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Abstract: This study aimed to evaluate the effect of sous vide heat treatment and different
packaging methods on the microbiological quality of red peppers (Capsicum annuum L.)
during their refrigerated storage. Peppers of the Roberta variety were used in the study.
The heat treatment of the peppers was carried out under vacuum conditions for all the
packaging methods. ATM (unaltered gas atmosphere) and MAP (modified atmosphere
packaging) products were repackaged under aseptic conditions into a suitable gaseous
atmosphere after heat treatment and cooling into an unaltered atmosphere (ATM), and into
a modified atmosphere (MAP: 30% CO,, 70% N3). The sous vide thermal treatment was
performed in three variations: 30 min/60 °C, 15 min/70 °C, and 8 min/80 °C. The peppers
were stored at 3 & 1 °C until the bacterial count first exceeded 4 log CFU/g, but no longer
than 24 days. The pH, TVC, Enterobacteriaceae count, and microscopic filamentous fungi
count were determined in the products. A qualitative analysis of microbial isolates was
also carried out using MALDI-TOF mass spectrometry. Sous vide heat treatment reduced
the number of TVC (total viable count) (<2 to 2.35 log CFU/g), Enterobacteriaceae (<2 log
CFU/g), and the number of microscopic filamentous fungi (<2 log CFU/g) compared with
control (TVC 3.54-3.86 log CFU/g). The use of heat treatment combined with the packaging
of culinary products effectively extends the shelf life of sous vide peppers, from 3 to 6 days
for raw peppers to 15-24 days for sous vide peppers depending on the heat treatment and
packaging method. All the packaging methods allowed the product to remain microbio-
logically safe (TVC below 4 log CFU/g) for 24 days for 30 min/60 °C and 15 min/70 °C
treatments, and VAC packaging for 8 min/80 °C treatments. Bacterial identification by
MALDI-TOF MS revealed that the predominant families were Pseudomonadaceae, Yersini-
aceae, and Staphylococcaceae. Depending on the method of sous vide thermal treatment,
it showed differences in the percentage of bacterial families in the culinary products. The
proportions in the proportion of Gram+ and Gram- bacteria also changed. The use of
sous vide processing in combination with appropriate packaging methods can significantly
extend the shelf life of products obtained from peppers.
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1. Introduction

The growing demand for convenience foods has led to the development of an as-
sortment of different ready-to-eat and semi-processed foods. Vegetables, including red
peppers (Capsicum annuum L.), are essential components of a balanced diet, providing car-
bohydrates, including dietary fibre, vitamins, and minerals [1]. However, their long-term
storage poses the risk of nutritional loss and the appearance of microbial contamination.
Therefore, the optimisation of thermal processing and packaging methods is crucial to
ensure food safety and adequate quality [2-5]. Red pepper (Capsicum annuum L.) is a
widely consumed vegetable with a wide range of culinary and industrial uses belonging
to the Solanaceae family characterised by intense colour, distinctive flavour, and high
nutritional value, including high levels of carotenoids, polyphenols, antioxidants, and
capsaicinoids. Particularly noteworthy is the high level of vitamin C, up to 277 mg/100 g
fresh weight [6-8], which plays a crucial role in various metabolic processes and acts as a
powerful antioxidant. The carotenoids contained in red peppers, such as (3-carotene and
capsanthin, contribute to its vibrant colour and health benefits, including anti-inflammatory
and anticancer properties [9-11].

Ensuring the microbiological quality of food is crucial for consumer safety and prod-
uct shelf life. Traditional preservation methods often include heat treatment and various
packaging techniques to inhibit microbial growth. In recent years, sous vide heat treatment
has gained attention as an innovative food processing method for improved quality and
safety. The sous vide method, combined with appropriate packaging, can effectively re-
duce microbial contamination and extend the shelf life of vegetables. Vacuum packaging
(VAC) and modified atmosphere packaging (MAP) are commonly used to increase the
microbiological stability of sous vide products. These packaging methods reduce exposure
to oxygen, thereby inhibiting the growth of aerobic spoilage organisms and pathogens [12].
Thermal processing methods, including sous vide, significantly affect the nutritional quality
of vegetables. Sous vide, a low-temperature, long-time cooking (LTLT) method, involves
vacuum-sealing food and cooking it in a water bath at strictly defined temperatures [13]. In
the context of food preservation, sous vide goes beyond traditional cooking to encompass
processes aimed at increasing shelf life and safety. According to Baldwin [14], sous vide
processing allows processing at lower temperatures for longer periods, effectively inacti-
vating pathogens while preserving food products’ sensory and nutritional qualities. There
is little or no scientific evidence to support any predictive model for the inactivation of
foodborne pathogens in vegetables at cooking temperatures at or below 55 °C, so the safety
of products cooked by sous vide at temperatures below 55 °C cannot be guaranteed [13].
In contrast, according to a study by Stringer and Metris [15], vegetables should be cooked
at 70 °C for at least two minutes to counter the risk of foodborne pathogens such as L.
monocytogenes. A study by Singh et al. [16] demonstrated the effectiveness of sous vide in
reducing the microbial load in various vegetables, highlighting its potential application to
red peppers. Studies by Iborra-Bernard et al. [17] and Stankov et al. [18] indicate that sous
vide processing can significantly improve the microbiological quality of red peppers. Con-
trolled temperature and vacuum conditions reduce the risk of contamination by pathogens
such as Listeria monocytogenes and Escherichia coli. In addition, sous vide processing helps
preserve red peppers’ structural integrity and nutrients, making it a suitable method to
produce ready-to-eat high-quality, safe, and nutritious vegetable products.

The use of sous vide heat treatment combined with packaging methods such as VAC
and MAP offers opportunities to improve the microbiological quality and shelf life of
red peppers. With sous vide processing, targeted microbial inactivation can be achieved
without excessive heat damage, while appropriate packaging can inhibit post-processing
contamination and slow down microbial growth during storage. A study by Onyeaka
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et al. [19] showed that vacuum-packed sous vide-treated vegetables exhibited significantly
lower microbial counts compared to those packaged in air. Similarly, MAP has been
shown to extend the shelf life of sous vide products by creating an environment that is
unfavourable to spoilage organisms [13]. Furthermore, research by Souza et al. [20] and
Chem et al. [21] sheds new light on the safety and applicability of different packaging
materials than before. The use of biodegradable food packaging with bacterial growth
inhibitors may bring additional benefits to food producers and consumers. Thus, further
research is needed to optimise processing parameters and explore the potential of sous
vide in combination with other preservation methods to develop innovative and safe
food products.

