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E. coli mastitis is a major production disease in dairy cattle and requires alternative treatments 
to antibiotics. In this context, phages are of growing interest, but their host specificity remains a 
challenge in therapy. This study aimed to characterize eight newly isolated phages for the control of 
E. coli mastitis, to assess their efficacy in milk and to investigate their specificity. Physicochemical 
characterization of the phages was performed, followed by in vitro stability and lytic activity assays in 
raw and heat-treated milks. Genome sequencing of phages and bacteria was performed to investigate 
phage attachment. Phage stability was maintained across physiological pH and temperature ranges, 
as well as in raw milk. Phage lytic activity demonstrated bacterial decreases below detection level, but 
regrowth occurred in raw milk after 5 h of incubation with 3/8 phages. A narrow host range was linked 
to the diversity of the bacterial collection and to the presence of two receptor-binding proteins among 
Tevenvirinae. Indeed, structural analysis of the proteins revealed a variable region in the long tail fiber 
and a conserved short tail fiber. In conclusion, phage specificity was mainly associated with the long 
tail fiber and milk components didn’t hinder the efficacy of phages to control bovine mastitis, although 
resistance should be investigated.
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Mastitis is an inflammatory response of the udder tissue mainly due to bacterial infection and is responsible 
for the most prevalent production disease in dairy cattle1. Escherichia coli (E. coli) is present in environmental 
reservoirs2 and is considered as a major bacterial species responsible for mastitis3. The clinical signs manifest 
themselves acutely and are characterized by inflammation of the affected quarter2 and general clinical signs 
in case of systemic dissemination4. In addition to the decrease in milk production, the milk quality of the 
affected quarter can be altered5. The management of E. coli mastitis mainly involves supportive treatment (fluid 
therapy, nonsteroidal anti-inflammatory drugs, frequent milking) and antimicrobials6, which contribute to the 
development and spread of antibiotic resistance.

A report from the World Health Organization (WHO) indicated the urgent need for new antibiotics targeting, 
among others, Enterobacteriaceae7. Since the development of new antibiotics is costly and underwhelming8, the 
use of bacteriophages (phages) is of growing interest in this context. These viruses are able to infect and kill their 
bacterial hosts and are the most prevalent microbiological entity worldwide9. Phages are composed of single or 
double-stranded DNA or RNA and play a role in maintaining the balance of bacterial populations and driving 
their evolution10. Several advantages of phages include their specificity for prokaryotic cells, aptitude to replicate 
at the site of infection, and ability to co-evolve with their host11. Nevertheless, this co-evolution can also lead to 
bacterial resistance12 and host specificity can challenge the selection of appropriate phages.

The use of viruses as a treatment entails a detailed characterization to select candidates that could safely 
overcome bacterial infection. Intramammary phage treatments involve a direct contact of the phages 
with milk components but also with the mammary epithelium and the immune system. Milk is a complex 
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medium, and several components may interact with phages. For instance, immunoglobulins can inhibit the 
adhesion of microorganisms, agglutinate bacteria between each other and neutralize viruses13. Lactoferrin and 
lactoperoxidase also demonstrated antimicrobial and antiviral activities14,15.

The high specificity of phages enables them to target the specific strain responsible for the infection. However, 
lack of understanding of the phage-bacteria interactions and variability in the underlying mechanisms make 
it difficult to predict the appropriate phage, especially when their host range is narrow. This specificity is 
determined by phage adsorption, which initiates the replication cycle of phages. Adsorption involves the host 
recognition by receptor-binding proteins (RBPs), which are often located at the tip of the tail region16. The 
diversity of bacterial receptors and RBPs explain why there are almost limitless possibilities of interactions. 
Considering E. coli, the first obstacle faced by most tailed phages for their adsorption is the lipopolysaccharide 
(LPS) O-antigen17. Since this antigen is highly variable, phages using this receptor have a narrow host range, 
which is serogroup specific. Moreover, this antigen can be masked by exopolysaccharides, which require specific 
enzymes for their degradation18. Other parts of the LPS or outer membrane proteins can also serve as receptors. 
After a first reversible attachment, secondary receptors are involved, depending on the phage morphology: 
siphoviruses attach mostly to porin outer membrane proteins, podoviruses on LPS core and myoviruses can use 
both19. The size of phage genomes also involves different immune responses of bacteria19.

The aims of this study were to assess the suitability of newly isolated and characterized phages for 
intramammary use against E. coli responsible for bovine mastitis and to identify and analyze phage RPBs to 
obtain insights into phage interactions with their hosts.

