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Abstract

The widespread and indiscriminate use of antibiotics is increasing drug resistance. The study isolated,
characterized, and assessed the bioactivity of bacteriophages against some multi-resistant Enterobacteri-
aceae. Using standard protocols, eight wastewater samples were obtained and used to isolate and charac-
terize potential host enteric bacteria and bacteriophages. The wound-healing effect of the phage cocktail
(PC) was evaluated by treating coinfected incision 4-cm wounds in animal groups. One hundred bacterial
isolates were obtained. Six: U1, U2, S1, S2, P1, and P2, resulted in polyvalent bacteriophages. The cock-
tailing increased the host range to seventeen. Morphologically, the six bacterial colony sizes ranged from
1 to 6 mm and exhibited different responses to biochemical tests. The PC characterization indicated the
presence of constituent phages of the host bacteria. The observed plaque morphology included small,
medium, and large-sized plaques, as well as diffuse and clear plaques. The PC concentrations ranged from
3.6 x 10° to 5 x 10° PFU/ml. The adsorption times ranged from 9 to >10 min, with different burst sizes
and latent periods. The bacterial isolates showed high resistance, with high multi-antibiotic resistance
indices. The host bacteria were identified as Klebsiella aerogenes (U1), Citrobacter freundii (U2), Sal-
monella enterica (S1 and S2), and Escherichia coli (P1 and P2). Phage therapy with the PC showed sig-
nificant differences in wound size (p = 0.000), with the PC groups outperforming the negative control
groups. The study provides promising evidence for the potential use of phages as alternatives to antibiot-
ics, though further research and clinical trials are necessary to establish their efficacy and safety.

Keywords: Lytic polyvalent bacteriophages, PC, Multi-resistant Enterobacteriaceae, Antibiotic re-
sistance, Wound-healing effect

Purpose, Rationale, and Limitations can target and reduce the burden of multidrug-
resistant pathogens. Our goal was therefore to
assemble a panel of indigenous phages with po-
tential therapeutic and environmental applica-
tions, while also establishing baseline biological
features that could support future cocktail for-
mulation or in vivo studies.

The rationale for focusing on locally isolated
phages is that phages are highly specific to the

The purpose of this work was to isolate, char-
acterize, and evaluate locally sourced lytic bac-
teriophages active against six important drug-re-
sistant bacterial species. With antimicrobial re-
sistance continuing to undermine the effective-
ness of conventional antibiotics, there is a grow-
ing need for alternative biological agents that
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bacterial strains present in a given ecological
niche. Using phages collected from the same en-
vironments where resistant bacteria thrive in-
creases the likelihood of obtaining robust and
highly lytic candidates capable of targeting re-
gionally prevalent strains. At a time when many
infections no longer respond reliably to standard
antibiotics, phages offer several attractive prop-
erties, including self-amplification at the site of
infection, minimal disturbance to the normal mi-
crobiota, and the ability to evolve alongside their
hosts. Identifying phages that naturally interact
with multidrug-resistant (MDR) bacteria found
in wastewater, clinical sources, and community
environments provides a relevant starting point
for exploring how these agents might support in-
fection control, wound management, or decon-
tamination efforts.

Despite these strengths, the study does have
limitations. Our isolation approach, which relied
on enrichment and single-host screening, may
have favoured fast-replicating or dominant
phage types while missing lower-abundance or
strain-restricted variants. The absence of whole-
genome sequencing means that more profound
insights into phage taxonomy, virulence genes,
or lysogenic potential could not be fully resolved
at this stage. Additionally, while we identified
promising lytic activity in vitro, further work, in-
cluding genomic analysis, in vivo testing, and
assessment of stability, immunogenicity, and
formulation requirements, will be needed before
any of these phages can be considered for thera-
peutic use. These limitations do not diminish the
value of the initial discovery but highlight the
steps necessary to translate local phage candi-
dates into practical tools for addressing antimi-
crobial-resistant infections.

Introduction

With the increasing menace of multi-resistant
pathogenic bacteria, which is of public health
concern and arising from the mismanagement of
synthetic antibiotics, including the overuse and
administration, self-care/medication, and im-
proper and random prescription of antibiotics
(1-4); significant research effort in pharmaceu-
tical science is geared towards alternative thera-
pies, especially from natural products, including
the exploitation and optimisation of bacterio-
phages using differing techniques (5).
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Bacteriophages (phages) are viruses that infect
and replicate within bacteria and archaea (6).
They can nearly always be found where living
bacteria exist, as they are the most prevalent liv-
ing organisms and play an essential role in con-
trolling bacterial populations and affecting all
ecosystems. Phages have been used for many
years as a natural antibiotic substitute, especially
in Eastern Europe and the former Soviet Union,
to treat bacterial illnesses. Bacteriophages have
been utilised as effective agents for regulating
the composition of prokaryotic communities,
particularly pathogenic ones, due to their host-
specific infection characteristics (7). All forms
of phages can be isolated from the environment
for therapeutic use, including soil, sewage, and
animal secretions (8—10). They fall into the vir-
ulent or temperate categories (11). Virulent
phages reproduce through the lytic cycle, in
which phage infection triggers DNA synthesis
and structural protein expression, capsid and ul-
trastructure assembly, up-regulation of the lytic
enzyme, bacterial host death, and (ultimately)
the release of progeny phage, while temperate
phages entering a host to multiply can start either
a lytic or lysogenic lifestyle (11). While tran-
scriptional repressors prevent most phage genes
from being expressed and the production of new
infectious particles, the lysogenic cycle enables
the replication of the phage genome alongside
that of the host bacterium (12). The phage ge-
nome is packaged into a protein shell, cut off
from the bacterial genome, and the mature
phages lyse the cells. However, under specific
physiological conditions and environmental cir-
cumstances, the life cycle of these phages may
transition to the lytic cycle (13), as seen in the
bacteriophage A RexA and RexB functions re-
ported by Thomason et al. (14).

Bacteriophages have been widely used in ther-
apeutic applications to prevent and treat bacterial
infections (15,16). The use of lytic bacterio-
phages, the natural enemies of pathogenic bacte-
ria, to selectively kill pathogenic bacterial cells
is known as phage therapy (17). The primary
benefits of phage therapy include their capacity
to multiply at the site of application/infection,
low production costs, host specificity, lack of ad-
verse effects, and low allergenicity (18). They
are also safe for normal microflora. There are
also diverse delivery and administration routes,
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including oral, subcutaneous, intranasal, and in-
travenous (19-21). They can also be paired with
various therapies and medications, such as other
phages, cocktails, or antibiotics (22). Develop-
ing new alternatives against resistant bacteria is
also faster and cheaper than developing new an-
tibiotics.

