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AVALIACAO DA ADIGAO DE OLEOS ESSENCIAIS NA DIETA DE FRANGOS
DE CORTE VISANDO O CONTROLE DA COLONIZAGCAO INTESTINAL POR
Salmonella Enteritidis

RESUMO - Salmonella Enteritidis (SE) € um importante patdégeno para a avicultura e
a saude publica. Diante das restricbes ao uso de antimicrobianos, os 6leos essenciais
(OEs) tém sido explorados como alternativas naturais devido as suas propriedades
antimicrobianas. Assim, este estudo avaliou o efeito de OEs adicionados a dieta de
frangos de corte experimentalmente infectados com SE. Inicialmente, 16 OEs foram
testados in vitro por meio da CIM, CBM e CIF, sendo que canela, orégano, tomilho-
branco, cravo e menta apresentaram os melhores resultados. O blend selecionado
(canela + orégano + cravo) foi microencapsulado e posteriormente avaliado in vivo. No
experimento, 135 pintinhos de um dia de vida foram infectados com SE e distribuidos
em trés grupos: dois tratados com o blend microencapsulado em diferentes dosagens
e um grupo controle positivo. A excrecao fecal de SE foi monitorada por suabes cloacais
realizados duas vezes por semana, e nos dias 2, 5, 7, 14 e 21 pos-infecgéo cinco aves
de cada grupo foram sacrificadas para contagem bacteriana em conteudo cecal, figado
e baco. O consumo diario de racao também foi registrado para verificar possiveis efeitos
sobre a palatabilidade. A suplementagcdo com metade da dose do blend resultou em
reducao de 36 % na excregéao fecal e diminuigdo de 4 log1o na colonizagao cecal, além
de reducao transitoria na colonizacio hepatica, sem alterar o consumo de ragao. Esses
resultados indicam que OEs microencapsulados podem servir como uma estratégia
natural e eficaz para o controle de SE em frangos de corte. Estudos adicionais sobre
otimizagdo de doses, impacto na microbiota intestinal, seguranga e desempenho
produtivo sdo essenciais para sua futura aplicagao comercial.

Palavras-chave: Antimicrobianos, fitobioticos, salmoneloses, saude Unica.



EVALUATION OF THE ESSENTIAL OILS ADDED INTO POULTRY FEED
AIMING TO CONTROL ENTERIC COLONIZATION BY Salmonella Enteritidis

ABSTRACT - Salmonella Enteritidis (SE) is an important pathogen for poultry
production and public health. Due to restrictions on the use of antimicrobials, essential
oils (EOs) have been explored as natural alternatives because of their antimicrobial
properties. Therefore, this study evaluated the effect of dietary EOs in broiler chickens
experimentally infected with SE. Initially, 16 EOs were tested in vitro using MIC, MBC,
and FIC assays, and cinnamon, oregano, white thyme, clove, and mint showed the
strongest antimicrobial activity. The selected blend (cinnamon + oregano + clove) was
microencapsulated and subsequently evaluated in vivo. In the animal trial, 135 one-day-
old chicks were infected with SE and assigned to three groups: two treated with different
doses of the microencapsulated blend and one positive control group. Fecal shedding
of SE was monitored twice weekly through cloacal swabs, and on days 2, 5, 7, 14, and
21 post-infection, five birds from each group were euthanized to quantify SE in cecal
content, liver, and spleen. Daily feed intake was also recorded to assess potential effects
on palatability. Supplementation with half the optimized dose resulted in a 36 %
reduction in fecal shedding and a 4 log1o decrease in cecal colonization, along with a
transient reduction in hepatic colonization, without affecting feed consumption. These
findings indicate that microencapsulated EOs may serve as a natural and effective
strategy for controlling SE in broilers. Further studies on dose optimization, impacts on
intestinal microbiota, safety, and productive performance are essential for future
commercial applications.

Keywords: Antimicrobials, One Health, phytobiotics, salmonellosis.



CAPITULO 1 - Consideragées gerais
1. Introducao

Ainfeccdo de aves por salmonelas paratificas, como Salmonella Enteritidis (SE),
frequentemente se manifesta de forma assintomatica em planteis comerciais, sendo
disseminada entre as aves, no ambiente e nos produtos avicolas (Guard-Petter, 2001).
Isso dificulta a detecgéo precoce e aumenta os riscos de contaminagao cruzada para
humanos, sendo os sorovares S. Enteritidis e S. Typhimurium os mais prevalentes em
infecgbes alimentares oriundas de produtos avicolas (Karabasanavar et al., 2020). A
cada ano, as perdas econémicas associadas a salmonelas avicolas, como despesas
hospitalares e embargos comerciais, podem ultrapassar os US$ 2,8 bilhdes para a
economia dos Estados Unidos da América (Scharff, 2020). Portanto, varias estratégias
tém sido propostas para mitigar a ocorréncia de S. enterica em aves de produgéo.

Neste contexto, estratégias que visem reduzir a carga bacteriana antes do abate
sdo consenso como um dos principais métodos para prevenir a disseminagao de
Salmonella spp. Aljuwayd et al., (2023) destacam o uso de fitobidticos na racdo como
alternativa no combate de microrganismos indesejaveis. Os fitobidticos — que incluem
oleos essenciais (OEs), extratos vegetais, ervas e especiarias medicinais — sao
produtos provenientes de plantas e sao pesquisados devido ao seu efeito
antimicrobiano natural para aves e outras espécies (Suresh et al., 2018).

Além de ser uma alternativa natural, os OEs n&o provocam resisténcia a
antibidticos e sdo efetivos mesmo sobre estirpes multirresistentes (Alibi et al., 2022).
Isso se deve a variedade de moléculas antimicrobianas que lhes compde e por
possuirem multiplos alvos na célula bacteriana (Suresh et al., 2018). Além disso, os
OEs podem atuar sinergicamente com outros O6leos, o que permite reduzir a
concentracdo de um ou ambos e otimizar o seu efeito antimicrobiano contra Salmonella
spp. (Rodrigues et al., 2025).

Por outro lado, algumas limitagbes ainda sao observadas em terapias fitobioticas
em aves, incluindo a alta volatilidade dos compostos, auséncia de padronizagao de
doses terapéuticas e tdxicas, bem como seus possiveis efeitos sobre a microbiota e a
integridade intestinal (Aljuwayd et al., 2023; Rodrigues et al., 2025; Suresh et al., 2018).
Segundo Ibrahim et al. (2021), a suplementacédo de OEs na dieta de frangos de corte

pode modular a expressao de genes associados a barreira intestinal, como MUC-2 e



FABPZ2, os quais estdo diretamente relacionados a manutengdo da integridade da
mucosa e a prote¢ao contra a invasao de patdgenos entéricos. Nesse sentido, embora
promissores, os efeitos regulatérios dos OEs sobre o organismo da ave —
especialmente na integridade intestinal — e seu papel no controle de Salmonella
enterica em frangos de corte ainda carecem de maior elucidagao, reforgando a

necessidade de investigagdes adicionais.

2. Objetivos
2.1. Objetivo geral
O objetivo deste trabalho foi de avaliar o efeito antimicrobiano de OEs
adicionados a ragao de frangos de corte visando controlar a colonizacgao intestinal por
SE.

2.2. Objetivos especificos

l. Avaliar a Concentracao Inibitéria Minima (CIM), Concentracdo Bactericida
Minima (CBM) e Concentragéo Inibitoria Fracionada (CIF) de dezesseis OEs;

Il. Confeccionar um blend de OEs microencapsulados a partir dos 6leos com os
melhores resultados nos ensaios in vitro;

1. Avaliar o efeito antimicrobiano do blend de OEs quanto a colonizagao cecal
e excrecgao fecal de SE em frangos de corte;

IV.  Avaliar o consumo diario de ragdo em frangos tratados com e sem o blend
de OEs.

3. Revisao de Literatura
3.1. Salmonella enterica subsp. enterica sorovar Enteritidis
SE pertence a familia Enterobacteriaceae e consiste em bastonetes Gram-
negativos, anaerdbios facultativos (Freitas Neto et al., 2020). A transmissao pode
ocorrer de forma horizontal e vertical, favorecendo sua rapida disseminagao nos
aviarios e dificultando o controle (Berchieri Jr et al., 2001; Oliveira et al., 2000; Zancan
et al., 2000). Quando se trata de uma salmonelose aviaria ndo causada pelos sorovares

S. Gallinarum e S. Pullorum, ela é denominada de infecgao paratifica (Oliveira et al.,



2000). Sendo SE e S. Typhimurium os sorotipos mais frequentes em infecgao
alimentares humanas oriundas de produtos avicolas (Freitas Neto et al., 2020).

A presenca de Salmonella spp. em produtos avicolas € motivo de preocupagao
para as autoridades sanitarias internacionais, pois impede a comercializacdo desses
produtos devido ao risco de infecgdo em humanos e outras espécies (Abou-Jaoudeh et
al., 2024). Historicamente, os casos de salmonelose em humanos aumentaram
consideravelmente a partir da década de 1970, sendo o sorovar SE um dos mais
frequentes a partir dos anos 1980, principalmente em produtos avicolas (Guard-Petter,
2001). Para reduzir o risco de infecgao alimentar em humanos, diversos paises
implementaram programas de prevengao e controle de Salmonella spp. em aves de
producéo (Guard-Petter, 2001; Freitas Neto et al., 2020; Saraiva et al., 2022).

Em humanos, o quadro clinico geralmente é caracterizado por intensa diarreia,
dor abdominal, febre e episddios de émese. No entanto, em individuos
imunocomprometidos, idosos ou criangas, a infecgao pode ser fatal (Sodagari et al.,
2020). Em plantéis avicolas, a infecgdo por SE pode se manifestar de forma aguda ou
cronica (Enan et al., 2023; Moharreri et al., 2022). Aves jovens sao mais susceptiveis a
infeccao, o que pode dificultar o diagnéstico diferencial com a pulorose (Freitas Neto et
al., 2020).

A infeccado por SE pode levar a um desequilibrio da microbiota intestinal e a
colonizagédo de 6rgaos como bacgo, coragao, ovario e figado (Enan et al., 2023; Hu et
al., 2023). Aves infectadas podem apresentar diarreia, atraso no crescimento e aumento
das taxas de morbidade e mortalidade (Hu et al., 2023). Contudo, é frequente o
isolamento de estirpes de SE em aves assintomaticas (Freitas Neto et al., 2020).

A epidemiologia das salmonelas paratificas € complexa, pois a bactéria pode
estar presente em diversos ambientes e hospedeiros, incluindo aviarios, incubatorios,
aves, ovos, aves silvestres, roedores e humanos (Guard-Petter, 2001). Sua persisténcia
em granjas esta relacionada a capacidade de colonizar os tratos digestivo e reprodutivo
das aves, além de sua disseminagao por fémites contaminados (Berchieri Jr et al.,
2001; Ferreira et al.,, 2022; Zancan et al., 2000). Ademais, aves infectadas
precocemente podem excretar a bactéria por longos periodos, contribuindo para sua
manutencao e disseminagao no ambiente (Berchieri Jr et al., 2001).



3.2. Resisténcia aos antimicrobianos e impacto econémico

Um dos principais problemas observados no tratamento das salmoneloses
humanas e de outras infec¢cdes bacterianas € o aumento da resisténcia das bactérias
aos antimicrobianos, especialmente em decorréncia do uso indiscriminado desses
farmacos na produgao animal (Sodagari et al., 2020). Embora esta resisténcia seja um
fendmeno natural e amplamente distribuido entre as bactérias (D’Costa et al., 2011),
fatores antropogénicos tém contribuido para a intensificagdo desse problema (Saraiva
et al., 2022).

Na avicultura, em particular, os antimicrobianos s&do amplamente empregados
nao apenas para a prevencao e o tratamento de enfermidades bacterianas, mas
também como melhoradores de desempenho, em doses subterapéuticas (Thompson
et al.,, 2023). Como consequéncia, estirpes resistentes ou multirresistentes de
Salmonella enterica e de outras bactérias patogénicas tém sido frequentemente
isoladas de produtos avicolas (Abou-Jaoudeh et al., 2024).

A Organizacdo Mundial da Saude (OMS) reconheceu, em 2023, a resisténcia
aos antimicrobianos como uma das principais ameacgas a saude publica global. Estima-
se que, até 2050, essa resisténcia seja responsavel por mais de 10 milhdes de 6bitos
anuais e por um prejuizo econémico proximo de 100 trilhdes de doélares (OMS, 2023).
Além dos custos hospitalares decorrentes do tratamento de salmoneloses paratificas
multirresistentes, perdas adicionais relacionadas a embargos comerciais, mortalidade
e redugéo da produtividade podem ultrapassar 2,8 bilhdes de ddlares por ano (Scharff,
2020).