Results
Bacterial collection, antibiotic susceptibility profiles and genomic analysis
All 53 strains from the bacterial collection were grown on Coliform Extra Selective (ES) agar (Merck Millipore, 
USA) and were indole positive. Antimicrobial susceptibility tests demonstrated various phenotypes and 6/53 
strains showed an extended spectrum beta-lactamase (ESBL) profile (Table  1). Among the 35 serogroups 
identified, serotype O8:H25 was predominant, accounting for 9/53 strains. No O-antigen was detected for 
strains 831 and 846, nor was H-antigen detected for strain 812. Few strains were related to several O-antigens 
(strains 2 and 855: O101 or O9; strain 834: O13, O129 or O135; strain 844: O17, O73 or O77). Twenty-four 
different sequence types (STs) were found, and 17/53 strains belonged to ST58, which was partially associated 
with serotype O8:H25 (Fig. 1).

Bacteriophage isolation and genomic analysis
Seven phages were isolated from wastewater and 1 phage was isolated from cow slurry. Two phages were isolated 
against E. coli 824, two other phages against E. coli 814 and the last four against E. coli 819 (Fig. 2). All phages 
belong to the Caudoviricetes class, which are double-stranded DNA tailed phages. Five different genera were 
identified via BLASTn and phage AI: Phapecoctavirus, Gamaleyavirus, Drulisvirus, Tequatrovirus and Mosigvirus. 
The genome size ranged between 42,674 and 169,529 bp. The GC content ranged from 35.41 to 51.15%. The in 
silico phage AI model predicted lytic phages with a level of confidence between 93.88% and 97.74%. However, 
the genome annotation revealed the presence of genes encoding a phage anti-repressor protein and an integrase 
in the phage vB_EcoP_ULIVPec3Lys (ULIVPec3Lys) which was reclassified as lysogenic. All other phages 
were exempt of genes associated with lysogeny, as well as virulence and resistance genes. All phages presented 
high similarities to existing E. coli phages when the nucleotides were blasted (BLASTn) (Supplementary Table 
S1). Based on the in silico phage AI model and the morphology of related phages, the morphologies of all 
isolated phages were predicted to be Myoviruses, except for the two Phapecoctavirus which were predicted 
to be Podoviruses. Phages ULIVPec7-8-9-10 were isolated against the same strain (E. coli 819), belong to the 
Tevenvirinae subfamily and are phylogenetically related: ULIVPec7-8-10 belong to the Tequatrovirus genus, 
whereas ULIVPec9 belong to the Mosigvirus genus. ULIVPec1 and ULIVPec2 are also related and were isolated 

(1) LU DE LU

AB (2)    Strain

81
2

81
3

81
4

81
5

81
6

81
7

81
8

81
9

82
0

82
1

82
2

82
3

82
4

82
5

82
6

82
7

82
8

82
9

83
0

83
1

83
2

83
3

83
4

83
5

83
6

83
7

83
8

83
9

84
0

84
1

84
2

84
3

84
4

84
5

84
6

84
7

84
8

84
9

85
0

85
1

85
2

85
3

85
4

85
5

85
6

85
7

85
8

85
9

86
0

86
1

95
47 1 2

AX 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 13 13 6
AMC 21 20 12 22 20 21 20 22 13 11 19 12 18 20 20 22 16 20 15 20 6 15 22 21 15 23 20 18 19 20 23 23 23 22 21 24 23 18 23 22 21 19 22 23 19 13 17 21 19 12 13 14 13
FUR 29 14 29 30 27 28 31 30 28 23 32 30 28 29 30 29 31 12 15 28 27 33 33 28 27 33 31 28 28 30 13 29 29 30 29 35 32 27 30 31 29 29 30 28 28 29 30 30 15 15 27 26 27
CEQ 32 16 27 34 31 31 35 33 24 25 36 35 34 35 34 34 36 12 20 33 24 36 36 34 33 35 36 33 34 34 16 33 35 35 34 37 36 34 35 36 34 33 31 31 31 24 33 33 16 18 34 32 16
CTX 35 16 35 38 36 34 38 38 36 26 38 38 37 37 38 35 38 12 18 36 32 39 40 38 36 40 38 36 36 38 17 37 38 37 36 40 40 38 38 37 36 35 36 34 34 32 37 35 16 20 31 30 30
CTC 35 27 35 34 35 34 36 35 32 24 38 38 37 37 38 36 38 27 27 36 34 40 37 34 31 40 36 33 35 37 28 36 37 36 35 40 38 34 37 38 37 36 36 34 34 33 38 36 27 29 31 31 30
FOX 27 27 23 25 26 27 27 26 27 22 28 28 28 28 29 25 29 21 23 26 24 28 27 25 25 27 29 28 29 27 28 27 29 27 26 26 30 29 29 29 27 26 27 24 23 23 26 27 27 26 27 29 26

MEM 37 34 40 40 40 40 32 34 37 40 40 37 34 37 40 36 37 35 32 40 38 37 40 40 40 36 40 37 40 37 34 32 36 35 38 40 40 32 39 40 39 40 34 35 37 37 37 36 30 35 36 34 34
ESBL profile (3)