The Centers for Disease Control and Preven-
tion (CDC) has warned about the emergence of
multidrug-resistant organisms (MDROs) and the
potential for infections resistant to available
treatment options (23). Antimicrobial resistance
is an ongoing public health challenge that threat-
ens the efficacy of antibiotics and hinders the
treatment of bacterial infections, and is contrib-
uted to by the poor and indiscriminate use of an-
tibiotics, leading to the bacterial agents develop-
ing mechanisms to escape antibiotic agents’ ac-
tions, which leads to treatment failures and has
enormous impacts, including economic ones
(24). Antibiotics are also often allergenic and
have multiple side effects. Although many en-
teric bacteria play functional roles in the gut,
some become pathogenic when infection condi-
tions are established, especially in immunocom-
promised individuals (25). Research has shown
patterns of resistance to conventional antibiotics
by these enteric bacteria, some of which include
the Campylobacter (C. jejuni and C. coli), Shi-
gella (S. flexneri, S. sonnei, S. boydii, and S. dys-
enteriae), Salmonella enterica (typhoidal and
non-typhoidal), Vibrio cholerae, Clostridioides
difficile, Bacteroides fragilis group, Escherichia
coli, Enterococci (E. faecium and E. faecalis),
and Klebsiella (K. aerogens, K. quasipneu-
moniae and K. pneumoniae) species and are of-
ten found in abundant amount in reservoirs such
as food, water, animals, and humans (26,27,25).
The need for alternative therapies to antibiotics
to control these bacteria is imminent, utilising
fewer toxic substances as seen in natural prod-
ucts, including bacteriophages. The use of bac-
teriophages and their associated products, in-
cluding endolysins, as an alternative or comple-
mentary treatment for bacterial infections is a
promising area of research that requires further
exploration (28,29). Bacteriophage research lags
in Africa, including Nigeria. While there is a
need to close the gap, it is good to start by isolat-
ing and profiling indigenous bacteriophage
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strains directly associated with indigenous en-
teric pathogens that cause various diseases.

Enterobacteriaceae, wused interchangeably
with enteric bacteria in this report, are a family
of Gram-negative bacteria belonging to Entero-
bacterales and are facultative anaerobes com-
monly found in the gastrointestinal tract of ani-
mals and humans and can also be found in soil,
water, and plants (30). While many species are
harmless and form part of the normal gut flora,
some can cause diseases, such as urinary tract in-
fections, pneumonia, sepsis, and gastrointestinal
infections in humans, including those in the E.
coli, Salmonella, and Klebsiella genera (31).
Some members of this family can also be used in
industrial applications, such as in the production
of antibiotics or other chemicals. The therapeutic
management of these pathogens involves antibi-
otics, and the selection of an appropriate antibi-
otic depends on the specific organism, the sever-
ity of the infection, and the patient’s characteris-
tics, such as age and underlying medical condi-
tions (32,33). The commonly used antibiotics for
treating Enterobacteriaceae infections include
cephalosporins (e.g., ceftriaxone, cefotaxime,
and cefepime), which inhibit the cell wall syn-
thesis, leading to bacterial cell death, fluoroquin-
olones (e.g., ciprofloxacin and levofloxacin),
which inhibit the bacterial DNA synthesis, ami-
noglycosides (e.g., gentamicin and tobramycin),
often used in combination with other antibiotics
to treat applicable infections and binds to the
bacterial ribosome, leading to the inhibition of
protein synthesis and the subsequent bacterial
cell death, and carbapenems (e.g., imipenem and
meropenem) which inhibit the cell wall synthesis
and have broad-spectrum effects against many
pathogens, including those resistant to other an-
tibiotics (34-36). Aside from using infection-
control therapeutic agents, it is essential to prac-
tice appropriate infection-control measures, such
as hand hygiene, to prevent the spread of infec-
tious agents.

The emergence of antibiotic-resistant Entero-
bacteriaceae strains is a growing concern in
healthcare settings worldwide. The development
of antibiotic resistance occurs when bacteria un-
dergo genetic changes that enable them to sur-
vive exposure to antibiotics, and can happen
through different mechanisms, including muta-
tion and the acquisition of resistance genes from
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other bacteria (37). Treatment options for infec-
tions caused by these resistant strains have be-
come limited, increasing morbidity, mortality,
and healthcare costs, emphasising the need for
safer and more therapeutic options. Thus, the
study aimed to isolate, characterize, and assess
the wound-healing activity of an indigenous
lytic, polyvalent bacteriophage (phage) cocktail
(PC) isolated from wastewater samples against
some multi-resistant Enterobacteriaceae.

Materials and methods

Equipment

The equipment used in the study include; incu-
bator (FANEM), microcentrifuge, tubes, centri-
fuge (model Optima TLX micro-ultracentri-
fuge), TLA-55 Fixed-Angle centrifuge Rotor
(Indianapolis, IN, USA), membrane filters filter
(0.45 and 0.22 pum), swab sticks, petri dishes, mi-
cropipettes and tips, cotton wool, test tubes,
spread rods, Eppendorf tubes (1.5 mL), laminar
flow cabinet (type B2, class II, SP-LABOR,
Presidente Prudente, SP, Brazil), Master System
All MS2000 (Gehaka, Sdo Paulo, SP, Brazil),
Ultra-low temperature freezer (MDF-U56VC,
Panasonic, USA), Quant-IT Picogreen dsDNA
assay kit (Life Tehcnologies, USA), 2100 Bio-
analyzer (Agilent, Palo Alto CA).

Reagents and chemicals

Gram staining and biochemical characteriza-
tion reagents, polyethylene glycol (PEG) 600,
phenol, uranyl acetate, isoamyl alcohol, isopro-
panol, sodium acetate, 70% ethanol, distilled
water, media Muller-Hinton broth/agar, antibi-
otic discs (tetracycline (30 png), meropenem (10
pg), sulphamethoxazole/trimethoprim (25 pg),
azithromycin (15 pg), amoxicillin (15 pg), of-
loxacin (5 pg), erythromycin (15 pg), aztreonam
(30 pg), chloramphenicol (30 pg), and gentami-
cin (10 pg), calcium chloride (CaCl,), cetrimide
agar (CA), salmonella-shigella agar (SSA), eo-
sin methylene blue agar (EMB), salt-magnesium
(SM) buffer, phosphate-buffered saline, tryptic
soy agar (TSA) and -broth (TSB), ethylenedia-
minetetraacetic acid (EDTA), phenol, absolute
ethanol, sodium acetate (NaAc), chloroform
(Sigma-Aldrich, MO, USA), general purpose
agar (Gibco Diagnostics), ultra-purified tap wa-
ter (final resistivity = 18.18 MQ X cm, conduc-
tivity of 0.05 puS/cm), RNAse (10 mg/mL),
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DNAse (20 mg/mL), and Proteinase K (20
mg/mL) (Transgen Biotech, China).

