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ABSTRACT The effects of pomegranate peel on the
growth performance, intestinal morphology, and the
cecal microbial community were investigated in broilers
challenged with avian pathogenic FEscherichia coli
(APEC) O78. A total of 240 one-day-old chicks (120
males and 120 females) were randomly and evenly allot-
ted into 4 treatment groups (each with 6 biological repli-
cates each of 10 chicks), i.e., negative control (NC),
positive control (PC), and 2 experimental groups
treated with 0.2% fermented pomegranate peel (FP)
and 0.2% unfermented pomegranate peel (UFP),
respectively, with PC, FP, and UFP groups challenged
with APEC 078 (5 x 10° CFU) on day 14. Results
showed that the challenge of APEC O78 decreased the
body weight (BW) and average daily gain (ADG) of
broilers from 1 to 28 d (P < 0.01). These broilers exhib-
ited more pathological conditions in the heart and liver
and higher mortality rates in 28 d compared to the NC

group. Diet supplemented with pomegranate peel (either
fermented or unfermented) significantly increased BW,
ADG, and the villus height /crypt depth ratio (VCR) of
small intestine in 28 d compared to the NC group (P <
0.05). Results of the taxonomic structure of the gut
microbiota showed that compared to the NC group, the
APEC challenge significantly decreased the relative
abundance of Bacteroidetes and increased the relative
abundance of Firmicutes (P < 0.01). Compared to the
PC group, the relative abundance of Ruminococcus_
torques_ group in FP group was increased, while the rel-
ative abundance of Alistipes was decreased. In summary,
our study showed that the dietary supplementation of
pomegranate peel could maintain the intestinal micro-
biota at a state favorable to the host, effectively reduce
the abnormal changes in the taxonomic structure of the
intestinal microbiota, and improve the growth perfor-
mance in broilers treated with APEC.
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INTRODUCTION

The avian pathogenic Escherichia coli (APEC) has
been commonly found in and closely associated with the
intestinal microbiota of broilers. The diseases associated
with APEC are primarily caused by environmental fac-
tors and host susceptibility, resulting in significant eco-
nomic losses to the poultry industry (Kaper et al., 2004;
Newman et al., 2021). The APEC could cause both sys-
temic and local infections in chickens, resulting in a vari-
ety of health issues such as perihepatitis, pericarditis,
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yolk peritonitis, salpingitis, cellulitis, osteomyelitis,
arthritis, and other inflammatory diseases (Dho-Moulin
and Fairbrother, 1999; Dias da Silveira et al., 2002).
Furthermore, the APEC could adversely affect the
growth performance, body weight gain, and feed conver-
sion in broilers (Kemmett et al., 2013; Tarabees et al.,
2019). Currently, there is no directly effective vaccine to
protect chickens from APEC infection, mainly because
the APEC has multiple serotypes and lacks cross-protec-
tion (Mehat et al., 2021). Antibiotic treatment has been
proven effective in preventing and treating F. coli infec-
tions (Roth et al., 2019). However, both the overuse and
misuse of antibiotics have led to rapid increase in antibi-
otic resistance among microorganisms, causing signifi-
cant concerns in related areas (Nhung et al., 2017,
Abdallah et al., 2019). Therefore, it is urgent to find
effective and safe products to replace antibiotics for the
prevention and treatment of APEC infection.


http://orcid.org/0000-0003-0171-9693
https://doi.org/10.1016/j.psj.2023.103304
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:xyc88@mail.hzau.edu.cn

2 XUET AL.

The pomegranate peel is the waste residue generated
during the processing of pomegranate juice and could be
easily obtained at low prices. Notably, the pomegranate
peel contains a large group of phenolic compounds at
high concentrations, e.g., hydrolyzable tannins (i.e.,
punicalin, punicalagin, ellagic acid, and gallic acid), fla-
vonoids (both anthocyanins and catechins), and
nutrients (Akhtar et al., 2015; El-Hadary and Ramadan,
2019). These compounds exhibit strong antioxidant,
antimicrobial, cardioprotective, apoptotic, and antige-
notoxic potentials, with possible ameliorative effects on
many critical diseases (Endo et al., 2010; Lee et al.,
2010; Fawole et al., 2012). Furthermore, the pomegran-
ate peel is an important source of organic acids, e.g., cit-
ric acid, malic acid, acetic acid, oxalic acid, tartaric acid,
lactic acid, ascorbic acid, and fumaric acids, and many
other nutrients (Poyrazoglu et al., 2002). The organic
acids could acidify the digestive tract to generate the
low pH level in the local environment, thereby improv-
ing the chicken’s resistance to pathogens and creating
an unfavorable environment for the proliferation of cer-
tain intestinal pathogens such as F. coli (Khan et al.,
2022). Studies have shown that the addition of 4%
pomegranate peel powder significantly reduced the
quantity of E. coli compared to the control group (P <
0.05) (Ghasemi-Sadabadi et al., 2022). Moreover, stud-
ies have reported that the pomegranate peel extract has
been shown to inhibit the growth of E. coli, i.e., at the
highest concentration (2.7 mg/mL) of H,O extraction
and ethanol peel extraction, the growth of E. coli was
completely inhibited, resulting in 100% microbial
growth inhibition rate (Kupnik et al., 2021). To date,
plant microbial fermentation is widely used to develop
new functional components in plants (Sugiharto and
Ranjitkar, 2019). Microbial fermentation is frequently
used to degrade indigestible substances into small, easily
absorbed molecules and to increase the utilization of
active ingredients (Cao, et al., 2012). For example, fer-
mentation can increase the phenolic content of pome-
granate wastes, thereby enhancing antioxidant effects
(Verotta et al., 2018).

Although the pomegranate peel has been revealed
with antibacterial and antioxidant effects, the studies
on its effects as an inclusion in diets on the growth per-
formance, health, and disease resistance of chickens are
still lacking. Therefore, in order to determine the effect
of the addition of pomegranate peel in broiler diets, the
aim of this study was to evaluate the functions of fer-
mented and unfermented pomegranate peels (FP and
UFP) added to broiler diets in growth performance,
taxonomic structure of intestinal microbiota, and dis-
ease resistance in broilers.

