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ABSTRACT

Nowadays, food producers strive to meet the changing needs of consumers while maintaining the highest
nutritional value of the products they supply. Physicochemical methods, which include modified atmosphere
packaging, membrane techniques or ultrasounds, are the most frequently used to preserve food. Alterna-
tively, biological methods can be applied, one of which is the use of bacteriophages (phages) to limit bacte-
rial growth in the food environment. The purpose of our research was to verify the possibility of the use of
bacteriophages as an antibacterial agent in minimally processed food environments of vegetable origin. The
first stage of the research involved the isolation of phages against the dominant bacterial microflora in the
analyzed products: broccoli sprouts, spinach leaves and freshly squeezed carrot-celery juice. Bacteriophages
were isolated from municipal waste collected from sewage-treatment plants. Specific bacteriophages were
isolated for twenty-nine out of thirty identified bacterial strains. The lytic activity of the phages was tested
using a Bioscreen C automatic growth analyzer. Three methods for applying the phage cocktail were tested:
direct addition of the cocktail, spraying it on, and placing the food product on a pad soaked with the phage
mixture. The food products were packaged in a protective atmosphere and stored at 20°C. The total number of
bacteria after adding the phage cocktail to the products was determined during the subsequent hours of incu-
bation using classical microbial culturing. A significant decrease in the total number of bacteria was observed
in the products containing phage suspensions. The obtained results suggest that application of the phage
cocktail offers the possibility to extend the shelf life of the analyzed minimally processed food products by
reducing the total number of saprophytic bacteria.
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INTRODUCTION
The Western-style diet, a nutrition model that is wide-  Constantly increasing consumer awareness has led to
ly used nowadays, can be linked to an increased risk  a growth in interest in high-quality nutritional products

of chronic diseases, including type 2 diabetes, hyper-  of natural origin in recent years (Ragaert et al., 2007;
tension, neoplasms and obesity among consumers. Tirpanalan et al., 2011). Aiming to meet consumer
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expectations, the food industry has introduced soft
methods of food processing. This approach allows
the bioactive ingredients of foods, which are naturally
present in large amounts in products of plant origin, to
be preserved (Tirpanalan et al., 2011).

Minimal processing technology (MPT) enables
food producers to supply consumers with fresh prod-
ucts which are rich in health-promoting nutrients.
The food industry uses numerous physical methods
to preserve food. These methods include high hydro-
static pressure (HHP), radiation, ultrasound sonifica-
tion and pulsed electric field (PEF). Applied methods
also include sous-vide and cook-chill packaging, use
of protective edible coating, modified atmosphere
packaging and preservation using protective microor-
ganisms (Tirpanalan et al., 2011). However, use of the
above methods can negatively affect both the sensory
features and nutritional value of food. Furthermore,
not all methods are effective in decreasing microbio-
logical contamination of products. HHP is bactericidal
for vegetative cells, although the spores are not totally
inactivated. Gram-positive bacteria in a steady state of
growth are more resistant to high pressures than Gram-
-negative bacteria or the cells in a logarithmic phase
of growth (Aymerich et al., 2008; Garriga et al., 2004).
Ionizing radiation is effective in limiting the growth of
pathogenic bacteria, but even small doses (0.5 kGy)
negatively affect the quality of leafy vegetables. The
FDA recommends using significant doses of radiation
in order to preserve an iceberg lettuce (Tirpanalan et
al., 2011). Ultrasound sonification is an inadequate
method for preservation of foods of vegetable origin
because it causes leaking of cellular contents out to the
environment. PEF enables the inactivation of micro-
organisms simultaneously with the protection of de-
sired sensory and physical features of food products.
However, PEF induces conformational changes in
proteins, and thus can affect the activity of the native
enzymes of products (Ohshima et al., 2007; Tirpana-
lan et al., 2011; Zhao et al., 2010). One of the major
factors affecting the quality of products of vegetable
origin is the storage atmosphere. Research by Lopez-
-Galvez et al. (1996) confirmed the positive influence
of controlled atmosphere packaging on the sensory
quality of food, especially with respect to red spotting
and leaf-edge browning. However, the application of
physical methods in the food industry does not always
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guarantee that a food product with satisfactory sensory
and microbiological characteristics will be obtained.

