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ABSTRACT The objective of this study was to in-
vestigate the effect of encapsulated essential oils and
organic acids (EOA) on the growth performance, egg
quality, intestinal morphology and functions, and mi-
crobial count of laying hens from week 21 to 30. A total
of five hundred and four 21-wk-old layers were randomly
allotted into 4 groups consisting of 7 replicates with
18 birds per replicate. The birds were fed a basic diet
(CON) or diets with EOA at 150 mg/kg, 300 mg/kg,
and 450 mg/kg in the other 3 groups, respectively. Com-
pared to the CON group, the addition of 150 mg/kg
EOA significantly increased laying rate (P < 0.05) of
hens from week 21 to 25. A linear increasing (linear,
P < 0.01) in ileal villus height of laying hens fed EOA
from 150 to 300 mg/kg was observed at week 30. At
week 25, the supplementation of 300 mg/kg EOA signif-
icantly increased (P < 0.05) mRNA relative expression
of aminopeptidase, sodium-glucose cotransporter 1, and

Na+-independent neutral amino acid transporter in
duodenum and glucose transporter 2 in jejunum of lay-
ing hens compared to the CON groups. Meanwhile, the
relative expression of glucose transporter 2 mRNA in
the jejunum was upregulated with increasing concen-
tration of EOA in diets (linear, P < 0.05). Hens in
EOA 300 group had higher mRNA relative expression
of mucin-2 in ileum (P < 0.05) than hens in CON group.
Additionally, the secretory immunoglobulin in ileum A
were linear decreased (linear, P < 0.01) with the in-
creasing supplement of EOA. Dietary supplementation
with EOA tended to increase (P = 0.083) the counts of
Bifidobacterium in cecal digesta at week 25 and 30. In
conclusion, dietary with EOA may maintain intestinal
tract morphology and promote digestive and absorptive
capacities and barrier function, especially at 300 mg/kg.
This study provided evidence of using EOA as a poten-
tial feed additive for laying hens.
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INTRODUCTION

Antibiotics have been used as growth promoter for a
long time, but the microbial resistance and drug residue
issues are more sharply at current. What’s more, the
antibiotic growth promoter was banned to be used as
feed additive of layers during egg producing period
(Donoghue, 2003; Castanon, 2007). With the demands
for high quality poultry products, it is imperative to
exploit the effective and green feed additives that can
stimulate the latent productive capacity of laying hens.
When hens are in the laying period, the reproductive
system develops fast and nutrient requirement increases
markedly to meet the growth and production needs,
especially for the 3 essential nutrients (carbohydrate,
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fat, and protein). Meanwhile, limestone powder is used
in feed for the calcium requirement of laying hens,
but the pH value of gastrointestinal tract will be in-
fluenced with the acids-binding capacity of limestone
powder. Consequently, as the pH value increased, the
activity of digestive enzymes reduced and reproducing
of the intestinal pathogens accelerated, to the extent
that the efficient utilization of nutrients is decreased
and the risk of suffering from gut disease increased
(Walk et al., 2012; Paiva et al., 2014).

Organic acids are carbon-containing acid compounds
(Broom, 2015) and are known to be capable of decreas-
ing the pH of intestinal digesta, improving the growth
performance (Aclkgoz et al., 2011; Khan and Iqbal,
2016), maintaining the intestinal morphology, keeping
the balance of intestinal flora, increasing the digestive
enzymes activity and utilization of mineral (Senkoylu
et al., 2007; Andreopoulou et al., 2014; Wu et al., 2016),
and also stimulating the immune function (Emami
et al., 2013; Lee et al., 2017). Essential oils are aro-
matic compounds extracted from plants, and are widely
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used as food additives because of the bacteriostasis and
fragrance characters. As a new type of feed additives,
thymol (an essential ingredient of essential oils) has a
better antibacterial effect on animal production. Fur-
thermore, thymol can keep intestinal microflora sta-
bilization and has an effective anti-inflammatory and
antioxidant property (Yu et al., 2018). Finally, essen-
tial oils, including thymol, can keep the gut and host
healthy and improve the performance of animals (Jang
et al., 2007; Brenes and Roura, 2010). They all really
point to us that organic acids and essential oils have
positive functions on intestinal health. The small intes-
tine is the main place for digestion and absorption of
nutrients, and digestive enzymes and nutrition trans-
porters play a significant role in the procession of di-
gestion and absorption (Mott et al., 2008). There is a
large amount of gastric acid and bile salts in the foregut
of the chicken, and the microbial balance is not eas-
ily destroyed. However, insufficiency of gastric acid and
bile salts secretion may alter the microbial homeosta-
sis of the hindgut. Therefore, encapsulated essential oils
and organic acids (EOA) could be used as a local slow
release additive in the distal intestinal tract of laying
hens.

Based on our previous experiments of EOA on broil-
ers, which reduced harmful bacteria, promote digestive
enzyme activity, and increased the feed conversion ra-
tio of broilers (Yang et al., 2019), this experiment was
to evaluate a combination diet of EOA on epithelial
restitution, intestinal digestion and absorption, and mi-
croflora count of hens during early laying period.