MATERIALS AND METHODS
Preparation of Pomegranate Peel

Both FP and UFP were obtained from the Hubei
Huada Real Technology Co., Ltd., Jingzhou China. The
FP was prepared as follows: the pomegranate peels were

crushed, added with water to 50% moisture, heated to
80°C for 1 h, and then cooled to 37°C. Three species of
probiotics (Bacillus amyloliquefaciens TL, B. lichenifor-
mis TN, and Enterococcus faecalis), were simulta-
neously added into the processed pomegranate peels
mixture. After 72 h of fermentation, i.e., the level of tan-
nin content stabilizes and does not increase any more,
and the fermentation is complete. Then, the materials
were dried, crushed, filtered through a 60-mesh sieve,
and stored with ventilation. The FP contained tannic
acid of ~17.21% with the moisture content of 8.20%. To
make the UFP, the pomegranate peels were dried,
crushed, filtered through a 60-mesh sieve, and stored
with ventilation. The UFP contained tannic acid of
~15.61% with the moisture content of 14.67%.

Experimental Design

All animal experiments was completed by strictly fol-
lowing the Guide for the Care and Use of Laboratory
Animals Monitoring Committee of Hubei Province,
China, with the experimental protocols approved by the
Committee on the Ethics of Animal Experiments of the
College of Veterinary Medicine, Huazhong Agricultural
University (approval No. HZAUGE-2020—-0001). A
total of 240 one-day-old 817 broiler chicks (120 males
and 120 females) were randomly and evenly divided into
4 groups, i.e., a blank control group (negative control
[NC]), blank attacked group (positive control [PC]),
and 2 experimental groups treated with FP and UFP,
respectively, with 6 pens (10 chickens per pen) in each
group. Chickens in both NC and PC groups were fed
with a basal diet (no medicines or additives added),
whereas the 2 experimental groups were fed with the
basal diet with the addition of 0.2% FP and UFP,
respectively. The nutritional components and levels of
the basal diet were shown in Table 1.

The animal experiments were performed at the Hubei
Huada Real Technology Co., Ltd. (Jingzhou, China).
Prior to the trials, both potassium permanganate and
formalin were used to disinfect the chicken coops, which
were cleared of manure every day and maintained at
~33°C until the chickens were 7 d old. Then, the temper-
ature was gradually decreased and finally maintained at
23°C. The chickens were given constant access to their
group-specific feed throughout the day and unlimited
water via nipple drinkers. The amount of feed consump-
tion and the residual feed in each group were recorded
daily. The body weight of each animal was measured
once a week, i.e., on days 7, 14, 21, and 28, respectively.

Experimental Infection With Escherichia coli

To activate the FE. coli, the stored FE. coli of lyophi-
lized bacterial powder with serotypes O78 (obtained
from the Laboratory of Veterinary Microbiology, Huaz-
hong Agricultural University, Wuhan China) were cul-
tured in Luria-Bertani liquid medium at 37°C and
200 r/min for 12 h.
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Table 1. Nutrient composition and level of basal diet used in this
study.

Ingredient Composition (%)

Calculated nutrient

Corn 60.78
Soybean meal 25.00
Soybean oil 1.00
Flour 5.00
Fish meal 5.00
CaHPO, 1.10
NaCl 0.35
Limestone 1.45
Premix1 0.32
Total 100.00
Calculated nutrient level

AME (kcal /kg) 2,850

Crude protein 20.17
Calcium 1.18
Phosphorus 0.56
Nonphytate phosphorus 0.40
Lysine 1.16
Methionine 0.32
Threonine 0.76
Tryptophan 0.21

The premix of diet provides the following nutrients per kg of diet: vita-
min A, 9,600 IU; vitamin D3, 32,700 IU; vitamin B1, 1.5 mg; vitamin B2,
9.0 mg; vitamin B6, 3.0 mg; vitamin B12, 0.02 mg; vitamin E, 19 IU; vita-
min K3, 1.40 mg; biotin, 0.95 mg; folic acid, 0.93 mg; D-pantothenic acid,
9.3 mg; Cu, 15 mg; Fe, 60 mg; Mn, 100 mg, Zn, 70 mg; I, 0.45 mg; Se,
0.59 mg.

During the passaging of E. coli, a small amount of
bacterial solution was dipped by a sterile inoculation
loop, streaked on a MacConkey plate, and then cultured
in a 37°C incubator for 12—18 h. The single, pink, and
smooth colonies of moderate size on the MacConkey
plate were identified and collected using the inoculation
loop to transfer to LB liquid medium, and cultured in a
shaker at 37°C and 180 r/min for 12 h. The bacterial lig-
uid passaging process were repeated 2—3 times.

From days 14 to 21, each chick in the PC, FP, and
UFP groups was orally administered with 1 mL of a bac-
terial solution containing E. coli (5 x 10° CFU/mL)
daily, while the chicks in the NC group were orally
administered with an equal amount of sterile saline solu-
tion. On day 7 postinfection (21 d old broilers), 6 chick-
ens were randomly slaughtered from the APEC-infected
groups (PC, FP, and UFP), and their livers (n = 6) and
hearts (n = 6) were aseptically collected and stored at
—20°C for determination of the bacterial load.

Growth Performance

During the experiments, the BW and feed intake of
chicks in each group were determined with an empty
stomach, and the clinical signs and mortality were moni-
tored daily. Four growth performance indicators, i.e.,
the average daily gain (ADG), average daily feed
(ADFI), feed conversion radio (FCR), and mortality
rate, were calculated using the formulae ADG = (final
BW—initial BW)/days of experiment, ADFI = (feed
amount provided during the test period—the remaining
amount of feed during the test period)/days of

experiment, FCR (%) = (ADFI intake/ADG of
weight) x 100%, and mortality rate (%) = (the number
of deaths in a group during the test period/the total
number of animals in a group during the test
period) x 100%, respectively.

Sample Collection

A total of 6 broilers were randomly sampled from each
of the 4 groups on day 28 after 12 h of fasting with the
pen number and weight of each individual chicken
recorded. Then, these chickens were slaughtered by cer-
vical dislocation. A total of ~3 mL blood was collected
from the subwing vein with a vacuum coagulation tube-
let, kept still at 25°C for 2 h, and then placed on ice.
After the blood coagulated, the serum was separated
and centrifuged at 3,000 r/min for 10 min to remove
impurities. The supernatant was transferred into a clean
centrifuge tube and stored at —20°C. A portion of cecum
contents samples were collected, quickly frozen in liquid
nitrogen, and stored in a refrigerator at —80°C for subse-
quent analyses.

