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ARTICLE INFO ABSTRACT

Keywords: The poultry sector is a significant reservoir of antimicrobial-resistant (AMR) bacteria, posing a substantial threat
Antimicrobial resistance to public health and food safety. This study quantified farm-level contamination in chickens and turkeys,
ESBL

characterized Escherichia coli and Salmonella spp. and their ESBL/carbapenemase encoding genes, and evaluated
papain as a meat-preservation agent. A total of 442 samples (cloacal swabs, litter, water, feed, worker hands,
meat, and organs) were collected from 12 chicken and 8 turkey farms. The total viable count (TVC), total
coliform count (TCC) were enumerated. E. coli and Salmonella were isolated and tested by multiplex PCR for the
detection of ESBL/carbapenemase encoding genes. Antimicrobial resistance (AMR) phenotypes and bla®™*M
phylogeny were assessed. The effect of papain on chilled chicken meat (12 days) was assessed. The results
indicated that microbial loads were higher in chicken than in turkey farms (p < 0.05). Chicken litter showed the
highest counts (TVC 7.86 + 0.25; TCC 6.38 + 0.09 log10 CFU/g). In chickens, E. coli prevalence was 18.4% (50/
272), varying by sample type (p < 0.001), and in turkeys, prevalence was 27.6% (47/170). The ESBL genes in
chicken E. coli were bla™ 100%, bla®™V 90%, bla®™*™M 22%, and bla®*4! 10%; and the carbapenemases were
bla®P€ 14%, bla™M 10%, and blaVIM 6%. Turkey E. coli carried bla’™™ (95.7%), bla*?V (85%), bla®™*™M (21.3%),
bla®XA-1 (4.3%), bla®”" ¢ (10.6%), bla"™™ (10.6%, bla"™ 6.4%. Salmonella occurred in 4.0% of chicken and 18.3%
of turkey samples. Salmonella isolates with ESBLs from chickens had bla™ 100%, bla®™™ 9%, while bla®**!
0%; in turkeys; bla™ 90%, and bla®*41 3%. blaPC was absent in chickens but detected in 13% of turkey iso-
lates. Phylogenetic analyses elucidate the potential transmission pathways. E. coli resisted ampicillin/sulbactam
(65-67%); Salmonella resisted ceftriaxone (88-91%) and penicillin (82-86%). Papain significantly lowered
TVC/TCC/TEC during storage, delaying spoilage. In conclusion, poultry farms, especially turkey farms, harbor
multidrug-resistant E. coli and Salmonella with clinically important ESBL/carbapenemase genes. Prudent anti-
biotic use, strengthened biosecurity, and papain-based interventions can mitigate food-safety risks.

E. coli
Turkey
One health

Introduction animal protein, both chicken and turkey farming have expanded
significantly in recent years (Shoukry, 2021). Turkey meat, in particular,

Poultry production is a vital component of Egypt's agricultural sector is favored for its low fat and high protein content, offering a nutritious
and a cornerstone of national food security. With increasing demand for alternative to red meat. However, turkey production is more sensitive to
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environmental and nutritional stressors than chicken production, and
young birds are particularly vulnerable to infectious diseases, especially
bacterial infections during the early growth stages (Aslam et al., 2012;
Dec et al., 2018). These challenges are compounded by the global threat
of antimicrobial resistance (AMR), which is rapidly undermining the
effectiveness of common antibiotics in veterinary and human medicine
(Olasz et al., 2023).

In the context of poultry health, Escherichia coli (E. coli) and Salmo-
nella spp. are among the most significant bacterial pathogens. Food-
borne pathogenic bacteria transmit antimicrobial resistance genes
(ARGS). ARGs from farm animals have been reported as the primary
source of human infections (Wu et al., 2022). Preventing the spread of
AMR bacteria from farm to table is critical for public health. Avian
pathogenic E. coli (APEC) is responsible for colibacillosis, a systemic
infection that causes pericarditis, salpingitis, omphalitis, and arthritis,
contributing to high mortality and severe economic losses in poultry
farms (Ibrahim et al., 2023; Guabiraba and Schouler, 2015; Shakal et al.,
2024; Shalaby et al., 2022; Ahmed et al., 2025). Similarly, Salmonella
infections, particularly those caused by S. gallinarum and S. pullorum,
lead to fowl typhoid and pullorum disease, respectively, both of which
cause systemic illness and production losses (Shakal et al., 2024; Andino
and Hanning, 2015; Tariq et al., 2022). Beyond their veterinary
importance, both E. coli and Salmonella spp. pose a serious zoonotic risk,
as they can contaminate poultry meat and be transmitted to humans via
the food chain.

The indiscriminate and often unregulated use of antibiotics in
poultry farming is a major driver of AMR, particularly in low- and
middle-income countries (Dadgostar, 2019). This selective pressure has
led to the emergence of multidrug-resistant (MDR) strains, many of
which carry mobile genetic elements that facilitate horizontal gene
transfer. Studies have shown that poultry meat can become contami-
nated during processing, and even organically raised birds may harbor
resistant bacteria due to environmental exposure (Mak et al., 2022;
Alam et al., 2020; Khalefa et al., 2025). Among the most concerning
resistance mechanisms is the production of extended-spectrum f-lacta-
mases (ESBLs) and carbapenemases, encoded by genes such as bla™™,
blaFV1, bla®PC, bla"PM, and bla"™ (Pitout, 2010; Mughini-Gras et al.,
2019; Moawad et al., 2022; Codjoe and Donkor, 2017; Kadry et al.,
2021). These enzymes confer resistance to critical antibiotics, including
third-generation cephalosporins and carbapenems, agents often
reserved as last-line treatments in human medicine.

Considering the growing concern over the spread of AMR through
the food chain, it is urgent to implement integrated surveillance and
mitigation strategies under the One Health framework and to ensure
that hygienic slaughter management is implemented to prevent cross-
contamination (Elkholy et al., 2024; Gyawali and Ibrahim, 2014). One
promising approach involves the use of natural antimicrobial agents to
reduce bacterial contamination in food products. Papain, a cysteine
protease derived from the papaya plant (Carica papaya), has demon-
strated antimicrobial effects in addition to its role in meat tenderization
(Karkal et al., 2022; Llerena-Suster et al., 2011). By breaking down
bacterial cell wall proteins and disrupting membrane integrity, papain
exerts bactericidal effects against a broad spectrum of pathogens,
including E. coli, Salmonella typhimurium, Klebsiella pneumoniae, and
Pseudomonas aeruginosa (Eshamah et al., 2014; Zhang et al., 2025). As a
safe, biodegradable, and cost-effective alternative, papain could serve as
a valuable tool for enhancing poultry meat safety and reducing the risk
of human exposure to resistant bacteria.

