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Article  
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Abstract: The presence of opportunistic pathogens, such as the Enterobacter cloacae complex (ECC), in 
fresh vegetables poses a significant health risk, particularly amid the ongoing antibiotic resistance 
crisis. Traditional chemical decontamination methods are often ineffective and associated with issues 
such as cross-resistance between antibiotics and biocides, highlighting the need for alternative 
approaches. This study describes the isolation of a novel phage, FENT2, with anti-ECC activity, 
obtained from wastewater. Belonging to the Seunavirus genus, FENT2 did not carry genes associated 
with lysogenic cycle, antimicrobial resistance, or virulence factors. The phage demonstrated lytic 
activity against the host strain E. kobei AG07E strain, which harbors the mcr-9 gene. FENT2 exhibited 
a broad host range, infecting 82.6 % of ECC strains tested. In vitro assays using BioTrac (SY-LAB) 
technology confirmed the phage's efficacy, maintaining lytic activity under food-related stress 
conditions (pH levels from 5 to 7 and % NaCl up to 2). Furthermore, FENT2 demonstrated 
bactericidal potential on lettuce leaves, achieving an approximate 1 log reduction in bacterial counts 
of the host strain after immersion treatment. This study highlights FENT2 as a promising biocontrol 
agent in the food industry, providing an effective and sustainable alternative to traditional chemical 
decontamination methods. 

Keywords: Bacteriophages; opportunistic pathogens; Enterobacter cloacae complex; fresh produce; 
vegetables 
 

1. Introduction 

Antimicrobial resistance has arisen as one of the most significant health challenges of our time 
[1]. International organizations, such as EFSA and WHO, have emphasized the importance of a "One 
Health" approach to tackle this issue, which involves a holistic perspective that considers the 
interconnectedness between human, environmental, and animal settings in the emergence and 
transmission of antimicrobial resistant (AMR) bacteria and genes. In this context, the food production 
chain plays a crucial role in the dissemination of antibiotic-resistant bacteria to consumers [2]. Factors 
such as the increasing elderly population and certain medical procedures have led to a higher 
incidence of low-virulence bacteria acting as opportunistic emerging pathogens. The role of food as 
a vehicle for AMR opportunistic pathogens is often underestimated, as their impact on healthy 
individuals is not immediately perceptible, yet they can pose a significant public health risk [3]. 
Among these bacteria, Enterobacter cloacae complex (ECC) is a group of opportunistic pathogenic 
species frequently implicated in respiratory tract, urinary tract and soft tissue infections. Besides the 
pathogenic traits ECC isolates possess a wide range of antibiotic resistance mechanisms, both intrinsic 
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and acquired, against first-line molecules such as penicillins, cephalosporins or quinolones and last 
resource antimicrobials such as colistin and carbapenems [4,5]. Previous studies have observed that 
fresh vegetables may act as reservoirs of antimicrobial and pathogenic isolates of the ECC, detecting 
isolates that carry ESBL, carbapenemase and mcr genes as well as pathogenic traits [6–9].  

Vegetables are typically consumed raw, which facilitates the introduction of these bacteria into 
the consumer's intestinal and skin microbiota [10], highlighting their role in potential health impacts 
and emphasizing the need for effective control measures to prevent contamination. Fresh produce 
decontamination typically involves surface washing with water or aqueous solutions containing 
disinfectants such as sodium hypochlorite (NaClO) or peracetic acid [11]. However, the use of these 
biocides often presents disadvantages, including the risk of cross-contamination through water [12], 
sensory quality alterations, chemical residues such as organochlorine compounds, a negative 
environmental impact, and especially, the emergence and transmission of cross resistance 
mechanisms between biocides and antibiotic compounds [13]. The development of strategies that 
effectively eliminate AMR and pathogenic bacteria from fresh produce whilst avoiding such 
disadvantages is crucial. Regarding this matter, the application of bacteriophages is presented as an 
interesting alternative treatment to decontaminate vegetable surfaces. 

Bacteriophages are safe biotechnological agents that specifically target bacterial cells not being 
able to infect eukaryotic cells. Their ubiquity makes them available for easy and straightforward 
laboratory isolation from diverse sources such as soil or wastewater. A defining characteristic of these 
viruses is their host range specificity; most phages can only infect a narrow range of strains that are 
phylogenetically related. This specificity allows for targeted applications against undesired bacterial 
strains without affecting the surrounding microbiota. However, their specificity can sometimes pose 
challenges in designing phage-based disinfectants, as several phages must be combined into a 
cocktail to broaden their effect against a significant number of strains within a genus/species [14]. 
While phage resistance has been documented, the co-evolutionary dynamics between phages and 
bacteria can enable phages to adapt and overcome bacterial resistance, maintaining their efficacy over 
time [14,15]. 

Phage-based products designed for disinfection in the food industry are directed against classic 
foodborne pathogens such as Listeria, E. coli, and Campylobacter. However, their use in the European 
Union is limited due to the lack of a clear regulatory framework [16]. The development of phage-
based products to control the spread of opportunistic pathogens and/or antibiotic-resistant bacteria, 
such as ECC, remains yet an underexplored field. Thus, the aim of this work is to isolate and to 
characterize bacteriophages targeting ECC isolates and to evaluate the efficacy of phage applications 
to control fresh produce contamination.  

