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ABSTRACT
Avian pathogenic Escherichia coli (APEC) continues to be a major concern for public health and animal farming due to its diverse
virulence factors that support iron uptake, adherence, toxin release, and resistance to host defenses. While natural zeolites are
commonly incorporated into animal feed for their detoxifying, bufering, and adsorption capabilities, little is known about how
they afect the presence of pathogenic genes in gut bacteria. This study explored whether feeding broiler chickens with natural
zeolite could afect the virulence gene profles of E. coli found in their ceca. One hundred ffty chicks were divided into fve groups
receiving 0%, 5%, 10%, 15%, or 30% zeolite. Eleven genes were screened using PCR. Results showed that zeolite levels signifcantly
afected the virulence-associated gene carriage of E. coli, with the 10% zeolite group showing no isolates that met the APEC
classifcation criteria (≥ 5 virulence genes) and the lowest presence of minimal predictor virulence genes (iroN, ompT, iutA, hlyF,
and iss), indicating that 10% zeolite was the most efective level under the conditions of this study. These fndings mark the frst
report that natural zeolite can reduce virulence gene carriage in E. coli within a live animal model, supporting its potential as
a nonantibiotic method to reduce APEC risk and for modulating pathogenic bacterial populations. Further investigation, including
gene expression and challenge trials, is needed to better understand the underlyingmechanisms and validate its protective benefts.

1 | Introduction

Escherichia coli (E. coli) are considered normal inhabitants of the
gastrointestinal tract of humans and animals, and they constitute
an essential component of the gut microbiome. However, certain
strains possess pathogenic potential that allows them to cause
a wide range of diseases. The pathogenic ability of E. coli strains is
facilitated by a broad range of virulence factors, which are coded
by virulence-associated genes (iutA, iss, papC, iucD, tsh, irp-2,
ompT, hlyF, iroN, cva/cvi, and astA). These genes contribute to
bacterial adhesion, iron acquisition, serum resistance, toxin
production, and immune evasion. According to the genetic
criteria, the pathogenicity of avian pathogenic E. coli (APEC)

strains is determined by the presence of at least fve virulence
genes [1, 2].

Zeolites are naturally occurring volcanic minerals mined in
certain parts of the world. They are a group of hydrated alu-
minosilicates of alkaline and alkaline earth metals, primarily
sodium, potassium, magnesium, and calcium, characterized by
low mining cost, abundance, low bulk density, and high re-
sistance to alteration [3]. The typical chemical composition of
zeolites includes Na2O, K2O, SiO2, Al2O3, and Fe2O3, though
their relative proportions vary depending on geological origin [4].
The functional properties of diferent types of zeolites, such as
high water-holding capacity, high cation-exchange capacity, and
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high adsorption capacity, depend largely on these compositional
diferences [5].

