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Marine algae polysaccharides have been shown to regulate various biological activities,
such as immune modulation, antioxidant, antidiabetic, and hypolipidemic. However,
litter is known about the interaction of these polysaccharides with the gut microbiota.
This study aimed to evaluate the effects of marine algae Enteromorpha (Ulva) prolifera
polysaccharide (EP) supplementation on growth performance, immune response, and
caecal microbiota of broiler chickens. A total of 200 1-day-old Ross-308 broiler chickens
were randomly divided into two treatment groups with ten replications of ten chickens
in each replication. The dietary treatments consisted of the control group (fed basal
diet), and EP group (received diet supplemented with 400mg EP/kg diet). Results
showed that chickens fed EP exhibited significantly higher (P < 0.05) body weight and
average daily gain than the chicken-fed basal diet. In addition, significantly longer villus
height, shorter crypt depth, and higher villus height to crypt depth ratio were observed
in the jejunal and ileal tissues of chickens fed EP. EP supplementation upregulated
the mRNA expression of NF-kB, TLR4, MyD88, IL-2, IFN-a, and IL-1f in the ileal
and jejunal tissues (P < 0.05). Besides, we observed significantly higher (P < 0.05)
short-chain volatile fatty acids (SCFAs) levels in the caecal contents of the EP group than
in the control group. Furthermore, 16S-rRNA analysis revealed that EP supplementation
altered gut microbiota and caused an abundance shift at the phylum and genus level
in broiler chicken. Interestingly, we observed an association between microbiota and
SCFAs production. Overall, this study demonstrated that supplementation of diet with
EP promotes growth performance, improves intestinal immune response and integrity,
and modulates the caecal microbiota of broiler chickens. This study highlighted the
application of marine algae polysaccharides as an antibiotic alternative for chickens.
Furthermore, it provides insight to develop marine algae polysaccharide-based functional
food and therapeutic agent.
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INTRODUCTION

In the poultry industry, antibiotics have been used for long
years as a feed additive to promote growth and control disease.
However, recently, its use has been banned due to the risk
of antibiotic-resistant microbes, residues in animal products,
and environmental pollution (1). Therefore, there is an urgent
need for antibiotic substitutes that can replace its functions
while surmounting its shortcomings. In this regard, dietary
fibers such as polysaccharides are known to improve health
and homeostasis by enhancing the intestinal immune response
and gastrointestinal barrier function (2). However, human and
animal enzymes are unable to digest dietary fibers and are subject
to fermentation by the gut microbiota (3). The gut microbiota
lives in a symbiotic relationship with the host, in which the
host provides habitat and nutrients for their growth, while the
microbiota provides essential nutrients via the fermentation of
fibers. Therefore, the dynamic diet-microbiota interactions shape
the health and immune response of the host (4).

In chicken, caecum is the main organ that harbors a vast
diversity of microbes responsible for the fermentation of fiber
(5). These microbes possess polysaccharide-degrading enzyme-
encoding genes and pathways involved in the production of
short-chain volatile fatty acids (SCFAs), which are beneficial to
the host physiology and energy homeostasis (6). The microbiota-
derived SCFAs play an important role in maintaining an
intestinal immune response, barrier function, and immune
metabolism via the activation of metabolite-sensing G-protein
coupled receptors (GPCRs) (7). Apart from metabolites
production, gut microbiota plays a decisive role in maintaining
the homeostasis and health of the host via direct involvement
in gut structure and morphology, regulating immune responses,
and protection from luminal pathogens (8). Therefore, changes
in the type of polysaccharides consumed are expected to alter
the composition and function of the microbiota, thereby altering
the host immune system. Thus, understanding how a given
microbial population responds to polysaccharides diet, and
the role and association of this microbiota and its metabolites
with immune response of the host play crucial roles to develop
polysaccharide-based functional foods to prevent and treat gut
microbiota-related diseases.

Enteromorpha prolifera (E. prolifera) is a seaweed green alga
with a long history of use as food and traditional medicine.
A sulfated polysaccharide is one of the main biologically
active substances in E. prolifera, which is responsible for
the immunomodulating, hypolipidemic, antitumor, anti-aging,
antibacterial, anticoagulant, antiviral, and anticancer activities of
these algae (9-12). E. prolifera polysaccharides (EP) are made
up of a- and P-(1, 4)- linked monosaccharides (rhamnose,
xylose, and glucuronic acid) (13), where the sulfate group
is attached at the C-3 position of rhamnose (14). Recent
studies indicated increased production performance, breast
muscle yield, egg quality, antioxidant capacity, and intestinal
morphology of chickens fed seaweed polysaccharides (15-18).
In addition, EP supplementation increased the weight and
differentially regulates the gene expression at the transcriptome
level in the bursa of Fabricius of Arbor Acres chickens (19).

