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ABSTRACT Increasing market pressure to reduce
the use of antibiotics and the Veterinary Feed Directive
of 2019 have led to expanded research on alternate
antibiotic solutions. This review aimed to assess the
benefits of using essential oils (EOs) and their nanoe-
mulsions (NEs) as feed supplements for poultry and
their potential use as antibiotic alternatives in organic
poultry production. Antibiotics are commonly used to
enhance the growth and prevent diseases in poultry ani-
mals due to their antimicrobial activities. EOs are a
complex mixture of volatile compounds derived from
plants and manufactured via various fermentation,
extraction, and steam distillation methods. EOs are
categorized into 2 groups of compounds: terpenes and
phenylpropenes. Differences among various EOs depend
on the source plant type, physical and chemical soil
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conditions, harvest time, plant maturity, drying tech-
nology used, storage conditions, and extraction time.
EOs can be used for therapeutic purposes in various sit-
uations in broiler production as they possess antibacte-
rial, antifungal, antiparasitic, and antiviral activities.
Several studies have been conducted using various com-
binations of EOs or crude extracts of their bioactive
compounds to investigate their complexity and applica-
tions in organic poultry production. NEs are carrier sys-
tems that can be used to overcome the volatile nature
of EOs, which is a major factor limiting their applica-
tion. NEs are being progressively used to improve the
bioavailability of the volatile lipophilic components of
EOs. This review discusses the use of these nonantibi-
otic alternatives as antibiotics for poultry feed in
organic poultry production.
Key words: antibiotic alternatives, ess
ential oils, nanoemulsions, organic poultry
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INTRODUCTION

Subtherapeutic levels of antibiotics have been primar-
ily utilized in the broiler industry to improve growth per-
formance while decreasing morbidity and mortality
(Abd El-Hack et al., 2020a,b); however, antibiotics are
banned by the European Union due to the resulting
presence of antibiotic residues in poultry products and
the dramatic increase in the emergence of bacterial
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antibiotic resistance (Namdeo et al., 2020). Accordingly,
alternate strategies are required to enhance poultry
growth performance. Phytogenic feed supplements such
as essential oils (EOs) are appropriate alternatives to
boost growth efficiency in the meat production industry
and improve broiler production (Namdeo et al., 2020).

EOs are a composite mixture of fragrant, fluid-based
compounds formed via different methods of fermentation,
extraction, and steam distillation. As a mixture of vola-
tiles, their effect is a result of these components and their
interactions (Bakkali et al., 2008; El-Tarabily et al., 2021).
Variations in EOs activity are primarily determined by
plant genotype, physical and chemical soil conditions, har-
vest time, plant maturity, drying technology, storage
period, and extraction processes used (Bakkali et al.,
2008). These differences also depend on the form, origin,
method of inclusion in poultry diet, intake level, and com-
position of EOs as well as basal diet digestibility, hygiene
measures used, and the environmental conditions of poul-
try production (Brenes and Roura, 2010).

EOs show the potential for restorative manipulation
under various circumstances in broiler production. EOs
enhance poultry production by stimulating the activity
of various digestive enzymes, decreasing the number of
fermentation products, reducing the number of patho-
genic microorganisms, intensifying prececal nutrient
digestion, ameliorating intestinal accessibility of signifi-
cant nutrients, and improving antioxidant status and
immune response (Brenes and Roura, 2010). In addition,
EOs show hypocholesterolemic and coccidiostatic effects
(Brenes and Roura, 2010). Commonly used EOs in
broiler diets include anize, oregano, cinnamon, garlic,
thyme, and turmeric (Lee, 2002). EOs are mainly cate-
gorized into 2 classes: terpenes and phenylpropenes
(Lee, 2002). Terpenes are monoterpenes, sesquiterpenes,
and diterpene units of 2, 3, or 4 isoprene units
(Gopi et al., 2014). Phenylpropenes are phenylpropa-
noid volatiles derived from the amino acid phenylala-
nine. The structural diversity of phenylpropenes is
derived from variation of the substituents on the ben-
zene ring and in the position of the double bond in the
propenyl side chain (Atkinson, 2018). Phenylpropenes
such as eugenol, chavicol, estragole, and anethole con-
tribute to the flavor and aroma of a number of impor-
tant herbs and spices. They have been shown to
function as floral attractants for pollinators and to have
antifungal and antimicrobial activities (Atkinson, 2018).

Antibiotics are commercially used to prevent diseases
in poultry because of their antimicrobial activities
(Landoni and Albarellos, 2015). They are also essential
in the treatment of many mammalian diseases
(Abdelnour et al., 2020a); some antibiotics even have
nutritive value as feed additives that enhance animal
growth and performance (Abdelnour et al., 2020a;
Abou-Kassem et al., 2021). Furthermore, antibiotics are
used to increase the efficacy of poultry production and
ensure proper development, strength, and immunity in
animal farming industries (Reda et al., 2021a). However,
overuse of antibiotics increases the amount of antibiotic-
resistant bacteria as well as animal and human
resistance factors (Abdelnour et al., 2020b; Saad et al.,
2021a). Thus, researchers have been motivated to study
several antibiotic alternatives to be used in poultry diets
to reduce these negative antibiotic effects, improve con-
sumer health, and protect the environment (Pan and
Yu, 2014; Vlaicu et al., 2017; Alagawany et al., 2021a).
According to Abdelnour et al. (2020a), antibiotic

alternatives should be nontoxic for animals, entirely
excreted from the body and leave no residue, nonpollut-
ing, palatable, and easily degradable and have a stable
bioavailability. Additionally, additives should have no
side effects on the animals while also improving diet effi-
ciency and animal growth. They must also increase ben-
eficial microbial load and reduce harmful microbial loads
(Abdelnour et al., 2020a; Alagawany et al., 2021a;
Alagawany et al., 2021b). Finally, antibiotic alternatives
should maintain public health as well as animal health
and productivity and be environmentally friendly. Anti-
biotic alternatives include EOs, organic acids, enzymes,
nanoparticles, phytoncides, phytogenic feed additives,
immunomodulators, probiotics, bacteriophages, and
bacteriocins (Mehdi et al., 2018; El-Saadony et al.,
2021a; Yaqoob et al., 2021).
Phytobiotics are potential antibiotic alternatives in

poultry production (Windisch et al., 2008). They are
compounds derived from plant extracts that enhance
animal growth and performance (Mehdi et al., 2018).
Specifically, they comprise a mixture of organic and bio-
active compounds that are capable of preventing the
development of antibiotic resistance (Suresh et al., 2018;
El-Saadony et al., 2021c; El-Saadony et al., 2021d).
Most phytobiotics, such as polypeptides and polyphe-
nols, are secondary metabolites (Nabavi et al., 2015);
and they are antimicrobial agents produced during the
plant’s metabolism (Hashemi and Davoodi, 2011).
Plants also produce different bioactive compounds, that
play an essential role against external stressors (El-
Saadony et al., 2020a; El-Saadony et al., 2021b).
The antimicrobial and immunomodulatory activities

of phytobiotics are important characteristics that allow
for their use as feed supplements for poultry
(Yang et al., 2018). Phytobiotics are known for main-
taining growth, enhancing the immune system, and
reducing stress in poultry (Yang et al., 2018). Several
studies found that phytobiotics can improve poultry
growth performance (Ghasemi et al., 2014; Li et al.,
2015) and reduce microbiota colonization in poultry
(Upadhyay et al., 2017) by nearly eliminating pathogen
transmission (Abd El-Hack et al., 2020c; Ashour et al.,
2020). Additionally, phytobiotics improve poultry
growth by enhancing intestinal microbiota
(Mountzouris et al., 2011) and preventing subclinical
infections, thus resulting in improved nutrient uptake
(Huyghebaert et al., 2011).
The volatile compounds in EOs, a type of phytobiotic,

possess antimicrobial activities (Mahmoud and Cro-
teau, 2002; Jayasena and Jo, 2013) that make them
potential antibiotic alternatives (Chaves et al., 2008);
however, their low bioavailability limits their use
(Mahmoud and Croteau, 2002). Nanoemulsions (NEs)
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provide a medium for ensuring the bioavailability of
EOs. NEs are regularly used in the food industry to
encapsulate, protect, and deliver bioactive components
having low water-solubility (McClements, 2012). In
addition, several lipophilic compounds can be encapsu-
lated by NEs to increase their bioavailability
(Acosta, 2009).

Thus, we address nonantibiotic replacements, such as
plant-derived EOs and their NEs, as novel alternatives
to antibiotics. This review also focuses on the biological
implications and antioxidant and antimicrobial activi-
ties of EOs, intestinal morphology and immunity of
poultry animals, and broiler economy.
Antibiotics in the Poultry Industry

Antibiotics are natural, semisynthetic, or synthetic
compounds that are commonly applied orally, paren-
tally, or topically in humans and other animals to pre-
vent and treat diseases (Phillips et al., 2004; Diaz-
Sanchez et al., 2015). Antimicrobial agents have been
widely used since the 1950s (Mathew et al., 2007) and
the discovery of antibiotics has had an evident impact
on medicine (Davies and Davies, 2010).

