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Introduction: Microbiota plays a pivotal role in promoting the health and

wellbeing of poultry. Essential oils (EOs) serve as an alternative solution for

modulating poultry microbiota. This study aimed to investigate, using amplicon

sequencing, the e�ect of a complex and well-defined combination of EOs feed

supplement on both ileal and caecal broiler microbiota, within the context of

Salmonella and Campylobacter intestinal colonization.

Material and methods: For this experiment, 150-day-old Ross chicks were

randomly allocated to two groups: T+ (feed supplementation with EO mix 500

g/t) and T– (non-supplemented). At day 7, 30 birds from each group were

orally inoculated with 106 CFU/bird of a Salmonella enteritidis and transferred

to the second room, forming the following groups: TS+ (30 challenged birds

receiving infeed EOmix at 500g/t) and TS– (30 challenged birds receiving a non-

supplemented control feed). At day 14, the remaining birds in the first room

were orally inoculated with 103 CFU/bird of two strains of Campylobacter jejuni,

resulting in the formation of groups T+C+ and T–C+. Birds were sacrificed at day

7, D10, D14, D17, and D21. Ileal and caecal microbiota samples were analyzed

using Illumina MiSeq sequencing. At D7 and D14, ileal alpha diversity was higher

for treated birds (p<0.05).

Results and discussion: No significant di�erences between groups were

observed in caecal alpha diversity (p>0.05). The ileal beta diversity exhibited

di�erences between groups at D7 (p < 0.008), D10 (p = 0.029), D14 (p =

0.001) and D17 (p = 0.018), but not at D21 (p = 0.54). For all time points,

the analysis indicated that 6 biomarkers were negatively impacted, while 10

biomarkers were positively impacted. Sellimonas and Weissella returned the

lowest (negative) and highest (positive) coe�cient, respectively. At each time

point, treatments influenced caecal microbiota beta diversity (p < 0.001); 31

genera were associatedwith T+: 10 Ruminoccocaceae genera were alternatively

more abundant and less abundant from D7, 7 Lachnospiraceae genera were

alternatively more and less abundant from D10, 6 Oscillospiraceae genera were

variable depending on the date and 4 Enterobacteriaceae di�ered from D7.

During all the experiment, Campylobacter decreased in treated birds (p <

0.05). This study showed that EO mix modulates ileal and caecal microbiota

composition both before and during challenge conditions, increasing alpha

diversity, especially in ileum during the early stages of chick life.
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microbiota modulation, essential oils, Campylobacter jejuni, Salmonella enteritidis,
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1 Introduction

Microbiota plays an essential role in the intestinal function,

involved in animal welfare and health, contributing to the

host’s ability to digest nutrients, mount an immune response,

regulate behavior, and resist pathogens (1). Research is increasingly

focusing on gut microbiota, propelled by advancements in the

field of metagenomics and its associated tools. Currently, the

manipulation of the microbiota to provide beneficial effects in

animal production, especially in broilers, and can be accurately

described using sequencing.

The composition and diversity of chicken microbiota

are influenced by various parameters, including intestinal

section (ileal and caecal), age, environment, breed, diet,

and health status (2–5). Numerous instances of dysbiosis

that impaired health and productivity of chickens have

been reported (6). On farms, the aim is to maintain growth

and productivity as well as intestinal health of birds, while

dealing with several potential disorders such as behavior,

microbiota dysbiosis, and environmental contamination. All these

challenges are interconnected. The composition and structure

of microbiota are directly linked to these factors as well as

growth performance in chickens (2). In recent years, research

has been intensifying to understand how to manipulate the

chicken microbiota to mitigate problems encountered during

chicken rearing.

Non-antibiotics feed additives, such as pre- and probiotics,

organics acids, and essential oils (EOs), are currently employed

for this purpose, each with different modes of action. Probiotic

activities vary depending on the strains used. They can restore

or support gut microbial composition (7), modulate gut immune

responses (8, 9) and inflammation (10), and produce antimicrobial

molecules or postbiotics, thereby enhancing gut health (7, 11).

Prebiotics are recognized for their ability to modulate chicken

microbiota through mechanisms such as competitive exclusion

of pathogens (12), production of antimicrobial factors (13), and

stimulation of host immune system (14). Organic acids are mainly

known and used for their antibacterial properties, especially against

gram-negative bacteria (15). EOs are known for their selective

antibacterial properties (16, 17) and have demonstrated beneficial

effects on chicken growth, health, and zootechnical performance

(18, 19). However, the modes of action of Eos in the gastrointestinal

tract are not exhaustively understood. Nevertheless, in vitro studies

have demonstrated a bacteriostatic activity against Escherichia coli,

achieved through permeabilization of bacterial cell membranes

(20). Other modes of action have been investigated to explain

antibacterial properties of EOs, which vary depending on their

nature and combination. Inhibition of energy activation via

glucose intake (21), leakage of cell components (22–24), loss

of cell membrane potential (20, 25, 26), and decreasing effect

on internal ATP levels (22, 27) are multiple examples among

other EO’s proven mode of action. Particularly for Campylobacter

jejuni, intracellular ATP and potassium contents are affected by

EOs, caused by a lack of efflux (28). In the case of Salmonella,

it has been proved that EOs inhibit the activity of essential

enzymes (29).

