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Abstract: Foodborne illnesses caused by pathogenic Escherichia coli represent a significant challenge
for the food industry. In this study, a cocktail bacteriophages with high lytic potential, broad host
range, and thermal stability was designed and evaluated for the control of E. coli in lettuce stored at
4°C and 25°C. Phages were isolated from wastewater samples and selected based on their lytic
activity against multiple strains. Application of the cocktail achieved significant reductions of E. coli
ATCC 25922, reaching a maximum decrease of 2.64 log CFU/mL at 6 hours at 25°C and 2.47 log
CFU/mL at 24 hours at 4°C. These results support the use of phage cocktails as a promising strategy
for biocontrol of E. coli in fresh produce.
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1. Introduction

Escherichia coli (E. coli) is a ubiquitous bacterium commonly found in the gastrointestinal tract of
humans and animals [1]. Although most E. coli strains are non-pathogenic commensals, some have
virulence factors that enable them to cause disease in humans [1,2]. Among these, Shiga toxin-
producing E. coli (STEC) is a major cause of foodborne illness, with the World Health Organization
estimating that in 2010, it led to over 2.5 million infections, including 3,330 cases of hemolytic uremic
syndrome and 269 deaths [3].

E. coli STEC serotype O157:H7 is one of the most important causes of foodborne illness
worldwide. In the United States, it accounts for approximately 43% of STEC-related illnesses.
However, other serotypes, such as 026, 0103, O111, O121 and O145, are gaining more and more
relevance [4]. This suggests the need to expand monitoring efforts and implement broader control
strategies to mitigate the risks associated with diverse STEC serotypes.

E. coli contamination of food represents a significant public health problem, especially with fresh
vegetables such as lettuce, which have been identified as vehicles for this bacterium [5,6]. The food
industry has implemented various measures to control E. coli contamination in fresh produce,
including good agricultural practices, such as using clean irrigation water and ensuring worker
hygiene, as well as post-harvest decontamination strategies, such as washing and disinfection
treatments [5-7]. However, these methods have limitations in terms of their effectiveness in
completely eliminating E. coli. In addition, the use of chemical disinfectants raises concerns about
antimicrobial resistance and potential negative effects on food quality [5,8-10].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Bacteriophages (phages), viruses that specifically infect and lyse bacteria, have emerged as a
promising alternative to traditional methods of pathogen control in food safety [9,11,12]. Phages are
ubiquitous in nature, existing wherever their bacterial hosts are found, including food and
environmental reservoirs [5,9]. They offer several advantages as biocontrol agents, including their
high specificity, which typically targets few strains within a species [8]. Unlike conventional chemical
treatments, phages do not disrupt the microbiota present in food or in the human microbiome,
making them a selective and environmentally friendly intervention. Additionally, phages have been
extensively studied for their safety in food applications and are generally recognized as safe (GRAS)
by regulatory agencies [10,13]. Several studies, including human clinical trials, have demonstrated
their lack of adverse effects, further supporting their potential as food biopreservatives [14].

Phages have also shown remarkable efficacy in reducing bacterial contamination across various
food matrices, significantly enhancing food safety [15-19]. For instance, a study reported that a
cocktail of five lytic phages effectively decreased Shigella sonnei counts in lettuce and other foods [20]
. Similarly, phage A511 was shown to completely eliminate Listeria monocytogenes in mozzarella
cheese brine and chocolate milk, demonstrating its versatility in different food systems [21]. Despite
these promising findings, the application of phages to control E. coli in fresh produce, remains
underexplored. Addressing this gap is crucial for advancing phage-based biocontrol strategies in
fresh food safety.

To enhance phage efficacy, the use of phage cocktails is increasingly being explored to overcome
the narrow host range of individual phages and prevent bacterial resistance.

This study aims to isolate, and characterize lytic E. coli phages from environmental samples.
Based on these findings, an optimized phage cocktail will be formulated and tested for its ability to
control E. coli contamination in lettuce at different temperatures.