2. Material and Methods 

2.1. Bacterial Strain Collection 

The study was designed to evaluate the biocontrol potential of phages against a collection of 24 
strains belonging to the Enterobacter cloacae complex (ECC), isolated from vegetable samples which 
included E. hormaechei (n=8), E. ludwigii (n=8), E. mori (n=4), E. kobei (n=2) and E. asburiae (n=1), that 
exhibited pathogenic traits and/or relevant  antibiotic resistance profiles. E. kobei AG07E, which was 
isolated from vegetable irrigation water, was selected as the target strain for phage isolation due to 
its public health relevance. This strain belonged to sequence type ST56, a lineage associated with 
clinical settings and harbored the mcr-9 gene [6]. E. kobei AG07E was subsequently used as the host 
strain for routine laboratory propagation of the bacteriophages. Additional strains belonging to 
Citrobacter (n=11), E. coli (n=12), Cronobacter (n=6), K. pneumoniae (n=3), K. aerogenes (n=9) were also 
included in the study to establish the host range of the bacteriophages. 
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2.2. Bacteriophage Isolation and Propagation 

Bacteriophage isolation was performed from sewage samples following the method described 
by Schwarz & Mathieu [17]. Briefly, raw effluents were centrifuged at 5000 × g for 15 minutes and 
subsequently filtered through 0.22 µm pore-size nitrocellulose membranes (GVS, Italy). Equal 
volumes of the filtrates were inoculated into 2X TSB (Scharlab, Spain) supplemented with 2 mM 
CaCl₂, along with a 10 µL loop of a fresh culture of the host bacterium, Enterobacter kobei AG07E, to 
enrich for phages targeting this strain. The cultures were incubated at 37°C for 24 hours with 50 rpm 
agitation. After the enrichment step, the effluents were centrifuged and filtered under the conditions 
described above.  

Enriched filtrates were appropriately diluted and 100 µl were inoculated into TSB + 0.5% agar, 
along with 100 µl of an exponential-phase culture of the host strain (E. kobei AG07E), to isolate and 
purify the phages. Lysis plaques were collected and resuspended in 1 ml saline-magnesium (SM) 
buffer (Tris-HCl 0.05 M, NaCl 0.1 M, MgSO4 0.008 M, gelatine 0.01%, pH 7.5). Phages were 
propagated by adding the entire volume of the suspension to TSB supplemented with 2 mM CaCl2 
along with 100 µl of an exponential-phase culture of the host strain. This process was repeated twice 
to ensure the purity of the bacteriophage. 

Phage titration was carried out using the soft agar overlay technique with E. kobei AG07E serving 
as host and the results were expressed in PFU/ml.  

2.3. Assessment of Phage Morphology Through Transmission-Electron Microscopy 

Bacteriophage morphology was assessed through transmission electron microscopy (TEM). 
Viral particles were adsorbed in a carbon-copper grid through contact with 20 µl of a suspension of 
the bacteriophage in buffer SM for 20 minutes. The bacteriophages were stained with a 5 % 
phosphotungstic acid solution for 5 minutes. Samples were examined under TEM (JEM-1200EX, 
Japan) at an acceleration voltage of 100 kV. 

2.4. Host Range Determination 

The host range was determined by spot test on TSA (Scharlab, Spain) plates supplemented with 
2 mM CaCl2. Crude phage filtrates (10⁹ PFU/ml) were diluted 1:10 to reduce the lytic effect associated 
with endolysins in suspension. Subsequently, a 10 µl drop of the resulting phage suspension (10⁶ 
PFU/spot) was applied to a confluent lawn of study isolates, prepared from a 0.5 McFarland solution. 
Lytic activity was tested against different ECC species (n=23) and other Enterobacteriaceae isolates of 
Citrobacter (n=11), E. coli (n=12), Cronobacter (n=6), K. pneumoniae (n=3), and K. aerogenes (n=9). 

Lysis was classified as confluent (+++) when the spot was entirely clear, semi confluent (++ and 
+) when some colonies inside a clear spot were observed, turbid spots and absent when no clearing 
was detected. 

2.5. Assessment of Bacterial Growth Inhibition and Phage Stability Against Foodborne Stress Conditions  

The phage's ability to inhibit the growth of the host strain was evaluated under standard 
medium conditions (TSB; pH 7 and 0.5 % NaCl) and food stress related conditions (pH 4-6 and 1-4 % 
NaCl) using BioTrac 4500 (SY-LAB), which monitors bacterial growth through periodic measures of 
electrical impedance changes of the culture medium.  

Phages were inoculated at a concentration of 105 PFU/ml in 10 ml of TSB medium supplemented 
with 2 mM CaCl2 adjusted to pH and % NaCl conditions, along with 100 µl of a 0.5 McFarland 
suspension of the host strain (Enterobacter kobei AG07E). The growth control consisted of 10 ml of 
adjusted medium inoculated only with host strain. Tubes were incubated at 37ºC for 24 hours. 

Bacterial growth inhibition due to phage presence was evaluated using the detection time 
registered by the BioTrac system. This detection time refers to the period required to measure a 
significant change in the electric signal (impedance) exceeding a 3.5% threshold which indicates the 
presence of viable bacteria. Each condition was assayed in triplicate. 
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2.6. Measurement of the Bactericidal Effect on a Food Matrix  

Bactericidal effect of bacteriophages was evaluated on lettuce surface (Lactuca sativa var iceberg). 
Internal leaves of the lettuce were cut in 2.5 x 2.5 cm portions that were decontaminated under UV 
light for 30 minutes. 150 µl of a suspension of the host bacteria were spread over the surface to a final 
inoculum of ≈104 UFC per portion. Inoculated leaves were treated by immersion on a phage 
suspension in buffer SM to a MOI 1:1 for 30 minutes at room temperature. Additionally, two control 
groups were included: one untreated control and another one immersed in SM buffer without phage 
to assess the washing effect of the liquid.  