The aim of this study was to analyse the effect of sous vide heat treatment parameters
and different packaging methods on selected physicochemical parameters and the micro-
biological quality of red peppers during cold storage. The obtained research results will
allow for the assessment of whether the combined methods of red pepper preservation
(sous vide method conditions and packaging method) will allow for maintaining the ap-
propriate microbiological quality during cold packaging and will indicate possible factors
for modification. Sous vide heat treatment combined with appropriate packaging methods
(ATM, VAC, and MAP) can effectively reduce the number of microorganisms such as TVC
and Enterobacteriaceae, as well as the number of microscopic filamentous fungi, compared
to raw peppers, and can also bring economic and environmental benefits such as reduced
food losses and lower storage costs.

2. Materials and the Experimental Design
2.1. Study Material

The research material was raw red annual peppers (Capsicum annuum L.) of the Roberta
variety and the culinary products obtained from them. The fruiting bodies of red peppers
(Subcarpathian Voivodeship, Poland) were intended for the study. The fruiting bodies
intended for the study were fresh, with the shape and uniform colour characteristic of the
cultivar, with a size in the 200-300 g range. Approximately 20 kg of peppers was used for
the study. After pre-sorting (e.g., eliminating fruiting bodies that were too small or too large
and not correctly coloured; the maturity was assessed visually), the peppers were divided
into three equal parts for the three packaging methods. Each packaging method included
four treatment options: no heat treatment (control) and three sous vide heat treatment
options. Immediately after purchase, the fresh vegetables were pre-treated, which included
the removal of the seed nests, washing in running cold water and drying, and slicing into
oblong rectangular pieces of 20 & 4 g (dry weight range); their length and width may have
varied but was approximately 2.5 cm x 4 cm.

The heat treatment of the peppers was carried out under vacuum conditions for all
the packaging methods (ATM, VAC, and MAP). The VAC products were cooled after heat
treatment and destined for storage. The ATM and MAP products were repackaged under
aseptic conditions into a suitable gaseous atmosphere after processing and cooling (ATM
and MAP). The packaging material for packaging under an unchanged gas atmosphere
was string pouches made of 100 um thick polyethene (PE) transparent film (Inter Arma,
Rudawa, Poland). A 70 um thick, 100 x 150 mm double-layer polyamide/polyethylene
(PA/PE) (Inter Arma, Rudawa, Poland) transparent film was used for the vacuum packag-
ing of culinary products. An RM Gastro VBN-18SB (RM Gastro, Prague, Czech Republic)
packaging machine was used for the VAC packaging of culinary products. The following
parameters were used during packaging: vacuum generation time 5 s, vacuum 0.9 MPa,
and sealing time 13 s. The VAC packaging conditions were experimentally determined
using an optimum pressure and sealing time that did not damage the culinary products
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during the packaging process. For the modified gas atmosphere packaging of culinary
products, a two-layer polyamide/polyethene (PA/PE) film with a thickness of 70 pm and
dimensions of 100 mm x 150 mm was used. An RM Gastro VBN-185B (RM Gastro, Prague,
Czech Republic) packaging machine was used for the MAP packaging of culinary products.
BIOGON C30 food gas (Linde, Dublin, Ireland) had a composition of 30% CO; and 70%
Ny. The following parameters were used during packaging: pressure build-up 1 MPa, gas
injection 10 s, and sealing time 10 s. The MAP packing conditions were experimentally
determined so that the gas filled the pack’s volume.

Sous vide hydrothermal treatment was carried out using a water circulator (CASO 2000,
Arnsberg, Germany). Three variants of hydrothermal treatment of peppers were used for each
packaging method: 30 min at 60 °C packed in an unaltered gas atmosphere (30 min/60 °C
ATM), vacuum packed (30 min/60 °C VAC), and packed in a modified gas atmosphere
(30 min/60 °C MAP); 15 min at 70 °C in an unchanged gas atmosphere (15 min/70 °C
ATM), vacuum packed (15 min/70 °C VAC), and packaged in a modified gas atmosphere
(15 min/70 °C MAP); and 8 min at 80 °C in an unchanged gas atmosphere (8 min/80 °C
ATM), vacuum packed (8 min/80 °C VAC), and packaged in a modified gas atmosphere
(8 min/80 °C MAP). The aforementioned hydrothermal treatments and packaging methods,
together with the raw peppers’ packaging, resulted in 12 test samples. Each test sample was
prepared in 54 replicates (9 test dates were planned, each with n = 6). The dry weight of
the raw fruiting bodies on the first day of storage ranged from 8.14 to 8.46%, while after the
sous vide treatment, it ranged from 7.82% to 9.31%. The packaging method and storage time
did not have a statistically significant effect (p > 0.05) on the dry matter content of the raw
products. After the sous vide treatment, the peppers were immediately cooled to 4 °C in ice
water. The packaged samples of raw peppers and sous vide-treated peppers were stored
under refrigeration at a temperature of not more than 4 °C (3 & 1 °C) (FKv 36110, Liebherr,
Donau, Germany) until analysis. The raw and sous vide peppers were assessed on day 1 of
storage and every 3 days thereafter until day 24 of the experiment.

2.2. Study Methods
2.2.1. Determination of Active Acidity

The active acidity (pH) of the products was determined using a pH-METR CP-411
(Elmetron, Zabrze, Poland) [22]. The test was carried out in 3 replicates.

2.2.2. Microbiological Quality Assessment

The microbiological quality of the raw and cooked pepper fruiting bodies was assessed
every 3 days until the bacterial counts first exceeded 4 log CFU/g, but not longer than
24 days. The study assumed that bacterial counts > 4 log CFU/g resulted in unsatisfactory
product quality. The limit was established in accordance with the UK Health Security
Agency and the NSW Food Authority. The microbiological analysis included the determi-
nation of the total viable count (TVC), the number of Enterobacteriaceae, and the number
of microscopic filamentous fungi. In addition, bacterial identification was performed from
the bacterial cells obtained by a MALDI-TOF MS Biotyper mass spectrometer analysis by
measuring unique bacterial proteins.

