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Salmonella Enteritidis (SE) is a significant foodborne pathogen, with chickens
serving as its primary reservoir, underscoring the significance on-farm strategies
for improving the microbiological safety of poultry products. This study evalu-
ated the prophylactic efficacy of in-feed supplementation with linalool, a gener-
ally recognized as safe (GRAS) plant compound, in reducing SE colonization in
broiler chickens. A total of 212 day-old broiler chicks were procured, with 192
randomly assigned to eight groups of 24 birds each, and 20 used to verify colo-
nization efficiency post-challenge. The groups included a negative control (no
SE, no linalool), compound controls (no SE, fed 1, 1.5%, or 1.8% linalool), a positive
control (SE, no linalool), and treatment groups (SE, fed 1, 1.5%, or 1.8% linalool).
On day 7, birds were inoculated with approximately 8.0 log;s CFU of a four-strain
SE mixture, and cecal colonization was determined 48 h later. Eight birds per
group were euthanized on days 14, 24, and 34 to enumerate SE populations in
the cecum, while liver and intestine samples were collected for histopathological
analysis. Additionally microbiome analysis of cecal samples collected on days 24
and 34 was performed using 16S rRNA sequencing by lllumina Miseq. Moreover,
the effect of linalool on select SE colonization and virulence genes was investi-
gated by RT-gPCR. Results demonstrated that in-feed supplementation with 1.5
and 1.8% linalool significantly reduced SE counts by at least 2.5 to 3.0 log CFU/g
cecum at 34 days (p < 0.05), without adversely affecting body weight, feed intake,
or feed conversion ratio (p > 0.05). Cecal microbiome analysis showed no major
disruptions in alpha or beta diversity due to linalool supplementation, indicating
gut microbial stability. Furthermore, linalool at all tested concentrations did not
induce histologic changes in liver or intestinal tissues, confirming its safety at the
microscopic level. Histopathologic lesion scores in the liver and intestine were
significantly lower in the SE + linalool 1.5% and SE + linalool 1.8% groups com-
pared to the positive control (p < 0.05). Gene expression analysis revealed that
linalool downregulated the expression of critical SE colonization genes (p < 0.05).
These findings suggest that prophylactic in-feed supplementation with linalool
effectively reduces SE colonization in broiler chickens without adversely affecting
bird health and production parameters.
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Introduction

The Food and Agriculture Organization (FAO) projects that poul-
try meat will account for nearly one-third of global meat production
to meet the needs of a growing population expected to reach 10 billion
by 2050 (FAO, 2009). The United States is currently the largest pro-
ducer and second-largest exporter of poultry meat globally (Ufer et
al., 2023). Given this increasing demand, ensuring the microbiological
safety of poultry meat has become a priority for governments, indus-
try stakeholders, and consumers alike.

Salmonellosis remains a major public health concern, causing
an estimated 1.35 million infections, 26,500 hospitalizations, and
420 deaths annually in the U.S. (Boore et al., 2015; CDC, 2025;
Lamichhane et al., 2024) Among the various serovars, Salmonella
enterica serovar Enteritidis (SE) is the predominant strain associated
with poultry and poultry products in the U. S. Chickens are the
primary reservoir host for SE, with the cecum serving as the main
site of colonization (Allen-Vercoe and Woodward, 1999; Foley et al.,
2013; Pal et al., 2021). This colonization facilitates horizontal trans-
mission, eggshell contamination through feces, and carcass con-
tamination during slaughter (Keller et al., 1995; Lamichhane et al.,
2024) as well as vertical transmission leading to egg contamination
via the transovarian route (Gast et al., 2016; Shivaprasad et al.,
1990). Poultry’s critical role in SE transmission makes it one of the
largest contributors to global salmonellosis cases (CDC, 2025;
Kimura et al., 2004), as seen in outbreaks such as the multi-state
occurrence in the U.S. in 2021 linked to chicken products (CDC,
2021). Given that SE can enter poultry production environments
through various sources, including feed, water, bedding, equipment,
personnel, and pests (Dougherty, 1976; Himathongkham et al,,
1999; O’'Bryan et al.,, 2022), pre-harvest control strategies are essen-
tial for enhancing the microbiological safety of poultry products.
Reducing SE in the intestinal tract of chickens is a practical means
to minimize contamination of poultry meat and eggs (Kuria, 2023;
Marcus et al., 2007).