Antibiotics encourage growth, prophylaxis, or act as
therapeutic agents in livestock production (Chattopad-
hyay, 2014). However, antibiotic growth promoters
refers to a low sub-therapeutic dose of any antibiotic
used to reduce or control the bacterial population in live-
stock (Ronquillo and Hernandez, 2017). Clostridium,
Salmonella, and Mycoplasma genera cause various dis-
eases in poultry, such as salmonellosis and mycoplasmo-
sis, resulting is an economic loss to poultry production.
Antibiotics effectively controlled these diseases
(Singer and Hofacre, 2006; Mathew et al., 2007; Abd El-
Hack et al., 2021a).

Poultry was ranked second in the consumption of
antimicrobials with 148 mg/population correction unit,
followed by cattle with 45 mg/population correction
unit; whilst, pigs ranked first with 172 mg/population
correction unit. Antimicrobials are the primary weapon
for increasing animal production to cover increased food
demand by preventing disease and increasing growth
and feed efficiency (Van Boeckel et al., 2015). The utili-
zation of antibiotic growth promoters is increasing due
to their importance to livestock companies and extensive
and intensive agricultural operations (Phillips et al.,
2004; Van Boeckel et al., 2015). Fortifying poultry feed
with antibiotics increased the growth performance and
immunity of chickens. Additionally, it reduced gut
microbes that threaten the herd’s immunity
(Neish, 2002; Kumar et al., 2018). Therefore, antibiotic
utilization can increase poultry production.

Recent studies in poultry nutrition showed that anti-
biotic growth promoters could promote growth (Chatto-
padhyay, 2014) and maintain bird health by reducing
the bacterial load, thinning the mucosal layer, and
inducing the immune system (Lee et al., 2012). The criti-
cal role of antibiotics in promoting productivity is
through controlling the gut microbiota in poultry
intestine (Singh et al., 2013) by decreasing bile salt
hydrolase activity; this can be brought about by reduc-
ing the bacterial enzymes in the intestine, which in turn,
negatively affects digestion and the use of fats
(Lin, 2014).
Antibiotics promote growth by increasing the

host’s nutrient absorption capacity and the load of
beneficial bacterial with nonantagonistic functions
(Butaye et al., 2003; Phillips et al., 2004). The utili-
zation of antibiotic growth promoters is intrinsically
linked with the modification of intestinal microbiota
and growth promotion (Lin, 2014). Many antibiotics
are bacteriostatic, that is, they only inhibit the bacte-
rial population, whereas others are bactericidal and
kill the bacteria. Both types of antibiotics are avail-
able in the market (Kohanski et al., 2010); however,
few of these have been thoroughly investigated for
use in livestock (Butaye et al., 2003). Up to 90% of
the antibiotics used in animal production are excreted
to the environment in a raw format or as other
metabolites (Carvalho and Santos, 2016).
The misuse and overuse of antibiotics in livestock pro-

duction induced antibiotic resistance in pathogenic bac-
teria (Wegener, 2003; Phillips et al., 2004). Antibiotic
resistance can naturally occur through random chromo-
some mutations that are vertically transmitted when
cells divide or by horizontal gene transfer wherein other
bacterial resistance genes are transferred (Diarra and
Malouin, 2014; Toutain et al., 2016). Thus, resistance is
a defense mechanism of microbes against antibiotics,
and the emergence of antibiotic-resistant bacterial
strains is a critical problem (Khameneh et al., 2016;
Marquardt and Li., 2018) affecting the effectiveness of
antibiotics in treating diseases (Wegener, 2003).
Eliminating antibiotics from poultry diet negatively

affects the performance and growth of the animal due to
the increased incidence of diseases (Huyghebaert et al.,
2011). As bacteria already possess antibiotic resistance
mechanisms, it is crucial to investigate alternatives for
various nonantibiotic alternatives (Suresh et al., 2018).
Thus, the issue of antibiotic resistance must be
addressed through multifaceted and interdisciplinary
research to discover alternatives to antibiotics
(Allen et al., 2013). Determining substitutes for antibi-
otics is increasingly necessary to sustain and enhance
public health globally (Goossens et al., 2005).
Biological Implications of EOs

Bioactive compounds, in general, affect digestive
enzymes, amylases, and proteases (Jang et al., 2007)
and improve poultry growth by enhancing absorbent
cells in the gut (Jamroz et al., 2006). Important plants
can be used as alternative feed additives for antibiotic
growth promoters in poultry production
(Windisch et al., 2008). Phytobiotics and their deriva-
tives are safer than antibiotics, are not used for medical
or veterinary purposes, and positively affect animal pro-
duction (Hashemi and Davoodi, 2011). Herbs, spices,



Figure 1. Some of the essential oils with a positive effect on meat quality, and egg production.
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and EOs contain many bioactive compounds depending
on their origin and processing (Goossens et al., 2005).

EOs are natural, volatile, aromatic oily fluids
extracted from various parts of the plant (Bakkali et al.,
2008). EOs are effective digestive stimulants, growth
promoters, hypolipidemic agents, immunomodulators,
antioxidants, antimicrobial, and antiparasitic agents.
Some of the EOs that positively affect meat quality and
egg production are shown in Figure 1.
Effect of EOs on the Growth Performance of
Chickens

Importance of EOs in Poultry Production Previous
studies on chickens have indicated that the inclusion of
EOs in the diet improves growth performance by stimu-
lating the secretion of digestive enzymes, which results
in increased digestion and absorption of nutrients with
an improved gut transit rate (Jamroz et al., 2005). In
addition, EOs have been shown to have a positive effect
on the activity of trypsin and amylase enzymes when
included in poultry feed (Jamroz et al., 2005). Incorpo-
rating EOs theoretically reduces the incidence of intesti-
nal diseases caused by undesirable bacteria and favors
the growth of beneficial gut microbiota, thus improving
growth performance (Bento et al., 2013). Factors such
as temperature, viscosity, visual appearance, and feed
intake are influenced by saliva production, food nutrient
content, particle size, feed toxicity, and social interac-
tion (B€ol€ukbaşi et al., 2006).
Many experiments have demonstrated the beneficial
effect of EOs on feed intake in poultry. For example, ele-
vated feed intake was observed when broiler diets were
supplemented with a mixture of EOs from clove, oregano,
and anize at 200 and 400 mg/kg for 3 wk (Ertas et al.,
2005). In the same study, bioactive compounds such as
thymol, anethole, eugenol, and carvacrol found in the
EOs were responsible for increasing appetite, which ulti-
mately increased feed intake (Ertas et al., 2005). Similarly,
improved overall feed intake was observed in broilers con-
suming feed supplemented with 18 mg/kg each of cinna-
mon, oregano, thyme, and eucalyptus EOs, which was
attributed to the enhanced gut microbiota (Ulfah, 2006).
Other investigators studied the effects of oregano EOs

on broiler efficiency for a period of 42 d using the follow-
ing dietary treatments: basal diet, basal diet + 8 mg/kg
of avilamycin (AVI); basal diet + 300 mg/kg of oregano
EOs (OEO300); and basal diet + 600 mg/kg of oregano
EOs (OEO600). The OEO300 and OEO600 groups
showed significant increases in average daily feed con-
sumption and average daily gain compared with the con-
trol group on d 42 (P < 0.05) (Peng et al., 2016). In
addition, bodyweight gain (BWG) increased in the
groups supplemented with EOs due to the antimicrobial
action and stimulation of various digestive enzymes,
which enhanced nutrient utilization (Hernandez et al.,
2004). A BWG increase of 8 to 16% in the group supple-
mented with 200 ppm EOs was observed compared with
the antibiotic and control groups, thus demonstrating
the growth-enhancing properties of EOs in poultry
(Ertas et al., 2005).
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The feed conversion ratio (FCR) is a measure of how
efficiently is feed mass converted to body mass over a
fixed time. Cinnamon powder, which contains cinnamal-
dehyde, was shown to improve the FCR in broilers
(Hernandez et al., 2004). A diet supplemented with cin-
namaldehyde decreased harmful bacteria in the gut,
leading to increased nutrient digestibility. Similarly,
broiler feed supplemented with a mixture of EOs at
200 ppm significantly (P < 0.05) improved FCR com-
pared with the antibiotic (by 6%) and control groups
(by 12%; Ertas et al., 2005). Likewise, broilers fed with
myrtle leaf, oregano, sage leaf, laurel leaf, citrus peel,
and fennel seed EOs showed significant improvements in
FCR (Namdeo et al., 2020). In another study, supple-
menting broiler diets with thyme extract EO increased
secretion of digestive enzymes, such as amylase and chy-
motrypsin, and improved intestinal absorption rates
and feed utilization (Wade et al., 2018).
Mechanisms of Action of EOs on the Digestive Sys-
tem of Poultry Animals EOs show a beneficial influ-
ence on the avian digestive system by recovering the
microbiota balance and improving nutrient absorption,
primarily due to the presence of terpenoid substances
that improve FCR (Mountzouris et al., 2011). These
compounds also enhances the production of digestive
enzymes, which further contributes to better digestion
and nutrient absorption (Mountzouris et al., 2011).