2.2.3. Preparation of Samples for Microbiological Tests

The material for microbiological tests was secured in 100 mL containers. Samples
weighing 5.00 & 0.1 g were cut from the pepper pieces and transferred to sterile disposable
containers. A total of 45 ml of saline (0.9% NaCl) was added to the sample containers
and mixed in a BagMixer® 400S homogeniser (stomacher) (Interscience, Saint Nom la
Bréteche, France). Serial dilutions from 107! to 10> were prepared from the solutions.
To determine the total viable count (TVC), the samples were cultured in Trypticasein Soy
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Lab-Agar medium (TSA, Biocorp, Paris, France) according to [23]. The samples were
incubated for 48 h at 37 °C under aerobic conditions. For the isolation of Enterobacteriaceae,
Violet Red Bile Glucose Agar (VRBL, Biocorp, Paris, France) was used according to ISO
11133:2014 [24]. The inoculated plates were incubated at 37 °C for 24 h. To determine the
number of microscopic filamentous fungi, Malt Extract Agar (MEA, Sigma-Aldrich, St.
Louis, MO, USA) was used according to [25]. The plates were incubated at 25 °C for 48 h.
Microbiological tests were performed in triplicate for each sample and each medium. After
incubation, the bacterial colonies of the plates were counted, with plate counts ranging
from 15 to 150 colonies for Enterobacteriaceae and 30 to 300 colonies for TVC [26]. Plates
for strain identification were stored in a cold room (FKv 36110, from Liebherr, Donau,
Germany) at 3 °C 1 °C for up to 24 h.

2.2.4. Mass Spectrometry Identification of Isolates

A qualitative analysis of microbial isolates was performed using the method described
by Kacéniova et al. [27] using MALDI-TOF mass spectrometry (Bruker Daltonics, Bremen,
Germany). The bacterial biomass of the microbial medium was transferred to 300 uL
of distilled water. Then, 900 uL of ethanol was added and mixed using Vortex (Vortex
Classic, Velp Scientifica, Usmate, Italy). The bacterial suspension in the ethanol solution
was centrifuged (MPW-150R, MPW MED. INSTRUMENTS, Warsaw, Poland) for 2 min
at 14,000 rpm (RCF = 22,570x g) at room temperature (19-21 °C). The supernatant was
discarded and the bacterial biomass was allowed to dry. In total, 30 uL of 70% formic acid
and 30 puL of acetonitrile were added and mixed using a vortex. The tubes were centrifuged
for 2 min at 14,000 rpm (RCF = 22,570 x g) at room temperature (19-21 °C). A total of 1 puL
of supernatant was applied to a 96-well metal plate, each sample to a separate well. After
drying at room temperature (19-21 °C), each well was coated with 1 puL of alpha-cyano-4-
hydroxycinnamic acid (HCCA) and allowed to dry at room temperature. The metal plate
with the overlaid samples was placed in the measuring chamber of the apparatus, the air
was then removed to create a vacuum and the plate was exposed to a laser beam. Under
their action, bacterial proteins were desorbed and ionised, and the ionised peptides were
accelerated in a strong electric field by measuring their transit time. Based on the resulting
distribution of peptides and their molecular weights, charge, and time of flight, the MALDI-
TOF system generated spectrophotometric spectra. The peak spectra corresponded to
ions with different mass—charge ratios. The spectrum measurements were automatically
compared with a database of microbial reference spectra. The generated spectra were
analysed on a MALDI-TOF Microflex LT instrument (Bruker Daltonics, Bremen, Germany)
using the Flex Control 3.4 software.

2.2.5. Statistical Analysis

The results of the study were statistically processed using the Statistica v.13.1 software
(Stat-Soft). The results of the study are presented as means and standard deviations. The
effects of storage time and packaging method on the pH parameter were evaluated by
one-way and multivariate analysis of variance (ANOVA and MANOVA) (using Fisher’s
NIR post hoc tests). The effect of storage time on the microbiological parameters of the
peppers was evaluated by one-way analysis of variance (ANOVA) (using Fisher’s NIR post
hoc tests). The differences were considered significant at p < 0.05.

3. Results and Discussion
3.1. The pH Value of the Culinary Products Tested

The pH values of the raw fruiting bodies after culinary processing and during the
refrigerated storage of the culinary products are shown in Table 1.
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Table 1. pH values in raw peppers and after sous vide heat treatment during storage.
Type of Sous Vide
Pacylfaging Storage Day  Control 30 min/60 °C 15 min/70 °C min/gooC _ P-Value
ATM 494204 +0.05 4.83defehaB+0.02  4.768h +(.14 4.93 ¢4 +0.00 0.052
VAC 1 day 5.09b4+0.1 4911 +0.03 4.73 t3hB + 0.09 4.90 «f82 + 0.03 0.002
MAP 4.992bA+0.02 4.81 cdefeB+ (.1 4.87 18 +0.02 4.79 b<B + 0.04 0.010
ATM 4.922b2+0.03 4.82defzA +(0.02 4.72 f&hB +(0.09 4.90 «fs2 + 0.04 0.006
VAC 3 days 4.922bA+(01  4.89ehAB+ (.06 47818 +(0.04  4.88defeAB+(0.07  0.172
MAP 5.042bA+0.08  4.86 f8hB +0.07 4.78 £iBC + 0.02 4.74 2bC + 0.06 0.001
ATM nt 477 abcdeB +(0.04 4.70defehB+(012 491 fe2+0.04 0.011
VAC 6 days nt 4.85¢efehaB + (.07  4.70 °f&hB +0.09 4.86 dot4 £ 0.06 0.073
MAP 48724+024 4752bcdr+0.04  4.71ef8hA+0.06 4.70 >4 +0.02 0.425
ATM nt 4.76 248+ 0.06 4.67 »bcdefsC+ (.00 4.89 defes +(0.04 0.011
VAC 9 days nt 4.78 abcdefab + (.04 4.72 t3hB + (.07 4.85 cdeta + (.04 0.057
MAP nt 4.77 abcdeh £ (.08 4.67 abedetsA +(0.02  4.72 204 +0.00 0.356
ATM nt 4.752bcdB+ (.05 4.652bcdefC+(0.03  4.84 cder +(0.04 0.004
VAC 12 days nt 479 abedetAB +(0.04 4.71fshB+(0.07  4.87 defenr+0.01 0.016
MAP nt 4.75 abcdA + (.06 4.59 2bB + (.08 4.71 24 +0.01 0.026
ATM nt 4.71 24 +0.04 4.642bcdefr+0.06  4.6924+0,11 0.529
VAC 15 days nt 4732b8B+0.06  4.69 cdefshB+(0.03  4.83 <44 +0.04 0.018
MAP nt 4.79 abedefa + (.07 4.65 2bedetB + (.03 4.69 28 + 0.04 0.032
ATM nt 4.78 abcdefn + (0,06 4.62 abcdeB + (.05 nt 0.024
VAC 18 days nt 4.722bAB + (0,05 4.67 2beodeteb (0,02  4.742b4+0.01 0.078
MAP nt 4.79 abedefa + (.06 4.67 abodefeB+(0.02 47028 +0.04 0.025
ATM nt 4.75 abcdA + (.07 4.59 abeB + (.04 nt 0.026
VAC 21 days nt 4.722bA+0.02  4.68bcdefer+(0.03  4.722bA+(.02 0.182
MAP nt 4762044+ 0,02  4.622bcdeB +(.01 nt <0.001
ATM nt 4.83 defghB + (.02 4.58 24 +0.03 nt <0.001
VAC 24 days nt 473204 +0.03  4.69 cdefzha+(0.03 473204 +0.02 0.164
MAP nt 4.80bcdeftr +0.05  4.60 »bedB +(0.05 nt 0.010
Control Sous vide
30 min/60 °C 15 min/70 °C 8 min/80 °C
Type of packaging 0.129 <0.001 <0.001 <0.001
Storage day - 0.630 <0.001 -
Type of packaging x Storage day 0.266 0.062 0.230 0.002

