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ABSTRACT The beneficial action of probiotics is ques-
tioned time and again due to the loss of their survivability
under gastrointestinal conditions, particularly gastric
acid. In this experiment, a probiotic species was encapsu-
lated to improve its delivery to the distal parts, and its
effects on production performance, gut health, and micro-
bial profile in broilers were investigated. A total of 240
Arbor acres (A A) broilers were randomly allotted into 3
treatments with 8 replicate pens per treatment and 10
broilers in each pen for 42 d. Dietary treatments were 1)
basal feed without any additives (CON), 2) CON
+15 ppm Virginiamycin (ANT), and 3) CON+500 ppm
encapsulated Lactobacillus paracaesi (ELP). The result
showed that the addition of ELP to the feed did not affect
growth performance and carcass characteristics signifi-
cantly. However, ELP increased the ratio of villus height
to crypt depth (P < 0.05) and mRNA expression of ZO-1
(P < 0.05) relative to the CON or ANT group. Similarly,
qPCR showed that dietary supplementation of ELP

raised gene expression of the anti-inflammatory cytokine
and tended to decrease proinflammatory cytokines result-
ing improve in immunity. Moreover, chicks fed with ELP
had lower malondialdehyde (MDA) (P < 0.05) than
CON and lower reactive oxygen species (ROS) (P <
0.05) level than ANT in serum. In contrast, the total anti-
oxidant capacity (TAOC) level was tended to increase.
The ammonia level of ileum and cecum chyme was
decreased (P < 0.05) in the ELP group than CON while
the level of propionic acid of cecal content was increased
(P < 0.05). 16S rRNA sequencing revealed the dietary
treatment modulated the diversity and composition of
cecal microflora. At the phylum level, Bacteroidetes was
enriched, and Proteobacteria was depleted in the ELP
group. At the genus level, ELP increased Bacteroides
(P < 0.05) compared to control. The results indicate that
oral delivery of probiotics via microcapsule could impart
beneficial effects on birds and be used as an alternative to
antibiotics.
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INTRODUCTION

Since the early 1950s, antibiotic growth promoters
(AGPs) have been widely used to promote growth per-
formance and protect from diseases in the poultry indus-
try. But, due to extensive use of AGPs, several fatalistic
consequences have been detected, including the develop-
ment of drugs resistant pathogens, antibiotic residues in
poultry products, and imbalance of gut microflora; thus,
its use as feed additives have been banned in Europe
(since 2006), United States (since 2014), and China
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(since 2020) (Dong et al., 2016; Xu et al., 2021). The
diverse and complex microbial community plays an
essential role in the digestion of food and absorption of
nutrients, exclusion of pathogens, immune system devel-
opment, and promotes the overall health of the host
(Wang et al., 2017; Shang et al., 2018). However, an
imbalance of gut microbiota by antibiotics may lead to a
pathogenic condition affecting the health conditions of
animals. So, to improve the gut microbiota, maximize
growth performance and improve the health of poultry,
safe and efficacious alternatives such as probiotics, pre-
biotics, synbiotics, exogenous enzymes, organic acid,
antimicrobial peptides, and so on were suggested
(Huyghebaert et al., 2011; Yadav and Jha, 2019).
Probiotics are live microbes, when ingested, imparts
health benefits by modulating gut microbiota. Previously,
from the study of many researches, it is reported that pro-
biotics improve poultry’s performance and gut health by
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modifying the intestinal microbiome community, reducing
inflammation, stimulating the immune system, and
decreasing the excretion of ammonia and urea (Jha et al.,
2020). On the other hand, it is also outlined that the same
probiotic species could exhibit variable results, and some
couldn’t improve performance or gut health (Eugenio
Bahule and Natalice Santos Silva, 2021). The variation
and inconsistent effects of probiotics might be due to differ-
ences in the nature of probiotics used (species, survivabil-
ity, and adaptability to different altitudes), doses and
administration methods, and physiological state of birds
(Huyghebaert et al., 2011; Kalia et al., 2017; Yadav and
Jha, 2019). During storage or transport, exposure to a
higher temperature, oxygen levels, and Relative humidity
could decrease the viability of probiotic species (Rodrigues
et al., 2011). Similarly, ingestion of probiotics needs to
encounter several environmental complexities of the GI
tract, including lower pH of gastric fluids, high ionic
strength and enzyme activity, bile acid, digestive enzymes
in the intestine, and so on, that result to lower viable bac-
teria population reaching to lower intestine due to reduc-
tion of their survivability (Sarao and Arora, 2017;
Yao et al., 2020). Thus, the beneficial effects of probiotics
on poultry are impaired. Microencapsulation is considered
an eminent method to protect bacteria from detrimental
surroundings and ameliorate the vitality up to the lower
intestine (Cook et al., 2012; Yao et al., 2020).

Briefly, in the microencapsulation technique, probi-
otic is encapsulated inside a specified substance to form
a microcapsule. Majorly, microcapsule holds its struc-
ture in the upper GI tract and degrades in the specific
target site to release bacteria for colonization
(Cook et al., 2012). But, many challenges are still
reported in this technique. Some microcapsules may
not degrade appropriately in the specific site and can
excrete without utilization; some others do not show
any beneficial effect to the host but may show a toxic
effect. Due to the above facts, it is still challenging
to find a proper encapsulating material (Chen et al.,
2017; Lee et al., 2019). Previously, the impacts of
Lactobacillus paracasei are studied and have shown
beneficial effects on the host. However, this strain is
found to be sensitive to gastric fluid and lower pH
(Corcoran et al., 2005). Owing to this fact, we prepared
a microcapsule by encapsulating L. paracasei with poly-
acrylate resin to deliver the probiotic bacteria to the
final destination. Thus, coating of L. paracasei can bene-
fit poultry as our encapsulating material, polyacrylate
resin; can dissolve on pH around 7, lower intestinal
region of poultry. No previous studies are made in live-
stock or poultry by using this encapsulating material.
Similarly, as per our knowledge, no comparative
studies are made between antibiotics and encapsulated
L. paracases.

Thus, in this study, we prepared a microcapsule to
improve the delivery of probiotic species on the lower
intestine to show a beneficial effect on poultry. To study
the impact of encapsulated lactic acid bacteria, we inves-
tigated the impacts on growth performance, gut health,
along with changes in cecal microflora. Meanwhile, we

also compared the prepared microcapsule with the anti-
biotic effect.

