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Antimicrobial resistance is a major global health issue requiring a coordinated
response. This study investigated for the first time the prevalence, antimicrobial
resistance phenotypes of bacteria causing infections in Arabian horses, and the
potential of bacteriophage therapy for wound treatment. One hundred clinical
samples from infected Arabian horses, presenting respiratory disorders, diarrhea,
abortion, wound, and ocular infection, were examined using direct sample multiplex
PCR and phenotypic methods. Antimicrobial susceptibility testing of the recovered
isolates was performed using panels of 37 antibiotics and broth microdilution
method. Bacteriophages were isolated from horse manure. A bacteriophage cocktail
was used for treating infected wounds in Arabian horses. Streptococcus equi
was the most predominant pathogen isolated from respiratory infections (17/29,
58.6%), followed by Klebsiella pneumoniae and Pseudomonas aeruginosa (9/29,
31.03%, each), and Escherichia coli (7/29, 24.13%). Staphylococcus aureus and
Corynebacterium ovis biovar equi were the most frequently isolated bacteria from
pyogenic infections. All isolated bacteria showed resistance to multiple antibiotics.
Streptococcus spp. exhibited extensive drug resistance (XDR) with complete
resistance to amoxicillin-clavulanic acid, amikacin, kanamycin, streptomycin,
and cefotaxime. All Staphylococcus spp. displayed multidrug resistance (MDR)
phenotype. Staphylococci isolates were highly resistant to fusidic acid, -lactams,
and tetracyclines. Amoxicillin-clavulanic acid, fosfomycin, and cephalosporines
were ineffective against Enterobacteriaceae isolates. Ticarcillin, clavulanic acid,
and colistin were ineffective against P. aeruginosa and Acinetobacter baumannii.
Pan-drug-resistant (PDR) P. aeruginosa isolate was detected in the infected wound.
Two lytic bacteriophages (vB_Pae_LP125 and vB_Pae_LS225) from the Podoviridea
and Siphoviridea families were isolated from the horse manure. Both phages
were stable across various temperatures and pH levels. In vitro tests showed
significant lytic activity against a wide range of bacterial strains. The DNA genomes
of all phages displayed distinctive restriction fragment length polymorphism. A
bacteriophage cocktail (vB_Pae_LP125 and vB_Pae_LS225), when combined with
gentamicin, improved wound healing in infected horses. There were significant
differences (p < 0.05) in the wound closure % among the gentamicin group and
phage cocktaoil+gentamicin groups on days 3, 5, 7, 10, and 14. This study highlights
the widespread antibiotic resistance in bacteria infecting Arabian horses and posing
significant challenges to equine infection management. Bacteriophage therapy
shows promise as a potential treatment for wound infections.
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1 Introduction

Bacterial infections are the main cause of economic loss in horses
(1). They greatly affect the welfare of horses and pose critical
challenges in veterinary medicine. The European Union launched its
‘One Health’ strategy in 2017 to fight antibiotic resistance in animal
and human health and to reduce the transmission of zoonotic diseases
(2). Among the various bacterial infections requiring heightened
attention in treatment, respiratory tract infections represent the most
prevalent source of significant bacterial isolates, followed by wound
infections (3). Horses commonly incur wounds because of their
tendency to fight and environmental factors (4). Equine ocular
disorders are a major global medical concern, requiring prolonged,
costly treatment and potentially decreasing the commercial value of
affected horses (5). Additionally, foal diarrhea remains a severe global
problem, serving as the leading cause of mortality among young foals
(6). Approximately 80% of foals suffer from diarrhea at some stage in
their lives, which can cause serious health complications such as
dehydration, nutrient loss, and even death if left untreated (7).
Furthermore, endometritis is a primary cause of reduced fertility in
mares, which substantially affects the equine breeding industry by
causing infertility and early embryonic loss (4). Abortion rates in
horse pregnancies range from 10 to 15%, which is attributed to various
infectious and non-infectious factors (8).

The rapid rise in antibiotic-resistant pathogens presents major
global health and economic issues, worsened by the improper use of
antibiotics in human and veterinary medicine. This has created
significant challenges in treating infections caused by multidrug-
resistant (MDR) pathogens, often leading to increased morbidity and
mortality (9). The severity of this problem has prompted the
classification for MDR bacteria. Worrisome are extensively drug-
resistant (XDR) strains, susceptible to only two antimicrobial classes,
and pan-drug-resistant (PDR) bacteria that are resistant to all known
antimicrobial categories (10). These trends underscore the critical and
urgent nature of the antimicrobial resistance issue (2).

Given the rise in antimicrobial resistance and its potential negative
effects on equines, it is crucial to detect infectious diseases early,
choose appropriate first-line antimicrobials, and promptly discontinue
treatment when suitable (1). International approaches plan and
collaborative multisectoral approach are essential to address and curb
the spread of AMR. The key to these efforts is the discovery of new
antimicrobial agents and the application of advanced biotechnological
methods to develop alternative antimicrobial strategies (1, 9). While
extensive research has been conducted on antimicrobial resistant
bacteria causing infections in equines thoroughbreds, there is limited
focus on the Arabian breed (6, 11, 12).

Researchers have investigated unconventional treatments,
among these is bacteriophages, their broad diversity and selectivity
make them promising therapeutic candidates for the treatment
and prevention of MDR bacteria (9). They have many advantages
over traditional antibiotics in treating infectious diseases.
Specifically, potency, host-limited immune response, and their
capability for self-proliferation and bioengineering. In addition,
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they are non-toxic and harmless to normal flora. For host bacterial
species, phage specificity is a significant benefit. These
characteristics have led to their consideration as potential
antibiotic alternatives (2, 9). Therefore, they can be used to treat
bacterial infections either alone or in combination with
antibiotics (13).

Phage therapy has been explored in equine medicine, mainly
targeting superficial skin and ocular infections (14, 15). Despite their
promising results, these studies have encountered significant
limitations the narrow host range of phages, allowing non-target
bacteria to persist. This work represents one of the earliest attempts to
apply bacteriophage therapy in the treatment of bacterial infections
specifically in Arabian horses. The present study represents one of the
earliest attempts to implement bacteriophage therapy for the treatment
of bacterial infections in Arabian horses. To address the limitations of
previous research, this work utilizes broad-spectrum phage cocktails
and investigates their combined use with antibiotics to improve
efficacy and reduce antimicrobial resistance.

This study aimed to (i) investigate the prevalence of antimicrobial-
resistant bacteria causing infections in Arabian horses, (ii) isolate and
characterize bacteriophages with strong lytic ability, and (iii) explore
the applications of bacteriophage cocktail for treating the infected
wounds in Arabian horses.

2 Materials and methods
2.1 Study population and clinical samples

One hundred samples were collected from infected Arabian
horses (aged 10 days —23 years) from different stations in Egypt and
from private cases in Sharkia and Ismailia governorates over one-year,
from August 2022 to August 2023. Swabs were collected from
respiratory infections, wounds, and diarrhea. Uterine fluid was
obtained from cases suffering from abortion and endometritis
(Supplementary Table S1). The samples were collected before initiating
antibiotics treatment. Swabs were transported to the laboratory in an
ice container (0-4 °C) and transported to the laboratory within an
hour of collection for immediate bacteriological examination. A
specimen from each case was incubated overnight in Brain Heart
Infusion (BHI) broth (Oxoid, United States).

2.2 Isolation and identification of the
causative agents

Respiratory samples were plated on BHI agar, MacConkey agar,
and Edward’s medium. Swabs from infected wound cases and pus
from pyogenic infections (abscesses and open wounds), as illustrated
in Supplementary Figures S1A-D, were cultured on mannitol salt agar
(MSA), MacConkey agar, and BHI agar. Rectal swabs from diarrheal
cases were enriched in Rappaport Vassiliadis broth at 41 °C for 24 h,
followed by plating on xylose-lysine-deoxycholate (XLD) agar and
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incubation at 37 °C for 24 h. All media were sourced from Oxoid,
United States.

The isolates were examined microscopically using Gram staining,
and bacterial identification was performed using standard biochemical
tests; for example, catalase and coagulase tests were performed to
identify Staphylococci (16). Presumptive Gram-negative bacteria were
identified through different biochemical tests such as urease, citrate,
oxidase, lysine decarboxylase, and triple sugar iron tests (Oxoid,
United Kingdom) (17).

2.3 DNA extraction and PCR assays

2.3.1 Preparation of DNA from samples

For direct-sample PCR, 54 clinical swabs, representing different
infections and localities, were incubated in 4 mL BHI broth at 37 °C
overnight. BHI broth (1 mL) was centrifuged at 21,000 xg for 10 min
(18). The extraction steps were performed according to the QIAamp
DNA Mini Kit guidelines (Catalog no. 51304, QITAGEN®, Hilden,
Germany) according to the manufacturer’s instructions. DNA
concentration and purity were assessed using Thermo Scientific™
NanoDrop 2000/2000c.

2.3.2 PCR ampilification and cycling conditions

Multiplex PCR was performed using a thermal cycler (Biometra,
Germany) in a 50 puL reaction mixture containing 25 pL of Emerald
Amp GT PCR MasterMix (Code No. RR310A Takara, United States)
(2x premix), 1 pL of each forward and reverse primers (20 pmol;
Biobasic, Canada), 15 pL of PCR-grade water, and 6 L of DNA
template. Each run included positive and negative controls. The target
genes and primer sequences used in this study are shown in
Supplementary Table 52. Supplementary Table S3 summarize cycling
conditions for multiplex PCR targeting multiple species including
E. coli, S. aureus, Corynebacteria spp., A. baumannii, Salmonella spp.,
S. pyogenes, S. equi, Pseudomonas spp., and K. pneumoniae.

Positive samples for genus Corynebacterium were amplified using
uniplex PCR targeting the narG gene for Corynebacterium ovis biovar
equi (C. ovis biovar equi) (19). The conditions of thermal cycler were
mentioned in Supplementary Table S4. Positive samples for
Pseudomonas spp. were amplified using primer targeting P. aeruginosa
16S rRNA gene (20) (Supplementary Table S4).

Coagulase-negative Staphylococci (CoNS) were amplified using a
specific primer for the 16S rRNA gene (21) (Supplementary Table 54).
Additionally, fecal swab samples were amplified using species-specific
primers targeting invA (22) and ureR genes (23) of Salmonella enterica
spp. and P. mirabilis, respectively (Supplementary Table 54).

Klebsiella pneumoniae ATCC 10031, C. pseudotuberculosis ATCC
19410 T, Streptococcus Equi subsp. zooepidemicus ATCC 43079, S. equi
ATCC 33398, A. baumanni ATCC 19606, P. mirabilis strain HI4320,
S. aureus ATCC 33591 reference strains were included in each run as
positive controls.

Electrophoresis of the PCR products was performed on a 1.5%
agarose gel (Applichem GmbH, Darmstadt, Germany), using GelPilot
100 bp Plus Ladder (cat. no. 239045, QIAGEN, United States)
and the gel was stained with 0.5 pg mL ethidium bromide. The bands
were photographed, their sizes were determined using the Alpha
Innotech gel documentation system (Biometra GmbH, Gottingen,
Germany).
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2.4 Antimicrobial susceptibility testing

Antimicrobial susceptibility of the recovered isolates was
performed using the disk diffusion method according to Clinical and
Laboratory Standards Institute (CLSI, 2024) guidelines (24) and
interpretative criteria. A suspension of the tested isolate was prepared
by adjusting the turbidity with 0.5 McFarland solution and then
smeared on the surface of Muller-Hinton agar (MHA, Oxoid,
Cambridge, United Kingdom), and the antibiotic disks (Oxoid, UK)
were placed (Supplementary Tables S5A-E). Antibiotics to which
susceptibilities of isolates were recorded to determine MDR, XDR,
and PDR phenotypes were selected according to Magiorakos et al. (10)
and Nocera et al. (25). The plates were incubated at 37 °C for 24 h,
after which the inhibition zones diameters were measured and
interpreted as sensitive (S) or intermediate (I) and resistant (R)
according to CLSI documents (24) and if there is lacking information
the guidelines from the European Committee on antimicrobial
(EUCAST, 2021) (26)
(Supplementary Tables S5A-E). Quality control was assessed using the
following strains E. coli ATCC 25922, P. aeruginosa ATCC 27853,
K. pneumoniae ATCCBAA-1705, S. aureus ATCC 25923, S. pyogenes
ATCC 12344, S. equi ATCC 33398, A. baumannii ATCC 17978, and
P. mirabilis ATCC 29245.

The multiple antibiotic resistance (MAR) index for each isolate

susceptibility  testing were used

was calculated by dividing the number of antimicrobial agents to
which an isolate exhibited resistance by the total number of antibiotics
tested (27).

2.4.1 Resazurin assay and determination of
minimum inhibitory concentration (MIC) of
antibiotics

The isolates were also examined using the broth microdilution
method to determine the minimum inhibitory concentrations (MICs)
of VA (Sigma-Aldrich, United States), TGC (Sigma-Aldrich, USA),
and CT (Sigma-Aldrich, Seelze, Germany) according to CLSI and
EUCAST guidelines (24, 26). Briefly, 100 pL Muller-Hinton broth
(MHB, Oxoid, UK) was added to each well of a sterile 96-well plate,
and serial double-fold dilutions of each antibiotic were performed in
10 wells in each vertical row. The concentration ranges used were as
CT, 0.125-64 pg/mL; VA 0.0625-64 pg/mL; TGC,
0.0625-64 pg/mL. Each bacterium for testing was prepared from

follows:

MHB growth adjusted to a 0.5 McFarland tube. The suspension was
then diluted 1:10 in MHB until a dilution of 1.5x10° CFU/ml then
100 pL was added to all wells. The negative control well contained
medium only, and the positive control well contained inoculum and
medium. The plates were wrapped, coated in plastic bags, and
incubated overnight at 37 °C. Resazurin indicator solution was
prepared by dissolving 270 mg tablet (Sigma Aldrich, Germany) in
40 mL of sterile distilled water with concentration 6.75 mg/mL
(0.675% w/v), using a vortex mixer to ensure complete dissolution,
and kept in a brown bottle to prevent exposure to light at 4 °C for a
maximum of 2 weeks from preparation. After the final visual reading,
10 pL (0.067 mg/mL) of resazurin indicator was added to each well,
and the plate was further incubated for 2-4 h to observe the color
change. Any color changes from blue to pink or colorless indicated
bacterial growth. The lowest concentration before the color change
was recorded as the MIC. The plate was rejected if the positive control
wells remained unchanged (28).

frontiersin.org


https://doi.org/10.3389/fvets.2025.1609955
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Khalid et al.

Staphylococcus aureus isolates with (MIC of <2 pg/mL) is
vancomycin-susceptible S. aureus (VSSA), S. aureus with (MIC of
4-8 pug/mL) is vancomycin intermediate S. aureus (VISA), and
S. aureus with (MIC of > 16 pg/mL) is vancomycin-resistant S. aureus
(VRSA) (24).

As there are no CLSI breakpoints for TGC, the FDA breakpoints
(29) were considered. For S. aureus: MIC < 0.5 pug/mL is susceptible
and more than that is considered resistant, while for Enterobacteriaceae
spp. MIC <2 pg/mL is susceptible, 4 pg/mL is intermediate, and MIC
>8 pg/mL is resistant. While colistin was considered sensitive at MIC
<2 pg/mL and resistant at MIC > 4 pg/mL (24).