Explanations: nt—samples were not tested due to exceeding the established limit set of 4 log CFU/g; ¥ ¢+ —
values in the columns marked with different lowercase letters are significantly different p < 0.05; & - —values
in the rows marked with different capital letters are significantly different p < 0.05.

The pH value on the first day of storage of the raw pepper and after cooking ranged from
4.73 t0 5.09. The heat treatment of the peppers and ATM packaging did not cause significant
changes in the pH value, in contrast to the heat treatment and VAC and MAP packaging,
which contributed to a significant reduction in the pH value on the first day of storage, by
2-7%. During the storage of the culinary products, a systematic reduction in pH values was
found regardless of the heat treatment and packaging method. In the raw products at the end
of storage, depending on the packaging method, the pH value varied between 4.87 and 4.92,
in products after 30 min/60 °C treatment 4.73—4.83, after 15 min/70 °C treatment 4.584.69,
and after 8 min/80 °C treatment 4.69—4.73. The packaging method significantly affected the
pH value in all the thermal treatments, while it was not significant for the control sample. The
day of storage significantly affected the pH parameter only in the case of the 15 min/70 °C
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treatment, but no significant effect was found (p = 0.102). The effect of heat treatment on pH
levels is also confirmed by a study by Dimassi et al. [28] on pastes made from sweet peppers.
The authors found a decrease in pH values after heat treatment (6 h for 70 °C) compared to
non-heat-treated paste from 5.52 to 5.41. In contrast, Rodini et al. [29] found no change in pH
values during refrigerated storage (for a period of 12 days) of sweet pepper variety pastes
subjected to mild heat treatment (45 °C for 3 min). Bozkurt and Erkmen [30], investigating
the effect of preparation on the quality of pastes from hot pepper varieties, noted that pH
decreased in the first 14 days and then increased in some cases, which could be related to the
development of lactic fermentation bacteria, which initially lower pH by producing organic
acids, but form alkaline compounds during prolonged storage. Another explanation was
presented in the paper by Dos Reis et al. [31], where the authors reported that the pH of
broccoli and cauliflower florets decreased by half a point after sous vide processing (90 °C,
20 min) compared to fresh samples. This was probably due to some cell wall ruptures that
released internal acids.

3.2. Evaluation of the Total Viable Count in Raw Peppers and Culinary Products During Storage

Table 2 shows the results of the total viable count (TVC) for the raw peppers and culi-
nary peppers packaged in an unaltered atmosphere (ATM), vacuum (VAC), and modified
gas atmosphere (MAP). In the raw peppers, on the first day of the experiment, the TVC
ranged from 3.54 to 3.86 log CFU/g and did not significantly depend on the packaging
method (p > 0.05). During the storage of the culinary products, except 15 min/70 °C, the
method of packaging and storage time had a significant effect (p < 0.05) on the total bacte-
rial count. Following the rule of thumb described in the materials and methods section,
the maximum storage time for the ATM and VAC raw peppers was 3 days and MAP raw
peppers 6 days. The total number of microorganisms in the mentioned samples on the
last day of storage did not exceed 4 log CFU/g, respectively: 3.98 log CFU/g; 3.99 log
CFU/g; and 3.69 log CFU/g. The results on TVC microorganisms obtained in our own
work correspond with the work of Yu et al. [32], who estimated the initial microbial status of
sliced green peppers to be 3.36 & 0.1 log CFU /g, and observed a sharp increase in microbial
contamination to 4.88 £ 0.05 log CFU/g on day 6 of refrigerated storage (8 £ 1 °C). A study
by Moreira et al. [33] also showed a significant increase in the aerobic bacterial population
of green peppers during the 6-day refrigerated storage period, from 3.38 £ 0.62 log CFU /g
on day 1 to 5.28 + 0.51 log CFU/g on day 6.

The sous vide 30 min/60 °C heat treatment for all the packaging methods resulted in
a significant (p = 0.013) reduction in the TVC bacteria counts compared to the raw peppers.
On the first day of storage of the ATM- and VAC-packaged culinary products, no TVC
bacteria were observed or their number was below the limit of the detection threshold (1 log
CFU/g), and in the MAP-packaged peppers, the microbial count was 2.69 log CFU/g. In the
test facilities, no exceedance of the safe limit of bacteria (4 log CFU/g) was observed during
the entire storage period of 24 days, and the highest abundance of TVC was observed on
the 18th day of storage in the MAP-packed products and their number was 3.15 log CFU/g.

For the 15 min/70 °C peppers, the packaging method and storage time did not
significantly affect the microbial counts (p = 0.102). On the first day of storage for the
15 min/70 °C ATM and 15 min/70 °C VAC peppers, the TVC was below the limit of the
detection threshold (<1 log CFU/g), while for the 15 min/70 °C MAP peppers, the number
of microorganisms was 3.20 log CFU/g. Throughout the storage period of the 15 min/70 °C
peppers, the number of TVC for all the packaging methods did not exceed the set limit
(4 log CFU/g). The effect of the sous vide method on TVC was also checked by Rinaldi
et al. [34]. They carried out microbiological analyses of steamed and sous vide (100 °C for
20 min) cooked carrots and showed that both groups of carrots showed microbial counts
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that were always below 1 log colony forming units per gram (CFU/g), even after 10 days
of storage at 4 °C, while the microbial status of the raw was 4.34 log CFU/g. Therefore,
both heat treatments seemed to reduce the initial microbial count effectively.