Similarly, EP supplementation has been shown to improve
the growth performance, non-specific immunity, and intestinal
function of banana shrimp F. merguiensis fish (20). Furthermore,
administration of EP was found to regulate intestinal microbiota
in mice (21) and fecal microbiota in humans (22). Our recent
study showed that supplementation of diet with EP- zinc complex
could reduce diarrhea rate and improved intestinal barrier
function in piglets (23). Although the biological activities of
EP have been well-established so far, their interactions with gut
microbiota in broiler chickens are largely unknown.

Considering the above information and the fact that
polysaccharides are digested by the intestinal microbiota,
we designed this study to investigate the effects of EP
supplementation on growth performance, immune response,
intestinal integrity, and gut microbiota in broiler chickens.

MATERIALS AND METHODS

Source of Enteromorpha Polysaccharide

The EP was extracted from the marine algae E. prolifera and
provided by Qingdao Seawin Biotechnology Group Co., Ltd.
(Qingdao, China). The content of EP was not <45%, and
the molecular weight was 4,431 Da. The water-soluble sulfated
polysaccharides of EP were extracted from the E. prolifera by
an enzymatic method according to the procedure previously
described (13, 24). Briefly, the algae were washed with distilled
water and dried at 60°C, then minced to get homogenate
powder. The algal powders were soaked in water, and then
the water extracts algae were subjected to stepwise enzymatic
treatment with pectinase, cellulase, and papain at 50°C for
1.5h. The enzyme reaction was inactivated by heating the
reaction at 90-100°C for 10 min, and then immediately cooled
on an ice bath, centrifugal concentrated, ethanol precipitation,
and finally spray drying to obtain the polysaccharide products
(25). The monosaccharide composition was determined using
high-performance liquid chromatography (HPLC) according to
the procedures previously described (14). Based on the HPLC
analysis results, the monosaccharide composition of the EP used
in this study was composed of rhamnose (Rha), glucuronic acid
(GlcA), xylose (Xyl), glucose (Glc), and galactose (Gal) with the
molar percentage of 40.6, 38.2, 9.3, 5.6, and 6.3%, respectively.

Bird Management

The experimental design and procedures used in this study were
reviewed and approved by the Animal Care and Use Committee
of the Institute of Subtropical Agriculture, Chinese Academy
of Sciences. The animal experiments and sample collection
strictly followed the relevant guidelines. For this experiment, 200
healthy 1-day-old male Ross-308 broiler chickens were used. The
chickens were kept in a room with 23-h of light and 1-h darkness.
The room temperature was kept at about 32°C for 3 d and
gradually reduced by 1°C every other day until the temperature
reached 24°C, and then maintaining this temperature. The
experimental chickens had access to ad libitum feed and water.
All nutrients in experimental diets were formulated to meet or
exceed the recommendations for Ross broiler chickens (26). The
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TABLE 1 | Ingredient composition and nutrient contents of basal diets.

Ingredients, % 1~21d 22~42d
Corn 56.41 56.64
Soybean meal (CP, 43%) 29.85 28.30
Corn gluten meal 5.00 5.00
Soybean oil 3.90 5.30
Limestone 1.30 1.30
Dicalcium phosphate 1.80 1.75
L-Lysine 0.32 0.30
pL-Methionine 0.12 0.11
Premix® 1.00 1.00
Salt 0.30 0.30
Total 100 100
Nutrient levels, %

Metabolizable energy, MJ/kg 12.86 13.20
Crude protein 21.12 19.40
Calcium 1.02 0.93
Available phosphorus 0.47 0.43
Lysine 1.20 1.06
Methionine 0.50 0.43
Methionine + cysteine 0.85 0.77
Arginine 1.35 1.33
Threonine 0.80 0.74

aThe premix provided per kilogram of diet: vitamin A, 15,600 IU; vitamin D3, 4,480 IU;
vitamin E, 31 IU; vitamin B1, 2.4 mg; vitamin B2, 7.2 mg; vitamin B6, 6.3 mg; vitamin B12,
0.32mg; niacin, 47 mg; pantothenic acid, 16.2 mg; folic acid, 1.6 mg; biotin, 0.26 mg; Cu,
10.4mg; Zn, 83.2 Fe, 75mg; Mn, 83.1mg; Se, 0.5mg; I, 0.5 mg.

dietary composition and nutrient levels of the basal diet are
presented in Table 1.