Due to their unique physicochemical characteristics, zeolites are
widely used across multiple industrial and agricultural sectors. In
animal production, they are applied in intensive aquaculture
systems for ammonia removal and serve as feed additives in
poultry, sheep, and cattle farming [6, 7]. For instance, El-Nile et al.
[8] investigated the efects of zeolite supplementation in natural
and nanoform on ruminal fermentation characteristics, milk
chemical composition, and milk production of dairy goats. The
results revealed that the nanoform of zeolite had more efects as
a feed additive than the natural forms [8]. Similarly, supple-
mentation with natural zeolite in laying hens improved eggshell
ratio and density [9]. In broiler studies, dietary inclusion of zeolite
at concentrations of 0–20 g/kg enhanced production performance
up to 10 g/kg, although the efect was not statistically signifcant
[10]. In addition to that, a study performed in Jordan using
bentonite nanoparticles to study the efect of zeolite on broiler
performance and carcass characteristics revealed that concen-
trations of 1%, 2%, and 3% can enhance the growth performance of
broilers with no change on carcass characteristics [11]. Natural
zeolites efectively detoxify economical pollutants, carcinogenic
contaminants, and heavy metals and encourage animal welfare
and performance at higher growth rates [12]. Zeolites act as
microecological modulators. They do not sterilize the gut; rather,
they modulate its chemical environment. Their bufering efect
helps stabilize pH, creating conditions less favorable to acid-
sensitive pathogens, and over time, these efects may increase
benefcial bacteria such as Lactobacillus and Bifdobacteriumwhile
decreasing harmful or opportunistic microbes. A natural zeolite
was incorporated into the diets of laying hens at inclusion levels of
1%, 2%, and 4% (w/w) over a 23-week feeding period. Zeolite
supplementation led to a signifcant reduction in bacteria be-
longing to Enterobacteriaceae across all tested concentrations, and
the result was that dietary zeolite reduced the carriage of several
poultry-associated pathogens while maintaining populations of
benefcial gut bacteria [13]. Based on the report of the European
Food Safety Authority (EFSA) [14], 2025, natural zeolite is au-
thorized to be used as a binder and anticaking agent in feed for all
animal species with amaximum level of 10,000mg/kg of feed [14].
Although several studies have demonstrated the benefcial efects
of zeolite supplementation on animal health and microbial bal-
ance, no previous research has examined its impact on the dis-
tribution and abundance of pathogenic genes within the gut
microbiome. Therefore, the present study was conducted to
evaluate the efects of Jordanian natural zeolite supplementation
on the pathogenic gene content of E. coli strains isolated from the
intestines of broiler chickens.

2 | Materials and Methods

2.1 | Birds and Housing

One hundred ffty broiler chicks (1-day-old; mixed sex; 40� 2 g)
were randomly allocated to 15 foor pens. Temperature was
reduced from 32°C� 1°C to 22°C by Day 21 (RH 55%–65%);
lighting was 23L:1D (Week 1) then 20L:4D. Feed and water were
provided ad libitum. The study was read and approved by the
Institutional Animal Care and Use Committee (IACUC) at JUST
under approval number 16/4/12/738.

2.2 | Experimental Design and Diets

A completely randomized design was employed, consisting of
fve dietary treatments containing 0%, 5%, 10%, 15%, and 30%
zeolite. The zeolite used in this study was a natural form sourced
from the Al-Azraq region of Jordan. The zeolite was milled
(< 250 μm) and stored airtight. Phillipsite predominated in all
samples. ICP-MS showed Pb, Cd, As, and Hg below feed additive
limits. Moisture (105°C, 4 h) andmicrobiological counts met feed
hygiene standards.

Zeolite was incorporated during diet preparation by replacing an
equivalent proportion of the diet according to the respective
inclusion levels of each treatment. Each treatment was replicated
three times. The supplementation of a wide range of concen-
trations (0%–30%) was intended to explore a dose–response re-
lationship, including both practical and higher inclusion levels,
in order to better understand the potential efects and safety
limits of zeolite supplementation.

The experimental diets were based on a corn–soybean meal
formulation, formulated to be isonitrogenous and isocaloric, and
were designed to meet the nutritional requirements for broiler
chickens according to local feeding standards (Table 1). How-
ever, the inclusion of high levels of zeolite may have altered the
isonitrogenous and isocaloric balance of the diets. Zeolite was
incorporated intentionally at these levels to evaluate the potential
efects of such substitution under practical feeding conditions.

2.3 | Sample Collection

At the end of the experiment (Day 35), three birds were randomly
selected from each pen, ensuring their body weights were closest
to the pen’s mean body weight. The selected birds were hu-
manely slaughtered, and their ceca were aseptically collected,
transported to the laboratory, and stored at 4°C until further
analysis. The cecum was selected because it is the ideal habitat
for a diverse microbiome and is indeed the important organ
studied for the intestinal microbiome of poultry [15].