MATERIALS AND METHODS

Bird, Experimental Design and Dietary
Treatments

A total of 240 healthy 1-day-old Arbor acres (AA)
broilers were randomly divided into 3 treatment groups
in a completely randomized design. Each group had 8 rep-
licate pens with 10 chicks each. The three dietary treat-
ment groups included: Control group fed with Basal diet
without any additives (CON), Basal diet with 15 ppm
antibiotics that is, Virginiamycin (ANT), and Basal diet
with 500 ppm encapsulated probiotic (ELP). L. para-
caesi, a probiotic strain, was encapsulated with polyacry-
late resin by Hefei Ansheng Pharmaceutical Technology
Co., Ltd, Hefei, China to get encapsulated probiotic,
microcapsule. The feeding trial had 2 phases: starter
phase (1—21 days) and grower-finisher phase (21—42 d).
The basal diet was based on reference to NRC (1994) and
NY/T 33-2004, and prepared as per AA feeding manual.
The feed composition and nutrient content of a basal diet
is tabulated in Table 1. All birds were raised in an
environmentally controlled room with continuous light-
ing. They were fed and provided with water ad libitum.
All the experimental procedures were conducted as per

Table 1. Ingredients and nutrient composition basal diets.

Starter diet Finisher diet

(1-21 d) (22—42 d)
Raw material composition (%)
Corn 58.82 57.95
Soyabean meal 26.8 24.89
Cotton meal 3.5 3.5
Rapeseed meal 2 2
Wheat middlings 2 2.5
Soyabean oil 2.58 4.89
Calcium hydrogen phosphate 1.82 1.66
Limestone 1.32 1.13
Salt 0.28 0.26
Lysine 0.38 0.37
Methionine 0.25 0.35
Theronine 0.03 0.15
Premix of trace elements' 0.1 0.1
Vitamin premix” 0.02 0.02
Choline chloride 0.1 0.1
Sodium bicarbonate 0 0.13
Total 100 100
Nutritional level

Metabolizable energy(Kcal /kg) 2,990 3,150
Crude protein (%) 21.8 19.8
Calcium (%) 1 0.9
Available phosphorus (%) 0.45 04
Lysine (%) 1.25 1.1
Methionine (%) 0.58 0.5
Methionine+Cystine (%) 0.92 0.83
Theronine (%) 0.82 0.73
Tryptophan (%) 0.23 0.2

"Premix of trace elements (per kilogram of feed): 8 mg of copper, 75 mg
of zinc, 80 mg of iron, 100 mg of manganese, 0.15 mg of selenium, and
0.35 mg of iodine.

2Vitamin premix (provided per kilogram of feed): Vitamin A 12,500 IU,
Vitamin D3 2,500 IU, Vitamin E 30 IU, Vitamin K3 2.65 mg, Vitamin
B12 mg, Vitamin B2 6 mg, Vitamin B12 0.025 mg, Biotin 0.0325 mg, Folic
acid 1.25 mg, pantothenic acid 12 mg, niacin 50 mg.
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the guidelines approved by the Animal Ethics Committee
of the South China Agricultural University, Guangzhou,
China.

Growth Performance

The bodyweight of broilers for each pen was recorded
on d 1. Health status, feed consumption, and death of
birds were recorded daily. Similarly, on d 21 and 42,
body weight was measured after 12 h of fasting on a pen
basis. Growth performance was evaluated by calculating
average daily body weight gain (ADG), average daily
feed intake (ADFI), and feed conversion ratio (FCR)
during starter (1—21 d), grower (21—42 d), and overall
(1—42 d) phases.

Sample Collection

On d 21 and 42, one bird with a body weight similar to
mean body weight was selected from each pen, weighted,
and euthanized via cervical dislocation. After opening
birds, lymphoid organs (Spleen, bursa of fabricus, and
thymus) were separated, weighed, and expressed as
organ weight per bird’s live weight to investigate
immune system development. On d 42, blood samples
were collected individually via jugular vein in a 10-mL
tube, centrifuged (3,500, 4°C, 10 min), and stored at
—20°C for subsequent detection and analysis. After
bleeding and defeathering, carcass traits, including car-
cass weight, chest muscle percentage, thigh muscle per-
centage, and abdominal fat percentage were measured.
The relative weight was calculated as a percentage of
the lives weight. Similarly, different intestinal segment
and chyme samples from ileum and cecum were col-
lected, transferred to liquid nitrogen, and stored at —80°
C for further study. Furthermore, 2-cm long duodenum,
jejunum, and ileum segments, taken from the midpoint,
were separated, rinsed with saline water, and fixed in
formalin for histological study.

Intestinal Histomorphometry

Intestinal tissues collected and placed on formalin
were dehydrated, embedded in paraffin, and cut into 5-
pm sections. The sections were stained with hematoxy-
lin and eosin by mounting on glass slides and observed
under Olympus light microscope (Olympus, Tokyo,
Japan) for histological examination. Villus height and

Table 2. Primers used for quantitative PCR.

crypt depth were measured by Image (Image-Pro Plus
6.1 Media Cybernetics, Rockville, MD), and finally, vil-
lus height to crypt depth ratio was calculated. These
variables were measured on 8 to 10 well-oriented villi
and corresponding crypt from each section of all intesti-
nal segments.

Quantitative PCR

Total RNA was extracted from the duodenal and jeju-
nal section of the intestine with RNA extraction kit
(Guangzhou Magen Biotechnology Co., Ltd, China) as
per the manufacturer’s protocol. The purity and concen-
tration of obtained RNA were determined by Nanodrop
spectrophotometer. 2 ug of total RNA was reverse tran-
scribed to complementary DNA (¢cDNA) in compliance
with the kit instructions (Takara Bio Inc., Shiga, Japan).
The ¢cDNA was mixed with antisense primers, nucleic
acid-free water, and SYBR green Real-Time PCR master
Mix to get a qPCR reaction with a total volume of 20 uL.
The qPCR was carried out with the Applied Biosystems
QuantStudio 3 Real-Time PCR System (Thermo Fisher
Scientific Waltham, MA, USA ). The housekeeping gene
B-actin was used as a reference gene, and the relative
gene expression of mRNA was determined by 27 #4¢%,
The primers sequences used for PCR are provided in
Table 2.