In order to reduce the number of bacteria in the sous vide and VAC- and MAP-
packaged products, some authors propose the use of different types of essential oils that
have a positive effect on the reduction and growth of bacteria during fruit and vegetable
storage, for example, S. enterica and L. monocytogenes [35-40].

Table 2. Total viable count [log CFU/g] in raw peppers and after sous vide heat treatment during

storage.

Type of Packaging Storage Day Control 30 min/60 °C fsoll;sir\l//;c(l]eo C 8 min/80 °C
ATM 3.60 2> + (.28 nd nd 2.352b +0.07
VAC 1 day 3.86 abc + (.08 nd nd 2.002+0.00
MAP 3.542+0.05 2.69°+0.13 3.20bc+0.14 nd
ATM 3.98 bed £ 0.14 nd nd 2.84 bed +0.76
VAC 3 days 3.99 bed £ 0.06 nd nd 2.252+0.07
MAP 3.61 2P +0.28 2.35ab +0.21 2.80 abe + (.31 nd
ATM 4.61 f+0.02 nd 3.01bc+0.02 3.24 def+0.34
VAC 6 days 4.37 de+0.02 nd nd nd
MAP 3.69 abe + 0,10 2.59b+0.12 nd 2.43 2bc+ (.07
ATM nt 2.00 2+ 0.00 3.002bc+0.01  3.63 ¢f8+0.21
VAC 9 days nt 2.73 b<+ 047 nd nd
MAP 478 1+0.28 260+ 0.00 3.16 bc+0.23 2.96 <4 + 0.06
ATM nt nd nd 3.91 shi +0.05
VAC 12 days nt nd nd nd
MAP nt nd 3.36 <+ 0.50 3.73 f8h + (.14
ATM nt 2.352b +0.07 nd 3.84 shi £ (.29
VAC 15 days nt nd nd nd
MAP nt nd nd 3.65 efgh + (.28
ATM nt nd 2.6520+0.07 4.098hi+0.14
VAC 18 days nt nd nd nd
MAP nt 3.15¢+0.21 nd 3.78 fsh + 0.28
ATM nt nd nd nt
VAC 21 days nt nd nd 2.90 <4 +0.00
MAP nt nd 3.40 <+ 0.57 41801 +0.14
ATM nt 2.402b +0.14 3.16 bc+(0.23 nt
VAC 24 days nt nd 2.302+0.43 3.19 de +0.26
MAP nt nd nd nt

p-value <0.001 0.013 0.102 <0.001

Explanations: nt—samples were not tested due to exceeding the established set limit of 4 log CFU/g; nd—not
detected due to low levels below 1 log CFU/g; & ¢ -—values in the columns marked with different lowercase
letters are significantly different p < 0.05. Bold font indicates the last day of the consumer shelf life.

3.3. Evaluation of Total Enterobacteriaceae in Raw Peppers and Culinary Products During Storage

Table 3 shows the results of the Enterobacteriaceae counts for the raw peppers and sous
vide cooked peppers packed in ATM, VAC, and MAP. In the raw peppers from ATM, VAC,
and MAP, the total Enterobacteriaceae count on the first day of storage varied between 2.15 and
2.24 log CFU/g depending on the packaging method and no statistically significant variation
was observed between the reported results. The storage time and packaging method had a
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statistically significant (p = 0.001) effect on the Enterobacteriaceae counts in the raw peppers
throughout the storage period. The Enterobacteriaceae counts on the last day of storage in
the raw peppers (control) were for ATM and VAC—2 log CFU /g, while for MAP—3.80 log
CFU/g. After the sous vide treatment of the peppers at 30 min/60 °C, Enterobacteriaceae
were identified only in the MAP-packed products, and their counts were 2.52 log CFU/g
on day 6 and 3.02 log CFU/g on day 18, and these results were not statistically significantly
different (p = 0.705). Enterobacteriaceae were not observed in the other culinary products or
their numbers were below the limit of detection threshold (1 log CFU/g). On the first day of
storage of the 15 min/70 °C peppers, no Enterobacteriaceae were identified or their numbers
were below the limit of detection threshold (1 log CFU/g). Regardless of the packaging meth-
ods, the Enterobacteriaceae counts throughout the storage period ranged from 2.48 log CFU /g
to 3.34 log CFU/g, and the differences were not statistically significant (p = 0.977). After the
treatment of the culinary products at 8 min/80 °C, Enterobacteriaceae were identified in the
products obtained on the 15th, 18th, and 21st day of storage only for MAP packaging, and
their counts were, respectively, 3.93; 3.30; and 3.91 log CFU/g. No statistically significant
differences (p = 0.805) were observed between the MAP culinary products during storage.
The assessment of the microbiological status in terms of Enterobacteriaceae contamination in
the peppers and their products is not widely reported in scientific papers. However, Karikari
et al. [41] found that peppers may contain unacceptable levels of Enterobacteriaceae, mainly
related to inappropriate cultivation practices. They may also be contaminated with human
pathogens both during harvesting and at later stages of distribution and technological process-
ing. However, these bacteria could be reduced through good food preparation/processing
practices in the food chain.