Application of natural “enemies” of bacteria rep-
resents a relevant approach in food production. Bio-
logical alternatives to physicochemical methods are
applicable particularly in the preservation of mini-
mally processed food with the biggest microbiologi-
cal risk, such as freshly squeezed juices, sprouts or
mixed-leaf salads. The use of bacteriophages prolongs
the shelf life of the product without altering its physi-
cal properties (Wojcicki et al., 2019). Bacteriophages
are highly specific bacterial viruses which can usu-
ally infect only one species or one type of bacteria,
and, unlike antibiotics, they do not destroy the natural
commensal microbiota in the gastrointestinal tract of
humans (Gientka et al., 2021). Research shows that
phages are invulnerable to many stressful conditions
during food processing (wide temperature range, pH).
Their pH stability expands at lower temperatures.
Phages can protect products from contamination dur-
ing distribution (Wojcicki et al., 2019).

Phages are applied in three sectors in the food in-
dustry: primary production (mainly used to prevent
the formation of biofilms on the surface of equip-
ment), bio-sanitization (mainly used in production fa-
cilities), and bio-preservation (used to extend the shelf
life of products by combatting pathogenic bacteria that
spoil food). In the case of minimally processed food,
the reduction of product quality due to the growth of
accompanying saprophytic microflora poses a signifi-
cant problem (e.g., spoilage of products, rotting, dete-
rioration of color and taste; Gientka et al., 2021).

There are multiple companies which offer commer-
cial bacteriophage preparations intended for the food
industry. Many of these preparations have been ap-
proved by the FDA (preparations made by PhageGuard
(e.g., Listex™ P100), Secure Shield E1, EcoShield™,
ListShield™, ShigaShield™, SalmoFresh™) and
USDA (PhageGuard, Finalyse®) (Moye et al., 2018;
Svircev et al., 2018). Most of the phage preparations
are effective in bacteria eradication in the food envi-
ronment. Ten commercial phage preparations have re-
ceived a temporary GRAS status (Kahn et al., 2019).
In 2016, the EFSA issued a report concerning the eval-
uation of safety and efficacy in eradicating pathogenic
bacteria with the Listex™ P100 developed by Micros
Food Safety. Its effectiveness has been confirmed in
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scientific research (Guenther et al., 2009; Lewis et al.,
2019). However, not all studies have clearly proved the
efficacy of commercial bacteriophage preparations. In
a study conducted by Arthur et al. (2016), the use of
a bacteriophage preparation caused no significant re-
duction in the number of Escherichia coli O157:H7
compared to the control samples. In turn, Oladunjoye
et al. (2017) showed an increased efficacy of the cou-
pled use of a bacteriophage preparation with sucrose
monolaurate, i.e., a compound exhibiting antibacterial
activity.

Commercial bacteriophage preparations are targeted
at pathogenic bacteria which prevail in the food envi-
ronment. However, saprophytic bacteria can also pose
a risk of food spoilage, deteriorating food quality, and
thereby shorten its shelf life. Therefore, future studies
should aim at developing an antibacterial agent with
a wide spectrum of activity targeted against saprophytes
of minimally processed food (Wdjcicki et al., 2019).

The aim of this study was to assess the possibil-
ity of the use of bacteriophages in limiting the growth
of natural, dominant, saprophytic bacterial strains as
well as choosing the most effective method of phage
suspension application aimed at protection of the ana-
lyzed minimally processed food matrices.

MATERIALS AND METHODS

Biological material and research material

The subject of our study was bacteriophages directed
against autochthonous bacterial microflora of the ana-
lyzed minimally processed products. The phages were
isolated from municipal sewage which was collected
from a wastewater treatment plant in [zabelin “Mokre
Laki” (near Warsaw, Poland).

Three kinds of minimally processed plant products
characterized by high microbiological instability were
tested — broccoli sprouts, spinach leaves and freshly
squeezed carrot-celery juice.

Isolation and taxonomic identification

of the bacterial strains from food products
Saprophytic mesophilic bacterial strains were ob-
tained by isolating their colonies from a PCA medium
(during the Total Number of Bacteria (TNB) determi-
nation). To ensure pure bacterial cultures, single colo-
nies were repeatedly picked and streaked on nutrient
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agar (PCA, BTL, Poland), and cultured at 37°C. Then,
strains were cultured on selectively differentiating
media: Endo, VRBL and XLD (all microbiological
media: BTL, Poland). The biochemical features of the
strains were determined using the API-20E test (bio-
-Mérieux, Poland). The taxonomic identification of
the isolated bacteria was determined by analysis of the
protein profile using Matrix Assisted Laser Desorp-
tion lonization — Time of Flight Mass Spectrometry
(MALDI-TOF MS) analyzer. All strains were main-
tained at —80°C in Luria Bertani (LB) broth (bactot-
ryptone 10.0 g/L, NaCl 10.0 g/L, yeast extract 5.0 g/L,
pH 7.2 +£0.2) supplemented with 20% glycerol.