MATERIALS AND METHODS

Birds and Experimental Design

All the birds and experimental protocol in this study
were approved by the Institution Animal Care and Use
Committee of the Northwest A&F University (Protocol
number: NWAFAC1008).

Briefly, a total of 504 healthy Roman laying hens with
similar weights at 21 wk of age were randomly assigned
to 4 experimental groups. Each group had 7 replicates
and each replicate contained 18 birds. The body weight
of the hens was 1.63 ± 0.039 kg and there was no sig-
nificant difference between groups. A total of 168 stain-
less steel 4-layer semi-stacked cages (38 cm-width ×
52 cm-length × 40 cm-height), with 3 hens assigned
randomly to each, were used. The indoor environment
was kept at 22 ± 2°C, the daily lighting time was 16 hr
and 8 hr in darkness. The birds were fed a basic diet
(CON) or diets with EOA at 150 mg/kg, 300 mg/kg
and 450 mg/kg (EOA 150, 300, and 450) in the other 3
groups, respectively. The composition of the experimen-
tal diets is shown in Table 1. The feeding experiment
lasted for 10 wk, the birds had free access to feed and
water. The compounds EOA (containing a minimum of
200 g/kg of sorbic acid, a minimum of 200 g/kg fumaric
acid, and a minimum of 100 g/kg thymol) was provided
by Jefo Nutrition Inc., St-Hyacinthe, Quebec, Canada.

Table 1. Composition and nutrient levels of basal diet (as-fed
basis).1

Item (%) Content

Ingredient
Corn 66.00
Soybean meal 17.20
Cottonseed meal 4.00
Corn gluten powder (CP 60%) 2.00
Limestone 5.20
Large granular calcium 4.00
CaHPO4 0.60
NaCl 0.20
Baking soda 0.20
Lysine sulfate 0.20
DL-methionine 0.16
Choline chloride 0.10
Phytase (5000IU) 0.01
Multi-vitamin2 0.03
Iodine selenium mixture 0.10

Calculated nutrition
Metabolizable energy (MJ/kg) 11.13
Available phosphorus 0.35

Analyzed nutrition
Crude protein 15.74
Calcium 3.85
Total phosphorus 0.48
Lysine 0.84
Methionine 0.41
Methionine + cysteine 0.66
Threonine 0.61
1The 3 experimental diets were the basal diet supplemented with the

encapsulated essential oils and organic acids at 150 mg/kg, 300 mg/kg,
and 450 mg/kg, respectively.

2The vitamin premix provided per kg of diets: vitamin A, 250,000 IU;
vitamin D, 50,000 IU; vitamin K3, 53 mg; vitamin B1, 40 mg; vitamin
B2, 120 mg; vitamin B12, 0.50 mg; vitamin E, 600 IU; biotin, 0.65 mg;
folic acid, 25 mg; pantothenic acid, 240 mg; and niacin, 1,000 mg.

Performance and Samples Collection

Feed disappearance and mortalities were recorded
and the hens were weighed per replicate by period and
for the entire experiment. During the experiment, the
egg numbers from each replicate and were recorded and
eggs were weighted daily. Then average daily feed intake
(ADFI, feed intake per day per hen), average daily egg
weight (ADEW, egg weight per day per hen), feed-egg
ratio (F/E, ADFI/ADEW), and laying rate (the num-
ber of eggs/the number of hens) were calculated by pe-
riod and cumulatively. A total of 14 fresh eggs were ran-
domly selected from each replicate from eggs produced
the last day at week 25 and 30 of age for egg quality test-
ing, including the eggshell thickness (EST, ETG-1601A,
Robotmation, Japan), eggshell strength (ESS, EFG-
0503, Robotmation, Japan), albumen height (AH),
yolk color (YC), and Haugh unit (HU, EMT-5200,
Japan).

At 25 and 30 wk of age, 1 bird in each replicate, with
the nearly average body weight, was killed, and the duo-
denum, jejunum, ileum, and cecum were collected. After
the intestinal contents were removed with pre-cooling
saline, intestinal segments long for 1 cm from the mid-
dle of the duodenum, jejunum, and ileum were collected
and fixed in 4% paraformaldehyde solution and stored
in a refrigerator at −4°C for intestinal morphology mea-
surements. Duodenum and jejunum were longitudinally



USE OF ESSENTIAL OILS AND ORGANIC ACIDS 6753

sectioned and intestinal mucosa was scraped with a
sterile glass slide for detection of mRNA expression
of digestive enzyme, nutrient transporters, and intesti-
nal tract barrier factors, also sIgA secretion. Contents
of the cecum were collected into the sterile microtube
for microbiota population count. Then samples of in-
testinal mucosa and contents of the cecum were placed
in liquid nitrogen and transferred to a −80°C freezer
subsequently.

Intestinal Morphology

After dehydrated, transparented, sliced, haema-
toxylin eosin stained, and sheet sealed, each slice was
chosen with 10 visions for detecting the intestine vil-
lus height (VH), crypt depth (CD) and intestinal wall
thickness (WT) using phase contrast microscope, and
villus height/crypt depth (V/C) was calculated. The
detailed procedures were referenced from Naghi Shokri
et al. (2017).