This study aimed to investigate the prevalence and antimicrobial
resistance patterns of E. coli and Salmonella spp. isolated from various
environmental and biological samples collected from chicken and turkey
farms in Egypt. Furthermore, it sought to assess the phylogenetic
relatedness of the isolates to evaluate potential zoonotic transmission
pathways. Additionally, the study evaluated the antibacterial effect of
papain, a natural antimicrobial agent, on poultry meat to reduce bac-
terial load and inhibit the growth of multidrug-resistant organisms.
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Materials and methods
Sample collection

This study was conducted on 20 poultry farms (12 chicken farms and
eight turkey farms) located in El-Menoufia Governorate, Egypt, during
2023-2024. All farms reported different morbidity disorders and mor-
tality. A total of 442 samples were aseptically collected, including
cloacal swabs (n = 62) from apparently healthy or diseased birds (3-5
birds per farm), and environmental samples (n = 80), which included
litter (n = 20), water (n = 20), feed (n = 20), and pooled hand swabs
from workers (n = 20; 3 workers per farm). Composite environmental
samples were prepared at three to five different locations within each
farm. Additionally, on average, five birds per farm were necropsied at
various ages, based on morbidity history, as shown in Fig. 1. Three
hundred samples of their meat, liver, and hearts were taken under hy-
gienic conditions for microbiological analysis. All samples were trans-
ported in an icebox to the laboratory and pre-enriched in 10 mL of
buffered peptone water (BPW, Oxoid, UK). Details about farm charac-
teristics and sampling were provided in Table 1.

Microbiological examination

Bacteriological sample preparation

One milliliter of water samples, worker hand swabs (moistened with
sterile saline), and cloacal swabs were mixed with 9 mL of sterile 0.9%
saline to prepare a 107 dilution (American Public Health Association
(APHA) 2001). For solid samples (litter and feed), 10 g were homoge-
nized in 90 mL of sterile saline (Ismael et al., 2022). Tissue samples
(liver, heart, and meat samples from breast muscle) were homogenized
using a stomacher (Lab Blender 400, Seward, Model No. AB6021) with
90 mL of 0.1% peptone water (HIMEDIA) for one minute (ISO, 2013).
Serial 10-fold dilutions were prepared using 0.9% sterile saline solution.

Enumeration of total viable count (TVC), total coliforms count (TCC), total
Enterobacteriaceae count (TEC), and total Staphylococcus count (TSC)

From the appropriate dilution, 0.1 mL was pipetted into standard
plate count agar medium (Difco Laboratories, USA), violet red bile
lactose agar (VRBL) medium (HIMEDIA, India), MacConkey agar, and
Baird-Parker agar medium (Merck, Germany) containing egg yolk, and
spread using a sterile glass spreader for TVC, TCC, TEC, and TSC,
respectively. The plates were then incubated at 37 °C for 18 to 24 h. Only
plates containing fewer than 300 colony-forming units (CFU) were
counted (Danon-Moshe et al., 1985). Enterobacteriaceae were repre-
sented by reddish purple/pink colonies (APHA, 28). Staphylococcus
aureus colonies appeared glossy black with a thin white border and a
clear zone surrounding them. Colony-forming units (CFU) per gram/mL
were calculated using the formula: CFU = dilution x colony count/vo-
lume. These values, representing the mean colony-forming units, were
converted into logarithmic form (log;p CFU).The traditional plate
counting technique detects only viable and culturable bacteria.
Stress-adapted or injured cells, as well as microorganisms in a
viable-but-non-culturable (VBNC) state, may not grow under the applied
culture conditions. Therefore, the reported microbial counts may un-
derestimate the actual contamination level.

Isolation and identification of E. coli and Salmonella spp

E. coli: Samples were pre-enriched in lactose broth (Oxoid, UK) and
incubated overnight at 37 °C. A loopful from the broth was streaked on
eosin methylene blue (EMB) agar and incubated at 37 °C for 18 to 24 h.
Colonies with a green metallic sheen were subcultured for purity and
identified using biochemical tests (Quinn et al., 2011).

Salmonella spp.: After 18 h of pre-enrichment in BPW, 1 mL was
transferred to Rappaport-Vassiliadis (RV) broth and incubated at 42 °C
for 24 h. Cultures were streaked on Xylose Lysine Deoxycholate (XLD)
agar and incubated at 37 °C for 24 h. Colonies with black centers were
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Fig. 1. The postmortem examination of freshly necropsied birds shows the following: A: chicken liver with subcapsular hemorrhage and necrosis, B: Airasculaitis, C:
recently necropsied turkey with enteric symptoms, D: Postmortem examination of freshly dead turkey shows inflammation of the intestines.

Table 1
Details of the studied farms characteristics and sampling.
Poultry Farm  Total No. of Age Ventilation  Types of Mortality*  Types of samples
zt:g; per (days) bedding Meat Liver&heart Cloacal Litter =~ Workers Feed Water
swaps hand
Broilers n F1 4000 23 Semi-closed Litter 2.6% 5 10 4 1 1 1 1
=12 F2 15000 4 Closed Litter 0.8% 5 10 4 1 1 1 1
F3 4000 20 Semi-closed Litter 3% 5 10 2 1 1 1 1
F4 15000 34 Closed Litter 0.91% 5 10 4 1 1 1 1
F5 20000 29 Closed Litter 1% 5 10 4 1 1 1 1
F6 15000 30 Closed Litter 0.39% 5 10 4 1 1 1 1
F7 1500 18 Semi-closed Litter 2% 5 10 4 1 1 1 1
F8 35000 8 Closed Litter 1.5% 5 10 2 1 1 1 1
Fo 30000 12 Closed Litter 9% 5 10 4 1 1 1 1
F10 10000 26 Closed Litter 2.9% 5 10 4 1 1 1 1
F11 15000 22 Closed Litter 7% 5 10 4 1 1 1 1
F12 5000 2 Semi-closed Litter 4% 5 10 4 1 1 1 1
Total 60 120 44 12 12 12 12
Turkey F1 1000 80 Semi-closed  Litter 0.3% 5 10 2 1 1 1 1
N=8 F2 500 50 Opened Litter 0.8% 5 10 2 1 1 1 1
F3 100 120 Opened Litter 0.62% 5 10 2 1 1 1 1
F4 1000 299 Semi-closed Litter 0.83% 5 10 2 1 1 1 1
F5 400 19 Opened Litter 0.42% 5 10 2 1 1 1 1
F6 100 133 Opened Litter 0.7% 5 10 2 1 1 1 1
F7 2000 55 Semi-closed Litter 1% 5 10 3 1 1 1 1
F8 1000 199 Semi-closed Litter 1.45% 5 10 3 1 1 1 1
Total 40 80 18 8 8 8 8
Total no. of all samples 100 200 62 20 20 20 20