Isolation and propagation of bacteriophages
from municipal sewage

The sample of municipal sewage collected for analysis
was centrifuged with the aim of separating the organ-
ic and mineral parts from the microflora. In order to
separate bacteria from the potentially present bacte-
riophages, the supernatant was filtered using syringe
filters with a 0.22 um membrane. In the next step,
20 mL of phage supernatant was added to 20 mL of
T-Broth’s double-concentrated liquid medium (nutri-
ent broth 8.0 g/L, peptone 5.0 g/L, sodium chloride
5.0 g/L and glucose 1.0 g/L). The medium was inocu-
lated with an overnight bacterial culture and held for
24 h at 37°C. Subsequently, the medium was filtered
by a syringe filter with a 0.45 pm membrane. Concen-
tration of the phages (the phage titer, i.e., the number
of phages in 1 mL lysate, expressed in PFU/mL) in the
obtained lysates was determined using the method of
two-layer plates on a substrate with a strain of bacteria
cultured. To this end, a series of phage lysate dilutions
were prepared. 100 pL of fresh bacterial suspension
in a TSB medium (BTL, Poland) and 500 pL phage
lysate from the appropriate dilution were introduced
into the sterile tube. The mixture was vortexed and left
at 20°C for 15 min in order to let the phages adsorb to
the surface of the host cells. Then, 3 mL of top-agar
medium liquefied and cooled to 45°C (nutrient broth
25.0 g/L, agar-agar 7.5 g/L) was added to the tube,
vortexed and poured onto the surface of the plate with
nutrient agar. The dishes were held upside down over-
night at 37°C (according to Alves et al., 2019). The
plaques were counted after incubation. The phage titer
was determined according to the following formula:
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number of plaques — forming

Phage titer = units, PFU

volume of phage suspension, mL
x dilution of the phage lysate

Then, phage plaques were cut with a scalpel and
purified three times in SM buffer according to the
method proposed by Mirzaei and Nilsson (2015).

Verification of the activity of lytic phages

The lytic activity of the phages was verified using
a Bioscreen C automatic growth analyzer (according
to Islam et al., 2020). To this end, the all-night bacte-
rial culture carried out in LB broth was diluted 1:100
in a fresh medium with the addition of magnesium sul-
phate and calcium chloride with a final concentration
0f0.01 M. 190 pL of culture was applied to the wells in
the multi-area plates and incubated in the apparatus at
37°C until the optical density increased AOD,, ~ 0.1.
The wells were infected by adding 10 pL of a phage
lysate with an index of multiplicity of infection (MOI)
of 1.0 and 0.1, respectively. Multiplicity of infection is
the ratio of the number of infectious virus particles to
a known number of bacterial cells in the medium. The
plates were left for 15 min at room temperature to let
the phages adsorb to the surface of host cells. Then,
in the Bioscreen C growth analyzer, a 24-hour culture
was carried out at 37°C. The apparatus measured the
optical density of the culture every 15 min. Each vari-
ant was tested ten times. Based on the obtained data,
bacterial cell growth curves were plotted. For each of
the strains, the coefficients of specific growth rate — p
were determined according to the formula:

anDmlx —InOD__
t

u:

where:

InOD__ — natural logarithm from the maximum
optical density value of the culture dur-
ing exponential growth,
natural logarithm from the maximum
optical density value of the culture dur-
ing exponential growth,
duration of the exponential growth
phase of the culture, h.

anDmi;
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Application of the phage cocktail to the analyzed
food products

The entire study was based on proprietary methodol-
ogy. The phage cocktail was a mixture of 29 isolated
bacteriophages with known titer lysates. Before in-
fecting the products, the phage mixture was filtered
through a cellulose syringe filter with a membrane
pore diameter of 0.45 pum. The titer of the prepared
phage cocktail equaled 2.6:10° PFU/mL and that was
the average number of all phages in the prepared ap-
plication mixture.

Solid products (broccoli sprouts and spinach leaves)
were infected in two ways. Firstly, a cellulose absor-
bent pad with a capacity of 2500 mL/m? impregnated
with a phage suspension was placed on a styrofoam
tray. Then, 50 g of the product was applied and packed
in a protective atmosphere. In the second case, 50 g of
product was applied to the styrofoam tray and direct
spraying (5 mL) of the phage cocktail was carried out.
The prepared samples were also packed in a protective
atmosphere.

In the case of a liquid product (freshly squeezed
carrot-celery juice), a phage suspension (5% of the
volume of juice) was applied directly to the glass bot-
tle. The bottles were protected with a layer of parafilm.

