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ABSTRACT The objective of this study was to inves-
tigate the effects of replacing antibiotics with a combina-
tion of plant essential oils on the growth performances and
gastrointestinal health of broilers. A total of 720 1-day-old
male AA broilers were randomly divided into 3 treat-
ments: the control treatment (CON), the Aureomycin
supplementation treatment (AGP), and the combined
plant oils supplementation treatment (POC), with a 42-D
period feeding procedure. Growth performances, carcass
performances, intestinal sections, and cecal microbiota
were investigated. Results indicated that POC supple-
mentation decreased the feed conversion ratio compared
with CON and AGP treatments, though not significantly.
No significant differences were found for feed intake, BW
gain, and culling rate among the 3 treatments (P > 0.05).

In addition, no significant differences were seen on carcass
performance. For the aspects of intestinal section, POC
supplementation did not make significant effects on in-
testinal wall thickness, villus heights, crypt depths, and
the ratio of villus heights/crypt depths compared with
CON and AGP treatments. Cecal microbiota results
demonstrated that bacterial diversity and some repre-
sentative probiotic bacteria were significantly increased in
numbers (P < 0.05) after POC supplementation. In
conclusion, the combination of essential oils promoted
intestinal health through improving gut bacterial diversity
and probiotic bacteria, as well as improving feed conver-
sion ratio of broilers. These results indicated that the
combination of essential oils may benefit the gastrointes-
tinal health and be applied as an antibiotic alternative.
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INTRODUCTION

Antibiotics have been ubiquitously included in broiler
production over past decades and provided significant
enhancement (Chapman and Johnson, 2002). However,
continuous use of antibiotics disturbed gastrointestinal
metabolism and caused serious antimicrobial resistance
(Oliveira et al., 2010), which lead to a negative impact
on animal health and further economic loss. Moreover,
antibiotic residue in food animals might result in poten-
tial threat to human health. Thus, bans of antibiotics
used as feed additives in husbandry production have
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been enacted (Wasch et al., 1998; Claudie et al., 2009).
The investigation of suitable alternative supplements is
of vital importance for broiler production.

Fortunately, antibiotic alternatives applied in broiler
production have been investigated in the past few years,
which included plant essential oils, probiotics, and anti-
microbial peptides (Kidhkonen et al., 1999; Shim et al.,
2010; Wang et al., 2015). Plant essential oils drew gen-
eral attention for the presence of bioactive ingredients
that express antimicrobial, antioxidant, and anti-
inflammatory activities such as oligosaccharides, poly-
phenols, and saponins (Fernandez et al., 2002; Brenes
et al., 2008) and offered considerably protection and
improvement on broiler production (Botsoglou et al.,
2002; Amerah et al., 2012; Sivarajan et al., 2017). Euca-
lyptus oil (Nameghi et al., 2019) and carvacrol (Luna
et al., 2010) are the representative plant oils used in
the broiler productions and effectively prevent the occur-
rence of necrotic enteritis (Sivarajan et al., 2017).
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Cinnamyl aldehyde and capsaicin were also shown to
present anti-inflammatory functions (Dong et al.,
2019). The effects of combined essential oils on broiler
production were seldom acquired, and whether combina-
tions of essential oils performed a better than when not
combined needs further examination. Therefore, a com-
bination of eucalyptus oil, carvacrol, cinnamyl aldehyde,
and capsaicin was applied in the present study to inves-
tigate their effects on growth performance and gastroin-
testinal health of broilers.

Gastrointestinal bacteria was well documented to play
important roles in animal gastrointestinal health and an-
imal growth (Pan and Yu, 2014). Antibiotic alternatives
interacted with intestinal bacteria and affected gut
morphology, nutrient absorption, and immune responses
of the host (Apajalahti and Vienola, 2016). The microbi-
al community in gastrointestinal tract may further
interact with the intestinal epithelium and ultimately
regulate the absorptivity of intestine and production
performances of broilers (Cui et al., 2017). Therefore,
the hypothesis was made that the combination of essen-
tial oils may regulate intestinal probiotic bacteria,
improve the intestinal epithelium, and ultimately
promote the production performance of broilers.

