteria with an initial population of 109 cfu/mL
at temperatures of 72°C and 94°C for 26 s was
reported (Noci et al., 2008). In other research E.
coli (K-12 and 0157:H7), Salmonella (enteritidis



and typhimurium) and Listeria monocytogenes
(AS-1 and M24-1) were inoculated to the
phosphate buffer saline and apple juice separately
and were exposed to UV and heat processing
(55°C). The D-values showed that Listeria
monocytogenes and E. coli 0157:H7 had the
highest resistance when inoculated into
phosphate buffer (41.4 min) and apple juice (43.4
min), respectively (Gabriel & Nakano, 2009).
Also, the heat resistance of Listeria
monocytogenes was relatively higher than
Salmonella and E. coli 0157:H7 in cantaloupe
juice at heating temperature of 57°C (Sharma et
al., 2005). However, similar study was found the
lower heat resistances of Listeria monocytogenes
than Salmonella and E. coli inoculated into
watermelon juice (Gabriel & Nakano, 2009).
The observed microbial inactivation in
pomegranate juice follows log-linear survival
curves indicating first-order Kkinetics, where
temperature and holding time serve as primary
determinants of lethality (Zhang et al., 2020).
Higher D-values at lower temperatures (e.g.,
52°C) demonstrate slower inactivation rates,
while increased temperatures accelerate the
thermal destruction process. The Kkinetic
parameters reveal distinct z-values between
microorganisms (13.69°C for E. coli vs. 31.25°C
for S. cerevisiae), indicating species-specific
temperature sensitivity patterns. Heat treatment
induces oxidative stress and membrane
permeabilization, resulting in leakage of critical
intracellular compounds including ATP, nucleic
acids, and proteins (Davidson et al., 1996).
Growth rate significantly influences thermal
vulnerability, with faster-growing E. coli cells
demonstrating increased susceptibility to heat
damage compared to S. cerevisiae (Berney et al.,
2006). These cellular response differences
explain the temperature-dependent reversal in
sensitivity ~ observed  between the two
microorganisms. In acidic pomegranate juice, E.
coli benefits from RpoS-mediated general stress
responses that confer cross-protection, enhancing
heat resistance at lower temperatures through
acid-induced adaptive mechanisms (Berney et al.,
2006). Conversely, S. cerevisiae relies primarily
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on antioxidant enzyme systems (catalase,
superoxide dismutase, cytochrome c peroxidase)
rather than robust heat shock protein cross-
protection (Davidson et al., 1996). This
mechanistic distinction accounts for S. cerevisiae
increased vulnerability at higher temperatures,
where its oxidative stress defense systems
become overwhelmed by thermal stress.

Microwave inactivation of inoculated
microbes in juice

In this study, the effect of microwave treatment
on the survival of E. coli and S. cerevisiae in
pomegranate juice was investigated using a 2450
MHz domestic microwave oven. The juice
samples were processed at microwave powers of
600 W (for 0, 45, 60, 67.5, 75, 80, and 90 s) and
900 W (for 0, 30, 40, 45, 50 and 60 s) based on
achieving approximately the same energy for
each sample. The survival curves of E. coli and S.
cerevisiae are presented in Fig. 3, plotting
microbial counts against microwave exposure
time. The results showed that microwave
treatment led to a considerable reduction in the
inoculated microbial population. The rate of
inactivation showed no significant difference
between the two power levels (600 and 900 W)
when adjusted for equivalent total energy
delivery, indicating that microbial reduction
depended primarily on total energy input rather
than power level alone.

Microwave pasteurization at 600 W (90 s) and
900 W (60 s) achieved reductions of
approximately 6.65 log cycles for E. coli and 5.06
log cycles for S. cerevisiae. The inactivation rate
was initially low but increased with longer
exposure times, resulting in non-linear survival
curves. Thus, as shown in Fig. 3 the survival
curves for both microorganisms at the two
microwave powers did not follow a linear model
(R2 < 0.80). Based on these results, microbial
inactivation was unaffected by juice type but
strongly influenced by exposure time. The results
also indicated that S. cerevisiae was more
sensitive than E. coli at both microwave powers
and was inactivated more rapidly. Thus, the S.
cerevisiae population fell below the detection



limit at 600 W (80 s) and 900 W (50 s),
respectively. However, the E. coli population was
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Figure 3. Effects of microwave powers/times combination (600 and 900 W for 0-90 and 0-60 s, respectively) on
survival of inoculated E. coli and S. cerevisiae in the pomegranate juices (Malase Momtaze Saveh arils (MMSA);
Alak Saveh arils (ASA)).

