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Contaminated beef is a prominent source of foodborne pathogens such as Escherichia coli 0177. Susceptibility of
nine multi-drug resistant E. coli 0177 strains against eight individual phages and six phage cocktails was assessed
using polystyrene microplate titer plate. Further, 180 beef samples were independently inoculated with E. coli
0177 cells in triplicates and treated with eight individual phages and six phage cocktails to determine their
efficacy in inhibiting bacteria growth at 4 °C over a 7-day incubation period. Results revealed that all E. coli 0177
strains were susceptible to the phages. A significant log reduction in viable E. coli 0177 cell counts was observed
on beef samples upon phage treatment over the 7-day incubation period. Two individual phages and three phage
cocktails reduced E. coli cell counts to levels below the detection limit (1.0 log;o CFU/g). Log reduction of viable
E. coli cell counts ranged from 2.10 to 7.81 CFU/g for individual phages and from 2.86 to 7.81 CFU/g for
cocktails. Individual phages and phage cocktails inhibited E. coli 0177 biofilm formation with phage cocktails
showing high efficacy. Furthermore, phage cocktails showed greater efficacy in destroying pre-formed biofilm
than individual phages. Based on these findings, we concluded that phage cocktails developed in this study could

be used to reduce E. coli 0177 contamination and extend the shelf-life of stored raw beef.

1. Introduction

The atypical enteropathogenic E. coli (aEPEC) is a heterogeneous
group of foodborne pathogens, which causes infantile diarrhoea with
high mortality in both developed and developing countries (Hu and
Torres, 2015). More than 600 million people become ill and 420 000 die
each year due to foodborne pathogens (WHO, 2015). The aEPEC strains
are commonly found in the gastrointestinal tracts of animals, especially
ruminants (Montso et al., 2019a). While the transmission pathways of
E. coli 0177 from ruminants to humans are complex, the most direct
route is through contamination of products such as meat and milk
produced during slaughter or milking, respectively (Fegan and Jenson,
2018). Indeed, Shebs et al. (2020) report that E. coli from the hides and
gastrointestinal tract contents cause significant cross contamination of
the carcass during the slaughtering process. Furthermore, pre-slaughter
starvation may lead to E. coli proliferation in the rumen and thus posing
a greater meat contamination hazard (Rasmussen et al., 1993; Tkalcic
et al., 2000; Larsen et al., 2014). This may increase risks of food safety
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violation and lead to major repercussion for public health. In addition,
decontamination of carcass via trimming process may result in heavy
losses by meat producers.

Several strategies are currently being used to reduce microbial
contamination of food and to preserve and extend shelf-life of food
(Sillankorva et al., 2012; Tan et al., 2014; Duc et al., 2018). However,
traditional physical and chemical processes used for this purpose have
serious drawbacks that include corrosive effects on food processing
plants and changes in organoleptic properties of food, especially meat
(Sillankorva et al., 2012; Endersen et al., 2014). Residues from chemical
interventions may also have detrimental effects on human health as well
as the environment. In addition, chemical disinfectants are known to
induce bacteria to aggregate and form biofilm structures (Carpio et al.,
2019). Bacteria cells within these biofilm structures are extremely
resistant to heat, cold, disinfectants and antimicrobials used in food
industry (Carpio et al., 2019). As a result, biofilm formation in food
processing equipment may lead to persistent contamination of food
processing plants (Dzieciol et al., 2016). It is against this background
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that efforts to identify and evaluate novel, safe and sustainable control
methods need to continue to improve food safety.

Bacteriophage therapy is one such promising natural and green
technology for food preservation and safety (Sillankorva et al., 2012;
Endersen et al., 2017; Harada et al., 2018). Application of lytic bacte-
riophages for the prevention and control of antimicrobial resistant
foodborne pathogens is thus regarded as a potential alternative to
combat microbial contamination in the food industry. However, the
emergence of phage resistance in single phage therapy is a cause for
concern (Labrie et al., 2010). Phage resistance may occur as a result of
alteration and/or loss of bacterial cell surface receptors required for
phage attachment, gene mutation and production of modified restriction
endonucleases, which degrade phage DNA (Chan et al., 2013; Tsonos
et al., 2014). The limitations of single phage application could be
overcome using phage cocktails (Chen et al., 2018). Phage cocktails
target different host cell receptors and can be used to circumvent the
development of phage-resistant bacterial mutants and thus broaden the
host range (Tsonos et al., 2014). A number of phage cocktails such as
ListShield™, EcoShield™, SalmoFresh™ and Salmonelex™ have been
demonstrated to be effective in reducing phage resistant mutants (Duc
etal., 2018; Harada et al., 2018). Bacteriophages are capable of reducing
foodborne pathogen on meat and have shown to prevent biofilm for-
mation and or existing biofilm structure (Garcia-Anaya et al., 2020). To
the best of our knowledge, no study has assessed the utility of phages as
inhibitors of biofilm formation and growth in E. coli 0177 on raw meat.
Therefore, this study was designed to evaluate the efficacy of individual
phages and phage cocktails in reducing E. coli 0177 cell counts on raw
beef, preventing biofilm formation and destroying existing biofilm
structures of E. coli 0177.

2. Materials and methods
2.1. Bacterial culture

Ten multi-drug resistant atypical enteropathogenic E. coli 0177
isolates were used in this study. Details on the study area, sampling,
isolation procedures, and identification, virulence and multi-drug
resistance profiles of atypical enteropathogenic E. coli O177 isolates
have been described in our previous study (Montso et al., 2019a). In
brief, stock cultures of E. coli 0177 isolates from —80 °C freezer were
and resuscitated on MacConkey agar. The plates were incubated at 37 °C
for 24 h. After incubation, a single colony was transferred into 15 mL
sterile falcon tube containing 5 mL nutrient broth and the tube was
incubated at 37 °C for 24 h. After incubation, the optical density
(ODg30mn) Was measured using spectrophotometer. Nutrient broth was
used to adjust the OD to 0.5 McFarland standard.

2.2. Bacteriophages propagation

Eight lytic bacteriophages (vB_EcoM_10C2, vB_EcoM_10C3, vB_E-
coM_118B, vB_EcoM_11B2, vB_EcoM_12A1, vB_EcoM_366B, vB_E-
coM_366V and vB_EcoM_3A1), previously isolated from cattle faeces in
the North West province, South Africa (Montso et al., 2019b), were
propagated using E. coli 0177 host as previously described (Sambrook
and Russell, 2001). Briefly, 100 pL (0.5 McFarland standard) of over-
night culture of E. coli 0177 was added into a 50 mL falcon tubes con-
taining 30 mL tryptic soya broth (TSB). Aliquot of 100 pL of each phage
was added to their respective tubes. The tubes were incubated at 37 °C
for 24 h in a shaking incubator (80 rpm). After incubation, the tubes
were centrifuged at 10 000xg for 10 min at 4 °C. The supernatant was
filter-sterilised using 0.22 pm pore-size acrodisc syringe filter. Ten-fold
serial dilutions were prepared and plaque assay was performed to
determine the titer of each phage. The concentration was expressed as
plaque forming unit per millimetre (PFU/mL). Phage cocktails were
prepared by mixing individual phages of equal volume (1:1), depending
on the number of phages mixed per cocktail and 32 cocktails with
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different combinations were obtained. Both individual phage and phage
cocktail titers were standardised using lambda diluent buffer [5.8 g/L
NacCl, 2 g/L MgS04.7H50, 10 ml/L Tris-HCI (pH 7.5)] to obtain 1 x 108
PFU/mL.

2.3. Microplate virulence assay

2.3.1. Individual phage microplate virulence assay

Susceptibility of nine multi-drug resistant E. coli 0177 isolates to
eight individual phages was assessed using microplate virulence assay as
previously described (Niu et al., 2009). In brief, 180 pL of tryptic soya
broth supplemented with 10 mM magnesium sulphate (mTSB) was
dispensed into 96-well polystyrene plates. In the first row (A-1-8 wells),
20 L of each phage isolate (stock: 1 x 108 PFU/mL) was inoculated in
duplicates and serially diluted in 10-folds (10! to 10~%). Subsequently,
aliquot of 20 pL of overnight culture of each E. coli 0177 isolate (1 x 10®
CFU/mL) was inoculated into each wells (row: 1-8; column: A-H). The
ninth and tenth wells served as negative controls, as such they were only
inoculated with host bacteria (20 pL) without phage treatment. The
eleventh and twelfth wells (served as positive/blank control) were
inoculated with mTSB (20 pL) with both phage and bacteria. The plates
were incubated at 37 °C for 5 h. After incubation, phage activity was
assessed by measuring Optical Density (OD; 630,,) using microplate
reader (Model: MB580). The highest dilution that resulted in complete
lysis (as seen by the absence of turbidity in the culture medium) of the
host bacteria was recorded. The data was used to calculate multiplicity
of infection (MOI). The MOI for each phage was determined by dividing
the initial concentration of phage (PFU/mL) in the inoculum with the
initial concentration of host bacteria (CFU/mL). The sensitivity of the
bacteria isolates to phages was defined as susceptible (MOI < 100) or
resistant (MOI > 100) as previously described (Niu et al., 2009).
Sensitivity to phages was further categorised as extremely susceptible
(MOI <0.01); highly susceptible (0.01 < MOI < 1); moderately sus-
ceptible (1 < MOI < 10) and minimally susceptible (10 < MOI < 100).
The following equation was used to calculate MOL.