presumptively identified as Salmonella and confirmed by Gram staining
and biochemical tests (Kagirita et al., 2017).

Molecular identification of carbapenemase- and ESBL-encoding resistance
genes in E. coli and Salmonella isolates

Genomic DNA extraction

Genomic DNA was extracted using the boiling method (Murugkar
et al., 2003). Two milliliters of enriched culture were centrifuged at
13000 rpm for 10 min. The pellet was resuspended in 200 pL
nuclease-free water, heated at 100 °C for 10 min, cooled overnight at 20
°C, and then centrifuged again. The supernatant was used as a DNA

template and stored at —20 °C.

Molecular confirmation for E.coli and Salmonella isolates

PCR targeting the 16S rRNA gene (for E. coli) and invA gene (for
Salmonella) was conducted for molecular confirmation using primers
from Wang et al. (2002) and referenced protocols (Khalefa et al., 2021).

Molecular detection of ESBL and carbapenemase encoding resistance genes

Confirmed isolates were screened for ESBL genes (bla™™, blaSHV,
bla®™M and bla®*41) and carbapenemase genes (bld®PS pla™M, and
bla"™) using multiplex PCR, as described by Khalefa et al. (2025) and
Youseef et al. (2024). PCR products were analyzed using 1% agarose gel
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electrophoresis. Primer sequences are listed in Table 2.

Phylogenetic analysis and sequencing

Two ESBL-producing E. coli isolates (from chicken and turkey) were
purified using the QIAquick gel extraction kit (Qiagen, Switzerland).
The CTX-M gene was sequenced using forward and reverse primers.
Sequences were submitted to GenBank BLASTn was used to compare
sequences against the NCBI databases. Multiple sequence alignment and
phylogenetic analysis were performed using ClustalW and MEGA11l
software, applying the neighbor-joining method with 1,000 bootstrap
replicates.

Antibiotic sensitivity test

The antimicrobial panel used for susceptibility testing was selected
according to two primary criteria: (1) inclusion of agents representing
the major antimicrobial classes commonly used in poultry production
within the study area, and (2) antibiotics essential for identifying ESBL-
associated resistance patterns, particularly f-lactams and their thera-
peutic alternatives. Based on these considerations, the panel comprised
fluoroquinolones (ofloxacin, 5 pg), tetracyclines (tetracycline, 30 pg),
B-lactams (penicillin, 10 ug; ampicillin/sulbactam, 20 pg), third-
generation cephalosporins (ceftriaxone, 30 pg), and lincosamides (clin-
damycin, 2 pg). These antimicrobials reflect both current and histori-
cally prevalent usage in local poultry farms and facilitate the
preliminary characterization of multidrug resistance profiles in ESBL-
producing E. coli and Salmonella isolates. Susceptibility testing was
performed using the Kirby-Bauer disc diffusion method on Muel-
ler-Hinton agar, and results were interpreted in accordance with CLSI
guidelines (CLSI Clinical and Laboratory Standards Institute, 2020).
Isolates exhibiting resistance to three or more antimicrobial classes were
categorized as multidrug-resistant (MDR) (Khalefa et al., 2025).

Antibacterial testing for plant extract

Papain extract was supplied by the Botany Department, National
Research Center, Giza, Egypt. Dried Carica papaya leaves were first
ground into a fine powder using a laboratory mill. The powdered plant
material was then subjected to ethanolic extraction by soaking in 96%
ethanol at 40 °C with continuous stirring for 24 h. Following extraction,
the mixture was filtered through Whatman No. 1 filter paper to remove
plant residues. The filtrate was concentrated using a rotary evaporator at
68 °C under reduced pressure until most of the solvent was removed.
The semi-solid residue obtained after solvent evaporation was further
dried to yield a crude extract containing papain and associated phyto-
chemical components naturally present in the leaf matrix. For experi-
mental use, the dried crude extract was reconstituted in distilled and
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deionized water (DDW) to prepare a 5% (w/v) working solution,
corresponding to 5 g of crude extract per 100 mL of DDW. With regard to
enzyme potency, the papain solution used in this study was a crude
ethanolic extract rather than a purified enzymatic preparation.
Therefore, its exact papain enzymatic activity was not directly quanti-
fied by the supplier. The 5% concentration refers to the weight of crude
extract dissolved per volume of DDW, which is the standard prepa-
ration procedure routinely applied for phytochemical extracts used in
antimicrobial or biological assays. The biological activity reported in
this study is thus based on crude-extract concentration rather than pu-
rified papain activity units (Morshdy et al., 2025).

Salmonella inoculum: Salmonella typhimurium was applied at a
standardized dose of ~10° CFU/mL, with 1 mL distributed per fillet.

The experiment: A total of six portions of fresh chicken breast fillets
were obtained from a local retail market. Each portion weighed 300 g
and was cut into uniform pieces of approximately 5 x 5 cm to stan-
dardize surface area and ensure consistent contact with the bacterial
suspension and papain solution. Portions were randomly assigned into
two treatment groups (three replicates per group). Group 1 (Positive
Control); chicken fillets treated with 5 mL sterile distilled water. Group 2
(Papain Treatment): chicken fillets treated with 5 mL of 5% (w/v)
papain crude extract prepared as previously described. The bacterial
inoculum was pipetted evenly across the chicken meat, which was then
stirred with a sterile glass rod to ensure uniform distribution of the
bacteria. Over 12 days, samples were stored in sterile polyethylene bags
at refrigeration temperature (4 °C) and monitored for bacterial growth.
Microbiological assessments (TVC, TCC, and TEC) were conducted every
three days. Experiments were conducted in triplicate.