Microwave pasteurization of fruit juices shows
variable microbial inactivation efficacy. Mendes-
Oliveira et al. achieved up to 7-log reductions of
E. coli O157:H7 and S. typhimurium in apple
juice at 80-90°C for 5-25 s, with effectiveness
increasing with power, temperature, and duration
(Mendes-Oliveira et al., 2020). Kernou et al.
reported complete 8-log E. coli inactivation using
combined  microwave-ultrasound  treatment
(Kernou et al., 2023). Canumir et al. obtained 2—
4 log reductions of E. coli in apple juice (2450
MHz, 270-900 W, 60-90 s), equivalent to
conventional pasteurization (83°C, 30 s), with no
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significant difference in D-values between higher
powers, indicating primarily thermal mechanisms
(Canumir et al., 2002). Tajchakavit et al. found
that continuous-flow microwave heating (2450
MHz, 700 W, 52.5-65°C) inactivated S.
cerevisiae and L. plantarum ~6 times faster than
conventional heating, with lower D-values
despite similar first-order kinetics (Tajchakavit et
al., 1998). Gentry and Roberts reported >5.2-log
reductions of E. coli in apple cider using
continuous-flow microwave (900-2000 W)
(Gentry & Roberts, 2005).



The debate on microwave microbial
inactivation mechanisms focuses on thermal
versus potential non-thermal effects (Heddleson
& Doores, 1994; Kozempel et al., 1998; Shaw et
al., 2021; Vadivambal & Jayas, 2010), with
proposed non-thermal mechanisms including
selective heating, electroporation, membrane
rupture, and cell lysis. However, decades of
research have established that inactivation is
predominantly thermal. Early studies
demonstrated  that  microorganisms  are
inactivated only in the presence of water, while
dry or lyophilized cells remain unaffected even
after prolonged exposure (Vela & Wu, 1979).
Fujikawa et al. showed predictable thermal
destruction patterns in E. coli with three-phase
linear survival curves (Fujikawa et al., 1992).
More recent studies reinforced this: Gedikl et al.
attributed lethality to generated heat (Gedikli et
al., 2008), and Canumir et al. confirmed heat-
driven E. coli inactivation via D-values (Canumir
etal., 2002). However, Atmaca et al. suggest non-
thermal  contributions, the overwhelming
evidence supports thermal mechanisms as
primary, with calls for more precise experiments
to resolve the ongoing controversy (Atmacaetal.,
1996).

CONCLUSIONS

Both mild heat and microwave treatments
effectively achieved at least 5-log10 reductions
(>5D) of E. coli and S. cerevisiae in pomegranate
juice under the studied conditions. S. cerevisiae
was generally more sensitive than E. coli to both
mild heat and microwave treatments. Microwave
processing provided significantly faster microbial
inactivation than conventional mild heat
treatment at equivalent lethality levels.
Furthermore, the type of pomegranate juice had
no significant influence on the inactivation
efficacy of either microorganism in both mild
heat and microwave treatments.

REFERENCES

Akhavan, H., Barzegar, M., Weidlich, H., &
Zimmermann, B. F. (2015). Phenolic compounds

28

and antioxidant activity of juices from ten Iranian
pomegranate cultivars depend on extraction.
Journal of Chemistry, 2015(1), 907101.
https://doi.org/10.1155/2015/907101

Atmaca, S., Akdag, Z., Dasdag, S., & Celik, S.
(1996). Effect of microwaves on survival of some
bacterial ~strains. Acta microbiologica et
immunologica Hungarica, 43(4), 371-378.