Diet and Experimental Design

For this experiment, 200-1-day-old male broiler chickens
were randomly divided into two treatment groups with ten
replications of ten chickens per replication. The first group was
fed a basal diet (control group) and the treatment group received
a basal diet supplemented with 400 mg EP/kg diet (EP group),
according to the dose recommended (15). The experiment lasted
for 42 days.

Sample Collection
The feed offers, leftover, and body weight were recorded to
calculate the average daily feed intake (ADFI) and average daily
gain (ADG). Feed conversion ratio (FCR) was calculated as
ADFI/ADG. At the end of the experiment (day 42), blood
samples were collected from one chicken from each replication
(n = 10/treatment). The sera were separated by centrifuging at
3,000 rpm for 15 min at 4°C and stored at —20°C for subsequent
analysis. Thereafter, one chicken from each replication (n =
10/treatment) close to the average body weight of the group
was humanely euthanized by cervical dislocation for tissue
samples collection.

Small intestinal tissues (jejunum and ileum) were isolated.
The middle sections of small intestinal tissues were then fixed

in 4% formaldehyde for morphological analysis. The other half
of the small intestinal tissues were immediately frozen in liquid
nitrogen and stored at —80°C for gene expression analysis.
Caecal contents were collected and frozen for microbiota and
volatile fatty acids analysis.

Serum Cytokine Analysis

Serum concentrations of interleukin-1p (IL-1p), IL-2, IL-6, IL-
10, tumor necrosis alpha (TNF-a), and interferon-gamma (INF-
y) were measured using commercial chicken-specific ELISA kits
(Shanghai Kexin Biotech Co., Ltd, Shanghai, China), following
the kit instruction.

Morphological Analysis of Small Intestinal

Tissues

The paraformaldehyde-fixed segment of the jejunum and ileum
tissues were embedded in paraffin, sectioned (5 pm), and stained
with hematoxylin and eosin as previously described (27). Villus
height was then measured from the tip of the villus to the top
of the lamina propria, and crypt depth was measured from the
villus-crypt axis to the tip of the muscular mucosa. The villus
height to crypt depth ratio was then calculated.

MRNA Expression Analysis of
Immune-Related Genes and Tight Junction

Molecules

Quantitative real-time polymerase chain reaction (RT-qPCR)
was used to investigate the effects of EP supplementation
on immunity and intestinal integrity-related genes expression.
Briefly, total RNA was isolated from the frozen intestinal tissues
using a trizol reagent (Invitrogen Co., CA, USA) and then treated
with DNase I (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer instructions. The integrity was detected by
1% agarose gel electrophoresis, and the quality and quantity
were assessed using Nanodrop 2000 (Thermo Fisher Scientific,
Waltham, MA, USA). The cDNA was then synthesized using
EvoM-MLV RT kit (Accurate Biotechnology, Hunan, China)
according to the kit instructions. The RT-qPCR was performed
on Roche LightCycler® 4801 (Roche, Basel, Switzerland) using
SYBR Green mix (Takara, Tokyo, Japan) with targets and -
actin (housekeeping) genes primers (Table 2). Thermal cycling
conditions were initial denaturation of 95°C for 30s, followed by
40 amplification cycles of 95°C for 155, 60°C for 30's, and 72°C
for 60 s. The gene expression levels were recorded as the threshold
cycle (CT) values that corresponded to the number of cycles at
which fluorescence signals can be detected. The relative mRNA
expression of genes was calculated using the 2722Ct methods
described previously (28).

Microbiota Profiling

Microbial DNA was isolated from the caecal content of six
chickens in each group using the E.Z.N.A. Stool DNA Kit (D4015,
Omega, Norcross GA, USA) according to the manufacturer’s
instructions. Following the extraction, the quality and quantity
of DNA were assessed using NanoDrop 2000 spectrophotometer
(Thermo Scientific, Waltham, MA, USA) and integrity was
checked using 1% agarose gel electrophoresis. Then, the V3-V4
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TABLE 2 | Primers used for quantitative polymerase chain reaction.