The statistical analysis

SPSS version 18.0 was used to analyze the data, and a p-value <0.05
was considered statistically significant. Multiple categorical samples
were compared using chi-square testing. With the "Heatmap" R package
(version 4.2.2, R Foundation for Statistical Computing), isolates from
various sources were grouped based on their AMR traits. A heatmap
library (version 1.0.12) was used to cluster strains (Kolde, 2019).

Results
Microbial load in chicken and turkey farms

Microbiological assessment of 442 samples collected from 12
chicken farms and eight turkey farms revealed that microbial contami-
nation levels were significantly higher in chicken farms than in turkey
farms. Among the various sample types analyzed, litter samples from
chicken farms exhibited the highest bacterial loads, with total viable
counts (TVC), and total coliform counts (TCC), reaching maximum

Table 2
Primer sequences for PCR amplification of carbapenemase and ESBL genes.
gene Primer sequence (5'-3") Band Pcr condition Reference
size
ESBLs encoding blargy F: CGC CGC ATA CAC TAT TCT CAG AAT GAR: 445 initial denaturation for 5 min at 94 °C followed by 30 cycles ~ (Khalefa et al.,
genes ACG CTC ACC GGC TCC AGA TTT AT of denaturation of 1 minute at 61 °C, extension at 72 °C for 2025; Samir et al.,
blagyy F: CTT TAT CGG CCC TCA CTCAA R: AGG TGC 237 1 minute, and final extension at 72 °C for 5 min 2022)
TCA TCA TGG GAA AG
blacrx- F: ATG TGC AGY ACC AGTAAR GTK ATG GC R: 593
M TGG GTR AAR TAR GTS ACC AGA AYC AGC GG
blapxa- F: ACA CAA TAC ATA TCA ACT TCG C R: AGT 813
1 GTG TTT AGA ATG GTG ATC
carbapenemase KPC F:ATG TCA CTG TAT CGC CGT CT R:TTT TCA 882 initial denaturation for 5 min at 94 °C followed by 30 cycles ~ (Youseef et al.,
encoding genes GAG CCT TAC TGC CC of 94 °C for one minute, 55 °C for one minute, and 72 °Cfor ~ 2024)
NDM F:GGT TTG GCG ATC TGG TTT TC R:CGG AAT 621 two min and final extension at 72 °C for 5 min.
GGC TCA TCA CGA TC
VIM F:AGTGGTGAGTATCCGACAG R: 261

ATGAAAGTGCGTGGAGAC
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values of 7.86 + 0.25 and 6.38+ 0.09 logw CFU/g, respectively.
Conversely, internal tissue samples such as liver consistently demon-
strated the lowest bacterial counts across both poultry species. In
chicken farm environments, TEC was most abundant in cloacal swabs,
followed by hand swabs from farm workers and water samples, indi-
cating potential routes for environmental and cross-contamination as
shown in Table 3. In turkey farms, the highest microbial loads were
noted in litter and worker hand swabs. Internal organs such as the liver
and breast meat retained comparatively lower bacterial contamination
levels. Statistical analyses demonstrated that microbial counts,
including TVC, TCC, and TEC, differed significantly (p < 0.05) across
various sample types and between the two poultry species. These find-
ings underscore the critical need for targeted hygiene and biosecurity
measures in poultry farms to minimize foodborne risks.

Prevalence of E. coli in poultry and environmental samples

In chicken farms, E. coli was isolated from 50 samples, representing a
prevalence of 18.4%, as shown in Table 4. Among environmental sam-
ples, the highest recovery rates were obtained from litter, followed by
feed and water sources. A statistically significant variation in E. coli
detection rates was observed across different sample types within
chicken farms (p < 0.001), indicating the presence of multiple
contamination sources and pathways. In turkey farms, E. coli was
detected in 47 samples, corresponding to a prevalence of 27.6%.
Approximately 50% of the turkey E. coli isolates originated from litter
and feed samples, with the remaining 25% recovered from water sam-
ples. Unlike in chicken farms, no statistically significant differences were
detected in E. coli prevalence among various sample types in turkey
farms (p > 0.05), suggesting a more uniform pattern of contamination
across different sample categories.

Detection of ESBL and carbapenemase-encoding genes in E. coli isolates

Multiplex PCR analysis confirmed the presence of ESBL-encoding
genes (blaTEM, blaS"V> blaCTX'M, and blaOXA'I) in the E. coli isolates
(Table 4). In this study, ESBL-encoding genes bla™M, bla®V, pla®™M,
and bla®*! were detected in 100% (50/50), 90% (45/50), 22% (11/
50), and 10% (5/50) of the 50 isolates from chicken farms, respectively,
while the detection rates in turkey birds and their environment were
95.7%, 85%, 21.3%, and 4.3%, respectively. In samples of chicken birds
and their environment, carbapenem-encoding genes of E. coli strains
(bla®*€, bla""M, and bla"™) were detected in 14% (7/50), 10% (5/50),
and 6% (3/50) of samples, respectively; besides, 10.6% (5/47), 10.6%
(5/47), and 6.4% (3/47) of turkey bird samples were positive, respec-
tively. These findings suggest that poultry farms, particularly turkey
farms, harbor multidrug-resistant E. coli strains carrying clinically
relevant resistance genes, posing a potential risk for zoonotic trans-
mission and a significant public health impact.

Table 3
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Prevalence of Salmonella spp. in poultry and environmental samples

Out of 272 samples collected from chicken farms, Salmonella spp.
were isolated from 11 samples (4%) as shown in Table 5. These isolates
were recovered from cloacal swabs, as well as from meat and liver tis-
sues. Environmental contamination in chicken farms was confined to
litter, feed, and water samples, while no Salmonella spp. was recovered
from workers' hand swabs. In contrast, a significantly higher prevalence
was observed in turkey farms, with Salmonella spp. isolated from 31 of
170 samples, corresponding to 18.3%. These isolates were recovered
from cloacal swabs, as well as from meat, liver, and heart tissues. Among
environmental samples from turkey farms, Salmonella spp. was most
frequently detected in water (37.5%), followed by litter (25%) and
handlers' hand swabs (12.5%). Statistical analysis revealed no signifi-
cant differences in Salmonella spp. prevalence among the different
sample types within either poultry species (p > 0.05).