Berney, M., Weilenmann, H.-U., lhssen, J., Bassin,
C., & Egli, T. (2006). Specific growth rate
determines the sensitivity of Escherichia coli to
thermal, UV A, and solar disinfection. Applied and
environmental microbiology, 72(4), 2586-2593.
https://doi.org/10.1128/AEM.72.4.2586-
2593.2006

Canumir, J. A,, Celis, J. E., de Bruijn, J., & Vidal,
L. V. (2002). Pasteurisation of apple juice by using
microwaves. LWT-Food Science and Technology,
35(5), 389-392.
https://doi.org/10.1006/fstl.2001.0865

Chen, L., Liu, Q., Zhao, X., Zhang, H., Pang, X., &
Yang, H. (2022). Inactivation efficacies of lactic
acid and mild heat treatments against Escherichia
coli strains in organic broccoli sprouts. Food
Control, 133, 108577.
https://doi.org/10.1016/j.foodcont.2021.108577

Ciccone, L., Nencetti, S., Rossello, A., & Orlandini,
E. (2023). Pomegranate: a source of
multifunctional bioactive compounds potentially
beneficial in Alzheimer’s disease.
Pharmaceuticals, 16(7), 1036.
https://doi.org/10.3390/ph16071036

Davidson, J. F., Whyte, B., Bissinger, P. H., &
Schiestl, R. H. (1996). Oxidative stress is involved
in heat-induced cell death in Saccharomyces
cerevisiae. Proceedings of the National Academy
of Sciences, 93(10), 5116-5121.
https://doi.org/10.1073/pnas.93.10.5116

FDA, U. (2004). Guidance for industry: Juice HACCP
hazards and controls Guidance. Office of the
Federal Register, National Archives and Records
Administration.

Fujikawa, H., Ushioda, H., & Kudo, Y. (1992).
Kinetics of Escherichia coli destruction by
microwave irradiation. Applied and environmental
microbiology, 58(3), 920-924.
https://doi.org/10.1128/aem.58.3.920-924.1992



https://doi.org/10.1155/2015/907101
https://doi.org/10.1128/AEM.72.4.2586-2593.2006
https://doi.org/10.1128/AEM.72.4.2586-2593.2006
https://doi.org/10.1006/fstl.2001.0865
https://doi.org/10.1016/j.foodcont.2021.108577
https://doi.org/10.3390/ph16071036
https://doi.org/10.1073/pnas.93.10.5116
https://doi.org/10.1128/aem.58.3.920-924.1992

Gabriel, A. A., & Nakano, H. (2009). Inactivation of
Salmonella, E. coli and Listeria monocytogenes in
phosphate-buffered saline and apple juice by
ultraviolet and heat treatments. Food Control,
20(4), 443-446.
https://doi.org/10.1016/j.foodcont.2008.08.008

Gabriel, A. A., & Nakano, H. (2011). Effects of
culture conditions on the subsequent heat
inactivation of E. coli O157: H7 in apple juice.
Food Control, 22(8), 1456-1460.
https://doi.org/10.1016/j.foodcont.2011.03.011

Gedikly, S., Tabak, O., Tomsuk, O., & Cabuk, A.
(2008). Effect of microwaves on some gram
negative and gram positive bacteria. Journal of
Applied Biological Sciences, 2(1), 67—71.

Gentry, T., & Roberts, J. (2005). Design and
evaluation of a continuous flow microwave
pasteurization system for apple cider. LWT-Food
Science and Technology, 38(3), 227-238.
https://doi.org/10.1016/j.1wt.2004.05.016

Gomes, B. A. F.,, Alexandre, A. C. S., de Andrade,
G. A. V., Zanzini, A. P., de Barros, H. E. A,,
Costa, P. A., & Boas, E. V. d. B. V. (2023).
Recent advances in processing and preservation of
minimally processed fruits and vegetables: A
review—Part 2: Physical methods and global
market outlook. Food Chemistry Advances, 2,
100304.
https://doi.org/10.1016/j.focha.2023.100304

Guerrero, S., Lopez-Malo, A., & Alzamora, S.
(2001). Effect of ultrasound on the survival of
Saccharomyces  cerevisiae: influence  of
temperature, pH and amplitude. Innovative Food
Science & Emerging Technologies, 2(1), 31-39.
https://doi.org/10.1016/S1466-8564(01)00020-0

Heddleson, R. A., & Doores, S. (1994). Factors
affecting microwave heating of foods and
microwave induced destruction of foodborne
pathogens—a review. Journal of food protection,
57(11), 1025-1037. https://doi.org/10.4315/0362-
028X-57.11.1025