2.4 | Detection of Virulence Genes

Diferent strains of E. coliwere isolated from 45 cecum samples of
broiler chickens. A total of 102 isolates were obtained (2-3 per
sample) from each cecal sample based on distinct colony mor-
phology (size, shape, and color) on selective media, followed by
confrmation using standard biochemical identifcationmethods.
Based on the genetic criteria for virulence genes, two multiplex-
PCR reactions (M1 and M2) were done to assess the profle of
11 virulence-associated genes (Table 2) in the isolates; each re-
action contained 4 μL of 5x Firepol Blend Master Mix (Solis
BioDyne, Estonia), 1.2 μL of each primer pair at 10 pmol, and up
to 20 μL nuclease-free water. Reaction conditions for the M1 PCR
were initial denaturation at 94°C for 10min followed by 35 cycles
of denaturation at 94°C for 30 s, annealing at 63°C for 30 s,
extension at 72°C for 30 s, and fnal extension at 72°C for 10min,
whereas the conditions for the M2 reaction were initial de-
naturation at 94°C for 10min followed by 35 cycles of de-
naturation at 94°C for 30 s, annealing at 58°C for 30 s, extension
at 72°C for 60 s, and fnal extension at 72°C for 10min. Isolates
containing at least fve virulence genes were considered the
APEC strains, and isolates containing less than fve virulence
genes were considered the avian nonpathogenic Escherichia coli
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(non-APEC) strains [18]. PCR procedures were performed under
standardized conditions, using positive and negative controls and
optimized cycling parameters to ensure specifcity and re-
producibility of PCR product amplifcation.

2.5 | Statistical Analysis

The experiment was conducted using a completely randomized
design, in which dietary treatments were applied at the pen level.
A total of 150 broiler chickens were allocated to 15 pens, with

three replicate pens per treatment (10 birds per pen). For viru-
lence gene analysis, isolates from three birds per pen were pooled
to obtain pen-level proportions as isolates within a pen are not
independent (n= 102). The proportion of APEC isolates per pen
was analyzed by one-way ANOVA and Tukey’s post hoc test
(SPSS v26.0) with signifcance set at p < 0.05. Figure 1 illustrates
the descriptive detection frequencies of individual genes at the
isolate level; however, no statistical comparison was made for
individual gene frequencies.

3 | Results

3.1 | Detection of APEC and Virulence-Associated
Genes

Table 3 reports the number and percentage of isolates classifed
as APEC (≥ 5 virulence genes) vs. non-APEC (< 5 genes) per
treatment group. Group sample sizes were as follows (number of
isolates): Group 1: n= 10; Group 2: n= 10; Group 3: n= 10;
Group 4: n= 7; and Group 5: n= 10. The highest number of non-
APEC was found in Group 3 (100%), followed by Group 2 and
Group 5 (80% each), Group 4 (71.4%), and Group 1 (50%)

Table 3 shows that Group 3 consisted entirely of non-APEC
isolates (100%), meaning none of the strains in that group carried
the threshold number of virulence genes required for APEC
classifcation. Groups 2 and 5 each contained a high proportion of
non-APEC isolates (80%), suggesting limited virulence potential
within those populations. Group 4 displayed a somewhat lower
percentage of non-APEC isolates (71.4%), indicating a mix of
strains with varying virulence profles. In contrast, Group 1

TABLE 1 | Poultry feed formulation (percentage composition).

Item Starter Grower
Corn 48 52
Soybean meal 37 31
Wheat 10 12.5
Oil 1 1.3
Calcium carbonate 1.3 1.2
Lysine 0.6 0.55
Methionine 0.37 0.35
Threonine 0.16 0.14
Vitamin premix 0.1% 0.1 0.1
Mineral premix 0.1% 0.1 0.1
Choline 0.075 0.075
Sodium bicarbonate 0.15 0.14

Note: All values represent the inclusion rate as a percentage of the total diet on an
as-fed basis.

TABLE 2 | Primers used for multiplex PCR detection of virulence-associated genes in E. coli isolates.