2.5 Bacteriophage isolation

Manure samples from horses were collected, and bacteriophages
were isolated using the double agar plate method (30). The samples
were centrifuged at 21,840 x g for 10 min, and the supernatant was
filtered through 0.45 pm syringe-driven filters. To inactivate residual
bacterial cells and other microbial contaminants prior to phage
enrichment, 50 mL of the filtrate was mixed with 0.5 mL of chloroform
(final concentration ~1% v/v) and incubated for 20 min at room
temperature, to preserve the infectivity of most tailed dsSDNA phages
while reducing bacterial contamination. Subsequently, 20 mL of
2 x Luria-Bertani broth (LB, Oxoid, Cambridge, United Kingdom)
and 5 mL of the bacterial culture were added, and the mixture was
incubated at 37 °C for 24 h. Broth cultures after 24 h were pelleted by
centrifugation at 7600 x g at 4 °C for 20 min, and they were then
filtered using 0.45 pm syringe-driven filters. The filtrate was then
examined for lytic phage using the Adams double-layer agar method
(31). The filtered samples were collected in sterile containers and
stored at 4 °C (32).

2.6 Plaque assay and determination of
bacteriophage titre

Plaque assays were used to determine phage titers. Briefly, serial
dilutions of the phage suspension (10-1 to 10-6) were mixed with
host bacteria and overlaid with semi-solid nutrient agar (Oxoid,
Cambridge, United Kingdom) on nutrient agar plates. After
incubation at 37 °C for 10 h, plaques were counted and PFU/mL was
calculated using the standard formula (33).

2.7 Determination of phage host range

The host range of the two bacteriophages was assessed using the
spot-test against the antimicrobial-resistant Gram-positive and Gram-
negative isolates. Briefly, 100 puL of an overnight bacterial culture was
spread onto NA plates and incubated for 3 h at 30 °C to allow partial
growth. Then, 10 pL of each phage lysate was spotted onto the surface.
Plates were incubated overnight at 30 °C, air-dried, and examined for
lysis zones (34). To improve visualization and accommodate isolates
with slower growth rates, a modified double-layer agar technique was
also employed. Specifically, 100 pL of fresh broth culture was added
to 50 mL of nutrient broth and incubated for 3 h at 37 °C. Then,
100 pL of this culture was mixed with 3 mL of molten top agar and
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overlaid onto nutrient agar plates. Ten microlitres of bacteriophage
lysate were spotted onto the surface, and plates were incubated
overnight. Lytic activity was recorded based on the appearance of
clear zones.

2.8 Characterization of phage

2.8.1 Thermal, ultraviolet light, and pH stability

The phages were subjected to heat and pH stability tests using a
modified methodology from a previous study (35). The phage
suspensions were incubated in a water bath in sterile Eppendorf for
10 min at various temperatures (37, 45, 55, 65, 70, and 80 °C). The
plaque assay was used to determine the phage survival rate.

Phage stability at various pH values (1, 3, 5, 7, 9, 11, and) was
determined using 1 mol/L HCl or 1 mol/L NaOH (36). One milliliter
of each phage suspension was mixed with 9 mL of nutrient broth
media at a specific pH value, incubated at 37 °C for 24 h and then
tested using a plaque assay.

To assess the environmental stability of the isolated phages,
ultraviolet (UV) sensitivity was evaluated. This experiment aimed
to determine the resilience of phage infectivity under UV
exposure, which is relevant for potential applications. Phage
suspensions were exposed to UV light using a Cosmolux UVA
(Model A1-11-40 W PREHEAT-BIPIN, Germany),
positioned at a fixed distance of 15 cm. The lamp emits UVA

lamp

radiation in the range of 315-400 nm with a nominal power of
40 W. Phage samples were exposed for 0, 20, 40, 60, 80, 100, and
120 min in uncovered small plates. At each time point, aliquots
were withdrawn and subjected to plaque assays to quantify residual
infectivity. This approach allowed us to monitor the decline in
phage viability over time and infer their sensitivity to UV-induced
damage.

2.8.2 Morphological characteristics of phages

The phage titer (approximately 10" PFU/ml) was diluted tenfold
in 1X phosphate-buffered saline (PBS) in 1L of dsH,O (pH 7). A
phage suspension was applied to the film surface (formal carbon)
using 200 mesh copper grids. Uranyl acetate 2% (Micro Technologies,
Myanmar, United States) was added for negative staining. The grids
were air-dried after passing through a filter paper and examined using
a transmission electron microscope (JEOL M-1400, Ontario, Canada)
at 100 KV to determine the morphology and size of the phage.

The phage was classified using morphological criteria following
the International Committee on Taxonomy of Viruses (ICTV)

recommendations (37).

2.9 Phage adsorption assay

Adsorption of the phage onto the host cell was determined as
previously described (38). The phage was added to an exponentially
growing bacterial culture and incubated at room temperature without
stirring. At several time points (1, 3, 5,7, 9, 12, 15, 18, 21, 24, 27, and
30 min), 100 pL aliquots of the phage-bacterial combination were
obtained and immediately centrifuged at 16,000 x for 30 s. Phage titers
in the supernatant were then calculated by counting the plaques on
overlay agar plates.
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2.10 One-step growth technique

According to a previously described method (39), the
bacteriophage latent time and burst size were assessed using a one-step
growth technique. Fifty milliliters of broth culture were incubated
until OD = 0.4 (3.0 x 10® CFU/mL). The bacterial cells were then
pelletized. The pelleted cells were resuspended in LB broth. To adsorb
bacterial cells, approximately 0.5 mL of phage filtrate (3 x 10® phage/
mL) was added. The mixture (MOI = 1, calculated as the ratio of
3 x10° PFU/mL phage to 3 x 10° CFU/mL bacterial cells) was
centrifuged at 14,000 rpm for 30 min to remove free unabsorbed
bacteriophages. The resulting pellet was resuspended in 100 mL LB
broth and incubated at room temperature with continuous shaking at
120 rpm. Samples were collected from the culture flask every 3 min,
and the phage titer was determined using the plaque assay.

2.11 Phage DNA extraction and restriction
fragment length polymorphisms (RFLPs)
analysis

DNA was extracted from each purified high-titer phage stock
suspension using the DNeasy Blood and Tissue Kit (Qiagen, Hilden,
Germany), following the manufacturer’s instructions (40). Phage
genomic DNA was digested with different restriction enzymes namely,
hinfl (Cat. No. FD0804), hind I1I (Cat. No. FD0504), and haellI (Cat.
No. FDO0154) according to the instructions of the manufacturer
(Thermo FastDigest®). This process was performed at 37 °C for
15 min using a thermoshaker (Biometra, Germany). The 5 pL of
restriction fragments was loaded onto a 1.0% agarose gel stained with
ethidium bromide and visualized on a FluorChem gel documentation
system (Alpha Innotech, San Leandro, CA, United States).

2.12 Application of phage for treating
infected wound

The study population consisted of 12 horses presenting with
purulent discharge from wound lesions at various body sites. Before
the initiation of bacteriophage therapy, bacteriological examination
was done on the swab samples obtained from the lesions. Horses were
excluded from the study if they exhibited no clinical signs of infection
and if no bacterial growth was detected. Upon admission for
treatment, the 12 horses were assigned to three groups. Four horses in
the first group received gentamicin (either topically or by intravenous
injection at 6.6 mg/kg IV q24h (41) based on wound characteristics).
Four horses in the second group received topical gentamicin combined
with 4 mL bacteriophage cocktail (vB_Pae_LS225 and vB_Pae_LP125
which have wide host ranges). The final group of four horses received
intravenous gentamicin alongside the topical application of the same
bacteriophage cocktail.

Bacteriophage cocktail preparation (with approximately 2.2 x10°
pfu/ml for vB_Pae_LP125 and 1.5x10° pfu/ml for vB_Pae_15225) was
applied directly to the infected site in a 4 mL volume once every 24 h
for 14 consecutive days.

A blind assessment was done for examination of wound closure
on days 3, 5,7, 10, 12, and 14- post treatment. Bacterial clearance was
examined by culturing swab samples from wound lesions. The horses
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were examined also on day 21 for recurrence evaluation. The wound
closure percentage was calculated using the following formula: Wound
closure % = [V0 — Vt/ V0] x 100.

Where VO represents wound size at time zero and Vt is the wound
size at time t (days).

The study protocol was approved by the Zagazig University
Institutional Animal Care and Use Committee (approval no.
ZU-TIACUC/2/F/172/2024). Written informed consent was obtained
from the owners for the participation of their animals in this study.

2.13 Data analysis

All experimental procedures were performed in triplicate in
independent experiments. The results are expressed as the mean +
standard error of the mean (SEM). The normality and homogeneity
of variance among the data were determined using Shapiro-WilK’s
and Levene’s tests, respectively. Data were analyzed using SPSS
version 26 (IBM Corp, Armonk, NY, United States). The chi-square
test was used to study the variations in the prevalence of different
bacterial species from different origins, and to assess the differences
in the antimicrobial resistance patterns of the recovered isolates
from various sources. One-way ANOVA and Tukey’s post-hoc tests
were used for analysis results of phage stability studies (thermal, pH,
UV, one-step growth, and adsorption curves). Additionally, the
independent sample t-test was performed to detect if there is a
significant difference between the effect of two phages (two
independent normal distributed groups) at each point (thermal, pH,
UV, one-step growth, and adsorption curves). Analysis of phage
treatment results were done using ANOVA and Tukey’s post hoc test.
The significance level was set at p < 0.05. All graphs were generated
using GraphPad Prism software version 8 (San Diego, CA,
United States) and R-software version 4.0.2.!

3 Results

3.1 Prevalence of different bacteria causing
infections in Arabian horses

As depicted in Table 1, S. equi was the most predominant
pathogen isolated from respiratory manifestation cases (17/29; 58.6%),
followed by K. pneumoniae and P. aeruginosa (9/29; 31.03%, each),
E. coli (7/29; 24.13%), and S. aureus (4/29; 13.79%). The least detected
pathogens were S. pyogenes and C. ovis biovar equi (2/29; 6.89% each),
A. baumannii, and CoNS accounted for 1/29; 3.44%, each. A
significant difference in bacterial prevalence was observed in
respiratory manifestation samples (p < 0.0001; Table 1). Polymicrobial
infections were found in 62% (18/29) of cases. S. equi was found in
combination with E. coli (3/29), K. pneumoniae (6/29), P. aeruginosa
(4/29), Staphylococcus spp. (2/29), and C. ovis biovar equi (2/29).
K. pneumoniae was also mixed with E. coli and S. pyogenes in one case
and with S. equi and P. aeruginosa in another one. Additionally,
A. baumannii was detected in combination with P. aeruginosa and

1 https://www.r-project.org/
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TABLE 1 Number and antimicrobial resistance phenotype of different bacteria isolated from Arabian horses during the period from August 2022 to
August 2023.

Clinical Isolated No. of p-value Antimicrobial resistance phenotype p- value
condition bacteria balz?elfi;eg/o)* MDR XDR PDR
Respiratory Streptococcus equi 17 (58.6) >0.0001%*** - 17 - >0.0001%***
Manifestations K. preumoniae 9(31.03) 6 3 - 0.013*
(n=29)

CoNS' 1(3.44) 1 - - 1

S. aureus 4(13.79) 4 - - 0.006%*

Streptococcus 2(6.89) - 2 - 0.2

pyogenes

P aeruginosa 9 (31.03) 4 5 - 0.068

E. coli 7 (24.13) 4 3 - 0.115

A. baumannii 1(3.44) - 1 - 1

C. ovis biovar equi 2(6.89) - - - NA
Guttural pouch Streptococcus equi 5 0.068 - 5 - 0.001%*
empyema (1 = 5) K. pneumoniae 2 2 - - 0.2

S. aureus 1 1 - - 1
Pyogenic infections in | Streptococcus equi 1 0.005%* - 1 - 1
different parts (Limbs, K. pneumoniae 1 1 _ _ 1
neck, teeth, buttocks, CoN§' 5 ; - - 0,036
trunk, and hoof)
(n=18) S. aureus 9 9 - - >0.0001***

P. aeruginosa 2 2 - - 0.2

E. coli 5 5 - - 0.001%*

C. ovis biovar equi 6 - - - NA

Streptococcus 3 - 3 - 0.036*

pyogenes
Abortion at different A. baumannii 1 0.455 - 1 - 1
stages of pregnancy Streptococcus equi 1 - 1 - 1
(3.5-7 months) K. pneumoniae 3 3 - - 0.036*
(n=4)
Diarrhea (n = 12) K. pneumoniae 4 0.52 4 - - 0.006%**

E. coli 7 7 - - >0.0001***

Proteus mirabilis 4 - 4 - 0.006%*
Ocular disorders Streptococcus 1 1 - 1 - 1
(n=3) pyogenes

E. coli 1 1 - - 1

C. ovis biovar equi 1 - - - NA

K. pneumoniae 1 1 - - 1

P. aeruginosa 1 - 1 - 1
Wound in different E. coli 9(37.5) 0.791 7 2 - 0.002%*
body parts (limbs, Streptococcus 7 (29.16) 1 6 - 0.003%*
joints, and face) pyogenes
(n=24)

Streptococcus equi 6 (25) - 6 - >0.0001 %

P, aeruginosa 6(25) 3 2 1 0.818

K. pneumoniae 6 (25) 4 2 - 0.085

S. aureus 10 (41.66) 10 - - >0.0001 %3

C. ovis biovar equi 9 (37.5) - - - NA

(Continued)
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TABLE 1 (Continued)
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Clinical Isolated No. of p-value Antimicrobial resistance phenotype p- value

condition bacteria baIcS:?e:?itaeg%)* MDR XDR PDR

Urinary tract E. coli 1 NA 1 - - 1

infections (cystitis) P aeruginosa 1 _ 1 _ 1

(n=1)

Navel ill (n =2) S. aureus 2 0.741 2 - - 0.2
Streptococcus 1 - 1 - 1
pyogenes
Streptococcus equi 1 - 1 - 1
E. coli 1 1 - - 1
P. aeruginosa 1 1 - - 1
C. ovis biovar equi 2 - - - NA

Wound between E. coli 2 0.5 2 - - 0.2

rectum and vagina S. aureus 1 1 _ _ 1

(rectal tear)

(n=2)

No: number; MDR: multidrug resistant; XDR: extensively-drug resistant; PDR: pan-drug resistant; CoNS: coagulase negative staphylococci; NA: non-applicable. * p < 0.05; ** p > 0.01; ***

P >0.0001. tPercentage was calculated according to total number of samples and are not used where there are less than 20 observations.

S. aureus (1/29). S. aureus was mixed with P. aeruginosa in one case
and with E. coli in another.

Streptococcus equi was isolated from all foals suffering from
guttural pouch empyema (GPE). K. pneumoniae (2/5; 40%) and
S. aureus (1/5; 20%). Notably, both S. equi and K. pneumoniae were
found in two cases and S. equi with S. aureus in other case.