Detection of ESBL and carbapenemase-encoding genes in Salmonella
isolates

An overview of the distribution of ESBL-encoding genes among
various types of Salmonella spp. is presented in Table 5. All 11 chicken
isolates were positive for bla™ (100%), bla®Hv (73%), and blat™M
(9%). No chicken samples contained bla®?-!, Additionally, all 31 turkey
isolates tested positive for bla™ (90%), bla®"Y (74.2%), blaC™xM (61%),
and bla%*4! (3%). Only 9% of all samples harbored carbapenem-
encoding bla™™ and bla"™ genes, whereas none of the isolates
harbored bla®FC. In addition, only chicken meat samples contained the
carbapenem-encoding bla™”™ and bla"™ genes. In the turkey isolates,
bla®?C and bla™M were detected in 13% and 9.7%, respectively, in
cloacal, meat, heart, and worker hand samples; however, bla"™ was not
detected. These results suggest a higher frequency of both ESBL- and
carbapenemase-encoding genes in Salmonella spp. from turkey farms,
highlighting the potential zoonotic and public health risks associated
with these antimicrobial-resistant strains.

Phylogenetic analysis of bla®™*™

genes in E. coli isolates

A phylogenetic analysis was conducted to investigate the genetic
relatedness of bla®™™ gene sequences identified in E. coli isolates ob-
tained from poultry farms in Egypt (designated Zone 1 and Zone 3).
Partial sequences of the bla®™*™ gene were aligned with reference se-
quences retrieved from GenBank, representing a range of environ-
mental, human, and animal sources. Sequences were submitted to
GenBank (Accession numbers: PV199120 and PV183229). The resulting
phylogenetic tree (Fig. 2) revealed two distinct clusters corresponding to
isolates from turkey (Zone 1) and chicken (Zone 3).

The Zone 1 isolate (from turkey) clustered closely with Enterobacter
spp. and E. coli strains from environmental sources in India, including

Total viable colony count, total coliform count, total Enterobacterice count, and total Staphylococcus count of examined samples from poultry farms (Chicken and

Turkey) expressed as Mean=+SE log CFU/g or ml.

Samples Chicken Turkey
TVC TCC TEC TSC TVC TCC TEC TSC

Meat (breast muscle) 3.53+0.35° 2.7740.20¢ 2.1440.15 1.25:0.63 2.9840.12 2.3240.29° 1.91+0.07 1.25:+0.63"
Liver 2.47+ 0.14° 2.17 + 0.30¢ 1.8440.07° 1.90+ 0.96 2.63 + 0.30° 2.17 + 0.30" 2.41 + 0.08 1.9040.9%°
Cloacal swabs 7.14+ 0.32° 5.20 + 0.10" 3.1240.07° 251 + 0.25 5.81 + 0.09° 4.00+0.85 *° 2.82:+0.25 2.51+0.25°
Litter 7.86 + 0.25% 6.38+ 0.09% 2.41 + 0.08" 2.82 + 0.25 5.52 + 0.38% 4.48+0.37° 2.74+0.41 2.8240.25°
Feed 5.15 + 0.08" 3.96 + 0.17° 2.54 +0.12% 2.63 + 0.07 4.89 + 0.36% 3.4740.37%° 2.91 +0.26 2.63+0.07°
Water 3.70 + 0.29° 2.39+ 0.23¢ 2.72+ 0.16%° 2.28 + 0.29 3.8240.30™ 2.8540.21%° 2.85+0.21 2.2840.29°
Worker’ hand 5.67 + 0.28" 4,03+ 0.11° 2.82+ 0.25%° 2.32 + 0.46 5.07 + 0.20%° 2.6940.20% 1.48 + 0.74 0.00 0.00
p value 0.000 0.000 0.000 0.399 0.000 0.012 0.088 0.009

TVC= Total Viable Count, TCC=Total Coliform Count, TEC= Total Enterobactericie Count, TSC= Total Staphylococcus Count CFU= Colony forming unit SE=

Standard error.

#“Means with different lowercase letters in the same column are significantly different between different sample types (p < 0.05).
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Table 4
Prevalence of E- coli species in poultry birds (chicken and turkey) and their related environment at the observed farms and distribution of ESBL and carbapenemase
encoding genes.

Type of Sample source No. Of No. of E- coli ESBL encoding genes carbapenemase-encoding P
Sample examined positive samples genes value
samples e blappy  blasyy  blacry.  blaoga.  blagec  blaypw  blaym
M 1
Chicken Cloacal swabs 44 23(52) 23 23 5 1 1 2 0 0.022
Organs Meat 60 9 (15) 9 8 4 2 2 2 1
Liver 60 3(5) 3 3 0 0 0 0 0
Heart 60 3(5) 3 2 0 0 0 0 0
Environmental Litter 12 composite 4 (33) 4 4 1 1 1 1 0
samples* Feed 12 composite 3(25) 3 0 0 0 1 0 0
Water 12 composite 3(25) 3 3 0 1 1 0 1
Worker’ 12 composite 2017) 2 2 1 0 1 0 1
hand
Total 272 50 (18.4) 50 45 11(22) 5(10) 7(14) 5(10) 3(6)
(100) (90)
P value < 0.001
Turkey Cloacal swabs 18 8 (44) 7 7 3 1 1 1 0
Organs Meat 40 12 (30) 12 10 3 1 2 3 1
Liver 40 9 (22.5) 9 9 2 0 0 0 1
Heart 40 8 (20) 7 7 1 0 0 0 0
Environmental Litter 8 composite 4 (50) 4 3 0 0 2 1 1
samples* Feed 8 composite 4 (50) 4 2 0 0 0 0 0
Water 8 composite 2 (25) 2 2 1 0 0 0 0
Worker’ 8 composite 0 (0) 0 0 0 0 0 0 0
hand
Total 170 47(27.6) 45 40 10 2(4.3) 5 5 3
(95.7) (85) (21.3) (10.6) (10.6) 6.4)
P value 0.188

*Each sample is a pool of (8-12) sample.
The result is significant at p < 0.05.

Table 5
Prevalence of Salmonella species in poultry birds (chicken and turkey) and their related environment at the observed farms and distribution of ESBL and carba-
penemase encoding genes.