Serum Analysis

The levels of the enzymatic activities of 2 biochemical
factors, i.e., alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST), were measured by an auto-
matic biochemical analyzer (BK-280, Shandong Blobase
Biotechnology Co., Ltd., Shandong, China). The contents
of malondialdehyde (MDA), superoxide dismutase
(SOD), catalase (CAT), glutathione (GSH), and total
antioxidant capacity (T-AOC) were measured using the
enzyme-linked immunosorbent assay (ELISA) kits
(Wuhan Meimian Biotechnology Co., Ltd., Wuhan,
China). All experiments were strictly performed in accor-
dance with the manufacturers’ protocols and instructions.

Histological Analysis

The liver, heart, duodenum, jejunum, and ileum tissue
samples were fixed in 4% formalin solution (Biosharp
Co., Ltd., Hefei, China), routinely embedded in paraffin,
cut into 4 pum thick sections, and stained with hematox-
ylin and eosin (HE). Sections of the tissues from the
chicks were examined under a microscope and photo-
graphed (Nikon Eclipse CI, Nikon Instruments, Tokyo,
Japan). The measurements of villus height and crypt
depth of duodenum, jejunum, and ileum were completed
using CaseViewer software (version 2.0, Budapest, Hun-
gary). Measurements of different intact villi were mea-
sured for each slice (for a total of 6 measurements in 3
successive fields of view).

Determination of the Bacterial Load in Liver
and Heart Tissues

Establishment of the APEC Standard Curves To
calculate the total number of bacteria using the plate
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counting method, the bacterial solution was diluted to
the series of concentrations of 10°—10* CFU/mL. The
bacterial DNA was extracted with a Universal Genomic
DNA Kit (CW2298M, CoWin Biosciences, Beijing,
China) following the manufacturer’s instructions. The
cycle threshold (CT) value was measured by the fluores-
cence quantitative PCR based on the template of each
bacterial concentration. The standard curve was estab-
lished with the logarithm of the number of bacteria in
the sample as the abscissa and the CT value as the ordi-
nate.

DNA Extraction of Escherichia coli in Liver and
Heart Tissues DNA extraction of E. coli from liver
and heart tissues was performed using the Universal
Genomic DNA Kit (CW2298M, CoWin Biosciences) by
following the procedures recommended by the manufac-
turer. Then, DNA was diluted 10-fold and used for quan-
titative real-time PCR (qQRT-PCR) analysis using the
Bio-Rad CFX96TM System and signal detection proto-
cols by following the manufacturer’s instructions
(TaKaRa, Dalian, China). Each qRT-PCR experiment
was repeated with 3 technical replicates using the gene
FimH of E. coli as the internal reference and the forward
primer F (5-CTTATGGCGGCGTGTTATCT-3') and
the reverse primer R (5-CTGCTCACAGGCGT-
CAAATA-3). Data were analyzed using GraphPad
Prism v 8.3.0 (GraphPad, Inc., La Jolla, CA).

Intestinal Microorganism Analysis

Sample Collection, DNA Extraction, and Sequen-
cing The PowerSoil DNA Isolation Kit (MoBio Labora-
tories, Carlsbad, CA) was used to extract the total
genomic DNA of the microbial community from the
cecal contents by following the manufacturer’s instruc-
tions. DNA quality was determined on 1% agarose gel.
DNA concentration and purity were evaluated using the
NanoDrop 2000 UV-vis spectrophotometer (Thermo
Scientific, Wilmington, DE). The hypervariable region
V3-V4 of the bacterial 16S rRNA gene was amplified on
the PCR thermocycler (ABI GeneAmp 9700, CA) based
on the forward primer 338F (5-ACTCCTACGG-
GAGGCAGCAG-3’) and the reverse primer 806R (5-
GGACTACHVGGGTWTCTAAT-3’) by the following
procedures: denaturation of 3 min (95°C), followed by a
total of 27 cycles of denaturation of 30 s (95°C), anneal-
ing of 30 s (55°C), and extension of 45 s (72°C), and the
final extension of 10 min (72°C); the reaction was kept
at 4°C. The PCR (20 uL) contained the following chemi-
cal components: 4 uL. 5x TransStart FastPfu buffer, 2
uL 2.5 mM dNTPs, 0.8 uL forward primer (5 uM) and
reverse primer (5 uM), 0.4 L TransStart FastPfu DNA
polymerase, and 10 ng template DNA, with the final vol-
ume adjusted using ddH,O. To ensure the reproducibil-
ity, each PCR was repeated with 3 biological replicates.
The 2% agarose gel was used to collect the PCR prod-
ucts, which were then purified using the AxyPrep DNA
Gel Extraction Kit (Axygen Biosciences, Union City,
CA) by following the manufacturer’s protocols. The

Quantus Fluorometer (Promega, Madison) was used to
determine the concentrations of the purified PCR prod-
ucts, which were pooled in equimolar for the paired-end
sequencing (2 x 300 bp) using an Ilumina MiSeq plat-
form (Illumina, San Diego, CA) by following the stan-
dard protocols of the Allwegene Technology Co., Ltd.
(Beijing, China). Illumina Analysis Pipeline Version 2.6
was used to perform the image analysis, base calling,
and error estimation of the sequencing data. The raw
reads generated in this study were deposited into the
Sequence Read Archive (SRA) database of the National
Center for Biotechnology Information (NCBI) with an
accession ID PRJNA982517.

Sequencing Data Analysis The sequences shorter
than 230 bp or of low quality (i.e., quality score < 20,
containing ambiguous bases, and not exactly matching
the primer sequences and barcode tags) were removed
from the raw sequencing data. Then, the qualified
(clean) reads were separated using the sample-specific
barcode sequences and clustered into the operational
taxonomic units (OTUs) based on the similarity level of
97% (Edgar, 2013) use Uparse algorithm of Vsearch
(v2.7.1). All sequences were classified into different taxo-
nomic groups based on SILVA128 database using the
Ribosomal Database Project (RDP) Classifier tool
(Cole et al., 2009). Rarefaction analysis was performed
using Mothur v.1.30.2 to calculate 3 alpha diversity indi-
ces (i.e., Chaol, Shannon, and Simpson). The variations
in the species diversity among samples were also evalu-
ated by the beta diversity analysis. The similarity
between different samples was determined by both the
clustering analysis and partial least squares discriminant
analysis (PLS-DA) using R software (v3.6.0) based on
the OTUs from each sample (Wang et al., 2012). The
relative abundances of the microbes at the phylum and
genus levels were determined using the R software (ver-
sion 3.3.1).