2. Materials and Methods

2.1. Bacterial Strains and Growth Conditions

A total of 12 E. coli strains were used including five strains isolated from wastewater samples
(WWS) collected at a wastewater treatment plant. In addition, the strain ATCC 14028 of Salmonella
enterica serovar Typhimurium was included. (Supplementary material Table S1). Bacterial cultures
were grown in Luria-Bertani (LB) broth (5 g/L NaCl, 5 g/L yeast extract, 10 g/L tryptone) or in saline
LB broth (5 g/L NaCl, 5 g/L yeast extract, 10 g/L tryptone, CaCl 1% (w/v), MgSOs 10% (w/v)) and
incubated at 37°C with continuous shaking. LB agar plates were prepared with 1.5% (w/v) agar, while
LB soft agar (used for double-layer plaque assays) contained 0.6% (w/v) agar. Plates were incubated
at 37°C for 16 hours.

2.2. Isolation and Purifications of Phages

Bacteriophages were isolated from seven WWS collected in the Santiago Poniente treatment
plant over 3-4 week intervals, following the method described by Clokie and Kropinski [22]. A pooled
sample was also created by mixing equal parts of the seven individual samples, with all samples
stored at 4°C until use. To remove bacterial cells, WWS were centrifuged and filtered through a 0.22
um membrane filter before enrichment. Briefly, 25 mL of each WWS was mixed with 25 mL of 2X
saline LB broth and inoculated with 0.1 mL of a bacterial pool (B1347, B1348, B2494, B2495, B2590,
and B2591) or E. coli ATCC 25922 in separate assays. The mixture was incubated at 37°C with shaking
for 24 hours. After incubation, the enriched samples were centrifuged and filtered through a 0.22 pm
membrane filter, and phages were isolated by serial dilutions in SM buffer (Tris-HCl 50 mM, NaCl
100 mM, MgSO+7H>0 8 mM pH 7,5 and 0.01% w/v gelatin) followed by double-layer agar plating
[23]. Distinct lysis plaques were picked from countable dilution plates. Phage titers were determined
as plaque-forming units per milliliter (PFU/mL) using serial dilutions.
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2.3. Infection Curves of the Phages

The inhibition effect of the phages in LB broth was determined by monitoring bacterial growth
inhibition through the measurement of optical density (OD) at 620 nm in an ELISA plate reader every
30 minutes for 12 hours, following a previously described method with modifications [22]. For each
assay, 180 pL of E. coli at a concentration of 1 x 10° CFU/mL was mixed with 20 pL of bacteriophages
at concentrations of 1 x 107 PFU/mL, 1 x 106 PFU/mL, 1 x 10° PFU/mL, and 1 x 10* PFU/mL, achieving
multiplicities of infection (MOI) of 10, 1, 0.1, and 0.01, respectively. Measurements were performed
in triplicate, with shaking for 5 seconds before each measurement.

2.4. Phages Host Range Determination

The host range of the isolated phages was determined using a spot assay. E. coli strains in the
exponential growth phase (Figure 1) were used as bacterial hosts. An aliquot of 5 pL of each phage
suspension (1 x 107 PFU/mL) was spotted onto a bacterial lawn grown for 16 hours at 37°C. Every test
was performed in triplicate.

Total
E1 E2 E3 E4 E3.1 E.9 E5.1 E52 E6 E7.1 phages

2.0
0
1
3
1 1.5
1
3
9
4 1.0
0
0
wr2 0
WT4- 0 F 105
WS- 0
ATCC 14028 | 1
Total strainsq 2 1 1 1 4 L) 1 2 1 1
—I 0

Figure 1. Heat map showing the host range of the 10 isolated phages. Dark color shows the sensitive strains,

medium color the low sensitive strains and light color the no sensitive strains.

2.5. Temperature Stability of the Phages

The temperature stability of phages E.1, E.3.1, and E.9 (1 x 10”7 PFU/mL) was evaluated after
incubation in a water bath at 4°C, 25°C, 37°C, 50°C, and 70°C for 1 hour followed by titration using
the double-layer agar plate assay. The assay was performed in triplicate.

2.6. One Step Growth Curve

The one-step growth curve of phages E.1, E.3.1, and E.9 was determined following a previously
described method with minor modifications [22]. Briefly, E. coli cultures were mixed with phages at
an MOI of 0.1 and incubated at 37°C for 5 minutes to allow adsorption. After adsorption, the mixture
was diluted 1:100 in LB broth, followed by a 1:10 dilution after 5 minutes. Samples were collected
every 5 or 10 minutes for 60 minutes and titered by the double-layer agar plate method. The
concentration of phages (PFU/mL), latency period and burst size were calculated as described in a
previous method [24]. Every experiment was realized in two different assays, and measurement each
was performed in triplicate.
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2.7. Cocktail Design

The phage cocktail was prepared by combining equal volumes of phages E.1, E.3.1, and E.9 at
the same concentration until the desired final concentration was reached.