All samples were stored at 20°C. Measurements
of changes in the total number of mesophilic bacteria
were carried out in triplicate at the 0%, 6™, 24" and
48" hours of experiment on nutrient agar (PCA, BTL,
Poland). Simultaneously, control samples (without the
addition of phage mixtures) were performed.

Statistical analyses

In the analysis of the practical application of the phage
cocktail, a two-way analysis of variance with a confi-
dence interval of 0.95 was performed. Statistical tests
and calculations were performed using the Statistica
13.1 software suite.

RESULTS AND DISCUSSION

The high-quality of minimally processed food can be
maintained not only thanks to the eradication of patho-
genic bacteria, but generally by preventing the growth
of any microorganisms, including saprophytic ones.
In previous studies, we determined the microbiological
quality of minimally processed food during storage.
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In accordance with the legal requirements, the pres-
ence of Salmonella spp. and Listeria monocytogenes
was examined in the products. The presence of these
pathogens was not found in any of the tested batch-
es. Contamination of the products with bacilli strains
was relatively low. The conducted microbiological
quality tests of minimally processed plant products
(unpublished studies) drew our attention to the high
contamination of these products with bacteria from
the Enterobacteriaceae family. We hypothesized that
the reduction of bacteria belonging to the Enterobac-
teriaceae family would significantly reduce microbial
contamination of food products.

During the research, pure bacterial cultures were
isolated. Based on morphological (according to Ber-
gey’s, i.e., Gram staining result, cell shape, oxygen
tolerance, and spore formation) and biochemical prop-
erties (API 20E test), 30 isolated strains belonged to

the Enterobacteriaceae family. The analysis of the pro-
tein spectra (using MALDI-TOF MS) of the isolated
strains confirmed their taxonomic affiliation (Table 1).
The pure bacterial cultures then served as hosts for the
bacteriophages. Host-specific strains of phages were
found against 29 of the isolated strains of bacteria.
A phage titer was determined for each virus (Table 1).

There are many studies available that assess the
microbiological quality of minimally processed plant
products. An assessment of microbiological quality of
sprouts carried out by Gientka et al. (2021) showed
that the most microbiologically contaminated were
alfalfa sprouts (TNB = 8.14 log CFU/g). In other
studies (Berthold-Pluta et al., 2017), the total count
of aerobic mesophilic bacteria in samples of lettuces,
sprouts and non-pasteurized fruit, vegetable and fruit-
vegetable juices was in the range of 5.6-7.6, 6.7-8.4
and 2.9-7.7 log CFU/g, respectively. A study of the

Table 1. Identification of isolated bacterial strains and concentration of viruses in lysates (phage titer)

Classification according to Bergey’s

Bacterial Bacteria identification Bt?;tle:cacﬁ(ei?;?fs_ Pl}i%i:;;;i‘?)
strain code ~ Gram staining oxygen spore according to API 20E test r
result cell shape tolerance formation MALDI-TOF MS PFUmL
1 2 3 4 5 6 7 8

BRS-02 Gram-negative bacilli facultative  non-spore- Escherichia coli Escherichia coli 3.6:10*
rod-shaped  anaerobes forming

BRS-03 Gram-negative bacilli facultative  non-spore- Escherichia coli Escherichia coli 3.1-108
rod-shaped  anaerobes forming

BRS-06 Gram-negative bacilli facultative  non-spore- Citrobacter youngae Citrobacter sp. 3.9-10°
rod-shaped  anaerobes forming

BRS-10 Gram-negative bacilli facultative  non-spore- Serratia fonticola Serratia 9.3:10°
rod-shaped  anaerobes forming liquefaciens

BRS-14 Gram-negative bacilli facultative  non-spore- Escherichia coli Escherichia coli 7.5:10°
rod-shaped  anaerobes forming

BRS-18 Gram-negative bacilli facultative  non-spore- Klebsiella pneumoniae Klebsiella 6.4-10°
rod-shaped  anaerobes forming pneumoniae

BRS-19 Gram-negative bacilli facultative  non-spore- Pantoea spp. Pantoea 1.4-10°
rod-shaped  anaerobes forming agglomerans

BRS-24 Gram-negative bacilli facultative  non-spore- Escherichia coli Escherichia coli 2.0-107
rod-shaped  anaerobes forming

BRS-25 Gram-negative bacilli facultative  non-spore-  Enterobacter cancerogenus  Enterobacter sp. 3.5:10°
rod-shaped  anaerobes forming

BRS-28 Gram-negative bacilli facultative  non-spore- Escherichia coli Escherichia coli 4.0-10¢
rod-shaped  anaerobes forming
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Table 1 - cont.