Statistical Analysis

Both the one-way analysis of variance (ANOVA) and
Tukey’s Honestly Significant Difference (Tukey’s) mul-
ticomparison were performed using the SPSS version
26.0 (SPSS, Inc., Chicago, IL) to determine the signifi-
cant differences between groups, with graphs generated
using GraphPad Prism 8.3. (GraphPad, Inc.). Data
were presented as the mean + standard error of the
mean (SEM) with the significance levels established at
P <0.05 (*) and P < 0.01 (**), respectively.

RESULTS
Clinical Symptoms and Mortality in Broilers

The observations showed that chicks challenged with
APEC exhibited symptoms of lassitude, i.e., an inclina-
tion to huddle together with droopy wings and somno-
lescence observed. The acute cases generally did not
produce clinical symptoms and died within 12 h. The
anatomic examination revealed pericarditis and
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Figure 1. Pathological anatomy of diseased chickens after APEC
challenge. (A) Yellow cheese-like substance oozing from the abdomen.
(B) Greyish-white fibrous exudate and yellow caseous nutritive mate-
rial covering the surface of the liver. (C) Clouding and thickening of the
pericardium with purulent secretion in the pericardial cavity. (D)
Bleeding of the duodenal mucosa, congestion, and hemorrhage of the
bowel.

pericarditis, cloudy pericardium, greyish-white fibrous
exudate covering the surface of the heart and liver, easily
peeled off, yellow cheese-like material attached to the
pectoral muscle, cloudy air sacs with yellow exudate,
severe intestinal lesions, bleeding of the mucosa of the
duodenum, jejunum, ileum, and other intestinal tissues,
and congestion and bleeding of the intestinal canal
(Figure 1). From days 1 to 28, the mortality rates
reached 22.50%, 20.00%, and 21.25% in the PC, FP, and
UFP groups, respectively. During the entire experiment,
normal behaviors and no adverse reactions were
observed in the chickens of the NC group.

Effect of Pomegranate Peel on the Growth
Performance of Broilers Challenged With
APEC

The results of growth performance in the chickens
revealed insignificant differences (P > 0.05) in the initial
BWs among the 4 groups of chickens (Table 2). In week
3, the BWs were significantly lower in the PC group
compared with the NC group, whereas the BWs were
not significantly changed in both UFP and FP groups
compared with NC group. The ADGs of chickens in
both FP and UFP groups were significantly increased by
17.32% and 15.84% (P < 0.01) compared with the PC
group, respectively, but were not significantly different
from that of the NC group. The FCRs were lower in the
FP and UFP groups compared to the PC group, but the
difference is not significant (P = 0.129).

Effect of Pomegranate Peel on the Serum
Biochemical Indices of Broilers Challenged
With APEC

The results of the effects of pomegranate peel on the
serum biochemical indices of chickens were shown in

Table 3. No significant differences were observed in the
contents of CAT among the 4 groups of chickens (P >
0.05). Compared with the NC group, the contents of
ALT, AST, and MDA were significantly increased in PC
group (P > 0.05), whereas the activity of T-AOC, SOD
were significantly decreased (P < 0.01). Compared with
the PC group, the contents of ALT, AST, and MDA in
the FP group were significantly reduced (P < 0.01),
while the UFP group was revealed with significantly
decreased contents of AST and MDA (P < 0.01).

Effect of Pomegranate Peel on the Intestinal
Morphology of Broilers Challenged With
APEC

The results of the effects of pomegranate peel on the
morphology of the small intestines of chickens were
shown in Table 4. In the duodenum, the CDs in both
FP and UFP groups were significantly decreased com-
pared with the PC group (P < 0.05), while the villus
height /crypt depth ratios in FP and UFP groups were
significantly increased compared with the PC group
(P < 0.05). In the jejunum, no significant difference
was observed in VHs among the 4 groups of chickens
(P> 0.05), while the villus height /crypt depth ratios in
FP group were significantly higher than that in the PC
group (P < 0.05). For the ileum, the VH in UFP group
was significantly higher than that of the PC group (P <
0.01), while the CDs in the FP group were significantly
decreased in comparison with the PC group (P < 0.05).

Effect of Pomegranate Peel on the Liver,
Heart, and Intestinal Morphology of Broilers
Challenged With APEC

The pathological variations were observed in the his-
tological sections of the liver, heart, and intestinal tis-
sues of chickens in PC, FP, and UFP groups compared
to the NC group (Figure 2). In the NC group, the liver
cells were normally arranged and the tissue was densely
stained without evident lesions, whereas the paren-
chyma destruction and a large number of inflammatory
cells were observed in livers of chickens in the PC group
(Figure 2). In the heart tissues of the PC group, the
myocardial tissue was slightly abnormal in structure, i.
e., the myocardial cells were loosely arranged with a
few inflammatory cells infiltrating the tissue observed
(Figure 2), compared to the NC group. For the duode-
num, a small number of inflammatory cell infiltrations
on the intestinal mucosal layer were observed in 3
groups of chicks (i.e., PC, FP, and UFP) challenged
with APEC (Figure 2). In the jejunum, the mucosal
epithelial cell degeneration (Figure 2) was revealed in
the PC group. For the ileum, the number of goblet cells
were increased in the PC group compared to the NC
group (Figure 2).
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Table 2. Growth performance in 4 groups of broilers (i.e., NC, PC, FP, and UFP).

Item Time NC PC FP UFP P-value
BW (g) Initial 37.72 £0.31 39.16 £+ 0.38 38.01 £0.73 37.86 £ 0.16 0.173
Week 1 104.37 + 2.65 103.26 + 2.69 116.45 + 2.39 120.00 + 10.71 0.176
Week 2 185.09 + 4.48 187.78 + 4.89 194.93 + 6.49 197.98 + 5.06 0.067
Week 3 380.85 + 1.28" 333.94 + 2.14° 380.19 + 5.34* 378.50 £ 8.45" < 0.001
Week 4 612.63 £ 1.46" 516.28 + 16.17° 591.45 4 10.43* 597.78 £ 17.42" 0.003
ADG (g/d) 1t028d 21.30 & 0.05" 17.67 +0.61° 20.73 +£0.67" 20.47 & 0.40" 0.004
ADFI (g/d) 1t028d 40.69 £ 0.21 37.25 £ 2.00 39.79 +£1.31 38.01 £ 1.00 0.294
FCR 1to28d 1.91 + 0.00 2.11 £ 0.06 1.92 + 0.09 1.86 + 0.08 0.129
Mortality rate (%) 1t028d 3.80 22.50 20.00 20.30

Abbreviations: ADFI, average daily feed intake; ADG, average daily gain;BW, body weight; FCR, feed conversion rate; FP, group treated with fer-
mented pomegranate peel; NC, negative control group; PC, positive control group; UFP, group treated with unfermented pomegranate peel.
Data are expressed as mean =+ standard error of the mean (SEM). The superscripts a and b within the same row indicate the significant differences.