3.3. Alternativas para a prevencao de salmoneloses de interesse na
avicultura e saude publica

Em decorréncia do agravamento dos problemas médico-hospitalares e
econOmicos associados a rapida disseminagcdo de patdgenos resistentes a
antimicrobianos, legislagdes que restringem e racionalizam o uso dessas drogas em
animais de producdo tém incentivado a busca por novas alternativas com atividade
antimicrobiana e sem efeitos adversos a saude animal e humana (Bona et al., 2012;
Gadde et al., 2017; Saraiva et al., 2022). Entre as principais alternativas estudadas

estdo os prebidticos, probidticos, acidos organicos e OEs, devido a sua capacidade de



favorecer o equilibrio da microbiota intestinal e inibir a multiplicacédo de microrganismos
indesejaveis no trato entérico das aves (Bona et al., 2012; Meenu et al., 2023; Murate
et al., 2015; Stingelin et al., 2023).

Os prebidticos atuam como substratos seletivos para determinados
microrganismos benéficos que compdem a microbiota intestinal das aves, enquanto os
probidticos consistem em microrganismos viaveis capazes de colonizar e exercer
efeitos benéficos em compartimentos especificos do hospedeiro (Murate et al., 2015;
Schrezenmeir e Vrese, 2001).

Os acidos organicos, por sua vez, sao definidos como compostos que contém
uma ou mais carboxilas em sua estrutura molecular. Podem ser saturados ou
insaturados e pertencem a um amplo grupo de acidos carboxilicos com cadeias de
hidrocarbonetos alifaticos (Milbradt e Andreatti Filho, 2020). Sua agdo antimicrobiana
esta relacionada a capacidade de alterar o pH intracelular bacteriano e de interagir
diretamente com a parede celular de bactérias Gram-negativas (Dittoe et al., 2018;
Immerseel et al., 2007).

Os OEs sao metabdlitos secundarios produzidos por diversas partes das plantas
— como flores, folhas, raizes e caules — e apresentam uma grande diversidade de
principios ativos que desempenham papel fundamental nos mecanismos de defesa
vegetal, especialmente devido a sua agao antimicrobiana (Meenu et al., 2023). Em
funcéao disto, estes fitobidticos sao propostos como alternativa para substituirem o uso
de antimicrobianos sintéticos na produ¢ao animal (Bernardos et al., 2014; Bona et al.,
2012; Penteado et al., 2021).

3.4. Atividade antimicrobiana dos OEs

Os OEs sao extraidos de plantas medicinais, condimentares e aromaticas,
possuindo acao contra bactérias Gram-positivas, Gram-negativas e contra fungos
(flamentosos e leveduras) (Bernardos et al., 2014; Penteado et al., 2021; Oliveira Filho
et al., 2023). Além do uso consolidado na industria de alimentos, os OEs também vém
sendo incorporados a dieta de aves com o objetivo de melhorar o desempenho
produtivo (Bona et al., 2012; Moharreri et al., 2022; Penteado et al., 2021). Estudos
recentes também demonstraram seu potencial na eliminagdo de contaminantes

bacterianos presentes na cama de aviarios (Galgano et al., 2023).



Embora haja evidéncias cientificas da atividade antimicrobiana desses
compostos, as pesquisas voltadas ao uso de OEs para o controle de infec¢des
bacterianas em animais ainda sdo limitadas (Nufez et al., 2024). Alguns estudos
apontam que os OE de cebola, alho, copaiba, gengibre e horteld podem ser eficazes
no controle in vitro sobre Salmonella spp. (Iwinski et al., 2022; Somrani et al., 2023).
Assim, por serem substancias seguras ao consumo e apresentarem efeito
antimicrobiano comprovado in vitro, acredita-se que os OEs possam atuar de forma
eficaz na redugao da excregao de Salmonella spp. em aves de produgéo (Rodrigues et
al., 2025).

O mecanismo de agao dos OEs varia conforme o composto ativo predominante.
De modo geral, o potencial antimicrobiano esta associado na ruptura da parede celular
bacteriana, desnaturacédo de proteinas e aumento da permeabilidade da membrana a
cations, como H* e K* (Bona et al.,, 2012). Tanto o mecanismo quanto a eficacia
antimicrobiana variam de acordo com o tipo de patogeno envolvido (Nufiez et al., 2024).
Para otimiza-la, a combinagdo de um ou mais OEs pode resultar em uma melhora da
eficacia antimicrobiana do que quando utilizados individualmente (Meenu et al., 2023).

O carvacrol € um dos principais constituintes dos OEs extraidos de plantas
aromaticas, como o orégano (Origanum vulgare) e a manjerona (Origanum marjorana)
(Bona et al., 2012; Silva et al., 2012). Essa substancia, assim como outros compostos
presentes nos OEs, é reconhecida como segura para uso medicinal pela Food and Drug
Administration (FDA) (Oliveira Filho et al., 2023; Silva et al., 2012). Avalia¢des in vitro
demonstraram que o carvacrol apresenta forte atividade antibacteriana, especialmente
contra Escherichia coli e S. Typhimurium (Severino et al., 2015). De acordo com Bona
et al. (2012), a associagao de carvacrol com outros OEs reduziu a excrecao fecal de
SE, Clostridium perfringens e Eimeria maxima em frangos de corte experimentalmente
infectados.

O timol é outro principio ativo de destaque, presente em OEs de plantas como o
tomilho (Thymus vulgaris) (Meenu et al., 2023). Trata-se de um fenol pertencente ao
grupo dos monoterpenos, amplamente utilizado na industria alimenticia como
conservante natural (Cabral et al., 2009). Sua acdo antibacteriana sobre Listeria
monocytogenes e diversos sorovares de Salmonella spp. ja foi observada in vitro e in
vivo (Bona et al., 2012; Meenu et al., 2023). Além de apresentar seguranga quanto a



ingestdo, o timol também é utilizado por suas propriedades antioxidantes e como
componente de formulagdes repelentes (Cabral et al., 2009).

O eugenol, pertencente ao grupo dos fenilpropenos, assim como o cinamaldeido,
apresenta ampla atividade antibacteriana, sendo especialmente eficaz contra bactérias
Gram-negativas (Meenu et al., 2023). Esses compostos estdo presentes nos OEs de
cravo (Syzygium aromaticum) e canela (Cinnamomum verum), e, além da acgao
antibacteriana, também exibem propriedades antifungicas, sendo amplamente
empregados como antimicrobianos naturais (Oliveira Filho et al., 2023).

Apesar do reconhecido potencial biologico, algumas limitagdes restringem o uso
direto dos OEs, como a baixa solubilidade em agua, alta volatilidade, suscetibilidade a
degradacéo pela luz e possivel toxicidade em altas concentragdes (Oliveira Filho et al.,
2023). Entretanto, o encapsulamento desses 6leos tem se mostrado uma alternativa
promissora para superar tais limitagdes, conferindo maior estabilidade e protecao, além
de permitir um controle mais eficiente da liberagao de seus componentes ativos (Liu et
al., 2019).
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e The antibacterial mechanism of essential oils can be involved in damage to the
bacterial cell wall.

e Essential oils can enhance broiler performance and reduce Salmonella enterica
excretion.

e Encapsulation of essential oils improves the bioavailability of the phytobiotic in
poultry.

e Studies reaching the ideal concentration of Essential oils remain a gap in that
field.

Abstract

Due to the increasing emergence of antimicrobial-resistant strains of Salmonella spp.
isolated from poultry, and the global trend towards reducing antimicrobial use in food-
producing animals, alternatives to these drugs are being sought. Among these
alternatives, the antimicrobial action of essential oils (EOs) stands out. These
compounds are plant-derived compounds with antimicrobial effectiveness against
Gram-positive and Gram-negative bacteria, including strains of Salmonella. EOs are
employed in the food industry due to their aromatic and antimicrobial properties and
their role as natural preservatives as well. However, studies have been approaching
their weight gain and performance instead of focusing on the applicability of these
compounds in poultry challenged with avian salmonellae or other bacterial diseases.
Therefore, the present study aimed to review the pros and cons of using EOs
against Salmonella spp. in poultry. Although there are reports of the antimicrobial
effectiveness of EOs against Salmonella spp. both in vitro and in vivo, their use for this
purpose has not been deeply studied. Until then, optimal concentrations for
controlling Salmonella shedding or toxic concentrations for poultry have not been
established. On the other hand, it is known that these products can exhibit synergistic
effects with other antimicrobials. Thus, investigations related to the pharmacokinetics,
mechanisms of action, and adverse effects of EOs in the poultry's body are important to
elucidate the treatment with these alternative antimicrobials, as well as to understand
their interactions with both pathogenic bacteria and the bacteria that naturally compose

the poultry's microbiota.



Keywords: Food safety; Multidrug-resistant; One Health; Phytogenic additives;

Salmonellosis.

1. Introduction

Poultry production is crucial in meeting the nutritional demands for low-cost
proteins in various countries (El-Hack et al., 2022). However, the increase in production
has led to crowding poultry houses, which facilitates the spread of pathogens, such as
those from Salmonella enterica (S. enterica) species, which are important from One
Health’s perspective (Saraiva et al., 2022). Antimicrobials with growth promoters are
commonly used in poultry production to control these pathogens and optimize poultry
productivity (Zhang et al., 2021a, Zhang et al., 2021b). Nonetheless, the emergence of
multi-drug-resistant bacteria and the indiscriminate use of these drugs in animal
production have prompted the search for new products with similar antimicrobial effects
(EI-Dayem et al., 2024, Galgano et al., 2023).

Faced with a rising rate of antimicrobial resistance, alternative strategies such as
probiotics, prebiotics, symbiotics, organic acids, peptides, and essential oils (EOs) are
proposed as alternatives to antimicrobials in broilers (Meenu et al., 2023, Stingelin et
al., 2023, Roque-Borda et al., 2022). Among these, EOs are phytobiotics extracted from
different plant types and are used as herbal additives in the poultry industry due to their
antioxidant, and antimicrobial, especially against Gram-negative bacteria, antiviral, and
antiparasitic effects (El-Hack et al., 2022, Penteado et al., 2021). These compounds are
secondary metabolites extracted from different plant parts, such as flowers, leaves,
stems, and roots, composed of various bioactive principles that confer their antimicrobial
properties (Meenu et al., 2023).

The mechanism of action of EOs varies according to their active principles (Sousa
et al., 2023). Although not fully understood, it is known that EOs act on the bacterial cell
wall and protein denaturation, in addition to making the membrane permeable to cations
such as H*and K* (Liu et al, 2018; Oliveira et al.,, 2023). The efficacy of the
antimicrobial activity of EOs depends on their composition, and the pathogen in which
they act on them as well (Nufiez et al., 2024).

Although there is scientific evidence supporting the antimicrobial activity of these

oils (Meenu et al., 2023), research on their use for controlling Salmonella spp. infections
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in poultry is still limited. Most studies using EOs in poultry production focus on promoting
zootechnical indices, such as weight gain and maintaining intestinal health in broilers
(Huang et al., 2024, Nameghi et al., 2019). Furthermore, there is no standardized dose
for the effective or toxic use of EOs for poultry phytotherapy (Hu et al., 2023, Stingelin
et al., 2023).

In the poultry’s body, EOs are rapidly excreted through the renal pathway after
ingestion (Szczepanik et al., 2020). Therefore, their accumulation in the organism is
unlikely (Diaz-Sanchez et al., 2015). Although there are few reports of toxicity in poultry,
there are reports of embryotoxic effects stimulated by exposure to cinnamaldehyde
(Abramovici and Rachmuth-Raizman, 1983).

Based on these observations, we present a deep overview, bringing the pros and cons
of the applicability of essential oils as a natural alternative to antimicrobials in poultry
production, their potential effects against Salmonella genus, and their role in combating

antimicrobial resistance.

2. Antimicrobial use in poultry production and antimicrobial resistance

The potential of antimicrobials as growth promoters in poultry farming was first
related by Moore et al. in 1946. Since then, in addition to being used to improve
zootechnical indicators, these agents have been misused for both prevention of
diseases and metaphylaxis purposes (Baptiste and Pokludova, 2020). In 2010, it was
estimated that 63,000 tons of antimicrobials were used in animal production. The trend
suggests antimicrobial consumption could exceed 100,000 tons by 2030 (Van Boeckel
et al., 2015).

The excessive use of antimicrobials in poultry farming has contributed to the
selection of resistant strains, a natural evolutionary process accelerated by human
intervention (Saraiva et al., 2022). This phenomenon can be attributed to prolonged
exposure to these compounds, which may lead to the emergence of resistance genes
in both pathogenic microorganisms and commensal microbiota (Xu et al., 2022). One of
the factors that correlate poultry farming with the emergence of resistant bacteria is the
use of these compounds in sub-therapeutic doses as growth promoters (Saraiva et al.,
2018), among the most widely used classes are tetracyclines, penicillins, and

aminoglycosides, also used to treat human infections (Rahman et al., 2022). Therefore,
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these antimicrobials used inappropriately eliminate susceptible microorganisms and
select resistant ones, making them predominant in the environment and able to transfer
their resistance genes to other bacteria, both within the same species and across distinct
species (Saraiva et al., 2022).