CTX-M 15 15 65 ND 1 1

BE BE BEBE

Table 1.  Antimicrobial susceptibility and extended-spectrum beta-lactamase (ESBL) related genes in the 53 
E. coli strains causing bovine mastitis. Country of isolation: BE = Belgium, LU = Luxembourg, DE = Germany. 
AB = antibiotic, the inhibition diameter is presented in mm. AX = amoxicillin; AMC = amoxicillin + clavulanic 
acid; EQ = ceftiofur, CFQ = cefquinome; CTX = cefotaxime; CTC = cefotaxime + clavulanic acid, OX = cefoxitin; 
MEM = meropenem. Susceptibility profile: uncolored = sensitive, yellow = intermediary, Red = resistant. 
ESBL = Extended-spectrum beta-lactamase. CTX-M = gene blaCTX-M. The presence of blaCTX-M is indicated 
by a number corresponding to the variant. ND = not detected.

 

Scientific Reports |        (2025) 15:41071 2| https://doi.org/10.1038/s41598-025-25008-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


against the same strain (E. coli 824). ULIVPec3Lys and ULIVPec4 were isolated against the strain E. coli 814 but 
belong to distinct families (Fig. 2).

Host range of bacteriophages and correlation with bacterial serotypes
The phages lysed between 1.89% and 33.96% of the 53 strains from our collection. A total of 29/53 E. coli were 
not lysed by any phage. ULIVPec3Lys and ULIVPec4 presented the narrowest host range, whereas ULIVPec2 
presented the broadest one. The results were clustered according to the bacterial serogroup and the phage 
genus (Fig. 1). ULIVPec1 and 2 lysed the same strains of serogroup 8 but ULIVPec2 had a wider host range. 
ULIVPec7-8–9-10 lysed several serogroups and had similar host ranges. In contrast to Tequatrovirus phages, the 

Fig. 1.  Maximum likelihood phylogenetic tree based on SNPs associated with the phage host range. 
ST = Sequence type, Red = ST58, Blue = ST10, Green = ST69, Black = other STs, gray box = lysed by the phage, 
white box = not lysed by the phage.
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Mosigvirus phage ULIVPec9 did not lyse serogroups O24 and O113 (Fig. 1). The detailed host range is presented 
in the Supplementary Table S2.

Receptor-binding protein determination
Regarding Tevenvirinae (ULIVPec7-8-9-10), a distinct multiple alignment was performed for all phages with 
their 4 most homologous phages in the NCBI databases, based on the E value (Supplementary Table S2). 
Genomic analysis highlighted four different genes encoding the long tail fiber (LTF): a proximal subunit, 2 hinge 
connectors and a distal subunit, followed by a chaperone. The multiple alignment allowed the identification of 
low-identity regions that were compatible with RBPs at the C-terminal region of the LTF distal subunit and in the 
short tail fiber (STF) (Supplementary Figure S1). Both proteins were related to RBPs and depolymerase activity 
according to the predictive models used. The protein structure of the last 223 amino acids of the LTF distal 
subunit was predicted and showed a folded trimer with a needle-like shape. The structure of the STF revealed 
a linear conformation terminating at a tip that contained a receptor-binding domain, preceded by a β-helical 
structure (Fig. 3). The LTF needle and STF structures of the related phages were also predicted and aligned 
with the isolated phages to determine the normalized root-mean-square deviation (RMSD100) between pairs 
of structures. The mean RMSD100 values of the related LTF needle and STF were respectively 28.14 (sd = 16.66) 
and 10.21 (sd = 4.61) (Fig. 4).

Temperature and pH stabilities
All phages were stable from 25 °C till 45 °C after 1 h of incubation. At 60 °C, 4/8 phages showed a decrease 
of at least 2 log plaque-forming units (PFU)/mL, while the remaining phages were inactivated (Fig. 5A). All 

Fig. 3.  Predicted structure of newly isolated Tevenvirinae receptor binding proteins (RBPs) and structure 
alignments. RBPs of Tevenvirinae were identified in the short tail fiber (STF) and the needle of the long tail 
fiber (LTF). The complete predicted structures of the STF and LTF needle were obtained with Alphafold and 
are depicted in a gradient from red to blue, representing the N-terminal to the C-terminal region. (a) Straight 
trimer predicted structure of the STF. (b) The structure of the LTF involves a proximal subunit (light blue), 
two connectors (yellow) and a distal subunit (orange). The needle of the distal subunit include a knob, a stem 
and a tip, which is the receptor. The predicted structure of the needle is a folded trimer. (c) Alignment of the 
STF C-terminal region for the isolated Tevenvirinae. A beta-helical structure (red square) was observed in the 
structure. (d) Alignment of the LTF tip for the isolated Tevenvirinae.

 

Fig. 2.  Viral proteomic tree of the isolated phages and their general information. WW = wastewater, Prop. 
strain = propagation strain, bp = base pairs.
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phages were stable at pH values ranging from 4 to 10, and ULIVPec4 was stable at a pH of 12, although a tenfold 
decrease (Fig. 5B).