Many plant compounds, including terpenoids, phenolics, glyco-
sides, alkaloids, flavonoids, and glucosinolates, have demonstrated
antimicrobial properties through mechanisms such as membrane dis-
ruption and inhibition of pathogen colonization (Diaz-Sanchez et al.,
2015). Linalool, an acyclic monoterpene alcohol found in the essential
oils from plants such as lavender, basil, coriander, cinnamon, and
rosewood (Aprotosoaie et al., 2014; Singh and Mishra, 2024).
Classified as generally recognized as safe (GRAS) by the U.S. FDA
(FEMA, 1997), linalool offers both economic and functional advan-
tages due to its abundance and proven in vitro efficacy against patho-
gens such as Salmonella, Staphylococcus aureus, and Listeria
monocytogenes (Zengin and Baysal, 2014; Sokovic¢ et al., 2010). The
widespread availability, low cost, palatability, and high water solubility
of linalool further support its application in poultry diets. Previously,
Beier et al. (2014) demonstrated linalool’s antimicrobial properties
and confirmed its safety when included in chicken feed at concentra-
tions up to 2%, with no adverse effects on serum chemistry, organ
health, or feed conversion.
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Additionally, several mechanisms have been proposed to explain
the antibacterial activity of linalool, including interactions with mem-
brane phospholipids, membrane proteins, and specific intracellular
targets (Guo et al., 2021; Maczka et al., 2022). Upon contact with bac-
terial cells, linalool primarily targets the cell membrane, disrupting its
function by reducing membrane potential and compromising mem-
brane structure. This results in the leakage of macromolecules such as
DNA, RNA, and proteins (An et al., 2021; Maczka et al., 2022).
Linalool has also demonstrated efficacy in dispersing and inactivating
biofilms formed by Listeria monocytogenes (He et al., 2022). Linalool
has also shown strong antimicrobial activity in post-harvest applica-
tions; when incorporated into pectin-based coatings for shell eggs, it
produced nearly a 4-log reduction of Salmonella Heidelberg during
refrigerated storage (Pellissery et al., 2022).

The use of sustainable, plant-derived feed supplements has gained
increasing attention as poultry producers seek alternatives to conven-
tional antibiotics that align with consumer expectations, regulatory
restrictions, and antimicrobial-resistance mitigation strategies
(Aminullah et al., 2025; Pitino et al., 2021). There is a growing interest
in identifying sustainable, plant-derived feed supplements that can
reduce reliance on conventional antibiotics while supporting food
safety and production efficiency (Wang et al., 2024). Phytochemicals
such as terpenoids, phenolics, and organic acids are particularly
appealing because they are naturally occurring, biodegradable, widely
available, and generally recognized as safe for use in poultry. These
compounds have demonstrated the capacity to reduce enteric coloni-
zation by foodborne pathogens while maintaining growth perfor-
mance and preserving gut microbial balance, making them suitable
candidates for integration into sustainable poultry production systems
(Aminullah et al., 2025). In this context, linalool represents a promis-
ing sustainable feed supplement because of its GRAS status, global
availability, favorable safety profile, and proven antimicrobial activity.

Thus, linalool represents a promising phytochemical for control-
ling enteropathogens in poultry and aligns with the industry’s need
for natural alternatives to synthetic antimicrobials. The objective of
this research was to determine the efficacy of linalool as a prophylactic
in-feed supplement to reduce the colonization of SE in chickens.

Materials and methods
Plant-derived antimicrobial
Linalool((+)-3,7-dimethyl-1,6-octadien-3-ol,(+)-3,7-Dimethyl-3-
hydroxy-1,6 octadiene, >97%, W263508 Sigma Aldrich, St. Louis,
MO) was used.
Ethical statement
Day-old commercial Cornish Cross broiler chicks (Myers
Poultry Farm, South Fork, PA) were housed in floor pens at the

University of Connecticut’s Avian Isolation Facility under age-
appropriate temperature, ventilation, and bedding conditions.
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Birds had ad libitum access to feed and water throughout the
study, and all efforts were made to minimize discomfort through
proper husbandry and handling practices. All experimental pro-
cedures, including pathogen challenge and euthanasia, were
reviewed and approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Connecticut (Protocol
A21-055).

At the end of the experiment, birds in each group were humanely
euthanized using carbon dioxide (CO,) inhalation, following the
American Veterinary Medical Association (AVMA) Guidelines for the
Euthanasia of Animals (American Veterinary Medical Association,
2020) to ensure humane termination.