Gene Primer sequence Product size Reaction/annealing Reference

ompT F: TCATCCCGGAAGCCTCCCTCACTACTAT 496

M1/63°C [16]

R: TAGCGTTTGCTGCACTGGCTTCTGATAC

hlyF F: GGCCACAGTCGTTTAGGGTGCTTACC 450R: GGCGGTTTAGGCATTCCGATACTCAG

iroN F: AATCCGGCAAAGAGACGAACCGCCT 553R: GTTCGGGCAACCCCTGCTTTGACTTT

iutA F: GGCTGGACATCATGGGAACTGG 302R: CGTCGGGAACGGGTAGAATCG

iss F: CAGCAACCCGAACCACTTGATG 323

M2/58°C [17]

R: AGCATTGCCAGAGCGGCAGAA

papC F: TGATATCACGCAGTCAGTAGC 501R: CCGGCCATATTCACATAA

iucD F: ACAAAAAGTTCTATCGCTTCC 714R: CCTGATCCAGATGATGCTC

tsh F: ACTATTCTCTGCAGGAAGTC 824R: CTTCCGATGTTCTGAACGT

irp-2 F: AAGGATTCGCTGTTACCGGAC 413R: AACTCCTGATACAGGTGGC

cva/cvi F: TGGTAGAATGTGCCAGAGCAAG 1181R: GAGCTGTTTGTAGCGAAGCC

astA F: TGCCATCAACACAGTATATCC 116R: TCAGGTCGCGAGTGACGGC
Note: F, forward primer; R, reverse primer; M1, multiplex PCR reaction 1 (annealing at 63°C); M2, multiplex PCR reaction 2 (annealing at 58°C). Product sizes are given in
base pairs (bp).

Veterinary Medicine International, 2026 3 of 7



showed the lowest proportion of non-APEC isolates (50%), im-
plying that half of the strains in this group carried enough vir-
ulence genes to be considered potentially pathogenic.

According to the number of minimal predictor virulence genes
[16], the lowest number of detected genes occurred in Group 3 (2
out of 5), followed by Groups 4, 2, and 1 (4 out of 5), and lastly,
Group 5 (5 out of 5) (Figure 1).

The percentage of the minimal predictor virulence genes (iroN,
ompT, iutA, hlyF, and iss) detected difered among the fve groups
that were investigated. Group 1 showed the presence of the four
virulence genes iroN, ompT, iutA, and hlyF at the same frequency
(11.67) and no iss. A similar trend was observed in Group 2,
where the four genes were likely with almost the same frequency

(13.33), and no iss was detected. The general virulence gene
detection was less in Group 3. Only iroN (8.33) and ompT (3.33)
were found. On the other hand, Group 4 had the most prevalent
virulence genes of all the groups. It is noteworthy that iutA and
hlyF both had signifcantly high detection rates of 25.31 and
21.04, respectively, whereas iroN and ompT had 10.57 and 10.57,
respectively. This group did not show the iss gene. Group 5 had
moderate and comparatively homogeneous detection of the
predictor gene with iroN, ompT, iutA, and hlyF detected in
11.11% of the isolates.

4 | Discussion

The present study demonstrates that dietary supplementation
with Jordanian natural zeolite signifcantly modulates the
virulence-associated gene carriage of E. coli strains isolated from
the ceca of broiler chickens. The most striking fnding was the
complete absence of isolates meeting the APEC classifcation
criteria (≥ 5 virulence genes) in the broilers fed a 10% zeolite diet
(Group 3), with 100% of isolates classifed as nonpathogenic. This
decrease in virulence gene carriage is consistent with the ob-
served reduction in the number of minimal predictor virulence
genes, with isolates from the 10% zeolite group carrying only two
of the fve key predictor genes. These fndings provide the frst
evidence that zeolite may reduce the genetic determinants as-
sociated with APEC in vivo. The mechanisms of this efect are,
probably, complex in nature, based on the physicochemical
properties of zeolites. However, the present study was not
designed to elucidate mechanisms; the following explanations
are hypothetical and require direct testing. One of the most
infuential processes might be the sequestration of iron, which is
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FIGURE 1 | Detection frequency of the fve minimal predictor virulence genes (iroN, ompT, iutA, hlyF, and iss) across treatment groups. Values
represent the percentage of isolates within each group that tested positive for each gene. Group 1: 0% zeolite (n= 10 isolates); Group 2: 5% zeolite
(n= 10); Group 3: 10% zeolite (n= 10); Group 4: 15% zeolite (n= 7); and Group 5: 30% zeolite (n= 10).