No of PF L
Equation : MOI (for equal volumes) :Wm
The data was grouped accordingly (extremely susceptible, highly
susceptible, moderately susceptible or non-susceptible) and used to
construct a graph.

2.3.2. Phage cocktail microplate virulence assay

Susceptibility of three multi-drug resistant E. coli 0177 isolates to 32
phage cocktails was assessed using microplate virulence assay as pre-
viously described (Niu et al., 2009). The selection criteria of host bac-
teria (isolates) were based on resistance to individual phages
(incomplete lysis observed on microplate virulence assay). Microplate
virulence assay was performed as described in Section 2.3.1 above. The
MOI for each phage cocktail and sensitivity of bacterial to phages were
determined as previously described (Niu et al., 2009). Phage cocktails
showing high lytic activity and low MOI to E. coli 0177 isolates were
selected for further experiments.

2.4. Effect of phages on E. coli 0177 on contaminated beef

2.4.1. Sample preparation and experimental design

Two experiments were performed simultaneously to evaluate the
efficacy of individual phages and phage cocktails in reducing multi-drug
resistant E. coli 0177 strain on artificially contaminated beef. Eight in-
dividual phages (vB_EcoM_10C2, vB_EcoM_10C3, vB_EcoM_118B,
vB_EcoM_11B2, vB_EcoM_12A1, vB_EcoM_366B, vB_EcoM_366V and
vB_EcoM_3A1) and six phage cocktails [(vB_EcoMCl, vB_EcoMC2,
vB_EcoMC3, vB_EcoMC4, vB _EcoMC5 and vB_EcoMC6) (selected based
on lytic activity, host range and the best MOI against multi-drug resis-
tant E. coli 0177 strain)] were used in this experiment. Beef steak (5.5
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kg) was purchased from local supermarket and the meat was placed in a
cooler box containing ice packs and transported to the Antimicrobial
Resistance and Phage Biocontrol Laboratory (AREPHABREG), NWU.
The meat was processed within an hour of collection. Briefly, the sam-
ples were processed in the laminar flow hood and the meat was asep-
tically cut into small pieces (3 cm®, weighing ~ 25 g) using a sterile pair
of scissors and rat tooth forceps. For individual phage treatment, a total
of 108 meat samples were placed in the sterile petri-dishes (90 mm) and
were randomly assigned in triplicates to nine treatments [eight indi-
vidual phages (1 x 108 PFU/mL) and one control (lambda diluent)] per
incubation period. For phage cocktails, 72 meat samples were placed in
sterile petri-dishes (90 mm) and randomly assigned in triplicates to
seven treatments [six phage cocktails, (1 x 108 PFU/mL) and one
negative control (lambda diluent)] and one control (lambda diluent
buffer)] per incubation period. The remaining 1 kg of the meat sample
was used to determine the pH as well as screening for the presence of
background E. coli and/or any microbial contamination by standard
culture technique.

2.4.2. Sample inoculation, bacteriophage application and bacteria
enumeration

A 100 pL of exponential phase (E. coli 0177; ODg3onm = 0.5) culture
was pipetted onto the surface of each meat sample to simulate natural
contamination and the plates were left in the laminar flow hood for 10
min to allow the bacteria to attach to the meat. Subsequently, 1000 pL of
each individual phage and phage cocktail (1 x 108 PFU/mL, to achieve
MOI of 10) was pipetted on the surface of the samples. For negative
control, samples per experiment were treated with 1000 pL lambda
diluent buffer (pH 7.2) (without phages). The samples were left in the
laminar flow hood for 10 min to allow the phages to attach to the host
bacteria. The samples were then placed in a sterile container and
covered with a clean wrap to prevent contamination. The samples were
incubated for 7 day at 4 °C to simulate the storage temperature. Samples
were analysed after 0, 1, 3 and 7 days of incubation to determine the
number of viable E. coli 0177 cell remaining. The purpose of analysing
the samples at day 0 was to confirm the presence of the inoculum on
both treated and untreated samples. The analysis was done 15 min after
applying E. coli 0177 on the meat.

2.4.3. Enumeration of viable E. coli 0177 cells

The remaining bacterial cells on experimentally contaminated beef
after exposure to phages were analysed using plate count method. At
indicated time points, (days 0, 1, 3 and 7) beef samples treated with both
individual phages and phage cocktails including their respective nega-
tive controls were withdrawn separately and transferred into 250 mL
sterile volumetric flasks containing 50 mL of 0.1% (w/v) sterile peptone
water (PW). The flasks were placed on a shaker (200 rpm) for 2 min to
facilitate the diffusion of the bacteria into the solution. For enumeration
of E. coli 0177 cell counts for both treated and untreated samples, ali-
quots of 10 mL were transferred into 50 mL sterile falcon tubes and
centrifuged at 12 000xg for 5 min. The supernatant was discarded and
the pellets were resuspended in 10 mL of 0.1% PW. Ten-fold serial di-
lutions were prepared and aliquots of 250 pL were plated in triplicate on
MacConkey agar plates and the plates were incubated at 37 °C for 24 h
for viable bacterial cell count. After incubation, typical E. coli 0177
colonies were counted and the results were reported as log CFU/g. Log
reduction [(Ngo-ng*)] was obtained by subtracting the number of viable
cells recovered at eat time point (ng*) from the total number of viable
cells at day 0 (Ngo)-

2.4.4. Biofilm formation

Biofilm formation by E. coli 0177 strain was evaluated using 96-well
polystyrene plates as previously described (Stepanovic et al., 2000).
Briefly, eighty-one E. coli 0177 isolates (selected based on virulence and
antimicrobial resistance profiles) and one Pseudomonas aeruginosa
(ATCC 27853) strain were cultured on MacConkey agar and nutrient
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agar plates, respectively, and incubated at 37 °C for 24 h. After incu-
bation, a single colony of each isolate was transferred into 5 mL of sterile
nutrient broth in 15 mL falcon tubes. The tubes were incubated at 37 °C
for 24 h. A 1:100 serial dilutions were prepared from overnight cultures
and 200 pL was dispensed in triplicates into the 96 well polystyrene
plates. The first set of three wells were inoculated with 200 pL of
nutrient broth (negative control) and the second set of three wells were
inoculated with 200 pL of Pseudomonas aeruginosa (ATCC 27853) sus-
pension (positive control; strong biofilm producer). The plates were
incubated at 37 °C for 24 and 48 h. After incubation at each time point,
the plates were washed three times with 300 pL of sterile phosphate
buffer-saline [PBS 1X (pH 7.4)] to remove planktonic cells. The plates
were dried for 30 min in the laminar flow hood cabinet at room tem-
perature. After drying, the wells were stained with 200 pL of 0.1%
crystal violet solution for 1 h. Subsequently, the plates were washed five
times with 300 pL of sterile PBS. The plates were placed in the laminar
flow hood to dry. After trying, 200 pL of 95% ethanol was added to fix
the biofilm formation. To check the presence of biofilm formation, the
plates were read at ODgoonm Using spectrophotometer. The cut-off value
(ODc) was defined as three standard deviation (SD) above the mean OD
of the negative control. Biofilm formation was classified into four cat-
egories based on the ODs obtained: OD < ODc, non-adherent; ODc < OD
< 2 x ODc, weak biofilm formation; 2 x ODc < OD < 4 x ODc, moderate
biofilm formation; and 4 x ODc < OD, strong biofilm formation
(Stepanovic et al., 2000).