High-throughput sequencing techniques have been developed

to investigate microbiota composition, diversity, and fluctuation.

These techniques are abundantly utilized to explore animal

microbiota throughout the whole life of the animals (30, 31). These

techniques can be possible implementations to monitor microbiota

changes that contribute to enhancing poultry production and

animal welfare, as well as for controlling foodborne pathogenic

bacteria such as Salmonella spp. and Campylobacter spp.

Salmonella and Campylobacter are leading bacterial causes of

human foodborne diseases, with chickens known to be the primary

contributors (32–35). These two bacteria can also be part of the

chicken intestinal microbiota and, when present in birds, most

often do not cause clinical signs (36, 37). Using strict biosecurity

measures, cleaning procedures as well as thorough control of all

on-farm inputs may yield Salmonella andCampylobacter free flocks

(38), but this remains a challenge for all producers that are actively

seeking easier ways to address these troublesome bacteria.

Many studies have focused on the caecal section of chicken’s

gut microbiota, and few have explored the small intestine.

Ileum is known to play a crucial role in intestinal functions

such as digestion and nutrient absorption (39, 40). Therefore,

it is surprising to find fewer studies on this intestinal part

regarding its impact on chicken health. In ileal contents, total

bacterial concentrations range from 108 to 109 bacteria per

gram (41) with Lactobacillus spp. (70%), Clostridiaceae (11%),

Streptococcus spp. (6.5%), and Enterococcus spp. (6.5%) being most

abundant (42).

This study aimed, therefore, to investigate, using amplicon

sequencing, in time, the effect of a complex and well-defined

combination of EOs feed supplement on both ileal and caecal

chicken microbiota. EOs have already been proven to express

an antibacterial activity against foodborne pathogens in vitro

(29, 43) but diminished effects in vivo (44, 45). As Salmonella

and Campylobacter are significant members of the chicken

microbiota but may not always be naturally present, we

ensured their presence by manually inoculating these foodborne

pathogens into the birds. Since the project’s aim is to follow

the treatment’s effect regardless of any other conditions, the

inoculation of the pathogens was not considered as a variable in

the subsequent analysis.

2 Materials and methods

2.1 Essential oils mixture composition

Essential oils mixture (EO mix), such as Phyto CSC TM, was

provided by Phytosynthese (Mozac, France). A blend of essential

oils was incorporated into animal feed, selected in vitro its ability

to inhibit several pathogens. The composition of ingredients was

analyzed in triplicate using a gas chromatograph (GC) Thermo

Fisher Trace GC (Thermo Fischer Scientific, Waltham, MA, USA)

coupled to a mass spectrometer (MS) Thermo Fisher DSQ I

(Thermo Fischer Scientific, Waltham, MA, USA). Carrier gas was

helium used at a flow rate of 0.7 ml/min. The column temperature

was initially 60◦C and then gradually increased at a rate of 5◦C/min

until it reached 300◦C. Diluted samples of 0.5 µl [1:10 (v:v)] were

injected. Phyto CSC components were identified by comparing

their mass spectra against the NIST 5mass spectra library (National

Institute of Standards and Technology, Gaithersburg, MD, USA).
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2.2 Animal model

All experiments on animals were approved by the Comité

d’éthique sur l’utilisation des animaux (CEUA) of the veterinary

faculty of the Université de Montréal, following guidelines from

the Canadian Council on Animal Care (CCAC), project number

Rech-1908. Animals were housed at the avian research center of

the faculty of veterinary medicine under strict biosecurity (level

2) conditions. All animals had ad libitum access to feed and

water, and standard in-house lighting and heating procedures

were followed. The in-feed treatment immediately started at bird’s

placement. The experimental scheme is shown in Figure 1. For

this experiment, 150-day-old Ross chicks obtained from a local

hatchery, vaccinated against Marek disease as well as infectious

bronchitis, were randomly allocated to the following 2 groups of

75 birds: T+ (feed supplementation with Phyto CSC 500 g/t) and

T– (non-supplemented).