TABLE 3 | Distribution of E. coli isolates classifed as non-APEC
(carrying < 5 virulence genes) and APEC (carrying ≥ 5 virulence genes)
across experimental groups.

Group
E. coli

Non-APEC APEC
Group 1 5 (50%) 5 (50%)
Group 2 8 (80%) 2 (20%)
Group 3 10 (100%) 0 (0%)
Group 4 5 (71.4%) 2 (28.6%)
Group 5 8 (80%) 2 (20%)

Note: Values represent the number of isolates (percentage of group total). Group
sample sizes (total isolates screened per group): Group 1 (0% zeolite), n= 10; Group
2 (5% zeolite), n= 10; Group 3 (10% zeolite), n= 10; Group 4 (15% zeolite), n= 7;
and Group 5 (30% zeolite), n= 10.
Abbreviation: APEC, avian pathogenic Escherichia coli.
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an important micronutrient to the bacteria and their growth [19].
To overcome the iron-restricted environment of the host and
ensure the availability of this essential metal, APEC strains
employ iron acquisition systems encoded by the iutA, iucD, irp-2,
and iroN genes [20]. Zeolite has the potential to cause a condition
of iron restriction in the gut microenvironment by binding iron
and lowering its bioavailability [21]. This nutritional stress may
be selective to those bacteria that downregulate these energeti-
cally costly virulence systems or be selective to allow bacteria that
do not possess such systems to grow [22]. This hypothetical
correlation of nutritional disarmament from previous studies
fnds strong support in the lowest evidence of these iron-related
genes found in the 10% zeolite group.

The nonlinear efect that can be observed is most when the
zeolite is at 10% but shows a partial ofset at 15% and 30%. The
possible causes of this reversal are gut overload, which may
decrease the level of nutrient digestibility and change gut mo-
tility, or excess binding of cations, which might cause an im-
balance of other crucial minerals [23]. Based on that, it can be
hypothesized that, at very high concentrations, the adsorption
and binding capacity of zeolite may exert a selective pressure on
the bacterial population, favoring APEC subpopulations with
more efcient iron acquisition systems or other adaptive genetic
traits. Such adaptations could enhance bacterial survival and
persistence despite the nutrient-restricted environment created
by zeolite supplementation. In addition to that, reducing dietary
protein decreased the performance and immune capacity of
broilers, and that may have positive efects on the APEC [24]. It is
worth mentioning that levels of inclusion above 10% changed the
diet composition signifcantly, which may change digestibility of
nutrients and gut physiology as a whole. Thus, while 10% had the
most infuence on virulence gene carriage, application in practice
would need careful reformulation to maintain isonitrogenous
and isocaloric balance.

Also, the efect of zeolite is not limited to mere nutrient se-
questration but is more broadly related to microecology. It is
known that pH-bufering capacity can stabilize the microenvi-
ronment of the gut and create less favorable living conditions for
acid-sensitive pathogens like certain E. coli strains. In a recent
review, it was concluded that numerous studies had illustrated
the benefcial impact of zeolite (clinoptilolite) and its micronized
and mechanically activated forms on gut health and microbiota
due to their detoxifying, anti-infammatory, immunostimulating,
and antioxidative properties [21]. In chickens, it was reported
that dietary inclusion of 1%–4% of zeolite modulated the gut
bacterial counts, by which the Enterobacteriaceae counts de-
creased in laying hens with simultaneously increased counts of
other bacteria like Lactobacillus and Bifdobacterium. It was
found that a diet supplemented with 2% zeolite has a positive
impact on the health status of E. coli O157:H7–infected broilers
and enhanced hematological profles, with efcacy comparable
to antibiotic treatment [25].

The current study could have an indirect efect on the virulence
gene expression through a certain shift of the gut microbiome,
which could happen in two ways. To begin with, a healthier and
more competitive microbial community will practice competitive
exclusion to restrict the niche and the resources that the path-
ogens have. Second, this shift can afect the bacterial quorum
sensing networks, which are used to regulate virulence gene

expression in respect to population density [26]. The decrease in
gut lining infammatory signals would also eliminate triggers
that are known to elevate the expression of APEC virulence
factors like ompT, hlyF, and iss. Without direct measurements of
microbiome composition, quorum sensing molecules, or in-
fammatory markers, these mechanisms remain speculative.