3.4. Evaluation of the Total Number of Microscopic Filamentous Fungi in Raw Peppers and
Culinary Products During Storage

Table 4 shows the results of the total number of microscopic filamentous fungi (MFF)
for the raw peppers and culinary peppers packed in an unaltered atmosphere (ATM),
vacuum (VAC), and modified gas atmosphere (MAP). The packaging and storage time
method significantly affected (p < 0.001) the number of MFF in the raw products. The
MFFcounts of the ATM and VAC raw peppers were 2.15-2.24 log CFU /g on the first day and
increased to 4.43-4.44 log CFU/g on the last 6 days of storage. In contrast, on the first day
of storage of the MAP raw peppers, the MFF abundance was below the limit of detection
level (1 log CFU/g), and on day 9, their number increased to 3.85 log CFU/g. The number
of MFF in green peppers, according to Yu et al. [32], was 3.36 £ 0.04 log CFU/g on the first
day, increasing during storage to about 4.5 log CFU/g on day 6 of refrigerated storage, a
value similar to our own study. Also, in the study by Zhang et al. [42], results similar to
those of MFF contamination were obtained. The authors cited tested square-cut peppers
packed in nitrogen on days 1, 4, and 8 of refrigerated storage at 4 °C, obtaining values of
2.33 log CFU/g, 2.52 log CFU/g, and 3.18 log CFU/g, respectively. On the other hand,
slightly higher results for MFF populations were found by Moreira et al. [33], as in sliced
green peppers the mentioned microorganisms showed 4.58 + 0.22 log CFU/g on the first
day of refrigerated storage at 4 °C, after which their numbers increased to 5.40 & 0.48 log
CFU/g on day 6. In all the temperature variants, the sous vide heat treatment method did
not cause statistically significant changes in MFF abundance during storage, regardless
of the packaging method. Irrespective of the packaging method, over the entire storage
period after the cooking of the 30 min/60 °C peppers, the total MFF counts ranged from
2.15 log CFU/g to 3.52 log CFU/g, for 15 min/70 °C peppers from 2.24 log CFU/g to
3.22 log CFU/g, and for 8 min/80 °C peppers from 2.00 log CFU/g to 3.30 log CFU/g.
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Table 3. Total Enterobacteriaceae [log CFU/g] in raw peppers and after sous vide heat treatment
during storage.

Type of Packaging Storage Day Control 30 min/60 °C f;:i:/;%eo C 8 min/80 °C
ATM 22424024 nd nd nd
VAC 1 day 2.152+0.15 nd nd nd
MAP nd nd nd nd
ATM 2.002+0.00 nd nd nd
VAC 3 days 2.002+0.00 nd nd nd
MAP 2.392+0.09 nd nd nd
ATM 4.41°+0.03 nd 2.952+1.35 nd
VAC 6 days 4.17°+0.09 nd nd nd
MAP 3.80"+0.15 2.522+0.74 nd nd
ATM nt nd 2.482+0.00 nd
VAC 9 days nt nd nd nd
MAP 3.75+0.75 nd 3.142+1.61 nd
ATM nt nd nd nd
VAC 12 days nt nd nd nd
MAP nt nd 3.152+1.62 nd
ATM nt nd nd nd
VAC 15 days nt nd nd nd
MAP nt nd nd 3932+0
ATM nt nd nd nd
VAC 18 days nt nd nd nd
MAP nt 3.022+1.44 nd 3.302+1.83
ATM nt nd nd nt
VAC 21 days nt nd nd nd
MAP nt nd 3.342+1.90 3.912+0.00
ATM nt nd nd nt
VAC 24 days nt nd nd nd
MAP nt nd nd nt

p-value <0.001 0.705 0.977 0.805

Explanations: nt—samples were not tested due to exceeding the established set limit of 4 log CFU/g; nd—not
detected due to low levels below 1 log CFU/g; b values in the columns marked with different lowercase letters
are significantly different p < 0.05.

3.5. Evaluation of Microbiological Status Based on Identified Bacteria in Pepper Samples Tested

The instrument expresses the probability of a correct identification in point form. For
results between 2300 and 3000, a reliable identification of microorganisms to the species
level was obtained, 2000-2299 a reliable identification to the genus level and a probable
identification to the species level, results between 1700 and 1999 indicated a probable
identification result to the genus level, and results below and equal to 1699 gave an unre-
liable identification result [43]. In this paper, results falling in the range of 2000-3000 are
presented. One hundred eighty (n = 180) bacteria belonging to the following families were
identified and correctly determined in pepper culinary products: Pseudomonadaceae 37%,
Yersiniaceae 23%, Staphylococcaceae 15%, Erwiniaceae 10%, Microbacteriaceae 7%, Enter-
obacteriaceae 4%, and Lactobacillaceae, Brucellaceae, and Micrococcaceae 2% each. Among
the correctly isolated bacteria, 75% belonged to Gram-negative (G—) bacteria and 25%
to Gram-positive (G+) bacteria. In the raw peppers (control), G— bacteria predominated
(64%), among which Staphylococcus xylosus 19% and Pseudomonas rhodesiae 17% were the
most numerous groups (Figure 1). S. xylosus, a member of the 41 coagulase-negative species,
is typically found on the skin and mucous membranes of animals, especially mammals.
This species is often detected in meat products, whether fermented or dried and salted, and
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is widely utilised as a starter culture in sausage production [44]. The presence of S. xylosus
bacteria in peppers has not been reported in the scientific literature. The possible sources of
these bacteria could be infections from animals or humans. P. rhodesiae belongs to the PGPR
(plant growth-promoting rhizobacteria), which naturally influence soil health and fertility
and are responsible for plant growth [45].

Table 4. Total number of microscopic filamentous fungi [log CFU/g] in raw peppers and after sous
vide heat treatment during storage.

Type of Storage Control Sous Vide

Packaging Day 30 min/60 °C 15 min/70°C 8 min/80 °C
ATM 2.242+0.24 nd nd nd
VAC 1 day 2.152+0.15 nd nd nd
MAP nd nd nd nd
ATM 2.152+0.10 nd nd nd
VAC 3 days 2.122+0.03 nd 2.452+0.64 nd
MAP 2.292+0.09 nd nd nd
ATM 4.44%+0.09 2.152+0.21 2.812+1.14 nd
VAC 6 days 4.37°+0.09 2.56 *+0.79 nd nd
MAP 3.90°+0.25 nd nd 2.352+049
ATM nt nd 2242+0.34 nd
VAC 9 days nt nd nd 2152+0.21
MAP 3.85°+0.69 2152+0.21 3.022+1.44 nd
ATM nt nd nd nd
VAC 12 days nt nd nd nd
MAP nt nd nd 2.752+1.05
ATM nt 3.392+1.96 2.932+1.31 2.682+0.96
VAC 15 days nt 3.522+0.00 nd 2.652+0.92
MAP nt 3.342+1.90 3.192+1.68 3.302+1.83
ATM nt nd 2152+0.21 2.002+0.00
VAC 18 days nt nd nd nd
MAP nt 3.40°+1.98 2.722+1.02 3.312+1.85
ATM nt 2.48 2+ 0.67 nd nd.
VAC 21 days nt nd nd nd
MAP nt nd 3.222+1.73 3.092+1.54
ATM nt 2.902+1.28 2.67 2+ 0.95 nt
VAC 24 days nt nd nd 2.902+0.00
MAP nt nd 2.992+1.40 nt

p-value <0.001 0.898 0.994 0.994

Explanations: nt—samples were not tested due to exceeding the established set limit of 4 log CFU/g; nd—not
detected due to low levels below 1 log CFU/g; b__values in the columns marked with different lowercase letters
are significantly different p < 0.05.

