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Abstract: This study compared the effect of phenolics extracted from four different types of
pomegranate peels for controlling the growth of Salmonella enterica and enterohemorrhagic
Escherichia coli. Cells of the two bacterial cultures (5 log CFU/mL) were treated in tryptic
soy broth containing 0, 1, or 2% ethanolic extracts of four pomegranate peels for 5, 10,
or 24 h at 25 °C. The surviving cells were recovered on a general-purpose agar and a
selective medium. The extracts of three products were more effective (p < 0.05) against E.
coli than the extract of the remaining product, which had a similar activity to the extracts
of two of the products used against S. enterica. Longer treatment time and higher extract
concentration resulted in greater pathogen population reductions. The bacterial strains
used had varied susceptibility to the extracts. Reductions in cell population positively
correlated with the total contents of hydrolyzable tannins in the treatment systems. These
findings suggested that ethanolic extracts of evaluated pomegranate peels had inhibitory
activities against the two bacterial pathogens. This highlights the potential of pomegranate
peels as a promising natural alternative to conventional antimicrobials for controlling
foodborne pathogens like S. enterica and E. coli.
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1. Introduction

Foodborne enteric infections caused by bacterial pathogens such as Salmonella enter-
ica and enterohemorrhagic Escherichia coli have posed significant public health concerns
worldwide [1]. According to the Centers for Disease Control and Prevention (CDC), ap-
proximately 1.35 million cases of salmonellosis are estimated to occur annually, resulting in
420 fatalities in the United States [2]. Over 63,000 illnesses and more than 2100 hospitaliza-
tions and 61 deaths are caused by E. coli O157:H7 [3]. These two Gram-negative pathogens,
belonging to the family of Enterobacteriaceae, can cause severe gastrointestinal symptoms,
including nausea, vomiting, diarrhea, and other severe manifestations [4].

The primary niche of S. enterica and pathogenic E. coli in food animals largely con-
tributes to their perpetuating existence in the food chain [5]. The expanding scale of the
food industry, particularly that involving animal products, has resulted in the inappropriate
use of antimicrobials. The extended application of antibiotics as animal growth promot-
ers has led to the emergence of antimicrobial-resistant strains of bacterial pathogens [6].
Consequently, there is a pressing need to develop alternative antimicrobial agents aimed
at controlling the spread of infectious etiologies within the food supply chain. Natural
products such as fruits and vegetables are potentially rich sources of these alternative
antimicrobial agents [7]. Pomegranate (Punica granatum L.) is a fruit that has been used
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for medicinal purposes for centuries [8]. It is well known to have anti-inflammatory and
antioxidant activities that have been proposed to have practical applications in preventing a
range of diseases, including cancer, cardiovascular disease, and diabetes [9]. In addition to
those remedial benefits, studies have explored the antimicrobial activities of different parts
of pomegranates, with the peels showing the most potent activity against a broad spectrum
of microorganisms [10,11]. Ellagitannins, specifically hydrolyzable tannins, from the class
of polyphenols are the primary groups of phytochemicals abundant in pomegranate peels
that are responsible for their antibacterial characteristics [12]. These compounds exhibited
activities against a broad spectrum of pathogens, including Gram-positive bacteria such
as Staphylococcus aureus and Bacillus subtilis as well as Gram-negative bacteria like Pseu-
domonas aerogenosa. Ellagitannins are believed to exert their antimicrobial effects by causing
oxidative damage, disrupting bacterial cell membranes, chelating irons, and interfering
with cell metabolic processes [13].

For an extended period, India’s favorable climate has fostered the cultivation
of pomegranates, which are now widely grown for both domestic consumption and
export [14]. The pomegranate industry in India generates significant revenue, and
pomegranate products are exported to several countries worldwide [15]. In comparison,
pomegranate is a relatively new crop in Georgia, U.S., although the warm climate and
suitable soil conditions in South Georgia have enabled its growth. Exploring the additional
value of the by-products such as pomegranate peels could potentially increase profits for
this burgeoning industry. The present study is designed to investigate and compare the
antibacterial activity of ethanolic extracts of four pomegranate peels originating from India
and Georgia, U.S. against two foodborne pathogens: S. enterica and enterohemorrhagic
E. coli.