Stability of phages in milk
All the data were normally distributed. The one-way ANOVA analysis showed significant titer difference between 
groups (inoculum, 6 h incubation in raw milk, 6 h incubation in heat-treated (HT) milk) for phages ULIVPec2 
(p = 0.01), ULIVPec3 (p = 0.01) and ULIVPec8 (p = 0.0005). The Bonferroni’s multiple comparison exhibited 
a significant lower titer in HT milk in comparison to the control group for the same 3 phages (p = 0.0036, 
p = 0.0036, p = 0.0009; alpha = 0.016). A higher titer was observed in raw milk in comparison to HT milk for 
phage ULIVPec8 (p = 0.0002, alpha = 0.0016). For the 5 remaining phages, no difference in titer was observed in 
the different groups (Fig. 6).

In vitro efficacy of phages in milk
The multiplicity of infection (MOI) of phages for optimal replication was 0.01 (Supplementary Figure S2). 
This MOI was used as an inoculum in milk samples. Phages led to a significant bacterial decrease (p = 6.58e-7) 
regardless of the type of milk. The random effect of phages contributed little to the variance (variance = 0.08019, 
sd = 0.2832), while the residual variance was higher (variance = 1.00990, sd = 1.0049). The bacterial decrease 
was sometimes below the limit of detection (BLD) of 333 CFU/mL. Only samples inoculated with ULIVPec4 

Fig. 4.  Dendrogram and heatmap of the normalized RMSD for (a) Short tail fiber and (b) Needle of long tail 
fiber. Homologous phages of: ULIVPec7 = blue, ULIVPec8 = violet, ULIVPec9 = red, ULIVPec10 = green.

 

Scientific Reports |        (2025) 15:41071 5| https://doi.org/10.1038/s41598-025-25008-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 6.  Stability of phages in milk after 6 h of incubation. Phage titers are represented in logarithmic scale 
of plaque-forming units/mL (Log PFU/mL). HT = heat-treated. * = significant decrease using Bonferroni’s 
multiple comparison. Error bars represent the standard deviation.

 

Fig. 5.  Phage stability at different temperatures and pH values. (a) Phage titers on a logarithmic scale of 
plaque-forming units/mL (log PFU/mL) after 1 h of incubation at temperatures ranging from 25 °C to 60 °C. 
(b) Phage titers in log PFU/mL after 1 h of incubation at 37 °C at pH values ranging from 2 to 12. Error bars 
represent the standard deviation.
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showed a decrease in the bacterial titer (BLD) after 1 h of incubation. In raw, HT and UHT milk, a bacterial 
decrease BLD occurred at 3 h post-inoculation for respectively, 7/8, 8/8 and 5/8 phages but bacterial regrowth 
occurred 2 h later for 4, 6 and 3 phages, respectively (Fig. 7). An interaction between the phage treatment and the 
incubation time was highlighted (p < 2e-16 after 3 and 5 h of incubation). Despite bacterial regrowth, multiple 
comparisons revealed a significant phage effect on the bacterial reduction at all time points, with an enhancing 
effect over time. After 1 h of incubation, the bacterial reduction was significant but moderate (raw milk: 7.25 
vs 5.78, p < 0.0001; HT milk: 7.35 vs 6.68, p = 0,021; UHT milk: 7.45 vs 6.56, p = 0.0025). In contrast, after 3 and 
5 h of incubation, a greater reduction was observed, with differences exceeding respectively 6 and 8 log units 
(p < 0.0001 for all milk types).

Two unexpected values were excluded from the data: one data for ULIVPec1 in raw milk after 1  h of 
incubation and one data for ULIVPec9 in UHT milk after 1 h of incubation. The two remaining data points from 
the triplicate were kept.

Discussion
Although no specific E. coli pathotype is exclusively associated with mastitis, the fact that our strains were 
isolated from bovine mastitis was important to take into account their virulence traits required to colonize and 
multiply in the udder, while escaping the innate immune system5. The diversity of the collection was confirmed 
with the serotype and ST profiles. This is opposed to other infections caused by E. coli, where predominant types 
are prevalent, such as serotype O80:H2, which is associated with ST 301 and is responsible for diarrhea and 
hemolytic and uremic syndrome in children20. However, some serogroups and STs were predominant in our 
collection as already reported for STs 10, 58 and 88, which were also identified among bovine mastitis strains21. 
These STs could be likely linked to virulence traits required for intramammary infection.