Bacterial strains and dosing

In this study, a cocktail mixture of four SE strains isolated from
chickens was prepared. The strains included SE-12 (chicken liver,
phage type 14b), SE-21 (chicken intestine, phage type 8), SE-28
(chicken ovary, phage type 13a), and SE-31 (chicken gut, phage type
13a) were obtained from the Department of Pathobiology and
Veterinary Science, University of Connecticut. Each strain was pre-
induced for resistance to 50 pg/mL nalidixic acid (NA; Sigma-
Aldrich, St. Louis, MO) to facilitate selective enumeration (Johny et
al,, 2009). Lawn cultures of all four SE were grown on xylose lysine
deoxycholate agar supplemented with nalidixic acid (XLD-NA, Difco)
and incubated at 37 °C for 48 h. Following incubation, the bacterial
cultures were transferred into 30 mL of sterile phosphate-buffered
saline (PBS, pH 7.2), centrifuged at 3,000 x g for 15 min, and the
resulting pellet was washed and resuspended in 25 mL of PBS. The
suspension was mixed thoroughly using a vortex mixer to ensure
homogeneity. Equal portions (8 log CFU/mL) from each of the four
strains were combined to prepare a 4-strain mixture of the pathogen,
and appropriate dilutions of this mixture were used to obtain the
desired inoculum level.

10.3389/fsufs.2026.1747665

Experimental design

We conducted a power analysis to determine the number of birds
required for detecting a statistically significant difference in SE counts
between the treatment and control, using the equation of Lenth
(2009). We applied the Lenth (2009) sample-size framework with the
following assumptions: a = 0.05, SD ~ 0.5-0.6 log units, coefficient of
variation 210%, expected biologically meaningful effect size >1.0 log
CFU/g, and desired power = 0.80-0.90. Under these assumptions, a
group size of approximately 7 birds per treatment per sampling day
would be sufficient to detect a >1.0 log CFU/g difference with
80-90% power.

In the present study, 8 birds per treatment (1 additional bird to
account for any mortality during the trial) were sampled on each sam-
pling day (days 14, 24, and 34). The experimental design is depicted
in Figure 1. Because the pen was considered the experimental unit,
these 8 birds constituted subsamples used to generate one pen-level
mean per treatment x day. Each treatment was replicated across three
fully independent trials, yielding n =3 biological replicates per
treatment X day.

In each of the three trials, a total of 212-day-old broiler chicks
were used. Of these, 192 birds were randomly allocated into eight
experimental groups comprising of 24 birds each. The remaining 20
birds were utilized to evaluate the colonization efficiency of SE on day
2 post-challenge. The experimental groups included a negative control
(no SE, no linalool), compound control (no SE, fed with 1, 1.5%, or
1.8% [vol/wt] linalool), a positive control (SE, no linalool), and treat-
ment groups (SE, fed with 1, 1.5%, or 1.8% [vol/wt] linalool). A stan-
dard commercial broiler starter-grower feed (feed composition listed
in Supplementary Table S1) was provided to all treatment groups, and
linalool was supplemented daily by measuring the required amount of
feed and mixing the corresponding volume of linalool (vol/wt) to
achieve the designated inclusion levels. Linalool with a purity of >98%
(Sigma-Aldrich) was used in this study from day 1 to day 34 as an

Fed Linalool
1,1.5,1.8%

Confirm

Day Day Day Day
0 1 7 9

Salmonella
challenge
0.2 mL (8 log CFU/mL)

(Nalidixic acid resistant)
SE-28, SE-21, SE-12, SE-31
(Chicken isolates)

FIGURE 1
The schematic of the experimental design.

Linalool feeding phase

colonization

Necropsy time points

Day
14

Day
34

—
~——

Samples collected
Microbiology- cecum
Microbiome- cecal content
Histopathology- liver, intestine
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infeed supplement. On day 7, birds in the SE-challenged groups were
orally inoculated with approximately 8.0 1, log CFU of the four-strain
SE mixture (200 pL). Cecal colonization was assessed 48 h post-inoc-
ulation using 20 birds per experiment. Additionally, eight birds from
each treatment group were euthanized on days 14, 24, and 34 post-
challenge, and SE populations in the cecum were enumerated by plat-
ing on XLD-NA agar plates, following the method described by Johny
etal. (2009). Feed conversion ratio (FCR) was determined on days 14,
24, and 34 using cumulative feed intake (FI) and cumulative body-
weight gain (BWG) (De Los Santos et al., 2008; Kurekci et al., 2014).
Cumulative FI per bird was calculated from pen-level feed disappear-
ance adjusted for the number of live birds. Cumulative BWG was com-
puted as the change in mean body weight from day 0 and was
measured individually per bird and averaged per pen.