2. Materials and Methods
2.1. Preparation of Pomegranate Peel Extracts

Four powdered pomegranate peel products were selected in this study. Products I, II,
and III, peels of unknown cultivars from India, were purchased from eSutras superfood,
Bixa, and Nature Vibe, respectively, through Amazon.com. Product IV was a peel of a
Georgia-grown cultivar sourced locally (Alma, GA, USA), which was dried and powdered
by Dr. Kevin Mis Solval’s laboratory at the University of Georgia. All products were stored
at refrigeration temperature until use.

A 100 g sample of each pomegranate peel powder product was mixed with 900 mL of
70% ethanol at 25 °C for 48 h under continuous agitation conditions on an orbital platform
shaker (Bellco Biotechnology, East Lyme, CT, USA). The resulting mixture was centrifuged
at 10,000 x g for 10 min at 5 °C, and the obtained pellet was re-extracted using the same
process. The supernatants collected from both extractions were combined and placed into
a Pyrex glass container (Pyrex, Corning Inc. Corning, NY, USA) and evaporated to dryness
at 37 °C for approximately 5 h. Each dried extract (10 g) was subsequently dissolved in
100 mL of 30% dimethyl sulfoxide (DMSO; Thermo Fisher Scientific, Waltham, MA, USA) to
achieve a final concentration of 10% (w/v). The solution was sterilized using a sterile nylon
membrane Corning disposable filtration and storage system (0.22 um; Fisher Scientific,
Suwanee, GA, USA). Given the high freezing point of DMSO (18.5 °C), the sterile extract
was stored in a sealed container at 25 °C for further analysis.

2.2. Quantification of Hydrolyzable Tannins in Peel Extracts

An Agilent 1100 series high-performance liquid chromatography (HPLC) system
(Agilent Technologies, Waldbronn, Germany) equipped with a binary high-pressure pump,
a Diode-Array Detector, a thermostatted column compartment, and an autosampler was
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used for the analysis. Agilent OpenLLAB ChemStation C.01.09 software was used to process
the collected data. A ZORBAX Eclipse XDB-Phenyl column (3 x 150 mm, 5 um particle size,
Agilent Technologies) equipped with a guard column (4.6 x 12.5 mm, 5 um particle size,
Agilent Technologies) was used for the chromatographic runs. The parameters selected for
the HPLC analysis conditions and mobile phase solvents were described by Wu et al. [16]

Standard gallic acid, ellagic acid, « and B-punicalagin, and « and S-punicalin were
purchased from INDOFINE Chemical Company Inc. (Hillsborough, NJ, USA) or Sigma-
Aldrich (St. Louis, MO, USA) and kept at 4 °C before the experiment. The extracts and
the standards were purified by passing through a 0.45 pm Whatman syringeless filter
device (Cytiva, Marlborough, MA, USA). The filtered samples were subsequently diluted
using HPLC-grade methanol to achieve concentrations within the detection limits. The
hydrolyzable tannins in analyzed samples were quantified by comparing the retention
time between the standards and extract samples. Calibration curves generated using a
series concentration of the standards were used to calculate the concentrations of identified
hydrolyzable tannins in extract samples [16].

2.3. Targeted Bacterial Strains

Strains of S. enterica and enterohemorrhagic E. coli O157:H7 were selected as the target
organisms in the study. S. enterica subsp. enterica serotype Tennessee (the peanut butter
outbreak strain) and Enteritidis (the almond outbreak strain) were provided by Dr. Larry
Beuchat'’s laboratory at the University of Georgia. E. coli O157:H7 F4546 and K4492, which
had been previously implicated in outbreaks related to sprouts and leafy green vegetables,
respectively, were obtained from Dr. Mark Harrison’s laboratory at the same institution.

2.4. Antibacterial Activity Testing

The antibacterial activity of the four extracts against the S. enterica and E. coli strains
was assessed using the plate count assay. A single colony of each bacterial strain was
inoculated in tryptic soy broth (TSB; Becton Dickinson, Sparks, MD, USA) and incubated
overnight at 37 °C. A ten-fold serial dilution was conducted in TSB to achieve a bacterial
suspension of ca. 5log CFU/mL. In the treatment groups, each TSB-diluted bacterial
suspension was supplemented with each extract in the DMSO solution described above
to achieve a concentration of 10% or 20%, equivalent to 1 or 2% dry ethanolic extracts of
pomegranate peels. In contrast, bacterial suspensions not exposed to the extracts served
as positive controls. The missing volume in the control groups was supplemented with
30% DMSO.