EOs influence feed taste and smell, and enhance pro-
tein digestion by increasing gastric secretions and HCl
concentrations (Gopi et al., 2014). Although some EOs
can irritate the intestinal mucosal lining and cause
inflammation, it is necessary to carefully select the EOs
supplements (Gopi et al., 2014).
Effects of EOs on Feed Consumption, Increased
Body Weight, and Conversion Ratios Many EOs
have been shown to increase poultry growth. For exam-
ple, Tiihonen et al. (2010) reported that EOs supplemen-
tation at 5 g/t cinnamaldehyde and 15 g/t thymol in
broiler diet decreased undesirable bacterial growth, thus
maintaining a healthy gut microbiota and improving
growth performance. A similar study showed that a mix-
ture of caraway, basil, lemon, laurel, sage, oregano,
thyme, and tea EOs enhanced broiler growth
(Khattak et al., 2014). The tecnaroma herbal mixture at
100, 200, 300, 400, and 500 g/t of feed also significantly
(P < 0.05) increased the average daily gain and body
weight (BW) and improved FCR compared with the
control. Likewise, significant increase in BW was
detected in broilers supplemented with EOs blends at
300 and 600 g/kg of feed (Peng et al., 2016). Thus, feed
conversion greatly improved poultry development when
anize, citrus, sage, oregano, and laurel components were
added to the feed by increasing nutrient availability
through the modulation of the intestinal ecosystem
(Çabuk et al., 2006).

EOs also increase growth, reduce disease, and improve
the health of animals with subpar hygiene. For example,
EOs prevented and cured necrotic enteritis in poultry
(Jerzsele et al., 2012). In addition, cinnamon, pepper,
and oregano EOs increased digestibility among chickens
and enhanced FCR (Hernandez et al., 2003;
Windisch et al., 2008). EOs, including carvacrol, cinna-
maldehyde, and capsicum oleoresin, positively influence
broiler productivity and nutrient use in areas with poor
hygiene (Bravo et al., 2014). These effects may be medi-
ated by gastrointestinal microbial alterations, improved
local immunity against Eimeria infections, enhanced
liver antioxidant status, and improved nutritional
energy and nutrient usage (Karadas et al., 2014). The
biological effects of EOs in poultry production are shown
in Table 1.
Effect of EOs on Antioxidant Activity

Lipid oxidation (lipid peroxidation) and free radical
formation are natural processes that breakdown mem-
brane structure, disrupt transportation processes, and
cause cell organelle dysfunction. In cell membranes,
phospholipids are significantly more susceptible to dam-
age due to the oxidation that corresponds with the
degree of fatty acid unsaturation. Polyunsaturated fatty
acids enable important cell membrane properties, such
as permeability and fluidity (Pisoschi and Pop, 2015).
Synthetic antioxidants (e.g., butylated hydroxyl ani-

sole, butylated hydroxyl toluene, tert-butylhydroqui-
none, and propyl gallates) have been used to retard lipid
peroxidation’s effect of scavenging peroxyl radicals;
however, their use was debated because of their carcino-
genic effects. Because of the negative effects of these syn-
thetic antioxidants, consumers have become more
interested in natural antioxidant sources
(Hashemipour et al., 2013). The chemical structure and
high redox properties of EOs can neutralize free radicals,
thus quenching singlet and triplet oxygen, and chelate
transitional metals. EOs are a rich source of such pheno-
lic, natural antioxidant compounds (Rahimi et al.,
2011); however, EOs can act as pro-oxidants depending
on dosage and type, by destroying cell and organelle
integrity and causing additional cytotoxic effects on liv-
ing cells (Bakkali et al., 2008).
EOs positively impact antioxidant expression, such as

superoxide dismutase (SOD), glutathione peroxidase,
and catalase, and prevent the formation of reactive oxy-
gen species (ROS) and off-flavor polyunsaturated fatty
acid oxidation (Marcin�c�ak et al., 2008; Miguel, 2010).
Thus, the dietary supplementation of EOs in poultry
may enormously improve their quality of life
(Decker and Park, 2010). In several studies, a significant
improvement in antioxidant activity was observed upon
EOs supplementation in poultry. For example, when an
equal mixture of carvacrol and thymol was supple-
mented to broilers at 60, 100, and 200 mg/kg, it was
reported that SOD activity (P < 0.05) increased in a
dose-dependent manner (Hashemipour et al., 2013).
Furthermore, Habibi et al. (2014) showed that ginger

EOs supplementation at 150 mg/kg increased the total
SOD activity and decreased the malondialdehyde levels
in the liver. Several antioxidant compounds may cause
these changes in the ginger root, such as shogaol,



Table 1. Biological effects of essential oils (EOs) in poultry production.

Essential Oils Effect References

The phytobiotic bioactive substances Increases the activity of amylase and protease. Affects digestive
enzyme development and activity.

(Jang et al., 2007)

EOs Minimizes intestinal diseases caused by unwanted bacteria. Pro-
motes good gut microbiota development. Enhances growth
performance.

(Bento et al., 2013)

Thymol, anetole, eugenol and carvacrol Increases feed intake. (Ertas et al., 2005)
Cinnamon, oregano, thyme, and eucalyptus EOs Balances gut microbiota. (Ulfah, 2006)
Oregano EOs Increases body weight gain in essential oil supplementation, com-

bined with its antimicrobial activity and stimulation of various
digestive enzymes that boost nutrient usage.

(Hernandez et al., 2004)

Cinnamon powder Contains cinnamaldehyde that helps increases feed conversion
ratio in broilers.

(Decker and Park, 2010)

EOs mixture 200 ppm greatly increases feed conversion ratio by 6 and 12% com-
pared to the antibiotic and the control groups, respectively.

(Ertas et al., 2005)

(Myrtle leaf oil, oregano oil, sage leaf oil, laurel
leaf oil, citrus peel oil, and fennel seed oil)

Shows considerable improvement in feed conversion ratio. (Çabuk et al., 2006)

Thyme extract Increases secretion of digestive enzymes, i.e. amylase and chymo-
trypsin. Increases absorption rates in the intestine. Enhances feed
utilization.

(Wade et al., 2018)

EOs consisting of 5 g/ton cinnamaldehyde and
15 g/ton thymol

Decreases the growth of undesirable bacteria and enhances benefi-
cial intestinal microbiota growth. Improves growth performance
of broilers.

(Tiihonen et al., 2010)

Mixture of EOs from caraway, basil, lemon, lau-
rel, sage, oregano, thyme, and tea

Enhances growth performance. (Khattak et al., 2014)

EOs blend at 300 and 600 g/kg of feed Enhances growth performance. (Peng et al., 2016)
Carvacol and thymol Increases SOD activity. (Hashemipour et al., 2013)
Ginger EOs at 150 mg/kg Increases total SOD activity and decreases malondialdehyde con-

centrations in the liver, which may be attributed to the presence
of many antioxidant compounds such as shogaol, gingerol, zin-
gerone, and diarylheptanoids in ginger root.

(Habibi et al., 2014)

Cinnamon bark oil at 300 mg/kg diet Enhances antioxidant status in broilers as SOD activity was signifi-
cantly increased in cinnamon bark oil−complemented birds com-
pared to the antibiotic treatment.

(Chowdhury et al., 2018)

Lemongrass (Cymbopogon citratus) EOs Inhibits pathogenic bacteria, such as Salmonella typhimurium, Sal-
monella enterica, Escherichia coli, Staphylococcus aureus, Liste-
ria monocytogenes, Klebsiella pneumoniae, and Candida
albicans.

(Fagbemi et al., 2009;
Naik et al., 2010;
Singh and Ebibeni, 2016;
Juniatik et al., 2017)

Trans-cinnamaldehyde and eugenol Decreases Salmonella enteritidis in 20-day-old broiler poultry. (Kollanoor-Johny et al., 2012a)
Curcumin, carvacrol, piperin, thymol, and
eugenol

Decreases the colonization and proliferation of Clostridium perfrin-
gens in the broilers gastrointestinal tract.

(Mitsch et al., 2004)

Oreganum aetheroleum EOs Improves broiler chickens immunity against Escherichia coli infec-
tions. Enhances cell-mediated and humoral immune responses.

(Abd El-Ghany and Ismail, 2014)

Oregano and thyme EOs Reduces the number of a broad range of pathogenic bacteria such
as Salmonella strains in the chicken gastrointestinal tract.

(Ko�s�cov�a et al., 2006)

Thyme, oregano, rosemary, clove, and cinnamon Preserves the intestinal wall from damage due to the effects of coc-
cidial multiplication. Promotes growth.

(Hashemi and Davoodi, 2011)

Anise, citrus, sage, oregano, and bay leaf Improves nutrients availability by adjusting the intestinal
ecosystem.

(Çabuk et al., 2006)

Inclusion of 300 and 600 mg/kg oregano essential
oil (Origanum spp.)

Improves the birds’ average daily gain. (Peng et al., 2016)

Trans-cinnamaldehyde at 0.75% and eugenol at
1% as an antimicrobial additive in the feed for 5
d prior to slaughter

Reduces cecal colonization of Salmonella enteritidis by 1.5 log10
CFU/g.

(Kollanoor-Johny et al., 2012b)

Trans-cinnamaldehyde Reduces egg-borne transmission of Salmonella enteritidis in com-
mercial layers.

(Abd El-Hack et al., 2021c)

Trans-cinnamaldehyde for 66 d at 1 and 1.5% to
40-wk and 25-wk old layer hens

Reduces Salmonella enteritidis on the egg shell and in the yolk
without causing any harmful effect on the growth, egg produc-
tion, and consumer acceptability of eggs.

(Galiş et al., 2013)

Carvacrol and thymol Decreases Campylobacter colonization, although consistency in the
antimicrobial effect across the experiments was a problem.