2.4.5. Effect of phages on biofilm formation

The ability of individual and phage cocktails to prevent biofilm
formation by E. coli O177 strain was evaluated using the microplate
virulence assays in two experiments that were performed separately.
Ten E. coli 0177 isolates (strong biofilm producers) were selected for this
experiment as previously described (Stepanovic et al., 2000; Endersen
et al., 2017), with minor modifications. Briefly, 190 pL of sterile mTSB
was dispensed into a 96-well polystyrene plates and as negative control,
10 pL of sterile mTSB was added to first set of three wells. For positive
control, 10 pL of Pseudomonas aeruginosa ATCC 27853 strain (strong
biofilm producer) and E. coli 0177 isolate (strong biofilm producer from
this study) were added separately to the second and third set of three
wells, respectively. Instead of phage, 50 pL of sterile lambda diluent
solution was added to both negative and positive control wells. A 10 pL
of overnight culture of each isolate was added in triplicates to the rest of
the wells. For each well (except for both controls), 50 pL of each indi-
vidual phage stock (1 x 10% PFU/mL) and phage cocktail stock (1 x 10®
PFU/mL) were added separately in triplicate to each host bacteria. The
plates were incubated at 25 °C for 24 h. After incubation, the media
containing planktonic cells was removed and the wells were washed
three times with 300 pL PBS. Subsequently, the wells were stained with
200 pL of 0.1% crystal violet solution for 1 h. After 1 h, the stain was
removed and the wells were washed five times with PBS. The plates were
dried in the laminar flow cabinet. Two hundred microliter of 95% ab-
solute alcohol was added to the wells. Then the ODggonm Was measured
using spectrophotometer. The results were interpreted and biofilm for-
mation was classified as described in Section 2.5.1 above.

2.4.6. Effect of phages on pre-formed biofilms

The ability of individual phages and phage cocktails to destruct
established biofilm structure was assessed using the procedure described
previously (Stepanovic et al., 2000; Endersen et al., 2017), with some
modifications. Ten E. coli 0177 isolates, strong biofilm producers were
selected and overnight cultures were prepared. Briefly, 190 pL of sterile
mTSB was dispensed into a 96 well polystyrene plates. A 10 pL of mTSB
(negative control) added to the first set of three wells and for positive
control, 10 pL of Pseudomonas aeruginosa ATCC 27853 strain and E. coli
0177 isolate (both strong biofilm producer from this study) were added
separately to the second and third set of three wells, respectively. A 10
pL overnight culture of each isolate was added in triplicates into the rest
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of the wells. The plates were incubated at 25 °C for 24 h to allow the
bacteria to form biofilm. After incubation, the media containing
planktonic cells was removed and the wells were washed three times
with 200 pL of PBS. Subsequently, 150 pL of mTSB was added to each
well. Fifty microliter of individual phages and phage cocktails stock (1
x 10® PFU/mL) were added separately in triplicate to each host bacteria.
Fifty microliter of sterile lambda diluent solution was added to both
negative and positive (established biofilm) controls. The plates were
incubated at 25 °C for 5 h to allow the phages to disintegrate the
formed-biofilm in the wells. The medium was removed and the wells
were washed three times with 200 pL of PBS. After washing, the plates
were stained as described above. After 1 h, the stain was removed and
the wells were washed five times with PBS. The plates were allowed to
dry. After drying, 200 pL of 95% absolute alcohol was added to the wells.
Then the ODggonm Of the mixture was measured using spectrophotom-
eter. The results were interpreted as described above (Stepanovic et al.,
2000).

2.5. Statistical analysis

The data for efficacy of individual phages and phage cocktails in
reducing E. coli on artificially contaminated beef were converted to log
CFU/g. The NORMAL option in the Proc Univariate statement was used
to test for normality of measured parameters (SAS software version 9.4
of 2010). Phage efficacy data measured over time were analysed using
the repeated measures procedures of SAS software version 9.4 of 2010.
The general linear models (GLM) procedure of SAS software version 9.4
of 2010 was used to analyse cross sectional data according to the
following statistical model:

Yij =H +D; +E177

Where: Yj; is the observation of the dependent variable (E. coli cell
counts) ij; p is the fixed effect of population mean for the variable; D; the
effect of the experimental treatments [individual phages and phage
cocktails] and E; the random error associated with observation ij,
assumed to be normally and independently distributed. The probability
of difference (pdiff) option in the Ismeans statement was used to sepa-
rate treatment means. Statistical significance for all statistical tests was
declared at P < 0.05.

3. Results
3.1. Susceptibility of E. coli 0177 isolates to individual phages

Susceptibility E. coli 0177 isolates against individual phages was
evaluated using microplate virulence assay. E. coli O177 isolates
revealed two different susceptibility patterns against phages, Fig. 1.
Generally, E. coli O177 isolates revealed either extreme susceptible
(66.7-88.9%) or moderate susceptible (0.1-0.3%) to phages. Phages
were able to inhibit bacterial growth within 5 h of inoculation at 37 °C.
Phages vB_EcoM_10C2 and vB_EcoM_11B2 revealed similar lytic pattern
against E. coli 0177 isolates. Based on MOI, seven isolates were either
extremely (MOI <0.01) or moderately susceptible (1 < MOI < 10) to all
the eight phages, Table 1. Two isolates (CF-D-D11 and CF-D-D4) were
extremely susceptible (MOI <0.01) to all the phages. The MOI of phages
against E. coli 0177 isolates ranged from 1.3 x 107 and 73 x 10~%. The
lowest MOI was observed in samples treated with vB_EcoM_10C2,
whereas the highest was seen in samples treated with vB_EcoM_3A1.

3.2. Lytic capabilities of phage cocktails against E. coli 0177 strain

The susceptibility E. coli 0177 isolates to 32 phage cocktails was
assessed using microplate virulence assay. E. coli 0177 isolates were
extremely sensitive to all the tested phage cocktails. Most (18) phage
cocktails were highly active at low titers (from 1 x 10 to 1 x 10! PFU/
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Fig. 1. Susceptibility pattern of E. coli 0177 isolates against individual phages.
The error bars represent the standard deviation.

mL) while 14 were active at high titer (1 x 108 PFU/mL). Based on MOI,
the isolates were classified as either extremely (MOI <0.01), highly
(0.01 < MOI < 1) or moderately susceptible (1 < MOI < 10) to phage
cocktails, Table 2. All three E. coli 0177 isolates tested were sensitive to
the 32 phage cocktails. E. coli 0177 isolates showed extreme suscepti-
bility to a large proportion (31/32) of the phage cocktails, while highly
and moderately susceptible were exhibited by 29/32 and 5/32 of the
phage cocktails, respectively. Isolate CF-H246 was moderately suscep-
tible to four phage cocktails with their MOI ranging between 1.4 and 1.5
while isolates CF-A27 and CF-G202 were moderately susceptible to
phage cocktails vB_EcoM_118B_ vB_EcoM_3A1 and vB_EcoM_10C2_
vB_EcoM_12A1 (MOI = 2.8 and 1.8, respectively). Phage cocktails,
vB_EcoM_10C2_ vB_EcoM_366B and vB_EcoM_11B_ vB_E-
coM_118B EC12A1, had the lowest MOI values (average MOI =
0.00001615 and 0.000701, respectively).

3.3. Effect of individual phages on E. coli 0177 cells on beef at 4 °C

Based on microbial screening, no bacteria (natural contamination)
was detected on the meat prior to artificial contamination. The pH of the
meat sample before inoculation of E. coli 0177 was 6.3. As illustrated in
Fig. 2A, there was a significant reduction of viable E. coli 0177 cell
counts following exposure to individual phages. Log reduction of E. coli
0177 cell counts ranged between 2.10 and 7.81 CFU/g —throughout the
incubation period, Fig. 2B. On day 1, log reduction in viable E. coli 0177
cell counts ranged from 5.66 to 7.81 log;o CFU/g. Phages vB_E-
coM_118B, vB_EcoM_11B, vB_EcoM_366B and vB_EcoM_366V reduced
E. coli 0177 cell counts to below the detection limit level (1.0 log;o CFU/
g) after 1 day of incubation whereas phages vB_EcoM_12A1 and vB_E-
coM_3A1 were able to inhibit bacteria to below the detection limit
throughout day 1-7. After day 3 and 7, viable E. coli 0177 cell counts
revealed increasing trend in samples treated with individual phages
vB_EcoM_118B, vB_EcoM_11B, vB_EcoM_366B and vB_EcoM_366V,
Fig. 2A. Their log reduction ranged from 4.39 to 5.80 log;o CFU/g and
2.10 to 4.28 log;p CFU/g (day 3 and 7, respectively).

3.4. Effect of phage cocktails on E. coli 0177 cells on beef at 4 °C

Six phage cocktails (vB_EcoMC1, vB _EcoMC2, vB _EcoMC3, vB
_EcoMC4, vB_EcoMC5 and vB _EcoMC6) revealed significant efficacy of
inhibiting E. coli 0177 growth on artificially contaminated meat at 4 °C
over a 7-day period, Fig. 3A. Log reduction of E. coli 0177 cell counts
ranged between 2.89 and 7.81 CFU/g from day 1-7, Fig. 3B. Three
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Table 1

The sensitivity of E. coli 0177 strains based on multiplicity of infections.