The peppers given the 30 min/60 °C heat treatment (Figure 2) contained predomi-
nantly G~ bacteria, which accounted for 94% of all the correctly isolated bacteria. In these
products, the most abundant bacteria were Pseudomonas taetrolens and Serratia marcescens,
33% each. P. taetrolens was selected as a plant growth-promoting rhizobacterium that is able
to significantly increase phosphate uptake and phosphorus accumulation in aboveground
parts (stems, petioles, and leaves) [46]. S. marcescens is a bacterium typically found on
pepper fruits; the bacterium causes soft rot disease on peppers and has a devastating effect
on the crop, and it is a disease of increasing importance worldwide causing major economic
losses [47].



Appl. Sci. 2025, 15,1303

12 of 20
o
1’3
@
& S &
o O
< 3 N o &
% S 3 Y &
<. =} @ Q\ >
% ) s N -
» o 5
2, g 2 &
% 3 S > & :
) bS] N N 4
—a - > 2 ®
% S - & & @
= = NS N N
< - < & S &
% = S Y
= N S°

Figure 1. Krona chart: bacteria strains isolated from raw peppers (n = 42).

The 15 min/70 °C-treated peppers (Figure 3) were also mostly contaminated with
G~ bacteria, which accounted for 67% of all the identified bacteria; the most abundant
bacteria were Pantoea agglomerans (26%). P. agglomerans is a plant-associated bacterium. No
harmful effects of this bacterium on the fruit or other parts of peppers have been described
in the literature, but there are scientific reports indicating that it can cause complications,
bacterial soft rot of cabbage, Pepino melon blight, Ziziphus jujuba necrotic disease, brown
apical necrosis of walnut, and bacterial pitting of plums. P. agglomerans is not an obligate
infectious agent in humans, but can cause infections [48-50].

In the 8 min/80 °C products (Figure 4), G-bacteria accounted for 82% of all the bacteria,
and the most abundant strain was Serratia liquefaciens 37%. S. liquefaciens promotes plant
growth and yield, and in the study by Camacho-Rodriguez et al. [51], the authors observed
the growth of bell pepper plants and noticed a greater number and size of fruits.

Table 5 and Table S1 (Table S1 available in Supplementary Materials) details the mi-
crobial contamination of raw peppers (control) and culinary products based on different
packaging methods stored refrigerated for 24 days. The results presented in the table
were analysed using three pepper packaging methods: unaltered atmosphere packaging
(ATM), vacuum packaging (VAC), and modified atmosphere packaging (MAP). A total of
54 bacterial strains were isolated using the ATM method. Microbacterium hydrocarbonoxydans
and Microbacterium oxydans represented the Microbacteriaceae family, detected on days

1 and 3 and day 12, respectively. The Erwiniaceae family included Pantoea agglomerans,
detected on day 9. The Pseudomonadaceae family included multiple species: Pseudomonas
fluorescens (days 1 and 3), Pseudomonas libanensis (day 9), Pseudomonas putida (day 3), Pseu-
domonas rhodesiae (days 3, 9, and 24), Pseudomonas synxantha (days 21 and 24), Pseudomonas



Appl. Sci. 2025, 15,1303

13 of 20

taetrolens (days 15, 18, and 24), and Pseudomonas veronii (day 9). The Staphylococcaceae
family included Staphylococcus haemolyticus (day 1) and Staphylococcus warneri (days 1, 3,
and 6). For the vacuum packaging (VAC) method, a total of nine bacterial isolates were
identified; the Lactobacillaceae family was represented by Lactiplantibacillus plantarum,
detected on day 21. The Pseudomonadaceae family included Pseudomonas fragi (days 9
and 12) and Pseudomonas kilonensis (days 1 and 3). A total of 117 isolates were isolated
using the modified atmosphere packaging (MAP) method. The Enterobacteriaceae family
included Buttiauxella gaviniae (day 9) and Enterobacter cloacae (days 15, 21, and 24). The
Micrococcaceae family was represented by Kocuria palustris (day 18). The family of Mi-
crobacteriaceae included Microbacterium oxydans (day 18) and Microbacterium paraoxydans
(day 12). The Brucellaceae family included Ochrobactrum anthropi (day 6). The family

Erwiniaceae included Pantoea agglomerans (days 15 and 18). The family included several
species: Pseudomonas brassicacearum (day 6).

emratia marcescens

30min/60°C Pseudomonas rhodesiae

2
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Figure 2. Krona chart: bacteria strains isolated from peppers after heat treatment 30 min/60 °C
(n=19).

Pseudomonas rhodesiae (days 15, 18, and 21), and Pseudomonas taetrolens (days 12, 15, and

24). The Yersiniaceae family included Rahnella aquatilis (days 12 and 15), Serratia liquefaciens
(days 12, 15, and 21), and S. marcescens (days 1, 3, 9, and 18). The Staphylococcaceae
family included Staphylococcus haemolyticus (day 3), Staphylococcus pasteuri (days 1 and 3),
Staphylococcus succinus (day 3), Staphylococcus warneri (days 1 and 3), and Staphylococcus
xylosus (days 1, 3, and 9). There are very few papers in the literature on the evaluation of

the microbial status of peppers using MALDI-TOF MS technology, and it is not possible
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Figure 3.
(n=70).

to refer to the existing scientific literature in this area. The work of El-Nemr et al. [52]
and Xu et al. [53] gives very general results of bacterial identification in fresh vegetables,
including green peppers and commercially available fruits. Species-level identifications
were successful for Bacillus spp., Enterococcus spp., Escherichia spp., Pseudomonas spp. Staphy-
lococcus spp., Corynebacterium spp., Alcaligenes spp., and Citrobacter spp. Bacteria that can
grow at low temperatures and survive mild heat treatment, such as L. monocytogenes and
E. coli, were not found in the raw pepper samples (control) and after heat treatment in
the sous vide chamber throughout the storage period. This is probably due to the high
microbiological quality of the raw materials taken for testing, as well as ensuring strictly
controlled temperature and asepticity during repackaging (for the ATM and MAP prod-
ucts). Ensuring the right conditions, i.e., the intensity of the thermal process, cooling rate,
final temperature, temperature monitoring, and refrigerated storage time, as agreed by the
Sous Vide Advisory Committee [54], allows food safety to be ensured. The appearance of
coagulase-negative Staphylococci such as S. haemolyticus in the ATM and MAP samples
may reflect inadequate hygiene and cross-contamination, as this bacterium is a normal skin

commensal, but high contamination with enterotoxigenic staphylococci may be a potential
indicator of the quality and evaluation of food poisoning risk [55].
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Krona chart: bacteria strains isolated from peppers after heat treatment 15 min/70 °C
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Figure 4. Krona chart: bacteria strains isolated from peppers after heat treatment 8 min/80 °C
(n =49).