To standardize milk composition, raw milk free from contamination and samples from a unique farm were 
used for the in vitro studies. Indeed, the low SCC suggested the absence of mastitis and a determined bacterial 
concentration was manually inoculated into the sample. The purpose of comparing the stability and lytic activity 
of phages in raw milk with those in HT and UHT milk was to determine whether different heat-treatments 
and homogenization process influenced the results. Indeed, in certain conditions, proteins associated with 
milk-fat globules and agglutination of the strains can inhibit phage efficacy in raw milk, preventing bacterial 
reduction22,23. The heat-treatment of milk inactivated the heat-sensitive components that may interact with the 
phages. However, no significant effect of the milk type was highlighted on the bacterial reduction. This positive 
outcome could be linked to phage characteristics and agglutination properties that depend on the bacterial 
species.

Fig. 7.  In vitro efficacy of phages in milk. Bacterial titrations on a logarithmic scale of colony-forming units/
mL (log PFU/mL) over incubation time. BLD = below limit of detection. Dotted lines = control group (bacteria 
in milk); solid lines = treatment group (bacteria + phage in milk); Blue = UHT milk; Orange = HT milk; 
Green = raw milk. Error bars represent the standard deviation. The limit of detection was set at 333 CFU/mL, 
and values BLD were assigned as half of the limit.
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The in vitro assessment of phage efficacy demonstrated a significant reduction in bacterial titer compared 
to the control. By modeling the phages as a random effect, the variance and standard deviation suggested that 
the observed variation in bacterial reduction occurred largely within phage measurements rather than between 
phages. Although bacterial regrowth was observed for 3/8 phages, the incubation time of phages significantly 
reduced bacterial titers compared to the control. The observed bacterial reduction was sometimes below the limit 
of detection (< 333 CFU/mL) which was caused by the titration technique. This explains why bacterial regrowth 
was observed even if no bacteria were titrated at the previous timepoint. Zhang and colleagues reported complete 
bacterial reduction after 1 h of incubation without regrowth in UHT milk when the phage PH444 targeting E. 
coli was used24. The regrowth observed in our study could be linked to bacterial resistance to phages, which is 
common and can occur even after a few hours’ incubation25. To avoid this phenomenon, an association of phages 
and antibiotics are typically used, which has shown synergistic effects in human treatments26. Moreover, a recent 
study highlighted that the use of Klebsiella phage cocktails has shown positive results in raw milk, possibly 
because of virulence trade-offs27. However, even with the use of cocktails, their study highlighted bacterial 
regrowth following an undetectable bacterial level in raw milk after 144 h at 5–9 °C and 9 h at 25 °C. In our study, 
samples were inoculated at a biological temperature of 37 °C, which facilitates bacterial and phage multiplication 
and thus resistance. Finally, the low MOI used in our study was optimal for phage replication but may not be 
ideal for bacterial reduction, which could promote resistance. In therapy, bacteriophage-insensitive mutants 
can be an obstacle. A recent study28 involving difficult-to-treat human infections treated with bacteriophages 
reported phage resistant bacteria in 7/16 patients. They observed that increasing the MOI led to a better lytic 
activity, until a certain concentration where bacterial regrowth appeared sooner and more frequently. In vitro 
antibiotic synergy was demonstrated in 90% of the patients, as well as antibiotic re-sensitization and reduced 
virulence in certain strains. This highlights the complexity of the phage-bacteria interaction, suggesting that 
efficacy cannot be assessed based solely on resistance.

In this study, the milk did not come from mastitis cases, which shows a different composition: it contains 
immune components (somatic cells), a different pH, and an unknown bacterial strain at an undetermined 
concentration. To stimulate an immune response without inducing infection, LPS infusion in the teat before 
milking could be performed. Based on the stability results, the increased pH of milk during mastitis should not 
affect the phage stability. The in vitro efficacy of phages for intramammary use should be evaluated under the 
most representative conditions of the mammary gland, including incubation of raw mastitis milk at 37 °C.

Additional in vitro models such as MAC-T cells should be used to further investigate the effects of phages 
on the mammary epithelium and the effects of the immune response. Preliminary in vivo studies in Galleria 
mellonella and mice could be performed to evaluate the survival rate after bacterial infection29 and assess the 
effect of phage treatment on murine mammary glands30. If successful, these phages could be administered 
intramammarily to cows with mastitis once the causative bacterial strain is isolated and its susceptibility to the 
phages is confirmed.

As the narrow host range of the isolated phages may be a challenge, part of the host specificity was investigated 
by studying RPBs of the Tequatrovirus and Mosigvirus phages. Interestingly, these phages were isolated against 
the same bacterial strain (E. coli 819), suggesting a similar adsorption mechanism. Indeed, analyses highlighted 
that these two genera belong to the Tevenvirinae subfamily, which has a LTF needle used as primary receptor for 
reversible attachment to surface proteins such as OmpC, Tsx and FadL or LPS when the first are not available19. 
This is followed by a detachment of the STF from the baseplate, which irreversibly attaches to the LPS inner 
core16. Our predicted STF structure showed a beta-helical structure, which might be associated with enzymatic 
activity17 and could participate in peptidoglycan degradation prior to DNA injection.