Type of Source sample No. of No. of salmonella ESBL encoding genes carbapenemase-encoding
Sample examined positive samples genes
samples blaggy blagyy blacrx. blapxa.  blagpc  blanpyr  blaypy P value
M 1 (chi
square)
Chicken Cloacal swabs 44 1(2.3) 1 1 0 0 0 0 0 <.001
Organs Meat 60 4(6.7) 4 2 1 0 0 1 1
liver 60 3(5) 3 3 0 0 0 0 0
heart 60 0 (0) 0 0 0 0 0 0 0
Environmental litter 12 composite 1(8.3) 1 1 0 0 0 0 0
samples* feed 12 composite 1(8.3) 1 0 0 0 0 0 0
water 12 composite 1(8.3) 1 1 0 0 0 0 0
Worker 12 composite 0(0) 0 0 0 0 0 0 0
hand
Total 272 11(4%) 11 8 1(9%) 0(0%) 0 1(9%) 1
(100%) (73%) (0%) (9%)
P value 0.616.
Turkey Cloacal swabs 18 6(33.3%) 6 4 4 0 0 1 0
Organs Meat 40 6(15%) 6 6 5 1 2 1 0
Liver 40 7(17.5%) 6 4 4 0 0 0 0
Heart 40 6(15%) 6 5 5 0 1 1 0
Environmental litter 8 composite 2(25%) 2 2 1 0 0 0 0
samples* feed 8 composite 0(0%) 0 0 0 0 0 0 0
water 8 composite 3(37.5%) 1 1 0 0 0 0 0
Worker 8 composite 1(12.5%) 1 1 0 0 1 0 0
hand
Total 170 31(18.23) 28(90) 23 19(61) 1(3) 4(13) 3(9.7) 0(0)
(74.2)
P value 0.199
*Each sample is a pool of (8-12) sample.
The result is significant at p < 0.05.
strain HK117 and isolates from the River Yamuna. These reference gene transfer events among Enterobacteriaceae species in environmental
strains carry blaCTX-M-152 and blaCTX-M-26. Notably, the same cluster or zoonotic settings. This genetic relatedness supports the hypothesis
included Klebsiella pneumoniae isolates, suggesting possible horizontal that the turkey isolate may have acquired its resistance gene from
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whereas chicken isolates were moderately sensitive to clindamycin
(35.4%). These findings highlight the alarming prevalence of multidrug
resistance in both E. coli and Salmonella isolates across poultry produc-
tion systems, underscoring the urgent need for rational antibiotic use
and the development of alternative antimicrobial strategies.

Heatmap analysis of antimicrobial resistance patterns in E. coli and
Salmonella isolates

As illustrated in Fig. 3, hierarchical clustering of E. coli isolates based
on sampling source, region, and AMR profiles revealed a distinct cluster
comprising isolates predominantly from chickens and turkeys in El-
Menoufia Governorate. These isolates, mainly recovered from cloacal

Poultry Science 105 (2026) 106708

swabs and internal organs, demonstrated high resistance to penicillin,
ampicillin, and ceftriaxone, indicating widespread resistance in bird-
associated samples. Similarly, Fig. 4 shows the clustering pattern of
Salmonella isolates from both chicken and turkey sources. A major
cluster was formed by isolates that consistently exhibited resistance to
ceftriaxone and penicillin, regardless of the poultry species. This pattern
further highlights the dominance of f-lactam resistance among Salmo-
nella isolates circulating within these poultry production environments.
Together, these clustering analyses reinforce the link between specific
AMR phenotypes and poultry-associated sampling sources, suggesting
the possible role of farm-level antibiotic practices and shared environ-
mental exposures in shaping resistance profiles.
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Fig. 4. Heatmap illustrating AMR profiles of Salmonella isolates (n = 31). Clustering based on antibiotic susceptibility to f-lactams and tetracyclines from chicken

and turkey sources.

Effect of papain treatment on bacterial counts in chicken meat during
refrigerated storage

Table 7 presents the TVC, TCC, and TEC in chicken meat samples
over a 12-day refrigerated storage period. Bacterial growth was moni-
tored in both untreated control samples and samples treated with
papain. Throughout the storage period, the papain-treated group
consistently exhibited lower microbial loads compared to the control.
Notably, the TVC in the papain group remained significantly lower,
reaching a minimum of 2.28 CFU/g on the ninth day, suggesting a
substantial antibacterial effect. In contrast, the control group exhibited a
progressive increase in microbial counts, with the highest TVC, TCC, and
TEC levels observed by the end of the 12-day period, indicating
advanced spoilage. These findings demonstrated that papain effectively
delayed bacterial proliferation, thereby extending the shelf life of
poultry meat under refrigeration conditions. A statistically significant
difference was detected in microbial counts between treated and control
samples across the storage days (p < 0.05).

The application of papain significantly reduced the bacterial load in
chicken meat during refrigerated storage, thereby extending its shelf
life. In the papain-treated group, the TVC declined from 3.55 log;o CFU/

g on day O to 2.44 log;o CFU/g by day 12. Similarly, the TCC decreased
from 2.61 log;o CFU/g to 1.99 log;o CFU/g, and the TEC dropped from
1.91 log1o CFU/g to 1.22 log;o CFU/g by the end of the storage period.
Statistical analysis revealed significant differences between the treated
and control groups (p < 0.05). Across all time points, the lowest mi-
crobial counts (TVC, TCC, and TEC) were consistently observed in the
papain-treated samples, confirming its antibacterial efficacy and po-
tential to delay spoilage during cold storage.

Discussion

This study assessed bacterial contamination and AMR in poultry
farms, with a focus on the differences between chicken and turkey
production systems. The detection of multidrug-resistant E. coli and
Salmonella spp. harboring ESBL- and carbapenemase-encoding genes
highlights poultry as a significant reservoir for resistant pathogens with
the potential to impact human health. This study, involving 12 chicken
farms and eight turkey farms, revealed that chicken farms harbored a
significantly higher microbial load than turkey farms. This disparity may
be attributed to differences in management practices, bird physiology,
housing systems, and environmental conditions (Wu et al., 2022;

Table 7
Total colony count, total coliform count and total E. coli count of examined meat and liver samples treated by (papain) expressed as a log;oCFU/g.
TVC TCC TEC

Days Control papain Control papain Control Papain
0 day 3.65+0.21° 3.554+0.18% 2.66+0.11d 2.61+0.10 1.914+0.07¢ 1.95+0.03%
3rd day 5.28+0.04° 3.22+0.05% 3.1640.03¢c 2.23+0.05 2.55+0.22° 1.59+0.0°
6th day S 2.80+0.03° 3.63+0.04b 1.96+0.03 2.81+0.04° 1.45+0.0%
9th day S 2.2840.10° 4.024+0.05a 1.63+0.07 3.594+0.25% 1.1840.04¢
12th day S 2.4440.07¢ S 1.99+0.04 S 1.2240.12¢
P value 0.002 0.000 0.000 0.087 0.000 0.000

#“Means with different lowercase letters in the same column are significantly different between different sample types (p < 0.05).