Food Microbiology 94 (2021) 103647

Bacteria ID MOIs of the phages®

vB_EcoM_10C2 vB_EcoM_10C3 vB_EcoM_118B vB_EcoM_11B2 vB_EcoM_12A1 vB_EcoM_366B vB_EcoM_366V vB_EcoM_3A1

CF-G202 1.2 x 1073 2.3x107° 41 x1072 1.9 x 1073 4.5% 3.4 x107° 1.8 x 107* 52 x 1072
CF-D-D11 1.4 x 107* 4.4 x10°° 4.4 x 1073 29 x107* 1.8 x107° 2.1 x107° 4.4 x107° 3.8 x1072
CF-H1 6.8* 1.4 x 1073 4.1% 1.3x107° 5.4 x10°° 1.8 x 1073 2x10°3 5.9%

CF-D-D4 3.8 x1072 2.1 x107° 2.7 x107° 3.6 x 1072 2.2 x 1072 1.9 x 107° 33x107* 1.4 x 1072
CF-C29 3.5 x107° 7.2% 4.1 2.4 x107* 3.4 x107* 4.6 x 1073 3.4 x107* 32x107°
CF-D-D32 1.3 x 1077 6.4* 1.9 x 107° 1.1 x 1073 4.4 %1073 1.4 x 1073 5.2% 42x10°°
CF-C1 1.9 x 107* 5.1 x 1072 4.4 x1072 2.3 x 1078 5.1 x 1077 7.1% 33 x1072 7.3%

CF-A27 1.6 x 1073 1.7 x 1073 6.1% 42 x107* 5.5% 5.4 x 1072 4.6% 2.8 x107°
CF-H246 4.5 x 1073 6.6* 3.1x1072 5.6* 2.5x107° 4.7% 1.7 x 1073 6.1%

Key: ID = Identity; “a” superscript = multiplicity of infection (the lowest ratio of the phage to bacteria resulting in complete lysis of overnight culture bacteria culture

within 5 h of incubation), asterisk (*) denotes incomplete lysis.

phage cocktails (vB _EcoMC3, vB _EcoMC4, and vB _EcoMC6) reduced
viable E. coli 0177 cell counts to below the detection limit (1.0 logio
CFU/g) on contaminated meat -throughout the incubation period,
Fig. 3A. On day 1, phage cocktails (vB _EcoMC1, vB _EcoMC2 and vB
_EcoMC5) significantly (P < 0.001) reduced bacterial cell counts (4.28,
3.99 and 3.8 logjp CFU/g, respectively) when compared to their
respective viable cell counts at day 0. At days 3 and 7, viable E. coli
0177 cell counts showed increasing trend and the log reduction ranged
from 3.75 to 3.90 log;p CFU/g and 2.86 to 3.13 log;o CFU/g, respec-
tively, Fig. 3A and B. The extent of reduction of E. coli 0177 cell counts
at days 3 and 7 was lower after the incubation period for phage cocktails
(vB _EcoMC1, vB _EcoMC2 and vB _EcoMC5) as shown in Fig. 3B.

3.5. Biofilm formation by E. coli 0177 on polystyrene plate

Biofilm assay was performed to assess the ability of E. coli 0177 to
form biofilms when incubated at 37 °C and 25 °C for 24 and 48 h. The
results revealed that E. coli 0177 was able to form biofilm on polystyrene
plate surface when incubated at different temperatures, Fig. 4AandB.
Strong biofilm formation was relatively high at 25 °C (22.2%) than 37 °C
(11.1%) after 24-h incubation period (P < 0.05). Similarly, after 48 h
incubation period, 29.6% and 17.3% of the isolates produced strong
biofilm at 25 °C and 37 °C, respectively.

3.6. Effect of phages on biofilm formation

The ability of individual phages and cocktails to prevent biofilm
formation was evaluated against ten E. coli O177 isolates that were
classified as strong biofilm producers. As shown in Fig. 5, individual
phages significantly (P < 0.05) prevented biofilm formation. All indi-
vidual phages were able to inhibit strong biofilm formation by E. coli
0177. Most of the isolates (80%) did not form biofilms in the presence of
phages vB_EcoM_10C3, vB_EcoM_10C2 and vB_EcoM_366V when incu-
bated at 25 °C for 24 h while only 20% of the isolates were able to form
weak and moderate biofilms in the presence of the phages. Phage
cocktails showed greater efficacy in preventing biofilm formation by
E. coli 0177 isolates when incubated at 25 °C for 24 h, Fig. 6. None of the
E. coli 0177 isolates formed biofilms in the presence of phage cocktails.

3.7. Destruction of E. coli 0177 biofilm mass by individual phages

The potential of individual phages to destruct biofilm mass formed
by ten E. coli O177 isolates was evaluated at 25 °C for a period of 6 h.
Individual phages revealed various patterns in disintegrating estab-
lished biofilm structure, Fig. 7. Generally, all individual phages revealed
significant (P < 0.05) destruction of biofilm mass formed by CF-A13
isolate to non-biofilm producer category (OD < ODc). Five individual
phages were able to disintegrated biofilm mass formed by CF-H14
isolate to weak category. All the phages revealed similar destruction
patterns on biofilm mass formed by CF-D39, CF-G2 and CF-G3 isolates

and their biofilm mass were classified under moderate category. How-
ever, phages were not able destruct the biofilm mass of four isolates (CF-
G4, CF-G5, CF-G6 and CF-G34), Fig. 7.

3.8. Destruction of E. coli 0177 biofilm mass by phage cocktails

The ability of phage cocktails to destruct biofilm mass formed by ten
E. coli 0177 isolates was assessed at 25 °C for a period of 5 h. Phage
cocktails revealed high efficacy in disintegrating established biofilm
mass formed by E. coli 0177 isolates, Fig. 8. All phage cocktails were
able to destruct biofilm mass to no, weak and moderate producer cate-
gories. Biofilm mass from isolate CF-G34 was classified as moderate
upon treatment with phage cocktail vB _EcoMC6.

4. Discussion

Microplate-based approach is the most reliable, efficient and quick
method to determine lytic capabilities and multiplicity of infection MOI
of the phages against a given bacteria host (Niu et al., 2009; El-Doug-
doug et al., 2019). In this study, microplate virulence assay was per-
formed to evaluate lytic capabilities of individual phages and cocktails
against a panel of nine multi-drug resistant E. coli 0177 isolates obtained
from cattle faeces. Individual phages revealed different lytic patterns
against E. coli 0177 isolates tested. Interestingly, all the E. coli 0177
isolates tested were highly susceptible to all individual phages. These
results are similar to those reported in a previous study, which reported
the sensitivity of E. coli 0157 to E. coli 0157-specific phages (Niu et al.,
2009). Phages vB_EcoM_10C2 and vB_EcoM_11B2 revealed similar lytic
effect on E. coli 0177. This could be attributed to the presence of com-
mon receptors such as lipopolysaccharides and O-antigen on host bac-
terial cell wall (Niu et al., 2009). Based on MOI, E. coli 0177 isolates
were classified as either extremely or moderately susceptible to indi-
vidual phages. However, incomplete lysis of the bacteria by phages was
observed and this could be due to the presence of phage-resistant E. coli
mutants (Chan et al., 2013).

The emergence of phage resistance may affect the efficacy of single
phages to control infections (Chan et al., 2013), which is why phage
cocktails have been used to overcome this problem (Tsonos et al., 2014).
In this study thirty-two phage cocktails were successfully designed and
assessed for their lytic activities against three phage-resistant E. coli
0177 mutants. Optimized phage cocktails revealed high lytic capabil-
ities against all the tested isolates, which were resistant to individual
phages. Interestingly, phage cocktails displayed high lytic activity at low
titer (1 x 10! PFU/mL) as compared to their respective individual
phages (1 x 108 PFU/mL). Based on the MOI, phage cocktails made up of
two to five individual phages displayed the highest lytic capabilities
against E. coli 0177 isolates. However, cocktails made up of six phages
produced similar lytic capabilities as the five-phage cocktails. A similar
observation was reported in previous studies (Chen et al., 2018; Duc
et al., 2020). This could be attributed to the fact that high phage cocktail



P.K. Montso et al.

Table 2
Susceptibility of E. coli 0177 strain to phage cocktails based on multiplicity of
infections.