2.8. Infection Curves of the Cocktail

The infection curves of the phage cocktail were performed following the methodology described
in Section 2.3. Specifically, 20 uL of the phage cocktail at concentrations of 1 x 10¢ PFU/mL and 1 x 10°
PFU/mL was added to 180 uL of E. coli at 1 x 105 CFU/mL, with triplicate measurements taken every
30 minutes.

2.9. Inhibition Effect of Phages Against E. coli in Saline LB Broth (In Vitro)

The inhibitory effect of the phage cocktail against E. coli strains in LB broth was assessed at 4°C
and 25°C over 24 hours. A total of 9 mL of E. coli (1 x 10* CFU/mL) was mixed with 1 mL of the phage
cocktail (3 x 105 PFU/mL). The bacterial count was determined by serial dilution and growth on LB
agar plates incubated for 16 hours at 37°C.

2.10. Inhibition Effect of Phages Against E. coli in Lettuce (Challenge)

The inhibitory effect of the phage cocktail on E. coli in lettuce was assessed using a modified
protocol [25]. Approximately 600 g of lettuce was disinfected by immersion in 70% (v/v) ethanol for
5 minutes, followed by centrifugation for 5 minutes and exposure to UV light for 10 minutes on each
side. Contamination was performed by immersing lettuce in 100 mL of a 1 x 10° CFU/mL E. coli
solution for 10 seconds, followed by drying for 30 minutes in a biosecurity cabinet. Phage treatment
was applied by immersing the contaminated lettuce in 100 mL of a 1 x 108 PFU/mL phage solution
(MOI 1000). Samples were stored at 4°C for 24 and 48 hours, and at 25°C for 6 and 24 hours. Viable
bacteria were enumerated by serial dilution plate counting.

2.11. Statistical Analysis

All data were analyzed using GraphPad Prism 8.0.1. Results are expressed as mean + standard
deviation (SD), and statistical significance was determined by two-way ANOVA, followed by
Tukey’s test, with p < 0.05 considered significant.

3. Results
3.1. Isolation and Morphology Plates of the Phages

A total of ten phages (E.1, E2, E.3, E3.1, E4, E5.1, E5.2, E.6, E7.1, and E.9) were isolated after
an enrichment process (Table 1) from eight wastewater filtrates collected from the influent of the
Santiago Poniente treatment plant in 2023.

The analysis of phage plaque morphology revealed considerable diversity in both shape and
size. Phages E.3.1 and E.9 formed clear plaques, characteristic of lytic phages [30]. In contrast, phage
E.1 exhibited a “bull’s-eye” morphology, with a clear center and turbid edges. Phage E.6 produced
turbid plaques, suggesting it may be temperate. The remaining phages formed plaques with halos,
indicating the diffusion of lytic enzymes.

Regarding plaque size, the smallest was E.9 (0.155 cm + 0.02), while the largest belonged to E.5.2
(0.574 cm + 0.02), which also exhibited a halo of 1.402 cm + 0.09.

Individual characterization of each phage was performed, leading to the selection of three
candidates for further characterization and cocktail formulation.

e  WWS: wastewater sample
e NO: No observed
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Table 1. Characterization of lysis plates of isolated phages.
Phage WWS (date) Size Plaque Regular Halo
(plaque/halo, cm) turbidity border
E.3.1 WWS 3 (29/06/2023) 0,320 + 0,02/NO No Yes No
E.1 WWS 4 (19/07/2023) 0,333 + 0,05/NO No Yes No
E.2 WWS 4 (19/07/2023) 0,334+ 0,07 / Yes Yes Yes
0,892 £ 0,12
E.3 WWS 4 (19/07/2023) 0,337 £0,07 / No Yes Yes
1,122 £ 0,19
E4 WWS 4 (19/07/2023) 0,353 +0,03 / Yes No Yes
0,885 + 0,09
E.5.1 WWS 5 (09/08/2023) 0,165+ 0,03 / Yes No Yes
0,424 + 0,08
E.5.2 WWS 5 (09/08/2023) 0,574 +0,02 / No Yes Yes
1,402 + 0,09
E.6 WWS 6 (30/08/2023) 0,193 + 0,03/NO Yes Yes No
E7.1 WWS 7 (22/09/2023) 0,487 £ 0,06 / No Yes Yes
1,223 +0,14
E9 WWS 8: Pull de aguas 0,155 + 0,02/NO No Yes No