The surviving population of each bacterial strain was determined after an incubation
period of 5, 10, or 24 h at 25 °C on an orbital platform shaker (Model 3520, Lab-line, IL,
USA). Bacterial suspensions from both treatment and control groups were enumerated
on tryptic soy agar (TSA; Becton Dickinson), as well as bismuth sulfite agar (BSA; Becton
Dickinson, Sparks) for Salmonella and sorbitol MacConkey agar (SMAC; Becton Dickinson,
Sparks) for E. coli. The cell populations were determined from the plates after incubation at
37 °C for 16-18 h. The inactivation capacity of pomegranate peel extracts was expressed
as the reduction (log CFU/mL) in the bacterial cell population in the treatment groups
compared to the cell populations in the control groups.

2.5. Statistical Analysis

Data were collected in two independent trials, and all samples were analyzed in
duplicate. The results were reported as the means of reductions in S. enterica and E. coli cell
populations. The independent variables included bacterial strain, phenolic extract, extract
concentration, and treatment time. ANOVA of the statistical analysis software (Statistical
Analysis Systems Institute, ver. 9.4, Cary, NC, USA) was used to determine the differences
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among the means of bacterial population reduction at a significance level of p < 0.05.
Fisher’s least significant difference test was used to determine statistical significance. The
concentrations of individual hydrolyzable tannins in each extract were analyzed using
the same statistical approach. A Pearson correlation analysis was conducted to examine
the relationship between the total content of hydrolyzable tannins in each extract and the
reduction in bacterial population.

3. Results
3.1. Overall Mean Reductions in Bacterial Cell Population Caused by Phenolic Treatments

The results in Tables 1 and 2 indicated that all four independent variables were
significant (p < 0.05) factors influencing the E. coli counts from both growth media and
Salmonella counts from BSA, and the variables except for extract concentration were also
significant factors influencing the Salmonella counts from TSA. There were significant
interactions between any two independent variables for E. coli counts and for Salmonella
counts on TSA. However, there were no significant interactions between the type of extract
and bacterial strain or extract concentration when Salmonella counts were recovered on BSA.

Table 1. F-test of each independent variable and its interaction with the overall reduction in Salmonella
enterica cell population as a dependent variable.

Dependent Variable

Reduction in Salmonella enterica Cell Population

(Log CFU/mL)
Source DF Type III SS Mean Square F Value Pr>F
TSA
Strain 1 18.91 18.91 202.55 <0.0001
Time 2 338.36 169.18 1811.90 <0.0001
Extract 3 5.82 1.94 20.76 <0.0001
Concentration 1 0.02 0.02 0.24 0.6257
Strain*extract 3 1.27 0.42 4.53 0.0072
Time*extract 6 6.03 1.01 10.77 <0.0001
Concentration*extract 3 0.88 0.29 3.13 0.0343
BSA
Strain 1 43.04 43.04 167.50 <0.0001
Time 2 547 .52 273.76 1065.36 <0.0001
Extract 3 413 1.38 5.36 0.0029
Concentration 1 6.98 6.98 27.15 <0.0001
Strain*extract 3 1.61 0.54 2.08 0.1149
Time*extract 6 3.05 0.51 1.98 0.0876
Concentration*extract 3 1.27 0.42 1.65 0.1901

DF: degrees of freedom. Type III SS: type III sum of squares. Mean Square: mean squared error. F value: test
statistic for F-test under the null hypothesis. Pr: p-value, the probability of obtaining test statistic given the null
hypothesis is true. TSA: tryptic soy agar. BSA: bismuth sulfite agar. p < 0.05.

On average, the phenolic extracts of all four products exhibited an inhibitory effect
against both bacterial pathogens, with the levels of mean reduction from 2.49 to 3.34 log
CFU/mL for E. coli and 3.06-3.64 log CFU/mL for Salmonella according to the results
from the selective media (Table 3). Variations in antibacterial activity were observed
among the tested extracts. The extract of product I demonstrated the greatest inhibitory
activity (3.64 log CFU/mL) against Salmonella cells, while that of product I exhibited the
highest inhibitory effect (3.34 log CFU/mL) against E. coli cells. The extract of product IV
consistently yielded the lowest levels of mean reduction in Salmonella and E. coli populations,
which were 3.06 and 2.49 log CFU/mL, respectively.
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Table 2. F-test of each independent variable and its interaction with the overall reduction in enterohe-
morrhagic Escherichia coli cell population as a dependent variable.