Sample collection and processing

Twenty (20) milliliter volume of different en-
vironmental wastewater samples (in triplicate),
including residential, fishery, abattoir, farmland,
hospital, piggery, chicken rearing, and central
sewage of the University of Nigeria, Nsukka,
were collected in and around Nsukka, Town,
Enugu State, Nigeria using sterile amber colored
bottles. The samples were taken to the laboratory
immediately. They were first filtered through
coarse filter paper to remove debris, after which
10 mL of each filtrate was collected and centri-
fuged at 6500 rpm for 15 min. The resulting su-
pernatants were filtered through a membrane fil-
ter (size: 0.45 pum) into a sterile bottle. The sam-
ples were stored at 4 °C pending further use. All
the sample processing and manipulation of bac-
teria and bacteriophages were done in the lami-
nar flow cabinet. All experiments involving wa-
ter, including environmental sample processing
and the preparation of media and buffers, were
performed using ultra-purified water.

Isolation, morphological, and biochemical
characterization of bacterial isolates

The pulled environmental sample was appro-
priately homogenized and serially diluted up to
a dilution factor of 10” using SM buffer. Follow-
ing dilution, a drop of the 107 dilution was spot-
ted on prepared sterile SSA, EMB, and CA
plates, after which a sterile glass rod was used to
spread the drop evenly across the agar lawns.
The plates were incubated for 24 hours at 37 °C,
after which characteristic colonies were sub-cul-
tured for proper isolation. The bacterial isolates
were stored at 4°C pending characterization and
used as bacterial hooks (38) for bacteriophage
screening. Successful bacteriophages that host
bacterial strains were distinctively coded.

The isolates’ morphological characterization
was performed by observing their characteristic
appearances on the respective selective media
(SSA, EMB, and CA), noting attributes such as
size, shape, elevation, surface appearance, trans-
parency, and color. The preliminary confirma-
tion of the bacterial isolates was performed using
biochemical tests, including citrate, hydrogen
sulfide (H»S), motility, indole, triple sugar Iron
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(TSI), and oxidase, according to standard proto-
cols.

Antibiotic profiling of bacterial isolates and
multiple antibiotic resistance (MAR) index

Using sensitivity discs (Oxoid), the antibiotic
profile of the isolates to relevant conventional
antibiotics, including tetracycline (30 pg), mero-
penem (10 pg), sulphamethoxazole/trime-
thoprim (25 pg), azithromycin (15 pg), amoxi-
cillin (15 pg), ofloxacin (5 pg), erythromycin (15
pg), aztreonam (30 pg), chloramphenicol (30

pg), and gentamicin (10 pg) were done by plac-
ing the discs on the bacterial lawn (ODsoo = 0.5,
equivalent to 1.5 x 10° CFU/mL) of the isolates.
Inhibition zone diameters (IZD) in millimetres
were recorded, and the results were used in the
classification of the isolates as ‘sensitive,” ‘inter-
mediate,” or ‘resistant,” as recommended by the
most recent Clinical and Laboratory Standards
Institute (CLSI) Classification (39). The multi-
ple antibiotic resistance index (MAR index) was
determined using the procedure described by
Arbab et al. (40) using the formula below:

MAR index = number of antibiotics to which the isolate is resistant (a) / Total number of antibiotics
against which the isolate was tested (b)

Molecular characterization of host bacteria

DNA extraction, electrophoresis, and polyme-
rase chain reaction

Two (2) milliliters of bacterial cell broth in a
ZR BashingBeadTM Lysis Tube received 750
uL of lysis solution. It was processed at maxi-
mum speed for 5 min and held in a bead with a 2
mL tube holder assembly. The ZR Bashing-
BeadTM Lysis Tubes were centrifuged at >
10,000 x g for one minute in a microcentrifuge.
After being transferred to a Zymo-Spin IV Spin
Filter in a collecting tube, 400 pL of supernatant
was centrifuged at 7,000 x g for one minute. The
resulting filtrate was mixed with 1,200 pL of
bacterial DNA binding buffer before 800 ul of
the mixture was transferred to the Zymo-
SpinTM 1IC column in a collection tube. This
process was repeated after discarding the flow
through the collection tube. The Zymo-Spin TM
IIC column in the new collection tube was filled
with DNA pre-wash buffer, then centrifuged at
10,000 x g for 1 minute. The Zymo-SpinTM IIC
column was washed with 500 pL of bacterial
DNA wash buffer and then centrifuged at 10,000
x g for 1 minute. A clean 1.5 ml microcentrifuge
tube was transferred to the Zymo-SpinTM IIC
column, and a 100 uL DNA Elution Buffer was
added directly to the column matrix. The column
was centrifuged at 10,000 x g for 30 sec to elute
the DNA.

Standard procedures were used to prepare and
analyze DNA by agarose gel electrophoresis and
to perform polymerase chain reaction (PCR)
analysis.

Prnano.com, https://doi.org/10.33218/001c.154634
The official Journal of CLINAM — ISSN:2639-9431 (online)

Sequencing

Using an Applied Biosystems Genetic Ana-
lyser 3130x1 sequencer and the BigDye Termi-
nator v3.1 cycle sequencing kit, the amplified
fragments were sequenced according to the man-
ufacturer’s instructions. All genomic analyses
were performed using MEGA 11 and BioEdit.

Evolutionary relationships of taxa

The Neighbour-Joining technique inferred the
evolutionary history (41). The ideal tree is dis-
played, with a branch length sum of 1.08784864.
With branch lengths in the same units as the evo-
lutionary distances used to estimate the phyloge-
netic tree, the tree is rendered to scale. The evo-
lutionary distances, measured as the number of
base substitutions per site, were calculated using
the Maximum Composite Likelihood method
(42). There were six nucleotide sequences in this
investigation. Included were the first, second,
third, and non-coding codon locations. For each
sequence pair, all ambiguous regions were re-
moved (pairwise deletion option). The final da-
taset contained 1224 locations altogether. In
MEGA X, evolutionary analyses were per-
formed (43).