Determination of SE in organs

Cecal samples from individual birds were aseptically collected
into sterile Whirl-Pak® bags containing 10 mL of PBS. Each sample
was weighed and homogenized using a tissue homogenizer (Tissue
Master, Omni International, Marietta, GA), then subjected to serial
10-fold dilutions in sterile PBS. A 0.1 mL aliquot of the appropriate
dilutions was surface-plated on duplicate on XLD-NA. The plates were
incubated at 37 °C for 48 h, after which colony-forming units were
enumerated. For samples in which no colonies were detected by direct
plating, enrichment was performed by incubating the homogenized
sample in 100 mL of selenite cysteine broth (Difco, Becton Dickinson)
at 37 °C for 48 h, followed by streaking onto XLD-NA plates to con-
firm the presence of surviving SE.

Histopathological examination

Representative samples of liver and intestine from each group (8
birds each) were collected on days 14, 24, and 34 of necropsy and fixed
in 10% neutral buffered formalin. Duplicate sections (5 mm thick)
were cut from each sample and processed for histological examination
using standard hematoxylin and eosin staining (Slaoui and Fiette,
2011). Tissues from birds that were not inoculated with SE and not
treated with linalool were used as negative controls.

A board-certified veterinary pathologist performed blinded his-
topathological evaluations of all tissue sections. As the SE strains used
in this study do not typically induce overt pathology in the liver or
intestines of chickens, lesion scoring focused on subtle, yet relevant,
microscopic changes. The evaluated criteria included: (1) bacterial
coating of the enteric mucosa, (2) desquamation of enterocytes, (3)
villous atrophy, (4) heterophil infiltration, and (5) hepatocellular
degeneration (Shah et al., 2017). Each lesion was scored on a scale
from 0 to 4, where 0 indicated no lesion, 1 minimal, 2 mild, 3 moder-
ate, and 4 severe.

Microbiome analysis

For cecal microbiome analysis, cecal content (0.5 g) from 6 birds
in each of the eight groups was collected in microcentrifuge tubes on
days 24 and 34 of the bird trial and stored at —80 °C. Subsequent pro-
cessing and analysis were conducted at the Microbial Analysis,
Resources, and Services (MARS) at the University of Connecticut.
Cecal samples were subjected to DNA extraction and 30 ng of the
extracted DNA was used as the template for the amplification of the
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partial bacterial 16S rRNA genes, targeting the V4-V5 region. The
microbiome analysis was performed as a completely randomized
design with treatments done in replicates of six, following published
protocol. Mothur 1.36.1 was used to filter and cluster the sequences
based on published protocol with slight modifications (Upadhyaya et
al., 2024). Briefly, Operational taxonomic units (OTUs) were clustered
at 97% sequence similarity. Downstream analysis of samples was con-
ducted using R version 3.2. To calculate alpha diversity, inverse
Simpson was used to measure the richness and evenness of the OTUs.

Determination of SICs of linalool

Subinhibitory concentrations (SICs) of linalool against SE were
determined as described (Kollanoor-Johny et al., 2012). Sterile 24-well
polystyrene plates (Costar; Corning, NY) containing Tryptic Soy
Broth (TSB; 1 mL/well) were inoculated with ~6.0 log CFU of
SE. Linalool (Sigma-Aldrich) was added at 1-10 pL in 0.5 pL incre-
ments. Plates were incubated at 37 °C for 24 h. Bacterial growth was
assessed on duplicate Xylose Lysine Deoxycholate (XLD; Difco) agar
plates. The SIC is defined as the highest concentration below the MIC
that does not inhibit growth after 24 h compared with the untreated
control (Sinel et al., 2017). All treatments were duplicated, and the
experiment was repeated three times.

RNA isolation and RT-g-PCR analysis

Following SIC determination, SE cultures were grown with or
without the SIC of linalool at 37 °C for 6 h (Upadhyaya et al., 2013).
Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Valencia,
CA) following the manufacturer’s protocol. RNA integrity and purity
were confirmed by NanoDrop spectrophotometry (A260/280 = 1.9-
2.1), and 1pg of RNA was used for cDNA synthesis with the
SuperScript IV reverse transcriptase kit (Invitrogen, Carlsbad, CA).
RT-qPCR was performed on an Applied Biosystems StepOnePlus
Real-Time PCR System (StepOne Software v2.3) using SYBR Green
Master Mix (Applied Biosystems). The selected SE colonization and
virulence genes are given in Table 1.