Staphylococcus aureus was the most frequently isolated bacteria
from pyogenic infections (9/18; 50%), followed by C. ovis biovar equi
(6/18; 33.33%), E. coli (5/18; 27.78%), and CoNS and S. pyogenes
(3/18; 16.67%, each). The least isolated bacteria were P. aeruginosa
(2/18; 11.11%), and S. equi and K. pneumoniae (1/18; 5.56%, each).
There is a highly significant difference (p < 0.01) in prevalence of
bacteria causing pyogenic infections (Table 1).

Approximately 44.44% (8/18) of pyogenic infections were mixed
infections. Notably, E. coli was mixed with S. equi, C. ovis biovar equi,
K. pneumoniae, and CoNS in one case and found with S. aureus in
three other cases. C. ovis biovar equi was often found in mixed
infections with S. aureus (3 cases) and S. pyogenes (2 cases).

K. pneumoniae were isolated from cases of abortion at 6" and 7"
months of pregnancy. Additionally, S. equi and A. baumannii were
isolated from abortion at 3.5 months of pregnancy (1/4; 25%).

The most frequently isolated bacteria from diarrheic foals were
E. coli (7/12; 58.33%), followed by K. pneumoniae and P. mirabilis
(4/12; 33.33%, each). Approximately 25% (3/12) of the cases involved
polymicrobial infections with K. pneumoniae and both P. mirabilis
twice, and E. coli once.

Streptococcus pyogenes, E. coli, C. ovis biovar equi, K. pneumoniae
and P. aeruginosa were isolated from the eye infection in a horse.
Additionally, S. pyogenes and C. ovis biovar equi were identified in a
case. While both K. pneumoniae and P. aeruginosa were the causative
agent of ocular infection in another case. E. coli was the primary cause
of eye infection in a horse.

Staphylococcus aureus exhibited the highest isolation rate in
wound lesions from different body parts (10/24; 41.66%), followed by
E. coli and C. ovis biovar equi (9/24; 37.5%, each), S. pyogenes (7/24;

Frontiers in Veterinary Science

29.16%) and S. equi, P aeruginosa, and K. pneumoniae (6/4;
25%, each).

Polymicrobial wound infections were observed in 62% (15/24)
of cases. A variety of bacterial combinations were identified. E. coli,
S. aureus, and S. equi were found in two cases. C. ovis biovar equi,
and P. aeruginosa were the causative agents in three cases.
Moreover, C. ovis biovar equi and E. coli were found in two cases.
S. pyogenes, C. ovis biovar equi, and E. coli were identified in three
cases. Additionally, E. coli was found with S. aureus in three cases
and with K. pneumoniae in one case. S. aureus was found with
S. equi in two cases, and with K. pneumoniae, S. equi, P. aeruginosa
and C. ovis biovar equi in one case. Also, S. aureus, K. pneumoniae,
and S. equi were the primary cause of wound infections in
some cases.

A single case of polymicrobial urinary tract infection (UTI) in a
21-year-old horse involved both E. coli and P. aeruginosa. Additionally,
foals with navel ill (average age: 1.5+ 0.5 months) experienced
polymicrobial infections, commonly involving S. aureus and C. ovis
biovar equi. In one case, S. aureus was found in mixed infections with
S. pyogenes, S. equi, E. coli, and P. aeruginosa, respectively.
Furthermore, swabs from rectal tear cases yielded E. coli and S. aureus
isolates, with one sample exhibiting polymicrobial infections
comprising both species (Table 1).

Among 100 cases, Streptococcus spp. was the most frequently
isolated microorganism (45%), primarily from respiratory infections,
wounds, pyogenic infections and GPE, and was less prevalent in
umbilical infections, abortions, and ocular infections. E. coli isolates
(33%) was predominantly found in wound samples, followed by
respiratory, diarrheic samples, and pyogenic infections, with fewer
instances in rectal tears, navel illness, UTI, and ocular infections
(Figure 1).

Most Staphylococcus spp. isolates (31%) were recovered from
wound samples, followed by pyogenic infections, and respiratory tract
infections, with a minimal prevalence from foal-infected umbilicus,
and GPE.
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FIGURE 1

Percentage of bacterial species isolated from different infections in Arabian horses. CoNS: coagulase negative Staphylococci.

P. mirabilis S. aureus S. equi S. pyogenes

Klebsiella pneumoniae isolates (26%) were obtained from respiratory
tract infections, followed by wound and diarrhea cases, with fewer
instances in abortion and GPE cases (Figure 1). Pseudomonas aeruginosa
isolates (20%) is primarily caused respiratory tract infections, followed by
wound infections, and minimal instances of pyogenic infections, ocular,
UTI, and umbilical infections. P mirabilis isolates (4%) was identified
exclusively in diarrheic cases. A. baumanni isolates (2%) was observed in
abortion and respiratory tract infections.

Corynebacterium ovis biovar equi made up 20% of the cases and
was most found in wound cases, followed by pyogenic infections. Its
presence has been detected at a lower frequency in respiratory, navel
illness, and ocular infections. All Corynebacterium spp. isolates were
identified using direct sample PCR, and positive isolates were
subjected to the amplification of narG gene for C. ovis biovar equi.

3.2 Emergence of extensively- and
Pan-drug resistant bacteria in Arabian
horses

All 161 bacterial isolates were resistant to multiple antimicrobial
agents. Among the AMR isolates 91/161 (56.52%), 69/161 (42.85%)
and 1/161 (0.62%) showed MDR, XDR and PDR phenotype,
respectively (Figure 2).

Among Streptococcus spp. 44 isolates were XDR with MAR index
ranging from 0.57 to 0.93. Additionally, one MDR was found in a
wound case, with an MAR index of 0.64. All Streptococcus spp. isolates
were completely resistant to amoxicillin-clavulanic acid, amikacin,
kanamycin, cefotaxime, and streptomycin (Table 2; Figure 3).
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Furthermore, S. pyogenes showed complete resistance to penicillin
and tetracycline, followed by ceftiofur (92.86%), ampicillin (85.71%),
(78.57%),
sulfamethoxazole (64.29% each), as well as imipenem and gentamycin

enrofloxacin meropenem, and  trimethoprim-
(75.14% each). In contrast, S. equi showed complete resistance to
Ceftiofur, followed by penicillin and tetracycline (93.55%),
enrofloxacin and meropenem (78.10%), gentamycin (80.65%), and
ampicillin (74.19%). However, the highest sensitivity was observed for
imipenem (77.42%), followed by trimethoprim-sulfamethoxazole
(61.29%). Additionally, there was a significant difference in the
resistance of both Streptococcus spp. to imipenem (p = 0.028; Table 2).

All Staphylococcus spp. displayed MDR pattern with MAR index
range (0.3-0.8). CoNS exhibited complete resistance to fosfomycin,
followed by cefoxitin, fusidic acid, clindamycin, erythromycin, and
tetracycline (75% each), and Quinupristin-dalfopristin and
doxycycline (50%, each). However, high sensitivity was observed for
tigecycline, ceftaroline, teicoplanin, vancomycin, ciprofloxacin, and
linezolid, followed by gentamycin, rifampin, trimethoprim-
sulfamethoxazole, and chloramphenicol (75% each) (Table 3;
Supplementary Figure S2).

On the counterpart, S. aureus exhibited complete resistance to
fosfomycin followed by clindamycin and cefoxitin (96.3% each),
Quinupristin-dalfopristin (92.59%), tetracycline, fusidic acid, and
erythromycin (81.48% each), rifampin (77.78%), chloramphenicol
(66.67%), and trimethoprim-sulfamethoxazole (59.26%). In contrast,
the isolates showed complete susceptibility to tigecycline, followed by
teicoplanin, vancomycin, linezolid (96.3%), ceftaroline (88.89%),
gntamycin (70.37%), doxycycline (66.67%), and ciprofloxacin (59.2%).
There were no statistically significant differences (p > 0.05) in the
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FIGURE 2
Prevalence of multi-drug resistant (MDR), extensively-drug resistant (XDR), and pan-drug resistant (PDR) bacteria from different samples.

resistance profiles among all Staphylococcus spp. isolates for all tested
antimicrobials (Table 3).

Methicillin resistance was determined for Staphylococcus spp. based
on their phenotypic resistance to cefoxitin. Of the 27 S. aureus isolates,
26 (96.3%) were methicillin-resistant S. aureus (MRSA). All MRSA
isolates were MDR and susceptible to tigecycline. Additionally, 75% of
CoNS were considered methicillin-resistant CoNS (MRCoNS). MICs,
and MICy, of vancomycin for Staphylococci spp. were 0.5 and 2 pg/mL,
respectively. Only one isolate was found to be VRSA (MIC = 16 pg/mL).
VRSA also showed resistance to ceftaroline and cefoxitin. All
Staphylococcus spp. isolates were susceptible to tigecycline, with MICs,
and MIC,, values of 0.25 pg/mL and 0.5 pg/mL, respectively.

Out of 63 Enterobacteriaceae isolates 49 isolates showed MDR
pattern with MAR index range (0.4-0.8) and 14/63 isolates showed
XDR pattern with MAR index range (0.8-0.9). They exhibited total
resistance amoxicillin-clavulanic acid AMC, cefazolin, cefepime,
ceftazidime, and fosfomycin. Statistically significant differences were
observed in the prevalence of antimicrobial resistance among Gram-
negative isolates (Supplementary Table 53). The resistance rates of all
isolated Gram-negative bacteria to the tested antimicrobial agents are
shown in Figure 4.
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Among E. coli isolates 84.85% (28/33) were MDR and 15.15%
(5/33) were XDR. E. coli isolates showed complete resistance to
amoxicillin-clavulanic acid, cefazolin, cefepime, ceftazidime and
fosfomycin, high resistance to ampicillin (96.9%), followed by
ticarcillin-clavulanic acid (93.9%), cefoxitin (90.9%), colistin (84.8%),
(75.7%), (66.6%),
tetracycline and doxycycline (51.5%, each), aztreonam (48.4%), and

trimethoprim-sulfamethoxazole ceftaroline
chloramphenicol (42.4%). The total sensitivity was observed for
tigecycline, imipenem and meropenem, followed by amikacin
(93.9%), gentamycin (78.8%) and ciprofloxacin (60.7%).

A high proportion of K. pneumoniae isolates were found to
be resistant to multiple drugs, with 80.77% being MDR and 19.23%
(5/26) being XDR. The isolates exhibited high levels of resistance to
amoxicillin-clavulanic acid, cefazolin, cefepime, ceftazidime and
fosfomycin, ampicillin, cefoxitin and ticarcillin-clavulanic acid
followed by aztreonam (96.2%), doxycycline, tetracycline, and
trimethoprim-sulfamethoxazole (76.9%, each), ceftaroline (73.1%),
gentamycin (61.5%), chloramphenicol (57.7%), ciprofloxacin
(53.8%), and colistin (30.8%). Conversely, the isolates demonstrated
susceptibility to imipenem and meropenem, with moderate
susceptibility observed for tigecycline (84.6%) and amikacin (80.8%).
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TABLE 2 Resistance rates of isolated Streptococcus spp. to the tested antimicrobial agents and the multiple antibiotic resistance (MAR) index of the

tested antimicrobials.

No. of Streptococcus spp. (%) (n = 45)

AMA Streptococcus equi Streptococcus p-value Total Streptococcus MAR Index!
(n =31) pyogenes (n = 14) spp-
(n = 45)
AMC 31 (100) 14 (100) NA 45 (100%) 0.07
AM 23 (74.19) 12 (85.71) 0.327 35 (77.78%) 0.06
P 29 (93.55) 14 (100) 0.47 43 (95.56%) 0.07
IMI 7 (22.58) 8 (57.14) 0.028% 15 (33.33%) 0.02
MEM 27 (87.09) 9 (64.29) 0.088 36 (80%) 0.06
TE 29 (93.55) 14 (100) 0.47 43 (95.56%) 0.07
ENR 27 (87.09) 11(78.57) 0.374 38 (84.44%) 0.06
EFT 31 (100) 13 (92.86) 0311 44 (97.78%) 0.07
SXT 12 (38.71) 9 (64.29) 0.102 21 (46.7%) 0.03
AK 31 (100) 14 (100) NA 45 (100%) 0.07
CN 25 (80.64) 8 (57.14) 0.151 33 (73.33%) 0.05
K 31(100) 14 (100) NA 45 (100%) 0.07
CTX 31 (100) 14 (100) NA 45 (100%) 0.07
S 31(100) 14 (100) NA 45 (100%) 0.07

AMA, antimicrobial agent; AM, ampicillin; AMC, amoxicillin-clavulanic acid; IMI, imipenem; MEM, meropenem; CN, gentamycin; AK, amikacin; TE, Tetracycline; SXT, trimethoprim-

sulphamethoxazole; ENR, enrofloxacin; EFT, ceftiofur; P, penicillin; K, kanamycin; CTX, cefotaxime; S, streptomycin. "MAR index for each antimicrobial agent = total number of resistance
isolate to antimicrobial agent /total number of antimicrobials tested x total number of isolates (27). NA: non-applicable; * p < 0.05; ** p < 0.01; *** p < 0.0001.
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N32
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R40
w38
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w33
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R12
R10
w21
076
N35
G6
w9
R13
R43
R42
R41
P14
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R26
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w13
RS
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G78
G79
G82
G81
W36
S60
856
862
R3
A9
wi1s
R46
W50
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= 5 x

Resistant ¢ ioria
l _ Aminoglycosides
Beta-lactams
Fluoroquinolones
Folate pathway inhibitors
Tetracycline

Streptococcus spp
I Streptococcus equi

Sensitive L1 Streptococeus pyogenes

Resistance category
MDR
XDR

Clinical condition
Abortion
Guttural pouch empyema
Navel ill
Ocular disorders
Pyogenic infections
Respiratory manifestations
Wound

Sample type
Nasal swab
Ocular swab
Pus swab
Uterine swab

Age of animals
I Less than 3Y

More than or equal 3Y
Season

Autumn

Spring

Summer

Winter

Location
Cairo
Giza
Ismailia
Sharkia

Overall distribution and clustering of Streptococcus species isolates under study and the patterns of their antimicrobial resistance. Different
Streptococcus species, clinical condition, sample types, location, age of horse, season, antimicrobial classes, and resistance categories are shown for
each isolate as color codes. Red and blue colors refer to the resistance/sensitivity to an antimicrobial agent. The heatmap represents the hierarchical
clustering of the isolates and the antimicrobials. AM, ampicillin; CN, gentamycin; AK, amikacin; AMC, amoxicillin-clavulanic acid; IMI, imipenem; MEM,
meropenem; TE, tetracycline; SXT, trimethoprim-sulfamethoxazole; P, penicillin; CTX, cefotaxime; K, kanamycin; S, streptomycin; ENR, enrofloxacin;
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TABLE 3 Resistance rates of isolated Staphylococcus spp. to the tested antimicrobial agents and the multiple antibiotic resistance (MAR) index of the

tested antimicrobials.