The birds were first housed in a single room, designated

as Room A (Figure 1A). At D7, 30 birds from each group

were transferred to another room, Room B, within the same

facility. Subsequently, the birds were orally inoculated with 1ml

of tryptone-salt (tryptone 0,01% and NaCl 0,085%) containing 106

CFU/bird of a Salmonella enteritidis strain, thereby resulting in the

following groups: T+S+ (30 challenged birds that received in-feed

EO mix at 500 g/t) and T–S+ (30 challenged birds that received a

non-supplemented control feed) (Figure 1B).

At D14, remaining (2 × 30) birds in Room A were orally

inoculated with 1ml of tryptone-salt containing two strains of

Campylobacter jejuni (46), each at 103 CFU/bird, therefore creating

groups T+C+ and T–C+ (Figure 1D).

After individual weighing, birds were anesthetized using

electronarcosis and euthanized by bleeding. For each necropsy,

15 birds were used per group, and the ileum (last 10 cm before

the ileo–caecal junction) and the caecum were removed aseptically

and transported to the laboratory on ice. Birds in Room A were

sacrificed at day 7 (non-infected: T– and T+) (Figure 1B), D17

(T–C+ and T+C+) (Figure 1E) and D21 (T–C+ and T+C+)

(Figure 1F), while birds in Room B were sacrificed at D10 (T–S+

and T+S+) (Figure 1C) and D14 (T–S+ and T+S+) (Figure 1D).

In the laboratory, a 1-g sample of caecal and ileal content was

placed in a freezing tube and directly plunged in liquid nitrogen

to evaluate treatment effects on the microbiota at D7 before the

challenges, as well as after 3 and 7 days of S. enteritidis and C.

jejuni challenges (D10, D14, D17, D21). Frozen samples were kept

at −80◦C until DNA extraction. The weight of sacrificed birds was

measured, and the comparison of weight means was analyzed using

the Student t-test.

2.3 Ileal and caecal content and DNA
extraction

Total DNA was extracted from −80◦C kept sample for each

ileal and caecal samples using a combination of a beads-beating

lysis and phenol–chloroform purification as previously described

(47). A blank sample was extracted alongside the bird samples

as a negative control for DNA extraction for downstream use in

the molecular biology analysis. DNA concentration was assessed

using the Qubit BR assay (Fisher Scientific, Ottawa, ON, Canada)

in a DeNovix apparatus (Frogabio, Montréal, Qc, Ca). The DNA

samples were diluted to a concentration of 10 ng/µl, aliquoted, and

stored at−20◦C until further use.

2.4 DNA sequencing

Ileal and caecal microbiota samples, as well as DNA extraction

negative controls, were analyzed by amplifying and sequencing the

V4 region of the 16S rRNA gene from 12 ng of DNA extracted

from each bird sample as previously described (46, 48). A positive

control, ZymoBIOMICS Microbial Community DNA Standard

(Zymo research, Irvine, Ca, USA), and a negative PCR control

(water instead of DNA) were also used for quality assessment

purpose. The 16S rRNA gene PCR mastermix (25 µl final volume

per reaction) consisted of 1x KAPA HiFi HotStart ReadyMix

(Kappa Biosystems, Willington, MA, USA), 600 nM of each primer

(49), 0.4 mg/ml BSA, and 12.5 ng of DNA. PCR amplifications were

confirmed on agarose gels prior to be sent to Genome Québec for

Illumina MiSeq 2x250 PE sequencing.

Raw sequences were transferred on Compute Canada Graham

server and were first cleaned and denoised using Mothur version

1.44 (50) as recommended by the online MiSeq SOP with the

following modifications. For the make.contig command, maxee

was set to 2 and deltaq to 5. For the first screen.seq command,

maxhomop was set to 70. Sequences were aligned against Silva

version 132. Maximum difference for the pre-clustering step was

set to 4. Distance.seq cut-off was set at 0.01, and the clustering was

done using a cut-off value of 0.005. OTU taxomonic assignation

was made using Silva version 138 with the bootstrapping value of

70%. The shared file was created with the label set at 0.005. These

parameters differ greatly from what was recommended by the SOP;

they had to be developed as the analysis using all settings set at the

default values returned no sequence assigned as Salmonella, even

for those present in the positive mock community control.

2.5 Microbiota analysis

The microbiota analysis was conducted with R studio using

mainly the phyloseq (51) package and its dependencies. A phyloseq

object was firstly created with all samples. Negative and positive

controls were inspected. As a quality control step, a NMDS graph

was plotted using Bray-Curtis dissimilarity matrix that regrouped

all samples. Following quality control, all controls and undesirable

samples (too few reads or outliner samples) were removed.