Phage cocktails (ID) Host Bacteria (ID)

CF-A27 CF- CF-
G202 H246
vB_EcoM_11B2_vB_EcoM_118B 2.3 x 2.9 x 1.7 x
103 1077 1073
vB_EcoM_11B_ vB_EcoM_10C2 2.0 x 2.6 x 1.5*
10 102
vB_EcoM_11B_ vB_EcoM_12A1 1.8 x 2.3 x 1.4*
107 1072
vB_EcoM_11B_ vB_EcoM_366B 1.9 x 2.4 x 1.4 x
1074 107° 102
vB_EcoM_11B_ vB_EcoM_3A1 2.7 x 3.5 x 2.1 x
103 10°® 10!
vB_EcoM_118B_vB_EcoM_10C2 4.1 x 5.3 x 3.1 x
107° 1077 102
vB_EcoM_118B_vB_EcoM_12A1 2.2 x 2.5 x 1.4 x
10°® 1077 1072
vB_EcoM_118B_vB_EcoM_366B 2.8 x 3.6 x 2.1 x
1073 1077 1073
vB_EcoM_118B_ vB_EcoM_3A1 2.8 2.1 x 1.2 x
1077 107"
vB_EcoM_10C2_vB_EcoM_12A1 1.4 x 1.8* 1.3*
10°®
vB_EcoM_10C2_ vB_EcoM_366B 2.3 x 3 x 1.5*
10°° 10°°
vB_EcoM_10C2_ vB_EcoM_3A1 1.7 x 2.2 x 1.3 x
10°° 10°° 10"
vB_EcoM_12A1_ vB_EcoM_366B 1.6 x 2.1 x 1.2 x
1077 107° 107!
vB_EcoM_12A1_vB_EcoM_3A1 1.8 x 2.4 x 1.4 x
10°° 10°° 107"
vB_EcoM_366B_ vB_EcoM_3A1 1.4 x 1.8 x 1.0 x
1074 10°° 10
vB_EcoM_11B_ vB_EcoM_118B_ vB_EcoM_10C2 4.3 x 5.6 x 3.3 x
107° 1077 1073
vB_EcoM_11B_ vB_EcoM_118B_ vB_EcoM_12A1 2.8 x 3.6 x 2.1 x
10 1077 1073
vB_EcoM_11B_ vB_EcoM_118B_ vB_EcoM_366B 2.5 x 3.3 x 1.9 x
103 1077 1073
vB_EcoM_11B_ vB_EcoM_118B_ vB_EcoM_3A1 3.3 x 4.4 x 2.6 x
1073 1077 1073
vB_EcoM_118B_ vB_EcoM_10C2_ vB_EcoM_12A1 2.5 x 3.3 x 1.9 x
10 1077 102
vB_EcoM_118B_ vB_EcoM_366B_ vB_EcoM_3A1 1.9 x 2.5 x 1.5 x
1073 10°° 103
vB_EcoM_10C2_ vB_EcoM_12A1_vB_EcoM_366B 2.2 x 2.9 x 1.7 x
1077 10°° 107!
vB_EcoM_10C2_ vB_EcoM_366B _ vB_EcoM_3A1l 2.4 x 3.2 x 1.9 x
10 10° 107
vB_EcoM_11B_ vB_EcoM_118B_ vB_EcoM_10C2_ 1.7 x 2.2 x 1.3 x
vB_EcoM _12A1 10°° 10°° 1072
vB_EcoM_11B_ vB_EcoM_118B_ vB_EcoM_10C2_ 2.9 x 3.7 x 2.2 x
vB_EcoM_366B 10°® 107°° 1072
vB_EcoM_11B_ vB_EcoM_118B_vB_EcoM_10C2_ 3.2 x 4.2 x 2.4 x
vB_EcoM _3A1 10°° 10 1072
vB_EcoM_118B_vB_EcoM_10C2_vB_EcoM_12A1_ 3.8 x 5 x 2.9 x
vB_EcoM_366B 10°° 107 102
vB_EcoM_118B_vB_EcoM_10C2_vB_EcoM_12A1_ 1.9 x 2.5 x 1.5 x
vB_EcoM_3A1 10°° 10 1072
vB_EcoM_10C2_vB_EcoM_12A1_vB_EcoM_366B_ 3 x 3.9 x 2.3 x
vB_EcoM_3A1 10°° 10°° 10"
vB_EcoM_11B_ vB_EcoM_118B_ vB_EcoM_10C2_ 4 x 5.2 x 3.1 x
vB_EcoM_12A1_ vB_EcoM_366B 10°° 1077 1072
vB_EcoM_11B_ vB_EcoM_118B_vB_EcoM_10C2_ 4.5 x 5.9 x 3.4 x
vB_EcoM_12A1_vB_EcoM_3A1 10 107 1072
vB_EcoM_11B_ vB_EcoM_118B_ vB_EcoM_10C2_ 2 x 2.6 x 1.6 x
vB_EcoM_12A1_vB_EcoM_366B_vB_ EcoM 3A1  10°° 10°° 1072

Key: ID= Identity; “a” superscript = multiplicity of infection (the lowest ration
of the phage to bacteria resulting in complete lysis of overnight culture bacteria
culture within 5 h of incubation). The asterisk (*) denotes in complete lysis.
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titers tend to aggregate and thus attenuate phage activity. In addition,
competitive interaction for a common receptor among the phages of the
same or different families may also reduce their efficacy (Liu et al., 2015;
Chen et al.,, 2018). Unlike in individual phages, the incidence of
incomplete lysis of bacteria was very low with cocktails. Incomplete
lysis was only observed in isolates treated with two-phage cocktails but
not with three or more phage cocktails. These findings suggest that
phage cocktails designed in this study were effective in lysing
phage-resistant E. coli 0177 mutants.

Foodborne pathogens contamination remains a major concern both
in food industry and public health (Endersen et al., 2014). Although
several studies have demonstrated the efficacy of individual phages and
phage cocktails in reducing foodborne pathogens on experimentally
contaminated vegetables and meat (Hungaro et al., 2013; Tomat et al.,
2014; Pereira et al., 2016; Yeh et al., 2017; Huang et al., 2018; Duc et al.,
2020), no study has assessed and reported the ability of phages (indi-
vidual phages or cocktails) in reducing E. coli 0177 cells on artificially
contaminated beef. In this study, treatment of artificially contaminated
beef with both individual phages and phage cocktails significantly
reduced viable E. coli 0177 cell counts over the seven-day incubation
period at 4 °C. Both individual phages and phage cocktails displayed
highest efficacy against bacterial cells within 24 h of incubation. Six
individual phages (vB_EcoM_118B, vB_EcoM_11B2, vB_EcoM_12A1,
vB_EcoM_366B, vB_EcoM_366V and vB_EcoM_3A1l) reduced bacterial
cell counts to below the detection limit (1.0 log;o CFU/g) on day 1.
Interestingly, two individual phages (vB_EcoM_12A1 and vB_EcoM_3A1)
and three cocktails (vB_LEcoMC3, vB_EcoMC4 and vB_EcoMC6) showed
progressive reduction of viable cell counts to below the detection limit
throughout the seven days of incubation. Despite the fact that individual
phages revealed high efficacy (5.66-7.81 CFU/g) than phage cocktails
(3.8-7.81 CFU/g) after 1 day of incubation, bacterial regrowth was
frequently observed in samples treated with individual pages thereafter
up to day 7. This demonstrated that phage cocktails were more effective
in inhibiting bacterial regrowth and they could be used in abattoirs to
reduce bacterial load on carcasses after slaughter. Although, bacterial
cell counts increased on meat treated with individual phages after day 1,
the viable cell counts were significantly lower than the cell counts in the
initial inoculum and respective controls. Similar observations were re-
ported in other studies where bacteria showed regrowth after 24 h of
exposure to phages (Wang et al., 2017; Bai et al., 2019; Huang et al.,
2018; Tomata et al., 2018). Bacterial regrowth could be due to the beef
matrix interfering with penetration and distribution of the phages and
thus decreasing the likelihood of phage-host interaction (Hungaro et al.,
2013; Liu et al., 2015; Duc et al., 2020). This may limit the utility of
directly applying phages to beef as biocontrol agents to reduce patho-
gens. A possible way of improving the efficacy of phages for reducing
pathogen contamination in beef is to administer them in live animals.

Biofilm formation on food processing equipment may lead to
persistence food contamination in food chain (Carpio et al., 2019).
Moreover, biofilm provides a protective mechanism to bacteria and thus
increase the possibilities of exchange of genetic material such as viru-
lence and antimicrobial resistance genes between bacterial species
(Merino et al., 2019; Carpio et al., 2019). For the very first time, the
current study assessed the ability of E. coli 0177 to form biofilm at
different temperatures. It was observed that E. coli 0177 is capable of
forming biofilm on polystyrene surface at different temperatures (25 °C
and 37 °C). Biofilm formation was frequently detected at 25 °C
compared to 37 °C. Interestingly, 29.6% and 17.3% of the isolates
produced strong biofilm (25 °C and 37 °C, respectively). Even though
some studies reported biofilm formation at low temperatures (4, 10 and
15 °C) (Han et al., 2016; Yuan et al., 2019), our preliminary study
revealed that E. coli 0177 did not form biofilm at 4 °C. This indicates
that biofilm formation depends on the nature of bacteria species and
environmental temperature.