No. of Staphylococcus spp. (%) (n = 31)

S. aureus CoNS p-value Total Staphylococcus MAR Index!
(n =27) (n=4) spp.
(n=31)
CN 8 (29.62) 1(25) 0.673 9 (29.03%) 0.02
RA 21(77.77) 1(25) 0.063 22 (70.97%) 0.04
CPT 3(1L11) 0 0.651 3(9.68%) 0.005
FOX 26 (96.29) 3(75) 0.245 29 (93.55%) 0.05
cIp 11 (40.74) 0 0.154 11 (35.48%) 0.02
SXT 16 (59.25) 1(25) 0.228 17 (54.84%) 0.03
FA 22 (81.48) 3(75) 0598 25 (80.65%) 0.04
TEC 1(3.7) 0 0.871 1(3.23%) 0.002
VA 137) 0 0.871 1(3.23%) 0.002
TGC 0 0 NA 0 (0%) 0.00
DA 26 (96.29) 3(75) 0.245 29 (93.55%) 0.05
E 22 (81.48) 3(75) 0.598 25 (80.65%) 0.04
LNZ 1(3.7) 0 0.871 1(3.23%) 0.002
SYN 25 (92.59) 2(50) 0.07 27 (87.10%) 0.05
FF 27 (100) 4(100) NA 31 (100%) 0.06
TE 22 (81.48) 3(75) 0.598 25 (80.65%) 0.04
DO 9(33.33) 2(50) 0.447 11 (35.48%) 0.02
C 18 (66.67) 1(25) 0.149 19 (61.29%) 0.03

AMA, antimicrobial agent; CN, gentamycin; RA, rifampin; CPT, ceftaroline; FOX, cefoxitin; CIP, ciprofloxacin; SXT, trimethoprim-sulphamethoxazole; FA, fusidic acid; TEC, teicoplanin; VA,
vancomycin; TGC, tigecycline; DA, clindamycin; E, erythromycin; LNZ, linezolid; SYN, quinupristindalfopristin; FF, Fosfomycin; TE, tetracycline; DO, doxycycline; C, chloramphenicol.
'MAR index for each antimicrobial agent = total number of resistance isolate to antimicrobial agent /total number of antimicrobials tested x total number of isolates (27). NA: non-applicable;

*p <0.05; % p <0.01; #** p < 0.0001.

All P. mirabilis isolates showed XDR pattern. They demonstrated
complete resistanceto amoxicillin-clavulanic acid, cefazolin, cefepime,
ceftazidime and fosfomycin, ticarcillin-clavulanic acid, ampicillin,
tetracycline, doxycycline, ciprofloxacin, trimethoprim-sulfamethoxazole,
colistin, gentamycin, aztreonam, cefoxitin and ceftaroline and moderate
resistance rate for tigecycline (50%). Amikacin and meropenem
demonstrated complete sensitivity, followed by imipenem with 75%
sensitivity.

Among P. aeruginosa isolates 50% were MDR with MAR index
ranging from 0.4-0.6. Nine isolates (45%) were XDR with MAR index
0f 0.6-0.8 and one isolate was PDR with MAR index of 1.0. All isolates
exhibited resistance to ticarcillin-clavulanic acid, ceftazidime, colistin,
and Fosfomycin (100%), followed by aztreonam and cefepime (90%,
each), gentamycin (40%), and ciprofloxacin (30%). The highest
sensitivity (95%) was found for meropenem, followed by imipenem
(85%) and amikacin (75%).

Both A. baumannii isolates showed XDR pattern with MAR index
ranging from 0.7-0.8. They were completely resistant to ticarcillin-
clavulanic acid, cefepime, ceftazidime, imipenem, colistin, tetracycine,
doxycycline, trimethoprim-sulfamethoxazole, ampicillin-sulbactam.
They demonstrated complete susceptibility for gentamicin,
ciprofloxacin, and meropenem. Followed by AK (50%).

Testing MIC values of tigecycline for 63 Enterobacteriaceae
isolates, revealed that 33 E. coli, 22 K. pneumoniae, and 2 P. mirabilis
were susceptible to tigecycline. The remaining six isolates, including
four K. pneumoniae and two P. mirabilis, were resistant to tigecycline.
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The tigecycline MICs, and MIC,, values for E. coli isolates were
0.25 pg/mL and 1 pg/mL, respectively. For K. pneumoniae isolates,
these values were 0.5 pg/mL and 16 pg/mL, respectively. Additionally,
tigecycline MIC range for P. mirabilis was 0.0625-8 pg/mL.

Among 85 tested Gram-negative bacteria, there was only 28
E. coli, 8 K. pneumoniae, 20 P. aeruginosa, 4 P. mirabilis, and 2
A. baumannii (72.94%) exhibited colistin resistance. The remaining 23
isolates (27.06%), including 18 K. pneumoniae and 5 E. coli isolates
were considered colistin-susceptible.

The colistin MICs, and MICy, for E. coli isolates, were 4 pg/mL and
64 pg/mlL, respectively. For K. pneumoniae isolates, were 0.5 pg/mL and
16 pg/mL, respectively. In P. aeruginosa isolates the MICs, was 32 pg/
mL and the MIC,, was 64 pg/mL. The MIC range for P. mirabilis isolates
was 16-64 pg/mL, whereas that for A. baumannii was 64 pg/mL.

3.3 Isolation and characterization of lytic
phages

Two lytic phages (vB_Pae LP125 and vB_Pae_LS225) were
isolated based on the spot and plaque assays targeting host bacteria
(P, aeruginosa). The plaque morphology of the two isolated phages
showed various sizes, with a clear plaque center and translucent
surrounding area. vB_Pae_LP125 produced small single clear plaques
(1 mm), while vB_Pae_LS225 produced medium size single clear
plaques (2.5 mm). Based on TEM micrographs obtained from
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Resistance rates of the recovered Gram-negative bacteria against the tested antimicrobial agents (A) and multiple antibiotic resistance (MAR) index of
the tested antimicrobials. (B). AM, ampicillin; CN, gentamycin; AK, amikacin; TIM, ticarcillin-clavulanic acid; AMC, amoxicillin-clavulanic acid; CZ,
cefazolin; FEP, cefepime; CAZ, ceftazidime; FOX, cefoxitin; ATM, aztreonam; IMI, imipenem; MEM, meropenem; CT, colistin; TE, tetracycline; DO,
doxycycline; SXT, trimethoprim-sulfamethoxazole; C, chloramphenicol; FF, Fosfomycin; TGC, tigecycline; CIP, ciprofloxacin; SAM, ampicillin-

high-titre lysates, phage vBPaeLP125 exhibited a hexagonal head
approximately 50 nm in diameter and a short tail measuring
approximately 34 nm, consistent with podovirus-like morphology.
Phage vBPaeLS225 displayed an isometric head of approximately
66 nm and a long (103 nm), flexible, non-contractile tail, resembling
siphovirus-like morphology (Figures 5A,B).

3.4 Phage DNA extraction and restriction
enzyme analysis

Both phages had double-stranded linear DNA (dsDNA) and the
genomic size for vB_Pae_LP125 is ~48 kbp and vB_Pae_LS225 is ~39
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kbp (Figure 6A). Both phages DNA produced restriction banding
patterns after hinfl, haelll and hind III digestion (Figures 6B-D).

3.5 Host range of isolated phages

Table 4 showed the host range and the titer for each phage exhibited
as PFU/ml. The host range for each phage was determined against
P aeruginosa, E. coli, K. pneumoniae, S. aureus, P. mirablis, A. baumanni,
S. equi, and S. pyogenes strains by spot assay, then confirmed by plaque
assays. Plaque morphologies of phage infections on semi-solid agar
plates revealed host-specific plaque formation. There were distinct
differences in plaque characteristics, including variations in size (small
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FIGURE 5

The morphology of phages under transmission electron microscope negatively stained with uranyl acetate. (A) vB_Pae_LS225; (B) vB_Pae_LP125. The

scale bar = 200 nm.

FIGURE 6

The restriction endonuclease analysis of genomic DNA of phages on agarose gel electrophoresis. (A) Undigested genomic DNA. Lane L: ladder

(250 bp-48502 bp), lane 1: DNA of vB_Pae_LP125, lane 2: DNA of vB_Pae_LS225; (B) The LP125 and LS225 DNA digested with hinfl. Lane L: ladder
(0.1-3kbp), 1: LP125 hinfl digestion, 2: and LS225 hinfl digestion; (C) The LP125 and LS225 DNA digested with haelll. Lane L: ladder (0.25-10kbp), 1:
LP125 haelll digestion, 2: and LS225 haelll digestion; (D) The LP125 and LS225 DNA digested with hindlll. Lane L: ladder (0.075-20kbp), 1: LP125 hindlll

digestion, 2: and LS225 hindlll digestion.

Kbp
<))

0.25

or large plaques) and morphology (clear, circular plaques or turbid,
irregular plaques) (Supplementary Figures 53, 54).

3.6 Heat, ultraviolet and pH stability of
phages

Both phages were considered thermostable at temperatures

ranging from 30 to 60 °C. However, phage inactivation was detected
after exposure to 70 °C for 10 min for phage vB_Pae_LP125 and
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80 °C for phage vB_Pae_LS225, rendering them ineffective
(Figure 7A). There were significant differences (p < 0.0001) in the
effect of different temperatures on the survival of vB_Pae_LP125,
and vB_Pae_LS225 with the highest effect at the initial temperature,
30 °C, and 40 °C for both phages (Supplementary Table 57).
Similarly, the exposure of both phages to UV irradiation for more
than 120 min rendered them inactive and lost their infectivity
(Figure 7B). There were significant differences (p < 0.0001) in the
effect of different time exposure to U. V. irradiation on survival of
vB_Pae_LP125, and vB_Pae_LS225 phages isolates with the highest
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TABLE 4 Titers and lytic spectra of bacteriophages vB_Pae_LP125 and
vB_Pae_LS225 obtained on different bacterial strains.

Tested Isolate Lytic area
species code

no vB_Pae_LS225 vB_Pae_LP125

Spot Titer Spot Titer
test (PFU/  test  (PFU/
ml) ml)

E77 +++ 1.5 x108 +++ 2.2 x10°
Pseudomonas

E8 +++ 2.0 x107 - -
aeruginosa

E10 +++ 1.1 x 107 +++ 6.1 x10°

El1 + 2.9x107 - -
Klebsiella

E46 - - +++ 7.3x10°
pneumoniae

E73 - - + 2.3x10°

E18 + 8.1x107 +++ 1.3x107
Staphylococcus

E38 + 1.1 x10° +++ 6.2x10°
aureus

E98 - - + 3.3x10°

E48 + 6.0x10° - -
Escherichia coli | E70 +++ 3.1 x10° + 5.2x10°

E42 +++ 1.7x10* + 1.2x10°
Streptococcus E38 + 3.0x10° +++ 6.7x107
equi E5 - - - -
Streptococcus

E22 + 5.2x10° +4++ 1.1x10°
pyogenes

E83 +++ 2.8x10° + 3.3x10°
Proteus

El6 + 4.0x10* + 1.8x10°
mirabilis

E85 + 1.0x10° - -
Acinetobacter E69 - - -
baumannii E53 + 8.0x10° —

+++: The isolates were susceptible to phage and produce clear plaques with titers (PFU/ml),
+: The isolates were susceptible to phage and produce turbid plaques with titers, and —: No
plaques were produced.

effect at the initial time and after 20, 40, and 60 min for both phages
(Supplementary Table S8).

The pH stability of the phage was determined at various pH values
for 24 h. Phages were highly stable at pH 7; therefore, the phages were
considered neutral. Increasing the pH above 10 and decreasing it to
below 4 revealed no plaque formation activity. The highest number of
plaques were observed at pH 7, which were sustained up to pH 10
(Figure 7C). There were significant differences (p < 0.0001) in the effect
of different pH on the survival of vB_Pae_LP125, and vB_Pae_LS225
phages isolates with the highest effect at the initial pH and pH 6, and 7
for both phages (Supplementary Table 59).

3.7 Adsorption of the phage to the host cell
and one-step growth curve

Both phages demonstrated effective adsorption durations when
tested against P aeuriginosa strain (host strain), as shown in
Figure 8A. The adsorption rate constants were 99.3% for vB_Pae_
LP125 after 4 min, and 99.9% for vB_Pae_LS225 after 3 min. There
were significant differences (p <0.05) in the effect of different
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FIGURE 7

Phage stability studies; (A) Sensitivity of the isolated phages (vB_Pae_
LP125 and vB_Pae_LS225) to various temperatures; (B) Effect of time
exposure to U. V. irradiation on survival of phages isolates; (C) Effect
of pH values on different phages isolates. The results were expressed
as mean + standard error. PFU: plague forming unit. ns: non-
significant variations between the two phages at each point. *, **, ***
indicates significant differences between the effect of two phages at
each point using independent sample T-test; * p < 0.05, * p < 0.01, **
p < 0.001.

adsorption durations of vB_Pae_LP125, and vB_Pae_LS225 phages
isolates with the highest effect at the initial time for both phages
(Supplementary Table S10).

In the one-step growth assay using the host strain, the latent
period for vB_Pae_LP125 and vB_Pae_LS225 were approximately
10 min, with corresponding burst sizes of 120 PFU/cell and140 PFU/
cell, respectively. Conversely, the rise periods for vB_Pae_LP125 and
vB_Pae_LS225 were 15 min, as illustrated in Figure 8B. There
were significant differences (p < 0.0001) in the effect of different
incubation periods of vB_Pae_LP125, and vB_Pae_LS225 with the
highest effect after 25, 30, and 35 min for both phages (Supplementary
Table S11).

3.8 Bacteriophage cocktails to treat
infected wounds in Arabian horses

Upon admittance for therapy, four horses received antibiotic

treatment (gentamicin), while the other eight horses received a
combination of a bacteriophage cocktail (vB_Pae_LP125 and
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vB_Pae_LS225) and gentamicin for treatment wound infections
(Figures 9-11). Bacteriological examination of wound lesions in the
enrolled horses revealed the presence of S. aureus or P. aeruginosa.
Complete clearance of these pathogens was observed after the
treatment course. Wound evaluations were conducted after 3-5 days
to assess the treatment’s effectiveness, revealing a reduction in exudate
and signs of inflammation in all horses. By day 7-10 of treatment, the
formation of a granulation tissue was noted, and by 12-14 days of
treatment, the formation of scars was observed (Figures 9-11).
Further treatment involved the use of steroid anti-inflammatory
medications to decrease the size of the scar tissue. There were
significant differences (p < 0.05) in the wound closure % among the
gentamicin group and phage cocktail+gentamicin groups on days 3,
5,7, 10, and 14. The highest significant wound closure % was detected
among the phage cocktail+gentamicin injection group on days 3, 5, 7,
and 10. On days 12 and 14, the highest wound closure% were detected
among phage cocktail+gentamicin groups, with no significant
difference between the two groups (Supplementary Figure S5).

4 Discussion

Antimicrobial resistance is a growing global health crisis. As
existing treatments become less effective, new approaches are urgently
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needed. This study investigated the frequency of equine infections
caused by antibiotic resistant bacteria and explored the potential of
phage therapy as a solution.

In this study, S. equi was the most frequently isolated respiratory
pathogen (58.6%), supporting the findings of several other studies
reporting high prevalence. Similar rates have been observed in Kansas
58%; (42), Egypt 54.8%; (43), and Sweden 50%; (44), However, lower
S. equi prevalence has also been documented in UK 14.1%; (45), and
Jammu 5%; (46). These differences may reflect variations in factors
such as management practices, climate, or circulating S. equi strains.