As a first step, for each different site but for all time point,

a new phyloseq object was created. For each phyloseq object

(Ileum and Caecum), reads were rarefied to the lowest number

of sequences within a sample contained in the same phyloseq

object. The microbiota was then analyzed for each site of sampling

independently. The ADONIS test of the vegan package (52) was

run on Bray-Curtis dissimilarities using the “treatment” and “time”

as variable. The biomarker analysis at different taxonomic level

(MaAsLin2) (53) was also applied to theses samples using the “time”

as a random effect and the “treatment” as a fixed effect. As for

MaAsLin2 options, no transformation and no normalization were
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FIGURE 1

Scheme of experimental protocol and animal model housing. (A) Bird’s groups and experimentation at D0; (B) Bird’s groups and experimentation at

D7; (C) Bird’s groups and experimentation at D10; (D) Bird’s groups and experimentation at D14; (E) Bird’s groups and experimentation at D17; (F)

Bird’s groups and experimentation at D21.

selected, the analysis method was set to “NEGBIN”, the minimal

abundance was set at 10, and the minimum prevalence was set at 8

divided by the total of samples analyzed. For all MaAsLin2 analysis,

only biomarkers that returned a p-value lower than 0.05 and a Q

value lower than 0.2 were retained.

Subsequently, for each site, each time point was analyzed

separately. For each time point and each sample site, a new phyloseq

object was, therefore, created using all samples that passed QC

control. Each phyloseq object was rarefied to the lowest number

of reads within a sample. Alpha diversity indices (Observed,

Shannon and Simpson inverse) were calculated in R Studio, and

the treatment effect was assessed using a Wilcoxon test with alpha

set at 0.05. The effect of the treatment on the microbiota structure

was assessed using the Bray-Curtis dissimilarity index, plotted on

NMDS graphs, and analyzed using ADONIS. For the NMDS graph

TABLE 1 Chemical composition of EO mix (gas chromatography–mass

spectrometry analysis): 83.5% of components among 68 identified (% area

>0.02).

Components Mean content, %

Cinnamaldehyde 57.56± 0.30

Thymol 9.15± 0.10

Carvacrol 8.84± 0.09

Eugenol 6.56± 0.13

Diallyl disulfide 1.41± 0.02

only, the group that received the standard feed, sampled at D7, was

kept in the graphical representation for comparison purpose so that

the reader may have an idea on the strength of the feed-additive
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FIGURE 2

Live weight of euthanized birds, Neg, control group; Pos, EO mix treatment at 500 g/T; no significant di�erence using the Student t-test, p < 0.05.

effect. Beta dispersion was also measured using the betadisper

function and analyzed using the permutest function with alpha set

at 0.05. The biomarker was then identified using MaAsLin2 with

options set as just described.

3 Results

3.1 EO mix composition

The EO mix analysis by GC–MS showed that the commercial

preparation contained 68 identifiable components from which the

key one was trans-cinnamaldehyde (57.56%), followed by thymol

(9.15%) and carvacrol (8.84%) (Table 1).

3.2 Animal growth

No significant difference on live weight was observed between

euthanized birds in different groups; at D21, treated birds tended

to reach a higher weight (856g vs. 816g, p = 0.06). Throughout the

experiment, birds achieved expected weight gain, reaching 427 g at

D14 and 838 g at D21 (Figure 2).

3.3 16s rRNA gene sequencing

Sequencing yielded a total of 37 million sequences. After

clean-up, 22 million sequences remained, of which 110,993 were

unique. One ileal sample contained only 177 sequences and was

immediately removed from the analysis. The PCR-negative controls

(only water) contained 13 and 1 sequence, respectively. The

controls for DNA extraction contained a mean 36,000 sequences.

In the NMDS analysis of all samples, the negative controls were

clearly grouped far away from the other samples despite their

high sequence counts. Ileal samples consisted of a mean 45,722

sequences (min = 15 257, max = 70 402), while the caecal samples

mean sequence count was 96,580 (min = 74 473, max = 123

163). The positive controls (mock community) contained 88,430

and 76,228 sequences, respectively, and matched the expected

composition based on the manufacturer recommendation.

As a quality control step, all samples were plotted on a

NMDS graph using the Bray-Curtis dissimilarity index to quickly

visualize the sample’s microbiota and compare it to the controls

(Supplementary Figure 1). All sample types (controls and ileal and

caecal samples) clustered differently. Only the ileal and caecal

samples were retained for the subsequent quality control step.

Using the same approach, a quick separate examination was

conducted on the microbiota structure of ileal and caecal samples

(Supplementary Figures 2, 3). Note that one caecal sample was

completely alone and clearly separated from the rest of the data.

Therefore, this particular sample was removed from the analysis.

3.4 EOs supplementation e�ect on ileal
microbiota

3.4.1 Alpha diversity
The richness of the ileal microbiota of the treated birds was

higher at D14. At D7, Shannon and Simpson inverse indexes were

also higher for the treated poultry microbiota (Figure 3).