Treated leaves were left to dry under laminar flow for 15 min and then homogenized with 10 ml 
of saline solution (0.85% NaCl). Appropriate dilutions were spread on MacConkey Agar to perform 
bacterial survivor count. Each condition was assayed at least in quintuplicate.  

2.7. Whole Genome Sequencing 

Genomic DNA was extracted using Norgen´s Bacteriophage DNA extraction kit with pre-
DNAse I treatment and quantified using Qubit fluorometer (Thermo Fisher Scientific, US). Viral 
genomes were sequenced using Illumina technology. Assembling of reads was carried out using the 
PATRIC web platform. 

Functional annotation of the genomes was carried out using PHAROKKA [18]. Genetic 
characteristics of the bacteriophages were studied using ResFinder (genepi.food.dtu.dk/resfinder) 
and CARD platform (card.mcmaster.ca/) for the detection of antimicrobial resistance genes and 
VirulenceFinder (cge.food.dtu.dk/services/VirulenceFinder/) for the detection of virulence genes. 
Matplotlib v X.X. [19] to visualize the distribution of genes within phage genomes.  

Taxonomic classification of the phages was carried out using whole genome blast against the 
NCBI virus database. Phylogenetic relationships of the phages’ genomes with their closest relatives 
were analyzed using VICTOR web service (victor.dsmz.de), a genome-based approach to study the 
phylogeny and classification of prokaryotic viruses [20]. The analysis included pairwise nucleotide 
sequence comparisons, carried out using the Genome-BLAST Distance Phylogeny (GBDP) method 
[21], following specific guidelines for these viruses [20]. Intergenomic distances obtained from the 
analysis were used to construct a balanced minimum evolution tree, with branch support calculated 
via FASTME and SPR postprocessing [22] for the formula D0. Branch support was based on 100 
pseudo-bootstrap replicates. Midpoint rooting was applied to the trees [23], which were subsequently 
visualized using the ggtree package [24] 

2.8. Statistical Analysis 

Statistical analyses were performed using the IBM SPSS V.29.0.2.0 package. The normality and 
homoscedasticity of the variables were checked out using the Saphiro-Wilk and Levene's test, 
respectively. T-test U or Mann-Whitney test were appropriately used to compare detection time data 
on the phage stability assay. Data obtained from the lettuce assay was analysed through ANOVA 
with Tukey's post hoc test. Differences were statistically considered significant when p < 0.05. 

3. Results 

3.1. Isolation and Morphological Characterization of the Bacteriophages 

The processing of the sewage samples led to the isolation of bacteriophage FENT2 which 
exhibited lytic activity against the host strain E. kobei AG07E. 

The FENT2 bacteriophage exhibited uniform morphology in TEM preparations, with 
icosahedral head (≈80 × 67 nm) and retractable tail (≈100 nm), consistent with the morphology of a 
Myovirus (Figure 1). 
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Figure 1. FENT2 bacteriophage preparation visualized under TEM. The scale bar (200 nm) is displayed in right-
bottom corner. 

3.2. Genetic Characteristics of FENT2 

The genomic sequence of Seunavirus FENT2 is available in the NCBI Virus database under 
accession number PQ882504. 

FENT2 was a DNA bacteriophage that carried a 150 kb genome with a 45% GC content which 
codified 306 CDS (90 with predicted function and 216 hypothetical proteins) and 24 tRNAs. No genes 
associated with the lysogenic life cycle, antimicrobial resistance, or virulence factors were detected in 
the FENT2 genome, as determined through analysis using the PHARokka, CARD, ResFinder, and 
VirulenceFinder databases. 

 

Figure 2. Functional categorization of the FENT2 genome. Functional categories include “DNA, RNA and 
nucleotide metabolism” (n=25), “head and packaging” (n=10), “tail” (n=19), “connector” (n=1), “moron auxiliary 
metabolic and host takeover” (n=9), “transcription regulation” (n=1), “other” (n=18) and “unknown proteins” 
(n=216). 

Genomic sequences of FENT2 were found to be closely related to phages of the Seunavirus genus, 
subfamily Vequintavirinae, class caudoviricetes, which was consistent with the morphology observed. 
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Figure 3. Phylogenetic relationships of FENT2 with the closest hits from a whole genome BLAST search in NCBI 
Virus. The numbers above branches are GBDP pseudo-bootstrap support values from 100 replications. The 
branch lengths of the resulting VICTOR trees are scaled in terms of the respective distance formula used. 
GenBank accession numbers of reference genomes are provided in brackets. 

3.2. Host Range Determination 

Figure 4 reflects the outcomes obtained from the host range determination through the spot test 
technique. Results represented in panels A-C were considered positive regarding the phage's 
infectivity against the tested strain. The detection of turbid spots (panel D) was interpreted as a lack 
of infective efficacy and specificity of the phage. The occurrence of turbid spots is usually associated 
with the presence of free endolysins in the phage suspensions, resulting in “lysis from without” effect 
without the production of new phage particles, which may cause the partial inhibition observed [25].  

 

Figure 4. A confluent lysis (+++); B, C semi confluent lysis (++ and +) and D turbid spot. 