Klebsiella pneumoniae was isolated in 31.03% of respiratory cases
in this study. This prevalence is similar to that reported by Nehal et al.
(47) in Egypt. However, other studies have reported lower
K. pneumoniae prevalence, such as 3.3% in Austria (48) and 4.4% in
Egypt (49). The rate of Klebsiella spp. isolation differs significantly
from previous research, has been linked to factors like environmental
conditions, climate, and sanitation managements.

The prevalence of P. aeruginosa in this study (31.03%) was higher
than the 20.9% reported by Fonseca et al. (45) and the 3.8% by Nehal
et al. (47). This higher prevalence may be related to P. aeruginosa’s
ability to thrive in diverse environments, often acting as a nosocomial
pathogen. E. coli was isolated in 24.13% of cases, a prevalence similar
to that reported by Van Spijk et al. (50) in Switzerland. However,
Fonseca et al. (45) reported a lower prevalence of 17.5%. The
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Cocktail baceriophage + gentamicin topically - treated group

FIGURE 9

Panels (A-D) show the progression of wound healing on Arabian horse's skin treated with a cocktail of bacteriophage and gentamicin. Panel

(A) displays the initial wound with discharge. Panel (B) shows partial healing with reduced discharge at third day of treatment. Panel (C) reveals further
improvement with the wound partially closed at seventh day of treatment. Panel (D) depicts significant healing with almost closed wound at day 14 of

treatment.

FIGURE 10

inflammation and wound size at days 3, 7, and 14 post treatment.

Cocktail bacteriophage + gentamicin IV - treated group

Series of four images labeled (A-D), showing the healing progression of an infected wound on the skin of Arabian horse treated with bacteriophage
cocktail and gentamicin intravenous (IV). Image (A) shows the initial large, inflamed wound. Images (B-D) display gradual healing, with reduced

occurrence of E. coli in RTT is notable because it is considered a
commensal organism on the equine mucosal membrane, as well as an
opportunistic pathogen in respiratory diseases (50). We identified one
case of mixed K. pneumoniae and E. coli infections in a horse with
respiratory disorders. This finding is similar to that reported in
Southern Brazil (51).

Staphylococcus aureus was isolated in 13.79% of cases. This is
similar to the prevalence reported in India (52), but it is lower than
10.5 and 8.3% in Egypt (47) and (53). Higher rates were reported by
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Nwobi et al. (54) in Southeast Nigeria (23.9%) and in Central Ethiopia
(16.7%) (55). Importantly, we also identified S. aureus coinfection with
P, aeruginosa in two respiratory cases, consistent with the finding of
Nehal et al. (47). The frequent human-horse interaction underscores
the significance of S. aureus transmission between these species
(52, 56).

In this study, the isolation rate of CoNS from respiratory infections
was 3.44%. This is lower than the rates reported in previous studies:
17.3% (45), 14.28% (56), and 6.29% (52). In co5ntrast, Fernandes et al.
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FIGURE 11

Gentamicin - treated group

Progression of wound healing in a gentamicin-treated group. Panel (A) shows the initial wound. Panel (B) has slight improvement at day 3 post
treatment. Panel (C) shows further healing progress at day 7 post treatment, and Panel (D) displays healing at day 14 post treatment.

(57) reported a much higher CoNS frequency of 36.6%. These differences
in CoNS isolation rates may be due to variations in sample collection
periods, horses’ clinical conditions, climatic changes, and sample size.
Our finding of infrequent S. pyogenes occurrence in both single and
mixed infections is consistent with the report by Borum (58) in urkey.

This study identified two C. pseudotuberculosis strains in the
nostrils of horses (6.89%), consistent with the findings of Baratina
etal. (59), who detected the bacterium in the nasal sinuses or lungs of
horses with internal abscesses. C. pseudotuberculosis causes respiratory
disease in 40% of infected horses, resulting in pneumonia or
pleuropneumonia (60).

Similar to our findings, previous studies have also identified
Acinetobacter spp. from LRT and URT (5.5 and 12.2%, respectively)
(45). Jokisalo et al. (61) isolated one MDR A. baumanni from the LRT,
following treatment of primary pathogens such as Rhodococcus equi
or S. zooepidemicus. This finding suggests that Acinetobacter spp. may
emerge as secondary infections or indicate potential antibiotic
resistance issues following treatment for other respiratory pathogens.

Polymicrobial respiratory infections were prevalent in this study,
occurring at a rate of 62%. This finding is supported by previous
research (45, 62). Mixed infections in equine are common and may
develop to a severe case, a broad-spectrum antibiotic regimen is often
recommended in this situation (45).

Guttural pouches, lined with respiratory mucosa, can become
infected by any respiratory pathogen, leading to Guttural pouches
empyema (GPE) (63). This study and others identified S. equi,
K. pneumoniae and S. aureus as causative agents of GPE, with S. equi
being the most prevalent (42, 64, 65).

Examination of various abscesses and wounds in Arabian
identified
Corynebacterium spp., E. coli, P. aeruginosa, K. pneumoniae, S. equi,

horses several species, including S. aureus,
and S. pyogenes. S. aureus was the most prevalent, occurring in 50%
of pyogenic infection samples. S. aureus was the most frequently
isolated bacterium, accounting for 41.66% of wound cases, this
agree with Shuaib et al. (66) and higher than the 31% occurrence
reported by Hussien Ahmed Mohammed (67). The presence of
these microorganisms in equine wounds may be attributed to their
pathogenic traits, such as enzyme and toxin production, which
allows them to colonize and invade wounds more effectively than

other bacteria (66).
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Escherichia coli was isolated from 37.5% of wound cases, a finding
consistent with Nadzir et al. (68) but higher than the prevalence
reported by Shuaib et al. and Hussien Ahmed Mohammed (66, 67).
S. pyogenes was isolated from 29.16% of cases. This prevalence is lower
than the 41.2% reported by Hussien Ahmed Mohammed (67) but
aligns with the findings of Shuaib et al. and Nadzir et al. (66, 68). This
prevalence is likely due to S. pyogenes is a highly virulent and
potentially fatal infection can arise from any open wound or other
forms of non-penetrating trauma, like a contusion (66).

Pseudomonas aeruginosa, K. pneumoniae, and S. equi were present
at lower prevalence (25%) in wound cases. These prevalence rates are
exceeded previous studies (66, 68, 69), although the specific
percentages varied. Further research is needed to understand the
factors influencing the prevalence of these bacteria in equine wounds,
including the potential roles of host immune responses and the
wound environment.

Corynebacterium pseudotuberculosis was isolated from skin
abscesses in 33.33% of cases. This finding is consistent with Akinniyi
etal. (70), who isolated the bacterium from 10 years-old horse with
forelimb abscess and pus discharge. Additionally, our study revealed
a 37.5% prevalence rate of Corynebacterium spp. in wound cases, this
prevalence is notably higher than the 5.9% reported by Hussien
Ahmed Mohammed (67). While the precise route of infection remains
uncertain, C. pseudotuberculosis is believed to enter the host through
skin scratches (71).

High mortality rates associated with diarrhea in young horses
significantly impact the equine industry and the livelihoods of
breeders and farmers globally (72). This study found that Gram-
negative bacteria, particularly E. coli (58.3%), were the most
prevalent in foals with diarrhea. This prevalence was higher than
that reported by reported by Haq et al. (72) (48.7%) but lower than
the 81.7% reported by Adams (73). P. mirabilis and K. pneumoniae
(33.3%) were the next most prevalent, exceeding the rates reported
by Ata et al. (6) (25.72%) and Samir et al. (74) (20%). Co-infections,
with E. coli and either P. mirabilis or K. pneumoniae, were more
common than single infections, a finding consistent with Ata et al.
(6). These co-infections may contribute to the severity or duration
of diarrhea in foals.

Bacterial infections are a significant contributing factor to
endometritis, infertility, and abortion in mares (8). In this study,
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K. pneumoniae was identified as the causative agent in 75% of late-
term abortions (6-7 months). Co-infection with S. equi and
A. baumannii was associated with abortion at 3.5 months, aligning
with previous studies (8, 75). This study is the first to identify
A. baumannii in vaginal swabs of pregnant mares, suggesting a
potential role for Acinetobacter spp. in mare abortions. Further
research is warranted to fully elucidate the mechanisms by which
A. baumannii contributes to abortion in mares.

Streptococcus pyogenes, E. coli, K. pneumoniae, Corynebacterium
spp. and P. aeruginosa were identified from eye swabs of infected
horses. These findings corroborating previous studies that have also
isolated these bacteria from equine eyes (14, 76). In addition, E. coli
and P, aeruginosa were isolated from urine sample, a finding that
aligns with previous reports of these bacteria in equine urinary tract
infections (77).

AlLS. equi isolates in this study were resistant to both streptomycin
and ceftiofur. This fonding is consistent with (45) who reported 100%
streptomycin resistance in S. equi in the UK (78). observed different
resistance pattern in Brazil, reporting 10% streptomycin resistance
and 30% ceftiofur resistance in S. equi isolates. The widespread use of
streptomycin in commercial penicillin formulations, may contribute
to the high level of streptomycin resistance observed in this study. The
unauthorized use of ceftiofur for treating S. equi infections may have
contributed to the observed resistance to this antibiotic (45). In our
study, penicillin, which is typically considered the preferred
medication for treating non-pneumococcal streptococcal infections
in horses, was found to be ineffective against 93.5% of S. equi and
100% of S. pyogenes. This contrasts with the findings of Veiga et al.
(78), who observed resistance in 40% of S. equi, and Fonseca et al. (45)
reported a 6.1% resistance rate in URT infections.

Borum (58) found complete resistance of S. pyogenes to penicillin.
While tetracyclines are sometimes suggested as an alternative
treatment for URT in horses (45). Our study found a high tetracycline
resistance rate of 93.5%. This is higher than 66.7% resistance reported
by Fonseca et al. (45) and the 20% reported by Veiga et al. (78).

Interestingly, S. equi exhibited high resistance to gentamycin
(80%), exceeding 51.9% reported by Johns and Adams (69) and lower
than 91.1% reported by Fonseca et al. (45). However, Veiga et al. (78)
reported complete sensitivity to gentamicin. The widespread use of
these antibiotics in the equine industry, likely due to their low cost and
accessibility, may contribute to the observed levels of resistance.

Although enrofloxacin is not approved for use in horses, this study
found a high resistance rate of 78%, suggesting its potential overuse or
misuse. This resistance rate is substantially higher than the 10%
reported by Veiga et al. (78) and the 18.5% reported by Johns and
Adams (69).

We observed complete resistance of S. equi and S. pyogenes to
amoxicillin-clavulanic acid, which is consistent with Nehal et al. (47)
and contrasts with Borum (58), who reported complete sensitivity of
S. pyogenes to this antibiotic. This high level of resistance to multiple
B-lactam antibiotics, including penicillin, amoxicillin-clavulanic acid,
and ampicillin, raises concerns about the efficacy of these commonly
used drugs for treating S. pyogenes infections.

The high resistance of clinical Streptococcus spp. to third-
generation cephalosporins (cefotaxime and ceftiofur) contradicts
findings reported by Berwal et al. and Von Dollen et al. (79, 80),
indicating that antibiotic activity was impacted by the tissue
environment (80). The World Health Organization classifies ceftiofur
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as critically important for human medicine. Consequently, its
application in veterinary practice should be discouraged (81).
Furthermore, highly prevalence resistance to carbapenems was
inconsistent with Abdel-Shafi et al. and Zhang et al. (82, 83), who
reported MEM and IMI to be the most potent antibiotics against
S. pyogenes.

This study observed an increase in MRSA and MRCoNS. Attia
et al. (53) reported four MRSA strains in horses with respiratory
illness in Egypt. Roudaud et al. (84) isolated three MRCoONS in
Canada, and Othman et al. (85) reported 24 MRCoNS from horse’s
nostrils in Libya. These studies, along with the present findings,
highlight the global distribution of methicillin-resistant staphylococci
in equine populations.

Fifth-generation cephalosporins, such as ceftaroline, are effective
against MRSA (86), supporting our results that ceftaroline is the only
p-lactam antibiotic effective against MRSA. Notably, the resistance
rates of S. aureus and CoNS for clindamycin and quinupristin-
dalfopristin were substantial in the present study, in contrast to
Casagrande (87) who reported high sensitivity of both S. aureus and
CoNS to these drugs. One VRSA isolate resistant to doxycycline,
linezolid and clindamycin was identified, supporting Nehal et al. (47)
in Egypt, who isolated eight VRSA stains resistant to these antibiotics.
Most MRSA strains isolated from equines are sensitive to vancomycin,
linezolid, and teicoplanin (77), supporting our findings regarding
sensitivity to these drugs.

The high resistance rate of S. aureus isolates to erythromycin
aligns with Roudaud et al. (84) in Canada (75%) and exceed the 66.7%
reported by Begum et al. (88) in Bangladesh, the 50% in Turkey (58),
and 16.9% in Nigeria (54).

However, CoNS exhibited complete resistance to erythromycin
contrary to Borum, Casagrande, and Fonseca et al. (45, 58, 87). In
contrast to earlier findings (87, 89), S. aureus exhibited high resistant
to both rifampin and chloramphenicol in this study. Conversely, CONS
showed high sensitivity (75%) to these drugs, a finding consistent with
Casagrande and Fonseca et al. (45, 87).

Resistance of S. aureus isolates to fusidic acid contrasts with
Casagrande (87), where only 25% of isolates showed resistance,
whereas CoNS isolates exhibited full resistance that exceeded
Casagrande (87). Staphylococci can develop resistance to every
clinically available antibiotic category, through spontaneous
chromosomal mutations or by acquiring resistance determinants
through horizontal transfer (86).

The rise of antibiotic resistance encompasses extended spectrum
p-lactamase-producing Enterobacteriaceae (ESBL-E), which produce
enzymes conferring resistance to cephalosporins, and aztreonam,
and are inhibited by p-lactamase inhibitors (90). In addition, The
resistance to f-lactam antibiotics is attributed to the inability of
penicillins to effectively penetrate the bacterial outer membrane
(77). Although, penicillins and cephalosporins are usually
prescribed in equine medicine, high levels of resistance have been
observed. In this study, the observed high resistance rate of E. coli
and K. pneumoniae to ampicillin (96.9 and 100%, respectively) met
the results of previous studies (50, 90), and exceeded another studies
(6, 45, 47).

Escherichia coli and K. pneumoniae exhibited total resistance to
Amoxicillin-clavulanic acid. This finding corroborating with several
studies (50, 91), but differing from (92), who reported high sensitivity
to this antibiotic.
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Our results showed that E. coli isolates were completely resistant
to all cephalosporins tested. This finding contrasts with the results
reported by Shuaib et al. (66), who observed E. coli sensitivity to
cefazolin, and de Lagarde et al. (91), who reported sensitivity to
cefoxitin. Our findings also differ from the findings of previous studies
(92, 93), who documented sensitivity of E. coli to cefazolin.