3.4.2 Beta diversity
When all ileal samples were analyzed together using the

ADONIS test, both time and treatment significantly impacted the

microbiota structure and an interaction between the two variables

was observed (p < 0.001). Therefore, data were analyzed at each

time points (Figure 4). In the NMDS analysis, the centroids of each

cloud represented by the supplemented and control samples were

different at D7 (p<0.008), D10 (p = 0.029), D14 (p = 0.001), and

D17 (p = 0.018) but not at D21 (p = 0.54) (Figure 4). For the beta

dispersion, no significant difference was observed (p>0.05).

Using MaAsLin2, biomarkers were associated with the

treatment, using time points as a random effect. Sixteen genera were

associated with the treatment (Table 2). Sellimonas spp. (coefficient

of−2.5, mean of 0.6 sequence per sample for treated birds, mean

6.8 sequence per sample for non-treated birds) and Weissella spp.
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FIGURE 3

Ileal alpha diversity according to the feed treatment with EO mix (Pos) vs. control group (Neg). *Statistically significant using the Wilcoxon test,

p < 0.05. (A) Ileal alpha diversity according to the Observed index; (B) Ileal alpha diversity according to the Shannon index; (C) Ileal alpha diversity

according to the Simpson inverse index.

(coefficient of 1.4, mean 343 sequence per sample for treated

birds, mean 143 sequences per sample for non-treated birds)

returned the lowest (negative) and highest (positive) coefficients

(effect size) when comparing animals that received the treatment

to those that did not. In addition, for all time points, analysis

indicated 6 biomarkers that were negatively impacted (of which 2

Ruminococcaceae spp. and 2 Oscillospiraceae spp.) and 10 different

biomarkers were positively impacted.

The microbiota genus, which were significantly different in

the ileum at each time point, is shown in Supplementary Table 1.

Eleven genera were only different at one time-point during

the trial (for example, Micrococcaceae.Glutamicibacter

was more abundant at D14 in supplemented group and

Peptostreptococcaceae.Romboutsia was less represented at D14).

Interestingly, Leuconostocaceae.Weissella was the lonely genus with

a constant and significant effect at all time points. Eight genera
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FIGURE 4

Evolution of the ileal samples microbiota in time compared to the microbiota of 7 days-old control birds. Treatment e�ect on microbiota structure

(Bray-Curtis) represented with Non-metric MultiDimensional Scaling (NMDS) per date: (A) 7 days old, p = 0.008; (B) 10 days old, p = 0.029; (C) 14 days

old, p = 0.001; (D) 17 days old, p = 0.018, and (E) 21 days old, p = 0.54); beta dispersion p > 0.05. Control group (Neg); EO mix supplemented (Pos).

were alternatively positive or negative impacted by the treatment

(like Butyricicoccaceae.Butyricicoccus with a negative coefficient at

D7 and positive coefficient at D10 and D14) describing a different

reorganization of the microbiota within time.

D14 was the time point with the highest number (22) of

bacterial genera impacted by the treatment, in opposition to the

others, where only 9 to 12 genus were significantly different.

3.5 EOs supplementation e�ect on caecal
microbiota

3.5.1 Alpha diversity
No difference was observed for the alpha diversity indexes

(Figure 5).

3.5.2 Beta diversity
When all samples were analyzed together, using the ADONIS

test, both the variables “Time” and the “Treatment” impacted the

microbiota structure (p < 0.001). An interaction between the two

variables was also observed.

Therefore, results were analyzed for each time point. The

graphical analysis of caecal beta diversity based on the Bray-

Curtis index (Figure 6) demonstrated that bird microbiota of EO

mix supplemented group was different from non-supplemented

group at each time point: the centroids of points clouds between

both groups were different all times of experiment (p < 0.001

at D7, D10, D14, D17, and D21). For the beta dispersion, no

significant difference was observed (p > 0.05). Using MaAsLin2,

biomarkers were associated with the treatment using time as a

random effect (Table 3, Supplementary Table 2). Thirty-one genera

were associated with the treatment. Erysipelotrichaceae_unclassified

(coefficient of −7, mean 0.04 sequence per sample for treated

birds, mean 78 sequences per sample for non-treated birds)

and Merdibacter (coefficient of 7.5, mean 270 sequences per

sample for treated birds, mean 0.14 sequence per sample for

non-treated birds) returned the lowest (negative) and highest

(positive) coefficients (effect size) when comparing birds that

received the treatment to those that did not. Eleven genera were

negatively impacted by the treatment and 20 were more abundant.