Effect of Pomegranate Peel on the Liver and
Heart Bacterial Loads of Broilers Challenged
With APEC

The bacterial loads of the liver and heart tissues in
chicks challenged with APEC were shown in Figure 3.
The results indicated that the bacterial loads in the heart
and liver tissues were significantly lower in the experi-
mental groups (i.e., FP and UFP groups) than that of the
PC group (P < 0.01), and the treatment of FP showed a
higher antimicrobial effect than that of the UFP.

Effect of Pomegranate Peel on the Bacterial
Diversity of the Intestinal Microbiota in
Broilers

To explore the effects of pomegranate peel on the tax-
onomic compositions of the intestinal microbiota of
broilers, the V3-V4 regions of the 16S rRNA gene were
sequenced based on the genomic DNA extracted from
the contents of the cecum. The rarefaction curves of the
samples generally tended to be flat, suggesting that the
level of RNA-Seq analysis was sufficient to cover all taxa
in the samples (Supplementary Figure 1). A total of
2,490,718 high-quality reads were obtained from 24 cecal
contents samples (with an average of 103,779 reads per
sample) (Supplementary Table 1). The alpha diversity
indices were determined based on the OTUs, i.e., the
observed-species (Figure 4A) presented the observed
OTUs, the chaol indices (Figure 4B) were measured to
evaluate the community richness, and the Shannon’s
diversity indices (Figure 4C) were determined to

evaluate the community diversity. Beta diversity analy-
sis was performed to assess the differences in species
complexity among different samples. The PLS-DA was
used to evaluate the principal coordinates and visualize
the multidimensional data (Supplementary Figure 2).
The results revealed no significant difference in Shannon
diversity among the 4 groups of chicks (P > 0.05), while
both the Chaol indices (P < 0.05) and observed-species
(P < 0.05) were significantly increased in the UFP group
compared to the PC group.

In order to further explore the effects of pomegranate
peel on the cecal microbiota of chickens, the classifica-
tion of OTUs was investigated at the phylum level
(Figure 5A). Both Bacteroides and Firmicutes were
identified as the top 2 bacterial phyla with the highest
relative abundances in the cecal microbes of chickens
(Figure 5B). The infection of APEC significantly
decreased the relative abundance of Bacteroidetes and
increased the relative abundance of Firmicutes com-
pared to the NC group (P < 0.01). However, compared
with the PC group, the relative abundances of Bacteroi-
detes and Firmicutes were not significantly different in
either FP or UFP groups. No significant difference was
observed in the relative abundances of Proteobacteria
and campilobacterota in all 4 groups of chickens (P >
0.05).

The effects of pomegranate peel on the fecal microbiota
in the 4 groups of chickens were further evaluated based
on the top 20 genera with the highest relative abundances
(Figure 6A). The results showed that at the genus level,
the gut microbiota was relatively dominated by Bacter-
oides, Faecalibacterium, Alistipes, Streptococcus, Rumi-
nococcus_torques_group, and Lachnoclostridium in

Table 3. Serum biochemical indices in 4 groups of broilers (i.e., NC, PC, FP, and UFP).

Item NC PC FP UFP P-value
ALT (U/L) 1.97 £0.15" 2.90 4 0.22° 2.02 4 0.12" 2.93 4+ 0.17" <0.001
AST (U/L) 197.30 & 5.47" 264.42 + 5.20° 189.67 & 6.72" 196.07 & 2.70° <0.001
T-AOC (U/mL) 6.49 + 0.48" 2.62 + 0.55" 2.47 +0.55" 3.76 £ 0.99" 0.001
GSH (umol /L) 39.83 +2.12% 33.33 + 2.63°" 27.25 4+ 1.87" 27.06 + 2.65" 0.003
SOD (U/mL) 22.99 + 0.52° 20.36 + 0.52" 22.46 + 0.76™" 20.74 + 0.39" 0.008
MDA (umol/mL) 6.14 + 0.52" 11.84 +1.21* 5.98 + 0.29" 7.52 + 0.62" <0.001
CAT (U/mL) 13.35 £ 1.71 14.67 +1.99 16.38 £3.95 14.24 £1.23 0.621

Abbreviations: FP, group treated with fermented pomegranate peel;NC, negative control group; PC, positive control group; UFP, group treated with

unfermented pomegranate peel.

Data are expressed as mean =+ standard error of the mean (SEM). The superscripts a and b within the same row indicate the significant difference.
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Table 4. The intestinal morphology in 4 groups of broilers (NC, PC, FP, and UFP).

Ttem NC PC FP UFP P-value
Duodenum (pm) VH 1,348.55 + 12.42 1,219.77 + 26.59 1,311.12 + 51.57 1,309.43 + 62.28 0.217
CD 161.52 £ 3.27° 180.07+ 3.56" 167.90 + 4.81° 164.47 + 5.56° 0.037
VCR 8.37 +0.19" 6.78 +0.24° 7.80 +£0.12% 7.95+0.14* <0.001
Jejunum (pm) VH 1,024.48 + 43.98 933.97 + 41.85 1,019.38 + 23.51 1,008.40 +17.24 0.227
CD 128.90 + 5.39 144.58 + 8.27 135.05 £ 7.04 137.38 £ 7.08 0.482
VCR 7.96 +0.15" 6.50 +0.19" 7.65 £ 0.45" 7.14 + 0.30*" 0.011
Tleum (pm) VH 810.40 £ 27.99* 676.05 + 11.14°¢ 708.92 + 20.23" 786.52 £+ 7.53 <0.001
CD 125.43 + 5.21%° 129.13 &+ 3.02% 111.16 £3.60 ° 116.60 =+ 5.05*" 0.032
VCR 6.49 & 0.24" 5.24 +0.14° 6.39 +0.19* 6.81 +0.1% 0.001

Abbreviations: CD, crypt depth; FP, group treated with fermented pomegranate peel; NC, negative control group; PC, positive control group; UFP,
group treated with unfermented pomegranate peel; VCR, villus height /crypt depth ratio; VH, villus height.
Data are expressed as mean =+ standard error of the mean (SEM). The superscripts a and b within the same row indicate the significant difference.

chickens (Figure 6B). The infection of E. coli caused the
decreased relative abundance in Bacteroides of the PC
group, while these changes were reversed in both UFP
and FP groups, though the changes were not statistically
significant (P > 0.05). Compared to the PC group, the
relative abundance of Ruminococcus_torques group in
the UFP group was significantly increased (P < 0.05).
The relative abundances of Alistipes in the UFP and FP
groups were significantly lower than those in both NC
and PC groups.