Similarly, K. pneumoniae displayed complete resistance to
cephalosporins, contradicting Borum (58), who documented high
sensitivity of K. pneumoniae to cefazolin. However, our results align
with those of Loncaric et al. (48), who found all isolates resistant to
ceftazidime. Importantly, we found that 66.67% of E. coli and 73.08%
of K. pneumoniae isolates were resistant to ceftaroline, a broad-
spectrum cephalosporin. Ceftaroline has shown varying efficacy
against Enterobacteriaceae isolated from horses (94). The observed
resistance to ceftaroline, along with the overall cephalosporin
resistance, may be influenced by hospitalization and antibiotic use in
equine settings.

Although carbapenem-resistant Enterobacteriaceae (CRE) have
been reported from humans, pets, and farm animals, no equine cases
have been reported in the United States (73). Similarly, the results
regarding carbapenem sensitivity were favorable, corroborating
previous research findings (48, 66, 90, 92).

Tetracycline and doxycycline resistance in E. coli and
K. pneumoniae is a major issue due to the extensive use of tetracyclines
in veterinary medicine. Several studies have documented the
development of resistance in both species through various mechanisms
(45, 50, 69, 95, 96). Our results confirm these previous observations.
Despite this, Ata et al. (6) reported 77.7% sensitivity of E. coli to
tetracycline. This difference in sensitivity might be explained by
different tetracycline usage patterns in the studied regions.

Colistin, a last resort polymyxin antibiotic, is essential for treating
severe MDR or XDR bacterial infections. The observed colistin
resistance go hand in hand with Richter et al. (97).

Aminoglycosides effectively combat Enterobacteriaceae, with
E. coli displaying high gentamicin sensitivity, consistent with previous
studies (6, 66, 75, 98). However, contrasting studies reported
gentamicin resistance among E. coli isolates ranging from 39.2 to
100% (50, 67, 69, 88). Moreover, K. pneumoniae showed 61.5%
resistance met the results reported by van Spijk et al., Borum, abd
Loncaric et al. (48, 50, 58).

Sulphonamide resistance, particularly to sulfamethoxazole-
trimethoprim (SXT), frequently occurs in equine E. coli due to
extensive antimicrobial use (77). Our results showed high prevalence
of SXT resistance among E.coli (75.7%) and K. pneumoniae (76.9%)
isolates, consistent with findings by other studies (50, 62, 90), and
exceeding others (69, 91). In contrast, the high sensitivity of both
isolates to SXT observed in previous studies (6, 45, 58).

Proteus mirabilis isolates demonstrated resistance to most
antibiotics tested. This is consistent with previous findings (6, 48, 50,
90, 95), with some variations in susceptibility rates.

High resistance rates of P. aeruginosa isolates to cephalosporins,
aztreonam, colistin, ticarcillin-clavulanic acid, and fosfomycin were
observed, similar to the findings of Pottier et al. and Isgren et al. (95,
99), although the resistance rates varied. Our observed sensitivity to
carbapenems, aminoglycosides, and fluoroquinolones was consistent
with these studies. Aminoglycosides sensitivity was also similar to that
reported by Fonseca et al. (45) but differed from the findings of van
Spijk et al. (50).
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Acinetobacter baumannii strains exhibited high resistance to most
tested antibiotics. Our results are consistent with van Spijk et al. and
Isgren et al. (50, 95) regarding high SXT resistance, but contrast with
Jokisalo et al. (61). The observed susceptibility to gentamicin
contrasts with Van Spijk et al. and Jokisalo et al. (50, 61). Furthermore,
carbapenem resistance is a growing concern in A. baumannii isolates,
often accompanied by co-resistance to all other antimicrobials. This
observation is consistent with the findings of Van Der Kolk
etal. (100).

Restriction analysis revealed that bacteriophages vB_Pae_LS225
and vB_Pae_LP125 were sensitive to the restriction enzymes Hinfl,
HindIll, and Haelll, indicating their susceptibility to host bacterial
restriction systems. Similarly, closely related phages vB_KpnS_FZ41,
vB_KpnS_FZ10, and vB_KpnP_FZ12 exhibited similar restriction
patterns (101). In agreement with these findings, Tan et al. (102)
reported that all bacteriophages investigated in their study were
digested by Haelll and HindIIl. The observed variations in restriction
digestion patterns among the different phage isolates reflect
underlying genetic diversity. These results suggest that restriction
enzyme analysis can serve as a rapid and cost-effective preliminary
tool for differentiating bacteriophage isolates based on their genomic
characteristics (102).

Plaque formation is the fundamental method for determining
phage infectivity and host range. Moreover, the presence of a high
number of tRNA genes in a phage genome is a common feature
associated with broad host range. These tRNAs help the phage
overcome differences in the host’s codon usage bias, compensating for
host tRNA deficits, ensuring efficient translation of phage genes,
subverting host defenses by counteracting tRNA-degrading
enzymes (103).

In our study, both phages demonstrated lytic activity with host-
specific plaque formation against five different bacterial species from
equine infections. Similar findings have been reported by Tkhilaishvili
(104) identified
S. aureus/P. aeruginosa dual-species biofilms in vitro. Also, Yamaki

et al who phage capable of infecting
etal. (105) described a broad-host-range phage that infected several
bacterial species, including E. coli and S. enterica. Moreover, Manohar
etal. (106) found that all used bacteriophages were effective against
mixed bacterial population include: E.coli, K. pneumoniae and
Enterobacter spp. These examples support the validity of our results
and highlight the therapeutic potential of polyvalent phages. Our
study lacks molecular evidence from the genomic analysis. While the
presence of tRNAs is a strong indicator, further functional studies
could provide more definitive evidence of their role in multi-
host infection.

The observed antimicrobial resistance poses challenges in treating
equine infections, emphasizing the importance of vigilant monitoring,
prudent antibiotic use, and effective therapeutic strategies to protect
horse health and curb the spread of resistant microorganisms. Given
these challenges, bacteriophage therapy offers a promising alternative
for combating AMR bacteria, particularly in wound treatment. Our use
of a bacteriophage cocktail on wound surfaces showed promise. This
approach is consistent with previous research by Sotnikova et al. (14),
who successfully used a bacteriophage cocktail to treat ulcerative
keratitis in equines. Furthermore, Marshall et al. (15) demonstrated the
efficacy of phage cocktail in treating Staphylococcal superficial
pyoderma in horses, achieving positive outcome. These data suggest

that bacteriophage-based therapeutic agents hold significant potential
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for treating wound lesions. The use of convenience sampling for the
study population, coupled with the lack of defined inclusion and
exclusion criteria, means our findings may not be fully representative
of all infected Arabian horses. This study’s limitations are the small
sample size for treatment evaluation and lack the genomes sequences
of phages.

5 Conclusion

In conclusion, our study reveals widespread antimicrobial
resistance among Gram-negative and Gram-positive pathogens
isolated from Arabian horses, raising concerns about zoonotic
transmission and posing significant challenges to equine infection
management. These findings underscore the critical need for vigilant
antimicrobial resistance monitoring in equine settings to understand
resistance mechanisms and develop effective strategies to mitigate its
spread. Furthermore, our investigation suggests that bacteriophage-
based therapies offer a promising alternative approach, particularly for
treating wound infections in Arabian horses. Future research should
focus on characterizing resistance mechanisms to refine these
strategies and safeguard equine and human health.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author/s.

Ethics statement

The animal studies were approved by the Zagazig University
Institutional Animal Care and Use Committee (approval no.
ZU-TACUC/2/F/172/2024). The studies were conducted in accordance
with the local legislation and institutional requirements. Written
informed consent was obtained from the owners for the participation
of their animals in this study.

Author contributions

EK: Methodology, Validation, Investigation, Visualization,
Resources, Writing — original draft, Formal analysis. YT: Data
curation, Methodology, Conceptualization, Supervision, Validation,
Writing - review & editing, Investigation, Formal analysis,
Visualization. AhA: Validation,

Data curation, Supervision,

References
1. Dunkel B. Responsible antimicrobial use in critically ill adult horses. Equine Vet
Educ. (2021) 33:653-8. doi: 10.1111/eve.13334

2. Garvey M. Bacteriophages and the one health approach to combat multidrug
resistance: is this the way? Antibiotics. (2020) 9:414. doi: 10.3390/antibiotics9070414

3. Clark C, Greenwood S, Boison JO, Chirino-Trejo M, Dowling PM. Bacterial isolates
from equine infections in Western Canada (1998-2003). CV]. (2008) 49:153-60.

4. Saad EK, Tartor YH, Ammar AM, AbdelKhalek A. Integrating alternative therapies
to combat multidrug-resistant bacteria causing infections in equine. Zagazig Vet J.
(2024) 52:315-35. doi: 10.21608/2vjz.2024.295484.1242

Frontiers in Veterinary Science

10.3389/fvets.2025.1609955

Writing - review & editing. RA: Investigation, Writing - original draft,
Methodology. YM: Formal analysis, Data curation, Validation,
Writing - review & editing. AdA: Supervision, Data curation,
Validation, Writing - review & editing.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member
of Frontiers, at the time of submission. This had no impact on the peer
review process and the final decision.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any
product that may be evaluated in this article, or claim that may
be made by its manufacturer, is not guaranteed or endorsed by
the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fvets.2025.1609955/

full#supplementary-material

5. Paschalis-Trela K, Cywinska A, Trela J, Czopowicz M, Kita J, Witkowski L. The
prevalence of ocular diseases in polish Arabian horses. BMC Vet Res. (2017) 13:1-8. doi:
10.1186/512917-017-1252-8

6. Ata E, Nasr S, Mohamed A, El-Aziz T, Fouad E, Sedky D, et al. Bacteriological,
hematological and biochemical diagnostic studies on diarrheic Arabian horse foals
caused by enterobacterial infections. Adv Anim Vet Sci. (2020) 8:412-21. doi:
10.17582/journal.aavs/2020/8.4.412.421

7. Haq I, Durrani AZ, Khan MS, Mushtaqg MH, Ahmad I, Khan A, et al. Identification
of bacteria from diarrheic foals in Punjab, Pakistan. Pak J Zool. (2018) 50:50. doi:
10.17582/journal.pjz/2018.50.1.sc5

frontiersin.org


https://doi.org/10.3389/fvets.2025.1609955
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fvets.2025.1609955/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2025.1609955/full#supplementary-material
https://doi.org/10.1111/eve.13334
https://doi.org/10.3390/antibiotics9070414
https://doi.org/10.21608/zvjz.2024.295484.1242
https://doi.org/10.1186/s12917-017-1252-8
https://doi.org/10.17582/journal.aavs/2020/8.4.412.421
https://doi.org/10.17582/journal.pjz/2018.50.1.sc5

Khalid et al.

8. Abd EIMawgoud SR, Abd El Megeed SM, El Shafii SS. Bacteria causing endometritis
and abortion in Arabian mares. Kafrelsheikh Vet Med J. (2021) 19:28-36. doi:
10.21608/kvmj.2021.297925

9. Alsaadi A, Imam M, Alghamdi AA, Alghoribi ME. Towards promising antimicrobial
alternatives: the future of bacteriophage research and development in Saudi Arabia. J
Infect Public Health. (2022) 15:1355-62. doi: 10.1016/j.jiph.2022.10.022

10. Magiorakos A-P, Srinivasan A, Carey RB, Carmeli Y, Falagas M, Giske C, et al.
Multidrug-resistant, extensively drug-resistant and pandrug-resistant bacteria: an
international expert proposal for interim standard definitions for acquired resistance.
Clin Microbiol Infect. (2012) 18:268-81. doi: 10.1111/j.1469-0691.2011.03570.x

11. Tahoun A, Elnafarawy HK, El-Sharkawy H, Rizk AM, Alorabi M, El-Shehawi AM, et al.
The prevalence and molecular biology of Staphylococcus aureus isolated from healthy and
diseased equine eyes in Egypt. Antibiotics. (2022) 11:221. doi: 10.3390/antibiotics11020221

12. El-Shalofy AS, Derbala MK, Asfour HA, Eissa HM, Aly AB. Infectious
endometritis in Arabian mares: an updated clinical investigation of uterine microbial
isolates, antimicrobial sensitivities and fertility in Egypt. Thai ] Vet Med. (2021)
51:177-84. doi: 10.56808/2985-1130.3107

13. Principi N, Silvestri E, Esposito S. Advantages and limitations of bacteriophages
for the treatment of bacterial infections. Front Pharmacol. (2019) 10:513. doi:
10.3389/fphar.2019.00513

14. Sotnikova L, Goncharova A, Pimenov N. Use of bacteriophage cocktails for
ulcerative keratitis in horses, clinical and ophthalmological justification. IOP Conference
Series: Earth and Environmental Science, IOP Publishing (2021).

15. Marshall K, Marsella R. Topical bacteriophage therapy for staphylococcal
superficial pyoderma in horses: a double-blind, placebo-controlled pilot study.
Pathogens. (2023) 12:828. doi: 10.3390/pathogens12060828

16. Quinn P, Carter M, Markey B, Carter G. The streptococci and related cocci. Clin
Vet Microbiol. (1994) 1:127-36.

17. AL-Joda BMS, Jasim AH. Biochemical testing revision for identification several
kinds of bacteria. ] Univ Babylon Pure Appl Sci. (2021) 29:168-76. doi: 10.29196/jubpas.
v29i2.3751

18. Tartor YH, EL-Naenaeey ESY, Gharieb NM, Ali WS, Ammar AM. Novel
Streptococcus equi strains causing strangles outbreaks in Arabian horses in Egypt.
Transbound Emerg Dis. (2020) 67:2455-66. doi: 10.1111/tbed.13584

19. Almeida S, Dorneles EM, Diniz C, Abreu V, Sousa C, Alves J, et al. Quadruplex
PCR assay for identification of Corynebacterium pseudotuberculosis differentiating
biovar ovis and equi. BMC Vet Res. (2017) 13:290. doi: 10.1186/s12917-017-1210-5

20. Spilker T, Coenye T, Vandamme P, LiPuma JJ. Pcr-based assay for differentiation
of Pseudomonas aeruginosa from other Pseudomonas species recovered from cystic
fibrosis patients. J Clin Microbiol. (2004) 42:2074-9. doi: 10.1128/JCM.42.5.
2074-2079.2004

21. Edwards K, Kaufmann M, Saunders N. Rapid and accurate identification of
coagulase-negative staphylococci by real-time PCR. J Clin Microbiol. (2001) 39:3047-51.
doi: 10.1128/JCM.39.9.3047-3051.2001

22. Oliveira SD, Rodenbusch CR, Cé MC, Rocha SLS, Canal CW. Evaluation of
selective and non-selective enrichment Pcr procedures for Salmonella detection. Lett
Appl Microbiol. (2003) 36:217-21. doi: 10.1046/j.1472-765X.2003.01294.x

23. Zhang W, Niu Z, Yin K, Liu P, Chen L. Quick identification and quantification of
Proteus mirabilis by polymerase chain reaction (PCR) assays. Ann Microbiol. (2013)
63:683-9. doi: 10.1007/s13213-012-0520-x

24. CLSI. Performance standards for antimicrobial susceptibility testing. 34th ed.
Wayne, PA: Clinical and Laboratory Standards Institute (2024).