MATERIALS AND METHODS

Ethics Statement

This study was performed in accordance with local
ethical guidelines and met the requirements of the insti-
tutional animal care and use committee.

Experimental Design and Birds

In the present study, 720 1-day-old male AA broilers
with the similar birth weight (42 * 1 g) were randomly
divided into 3 treatments: the control treatment (CON),
the Aureomycin supplementation treatment (AGP),
and the supplementation of plant oils combination treat-
ment (POC). Each treatment contained 8 replicates, and
30 broilers were included in each replicate. All chickens
were housed in the battery pens (100 cm X 70 cm)
with plastic wire floors; each replicate comprised 3 suc-
cessive pens, and each pen was allocated with 10 broilers.
All birds were provided with a 3-phase feeding program
(day 0-21 as a starter phase, day 22-35 as a grower
phase 2, and day 36-42 as a finisher phase), Aureomycin
supplementation was stopped at the finisher phase. Feed
and water were provided ad libitum throughout the
experiment. The room temperature was maintained at
37°C for the first week and then reduced by 3°C each
week until reaching 24°C. The lighting schedule was
23L:1D during the experiment period.

Plant oils supplements with the standard combination
bioactive ingredients of eucalyptus oil (25%), carvacrol
(35%), cinnamyl aldehyde (25%), capsaicin (10%), and
some other prebiotics (5%) that were coated by long-
chain fatty acids were acquired from EW Nutrition
GmbH Ltd., Visbek, Germany. During the whole feeding
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period, supplements were added as the recommended
dosage of 100 g/t in the diet of broilers. Aureomycin
for feed additives (15% Aureomycin content) was ac-
quired from Huameng Jinhe Industrial Co. Ltd, Inner
Mongolia, China. https://www.etlong.com/nmghmj/.
For the experimental diets in each phase, a master batch
of the basal diet (negative control) will be prepared in
mash, and antibiotics or the additives will be added
afterward. The composition of the experimental diets
and the nutrients are shown in Table 1.

Growth Performances

Broiler chicken weights and feed consumption were
determined by pen on the hatching day, day 21, and
day 42, to assess BW gain (BWG), feed intake (FI),
and feed conversion ratio (FCR). Broilers were inspected
thoroughly each d to record and remove any dead birds;
mortality and culling rate was calculated based on dead
and culling birds. The FI was adjusted for dead broiler
chickens. European Index (EPI) was calculated for
each treatment based on the following equation: EPI
= (100-mortality%) X live weight (kg) X 100/age
(d) X FCR (Maiorano et al., 2017), where age = 42 D,
mortality, FCR was calculated based on the aforemen-
tioned result.

Carcass Performances and Immune Organs
Index

On day 42, 3 birds per replication (24 per treat-
ment) were randomly selected for measurement of
carcass characteristics after 12-h fasting. Eviscerated
yield was calculated as a percentage of BW. Breast
muscle, thigh muscle, and abdominal fat were sepa-
rated and weighed. Breast and thigh muscle yields
were calculated as percentages of eviscerated weight.
Abdominal fat percentage was calculated as abdom-
inal fat weight/(abdominal fat weight + eviscerated
weight). The immune organs spleen, thymus gland,
and bursa of Fabricius were separated and weighted.
The immune organs indexes were calculated as the
percentage of immune organ weight to BW.

Morphologic Examination of Intestinal Wall

On day 42, a total of 72 birds (24 birds per treatment)
were numbered serially 1-72 with no group information
marked before slaughtering. The ileum and jejunum
were collected for paraffin section. Ten villi of each intes-
tinal segment were chosen in a random order to avoid
bias for measuring the villus height and crypt depth.
The ratio of villus height to crypt depth (V/C) was
calculated.

Cecal Sampling and Microbiota Analysis

On day 42, cecal samples were collected from 1 bird
per replication and dispensed into 3 nonenzymatically
sterilized cryotubes, quickly frozen in liquid nitrogen,
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Table 1. Composition of the experimental diets for broilers.