The zeolite technical results can be generalized to virulence
genes, which show that a 10% Jordanian zeolite inclusion rate
might be a potentially efective level in promoting growth and
reduction of APEC under the specifc conditions of this study. It
was expected that 30% Jordanian zeolite inclusion would recover
all fve minimal predictor genes, which reinforced the idea that
excess is not necessarily the best and also emphasized the need to
optimize the dose. A similar trend was previously reported for
a dose-dependent efect of Jordanian zeolite on broiler weight
gain [27]. The 50% APEC prevalence of the control condition (0%
zeolite) refects the reports in the feld concerning intensive
broiler systems in the developing regions, where colibacillosis
has been a primary cause of economic loss [18]. The fnding that
none of the isolates from the 10% zeolite group fulflled the
criteria of APEC classifcation indicates a possible nonantibiotic
strategy that needs further evaluation under commercial con-
ditions. On a molecular level, zeolite acts as an immunomod-
ulator through substantial upregulation of expression of the wide
range of cytokine genes in the intestinal mucosa that includes
important interleukins (IL1B, IL4, IL6, IL10, and IL12) and
interferons (IFNG and IFNB) [28]. At the same time, it will be
possible to promote the integrity of the gut barrier, improving
tight junctions of the intestinal mucosa. This twofold action,
involving both immune response priming and reinforcement of
the physical intestinal barrier, forms the molecular basis for its
health efects [28].

Infammatory and physiological parameters were not directly
assessed within the present study; however, parallel toxicological
study conducted by Hananeh et al. using the same zeolite source
and inclusion levels demonstrated that zeolite supplementation
did not induce any signifcant physiological, hematological,
biochemical, or histopathological changes [29], supporting the
safety of the tested levels in this model.

In the current research, E. coli isolates were classifed into APEC
and non-APEC groups based on established virulence gene
criteria. Even though this approach provides a practically ac-
cepted framework for assessing pathogenic potential, additional
classifcation of non-APEC strains into additional pathotypes
may ofer deeper insights into the functional diversity of E. coli
populations within the poultry gut. Such expanded pathotyping
approaches may provide a more comprehensive understanding
of potential shifts in bacterial populations in response to dietary
interventions. Therefore, their inclusion should be considered in
future studies to better elucidate the efects of these interventions
on APEC virulence profles and population dynamics.

The limitation of the current research is that the study evaluated
the virulence genes of E. coli isolates rather than their expression
levels. Future studies including transcriptomic approaches
would provide valuable insights into the regulation and ex-
pression dynamics of these virulence determinants. Moreover,
the study did not measure the actual impact of zeolite supple-
mentation on disease outcomes through challenge experiments
or infection models as the reduction in the number of detected
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virulence-associated genes may indicate a lower probability of
pathogenic potential, as supported by previous studies, but does
not exclude pathogenicity. Finally, the classifcation of isolates
was limited to APEC and non-APEC categories, so further
characterization into additional E. coli pathotypes should be
considered within future investigations. Importantly, virulence-
associated genes were evaluated in this study and not actual
virulence, pathogenicity, or disease outcome. The decrease in
gene detection indicates a lower genetic potential for virulence,
but challenge studies are required to confrm whether this will
result in reduced disease susceptibility.

In conclusion, the dietary inclusion of Jordanian natural zeolite
at 10% was associated with a signifcant reduction in virulence-
associated gene carriage, and no isolates from this group fulflled
the APEC classifcation criteria. It is hypothesized that this efect
may involve iron sequestration and pH alterations; however,
direct mechanistic evidence is lacking. These fndings warrant
further investigation into gene expression profling (qPCR) and
challenge studies to confrm reduced disease susceptibility. If
validated, zeolite supplementation could emerge as a sustainable,
nonantibiotic intervention to mitigate APEC-related losses in
poultry production and highlight the efects of zeolite on the
pathogenic bacteria and for modulating pathogenic bacterial
populations.
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