The phage FENT2 exhibited lytic activity against 82.6 % of the tested strains within the ECC. It 
demonstrated a complete lytic effect only against the host strain E. kobei AG07E, with full spot 
clearance, while non-host strains showed semi-confluent spots, suggesting lower specificity. Its 
efficacy varied across species, achieving 100% effectiveness against E. ludwigii and E. mori, but lower 
effectiveness against E. hormaechei (75%), E. kobei (50%), and E. asburiae (0%). The phage did not exhibit 
infective activity against any of the strains tested outside the ECC which included isolates of 
Citrobacter, E. coli, Cronobacter, K. pneumoniae, and K. aerogenes. 
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3.3. In Vitro Evaluation of FENT2's Potential Against E. kobei AG07E 

To evaluate in vitro the bactericidal effect of FENT2 in different pH and NaCl conditions, host 
strain E. kobei AG07E was challenged with a phage concentration of 10⁵ PFU/mL. The bactericidal 
effect of the phage on the bacterial population was assessed using the detection time value, which is 
defined as the time required for the electrical signal to surpass a predefined threshold (3.5%). 
Increases in detection time in the presence of the phage compared to a growth control in its absence 
were taken as a measure of the phage's bactericidal effect and, consequently, its viability under the 
tested conditions. 

The in vitro growth inhibition of host strain due to FENT2 at standard medium conditions is 
displayed in Figure 5. Exposure of the host strain to the phage significantly extended the bacterial lag 
phase, increasing the detection time from 1.8 ± 0.04 hours (growth control) to 7.2 ± 0.04 hours (FENT2 
treatment). 

 

Figure 5. Growth kinetics of the host strain E. kobei AG07E in the presence (FENT2 treatment)) and absence of 
phage FENT2 (growth control). The detection time threshold (3.5 %) is indicated by a horizontal red line. The 
curves displayed are the result of three replicates. 

As shown in Figure 6, FENT2 treatment induced statistically significant increases (p < 0.05) in 
detection time compared to the growth control within the pH range of 5–7 and NaCl concentrations 
of 0.5–2.0%, suggesting a bactericidal effect on the host strain and confirming the viability of the 
phage under these conditions. Detection time increases were comparable to those observed under 
standard conditions (pH 7, 0.5% NaCl) at pH 6 and 1% NaCl, with values of 4.8 ± 0,5 hours. At pH 5, 
the increase was more pronounced, reaching 7.8 ± 0.1 hours. However, at 2% NaCl, the time delay 
was reduced to 2 ± 0.5 hours, although significant activity was still detected when compared to the 
growth control (p < 0.05). 
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Figure 6. Evaluation of "detection time" under food stress conditions (pH and NaCl concentration) in control 
and FENT2 treatments. Statistically significant differences are indicated with "*". Each displayed value is an 
average calculated from three independent replicates. 

3.4. Measurement of the Bactericidal Effect on a Food Matrix 

Figure 7 shows the concentration of the E. kobei AG07E strain inoculated on lettuce leaves after 
an immersion treatment with FENT2, compared to an immersion treatment without the 
bacteriophage and a control without immersion treatment.  

 

Figure 7. E. kobei AG07E survivor counts on lettuce leaves after the immersion treatment. The boxplot shows the 
distribution of bacterial survivor counts (LogUFC/portion) across replicates for each condition. * Indicates 
statistically significant differences (p<0.05). 

The immersion treatment of lettuce leaves in the phage suspension was effective in reducing the 
presence of Enterobacter kobei AG07E on their surface, achieving a significant reduction (p < 0.05) of 
approximately 1 log. 

4. Discussion 

The novel FENT2 bacteriophage was isolated from sewage and identified as a member of the 
Seunavirus genus (Vequintavirinae subfamily). Phages from this subfamily are common hosts of 
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enterobacteria, with their specificity described against strains of E. coli, Klebsiella pneumoniae, 
Cronobacter sakazakii, and Enterobacter hormaechei (NCBI Virus).       This taxon belongs to the 
Caudoviricetes order, commonly known as 'tailed phages,' which is characterized by double-
stranded DNA genomes and icosahedral capsids [26].  

The characterization of FENT2 revealed significant genomic divergence from previously 
described phages, with only 70% coverage and 81% identity to the closest match in the NCBI Virus 
database (Cronobacter phage vB_CsaM_GAP31, NC_019400.1). These findings suggest that this 
bacteriophage may represent a novel entity within the Seunavirus genus, based on the International 
Committee on Taxonomy of Viruses (ICTV) guidelines for bacteriophage classification [27]. 
Therefore, according to ICTV, novel species typically exhibit less than 95% nucleotide identity to 
known phages, a criterion further supported by the limited 70% genomic coverage observed for 
FENT2. 

E. kobei AG07E was selected as the target strain, with the enrichment and isolation steps 
including this isolate as the host for the bacteriophage. This strain was isolated from vegetable 
irrigation water, belonged to the ST56 sequence type, and carried the mcr-9 gene, whose mobility was 
experimentally demonstrated [6]. Strains of E. kobei ST56 with colistin resistance patterns have also 
been identified in clinical settings, raising significant concerns about the potential role of this lineage 
in the dissemination of the mcr-9 gene [9]. Its presence in agricultural production environments is 
particularly alarming due to the potential role of vegetable products as vehicles for the spread of mcr 
genes, which is especially worrisome, given the critical status of colistin as a last-resort antibiotic. 
Developing phage-based strategies specifically targeting this lineage, can therefore be valuable from 
a public health perspective. 