Reduction in Enterohemorrhagic Escherichia coli Cell

Dependent Variable Population (Log CFU/mL)
Source DF Type III SS Mean Square F Value Pr>F
TSA
Strain 1 9.27 9.27 59.10 <0.0001
Time 2 175.35 87.68 559.01 <0.0001
Extract 3 3.83 1.28 8.13 0.0002
Concentration 1 21.48 21.48 136.95 <0.0001
Strain*extract 3 6.42 2.14 13.65 <0.0001
Time*extract 6 2.42 0.40 2.57 0.0311
Concentration*extract 3 9.88 3.29 21.01 <0.0001
SMAC
Strain 1 15.99 15.99 55.45 <0.0001
Time 2 318.91 159.45 552.98 <0.0001
Extract 3 9.93 3.31 11.47 <0.0001
Concentration 1 41.95 41.95 145.48 <0.0001
Strain*extract 3 4.25 1.42 491 0.0047
Time*extract 6 9.66 1.61 5.58 0.0002
Concentration*extract 3 21.23 7.08 24.54 <0.0001
DEF: degrees of freedom. Type III SS: type III sum of squares. Mean Square: mean squared error. F value: test
statistic for F-test under the null hypothesis. Pr: p-value, the probability of obtaining test statistic given the null
hypothesis is true. TSA: tryptic soy agar. SMAC: sorbitol MacConkey agar.
Table 3. Overall reductions in Salmonella enterica and enterohemorrhagic Escherichia coli cell population
by the ethanolic extracts of four pomegranate peels.
Reduction in Bacteria Cell Population
(Log CFU/mL)
Salmonella enterica Escherichia coli
TSA BSA TSA SMAC
Peel product
(n=24) I 2.57B 3.31B 2.96A 3.34A
1I 2.98A 3.64A 2.81A(B) 3.17A
111 2.82A 3.30B 2.62C(B) 3.10A
v 2.34C 3.06B 2.43C 2.49B
Extract conc. (%)
(n =48) 0 0.00C 0.00C 0.00C 0.00C
1 2.66A 3.06B 2.23B 2.36B
2 2.70A 3.60A 3.18A 3.69A
Treatment time (h)
(n =32) 5 0.61B 0.90C 1.11C 1.06C
10 2.26A 2.50B 2.59B 2.56B
24 5.16A 6.57A 4.41A 5.45A
Bacterial strain
(n =48) S. Tennessee /F4546 2.24B 2.66B 3.02A 3.43A
S. Enteritidis /K4492 3.12A 4.00A 2.40B 2.62B

I, II, and III: Indian-grown cultivars of pomegranate peels purchased from Amazon.com, and IV: a Georgia-grown
cultivar of pomegranate peels sourced locally. TSA: tryptic soy agar. BSA: bismuth sulfite agar. SMAC: sorbitol
MacConkey agar. Means within each variable in the same column not followed by the same letter are significantly
different (p < 0.05).

In general, treatment systems with the higher concentration (2%) of the extracts had
significantly (p < 0.05) greater activities in inhibiting cell growth compared to those with the
lower concentration (1%) of the extract except for Salmonella population reduction assessed
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on TSA (Table 3). A longer treatment time on average resulted in significantly higher levels
of reduction in Salmonella and E. coli populations except when the former population was
assessed on TSA at the 10 and 24 h sampling points. Furthermore, significantly different
cell population reductions were perceived between the two strains of Salmonella and the
two strains of E. coli. The mean level of reduction caused by extracts was higher for S.
Enteritidis (4.00 log CFU/mL) than for S. Tennessee (2.66 log CFU/mL). Similarly, E. coli
0157:H7 F4546 experienced a greater cell population reduction (3.62 log CFU/mL) than
strain K4492 (2.30 log CFU/mL).