SE=Standard error.
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Shaltout et al., 2018). The highest microbial loads were recorded in litter
and cloacal swabs, while liver and meat samples exhibited the lowest
bacterial counts. This pattern is expected, as poultry droppings and litter
often harbor a diverse population of gut-derived microorganisms
(Nawar et al., 2019). Notably, high TEC values were observed in water
samples and on workers' hands, emphasizing the critical role of human
and environmental vectors in the transmission of bacteria within poultry
production systems (Todd et al., 2008).

In turkey meat and liver samples, the TCC values were 2.14 £+ 0.15
and 1.84 + 0.07 logy¢ CFU/g, respectively, which are lower than values
reported by Morshdy et al. (2023), who found 3.37 log;p CFU/g in
poultry meat products from Zagazig City, Egypt. The lowest total
Staphylococcus count (TSC) values in turkey were 1.25 + 0.63 and 1.91
+ 0.07 logyo CFU/g in meat and liver, respectively. These findings are
consistent with the results of Datta et al. (2012), who reported Staphy-
lococcus spp. levels of 2.52 logig CFU/g. Moreover, Jaber et al. (2017)
reported even higher counts than observed in the present study. Overall,
turkey farms showed consistently lower microbial loads in meat, liver,
and internal organs than chicken farms, as supported by prior studies
reporting lower bacterial burdens in turkeys compared to broilers at
various stages of production (Jaber et al., 2017). This difference could
be attributed to several factors, including smaller flock sizes, lower
stocking densities, improved processing standards, or variations in feed
and housing systems. Microbial contamination in poultry products is a
multifaceted issue influenced by improper handling, unsanitary pro-
cessing, suboptimal storage, and inadequate distribution conditions,
underscoring the need for enhanced hygiene protocols. A limitation of
the study is the use of conventional plate counting, which may under-
estimate total bacterial contamination due to its inability to detect VBNC
or stressed cells. Future research could incorporate culture-independent
methods (e.g., qPCR, metagenomics) to obtain a more comprehensive
assessment of microbial load.

In this study, E. coli was detected in both chicken and turkey farm
samples, with notable differences in prevalence and distribution pat-
terns. In turkey farms, E. coli was detected more frequently than in
chicken farms, with litter and feed serving as major environmental
reservoirs. In chicken farms, E. coli was detected in 18.4% of samples.
E. coli was detected in only 13% (40/304) of chicken fecal samples by
Johnson et al. (2003). Similarly, Ruzauskas et al. (2010) reported a
higher prevalence of 41.7% in chicken liver samples, while Ahmed et al.
(2025) detected E. coli in 51.4% of poultry internal organs. In turkey
farms, E. coli was detected in 27.6% of samples, including cloacal swabs,
meat, liver, and hearts. These findings are higher than those reported by
Zhao et al. (2001), who found an E. coli infection rate of 11.9% in
turkeys.

Regarding Salmonella spp., the pathogen was detected at a rate of 4%
in chicken farm samples and 18.3% in turkey farm samples. These re-
sults are consistent with the findings of Mathole et al. (2017), who re-
ported a 3.15% Salmonella spp. prevalence among 286 chickens in South
Africa. However, they differ from more extensive surveillance data by
the Center for Science in the Public Interest (CSPI), which recorded a
46.7% prevalence in broiler farms in the United States between 2019
and 2020. Furthermore, our findings contrast with those of Al-baqir
et al. (2019), who reported a 32.6% isolation rate of Salmonella spp.
from chicken farms in Egypt.

Chicken and turkey E. coli isolates exhibited a significant presence of
ESBL-encoding genes, suggesting a role for poultry production systems
in p-lactam resistance. In chicken farms, 100% of E. coli isolates carried
the bla™ gene, while bla’V, blaC™™M, and bla®*A-! genes were detected
in 90%, 22%, and 10% of isolates, respectively. This indicates a growing
prevalence of ESBL genes in food-producing animals, contributing to the
global crisis of antimicrobial resistance. The predominance of bla™
suggests its central role in resistance development among poultry-
associated E. coli, while the co-occurrence of bla’V and bla®™M re.
flects increasing genetic diversity that further complicates therapeutic
management (Khalefa et al., 2025; Ahmed et al., 2025). The relatively
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lower detection of bla®®"! indicates an ongoing evolution and diversi-
fication of resistance genes within the poultry microbiome.

Of particular concern is the identification of carbapenemase-
producing E. coli strains. The detection of the clinically critical
carbapenem-encoding genes in poultry is alarming, as carbapenems are
considered last-resort antibiotics for treating multidrug-resistant bacte-
rial infections in humans. Recent studies support the hypothesis that
resistance determinants in food animals can serve as reservoirs for
human infections and must be addressed through integrated One Health
strategies (Liu et al., 2022). This underscores the urgent need to
strengthen antimicrobial stewardship, enforce strict biosecurity pro-
tocols, and implement continuous surveillance in poultry farms to curb
the dissemination of carbapenemase-producing organisms.

Salmonella isolates from chicken and turkey farms showed a high
prevalence of ESBL-encoding genes, with bla™™, bla?V, and bla®™*M
genes detected in all chicken isolates. In turkey isolates, bla™M, blaSHV,
bla®™M  and bla®¥A! genes were found in 61% and 3% of isolates,
respectively. Moreover, bla"P™ and bla"™ genes were detected in 9% of
all Salmonella samples, signaling carbapenem resistance in zoonotic
pathogens. These findings pose significant public health challenges, as
the presence of Salmonella strains carrying carbapenemase genes may
facilitate the transfer of resistance through the food chain. The growing
incidence of bla"™ gene in animal-derived isolates is especially con-
cerning and is consistent with reports identifying environmental reser-
voirs of carbapenem-resistant Enterobacteriaceae (Bonardi and Pitino,
2019). E. coli and Salmonella spp. have been detected in poultry, raising
food safety concerns due to their antimicrobial resistance profiles. The
high prevalence of ESBL-encoding genes in E. coli isolates indicates the
widespread presence of multidrug-resistant strains. Turkey farms have a
higher prevalence of Salmonella, highlighting the need for effective
water sanitation and biosecurity measures.