The structure alignment of RBPs outlined the main finding of our analysis, where respective low and high 
identities between the LTF needle and STF were calculated, suggesting that the host specificity is mainly linked 
to the needle conformation rather than the STF conformation.

The observed RBP conformation changes caused by genomic mutations could have considerable effects on 
host specificity, since a single amino acid change in the tip of the tail fiber can change the host range31. The type 
of Tevenvirinae receptors is consistent with the lack of association between the host range and the serogroup, as 
explained above. Indeed, some serogroups were lysed by particular phages, but all strains of a unique serogroup 
were not necessarily lysed. This is opposed to other subfamilies in which the phages attach to the O-antigen17. 
Different attachment mechanisms are involved depending on the subfamily. Moreover, homologous phages 
exhibiting different host ranges display overall genomic similarity but low sequence identity in their RBPs, 
whereas phages with identical host ranges may have divergent genomes but share highly conserved RBP 
sequences (Supplementary Table S3). Genomic database studies can provide valuable information for identifying 
the attachment mechanisms, as realized for the BASEL collection19. Similarly, the attachment specificities of 
Tevenvirinae characterized in this study could be transposed to related phages in other collections. Analyzing the 
host range with related bacterial species causing bovine mastitis could be performed to evaluate if other bacteria 
could be lysed by our phages.

The in silico phage AI model predicted lytic cycles for the phage ULIVPec3Lys, which presented an integrase 
and an anti-repression protein. Interestingly, phages belonging to the same genus were also predicted to be lytic 
in the literature32,33. It has been suggested that lytic phages could be derived from temperate phages by deletion 
and rearrangements in the lysogeny module34. Detailed annotation should be performed to avoid incorrect 
classification of the phage replication cycles. Moreover, only opaque lysis was described in the host range of this 
phage, which can indicate a temperate phage. Accurate determination of the replication cycle and verification of 
the absence of virulence and resistance genes are crucial for ensuring the safety of bacteriophages intended for 
therapeutic use.

In conclusion, 8 phages were isolated against E. coli strains responsible for mastitis. In vitro studies in raw 
milk demonstrated the stability of the phages and their ability to decrease the bacterial titer. However, resistance 
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rapidly occurred and could be bypassed by a higher MOI and the use of a phage cocktail. A cocktail could 
also broaden the host range to target natural infections and delay bacterial regrowth. Indeed, the presence of 2 
RBPs on Tevenviridae were associated with a diversity in the host range. A specific and reversible attachment 
by the LTF is followed by an irreversible and less specific attachment by the STF. Unfortunately, the bacterial 
receptors were not identified, but this could be resolved with an automated docking model that would show 
the interaction of the RPB on its host. Targeted knockout of the identified receptors could then validate their 
essential role by impairing phage adsorption. Further strategies should be implemented to minimize resistance, 
and characterization of resistant strains should be conducted to elucidate the mechanisms responsible for the 
bacterial adaptation and to evaluate the resulting fitness trade-off.

Materials and methods
Bacterial collection
Fifty-three strains were isolated between 2017 and 2023 from bovine mastitis originating from independent 
farms, except for the strain 821 and 835, 843 and 845, 836 and 848. Fifty strains were isolated from the Regional 
Animal Health and Identification Association (ARSIA, Wallonia) and 3 strains were isolated in the Fundamental 
and Applied Research in Animal Health (FARAH) bacteriology laboratory in 2023. Fifty strains were isolated 
in Belgium, 2 in Luxembourg and 1 in Germany (Table). Milk samples analyzed at ARSIA were spread on 
Columbia agar with sheep blood (ThermoFischer Scientific, USA) and Gassner agar (ThermoFischer Scientific, 
USA), and identified with MALDI-TOF (Bruker, USA). Three new strains were isolated in Walloon farms from 
cows diagnosed with mastitis by spreading milk samples on Mac Conkey agar (VWR, Belgium). Lactose positive 
colonies were further identified with API 20E galleries (bioMérieux, France). The identity of all 53 strains was 
confirmed on Coliform Extra Selective (ES) agar (Merck Millipore, USA) and with an indole test. The phenotypic 
antimicrobial susceptibility to beta-lactams was assessed by the disk diffusion method using Mueller-Hinton agar 
(Becton Dickinson, Erembodegem, Belgium) and SIRscan Discs (i2a, France) (Table 1). Inhibition diameters 
were compared to the veterinary breakpoint of the French Society of Microbiology (CASFM-vet) (V1.0, 2022) 
and to the breakpoint of the European Committee of Antimicrobial Susceptibility Testing (EUCAST) (V12.0) if 
no CASFM-vet data were available.