RNA Isolation, cDNA Synthesis, and Real
Time PCR

The method of RNA extraction and the procession
of reverse transcription and real time PCR referred

to reported ways (Liu et al., 2016). Total RNA of
the duodenum and jejunum mucosa was isolated us-
ing Trizol Reagent according to the manufacture’s pro-
tocols (TaKaRa, Dalian, China). The concentration of
RNA was determined at the absorbance of 260 nm
by Nanodrop 2000c spectrophotometer (Thermo Fisher
Scientific Inc., Wilimington, Delaware), and the ab-
sorbance for the extraction was between 1.8 and 2.0
at A260/A280. The mRNA was reversed transcribed
into cDNA by Primer Script RT reagent Kit (TaKaRa,
Dalian, China) according to the procedures of the man-
ufacturers. Gene expression of mucosa enzyme and nu-
trition transporters was analyzed by real-time PCR
(Bio-Rad, California, USA). Gene expression was fi-
nally normalized to β-actin and the relative expres-
sion of each gene was calculated using the 2–ΔΔCt

method. The primers for analysis of gene expression of
maltase, sucrase (Speier et al., 2012), aminopeptidase,
sodium-glucose cotransporter 1 (SGLT1, or SLC5A1),
glucose transporter 2 (GLUT2, or SLC2A2) (Liu
et al., 2015), y+L amino acid transporter-2 (y+LAT2, or
SLC7A6), Na+-independent neutral amino acid trans-
porter (b0,+AT, or SLC7A9), Na+, Cl−-dependent neu-
tral and cationic amino acid transporter (ATB0,+,
or SLC6A1), and fatty acid transporter1 (FAPT1,
or SLC27A1) (Yuan et al., 2012) are shown in
Table 2.

Table 2. Sequences of primers for quantitative real-time PCR assay.1

Gene name/abbreviation Accession number Primer sequences (5′ to 3′ )

GAPDH L08165 F:AGAACATCATCCCAGCGTCC
R:CGGCAGGTCAGGTCAACAAC

Aminopeptidase NM_204,861 F:TTGGCAACAAGGAGCGAGTG
R:AGTGGGTGGGAGGTGGTCAG

Maltase XM_01,527,3018 F:ACGCTCACGGGCAGAAATAC
R:GCACTCCTCTATCCACCAACG

Sucrase XM_01,529,1762 F:CGCAAAAGCACAGGGACAGT
R:TCGATACGTGGTGTGTGCTCAGTT

GLUT2 NM_205,209 F:CACACTATGGGCGCATGCT
R:ATTGTCCCTGGAGGTGTTGGTG

SGLT1 NM_0,012,93240 F:AGCATTTCAGCATGGTGTGTCTTC
R:GATGCTCCTATCTCAGGGCAGTTC

ATB0,+ XM_414,303 F:TTAACCCCTCTTGTGCCGTT
R:ATTGAAGTCCTTCTTTCCTGCC

b0,+AT NM_0,011,99133 F:AGGTGGGCCTGATTAGTGGA
R:AGTGCACCTAGTGTTGCCAG

y+LAT2 XM 413,988 F:CCTGATAGTAGGCAACAT
R:AGAACAAGGCAGAGTAGAG

FAPT1 NC_0,06088 F:GACTGCGCCAAGTACAGATGC
R:CACTCGGTGGCTCCGTAGAAC

Mucin-2 XM_421,035 F:TTCATGATGCCTGCTCTTGTG
R:CCTGAGCCTTGGTACATTCTTGT

Occludin-1 NM_205,128 F:ACGGCAGCACCTACCTCAA
R:GGGCGAAGAAGCAGATGAG

ZO-1 XM_015,2789 F:TATAGAAGATCGTGCGCCTCC
R:GAGGTCTGCCATCGTAGCTC

1GAPDH, glyceraldehyde-3-phosphate dehydrogenase; F, forward; R, reverse; GLUT2, Glucose trans-
porter 2; SGLT1, Sodium -dependent glucose cotransporter 1; ATB0,+, Na+, Cl–dependent neutral and
cationic amino acid transporter; b0,+AT, Na+-independent neutral amino acid transporter; y+LAT2,
y+L amino acid transporter 2; FAPT1, Fatty acid transporter 1; and ZO-1, zona occludens 1.
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Secretory Immunoglobulin A

After intestinal mucosa was defrosted, homoge-
nized and centrifuged, the secretory immunoglobulin A
(sIgA) levels were determined by ELISA (China Insti-
tute of Atomic Energy, Beijing, China). Protein con-
tents of intestinal mucosa were measured by the Brand-
ford method.

DNA Isolation and Real Time PCR

Before the isolation of DNA, the cecum contents sam-
ples were fully mixed for every microtube under low-
temperature environment. Genomic DNA was isolated
from 50 mg chyme using Easy Pure Genomic DNA Kit
according to the manufacture’s protocols (Trans Gen,
Beijing, China). The quality of the DNA was measured
with agarose gel (1%) electrophoresis and the concen-
tration was detected using Nanodrop 2000c spectropho-
tometer at 260 and 280 nm (Thermo Fisher Scientific
Inc., Wilimington, Delaware). And the DNA was stored
at −80°C for future analysis.