Several caecal microbiota reorganization was noted at each time

point (D7, D10, D14, D14, and D17) compared to the control

group (Supplementary Table 2): in particular, 10 Ruminoccocaceae

genera were alternatively more and less abundant from D7, 7

Lachnospiraceae genera were alternatively more and less abundant

from D10, 6 Oscillospiraceae genera were variable depending on

the date, and 4 Enterobacteriaceae differed from D7. Of note,

during all the experiment, Campylobacteraceae_Campylobacter

decreased in treated birds (p < 0.05). Six Ruminococaceae taxa and

Leuconostaceae.Weisselaweremore abundant in treated group (p<

0.05 for all).
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TABLE 2 Biomarkers associated with the use of EO mix in the ileum of animals considering all time points.

Taxonomic assignation Coe�cient
(treatment vs.

control, random
e�ect = day of

sampling)

pval qval

Lachnospiraceae.Sellimonas −2.5 1.24E-12 2.78E-11

Ruminococcaceae.uncultured −2.4 6.11E-05 3.75E-04

Micrococcaceae.Micrococcaceae_unclassified −2.1 4.80E-12 7.21E-11

Ruminococcaceae.DTU089 −2 1.58E-03 6.46E-03

Oscillospiraceae.Colidextribacter −1.7 2.40E-03 9.00E-03

Oscillospiraceae.Flavonifractor −1.6 1.42E-03 6.41E-03

Lachnospiraceae.Lachnospiraceae_unclassified 0.4 3.62E-02 1.02E-01

Enterobacteriaceae.Escherichia.Shigella 0.8 3.26E-02 9.77E-02

Enterococcaceae.Enterococcus 0.8 6.67E-05 3.75E-04

Eggerthellaceae.Eggerthella 0.9 1.01E-04 5.07E-04

Bacillales_unclassified.Bacillales_unclassified 0.9 3.22E-02 9.77E-02

Corynebacteriaceae.Corynebacterium 0.9 5.28E-06 4.76E-05

Staphylococcaceae.Jeotgalicoccus 1 4.72E-05 3.54E-04

Streptococcaceae.Streptococcus 1 3.10E-06 3.49E-05

Carnobacteriaceae.Jeotgalibaca 1.3 5.21E-03 1.80E-02

Leuconostocaceae.Weissella 1.4 1.20E-15 5.39E-14

MaAsLin2 was used for biomarker analysis as described in the material and method section.

The 49-microbiota genera, which were significantly

different in caecum at different time points, are shown

in Supplementary Table 2. Sixteen genera were only

different at one time-point during the trial; Clostridia_

vadinBB60_group_fa.Clostridia_vadinBB60_group_ge,

Erysipelatoclostridiaceae.Coprobacillus, Lachnospiraceae.

Lachnoclostridium, Lachnospiraceae.Lachnospiraceae_unclassified,

Leuconostocaceae.Weissella, Ruminococcaceae.DTU089,

Ruminococcaceae.Incertae_Sedis showed a constant positive

coefficient at 3 or 4 time points and Ruminococcaceae.

Ruminococcaceae_unclassified were positively impacted

continuously during the trial and Lachnospiraceae.ASF356,

Lachnospiraceae.Eisenbergiella, Lachnospiraceae.GCA.900066575,

Lachnospiraceae.Sellimonas, Lactobacillaceae.Lactobacillus

returned a negative coefficient at 3 time points. Enterobacteriaceae.

Salmonella in caecumwas less abundant at D10 andmore abundant

at D14, D17, and D21 in the treated groups. Similarly, to ileum,

10 genera got both negative and positive coefficients according

to different time points. These numerous changes expressed a

difference in the organization of the microbiota of birds during

the time with or without the supplementation. D14 was the peak

of divergence between treated and untreated microbiotas with 31

genera significantly impacted by EO mix followed by D17 with

27 genera.

4 Discussion

In this study, the experimental animal model avoided

on-farm factors that could have had an effect on digestive

microbiota. Consequently, microbiota differences observed in this

study were independent of batch effect, experimental building

and feed.

In our experimental conditions, ileal alpha diversity was higher

in treated birds. Several studies showed that monogastric high

diversity microbiota could be more stable or healthier than those

with low diversity (54, 55). It is known that the increase in

microbiota diversity influences health characteristics, immunity,

behaviors, and stress response in chicken (56) and it is also

linked to productivity (57). Moreover, in the case of chickens, low

FCR is also correlated with high microbiota diversity (58). EO

mix supplementation contributed to increase microbiota diversity,

which is also reported by Amerah et al. (59) with a cinnamaldehyde

and thymol mix.

Chicken supplemented with EOmix had a different microbiota

structure compared to non-supplemented chicken. This result is

consistent with that of other studies using cinnamaldehyde- or

thymol- and carvacrol-based supplementations (60, 61).