Gene name Accession no Primer 5'-3'
-2 AF000631 F: TCTGGGACCACTGTATGCTCT

R: ACACCAGTGGGAAACAGTATCA
IL-10 AJ621614 F: CGGGAGCTGAGGGTGAA

R: GTGAAGAAGCGGTGACAGC
IL-18 Y15006 F: GTGAGGCTCAACATTGCGCTGTA

R: TGTCCAGGCGGTAGAAGATGAAG
TNF-a AY765397 F: TGCTGTTCTATGACCGCC

R: CTTTCAGAGCATCAACGCA
IFN-y NM_205149.1 F: TGAGCCAGATTGTTTCGA

R: ACGCCATCAGGAAGGTTG
TLR-2 AB046119.2 F: GGGGCTCACAGGCAAAATC

R: AGCAGGGTTCTCAGGTTCACA
TLR4 AY064697 F: AGTCTGAAATTGCTGAGCTCAAAT

R: GCGACGTTAAGCCATGGAAG
MyD88 EF011109 F: TGATGCCTTCATCTGCTACTG

R: TCCCTCCGACACCTTCTTTCTA
NF-kB NM_205129 F: TCCCTCCCGACGAATTTTGG

R: CTGACACTGCACCAAACGTG
Occludin 1 NM_205128.1 F: ACGGCAGCACCTACCTCAA

R: GGGCGAAGAAGCAGATGAG
Claudin 1 NM_001013611.2 F: CATACTCCTGGGTCTGGTTGGT

R: GACAGCCATCCGCATCTTCT
z02 NM_204918.1 F: GGATACAATTCAGCAACAGCAAGG

R: ACATGCGATCATCTGCGTCATCT
Mucin 2 XM_421035 F: AGGTAATTGTCTGGCCGTGG

R: GTGGTTGTACCTTCGGTGCT
B-actin NM 205518.1 F: ACCGGACTGTTACCAACACC

R: CCTGAGTCAAGCGCCAAAAG

region of the bacterial 16S-rRNA gene was amplified by PCR
using the primers (F: 5-ACTCCTACGGGAGGCAGCAG-3'; R:
5-GGACTACHVGGGTWTCTAAT-3'). The PCR product was
run on 2% agarose gel, and then excised and purified using the
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union
City, CA, USA) and quantified using Quantus™ Fluorometer
(Promega, Madison, USA). DNA libraries were constructed using
the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina,
San Diego, USA). The sequencing library was evaluated on
the Qubit® 2.0 Fluorometer and Agilent Bioanalyzer system
(Thermo Fisher Scientific, Waltham, MA, USA) and then
subjected to paired-end sequencing on an Illumina HiSeq
platform at Novogene Bioinformatics Technology Co., Ltd.
(Beijing, China). Paired-end reads from the original DNA
fragments were merged by FLASH and resulting labels were
assigned to the Operational Taxonomic Units (OTUs) with
a threshold value of 97% using UPARSE (http://drive5.com/
uparse). The species diversity (a-diversity) Chao, Shannon,
and Simpson indices were estimated using QIIME2. Linear
discriminant analysis (LDA) effect size (LEfSe) was performed
to reveal the difference in the bacterial communities across the
treatments using the non-parametric factorial Kruskal-Wallis test

TABLE 3 | The effects of EP supplementation on growth performance of broiler
chickens.

Parameters Treatment groups P-Value
Control EP

Initial BW, g 4114 +£0.25 41.08 +£ 0.22 0.94

Final BW, g 2,145.14 £ 32.01° 2,243.11 £ 30.272 0.038

ADG, g/day 50.10 + 0.76° 52.43 £ 0.728 0.039

Fl, g/day 86.61 + 1.94 87.40 + 0.63 0.57

FCR 1.73 £0.02 1.67 £0.03 0.39

BW, body weight; ADG, average daily gain; Fl, feed intake; FCR, feed conversion ratio.
Data are presented mean + SEM; n = 10. Means across a row with different superscript
letter denotes significant different at P < 0.05.

with an alpha value of 0.05 and LDA score of 2.5. In addition,
the relative abundance of dominant bacteria at the phylum
and genus levels was also analyzed. Spearman correlation was
used to investigate the association between gut microbiota and
SCFAs production.

Short-Chain Fatty Acids Analysis

The short-chain volatile fatty acids (acetate, butyrate, propionate,
iso-butyrate, valerate, and iso-valerate) were determined
from caecal digesta samples using the Agilent 6,890 gas
chromatography (Agilent Technologies, Inc, Palo Alto, CA)
according to the previous study (29).

Data Analysis

All data except the 16S-rRNA were analyzed using the statically
analytical software (SAS 9.1 Institute, Inc., Cary, NC, USA).
The growth performances, cytokines, mRNA expression, and
caecal SCFAs content data were checked for normality and
homoscedasticity of the data variance using the Shapiro-Wilk
test and Levene’s test, respectively, and then subjected to an
independent ¢-test. The data are presented as the mean =+
standard error of the mean (SEM) and statistically significant was
considered when P < 0.05.

RESULTS

Growth Performance

The effects of EP supplementation on the growth performances
of chickens are shown in Table 3. Results showed that chickens
fed a diet supplemented with EP exhibited significantly higher
(P < 0.05) body weight and average daily gain compared with
the control group. There were no significant differences in
feed intake (FI) and feed conversion ratio (FCR) between the
treatment groups (P > 0.05).