25.Nocera FP, D’Eletto E, Ambrosio M, Fiorito F, Pagnini U, De Martino L.
Occurrence and antimicrobial susceptibility profiles of Streptococcus equi subsp.
zooepidemicus strains isolated from mares with fertility problems. Antibiotics. (2021)
11:25. doi: 10.3390/antibiotics11010025

26. The European Committee on Antimicrobial Susceptibility Testing. Breakpoint
tables for interpretation of MICs and zone diameters. Version 11.0, 2021. Available online
at: http://www.eucast.org. (2021).

27. Tambekar D, Dhanorkar D, Gulhane S, Khandelwal V, Dudhane M. Antibacterial
susceptibility of some urinary tract pathogens to commonly used antibiotics. Afr J
Biotechnol. (2006) 5:11. doi: 10.4314/ajb.v5i17.43162

28. Sarker SD, Nahar L, Kumarasamy Y. Microtitre plate-based antibacterial assay
incorporating resazurin as an indicator of cell growth, and its application in the in vitro
antibacterial screening of phytochemicals. Methods. (2007) 42:321-4. doi:
10.1016/j.ymeth.2007.01.006

29.Food and Drug Administration. (2023). U.S. Food and Drug Administration.
Available online at: https://www.fda.gov/drugs/development-resources/antibacterial-
susceptibility-test-interpretive-criteria.

30. Kéhne M, Kittler S, Hiisch R, P16tz M, Sieme H. Isolation and characterization of
bacteriophages specific to selected equine genital pathogens. ] Equine Vet Sci. (2023)
125:104722. doi: 10.1016/j.jevs.2023.104722

31. Cerveny KE, DePaola A, Duckworth DH, Gulig PA. Phage therapy of local and

systemic disease caused by Vibrio vulnificus in Iron-dextran-treated mice. Infect Immun.
(2002) 70:6251-62. doi: 10.1128/IAL.70.11.6251-6262.2002

Frontiers in Veterinary Science

21

10.3389/fvets.2025.1609955

32. Abatangelo V, Peressutti Bacci N, Boncompain CA, Amadio AA, Carrasco S,
Sudrez CA, et al. Broad-range lytic bacteriophages that kill Staphylococcus aureus local
field strains. PLoS One. (2017) 12:e0181671. doi: 10.1371/journal.pone.0181671

33.Samir S, El-Far A, Okasha H, Mahdy R, Samir F Nasr S. Isolation and
characterization of lytic bacteriophages from sewage at an Egyptian tertiary care hospital
against methicillin-resistant Staphylococcus aureus clinical isolates. Saudi J Biol Sci.
(2022) 29:3097-106. doi: 10.1016/j.sjbs.2022.03.019

34. Kutter E. Phage host range and efficiency of plating In: MR] Clokie and A
Kropinski, editors. Bacteriophages: Methods and protocols, volume 1: Isolation,
characterization, and interactions. Totowa, NJ: Humana Press (2009). 141-9.

35.Kim JH, Kim HJ, Jung SJ, Mizan MFR, Park SH, Ha SD. Characterization of
Salmonella spp.-specific bacteriophages and their biocontrol application in chicken
breast meat. J Food Sci. (2020) 85:526-34. doi: 10.1111/1750-3841.15042

36. Capra M, Quiberoni A, Reinheimer J. Phages of Lactobacillus casei/paracasei:
response to environmental factors and interaction with collection and commercial
strains. ] Appl Microbiol. (2006) 100:334-42. doi: 10.1111/j.1365-2672.2005.02767.x

37.Larson EL, Gomez-Duarte C, Lee LV, Della-Latta P, Kain DJ, Keswick BH.
Microbial Flora of hands of homemakers. Am ] Infect Control. (2003) 31:72-9. doi:
10.1067/mic.2003.33

38. Karumidze N, Kusradze I, Rigvava S, Goderdzishvili M, Rajakumar K, Alavidze
Z. Isolation and characterisation of lytic bacteriophages of Klebsiella
pneumoniae and Klebsiella oxytoca. Curr Microbiol. (2013) 66:251-8. doi:
10.1007/500284-012-0264-7

39. Jamal M, Andleeb S, Jalil F, Imran M, Nawaz MA, Hussain T, et al. Isolation and
characterization of a bacteriophage and its utilization against multi-drug resistant
Pseudomonas aeruginosa-2995. Life Sci. (2017) 190:21-8. doi: 10.1016/j.1fs.2017.09.034

40. Jakociuné D, Moodley A. A rapid bacteriophage DNA extraction method. Methods
Protoc. (2018) 1:27. doi: 10.3390/mps1030027

41. Budde JA, McCluskey DM. Plumb’s veterinary drug handbook. New York: John
Wiley and Sons (2023).

42. Delph KM, Beard LA, Trimble AC, Sutter ME, Timoney JE, Morrow JK. Strangles,
convalescent Streptococcus equi subspecies equi M antibody titers, and presence of
complications. J Vet Intern Med. (2019) 33:275-9. doi: 10.1111/jvim.15388

43. Mohamed O, Abo Elhasan D, Elmolla A. Study on B-haemolytic streptococci
infection in equines at different seasons and ages. Egypt J Vet Sci. (2018) 49:147-54. doi:
10.21608/ejvs.2018.4986.1046

44. Baverud V, Johansson S, Aspan A. Real-time pcr for detection and differentiation
of Streptococcus equi subsp. equi and Streptococcus equi subsp. zooepidemicus. Vet
Microbiol. (2007) 124:219-29. doi: 10.1016/j.vetmic.2007.04.020

45. Fonseca JD, Mavrides DE, Morgan AL, Na JG, Graham PA, McHugh TD.
Antibiotic resistance in bacteria associated with equine respiratory disease in the
United Kingdom. Vet Rec. (2020) 187:189. doi: 10.1136/vr.105842

46.Javed R, Taku A, Gangil R, Sharma R. Molecular characterization of
virulence genes of Streptococcus equi subsp. equi and Streptococcus equi subsp.
zooepidemicus in equines. Vet World. (2016) 9:875-81. doi: 10.14202/vetworld.
2016.875-881

47. Nehal MF, Kamelia MO, Azza N, Shaimaa RAE, El Shafii Soumaya S, Shahein M,
et al. Phenotypic study on the bacterial isolates from equine with respiratory disorders
regarding antimicrobial drug resistance. World J Vet. (2021) 11:98-109. doi: 10.54203/
scil. 2021.wvjl4

48. Loncaric I, Cabal Rosel A, Szostak MP, Licka T, Allerberger F, Ruppitsch W, et al.
Broad-spectrum cephalosporin-resistant Klebsiella spp. isolated from diseased horses in
Austria. Animals. (2020) 10:332. doi: 10.3390/ani10020332

49. Arafa AA, Hedia RH, Dorgham SM, Ibrahim ES, Bakry MA, Abdalhamed AM,
et al. Determination of extended-Spectrum B-lactamase-producing Klebsiella
pneumoniae isolated from horses with respiratory manifestation. Vet World. (2022)
15:827-33. doi: 10.14202/vetworld.2022.827-833

50. van Spijk JN, Schmitt S, Schoster A. Infections caused by multidrug-resistant
bacteria in an equine hospital (2012-2015). Equine Vet Educ. (2019) 31:653-8. doi:
10.1111/eve.12837

51. Bianchi M, Mello L, Ribeiro P, Wentz M, Stolf A, Lopes B, et al. Causes and
pathology of equine pneumonia and pleuritis in southern Brazil. ] Comp Pathol. (2020)
179:65-73. doi: 10.1016/j.jcpa.2020.07.006

52. Ahmad Mir I, Kumar B, Taku A, Wani N, Naz Faridi E Ahmad Dar S, et al. The
study of aerobic bacterial Flora of the upper respiratory tract of equines from Jammu
and Kashmir region of India. Vet. WORLD. (2013) 6:11. doi: 10.14202/
vetworld.2013.623-627

53. Attia A, Abdel-Moein K, Zaher H, Samir A. The burden and antibiogram of
methicillin-resistant Staphylococcus aureus among companion animals with respiratory
illness. Adv  Anim Vet Sci. (2021) 9:1655-9. doi: 10.17582/journal.
2avs/2021/9.10.1655.1659

54. Nwobi OC, Anyanwu MU, Jaja IF, Nwankwo IO, Okolo CC, Nwobi CA, et al.
Staphylococcus aureus in horses in Nigeria: occurrence, antimicrobial, methicillin and
heavy metal resistance and virulence potentials. Antibiotics. (2023) 12:242. doi:
10.3390/antibiotics12020242

frontiersin.org


https://doi.org/10.3389/fvets.2025.1609955
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.21608/kvmj.2021.297925
https://doi.org/10.1016/j.jiph.2022.10.022
https://doi.org/10.1111/j.1469-0691.2011.03570.x
https://doi.org/10.3390/antibiotics11020221
https://doi.org/10.56808/2985-1130.3107
https://doi.org/10.3389/fphar.2019.00513
https://doi.org/10.3390/pathogens12060828
https://doi.org/10.29196/jubpas.v29i2.3751
https://doi.org/10.29196/jubpas.v29i2.3751
https://doi.org/10.1111/tbed.13584
https://doi.org/10.1186/s12917-017-1210-5
https://doi.org/10.1128/JCM.42.5.2074-2079.2004
https://doi.org/10.1128/JCM.42.5.2074-2079.2004
https://doi.org/10.1128/JCM.39.9.3047-3051.2001
https://doi.org/10.1046/j.1472-765X.2003.01294.x
https://doi.org/10.1007/s13213-012-0520-x
https://doi.org/10.3390/antibiotics11010025
http://www.eucast.org
https://doi.org/10.4314/ajb.v5i17.43162
https://doi.org/10.1016/j.ymeth.2007.01.006
https://www.fda.gov/drugs/development-resources/antibacterial-susceptibility-test-interpretive-criteria
https://www.fda.gov/drugs/development-resources/antibacterial-susceptibility-test-interpretive-criteria
https://doi.org/10.1016/j.jevs.2023.104722
https://doi.org/10.1128/IAI.70.11.6251-6262.2002
https://doi.org/10.1371/journal.pone.0181671
https://doi.org/10.1016/j.sjbs.2022.03.019
https://doi.org/10.1111/1750-3841.15042
https://doi.org/10.1111/j.1365-2672.2005.02767.x
https://doi.org/10.1067/mic.2003.33
https://doi.org/10.1007/s00284-012-0264-7
https://doi.org/10.1016/j.lfs.2017.09.034
https://doi.org/10.3390/mps1030027
https://doi.org/10.1111/jvim.15388
https://doi.org/10.21608/ejvs.2018.4986.1046
https://doi.org/10.1016/j.vetmic.2007.04.020
https://doi.org/10.1136/vr.105842
https://doi.org/10.14202/vetworld.2016.875-881
https://doi.org/10.14202/vetworld.2016.875-881
https://doi.org/10.54203/scil.2021.wvj14
https://doi.org/10.54203/scil.2021.wvj14
https://doi.org/10.3390/ani10020332
https://doi.org/10.14202/vetworld.2022.827-833
https://doi.org/10.1111/eve.12837
https://doi.org/10.1016/j.jcpa.2020.07.006
https://doi.org/10.14202/vetworld.2013.623-627
https://doi.org/10.14202/vetworld.2013.623-627
https://doi.org/10.17582/journal.aavs/2021/9.10.1655.1659
https://doi.org/10.17582/journal.aavs/2021/9.10.1655.1659
https://doi.org/10.3390/antibiotics12020242

Khalid et al.

55. Debelu T, Akililu N, Desissa TSF. Isolation and identification of aerobic bacterial
species from upper respiratory tract of cart horses in Central Ethiopia. Vet Med Anim
Health. (2014) 2014:239. doi: 10.5897/JVMAH2014.0301

56.Kern A, Perreten V. Clinical and molecular features of methicillin-resistant,
coagulase-negative staphylococci of pets and horses. J Antimicrob Chemother. (2013)
68:1256-66. doi: 10.1093/jac/dkt020

57. Fernandes W, Sanchez A, Ramos M, Souza V, Coelho C. Microbiological findings
of tracheobronchial washes of healthy horses and those with respiratory diseases/
Achados Microbioldgicos do Lavado Traqueobrénquico De Equinos Clinicamente
Sadios E Daqueles Portadores De Afecgdes do Sistema Respiratorio. Ars Vet. (2011)
27:73-9. doi: 10.15361/2175-0106.2011v27n2p073-079

58. Borum AE. Agents isolated from horses with respiratory system infection signs.
Etlik Vet Mikrobiyol Derg. (2022) 33:56-62. doi: 10.35864/evmd.1087584

59. Barauina RA, Ramos RT, Veras AA, de Sa PH, Guimaries LC, das Gragas DA, et al.
Genomic analysis of four strains of Corynebacterium pseudotuberculosis bv. equi isolated
from horses showing distinct signs of infection. Stand Genomic Sci. (2017) 12:16. doi:
10.1186/540793-017-0234-6

60. Pratt SM, Spier SJ, Vaughan B, Withcomb MB, Uerling MR, Wilson WD.
Respiratory disease caused by Corynebacterium pseudotuberculosis. Clin Tech Equine
Pract. (2006) 5:239-46. doi: 10.1053/j.ctep.2006.03.020

61. Jokisalo J, Bryan J, Legget B, Abbott Y, Katz L. Multiple-drug resistant Acinetobacter
baumannii bronchopneumonia in a colt following intensive care treatment. Equine Vet
Educ. (2010) 22:281-6. doi: 10.1111/j.2042-3292.2010.00071.x

62. van Spijk JN, Schmitt S, Fiirst AE, Schoster A. A retrospective study of bacterial
pathogens in an equine hospital (1988-2014). Schweiz Arch Tierheilkd. (2016)
158:423-31. doi: 10.17236/sat00068

63. Dixon P, James O. Equine guttural pouch empyema, why does it become chronic?
Equine Vet Educ. (2018) 30:80-4. doi: 10.1111/eve.12707

64. Judy CE, Chaffin MK, Cohen ND. Empyema of the guttural pouch (auditory tube
diverticulum) in horses: 91 cases (1977-1997). ] Am Vet Med Assoc. (1999) 215:1666-70.
doi: 10.2460/javma.1999.215.11.1666

65. Dowling PM, Clark C, Chirino-Trejo M. Antimicrobial therapy for horses. (2002).

66. Shuaib YA, Gareeball O, Eman M, Namarig A, Shimaa M, Saad E, et al. Bacteria
associated with skin wounds of equines and their antimicrobial susceptibility in Sharg
Alneel, Khartoum state: a short communication. Sch J Agric Vet Sci. (2016) 3:140-6. doi:
10.36347/sjavs.2016.v03i02.012

67. Mohammed HA. Aerobic Bacteria associated with equine wounds infections in
Khartoum state. Sudan: University of Khartoum (2021).

68. Nadzir NAA, Zakaria Z, Adzahan NM, Mayaki AM. Antibiotic susceptibilities of
biofilm producing bacteria isolated from horse wounds. Explor Anim Med Res.
(2020) 10:11.