The effect size analysis and linear discriminant
analysis were performed to compare the bacterial
composition from phylum to species levels among the
4 groups of chicks (Figure 7). The results revealed
that at the genus level, Alistipes, Turicibacter, and
Lachnospira showed the highest compositions in the
PC group, genera Ruminococcus_torques_group,

NC PC

Liver

Heart

Duodenum

Jejunum

Ileum

Ruminiclostridium, Roseburia, and Fusicatenibacter
were revealed with the highest compositions in the
UFP group, and 3 genera (i.e., Eubacterium, Rumino-
coccaceae, and Enterococcus) presented the highest
compositions in the FP group.

DISCUSSION

The avian pathogenic E. coliis well known as a type of
E. coli to cause colibacillosis, which is a common bacte-
rial disease in poultry (Ewers et al., 2003). Compared to
other poultry, chickens are particularly susceptible to
this disease, and each onset causes significant losses to
the local poultry industry (Antao et al., 2008). Cur-
rently, the use of antibiotics is the primary method for
treatment of E. coli (Fancher et al., 2021). However, the

FP UFP

Figure 2. Effect of pomegranate peel on the liver, heart, and intestinal morphology of chickens challenged with APEC based on hematoxylin
and eosin (HE) staining observed under 20x magnifications. NC, negative control group; PC, positive control group; FP, group treated with fer-
mented pomegranate peel; UFP, group treated with unfermented pomegranate peel. Black arrows and circles indicate the inflammatory cell infiltra-
tion; green arrows and circles present the degeneration and detachment of the epithelial cells in the mucosal layer; red arrows and circles indicate
marked increase in the number of cupped cells; yellow arrow and circle indicate the abnormal myocardial tissue structure and disorganization.
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Figure 3. Effect of pomegranate peel on the bacterial loads of liver
and heart tissues in chickens. Abbreviations: PC,positive control
group; FP, group treated with fermented pomegranate peel; UFP,
group treated with unfermented pomegranate peel. Symbol “**” indi-
cates the significant difference based on P < 0.01.

emergence of issues such as drug resistance and the
extension of drug rest periods have led to an increased
interest in the treatment of E. coli using the herbal feed
additives (Wang et al., 2010; Azam et al., 2019). These
additives have shown several advantages in promoting
growth, regulating the intestinal tract, and preventing
and treating diseases (Abdallah et al., 2019). Studies
have shown that extracts of pomegranate peel are effec-
tive inhibitors of several bacterial taxa such as Listeria
monocytogenes, Staphylococcus aureus, and E. coli
(Hanafy et al., 2021). Therefore, pomegranate peel is
used in traditional herbal medicine and as an intestinal
astringent to relieve diarrhea and enteritis (Alzoreky
and Nakahara, 2003; Voravuthikunchai et al., 2005; Al-
Zoreky, 2009). Our study investigated the potential
effects of pomegranate peel, which is rich in tannins, in
the forms of either fermented or unfermented, on the
enhancement of growth performance, improvement of
immunity and antioxidant capacity, and decrease of the
prevalence of E. coli diseases in broilers. The study also
explored the potential advantages of using pomegranate
peel in the poultry industry.

Studies have shown that colibacillosis is frequently
associated with diseases in older broilers (>2 wk old)
(Kemmett et al., 2014). In this study, the 14-day-old
broilers were orally (by gavage) administrated with
APEC, which most closely resembled the natural infec-
tion state by F. coli. All the chickens in each group were
healthy before the APEC infection, whereas the mortal-
ity rate after the infection with APEC was increased to
22.5%. The clinical symptoms of chicken death after
infection were consistent with those previously reported
by the study of Forgetta et al. (2012), suggesting that
the chicken model of pullorosis was successfully estab-
lished in our study (Figure 1). It was worth noting that
although the mortality rate was not significantly
changed by the treatment of pomegranate peel, the tis-
sues in liver, heart, and small intestine (duodenum, jeju-
num, and ileum) of the chickens in the FP and UFP
groups were dense and intact, showing improved mor-
phological features compared to the PC group (Figure 2).
These results were consistent with those previously
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Figure 4. Effects of pomegranate peel on the intestinal microbiota
diversity in broilers based on alpha diversity indices of observed species
(A), Chao index (B), and Shannon index (C). Symbol “*” indicates sig-
nificant difference based on P < 0.05. Abbreviations: NC, negative con-
trol group; PC,positive control group; FP, group treated with
fermented pomegranate peel; UFP, treated with unfermented pome-
granate peel.
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Figure 5. Effects of pomegranate peel on the compositions of intes-
tinal microbiota in chickens characterized by the taxonomic distribu-
tions of the microbial communities in fecal samples at phylum level (A)
and the top 4 relatively abundant bacterial phyla (B). Symbol “**” indi-
cates the significant difference at P < 0.01. Abbreviations: NC, nega-
tive control group; PC, positive control group; FP, group treated with
fermented pomegranate peel; UFP, group treated with unfermented
pomegranate peel.