The transfer of resistance genes can occur by vertical gene transfer (VGT) or
horizontal gene transfer (HGT), through the events of transformation, transduction, and
conjugation (Thomas and Nielsen, 2005). Because of these mechanisms, resistant or
multi-resistant bacteria are found circulating in domestic and non-domestic species,
such as seagulls, turtles, and monkeys (Laborda et al., 2022). Thus, the decline in the
effectiveness of antimicrobials has led to the "off-label" use of these drugs in animal
production (Caneschi et al., 2023).

Through the consumption of chicken meat and eggs, harboring-resistance genes
bacteria can be spread to humans (Saraiva et al., 2022), including pathogens from
the Campylobacter, Listeria, and Salmonella genera (Chlebicz and Slizewska, 2018).
Especially regarding Salmonella spp., reports of resistant strains of poultry origin have
been described in the literature (Souza et al., 2020, Moreira et al., 2022, Benevides et
al., 2024), including human outbreaks associated with the consumption of poultry meat
(CDC, 2018; ECDPC & EFSA, 2022; Gieraltowski et al., 2016).

Faced with the prospect of the emergence of resistance occurring much faster
than the development of new antimicrobial molecules (Evangelista et al., 2021) and the
difficulty of treating human infections caused by resistant bacteria, the current legislation
restricts and rationalizes the use of these drugs in farm animals (Galgano et al.,
2023, Nufez et al., 2024, Oliveira et al., 2023). An example of this practice was the
restriction on the use of antimicrobials as growth promoters in the European Union (EU,
2019), a policy that had an economic impact on the EU's main trading partners (Maron
et al., 2023). Given the above, there is a clear need to look for alternatives to these
drugs (Rahman et al., 2022).

EOs, organic acids, competitive exclusion and peptides are proposed alternatives
for replacing and reducing the use of conventional antimicrobials in poultry production
(Hu et al.,, 2023, Kolososki et al.,, 2024, Roque-Borda et al., 2022). As natural
alternatives, EOs exhibit antimicrobial effects against significant pathogens (Meenu et

al., 2023). Abers et al. (2021) reported that the antibacterial substances derived from
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lemon, tea tree, and cinnamon EOs demonstrated lower efficacy in eliminating antibiotic-
sensitive S. aureus in comparison to Methicillin-resistant S. aureus (MRSA). This
finding suggests that the resistance mechanism of MRSA may confer susceptibility to
the antibacterial activity of these EOs. However, the components of frankincense’s EO
were effective against antimicrobial-sensitive Pseudomonas aeruginosa strains and

ineffective against resistant strains (Abers et al., 2021).

3. Essential oils

EOs are derived from various plants and contain multiple chemical substances,
such as terpenes, sesquiterpenes, and aromatic components (Hoffmann, 2020, Meenu
et al., 2023). It's estimated that each oil contains between 20 and 60 chemical
components, but some EOs may contain more than 300 (Sousa et al., 2023). However,
typically two or three chemical substances are more frequently concentrated than the
others in EOs (Aziz et al., 2018), for instance: basil EO has p-allylanisole as a major
component, concentrated at approximately 70 %, and linalool at 18 % (Nufiez et al.,
2024); thyme EO, contains thymol concentrated at approximately 47 %, p-cymene at
20 %, and Y-terpinene at 9 % (Galgano et al., 2023). In general, the evaluation of the
constituents of different EOs is performed using Gas Chromatography-Mass
Spectrometry (GCMS) (Aziz et al., 2018).

In different countries and cultures, EOs have been employed due to their
therapeutic and aromatic effects, particularly within traditional medicine practices
(Hoffmann, 2020). In plants’ physiology, EOs play a role in antimicrobial protection and
attracting or repelling insects due to their aromatic properties (Bakkali et al., 2008). Due
to this antimicrobial capability, these compounds are considered potentially effective
against pathogens (Sousa et al., 2023) and have passed to be tested against bacteria
from food-production animals.

Historically, the extraction of these products was first performed by Arabs during
the Middle Ages using the hydrodistillation method (Bakkali et al., 2008). The extraction
process determines the quality of the product and composition of EOs; improper
extraction can interfere with the chemical and pharmacological activity of the respective
components (Aziz et al., 2018). Currently, hydrodistillation remains the most widely used

method for industrial EO extraction (Ferrentino et al., 2020), though alternative methods



13

such as steam distillation, hydrodiffusion, solvent extraction, and microwave-assisted
extraction are also employed (Aziz et al., 2018).

To optimize the efficacy of EOs and preserve their bioactive components, the
pharmaceutical and food industries have adopted microencapsulation or
nanoencapsulation technologies (Movahedi et al., 2024, Linh et al., 2022). The primary
goal of this technique is to protect these bioactives from oxidative reactions,
degradation, and volatilization (Jia et al., 2016). Encapsulated products allow for broader
release in the gastrointestinal tract due to the matrices used in encapsulation (Mo et al.,
2022, Movahedi et al., 2024). In previous tests involving microencapsulated EOs for
poultry, commonly used matrices included maltodextrin, lipid matrices of palm oil,
hydrogenated vegetable fat, and liposomes (Moharreri et al., 2022, Meligy et al.,
2023, Stingelin et al., 2023, Wang et al., 2019, Zhang et al., 2019), as well as
encapsulation via the spray-drying method (Mo et al., 2022, Moharreri et al., 2022).

There are various methods for microencapsulating EOs, each with their own
advantages and disadvantages depending on the desired objectives. Coacervation,
spray drying, and interfacial polymerization are some of the techniques employed
(Sundar & Parikh, 2023). However, methods involving thermal processes present
contribute to the volatilization of the volatile constituents present in EOs (Cimino et al.,
2021).

4. Antimicrobial and synergic effects of essential oils

The antibacterial effect varies with each EO and each bactericidal substance they
contain. These substances are volatile constituents naturally responsible for the
antimicrobial defense of plants (Abers et al., 2021), as discussed above. The use of
certain EOs and their components is classified as Generally Recognized as Safe
(GRAS) by the U.S. Food and Drug Administration (FDA) (Oliveira Filho et al.,
2023, Silva et al., 2012).

The visualization of bacterial morphology allows for understanding the probable
mechanisms of action of EOs (Sousa et al., 2023). For instance, after exposure to Citrus
medica L. EO, Escherichia coli and Staphylococcus aureus showed holes on the cell
surface and a shriveled appearance (Li et al., 2019). In contrast, exposure to mustard

EO resulted in holes in the cell wall and deformity of the structure in E. coli (Turgis et al.,



14

2009). In addition to alterations in the plasma membrane and cell wall (Li et al., 2019),
other observed effects include a decrease in bacterial ATP production (Turgis et al.,
2009), changes in bacterial protein synthesis (Burt et al., 2007) and gene modulation
(Frazzon et al., 2018), as illustrated in Figure 1. Even though the bactericidal effect of
EOs is damage to the bacterial cell wall, the type of damage to the cell wall can vary in
each bacterium species (Turgis et al., 2009). Despite these findings, the exact
mechanisms further research is needed to fully elucidate the specific effects, and their

specific mechanisms, of EOs on bacterial cell structures.

Holes on the surface of
the bacterial cell and
decrease of the
intracellular ATP
concentration by ;
mustard and finger
citron EOs 1

Reduce of Shiga
Toxin 2 (Stx 2)
production and the
expression of stx2,
gseBC, and luxS
genes by cinnamon
EO

Induction of Heat
Shock Protein 60 and
inhibition the
synthesis of Flagellin
by carvacrol and p-
cymene

Shriveled
appearance and
morphological
changes in bacterial
cell by finger citron

Figure 1: Main alterations reported in bacterial cells due to contact with essential oils and their chemical
components, according to Burt et al. (2007); Frazzon et al. (2018); Li et al. (2019); Turgis et al. (2009).

This figure was created using BioRender.com.

One of these substances of EOs with bactericidal properties is carvacrol, a
compound found in EOs obtained from various aromatic plants such as oregano
(Origanum vulgare) and marjoram (Origanum majorana) (Bona et al., 2012, Silva et al.,
2012). During in vitro experiments, carvacrol has been shown to be an effective

antibacterial agent against E. coliand S. enterica serovar Typhimurium (S.
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Typhimurium) (Severino et al., 2015). Still regarding E. coli, it was observed that
carvacrol interfered with flagellin synthesis, rendering the bacteria aflagellate, which
compromises bacterial motility and diminishes its pathogenicity (Burt et al., 2007).

Thymol is a substance present in the EO of some plants such as thyme (Meenu
et al.,, 2023). A phenolic compound within the monoterpene group, it is extensively
utilized in the food industry for its efficacy as a natural preservative (Barbosa et al.,
2020). Its antibacterial effect on Listeria monocytogenes and some serovars of S.
enterica (Enteritidis, Typhimurium, Derby, Heidelberg, Livingstone, Paratyphi, and
others), have been observed both in vitro and in vivo (Bona et al., 2012, Meenu et al.,
2023). Besides its antibacterial effect, thymol is also used for its antioxidant properties
(Barbosa et al., 2020).

Another EO compound, eugenol is included in the group of phenylpropenes,

along with cinnamaldehyde, and is extracted respectively from cloves (Oliveira et al.,
2020) and cinnamon (Zhang et al., 2022). Both exhibit broad antibacterial activity, being
more effective against Gram-negative bacteria (Meenu et al., 2023). The bactericidal
mechanism of cinnamaldehyde against E. coli involves disruption of the cell wall and
induction of oxidative stress, leading to bacterial cell death (Visvalingam et al., 2017). In
addition, eugenol and cinnamaldehyde also possess antifungal activity and are
commercially used as natural antimicrobial agents (Oliveira Filho et al., 2023).
EOs have the potential to exhibit synergistic effects with different products, such as
antimicrobials, organic acids, or other EOs (Hu et al., 2023, Rapper et al., 2023).
Combined with another antimicrobial agent, they can synergize against multidrug-
resistant bacteria and significantly reduce their Minimum Inhibitory Concentration (MIC)
(Meenu et al., 2023).

The synergism of some EOs has been highlighted in the effect on bacteria.
Cinnamaldehyde, when combined with antimicrobials, increased the susceptibility of
erythromycin-resistant E. coli and maximized the effect of tetracycline and novobiocin
(Visvalingam et al., 2017). Organic acids combined with EOs acted synergistically
against Salmonella Enteritidis in the study by Hu et al. (2023). The combination of tea
tree with oregano EOs enhanced the antimicrobial effect of both oils against respiratory
pathogens (Rapper et al., 2023). Thus, combining different EOs or other products can

further enhance the antimicrobial effect of EOs (Meenu et al., 2023). Alternatively, EOs
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can be synergistically combined with probiotic bacteria to enhance antimicrobial activity

against Salmonella enterica strains (Bartkiene et al., 2020).

5. Efficacy of essential oils against Salmonella spp. and other pathogens in
poultry

Due to their safety for consumption on feed and antimicrobial activity against
important poultry pathogens (El-Shall et al., 2020, Mariotti et al., 2022, Puvaca et al.,
2020, Shayeganmehr et al., 2018, Zhang et al., 2022), EOs are likely candidates to
replace antibiotic therapies in poultry (Puvaca et al., 2020) and preserve the
antimicrobials efficiency. However, the main challenge for using EOs to replace
antimicrobials in poultry is that the concentration of active principles, when reaching the
intestine, is lower than the MIC set for them (Horky et al., 2019). Although their
antimicrobial action is proven, little is known about the non-toxic recommended
concentrations for different oils and their mechanisms of action.

Although there are several studies on the in vitro antimicrobial efficacy of different
essential oils against different serovars of Salmonella spp. (Barbosa et al., 2020, Boy et
al., 2023, Porter et al., 2020, Robinson et al., 2022, Somrani et al., 2022), few have
investigated the potential application of EOs in the treatment of avian salmonellosis, as
we disposable de major in Table 1. Overall, cinnamon, clove, and oregano EOs are the
most effective antimicrobial agents both in vitro and in vivo against salmonellosis and
other avian pathogens (Barbosa et al., 2020, Ebani et al.,, 2018, Ebani et al.,
2019, Meligy et al., 2023, Stingelin et al., 2023).