Statistical analysis

For all in vivo measurements, the pen was considered the experi-
mental unit. At each sampling time point (days 14, 24, and 34), eight
birds were selected from the same treatment pen; bird-level observa-
tions were therefore treated as subsamples and were averaged to gen-
erate one pen-level value per treatment x day. The experiment was
repeated across three independent trials, yielding three biological
replicates for each treatment x day combination. Data from the three
trials were pooled after confirming that no trial x treatment interac-
tion was present.

Data on bacterial counts, feed intake, feed conversion ratio,
and body weight from three independent trials for the positive
control and treatment groups were averaged and analyzed. Two-
way analysis of variance (ANOVA) in GraphPad Prism 10 was
used to detect differences among treatment means, and statistical
significance was defined as p < 0.05. When significant main or
interaction effects were detected, differences among treat-
ment x day means were evaluated using Tukey’s multiple com-
parisons test. An overall histopathologic lesion score for each bird
was calculated as the mean of the five individual lesion scores, and
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TABLE 1 Genes selected for the SE transcriptional analysis.

10.3389/fsufs.2026.1747665

Gene Function Primer Sequence (5" — 3)
invH Cell adherence and invasion (Li et Forward 5 _.CCCTTCCTCCGTGAGCAAA-3
al,, 2009)
Reverse 5-TGGCCAGTTGCTCTTTCTGA-3
motA Salmonella motility Forward 5-AGCCGGAAATTTGCAGTGGA-3’
(Li et al.,, 2009)
Reverse 5-TCTTCCGGAACCTCCAGAT-3
hilA Regulation of Type III Secretion Forward 5. CGCGGTTGCGTATTTTGTGA-3’
System
(Zhou and Galén, 2001)
Reverse 5"-CCGGGCTGGAAAGCATT-3’
hilD Regulation of Type III Secretion Forward 5-AGGCGCCGGCGTTGTGGA-3'
System
(Zhou and Galén, 2001)
Reverse 5"-TCAGACCTGGCTCTACCAGATG-3’
sipA Effector protein promoting Forward 5-CAGGGAACGGTGTGGAGGTA-3’
invasion and cytoskeletal
rearrangement
(Li et al., 2009)
Reverse 5-AGACGTTTTTGGGTGTGATACGT-3’
sopB Uptake/invasion effector Forward 5-GCGTCAATTTCATGGGCTAAC-3
(Li et al., 2009)
Reverse 5-GGCGGCGAACCCTATAAACT-3’
spvB ADP-ribosylating toxin affecting Forward 5 TGGGTGGGCAACAGCAA-3
macrophage cytoskeleton
(Lesnick et al., 2001; Otto et al.,
2000)
Reverse 5"-GCAGGATGCCGTTACTGTCA-3’

group means were computed for comparative analysis. Statistical
comparisons between groups were conducted using a two-sided
Cochran-Armitage test for trend. To adjust for multiple compari-
sons, p values were corrected using the Benjamini and Hochberg
method. A p < 0.05 was considered statistically significant.

Tukey’s test was used to analyze the effect of both treatment
and day on the alpha diversity. Beta-diversity was estimated as
the difference in bacterial composition based on treatment and
time by coupling Bray-Curtis Dissimilarity with non-metric mul-
tidimensional scaling (NMDS) for ordination from any resem-
blance matrix. A permutational multivariate analysis
(PERMANOVA, adonis function, 999 permutations) was done to
analyze the effect of various treatments on the bacterial commu-
nity composition. Finally, the relative abundance of OTUs of
major phyla, order, and genera were determined to assess the
effect of treatment. To identify changes in groups of bacteria
based on treatment, Tukey’s test was used, and the significance
was detected at p < 0.05. The RT-qPCR experiment was replicated
three times. Differences among the means were considered sig-
nificant at p < 0.05 and were detected using 2-way ANOVA in
GraphPad Prism 10.

Frontiers in Sustainable Food Systems

Results
Cecal colonization

S. Enteritidis was not detected in the unchallenged control groups
(negative control and linalool control), confirming that these birds
remained free of SE infection throughout the trial period. As shown
in Figure 2, SE was recovered at approximately 3.0 log CFU/g cecum
from positive control birds on days 14, 24, and 34. In contrast, lin-
alool-treated birds exhibited significantly reduced SE counts in cecal
samples on days 24 and 34 across all tested concentrations (1, 1.5, and
1.8%) (p < 0.05). On day 34, approximately 1 log CFU/g cecum of SE
was recovered from the cecum of birds treated with 1% linalool,
whereas the cecum from birds fed with 1.5 and 1.8% linalool did not
yield any countable population of SE. However, these samples were
positive for SE by enrichment.