1 2 3 4 5 6 7 8
BRS-38 Gram-negative bacilli facultative  non-spore- Enterobacter cloacae Enterobacter sp. 4.0-10*
rod-shaped  anaerobes forming
BRS-39 Gram-negative bacilli facultative  non-spore- Cronobacter sakazakii no identification 3.0-107
rod-shaped  anaerobes forming (formerly Enterobacter
sakazakii)
BRS-45 Gram-negative bacilli facultative  non-spore- Enterobacter ludwigii Enterobacter 5.4-107
rod-shaped  anaerobes forming cloacae
SPL-07 Gram-negative bacilli facultative  non-spore- Serratia fonticola Serratia fonticola 2.0-10°
rod-shaped  anaerobes forming
SPL-08 Gram-negative bacilli facultative  non-spore- Escherichia coli Escherichia coli 1.3-10°
rod-shaped  anaerobes forming
SPL-20 Gram-negative bacilli facultative  non-spore-  Citrobacter koseri / farmeri ~ Citrobacter farmeri 1.7-108
rod-shaped  anaerobes forming
SPL-23 Gram-negative bacilli facultative  non-spore- Cronobacter sakazakii Enterobacter 2.2:10°
rod-shaped  anaerobes forming (formerly Enterobacter cloacae
sakazakii)
SPL-27 Gram-negative bacilli facultative  non-spore- Escherichia coli Escherichia coli  phages were not
rod-shaped  anaerobes forming isolated
SPL-30 Gram-negative bacilli facultative  non-spore- Escherichia coli Escherichia coli 1.1-10%
rod-shaped  anaerobes forming
SPL-33 Gram-negative bacilli facultative  non-spore- Shigella sonnei Shigella sonei 5.2:10°
rod-shaped  anaerobes forming
SPL-36 Gram-negative bacilli facultative  non-spore- Serratia ficaria Serratia fonticola 2.6:108
rod-shaped  anaerobes forming
SPL-37 Gram-negative bacilli facultative  non-spore- Cronobacter sakazakii no identification 8.0-108
rod-shaped  anaerobes forming (formerly Enterobacter
sakazakii)
SPL-40 Gram-negative bacilli facultative  non-spore- Enterobacter asburiae no identification 5.7-107
rod-shaped  anaerobes forming
CCJ-04 Gram-negative bacilli facultative  non-spore- Escherichia coli Escherichia coli 9.6:10°
rod-shaped  anaerobes forming
CCJ-16 Gram-negative bacilli facultative  non-spore- Shigella spp. Shigella dysenteriae 1.1-10%
rod-shaped  anaerobes forming
CCJ-21 Gram-negative bacilli facultative  non-spore- Pantoea spp. no identification 1.3-10°
rod-shaped  anaerobes forming
CCJ-26 Gram-negative bacilli facultative  non-spore- Rahnella aquatilis no identification 3.6:10°
rod-shaped  anaerobes forming
CCJ-27 Gram-negative bacilli facultative  non-spore- Citrobacter freundii Citrobacter sp. 2.7-10°
rod-shaped  anaerobes forming
CCJ-29 Gram-negative bacilli facultative  non-spore- Enterobacter ludwigii Enterobacter sp. 2.7-108
rod-shaped  anaerobes forming
CClJ-35 Gram-negative bacilli facultative  non-spore- Cronobacter sakazakii Enterobacter 2.9-10°
rod-shaped  anaerobes forming (formerly Enterobacter cloacae
sakazakii)
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microbiological quality of mung bean sprouts (lacu-
min and Comi, 2019) showed that in all tested sam-
ples, the microbial load was less than 6 log CFU/g.
In addition, the results demonstrated that no pathogen-
ic microorganisms were present. Similarly, in studies
by Baenas et al. (2017), pathogenic microorganisms
were absent during the shelf life of sprouts. Neverthe-
less, the slight growth of bacteria from the Enterobac-
teriaceae family, aerobic mesophilic and psychrophilic
bacteria, was observed.

No identification means that results obtained show
conflict, e.g., more than one bacterial species identi-
fied or the base used does not contain protein spectra
characteristic for the tested bacteria.

The phages’ ability to lyse bacterial host cells was
examined using an automatic Bioscreen C growth ana-
lyzer. Tables 2—4 show changes in the specific growth
rate of bacterial cultures after adding the appropriate
phage lysate. Measurement of the optical density us-
ing the Bioscreen C automatic growth analyzer al-
lowed us to determine the beginning and duration of
the log phase of growth of the tested strains that were
deliberately infected with complementary phages with
MOI of 1.0 and 0.1 against the control culture.