Lachnospiraceae were significantly higher in ileum of

supplemented birds during all the experiment. These bacteria

are known to be one of the most important butyrate producers

(62). They positively influence gut health performance and

anti-inflammatory properties in chicken (63). Interestingly,

butyrate preserves intestinal cell barrier in regulating the

assembly of tight-junctions (64) and increases the mucin

secretion in the small intestine (65). In this study, EO mix

supplementation increased Lachnospiraceae abundance compared

to non-supplemented birds. EO mix is expected to positively

modulate the intestinal health.
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FIGURE 5

Caecal alpha diversity according to the feed treatment with EO mix (Pos) compared to control group (Neg). *Statistically significant using the

Wilcoxon test, p < 0.05. No significant di�erence. (A) Caecal alpha diversity according to the Observed index; (B) Caecal alpha diversity according to

the Shannon index; (C) Caecal alpha diversity according to the Simpson inverse index.

Three days after S. enteritidis challenge, EO mix

supplementation exhibited no significant reduction of Salmonella

genus in the bird’s caecal content. This aspect is in contradiction

with studies that reported a reduction of Salmonella in caecal

samples of broilers challenged with S. enteritidis at 8 days and

supplemented in feed with EO’s individual components (66). In

their study, birds were supplemented with 0.5% to 0.75% of trans-

cinnamaldehyde and 0.75% to 1% of eugenol; these concentrations

were much higher in other experiments than those used in this

experiment. Carvacrol is reported to be able to accumulate in

Salmonella cell membrane to alter membrane potential to induce

conformational and metabolic change, inhibition of bacterial

growth in a dose-dependent manner (67, 68). In our challenged

experimental conditions, concentrations of cinnamaldehyde and

thymol were possibly not enough to see a direct and significant

Salmonella reduction in 14 days (Table 2).
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FIGURE 6

Evolution of the caecal samples microbiota in time compared to the microbiota of 7-day-old control birds. Treatment e�ect on the microbiota

structure (Bray-Curtis) represented with Non-metric MultiDimensional Scaling (NMDS) per date: (A) 7 days old, p = 0.001; (B) 10 days old, p = 0.001;

(C) 14 days old, p = 0.001; (D) 17 days old, p = 0.001; and (E) 21 days old, p = 0.001. Beta dispersion p > 0.05. Control group (Neg); EO mix

supplemented (Pos).

EOs are known for their antibacterial activity in vitro (69–

71). Moreover, EOs show an in vitro selective antibacterial activity

between pathogenic strains and microbiota beneficial strains (72).

Consequently, EO supplementation had a significant

modulation effect on ileal and caecal bacteria genus. One

hypothesis in this study is that EO mix could stabilize the ileal

microbiota structure due to competitive exclusion. Competitive

exclusion is the rapid establishment of a balanced intestinal

microbiota by oral route protecting chicken from pathogenic

bacteria infection such as Salmonella or Campylobacter (73).

Competitive exclusion was first described by Nurmi and

Rantala (74) and is still studied as a control strategy to reduce

Campylobacter colonization in poultry flocks (75). The precise

mechanism of action of this protective effect is unknown because

of the complexity of the gut as a habitat for microorganisms

and the variety of interactions between bacteria, host, and other

microorganisms (76). One of the most likely mode of action could

be competition for host mucosa receptor (77). Another possible

factor is competition between pathogens and native flora for

nutrients (73).

In caecum, EO mix supplementation had an effect on

Campylobacter reduction 3 days after C. jejuni inoculation. This

result is consistent with the study of Guyard-Nicodeme et al. (78):

the blend of garlic and cinnamon oils resulted in a reduction of 1 log

CFU/g in Campylobacter caecal count 3 days after inoculation. One

mechanism of action could be the EO mix microbiota modulation:

microbiota composition was identified by Han et al. (79) as a

key element to control pathogenic bacteria such as C. jejuni

in chickens.

Moreover, during all experiments in this study, Weissella

genus, belonging to Leuconostocaceae family, was a significantly

differential bacterial genus in both caecal and ileal microbiota

structures of EO mix supplemented chicken compared to the

control group. Weissella are known to be a part of monogastric

microbiota (80). Wang et al. (81) demonstrated a probiotic effect

of Weissella koorensis in pigs on both daily weight gain and

immune response during inflammation. Other Weissella species

were reported to have a biofilm inhibition effect (82) and in vitro

anti-inflammatory activity (83).

With the significantly higher proportion of Weissella

in supplemented chicken, EO mix supplementation may

contribute to the development of this beneficial bacterial

genus and support the balance of ileal and caecal microbiota.