The standard curve preparation was based on the
previous method (Taverniers et al., 2005; Liu et al.,
2017). The population of cecal microbiota was deter-
mined by SYBR green-based absolute quantitative real-
time PCR (Bio-Rad, California, USA) and the primer
used for detecting Lactobacillus, Bifidobacterium, Es-
cherichia Coli and Salmonella (Schwiertz et al., 2010)
are listed in the Table 3. The amplification system for
qPCR was 20 μL mixture consisted of 10 μL of SYBR
Premix Ex Taq (Takara, Dalian, China), 1 μL of each
primer (10 μmol/L), 1 μL of the extracted bacterial
genomic DNA (20 ng/µl), and 7 μL H2O. The condi-
tions of qPCR reaction were: 95°C for 30 s, followed
by 40 cycles of 95°C for 5 s, 60°C for 30 s, and 72°C
for 30 s. The relative proportion values were calculated
using the 2−ΔΔCt method. Finally, according to the
standard curve, the number of copies of bacteria in the
sample was calculated. The calculation formula was:
X = lg[(Mdna/20 × C20/Mc] (Mdna: the total weight
of the sample DNA; Mc: weight of sample contents;
C20: copy number of every 20 ng of DNA sample). Re-
sults were reported as equivalent log 10 cfu per DNA
concentration.

Table 3. Sequences of the primers used for the determination of
the microbial populations.

Name Primer sequences (5′ to 3′ )

Lactobacillus F:CACCGCTACACATGGAG
R:AGCAGTAGGGAATCTTCCA

Salmonella F:GGAGTCTTGTAGAGGGGGGT
R:AGGTAAGGTTCTTCGCGTTG

Bifidobacterium F:CCACCGTTACACCGGGAA
RGGGTGGTAATGCCGGATG

Escherichia coil F:CGGGTAACGTCAATGAGCAAA
R:CATGCCGCGTGTATGAAGAA

Statistical Analysis

All data were analyzed by one-way analysis of vari-
ance (ANOVA) using SPSS version 20.0 statistic soft-
ware (SPSS Institute Inc., Chicago, Illinois). Differ-
ences between treatments were determined by Tukey’s
multiple comparisons test. Orthogonal polynomial con-
trast coefficients were used to determine the linear
and quadratic effect of increasing level of dietary EOA
on the measured traits. The criterion of statistically
significant for all data was at P-value less than 0.05
(P < 0.05).

RESULTS AND DISCUSSION

Performance

Numerous studies have revealed extensive functions
of organic acids and essential oil when applied in ani-
mal production (Broom, 2015; Jiang et al., 2015; Zeng
et al., 2015). The body weight of the hens was 1.93 ±
0.053 kg at the end of the experiment and no significant
difference were found in body weight and mortality rate
among each treatment (data not shown). Adding EOA
to the diet had no significant influence on ADEW and
F/E (P > 0.05) compared to the CON group (Table 4).
Laying rate was significantly increased (P < 0.05) by
150 mg/kg EOA from week 21 to 25. Birds in EOA
150 group showed a lower ADFI (quadratic, P < 0.01;
ANOVA, P < 0.05) than birds in EOA 300 and 450
groups from week 21 to 30. Previous studies (Gheisar
et al., 2014; Habibi et al., 2014; Du et al., 2016) had
shown conflicting results in the effects of organic acids
and essential oils on growth performance may be influ-
enced by their type and dose, different dietary compo-
sitions, the environment, management, and age differ-
ences (Zeng et al., 2015).

Egg Quality

The EOA 300 and 450 groups showed higher ESS
(P < 0.05), and the EOA 150 and 450 groups showed
higher YC (P < 0.05) compared to the CON group
at week 30 (Table 5). Yolk color almost depends on
the consumption of pigmented substances (such as
carotenoids) from the feed (Lessire et al., 2017). The
main components of EOA are thymol, sorbic acid,
and fumaric acid which may keep the fat-soluble com-
ponents. Thus, the carotenoids and vitamin D ac-
cumulated in egg should contribute to the increas-
ing of YC in the EOA groups. Kang et al. (2016)
showed that ESS was significantly increased after the
addition of vitamin D3. As no extra vitamin D3 and
calcium were added to the diet of EOA groups, the sig-
nificantly increased ESS may be the results of the en-
hanced deposition of calcium based on the addition of
EOA.
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Table 4. Effects of encapsulated essential oils and organic acids (EOA) on the growth performance of laying hens.1

EOA (mg/kg) P-value

Item CON 150 300 450 SEM ANOVA Linear Quadratic

Week 21 to 25
ADFI (g) 111.90a,b 108.13b 112.89a 113.16a 0.628 0.007 0.072 0.057
ADEW (g) 54.14 54.32 54.34 54.02 0.115 0.737 0.577 0.870
F/E (g/g) 2.20 2.17 2.16 2.19 0.008 0.104 0.062 0.690
Laying rate (%) 92.59b 95.05a 94.39a,b 94.71a,b 0.349 0.047 0.052 0.099