Bacteriophage isolation
Phages were isolated with the enrichment method, as described in the literature with a few modifications35. Five 
different wastewater samples were collected in the surroundings of Liège (Belgium) in March 2023 and 1 slurry 
sample was collected in a Walloon farm during the same period. The slurry sample was tenfold diluted in sterile 
water and all samples were centrifuged (9,500 g, 10 min) and filtered at 0.2 μm. Five mL of each environmental 
sample were mixed with an equal volume of 2-times concentrated Luria Bertani (LB) broth (Merck Millipore, 
USA) supplemented with 1 mM of MgSO4 and CaCl2 (Merck Millipore, USA), as well as 100 µl of E. coli strains 
814, 824 or 819 (OD600 = 0.3). Growth controls were prepared identically, except that PBS (Oxoid, UK) replaced 
the environmental sample. All samples were incubated at 37 °C. A decrease in turbidity in the environmental 
samples compared to the controls indicated phage replication. These samples were further filtered, and three-
times subcultured on enriched LB agar by transplanting single identified lysis plaques in 200 µl of TN buffer (Tris 
10 mM (Merck Millipore, USA), NaCl 150 mM (Merck Millipore, USA), pH 7.5). Pure clones were amplified to 
reach at least 10e8 plaques-forming units (PFU)/mL by adding the phage to enriched LB broth inoculated with 
the bacterial host. The lysate samples were then incubated overnight at 37 °C, centrifuged and filtered at 0.2 μm.

Bacterial genomic sequencing and genome analysis
Genomic DNA of the bacterial strains was extracted via a NucleoSpin® Microbial DNA Mini Kit (Machery-
Nagel, Germany). The DNA concentration and purity were measured by NanoDrop (Fisher Scientific, MA, 
USA). Sequence libraries were prepared using the Nextera XT DNA preparation kit (Illumina, San Diego, CA, 
USA) using half-volume reaction. DNA was sequenced with the NovaSeq platform (Illumina, San Diego, CA, 
USA) to generate paired-end reads of 2 × 150 bp. Reads were assembled via SPAdes (v3.9.0).

Bioinformatic analysis were performed using the following pipelines of the Center for Genomic Epidemiology 
(https://www.genomicepidemiology.org) with default parameters: SerotypeFinder 2.0.1, VirulenceFinder 2.0.5, 
MLST 2.0 and CSI Phylogeny 1.4. The maximum likelihood phylogenetic tree based on single nucleotide 
polymorphism (SNP) was processed with FigTree (v1.4.4).

Bacteriophage genomic sequencing and genome analysis
Genomic DNA was extracted as previously described36. The DNA concentration and purity measures, the library 
construction, the sequencing and the assembly were performed as described for the bacterial sequencing. The 
nucleotide similarities were assessed with BLASTn (National Library of Medicine, USA; ​h​t​t​p​s​:​/​/​b​l​a​s​t​.​n​c​b​i​.​n​l​m​.​n​
i​h​.​g​o​v​/​B​l​a​s​t​.​c​g​i​​​​​)​. Taxonomy and morphology of the phages were predicted with phage AI ​(​​​h​t​t​p​s​:​/​/​a​p​p​.​p​h​a​g​e​.​a​i​​​​​) 
and confirmed by comparing them with related phages from BLAST. Gene structure and functional annotation 
were performed with VIGOR 4 via BV-BRC (3.32.13a) (https://www.bv-brc.org). Certain protein functions were 
assessed with BLASTp (National Library of Medicine). A proteomic tree based on the genome taxonomical 
system was obtained using VIPtree (v4.0) (https://www.genome.jp/viptree).

Bacteriophage specificity
To determine the potential RPBs of Tevenvirinae phages, the genomes of their 5 highest homologous phages, 
based on the lowest expected hits (E values) from BLASTn, were investigated (Supplementary Table S1). A 
Multiple Alignment of the selected phages was performed using fast Fourier transform (MAFFT) in Geneious 
Prime 2024.0.7 (https://www.geneious.com). Regions with low identities and located in the tail region were 
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suspected to be potential RBPs. Specific models such as Phage Depolymerase Finder (Galaxy Version 0.1.0, 
https://galaxy.bio.di.uminho.pt) and Phage RBP detect (v3)36 were used to refine the selection. The selected RBPs 
were compared to the literature16,17,37 and the structures of the proteins were modeled using AlphaFold238. For 
each protein, the 3D structure with the highest confidence score was selected, aligned and visualized with PyMOL 
(The PyMOL Molecular Graphics System, Version 3.0 Schrödinger, LLC) and the NGLViewer R package (v1.3.4). 
Finally, the RMSD score was calculated with the rmsd function of the R package bio3d (v.2.4.5). This RMSD was 
normalized (Carugo and Pongor)39to become size independent. In the calculation of the normalized RMSD, the 
number of equivalent amino acids was obtained by aligning the amino acid sequences of the monomers of the 
proteins using “pairwise alignment” function of the pwalign R package (v.1.2.0). After alignment, the number 
of non-gaps positions was counted and multiplied by three (as the compared proteins are trimers) to obtain the 
number of equivalent amino acids.