Ingredient Starter phase Grower phase Finisher phase
Corn 59.7 60.4 60.4
Soy oil 1.45 2.98 2.98
SBM, CP 43% 34.6 32.68 32.68
L-Lys HCI, (98%) 0.17 0.18 0.18
DL-Met 0.24 0.23 0.23
CaCOg3 1.2 1 1
Calcium hydrophosphate (2 water) DCP 1.86 1.8 1.8
Salt 0.4 04 0.4
Choline HCI (50%) 0.15 0.1 0.1
Primix Vitamin' 0.03 0.03 0.03
Primix mineral® 0.2 0.2 0.2
Total 100 100 100
Level of nutrients (calculated)
ME (kcal/kg) 2,950 3,020 3,020
CpP 21 20 20
Ca 1.01 0.9 0.9
P 0.45 0.43 0.43
DLys 1.15 1.1 1.1
DMet 0.5 0.48 0.48
DCys 0.29 0.28 0.28
dM + C 0.86 0.82 0.82

Witamin content: VA, 12,000IU /kg; VD, 33,000IU /kg; VE, 7.5I1U /kg; VK, 31.50 mg/kg; VBI,
0.6 mg/kg; VB2, 4.8 mg/kg; VB6, 1.8 mg/kg; VB12, 10 mg/kg; Folic acid, 0.15 mg/kg; niacinamide,

30 mg/ke; pantothenic acid, 10.5 mg/kg.

Fe 80 mg, Cu 8 mg, Mn 80 mg, Zn 60 mg, Se 0.15 mg, I 0.35 mg.

and then stored at —80°C for further cecal microbiota
analysis. DNA from each sample was extracted using
cetyltrimethyl ammonium bromide/sodium dodecyl
sulfate (CTAB/SDS) method (Aristoteles et al., 2005).
DNA concentration and purity were monitored on 1%
agarose gels (Guo et al., 2018). The 16S rRNA gene V4
region was amplified using primer pairs F515 and
R806, (F: GTGCCAGCMGCCGCGGTAA and R:
GGACTACVSGGGTATCTAAT) (Gungor et al.,
2016). All PCR reactions were carried out with Phusion
High-Fidelity PCR Master Mix (New England Biolabs
(Beijing) Biotech., Ltd., Beijing, China). Samples with
bright main strip between 400-450 bp were chosen for
further analysis. The mixture of PCR products was
purified using the Qiagen Gel Extraction Kit (Qiagen,
Hilden, Germany) and subsequently, sequencing li-
braries were generated using TruSeq DNA PCR-Free
Sample Preparation Kit (Illumina Inc., San Diego).
The library quality was assessed on the Qubit@ 2.0 Fluo-
rometer (Thermo Scientific (China) Co. Ltd., Shanghai,
China) and Agilent Bioanalyzer 2100 system (Agilent
Technologies, Inc. Palo Alto, CA). At last, the library
was sequenced on Illumina HiSeq 4000 platform (Illu-
mina Inc.).

Quality filtering of raw tags were performed under
specific filtering conditions to obtain high-quality clean
tags in accordance with the QIIME (version 1.7.0; San
Diego, CA; https://qiime.org/) quality control process.
Sequences within similarity >97% were assigned into
the same operational taxonomic unit (OTU). For each
representative sequence, the Green Gene Database
(http://greengenes.secondgenome.com.) was applied
based on RDP classifier algorithm to annotate taxo-
nomic information.

Based on the taxonomy results, sequences with >97%
similarity were assigned to the same OTUs (Xue et al.,

2019). Subsequent analysis of alpha diversity and beta
diversity were all examined based on OUT results. Alpha
diversity is applied in analyzing complexity of species di-
versity for a sample through Chaol, Shannon, Simpson,
ACE indexes. All indices in our samples were calculated
with QIIME (version 1.7.0) and displayed with R soft-
ware (version 3.15.3; R Core Team, Vienna, Austria).
Beta diversity was to evaluate differences of species
complexity among different treatments, and calculated
by QIIME software (version 1.7.0). the results were dis-
played with R software.