Week 26 to 30
ADFI (g) 117.56 115.23 118.14 116.70 0.454 0.128 0.063 0.022
ADEW (g) 56.96 57.04 56.71 56.63 0.162 0.806 0.909 0.687
F/E (g/g) 2.39 2.33 2.42 2.35 0.014 0.115 0.059 0.020
Laying rate (%) 89.29 88.77 89.45 87.60 0.416 0.413 0.255 0.436

Week 21 to 30
ADFI (g) 113.16a,b 110.82b 114.91a 114.54a 0.522 0.018 0.028 0.012
ADEW (g) 55.40 55.76 55.47 55.22 0.129 0.574 0.578 0.573
F/E (g/g) 2.30 2.27 2.30 2.29 0.009 0.598 0.411 0.231
Laying rate (%) 91.57 91.38 92.21 91.73 0.284 0.792 0.671 0.404

a,bMean values with the row with different superscript letter was significant difference (P < 0.05).
1CON, basal diet; EOA, basal diet with encapsulated organic acids and essential oils; SEM, standard error of mean; ADFI, average daily feed

intake; ADEW, average daily egg weight; and F/E, feed-egg ratio.

Table 5. Effects of encapsulated essential oils and organic acids (EOA) on the egg quality of laying hens.1

EOA (mg/kg) P-value

Item CON 150 300 450 SEM ANOVA Linear Quadratic

Week 25
EST (mm) 0.41 0.38 0.38 0.39 0.005 0.153 0.221 0.099
ESS (kg/cm2) 5.57 5.19 5.59 5.76 0.110 0.320 0.331 0.221
AH (mm) 7.38 7.01 7.37 7.51 0.145 0.382 0.390 0.581
YC 12.82 12.25 11.97 12.54 0.137 0.143 0.095 0.632
HU 84.97 88.75 87.01 89.47 0.706 0.112 0.248 0.109

Week 30
EST (mm) 0.37 0.39 0.40 0.39 0.005 0.192 0.315 0.648
ESS (kg/cm2) 5.17c 5.56b,c 5.86a,b 6.28a 0.131 0.018 0.974 0.827
AH (mm) 6.06 5.39 5.91 5.89 0.169 0.544 0.993 0.358
YC 12.31b 13.18a 12.75a,b 13.13a 0.107 0.005 0.022 0.014
HU 76.49 71.74 76.14 76.71 1.194 0.419 0.639 0.277
a–cMean values with the row with different superscript letter was significant difference (P < 0.05).
1n = 7 per treatment group; CON, basal diet; EOA, basal diet with encapsulated organic acids and essential oils; SEM, standard errors of mean;

EST, eggshell thickness; ESS, eggshell strength; AH, albumen height; YC, yolk color; and HU, Haugh unit.

Intestinal Morphology

With an increase in concentration of EOA in
diets, WT in jejunum (quadratic, P < 0.001; ANOVA,
P < 0.01), and VH in ileum (linear, P < 0.01; ANOVA,
P < 0.01) of laying hens were increased at week 30
(Table 6). Previous study manifested that organic acid
mixture (at least 60% formic acid) had a positive ef-
fect on the intestinal morphology (Kaya et al., 2015).
The result showed that EOA had a significant effect
on the morphology of the hindgut intestine chiefly be-
cause EOA is a coated product to realize protection of
biological activity and sustained release.

Expression of Digestive Enzymes and
Nutrient Transporters

Essential oils and organic acid supplementation could
increase the nutrient digestibility (Iqbal et al., 2019).

In our current study, mRNA relative expression of
the aminopeptidase (linear and quadratic, P < 0.01;
ANOVA, P < 0.01), and maltase (quadratic, P < 0.01;
ANOVA, P < 0.05) in duodenum mucosa upregulated
with increasing concentration of EOA in diets at week
25 (Table 7). The relative expression of GLUT2 mRNA
in the jejunum upregulated with increasing concentra-
tion of EOA in diets (quadratic at week 25, P < 0.001;
linear at week 30, P < 0.05), and it was significantly
higher (P < 0.05) in birds fed diet contained 150 and
300 mg/kg EOA at week 25 and 450 mg/kg EOA at
week 30 compared to control birds (Table 8). Dietary
supplementation with 300 mg/kg EOA boosted (P <
0.05) the relative expression of b0,+AT and SGLT1 in
duodenum at week 25. The higher mRNA expression of
digestion enzyme and transporter protein reflects the
improving of intestinal morphology and function. The
increasing maltase expression could facilitate the di-
gestive of carbohydrate and accompany by increasing
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Table 6. Effects of encapsulated essential oils and organic acids (EOA) on the intestinal morphology of laying hens.1

EOA (mg/kg) P-value

Item CON 150 300 450 SEM ANOVA Linear Quadratic

Week 25
Duodenum VH (μm) 994.82 1,077.74 1,032.23 1,051.33 31.322 0.884 0.666 0.638

CD (μm) 61.38 53.71 55.04 61.00 1.526 0.173 0.987 0.031
V/C 16.35 22.23 18.74 17.30 0.625 0.149 0.789 0.037
WT (μm) 125.88 124.79 145.79 120.77 4.730 0.280 0.887 0.215