3.2. Phage Characterization
3.2.1. Host Range

The host range analysis was conducted using 13 bacterial strains (Figure 1). Bacterial sensitivity
to each phage was classified into three categories based on plaque clarity: sensitive strains, low-
sensitive strains, and non-sensitive strains, as described previously [31].

Results showed that 9 out of 10 phages lysed E. coli ATCC 25922, likely due to the fact that this
strain was used for enrichment, making it the most susceptible. On the other hand, strains B1347 was
the most resistant, as none of the phages exhibited lytic activity against them. Similarly, the five wild
type E. coli isolates obtained in this study from WWS remained unaffected.

Phages E.2, E.3, E.4, E5.1, E.6, and E.7 had the narrowest host range, lysing only E. coli ATCC
25922. In contrast, phage E.9 displayed the broadest host range, lysing five out of the 13 tested strains.
Notably, E.9 was isolated through an enrichment process that did not include E. coli ATCC 25922.

An intriguing finding was that phage E.3.1 exhibited lytic activity against Salmonella enterica
serovar Typhimurium (ATCC 14028), suggesting a polyvalent nature, which is uncommon and
typically associated with broad-host-range phages.

3.2.2. Infection Curves

Figure 2 presents the infection curves of selected phages at an MOI of 0.1. Phages E.1 and E.3.1
completely inhibited bacterial growth for up to 48 hours, whereas E.6 suppressed growth for only 6
hours before bacterial regrowth occurred. The remaining phages did not significantly affect bacterial
growth, displaying similar behavior to the control curve (Supplementary material Figure S1).
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Figure 2. Infection curves of phages E.1, E.3.1 and E.6 at MOI 0,1 against E. coli strains. The positive control (c+)
corresponds to the growth curve of E. coli ATCC 25922.

3.3. Characterization of Cocktail Phages

Based on the previous analyses, three phages were selected for the cocktail design. Phage E.1
and E.3.1 were chosen due to their clear lysis plaques (Table 1) and their efficient bacterial inhibition
capacity under optimal E. coli growth conditions (Figure 2), suggesting their ability to evade bacterial
resistance, a key feature in phage biocontrol applications. Phage E.9 was selected for its broad host
range (Figure 1), which enhances the control of various E. coli strains when included in the cocktail.

3.3.1. Phage Temperature Stability

The selected phages exhibited high thermal tolerance, remaining viable after exposure to 50°C
for one hour. Phages E.3.1 and E.9 demonstrated greater heat resistance, as viable particles were
detected even after exposure to 70°C for one hour, although a reduction in infectivity was observed
(Figure 3). At 80°C, no viable phages were detected.

*hkk *hkk * kKK
6= mm 4°C
mm 20°C
-
£ == 37°C
S 4-
T 50°C
(&)
o 70°C
g 2-
0- | |
E.A E.3.1 E.9
Phage

Figure 3. Thermal stability of phages E.1, E.3.1, and E.9. ***Significant at p < 0.0001.

3.3.2. Phage Adsorption Rate and One Step Growth Curve

The one-step growth curve experiments revealed distinct kinetic parameters among the three
phages. Phage E.1 exhibited a latency period of approximately 15 minutes, followed by a burst size
of 5 PFU per infected bacterial cell. In contrast, phages E.3.1 and E.9 had shorter latency periods (10


https://doi.org/10.20944/preprints202503.1314.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 March 2025

minutes) and significantly higher burst sizes, estimated at 27 and 43 PFU per infected bacterial cell,
respectively (Figure 4).
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Figure 4. One Step Growth curve of phage E.1 (A), phage E.3.1 (B) on E. coli ATCC 25922 and phage E.9 on E.
coli B1348 (C).