Given that biofilm structures are extremely resistant to several de-
tergents used in the food industry, bacteriophages have been proposed
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Fig. 2. The number of E. coli 0177 cells remaining on contaminated beef after treatment with individual phages over a 7-day period (A). Log reduction (CFU/g) of
E. coli 0177 cells after treatment with phage over a 7-day period (B). The error bars represent the standard deviation. Detection limit: log 1 CFU/g (dotted red line).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. The number of E. coli 0177 cells remaining on contaminated beef after treatment with phage cocktails over a 7-day period (A). Log reduction (CFU/g)) of
E. coli 0177 cell count after treatment with phage cocktails over a 7-day period (B). The error bars represent the standard deviation. Detection limit: log 1 CFU/g
(dotted red line). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Biofilm formation by E. coli 0177 isolates on 96-well polystyrene plates. (A) Biofilm formation by 81 E. coli 0177 isolates when incubated at 25 °C for 24 and
48 h. (B) Biofilm formation by 81 E. coli 0177 isolates when incubated at 37 °C for 24 and 48 h. The bars indicate standard deviation. Cut-off values 0.10 and 0.14 at
ODggonm (for 24 h and 48 h, respectively) were used to classify the isolates as OD < ODc, no biofilm formation; ODc < OD < 2 x ODc, weak biofilm formation; 2 x
ODc < OD < 4 x ODc, moderate biofilm formation; 4 x ODc < OD, strong biofilm formation.
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Fig. 5. Efficacy of individual phages in reducing biofilm formation by E. coli
0177 strain at 25 °C for 24 h incubation period. The Y-axis represent the optical
density of each isolates determined at ODggonm While the X-axis represent E. coli
0177 isolates. Key: S = strong (4 x ODc < OD); M = moderate (2 x ODc < OD <
4 x ODc); W = weak (ODc < OD < 2 x ODc); N = no biofilm formation (OD <
ODc); NC = negative control (phage without bacteria); PC = positive control
(bacteria without phage). A cut-off value 0.10 at ODgponm Was used to classify
the isolates. The error bars represent the standard deviation.
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Fig. 6. Efficacy of phage cocktails in preventing biofilm formation by E. coli
0177 strain at 25 °C for 24 h incubation period. The Y-axis represent the optical
density of each isolates determined at ODggonm While the X-axis represent E. coli
0177 isolates. The error bars represent the standard deviation. Key: S = strong
(4 x ODc < OD); M = moderate (2 x ODc < OD < 4 x ODc); W = weak (ODc <
OD < 2 x ODc); N = no biofilm formation (OD < ODc); NC = negative control
(phage without bacteria); PC = positive control (bacteria without phage). A cut-
off value 0.13 at ODggonm Was used to classify the isolates. The error bars
represent the standard deviation.
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as an alternative to prevent and eradicate biofilms (Endersen et al.,
2017). This study evaluated the efficacy of individual phages and phage
cocktails to prevent biofilm formation by E. coli 0177 (strong biofilm
producers) strain using microplate-based assay. Individual phages and
phage cocktails inhibited biofilm formation at 25 °C over a 24-h period.
When treated with individual phages, no isolates formed strong biofilm.
Only weak and moderate biofilm formation were observed after 24 h of
incubation. On the other hand, phage cocktails were more effective in
preventing biofilm formation. Indeed, no isolate was able to form bio-
film in the presence of phage cocktails. This clearly demonstrates that
phage cocktails used in this study are highly effective in preventing
biofilm formation by E. coli O177.

Another important observation was that individual phages and
phage cocktails were able to destroy established biofilm structures. In-
dividual phages revealed varied efficacy in destroying strong biofilm
mass formed by E. coli 0177 at 25 °C over a 5-h period. Remarkably, all
individual phages were able to completely destroy biofilm mass of CF-
A13 isolate. However, individual phages were not able destroy the
biofilm mass of four isolates (CF-G4, CF-G5, CF-G6 and CF-G34). This
demonstrates that individual phages were more effective in inactivating
the planktonic cells than destroying pre-formed biofilm. On the other
hand, phage cocktails were more effective in destroying pre-formed
biofilm to below detectable levels within 5 h incubation period.
Similar results were reported in a previous study that evaluated the ef-
ficacy of lytic Pseudomonas aeruginosa-specific phages in destroying
established biofilm (Yuan et al., 2019).

5. Conclusions

In conclusion, this study revealed that phage cocktails were more
potent in reducing viable E. coli 0177 cells on raw beef than individual
phages. In addition, phage cocktails reduced pre-formed biofilm mass to
weak and non-biofilm category. This clearly showed that phage cocktails
have greater potential as a stand-alone treatment for the control biofilm
formation and reduction of E. coli cells in beef and possibly in food
processing plants at abattoirs and butcheries. Future studies are needed
to determine the possible effects of phage cocktails on sensory properties
of beef as well as their effectiveness in preventing the development of
biofilm structures on equipment used in beef processing.

Author contributions

V.M. and C.N.A.: Conceptualization; K.P.M., V.M. and C.N.A.:
Methodology; K.P.M.: Visualization; V.M. and C.N.A.: Supervision; V.M.
and C.N.A.: Project administration; V.M. and C.N.A.: funding acquisi-
tion: K.P.M: Data curation; K.P.M.:. Formal analysis; K.P.M:

mvB_EcoM_11B2 mvBE_EcoM_10C2 mvB_EcoM_118B

2.00
1.80
1.60
1.40 &=
1.20
1.00
0.80
0.60
0.40 i
0.20
0.00

Relative biofilm mass

E. coli 0177 isolates

vB_EcoM_10C3
mvB EcoM 12A1 mvB EcoM_366B mvB_EcoM 366V mvB_EcoM_3Al

Fig. 7. Efficacy of individual phages in the destruc-
tion of pre-formation biofilm by E. coli 0177 strain at
25 °C for 5 h incubation period. The Y-axis represent
the optical density of each isolates determined at
ODggonm While the X-axis represent E. coli 0177 iso-
S lates. The error bars represent the standard deviation.
Key: S = strong (4 x ODc < OD); M = moderate (2 x
ODc < OD < 4 x ODc); W = weak (ODc < OD < 2 x
M ODc); N = no biofilm formation (OD < ODc); NC =
negative control (phage without bacteria); PC =
positive control (bacteria without phage). A cut-off

=

Il
Il
o ||

In A
| i W| value 0.37 at ODggonm Was used to classify the iso-
‘_r = x lates. The error bars represent the standard deviation.
‘ F N
| v
> L)




P.K. Montso et al.

Food Microbiology 94 (2021) 103647

= Vb_EcoMC1 = Vb_EcoMC2 Vb_EcoMC3 Fig. 8. Efﬁcacy.of.phage cocktfiils in the fiestruction
i i ~ § of pre-formed biofilm by E. coli 0177 strain at 25 °C
4.50 Vb_EcoMC4 ®Vb_EcoMCS = Vb_EcoMC6 for 5 h incubation period. The Y-axis represent the
- o optical density of each isolates determined at
E 4.00 S ODgoonm While the X-axis represent E. coli 0177 iso-
= 350 o= HHH = === == —m s = = = = “ lates. The error bars represent the standard deviation.
a:—; 3.00 ‘ Key: S = strong (4 x ODc < OD); M = moderate (2 x
._% 2.50 ‘M ODc < OD < 4x0Dc); W = weak (ODc < OD < 2 x
® 2.00 ODc); N = no biofilm formation (OD < ODc); NC =
-.g 1.50 M- — == III negative control (phage without bacteria); PC =
) 5T HE l \\ positive control (bacteria without phage). A cut-off
& 1.00 p el | 1 1 = TG £ 11 : value 0.83 at ODgzonm Was used to classify the iso-
0.50 h " | ‘ H I I ﬁ l lates. The error bars represent the standard deviation.

0.00 wreex I

&L PP & Q,C;" Q,O" N & Q,G 9‘ & &
AP A A - -
E. coli 0177 isolates

Investigation; V.M. and C.N.A.: Resources; V.M. and C.N.A.: Softwares;
V.M. and C.N.A.: Validation; K.P.M.: Writing—original draft prepara-
tion, K.P.M., V.M. and C.N.A.: Writing—review and editing.

Funding

This research was funded by National Research Foundation (NRF)
South Africa, Grant Number 112543) and the North-West University
Postgraduate Bursary.

Declaration of competing interest
The authors declare no conflict of interest.
Acknowledgments

The authors wish to thank Mr Morapedi, B.J. and Dr Mnisi, C.M. for
their assistance with this project.

References

Bai, J., Jeon, B., Ryu, S., 2019. Effective inhibition of Salmonella Typhimurium in fresh
produce by a phage cocktail targeting multiple host receptors. Food Microbiol. 77,
52-60. https://doi.org/10.1016/j.fm.2018.08.011.