Table 1 — Antimicrobial effects of essential oils against Salmonella spp. in vitro and in

vivo.
Essential Actives Serovar Concentration Used Authors
oil substances methods
identified
Cinnamon  Cinnamaldehyde, S. Enteritidis 1.26-0.63 and MIC and Ebani et al.
and clove eugenol and and S. 2.63-0.16 DDST (2019)

others Typhimurium mg/mL
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S. Enteritidis
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S. Enteritidis

S. Enteritidis

S. Enteritidis

S.
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0.31-0.62
ML/mL

800 mg/kg
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and 20 yL/mL

1.87 mg/mL

0.32-0.64
mg/mL

0.10-1% v/v

MIC

Experimental
infection in
broilers
chicks
MIC

MIC

MIC

MIC and
DDST

BMD and
MIC
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Seyedtaghiya
et al. (2021)

Zhang et al.
(2019)

Yilmaz et al.
(2024)

Cariri et al.
(2019)

Moharreri et
al. (2022)

Somrani et
al. (2022)

Mariotti et al.
(2022)



Oil mix Eucalyptol,
pinene,
limonene,
thymol, and
others
Flowers of Phenolic
Dehesa of compounds
Extremadura
Oregano Thymol,
carvacrol, and
others
Oil mix and Thymol,
organic carvacrol,
acids cinnamaldehyde,
butyric acid, and
others
Oil mix and Thymol,
organic carvacrol, and
acids sorbic acid
Lippia Carvacrol,
origanoides thymol,
diethylphenol,
and others

S. Infantis
and S.

Typhimurium

S.

Choleraesuis

S. Enteritidis

S. Enteritidis

S.
Heidelberg,
S. Minnesota
and S.
Typhimurium
Eimeria and
S.

Typhimurium

40 pL/mL BMD and
MIC
10-100 pL/mL DDST
130 pg/mL MIC

500-800 mg/kg Experimental
infection in
broilers
chicks
1-2 g/kg Experimental
infection in
broilers
chicks
37 ppm Experimental
infection in
broilers

chicks
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Di Vito et al.
(2020)

Boy et al.
(2023)

Barbosa et
al. (2020)

Hu et al.
(2023)

Stingelin et
al. (2023)

Coles et al.
(2021)

Legend: Minimum Inhibitory Concentration (MIC); Minimum Bactericidal Concentration (MBC); Disk
Diffusion Susceptibility Test (DDST); Broth Microdiluition Susceptibility Testing (BMD); Parts Per Million

(PPM).

In a recent study, essential oils were combined with organic acids in the diet of

broiler chickens

experimentally

infected

with S. Heidelberg, S. Minnesota,

and S. Typhimurium (Stingelin et al., 2023). A reduction in bacterial load was observed
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on the 7th and 14th days post-infection in the treated groups (Stingelin et al., 2023). A
similar experiment has been carried out using a combination of organic acids with EOs,
which not only reduced S. Enteritidis, but also facilitated enhanced weight gain among
the treated broilers (Hu et al., 2023). However, not all studies were able to achieve
similar results, highlighting the divergence between research. For instance, the same
antimicrobial effect has not been observed against infections by S. Enteritidis and C.
Jejuni in experimentally infected chickens (Girard et al., 2024).

The cecum is recognized as the primary locus of bacterial proliferation during
paratyphoid infections in poultry (Barrow et al., 2015). Therefore, in studies aiming to
control Salmonella paratyphoid infections with EOs, it is crucial to ensure that the active
principles of the oils reach the desired concentrations at this location. In a recent
study, Stingelin et al. (2023) indicated that microencapsulation of the oils allowed for a
reduction of S. Minnesota, S. Heidelberg, and S. Typhimurium in the cecum of broilers.
Encapsulation of the oils facilitates better release of these compounds throughout the
gastrointestinal tract and increases their bioavailability, ensuring desired concentrations
in the organism (Mo et al., 2022). However, the antimicrobial efficacy of the oils depends
not only on the encapsulation of the product but also on the concentration of the active
principle and the microorganism (Hu et al., 2023).

In a manner analogous to microencapsulation, nanoencapsulation enhances the
bioavailability of phytobiotics through small capsules (Movahedi et al., 2024 ). Generally,
capsules are made from biological materials that will be degraded at specific locations
within the organism, such as the duodenum (Linh et al., 2022). Encapsulation
techniques can also amplify the antimicrobial effect of EOs. In another study, lavender
EO demonstrated three times its antimicrobial potency against S. aureus (Yuan et al.,
2019).

Recommended dosages of EOs to control Salmonella spp. or other avian bacterial
pathogens have not been established, and there is variation in suggested dosages
across different studies (Bona et al., 2012, Hu et al., 2023, Stingelin et al., 2023).
Products based on a mix of EOs and organic acids shown efficacy in
reducing S. Enteritidis in the cecum using concentrations of 500 mg/kg of feed and
800 mg/kg (Hu et al., 2023), while the concentrations for reducing the excretion

of Salmonella serovars were found to be 1g/kg and 2 g/kg of feed (Stingelin et al.,
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2023). On the other hand, Bona et al. (2012), reported a compound with a minimum
guarantee of 4.5 mg/kg of carvacrol, 1 g/kg of cinnamaldehyde, 2 g/kg of cineol, and 20 g
of capsaicin per kg of feed was used against S. Enteritidis and other bacteria.

Despite the majority of EOs having no established reliable concentrations, the
European Food Safety Authority (EFSA) published, in 2019, a report containing the
maximum safe concentrations of oregano essential oil for production animals: 22 mg/kg
of feed for broilers, 33 mg/kg for laying hens, and 30 mg/kg for turkeys (EFSA et al.,
2019). However, considering the variety of EOs and their different active principles,
further research is needed to investigate the effective and tolerable doses of these
substances in the poultry industry. Although some oils demonstrate in vitro antimicrobial
activity, not all are recommended for in vivo tests due to their minimum inhibitory
concentration being higher than acceptable levels in animal production, cost-
effectiveness, and palatability (Di Vito et al., 2020).

Even in the absence of a report establishing adequate concentrations of other
EOs, some studies documented antimicrobial effectiveness against avian pathogens at
non-toxic doses for poultry. For instance, the administration of 100 mg of tea tree EO
per kg of feed resulted in a significant reduction in Mycoplasma synoviae infection in
laying hens (Puvaca et al., 2020). Additionally, a concentration of 0.5 mL of carvacrol
and thymol per liter of water reduced C. jejuni excretion and increased weight gain in
experimentally infected broilers (EI-Dayem et al., 2024). The inclusion of 37 ppm
of Lippia origanoides EO in the diet of experimentally infected broilers resulted in
reduced excretion of S. Typhimurium, Eimeria maxima, and a decrease in the
occurrence of necrotic enteritis by C. perfringens (Coles et al., 2021).

In addition to their bactericidal effect, EOs possess virucidal properties (El-Shall
et al., 2020). Against Avian Infectious Bronchitis Virus (IBV), using 1 and 2mL of a
mixture of EOs and cinnamaldehyde per liter of water resulted in a significant reduction
in viral load and increased cure rate in broilers (Zhang et al., 2022). The concentration
of 0.5 mL of the mixture of oils (50 g of oregano EO, 10 g of carvacrol, 33 g of thyme,
50 g of eucalyptus EO, 5g of thymol, and 10 g of eucalyptol) added to 1L of water
reduced Newcastle Disease Virus excretion and decreased poultry mortality (EI-Shall et
al., 2020).
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Another use of EOs in the poultry chain is in the meat industry, as antimicrobials
and natural preservatives, aiming to extend the shelf life of products (Andrade et al.,
2023). Alternatively, some combinations of EOs have been wused to
reduce Salmonella spp. in poultry meat products. Studies by Porter et al.
(2020) and Robinson et al. (2022) evaluated the addition of different EOs to chicken
meat to reduce contamination by Salmonella spp. Using a formulation made from white
mustard essential oil and carvacrol, a reduction of 0.7log CFU/g
of S. Enteritidis, S. Typhimurium, S. Heidelberg, S. Kentucky, and S. Montevideo was
observed in chicken meat (Porter et al., 2020). In the combination of garlic and ginger
oils, a reduction of 2log CFU/g of S. Infantis, S. Enteritidis, and S. Typhimurium was
also observed in chicken meat (Robinson et al., 2022).

A limitation observed in experimental studies involving EO treatments is the lack
of description regarding the sanitary condition of the environment where the broilers
were housed. After all, sanitary conditions are closely linked to the success of
antimicrobial treatment (Zhai et al., 2018).

The antioxidant properties of EOs provide benefits when incorporated into meat
products, particularly poultry, which is prone to oxidative deterioration due to high
concentrations of polyunsaturated fatty acids (Zhai et al., 2018). It was observed that
the inclusion of lemongrass and pedestrian EOs in the diet of broilers improved the
oxidative stability of the thigh-drumstick meat during storage (Azevedo et al., 2021).

Although these products can be added to foods, the use of EOs in foods can
impart desirable or undesirable odors and flavors depending on the type and
concentration of oil used (Zhai et al., 2018). As a disadvantage, the alteration in flavor
and odor can affect the product's acceptability by the consumer (Ferrentino et al., 2020),
even though some reports are conflicting. For instance, although, the concentrations
capable of eliminating or reducing foodborne bacteria can directly affect sensory
acceptability by humans (Meira et al., 2017), the use of EOs associated with the diet of
laying hens did not interfere with the nutritional and sensory quality of the eggs (Puvaca
et al., 2020).

Even though there are reports of the therapeutic efficacy of EOs against Gram-
negative and Gram-positive bacteria (Figure 2), both the dysbiotic and toxic effects of

these treatments in poultry are not frequently reported in some studies. Recent report
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showed a reduction in the population of Bifidobacterium spp. and Lactobacillus spp.,
alongside an increase in Campylobacter spp., was observed in broilers experimentally
infected with S. Enteritidis and treated with a mixture of garlic, lemon, thyme, and
eucalyptus EOs (Laptev et al., 2021). Conversely, in the study by Girard et al. (2024),
the authors demonstrated that treatment with EOs in broilers experimentally infected
simultaneously with S. Enteritidis and C. jejuni improved the cecal and ileal microbiota
composition of the broilers. It is believed that the beneficial effect of EOs on the cecal
and ileal microbiota can be attributed to the promotion of competitive exclusion (Girard
et al., 2024).
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Figure 2: Antimicrobial effect of EOs added on poultry’s feed or water against Gram-positive and Gram-

negative bacteria. This figure was created using BioRender.com.

6. Essential oils interactions on poultry’s organism
Although the chemical composition of some oils is well known, the
pharmacokinetics of these components and their action remain unclear, and when there
is information, these data are based on studies conducted in mammals (Cabarkapa et
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al., 2020). The literature states that pharmacokinetics is related to absorption in the
animal's tissues and is an important topic regarding the possibility of intoxicating the
poultry and altering the sensory aspects of the meat intended for human consumption
(Ocel'ova et al., 2016). Sensory changes are directly related to the potential to prevent
lipid oxidation that some compounds in EOs exhibit, resulting in alterations to the food's
chemical properties (Kumar et al., 2015, Ruiz-Hernandez et al., 2023).

In poultry, EOs are characterized by rapid metabolism and elimination (Zhai et
al., 2018). After absorption, the terpenoids that makeup EOs are eliminated by the
kidneys in the form of glucuronides or exhaled as CO, (Szczepanik et al., 2020). The
predominant method of administration is oral, typically delivered through drinking water
or feed (Puvaca et al., 2020, Zhang et al., 2022). Another alternative route for the
administration of EOs is through the inhalation of chemical components by adding the
oil to poultry litter (Sniegocki et al., 2022), however less common. In the gastrointestinal
tract, these components interact with food and are quickly digested in the small intestine
along with other dietary lipids and are metabolized in the liver after a first-pass effect
(Horky et al., 2019), as illustrated in Figure 3. During absorption, EOs can increase the
production of digestive secretions and alter the microbial composition of the intestine,
favoring symbiotic species and controlling pathogens (Attia et al., 2019, Gadde et al.,
2017, Puvaca et al., 2020). The quantification of the chemical components of EOs
absorbed by the poultry can be performed using liquid chromatography-mass
spectrometry from samples of liver, muscle, plasma, and lung tissue (Sniegocki et al.,
2022).

Moreover, studies indicate that the use of EOs can improve both the cellular and
humoral immune response (Nameghi et al., 2019). For example, an increase in serum
titers of anti-Avian Infectious Bronchitis (IB) antibodies was observed in broilers treated
with EOs. Similarly, the production of antibodies in vaccination programs can be
enhanced in broilers treated with EO. However, in other studies, such as that by EI-Shall
et al. (2020), treatment with EOs during immunization against Avian Influenza (Al) and
IB did not affect the poultry’s immune response.