Bird production parameters

No adverse effect noticed in body weight gain, feed intake, or
feed conversion ratio (FCR) were observed between treated and
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B Control & Linalool 1% M Linalool 1.5%#% Linalool 1.8%

log CFU/g cecum

Day 24
Treatment

FIGURE 2

Effect of linalool supplementation on cecal colonization of SE in
chickens on days 14, 24, and 34. Means with different letters (a, b, c,
d) differ significantly between the treatments within each experiment
(p < 0.05). Enrichment negative samples for SE were assigned a value
of 0. Enrichment positive samples were assigned a value of 0.9 log
CFU/g cecum. The differences between the means were compared
at a significance level of 5%. Error bars represent SEM.

control birds (Table 2). Feed conversion ratio (FCR) was deter-
mined on days 14, 24, and 34 using cumulative feed intake (FI) and
cumulative body-weight gain (BWG). Cumulative FI per bird was
calculated from pen-level feed disappearance adjusted for the
number of live birds. Cumulative BWG was computed as the
change in mean body weight from day 0.

Cecal microbiome composition

Linalool supplementation did not significantly affect the alpha
or beta diversity of the cecal microbiome (p > 0.05). The cecal
microbial community was dominated by Firmicutes,
Lactobacillaceae, Lachnospiraceae, and Bacteroides (Figure 3).
Alpha diversity analysis using the Shannon index showed no sig-
nificant differences between linalool-supplemented and control
groups (Figure 4). f-diversity analysis using Bray-Curtis dissimi-
larity depicted clustering by sampling time points (days 24 and 34)
as expected, but no significant separation between linalool-treated

and control samples was observed (Figure 5).
Histopathological analysis

Histopathological examination of liver and intestinal tissues
from the negative control and linalool-only groups (1, 1.5, and
1.8%) revealed normal tissue architecture, indicating that linalool
at these concentrations did not induce microscopic alterations in
these tissues. In contrast, the positive control group (SE-challenged,
no linalool) exhibited mild to moderate lesions in the liver and
intestine, consistent with SE infection (Figure 6). However, linalool
supplementation at 1.5 and 1.8% significantly reduced histopatho-
logic lesion scores compared to the positive control group
(p <0.05), as shown in Figure 7. Subtle microscopic changes in
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TABLE 2 Body weight gain (BWG), cumulative feed intake (Fl), and feed conversion ratio (FCR)

of chickens fed control and linalool diets under SE challenge on days 14, 24, and 34.

Treatment BWG  Fl(kg) FCR
(Xs)]
14 Control 0.50 0.92 1.84
Linalool 1.5% 0.51 0.90 1.77
Linalool 1.8% 0.45 0.85 1.88
24 Control 1.51 2.45 1.62
Linalool 1.5% 1.41 2.35 1.67
Linalool 1.8% 1.36 2.21 1.63
34 Control 2.15 3.50 1.63
Linalool 1.5% 2.10 3.45 1.64
Linalool 1.8% 2.10 3.43 1.63

Feed conversion ratio (FCR) was determined at days 14, 24, 34, and 42 using cumulative feed
intake (FI) and cumulative body-weight gain (BWG). FI per bird was calculated from pen-level
feed disappearance adjusted for the number of live birds. BWG was computed as the change in
FI (kg per bird)

mean body weight from day 0. FCR was expressed as: FCR = —————— .
BWG (kg per bird)

SE + linalool groups included reduced bacterial coating of the
enteric mucosa and decreased heterophilic infiltration in the
lamina propria of the small intestine. No histopathologic lesions
were observed in any group not challenged with SE, further con-
firming the absence of infection.

Effect of linalool on transcription of
colonization and virulence genes in SE

The SIC of linalool against SE was determined to be 1.62 mM
(0.025%). Quantitative real-time PCR (RT-qPCR) analysis revealed
that SIC of linalool significantly downregulated the transcription
of key virulence and colonization-associated genes in both SE iso-
lates (p < 0.05) (Figures 8A,B). The targeted genes included those
involved in bacterial adhesion, invasion, motility, and host cell dis-
semination and immune evasion.

In SE, the transcription of selected genes was consistently
downregulated across both strains tested, with the magnitude of
fold-change reduction being relatively uniform.