Biochemical Analysis

Serum malondialdehyde (MDA) and fecal secretory
immunoglobulin A (SIgA) were measured by enzyme-
linked immunosorbent assay (ELISA) kit (Shanghai
Ruifan Biotechnology Co., Ltd., China) as per manufac-
ture’s guidelines. urea nitrogen, uric acid (UA), total
protein, serum glutamic pyruvic transaminase (GPT),
serum glutamic oxaloacetic transaminase (GOT),
serum total bile acids (TBA), serum reactive oxygen
species (ROS), and hydrogen peroxide (H;03) were
quantified by using the commercial kits of Nanjing Jian-
cheng Bioengineering Institute, Nanjing, China. Simi-
larly, total antioxidant capacity (TAOC) was
computed by a commercial product of Solrabio Life Sci-
ence Beijing, China. All the contents were measured and
calculated as per the manufacturer’s instructions. For
the ileal and cecal contents, chyme was diluted with dou-
ble distilled water at the ratio of 1:5 (weight/volume),
mixed thoroughly, and centrifuged at 10,000 rpm and

Gene Forward primer sequence (5'-3")

Reverse primer sequence (5'-3')

B-actin

TTGGTTTGTCAAGCAAGCGG

CCCCCACATACTGGCACTTT

Claudin- 1 ATTAAGTTAGAGCCCGGCGT TTTGCACGGAAAGGAAGGTG
Z0-1 TCATCCTTACCGCCGCATAT GTTGACTGCTCGTACTCCCT

IL-18 GCTTCATCTTCTACCGCCTG ACTTAGCTTGTAGGTGGCGA
IL-6 GGAGAAATGCCTGACGAAGC ATTGGCGAGGAGGGATTTCT
TNF-a TGTTCTATGACCGCCCAGTT AGCATCAACGCAAAAGGGAA
IFN-y GATGCCACCTTCTCTCACGA GGCTGCTGAGGATTGTGAAG

IL-10

CGCTGTCACCGCTTCTTCA

TCCCGTTCTCATCCATCTTCTC
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4°C for 5 min. The supernatant obtained was used to
measure different contents by following the protocol of
the company.

Lactate and Short Chain Fatty Acid Analysis

Cecal samples were used for quantifying short chain
fatty acid (SCFA) and lactate by using high perfor-
mance liquid chromatography (HPLC). In brief, cecal
samples, placed at —80°C, were thawed at 4°C and
mixed thoroughly. About 0.2 g of thawed feces was
diluted with double distilled water at the ratio of 1:5
(W/V), mixed for 10 min by vortex, and centrifuged
(10,000 x g, 4°C, 10 min). The supernatant (about 400
uL) was extracted, filtered via a 0.22-um filter, and
injected into a 4.6 mm x 250 mm dimension glass col-
umn. Then, the test was carried out as per the guidelines
of the company and the parameters of the machine.

16S rRNA Gene Sequencing Analysis

The cecal samples, collected and placed at —80°C,
were used for 16S rRNA gene sequencing analysis which
was carried out at Beijing Novogene Co., Ltd, China.
The steps and procedures followed are described previ-
ously (Zhang et al., 2020). In brief, CTAB/SDS method
was used for total genome DNA extraction. After moni-
toring purity and concentration, DNA was diluted to 1
ng/uL using sterile water. The V3—V4 variable regions
of the 16S rRNA gene were amplified with universal
primer 338F and 806R with a barcode. All PCR reac-
tions were performed with 15 uLof Phusion High-Fidel-
ity PCR Master Mix (New England Biolabs, Inc., MA,
USA), about 10 ng template DNAs and 0.2 uM of for-
ward and reverse primers. Loading buffer containing
SYB green was mixed with PCR products in equal vol-
ume, operated electrophoresis on 2% agarose gel for
detection, and purified with Qiagen Gel Extraction Kit
(Qiagen, Germany). The sequencing library was gener-
ated using the TruSeq DNA PCR-Free Sample Prepara-
tion Kit (Illumina, USA), and quality was assessed using
a Qubit 2.0 Fluorometer (Thermo Scientific) and Agi-
lent Bioanalyzer 2100 system. The library was
sequenced on an Illumina NovaSeq platform, and 250 bp
paired-end reads were generated.

Bioinformatic and Statistical Analysis

First, Raw fastq data were qualified using FLASH
software (version 1.2.7, http://ccb.jhu.edu/software/
FLASH/) (Magoc and Salzberg, 2011), and high quality
clean tags were obtained according to QIIME (version
1.9.1, http://cle.org/scripts/split_libraries fastq.html)
(Bokulich et al., 2013) quality control process. After
detecting chimera sequencing by UCHIME Algorithm,
(http://www.drive5.com/usearch/manual/uchi
me algo.html) and removing them, effective tags were
obtained (Edgar et al., 2011). For operational taxonomic
units (OTU) production, sequences analysis was

performed by using Uparse software (Uparse version
7.0.10, http://drive5.com/uparse/). Sequences were
assigned to OTU at >97% similarity (Edgar, 2013). Rep-
resentative sequences for each OTU were annotated
with taxonomic information as per the Mothur method
and SILVA (http://www.arb-silva.de/) database
(Quast et al., 2013). OTUs abundance information was
normalized using a standard of sequence number corre-
sponding to the sample with the least sequences. Beta
diversities of the gut microbiota were analyzed by
QIIME software (version 1.7.0).

Graphpad Prism 8.0.1 (Chicago, IL) was used to carry
out statistical analysis. The results of experiments are
expressed as means =+ standard error of the mean
(SEM). Methods of statistical analyses were chosen as
per the design of each experiment and are mentioned in
the figure legends, P values of <0.05 were considered sta-
tistically significant.

RESULTS

Effect of Dietary Supplementation of
Lactobacillus Paracaesi Microcapsule on
Growth Performance

The effect of dietary treatment of encapsulated probi-
otic (ELP) compared to basal feed (CON), and an anti-
biotic (ANT) in broiler is tabulated in Table 3. In the
starter phase (1—21 d), there was no significant differ-
ence in body weight gain and feed intake in the ELP
group compared to CON. But, FCR was decreased (P <
0.05). Interestingly, we found a rise in the body weight
gain and feed intake in the ELP group in the finisher
phase (22—42) compared to CON and ANT without sig-
nificant difference (P > 0.05). However, there was no
notable improvement in FCR. In the overall period, the
dietary treatment improved FCR in the ELP group
numerically compared to the control. Similarly, the
effect on mortality was monitored regularly, and

Table 3. Effect of encapsulated Lactobacillus paracasei on
growth performance and mortality of broilers.