Sample enrichment, isolation, and production
of bacteriophages

The pulled environmental sample also served
as the source of bacteriophages (44). Protocols,
as described by Pereira et al. (45), with tailored
modifications, were adopted for the isolation of
bacteriophages. The sample was employed in an
enrichment system of 50 mL samples, 50 pL of
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an overnight broth culture of the potential bacte-
rial host, 0.05 g/L CaCl,, and 50 mL of double-
strength (2x) TSB. The mixture was incubated at
37 °C while agitating at 120 — 180 rpm for 48 h.
Following incubation, the enriched sample was
placed in a 50 mL tube and centrifuged at 9,000
x g for 10 min, after which the supernatant was
passed through a 0.22 um filter and the filtrate
collected in another sterile 50 mL tube.

Ten (10) pL of both the filtrate and the poten-
tial host bacteria overnight broth culture was
added into a soft TSA (50%), overlaid on hard
lower TSA plates, and allowed to gel, after
which the plate was incubated at 37 °C for 18 —
24 h, after which the presence of plaques indica-
tive of the presence of phages were observed.

Distinct plaques were picked using a sterile
toothpick and transferred into SM buffer, then,
using a sterile toothpick, onto double-overlay
TSA agar plates, as explained above, for obser-
vation of purer plaques after incubation. These
were repeated until pure phage isolates were ob-
tained.

Bacteriophage propagation was performed by
dipping a pick into SM buffer and inserting it
uniformly, horizontally, and at several locations
into 20 host bacterial double-layer agar bed
plates (4 mL soft-top TSA (50%) with bacte-
ria/20 m; hard lower TSA (100%). A sterile pa-
per strip was also horizontally passed through
the phage inserts across the entire bacterial bed.
The plates were incubated at 37 °C for 18 - 24 h,
after which 5 ml of SM buffer was introduced
into the plates, sealed with parafilm tape, and in-
cubated at 4 °C for 24 h, after which the liquid in
the media was recovered and passed through a

0.22 pm filter, collected in sterile bottles and
stored at 4 °C pending further use.

This phage-hunting process was repeated for
all 100 bacterial isolates, after which successful
susceptible bacterial hosts (U1, U2, S1, S2, P1,
and P2) were characterized and used for further
studies.

The six (6) phage suspensions against the host
bacteria were combined to form a PC, and the PC
was used to characterize the phages against the
susceptible bacterial isolates (U1, U2, S1, S2,
P1, and P2). The characterizations on PC include
spot assay and phage morphology, phage titra-
tion, host specificity/host range, one-step growth
and adsorption curves, and an in vivo wound-
healing assay.

Spot assay and phage morphology

Five (5) uL of the phage suspensions were
spotted on the double-layer agar impregnated
with the bacteria (ODeoo nm = 0.5) and incubated
at 37 °C for 18 — 24 h, after which
spots/plaques/lytic zones were noted and ob-
served for morphological appearances, including
size and shape.

Phage titration

The PC was serially diluted up to the tenth (10
1) dilution using SM buffer, after which five (5)
uL of all the dilutions (10" — 10'%) were spotted
on the bacterial bed (using broth optical density
at adsorption of 600 nm (ODeoo nm = 0.5) of the
host bacterial isolates (U1, U2, S1, S2, P1, and
P2), incubated at 37 °C for 18 — 24 h, after which,
the number of plaque of the lowest concentration
with positive lytic zone to determine the plaque
forming unit per ml (PFU/mL), using the equa-
tion below.

PFU/ml = (Plaque number * Reciprocal of the dilution factor)/volume of phage dilution spotted

Phage specificity/host range

The PC was spotted against all 100 bacteria in-
itially isolated from the environmental samples
using the double overlay TSA bacterial bed
(made using overnight broth culture adjusted to
an optical density at adsorption of 600 nm
(ODso) of 0.5), incubated at 37 °C for 18 — 24 h,
after which the positive presence of plaques or
lytic regions was observed.
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0SGC

The OSGC of Phage suspensions against the
corresponding bacterial hosts (U1, U2, S1, S2,
P1, and P2) was performed using standard pro-
cedures (46, 47, 45). The overnight broth cul-
tures of the respective host bacterial isolates
were standardized (ODgoo nm = 0.5) and serially
diluted twice, after which 50 pL of the second
bacterial dilution (10%) was introduced into a
sterile 10 ml TSB broth (in a test tube) termed
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‘Treatment’ and was incubated for 10 min. Fol-
lowing incubation, the phage suspensions were
diluted two times, after which 40 pl of the dilu-
tions (102) were introduced into the treatment to
infect and obtain the optimal multiplication of
infection (MOI). The therapy was incubated; 50
uL of the sample was withdrawn at time 0 and
serially diluted to the fifth (10°) dilution. The
corresponding sampling and dilutions were re-
peated after 5, 10, 15, 20, 25, 30, 40, 50, 60, 70,
80, 90, 100, 110, 120, 130, 140, 150, 160, and
170 phage-bacterial infection times (in minutes).
Following the end of sampling, different five (5)
ul of the samples and dilutions were spotted in
triplicates on the respective bacterial lawn pre-
pared by the addition of 100 pl of the bacterial
suspensions (ODeoo nm = 0.5) in 4 mL soft top
(50%) TSA, which were overlaid on the stiff
lower (100%) TSA in Petri plates incubated at
37 °C overnight. The average number of plaques
per dilution was recorded and used to plot the
one-step growth curves (OSGC), essentially
PFU/mL versus infection time. All the experi-
ments were conducted on three independent
days. A direct plot of the average PFU/mL ver-
sus time, including 0, 15, 20, 30, 40, 50, 60, and
70 min, was used to determine the phage growth
parameters, including burst sizes and latent peri-
ods.