Statistical Analysis

For the differential analysis of growth performances,
carcass performances and gastrointestinal morphology,
normal distribution test was conducted using SAS
(SAS Institute, Inc., Cary, NC). procedure “proc univar-
iate data = test normal” and subsequently, a one-way
ANOVA Student-Newman-Keuls test was applied to
investigate the differences among the 3 treatments. Re-
sults were presented as mean = SEM. OTU abundances
of cecal bacteria were conducted with a transformation
of normal distribution using log2, and then, a one-way
ANOVA Student-Newman-Keuls test of SAS 9.2 was
applied for the differential analysis. Alpha diversity
and beta diversity in our samples were calculated with
QIIME (version 1.7.0) and displayed with R software
(version 3.15.3). Principle coordinate analysis was con-
structed using the WGCNA package, stat packages,
and ggplot2 package in R software (version 3.15.3). P-
value < 0.05 was considered to be significant, and 0.05
< P < 0.10 was considered as a tendency. Spearman cor-
relations between bacteria communities and fermentable
and digestibility parameters were assessed using the
PROC CORR procedure of SAS 9.2, and then, a


https://qiime.org/
http://greengenes.secondgenome.com

4524

XUE ET AL.

Table 2. Effects of combined plant essential oils on growth performances of AA broiler chickens.

Growth phase Ttems CON POC AGP SEM P-value
Starter phase FI, g/bird 1,161 1,121 1,162 17.98 0.223
BWG, g/bird 904 890 920 22.13 0.081
FCR 1.28 1.26 1.26 0.04 0.565
Mortality + culling rate% 0.83 0.42 2.08 1.23 0.187
Grower and finisher phases FI, g/bird 2,963 2,646 3,004 171.21 0.154
BWG, g/bird 1,595 1,531 1,550 124.64 0.662
FCR 1.65 1.60 1.76 0.11 0.434
Mortality + culling rate % 7.54 5.89 5.09 3.12 0.575
Whole phase FI, g/bird 4,270 3,897 4,289 201.24 0.147
BWG, g/bird 2,486 2,388 2,465 114.27 0.389
FCR 1.51 1.47 1.57 0.08 0.487
Mortality + culled rate % 8.33 6.25 7.08 4.21 0.699
European index 388.5 391.9 375.9 42.53 0.796

Abbreviations: AGP, the Aureomycin supplementation treatment; BWG, BW gain; CON, the control treatment;
FCR, feed conversion ratio; FI, feed intake; POC, the combined plant essential oils treatment.

correlation matrix was created and visualized in a heat-
map format using R software (version 3.15.3).

RESULTS

Animal Production Performances and
Immune Organ Indexes

The differential analysis of FI, BWG, FCR, and cull-
ing rate are summarized in Table 2. Whether during
the starter phase or grower phase or during the entire
grow out phase (day 0—day 42), no significant differences
were found for FI, BWG, FCR, and culling rate among
the 3 treatments. However, POC supplementation
decreased (P > 0.05) the FCR compared with CON
and AGP treatments. In addition, the EPI which is
applied to evaluate the broilers’ production level indi-
cated there was no significant differences among the 3
treatments; however, POC supplementation could in-
crease the EPI (P > 0.05) to a certain degree.

Carcass characteristics and immune organ indexes of
the broilers are presented in Table 3. Based on the re-
sults, no significant differences for carcass performances
were detected among CON, POC, and AGP treatments.
Immune organs were sampled and weighed after slaugh-
tered, and the results indicated that the broiler chickens
from different treatments did not show significant differ-
ences in immune organ indexes.

Table 3. Effects of combined plant essential oils on carcass
characteristics and immune organs of AA broilers.

Ttems (%) CON POC AGP SEM P-value
Dressed yield 92.47 92.44 92.14 1.172 0.349
Eviscerated yield 75.43 75.88 75.53 1.684 0.665
Breast muscle 32.29 32.37 32.34 2.342 0.996
Thigh muscle 25.38 22.99 23.72 4.243 0.310
Abdominal fat 1.21 1.17 1.08 0.361 0.534
Spleen index 0.11 0.11 0.11 0.020 0.534
Thymus index 0.20 0.19 0.18 0.070 0.534
Bursa of Fabricius 0.15 0.18 0.16 0.040 0.534

Abbreviations: AGP, the Aureomycin supplementation treatment;
CON, the control treatment; POC, the combined plant essential oils
treatment.