3.4. Application
3.4.1. Inhibition Effect of the Phages Cocktail Against E. coli in Culture Medium

The infection curves of the phage cocktail showed that bacterial growth was completely
inhibited for at least 48 hours in all tested E. coli strains (Supplementary Material Figure S2).
Additionally, in vitro assays conducted at low temperatures revealed significant bacterial reductions
in most cases. The greatest reduction was observed at 25°C for both E. coli strains, with a reduction
of 1.148 Logio CFU/mL in strain B1348 and 0.723 Logio CFU/mL in strain ATCC 25922. On the other

hand, at 4°C, the cocktail achieved a reduction of 0.466 Logio CFU/mL in strain ATCC 25922 (Figure
5).

E. coli ATCC 25922 E. coliB1348

10+
8 o mm Control mm Control
— =3 Cocktail 8- - =1 Cocktail
- -
£ 6 £
D - 2 °
(&) 4- (&)
e 2 44
2 g
0- T T 0- T T
4°C 25°C 4°C 25°C

Temperature (°C) Temperature (°C)

Figure 5. In vitro assay at low temperature using the E. coli strain ATCC 25922 (A), and the E. coli strain B1348

(B). ****Significant at p < 0.0001; **Significant at p < 0.01; the others comparisons were not significant at p > 0.05.

3.4.2. Inhibition Effect of Phages Against E. coli in Lettuce (Challenge)

A cocktail containing 1 x 108 PEU/mL of each selected phage was tested on lettuce under two
different temperature conditions to evaluate its effectiveness in reducing E. coli contamination. Each
assay was conducted separately using two E. coli strains.

As shown in Figure 6, the phage cocktail significantly reduced E. coli ATCC 25922 counts under
all tested conditions. The greatest reduction was 2.64 log CFU/mL at 25°C after 6 hours. A similar
reduction (2.47 log CFU/mL) was observed in lettuce stored at 4°C for 24 hours.
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For E. coli B1348, reductions were less pronounced but still detectable. At 4°C, bacterial counts
decreased by 0.728 log CFU/mL after 24 hours and 0.551 log CFU/mL after 48 hours. At 25°C, a 1.200

log CFU/mL reduction was observed after 6 hours, decreasing to 0.704 log CFU/mL after 24 hours
with respect to the control.

A B
E. coli ATCC 25922 (4°C) E. coli B1348 (4°C)
6 5
mm Control mm Control
1 . =3 Cocktall E 44 T l =3 Cocktail
£ 4+ £
o ok D 3
e o
(&) (&)
s 2 2-
87 g
1_
0- T T 0- T T
24 h 48 h 24 h 48 h
Time (h) Time (h)
C D

E. coli ATCC 25922 (25°C) E. coliB1348 (250c)

10 8-
mm Control mm Control
L 8 =3 Cocktail =3 Cocktail
E * % _EI 6_
‘Q- 4_ *kk o 4_
g g
-4 2_ — 2_
0- T T 0-
6 h 24 h slh 24Ih

Tissh) Time (h)

Figure 6. Effects of the cocktail on the viability of E. coli strains in lettuce. Lettuce at 4°C (A) and 25°C (B) with
E. coli ATCC 25922 and lettuce at 4°C (C) and 25°C (D) with E. coli B1348. All the values were tabulated as mean
+ SD and a significant difference between variations was denoted by asterisks using two-way ANOVA.

***Significant at p < 0.001; **Significant at p < 0.01; *Significant at p < 0.1; the others comparisons were not
significant at p > 0.05.

4. Discussion

Foodborne illnesses caused by pathogenic E. coli pose a significant challenge to the food industry
[5]. In recent years, bacteriophages have emerged as a promising alternative for controlling these
pathogens due to their specificity and ability to reduce microbial loads in various environments [5].
In this study, a cocktail of three phages with high lytic potential, broad host range, and thermal
stability was designed and evaluated, achieving a significant reduction of E. coli in lettuce stored at
4°C and 25°C. At 4°C, the maximum reduction reached 2.47 logio CFU/mL after 24 h, while at 25°C,
the reduction was 2.64 logio CFU/mL at 6 h. These results suggest that the phage cocktail maintains
its effectiveness across a range of temperatures relevant to fresh food preservation.

doi:10.20944/preprints202503.1314.v1
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For bacteriophage selection and cocktail design, 10 phages against E. coli were isolated from
wastewater samples, a source recognized for its high phage diversity [9,26,27]. Previous studies have
shown that wastewater treatment systems harbor numerous bacteriophages with biocontrol
potential. For instance, Goller et al. (2021) reported the isolation of 155 phages from 46 staphylococcal
hosts spanning 17 different species [28]. Following a similar approach, this study focused on selecting
phages active against E. coli.