Discussion

The results of this study demonstrate that linalool supplemen-
tation at all three tested concentrations consistently reduced SE
populations in the cecum. Overall, linalool exhibited a concentra-
tion-dependent effect, with the 1.5 and 1.8% treatments reducing
SE levels to below 1 log CFU/g cecum at all three sampling points.
Although the numerical difference between 1 and 1.5% linalool
appears small, such narrow incremental changes in dietary phyto-
chemical concentrations have previously been shown to produce
nonlinear inhibitory effects on enteric pathogens due to threshold-
based interactions. Previously, a study by Upadhyaya et al. (2015)
reported that the dietary supplementation of trans-cinnamalde-
hyde (TC) in broiler chickens at 1 and 1.5% significantly reduced
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Relative abundance for sequences by linalool treatments, time, and inoculation with taxonomic classification performed using Mothur in R studio as
described in the text. Only sequences with a total relative abundance greater than 5% are shown.

the cecal counts of SE (p < 0.001) compared to those in control
birds that did not receive TC. Similarly, the efficacies of TC and
eugenol (EG) in reducing SE colonization in broiler chickens have
been well documented in another study, with TC at 0.5 or 0.75%
and EG at 0.75 or 1% producing consistent reductions in cecal
Salmonella levels (Kollanoor-Johny et al., 2012). Similar dose-
response reductions in pathogen counts have been documented for
other plant-derived antimicrobials in poultry, where relatively
small increases in dietary thymol, oregano essential oils, cinnam-
aldehyde, or caprylic acid shift outcomes from minimal to marked
reductions in enteric pathogen loads (Ibrahim et al., 2021; Hu et
al., 2023).

There were no adverse effects observed in feed consumption,
body weight and FCR between linalool-treated and control birds.
Additionally, histopathological examination of liver and intestinal
tissues from the negative control and linalool-only groups (1, 1.5,
and 1.8%) revealed normal tissue architecture, indicating that lin-
alool at these concentrations did not induce microscopic altera-
tions in these tissues. This suggests that dietary linalool did not
elicit detectable local or systemic toxicity. This finding supports the
in vivo safety of linalool as a feed additive and aligns with previous
reports describing minimal histopathological changes in broilers
(Beier et al., 2014). Additionally, birds supplemented with linalool
at 1.5 and 1.8% showed significantly lower histopathologic lesion

Frontiers in Sustainable Food Systems

scores in both liver and intestinal tissues compared to the positive
control group (p < 0.05). These findings suggest that linalool, even
at higher inclusion rates, effectively reduced SE colonization in
birds without negatively impacting broiler performance or tissue
integrity.

Intestinal health in poultry is essential for efficient digestion,
optimal nutrient absorption, a robust immune response, and over-
all growth and performance (Aruwa et al., 2021; Ducatelle et al.,
2023). Therefore, any antimicrobial feed additive aimed at reducing
SE colonization should not negatively impact the gut microbiome.
In this study, microbiome analysis of cecal contents collected on
days 24 and 34 indicated no adverse effects on the gut microbiota,
as evidenced by alpha and beta diversity metrics. Notably, the rela-
tive abundance data revealed an increase in the Lactobacillaceae
family in linalool-supplemented birds at both time points. This
increase may be beneficial, as Lactobacillaceae have been associated
with improved nutrient absorption, enhanced gut barrier function,
and overall intestinal health (Ciorba, 2012; Yin et al., 2023).

The exact mechanism behind the selective inhibitory effects of
linalool on Salmonella with no apparent effects on the normal gut
flora is not known. Several studies have shown that many plant-
derived antimicrobials exhibit selective activity against enteric
pathogens while exerting minimal effects on beneficial commen-
sals. In the study done by Upadhyaya et al. (2024), the effect of
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Bray-Curtis plot showing the effect of linalool on the beta diversity of cecal microbiota communities of chickens at days 24 and 34.
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in-feed supplementation of two phytochemicals, Trans-
cinnamaldehyde and Caprylic acid, did not affect the cecal popula-
tion of the major bacterial phylotypes. It has also been reported
that dietary organic acids and coated essential oils markedly

reduced E. coli, Salmonella, and Clostridium perfringens in broilers
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while producing no major shifts in overall microbial community
structure, and also while Lactobacillus growth was positively
improved (Islam et al., 2024). Also, TC at 0.5-0.75% and EG at
0.75-1% consistently lowered cecal Salmonella counts, but did not
markedly disrupt the overall endogenous bacterial populations
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H