Dietary EP Supplementation Regulates
Serum Cytokine Levels

To better understand the effects of EP supplementation on
immune response, we measured six common cytokines in sera
obtained from experimental chickens (Figure 1). Compared with

Frontiers in Nutrition | www.frontiersin.org

November 2021 | Volume 8 | Article 783819


http://drive5.com/uparse
http://drive5.com/uparse
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Wassie et al. Enteromorpha Polysaccharide Modulates Immunity and Microbiota

A B
601 250+ *x
mEm Control
200 = EP
40+ =
=
] <1
v 100+
20+ =
50+
0- r : . 0- -
IL-6 IL-10 TNF-¢, Control EP
(o] D
200+ 100-
*
* %
1504 75

IL-1B (ng/L)
£

INF-y (pg/mL)
2

0- T 0-
Control EP Control EP

FIGURE 1 | The effects of dietary EP supplementation on serum cytokine levels of broiler chickens. Data are presented as mean + SEM, n = 10. *P < 0.05 and **P <
0.01, respectively. (A) IL-6, Interleukin 6; IL-10, Interleukin 10; TNF-a;, Tumor necrosis factor-alpha; (B) IL-2, Interleukin 2; (C) IL-1B, Interleukin 1 beta; (D) IFN-vy,
Interferon-gamma.

FIGURE 2 | The histological analyses of the jejunum and ileum tissues from the control group (A,C) and EP supplemented (B,D) broiler chickens stained with
hematoxylin and eosin. (A) Jejunum tissue from the control group; (B) jejunum tissue from the EP group; (C) lleum tissue from the control group; (D) lleum tissue from
the EP group. The scale bar represents 200 pm.

the control chickens, a significant increase in serum levels of  Intestinal Morphology Analysis

IL-1B, IL-2, TNF-a, and IFN-y (P < 0.05) were observed in  To determine the effects of EP supplementation on intestinal
chickens fed the basal diet supplemented with EP. In this study, = morphology, jejunal and ileal tissues were fixed using hemotoxin
EP supplementation did not affect the serum IL-6 and IL-101levels  and eosin (Figure 2). In the jejunum, longer villus height and
in broiler chickens. shorter crypt depth ratio were observed in the EP supplemented
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TABLE 4 | Effects of EP polysaccharide supplementation on the intestinal
morphology of broiler chickens.

Parameters Treatment groups P-Value
Control EP

Villus height (um)

Jejunum 1,094.61 +29.13° 1,207.51 £ 65.472 0.017

lleum 855.93 + 45.98° 1,038.91 + 46.96% 0.008

Crypt depth(um)

Jejunum 238.08 +7.832 201.23 + 7.51° 0.03

lleum 210.43 + 16.832 172.28 + 12.13° 0.013

VH/CD

Jejunum 4.6 +0.20 6.0+ 0.44 0.063

lleum 411 4 0.24° 6.20 + 0.432 0.020

VH/CD, villus height: crypt depth ratio; n = 10 for each group. Means with a different
superscript letter in the same raw indicate a significant difference at P < 0.05.

group (P < 0.05; Table 4). Similarly in the ileum, villus height
and villus height: crypt depth ratio were significantly (P < 0.05)
increased, while crept depth was markedly reduced (P < 0.05) in
the EP supplemented group than in the control group (Table 4).
However, a significant difference in the villus height: crypt depth
ratio between treatment groups was not observed (P = 0.064) in
the jejunal tissue.

Effects of EP Supplementation on

Immune-Related Gene Expression

To determine the effects of EP supplementation on intestinal
immune response, we detected the mRNA expression of
immune-related genes from the jejunal and ileal tissues. In the
jejunum, compared with the control group, EP supplementation
upregulated (P < 0.05) the mRNA expression of IL-1f,
TNF-a, TLR4, MyD88, and NF-«kB (Figures 3A,B). However,
dietary EP inclusion did not significantly alter the mRNA
expression of IL-2, IFN-vy, IL-10, and TLR2 in the jejunal tissue
(Figures 3A,B; P > 0.05).

In the ileum, the mRNA expressions of IL-1f, IL2, and
TNFa were upregulated (P < 0.05) in the EP group than in
the control group (Figure3C). In addition, the expressions
of Toll-like receptor (TLR-2), TLR4, myeloid differentiation
(MyD88), and nuclear factor-kappa B (NF-kB) in the ileum tissue
were significantly increased (P < 0.05) in the supplemented
group (Figure 3D). However, EP supplementation did not affect
(P > 0.05) the mRNA expression of IFN-y and IL-10.