Adsorption curves

The adsorption curves (AC) of the constituent
phage particles against the corresponding bacte-
rial hosts (U1, U2, S1, S2, P1, and P2) were gen-
erated using standard procedures (45—47). Over-
night broth cultures of the respective host bacte-
rial isolates were standardized (ODeoo nm = 0.5)
and centrifuged at 7000 g for 5 min; the super-
natant was discarded, and the pellets were resus-
pended in 2 mL TSB in Falcon tubes labeled
‘Treatment.” The phage suspensions were di-
luted to the eleventh dilution (10-11). Afterward,
100 pL of the last dilution was added to the re-
suspended host bacteria in the treatment tube to
obtain an MOI of 0.0001, and the mixture was
gently homogenized with a micropipette. At
time 0, 50 pL of the treatment sample was with-
drawn and placed in a sterile Eppendorf tube
containing 400 puL of SM buffer. 50 pL of chlo-
roform was added, yielding the first dilution,
which was subsequently diluted to the fifth (10
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%) dilution. No chloroform was added to the Ep-
pendorf tubes for the 107-2 to 10”7 dilutions.
The remaining 50 uL aliquot from the first (10™")
dilution Eppendorf tube was immediately re-
trieved after mixing with 400 pL of buffer and
50 pL of chloroform to kill bacterial cells in the
107" dilution. This procedure was repeated every
30 seconds and lasted for 10 minutes.

Following the end of sampling, different five
(5) uL of the samples and dilutions were spotted
in triplicates on the respective bacterial lawn
prepared by the addition of 100 pL of the bacte-
rial suspensions (ODeoo nm = 0.5) in 4 mL soft top
(50 %) TSA, which were overlaid on the hard
lower (100 %) TSA in Petri plates incubated at
37 °C overnight. The average number of plaques
per dilution was recorded and used to plot the
AC, essentially a plot of PFU/mL versus infec-
tion time; however, phage adsorption was ex-
pressed as the decrease in phage titer in the su-
pernatant relative to time 0. All the experiments
were conducted on three independent days. A di-
rect plot of average PFU/mL versus time, includ-
ing0,1,2,3,4,5,6,7,8,9, and 10 min, was
used to determine the adsorption time.

In vivo wound-healing assay

A total of thirty (30) laboratory albino rats
weighing 100 to 150 g were procured from the
animal house, Department of Veterinary Parasit-
ology and Entomology, Faculty of Veterinary
Medicine, University of Nigeria, Nsukka. They
were divided into six (6) groups of five (5) rats
each and acclimatised for two (2) weeks with ad-
equate water and air. Wounds measuring 4 cm
each were aseptically created on the backs of the
rats on Day 0, after which the wounds were in-
oculated with a mixture of six bacterial isolates
(U1, U2, S1, S2, P1, and P2) and allowed to es-
tablish infection for 1 day. The contaminated
wounds (CWs) of the animals in Groups two to
four were treated from Day 1 to Day 10 using 25,
50, 75, and 100 % PC of the six (6) host bacterial
isolates, respectively. Animals in Group 5 were
not treated and served as the negative control,
while those in Group 6 were treated with a stand-
ard drug (ciprofloxacin [25 %]). Wound sizes
were measured every 2 days starting on Day 2
and recorded in centimetres. The grouping and
treatment of the animals are illustrated on the
next page.
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Group 1: CW + 25% PC

Group 2: CW + 50% PC

Group 3: CW + 75% PC

Group 4: CW + 100% PC

Group 5: CW + No treatment.

Group 6: CW + Ciprofloxacin (25%)

At the end of the study, the animals were eu-
thanized according to the recommended proce-
dures (48).

Statistical analysis

Different statistical tools in Microsoft Excel
(Microsoft 365) and the Statistical Package for
the Social Sciences (SPSS) (Version 26) were
used to evaluate the data. Values were presented
as the mean =+ standard error of the mean. For-
mulas in Microsoft Excel were used to aggregate
and plot graphs for in vitro bacteriophage char-
acterization. Analysis of variance (ANOVA)
was used to analyze the level of significance (p
< 0.05) between and among the in vivo study
treatment groups.

Results

Isolation, morphological, and biochemical
characterization of the host bacteria

The isolation yielded a total of one hundred
(100) distinct bacterial isolates that were ob-
tained and served as potential hosts for sourcing

bacteriophages, with only six (6) leading to pos-
itive results, which were designated as U1, U2,
S1, S2, P1, and P2. U1, U2, S1, and S2 were iso-
lated and morphologically (Table 1) character-
ized using SSA, while P1 and P2 were character-
ized using CA and EMB. While all six (6) iso-
lates were convex in elevation and opaque, Ul
was ~ 2—3 mm in size, rod-shaped, mucoid, and
pink-colored. U2 is = 2 - 6 mm, straight rod-
shaped, smooth, and light brown/grey; S1 and S2
were both = 2 — 3 mm, circular, smooth, and
transparent with black centres (on EMB). P1 and
P2 were = 1 — 2 mm, rod-shaped, smooth, and
yellow to amber (on CA) and sheer metallic
green (on EMB) colored.

The biochemical tests (Table 2) showed that all
six bacterial isolates were motile and negative
for oxidase. U1, U2, S1, and S2 were positive
and negative for citrate and indole, respectively,
and interchanged for P1 and P2. While Ul, P1,
and P2 showed adverse reactions to HS in TS1
agar, the results were reversed for U2, S1, and
S2, respectively.

Both morphological and biochemical profiles
suggest that the isolates belong to the genera
Klebsiella, Citrobacter, Salmonella, and Esche-
richia.

Table 1: Morphological characterization

Size Shape  Elevation Surface Opacity Color
Code
(mm)
Ul 2-3 Rod Mucoid Pink (on SSA)
U2 2-6 Straight Light brown/grey (on SSA)
rod Opaque
S1 Convex Transparent with a black (on
$ 2-3 Circular Smooth SSA)
P1 Extremely Yellow to amber (on CA),
P 1-2 Rod opaque Sheer metallic green (on
EMB)

Antibiotic profiling and MAR index

Ranging inhibition zone diameters (IZDs, Sup-
porting information, Table S1) were recorded
across the ten (10) antibiotics, except tetracy-
cline, sulphamethoxazole/trimethoprim, and
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amoxicillin, which recorded 0.0 £ 0.0 mm. Oflox-
acin recorded the best IZD, inhibiting all but P1
and P2, with values ranging from 11.83 + 0.17 to
23.70 = 0.30 mm, followed by chloramphenicol
(10.00 + 0.00 to 17.00 = 0.58 mm). Gentamicin
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had the broadest spectrum activity, inhibiting all
six (60) isolates with values ranging from 2.00 +
0.17 mm. U2 and U1 were the most sensitive, re-
cording 25.0000 £ 0.1732 mm and 23.70 + 0.33
mm against ofloxacin, respectively. P1 and P2
recorded no 1ZDs against the antibiotics, except
against aztreonam (1.00 + 0.12 against P1) and

gentamicin (2.00 + 0.12 and 2.00 + 0.17 against
P1 and P2, respectively).