The changes in the coefficient of specific growth
rate of bacteria cultures isolated from broccoli sprouts
(BRY) after adding a phage lysate are presented in Ta-
ble 2. Thirteen competent phages were isolated from
the broccoli sprout samples. Significantly lower (com-
pared to the control samples) coefficients of specific
growth rate in the phage infected samples indicate
a significant reduction in cell division during the log
phase of the growth of the tested strains. The use of
MOI = 1.0 in most cases had a stronger effect on inhib-
iting the cell division of bacterial hosts as compared to
a lower multiplicity of infection (MOI = 0.1).

In the case of the BRS-18 strain, a lower coefficient
of specific growth rate was observed at MOI = 0.1 than
MOI = 1.0. This may be due to the fact that the phage
titer was slightly higher, resulting in a multiplicity of
infection over 1.0. In this case, the lytic activity of
the phage could be reduced because the highest ef-
ficiency is observed at a multiplicity of infection of
1.0 or slightly below (so on average, one bacterial
cell accounts for one phage particle, and lysis can be
more efficient). The above relates to the fact that bac-
teriophages in an environment with high density of

www.food.actapol.net/

Table 2. Changes in the specific growth rate of the bacterial
culture isolated from the broccoli sprouts after addition of
the phage lysate, n =10

o, Bacterial S;’;gl"el MOI10  MOIO.1
strain code wh wh! wh!
1 BRS-02 0.027 0.018 0.020
2 BRS-03 0.025 0.011 0.013
3 BRS-06 0.036 0.018 0.019
4 BRS-10 0.041 0.016 0.019
5 BRS-14 0.036 0.029 0.033
6 BRS-18 0.058 0.031 0.026
7 BRS-19 0.038 0.010 0.012
8 BRS-24 0.029 0.012 0.023
9 BRS-25 0.042 0.018 0.024
10 BRS-28 0.029 0.024 0.024
11 BRS-38 0.048 0.017 0.024
12 BRS-39 0.057 0.017 0.027
13 BRS-45 0.045 0.017 0.023

Table 3. Changes in the coefficient of specific growth rate of
bacterial cultures isolated from spinach leaves after addition
of phage lysate, n =10

No,  Bacterial S;’;gl"; MOILO  MOIO.

strain code wh! wht wh!
1 SPL-07 0.040 0.021 0.033
2 SPL-08 0.064 0.027 0.051
3 SPL-20 0.080 0.029 0.036
4 SPL-23 0.065 0.037 0.047
5 SPL-30 0.062 0.019 0.027
6 SPL-33 0.052 0.015 0.015
7 SPL-36 0.054 0.028 0.031
8 SPL-37 0.067 0.046 0.056
9 SPL-40 0.055 0.042 0.052
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Table 4. Changes in the coefficient of specific growth rate
of bacterial cultures isolated from freshly squeezed carrot-
celery juice after addition of phage lysate, n =10

Control

Bacterial MOI 1.0 MOI 0.1
No. . sample : X
strain code O wh wh
wh
1 CCJ-04 0.022 0.016 0.021
2 CCJ-16 0.028 0.016 0.019
3 CCJ-21 0.030 0.019 0.025
4 CCJ-26 0.040 0.018 0.032
5 CCJ-27 0.022 0.011 0.018
6 CCJ-29 0.023 0.015 0.015
7 CCJ-35 0.017 0.009 0.011

bacterial population are more likely to infect bacterial
cells, striving to dominate the environment. The use of
multiplicity of infection 1.0 and 0.1 for BRS-28 strain
did not show differences in the values of coefficients
of specific growth rate. The BRS-19 strain culture, to-
gether with complementary phages of MOI equal to
1.0, was the most efficient in decreasing the coefficient
of specific growth rate — almost four times more than
the control sample.

The changes in the coefficient of the specific growth
rate of the bacterial cultures isolated from spinach
leaves (SPL) after adding a phage lysate are presented
in Table 3. In each sample, a higher multiplicity of in-
fection (1.0) inhibited the increase in the density of the
culture more than in the MOI equal to 0.1. Nine com-
petent phages were isolated from bacteria from spinach
samples.

Table 4 shows changes in the coefficient of the
specific growth rate of bacterial cultures isolated from
freshly squeezed carrot-celery juice after the addition
of phage lysate. Seven competent phages were isolat-
ed from the freshly squeezed carrot-celery juice (CCJ)
samples.