Dietary treatment

Days CON ANT ELP
Average daily body weight gain (ADG) (g/day)
1-21d 40.6+0.94" 43.3241.09"  40.81+1.5"
22-42d 94.1£1.58 94.74+3.19 95.78+4.55
1-42d 64.714£0.94" 66.84+£1.06"  65.45+1.5""
Average daily feed intake (ADFI) (g/day)
1-21d 54.0940.96 54.84+2.16 53.03£2.08
22—42d 149.94+£3.48 147.1+£3.62 152.4+6.26
1-42d 96.684+0.96 96.97+2.16 97.61£2.08
Feed conversion ratio (FCR)(g:g)
1-21d 1.324+0.01" 1.27+0.02¢ 1.340.02"
22—424d 1.6120.02" 1.56£0.02"  1.59£0.03"
1-42d 1.5£0.01° 1.4740.02"  1.4940.02""

Mortality % (1—42 d)

Treatments: CON = a basal diet; ANT = CON+0.15 ppm Virginiamy-
cin, ELP = CON+500PPM of encapsulated Lactobacillus paracasei.

*PMeans within a row with different letters are statistically significant
(P <0.05).

3.331+2.98 1.73£1.5 0.61+0
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Table 4. Effect of encapsulated Lactobacillus paracasei on lym-
phoid organs, carcass quality of broilers.

Table 5. Effect of encapsulated Lactobacillus paracasei on N-
metabolism (d 42).

CON ANT ELP
74.36+1.13" 76.53+£1.02" 75.61%1.23""

Items

Full eviscerated percentage

Chest muscle (%) 20.074+1.69" 31.36+£0.9° 30.82+1.57"
Thigh muscle (%) 26.85+1.1  27.444+1.31 28.26%+1.63
Relative liver weight (%) 1.73£0.13  1.77+0.17  1.85+0.17
Abdominal fat (%) 0.82£0.09  0.81+0.13  0.95%0.31
Thymus (g/kg) (21 d) 4.43+0.67  4.2840.68  4.56+1.42
Thymus (g/kg) (42 d) 1.2440.67 1444068  1.4741.42
Spleen (g/kg) (21 d) 0.93£0.09  0.87%0.1 0.81+0.09
Spleen (g/kg) (42 d) 0.88+0.09" 0.88+0.1"  1.1540.09"
Bursa of Fabricus (g/kg) (21d) 2.274£0.64  2.39+0.31  2.59+0.53
Bursa of Fabricus (g/kg) (42d)  0.5£0.64  0.48+0.31  0.46+0.53

Treatments: CON = a basal diet; ANT = CON+0.15 ppm Virginiamy-
cin; ELP = CON+500PPM of encapsulated Lactobacillus paracasei.

*PMeans within a row with different letters are statistically significant
(P<0.05).

mortality % was found to be least in the ELP group at
the end of the experiment.

Dietary Supplementation of Microcapsule
Influenced Lymphoid Organ and Carcass
Trait

The effect on lymphoid organ and carcass trait is
shown in Table 4. All the chickens were healthy
throughout the feeding trial period. No significant differ-
ences (P> 0.05) were observed for the relative weight of
thymus and bursa of fabricus at any age but, the relative
weight thymus was highest among others on both 21 d
and 42 d. Similarly, spleen relative weight (P < 0.05)
was higher on d 42 in the ELP group. Relative weight
was measured per live body weight of an animal. Simi-
larly, we observed a notable increase (P = 0.07) in car-
cass weight (as a percentage of live body weight) as
compared to CON but exhibited no significant influence
compared to ANT. Similarly, the relative weight of
thigh muscle, liver, and abdominal fat was elevated (P >
0.05) in the ELP group. In addition, weight of chest
muscle was higher in the ELP group than CON but was
lower to ANT numerically (Table 4).

Effect of Encapsulated Probiotic
Supplements on Nitrogen Metabolism

The introduction of ELP increased total serum pro-
tein (SP) and decreased the ileal urea nitrogen (IUN).
Similarly, urea nitrogen in blood serum (SUN) rose rela-
tive to the CON group but was lower to ANT. However,
we recorded no significant difference among the 3 groups
(P > 0.05) in SP, TUN, SUN, and serum uric acid
(SUA) (Table 5). Meanwhile, cecal urea nitrogen was
decreased (P < 0.05) relative to CON but was not signifi-
cant with the ANT group (Table 5). In addition, there
was a reduction in ammonia content in both ileum and
cecum content in the ELP group, which was significant
(P < 0.05) relative to control but, no significant differ-
ence was observed with respect to the ANT group.

Dietary treatment

Ttem CON ANT ELP

SP (g/L) 25.11+3.96 26.17+1.93 28.9342.99
SUN (mmol/L) 0.4940.19 0.7540.33 0.6940.18
TUN (mmol/L) 23.36+6.47 23.36+6.66 21.54+4.41
CUN (mmol/L) 17.19+4.05" 11.5841.78" 13.9241.99"
SUA (pmol/T) 186.8636.96 190.69+50.83 190.26432.94
TA (mmol,/L) 11.7145.17° 5.79+2.87" 5.05+3.12"
CA (mmol/L) 3.6940.52" 2.87+0.48" 3.1240.43"

Abbreviations: CA, cecal ammonia (N = 8); CUN, cecal urea nitrogens;
TA, illeal ammonia; TUN, ileal urea nitrogen; SP, serum protein; SUN,
serum urea nitrogen; UA, serum uric acid.

Treatments: CON = a basal diet; ANT = CON+0.15 ppm Virginiamy-
cin; ELP = CON+500PPM of encapsulated Lactobacillus paracasei.

2b\Means within a row with different letters are statistically significant
(P <0.05).