The CLSI classification of the isolates' re-
sistance profiles (CLSI, 2023) (Supporting infor-
mation, Table S2) showed that all isolates were
resistant to most antibiotics, with breakpoints be-
low the required margin for classification as in-
termediate or sensitive.

Table 2: Biochemical tests

Isolates Citrate H,S Motility Indole TSI Oxidase
Ul + - + - A/A -
U2 + + + - K/A -

S1 + + + - K/A -
S2 + + + - K/A -
P1 - - + + A/A -
P2 - + + A/A -

NB: ‘+’ = Positive; ‘-‘= Negative, ‘K/A’ = Alkaline/Acid, ‘A/A’ = Acid/Base

While Ul was sensitive to ofloxacin, interme-
diate to chloramphenicol and gentamicin, pre-
senting a MAR index of 0.7, U2 was sensi-
tive/susceptible to both ofloxacin and chloram-
phenicol, showing a MAR index of 0.8. The other

U2 S1 P 82 P2 Ul

isolates (S1, S2, P1, and P2) showed MAR index
values of 1.
Molecular characterization of host bacteria

DNA extraction, electrophoresis, and PCR

M U2 Ss1 PI

2 P2 Ul

10kbpg

500bp

Figure 1: Left shows the gel electrophoresis of the DNA and the PCR amplification of the 16S rRNA gene for
the host bacterial isolates Ul, U2, S1, S2, P1, and P2, respectively, following DNA isolation. A 1 kb DNA
ladder was used to estimate the size of the amplified 16S rRNA gene sequences, which were approximately

1500 bp.
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Sequencing
The sequence results (Supporting information,
Table S3) enabled the matching and identification

of the host bacterial isolates U1, U2, S1, S2, P1,
and P2, with pairwise similarities to K. aero-
genes, C. freundii, S. enterica, S. enterica, E. coll,
and E. coli, respectively.

Table 5: Sequence results

Code  Pairwise Similarity

NBCI Accession Number Isolate

Ul 89.17% K. aerogenes strain GB25 MT664185 geKn.es aero-

u2 89.75% C. freundii strain R2A5 MT103108 C. freundii

S1 74.91% S. enterica strain ZD2 ON661792 S. enterica
78.93% S. enterica subsp. enterica serovar .

52 Brandenburg strain FSIS1607501 CPO82464 5. enterica

P1 95.82% E. coli strain Rizhao 490 1 MN314233 E. coli

P2 90.27% E. coli strain AF1 ON653022 E. coli

Ul has 89.17% pairwise similarity to K. aero-
genes strain GB25 (NCBI accession MT664185).
Details of the isolated sequences are shown in the
supporting information.

Evolutionary relationships of taxa

The phylogenetic tree showing the relatedness
among the host bacterial isolates U1, U2, S1, S2,
P1, and P2 is shown in Figure 2.

P1

—————————— $1

82

U1

- U2

P2

Figure 2: The phylogenetic tree of the host
bacteria

Bacteriophage isolation, spot assay, and mor-
phology

The characterization of the phage isolates cock-
tail showed that the plaques are morphologically
small in size on the bacterial lawn (ODggonm = 0.5)
relative to the volume spotted (Figure 3) and con-
firmed the successful isolation of bacterio-
phage(s) and the presence of at least one strain of
bacteriophage with lytic action against the six
bacterial isolates.

Of the one hundred (100) initial bacterial isolates
subjected to phage hunting, only six (6) coded
Ul, U2, S1, S2, P1, and P2 showed a positive re-
sponse, indicated by the presence of plaques, as
indicated in Figure 4, from which the different
bacteriophages were isolated, purified, propa-
gated, and constituted into a cocktail (PC).

Figure 3: Spot morphology of the PC against the host bacteria.
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Bacterial Isolates

Figure 4: Positive host bacterial isolates yielding bacteriophages. NB: ‘1’ — Presence of plaques; ‘0" =
Absence of plaque; Initial coding of the bacterial samples was ‘W and the serial number’, thus, for Ul, U2,
S1, S2, and P1, P2, represents W17, W37, W49, W71, W83, and W89, respectively.

Phage titration mathematical determination of the constituent
Phage titration results are presented in Tables 6 phage suspension titers (PFU/ml) (Table 7) which
and 7. For PC, the least dilutions (Table 6) with corresponded to 4 x 107, 4.6 x 10°, 5.6 x 10%, 5 x
the presence of plaques were 10, 10,107, 10, 10°,3.6 x 10°, and 3 x 10*, respectively. Thus, the
102, and 10 corresponding to U1, U2, S1, S2, results showed that in the PC, the constituent
P1, and P2, respectively, of which the plaques phage concentration of Ul was the highest, fol-
were counted (shown in Table 7) and used in the lowed by S2, U2, S1, P2, and P1.
Table 6: Results of spot test of PC titration dilutions
Iso- Dilutions
lates 100 107 107 107 107 107 107 107 107 107
1 2 3 4 5 6 7 8 9 10
Ul + + + + + + - - - -
U2 + + + + - - - - - -
S1 + + + - - - - - - -
S2 + + + + - - - - - -
P1 + + - - - - - - - -
P2 + + + - - - - - - -

Table 7: Phage titers of the constituent phages

S/N Isolate Dilution No. of Plaques PFU/mL
1 Ul 10 20 4 %107
2 U2 10 23 4.6 x10°
3 S1 10° 28 5.6 x 10*
4 S2 10 25 5% 10°
5 P1 10 18 3.6 x 10°
6 P2 107 15 3 x 10*

Phage specificity/host range
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The spot of the PC on all the bacterial lawns of

all the 100 bacteria initially isolated from the en-
vironmental samples showed an increased host
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specificity, with an additional five (5) bacterial
isolates susceptible to the PC, as represented by
the spikes in Figure 5.
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Figure 5: Host range of PC against the 100 environmental bacterial isolates. NB: 'l'— Presence of

plagues; '0" = Absence of plaque

One Step Growth Curves (OSGC)

The OSGC results are presented in Figure 6.
The respective curves of PC against the host bac-
terial isolates (U1, U2, SI, S2, P2, and P2) used in
the determination of the growth parameters and
shows for the PC, the burst sizes for the isolates
(K. aerogenes, C. freundii, and two (2) different
strains each of S. enterica, and E. coli) to range
from 31 — 62 and the latent periods to range from
15 — 20 min. In details, the burst sizes and latent
periods against U1, U2, S1, S2, P1, and P2 were
62 and 15 min, 56 and 15 min, 44 and 20 min, 40
and 20 min, 41 and 20 min, and 39 and 20 min,
shown in Figures 6A, B, C, D, E, and F, respec-
tively. With the results, the largest burst size was
observed against U1, followed by U2, then SI,
S2, P1, and P2, while the latent periods were the
same for U1, U2, and S1, S2, P1, and P2

Adsorption Curves

The adsorption curves (Figure 7) were applica-
ble against U1, U2, S1, S2, P1, and P2. The phage
cocktail showed a high adsorption rate, with ad-
sorption times ranging from = 9.5 to > 10, with
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the shortest times recorded for C. freundii, fol-
lowed by K. aerogenes, the two E. coli isolates,
and the two S. enterica isolates. Specifically, the
adsorption times obtained against U1, U2, S1, S2,
P1, and P2 were in the order: = 10, > 10,~ 9.5, =
9.5,~9.75, and = 9.5 min, and shown in Figures
7A, B, C, D, E, and F, respectively.