Morphologic Examination of the Gut Wall

The morphologic characteristics of the jejunum and
ileum were examined to investigate the effects of POC
on the gut development. Results were shown in
Table 4. The POC supplementation did not have signif-
icant effects on intestinal wall thickness, villus heights,
crypt depths, and the V/C compared with CON and
AGP treatments. However, the V/C was highest
(P > 0.05) in the POC supplementation treatment.

Cecal Microbiota

One sample from each repeat (8 samples in each treat-
ment and total of 24 samples) was chosen for the 16S
rRNA gene amplicon sequencing process to investigate
the effects of POC and AGP supplementation treat-
ments on gastrointestinal microbiota. Taxonomy results
of all bacteria are shown in Supplementary File 1. To
simply state, the effective tags of each sample ranged
from 60,000 to 72,000 after quality control filtering,
and the average length of a sequence read was about
410 bases. After taxonomy analysis, 10 phyla and more
than 200 genera were identified in the present study
and were subsequently used for further analysis.

Alpha Diversity Alpha diversity was applied in
analyzing the complexity of species diversity through
Chaol, Shannon, Simpson, and ACE indexes, and all re-
sults are displayed in Table 5. The Shannon index for
AGP treatment was significantly increased (P < 0.05),
whereas the Simpson index was significantly decreased
(P < 0.05) compared with CON treatment. No signifi-
cant differences (P > 0.05) were detected between POC
and AGP for the Shannon and Simpson indexes. The
ACE index and Chao index of POC reached the highest
among the 3 treatments, and the Chao index for POC
exhibited a significant increase (P < 0.05) when
compared with CON and AGP treatments.

Beta Diversity Principle coordinate analysis was con-
ducted to compare bacterial profiles among the 3 treat-
ments. As shown in Figure 1, principle coordinate
analysis axes 1 and 2 accounted for 30.19 and 13.38% of the
total variation, respectively. Based on the results, bacteria
in POC and AGP treatments could be clearly separated
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Table 4. Effect of combined plant essential oils on morphologic development of

the gut wall.

Items CON POC AGP SEM P-value
Tleum Villus height (pm) 747.4 737.3 661.0 93.246 0.426
Crypt depth (pm) 92.84 87.81 88.98 21.314 0.355
Thickness (pm) 237.3 245.1 226.9 67.675 0.534
Villus/Crypt 8.47 9.08 7.65 2.142 0.827
Jejunum  Villus height (nm) ~ 904.4 938.5 837.2 145.341 0.117
Crypt depth (pm) 105.32 99.73 86.01 36.214 0.798
Thickness(pm) 195.9 198.1 176.9 56.324 0.783
Villus/Crypt 9.92 10.40 9.85 2.465 0.183

Abbreviations: AGP, the Aureomycin supplementation treatment; CON, the control
treatment; POC, the combined plant essential oils treatment.

from CON by PCol, whereas bacteria in POC treatment
could be separated from those in AGP treatment by PCo2.

Subsequently, differential analysis on the abundances
of different bacteria at the phyla and genera levels were
chosen to investigate effects of POC supplementation on
gut bacteria. Results are shown in Tables 6 and 7. At the
level of phyla, Firmicutes was the dominant phylum in
the cecal microbiota and accounted for 70-80% of the
total microbiota in all 3 treatments. Bacteroidetes and
Proteobacteria accounted for the second and third
most abundant phylum of the total microbiota, respec-
tively. The combined plant oils supplementation treat-
ment and AGP significantly (P < 0.05) promoted the
relative abundances of Bacteroidetes, whereas sup-
pressed the abundances of Firmicutes. In addition, Ten-
ericutes was found to significantly (P < 0.05) increase in
AGP treatment compared with CON and POC.