69. Johns I, Adams EL. Trends in antimicrobial resistance in equine bacterial isolates:
1999-2012. Vet Rec. (2015) 176:334. doi: 10.1136/vr.102708

70. Akinniyi OO, Alaba BA, Banwo OG, Adebiyi TK, Anifowose OR, Ogunro BN,
et al. Corynebacterium pseudotuberculosis infection in a 10-year-old male west African
Dongola horse in the zoological garden, University of Ibadan: a case report. SVU Int J
Vet Sci. (2023) 6:58-66. doi: 10.21608/svu.2023.216741.1277

71. Spier SJ, Leutenegger CM, Carroll SP, Loye JE, Pusterla JB, Carpenter TE, et al. Use
of a real-time polymerase chain reaction-based fluorogenic 5'nuclease assay to evaluate
insect vectors of Corynebacterium pseudotuberculosis infections in horses. Am J Vet Res.
(2004) 65:829-34. doi: 10.2460/ajvr.2004.65.829

72.Haq I, Durrani AZ, Khan MS, Mushtaq MH, Ahmad I. A study on causes of
pathogenic diarrhea in foals in Punjab, Pakistan. ] Equine Vet Sci. (2017) 56:88-92. doi:
10.1016/j.jevs.2017.05.010

73.Adams RJ (2020). Extended-Spectrum cephalosporin, Carbapenem, and
fluoroquinolone resistant Enterobacteriaceae in the microbiota of hospitalized horses
and their environment. The Ohio State University

74.Samir A, Abdel-Moein KA, Zaher HM. The public health burden of virulent
extended-Spectrum B-lactamase-producing Klebsiella pneumoniae strains isolated from
diseased horses. Vector Borne Zoonotic Dis. (2022) 22:217-24. doi: 10.1089/vbz.2022.0004

75. Frontoso R, De Carlo E, Pasolini M, van der Meulen K, Pagnini U, Iovane G, et al.
Retrospective study of bacterial isolates and their antimicrobial susceptibilities in equine
uteri during fertility problems. Res Vet Sci. (2008) 84:1-6. doi: 10.1016/j.rvsc.2007.02.008

76. Araghi-Sooreh A, Navidi M, Razi M. Conjunctival bacterial and fungal isolates in
clinically healthy working horses in Iran. Kafkas Univ Vet Fak Derg. (2014) 20:649. doi:
10.9775/kvfd.2013.10649

77.Kabir A, Lamichhane B, Habib T, Adams A, El-Sheikh Ali H, Slovis NM, et al.
Antimicrobial resistance in equines: a growing threat to horse health and beyond—a
comprehensive review. Antibiotics. (2024) 13:713. doi: 10.3390/antibiotics13080713

78. Veiga REF, Clarindo LN, Fensterseifer AL, Pompelli LH, Sfaciotte RA, Schwarz
DGG, et al. Prevalence and antimicrobial susceptibility of Streptococcus equi isolated
from horses in Santa Catarina state, southern Brazil. Braz ] Microbiol. (2024) 55:4147-55.
doi: 10.1007/s42770-024-01479-8

79.Berwal A, Chawla K, Shetty S, Gupta A. Trend of antibiotic susceptibility of
Streptococcus pyogenes isolated from respiratory tract infections in tertiary care hospital
in South Karnataka. Iran ] Microbiol. (2019) 11:13-8.

Frontiers in Veterinary Science

10.3389/fvets.2025.1609955

80. Von Dollen KA, Jones M, Beachler T, Harris TL, Papich MG, Lyle SK, et al.
Antimicrobial activity of ceftiofur and penicillin with gentamicin against Escherichia coli
and Streptococcus equi subspecies Zooepidemicus in an ex vivo model of equine
postpartum uterine disease. ] Equine Vet Sci. (2019) 79:121-6. doi: 10.1016/j.jevs.
2019.06.005

81. Torres MC, Moni CA, Menetrier LDC, Breyer GM, Siqueira FM. Streptococcus spp.
in equines: infection and antimicrobial susceptibility profiles. Acta Sci Vet. (2022) 50:5.
doi: 10.22456/1679-9216.125109

82.Abdel-Shafi S, Al-Mohammadi A-R, Hamdi S, Moustafa AH, Enan G.
Biological characterization and inhibition of Streptococcus pyogenes Zuh1 causing
chronic cystitis by Crocus sativus methanol extract, bee honey alone or in
combination with antibiotics: an in vitro study. Molecules. (2019) 24:2903. doi:
10.3390/molecules24162903

83.Zhang D, Yang P, Zhang Y, Ma C, Lu G, Liu Y, et al. Drug resistance of group. A
Streptococcus and related factors in Beijing, 2016-2017. Dis Surveill. (2018) 33:955-8.

84.Roudaud M, Allano M, Fairbrother J-H, Sauvé E A retrospective study on
methicillin-resistant Staphylococcus spp. isolated from horses admitted to a Canadian
veterinary teaching hospital between 2008 and 2018. Can Vet J. (2020) 61:1197.

85.Othman AA, Hiblu MA, Abbassi MS, Abouzeed YM, Ahmed MO. Nasal
colonization and antibiotic resistance patterns of Staphylococcus species isolated from
healthy horses in Tripoli, Libya. ] Equine Sci. (2021) 32:61-5. doi: 10.1294/jes.32.61

86. Vestergaard M, Frees D, Ingmer H. Antibiotic resistance and the MRSA problem.
Microbiol Spectr. (2019) 7:57. doi: 10.1128/microbiolspec.gpp3-0057-2018

87. Casagrande C. The occurrence and antibiotic resistance of Staphylococcus Spp.
isolated in horses in Estonia: Eesti Maatilikool. (2022).

88.Begum N, Sarker S, Khanam J, Yadav SK, Kundu SR, Rahman B, et al. Isolation,
identification and antibiogram of bacterial flora from rectum of horses. GSC Biol Pharm
Sci. (2022) 21:116-26. doi: 10.30574/gscbps.2022.21.2.0423

89. Rampacci E, Passamonti F, Bottinelli M, Stefanetti V, Cercone M, Nannarone S,
et al. Umbilical infections in foals: microbiological investigation and management. Vet
Rec. (2017) 180:543. doi: 10.1136/vr.103999

90. Shnaiderman-Torban A, Navon-Venezia S, Paitan Y, Archer H, Abu Ahmad W,
Bonder D, et al. Extended spectrum B lactamase-producing Enterobacteriaceae shedding
by race horses in Ontario, Canada. BMC Vet Res. (2020) 16:479. doi:
10.1186/s12917-020-02701-z

91.de Lagarde M, Fairbrother JM, Arsenault J. Prevalence, risk factors, and
characterization of multidrug resistant and Esbl/Ampc producing Escherichia coli in
healthy horses in Quebec, Canada, in 2015-2016. Animals. (2020) 10:523. doi:
10.3390/ani10030523

92. de Lagarde M, Larrieu C, Praud K, Schouler C, Doublet B, Sallé G, et al. Prevalence,
risk factors, and characterization of multidrug resistant and extended Spectrum
B-lactamase/ Ampc B-lactamase producing Escherichia coli in healthy horses in France
in 2015. J Vet Intern Med. (2019) 33:902-11. doi: 10.1111/jvim.15415

93. Wolny-Kotadka K, Lenart-Boron A. Antimicrobial resistance and the presence of
extended-Spectrum Beta-lactamase genes in Escherichia coli isolated from the
environment of horse riding centers. Environ Sci Pollut Res. (2018) 25:21789-800. doi:
10.1007/s11356-018-2274-x

94. Adams R, Kim S, Mollenkopf D, Mathys D, Schuenemann G, Daniels J, et al.
Antimicrobial-resistant Enterobacteriaceae recovered from companion animal and
livestock environments. Zoonoses Public Health. (2018) 65:519-27. doi:
10.1111/zph.12462

95. Isgren CM, Williams NJ, Fletcher OD, Timofte D, Newton R], Maddox TW, et al.
Antimicrobial resistance in clinical bacterial isolates from horses in the Uk. Equine Vet
J. (2022) 54:390-414. doi: 10.1111/evj.13437

96. Kibret M, Abera B. Prevalence and antibiogram of bacterial isolates from urinary
tract infections at Dessie health research laboratory, Ethiopia. Asian Pac ] Trop Biomed.
(2014) 4:164-8. doi: 10.1016/S2221-1691(14)60226-4

97. Richter P, Kriiger M, Prasad B, Gastiger S, Bodenschatz M, Wieder F, et al. Using
colistin as a Trojan horse: inactivation of gram-negative Bacteria with Chlorophyllin.
Antibiotics. (2019) 8:158. doi: 10.3390/antibiotics8040158

98. Johns IC, Baxter K, Booler H, Hicks C, Menzies-Gow N. Conjunctival bacterial
and fungal Flora in healthy horses in the Uk. Vet Ophthalmol. (2011) 14:195-9. doi:
10.1111/j.1463-5224.2010.00867.x

99. Pottier M, Castagnet S, Gravey F, Leduc G, Sévin C, Petry S, et al. Antimicrobial
resistance and genetic diversity of Pseudomonas aeruginosa strains isolated from equine
and other veterinary samples. Pathogens. (2022) 12:64. doi: 10.3390/pathogens12010064

100. Van Der Kolk J, Endimiani A, Graubner C, Gerber V, Perreten V. Acinetobacter
in veterinary medicine, with an emphasis on Acinetobacter baumannii. ] Glob Antimicrob
Resist. (2019) 16:59-71. doi: 10.1016/j.jgar.2018.08.011

101. Zurabov E, Zhilenkov E. Characterization of four virulent Klebsiella pneumoniae
bacteriophages, and evaluation of their potential use in complex phage preparation. Virol
J. (2021) 18:9. doi: 10.1186/s12985-020-01485-w

102. Tan CW, Rukayadi Y, Hasan H, Abdul-Mutalib N-A, Jambari NN, Hara H, et al.
Isolation and characterization of six Vibrio  parahaemolyticus lytic
bacteriophages from seafood samples. Front Microbiol. (2021) 12:616548. doi:
10.3389/fmicb.2021.616548

frontiersin.org


https://doi.org/10.3389/fvets.2025.1609955
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.5897/JVMAH2014.0301
https://doi.org/10.1093/jac/dkt020
https://doi.org/10.15361/2175-0106.2011v27n2p073-079
https://doi.org/10.35864/evmd.1087584
https://doi.org/10.1186/s40793-017-0234-6
https://doi.org/10.1053/j.ctep.2006.03.020
https://doi.org/10.1111/j.2042-3292.2010.00071.x
https://doi.org/10.17236/sat00068
https://doi.org/10.1111/eve.12707
https://doi.org/10.2460/javma.1999.215.11.1666
https://doi.org/10.36347/sjavs.2016.v03i02.012
https://doi.org/10.1136/vr.102708
https://doi.org/10.21608/svu.2023.216741.1277
https://doi.org/10.2460/ajvr.2004.65.829
https://doi.org/10.1016/j.jevs.2017.05.010
https://doi.org/10.1089/vbz.2022.0004
https://doi.org/10.1016/j.rvsc.2007.02.008
https://doi.org/10.9775/kvfd.2013.10649
https://doi.org/10.3390/antibiotics13080713
https://doi.org/10.1007/s42770-024-01479-8
https://doi.org/10.1016/j.jevs.2019.06.005
https://doi.org/10.1016/j.jevs.2019.06.005
https://doi.org/10.22456/1679-9216.125109
https://doi.org/10.3390/molecules24162903
https://doi.org/10.1294/jes.32.61
https://doi.org/10.1128/microbiolspec.gpp3-0057-2018
https://doi.org/10.30574/gscbps.2022.21.2.0423
https://doi.org/10.1136/vr.103999
https://doi.org/10.1186/s12917-020-02701-z
https://doi.org/10.3390/ani10030523
https://doi.org/10.1111/jvim.15415
https://doi.org/10.1007/s11356-018-2274-x
https://doi.org/10.1111/zph.12462
https://doi.org/10.1111/evj.13437
https://doi.org/10.1016/S2221-1691(14)60226-4
https://doi.org/10.3390/antibiotics8040158
https://doi.org/10.1111/j.1463-5224.2010.00867.x
https://doi.org/10.3390/pathogens12010064
https://doi.org/10.1016/j.jgar.2018.08.011
https://doi.org/10.1186/s12985-020-01485-w
https://doi.org/10.3389/fmicb.2021.616548

Khalid et al.

103. Morgado S, Vicente AC. Global in-silico scenario of tRNA genes
and their organization in virus genomes. Viruses. (2019) 11:180. doi:
10.3390/v11020180

104. Tkhilaishvili T, Wang L, Perka C, Trampuz A, Gonzalez Moreno M. Using

bacteriophages as a trojan horse to the killing of dual-species
biofilm formed by  Pseudomonas aeruginosa and methicillin
resistant  Staphylococcus —aureus. Front Microbiol. (2020) 11:695. doi:

10.3389/fmicb.2020.00695

Frontiers in Veterinary Science

23

10.3389/fvets.2025.1609955

105. Yamaki S, Yamazaki K, Kawai Y. Broad host range bacteriophage, Escohul,
infecting Escherichia coli O157: H7 and Salmonella enterica: characterization,
comparative genomics, and applications in food safety. Int ] Food Microbiol. (2022)
372:109680. doi: 10.1016/j.ijffoodmicro.2022.109680

106. Manohar P, Tamhankar AJ, Lundborg CS, Nachimuthu R. Therapeutic
characterization and efficacy of bacteriophage cocktails infecting Escherichia coli,
Klebsiella pneumoniae, and Enterobacter species. Front Microbiol. (2019) 10:574. doi:
10.3389/fmicb.2019.00574

frontiersin.org


https://doi.org/10.3389/fvets.2025.1609955
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.3390/v11020180
https://doi.org/10.3389/fmicb.2020.00695
https://doi.org/10.1016/j.ijfoodmicro.2022.109680
https://doi.org/10.3389/fmicb.2019.00574

	Controlling drug-resistant bacteria in Arabian horses: bacteriophage cocktails for treating wound infections
	1 Introduction
	2 Materials and methods
	2.1 Study population and clinical samples
	2.2 Isolation and identification of the causative agents
	2.3 DNA extraction and PCR assays
	2.3.1 Preparation of DNA from samples
	2.3.2 PCR amplification and cycling conditions
	2.4 Antimicrobial susceptibility testing
	2.4.1 Resazurin assay and determination of minimum inhibitory concentration (MIC) of antibiotics
	2.5 Bacteriophage isolation
	2.6 Plaque assay and determination of bacteriophage titre
	2.7 Determination of phage host range
	2.8 Characterization of phage
	2.8.1 Thermal, ultraviolet light, and pH stability
	2.8.2 Morphological characteristics of phages
	2.9 Phage adsorption assay
	2.10 One-step growth technique
	2.11 Phage DNA extraction and restriction fragment length polymorphisms (RFLPs) analysis
	2.12 Application of phage for treating infected wound
	2.13 Data analysis

	3 Results
	3.1 Prevalence of different bacteria causing infections in Arabian horses
	3.2 Emergence of extensively- and Pan-drug resistant bacteria in Arabian horses
	3.3 Isolation and characterization of lytic phages
	3.4 Phage DNA extraction and restriction enzyme analysis
	3.5 Host range of isolated phages
	3.6 Heat, ultraviolet and pH stability of phages
	3.7 Adsorption of the phage to the host cell and one-step growth curve
	3.8 Bacteriophage cocktails to treat infected wounds in Arabian horses

	4 Discussion
	5 Conclusion

	 References