(Abd El-Hack et al., 2021d)

Thymol at 0.25 and 1%, or carvacrol at 1%, or a
combination of the molecules at 0.5%

Efficient against Campylobacter colonization in broilers. (Arsi et al., 2014)

Garlic and oregano EOs Reduces population of Clostridium spp. (Kirkpinar et al., 2011)
Cinnamaldehyde and thymol Shows selective antibacterial properties and reduces yeast, and

mold growth.
(Bento et al., 2013)

Cinnamon oil Induces detrimental changes in Escherichia coli cell wall. (Rahimi et al., 2011)
Ajwain oil (AJO), clove oil (CLO), and cinnamon
oil (CNO) (400, 600, 300 mg/kg) of diet,
respectively

Decreases the counts of Escherichia coli and Clostridium species in
pre-cecal contents.

(Chowdhury et al., 2018)

Thymol supplementation Increases intestine length, and the width and depth of the villi.
Improves nutrient absorption.

(Alcicek et al., 2003)

Carvacol (5.4%), cinnamaldehyde (2.9%), capsi-
cum oleoresin (2.18%)

Increases villus length and intestinal diameter. (Awaad et al., 2014)

(continued)
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Table 1 (Continued)

Essential Oils Effect References

Mentha piperita leaves Enhances histomorphology structure of mucosa of small intestine
of broilers.

(Hamedi et al., 2017)

Cinnamon oil at 0.3 mg/g of diet Improves height of villi in duodenum, jejunum, and ileum. (Chowdhury et al., 2018)
Anise, oregano, and citrus peel Decreases cholesterol by lower the very-low-density lipoprotein lev-

els and increased total flavonoids.
(Hong et al., 2012)

Cinnamon essential oil at 300 mg/kg Reduces cholesterol level and 3-hydroxy-3-methyl-glutaryl-coen-
zyme A reductase enzyme post-transcriptionally without chang-
ing mRNA levels of the enzyme.

(Qureshi et al., 1996;
Chowdhury et al., 2018)

Thymol, ionone, and carvacrol Induces a presumed regulatory nonsterol product. (Elson, 1996)
Garlic Enriches assembly of gamma interferon, interleukins, tumor necro-

sis factor alpha. Increases phagocytosis of antigen-presenting
cells and macrophages.

(Hanieh et al., 2010)

Eucalyptus and peppermint EOs Shows higher hemagglutinin-inhibition antibody titers against
both avian influenza (AI) and Newcastle vaccines as compared to
control. Shows specific antibody response against influenza vac-
cine virus.

(Talazadeh and Mayahi, 2017)

Thymol EOs Shows higher (p<0.05) spleen index than birds of control group.
Increases the level of secretory immunoglobulin A (p<0.05) in
duodenum and ileum mucosa of finisher group.

(Yang et al., 2018)

Allium sativum, Echinacea purpure Effective against intestinal parasites, including the Eimeria
species.

(Zhai et al., 2007)

Oregano EOs at 300 mg/kg in experimentally
infected (Eimeria tenella) birds

Decreases number of Eimeria tenella oocysts. (Giannenas et al., 2004)

Phenols Exhibits oocysticidal activity against Eimeria tenella. (Williams, 1997)
Supplementation of a natural blend of EOs (basil,
lemon, caraway, oregano, laurel, sage, thyme,
and tea)

Increases carcass weight, breast weight, and breast meat. (Khattak et al., 2014))

Oregano EOs supplementation at 600 mg/kg Displays high breast muscle percent together with augmented
dressing percent, eviscerated rate, and leg muscle percent.

(Peng et al., 2016)

Ocimum basilicum EOs Shows antimicrobial activity against a wide range of Gram-nega-
tive and Gram-positive bacteria, yeast, and mold.

(Citarasu, 2010)

Sunflower oil nanoemulsion Shows antibacterial activity against foodborne bacteria such as
Listeria monocytogenes, Salmonella typhi, and Staphylococcus
aureus. Shows high fungicidal and a sporicidal activity against
Rhizopus nigricans, Aspergillus niger, Penicillium species, Bacil-
lus cereus, and Bacillus circulans.

(Joe et al., 2012)

Abbreviations: AI, avian influenza; CFU, colony forming units; FCR, feed conversion ratio; GIT, gastrointestinal tract; HI, hemagglutinin-inhibition;
HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A reductase; ND, Newcastle disease; SOD, super oxide dismutase; VLDL, very low-dentistry
lipoprotein.
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gingerol, and zingerone (Habibi et al., 2014). Similarly,
Chowdhury et al. (2018) demonstrated that cinnamon
bark oil (300 mg/kg diet) substituted for antibiotics
(50 mg/kg diet) resulted in improved antioxidant status
in broilers. In addition, SOD increased significantly in
cinnamon oil-supplemented birds as compared to the
antibiotic treatment (Chowdhury et al., 2018). The
effects of different EOs on the antioxidant activities in
poultry are shown in Table 1. The effects of EOs on
growth performance and poultry productivity due to
their antioxidant, antimicrobial, and immunomodula-
tory effects are shown in Figure 2.
Antimicrobial Activity of EOs

Major Bacterial Foodborne Pathogens in Poultry Tag-

gedPThe bacterial pathogens Salmonella and Campylobacter,
which are transmitted through poultry products, are the
most common infectious bacteria in human disease. On
farms, poultry (including broilers, layers, and turkeys)
can serve as the primary source of product contamina-
tion (Gantois et al., 2009). The primary site for Salmo-
nella colonization in poultry is the ceca, which leads to
Salmonella spp. on the carcass and eggshells
(Gantois et al., 2009; Abd El-Hack et al., 2020a). Egg
infection with Salmonella is caused by the injection of
infected feces through the eggshell before or after ovipo-
sition (Gantois et al., 2009). Similarly, Campylobacter
mainly colonizes the mucus of the ceca and the epithelial
cells. Once birds become colonized, the bacteria rapidly
disseminate to the entire flock via high levels of fecal
shedding and fecal-oral transmission through water and
feed (Lee and Newell, 2006). In an organic setting, the
likelihood of birds being exposed to Salmonella and
Campylobacter is relatively high due to their outdoor
access. These pathogens could infect birds from the soil
or water (Lee and Newell, 2006; Noormohamed and
Fakhr, 2014).
Organic poultry products can provide ideal hosts for

the transmission of Salmonella and Campylobacter to
humans (Sato et al., 2004; Noormohamed and
Fakhr, 2014). There is evidence that organic poultry
harbors similar or higher pathogens levels than conven-
tionally raised poultry. Cui et al. (2005) studied patho-
gen incidence in organic poultry and found that 76%
and 61% of the samples were contaminated with Cam-
pylobacter or Salmonella, respectively. They also
observed a similar prevalence for Campylobacter in
organic and commercial chickens, but found more Sal-
monella in organic chicken samples (Cui et al., 2005).
Noormohamed and Fakhr (2014) reported similar



Figure 2. Effects of essential oils on growth performance and poultry productivity due to their antioxidant, antimicrobial, and immunomodula-
tory effects.

8 ABD EL-HACK ET AL.
Campylobacter prevalence in organic and conventional
chickens in a comparable study.

In Louisiana, USA, approximately 21 to 22% of Sal-
monella prevalence was reported in sampled organic and
conventional chicken carcasses (Lestari et al., 2009).
Overbeke et al. (2006) also observed a similar prevalence
of Salmonella from conventional and organic chicken
samples. It was concluded that >74% of the poultry car-
casses sampled from both conventional and organic
sources were contaminated with Campylobacter, and
27% of the US Department of Agriculture organic-certi-
fied carcasses had Salmonella contamination
(Vaarst et al., 2019).

Consumers may assume that organically raised poul-
try carries fewer foodborne pathogens than convention-
ally raised birds given their lower bird density, outdoor
access, pesticide, and antibiotic use (Vaarst et al., 2019).
This assumption may increase the potential for contami-
nation by mishandling of the raw product (Vaarst et al.,
2019). This situation warrants effective organic-friendly
antimicrobial strategies on the farm and during process-
ing to improve poultry meat and egg quality
(Vaarst et al., 2019). Unfortunately, organic poultry
operations currently have limited effective interventions
against these harmful pathogens.
Antimicrobial Functions of EOs against Poultry
Pathogens Broiler chicken productivity is optimal
with a healthy gastrointestinal tract (GIT) (Sugi-
harto, 2016). A balanced population of pathogenic and
beneficial microflora in the GIT plays a crucial role in
the digestion and absorption of nutrients
(Patterson and Burkholder, 2003; Kro�cko et al., 2012).
Escherichia coli, Salmonella typhimurium, and Clostrid-
ium perfringens are the 3 major pathogens found in the
poultry gut (La Ragione et al., 2004); however antibiotic
resistance concerns caused antibiotics used as growth
promotors to be banned in poultry diets, which has led
to an urgent need to explore the alternative for antibi-
otic growth promoters (Hajati and Rezaei, 2010).
Phytobiotics, especially EOs, have positively

impacted poultry production and feed consumption by
enhancing the taste and flavoring of feed (Gras-
horn, 2010). Phytobiotics can also efficiently inhibit
pathogenic bacteria, as demonstrated by lemongrass
(Cymbopogon citratus) phytobiotics, which inhibited S.
typhimurium (Oussalah et al., 2007), Salmonella enter-
ica (Singh and Ebibeni, 2016), E. coli, Staphylococcus
aureus, Listeria monocytogenes (Asaolu et al., 2009),
and Klebsiella pneumonia (Fagbemi et al., 2009;
Naik et al., 2010). Lemongrass oil and kaffir lime oil
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(Citrus hystrix) also showed antifungal properties
against pathogenic yeasts, such as Candida albicans
(Juniatik et al., 2017).