Jejunum VH (μm) 735.06 747.15 704.46 683.42 26.564 0.839 0.428 0.768
CD (μm) 64.69 56.88 60.54 55.04 1.697 0.179 0.091 0.726
V/C 11.41 13.12 11.62 12.45 0.359 0.313 0.609 0.544
WT (μm) 124.16 100.64 119.67 127.19 5.425 0.289 0.562 0.160

Ileum VH (μm) 631.28 657.24 621.65 611.79 31.800 0.966 0.761 0.793
CD (μm) 49.41 57.47 52.59 57.69 2.172 0.505 0.328 0.740
V/C 12.64 11.38 11.85 10.54 0.306 0.107 0.035 0.963
WT (μm) 139.28 128.51 149.03 151.06 7.697 0.729 0.449 0.692

Week 30
Duodenum VH (μm) 1,028.84 1,059.74 1,054.13 1,059.01 28.014 0.981 0.963 0.865

CD (μm) 46.67 52.61 52.97 53.71 1.167 0.135 0.041 0.244
V/C 20.98 19.41 19.90 19.77 0.624 0.855 0.783 0.658
WT (μm) 114.28 133.97 122.20 128.20 3.874 0.354 0.385 0.386

Jejunum VH (μm) 849.83 902.71 855.07 903.11 24.589 0.820 0.642 0.964
CD (μm) 55.38 54.24 50.24 48.54 1.324 0.217 0.896 0.654
V/C 16.44 15.94 16.97 18.67 0.586 0.405 0.642 0.872
WT (μm) 108.40b,c 134.78a 96.69c 118.96a,b 4.333 0.002 0.001 <0.001

Ileum VH (μm) 568.37b 587.62b 752.36a 595.24b 23.00 0.002 0.002 0.010
CD (μm) 39.73 44.13 44.73 43.81 1.559 0.679 0.404 0.429
V/C 17.69 14.73 16.64 14.68 0.796 0.441 0.204 0.336
WT (μm) 115.93 136.51 122.33 128.02 4.093 0.350 0.568 0.374

a–cMean values with the row with different superscript letter was significant difference (P < 0.05).
1n = 7 per treatment group; CON, basal diet; EOA, basal diet with encapsulated organic acids and essential oils; SEM, standard errors of mean;

VH, villus height; CD, crypt depth; V/C, villus height: crypt depth; and WT, intestinal wall thickness.

Table 7. Effects of encapsulated essential oils and organic acids (EOA) on sucrase, aminopeptidase, and maltase mRNA relative
expression in intestinal mucosa of laying hens.1

EOA (mg/kg) P-value

Item CON 150 300 450 SEM ANOVA Linear Quadratic

Week 25
Duodenum Aminopeptidase 0.13b 0.14b 0.71a 0.23b 0.076 0.003 0.003 0.003

Maltase 1.21a,b 0.07b 0.10b 2.38a 0.314 0.010 0.100 0.003
Sucrase 0.82 0.93 1.44 1.09 0.113 0.266 0.177 0.315

Jejunum Aminopeptidase 1.11 0.83 0.90 0.62 0.140 0.178 0.045 0.379
Maltase 1.11 1.23 0.72 1.08 0.163 0.355 0.840 0.872
Sucrase 1.24a,b 0.71b 2.30a 1.41a,b 0.195 0.041 0.145 0.593

Week 30
Duodenum Aminopeptidase 1.81 0.82 1.29 1.26 0.198 0.417 0.501 0.247

Maltase 1.53 1.55 1.27 1.04 0.147 0.661 0.804 0.272
Sucrase 0.42 1.01 1.66 1.18 0.258 0.459 0.259 0.332

Jejunum Aminopeptidase 0.90 1.46 0.82 1.06 0.122 0.270 0.150 0.068
Maltase 0.80 1.36 0.77 1.07 0.118 0.252 0.140 0.060
Sucrase 1.88 1.72 1.50 2.12 0.230 0.500 0.144 0.576

a,bMean values with the row with different superscript letter was significant difference (P < 0.05).
1n = 7 per treatment group; CON, basal diet; EOA, basal diet with encapsulated organic acids and essential oils; and SEM, standard error of

mean.

of glucose concentration. Accordingly, upregulation of
GLUT2 that is located in the basolateral membrane
contributed to transfer glucose into bloods. Therefore,
the trend of improved F/E in the early stage of the trial
may be partly due to the increased energy utilization of
the mucosa after EOA supplemented, and the improved
yolk color of EOA addition also found the reason of the

higher assimilation ability. In addition, aminopeptidase
is responsible for cleaving amino acids from the N termi-
nus of peptides (Miska et al., 2014), thus, the increasing
of b0,+AT mRNA expression could uptake more disso-
ciated amino acids, especially for methionine and lysine
(Su et al., 2015). Therefore, the digestion and absorp-
tion efficiency of carbohydrate and protein improved at
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Table 8. Effects of encapsulated essential oils and organic acids (EOA) on mRNA relative expression of intestinal nutrient transporters
in intestinal mucosa of laying hens.1