E. coli and Salmonella spp. isolates from poultry and environmental
sources demonstrated a concerning pattern of MDR, reflecting the
broader global challenge of AMR in foodborne pathogens. Among E. coli
isolates from chickens, high resistance rates were observed to penicillin
(61.6%), ampicillin (65.1%), and ceftriaxone (58.1%), while turkey
isolates showed comparable resistance to ampicillin/sulbactam (67%),
penicillin (58.2%), and ceftriaxone (54.9%). Notably, resistance to
third-generation cephalosporins, such as ceftriaxone, is particularly
alarming, as these antibiotics are crucial for treating serious human
infections (World Health Organization, 2014). The overall MDR profiles
suggest excessive and possibly unregulated use of antimicrobials in
poultry production, especially for prophylaxis and growth promotion.
As reported by Khalefa et al. (2025), the clustering of resistant strains
based on geographic origin reflects region-specific antimicrobial usage
patterns and environmental factors that drive the selection and persis-
tence of resistance. The consistent clustering of resistant isolates across
commonly used antibiotics highlights the urgent need for comprehen-
sive antimicrobial stewardship programs aimed at reducing selection
pressure and limiting the spread of resistant pathogens from farm to
fork.

Salmonella isolates from chicken and turkey exhibited high resistance
to key antibiotics, including ceftriaxone and penicillin, with resistance
rates of 88% and 82%, respectively. However, they showed moderate
sensitivity to clindamycin and higher sensitivity to tetracycline, sug-
gesting differences in antimicrobial exposure and farm practices. The
observed resistance patterns may reflect regional antimicrobial usage
and environmental pressures that select for resistant strains (Mathole
et al., 2017). The clustering of Salmonella isolates across poultry species
indicates the presence of genetically similar, resistant clones circulating
within and between farms. This homogeneity in resistance profiles
suggests horizontal dissemination of resistance determinants. The
persistence of MDR strains in poultry necessitates a One Health
approach, including strengthening antimicrobial stewardship programs,
biosecurity measures, and enhanced resistance monitoring as critical
steps toward mitigating the spread of MDR pathogens within the food
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production chain (World Health Organization, World Organisation for
Animal Health, and UN Environment, 2022; El Badawy et al., 2025).

The present study addresses critical gaps in safeguarding poultry
products from microbial hazards while promoting naturally derived
preservation methods by confirming the presence of pathogenic and
resistant microorganisms and simultaneously investigating natural
antimicrobial strategies. Papain, a cysteine protease enzyme, is widely
used as a meat tenderizer, breaking down tough muscle fibers to
enhance tenderness and overall quality (Zhang et al., 2025). Recog-
nizing its safety and efficacy, the U.S. Food and Drug Administration
(FDA) approved papain (EC 3.4.22.2) for artificial meat tenderization in
2019, following a thorough review of safety data (Grossman, 2019). In
the present study, papain exhibited notable antimicrobial activity in
poultry meat, significantly extending its shelf life. During storage, the
TVC decreased from 3.55 to 2.44 log,o CFU/g, demonstrating its ability
to suppress bacterial growth.

Papain, a proteolytic enzyme derived from papaya, disrupts bacterial
cell walls, resulting in cell lysis and death. It has demonstrated minimum
inhibitory concentrations (MIC) and minimum bactericidal concentra-
tions (MBC) against various bacteria, thereby showcasing its broad-
spectrum antimicrobial property (Gartika et al., 2019). The applica-
tion of papain in meat products has been shown to significantly reduce
microbial proliferation, thereby prolonging the shelf life. Verma et al.
(2022). Found that meat emulsions treated with papain exhibited lower
microbial counts than untreated controls, enhancing product safety and
quality. While papain is effective, other natural preservatives, such as
bacteriocins, also show promise in extending the shelf life of poultry
meat, suggesting the potential for their combined use in food preser-
vation strategies (Umiralieva et al., 2025). Additionally, reductions in
coliform and  Enterobacteriaceae  counts reflected papain's
broad-spectrum antibacterial action against common spoilage organ-
isms and potential foodborne pathogens. Statistically significant differ-
ences (p < 0.05) between treated and control groups further validate its
effectiveness as a natural preservative. These results align with previous
findings, such as those by Olaniyi (2018), who reported that natural
plant-derived extracts like ginger reduce microbial loads and prolong
poultry meat shelf life.

Conclusion

This study highlights the challenge of bacterial contamination and
AMR in both chicken and turkey farms. A high prevalence of MDR
pathogens, particularly Escherichia coli and Salmonella spp., was detec-
ted, with widespread resistance to commonly used antibiotics, including
ampicillin, tetracycline, and sulfonamides. Antimicrobial use in poultry
production, especially in high-density farming systems, remains a key
driver of AMR. Current antimicrobial practices are strongly associated
with elevated resistance rates compared to historical patterns. Poultry
farms serve as potential reservoirs for the dissemination of resistant
bacteria to humans, other animals, and the environment through direct
contact and environmental contamination. Despite some progress in
limiting antibiotic use, AMR persists as a serious public health threat. To
address this issue effectively, integrated interventions are urgently
needed. These include strict biosecurity protocols, responsible antimi-
crobial stewardship, and continuous monitoring and surveillance pro-
grams. Adopting a One Health approach that links animal, human, and
environmental health is crucial for curbing the emergence and spread of
AMR in poultry production systems. This is essential to safeguarding
public health. Moreover, papain's promising results suggest its potential
as a natural, safe alternative to synthetic preservatives. This aligns with
consumer preferences for minimally processed, chemical-free foods.
Future research should focus on gaining mechanistic insights into pa-
pain's antimicrobial activity, determining optimal application doses,
and evaluating its efficacy against a broader spectrum of pathogens
under various storage conditions.
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