Carpio, A., Cebridn, E., Vidal, P., 2019. Biofilms as poroelastic materials. Int. J. Non Lin.
Mech. 109, 1-8. https://doi.org/10.1016/j.ijnonlinmec.2018.10.012.

Chan, B.K., Abedon, S.T., Loc-Carrillo, C., 2013. Phage cocktails and the future of phage
therapy. Future Microbiol. 8, 769-783. https://doi.org/10.2217/fmb.13.47.

Chen, L., Yuan, S., Liu, Q., Mai, G., Yang, J., Deng, D., Zhang, B., Liu, C., Ma, Y., 2018. In
vitro design and evaluation of phage cocktails against Aeromonas salmonicida. Front.
Microbiol. 9 https://doi.org/10.3389/fmicb.2018.01476.

Duc, H.M., Son, H.M., Honjoh, K.-I., Miyamoto, T., 2018. Isolation and application of
bacteriophages to reduce Salmonella contamination in raw chicken meat. Lebensm.
Wiss. Technol. 91, 353-360. https://doi.org/10.1016/j.1wt.2018.01.072.

Duc, H.M., Son, H.M., Yi, H.P.S., Sato, J., Ngan, P.H., Masuda, Y., et al., 2020. Isolation,
484 characterization and application of a polyvalent phage capable of controlling
Salmonella 485 and Escherichia coli 0157:H7 in different food matrices. Food Res.
Int. 131, 108977.

Dzieciol, M., Schornsteiner, E., Muhterem, M., Stessl, B., Wagner, M., Schmitz-Esser, S.,
2016. Bacterial diversity of floor drain biofilms and drain waters in a Listeria
monocytogenes contaminated food processing environment. Int. J. Food Microbiol.
223, 33-40. https://doi.org/10.1016/j.ijfoodmicro.

El-Dougdoug, N.K., Cucic, S., Abdelhamid, A.G., Brovko, L., Kropinski, A.M., Griffiths, M.
W., Anany, H., 2019. Control of Salmonella Newport on cherry tomato using a
cocktail of lytic bacteriophages. Int. J. Food Microbiol. 293, 60-71. https://doi.org/
10.1016/j.ijfoodmicro.2019.01.003.

Endersen, L., Buttimer, C., Nevin, E., Coffey, A., Neve, H., Oliveira, H., Lavigne, R.,
O’mahony, J., 2017. Investigating the biocontrol and anti-biofilm potential of a
three phage cocktail against Cronobacter sakazakii in different brands of infant
formula. Int. J. Food Microbiol. 253, 1-11. https://doi.org/10.1016/j.
ijfoodmicro.2017.04.009.

Endersen, L., O’'mahony, J., Hill, C., Ross, R.P., Mcauliffe, O., Coffey, A., 2014. Phage
therapy in the food industry. Annual Review of Food Science and Technology 5,
327-349. https://doi.org/10.1146/annurev-food-030713-092415.

Fegan, N., Jenson, 1., 2018. The role of meat in foodborne disease: is there a coming
revolution in risk assessment and management? Meat Sci. 144, 22-29. https://doi.
org/10.1016/j.meatsci.2018.04.018.

Garcia-Anaya, M.C., Sepulveda, D.R., Sdenz-Mendoza, A.I., Rios-Velasco, C., Zamudio-
Flores 425, P.B., Acosta-Muniz, C.H., 2020. Phages as biocontrol agents in dairy
products. Trends Food Sci. Technol. 95, 10-20. https://doi.org/10.1016/j.tifs.

Han, N., Mizan, M.F.R., Jahid, LK., Ha, S.-D., 2016. Biofilm formation by Vibrio
parahaemolyticus on food and food contact surfaces increases with rise in
temperature. Food Contr. 70, 161-166. https://doi.org/10.1016/j.
foodcont.2016.05.054.

Harada, L.K., Silva, E.C., Campos, W.F., Del Fiol, F.S., Vila, M., Dabrowska, K., Krylov, V.
N., Balcao, V.M., 2018. Biotechnological applications of bacteriophages: state of the
art. Microbiol. Res. 212-213, 38-58. https://doi.org/10.1016/j.micres.2018.04.007.

Hu, J., Torres, A.G., 2015. Enteropathogenic Escherichia coli: foe or innocent bystander?
Clin. Microbiol. Infect. 21, 729-734. https://doi.org/10.1016/j.cmi.2015.01.015.

Huang, C., Shi, J., Ma, W., Li, Z., Wang, J., Li, J., Wang, X., 2018. Isolation,
characterization, and application of a novel specific Salmonella bacteriophage in
different food matrices. Food Res. Int. 111, 631-641. https://doi.org/10.1016/j.
foodres.2018.05.071.

Hungaro, H.M., Mendonga, R.C.S., Gouvéa, D.M., Vanetti, M.C.D., De Oliveira Pinto, C.
L., 2013. Use of bacteriophages to reduce Salmonella in chicken skin in comparison
with chemical agents. Food Res. Int. 52, 75-81. https://doi.org/10.1016/j.
foodres.2013.02.032.

Labrie, S.J., Samson, J.E., Moineau, S., 2010. Bacteriophage resistance mechanisms. Nat.
Rev. Microbiol. 8, 317. https://doi.org/10.1038/nrmicro2315.

Larsen, M.H., Dalmasso, M., Ingmer, H., Langsrud, S., Malakauskas, M., Mader, A.,
Mgretrg, T., Mozina, S.S., Rychli, K., Wagner, M., Wallace, R.J., 2014. Persistence of
foodborne pathogens and their control in primary and secondary food production
chains. Food Contr. 44, 92-109. https://doi.org/10.1016/j.foodcont.2014.03.039.

Liu, H., Niu, Y., Meng, R., Wang, J., Li, J., Johnson, R., McAllister, T., Stanford, K., 2015.
Control of Escherichia coli 0157 on beef at 37, 22 and 4 C by T5-, T1-, T4-and O1-like
bacteriophages. Food Microbiol. 51, 69-73. https://doi.org/10.1016/j.
fm.2015.05.001.

Merino, L., Procura, F., Trejo, F.M., Bueno, D.J., Golowczyc, M.A., 2019. Biofilm
formation by Salmonella sp. in the poultry industry: detection, control and
eradication strategies. Food Res. Int. 119, 530-540. https://doi.org/10.1016/].
foodres.2017.11.024.

Montso, P.K., Mlambo, V., Ateba, C.N., 2019a. The first isolation and molecular
characterization of shiga toxin-producing virulent multi-drug resistant atypical
enteropathogenic Escherichia coli 0177 serogroup from South African cattle.
Frontiers in Cellular and Infection Microbiology 9, 333. https://doi.org/10.3389/
fcimb.2019.00333.

Montso, P.K., Mlambo, V., Ateba, C.N., 2019b. Characterisation of lytic bacteriophages
infecting multi-drug resistant shiga-toxigenic atypical Escherichia coli 0177 strains
isolated from cattle faeces. Frontiers in Public Health 7, 335. https://doi.org/
10.3389/fpubh.2019.00355.

Niu, Y., Johnson, R., Xu, Y., McAllister, T.A., Sharma, R., Louie, M., Stanford, K., 2009.
Host range and lytic capability of four bacteriophages against bovine and clinical
human isolates of Shiga toxin producing Escherichia coli 0157: H7. J. Appl.
Microbiol. 107, 646-656. https://doi.org/10.1111/§.1365-2672.2009.04231 .x.

Pereira, C., Moreirinha, C., Lewicka, M., Almeida, P., Clemente, C., Cunha, A.,
Delgadillo, I., Romalde, J.L., Nunes, M.L., Almeida, A., 2016. Bacteriophages with
potential to inactivate Salmonella Typhimurium: use of single phage suspensions and
phage cocktails. Virus Res. 220, 179-192. https://doi.org/10.1016/j.
virusres.2016.04.020.