3.2. Effects of Individual Extracts on the Reduction in Salmonella Cell Population

The two different concentrations of the extracts prepared from the four pomegranate
peels did not have a significantly (p > 0.5) different impact on the antimicrobial activity
against S. enterica when enumerated on TSA (Table 4). On BSA, however, the treatments
with 2% extracts of product I and III caused significant (p < 0.05) Salmonella population
reduction compared to the extracts of the other two products. Aside from that, the overall
pattern of Salmonella population reduction was comparable to that illustrated in Table 3.
In particular, the extract of product IV exhibited the lowest inhibitory activity, while the
extract of product II led to the greatest reduction (7.27 log CFU/mL) in the bacterial cell
population after a 24 h treatment period. A significant difference was also noted between
the populations of the two Salmonella strains.

Table 4. Reduction in Salmonella enterica cell population by the individual ethanolic extracts of four
pomegranate peels.

Reduction in Salmonella enterica Cell Population

(Log CFU/mL)
TSA BSA
1 1I 111 v 1 1I III v
Time
5h 0.60Cab 0.61Ca 0.69Cab 0.55Cb 0.86Ca 0.94Ca 0.98Ca 0.83Ca
10h 2.20Bab 2.38Ba 2.36Bab 2.11Bb 2.48Bab 2.71Ba 2.54Bab 2.28Bb
24 h 491Ac 5.96Aa 5.41Ab 437Ad 6.61Aab 7.27Aa 6.37Ab 6.06Ab
Conc.
Control 0.00Ba 0.00Ba 0.00Ba 0.00Ba 0.00Ca 0.00Ba 0.00Ca 0.00Ba
1% 2.46Abc 3.06Aa 2.70Ab 2.41Ac 2.93Bb 3.52Aa 2.91Bb 2.87Ab
2% 2.68Ab 2.90Aab 2.94Aa 2.27Ac 3.69Aa 3.76Aa 3.68Aa 3.25Ab
Strain
Enteritidis 3.03Ab 3.32Aab 3.44Aa 2.68Ac 4.04Aa 4.09Aa 4.04Aa 3.82Aa
Tennessee 2.11Bbc 2.64Ba 2.20Bb 2.00Bc 2.59Bb 3.19Ba 2.55Bb 2.30Bb

I, IL, and III: Indian-grown cultivars of pomegranate peels purchased from Amazon.com, and IV: a Georgia-grown
cultivar of pomegranate peels sourced locally. Means in the same row not followed by the same lowercase letters
are significantly different (p < 0.05) regarding pomegranate peel extracts. Means within the same comparative
variables in the same column not followed by the same uppercase letters are significantly different among
treatment time and between the two concentrations of pomegranate peel extracts in tryptic soy broth, and the two
Salmonella strains.

3.3. Effects of Individual Extracts in the Reduction in E. coli Cell Population

The pattern of E. coli population reduction shown in Table 5 was similar to what is
shown in Table 3. The highest reduction in cell population occurred at the 24 h sampling
point, followed by the 10 h and 5 h sampling points. The antimicrobial activity of the
extracts demonstrated a dose-dependent response except for product IV. The extract of
product I was the most effective, resulting in the highest reduction in cell populations
(6.15 log CFU/mL) at the 24 h sampling point. Furthermore, the susceptibility of E. coli
0157:H7 F4546 to the extracts of products I, II, and IV was higher than that of K4492.
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Table 5. Reduction in enterohemorrhagic Escherichia coli cell population by the individual ethanolic
extracts of four pomegranate peels.

Reduction in Escherichia coli Cell Population

(Log CFU/mL)
TSA SMAC
| II 111 v | II 111 1A%

Time

5h 1.20Ca 1.09Cab 1.14Ca 1.01Cb 1.06Ca 1.02Ca 1.19Ca 0.98Ca

10h 2.78Ba 2.64Bab 2.53Bab 2.43Bb 2.81Ba 2.61Bab 2.51Bbc 2.30Bc
24 h 491Aa 4.71Aab 4.20Abc 3.85Ac 6.15Aa 5.89Aa 5.59Aa 4.19Ab
Conc.