Although most research is focused on investigating the antimicrobial properties
of EOs against different pathogens, issues such as toxicity and pharmacological
interactions warrant further investigation (Sousa et al., 2023). Despite their rapid
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elimination from the body, reports have documented toxicity associated with the
consumption of high concentrations of EOs, including hepatotoxicity, nephrotoxicity, and
vascular changes (Oliveira et al., 2023). Additionally, the literature infrequently reports
other adverse effects, such as respiratory disorders, dermal irritation, potential
carcinogenicity, and reproductive toxicity (Horky et al., 2019). For instance, Beier et al.
(2014) identified hepatomegaly and elevated serum aspartate aminotransferase in
poultry treated with 5% linalool, a compound found in basil oil. Adverse effects in
humans, such as oral irritation and allergy, have also been linked to the phenols in clove
cinnamon EOs (Trivifio et al., 2019). In mice showed no mortality at high doses
(200 mg/kg body weight) of oregano essential oil, with the primary effect being feed
rejection due to the high concentration of the oil (EFSA et al., 2019).
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Figure 3: Probable pharmacokinetic pathways of essential oils in the chicken organism, according to Attia
et al. (2019); Gadde et al. (2017); Horky et al. (2019); Puvaca et al. (2020). This figure was created using
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However, when compared to antimicrobials, high doses of phytobiotics present a
lower risk of poisoning at high doses (Horky et al., 2019). In addition, according to Linh
et al. (2022), microencapsulation may increase the bioavailability and improve the
physicochemical stability of active ingredients. In this way, the microencapsulation
technique can be a solution to overcome some of the limitations of EO, such as the risk
of intoxication, low water solubility, high volatility, and degradation by light (Mo et al.,
2022).

7. Other uses of essential oils in the poultry industry

In addition to their use in pathogens control in poultry, EOs may perform other
benefits in poultry management due to their antimicrobial properties (Galgano et al.,
2023). EOs possess the capability to reduce bacterial contamination at critical points
within the poultry environment, such as air, equipment, bedding, facilities, poultry, and
eggs (Xu et al., 2022). These products can be used as sanitizers in poultry houses and
equipment, ensuring they do not pose health risks to poultry (Oliveira et al., 2024). In
the study by Ponomarenko et al. (2021), a 99 % reduction in bacterial load in the air of
a poultry house was observed due to the daily use of thyme, fir, and eucalyptus EOs
aerosol, without causing toxicity to the animals.

One of the uses of EOs in the poultry industry is to reduce bacterial load on the
chicken warehouses. Therefore, studies investigated methods to control the bacteria
both in the poultry and the poultry litter to interrupt the epidemiological cycle of
paratyphoid salmonellosis (Galgano et al., 2023, Hu et al., 2023, Penha Filho et al.,
2010). Experimental data showed that the application of thyme EO was effective in
reducing bacterial contaminants within poultry litter, such as E. coli, S. Derby,
and Mammaliicoccus lentus (Galgano et al., 2023). In addition to its antibacterial effect,
the addition of oregano EO and carvacrol to poultry litter can also eliminate Alphitobius
diaperinus larvae within 24 h (Szczepanik et al., 2020).

A strategic point for optimizing production and hatchability is the sanitization of
fertile eggshells (Tebrin et al., 2020). Recently, some studies have proposed EOs as a
natural alternative to the sanitizers already used for this purpose (Mustafa et al.,
2023; Oliveira et al., 2023). However, some components of EOs, such as thymol, can

cause embryonic lesions depending on their application (Oliveira et al., 2024). In the
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study by Mustafa et al. (2023), lavender EO was used to sanitize fertile eggs, reducing
aerobic bacteria and Salmonella spp. compared to other sanitizers.

In another study, the physical quality of chicks from eggs sanitized with clove EO
was compared to those sanitized with paraformaldehyde, showing that phytogenic
sanitization was superior in quality and did not cause toxicity in poultry (Oliveira et al.,
2020). However, some embryonic alterations, such as yolk sac retention, reduced
hatchability, and embryonic death, were observed in embryos from fertile eggs sanitized
with EOs (Tebrun et al. 2020). Other studies reported that carvacrol and citral, when
injected into eggs, caused embryonic malformations and delayed embryonic
development (Ali et al., 2019; Zhang et al., 2021, Zhang et al., 2021). Therefore, the
administration method and chemical composition can interfere with embryonic quality
(Oliveira et al., 2023).

Phytogenic additives are also proposed as alternatives to conventional growth
promoters for poultry. These are divided into four groups: herbs, botanicals, EOs, and
oleoresins (El-Hack et al., 2022). The effectiveness of EO-based growth promoters is
like that of antimicrobials (Islam et al., 2024). Alternative products to antibiotics are a
global trend to reduce antimicrobial resistance while maintaining poultry productivity
(Huang et al., 2024). Moreover, some phytogenic additives are still economically
unviable for large-scale use.

Intestinal health is a critical point in broiler chicken nutrition (Huang et al., 2024).
Various studies have investigated the benefits of thymol, carvacrol, and EOs on
intestinal health and their impact on the avian microbiota (Islam et al., 2024, Huang et
al., 2024, Nameghi et al., 2019). It is believed that phytogenic additives can enhance
digestibility, nutrient absorption, and the reduction of pathogenic microorganisms
(Ocel'ova et al., 2016). Liu et al. (2018) reported the effect of carvacrol dosages on the
nutritional performance and intestinal health of poultry was analyzed. Groups treated
with 300—400 pL of carvacrol showed increased sucrase, lactase, and other enzyme
activity, as well as an increase in goblet cell content and a reduction in Salmonella spp.
and E. coli (Liu et al., 2018).

In addition to improving performance, thymol and carvacrol reduced the intestinal
lesion score in broiler chickens (Islam et al., 2024). The reduction of intestinal lesions

by EO treatment can be attributed to their effectiveness in controlling C.
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perfringens and Eimeria maxima (Coles et al., 2021, Gharaibeh et al., 2021, Pham et
al., 2022). The control of C. perfringens, E. maxima, and other enteric pathogens and
the selection of beneficial bacteria contribute to maintaining the intestinal health of
poultry and, consequently, to the reduction of enteric lesions (Nameghi et al., 2019). In
addition to preventing intestinal colonization by pathogenic bacteria, EOs can be
combined with certain probiotics, such as Saccharomyces cerevisiae (Ebani et al.,
2019). However, some oils, such as thyme oil, may inhibit probiotic bacterial strains,
including those from the Lactobacillus group. Despite this inhibition of beneficial
bacteria, their metabolites can exhibit antibacterial activity against strains of Salmonella
enterica (Bartkiene et al., 2020).

8. Final considerations and future perspectives
As natural substances with antimicrobial efficacy against various serovars of Salmonella
enterica, EOs are proposed as alternatives to conventional antimicrobials. However, to
ensure the safe use of these products in vivo, more research is needed to investigate
effective and toxic concentration thresholds in broilers and laying hens. Some observed
limitations include the scarcity of literature on the in vivo control of Salmonella spp.
using EOs and the cost-benefit relationship of these products for this purpose.
Therefore, future research should focus on investigating the interactions between
phytobiotics, poultry, and the target bacteria to enhance antimicrobial efficacy.
Zootechnical information, such as daily intake and its impact on poultry development,
are critical considerations for future research involving in vivo experiments with
phytobiotics. In the long term, regulation by official agencies regarding the use of these
products as antimicrobials in poultry farms will be essential tools for rationalizing and

properly managing their application.
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Abstract

Background/Objectives: Salmonella  enterica subsp. enterica serovar  Enteritidis
(S. Enteritidis) is a major pathogen associated with poultry products, and the rise of
antimicrobial-resistant strains has intensified the need for effective natural control
strategies. Essential oils (EOs) are recognized for their antimicrobial potential, but their
volatility, instability, and risk of toxicity at high concentrations limit their practical
application. Therefore, the objective of this study was to evaluate the antimicrobial
efficacy of EOs in broilers infected with S. Enteritidis and to characterize potential
synergistic or antagonistic interactions between the oils. Methods: To achieve this, the
oils were first assessed through Minimum Inhibitory Concentration (MIC), Minimum

2 Este capitulo corresponde ao artigo cientifico publicado na revista Antibiotics em 2025.


mailto:roque.cesar@gmail.com
mailto:angelo.berchieri@unesp.br

42

Bactericidal Concentration (MBC), and Fractional Inhibitory Concentration (FIC) assays,
and the most effective ones against S. Enteritidis were selected. These selected oils
were then microencapsulated and incorporated into the broiler feed for the in vivo
assay. Results: The encapsulated formulation retained key bioactive compounds and
significantly reduced bacterial shedding and intestinal colonization when administered
to broilers experimentally infected with S. Enteritidis. Broilers receiving the optimized
half-dose supplementation exhibited a 36% reduction in fecal shedding and a 4
log1o decrease in cecal bacterial counts compared to untreated controls. A transient
reduction in liver colonization was also observed, while feed intake remained
unaffected. Conclusions: These findings demonstrate that microencapsulated EOs
can serve as an effective natural strategy to control S. Enteritidis in poultry. The results
support the broader application of lipid-based encapsulation technologies for improving
the functional performance of phytobiotics in animal production.

Keywords: cinnamon; clove; oregano; phytobiotics; poultry farm; synergistic effect.
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1. Introduction

Salmonella enterica subsp. enterica serovar Enteritidis (S. Enteritidis) is among
the most frequently isolated paratyphoid serovars in poultry products and human
foodborne infections [1]. Although infection in poultry is often asymptomatic, the
bacterium is still excreted and disseminated within and beyond the poultry environment
[2]. In addition to its rapid spread, antimicrobial-resistant or multidrug-
resistant Salmonella enterica strains are frequently isolated from poultry production,
likely due to the indiscriminate use of antimicrobials, posing a challenge to One Health
[3,4,5].

Given the need to control the spread of Salmonella strains and the restrictions on
conventional antimicrobials in poultry farming, novel antimicrobial products have been
investigated worldwide. Among the natural alternatives, essential oils (EOs) have been
proposed due to their reported antimicrobial activity against various avian
paratyphoid Salmonella strains [6,7]. Different applications of these phytobiotics have
been suggested in poultry farming, including carcass decontamination [8], performance
enhancement in broilers [9], litter sanitization [10], egg disinfection [11], and
antimicrobial agents to control Salmonellain poultry [12]. Although their precise
mechanisms of action have not been fully elucidated, the antimicrobial activity of EOs is
hypothesized to be associated with their interaction with the bacterial cell wall [13,14].
This effect may be even more potent when EOs are synergistically combined with
conventional antimicrobials or other EOs, enhancing the efficacy of one or both agents,
such as tetracycline and thyme [15].

Some limitations associated with the use of EOs as antimicrobials in poultry
include high volatility, sensitivity to oxygen and/or luminosity, low water solubility, and
rapid degradation in the upper gastrointestinal tract [16]. To mitigate these challenges,
EO encapsulation technologies have been proposed as a promising approach to reduce
volatilization, enhance bioavailability, and improve the delivery of these compounds
within the host organism [17]. Microencapsulation allows the active compounds to be
embedded within a protective matrix, reducing evaporation and degradation while
facilitating controlled release at target sites, such as the intestinal tract [18].

Lipid-based matrices have shown favorable physicochemical compatibility with

EO components, making them suitable carriers for feed applications [19,20,21,22].
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Additionally, encapsulation can enhance storage stability, mask strong odors, and
minimize adverse effects related to EO overdosing [23,24,25]. In this context, the
present study aimed to evaluate the antimicrobial efficacy of microencapsulated EOs
against S. Enteritidis in experimentally infected poultry and characterize the occurrence

of synergism or antagonism among phytobiotics in vitro.

2. Results

2.1.  In Vitro Results

Among the EOs evaluated, cinnamon EO exhibited the strongest antimicrobial
activity against S. Enteritidis, with minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) values of 0.22 and 0.44 mg/mL, respectively. Oregano
(MIC: 0.49 mg/mL), white thyme (0.57 mg/mL), clove (0.69 mg/mL), and mentha (0.69
mg/mL) also demonstrated significant inhibitory effects. In contrast, no inhibitory activity
was detected for black pepper, ginger, copaiba, or sweet pear orange EOs, even at a

maximum tested concentration of 10% (v/v) (Table 1).

Table 1. MIC and MBC values of tested EOs against S. Enteritidis.

EOs MIC (mg/mL) MBC (mg/mL)
Oregano 0.49 0.99
Cinnamon 0.22 0.44
Clove 0.69 2.76
Bay laurel 4.56 4.56
Citronella 4.48 4.48
White thyme 0.57 2.28
Lemongrass 2.25 2.25
Rosemary 11.52 23.05
Tea tree 1.37 1.37
Black pepper* - -
Eucalyptus 5.83 23.32
Ginger* - -
Basil 5.79 23.17

Copaiba* - -
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Sweet pear orange* - -
Mentha 0.69 2.77

*: no effect against S. Enteritidis was observed at a 10 % (v/v) concentration of EOs.