EOs are hydrophobic (Bakkali et al., 2008; S�anchez-
Gonz�alez et al., 2011), with antibacterial activities but
with low aqueous solubility (Khumpirapang et al.,
2017). One efficient method for the delivery of self-nano-
emulsifying drug delivery systems is to improve oral bio-
availability (Nagaraju et al., 2019) and solubility
(Bansal and Jamil, 2018) to control drug release
(Baskar et al., 2018). The formula optimization analysis
goal is to determine the variable level from which a high-
quality product can be generated (Basalious et al.,
2010).

EOs contain many secondary metabolites, such as iso-
prenoid compounds (Brewer, 2011). Studies on the anti-
microbial activities of EOs of plant origin have
demonstrated that these EOs can be very useful as feed
supplements for poultry (Burt, 2004). EOs promote bile
secretion and stimulate digestive enzyme activity and
mucus, thus facilitating intestinal functions (Platel and
Srinivasan, 2004). Therefore, EOs are used in poultry
diets for their antioxidant and antimicrobial activities,
which modify the gut microbiota and stimulate the
digestion process by affecting the metabolic processes of
starch, protein, and fat digestion (Lee, 2002;
Hernandez et al., 2004; Goossens et al., 2005).

Several phyto-EOs have been shown to inhibit patho-
gen emergence in poultry (Micciche et al., 2019). For
example, the fortification of poultry diets with cinnamal-
dehyde and eugenol reduced the Salmonella enteritidis
load in broilers (Kollanoor-Johny et al., 2012a). Diets
supplemented with EOs, such as curcumin, carvacrol,
piperine, thymol, and eugenol, reduced C. perfringens in
the chicken GIT (Abd El�Hack et al., 2021a). EOs dis-
play potential actions against C. perfringens, E. coli
(Jang et al., 2007), and Campylobacter spp. (Kelly et al.,
2017), which inhabit the digestive systems of broiler
chickens (Windisch et al., 2008).

When animal diets supplemented with the antibiotic
ciprofloxacin and Oreganum aetheroleum EOs were
compared, it was found that the EOs reduced the
amount of E. coli by enhancing the immune responses
and more successfully treating the infection (Abd El-
Ghany et al., 2013). Furthermore, in the chicken gut,
oregano and thyme EOs effectively reduced pathogenic
bacteria, such as Salmonella spp. (Ko�s�cov�a et al., 2006).
In addition, some EOs, such as rosemary, clove, thyme,
oregano, and cinnamon, increased the strength of the
intestinal wall by affecting coccidial multiplication.
Thus, EOs can be used as growth promoters
(Hashemi and Davoodi, 2011).

Supplementation of 1 g/kg thyme EOs significantly
augmented the BWG of broiler chickens compared to
the inclusion of 10 g/kg of whole thyme leaves,
(Cross et al., 2007). EOs composed of an oregano, anize,
and clove mixture increased the BWG by approximately
16% relative to the control group (Ertas et al., 2005).
The addition of an EO mixture of anize, oregano, and
bay leaves to chicken diets at a concentration of
200 mg/kg led to the modification of the gut microbiota
and significantly increased chicken growth compared to
the control group both immediately and after 5 wk of
trial (Ertas et al., 2005; Çabuk et al., 2006). The addi-
tion of oregano EOs at 300 to 600 mg/kg to broiler feed
improved the average daily gain of the birds
(Peng et al., 2016). Several EOs have been used as a sub-
stitute for antibiotic growth promoters to improve
chicken production (Khattak et al., 2014;
Pirgozliev et al., 2015; Peng et al., 2016). Corresponding
decreases in pathogenic bacterial populations increased
nutrient availability, minimized nutrient competition,
and avoided multiple GIT diseases (Yitbarek, 2015).
The hydrophobicity and the ability of EOs to pene-

trate the membrane of bacterial cells containing lipids
and their antimicrobial activities are important charac-
teristics that are responsible for EO effectiveness in poul-
try diets (Smith-Palmer et al., 2004). Exposure to EOs
increases bacterial membrane permeability, which leads
to cell lysis due to cell content leakage (Carson et al.,
2002). The hydrophobicity of the volatile compounds in
EOs enables their interaction with the lipid contents in
the bacterial cell membrane, which affects the cell’s
properties, and leads to the death of the pathogenic bac-
teria. It also affects the permeability of the bacterial
membranes, allowing the active compounds to penetrate
the cell and bind with specific proteins as another inhibi-
tory activity (S~ao Pedro et al., 2013).
Chemical groups found in the active compounds of

EOs have been posited to have antimicrobial activities
(Carson et al., 2002; Burt, 2004; Smith-Palmer et al.,
2004). EOs contain more than 100 active compounds
(Bilia et al., 2014; Calo et al., 2015). Terpenic com-
pounds (monoterpenes, sesquiterpenes, and diterpene),
alcohols, acids, esters, epoxides, aldehydes, ketones,
amines, and sulfides are typically the chemical contents
of petrol. Hence, the use of EOs as an antimicrobial
agent was hypothesized to reduce the population of
harmful bacteria in the broiler gut (Smith-Palmer et al.,
2004).
A limiting factor in the use of EOs as an alternative to

antibiotics is its high volatility and the thermolabile,
photolabile, and less stable nature of most of its constit-
uents (Yitbarek, 2015). Due to the high volatility of
many EO constituents, EOs oxidize readily when
exposed directly to heat, air, light, and humidity
(Bilia et al., 2014). EOs oxidize when exposed to light
and heat because they include unsaturated carbon
chains. The oxidation leads to the formation of terpenes
and sesquiterpenes with lacons rings and terpenoids
(Vigan, 2010). These compounds are characterized by
being unstable and fat soluble with limited bioavailabil-
ity. The low solubility of EOs in water reduces its uptake
in biological fluids; therefore, a new approach is needed
to overcome these limiting factors to improve EO bio-
availability (Natrajan et al., 2015).
EOs have been used in medicine, food preservation,

cosmetics, and perfumery for centuries
(Venkitanarayanan et al., 2013). Originating from
plants, extracts of volatile plant compounds and most of
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their active components present an array of safe alterna-
tives that are natural, less toxic, environmentally
friendly, and generally recognized by the US Food and
Drug Administration as safe feed additives
(Venkitanarayanan et al., 2013; Upadhyay et al., 2014).
As EOs and their biological constituents contain many
active chemical groups, their antimicrobial activities
may be due to many different mechanisms (Burt, 2004).
This unique characteristic significantly reduces the like-
lihood that bacteria will develop resistance to EOs.
Recently, researchers have focused on utilizing EO com-
pounds against foodborne pathogens in organic chickens
(Kollanoor-Johny et al., 2010).

In vitro experimental testing of EOs and their com-
pounds have revealed promising results. For example,
trans-cinnamaldehyde is the most critical element in cin-
namon bark extract, and eugenol is a natural phytophe-
nolic mixture in the clove mixture of EOs (Kollanoor-
Johny et al., 2010). Thymol and its structural carvacrol
isomers are derived from many plant sources, including
Thymus, Origanum, and Carum spp. (Kollanoor-
Johny et al., 2010).

Kollanoor-Johny et al. (2010) evaluated the in vitro
efficacy of several active EO compounds, including
trans-cinnamaldehyde, eugenol, thymol, and carvacrol,
against Salmonella and Campylobacter in commercial
broiler and layer chickens using a modified cecal medium
(Kollanoor-Johny et al., 2010). Each compound was
added (concentrations of 0.1−1.2%) to chicken cecal
substances inoculated with 7.0 log10 CFU/mL of S.
enteritidis or 5.0 log10 CFU/mL Campylobacter (Kolla-
noor-Johny et al., 2010). Reduced S. enteritidis and
Campylobacter spp. populations were found in the cecal
content, demonstrating that these EO compounds were
bactericidal against both pathogens, with trans-cinna-
maldehyde and eugenol the most effective (Kollanoor-
Johny et al., 2010).

In vivo trials have also shown encouraging antibacte-
rial activities, confirming the in vitro findings. Kolla-
noor-Johny et al. (2010) examined the effectiveness of
trans-cinnamaldehyde and eugenol against S. enteritidis
in broiler chickens by supplementing the diets for 20 d
with either 0.5% or 0.75% trans-cinnamaldehyde or
0.75% or 1% eugenol. The birds were then challenged
with 5.0 log10 CFU/mL on d 8. At the end of the study,
the S. enteritidis population in the cecum was deter-
mined. Both concentrations of trans-cinnamaldehyde
and 1% eugenol decreased S. enteritidis colonization in
the cecum (3.0 log10 CFU/g; Kollanoor-Johny et al.,
2010). The pH in the cecum altered neither the com-
pound nor the endogenous cecal counts of microflora.