Effects of EP Supplementation on Mucin-2

and Tight Junctions Gene Expression

The effects of EP supplementation on mRNA expression of
mucin-2 and tight junction in the jejunum and ileum tissues
are presented in Figure 4. In the jejunum, the addition of EP
to diet upregulated (P < 0.05) the mRNA expression of mucin-
2, claudin-1, and occludin-1. In the ileum, birds fed EP had a
significantly higher expression of mucin-2 and occludin-1 (P <
0.05) than the control group. However, no differences (P > 0.05)

were observed between the treatments in ZO2 expression in the
jejunum, and claudin-1 and ZO2 in the ileum.

Effects of EP Supplementation on

Microbiota Dynamics

To assess the caecal microbial composition in response to
EP supplementation, the caecal contents of 10 experimental
broiler chickens were collected and subjected to metagenomic
sequencing. We retrieved 60,537.45 and 6,053.75 Mbp total
raw and average raw reads, respectively. After quality control,
we obtained 58,156.5 and 5,815.65 Mbp total and average
clean data, respectively. To explore the differences in species
diversity and richness between EP supplemented and control
groups, we calculated the alpha diversity indexes at the phylum
level. The results showed that there were no significant
differences in observed species, Chao, Shannon, and Simpson
indexes between treatment groups [Mann-Whitney U (MWU)
(Figures 5A-D; P > 0.05].

The gut microbiota is composed of different bacterial
species and is classified according to genus, family, order,
and phyla. Therefore, analyzing their composition helps
to identify specific microorganisms involved in different
processes and the associated metabolic pathways. Thus,
we analyzed the microbial abundance from taxonomic
phylum to genus levels in different groups. We found that
Firmicutes and Bacteroidetes are the two most predominant
phyla, which accounted for more than 75% of the microbes
observed (Figure 5E). The results further demonstrated that EP
supplementation reduced the relative abundance of Firmicutes
and decreased Bacteroidetes microbes. Furthermore, an
increase in the relative abundance of Bacteroides and decreased
Faecalibacterium were observed at the genus level (Figure 5F).
The difference in bacterial abundance between treatment
groups was estimated using linear discriminant analysis (LDA),
which could be used as a biomarker. In total, 38 phylotypes
from phylum to species were identified as high-dimensional
biomarkers with LDA scores >2.5 (Figure 6) Remarkably, the
species Bacillus_licheniformis, Auraticoccus_monumenti, and
Alkalibacillus_haloalkaliphilus were biomarkers in the EP group,
while uncultured_Butyricicoccus_sp, Agathobaculum_desmolans,
and  Clostridium_sp_M62_1 were predominant in the
control group.

Effects of EP Supplementation on the
SCFAs and Correlation Analyses Between
SCFAs and Gut Microbiota

To determine the effects of EP supplementation on SCFAs
production, we measured the concentrations of SCFAs from
caecal content (Figure 7). Compared with the control group,
chickens fed a diet supplemented with EP had significantly
higher (P < 0.05) acetate, butyrate, and propionate levels in
the caecal content. However, a significant treatment effect (P >
0.05) on the valerate, iso-butyrate, and iso-valerate content was
not observed.

To gain insight into whether the altered gut microbiota
had an association with the SCFAs, we carried out Spearman
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correlation analyses. The relationships of the altered gut
microbiota and cecal SCFAs in response to EP treatment based
on the Spearman correlation coefficients are shown in Figure 8.
Notably, the relative abundance of the Bacteroides, Prevotella,
Ruminiclostridium, Butyricicoccus, and Faecalibacterium had a

significant positive association with propionate, acetate, butyrate,
isobutyrate, and isovalerate production, respectively (P <
0.05). In addition, Prevotella had also a positive association
with valerate (P < 0.05). In contrast, the abundance of
Chlamydia had a negative association with propionate, and
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Enterococcus and Mycoplasma had a negative association with
isovalerate (P < 0.05).

DISCUSSION

Apart from its use as a food and traditional medicine,
recent studies have shown that sulfated polysaccharides
from marine algae exerted various biological activities,
such as immunomodulation, antioxidant, antidiabetic, and
hypolipidemic. In the present study, we supplemented the
broiler diet with polysaccharides isolated from marine algae EP
to evaluate its effect on growth performance, immune response,
intestinal barrier function, and caecal microbiota.

Herein, chickens fed EP exhibited higher body weight and
average daily gain than chickens fed only basal diet, suggesting

that EP supplementation to broiler diet could improve growth
performance. Similar conclusions were made by Liu et al. (16)
and Li et al. (30), reported that algae-derived polysaccharide
could enhance growth performance in chicken. Likewise,
dietary supplementation of EP was found to improve growth
performance in mice (31) and crucian carp (32). The growth-
promoting effect of EP may be associated with its enhancement
of nutrient absorption by improving intestinal function and
morphology (31).