In vivo wound-healing assay of PC

Phage therapy with the PC showed a significant
difference in wound size (p = 0.0001). The best
activity was, however, observed with the 75%
PC, which had a wound diameter of 0.12 + 0.04
cm on the tenth day, followed by 100, 50, and
25% PC with wound diameters 0f 0.33 = 0.03 cm,
0.45 £ 0.04 cm, and 0.70 £ 0.03 cm, respectively.
The PCs, except for 25 %, outperformed the neg-
ative control (untreated group) by 0.62 + 0.04 cm
on day 10 but fell short of the positive control
(ciprofloxacin [25 %]). The recorded diameters
(cm) of healing wounds are shown graphically in
Figure 8.
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Figure 6: A: One-step growth curves of PC against Ul; B: One-step growth curves of PC against U2; C: One-
step growth curves of PC against S1; D: One-step growth curves of phage coctail against S2; E: One-step
growth curves of PC against P1; F: One-step growth curves of PC against P2
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Figure 7: A: Adsorption curve of PC against Ul; B: Adsorption curve of PC against U2; C: Adsorption curve
of PC against S1; D: Adsorption curve of PC against S2; E: Adsorption curve of PC against P1; F:Adsorption
curve of PC against P2.
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Figure 8: Wound-healing diameters following treatment with the PC. NB: ‘1’=25 %, 2’=50%, 3'=75 %,
4°=100 %, ‘5’ = Negative control, ‘6’ = Positive control.

Discussion

In the era of increasing resistance of microbial
pathogens, including enteric bacteria, to conven-
tional antibiotics (25) and associated side effects
(49), there is an urgent need for research-driven
interventions. Bacteriophages, parasitic viruses
of bacteria owing to their desirable features, in-
cluding specificity and minimal side effects (50),
have shown potential for therapeutic use against
pathogenic microorganisms, including multi-re-
sistant enteric bacteria (51). The study explored
the isolation, identification, and characterization
of potent bacteriophages indigenous to and spe-
cific for common, prevalent disease-causing en-
teric pathogenic bacteria. Environmental sam-
ples, as recommended in many studies (52), in-
cluding sewage, swimming pool, abattoir, pig-
gery, fishery, poultry, farmland, and residential
wastewater, which are major reservoirs of patho-
genic bacteria and bacteriophages, were used to
search for bacteriophages targeting Enterobacte-
riaceae. The study's environmental sampling fo-
cused on Nsukka, Enugu State, Nigeria, a densely
populated community hosting a major public uni-
versity with over 35,000 students (53). Aside
from the university, the community is a major
source of many activities that release bacteria into
the reservoirs, including farming, domestic waste
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disposal, and hospital waste disposal. The envi-
ronmental samples were combined and used for
both bacterial and phage isolation to maximise
the likelihood of isolating phages from enteric
bacteria, given the sensitivity of phage-hunting
protocols, which have been shown to harbour en-
teric pathogen strains (52).

With high MAR indexes, all the isolates have
MAR indexes greater than 0.2 (55). The study
joins other studies, including those of Kayode et
al. (56), Beyene et al. (57), Shah et al. (58), and
Duedu et al. (59), to expose further the increasing
prevalence of resistant enteric bacteria causing
common diseases, which invariably increase
treatment timelines and cost, morbidity, morta-
lity, pill burden, and side effects and the need for
urgent interventions (60,61).

Studies have also identified and profiled bacte-
riophages against similar isolates prevalent in the
gastrointestinal tract across different geograph-
ical locations (62). The cocktailing of the study
isolated phage particles yielded a PC. Although
isolated individually, the PCs increased the lytic
spectra, as already mentioned, thus supporting the
use of PCs in phage therapy, which would enable
the effective management of multi-bacterial-im-
plicated diseases (63,64). The result could be at-
tributed to the synergistic lytic activities of the
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constituent phages therein in the PC. The submis-
sion is also backed by the reports of Lu et al. (65),
who suggest that using phages with different in-
fection strategies and host specificities in a cock-
tail can better suppress the development of phage
resistance in a target bacterium.

The bacteriophage titers from the study using
the PC against different bacterial isolates showed
that the concentration of lytic phage particles in
the phage suspension (66) varied across the iso-
lates. However, if the PC contains a single phage
strain, it reveals the infection features of the re-
spective bacterial isolate, as shown by the differ-
ent characterization results. This assertion is sci-
entifically correct, as each bacterium's inherent
physical and biological attributes, including cell
wall composition, defence mechanisms, and
growth cycles, can influence its response to the
bacteriophage(s) (67-70).

The one-step growth curve of phages enabled
the determination of their growth parameters, in-
cluding burst sizes, latent periods, intracellular
accumulation, and eclipse periods. It provided in-
sights into the phage life cycle, infection dynam-
ics, and phage replication efficiency (71). While
the burst size indicates the average number of par-
ticles released per successful infection of a bacte-
rial host and the release of daughter progeny cells
(72), the latent period is the time required for the
release of the daughter cells (72). The study re-
sults, compared with some studies, are abundant.
Abdelsattar et al. (73) reported a burst ofsize as
20 phage progenies and a latent period of 10 min.
Royam and Nachimuthu (74) reported two
phages (Citrophage MRM19 and Citrophage
MRMS57) with burst sizes of 110 + 20 and 50 + 5,
respectively, and latent periods of 25 + 3 and 25
+ 2 min, both against Citrobacter sp. Rahimzadeh
et al. (75), with E. coli, showed a burst size of
1,200 with a latent period of 20 min. Alexyuk et
al. (76) profiled six lytic E. coli phages with burst
sizes ranging from 117 to 155 and latent periods
ranging from 20 to 30 min. Fang & Zong (77) re-
ported a phage, P13, against a carbapenem-re-
sistant K. pneumoniae, with burst sizes and latent
periods of 167 and 20 min, respectively. Pertics et
al. (78) against K. pneumoniae 52145, a capsule-
reported a defective mutant of a phage with a
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burst size and latent period of ~1000 and 10 min,
respectively.