Control 0.00Ca 0.00Ca 0.00Ca 0.00Ba 0.00Ca 0.00Ca 0.00Ca 0.00Ba
1% 2.66Ba 2.08Bb 1.80Bb 2.39Aa 2.78Ba 2.11Bb 2.01Bb 2.56Aa
2% 3.26Aa 3.55Aa 3.44Aa 2.47Ab 3.90Aa 424Aa 4.18Aa 2.42Ab

Strain
F4546 3.62Aa 3.09Ab 2.56Ac 2.80Abc 4.01Aa 3.47Ab 3.22Ab 3.02Ab
K4492 2.30Bb 2.54Ba 2.68Aa 2.06Bc 2.67Ba 2.88Ba 2.97Aa 1.96Bb

I, I, and III: Indian-grown cultivars of pomegranate peels purchased from Amazon.com, and IV: a Georgia-
grown cultivar of pomegranate peels sourced locally. TSA: tryptic soy agar; SMAC: sorbitol MacConkey agar.
Means in the same row not followed by the same lowercase letters are significantly different (p < 0.05) regarding
pomegranate peel extracts. Means with the same comparative variables in the same column not followed by the
same uppercase letters are significantly different among treatment time and between the two concentrations of
pomegranate peel extracts in tryptic soy broth and two E. coli strains.

3.4. Identification and Quantification of Hydrolyzable Tannins in the Extracts

Figure 1 displays the total contents, in milligrams per milliliter (mg/mL), of six
hydrolyzable tannins in each extract used in the study. The hydrolyzable tannins were
identified as « and 3 punicalin, o« and {3 punicalagin, ellagic acid, and gallic acid. The
total quantity of hydrolyzable tannins was calculated by adding up the concentrations
of all six detected compounds. The results indicated that the average quantities of total
hydrolyzable tannins in the four extracts varied from 21.79 to 57.62 mg/mL, with the
extract of product I containing the highest concentration, followed by products II, III, and
IV. Across all studied extracts, « and 3 punicalagins were the most abundant hydrolyzable
tannins, with the concentrations ranging from 20.81 to 43.43 mg/mL. In contrast, « and 3
punicalins were present at lower concentrations (0.51 to 11.52 mg/mL), followed by ellagic
acid with concentrations in the range of 0.44 to 2.05 mg/mL, and the concentration of gallic
acid ranged from 0.05 to 0.65 mg/mL.

3.5. The Analysis of Antimicrobial Activity at Different Sampling Points

The correlation coefficients shown in Table 6 revealed the relationship between the
reductions in Salmonella or E. coli cell population and concentrations of total hydrolyzable
tannins in the extract of each product. The reductions in the cell population positively
correlated to the concentrations of hydrolyzable tannins at all sampling points. In the
system containing S. Enteritidis or S. Tennessee, the R? ranged from 0.65 to 0.98 and from
0.66 to 0.99, respectively. For E. coli, the R? ranged from 0.57 to 0.98 and from 0.44 to 0.99,
respectively, in the system with F4546 or K4492. The lowest correlation was observed in the
treatment systems of both bacteria containing the extract of product IV.
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60 a- B- - B- Ellagic | Gallic | Total
-I- punicalagin | punicalagin | punicalin | punicalin | acid acid | ellagitannins
)' Extract
52 A 21.86A 21.57A 5.62A 5.90A 2.05A | 0.65A | 57.62A
50 B 14.10B 1327B 242B 2.63B 0.85B | 0.34B | 33.60B
‘ C 13.63B 1231B 0.94C 1.06C 0.46B [0.12C | 28.51C
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Figure 1. The concentrations of different phenolic compounds in the extracts of four pomegranate
peels, analyzed using high-performance liquid chromatography. I, II, and III: powdered India-grown
cultivar of pomegranate peels purchased from Amazon, and IV: powdered pomegranate peels of
Georgia-grown cultivar sourced locally.

Table 6. Pearson’s correlation coefficients between the concentrations of total hydrolyzable tannins in
the extracts of each pomegranate peel and the population reductions in Salmonella enterica and E. coli
populations in tryptic soy broth.

Pearson’s Correlation Coefficients (R?)

TSA BSA/SMAC
I II III v I II III 1A%
S. Enteritidis

Time (h)

5 0.97 0.97 0.98 0.98 0.86 0.89 0.85 0.81

10 0.82 0.81 0.87 0.83 0.71 0.74 0.78 0.82

24 0.75 0.77 0.67 0.65 0.89 0.89 0.88 0.86

S. Tennessee

Time (h)

5 0.69 0.75 0.79 0.66 0.68 0.70 0.72 0.66

10 0.76 0.81 0.88 0.80 0.82 0.85 0.86 0.81

24 0.97 0.93 0.94 0.99 0.95 0.96 0.95 0.97

F4546

Time (h)