Research evidence has shown that polysaccharide from E.
prolifera has an immunomodulatory activity (33). Cytokine
profiling is a valuable tool for monitoring immune responses
associated with inflammation and immunity. In this study,
supplementation of diet with EP induced a profound change
in the serum cytokine contents of broilers as evidenced by
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significantly higher IL-1p, IL-2, IFNa-, and IFN-vy levels in the
supplemented group. This study is consistent with the previous
study that reported EP could stimulate proinflammatory cytokine
production in mice (34). The results of the present study also
support the idea that EP has an immunomodulatory activity by
stimulating proinflammatory cytokines.

To better understand whether the changes in cytokine levels
were accompanied by changes in the expression of inflammatory
factor genes, we detected mRNA expression in the jejunum and
ileum tissues. We found upregulated mRNA expression levels of
IL-1B and TNF-a in the ileum and jejunum, and IL-2 in the ileum
in the EP group compared with the control group. In contrast,
Liu et al. (35) reported that algae-derived polysaccharides down-
regulated the mRNA expression of TNF-a, and IL-6 in the bursa
of Fabricius of heat stress chicken. The discrepancy of our study
with the previous study could attribute to the difference in
immune status and stress condition of chicken.

More importantly, the pro-inflammatory pathway is
transcriptionally regulated by NF-«B, and the up-regulation of
NF-kB activates the immune response and cytokine production.
The TLR4/MyD88 signaling pathway is the upstream gatekeeper
of NF-kB (36). The present data showed that the expression
of TLR4, MyD88, and NF-kB in ileum and jejunum were
significantly higher in chicken-fed EP than in chicken-fed only
basal diet. TLR4 is a family of pathogen recognition receptors
(PRRs) that orchestrate the host immune system through MyD88
to induce pro-inflammatory cytokines via NF-kB (37, 38). As
the downstream of the TLR4 and interleukin-1 (IL-1) receptor,
MyD88 activates NF-kB, and thereby the inflammatory signaling
pathways (39). Therefore, the present study indicated that EP
supplementation activates the TLR4/MyD88/NF-«kB signaling
pathway, thereby induces an immune response. This observation
further supported the viewpoint that EP has immunomodulatory
activity. Similarly, Wei et al. (33) reported upregulation of
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NF-kB transcription factors in mice that received EP. In
contrast, a study on oxygen-glucose deprivation-induced human
cardiac microvascular endothelial cells showed that EP inhibits
proinflammatory factors expression through the up-regulation
of HIF-1a and inactivation of the NF-kB pathway (40). This may
be due to EP might play both immunomodulatory and anti-
inflammatory roles depending on the physiological condition of
experimental animals or cells.

Intestinal morphology affects nutrient absorption in the
body. The longer intestinal villi and lower crypt depth are
an indicator of higher nutrient absorption (41). The present
study demonstrated that EP supplementation increased villus
height and reduced crypt depth in the ileum and jejunum of
supplemented chicken. The longer villus height and higher villus
height: crypt depth ratio is associated with active cell mitosis,
improved nutrient digestibility, and absorption in chickens (42,
43). Thus, the present study suggests the beneficial effects of
EP supplementation on improving intestinal morphology. These
results are in agreement with the study by Liu et al. (16), who
reported villus height and villus height: crypt depth was higher
in chickens fed algae-derived polysaccharides. Similar results
were obtained by Guo et al. (15), who showed that marine-
derived polysaccharide enhanced jejunal villus height and villus
height/crypt depth ratio in layer chickens.

The mucus layer of the epithelial cells is an essential first line
of defense that forms a barrier to prevent the penetration of the
epithelium by gut microorganisms (44, 45). In addition, epithelial
barrier integrity is maintained by the tight junction proteins,
including occludin, claudins, and zonula occludens. Herein, we
examined the effects of EP supplementation on intestinal barrier
function by measuring the mRNA expression of mucin-2 and