The phage FENT2 exhibited a complete lytic effect against the host strain E. kobei AG07E, which 
was used as a reference standard for full efficacy (+++). The phage also demonstrated a broad host 
range within the ECC, proving effective against 80.95% of the tested strains. Its efficacy varied across 
species, achieving 100% efficacy against the tested strains of E. ludwigii and E. mori. However, its 
effectiveness was lower against E. hormaechei (71.4%) showing no infectivity against phylogenetically 
closely related strains TO40E and TO42E [6].  The ideal approach in the development of biocontrol 
strategies based on bacteriophages is to isolate virulent phages with broad host ranges. However, the 
isolation of highly specific phages presents a significant challenge, as has been reported for other 
phages targeting the ECC, which often lack efficacy against all strains within the complex. Phages 
from taxa such as Tevenvirinae [28] and Seuratvirus [29] have been shown to exhibit narrow host 
ranges, affecting a single strain or a small subset of ECC strains. In contrast, other studies have 
described phages from the Drexlerviridae family [20] or Teetrevirus genus [30], which demonstrated a 
broader host range, even extending beyond the ECC, with lytic activity against isolates of Citrobacter 
spp., Escherichia coli and Shigella.  

To maximize the potential of highly specific phages for biocontrol applications, strategies to 
broaden the target range could include implementing phage-host adaptation protocols, such as the 
Appelmans method [31], or designing phage cocktails targeting multiple ECC strains commonly 
present in these products. Both phage training and the inclusion of multiple phages in cocktail 
combinations have additional advantages. It has been reported to increase bactericidal effects of the 
formulation and to reduce the emergence of phage-resistant bacteria, which is a crucial factor to 
consider for their long-term use [32]. 

Comprehensive analysis of the FENT2 genome demonstrated a lack of lysogenic, virulence and 
antibiotic-resistance genes highlighting its potential as a biocontrol agent against ECC members. In 
addition, among the genes classified under the lysis category, the phage encoded two endolysins, the 
antiholin genes RIIA and RIIB and three Rz-like spanin proteins, but no described holin gene was 
detected. Based on these results, it can be assumed that the phage follows a lytic life cycle and poses 
no issues related to its possible role as a vector on transduction events. 

To effectively translate biocontrol potential into practical applications, the bacteriophage 
interactions were studied under simulated food processing stress conditions. FENT2 caused 
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significant increases in the detection time (p<0.05) within the pH range of 5-7 and NaCl concentrations 
of 0.5-2.0% that could be associated with phage stability and ability to infect and inhibit host strain 
growth under these conditions. The maintenance of time delay values observed at pH 6 and 1% NaCl 
highlights not only the viability, but also the sustained efficacy of the phage under these conditions. 
Surprisingly, the most significant time delay compared to the growth control was observed at pH 5, 
which could suggest a synergistic effect between the phage and the acidic environment. This 
phenomenon is uncommon in literature, where most studies either report the preservation of phage 
effectiveness or, conversely, a progressive reduction in infectivity as pH decreases due to factors such 
as capsid destabilization [33]. This synergistic effect could be associated with an optimized 
adsorption rate under this condition or even be attributed to the interaction of free endolysins and 
acids, which has been previously documented [34]. Tolerance and stability against food-related 
stresses are particularly important attributes for applications in the food industry. The tolerance of 
other bacteriophages to food-related stress conditions within ranges similar to those shown by FENT2 
has been previously observed for phages such as P100, which is part of the commercial formulation 
Listex™ [35]. Moreover, other authors have even reported tolerance to even lower pH values in anti-
ECC bacteriophages from the Drexlerviridae family [36]. The versatility demonstrated by 
bacteriophages, such as FENT2, indicates their potential use in products with diverse microbial 
ecologies and physicochemical characteristics. 

The assessment of bacteriophage viability and infectivity under food processing conditions 
using impedance monitoring technology in the Biotrac (SY-LAB) system is proposed as a particularly 
useful tool for designing biocontrol strategies in the food industry. The assays can be conducted either 
using simulated stress conditions, as in our experiment, or by directly employing liquid food matrices 
such as juices or milk. To the best of our knowledge, this is the first study using Biotrac technology 
to evaluate the in vitro efficiency of bacteriophages intended for food biocontrol purposes. 

The immersion treatment of the lettuce in the phage suspension was successful in reducing 
Enterobacter kobei AG07E on its surface, achieving significant reductions (p<0.05) of approximately 1 
log. Although this reduction is insufficient to completely eliminate the risks associated with ECC 
contamination in fresh produce, it demonstrates the potential of FENT2 to infect and kill host strain 
in a real scenario for fresh produce. Direct contact between the phage and host bacteria is essential 
for infection to take place. Phage-bacteria interactions in food matrices are highly complex and are 
influenced by multiple factors, including the uniform distribution of the phages, the topography of 
the vegetable surface, the mobility of the phage, and especially the density of the host bacteria and 
the infecting phage [37].  

Opportunistic pathogens like ECC are often present in low abundances in foodstuffs. 
Enterobacter is commonly found in leafy vegetables, although it is not a predominant genus within 
their microbiota, with abundance levels ranging from less of 0.1% to 2.6% of the microbial community 
[38]. These bacterial loads can, however, still have important public health implications. In our study, 
lettuce leaves were inoculated with approximately 1300 host cells per cm² and immersed in an SM 
buffer solution containing a phage concentration of 105 PFU/mL. Low bacterial densities pose a 
significant challenge, potentially compromising both the efficacy and efficiency of phage treatment. 
This results from the difficulty in establishing contact between the phage and the bacteria, as well as 
obstacles in situ auto-amplification of the phage. Therefore, it is essential to account for scenarios of 
low bacterial density when designing phage-based strategies targeting opportunistic pathogens. 
Delivery of phages via a fine mist spraying to ensure a uniform and effective distribution and 
increasing phage concentrations have been pointed out as effective alternatives to address these 
technical challenges. These strategies can ensure the effectiveness of phages across a broader range 
of scenarios and potentially achieve higher reductions than those observed in this study [37]. 