Dietary Supplementation of Probiotic
Microcapsule Improved Intestinal
Morphology and Barrier Integrity

Administration of encapsulated L. paracasei signifi-
cantly affected the morphometry of intestinal tissues
and overall tissues were normal (Figure 1A). Supple-
mentation of encapsulated probiotics increased villus
height significantly or numerically in all the intestinal
sections over control and antibiotics. Similarly, crypt
depth was decreased numerically as compared to CON
and ANT groups. Meanwhile, we calculated and found
the villus height to crypt depth ratio in the duodenum,
jejunum, and ileum section was increased in the ELP
group. Moreover, the feeding of encapsulated L.
paracasei showed a more significant effect on duodenum
and jejunum morphology as compared to the ileum
(Figures 1B—1J). Similarly, the expression of junction
protein (JP) was quantified by qPCR. The expression
of ZO-1 was increased (P < 0.05) in the duodenum of the
ELP group (Figure 1K). A similar trend was seen in the
jejunum section, where the level of ZO-1 was raised (P <
0.01; Figure 1K). But, the effect of ELP was found to be
less effective on another JP, claudin-1. No significant dif-
ferences were observed in their expression in both duode-
num and jejunum sections of the intestine (Figure 1L).

Dietary Supplementation of Probiotic
Microcapsule Improved Intestinal
Inflammation and Immunity

In the foregut (duodenum), the supplementation of
ELP was associated with the downregulation of proin-
flammatory cytokines, IL-18, TNF-a, and IFN-y
(Figures 2A—=2C). However, the difference among the
group was not significant (P > 0.05). Meanwhile, the
expression of anti-inflammatory cytokines, IL-10 was
upregulated (Figure 2D) but was not statistically differ-
ent. A similar result was observed in the expression of
IL-18, TNF-¢, and IL-10 in the jejunum (Figures 2E,
2F, 2H) but, IFN-y expression was elevated
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Figure 1. Effect of dietary supplementation of encapsulated Lactobacillus paracaseion intestinal morphology and barrier integrity: HE staining
showing the morphological structure of intestinal tissues (A), villus height, crypt depth and ratio of villus height to crypt depth(V/C) of djuodenum
(B-D), jejunum (E—G), and ileum (H—1J), expression of tight junction proteins of duodenum and jejunum quantified against housekeeping gene
B- actin: ZO-1 (K), Claudin-1 (L) (n = 6—8 per group). The data are presented as the mean & SEM. *P < 0.05, **P < 0.01, ***P < 0.001. Treat-
ments: CON = a basal diet; ANT = CON+0.15 ppm Virginiamycin; ELP = CON+500PPM of encapsulated Lactobacillus paracasei.

(Figure 2G). TNF-a expression was notably reduced
(P < 0.05) relative to CON and ANT (Figure 2F). Simi-
larly, IL-10 expression was upraised (P < 0.05) in the
ELP group compared to CON (Figure 2H). Meanwhile,
SIgA and albumin levels in ileal and cecal chyme were
measured. Encapsulated Lactobacillus raised the level of
Ileal SIgA (P < 0.05) and cecal SIgA (P = 0.06) com-
pared to the CON group, but we didn’t notice any signif-
icant difference relative to the ANT group (Figures 21
and 2J). Similarly, the level of serum albumin was simi-
lar in all three groups (Figure 2K).

Effect of Encapsulated Probiotic on Liver
Enzymes and intestinal redox reaction

We first determined the level of liver-specific enzyme
GPT and GOT. We didn’'t observe any remarkable
change in GOT level among the groups, but it was
reduced (P > 0.05) in the ELP group relative to the
ANT group (Figure 3A). Interestingly, we noticed an
elevation of GPT level (P < 0.05) in the ELP group com-
pared to CON (Figure 3B). Similarly, we examined the
level of serum bile acid, which is an indicator of liver
function and a marker of hepatobiliary diseases, and we
found similar in its level among all the groups
(Figure 3C). Meanwhile, we observed the content of
ROS and MDA were lowest in the ELP group. The value

of ROS was reduced (P < 0.05) in the ELP group com-
pared to ANT (Figure 3D), while MDA was downregu-
lated (P < 0.05) compared to control (Figure 3E). When
we detected the total antioxidant capacity (TAOC) of
serum, we observed that the TAOC level was highest in
the ELP group and was relatively higher (P = 0.05)
than CON (Figure 3F).

Supplementation of Encapsulated Probiotics
Modulated the Diversity and Composition of
Cecal Microbiota

We detected the level of hydrogen peroxide (Hy05) of
ileal and cecal content, and we didn’t notice any signifi-
cant change (P > 0.05) among the groups, but the level
was found to be lower in the ELP group compared to
others (Figures 4A—4B). Similarly, the effects of dietary
supplementation of encapsulated probiotics on the cecal
SCFA and lactate are shown in Figures 4C—4E. The
treatment had shown a negligible effect. No distinct dif-
ferences (P > 0.05) were observed in the concentration
of acetate and lactate among the groups but, the pro-
pionic acid level was higher (P < 0.05) in the ELP group
compared to CON.

The effects of feeding a basal diet with encapsulated
Lactobacillus on cecal microbiota, based on 16S rRNA
sequencing, are presented in Figures 4F—4T. To represent
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Figure 2. Effects of dietary supplementation of encapsulated Lactobacillus paracasei on inflammation and immunity; mRNA expression of IL-
18, TNF-«, IFN-y, IL-10:0n duodenum (A—D) and jejunum (E—H), Ileal SigA (I), cecal SigA (J), and serum albumin (K). (n=6-8 per group). The
data are presented as the mean £ SEM. *P < 0.05, ** P < 0.01, ***P < 0.001. Treatments: CON = a basal diet; ANT = CON+0.15 ppm Virginiamy-
cin; ELP = CON+500PPM of encapsulated Lactobacillus paracasei.

the richness and diversity of a microbial ecosystem, we car- ~ multidimensional scaling (NMDS) and principal coordi-
ried out an alpha diversity analysis by observed species, nate analysis (PCoA) using the weighted UniFrac dis-
Chao 1 index, and Shannon index based on OTU. Simi-  tance method. We detected a significant reduction of

larly, Beta diversity analysis was performed by non-metric ~ observed species and Chaol index in the antibiotics group

A B Cc
mm CON
== ANT 6
60,= ELP 10 =
= 50 J 8 * 2°
2 2 6| _** =4
40 — I
S E 4 o 3
O 30 o, =
2
20 0
D E E
800 52 240 _P=0.05
2 £, 335
£ 700 * 2 g o
g 600 < 0.5 825
m D - < .
500 = 0.0 - 2.0