Changes in the onset of the logarithmic growth
phase in phage-infected cultures were investigated by
Zhao et al. (2017). They demonstrated that regardless
of the multiplicity of infection, the bacterial cultures
treated with phages began the log-phase significantly
later than the control cultures.
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In a study conducted by Mahmoud et al. (2018),
the growth of Salmonella Kentucky infected with bac-
teriophages at MOI = 1.0 was delayed by all phag-
es examined compared to the control cultures. After
24-h incubation, the phages completely inhibited the
growth of the bacterial host strain. In turn, in an ex-
periment carried out by Yu et al. (2016), the phage-
infected cultures exhibited poorer growth compared to
the control culture up to 24 h. In the subsequent 24 h,
part of the culture showed a stronger growth than the
control culture, which — according to the authors — was
due to the fact that the bacteria became resistant to in-
fection with the phages tested.

The results of the aforementioned experiments sug-
gest that the preservation of lytic activity is strongly
dependent on bacteriophage type. The analysis of the
lysis rate of phage-infected bacterial cells in time ena-
bles preliminary estimation of the virulence of viruses.

The target stage of our research was the use of
phage suspensions (which were a mixture of all 29
phage lysates) in the food products studied. It should
be noted that the obtained phage cocktail contained
viruses specific to various genera, species and strains
of bacteria belonging to the Enterobacteriaceae family.
The lack of phage isolated against the Escherichia coli
SPL-27 strain (Table 1) proves the specificity of the
phages (the phages were isolated against other E. coli
strains). The application of phage cocktails to the prod-
ucts was carried out using three methods: by direct ad-
dition of the cocktail (in the case of freshly squeezed
carrot-celery juice), by spraying or placing the product
on an insert soaked with a mixture of phages (in the
case of spinach leaves and broccoli sprouts).

Figure 1 presents how the time and the method of
phage application influences the microbiological qual-
ity of broccoli sprouts. During a 48-hour storage pe-
riod in the control sample, the initial log value from
the TNB in 1 g was 8.81 and after completion, 9.16.

The use of spraying and an absorbent pad signifi-
cantly reduced the growth of microorganisms in the
product environment after 24 hours. After 48 h the log
value from the number of CFU/g was respectively 8.47
and 8.45. During storage, the TNB in the control sam-
ple increased by less than half the log unit, while in the
samples with phages it decreased by a similar value.

Figure 2 presents how the method of phage ap-
plication influenced the microbiological quality of
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Fig. 1. Influence of the phage application method and
storage time on the TNB of broccoli sprouts, n = 3: blue
line — control sample, green line — spraying of phages, red
line — absorbent pad soaked with phage mixture. Vertical
bars in the charts represent 0.95 confidence intervals

Fig. 2. Influence of the phage application method and storage
time on the TNB of spinach leaves, n = 3: blue line — control
sample, green line — spraying of phages, red line — absorbent
pad soaked with phage mixture. Vertical bars in the charts
represent 0.95 confidence intervals

www.food.actapol.net/

spinach leaves in the course of the experiment. During
a 48-hour storage period in the control sample, the log
value from the TNB in 1 g increased from 7.17 to 8.83.
Either spraying or using an absorbent pad significantly
reduced the growth of microorganisms in the product
environment after 6 hours (compared to the control
sample). After 48 hours, the log value from the TNB in
1 g of the product was 8.09 for the absorbent pad and
8.33 for the spray. Compared with the control sample,
the use of a phage cocktail on spinach leaves reduced
the TNB by a half to almost one log unit depending on
the method of application.

Figure 3 presents how the method of phage ap-
plication influenced the microbiological quality of
freshly squeezed carrot-celery juice in the course of
the experiment. During a 48-hour storage period in the
control sample, the TNB did not change significantly.
Application of the phage suspension to the juice no-
ticeably reduced the TNB after 6 hours. During stor-
age, the TNB in the product infected with the phage
mixture constantly decreased and after 48 hours its log
value was 6.45. Probably the fluid environment of the

Fig. 3. Influence of the phage application method and stor-
age time on the TNB of freshly squeezed carrot-celery
juice, n = 3: blue line — control sample, red line — addition
of phage cocktail. Vertical bars in the charts represent 0.95
confidence intervals
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product, which is the juice (with high water activity,
reaching almost 1.0), significantly facilitated both the
spread of phages in the product and the effective infec-
tion of host bacterial cells.

It is worth noting that the phages included in the
mix were isolated against bacterial hosts from other
product batches than those for which they were ulti-
mately used. Their effective action was therefore pos-
sible only if the product was contaminated with the
same bacterial strains as in the production batches or
the isolated phages displayed a wide spectrum of ac-
tivity on different host species (or strains). Such a bac-
teriophage trait would be most desirable because the
viral preparation would become more versatile.