FIGURE 6

Depiction of histology in liver and intestinal tissues from experimental groups of chickens. (A) Histology of liver from negative control group (no SE, no
linalool), no lesion noted, hematoxylin and eosin (H&E) staining, 20X magnification. Histology of liver from linalool only (no SE) 1, 1.5, and 1.8% groups
showed similar normal histology; (B) Histology of liver from SE + linalool 1% (linalool treatment) group showing milder infiltration of hepatic
parenchyma with heterophils (asterisk), hepatocellular degeneration as compared to (C) PC: positive control (SE, no linalool) group, hematoxylin and
eosin (H&E) staining, 20X magnification. (D) Histology of small intestine from negative control group (no SE, no linalool), no lesion noted, hematoxylin
and eosin (H&E) staining, 40X magnification. Histology of small intestine from linalool only (no SE) 1, 1.5 and 1.8% groups showed similar normal
histology. (E) SE + linalool 1.8%, (F) SE + linalool 1.5%, (G) SE + linalool 1% groups show reduced bacterial coating (arrow) of enteric mucosa (rare, small
numbers and moderate numbers, respectively), (hematoxylin and eosin (H&E) staining, 40X magnification) as compared to the positive control group
which is shown in (H) PC: positive control (SE, no linalool) group small intestine shows evidence of desquamation of enterocytes (arrow head), bacterial

coating of enteric mucosa, inflammation, and villous atrophy (hematoxylin and eosin (H&E) staining, 20X magnification).

B control B linalool 1% M linalool 1.5% #% linalool 1.8%

34
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FIGURE 7

Cumulative histopathologic lesion scores of livers and intestines on
days 24 and 34. Means with different letters (a-c) differ significantly
between the treatments within each experiment (p < 0.05).

within the cecum (Kollanoor-Johny et al., 2012). All these findings
point toward that certain antimicrobial feed additives can suppress
specific pathogens without broadly altering gut microbiota
composition.

Sub-inhibitory concentrations (SICs) of antimicrobials, includ-
ing antibiotics, are known to modulate bacterial physicochemical
functions by altering gene expression (Laureti et al, 2013).
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Therefore, we examined the effects of SIC of linalool on the tran-
scription of virulence and colonization genes in SE in vitro using
RT-qPCR. The RT-qPCR results revealed that linalool significantly
downregulated (p < 0.05) key virulence and colonization genes in
both SE isolates. The downregulated genes included motility gene
motA; invasion genes hilA, hilD, and invF; the pathogenicity island
1 effector protein gene sipA; the cell invasion gene sopB; and the
toxin production gene spvB (Li et al., 2009). Because these genes
are involved in flagellar function, epithelial attachment, invasion,
and early intracellular survival, their suppression suggests that lin-
alool may attenuate multiple steps of SE pathogenesis. This tran-
scriptional downregulation of virulence pathways likely
contributed to the reduced SE load in treated birds. These findings
support the hypothesis that linalool exerts its inhibitory effects on
SE at least in part, by modulating gene expression involved in bac-
terial colonization and virulence, thereby potentially reducing the
ability of SE to establish infection in the host gastrointestinal tract.

Although this study demonstrates the potential efficacy of
dietary linalool in reducing SE carriage in broiler chickens, a few
limitations should be considered. One important limitation is the
need to evaluate the economic feasibility and scalability of includ-
ing linalool at the tested dietary levels within commercial produc-
tion systems. Additionally, while no negative impacts on growth
performance were observed, the longer-term consequences of lin-
alool supplementation on immune function and meat quality
remain unknown. The trials were also carried out in controlled
research settings using a single broiler genotype; therefore, the
results may not fully reflect outcomes in commercial environ-
ments, where diverse management practices, environmental
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(A) Effect of linalool on transcription of virulence and colonization
genes in SE21. Means with different letters (a, b) differ significantly
within each experiment (p < 0.05). (B) Effect of linalool on the
transcription of virulence and colonization genes in SE28. Means with
different letters (a, b) differ significantly within each experiment

(p < 0.05)

stressors, and complex microbiota could influence treatment
responses. Despite these constraints, this study represents the first
demonstration of linalool’s potential as a feed-based strategy to
reduce SE colonization in broiler chickens. Future research will
aim to confirm its effectiveness in larger bird populations under
field conditions and to assess its implications for bird health, per-
formance, and carcass characteristics.

In conclusion, prophylactic supplementation of linalool, par-
ticularly at 1.5 and 1.8% concentrations proved effective in reduc-
ing cecal colonization of SE in broiler chickens, without
compromising bird health and production performance. These
findings support the potential use of linalool as a natural antimi-
crobial feed additive, especially when integrated with on-farm
hygienic practices, to enhance the microbiological safety of poultry
products. However, follow up large-scale studies under commercial
field conditions are warranted to validate these results and assess
long-term efficacy and feasibility.
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