Kato, T., Shimoda, M., Suzuki, J., Kawaraya, A.,
Igura, N., & Hayakawa, I. (2003). Changes in the
odors of squeezed apple juice during thermal
processing. Food Research International, 36(8),
T777-785. https://doi.org/10.1016/S0963-
9969(03)00072-3

29

Kernou, O.-N., Azzouz, Z., Belbahi, A., Kerdouche,
K., Kaanin-Boudraa, G., Amir, A., Madani, K.,
& Rijo, P. (2023). Inactivation of escherichia coli
in an orange juice beverage by combined
ultrasonic and microwave treatment. Foods, 12(3),
666. https://doi.org/10.3390/foods12030666

Kozempel, M. F., Annous, B. A., Cook, R. D,

Scullen, O., & Whiting, R. C. (1998).
Inactivation of microorganisms with microwaves
at reduced temperaturas. Journal of food
protection, 61(5), 582-585.

https://doi.org/10.4315/0362-028X-61.5.582

Liao, H., Zhang, L., Hu, X., & Liao, X. (2010).
Effect of high pressure CO2 and mild heat
processing on natural microorganisms in apple
juice. International journal of food microbiology,
137(1), 81-87.
https://doi.org/10.1016/j.ijfoodmicro.2009.10.004

Maghsoudi, H., Balvardi, M., Ganjovi, A., & Amir-
Mojahedi, M.-S. (2023). Investigating the effect
of cold plasma on some chemical properties of date
fruits (Phoenix dactylifera L.). Biomechanism and
Bioenergy Research, 2(1), 56-67.
https://doi.org/10.22103/bbr.2023.20459.1044

Mendes-Oliveira, G., Deering, A. J., San Martin-
Gonzalez, M. F., & Campanella, O. H. (2020).
Microwave pasteurization of apple juice:
Modeling the inactivation of Escherichia coli
0157: H7 and Salmonella Typhimurium at 80-90
C. Food Microbiology, 87, 103382.
https://doi.org/10.1016/j.fm.2019.103382

Neggazi, I., Colas-Meda, P., Vifias, I., & Alegre, I.
(2025).  Cross-contamination  of  foodborne
pathogens during juice processing. Biology, 14(8),
932. https://doi.org/10.3390/biology14080932

Noci, F., Riener, J., Walkling-Ribeiro, M., Cronin,
D., Morgan, D., & Lyng, J. (2008). Ultraviolet
irradiation and pulsed electric fields (PEF) in a
hurdle strategy for the preservation of fresh apple
juice. Journal of food engineering, 85(1), 141-
146.
https://doi.org/10.1016/j.jfoodeng.2007.07.011

Parish, M. (1997). Public health and nonpasteurized
fruit juices. Critical reviews in microbiology,
23(2), 109-1109.
https://doi.org/10.3109/10408419709115132

Patras, A., Brunton, N. P., O'Donnell, C., & Tiwari,
B. K. (2010). Effect of thermal processing on


https://doi.org/10.1016/j.foodcont.2008.08.008
https://doi.org/10.1016/j.foodcont.2011.03.011
https://doi.org/10.1016/j.lwt.2004.05.016
https://doi.org/10.1016/j.focha.2023.100304
https://doi.org/10.1016/S1466-8564(01)00020-0
https://doi.org/10.4315/0362-028X-57.11.1025
https://doi.org/10.4315/0362-028X-57.11.1025
https://doi.org/10.1016/S0963-9969(03)00072-3
https://doi.org/10.1016/S0963-9969(03)00072-3
https://doi.org/10.3390/foods12030666
https://doi.org/10.4315/0362-028X-61.5.582
https://doi.org/10.1016/j.ijfoodmicro.2009.10.004
https://doi.org/10.22103/bbr.2023.20459.1044
https://doi.org/10.1016/j.fm.2019.103382
https://doi.org/10.3390/biology14080932
https://doi.org/10.1016/j.jfoodeng.2007.07.011
https://doi.org/10.3109/10408419709115132

anthocyanin stability in foods; mechanisms and
kinetics of degradation. Trends in Food Science &