reported, i.e., male broilers of 21-day-old challenged
with APEC and subsequently administered orally with
extracts of Punica granatum were revealed with
decreased morbidity and inflammation induced by
APEC (Zhong et al., 2014). These findings suggested
that feeding pomegranate peel could effectively prevent
clinical symptoms of E. coli infection in chickens and
promote growth by reducing intestinal lesions. Further-
more, our results showed that challenging chickens with
E. coli O78 (5 x 10° CFU/chicken) resulted in the aver-
age APEC loads of 6.97 log (CFU/g) in the liver and
6.71 log (CFU/g) in the heart (Figure 3), whereas the
groups fed with either unfermented or fermented pome-
granate peels showed significant reduction in bacterial
burdens in the liver and heart tissues. Previous studies
showed that a 50% concentration of tannin extract
(from pomegranate peel) was revealed with a maximum
circle of inhibition against F. coli ranging from 12 + 0.5
to 30.3 & 0.2, indicating that tannin is an effective natu-
ral substance against E. coliinfection (Hamdi Abdulkar-
eem et al., 2022). Furthermore, the pomegranate peel
polyphenols, a group of secondary metabolites extracted
from pomegranate peel, were introduced and embedded
into chitosan to form stable nanoparticles, which could
inhibit E. coli O157:H7, at high inhibition rates > 95%
(Cai et al., 2021). Therefore, it could be concluded that
pomegranate peel could provide a protective effect on
broilers which were orally challenged with APEC.
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Figure 6. Comparison of the gut microbiota community at the
genus level in 4 groups of chickens showing the relative abundances of
the top 20 (A) and the top 6 (B) bacterial taxa in the microbiota of the
chickens with the statistical significance. Values are represented as the
mean =+ stand error of the mean (SEM) (n = 6 chickens per group). The
significant difference is determined based on P < 0.05 (*). Abbrevia-
tions: NC, negative control group; PC, positive control group; FP,
group treated with fermented pomegranate peel; UFP, group treated
with unfermented pomegranate peel.

Effects of Pomegranate Peel on the Growth
Performance in Broilers Challenged With
APEC

Studies showed that the growth performance of
broilers could be negatively impacted by FE. coli infec-
tion, leading to symptoms such as depression, poor appe-
tite, and decreased feed intake (KKabir, 2010; da Rosa et
al., 2020). It is well known that pomegranate peel (either
extract or powder) could improve body weight, feed
intake, feed efficiency, carcase, and organ parameters in
broilers (Kishawy et al., 2019; Sharifian et al., 2019;
Abdel Baset et al., 2020). Our study found that broilers
challenged with APEC infection experienced a decrease
in ADG and ADFI, and an increase in FCR (Table 2).
However, compared to the PC group, the FP and UFP
groups showed higher growth performance prior to chal-
lenge, though the difference was not significant
(Table 2). These results suggested that pomegranate
peel could effectively help broilers quickly recover from
the E. coli infection. This was probably because that
either FP or UFP could inhibit the malignant effects of
chronic colibacillosis in broiler chickens to prevent the
possibility of becoming “zombie chickens” due to the
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Figure 7. Bacterial taxa with significant difference in their relative
abundances between different groups of broilers identified by LefSe
analysis using default parameters. (A) Cladogram. (B) Histograms.
NC, negative control group; PC, positive control group; FP, group
treated with fermented pomegranate peel; UFP, group treated with
unfermented pomegranate peel. The taxonomic ranks of phylum, class,
order, family, genus, and species of microbial taxa are abbreviated as
lowercase letters p, ¢, o, f, g, and s, respectively, given at the beginning
of the name of each taxon.

disease. Previous studies have shown the beneficial
effects of polyphenols and probiotics in combating
inflammatory diseases. For example, addition of probiot-
ics improved growth performance in broilers infected
with APCE O78 (Tarabees, et al., 2019), and pomegran-
ate polyphenol extract was effective in reducing the
inflammatory response following attack by APEC
strains (Zhong, et al., 2014). These results were consis-
tent with our findings. These studies suggested that the
naturally occurring polyphenols in pomegranate peel
could be a potential alternative medicine for the preven-
tion or treatment of avian FE. coli disease.

—~

Effects of Pomegranate Peel on Serum
Biochemical Indices in Broilers Challenged
With APEC

Serum biochemical factors are generally considered
accurate indicators of the nutritional, physiological,

and pathological status of the broilers (Saeed et al.,
2018). Serum AST and ALT are 2 important intracel-
lular enzymes commonly used to assess the hepatocyte
damage (Zhang et al., 2022). For example, studies
showed that acrylamide significantly increased the
serum levels of AST and ALT in rats, while rats co-
treated with both pomegranate peel extract and acryl-
amide showed significant normalization of AST and
ALT levels (Sayed et al., 2022). Moreover, studies
showed that the concentration of serum AST was
decreased when 4% pomegranate peel was added in
the diet (Ghasemi-Sadabadi et al., 2021). These
results were consistent with the findings revealed in
our study, showing that compared to the NC group,
the levels of ALT and AST were significantly
increased in the serum of APEC-infected broilers,
indicating that F. coli caused liver damage. However,
AST levels were significantly lower in the UFP and
FP groups and ALT levels were significantly lower in
the FP group compared to the PC group (Table 3),
suggesting that pomegranate peels could attenuate
the liver injury caused by APEC and were more effec-
tive after fermentation, which could be attributed to
the introduction of probiotics during the fermentation
process. As indicated in previous studies, the addition
of probiotics inhibited the colonization of harmful bac-
teria and increased the resistance of chicks to patho-
gens (Wang, et al., 2021). The T-AOC antioxidant
index generally reflects the antioxidant capacity of the
active substances in the organism. Studies have shown
that the hepatic antioxidant enzymatic activities of
T-AOC were markedly increased when the mice were
administrated with high dosage of pomegranate peel
polysaccharides (Wu et al., 2019). The high antioxi-
dant activity of pomegranate peel is due to the pres-
ence of a wvariety of phenolic components, which
directly remove the free radical species and improve
the defense systems of cells, thereby activating antiox-
idant enzymes in the body (Chidambara Murthy et
al., 2002). This inconsistent finding in our research on
the T-AOC antioxidant index of broilers was probably
due to the body produced a large amount of reactive
oxygen species (ROS) during the infection process
(Gao, et al., 2019), which increased the difficulty in
against ROS, and thus the T-AOC values in the FP
and UFP groups were not improved compared with
those in the PC group (Table 3). MDA is an indicator
of lipid peroxidation and oxidative damage caused by
ROS, indirectly reflecting the extent of cellular dam-
age (Zuo et al., 2014). Our results showed that the
serum MDA level of broilers was significantly
increased by the APEC infection (Table 3), while the
MDA levels in the groups treated with pomegranate
peel were similar to those in the group without APEC
infection, indicating that feeding pomegranate peel
decreased the organism damage and facilitated the
recovery from APEC infection. Similarly, studies have
shown that the concentration of MDA was decreased
by the treatment of 1% pomegranate peel powder (P <
0.05) (Ahmadipour et al., 2021).
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Effects of Pomegranate Peel on Intestinal
Morphology in Broilers Challenged With
APEC