Bacteriophage host range
Using the 53 strains from the bacterial collection, the host range of bacteriophages was determined by the spot 
test method adapted from Navez et al.40. For each phage, drops of 4 µL were spotted in triplicate on enriched LB 
agar with bacterial overlay (OD600 = 0.3). The plates were incubated overnight at 37 °C and the lysis plaques were 
scored as follows: confluent lysis, semi-confluent lysis, opaque lysis, countable lysis plaques, no lysis.

Optimal multiplicity of infection (MOI)
The MOI that produced the highest phage titer was determined as described by Li and Zhang41, with few 
modifications. Samples containing 5 mL of enriched LB broth were inoculated with 100 µL of phages at 10e6 
PFU/mL and 100 µL of bacteria at a concentration ranging from 10e3 to 10e8 CFU/mL. Samples were incubated 
at 37 °C during 3.5 h and titrated. Titration consisted of triplicate 10-fold dilutions of phages in PBS, followed 
by 3 µL spots of each dilution on enriched LB agar covered by the host bacteria (OD600 = 0.3). After overnight 
incubation, plaques were counted, and the titer was calculated in PFU/mL. The MOI of the sample with the 
highest titer was selected for in vitro studies.

Temperature and pH stabilities
Temperature and pH stability were performed as described in the literature, with few modifications40.

Temperature stability was assessed by incubating 1 mL of phage lysate (ultrafiltered phages in enriched LB 
at a concentration of approximately 10e8 PFU/mL) at different temperatures (25 °C, 37 °C, 45 °C, and 60 °C).

For pH stability, 100 µL of 10e9 PFU/mL phage lysate were diluted in 900 µL of PBS at different pH values (2, 
4, 7.4, 10, and 12). All the samples were incubated for 1 h and subsequently titrated in triplicate.

Milk samples
To select cows with minimal risk of mastitis (SCC < 2 × 10e5 cell/mL), monthly analysis of the SCC of each cow 
and a California mastitis test (CMT) were performed before sterile sampling. Half of the sample was stored at 
4 °C, while the other half was heat-treated (HT) at 70 °C for 35 min and immediately stored at 4 °C. To ensure 
the absence of bacterial contamination, 100 µL of raw and HT milks were spread on LB and Mac Conkey agar. 
UHT whole milk (3.6% fat) was purchased from a local supermarket (Carrefour, Belgium).

Stability of phages in milk
A total of 0.5 mL of each phage at a known titer was added to 5 mL of raw or HT milk and the phage concentration 
was assessed after 6 h of incubation at 37 °C.

In vitro assessment of phage efficacy
For each phage, 100 µL of the phage (10e6 PFU/mL) and its bacterial host (10e8 CFU/mL) were incubated at 
the previously determined optimal MOI of 0.01 in 5 mL of raw, HT and UHT milk. The bacterial inoculum was 
titrated and bacterial titrations of the samples were performed at 1, 3 and 5 h of incubation with agitation at 
37 °C. The control group consisted of the same milk samples inoculated with 100 µL of bacteria. All titrations 
were performed in triplicate.

Statistical analyses
Statistical analyses of the phage stability in milk were performed on GraphPad Prism (version 8.0.0 for 
Windows, GraphPad Software, San Diego, California USA, www.graphpad.com). The normality of the data was 
investigated with Shapiro-Wilk and D’Agostino and Pearson tests. A one-way ANOVA and Bonferroni’s multiple 
comparisons were performed to investigate the stability of the phages.

Regarding the in vitro assessment of phage efficacy, all analyses were performed with RStudio (RStudio Team 
(2025.09.0). RStudio: Integrated Development for R. RStudio, PBC, Boston; http://www.rstudio.com). A linear 
mixed-effects model was performed using the lme4 and lmerTest R packages. The normality of residuals was 
investigated using quantile-quantile plots and histograms of residuals. Following model fitting, a three-way 
ANOVA was performed with Satterthwaite’s method and multiple comparisons were conducted using estimated 
marginal means (emmeans R package). Values below the limit of detection (BLD) were considered as half of the 
limit of detection, which corresponded to log 2.2214 CFU/mL.

Data availability
The datasets generated and/or Supplementary Table S4. Complete genome of the phages are deposited in the Gen-
Bank database with the following accession numbers: SAMN49823483 (vB_EcoM_ULIVPec1), SAMN49823484 
(vB_EcoM_ULIVPec2), SAMN49823485 (vB_EcoP_ULIVPec3Lys), SAMN49823486 (vB_EcoP_ULIVPec4), 
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SAMN49823487 (vB_EcoM_ULIVPec7), SAMN49823488 (vB_EcoM_ULIVPec8), SAMN49823489 (vB_
EcoM_ULIVPec9), SAMN49823490 (vB_EcoM_ULIVPec10). 
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