tight junction proteins. Our data demonstrated that the mRNA
expressions of mucin-2 and occludin 1 in the ileum and jejunum
were upregulated in the EP supplemented chickens. mucin-2
plays an important role in the secretion of mucus, which is a layer
that protects the epithelial cells from exposure to the microbiome
(46). Occludin provides structural integrity and assembly of
tight junction and knockdown of occludin induces an increase
in paracellular permeability to macromolecules (47). Claudins
are also playing an essential role in barrier formation and
paracellular permeable selectivity (48). Therefore, an increase
in the expression of mucin-2, occludin 1, and claudin 1 in the
intestinal segments in this study, indicates EP supplementation
improved intestinal integrity in broiler chickens via regulating
mucin-2 and tight junction protein. This is partly explained
by the fact that Enteromorpha polysaccharides may be directly
recognized by the pattern recognition receptors of intestinal
epithelial cells (31, 49), leading to the activation of mucin-
2 and tight junction proteins, thereby improving intestinal
integrity. This idea is reinforced by the mRNA expression
results of TLR4 and TLR2 in jejunum and ileum. In addition,
EP was fermented by caecal microtia and produced SCFA,
which could stimulate intestinal goblet cells to secrete mucin-
2 through their action on NOD-like receptor family pyrin
domain containing 6 (NLRP6) and G protein-coupled receptors
(GPCRs) (50).

In broiler chickens, TLR2 is the principal receptor for
peptidoglycan from gram-negative and gram-positive bacteria
(51). Toll-like receptor 2 signaling has been implicated in
preserving intestinal barrier integrity and is considered to be
a crucial target for therapeutic intervention of metabolic and
inflammatory conditions (52). In the present study, we found a
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significant increment in the mRNA expression of TLR2 in the
ileum tissue of chicken fed EP. This result indicates that apart
from the mucin-2 and tight junction protein, TLR2 might also be
involved in the improvement of intestinal integrity observed in
this study.

The fermentation of fiber diet by gut microbiota produced
metabolites such as short-chain volatile fatty acids. These
microbiota-derived short-chain fatty acids play important
roles in maintaining an intestinal immune response, barrier

function, and immune metabolism either by modulating gene
transcription or via the activation of metabolite sensing GPCRs
(53). In the current study, we found that the SCFAs particularly
acetate, butyrate, and propionate increased in the caecal content
of EP supplemented chickens, suggesting that EP enhanced the
ability of the microbiota to induce SCFAs. Furthermore, we found
significant correlations of differentially abundant gut microbes
with acetate, propionate, and butyrate production, which further
confirmed that the increase of SCFA observed in this study was
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due to the microbiota compositional shift. In agreement with
the current study, mice fed EP showed an increase in SCFAs
production in the colon (21). The SCFAs, particularly butyrate
and propionate, provide energy for the immune cell by activating
intestinal gluconeogenesis, thereby improving inflammatory and
effector cytokines production and antigen presentation (54, 55).
Furthermore, microbial-derived butyrate was found to promote
mucosal barrier integrity by stimulating the production of
mucin-2, tight junction proteins, and antimicrobial peptides
(56). Therefore, the immune-modulatory role of EP in the
current study might be via enhancing the gut microbiota-derived
SCFA that contribute to intestinal immune response and gut
barrier function.

A growing body of evidence suggests that gut microbiota
is involved in the digestion and utilization of fibers such as
polysaccharides, which otherwise cannot be utilized by the
host. It is well-established that diet and nutritional factors
have a direct effect on the microbial colonization of the gut
(57-59). In this study, we conducted 16S-RNA sequencing
from the caecal content of chickens fed EP to investigate
microbiota dysbiosis. We found that the abundances of
phylum Bacteroidetes and genera Bacteroides were increased,
whereas phylum Firmicutes and genus Faecalibacterium were
decreased in chickens fed EP, suggesting that Bacteroides might
involve in the digestion of E. prolifera polysaccharides. This
may be explained by the fact that Bacteroides possess genes
encoding carbohydrate-active enzymes (CAZymes) within their
polysaccharide utilization loci (PUL) (60, 61), which could confer
them with the strong ability to ferment diverse types of dietary
polysaccharides (62). Apart from polysaccharide fermentation,
Bacteroides can also affect host immune system development
(63), and maintenance of gut microbial balance (64). The present
study is concurrent with the previous study that showed E.
prolifera polysaccharides supplementation caused microbiota
dysbiosis in mice (21) and rabbitfish S. oramin (65). These
findings suggest that EP supplementation shifts microbiota
composition, particularly Bacteroides, which produce SCFA that
involve in immune response and gut barrier function. Notably,
the species Bacillus_licheniformis, Auraticoccus_monumenti, and
Alkalibacillus_haloalkaliphilus were biomarkers in the EP
group. Previous studies reported that B. licheniformis isolated
from a human fecal sample can be used for manufacturing
biochemicals, enzymes, antibiotics, and aminopeptidase (66,
67). Alkalibacillus_haloalkaliphilus is used in enzyme synthesis,
organic acid, food biotechnology, biodegradation, and antibiotics
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