Bactericidal activity, as indicated by MBC values, varied among the EOs. While
cinnamon, oregano, and tea tree oils eliminated the pathogen at relatively low
concentrations, other EOs — including basil, mentha, clove, white thyme, and
eucalyptus — required concentrations four times higher than their respective MICs to
achieve the same effect. These findings underscore a diverse range of bactericidal
potential among the tested oils. All MIC and MBC values are summarized in Table 1.

In addition to individual efficacy, selected EOs were evaluated in combination to
determine potential interactive effects against S. Enteritidis. Among the top-performing
EOs — cinnamon, clove, oregano, white thyme, and mentha — synergistic,
commutative, indifferent, and antagonistic interactions were observed, as detailed
in Table 2. A synergistic interaction was identified between mentha and oregano, where
the MIC values of mentha and oregano were reduced by four- and two-fold, respectively,
yielding a Fractional Inhibitory Concentration Index (FICI) of 0.75. In contrast,
combinations of mentha with white thyme or cinnamon resulted in antagonistic effects,
with FICI values of 8 and 6, respectively, and a four-fold increase in their MICs related
to the individual oils. Several pairings — including oregano/cinnamon, oregano/white
thyme, cinnamon/clove, white thyme/clove, and mentha/clove — exhibited commutative
effects (FICI = 2), indicating additive but non-synergistic interactions. The combination
of oregano and clove was classified as indifferent (FICI = 1), suggesting that the

combined effect was neither enhanced nor diminished relative to the individual activities.

Table 2. Fractional Inhibitory Concentration Index (FICI) and interaction classification

of selected essential oil combinations against Salmonella Enteritidis.

EOs combinations FICI Classification
Oregano / Cinnamon 2 Commutative
Oregano / White thyme 2 Commutative
Cinnamon / White thyme 4 Antagonistic
Cinnamon / Clove 2 Commutative
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Oregano / Clove 1 Indifferent
White thyme / Clove 2 Commutative
Mentha / White thyme 8 Antagonistic
Mentha / Clove 2 Commutative
Mentha / Cinnamon 6 Antagonistic
Mentha / Oregano 0.75 Synergistic

2.2. Encapsulation and Quantification of Active Compounds

Following the identification of synergistic effects between mentha and oregano
EOs, a lipid-based encapsulation system was developed to enhance the stability of the
bioactive compounds. For this, a hydrophobic matrix was employed to encapsulate a
blend composed of cassia cinnamon, oregano, and clove EOs. The selected mass
proportions were 92.26 g (cassia cinnamon), 104.84 g (oregano), and 146.77 g (clove),
totaling 343.9 g of EOs. The encapsulation matrix consisted predominantly of fat (86%),
with the EO blend comprising 11% of the total mass and silica acting as an adsorbent
at 3%. The final powdered product reached a total mass of 3194.88 g. This approach
aimed to protect the active compounds from volatilization and degradation.

The selection of cassia cinnamon, oregano, and clove EOs for encapsulation was
based on their individual antimicrobial activity against S. Enteritidis, the chemical
stability of their major constituents, and their compatibility with lipid-based matrices.
Although the combination of mentha and oregano demonstrated in vitro synergism,
mentha EO was excluded from the encapsulated formulation due to its antagonistic
interaction with cassia cinnamon and white thyme EOs.

The average particle diameter of the microcapsules was 28.34 + 2.65 ym (n =
20), based on the mean of two perpendicular measurements per capsule. The observed
values ranged from 25.45 to 33.81 pm. These results indicate a relatively uniform size

distribution of the lipid-encapsulated EO particles (Figure S1).
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Figure S1. Optical microscopy of the microcapsules present in the EO blend under a 20x objective lens.

(A) Microcapsules; (B) Measurement of orthogonal diameters (length and width) using CellSens
Standard®© software, version 4.2 (CS-ST-V4.2).

High-Performance Liquid Chromatography (HPLC) analysis was performed to
assess the retention of active constituents’ post-encapsulation (Figure 1). The quantified
markers included carvacrol and thymol (from oregano oil), eugenol (from clove oil), and
cinnamaldehyde (from cinnamon oil). In the unencapsulated blend, the concentrations
of carvacrol, thymol, eugenol, and cinnamaldehyde were 20.7%, 3.98%, 35.3%, and
19.9%, respectively (Table 3). Following encapsulation, the corresponding values
decreased to 2.02%, 0.39%, 3.49%, and 1.99%, reflecting an approximately 10-fold
dilution. It is important to clarify that the observed decrease in the concentrations of
carvacrol, thymol, eugenol, and cinnamaldehyde post-encapsulation (approximately
10% of their initial values) reflects the dilution effect resulting from the incorporation of
the essential oil blend into a much larger lipid matrix. This reduction does not represent
compound degradation or poor recovery during encapsulation. Due to confidentiality
agreements with the encapsulating company, quantitative recovery data (e.g.,
encapsulation efficiency) could not be disclosed. However, the consistent biological
activity observed in vivo indicates that a functionally relevant proportion of the active
compounds was retained and effectively delivered. This is consistent with previous
reports describing encapsulation efficiencies ranging from 20% to 85% for lipid-based

systems, depending on formulation strategies and analytical conditions.
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Figure 1. (A) HPLC retention profiles of analytical markers: cinnamaldehyde, eugenol, carvacrol, and
thymol. (B) Chromatographic profile of the encapsulated EO blend analyzed using HPLC. Detection
performed at 203 nm; major peaks correspond to retained active compounds within the lipid matrix.

Due to the different dilution factors applied to the sample and standards, the peak
areas were not directly proportional. Therefore, the final percentages shown in Table
3 reflect concentration values corrected by both the dilution factors and standard curves,
rather than raw or normalized peak area ratios.

Table 3. Percentage of active compounds in the EO blend (cinnamon + clove +

oregano EO) before and after encapsulation.
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Compounds Before encapsulation (%) Post-encapsulation (%)
Carvacrol 20.7 2.02
Thymol 3.98 0.39
Eugenol 35.3 3.49
Cinnamaldehyde 19.9 1.99

Based on the concentration of active compounds in the encapsulated product,
the recommended inclusion level in animal feed was calculated as 41 g/kg. This
corresponds to 1.1 g of cinnamon oil, 1.25 g of oregano oil, and 1.75 g of clove oil per
kg of feed, ensuring delivery of 4.1 g of the EO blend per kg. The encapsulated product

was protected from light, heat, and moisture to maintain stability until use.

2.3.  Chick In Vivo Results

To investigate the in vivo antimicrobial efficacy of the microencapsulated EO
blend, a broiler infection model was used, involving oral challenge with S. Enteritidis.
The EO blend — comprising cassia cinnamon (1.1 g/kg), clove (1.75 g/kg), and oregano
(1.25 g/kg) — was administered in feed at two concentrations. HPLC analysis previously
confirmed that encapsulation retained approximately 10% of the initial concentration of
active compounds (see Section 2.2.).

Fecal Shedding —Cloacal swab analysis revealed significant differences
in S. Enteritidis fecal excretion across groups (Figure 2). Group A exhibited a 54.44%
positivity rate (49/90), substantially lower than the 77.77% in group B (70/90) and 90%
in group C (81/90). The 36% fewer positive swabs from fecal excretion in group Arelative
to the control was statistically significant (p < 0.05), indicating that the lower EO dose

was more effective at limiting pathogen shedding.
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Figure 2. Fecal shedding of S. Enteritidis during 21 days of the experiment. Groups A (half dose of EO
blend), B (full dose of EO blend), and C (non-treatment). A = 54.44% positive swabs for S. Enteritidis; B
=77.77%; C = 90%. **** High statistical difference between groups A/B and A/C.

Cecal Colonization — Bacterial enumeration in cecal contents (Figure 3I)
confirmed the superior effect of the lower EO dose. At 7 dpi, group A chicks presented
a significant 4 log1o reduction in S. Enteritidis counts compared to group C (p < 0.01).
This effect remained statistically significant at 14 dpi (p < 0.01) and persisted through
21 dpi (p < 0.05), demonstrating a sustained inhibitory effect of the microencapsulated
EOs on intestinal colonization. In contrast, group B showed no significant improvement

compared to the control.
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Figure 3. The viable CFU/g of cecal contents from chickens inoculated with S. Enteritidis (SE P125 109):
(1); spleen (lI); and liver (ll). Group A (half dose of EO blend), group B (full dose of EO blend), and group
C (non-treatment). * (p < 0.05); ** (p < 0.01); Statistical difference in comparison between groups A, B,
and C using two-way ANOVA with Bonferroni’'s Multiple Comparisons test at 5% probability.

Systemic Dissemination: Liver and Spleen — Bacterial translocation to systemic
organs was evaluated by enumerating CFUs in liver and spleen samples (Figure 3l1,111).
In the spleen, no significant differences in bacterial load were observed among groups
at any time point. In the liver, however, a notable transient effect was detected at 7 dpi.
Both groups A and B demonstrated significantly lower S. Enteritidis counts compared to
group C (p < 0.05). While the reduction was more pronounced in group A, no significant
differences were observed among groups at 14 and 21 dpi.

Daily feed Intake —Daily feed intake measurements (Figure 4) revealed no
statistically significant differences between treated and untreated groups throughout the

23-day experiment. All groups followed a similar feed intake trajectory, indicating that
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the inclusion of the EO blend, regardless of concentration, did not impair feed palatability
or broiler appetite. This supports the potential feasibility of EO inclusion in poultry diets

from a production standpoint.
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Figure 4. Average daily feed intake of broilers of groups A (half dose of EO blend), B (full dose of EO

blend) and C (non-treatment).

Although no histological evaluation was performed, necropsy findings provided
valuable insights into tissue-level responses. Macroscopic examination of all broilers
from group B (7-14 dpi) revealed signs of intestinal mucosal congestion, hepatic
discoloration, and yolk sac retention in several animals. These lesions were not

observed in group A and were minimal in group C.

3. Discussion
EOs derived from culinary herbs — such as cinnamon, clove and oregano —
have long been utilized for their antimicrobial properties, particularly in food preservation
and safety applications [26]. Their increasing use as phytobiotics in poultry production
aims to control enteric pathogens, such as Salmonella enterica, while minimizing

antibiotic reliance [16]. However, their practical use is often limited by volatility, poor
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solubility, and challenges in maintaining effective concentrations at target sites.
Microencapsulation technologies have emerged as a strategic solution, allowing gradual
release along the gastrointestinal tract and improved systemic bioavailability [27]. This
is especially relevant considering that non-encapsulated EO treatments often show
lower reductions in cecal and cloacal colonization by Salmonella [12,28].

Our results confirm the in vitro activity of certain EOs against S. Enteritidis, with
cinnamon EO demonstrating the strongest inhibitory and bactericidal activity (MIC =
0.22 mg/mL). This result aligns with previous findings attributing cinnamon’s efficacy to
cinnamaldehyde, a major active compound known to compromise bacterial membrane
integrity and modulate gene expression [7,16,29]. Oregano, white thyme, mentha, and
clove also displayed relevant antimicrobial effects, in line with reports documenting their
phenolic components — such as thymol, carvacrol, menthol, and eugenol — as
responsible for disrupting bacterial homeostasis [30]. In contrast, black pepper, ginger,
copaiba, and sweet pear orange EOs exhibited no inhibitory activity
against S. Enteritidis under the tested conditions, despite previous reports of their
antimicrobial efficacy against other pathogens [8,31]. These discrepancies highlight the
strain-specific nature of EO activity, which can be influenced by factors such as bacterial
membrane composition, pH, emulsification capacity, and oil solubility [32].

The bactericidal activity profile revealed that all inhibitory EOs could
eliminate S. Enteritidis at concentrations ranging from 1x to 4x MIC, consistent with
earlier studies showing similar MIC — MBC relationships for Salmonella spp. [6,33,34].
This suggests that although some EOs act as bacteriostatic agents at low
concentrations, increasing the dose can shift their activity toward bactericidal effects, an
important consideration for dosage optimization in feed applications. Moreover, we
highlight that the study’s strength lies in the combinatorial evaluation of EOs interactions
through FICI analysis — an approach seldom addressed in poultry or veterinary
microbiology trials despite the common use of EO blends — and, notably, a synergistic
interaction was observed between mentha and oregano EOs, resulting in substantial
MIC reduction.