In follow-up tests, Kollanoor-Johny et al. (2012b)
studied the antibacterial efficacy of trans-cinnamalde-
hyde and eugenol in decreasing S. enteritidis in broiler
chickens. Trans-cinnamaldehyde was applied at 0.75%
and eugenol at 1% as an antimicrobial additive in the
feed for 5 d before slaughter. Both EOs compounds
reduced the colonization of S. enteritidis (Kollanoor-
Johny et al., 2012b). In addition, the trans-cinnamalde-
hyde egg transmission of S. enteritidis was decreased by
in-feed supplementation in commercial chickens (Kolla-
noor-Johny et al., 2012b). Furthermore, trans-cinnamal-
dehyde supplementation for 66 d decreased S. eteritidis
by 1% and 1.5% at 40 and 25 wk, respectively. There
were no deleterious consequences in the eggshell or yolk
in regards to development, egg production, and con-
sumer egg acceptability (Kollanoor-Johny et al., 2012b).
Additionally, Upadhyaya et al. (2013) reported the

rapid inactivation capacity of EO compounds against
eggshell S. enteritidis. Arsi et al. (2014) also evaluated
the effectiveness of carvacrol and thymol EO compounds
in broiler chickens on the populations of Campylobacter
spp. Although consistent antimicrobial effects across
experiments was a concern, these EOs reduced Campylo-
bacter colonization (Arsi et al., 2014). Thymol at 0.25%
and 1% was inhibitory to Campylobacter spp. coloniza-
tion, while carvacrol at 1% and the combination of thy-
mol and carvacrol at 0.5% inhibited Campylobacter spp.
(Arsi et al., 2014).
The antibacterial action related to the hydrophobicity

of EOs that causes damage to the bacterial cell mem-
branes and the leakage of ions and other cellular constit-
uents is important. In particular, trans-cinnamaldehyde
negatively affects glucose absorption and ATP synthesis
(Arsi et al., 2014). Another EOs mode of action is the
inhibition of the main bacterial enzymes, such as amino
acid decarboxylases (Arsi et al., 2014). This inhibition
reduces S. enteritidismotility and its invasion of abdom-
inal epithelial cells and oviduct epithelial cell macro-
phages by down-regulating essential virulence genes
(Kollanoor-Johny et al., 2012a). DNA microarray stud-
ies have shown that genes involved Salmonella pathoge-
nicity, specifically the Island 1, type 3 secretion system,
surface proteins, metabolic pathway, and electron
acceptors under anaerobiotic conditions, were down-reg-
ulated in S. enteritidis by these antimicrobial agents
(Kollanoor-Johny, 2011).
Metal chelation by flavonoids and phenols, disruption

of the membrane by phenolics and terpenoids, and
genetic material damage by alkaloids and coumarin that
may impede the growth of microorganisms are several
examples of the antimicrobial mechanisms exhibited by
EOs (Cowan, 1999). The hydrophobicity of EOs enables
them to separate lipids in the bacterial cell wall, which
allows them to accumulate in the lipid layer, thus dis-
rupting cell membrane integrity and ion transportation;
this results in the subsequent loss of cellular components
and lysis of bacterial cells (Burt, 2004).
EOs also cause acidification inside the cell, blocking

cellular energy production, collapsing the proton pump,
and reducing membrane potential (Burt, 2004). In addi-
tion, EOs are active against Gram-positive bacteria
(Li et al., 2015) because they are lipophilic in nature.
Small molecular weight components inside EOs disrupt
cell membranes by crossing the bacterial cell wall
through the lipopolysaccharide layer or diffusion through
the membrane proteins (Dorman and Deans, 2000).
Garlic and oregano EOs have positive impacts on the

intestinal microflora of broilers. In one study, 4 diets
were formulated: a basal diet; a basal diet + oregano
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EOs at 300 mg/kg; a basal diet + garlic EOs at 300 mg/
kg; and a basal diet + oregano and garlic EOs at
150 mg/kg. The total populations of Streptococcus, Lac-
tobacillus spp., and coliforms in the ileum were not
affected by these diet treatments; however, a significant
(P < 0.05) decrease in the population of Clostridium
spp. was observed in birds supplemented with the garlic
EOs, oregano EOs, and garlic EOs + oregano EOs com-
pared with only basal diet supplementation
(Kirkpinar et al., 2011).

EOs, such as cinnamaldehyde and thymol, have selec-
tive antibacterial properties and inhibit yeast and mold
growth (Bento et al., 2013), with a beneficial effect on
the GIT by managing pathogens, reducing stress induced
by oxidative diseases, and stabilizing the intestinal micro-
biota (Bento et al., 2013). The findings by Zheng and
Wang (2001) agree with the above findings. They
revealed the effect of two herbs and virginiamycin on
intestinal bacterial inhabitants in broilers. Four diets
were formulated: basal diet + 15 ppm of virginiamycin,
basal diet + 0.1% dose of garlic, thyme, or a blend of the
two. Ileo-cecum digesta of the supplemented groups
showed a significant decrease in the E. coli population
compared to the control; however, a significant increase
in the lactic acid bacteria count was observed in the
thyme group compared to the other groups (Zheng and
Wang, 2001).

Similarly, the supplementation of cinnamon oil
revealed detrimental changes in the cell walls of treated
E. coli (Rahimi et al., 2011). Chowdhury et al. (2018)
studied the impact of cinnamon, ajwain, and cloves EOs
at 300, 400, and 600 mg/kg of diet, respectively, as an
antibiotic substitute to estimate their effect on the intes-
tine of broiler chickens. They reported that cinnamon
bark oil lowered the counts of precaecal E. coli and Clos-
tridium spp.
Effect of EOs on Intestinal Morphology

The gastrointestinal mucosa is the first tissue that
contacts dietary components. The height and depth of
the villus crypt is the most critical measure of the small
intestine’s digestive ability. Any change in this ratio
alters digestion and absorption (Pluske et al., 1997).
Adding antibiotics to chicken diets decreased intestinal
wall density, led to weight loss, and increased intestinal
length (Hedemann et al., 2003).

Many scientists have reported increased villus height
due to EO supplementation (Garcia et al., 2007;
Samanta et al., 2010). The villus height caused by the EOs
may correlate with its antioxidant properties (El-
Baroty et al., 2010). Components present in EOs, such as
cinnamaldehyde, prevent villi damage by increasing anti-
oxidant enzyme activity, but in cinnamonEOs, the pheno-
lic group acts as hydrogen donors (El-Baroty et al., 2010).

Thymol supplementation increased the intestinal
length, width, and depth of the villi, thus creating better
conditions for nutrient absorption (Alcicek et al., 2003).
Similarly, a combination of carvacrol (5.4%),
cinnamaldehyde (2.9%), and capsicum oleoresin (2.18%)
significantly (P < 0.05) increased villus length and the
intestinal diameter in the treated group compared to
other birds (Awaad et al., 2014). Furthermore, studies
revealed that feeding the leaves of Mentha piperita par-
tially improved the histomorphological structure of the
small intestine’s mucosa in chickens (Hamedi et al.,
2017). Chowdhury et al. (2018) revealed that supplemen-
tation of cinnamon EOs at 0.3 mg/g diet increased the
height of villi in the duodenum, jejunum, and ileum com-
pared to the control group (Chowdhury et al., 2018).
Figure 3 shows how oxygen radicals invade the surface

mucus during digestion and shorten the intestine’s villi
length. In addition, EOs attract oxygen and quencher-
free radicals via antioxidants, such as catalase, glutathi-
one peroxidase, and SOD.
Impact of EOs on the Metabolism of Lipids

EOs supplementation can decrease cholesterol levels.
Bioactive compounds present in EOs, such as cineole,
borneol, citral, menthone, geraniol, menthol, fenchyl
alcohol, fenchone, and ionone, are essential in inhibiting
hepatic 3-hydroxy-3-methylglutaryl coenzyme A reduc-
tase (HMG-CoA) activity (Yu et al., 1994), a crucial
enzyme in the synthesis of cholesterol. For example, a
2% reduction in serum cholesterol level has been
observed in poultry upon the inhibition of 5% HMG-
CoA reductase activity (Case et al., 1995).
A correlation exists between both low-density lipopro-

teins (LDL), total cholesterol and HMG-CoA reductase
activity in chickens, but not with high-density lipopro-
teins (HDL) (Qureshi et al., 1983). In an experiment to
understand EOs as potential growth or hypocholestero-
lemic agents, 24-day-old broilers were divided into three
equal groups: antibiotic or positive control (100 ppm
oxytetracycline), negative control (no antibiotic and no
EOs), and EOs (125 ppm), including EOs originated
from anize, oregano, and citrus peel (Hong et al., 2012).
The results from this study showed reduced cholesterol
serum levels in the groups treated with antibiotics or
EOs; however, the EOs supplementation was found to
have higher total polyphenolic compounds, lower very-
low-density lipoprotein levels, and higher total flavo-
noids (Hong et al., 2012). Recently, a study performed
by Chowdhury et al. (2018) showed that in broiler chick-
ens, a significant reduction in serum cholesterol concen-
trations could be achieved by supplementing them with
cinnamon EOs at 300 mg/kg. EOs down-regulate the
HMG-CoA reductase enzyme post-transcriptionally
without changing mRNA levels (Qureshi et al., 1996).
EOs inhibition of hepatic HMG-CoA reductase is irre-

spective of the enzyme’s cycle and hormones, such as
glucocorticoids, insulin, glucagon, and triiodothyronine
(Middleton and Hui, 1982). Two regulators were
required to completely inhibit cholesterol synthesis:
LDL-derived cholesterol and mevalonate-derived non-
sterol, which controlled the HMG-CoA reductase activ-
ity (Goldstein and Brown, 1990). Thymol, ionone, and