The small intestine is the main organ for digestion and
absorption, which are vital for the growth of broiler
chickens (Weurding et al., 2001). The intestinal villous
epithelial cells are constantly replaced, with the crypt
constantly producing epithelial cells, which migrate and
differentiate towards the tip of the intestinal villi to
replenish the physiological loss of intestinal villous epi-
thelial cells and maintain a dynamic balance (de Santa
Barbara et al., 2003; Wang et al., 2020). The VCR is an
important parameter to assess the absorption capacity
of the small intestine, i.e., the increase in VCR indicates
a rapid renewal rate of intestinal epithelial cells, high
intestinal digestion and absorption, and high feed utili-
zation (Yaqoob et al., 2022). In our study, broilers chal-
lenged with APEC showed a significantly lower VCR
than that of the NC group, whereas the addition of
pomegranate peels to the diet resulted in the restored
VCR close to normal levels (Table 4). It was reported
that the use of 8% pomegranate peel powder in the diet
showed a significant effect on villus height, crypt depth,
and villus/crypt ratio of broilers (P < 0.05) (Ghasemi-
Sadabadi et al., 2022). Furthermore, it has been shown
that the jejuna of mice infected with Eimeria papillata
are characterized by inflammation, which is alleviated
by the treatment with pomegranate (Amer et al., 2015).
These results were consistent with our findings, showing
that the groups fed with either fermented or unfer-
mented pomegranate peels were less affected by the
APEC infection, recovered quickly, and showed high
maintenance of intestinal morphology, which was proba-
bly the cause of unaffected BW gain.

Effects of Pomegranate Peel on Microbial
Diversity of the Intestinal Microbiota in
Broilers Challenged with APEC

The microbiome of the broiler gastrointestinal tract
(GIT) has been extensively studied and well documented
to play an important role in the health of the host (Clav-
ijo and Florez, 2018; Stamilla et al., 2021; Zaytsoff et al.,
2022). In our study, the broiler intestinal microbiota was
analyzed using 16S rRNA sequencing technology to inves-
tigate the effect of pomegranate peel on the taxonomic
compositions of the broiler intestinal microbial commu-
nity under the APEC challenge. The results revealed no
significant difference in the alpha diversities between the
PC and NC groups (Figure 4), suggesting that species
richness and diversity of bacterial communities were not
significantly affected by the APEC challenge. However,
the addition of unfermented pomegranate increased the
alpha diversity indices (i.e., observed-species and chaol)
of the microbial community of broilers challenged by
APEC. Studies have reported that the pomegranate by-
products enhance the growth of total bacteria of both bifi-
dobacteria and lactobacilli (Bialonska et al., 2010).

Pomegranate peel is a rich source of phenolics, including
tannins and flavonoids (Fahmy and Farag, 2021). The
interaction between tannins and gut bacteria is a complex
process that is influenced by the abundances and types of
bacterial taxa as well as the numbers and types of phe-
nolics consumed by the host (Russo et al., 2018; Andish-
mand et al., 2023). Furthermore, the gut bacteria are
capable of metabolizing polyphenols, while a metabolite
released by a bacterium could affect the growth of the
bacteria producing the metabolite as well as the adjacent
microbiota (Bialonska et al., 2009). Our results showed
that Bacteroidota and Firmicutes were the most impor-
tant representatives of intestinal bacteria. These results
were consistent with those previously reported (Chica
Cardenas et al., 2021). Moreover, our study revealed a
change in the taxonomic structure of the intestinal micro-
biota of E. coli infected broilers, i.e., decreased proportion
of Bacteroides and an increased relative abundance of
Firmicutes (Figure 5). Studies showed that E. coli infec-
tion could cause an imbalance between Bacteroidetes and
Firmicutes, and the B/F ratio could be used as an indica-
tor to evaluate the imbalance of intestinal microbiota
caused by various diseases (Hold et al., 2014; Liu et al.,
2020). The genus Alistipes is recently established with
species mostly isolated from patients suffering from cer-
tain intestine-related conditions (Parker et al., 2020).
Although it is unclear whether this taxon plays a domi-
nant role in the observed clinical phenotype, it is certain
that the relative abundance of Alistipes is strongly associ-
ated with intestinal dysbiosis (Cai et al., 2020). In the
present study, the relative abundance of Alistipes was sig-
nificantly decreased by the pomegranate peel added to
the diet compared with the control group (Figure 6). It
was reported that supplementation with 5% chitin-glucan
and 0.5% pomegranate peel extracts could reduce the rel-
ative abundance of Alistipes in cecal contents of mice fed
with a high-fat diet (Neyrinck et al., 2019). Furthermore,
some producers of short-chain fatty acids in Ruminococ-
caceae are involved in the maintenance of intestinal
health (Biddle et al., 2013). Previous reports have shown
that pomegranate peel polyphenols could significantly
elevate the relative proportion of Ruminococcaceae in
rats (Shi et al., 2022). Similar results were revealed in our
study, showing that the relative abundance of Rumino-
coccus_torques_group in the UFP group was signifi-
cantly increased compared with the PC group (Figure 6).
Studies have revealed significant increases in acetate, pro-
pionate, and butyrate production due to tannin supple-
mentation (Molino et al., 2022). Notably, the tannin
treatment consistently and strongly increased the levels
of unclassified members of Ruminococcaceae and other
genera of the same bacterial family (Diaz Carrasco et al.,
2018). Finally, the tannin supplements could induce the
beneficial changes in the gut microbiota (Molino et al.,
2021), while the pomegranate rind is rich in tannins, sug-
gesting that pomegranate rind improves the disease resis-
tance in broilers by altering the bacterial structure of the
gut microbiota.

Our study revealed that the addition of pomegranate
peel to the diet showed a protective effect on chickens
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challenged by APEC, maintaining growth performance in
broilers. Furthermore, the supplementation with pome-
granate peel altered the gut microbiota of broiler chick-
ens, mainly by increasing the relative abundances of
beneficial ~ bacteria, such as Ruminococcus_tor-
ques_ group. More importantly, these beneficial bacteria
helped maintain the gut microbiota in a host-friendly
manner, effectively decreasing the abnormal changes in
the taxonomic structure of gut microbiota in broilers
with APEC infection and creating favorable microbial
communities for subsequent restoration of balance in the
gut microbiota. Because the use of antibiotics in the poul-
try industry is restricted, pomegranate peel has become
an effective feed additive due to its high availability (as a
by-product of pomegranate), cost-effective, and high anti-
bacterial properties. Our study provides strong experi-
mental evidence to support the application of
pomegranate peel as feed additives in poultry breeding.
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