Technology, 21(1), 3-11.
https://doi.org/10.1016/].tifs.2009.07.004

Sado Kamdem, S. L., Belletti, N.,
Tchoumbougnang, F., Essia-Ngang, J. J.,

Montanari, C., Tabanelli, G., Lanciotti, R., &
Gardini, F. (2015). Effect of mild heat treatments
on the antimicrobial activity of essential oils of
Curcuma longa, Xylopia aethiopica, Zanthoxylum
xanthoxyloides and Zanthoxylum leprieurii
against Salmonella enteritidis. Journal of Essential
oil Research, 27(2), 52-60.
https://doi.org/10.1080/10412905.2014.982873

Sharma, M., Adler, B., Harrison, M., & Beuchat,
L. (2005). Thermal tolerance of acid-adapted and
unadapted Salmonella, Escherichia coli O157: H7,
and Listeria monocytogenes in cantaloupe juice
and watermelon juice. Letters in Applied
Microbiology, 41(6), 448-453.
https://doi.org/10.1111/j.1472-
765X.2005.01797.x

Shaw, P., Kumar, N., Mumtaz, S., Lim, J. S., Jang,
J. H., Kim, D., Sahu, B. D., Bogaerts, A., &
Choi, E. H. (2021). Evaluation of non-thermal
effect of microwave radiation and its mode of
action in bacterial cell inactivation. Scientific
Reports, 11(2), 14003.
https://doi.org/10.1038/s41598-021-93274-w

Shojaei, M. H., Jafarinaeimi, K., Mortezapour, H.,
Maharlooei, M., & Asadi, M. (2025). Effect of
Non-Thermal Methods on the Reduction of
Pesticide Residues and Harmful Microorganisms
in Food Products (A Review). Biomechanism and
Bioenergy Research, 4(1), 1-18.
https://doi.org/10.22103/bbr.2024.24212.1094

Tajchakavit, S., Ramaswamy, H., & Fustier, P.
(1998). Enhanced destruction of spoilage
microorganisms in apple juice during continuous
flow microwave heating. Food Research
International, 31(10), 713-722.
https://doi.org/10.1016/S0963-9969(99)00050-2

Tournas, V., Heeres, J., & Burgess, L. (2006).
Moulds and yeasts in fruit salads and fruit juices.
Food Microbiology, 23(7), 684-688.
https://doi.org/10.1016/j.fm.2006.01.003

Vadivambal, R., & Jayas, D. (2010). Non-uniform
temperature distribution during microwave heating
of food materials—A review. Food and bioprocess

30

technology, 3(2), 161-171.
https://doi.org/10.1007/s11947-008-0136-0

Vela, G., & Wu, J. (1979). Mechanism of lethal
action of 2,450-MHz radiation on microorganisms.
Applied and environmental microbiology, 37(3),
550-553.  https://doi.org/10.1128/aem.37.3.550-
553.1979

Wojcik, M., Szczepanska-Stolarczyk, J., Wozniak,
L., Jasinska, U. T., Trych, U., Cywinska-
Antonik, M., Kosinski, J., Kaniewska, B., &
Marszalek, K. (2024). Evaluating the Impact of
Microwave vs. Conventional Pasteurization on
NFC Apple—Peach and Apple-Chokeberry Juices:
A Comparative Analysis at Industrial Scale.
Applied Sciences, 14(14), 6008.
https://doi.org/10.3390/app14146008

Zhang, R., Ma, Y., Wu, D, Fan, L., Bai, Y., &
Xiang, Q. (2020). Synergistic inactivation
mechanism of combined plasma-activated water
and mild heat against Saccharomyces cerevisiae.
Journal of food protection, 83(8), 1307-1314.
https://doi.org/10.4315/JFP-20-065



https://doi.org/10.1016/j.tifs.2009.07.004
https://doi.org/10.1080/10412905.2014.982873
https://doi.org/10.1111/j.1472-765X.2005.01797.x
https://doi.org/10.1111/j.1472-765X.2005.01797.x
https://doi.org/10.1038/s41598-021-93274-w
https://doi.org/10.22103/bbr.2024.24212.1094
https://doi.org/10.1016/S0963-9969(99)00050-2
https://doi.org/10.1016/j.fm.2006.01.003
https://doi.org/10.1007/s11947-008-0136-0
https://doi.org/10.1128/aem.37.3.550-553.1979
https://doi.org/10.1128/aem.37.3.550-553.1979
https://doi.org/10.3390/app14146008
https://doi.org/10.4315/JFP-20-065