Figure 3. Effects of essential oils on the poultry intestinal morphology and bacterial cell wall and cell membrane.
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carvacrol can induce a regulatory nonsterol product
(Elson, 1996).
Immunomodulatory Activity of EOs

Researchers have investigated the various immuno-
modulatory capacities of EOs, and have found that the
inclusion of EOs in chicken feed significantly increased the
development of antibodies toward Pasteurella multocida,
Leptospira pomona, and S. enteritidis (Szigeti et al.,
1998). A study conducted by Hanieh et al. (2010) revealed
that garlic enhances the assembly of interferon (INF-g),
interleukins, and tumor necrosis factor a (Figure 4,
Table 1). Similarly, it increased the phagocytosis of anti-
gen-presenting cells and macrophages. Zheng and
Wang (2001) showed that the bursa of Fabricius in the
garlic-supplemented diet was significantly (P < 0.05)
increased in comparison to the other groups; however, no
significant effect was observed on the relative weight of
the spleen. Awaad et al. (2014) studied the immunostimu-
lant impacts of eucalyptus and peppermint EOs on
humoral and cell-mediated immunity in birds vaccinated
against Avian Influenza (AI) and Newcastle disease
(ND). The volatile oil-treated group showed higher
hemagglutinin-inhibition antibody titers against AI and
NDvaccines than the control group. The specific antibody
response against the influenza vaccine virus was signifi-
cantly increased compared to control due to supplementa-
tion with 0.2% thyme extract (Talazadeh and
Mayahi, 2017).
Yang et al. (2018) studied the effect of thymol EOs on

broiler chicken immunity. Dietary treatments were as
follows: basal diet only without any supplementation
(control); basal diet with 0.15 g/kg enramycin in the
growing period; basal diet with 0.30 g/kg thymol EOs in
the growing period, and basal diet with 0.30 g/kg thy-
mol EOs in the finishing period. They concluded that
birds in the grower and finisher phases fed 0.30 g/kg
EOs displayed a superior (P < 0.05) spleen index com-
pared to birds of the control group. The duodenum and
ileum mucosal levels of secretory immunoglobulin A
were substantially (P < 0.05) improved in the finisher
group compared to the other groups (Yang et al., 2018).
Anticoccidial Effect of EOs

EOs are powerful botanical products that can inter-
fere directly or indirectly with parasitic metabolism by



Figure 4. The immunomodulatory and the anticoccidial effect of garlic essential oils.
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amplifying host immunity and antioxidant status to
effectively control and eradicate parasitic invasion, par-
ticularly in coccidiosis management (Machado et al.,
2010). Direct anticoccidial activities include glycopro-
tein inhibition (Rodrigues Goulart et al., 2004), ultra-
structural changes in the mitochondrial membrane
(Ueda-Nakamura et al., 2006), and cysteine protease
enzyme inhibition (Ogungbe and Setzer, 2008; Figure 4).

Indirect antiparasitic activities of EOs involve
improving host immunity (Machado et al., 2010) and
improving antioxidant effects by scavenging ROS
(Bakkali et al., 2008). Plants such as Allium cepa, Origa-
num vulgare (Milhau et al., 1997), Allium sativum, Echi-
nacea purpurea (Zhai et al., 2007), Chenopodium
ambrosioides, and Mentha spp. were efficacious against
intestinal parasites, including the Eimeria species
(Giannenas et al., 2004).

Giannenas et al. (2004) revealed that supplementing
oregano EOs (300 mg/kg) in experimentally infected
(Eimeria tenella) birds resulted in reduced oocyst mass
per gram of excreta. The coccidial infection level was
estimated from the number of Eimeria oocysts shed in
the birds’ excreta (Giannenas et al., 2004). O. vulgare
was widely investigated for E. tenella anticoccidial
activity (Silva et al., 2009), as well as mixed Eimeria
species infection (Hume et al., 2006), E. maxima
(Tsinas et al., 2011), and E. acervuline (Tsinas et al.,
2011).
For controlling avian coccidiosis, the supplementation

of EOs and coccidial vaccinations have been reported as
an effective alternative by various researchers
(K€uç€ukyilmaz et al., 2012). Furthermore, many scien-
tists have shown the oocysticidal activity of phenols
against E. tenella (Williams, 1997). Bioactive compo-
nents in EOs (K€uç€ukyilmaz et al., 2012) reduced fecal
oocyst shedding and mitigated intestinal epithelium deg-
radation in affected birds (Bozkurt et al., 2013).
Impact of EOs on Carcass Characteristics

Improvement in chicken meat production depends on
increased muscle proportions, enhanced growth, and the
reduction in abdominal fat in chickens (Musa et al.,
2006). Alcicek et al. (2003) reported that the combina-
tion of EOs extracted from different herbs grown in Tur-
key at 24, 48, or 72 mg/kg diet improved BW, feed
intake (except at d 42), FCR, and carcass yield at 21
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and 42 d. They also showed that supplementation above
48 mg of a combination of EOs per kg had no additional
beneficial effect on BW, feed intake, FCR, and carcass
yield (Alcicek et al., 2003).

Khattak et al. (2014) showed an increase in carcass
weight, breast weight, and breast meat with the supple-
mentation of natural EOs (basil, lemon, caraway, oreg-
ano, laurel, sage, thyme, and tea). These findings
indicate that broiler carcass characteristics were
improved with dietary supplementation of EOs; how-
ever, dietary supplementation of oregano EOs at
300 mg/kg showed a nonsignificant impact on carcass
characteristics (Alp et al., 2012). Sang-oh et al. (2013)
demonstrated that the dressing percentage and thigh
and breast muscle were significantly (P < 0.05) higher in
birds fed a basal diet supplemented with cinnamon pow-
der compared to a nonsupplemented diet.

In broiler chicks supplemented with graded levels of
cinnamon powder (0, 3, 5, and 7%) to the basal diet, the
highest dressing percentage and commercial cuts
(breast, drumstick, and thigh) occurred at a 5%
(Eltazi, 2014). Likewise, oregano EOs supplements at
600 mg/kg doses were associated with more considerable
breast muscle, dressing, and leg muscle percentages than
the controls (Peng et al., 2016).
Impact of EOs on Broiler Economy

Incorporating EOs as a feed supplement in organic
poultry production has many variable effects on broiler
economy. For instance, Wade et al. (2018) found signifi-
cantly higher BWG and improved FCR in birds fed a
basal diet supplemented with thyme EOs.
Potential Uses of NEs

The goal of drug formulation research in recent deca-
des has been to identify a mechanism for delivering med-
ications that can extend and sustain drug release after
application (Maderuelo et al., 2011). This improved
medication delivery system is being studied extensively
because it has various advantages over traditional sys-
tems. In pharmaceutical research, colloids are extremely
important. Colloidal particles can be measured in nano-
meters and are referred to as nanoparticles
(Kamble et al., 2010).

A nanoparticle, also known as an ultrafine particle, is
a small particle of matter with a dimension of 1 to
100 nm (El-Saadony et al., 2020b; Reda et al., 2020;
Abd El-Hack et al., 2021b; El-Saadony et al., 2021e).
Nanoparticles can transport and protect oxygen from
oxidation, protect EOs from degradation, and improve
their stability to enhance products and function. Nano-
carriers positively affect the products and control the
release of bioactive molecules (Liang et al., 2012). In
addition, it facilitates EO activity by providing various
diffusion properties due to its nanoscale dimensions
(S~ao Pedro et al., 2013). Recent advances in nanoscience
and nanoscale technology have shown improvements in
the antimicrobial activities of many antimicrobial agents
using nanoparticles (El-Saadony et al., 2021f; El-
Saadony et al., 2021g; Reda et al., 2021b). In addition,
nanobiotechnology has gained considerable interest in
recent decades, and uses biological agents, including
microorganisms or plant extracts, to biosynthesize nano-
particles (Sheiha et al., 2020; El-Saadony et al., 2021h;
El-Saadony et al., 2021i; Saad et al., 2021b).
Emulsions containing particles in the 10 to 100 nm

range are known as NEs. They are fine emulsions of oil
in water that require slight agitation when added to
other aqueous media (Mason et al., 2006; Wang et al.,
2009). When NEs are diluted, nano-droplets with sizes
ranging 20 to 200 nm are produced, which increases the
solubility and bioavailability of lipophilic materials in
water. NEs are more stable and can be improved
(Chakraborty et al., 2009). These nano-sized colloids are
used to provide lipophilic bioactive materials in the
food, pharmaceutical, and cosmetic industries
(McClements and Rao, 2011; Ghosh et al., 2013).
Emulsions stabilize and improve the antimicrobial

effects of oils in aqueous solutions. Since the 1980s,
the focus has been on droplet emulsions in the NE
range, which possess specific characteristics, such as
transparency to the naked eye and a unique Tyndall
effect (Salager et al., 2001). NEs typically contain oil
in their exterior shell layer and a central component
of health-friendly compounds inside. NEs are rela-
tively stable for long periods without any major
changes in their physical properties (Pathania et al.,
2018). EO-based NEs are a more effective alternative
to antibiotics in poultry nutrition than pure oil
because of their increased surface area and small
droplet size (Pathania et al., 2018).
The encapsulation of EOs byNEs is considered an inno-