5 0.71 0.85 0.72 0.76 0.76 0.88 0.77 0.85

10 0.75 0.73 0.82 0.57 0.86 0.75 0.79 0.77

24 0.91 0.98 0.94 0.88 0.92 0.98 0.95 0.76

K4492

Time (h)

5 0.79 0.74 0.89 0.74 0.68 0.80 0.86 0.80

10 0.77 0.82 0.86 0.73 0.69 0.77 0.80 0.44

24 0.94 0.94 0.93 0.98 0.91 0.94 0.94 0.99

TSA: tryptic soy agar. BSA: bismuth sulfite agar. SMAC: sorbitol MacConkey agar.
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4. Discussion

This reported study explored the feasibility of adding value to pomegranate produc-
tion waste, which could potentially enhance the revenue of pomegranate growers and
subsequently improve the sustainability of the pomegranate industry. It also provides a
practical alternative to replacing antibiotic use in animal food production. This potential
application is not only economically feasible but also has public health significance.

The ethanolic extracts of four pomegranate peel products tested in the study inhibited
the growth of two common foodborne bacterial pathogens, S. enterica and enterohemor-
rhagic E. coli. These two pathogens are Gram-negative, and the hydrophilic outer mem-
branes of Gram-negative bacteria coupled with the enzymatic machinery present in the
periplasmic space provide them with an additional layer of protection against a wide range
of exogenous molecules [17]. Such inherent resistance mechanisms often contribute to
the reduced efficacy of various antimicrobials. For example, 3-lactams such as penicillin
and cephalosporins are susceptible to the hydrolysis by 3-lactamases produced by the
resistant bacteria in the periplasmatic space [18]. Large hydrophobic molecules, including
glycopeptides, lipopeptides, and macrolides, have poor permeability through the narrow
hydrophilic porins of the outer cell membrane [19]. However, the results of the current
study revealed that the extracts of all four pomegranate peels exerted inhibitory activities
against both evaluated bacterial pathogens, and higher levels of cell population reduction
were observed with Salmonella (2.66-4.00 log CFU/mL) than E. coli (2.30-2.61 log CFU/mL)
(Table 3).

In a prior study [20], different natural phenolic compounds were used to treat various
strains of E. coli and Salmonella using the agar diffusion method. The findings aligned with
the current research indicated that the strains of E. coli O157:H7 were less sensitive to the
compounds compared to those of Salmonella. The results of the current study are also in
agreement with another previous study [21] which reported that 26 strains of Salmonella
were more susceptible to four evaluated hydrolyzable tannins than 23 strains of E. coli based
on their average minimum inhibitory concentration values. Furthermore, this study also
found notable disparities in cell population reduction between the two individual strains
of Salmonella and two strains of E. coli (Tables 4 and 5). These observations seemed to be
consistent with the finding of a previous study that involved 16 Salmonella strains that had
different sensitivity to ethanolic extracts tested [22]. The disparate sensitivity of various
bacterial strains to phenolic extracts could be attributed to the variation in the genetic
makeup of these strains. Such discrepancies may impart the expression of certain genes in
response to hydrolyzable tannin exposure. For instance, a methanolic pomegranate peel
extract was found to act as an efflux pump inhibitor to E. coli ATCC strain 25922, while it
did not demonstrate any inhibitory activity against E. coli KAM42 [23,24].

Variations in antimicrobial activity were noticed among the extracts of four pomegranate
peels (Table 3). The extracts derived from products I and II exhibited the most potent ef-
fects against E. coli and Salmonella, respectively. Intriguingly, these two extracts contained
the highest quantities of total hydrolyzable tannins determined using HPLC (Figure 1).
Since higher concentrations of extracts resulted in greater inhibition in bacterial growth
(Table 1), hydrolyzable tannins highly likely acted as bactericides against the pathogens in
a dose-dependent manner.

In general, greater quantities of hydrolyzable tannins were identified in the extracts
of products I, II, and III in comparison to the extract of product IV (Figure 1). The con-
tent of hydrolyzable tannins in pomegranate peels can be influenced by multiple factors.
Environmental conditions, including atmosphere temperature, were reported to have a
great impact on hydrolyzable tannin content in pomegranate peels [25]. The occurrence of
phenolic compounds in fruit peels is believed to be a protective plant response triggered by
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temperature-induced oxidative stress [26]. Fruits in India may experience a higher average
temperature throughout the year compared to those in Georgia, U.S. [27]. As a result,
pomegranate peels of Indian cultivars are likely to have higher levels of hydrolyzable
tannins than their Georgian counterparts. Other than geographic influence, variations in
hydrolyzable tannins were also observed in pomegranates growing in the same region due
to hereditary characteristics [28].