Host range is one of the most relevant characteristics for the selection of phages in biocontrol
applications. Our results show that six of the ten isolated phages were only able to lyse the strain in
which they were enriched (E. coli ATCC 25922), while the remaining four phages lysed at least two
different strains. Among them, phage E.9 exhibited the broadest host range, successfully lysing six of
the thirteen strains evaluated. These results suggest that most of the phages obtained have a narrow
host range.

Phage E.9 was selected to expand the host range of the cocktail. To achieve this, a pool of 7
wastewater samples was enriched with six E. coli strains. However, it did not exhibit lytic activity
against strain ATCC 25922, as this strain had been excluded from the enrichment pool. This finding
highlights the influence of the enrichment method on the diversity of phages obtained and their
specificity towards certain strains. Given its broad host range, phage E.9 was incorporated into the
final cocktail design.

The high specificity and variability in the host ranges of phage isolates have been reported
previously by Topka et al. (2019), who demonstrated that bacteriophage vB_EcoS-95, obtained from
urban sewage, was capable of lysing strains such as E. coli MG1655 and two clinical isolates but was
unable to infect Shiga toxin-producing serotypes, such as O157:H7, or other related bacterial species,
such as Shigella flexneri and Salmonella enterica [29]. In contrast, a broader analysis of a collection of
bacteriophages showed that most had restricted host ranges, limited to specific strains of E. coli [30].
However, some phages were able to infect both laboratory strains and clinical isolates, highlighting
their potential for more versatile cocktail applications [30].

The use of phages with different host ranges in the same cocktail not only broadens their
spectrum of action against E. coli, but also helps mitigate the emergence of resistant strains, enhancing
the sustainability of biocontrol in food matrices [31].

To form the cocktail, the lytic activity of the selected phages was evaluated at different MOI
levels by means of infection curves. Among the characterized phages, E.1 and E.3.1 exhibited
complete bacterial lysis across all MOI tested, indicating highly efficient phage-bacteria interactions.
The ability to induce complete and sustained lysis is fundamental for applications in food matrices,
as it prevents bacterial regrowth and enhances biocontrol efficiency [4,32] . Due to their strong lytic
activity, both phages were selected for the formulation of the designed cocktail.

Then, infection curve assays performed using the cocktail designed in this study showed
complete lysis of the cultures, demonstrating its effectiveness. This test was performed on three
different strains. A noteworthy observation is that strain B1348 was lysed only by phage E9; however,
its lysis was not complete (Supplementary material Figure S1). Yet, when the combination of all three
phages was used, complete lysis of this strain was achieved, indicating an interaction between the
phages, which translates into synergistic activity (Supplementary material Figure S2). This
phenomenon has been reported in other studies, such as in the treatment of milk contaminated with
E. coli, where a cocktail of three phages reduced the bacterial load to undetectable levels in both raw
and UHT-treated milk, while a cocktail of only two phages allowed for bacterial regrowth[33].

The described results align with those reported in the literature [6,34], where the use of phage
cocktails with different host ranges has proven to be an effective strategy for the biocontrol of E. coli
in diverse environments. The combination of phages with complementary specificities not only
expands the range of action against multiple strains, but also helps mitigate the emergence of
bacterial resistance by targeting different host cell receptors [35]. In addition, previous studies have
shown that these cocktails can maintain sustained lysis in food and environmental matrices, even
under different temperature and storage conditions [36]. One example is the use of a three-phage
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cocktail that significantly reduced E. coli O157:H7 populations in ground beef and lettuce,
maintaining this reduction for one week at 4°C [37]. These observations reinforce the potential of
phage cocktails as versatile and sustainable tools in biocontrol strategies, contributing to
microbiological safety in the food industry and wastewater treatment.