At the genera level, Faecalibacterium, Ruminococca-
ceae, Alistipes, Ruminococcus, and Lachnospiraceae
accounted for the most abundant in all the treatments.
Compared with CON, POC, and AGP supplementation
significantly increased (P < 0.05) the abundances of
Ruminococcaceae, FEisenbergiella, and Clostridiales,
whereas these treatments significantly decreased
(P < 0.05) Faecalibacterium, Escherichia-Shigella, and
Sellimona. In particular, Blautia and Streptococcus rela-
tive numbers were found to be significantly increased
(P < 0.05). Meanwhile, relative number for Escheri-
chia-Shigella, Erysipelatoclostridium, and Enterococcus
was significantly decreased (P < 0.05) after POC supple-
mentation compared with the other 2 treatments.

No significant changes (P > 0.05) were seen among
other genera for the 3 treatments.

Table 5. Effects of combined plant essential oils on o-diversity of
cecal contents bacterial communities.

Ttems CON POC AGP SEM P-value
Shannon 3.87" 4.06~" 423 0.057 0.031
Simpson 0.07 0.05P 0.04° 0.005 0.026
Ace 485.2 515.1 489.3 8.852 0.364
Chao 488.8" 535.6% 499.7° 9.139 0.047

*PMeans within a row with different letters differed significantly
(P<0.05).

Abbreviations: AGP, the Aureomycin supplementation treatment;
CON, the control treatment; POC, the combined plant essential oils
treatment.

The most abundant genera were selected for the corre-
lation analysis between bacteria and production perfor-
mance, carcass performance, and intestinal development
parameters. Based on the results shown in Figure 2, the
most abundant genus Faecalibacterium was positively
correlated with culling rate, villus height, crypt depth,
abdominal fat, and thymus index, whereas being nega-
tively correlated with bursa of Fabricius. The second
most abundant genus Ruminococcaceae showed an in-
verse correlation compared with Faecalibacterium. Clos-
tridiales, Erysipelatoclostridium, and Lachnoclostridium
were positively correlated with FCR, whereas negatively
correlated with intestinal wall thickness. Two probiotics,
Streptococcus and Bifidobacterium presented positive cor-
relation with eviscerated yield and negative correlations
with culling rate and crypt depth. No significant correla-
tions were found for other parameters.

Effects of Plant Oils Supplementation on
Gastrointestinal Probiotics

Probiotics such as Lactobacillus, Streptococcus, and
Bifidobacterium (Guarner and Schaafsma, 1998) were
then picked out to examine the effects of POC supple-
mentation on gastrointestinal health. Results are shown
in Table 8. All probiotics were seen to increase in relative
numbers after POC supplementation, particularly,
Streptococcus, and Bifidobacterium increased signifi-
cantly (P < 0.05).

DISCUSSION

Effects of Plant Oils Supplementation on
Production Performances of Broilers

Antibiotic alternatives such as plant extract, probiotics,
and antimicrobial peptides were well investigated over the
past few years (Miles et al., 2006). Compared with other
alternatives, plant essential oils were broadly applied
because of their easy acquisition and broad-spectrum anti-
microbial properties (Long et al., 2018). In the present
study, the POC supplementation slightly promoted the
FCR and reduced mortality and culling rates, these results
were in line with those of the study by Amad et al. (2011).
In practice, significant enhancement of BWG and FCR
was always difficult to achieve through feed additives
(Oviedo-Rondon et al., 2019). Reduction of mortality
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Figure 1. Principal coordinate analysis on community structures of the cecal microbiota in the different treatments. Abbreviations: AGP,
the Aureomycin supplementation treatment; CON, the control treatment; POC, the combined plant essential oils treatment.

and culling rate because of the antioxidant and anti-
inflammatory properties of the bioactive components
(Engster et al., 2002) in POC supplementation treatment,
and the increased EPI, may also indicate the enhancement
of production performances.

Effects of Plant Oils Supplementation on
Cecal Microbiology

In the present study, the a-diversity and B-diversity of
cecal microbiota in the POC and AGP treatments
showed a significant difference compared with those in

Table 6. Effects of combined plant essential oils on the relative
abundances of cecal microbiota at the level of phyla.