vative technology that can help overcome the limiting fac-
tors of EO usage. The solubility and bioavailability of
EOs are enhanced when encapsulated (Calo et al., 2015)
and their microbial stability is improved (Jayasena and
Jo, 2013). Additionally, encapsulated EOs also protects
EOs against possible thermal or photo-degradation, thus
increasing their stability (S~ao Pedro et al., 2013).
The therapeutic efficacy of encapsulated EOs can be

maintained by using NEs to reduce volatility, increase
stability, change solubility, and preserve therapeutic
efficacy (Bilia et al., 2014). A high-energy emulsification
procedure and a self-emulsification or low-energy
method are both employed to make NEs. High mechani-
cal energy inputs, such as high shearing, high-pressure
homogenizers, or ultrasounds, are used in the high-
energy process. Self-emulsification uses chemical energy
from the mixture, using phase transitions during emulsi-
fication, resulting from the shift in the spontaneous cur-
vature of the surfactant (Sol�e et al., 2010). NEs are
created when oil droplets are scattered throughout the
aquatic phase, while water droplets, distributed
throughout the oil phase, form water-in-oil NEs
(McClements and Rao, 2011).
The efficacy of EO NEs has been proven in the food

industry. Sunflower oil NEs possess strong antibacterial
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activity against major foodborne pathogens, such as
Bacillus cereus, B. circulans, Listeria monocytogenes,
and S. typhi, and pathogenic fungi, including Penicil-
lium spp., Aspergillus niger, and Rhizopus nigricans.
Adding sunflower oil to foods such as milk, raw chicken,
vegetables, and apple juice reduced microbial loads
(Joe et al., 2012). In addition, the active components in
NE remained stable after a year of storage at room tem-
perature when zedoary turmeric oil was employed.
When zedoary turmeric oil NE was added to mice diets,
the active components grew faster and were more bio-
available than raw turmeric oil (Zhao et al., 2010).

According to Sood et al. (2014), brain-targeted intra-
nasal administration of curcumin NEs exhibited no
adverse side effects. During in vitro diffusion experi-
ments, NEs achieved significantly higher dissolution
rates than drug solutions. For example, higher flux and
penetration into the nasal mucosa of sheep can be
achieved with mucoadhesive NEs (Sood et al., 2014).
NE-based edible coating containing ginger EOs can help
increase the life of breast fillets (Noori et al., 2018). In
the poultry industry, antimicrobial treatments are the
most practical and cost effective choice for farmers
(Venkitanarayanan et al., 2013).

NEs can be used to effectively deliver lipophilic active
substances into the water sources of livestock
(Vandamme and Anton, 2010). Since infected birds
reduce feed intake while drinking, antimicrobial com-
pounds are added to the drinking water (Landoni and
Albarellos, 2015). Drugs added to drinking water are dis-
tinguished by their therapeutic efficacy, low cost, sim-
plicity of drug application, and dose adjustment
(Vermeulen et al., 2002).
CONCLUSION

EOs are natural, volatile compounds that have an
intense flavor. In poultry processing, EOs can be a
novel alternative to antibiotics. The antibacterial
action of EOs can play an essential role in improving
GIT enzyme activity by reducing pathogens and pre-
serving gut health. EOs have a positive effect on the
intestinal environment and function. EOs contain
predominantly lipophilic and aromatic bioactive com-
pounds, although they do have some limiting aspects
for usage due to their low solubility and stability.
NEs are one prospective approach for efficiently deliv-
ering EOs in poultry farming.
ACKNOWLEDGMENTS

Prof. Khaled A. El-Tarabily thanks library at Mur-
doch University, Australia for the valuable online
resources and comprehensive databases.

Author contributions: All authors were equally con-
tributed in writing this review article. All authors
reviewed and approved the final version of the manu-
script.
DISCLOSURES

Authors declare no conflict of interests.
SUPPLEMENTARY MATERIALS

Supplementary material associated with this article
can be found, in the online version, at doi:10.1016/j.
psj.2021.101584.
REFERENCES

Abd El-Ghany, W. A., and M. Ismail. 2014. Tackling experimental
colisepticaemia in broiler chickens using phytobiotic essential
oils and antibiotic alone or in combination. Iran. J. Vet. Res.
15:110–115.

Abd El-Ghany, W. A., M. E. Hatem, and M. Ismail. 2013. Evaluation
of the efficacy of feed additives to counteract the toxic effects of
aflatoxicosis in broiler chickens. Int. J. Anim. Vet. Adv. 5:171–182.

Abd El-Hack, M. E., M. T. El-Saadony, A. A. Swelum, M. Arif,
M. M. Abo Ghanima, M. Shukry, A. Noreldin, A. E. Taha, and
K. A. El-Tarabily. 2021a. Curcumin, the active substance of tur-
meric: its effects on health and ways to improve its bioavailability.
J. Sci. Food Agric. 101:5747–5762.

Abd El-Hack, M. E., B. A. Alaidaroos, R. M. Farsi,
D. E. Abou-Kassem, M. T. El-Saadony, A. M. Saad, M. E. Shafi,
N. M. Albaqami, A. E. Taha, and E. A. Ashour. 2021b. Impacts of
supplementing broiler diets with biological curcumin, Zinc nano-
particles and Bacillus licheniformis on growth, carcass traits,
blood indices, meat quality and cecal microbial load. Animals
11:1878.

Abd El-Hack, M. E., M. T. El-Saadony, A. M. Shehata, M. Arif,
V. K. Paswan, G. E.-S. Batiha, A. F. Khafaga, and
A. R. Elbestawy. 2021d. Approaches to prevent and control Cam-
pylobacter spp. colonization in broiler chickens: a review. Environ.
Sci. Pollut. Res. 28:4989–5004.

Abd El-Hack, M. E., M. T. El-Saadony, M. E. Shafi,
N. M. Zabermawi, M. Arif, G. E. Batiha, A. F. Khafaga,
Y. M. Abd El-Hakim, and A. A Al-Sagheer. 2020b. Antimicrobial
and antioxidant properties of chitosan and its derivatives and their
applications: a review. Int. J. Biol. Macromol. 164:2726–2744.

Abd El-Hack, M. E., M. T. El-Saadony, M. E. Shafi,
O. A. Alshahrani, S. A. Saghir, A. S. Al-Wajeeh, O. Y. Al-Shargi,
A. E. Taha, N. M. Mesalam, and A.-M. E. Abdel-Moneim. 2021c.
Prebiotics can restrict Salmonella populations in poultry: a review.
Anim. Biotechnol. 19:1–10.

Abd El-Hack, M. E., M. T. El-Saadony, M. E. Shafi, S. Y. Qattan,
G. E. Batiha, A. F. Khafaga, A. M. E. Abdel-Moneim, and
M. Alagawany. 2020a. Probiotics in poultry feed: a comprehensive
review. J. Anim. Physiol. Anim. Nutr. (Berl). 104:1835–1850.

Abdelnour, S. A., A. A. Swelum, A. Salama, M. Q. Al-Ghadi,
S. Y. A. Qattan, M. E. Abd El-Hack, A. F. Khafaga,
A. R. Alhimaidi, B. O. Almutairi, A. A. Ammari, and
M. T. El-Saadony. 2020b. The beneficial impacts of dietary phyco-
cyanin supplementation on growing rabbits under high ambient
temperature. Ital. J. Anim. Sci. 19:1046–1056.

Abdelnour, S. A., M. T. El-Saadony, S. A. M. Saghir,
M. E. Abd El-Hack, O. Y. A. Al-shargi, N. Al- Gabri, and
A. Salama. 2020a. Mitigating negative impacts of heat stress in
growing rabbits via dietary prodigiosin supplementation. Livest.
Sci. 240:104220.

Abou-Kassem, D. E., K. M. Mahrose, R. A. El-Samahy, M. E. Shafi,
M. T. El-Saadony, M. E. Abd El-Hack, M. Emam,
M. El-Sharnouby, A. E. Taha, and E. A. Ashour. 2021. Influences
of dietary herbal blend and feed restriction on growth, carcass
characteristics and gut microbiota of growing rabbits. Ital. J.
Anim. Sci. 20:896–910.

Acosta, E. 2009. Bioavailability of nanoparticles in nutrient and
nutraceutical delivery. Curr. Opin. Colloid Interface Sci. 14:3–15.

Alagawany, M., M. Madkour, M. T. El-Saadony, and
F. M. Reda. 2021b. Paenibacillus polymyxa (LM31) as a new feed
additive: antioxidant and antimicrobial activity and its effects on

https://doi.org/10.1016/j.psj.2021.101584
https://doi.org/10.1016/j.psj.2021.101584
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0013
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0013
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0014
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0014
http://refhub.elsevier.com/S0032-5791(21)00605-2/sbref0014


16 ABD EL-HACK ET AL.
growth, blood biochemistry, and intestinal bacterial populations of
growing Japanese quail. Anim. Feed Sci. Technol. 276:114920.

Alagawany, M., M. T. El-Saadony, S. S. Elnesr, M. Farahat, G. Attia,
M. Madkour, and F. Reda. 2021a. Use of lemongrass essential oil as
a feed additive in quail's nutrition: its effect on growth, carcass,
blood biochemistry, antioxidant and immunological indices, diges-
tive enzymes and intestinal microbiota. Poult. Sci. 100:101172.
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