In order to facilitate the application of a phage cocktail at an industrial level, it is essential to
consider that the formulation must be both stored and transported. Additionally, to enhance its
versatility, it could be applied during industrial processes that involve high temperatures. Therefore,
understanding the thermal stability of the cocktail is crucial. The greater tolerance of phages
compared to bacteria provides them with a significant advantage in this context, allowing them to
withstand elevated temperatures while remaining effective in pathogen control [38]. In this study,
the selected phages demonstrated resistance to heat treatments for 1 hour at temperatures between
50°C and 70°C while maintaining their lytic activity. This tolerance aligns with other studies showing
that seven E. coli lytic phages remain stable between 25°C and 70°C for up to 6 hours, with
temperatures above 70°C reducing phage titers due to thermal effects on phage proteins [35].

In this context, the application of phage cocktails as biocontrol agents in food must consider the
distribution and storage conditions they will undergo. In this study, the cocktail was designed for
use in vegetables, making it essential that it retain its lytic capacity at typical refrigeration (4°C) and
ambient (25°C) temperatures. Phage efficacy is influenced by multiple factors, particularly the
interaction between temperature and the metabolic activity of the host bacteria. At low temperatures,
such as those found in refrigeration, bacterial replication decreases significantly, which may limit
phage infection since phages rely on the bacterial metabolic machinery to replicate and produce new
viral particles [9,39]. However, some studies suggest that mechanisms such as lysis from without
could explain bacterial reduction even under low-temperature conditions. This mechanism occurs
when high phage concentrations induce bacterial cell rupture without requiring intracellular
replication, which can be particularly relevant in refrigerated food matrices where bacterial
metabolism is minimal [8,35,40] . Nevertheless, this lysis mechanism does not generate new viral
particles, meaning that the initial phage concentration must be sufficiently high to effectively
eliminate or significantly reduce bacterial populations in the food matrix.

Prior to evaluating the cocktail in the food matrix, we assessed its lytic capacity at 4°C and 25°C
in a culture medium. These in vitro results demonstrated that the phage cocktail retained its lytic
activity at 4°C, achieving a reduction of 0.466 logic CFU/mL at 24 hours. At 25°C, the reduction was
even greater, reaching 1.148 logio CFU/mL. This behavior could be explained by the fact that,
although metabolic activity of E. coli is reduced at 4°C, the high phage concentration can induce
bacterial lysis through this alternative mechanism. While active phage replication does not occur at
these temperatures, cell disruption can still proceed, indicating that even with decreased bacterial
activity, the cocktail remains effective in eliminating pathogens. Similar studies have reported that
phages applied at refrigeration temperatures also exhibit effectiveness. For instance, Kudva et al.
(1999) observed reductions of up to 3.4 logio CFU/mL at 4°C, suggesting that lysis from without may
be a key mechanism for bacterial elimination under these conditions [41]. This finding supports our
hypothesis that lysis from without plays a crucial role in the ability of the cocktail to reduce bacterial
populations during refrigerated storage, even when viral replication is minimal [41].

Our results from application to lettuce show that the cocktail achieved significant reductions
under all evaluated conditions for E. coli ATCC 25922, reaching a maximum reduction of 2.64 logo
CFU/mL at 6 hours at 25°C and 2.47 logio CFU/mL at 24 hours at 4°C. These findings not only confirm
the ability of phages to reduce E. coli in food matrices but also highlight their effectiveness over a
range of temperatures relevant to fresh produce storage. Similar results have been previously
reported in the literature. Zhou et al. (2022) observed reductions of 2.42 logio CFU/piece at 4°C and
3.83 logio CFU/piece at 25°C in E. coli contaminated lettuce, while phage VR26 achieved reductions of
approximately 2 logio CFU/piece in lettuce after 2 hours of treatment at 4°C, 8°C, and 22°C, with no
survivors detected after 6 hours at 4°C [8]. However, the diversity in infection methods, bacterial load
used, and the type of lettuce tested in these studies precludes a direct comparison of the results
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obtained. Lettuce, being a particularly complex food matrix due to its high roughness, may reduce
the possibility of interaction between bacteria and bacteriophages, which could influence the
effectiveness of biocontrol. This effectiveness could potentially be improved by using other food
matrices, such as cucumber or melon.