Phyla CON POC AGP SEM P-value
Firmicutes 15.64* 1538”1543 0.047 0.046
Bacteroidetes 11.71° 12.41* 12.74* 0.173 0.038
Proteobacteria 9.84 10.94 11.17 0.273 0.097
Actinobacteria 6.22 5.66 6.29 0.239 0.522
Cyanobacteria 6.04 5.70 5.45 0.469 0.894
Tenericutes 8.65" 9.12°  10.04*  0.192 0.005
Verrucomicrobia 4.40 5.67 3.30 0.896 0.552

Sequences relative abundances were transformed using log2.

*PMeans (n = 8) within rows and with different letters differed signif-
icantly (P < 0.05).

Abbreviations: AGP, the Aureomycin supplementation treatment;
CON, the control treatment; POC, the combined plant essential oils
treatment.

the CON, which indicated that the POC and AGP sup-
plementation modified the cecal microbiota. The micro-
biota in the cecum express high metabolic activity in
the gastrointestinal tract of chickens (Xu et al., 2016),
and the composition and diversity of cecal microbiota
can be altered by diet composition and dietary manipula-
tions such as the use of feed additives (Owens et al.,
2008). Enrichment or inhibition of certain bacterial mem-
bers depended on the antibiotic application—shifted gut
microbiota community structure (Rad-Spice, 2015). Simi-
larly, supplementation of plant oils inhibited the coloniza-
tion of pathogens (Hovorkova et al., 2018), and prebiotics
provided more substrates for gut microbiota (Ohimain
and Ofongo, 2012), which led to a significant increase in
total bacterial diversity (Johnson et al., 2015). Moreover,
prebiotics are exclusively fermented by beneficial bacteria
such as Lactobacillus, Bifidobacteria, and Bacteroides
(Ohimain and Ofongo, 2012), which modified the micro-
bial community structure in the gut, and partly demon-
strated the increased relative numbers of these bacteria
in the present study.

Besides, relative numbers of probiotics were signifi-
cantly increased, whereas pathogens significantly
decreased after POC supplemented. Plant essential oils
can promote the proliferation of probiotics as reported
by Cabuk et al. (2006) and as demonstrated 2 by probi-
otics Streptococcus and Bifidobacterium in the present
study. Bactericidal properties of phenolic acids—
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Table 7. Effects of combined plant essential oils treatment on the
relative abundances of cecal microbiota at the level of genera.

Genera CON POC AGP SEM  P-value
Faecalibacterium 13.85° 1259 1217 0185  <0.001
Ruminococcaceae 11.86" 1245  12.83*  0.117 0.001
Alistipes 12.00 12.05 12.51 0.164 0.395
Ruminococcus 12.08 12.09 12.52 0.116 0.216
Lachnospiraceae 11.76 11.98 11.93 0.123 0.771
Subdoligranulum 10.77 10.37 9.51 0.327 0.285
Lactobacillus 10.08 10.52 9.51 0.337 0.492
Escherichia-Shigella 11.39* 7.35°  10.07°  0.463  <0.001
Blautia 10.88*  10.21* 921>  0.232 0.007
Anaerotruncus 10.31 10.09 10.17 0.124 0.787
Lachnoclostridium 9.75"  9.90" 10.58*  0.117 0.004
Butyricicoccus 9.81 10.15 9.65 0.167 0.470
Erysipelatoclostridium 9.82°% 8.73" 9.83*  0.205 0.034
Eisenbergiella 8.93" 9.95* 9.66"  0.157 0.017
Clostridiales 8.08° 8.76°  10.30*  0.277 0.001
Sellimonas 9.93* 9.4  9.09° 0.152 0.031
Shuttleworthia 825> 824"  10.39* 0.237  <0.001
Romboutsia 8.82% 7.13° 5.35°  0.481 0.007
Parasutterella 6.73" 6.88" 8.66"  0.339 0.027
Anaerostipes 8.10 7.69 6.50 0.307 0.082
Pseudomonas 6.82" 6.99" 8.35"  0.275 0.037
Streptococcus 6.19" 7.69* 4.23°  0.574 0.040
Enterococcus 8.62" 717" 9.19*  0.324 0.024
Flavonifractor 6.86 7.00 6.86 0.189 0.946
Ruminiclostridium 9.17 9.02 9.20 0.165 0.904
Christensenellaceae 8.32 8.78 8.57 0.227 0.730
Others 11.21 11.58 11.95 0.079 <0.001

Sequences relative abundances were transformed using log2.

abCMeans (n = 8) within rows and with different letters differed
significantly (P < 0.05).