The development of phages targeting opportunistic pathogens has limited commercial appeal 
since these pathogens do not frequently cause foodborne illnesses. However, their application could 
be highly valuable from a “One Health” perspective by limiting the spread of emerging pathogens. 
Translating these findings from the experimental field to practical application in the food industry 
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could involve combining anti-ECC bacteriophages with other phages effective against traditional 
foodborne pathogens. Additionally, phages targeting other opportunistic pathogens frequently 
transmitted through vegetables, such as Acinetobacter or Stenotrophomonas [39,40], could be included 
in these formulations. The commercial interest of anti-ECC bacteriophages may also arise from the 
spoilage potential of this complex, as certain ECC species can spoil both fresh vegetables cut 
vegetables and, more notably, fermented products like pickled cucumbers where ECC has been 
identified as a major contributor to spoilage due to gas production [41]. It is important to consider 
that, in potential applications within the fresh and ready-to-eat vegetable industry, a phage-based 
biocontrol method would act as an additional hurdle against targeted bacteria, complementing 
existing physical and chemical treatments.  

5. Conclusions 

A novel Seunavirus bacteriophage FENT2 has been isolated, characterized and tested for 
effectivity against strains belonged to ECC. The bacteriophage showed anti-ECC activity in vitro 
under conditions of pH and salt concentration commonly found in food commodities. Moreover, 
FENT2 treatment reduced the concentration of ECC on contaminated lettuce leaves. Based on these 
findings, FENT2 represents a promising candidate for the development of biocontrol systems 
targeting members of the Enterobacter cloacae complex with application on fresh produce. 

Author Contributions: Conceptualization, A.P-C., T.M.L.D., J.A.S and J.M.R-C.; methodology, A.P-C, A.C., and 
A.G. ; software, A.P-C., A.C. and A.A.; investigation, A.P-C., A.C.;; data curation, A.P-C., A.C.; writing—original 
draft preparation, A.P-C., A.C.; writing—review and editing, A.P-C., AG., T.M.L.D., J.A.S., and J.M.R.C. .; 
supervision, A.A., J.A.S. and J.M.R.C.; project administration, J.M.R.C..; funding acquisition, J.A.S. and J.M.R-C 
All authors have read and agreed to the published version of the manuscript. 

Funding: Ministerio de Universidades, Royal Decree 1059/2021, of November 30, regulating the direct granting 
of various subsidies to the universities participating in the "European Universities" project of the European 
Commission and the "European Education and Culture Executive Agency, Project: 101124439 — EURECA-PRO 
2.0 — ERASMUS-EDU-2023-EUR-UNIV. 

Conflicts of Interest: The authors declare no conflicts of interest 

References 

1.  Murray, C.J.; Ikuta, K.S.; Sharara, F.; Swetschinski, L.; Robles Aguilar, G.; Gray, A.; Han, C.; Bisignano, C.; 
Rao, P.; Wool, E.; et al. Global Burden of Bacterial Antimicrobial Resistance in 2019: A Systematic Analysis. 
Lancet 2022, 399, 629, doi:10.1016/S0140-6736(21)02724-0. 

2.  Hudson, J.A.; Frewer, L.J.; Jones, G.; Brereton, P.A.; Whittingham, M.J.; Stewart, G. The Agri-Food Chain 
and Antimicrobial Resistance: A Review. Trends Food Sci Technol 2017, 69, 131–147, 
doi:10.1016/J.TIFS.2017.09.007. 

3.  Rossi, F.; Santonicola, S.; Amadoro, C.; Marino, L.; Colavita, G. Recent Records on Bacterial Opportunistic 
Infections via the Dietary Route. Microorganisms 2024, 12, doi:10.3390/microorganisms12010069. 

4.  Mezzatesta, M.L.; Gona, F.; Stefani, S. Enterobacter Cloacae Complex: Clinical Impact and Emerging 
Antibiotic Resistance. Future Microbiol 2012, 7, 887–902, doi:10.2217/FMB.12.61. 

5.  Annavajhala, M.K.; Gomez-Simmonds, A.; Uhlemann, A.C. Multidrug-Resistant Enterobacter Cloacae 
Complex Emerging as a Global, Diversifying Threat. Front Microbiol 2019, 10, 
doi:10.3389/FMICB.2019.00044/FULL. 

6.  Pintor-Cora, A.; Alegría, A.; Ramos-Vivas, J.; García-López, M.-L.; Santos, J.A.; Rodríguez-Calleja, J.M. 
Antimicrobial-Resistant Enterobacter Cloacae Complex Strains Isolated from Fresh Vegetables Intended for 
Raw Consumption and Their Farm Environments in the Northwest of Spain. LWT-Food Science and 
Technology 2023, 188, 115382, doi:10.1016/j.lwt.2023.115382. 

7.  Moon, S.H.; Udaondo, Z.; Abram, K.Z.; Li, X.; Yang, X.; DiCaprio, E.L.; Jun, S.R.; Huang, E. Isolation of 
AmpC- and Extended Spectrum β-Lactamase-Producing Enterobacterales from Fresh Vegetables in the 
United States. Food Control 2022, 132, 108559, doi:10.1016/J.FOODCONT.2021.108559. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 January 2025 doi:10.20944/preprints202501.1850.v1

https://doi.org/10.20944/preprints202501.1850.v1


 12 of 13 

 

8.  Moon, S.H.; Udaondo, Z.; Li, X.; Yang, X.; Jun, S.R.; Huang, E. Isolation and Characterisation of 
Carbapenemase-Producing and Polymyxin B-Resistant Enterobacter Bugandensis from a Vegetable. J Glob 
Antimicrob Resist 2021, 26, 264–265, doi:10.1016/J.JGAR.2021.07.013. 