https://doi.org/10.1016/j.fm.2018.08.011
https://doi.org/10.1016/j.ijnonlinmec.2018.10.012
https://doi.org/10.2217/fmb.13.47
https://doi.org/10.3389/fmicb.2018.01476
https://doi.org/10.1016/j.lwt.2018.01.072
http://refhub.elsevier.com/S0740-0020(20)30236-7/opt9ybmsQwSml
http://refhub.elsevier.com/S0740-0020(20)30236-7/opt9ybmsQwSml
http://refhub.elsevier.com/S0740-0020(20)30236-7/opt9ybmsQwSml
http://refhub.elsevier.com/S0740-0020(20)30236-7/opt9ybmsQwSml
https://doi.org/10.1016/j.ijfoodmicro
https://doi.org/10.1016/j.ijfoodmicro.2019.01.003
https://doi.org/10.1016/j.ijfoodmicro.2019.01.003
https://doi.org/10.1016/j.ijfoodmicro.2017.04.009
https://doi.org/10.1016/j.ijfoodmicro.2017.04.009
https://doi.org/10.1146/annurev-food-030713-092415
https://doi.org/10.1016/j.meatsci.2018.04.018
https://doi.org/10.1016/j.meatsci.2018.04.018
https://doi.org/10.1016/j.tifs
https://doi.org/10.1016/j.foodcont.2016.05.054
https://doi.org/10.1016/j.foodcont.2016.05.054
https://doi.org/10.1016/j.micres.2018.04.007
https://doi.org/10.1016/j.cmi.2015.01.015
https://doi.org/10.1016/j.foodres.2018.05.071
https://doi.org/10.1016/j.foodres.2018.05.071
https://doi.org/10.1016/j.foodres.2013.02.032
https://doi.org/10.1016/j.foodres.2013.02.032
https://doi.org/10.1038/nrmicro2315
https://doi.org/10.1016/j.foodcont.2014.03.039
https://doi.org/10.1016/j.fm.2015.05.001
https://doi.org/10.1016/j.fm.2015.05.001
https://doi.org/10.1016/j.foodres.2017.11.024
https://doi.org/10.1016/j.foodres.2017.11.024
https://doi.org/10.3389/fcimb.2019.00333
https://doi.org/10.3389/fcimb.2019.00333
https://doi.org/10.3389/fpubh.2019.00355
https://doi.org/10.3389/fpubh.2019.00355
https://doi.org/10.1111/j.1365-2672.2009.04231.x
https://doi.org/10.1016/j.virusres.2016.04.020
https://doi.org/10.1016/j.virusres.2016.04.020

P.K. Montso et al.

Rasmussen, M.A., Cray Jr., W.C., Casey, T.A., Whipp, S.C., 1993. Rumen contents as a
reservoir of enterohemorrhagic Escherichia coli. FEMS (Fed. Eur. Microbiol. Soc.)
Microbiol. Lett. 114, 79-84. https://doi.org/10.1111/j.1574-6968.1993.tb06554.x.

Sambrook, J., Russell, D.W., 2001. Molecular Cloning: a Laboratory Manual, third ed.
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.

Shebs, E.L., Lukov, M.J., Giotto, F.M., Torres, E.S., de Mello, A.S., 2020. Efficacy of
bacteriophage and organic acids in decreasing STEC O157: H7 populations in beef
kept under vacuum and aerobic conditions: a simulated High Event Period scenario.
Meat Sci. 162, 108023. https://doi.org/10.1016/j.meatsci.2019.108023.

Sillankorva, S.M., Oliveira, H., Azeredo, J., 2012. Bacteriophages and their role in food
safety. International Journal of Microbiology. https://doi.org/10.1155/2012/
863945, 2012.

Stepanovié, S., Vukovi¢, D., Dakié, ., Savié, B., Svabi¢-Vlahovi¢, M., 2000. A modified
microtiter-plate test for quantification of Staphylococcal biofilm formation.

J. Microbiol. Methods 40, 175-179. https://doi.org/10.1016/501677012.(00)
00122-6.

Tan, L., Chan, K., Lee, L., 2014. Application of bacteriophage in biocontrol of major
foodborne bacterial pathogens. J. Mol. Biol. Mol. Imag. 1, 1-9.

Tkalcic, S., Brown, C.A., Harmon, B.G., Jain, A.V., Mueller, E.P., Parks, A., Jacobsen, K.
L., Martin, S.A., Zhao, T., Doyle, M.P., 2000. Effects of diet on rumen proliferation
and faecal shedding of Escherichia coli O157: H7 in calves. J. Food Protect. 63,
1630-1636. https://doi.org/10.4315/0362-028X-63.12.1630.

Tomat, D., Migliore, L., Aquili, V., Quiberoni, A., Balagué, C., 2014. Phage biocontrol of
enteropathogenic and shiga toxin-producing Escherichia coli in meat products.

10

Food Microbiology 94 (2021) 103647

Frontiers in Cellular and Infection Microbiology 3, 20. https://doi.org/10.3389/
fcimb.2013.00020.

Tomata, D., Casabonne, C., Aquili, V., Balagué, C., Quiberoni, A., 2018. Evaluation of a
novel cocktail of six lytic bacteriophages against Shiga toxin producing Escherichia
coli in broth, milk and meat. Food Microbiol. 76, 434-442. https://doi.org/10.1016/
j.fm.2018.07.006.

Tsonos, J., Vandenheuvel, D., Briers, Y., De Greve, H., Hernalsteens, J.-P., Lavigne, R.,
2014. Hurdles in bacteriophage therapy: deconstructing the parameters. Vet.
Microbiol. 171, 460-469. https://doi.org/10.1016/j.vetmic.2013.11.001.

Wang, C., Chen, Q., Zhang, C., Yang, J., Lu, Z., Lu, F., Bie, X., 2017. Characterization of a
broad host-spectrum virulent Salmonella bacteriophage fmb-p1 and its application on
duck meat. Virus Res. 236, 14-23. https://doi.org/10.1016/j.virusres.2017.05.001.

WHO, 2015. Food Safety. http://www.who.int/mediacentre/factsheets/fs399/en/2017.
(Accessed 5 May 2019).

Yeh, Y., Purushothaman, P., Gupta, N., Ragnone, M., Verma, S., De Mello, A., 2017.
Bacteriophage application on red meats and poultry: effects on Salmonella
population in final ground products. Meat Sci. 127, 30-34. https://doi.org/10.1016/
j-meatsci.2017.01.001.

Yuan, Y., Qu, K., Tan, D., Li, X., Wang, L., Cong, C., Xiu, Z., Xu, Y., 2019. Isolation and
characterization of a bacteriophage and its potential to disrupt multi-drug resistant
Pseudomonas aeruginosa biofilms. Microb. Pathog. 128, 329-336. https://doi.org/
10.1016/j.micpath.2019.01.032.


https://doi.org/10.1111/j.1574-6968.1993.tb06554.x
http://refhub.elsevier.com/S0740-0020(20)30236-7/sref26
http://refhub.elsevier.com/S0740-0020(20)30236-7/sref26
https://doi.org/10.1016/j.meatsci.2019.108023
https://doi.org/10.1155/2012/863945
https://doi.org/10.1155/2012/863945
https://doi.org/10.1016/S01677012.(00)00122-6
https://doi.org/10.1016/S01677012.(00)00122-6
http://refhub.elsevier.com/S0740-0020(20)30236-7/sref30
http://refhub.elsevier.com/S0740-0020(20)30236-7/sref30
https://doi.org/10.4315/0362-028X-63.12.1630
https://doi.org/10.3389/fcimb.2013.00020
https://doi.org/10.3389/fcimb.2013.00020
https://doi.org/10.1016/j.fm.2018.07.006
https://doi.org/10.1016/j.fm.2018.07.006
https://doi.org/10.1016/j.vetmic.2013.11.001
https://doi.org/10.1016/j.virusres.2017.05.001
http://www.who.int/mediacentre/factsheets/fs399/en/2017
https://doi.org/10.1016/j.meatsci.2017.01.001
https://doi.org/10.1016/j.meatsci.2017.01.001
https://doi.org/10.1016/j.micpath.2019.01.032
https://doi.org/10.1016/j.micpath.2019.01.032

	Efficacy of novel phages for control of multi-drug resistant Escherichia coli O177 on artificially contaminated beef and th ...
	1 Introduction
	2 Materials and methods
	2.1 Bacterial culture
	2.2 Bacteriophages propagation
	2.3 Microplate virulence assay
	2.3.1 Individual phage microplate virulence assay
	2.3.2 Phage cocktail microplate virulence assay

	2.4 Effect of phages on E. coli O177 on contaminated beef
	2.4.1 Sample preparation and experimental design
	2.4.2 Sample inoculation, bacteriophage application and bacteria enumeration
	2.4.3 Enumeration of viable E. coli O177 ​cells
	2.4.4 Biofilm formation
	2.4.5 Effect of phages on biofilm formation
	2.4.6 Effect of phages on pre-formed biofilms

	2.5 Statistical analysis

	3 Results
	3.1 Susceptibility of E. coli O177 isolates to individual phages
	3.2 Lytic capabilities of phage cocktails against E. coli O177 strain
	3.3 Effect of individual phages on E. coli O177 ​cells on beef at 4 °C
	3.4 Effect of phage cocktails on E. coli O177 ​cells on beef at 4 °C
	3.5 Biofilm formation by E. coli O177 on polystyrene plate
	3.6 Effect of phages on biofilm formation
	3.7 Destruction of E. coli O177 biofilm mass by individual phages
	3.8 Destruction of E. coli O177 biofilm mass by phage cocktails

	4 Discussion
	5 Conclusions
	Author contributions
	Funding
	Declaration of competing interest
	Acknowledgments
	References