Figure 1 shows that punicalagins were the major hydrolyzable tannins in all four
extract samples; this observation is consistent with the findings of several previous stud-
ies [29-31]. Hence, the antimicrobial activity of extracts used in the present study can be
largely attributed to punicalagin. Punicalagins extracted from pomegranate peels displayed
a wide range of inhibitory activity against various microorganisms, including Pseudomonas
aeruginosa and E. coli, as well as yeasts [29]. At a minimum inhibitory concentration of
0.25 mg/mlL, punicalagin elicited substantial morphological alternations and disrupted
biofilms formed by S. aureus [32]. The observed antimicrobial activity of punicalagin is
likely contributed by the 16 hydroxyl functional groups attached to the molecule since this
moiety has been suggested to be a critical determinant of molecular interactions, owing to
its distinct polarity and oxidation characteristics [33].

Even though the extract from product I had a significantly higher content of hy-
drolyzable tannins (Figure 1), the extract from product II on average demonstrated greater
antibacterial efficacy against the Salmonella strains used in the study (Table 3). This ob-
servation could be attributed to other antimicrobial components such as chelating agents
present in the extracts. A previous study demonstrated that the antibacterial activities of a
mango seed extract were comparable to those of tannic acid, despite significant differences
in their total phenolic contents [34]. This was primarily due to mangiferin, a chelating agent
that acted synergistically with the gallotannins in the mango kernel extract. Therefore,
other antimicrobials such as some chelating agents may exist in extract II which work in
harmony with the hydrolyzable tannins in inhibiting the growth of Salmonella. Furthermore,
corilagin, a dominant compound in pomegranate peel extract was reported in a previous
study to act synergistically with hydrolyzable tannins in Combretum extracts to inhibit the
growth of Mycobacterium [35,36].

The current study showed that the reduction in bacterial cell population was influ-
enced by treatment time, with the highest cell population reduction occurring at the 24 h
sampling point, which suggested that prolonged exposure to pomegranate peel extracts
may be necessary to maximize their antimicrobial activity (Tables 1-3). A comparable result
was reported by a previous study [20] which investigated the antimicrobial activity of a few
phenolic compounds against S. enterica and E. coli during a treatment period of 60 h. The
phenolics were effective against both bacterial pathogens, and peak antibacterial activity
was observed between 24 and 36 h of the treatments.

It is noteworthy that a greater decline in bacterial populations was observed on selec-
tive media as compared to the non-selective TSA, following the treatment with pomegranate
peel extracts for 5, 10, and 24 h (Tables 3-5). This observation can be partially attributed to
the selective action of phenolic extracts, which targeted susceptible bacterial cells while
allowing tolerant bacterial cells to persist and proliferate. Furthermore, selective media
enable the growth of bacterial cells that can withstand the selective agents in the growth me-
dia following the phenolic treatments. This speculation could be supported by a prior study
where direct plating onto SMAC led to diminished recovery of stressed E. coli O157:H7
cells, as compared to their growth on TSA [37].
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5. Conclusions

The antimicrobial efficacy observed in the current study was influenced by extract
concentration, treatment duration, and the specific bacterial strain, indicating a complex
interaction between the phenolic compounds and the pathogens. Hydrolyzable tannins,
particularly punicalagins, were identified as key contributors to the observed antibacterial
effects, although other bioactive compounds such as chelating agents may also play a
synergistic role. The variation in bacterial susceptibility, even among strains of the same
species, addresses the importance of understanding genetic and physiological differences
when developing natural antimicrobial strategies. Additionally, the study revealed that
prolonged exposure to pomegranate peel extracts is critical for maximizing bacterial pop-
ulation reductions, suggesting that time-dependent effects are an essential consideration
in practical applications. Overall, these findings highlight the potential of pomegranate
peel extracts as a natural alternative to conventional antimicrobials, offering a viable and
economical option for controlling foodborne pathogens and ensuring food safety. Further
research is warranted to optimize extract formulations and explore their applicability across
food systems.
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