9.  Xu, T.; Xue, C.X.; Chen, Y.; Huang, J.; Wu, W.; Lu, Y.; Huang, Q.; Chen, D.; Zhou, K. Frequent Convergence 
of mcr-9 and Carbapenemase Genes in Enterobacter Cloacae Complex Driven by Epidemic Plasmids and 
Host Incompatibility. Emerg Microbes Infect 2022, 11, 1959–1972, doi:10.1080/22221751.2022.2103456. 

10.  Scaccia, N.; Vaz-Moreira, I.; Manaia, C.M. The Risk of Transmitting Antibiotic Resistance through 
Endophytic Bacteria. Trends Plant Sci 2021, 26, 1213–1226, doi:10.1016/J.TPLANTS.2021.09.001. 

11.  Moye, Z.D.; Woolston, J.; Sulakvelidze, A. Bacteriophage Applications for Food Production and Processing. 
Viruses 2018, 10, doi:10.3390/v10040205. 

12.  Yi, J.; Nitin, N.; Huang, K. Mechanisms of Microbial Cross-Contamination and Novel Intervention 
Strategies in Fresh Produce Processing. In The Produce Contamination Problem; Elsevier, 2023; pp. 353–379, 
doi: 10.1016/B978-0-12-819524-6.00005-7 

13.  Chapman, J.S. Disinfectant Resistance Mechanisms, Cross-Resistance, and Co-Resistance. Int Biodeterior 
Biodegradation 2003, 51, 271–276, doi:10.1016/S0964-8305(03)00044-1. 

14.  Vázquez, R.; Díez-Martínez, R.; Domingo-Calap, P.; García, P.; Gutiérrez, D.; Muniesa, M.; Ruiz-Ruigómez, 
M.; Sanjuán, R.; Tomás, M.; Tormo-Mas, M.Á.; et al. Essential Topics for the Regulatory Consideration of 
Phages as Clinically Valuable Therapeutic Agents: A Perspective from Spain. Microorganisms 2022, 10, 717, 
doi:10.3390/microorganisms10040717. 

15.  Ramos-Vivas, J.; Elexpuru-Zabaleta, M.; Samano, M.L.; Barrera, A.P.; Forbes-Hernández, T.Y.; Giampieri, 
F.; Battino, M. Phages and Enzybiotics in Food Biopreservation. Molecules 2021, 26. 

16.  Estorninho, M.J.; Teixeira, P. Fighting Listeria Monocytogenes with Bacteriophages: Biotechnology for Food 
Safety. In Blue Planet Law; Maria da Glória Garcia, António Cortês, Eds.; Springer, 2023; pp. 265–271, doi: 
10.1007/978-3-031-24888-7_21 

17.  Schwarz, C.; Jacques, M. Chapter 7: Isolation of Enterococcus Bacteriophages from Municipal Wastewater 
Using an Enrichment Step. In Bacteriophages Methods and Protocols; Ebenezer Tumban, Ed.; Humana Press: 
Amarillo, TX, 2024. 

18.  Bouras, G.; Nepal, R.; Houtak, G.; Psaltis, A.J.; Wormald, P.J.; Vreugde, S. Pharokka: A Fast Scalable 
Bacteriophage Annotation Tool. Bioinformatics 2023, 39, doi:10.1093/BIOINFORMATICS/BTAC776. 

19.  Hunter, J.D. Matplotlib: A 2D Graphics Environment. Comput Sci Eng 2007, 9, 90–95, 
doi:10.1109/MCSE.2007.55. 

20.  Meier-Kolthoff, J.P.; Göker, M. VICTOR: Genome-Based Phylogeny and Classification of Prokaryotic 
Viruses. Bioinformatics 2017, 33, 3396–3404, doi:10.1093/BIOINFORMATICS/BTX440. 

21.  Meier-Kolthoff, J.P.; Auch, A.F.; Klenk, H.P.; Göker, M. Genome Sequence-Based Species Delimitation with 
Confidence Intervals and Improved Distance Functions. BMC Bioinformatics 2013, 14, 1–14, 
doi:10.1186/1471-2105-14-60/TABLES/2. 

22.  Lefort, V.; Desper, R.; Gascuel, O. FastME 2.0: A Comprehensive, Accurate, and Fast Distance-Based 
Phylogeny Inference Program. Mol Biol Evol 2015, 32, 2798, doi:10.1093/MOLBEV/MSV150. 

23.  Farris, J.S. Estimating Phylogenetic Trees from Distance Matrices. American Naturalist 1972, 106, 645–668, 
doi:10.1086/282802. 

24.  Yu, G. Using Ggtree to Visualize Data on Tree-Like Structures. Curr Protoc Bioinformatics 2020, 69, e96, 
doi:10.1002/CPBI.96. 

25.  Daubie, V.; Chalhoub, H.; Blasdel, B.; Dahma, H.; Merabishvili, M.; Glonti, T.; De Vos, N.; Quintens, J.; 
Pirnay, J.P.; Hallin, M.; et al. Determination of Phage Susceptibility as a Clinical Diagnostic Tool: A Routine 
Perspective. Front Cell Infect Microbiol 2022, 12, 1000721, doi:10.3389/FCIMB.2022.1000721/BIBTEX. 

26.  Zhu, Y.; Shang, J.; Peng, C.; Sun, Y. Phage Family Classification under Caudoviricetes: A Review of Current 
Tools Using the Latest ICTV Classification Framework. Front Microbiol 2022, 13, 1032186, 
doi:10.3389/FMICB.2022.1032186/FULL. 