Figure 3. Effect of dietary supplementation of encapsulated Lactobacillus paracasei on oxidative damage and antioxidant capacity. Serum glu-
tamic oxaloacetic transaminase (GOT) (A), Serum Glutamic Pyruvic Transaminase (GPT) (B), serum total bile acid (TBA) (C), serum reactive
oxygen species (ROS) (D), serum Malondialdehyde (MDA) (E), Total antioxidant capacity (T-AOC) (F (n = 6—8 per group). The data are pre-
sented as the mean £ SEM. *P < 0.05, **P < 0.01, ***P < 0.001. Treatments: CON = a basal diet; ANT = CON+0.15 ppm Virginiamycin;
ELP = CON+500PPM of encapsulated Lactobacillus paracasei.
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Figure 4. Effect of dietary supplementation of encapsulated Lactobacillus paracasei on cecal microbiota; ileal HoOo (A), cecal HyO (B), cecal
lactic acid (C), cecal acetic acid (D, ccecal propionic acid (E) « diversity by observed species (F), Chao index (G) and Shannon index (H), 8 diversity
by nonmetric multidimensional scaling (NMDS) (I), and principal coordinate analysis (PCOA) (J), relative change in compositon of microbiota at
different level by using KEGG enrichment analysis: Phylum (K), Class (L), Order (M), Genus (N), Function prediction (0) as per control vs encap-
sulated Lactobacillus paracasei, Phylum (P), Class (Q), Order (R), Genus (S), Function prediction (T) as per antibiotics vs encapsulated Lactobacil-
lus paracasei, Here, (F-I and K-N), the bubble size represents the relative abundance of bacteria, x-axis shows log2 (FC) that defines fold change,
which was calculated by dividing the relative content of bacteria of control/antibiotic group by treatment (encapsulated) to get first value i.e., FC
and by excel, log (FC, 2) was calculated to get log2 (FC). Positive log2FC value represents upregulation of bacteria and negative log2FC represents
downregulation of bacteria relative to control/antibiotic group, y-axis shows bacteria at different level and different color on the right side shows the
significance (P value), only lower P-value in each level were reported . Similarly, (J) and (O) show prediction function of metabolic function at
(KEGG level 3) where x-axis shows log2 (FC) that represents fold change, different color on right side shows the significance (P value), and left Y-
axis shows different predicted function compared to control (J) and antibiotic (O) on encapsulated group) (n = 6 per group). Treatments: CON = a
basal diet; ANT = CON+0.15 ppm Virginiamycin; ELP = CON+500PPM of encapsulated Lactobacillus paracasei.

compared to ELP and CON (Figures 4F—4G). Shannon
index showed no remarkable differences between CON and
ELP group, and significant reduction (P < 0.001) was
observed in the ANT group compared to CON
(Figure 4H). Meantime, beta diversity demonstrated that

ELP shifted the structure and clustering of cecal microflora
as shown in Figures 41—4J.

We used a Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis to express the enrichment
of microbes at a different level. The cecal microbiome
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was dominated by phyla Bacteroidetes and Firmicutes
in all the groups (Figures 4K and 4P) accounting for
more than 85% of the total microbial population. We
detected administration of coated Lactobacillus could
raise the Bacteroidetes (P = 0.07) and downregulate
Firmicutes (P = 0.07) relative to the basal diet but,
notable differences couldn’t be observed compared to
antibiotics. Similarly, the relative population of Bacter-
oidetes was increased in the encapsulated group com-
pared to antibiotics. Meanwhile, the abundance
of Proteobacteria and Desulfobacterota phyla was
reduced in the ELP group.

The effect of ELP at the class level is shown in
Figures 4L and 4Q. Bacteroidia and Clostridia were
found to be a dominant class over others. Compared to
CON, the relative abundance of Bacteroidia (P = 0.07,
0.4345 vs. 0.5203) in the ELP group was higher. How-
ever, we noticed a reduction in Clostridia, Bacilli, and
Coriobacteria classes (Figure 4L). In addition, the rela-
tive abundance of Bacterioidia (P = 0.18, 0.4577 vs.
0.5203) was elevated, while Clostridia and Bacilli
showed no distinct differences in the ELP group com-
pared to ANT (Figure 4Q). Furthermore, the relative
abundance of Campylobacteria tended to be lower in the
ELP group compared to CON and ANT (Figures 4L
and 4Q).

In order, Bacteroidales and Oscillospirales were
dominant than others. The relative proportion of Bac-
teroidales, Acidaminococcales were higher, and Lachno-
spirales,  Coriobacteriales, FErysipelotrichales, and
Desulfovibrionales were lower in the ELP group with
respect to CON (Figure 4M). However, we didn’t detect
any remarkable differences in those orders in the ELP
group compared to ANT (Figure 4R). Moreover, Mono-
globales and Fubacteriales were elevated in ELP relative
to both CON and ANT groups (Figures 4M and 4R).
We observed more than 200 genera of bacteria, and Bac-
teroides were found to be dominant over others in all 3
groups. There was a significant increase (P < 0.05) of
Bacteroides in ELP compared to CON (Figure 4N), but
no remarkable change was seen relative to the ANT
group (P = 0.18). Similarly, Phascolarctobacterium
(P = 0.06) and Monglobus (P = 0.07) were upregulated
in ELP with respect to CON (Figure 4N). Furthermore,
Parabacteroides, Parasutterella, Muribaculum, Helico-
bacter, and Coprobacillus were downregulated in the
ELP group relative to ANT (Figure 4S).

For more understanding of the possible effect of
encapsulated probiotic on cecal microbiota, a histogram
with FC and P value was used for the prediction func-
tional profile of the microbial community (Figures 40
and 4T). A comparative study was done, on KEGG level
3, and we observed 387 categories of predicted function.
Among them, only 12 with significant differences
(P < 0.05) were studied between CON and ELP group
and 24 between CON and ANT (P < 0.01).

Compared to CON, pathways involved in isoquinoline
alkaloid biosynthesis, butanoate metabolism, tropane,
piperidine, and pyridine alkaloid biosynthesis, phenylal-
anine, tyrosine and tryptophan biosynthesis, novobiocin

biosynthesis, riboflavin metabolism, and pyruvate
metabolism were upregulated in the ELP group, while,
bacterial secretion system, phosphonate and phosphi-
nate metabolism, primary bile acid biosynthesis, second-
ary bile acid biosynthesis, and chemical carcinogenesis
were downregulated (Figure 40). Similarly, pathways
related to mineral absorption, RNA transport, methane
metabolism, arginine biosynthesis, metabolism of cyste-
ine and methionine, cell motility and secretion, AMPK
signaling pathway, and so on were upregulated while
C5-Branched dibasic acid metabolism, bacterial secre-
tion system, taurine, and hypotaurine metabolism, pri-
mary bile acid biosynthesis, glutathione metabolism,
Glycosaminoglycan binding proteins, and so on were
decreased in ELP group compared to ANT (Figure 4T).