On the other hand, this colonization of beneficial bacteria

could be one of the mechanisms of action that led to a

significant reduction in Campylobacter in caecum 3 days

after challenge: the improvement in the growth rate of

beneficial bacteria strains in avian gut could be a mode of

action explaining Campylobacter colonization inhibition as

competitive exclusion (84).
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TABLE 3 Biomarkers associated with the use of EO mix in the caecum of animals considering all time points.

Taxonomic Assignation Coe�cient
(treatment vs.

control, random
e�ect=day of
sampling)

pval qval

Erysipelotrichaceae.Erysipelotrichaceae_unclassified −7.03 2.85E-18 1.88E-16

Lachnospiraceae.Sellimonas −3.86 8.13E-14 1.79E-12

Lachnospiraceae.GCA.900066575 −2.56 2.00E-08 1.50E-07

Campylobacteraceae.Campylobacter −2.00 2.93E-02 6.68E-02

Planococcaceae.Planococcaceae_unclassified −1.25 3.63E-02 7.99E-02

Lachnospiraceae.Eisenbergiella −1.01 1.19E-04 4.61E-04

Lachnospiraceae.Fusicatenibacter −0.95 2.00E-02 4.89E-02

Bacilli_unclassified.Bacilli_unclassified −0.72 3.42E-03 1.03E-02

Oscillospiraceae.Oscillospiraceae_unclassified −0.55 3.63E-03 1.04E-02

Lactobacillales_unclassified.Lactobacillales_unclassified −0.31 1.44E-02 3.66E-02

Lactobacillaceae.Lactobacillus −0.24 9.96E-04 3.29E-03

Lachnospiraceae.Lachnospiraceae_unclassified 0.24 1.14E-09 1.23E-08

Lachnospiraceae.Anaerostipes 0.25 4.81E-02 1.03E-01

Oscillospiraceae.Flavonifractor 0.32 1.43E-03 4.49E-03

Lachnospiraceae.Lachnoclostridium 0.33 6.17E-06 3.54E-05

Ruminococcaceae.DTU089 0.37 2.32E-05 1.10E-04

Ruminococcaceae.Incertae_Sedis 0.50 2.05E-08 1.50E-07

Ruminococcaceae.Caproiciproducens 0.51 2.03E-05 1.03E-04

Oscillospirales_fa.Oscillospirales_ge 0.55 2.15E-02 5.07E-02

Ruminococcaceae.Ruminococcaceae_unclassified 0.62 5.21E-16 1.72E-14

Eggerthellaceae.Eggerthella 0.92 4.16E-04 1.45E-03

Corynebacteriaceae.Corynebacterium 1.11 6.19E-06 3.54E-05

Staphylococcaceae.Jeotgalicoccus 1.25 6.43E-06 3.54E-05

Leuconostocaceae.Weissella 1.46 1.20E-13 1.99E-12

Erysipelatoclostridiaceae.Coprobacillus 1.53 6.40E-03 1.76E-02

Clostridia_vadinBB60_group_fa.Clostridia_vadinBB60_group_ge 1.72 1.31E-09 1.23E-08

Ruminococcaceae.Faecalibacterium 2.20 7.48E-03 1.98E-02

Enterobacteriaceae.Salmonella 3.03 3.04E-05 1.34E-04

Ruminococcaceae.UBA1819 3.11 7.14E-05 2.95E-04

Ruminococcaceae.Subdoligranulum 3.26 1.34E-04 4.91E-04

Erysipelotrichaceae.Merdibacter 7.48 1.26E-10 1.67E-09

MaAsLin2 was used for the biomarker analysis as described in the material and method section.

As with any scientific studies, limitations are present in the

work described. First, culture-based methods could have been

employed to monitor Salmonella and Campylobacter as they offer

greater precision than sequencing. Additionally, it would also have

been interesting to investigate the impact on birds up to market

age. Finally, conduction further research with larger samples is

essential to assess any zootechnical impacts that may arise from

modifications to the microbiota.

5 Conclusion

This study demonstrated that EO mix (Phyto CSCTM)

modulates the composition of ileal and caecal microbiota before

and during challenge conditions with several hypothetic modes

of action: competitive exclusion and antibacterial activity.

EO mix was considered to have a beneficial effect on the

composition of ileal and caecal microbiota in increasing
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alpha diversity, especially in ileum at the early stages of

chick life. If no effect against Salmonella was observed

in this study, EO mix supplementation had an effect on

early Campylobacter colonization in the caecum. Although

several modifications of bacterial genus were observed, the

interpretation of specific functions of these genera inside

complex microbiota balance needs further studies for better

understanding. DNA sequencing is a helpful technique to describe

microbiota modulation in both ileal and caecal sections. Further

investigation could be conducted, specifically focusing on the

interaction between main bacteria families of the gastrointestinal

tracts and the production of metabolites beneficial to

the host.
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