27.  Turner, D.; Kropinski, A.M.; Adriaenssens, E.M. A Roadmap for Genome-Based Phage Taxonomy. Viruses 
2021, 13, 506, doi:10.3390/V13030506. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 January 2025 doi:10.20944/preprints202501.1850.v1

https://doi.org/10.20944/preprints202501.1850.v1


 13 of 13 

 

28.  Cieślik, M.; Harhala, M.; Orwat, F.; Dąbrowska, K.; Górski, A.; Jończyk-Matysiak, E. Two Newly Isolated 
Enterobacter-Specific Bacteriophages: Biological Properties and Stability Studies. Viruses 2022, 14, 1518, 
doi:10.3390/V14071518/S1. 

29.  Morozova, V.; Jdeed, G.; Kozlova, Y.; Babkin, I.; Tikunov, A.; Tikunova, N. A New Enterobacter Cloacae 
Bacteriophage Ec151 Encodes the Deazaguanine DNA Modification Pathway and Represents a New Genus 
within the Siphoviridae Family. Viruses 2021, 13, 1372, doi:10.3390/V13071372/S1. 

30.  Pereira, S.; Pereira, C.; Santos, L.; Klumpp, J.; Almeida, A. Potential of Phage Cocktails in the Inactivation 
of Enterobacter Cloacae—An in vitro Study in a Buffer Solution and in Urine Samples. Virus Res 2016, 211, 
199–208, doi:10.1016/J.VIRUSRES.2015.10.025. 

31.  Burrowes, B.H.; Molineux, I.J.; Fralick, J.A. Directed in vitro Evolution of Therapeutic Bacteriophages: The 
Appelmans Protocol. Viruses 2019, 11, 241, doi:10.3390/V11030241. 

32.  Kim, M.K.; Chen, Q.; Echterhof, A.; Pennetzdorfer, N.; McBride, R.C.; Banaei, N.; Burgener, E.B.; Milla, 
C.E.; Bollyky, P.L. A Blueprint for Broadly Effective Bacteriophage-Antibiotic Cocktails against Bacterial 
Infections. Nature Communications 2024, 15, doi:10.1038/s41467-024-53994-9. 

33.  Ranveer, S.A.; Dasriya, V.; Ahmad, M.F.; Dhillon, H.S.; Samtiya, M.; Shama, E.; Anand, T.; Dhewa, T.; 
Chaudhary, V.; Chaudhary, P.; et al. Positive and Negative Aspects of Bacteriophages and Their Immense 
Role in the Food Chain. NPJ Sci Food 2024, 8, 1, doi:10.1038/s41538-023-00245-8. 

34.  Sisson, H.M.; Fagerlund, R.D.; Jackson, S.A.; Briers, Y.; Warring, S.L.; Fineran, P.C. Antibacterial Synergy 
between a Phage Endolysin and Citric Acid against the Gram-Negative Kiwifruit Pathogen Pseudomonas 
Syringae pv. actinidiae. Appl Environ Microbiol 2024, 90, doi:10.1128/aem.01846-23. 

35.  Fister, S.; Robben, C.; Witte, A.K.; Schoder, D.; Wagner, M.; Rossmanith, P. Influence of Environmental 
Factors on Phage-Bacteria Interaction and on the Efficacy and Infectivity of Phage P100. Front Microbiol 
2016, 7, doi:10.3389/fmicb.2016.01152. 

36.  González-Gómez, J.P.; Rodríguez-Arellano, S.N.; Gomez-Gil, B.; Vergara-Jiménez, M. de J.; Chaidez, C. 
Genomic and Biological Characterization of Bacteriophages against Enterobacter Cloacae, a High-Priority 
Pathogen. Virology 2024, 595, 110100, doi:10.1016/J.VIROL.2024.110100. 

37.  Moye, Z.D.; Woolston, J.; Sulakvelidze, A. Bacteriophage Applications for Food Production and Processing. 
Viruses 2018, 10, 205, doi:10.3390/V10040205. 

38.  Jackson, C.R.; Randolph, K.C.; Osborn, S.L.; Tyler, H.L. Culture Dependent and Independent Analysis of 
Bacterial Communities Associated with Commercial Salad Leaf Vegetables. BMC Microbiol 2013, 13, 1–12, 
doi:10.1186/1471-2180-13-274/FIGURES/3. 

39.  Carvalheira, A.; Silva, J.; Teixeira, P. Lettuce and Fruits as a Source of Multidrug Resistant Acinetobacter 
spp. Food Microbiol 2017, 64, 119–125, doi:10.1016/j.fm.2016.12.005. 

40.  Li, D.; Wong, C.H.; Seet, M.F.; Kuan, N. Isolation, Characterization, and Inactivation of Stenotrophomonas 
Maltophilia From Leafy Green Vegetables and Urban Agriculture Systems. Front Microbiol 2019, 10, 2718, 
doi:10.3389/FMICB.2019.02718. 

41.  Pérez-Díaz, I.M.; Hayes, J.S.; Medina, E.; Webber, A.M.; Butz, N.; Dickey, A.N.; Lu, Z.; Azcarate-Peril, M.A. 
Assessment of the Non-Lactic Acid Bacteria Microbiota in Fresh Cucumbers and Commercially Fermented 
Cucumber Pickles Brined with 6% NaCl. Food Microbiol 2019, 77, 10–20, doi:10.1016/j.fm.2018.08.003. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 January 2025 doi:10.20944/preprints202501.1850.v1

https://doi.org/10.20944/preprints202501.1850.v1