Studies have shown that the use of sous vide heat treatment combined with appropri-
ate packaging methods (VAC and MAP) significantly extends the shelf life of red peppers.
This means that producers and distributors can plan for longer storage periods, reducing
losses due to food spoilage. The choice of the appropriate food packaging method can
be tailored to the specific needs of distribution and storage [56,57]. Sous vide processing
effectively reduces the number of TVC, Enterobacteriaceae, and the number of microscopic
filamentous fungi, which ensures a higher microbiological quality of the product. This
makes peppers safer for consumers and significantly reduces the risk of bacterial contami-
nation. This can influence marketing strategies, emphasising the safety and quality of the
product. However, further research is needed on other vegetables to better understand the
impact of packaging methods and gas atmosphere composition. Each vegetable has unique
structural properties, nutritional value, and a profile of bioactive substances that can act as
biopreservatives. In the future, different gas combinations for MAP should be investigated
to determine the most effective mixtures for extending shelf life and maintaining the quality
of different vegetables, testing CO;, N, and O in various proportions.

With the possibilities offered by sous vide technology, manufacturers can introduce
new products to the market, such as ready-to-eat meals from peppers and other vegetables.
This allows them to diversify their offer and attract new customer segments. Companies
implementing modern processing and packaging technologies can gain a competitive
advantage in the market. Innovative approaches to food production can attract customers
looking for modern and safe products [58].
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Table 5. Isolated species from samples depending on the packaging method.

. Da
Paslg)(:fssrzgia Family Species N;lsr(l)lll;:s()f 1 3 6 9 12 : 15 18 21 24
Microbacteriaceae hy%éccfria(ﬁzz;;;ns 4 + o+
Microbacteriaceae Microbacterium oxydans 2 +
Erwiniaceae Pantoea agglomerans 9 +
Pseudomonadaceae Pseudomonas fluorescens 5 + o+
ATM Pseudomonadaceae Pseudomonas libanensis 1 +
Pseudomonadaceae Pseudomonas putida 3 +
Pseudomonadaceae Pseudomonas rhodesiae 10 + + +
Pseudomonadaceae Pseudomonas synxantha 5 + +
Pseudomonadaceae Pseudomonas taetrolens 6 + o+ +
Pseudomonadaceae Pseudomonas veronii 3 +
Staphylococcaceae Staphylococcus haemolyticus 1 +
Staphylococcaceae Staphylococcus warneri 5 + o+
Total ATM 54
Lactobacillaceae Lactobacillus plantarum 3 +
VAC Pseudomonadaceae Pseudomonas fragi 2 + o+
Pseudomonadaceae Pseudomonas kilonensis + o+
Total VAC 9
Enterobacteriaceae Buttiauxella gaviniae 1 +
Enterobacteriaceae Enterobacter cloacae 5 + + +
Micrococcaceae Kocuria palustris 3 +
Microbacteriaceae Microbacterium oxydans 1 +
Microbacteriaceae Microbacterium paraoxydans 5 +
Brucellaceae Ochrobactrum anthropi 3
MAP Erwiniaceae Pantoea agglomerans 10 + o+
Pseudomonadaceae  Pseudomonas brassicacearum 1
Pseudomonadaceae Pseudomonas lundensis 1
Pseudomonadaceae Pseudomonas rhodesiae 16 + o+ o+
Pseudomonadaceae Pseudomonas taetrolens 6 + o+ +
Yersiniaceae Rahnella aquatilis 5 + o+
Yersiniaceae Serratia liquefaciens 27 + o+ +
Yersiniaceae Serratia marcescens 9 + o+ + +
Staphylococcaceae Staphylococcus haemolyticus 2 +
Staphylococcaceae Staphylococcus pasteuri 5 + o+
Staphylococcaceae Staphylococcus succinus 3 +
Staphylococcaceae Staphylococcus warneri 6 + o+
Staphylococcaceae Staphylococcus xylosus 8 + o+ +
Total MAP 117
Total isolates 180

Vs

Explanation: “+”—occurrence of the bacterial isolate on the tested day.
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4. Conclusions

The study showed that the sous vide heat treatment of red peppers compared to
the control has an effect on the decrease in pH (significant for VAC and MAP) and the
number of TVC, Enterobacteriaceae, and MFF, the latter two groups belonging to the scope
of disclosure (1 log CFU/g). The use of combined methods and the final result of the
culinary products effectively extend the shelf life of sous vide peppers. Compared to the
raw peppers, the shelf life of the culinary products increased from 3 to 6 days to 15-24 days
depending on the packaging method. For the 30 min/60 °C and 15 min/70 °C treatments,
all the packaging methods allowed the product to remain health-safe (TVC < 4 log CFU/g)
for 24 days, while for the 8 min/80 °C treatment, VAC packaging was the most effective
and also protected the product for 24 days. Based on the analyses, it was shown that the
best results were obtained for the peppers treated at 30 min/60 °C and 15 min/70 °C, where
TVC, Enterobacteriaceae, and MFF were the lowest and did not exceed the safe limit of 4 log
CFU/ g for the entire storage period (24 days). Bacterial identification using MALDI-TOF
MS identified the predominant bacterial families in raw and post-cooking peppers. The
dominant families were Pseudomonadaceae, Yersiniaceae, and Staphylococcaceae. The
sous vide heat treatment conditions resulted in differences in the percentage of bacterial
families in the culinary products. The proportions in the participation of Gram+ and Gram-
also changed.

At this stage of the research, only aerobic bacteria have been identified. In the future,
the identification of bacteria will be extended to include anaerobic bacteria, which may be
present in the packaging methods used in this research.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app15031303/s1, Table S1. Isolated species from samples according
to treatment method, packaging method and day of storage.
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