The results obtained in the analysis of Safarirad et al. (2021) indicate that factors such as
temperature, exposure time, phage application method, phage origin, and vegetable type are
determinants in the reduction of E. coli. However, they noted that neither the bacterial strain nor the
phage dose significantly influenced the observed reduction, suggesting that, rather than the E. coli
strain, environmental factors play a more relevant role in the effectiveness of the treatment [39]. This
information is relevant in the context of our study, because although we did not evaluate
enterohemorrhagic E. coli, the results imply that factors such as temperature and application method
are more influential than the bacterial strain used, which is consistent with our observations with
other laboratory strains. Another option is the possibility of incorporating a phage that is capable of
lysing this type of strain, either by evaluating phages isolated in these pathogenic variants or by
adding a specific phage against enterohemorrhagic E. coli in future formulations. This would broaden
the spectrum of action of the cocktail and improve its applicability in the food industry.

However, the marketing of precut vegetables must comply with regulations that require low
levels of E. coli in these products, making the use of such phage cocktails a potentially effective
strategy to meet these requirements (https://eur-lex.europa.eu/eli/reg/2005/2073/2014-06-01).

In general, trials show that the use of phages in food matrices significantly reduces the amount
of E. coli [42,43]. However, results may vary between studies due to methodological differences, such
as the initial bacterial load, the temperature range evaluated, and the strain of E. coli used [16]. In
addition, discrepancies are observed between in vitro and in vivo assays, as controlled laboratory
conditions do not always reflect the actual behavior of phages in food matrices [39]. These differences
in experimental approaches, such as the MOI employed, the time of evaluation, the methodology of
bacterial quantification, and the manner of application of the phage cocktail, are determinants in the
effectiveness of the treatment. Methodological variations make direct comparison between studies
difficult and emphasize the need to standardize experimental protocols to more accurately assess the
impact of phages on pathogen biocontrol. Despite these variations, the general trend shows that
phages have a high potential to reduce pathogens in vegetable matrices and other fresh produce.

On the other hand, the use of polyvalent phages, capable of infecting multiple bacterial species,
represents an interesting strategy to broaden the spectrum of action of phage cocktails [6] In our
study, one of the phages demonstrated activity against both E. coli and Salmonella, suggesting that
their incorporation into biocontrol formulations could be advantageous in food matrices where
different pathogens coexist. The ability of these phages to infect multiple species could reduce the
need for combining several phages in a single cocktail, simplifying their production and application.
However, it is crucial to evaluate whether their efficacy is maintained under different environmental
conditions and whether there are risks of horizontal gene transfer between pathogens, an aspect that
requires further investigation [4].

In this study, E. coli was observed to grow in the food matrix at 25°C, with an increase of 1.5 logo
CFU/g at 6 hours and 2.4 logio CFU/g at 24 hours for the E. coli ATCC 25922 strain. This bacterial
growth, observed in the absence of phage, suggests that the food matrix provides favorable
conditions for E. coli proliferation. It highlights the importance of implementing biocontrol strategies
before bacterial populations reach critical levels.

On the other hand, growth of E. coli was also observed at 4°C, indicating that the bacteria remain
metabolically active, which could favor the lytic action of the phages. However, if the reduction
observed at low temperatures is primarily due to lysis from without, the lack of efficient viral
replication may allow the bacterial population to increase over time. This suggests that the cocktail
formulation should be optimized to enhance both productive infection and lysis from without,
thereby maximizing its effectiveness across a broad temperature range.
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An alternative strategy to enhance the efficacy of the phage cocktail would be to combine phages
with different technologies or incorporate additives, such as natural antimicrobials or packaging
technologies, to improve their stability within the food matrix. These findings highlight the potential
of combined strategies to optimize biocontrol effectiveness and prevent bacterial regrowth. Future
research should focus on evaluating their impact on sensory quality and investigating ways to
improve phage stability, thereby contributing to the development of innovative solutions for food
safety and shelf-life extension of fresh produce.

Supplementary Materials: Table S1: Bacterial strains used in this study; Figure S1: Infection curves of phages
E.2,E3,E4, E5.1, E5.2 and E.7.1 at MOI 0,1 against E. coli ATCC 25922 (A), and phage E.9 against E. coli B1348
(B); Figure S2: Infection curves of the cocktail at MOI 1 and 10 against E. coli ATCC 25922 (A), E. coli B1348 (B).
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