On the other hand, antagonistic effects were observed in combinations such as
mentha with white thyme or cinnamon, where the MICs of both components increased

significantly. This highlights a critical but often overlooked issue: the empirical mixing of
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EOs without mechanistic compatibility testing may lead to reduced effectiveness, or
even counterproductive interactions. This reinforces prior warnings against arbitrary EO
combinations [16] and emphasizes the need for rational formulation design; also, the
indifferent interaction observed between oregano and clove (FICI = 1) and the
predominance of commutative (additive) effects further underscore the complexity of EO
interactions. Interestingly, while clove and cinnamon exhibited additive behavior in this
study, previous research has shown them to be synergistic or antagonistic depending
on the target microorganism [35,36]. For instance, synergy was reported
against S. Typhimurium and Aspergillus niger, whereas antagonism was noted
against Escherichia coli but not Listeria monocytogenes or Yersinia enterocolitica.
These observations support the notion that EO interactions are highly context-
dependent, influenced by microbial physiology, EO composition, and testing conditions
[37], which can pose difficulty in the use of EOs. Overall, the initial findings of this study
provide mechanistic and practical insights into the antimicrobial potential of individual
and combined EOs. While some combinations can significantly enhance activity through
synergism, others may compromise efficacy due to antagonistic interactions.

Although mentha EO demonstrated in vitro synergism with oregano, it was
excluded from the final EO blend due to antagonistic interaction with cinnamon. This
decision was based on preliminary FICI results that indicated a reduced antimicrobial
effect when mentha and cinnamon were combined. Nevertheless, this exclusion may
have overlooked potentially effective combinations, such as mentha + oregano without
cinnamon. Future studies should consider testing alternative binary or ternary EO blends
to further optimize antimicrobial efficacy while avoiding antagonistic interactions.

The encapsulation approach applied in this study represents a critical
technological intervention to enhance the usability of bioactive compounds in animal
nutrition and food science [38]. By embedding the bioactive compound blend into a lipid
or polymeric matrix, the strategy aimed not only to reduce volatility and degradation but
also to enable site-specific release in the intestinal tract — a key requirement for
targeting enteric pathogens such as Salmonella sp. [18,39,40]. Rather than focusing on
the quantitative loss during encapsulation — an inherent characteristic of the dilution
process — this study demonstrates that biological efficacy can still be preserved even

when active compound concentrations are significantly reduced. Although we did not
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assess the controlled release of the EO blend in this study, previous research using
similar capsules has reported that their degradation occurs gradually along the
gastrointestinal tract [23,24,25]. The observed antimicrobial performance in vivo,
particularly in group A, supports the hypothesis that controlled release and local delivery
may compensate for lower nominal concentrations by improving compound stability and
bioaccessibility at the site of infection [41].

The formulation, based on hydrogenated vegetable fat and silica, enables cold
dispersion in feed mixtures and offers protection during storage and thermal processing,
and these attributes are particularly relevant for industrial-scale feed production, where
compound volatility and oxidative instability typically limit the phytogenic use [42].
Although the process preserved four key analytical markers (carvacrol, thymol,
cinnamaldehyde, and eugenol), it is plausible that minor volatile or synergistic
compounds were lost or chemically altered during encapsulation, potentially modifying
the overall spectrum of activity [43]. In the present study, the microcapsules produced
had an average diameter of 28 ym, which is considerably smaller than those reported
in previous research [38,44], where capsule sizes reached approximately 32—2000 pm
for poultry administration. Smaller particle sizes, such as those obtained in our
formulation, may offer advantages in terms of more uniform blending into feed and
easier ingestion by broilers, potentially improving the distribution and bioavailability of
the active compounds [45,46]. Although exact encapsulation efficiency values could not
be disclosed due to confidentiality agreements with the partnering company, the
observed antimicrobial efficacy in vivo supports the hypothesis that the major bioactive
compounds were adequately preserved and delivered. The apparent reduction in
compound concentration to approximately 10% of the original values was due to
intentional dilution in the lipid matrix, not compound loss. This aligns with previous
reports showing encapsulation recoveries ranging from 20% to 85% in lipid- and
polymer-based systems [23,24,25,38,44], indicating that the formulation applied here
falls within the expected range for effective encapsulation in animal feed applications.

For the in vivo trial, a full dose of EOs was selected compared to those typically
reported in poultry studies [9,12,47,48] to evaluate anti-Salmonella efficacy at elevated
doses. While most studies focusing on growth performance use EO blends at 150—-800

mg/kg [9,12], antimicrobial effects have been observed with much lower concentrations,
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such as 50-100 mg/kg of cinnamaldehyde or thymol, which reduced S. Enteritidis
prevalence by up to 25% [49]. Another study combining 45 mg/kg of carvacrol, 100
mg/kg of cinnamaldehyde, 200 mg/kg of cineole, and 2 g/kg of capsaicin achieved a 3-
log reduction in S. Enteritidis [28]. These findings suggest that concentrations ranging
from 100 to 600 mg/kg per EO may be sufficient for pathogen control in poultry, although
outcomes may vary depending on environmental challenges and the bioavailability of
the active compounds in the host organism [50].

In our study, supplementation with the EO blend significantly reduced fecal
shedding of S. Enteritidis by approximately 36% compared to the untreated control. This
result is consistent with previous reports showing reductions in the shedding
of S. Heidelberg, S. Minnesota, and S. Typhimurium following treatment with EOs and
organic acids [51]. These findings underscore the potential of EO-based strategies to
decrease horizontal transmission of paratyphoid Salmonella serovars in poultry
production systems. A notable finding was the significant 4 log+o reduction in
cecal S. Enteritidis counts observed in broilers treated with half the recommended EO
dose. This reduction was evident from 7 dpi and persisted through 21 dpi. Similar time-
dependent antimicrobial effects have been reported in other studies, including
reductions observed at 7 and 14 dpi [51] and even earlier, as reported by Hu et al. [12],
where declines began at 3 dpi and extended to 10 dpi. These results reinforce the
importance of defining an optimal dose-response curve to guide the future
standardization of EO-based antimicrobials for poultry applications. Although the EO
blend significantly reduced cecal bacterial load, no significant changes were observed
in spleen colonization. However, a transient decrease in liver colonization was noted at
7 dpi in the treated groups. This may reflect a reduction in the translocation of bacteria
from the intestine to systemic organs, possibly due to improvements in gut integrity and
microbial balance promoted by EOs [12].

Interestingly, the most pronounced antimicrobial effect was observed at the lower
dose of the EO blend. This paradox may be explained by the non-selective antimicrobial
properties of EOs, which, at higher concentrations, could disrupt the intestinal microbiota
and damage the mucosal barrier. Supporting this hypothesis, Laptev et al. [52] reported
marked shifts in the gut microbiota of EO-treated chickens infected with S. Enteritidis,

including reductions in beneficial genera such as Bifidobacterium and Lactobacillus.
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These findings suggest that high EO doses may inadvertently compromise gut health
and indicate potential dose-dependent toxicity associated with higher EO
concentrations, aligning with previous reports of mucosal irritation or microbiota
disruption linked to phenolic EO components [53,54,55]. The lower effectiveness and
apparent adverse effects in group B may reflect the non-selective antimicrobial nature
of the blend at excessive doses, potentially leading to gut dysbiosis or epithelial damage
[56]. Daily feed intake remained unaffected by EO supplementation, indicating good
palatability and compatibility of the blend at both tested concentrations. Similar results
have been reported in the literature [9,57]. Although this study did not include
zootechnical performance assessments due to the infection-focused design, prior
research has shown that EO supplementation can improve the feed conversion ratio,
enhance gut morphology, and reduce carcass fat content in broilers [9,58].

A key limitation of this study is the extrapolation of in vitro findings to in vivo
conditions, which involve complex physiological variables such as digestive enzymatic
activity, pH fluctuations, and interactions with the gut microbiota — factors that can
significantly influence the efficacy of EOs. Moreover, the observed signs of mucosal and
hepatic damage in broilers administered the higher EO dose highlight the importance of
comprehensive toxicity assessments. Additional studies are needed to clarify the
mechanisms of action of the encapsulated compounds; verify their systemic
bioavailability, degree of homogenization of EO blends in poultry feed, and
encapsulation efficiency; and evaluate their safety across a range of physiological
conditions. Future research should also address the stability of the microcapsules during
feed processing and storage, as well as their scalability and cost-effectiveness for
commercial applications. Despite these limitations, the present findings remain robust
and support the conclusion that lipid-encapsulated EO blends — when administered at
appropriate doses — represent a promising, natural, and effective alternative to

conventional antimicrobials for Salmonella control in poultry production systems.

4. Materials and Methods
4.1. Chemical Reagents
Mueller—Hinton Broth (MHB) was purchased from Oxoid (Hampshire, UK), and

Brilliant Green Agar (BGA) from Kasvi (Spain). Selenite broth was obtained from
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HiMedia (Mumbai, India), and Luria—Bertani (LB) broth from Sigma-Aldrich (St. Louis,
MO, USA). Analytical standards, including carvacrol (W224502), thymol (T0501),
cinnamaldehyde (C80687), and eugenol (E51791), were also obtained from Sigma-
Aldrich (St. Louis, MO, USA). Phosphate-buffered saline (PBS, pH 7.2) was prepared

using analytical-grade reagents.

4.2.  Essential Oils

Sixteen EOs were purchased from Destilaria Bauru® (Sdo Paulo, Brazil), and
detailed specifications from each oil, such as origin and plant species, are arranged
in Table 4 (extracted by steam distillation). For characterization, 1 mL aliquots of each
EO were placed into individual Eppendorf tubes and weighed to determine their
densities (mg/mL). EO aliquots (1 mL each) were individually placed into Eppendorf
tubes, weighed to determine their densities (mg/mL), and stored under refrigeration (<5
°C) until the preparation of stock solutions. Stock solutions were initially prepared at a
1% EO (v/v) concentration, containing 1% Tween 80 as an emulsifier, with PBS (pH 7.2)
completing the final volume; for EOs lacking antimicrobial activity at 1%, the
concentrations were increased up to 10% EO. Finally, the stock solution was
homogenized using a vortex mixer at 3800 rpm for five minutes to promote oil

emulsification.

Table 4. Characteristics of each essential oil tested in vitro for antimicrobial activity

against Salmonella Enteritidis.

Common name Scientific name Botanical source Geographical origin
Oregano Origanum vulgare Leaf Spain
Cinnamon Cinnamomum zeylanicum Bark Brazil
Clove Eugenia caryophyllus Flower Brazil
Mentha Mentha arvensis Leaf Brazil
White thyme Thymus vulgaris Leaf India
Citronella Cymbopogon nardus Leaf Brazil
Lemongrass Cymbopogon flexuosos Leaf Brazil
Rosemary Rosmarinus officinalis Leaf Spain

Tea tree Melaleuca alternifolia Leaf India
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Black pepper Piper nigrum L. Fruit India
Eucalyptus Eucalyptus globulus Leaf Brazil
Ginger Zingiber officinale Root China
Basil Ocimun basilicum L. Leaf India
Copaiba Copaifera officinalis Leaf Brazil

Sweet pear
Citrus sinensis Fruit bark Brazil

orange

Bay laurel Laurus nobilis Leaf Brazil

4.3. In Vitro Studies
4.3.1. Bacterial Strain

For this study, we selected an S. Enteritidis strain (SE P125 109) originally
isolated from contaminated eggs and associated with human salmonellosis outbreaks
in England. An overnight culture of S. Enteritidis was prepared by incubating 10 mL of
MHB at 37 °C with orbital agitation at 150 rpm. After incubation, the bacterial suspension
was diluted in phosphate-buffered saline (PBS, pH 7.2) and adjusted to approximately
1033 colony-forming units (CFU/mL) for use in vitro assays. All experimental procedures
were carried out at the Department of Pathology, Reproduction and One Health
(DPRSU), School of Agricultural and Veterinary Sciences, Sdo Paulo State University
(FCAV/Unesp).

4.3.2. Antimicrobial Activity

MIC was performed in sterile 96-well microplates following the Clinical and
Laboratory Standards Institute guidelines [59], with minor adaptations based on Munive
Nufiez et al. [60]. Briefly, 95 yL of MHB was added to each well, then 100 yL of the EO
stock solution was added to the first well of each row, except for the positive control,
which contained MHB and bacterial suspension only. Using a multichannel micropipette,
we slowly homogenized the stock solution into the MHB. After homogenization, a two-
fold serial dilution was performed by transferring 100 pL from the first to the subsequent
wells. Next, 5 uL of the standardized bacterial suspension was added to all wells, except
for the negative control (MHB + EO only), resulting in a final volume of 100 pL per well.
Plates were incubated at 37 °C for 24 h. After incubation, 30 puL of 0.01% resazurin
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solution was added to each well, and results were obtained after 30 min, based on the
visual reading of the colorimetric reaction occurrence, where blue indicated bacterial
inhibition and pink indicated the absence of inhibition. The MIC was defined as the
lowest EO concentration at which the well maintained a blue color.

For MBC, 10 uL measures from the last four wells showing no visible growth in
the MIC assay were spot inoculated onto BGA plates, as described by Munive Nufiez et
al. [60]. Plates were incubated at 37 °C for 24 h, and the MBC was defined as the lowest

concentration at which no bacterial colonies were observed.