EOA (mg/kg) P-value

Item CON 150 300 450 SEM ANOVA Linear Quadratic

Week 25
Duodenum GLUT2 0.74 1.12 0.90 1.19 0.104 0.452 0.260 0.825

SGLT1 0.71b 1.18a,b 1.53a 0.82a,b 0.112 0.026 0.404 0.005
ATB0,+ 0.94 0.81 0.47 1.53 0.149 0.132 0.266 0.048
b0,+AT 0.61b 1.13a,b 1.62a 0.99a,b 0.125 0.015 0.063 0.937
y+LAT2 1.01 0.83 0.68 1.29 0.110 0.236 0.158 0.458
FAPT1 1.01 0.87 0.66 1.15 0.087 0.316 0.791 0.094

Jejunum GLUT2 0.53b 1.30a 1.21a 0.52b 0.111 0.001 0.862 <0.001
SGLT1 1.52a 0.42b 1.76a 0.83b 0.161 0.003 0.433 0.694
ATB0,+ 1.83 2.36 1.17 1.79 0.236 0.455 0.537 0.923
b0,+AT 3.68 2.60 2.27 3.68 0.267 0.119 0.873 0.024
y+LAT2 0.84 1.67 0.96 0.97 0.191 0.431 0.846 0.317

Week 30
Duodenum GLUT2 0.94 0.89 1.21 1.54 0.138 0.339 0.740 0.775

SGLT1 1.62 1.94 1.90 1.77 0.163 0.920 0.800 0.533
ATB0,+ 1.39 0.95 1.06 0.76 0.094 0.098 0.405 0.209
b0,+AT 1.00 0.79 1.25 0.88 0.092 0.359 0.899 0.659
y+LAT2 1.42 1.38 0.87 1.05 0.113 0.262 0.455 0.254
FAPT1 1.45 0.94 1.17 1.11 0.074 0.065 0.169 0.100

Jejunum GLUT2 0.63b 0.72b 0.78b 1.23a 0.069 0.001 0.037 0.658
SGLT1 0.48 1.02 1.05 0.92 0.089 0.099 0.080 0.054
ATB0,+ 1.10 0.81 0.85 0.79 0.110 0.785 0.406 0.636
b0,+AT 1.38 1.14 1.05 1.26 0.150 0.896 0.762 0.506
y+LAT2 0.71 0.74 1.09 1.25 0.098 0.124 0.028 0.713

a,bMean values with the row with different superscript letter was significant difference (P < 0.05).
1n = 7 per treatment group; CON, basal diet; EOA, basal diet with encapsulated organic acids and essential oils; SEM, standard errors of

mean; GLUT2, Glucose transporter 2; SGLT1, Sodium -dependent glucose cotransporter 1; ATB0,+, Na+, Cl-dependent neutral and cationic
amino acid transporter; b0,+AT, Na+-independent neutral amino acid transporter; y+LAT2, y+L amino acid transporter 2; and FAPT1, Fatty acid
transporter 1.

Table 9. Effects of encapsulated essential oils and organic acids (EOA) on microbial count
(log10) in cecal digesta of laying hens.1

EOA (mg/kg) P-value

Item CON 150 300 450 SEM ANOVA Linear Quadratic

Week 25
Lactobacillus 11.97 11.90 12.11 12.03 0.090 0.911 0.895 0.676
Bifidobacterium 8.86 9.51 9.22 8.85 0.110 0.083 0.978 0.309
Escherichia Coli 9.87 10.55 10.71 9.76 0.212 0.306 0.932 0.070
Salmonella 8.32 9.23 8.92 8.20 0.192 0.169 0.115 0.794

Week 30
Lactobacillus 11.64 11.84 11.45 11.68 0.071 0.358 0.471 0.752
Bifidobacterium 9.31 9.86 10.47 9.60 0.167 0.083 0.333 0.047
E. Coli 9.20 8.86 10.11 9.27 0.196 0.177 0.371 0.516
Salmonella 8.93 8.37 9.11 8.53 0.186 0.502 0.806 0.977
1n = 7 per treatment group; SEM, standard error of mean; CON, basal diet; and EOA, basal diet

with encapsulated organic acids and essential oils.

the same time. And the rise of amino acids transporter
quantity contributed to better reproductive system de-
velopment and performance of laying hens.

Intestinal Microbial Status and Gut Barrier
Function

Dietary supplementation with EOA tended to in-
crease (P = 0.083) the counts of Bifidobacterium in ce-
cal digesta at week 25 and 30 (Table 9). The result was

similar to earlier findings, where adding with EOA had
a positive impact on the gut microflora of the ileum (Liu
et al., 2017; Adaszynska-Skwirzynska and Szczerbin-
ska, 2019). The mixture of essential oils comprised of
25% thymol and 25% carvacrol increased ileum Lac-
tobacillus population and reduces effect of necrotic en-
teritis caused by Clostridium perfringes in chickens (Yin
et al., 2017). Bifidobacteria is the dominant microflora
of the normal intestinal microflora, which can inhibit
the growth of pathogenic bacteria and enhance the im-
mune function of the body (Bottacini et al., 2017).
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Table 10. Effects of encapsulated essential oils and organic acids (EOA) on mRNA relative expression of mucin-2, occludin, and zona
occludens-1 in intestinal mucosa of laying hens.1