We found only one study in which the effect of add-
ing a bacteriophage suspension on the level of TNB
was tested. In the experiment of Gientka et al. (2021),
similarly to this article, various methods for applying
phage suspensions were used. The spraying method
was significantly more efficient on sprouts than a pad
soaked with phage, and the maximum reduction effect
after 48 h of incubation was 1.5 log CFU/g. Using pads
soaked with phage lysate reduced the total number of
bacteria to about 0.27-0.79 log CFU/g. In the study
mentioned, unlike in our research, the absorbent pad did
not show better distribution of phages during storage.
Perhaps the structure of the insert itself made it difficult
for the phages to be released into the product matrix.

Other studies are mainly focused on the effective
elimination of virulent bacterial strains which consists
of the deliberate contamination of samples with a spe-
cific bacterial host strain to which specific phages are
then added. In this way, the number of microorgan-
isms can be reduced by at least two log units. In the
experiments of Guenther et al. (2009), the effective-
ness of selected phages specific to the specific strains
of Listeria monocytogenes was examined. Samples
were intentionally infected with bacteria and then with
phages. In the case of cabbage samples (sliced fresh
leaves), there was a reduction in the number of bacte-
ria by 3—4 log units, and in the case of iceberg lettuce
by 2 log units in comparison with the control samples
(without phages). Leverentz et al. (2003) investigat-
ed the effect of lytic phages, specifically on Listeria
monocytogenes, using two different ways of applying
viruses: by spraying and by pipetting on intentionally
contaminated fresh melon and apple fruit. The phage
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mixture reduced the L. monocytogenes population by
2.0 to 4.6 log units compared to the melon control
sample and to below 0.4 log as compared to the ap-
ple control sample. In combination with nisin, a mix-
ture of phages reduced the bacterial population by 5.7
and 2.3 log units, respectively, compared to the con-
trol samples. Both phage spray and phages with nisin
reduced the number of bacteria to at least the same
extent as the use of pipetting. The effectiveness of the
phages depended on both the method of application
and the initial concentration of L. monocytogenes. In
other studies (Oliveira et al., 2014), the effect of Lis-
tex™ P100 on the inactivation of Listeria monocytoge-
nes in fruit juices was investigated. It was shown that
the use of phage preparation significantly reduced the
bacterial population in pear and melon juices (about 1
and 3 log units, respectively, compared to the control
samples, without phages). When Listex™ P100 was
applied to apple juice, no statistically significant re-
duction in bacteria was observed. This may be related
to the pH of the product environment (pH 3.7), which
both limited the growth of bacteria during storage and
reduced the lytic activity of bacteriophages.

Commercial bacteriophage preparations targeted at
the main food pathogens are already available for sale,
and their effectiveness has been repeatedly confirmed
in scientific studies. The high quality of minimally
processed food can be assured not only by the elimina-
tion of pathogenic bacteria, but by generally limiting
the number of microorganisms, including saprophytic
ones. Therefore, successive research should focus on
developing such a biological agent that will also have
an effect on saprophytic microorganisms.

CONCLUSION

Due to the increasingly common problem of acquiring
bacterial resistance to applied methods of food pres-
ervation, research centers around the world are trying
to biologically control food and the surfaces of direct
contact with food products using phage mixtures.

In the technology of preservation of minimally
processed food, the producers neither intentionally
contaminate food nor examine what bacterial micro-
flora dominates in a given production batch. There-
fore, the phage cocktails used must be “universal”,
i.e., contain a wide range of phages selected with the
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aim of affecting many bacteria strains, species and
types, both pathogenic and saprophytic. Such a mix-
ture should both guarantee the safety of food and ex-
tend the shelf life of minimally processed products.

The obtained results indicate that using a phage
cocktail to preserve minimally processed products
can bring the expected reduction in the contamination
with accompanying microflora, regardless of the ap-
plication method used. In the case of broccoli sprouts,
the application methods applied decreased the TNB to
a similar level (about 0.7 log units), while in the case
of spinach leaves, the use of an absorbent pad (reduc-
tion by about 0.8 log units) proved to be more benefi-
cial. The application of a phage suspension to freshly
squeezed carrot-celery juice reduced the degree of
contamination of the product by about 0.7 log units
compared to the control sample. The developed phage
mixture provides the possibility of extending the shelf
life of minimally processed food products.

In further studies, attention should be paid to rec-
ognizing phages with the broadest possible spectrum
of activity. Phages in lysogenic development are more
prone to host resistance thus searching for phages ca-
pable only of the lytic cycle is desirable.
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