Abbreviations: AGP, the Aureomycin supplementation treatment;
CON, the control treatment; POC, the combined plant essential oils
treatment.

abundant oils such as thymol and eugenol inhibited
growth of pathogens Escherichia coli, Clostridium per-
fringens, and Salmonella Enteritidis (Thapa et al.,
2012), which expressed a consistent results with the pre-
sent study. The content of carvacrol in POC contains
similar phenolic acids structure and might play similar
antimicrobial property to the decreased abundances of
Escherichia-Shigella and  Erysipelatoclostridium. The
inhibited pathogens in the intestinal environment
contributed to the healthy growth of chicken.

Effects of POC Supplementation on
Intestinal Morphology and Gastrointestinal
Health

The development and structural integrity of intestinal
mucosa reflected gastrointestinal health, which in the
poultry industry is of great importance to achieve target
growth rates and feed efficiency (Xu et al., 2003). A
shorter villus and a deeper crypt always lead to the
reduction of nutrient absorption and disease resistivity
(Xu et al., 2003). In the present study, the V/C reached
to the most in both ileum and jejunum in POC treat-
ment, which might increase the nutrient absorption
and disease resistivity and then account for the pro-
moted FCR in POC treatment. This result was in line
with that of the study by Liu et al. (2019) in which intes-
tinal villus height after carvacrol essential oils supple-
mentation increased significantly. The richness of
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Figure 2. Correlation analyses between relative abundances of cecal
bacteria and growth performances, carcass performances, and intestinal
development parameters at the level of genera. The red color represents
positive correlation, whereas the green color represents a negative corre-
lation. *Significant correlation (|r|] > 0.55, P < 0.05). Abbreviation:
FCR, feed conversion ratio.

polyphenols and essential oil content in the POC
contributed to the development of gut epithelium. Poly-
phenols were reported to affect intestinal ecology by
accumulation in the gut of undigested and unabsorbed
compounds and phenol metabolites that affected the
material transportation of intestinal wall, which may
further influence the growth of intestine (Bravo, 2010).
Besides, in broiler chickens, the addition of essential
oils such as eucalyptus oil have been well proven to in-
crease the transepithelial electrical resistance and stimu-
late the immune system response by enhancing the
phagocytic activity of monocytes (Shiffman et al.,
2017), which expressed splendid anti-inflammatory
property of the intestine and prevented being attacked
by pathogens. In addition, the active ingredient cineole
in the eucalyptus controls the secretions of mucus in
the epithelial layer of the respiratory system air passages
(Juergens, 2014), which may also benefit the growth of
intestine wall. Furthermore, carvacrol essential oils
exerted positive effects on intestinal barriers function
of broilers (Liu et al., 2018), and thus enhanced gastroin-
testinal development. These reasons contributed to the
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Table 8. Effects of combined plant essential oils supplementation
on the relative abundances of intestinal probiotics.

Probiotics CON POC AGP SEM P-value
Lactobacillus 9.97 10.63 9.51 0.34 0.413
Butyricicoccus 9.63 10.33 9.64 0.17 0.148
Streptococcus 6.19" 7.69" 4.23¢ 0.53 0.028
Bifidobacterium 0.13¢ 1.50% 0.63" 0.11 0.047

Sequences relative abundances were transformed using log2.

*bCMeans (n = 8) within a row with different letters differed signifi-
cantly (P < 0.05).

Abbreviations: AGP, the Aureomycin supplementation treatment;
CON, the control treatment; POC, the combined plant essential oils
treatment.

development of intestinal mucosa and enhancement of
intestinal health.

In summary, although no enhancement of production
performances was detected, supplementation of the com-
bination of essential oils strengthened the intestinal wall
and improved the intestinal health through improved rela-
tive abundances of gut microbiota diversity and probiot-
ics. These results indicated the combination of essential
oils could benefit the gastrointestinal health and work as
antibiotic alternative.
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