EOA (mg/kg) P-value

Item CON 150 300 450 SEM ANOVA Linear Quadratic

Week 25
Duodenum Mucin-2 0.85 0.67 0.88 1.08 0.114 0.731 0.414 0.447

Occludin 1.31 1.01 0.93 0.87 0.131 0.684 0.277 0.698
ZO-1 1.65 0.99 0.74 1.60 0.203 0.299 0.826 0.077

Jejunum Mucin-2 0.82 0.63 0.50 0.66 0.087 0.689 0.516 0.361
Occludin 0.79 1.17 0.76 1.13 0.095 0.288 0.479 0.960
ZO-1 1.23 1.22 1.07 0.91 0.162 0.895 0.465 0.842

Ileum Mucin-2 0.24b 0.81a,b 1.01a 0.72a,b 0.104 0.038 0.140 0.010
Occludin 1.48 0.58 0.59 0.94 0.162 0.588 0.943 0.202
ZO-1 0.56 0.86 1.75 0.66 0.187 0.100 0.445 0.056

Week 30
Duodenum Mucin-2 1.11 0.78 1.24 1.25 0.129 0.552 0.507 0.544

Occludin 1.11 1.21 1.07 0.78 0.117 0.658 0.336 0.444
ZO-1 0.86 1.00 0.69 0.81 0.070 0.486 0.493 0.947

Jejunum Mucin-2 1.26 1.05 0.86 1.01 0.089 0.522 0.597 0.713
Occludin 0.98 0.91 1.06 1.45 0.125 0.451 0.670 0.991
ZO-1 0.71 1.34 0.89 1.43 0.143 0.219 0.257 0.108

Ileum Mucin-2 0.89 0.64 0.99 2.03 0.348 0.482 0.267 0.383
Occludin 1.00 0.68 0.71 0.82 0.091 0.643 0.557 0.280
ZO-1 1.13 0.87 1.38 0.45 0.185 0.409 0.394 0.337

a,bMean values with the row with different superscript letter was significant difference (P < 0.05).
1n = 7 per treatment group; CON, basal diet; EOA, basal diet with encapsulated organic acids and essential oils; SEM, standard error of mean;

and ZO-1, zona occludens 1.

Table 11. Effects of encapsulated essential oils and organic acids (EOA) on secretory immunoglob-
ulin A (ng/100 mg prot) in intestinal mucosa of laying hens.1

EOA (mg/kg) P-value

Item CON 150 300 450 SEM ANOVA Linear Quadratic

Week 25
Duodenum 5.31 4.32 5.28 4.59 0.199 0.196 0.495 0.699
Jejunum 5.92 5.52 5.23 5.30 0.173 0.542 0.191 0.513
Ileum 7.56a 7.23a,b 6.19b 6.17b 0.191 0.008 0.001 0.619

Week 30
Duodenum 6.11 6.01 5.37 5.57 0.21 0.589 0.273 0.730
Jejunum 7.40a 6.70a,b 5.32b 6.05a,b 0.26 0.031 0.018 0.136
Ileum 4.95a,b 5.46a 3.98b 5.18a,b 0.20 0.043 0.611 0.333

a,bMean values with the row with different superscript letter was significant difference (P < 0.05).
1n = 7 per treatment group; CON, basal diet; EOA, basal diet with encapsulated organic acids and essential

oils; SEM, standard error of mean; and sIgA, secretory immunoglobulin A.

Bifidobacteria can increase the number of goblet cells
in the intestine of chicks and the secretion of mucin-2,
and enhance the intestinal mucosal immune function of
birds. The secretion of mucus-forming sIgA and mucins
reinforces the mucosal barrier on the extraepithelial
side (Yang et al., 2019). In our study, the EOA treat-
ments quadratically increased mucin-2 mRNA relative
expression (quadratic, P < 0.01) in ileum of laying hens
at week 25 (Table 10), and it was significantly higher
(P < 0.05) in birds fed diet contained 300 mg/kg EOA
compared to control birds. Meanwhile, there was a lin-
ear decrease (linear, P < 0.01; ANOVA, P < 0.05)
in concentration of sIgA in ileum at week 25 and je-
junum at week 30 with increasing dietary levels of EOA
(Table 11). Secretory immunoglobulin A is the main

antibody to mucosal immunity and can effectively fight
infectious diseases and invasion of pathogens into deep
tissues (Liu et al., 2015). Consistent with our study
results, Sun et al. (2015) reported that thymol and car-
vacrol lowered the sIgA expression in the ileum. The
reason for this phenomenon may be that body resis-
tance is improved after the addition of EOA and the
probability of disease occurrence is reduced. There-
fore, the body has enough energy for improving the
product performance and without needing for synthe-
sis or secretion of much more sIgA to defense the
body. On the other hand, the effects of EOA on
bacterial cell count and the sIgA expression in the
distal intestinal tract still occur because of coating
technology.
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CONCLUSIONS

Above all, EOA can act as a promoter for laying hens
by improving the performance and egg quality, enhanc-
ing the structure and function of intestine, and reducing
the risk of disease. Thus, the finding of this study can
provide reference information of green feed additives
application of EOA in the layers production.
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