DISCUSSION

Microencapsulation protects probiotics from a harsh
environment and increases mucoadhesive properties,
thereby maintaining the viability of probiotics. Briefly,
in this technology active components (probiotics) are
enclosed by a polymeric wall or matrix to form a capsule
that ruptures/dissolves/melts on the particular site
under specific conditions to release the contents of the
capsule. By this technology, probiotics can be protected
from detrimental conditions in an upper region of the GI
tract and could release the bacteria in a sufficient
amount on a lower region for colonization that benefits
the host (Cook et al., 2012; Yao et al., 2020; Pupa et al.,
2021). Study regarding microencapsulation technology
for probiotics in poultry is limited. Moreover, several
encapsulating materials have been practiced to improve
the viability of different probiotics species and found to
enhance the overall health performance of birds
(Zhang et al., 2015; Dong et al., 2016; Trabelsi et al.,
2016; Wang et al., 2018). In this study L. paracasei was
used as a probiotic strain to encapsulate with polyacry-
late resin. L. paracasei is a rod-shaped (bacillus shape)
lactic acid bacteria with a width of 2.0 to 4.0 um and a
length of 0.8 to 1.0 um (Fesseha et al., 2021). It has been
found to stimulate the immune system, suppress harmful
pathogens (Zagato et al., 2014), and have anti-inflam-
matory properties (Nutten et al., 2012); thus, it is
included in the feed to improve gut health. Limited stud-
ies on gut health have been carried out in broiler chick-
ens with this species. Moreover, this species has
improved growth performance, intestinal microflora,
and overall intestinal health in chicken (Xu et al., 2019;
Fesseha et al., 2021). In this study, we observed encapsu-
lation of L. paracasei with polyacrylate resin improved
the health performance of broilers.

In our study, all the birds were healthy during the
experimental period of 42 d. The supplementation of
encapsulated L. paracasei increased body weight gain
numerically compared to the basal diet. Our results
were similar to the previous study, who supplemented
different species of Lactobacillus including Lactobacillus
johnsonii,  Lactobacillus  crispatus,  Lactobacillus
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salivarius via feed to broiler chickens (Olnood et al.,
2015). Similarly, it is also outlined that probiotics
couldn’t show a significant improvement in growth per-
formance on poultry (Lee et al., 2010; Waititu et al.,
2014). Contrarily, the supplementation of different pro-
biotics species has improved overall growth performance
over a whole period in broilers (Rivera-Pérez et al.,
2021; Wang et al., 2021). Variation in the effects on
growth performance may be attributed to the use of dif-
ferent strains, doses, breeds of broilers, and methods of
administration. Similarly in our study, we revealed the
supplementation of encapsulated L. paracasei could
increase the mass of different indicators of slaughter per-
formance, including eviscerated yield, chest muscle
yield, and thigh muscle yield. Our result was in line with
several previous studies (Ghasemi-Sadabadi et al., 2019;
Kaushal et al., 2019; Zhang et al., 2021a), which
reported that several probiotic species could increase the
carcass trait numerically or significantly. The improve-
ment in feed utilization and productivity could be modu-
lated or enhanced by the stimulation protein synthesis.
The high level of serum total protein is the expression
protein metabolism, which is conductive for promoting
growth performance. We found serum protein level was
the highest in the ELP group in our study. The break-
down of protein or amino acid leads to the formation of
ammonia in the GI tract by the activities of bacterial
ureases. A higher level of ammonia formation is toxic to
birds and hinders growth performance due to the loss of
protein in endogenous secretions (Dibner and
Richards, 2005; Gong et al., 2018). The formed ammonia
is transformed to uric acid, which is the end product of
protein metabolism in the body. In conclusion, encapsu-
lated probiotics could promote growth performance or
feed utilization by improving nitrogen metabolism.

The spleen, thymus, and bursa of fabricus are the lym-
phatic organs that reflect a bird’s immune system.
Spleens are responsible for the storage and production of
lymphocytes and the thymus facilitates the maturation
of T cells which orchestrate the adaptive immune system
(Thapa and Farber, 2019). Increase in their weight indi-
cated that ELP could exhibit a strong immune system
in the broiler (Smith and Hunt, 2004). Similar results
were reported on an earlier study by feeding broilers
with different species of probiotics (Zhang et al., 2021a).
In addition, our qPCR results also revealed that supple-
mentation of ELP could reduce the inflammation by
lowering or elevating the gene inflammatory gene
expression. Several studies also reported that probiotics
reduce  inflammation and enhance immunity
(Tarradas et al., 2020). Similarly, the rise of sigA, which
acts as the first line of defense against enterotoxins and
pathogens, in ileum and cecum contents indicate that
feeding of ELP play an essential role in immunoregula-
tion, specific immunity and protects intestinal epithe-
lium (Mantis et al., 2011; Li et al., 2020).0On the other
hand, gut microbiota and its metabolites play an impor-
tant role in the induction and function of the host
immune system and inflammatory signaling, interacting
with host immune cells. SCFAs produced by gut

microbiota have shown to reduce inflammation and
defend against pathogen attack (Yoo et al., 2020). The
abundance of Bacteroidetes is correlated with SCFAs
content, especially propionate and butyrate (Flint and
Duncan, 2014; Wang et al., 2017), that benefit gut
health and in our study that elevation of propionate
level was investigated. Thus, this study clearly shows
that intake of encapsulated L. paracasei protects the
gut against inflammation and enhances gut health.