The AC enables estimation of phage adsorption
times and rates, implying that higher host density
can be considered equivalent to a phage with a
higher adsorption rate, and vice versa (79). The
results of our study are comparable to those of rel-
evant studies, including Kim et al. (80), who re-
ported a phage with an adsorption time of 10 min
against Salmonella sp. Abdelsattar et al. (73),
with Bacteriophage ZCSE9, presented 20 min
against S. enterica. Royam and Nachimuthu (74)
reported adsorption times of 18 = 1 and 15 £ 1
min with the two phages (Citrophage MRM19
and Citrophage MRMS57) against Citrobacter sp.
Alexyuk et al. (76), with the six (6) lytic E. coli
phages, had high adsorption rates, killing 90 % of
the bacterial population with adsorption times
ranging from 8 to 10 min

In furtherance of the study, the presence of the
respective bacterial isolates on CWs, especially
Klebsiella spp., and the use of phage therapy in a
wound-healing model in experimental animals
further support the use of phages in disease man-
agement (51). Although limited by the evaluation
of potential skin toxicities associated with PC ap-
plication, the study revealed a relatively dose-de-
pendent healing and closure of the CWs. Also,
there was a significant difference (p < 0.05) in
wound diameter among the animal groups across
the treatment period. The superior performance of
the 75 % cocktail to the 100 % cocktail likely re-
flects documented biological and ecological phe-
nomena in phage therapy (81-83). Specifically,
high phage concentrations can occasionally lead
to lysis-from-without at very high MOI, causing
rapid bacterial killing but also transient release of
cell debris that may exacerbate local inflamma-
tion; density-dependent inhibition, where high
phage densities interfere with each other’s ad-
sorption efficiency, phage—phage competition or
interference, especially in multi-PCs; host im-
mune activation, since high phage loads can in-
crease phagocytic clearance; and reduced diffu-
sion of highly concentrated preparations in
wound exudate (81-83). The pharmacodynamics
of fluoroquinolones, which have a slower onset
but prolonged tissue activity, as well as docu-
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mented anti-inflammatory effects during the re-
modelling phase of wound repair, can explain the
75% PC, which demonstrated superior early
wound contraction compared to ciprofloxacin,
which eventually produced better final wound
closure (84,85). After the initial rapid bacterial re-
duction by phages, phage titers naturally decline
due to immune clearance and reduced host abun-
dance, whereas ciprofloxacin remains active
throughout (85,86). The in vivo therapeutic appli-
cation of phages in wound healing has been re-
ported, including Kumari et al. (87) who reported
a single dose administration of phage Kpn5 (at
MOI of 200), mixed with hydrogel, with a signif-
icant (p < 0.0001) reduction in mortality in K.
pneumoniae B5055 infected mice burn wound
and also outperforming the healing activities of
0.5 % silver nitrate and 1000 mg/L gentamicin.
Similar to this study, the use of a PC in the treat-
ment of wounds was reported by Kheljian et al.
(88) and showed a two phage (PA19 and PB10)
constituent cocktail, with respective final concen-
trations of 4 x 10" and 3 x 10’ PFU/ml, and loaded
in hydrogel effectively treating a Pseudomonas
aeruginosa implicated infection and also had bet-
ter activity in the reduction of the bacterial load
than using only the control antibiotics ciproflox-
acin (50 pg/mL), however, had best activity in

Conclusion

combination with the antibiotic.Reflecting on the
study results, it is important to acknowledge both
the promise and the limitations of the identified
bacteriophages. While the recovery of Iytic
phages active against six clinically relevant, drug-
resistant bacterial species underscores the poten-
tial value of local phage discovery, there are clear
constraints that shape how these phages may ulti-
mately be used against antimicrobial resistance.
Phages naturally possess narrow host ranges, can
be rapidly cleared by the immune system, and
may allow the emergence of phage-resistant bac-
terial variants; factors that influence their perfor-
mance across different infection settings. Simi-
larly, therapeutic applications of these phages can
extend to different conditions, including wound
infections, urinary tract infections, device-associ-
ated infections, and environmental or surface de-
contamination, depending on host specificity and
stability. Also, the methodological limitations of
our isolation and screening approach are recog-
nised. Enrichment-based recovery may bias the
process toward more aggressive or faster-repli-
cating phages; using single-host strains may un-
derestimate true diversity; and plaque morphol-
ogy alone cannot substitute for full genomic con-
firmation.

The study identified and isolated indigenous polyvalent bacteriophages with lytic activity against six
proven multi-resistant enteric bacterial isolates, including strains of K. aerogenes, C. freundii, two S. en-
terica, and two E. coli. Characterization of the polyvalent phages revealed the presence of host-specific
phages with varying titers, adsorption rates, latent periods, and burst sizes. Phage therapy demonstrated the
efficacy of lytic phages against resistant isolates; thus, the study supports the potential use of phages as
alternatives to antibiotics, based on the in vivo results. Owing to study limitations, particularly funding, the
study lays the foundation for advancing the field. Such advancements can include the thorough in vivo and
ex vivo preclinical and clinical evaluation of phage particles using appropriate models, including determi-
nation of safety and toxicological properties, the possible potentiation of therapeutic effects in combination
with other therapeutics, including antibiotics and other natural products, and the proper isolation, produc-
tion, elucidation, and profiling of the expressed phage protein as observed in the study, with the aim of
possible patenting, mainstreaming, and commercialization. The study successfully unraveled lytic indige-
nous bacteriophages sourced from various wastewater samples in Nigeria, with antibacterial activity against
common pathogenic Enterobacteriaceae in plants and animals, and provides unique therapeutic options
against local multi-resistant bacterial strains. Additionally, the study demonstrates the efficacy of a PC in
promoting wound healing in an animal model, supporting the therapeutic application of phages in clinical
settings and lending further support for the search for alternative therapies against multi-resistant bacterial
pathogens amidst the current wave of antibiotic misuse and abuse and the corresponding drug resistance
leading to increasing treatment failures, morbidity, and mortality, thus advocating the use of phage therapy.
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