4.3.3. Synergism Assessment of Essential Oils

To evaluate the synergistic interactions between EOs, a Checkerboard assay was
conducted using a 6 x 6 microplate format. Five EOs exhibiting the lowest MIC values
against S. Enteritidis were selected, resulting in ten possible combinations. Stock
solutions were individually prepared for each oil at sixteen times their respective MIC
values (16 x MIC), mixed with 1% Tween 80, and adjusted to final volume with PBS.

For each EO combination, three 96-well microplates were prepared by initially
dispensing 100 uL of MHB per well. On the first plate, 100 uL of EO from those exhibiting
the lowest MIC values (in stock solution) was added into the first six wells of the initial
column. After thorough homogenization, serial dilutions were performed horizontally by
transferring 100 pL to subsequent columns. Similarly, on the second plate, 100 pL of
another one from the lowest-MIC-value EO stock solution was added to the first six wells
of the initial row, followed by vertical serial dilutions transferring 100 uL downward into
subsequent rows. Afterwards, 50 pL from each of the first six columns of the first plate
and 50 yL from each of the first six rows of the second plate were combined into
corresponding wells on a third plate. This ensured that the highest concentrations of
both oils were in the first well (top-left), progressively decreasing toward the lowest
concentrations in the last well (bottom-right), as depicted in Figure 5. After combining
these aliquots, 5 uL of bacterial suspension was added into each well, excluding the
negative controls, maintaining identical conditions as previously described for MIC

determination.
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100 pL of stock solution . 100 pL of stock solution
+100 pL of MHB First plate +100 pL of MHB Second plate

Essential oil A's 0 5¢ Yole) , Iole Essential oil B's
stock solution at E E stock solution at
16MIC @ Horizontal dilution 16MIC @ Vertical dilution

50 L of first plate's solution
+ 50 pL of second plate's
solution + 5 pL of bacterial

w
Third plate /{ : III

24h at 37°C

@ Horizontal and vertical dilution

Figure 5. Method of the Checkboard assay. MHB = Mueller—Hinton Broth; MIC = minimum inhibitory

concentration. This figure was created using Biorender.com.

To validate the EO stock solutions, MIC tests were repeated on separate plates
using the same five oil solutions. Checkerboard and MIC assay plates were incubated
at 37 °C for 24 h. Following incubation, 30 uL of 0.01% resazurin solution was added to
each well to interpret visually bacterial growth inhibition, employing the same criteria as
the standard MIC assay. The FICI Index was calculated using Equation (1), where “first
EO” and “second EQO” denote the MIC values for each EO in the mixture and individually.
The calculated FICI values were interpreted as synergistic (F/C/ < 1), indifferent (FICI =
1), commutative (1 < FICI < 2), or antagonistic (FICI > 2), according to Maggio et al. [15].

MICAmixture MICBmixture

FICI = 1
MICAalone + MICBalone ™M

4.4. Encapsulation Strategy and Analytical Assessment
Of five EOs exhibiting the lowest MIC values, three of them were selected based

on their favorable interaction profiles, with no antagonism observed in previous in vitro
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assessments. These oils were encapsulated within a hydrophobic matrix designed to
prevent volatilization and promote the bioavailability of EOs. The formulation strategy
considered physicochemical compatibility and additive behavior among components,
guided by principles derived from the FICI.

EOs were encapsulated in collaboration with Agroceres Multimix Nutricdo Animal
Ltda., using hydrogenated vegetable fat as the encapsulation matrix. The process
consisted of melting the fat, followed by the incorporation of EOs under continuous
stirring until complete homogenization. The mixture was then cooled under controlled
agitation, leading to the solidification of the lipid matrix. Agitation continued until a
powdered product was obtained. Due to industrial confidentiality agreements, specific
formulation details and processing conditions cannot be disclosed.

The particle size of the microcapsules was evaluated using optical microscopy
(Olympus, DP73—Tokyo, Japan) with CellSens Standard® software, version 4.2 CS-ST-
V4.2 (Olympus LS). Approximately 0.5 g of the encapsulated EO blend was deposited
onto clean glass slides and imaged under a 20x objective lens. Two orthogonal
diameters (length and width) were measured per capsule to account for possible
asymmetry. Measurements were taken directly using the software and expressed in
micrometers (um). A total of 20 individual microcapsules were randomly selected and

analyzed.

4.5. Analytical Performance

To evaluate the retention and stability of key active compounds, the encapsulated
and non-encapsulated oils were analyzed in triplicate using chromatography (HPLC;
Waters 2695 Separations Module), coupled with a photodiode array UV-Vis detector
(Waters 2998, Photodiode Array Detector). Chromatographic separation was achieved
using a C18 column (Agilent Technologies, 150 x 4.6 mm, 5 ym SB-C18) under isocratic
conditions, with detection at 203 nm. The column oven was maintained at 45 °C, with a
flow rate of 1.0 mL/min and an injection volume of 10 yL. The concentrations of active
compounds in the EO blend were determined by integration of the chromatographic
peak areas obtained via HPLC, similar to the method described by Wang et al. [61].
Quantification was carried out using external standards for carvacrol, thymol, eugenol,

and cinnamaldehyde, with calibration curves prepared from standard solutions at known
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concentrations. For sample preparation, 103.5 mg of the EO blend was extracted in 25
mL of methanol in an ultrasonic bath for 30 min. A second dilution was performed by
adding 0.10 mL of this extract to 10 mL of mobile phase (composed of 50% acetonitrile
and 50% Milli-Q water), resulting in a final concentration of 41.4 uyg/mL. The standards
were prepared independently, with final concentrations of 9.9 ug/mL for carvacrol and
thymol, 3.2 pg/mL for eugenol, and 10.5 pg/mL for cinnamaldehyde. Quantification was

performed both before and after encapsulation.

4.6. Ethical Approval

The in vivo study was reviewed and approved by the Ethics Committee on Animal
Experimentation (CEUA) of the School of Agricultural and Veterinary Sciences, Sao
Paulo State University (FCAV/Unesp), under protocol number 2931/2024, on June 16,
2024.

4.6.1. Bacterial Inoculum

To prepare the inoculum, we used the same strain of S. Enteritidis (SE P125 109)
as in the in vitro assay. This strain is resistant to nalidixic acid and spectinomycin
(SENaISpeR) The strain was inoculated in LB broth and incubated at 37 °C for 24 h under

constant agitation at 150 rpm. After incubation, the inoculum was diluted 103,

4.6.2. Experimental Design

For this study, 135 one-day-old broiler chicks were obtained from a commercial
hatchery. These were randomly distributed into three groups (A, B, and C) of 45 animals
each. Poultry in group A received a half dose of the EO blend (205 g/10 kg of feed),
poultry in group B received the full dose of the EO blend (410 g/10 kg of feed), and
poultry in group C received no treatment (the control group).

Upon arrival, sterile swabs were used to collect samples from the bottom of the
transport boxes to confirm that the newly hatched chicks were free of Salmonella spp.
The poultry chicks were housed in acclimatized rooms, separately in metal cages and
provided with water and feed ad libitum, following species and lineage-specific
recommendations. Poultry treated with the EO blend received the product mixed with
feed throughout the experiment. To this end, the EO blend was incorporated into the

feed and manually homogenized for approximately ten minutes.
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On the second day of age, chicks were inoculated into the crop using oral gavage
needles with 0.2 mL S. EnteritidisNa'SPeR culture containing approximately 1 x 106 CFU.
Twice weekly after the challenge, cloacal swabs were collected from 15 broilers per
group to inspect the excretion of S. EnteritidisN@'SPeR_ Then, the swabs were placed in
tubes containing 3 mL of selenite broth plus 0.4% novobiocin. Samples were then
streaked onto BGA plates supplemented with nalidixic acid and spectinomycin
(BGANa/Spe) The plates and swab-containing tubes were incubated at 37 °C for 24 h.

To assess cecal colonization and systemic infection, five broilers per group were
euthanized at 2-, 5, 7-, 14-, and 21-day post-infection (dpi)
for S. EnteritidisNa'SPeR enumeration in the liver, spleen, and ceca. Bacterial enumeration
was carried out according to the methodology adopted by Berchieri Junior et al. [62].
The obtained CFU/mL values were converted to Log+o for statistical analysis and result
interpretation.

To measure daily feed intake, the residual feed volume in the feeders was
weighed daily and subtracted from the amount added the previous day at standardized
times, ensuring a 24 h evaluation period. Data from all three groups were recorded daily

in spreadsheets from the beginning to the end of the experiment.

4.6.3. Statistical Analysis
Statistical analysis was conducted using GraphPad Prism®© software, version
10.2.3 for Windows®©. Fecal shedding data from the three groups were plotted as
positive and negative swabs and compared using the Chi-square test. Log-transformed
bacterial counts in the liver, spleen, and ceca were analyzed using a two-way ANOVA,
followed by Bonferroni’'s multiple comparison test. Data on daily feed intake were
analyzed using one-way ANOVA and compared using the Chi-square test. Statistical

significance was admitted when the p-value was lower than 5% (p < 0.05).

5. Conclusions
This study provides important insights into the in vitro and in vivo antimicrobial
activity of various EOs against S. Enteritidis. Our results indicate that
microencapsulated cinnamon, clove, and oregano EOs are an effective natural

alternative for reducing the fecal excretion of S. Enteritidis and its systemic infection in
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broilers, without affecting the daily feed intake of treated broilers. These findings strongly
contribute to the maintenance of the One Health approach and minimizing the
emergence of resistant or multidrug-resistant bacteria originating from animal
production. We emphasize the need for further research to determine optimal and
potentially toxic concentrations for poultry, including the assessment of the effects of
these phytobiotics on the gut microbiota and tissue integrity in broiler chickens.
Therefore, further research exploring lower concentrations and their effects on infection
and poultry’s health is needed to establish optimal therapeutic dosing standards in

broiler chickens.
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Luria—Bertani Broth

Brilliant Green Agar

Nal/Spc Nalidixic acid/Spectinomycin

CFU

viv

Colony-Forming Unit

Volume by volume

HPLC  High-Performance Liquid Chromatography
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CAPITULO 4 - Consideragées finais
Os estudos recentemente publicados (Capitulos 2 e 3) contribuem de maneira
substancial para o avangco do conhecimento sobre o uso de OEs na avicultura,

especialmente no controle de SE em frangos de corte. Os resultados experimentais
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demonstram que o blend microencapsulado contendo OEs de canela, orégano e cravo
€ capaz de reduzir significativamente tanto a excrecao fecal de SE quanto a colonizagao
cecal, atingindo redu¢des de aproximadamente 4 log1o, sem impactos adversos sobre
o consumo de ragao. Observou-se ainda que metade da dose promoveu o melhor
desempenho antimicrobiano, indicando que a resposta bioldgica aos OEs pode nao ser
linear e reforcando a necessidade de estabelecer dosagens terapéuticas ideais.

A revisao sistematica evidencia vantagens relevantes da microencapsulagéao,
incluindo maior estabilidade dos compostos bioativos, a protecéo contra a degradagao
precoce, a liberagdo gradual ao longo do trato gastrointestinal e a melhor
biodisponibilidade. Por outro lado, sdo destacadas as limitagdes atuais da literatura,
entre elas o numero ainda reduzido de estudos in vivo direcionados ao controle de
Salmonella spp. em aves a partir de OEs, bem como a escassez de dados sobre a faixa
entre doses eficazes e limiares potencialmente toxicos para a espécie avicola. Além
disso, questdes relacionadas ao custo de producédo e a viabilidade econdémica das
formulagdes microencapsuladas permanecem pouco exploradas e podem representar
um desafio para sua adog¢dao comercial, sobretudo se a eficacia depender de
concentragdes proximas ao limite de seguranca.

Sob a perspectiva One Health, os OEs microencapsulados apresentam como
uma alternativa natural aos antimicrobianos convencionais, contribuindo para a redugao
da carga de SE na produc¢ao avicola e, simultaneamente, para a diminuigdo da pressao
seletiva que favorece a resisténcia aos antimicrobianos. Todavia, para consolidar essa
estratégia como ferramenta aplicavel em escala industrial, sdo necessarios estudos
adicionais que abordem a farmacocinética dos compostos, seus mecanismos de acéo,
as interacdes com a microbiota intestinal e os efeitos sobre parametros produtivos, além
de avaliagbes de seguranga em longo prazo.

Em sintese, os trabalhos depositados aqui indicam que o uso de OEs
microencapsulados representa uma abordagem promissora para o controle de S.
Enteritidis em frangos de corte, apresentando eficacia significativa e auséncia de efeitos
adversos no consumo alimentar de frangos. Esses resultados contribuem para o
avanco de praticas sustentaveis na produgdo animal e se alinham com as metas

estabelecidas pela Organizagao das Nagdes Unidas (ONU).
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