Villus height, crypt depth, and their ratio are the basis
of intestinal health, function, and indicator of the
absorptive ability of birds (Pluske et al., 1996;
Forte et al., 2018) and it could be modulated by the gut
microbiota (Biasato et al., 2018). Previously, it was
reported that supplementation of different probiotic spe-
cies, including Lactobacillus could improve intestinal
morphology by increasing V or V/C (Forte et al., 2018;
He et al., 2019; Rivera-Pérez et al., 2021; Wu et al.,
2021). An increase in villus height to crypt depth ratio
in all the intestinal tissues in our investigation demon-
strates that the dietary ELP promotes the absorptive
ability of the intestine in broilers and represents suffi-
cient mature and functionally active epithelium
(Jia et al., 2010; Wu et al., 2021). TJs are essential com-
ponents to the functions of the intestinal physical barrier
(Peterson and Artis, 2014; Suzuki, 2020). TJs proteins,
including claudin and ZO-1, were found to be elevated
in this study, implying that adding ELP to poultry feed
could help to maintain intestinal gut barrier integrity.
The maintenance of gut barrier integrity and improve-
ment of the transcriptome profile of intestinal epithelial
cells might be due to the stability of the microbiome and
its metabolites (Pandey and Aich, 2022). Our findings
were consistent with the earlier report where the expres-
sion of were elevated by feeding the diet with L. acidoph-
ilus (Wu et al., 2021). Moreover, a remarkable rise in
expression of ZO-1 was reported by supplementing a
mixture of various probiotic species to Arbor Acres
broilers (He et al., 2019).

The composition of gut microbiota is essential for
maintaining intestinal homeostasis and the overall
health status of birds. Gut microbiome has a vital role in
maintaining gut health and productivity, including
digestion of food and its absorption, immune system
development, pathogen exclusion, and maintenance of
normal physiological functions (Shang et al., 2018;
Rychlik, 2020). The gut flora metabolizes proteins and
complex carbohydrates, produces a huge variety of met-
abolic products that can help gut epithelium and
immune cells interact. Gut epithelial cells generate a
mucosal barrier to segregate bacteria from host immune
cells and restrict intestinal permeability as a defensive
strategy. Disturbed interaction between the gut micro-
biota and the mucosal immune system can lead to the
weakening of the epithelial barrier and increasing infec-
tion susceptibility (Bander et al., 2020; Yoo et al.,
2020). Cecum is the most populated region of the GI
tract that harbors a complex, diverse, and stable com-
munity of microbiota (Rychlik, 2020; Zhu et al., 2020).
Thus, 16s TRNA gene sequencing was carried out to find
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the diversity, composition, and predicted function of
microbes present on the cecum. Several studies have
shown that supplementation of probiotics could alter
and modulate the diversity and composition of gut
microbiota, exerting several beneficial effects on health
and productivity on broiler (Zhang et al., 2015, 2021b;
Zhu et al., 2020; Xu et al., 2021). Reduction of diversity
of gut microbiota species may increase the susceptibility
of the gut to colonization and can promote the develop-
ment of antimicrobial resistance (Lange et al., 2016).
However, there was no significant difference in abun-
dance or diversity in an encapsulated group compared
to the control. Moreover, the microbial community of
each group was separated and clustered differently as
per NMDS and PCoA, indicating that encapsulated pro-
biotics could modulate gut microbiota.

Bacteroidetes and Firmicutes were dominant phyla in
all the groups and our result was consistent with earlier
studies, which investigated Bacteroidetes as the domi-
nant phylum and Bacteroides as the dominant genus in
the cecum (Xiao et al., 2017; Zhu et al., 2020). But, a
study carried out by Singh et al. (2012), reported, Pro-
teobacteria dominated the fecal microbiota of broiler fol-
lowed by Firmicutes and Bacteroidetes. The difference
could be attributed to the breed, age, or environment.
Bacteroidetes exhibit a significant ability to respond to
the stress imposed by the gut and host environment,
and its abundance is correlated with SCFAs content
(Flint and Duncan, 2014; Wang et al., 2017). Reduction
of Firmicutes reduced HyO, level in cecum including
ileum contents as some member of Firmicutes such as
Streptococcus is responsible for their production. A
higher level of HyO, could be toxic to both the microbes
and host as it can kill birds’ beneficial microbes and bac-
teria (Erttmann and Gekara, 2019). Proteobacteria
includes wide variety of pathogens, including Salmonella
and E. coli. A decrease in the number of Proteobacteria
reveals that intake of encapsulated probiotics could
reduce the pathogenic bacteria. Previous findings have
also outlined that intake of probiotics decreases patho-
gens, including E. coli or Salmonella (Gao et al., 2017
Zhang et al., 2021a). Similarly, members of genus Bac-
terioides, including Bacteroides thetaiotaomicron, are
involved in carbohydrate metabolism and the mainte-
nance of desmosomes at the epithelial villus, promoting
the GI tract’s integrity (Jandhyala et al., 2015).

GI tract is a major source of ROS. The imbalance
between antioxidants and ROS leads to oxidative stress
that disrupts the redox signaling in the body and causes
cell death. Apart from the host, gut microbes, especially
in a diseased state, produce ROS, which aids develop-
ment of the disease (Dam et al., 2019). An elevated level
of ROS may promote cellular damage and also leads to
lipid peroxidation, and MDA is one of the most used
lipid markers of lipid peroxidation (Mari et al., 2010;
Wang et al., 2017b). Excess production and accumula-
tion of ROS are removed instantly by the antioxidant
system and non-enzymatic defense system, including T-
AOC (Mari et al., 2010; Li et al., 2019). We investigated
that the supplementation of feed with encapsulated L.

paracaset can enhance antioxidant function. Our study
is consistent with former findings that probiotics exhibit
antioxidant properties (He et al., 2019; Xu et al., 2021;
Zhang et al., 2021a).

CONCLUSIONS

In conclusion, dietary supplementation of microcap-
sule, prepared by encapsulating Lactobacillus paracasei
in polyacrylate resin, to broilers imparts health benefits
to broiler chicken without affecting on growth perfor-
mance and carcass characteristics. Meanwhile, broilers
fed with microcapsule exhibited increased villus height
and ratio of villus height to crypt depth improving mor-
phology of intestine. Moreover, novel microcapsule influ-
enced the immune system by reducing the inflammation
and showed a potential effect as an antioxidant by
reducing the oxidative damage and elevating total anti-
oxidant capacity. Under our study conditions, microcap-
sule beneficially modulated the cecal microbiota and
reduced the ammonia level. From this result, it can be
concluded that the novel microcapsule can be used as an
alternative to antibiotics to reduce toxic effect to human
and environment without affecting the growth perfor-
mance of birds.
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