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Dietary yeast glycoprotein
supplementation improves
the growth performance,
intestinal health and disease
resistance of largemouth bass
(Micropterus salmoides) fed
low-fishmeal diets
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The active ingredients extracted from yeast are important for regulating animal
health. The aim of the current research was to explore the impacts of dietary
yeast glycoprotein (YG) on the growth performance, intestinal morphology,
antioxidant capacity, immunity and disease resistance of largemouth bass
(Micropterus salmoides). A total of 375 juvenile fish (6.00 + 0.03 g) were
allocated into 15 fiberglass tanks. Triplicate tanks were assigned to each diet.
The dietary YG inclusion was as follows: the first group was given a high fishmeal
diet (40% fishmeal, 0% YG) (FM) and the second group was given a low fishmeal
diet (30% fishmeal and 15% soybean meal, 0% YG) (LFM). The fish in the third,
fourth and fifth groups were fed the LFM diet supplemented with 0.5% (LFM
+YGO0.5), 1.0% (LFM+YG1.0) and 2.0% (LFM+YG2.0) YG, respectively. After a 60-
day feeding trial, a challenge test using A. hydrophila was carried out. The results
showed that the final body weight (FBW) and weight gain rate (WGR) in the LFM
+YG2.0 group were significantly higher than those in the LFM group and were no
significantly different from those in the FM group. This may be partially related to
the activation of the target of rapamycin (TOR) signaling pathway. Dietary YG
supplementation enhanced intestinal physical barriers by upregulating the
intestinal tight junction protein related genes (claudinl, occludin and zo2) and
improving the structural integrity of the gut, which may be partially associated
with AMPK signaling pathway. Moreover, dietary YG increased the antioxidant
capacity in the gut, upregulated intestinal anti-inflammatory factors (il-10, il1-1
and tgf-p) and downregulated proinflammatory factors (-1 and il-8), which
may be partially related to the Nrf2/Keapl signaling pathways. The results of the
challenge test indicated that dietary supplementation with 0.5 or 1.0% YG can
increase the disease tolerance of largemouth bass against A. hydrophila. In
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conclusion, the present results indicated that dietary supplementation with YG
promotes the growth performance, intestinal immunity, physical barriers and
antioxidant capacity of largemouth bass. In addition, 1.0% of dietary YG is
recommended for largemouth bass based on the present results.

KEYWORDS

yeast glycoprotein, largemouth bass, growth performance, intestinal mucosal
morphology, intestinal immunity, intestinal antioxidation

1 Introduction

In recent years, the aquaculture industry has grown rapidly and the
demand for aquafeeds is increasing (1). Fishmeal is widely used as a
high-quality protein source (high protein content, balanced amino acid
composition and high palatability) in aquafeeds (2). However, the
shortage of fishmeal resources and high prices make it unsustainable
(3). The development of suitable protein sources to reduce the use of
fishmeal is an urgent issue. Reducing the use of fishmeal in feed
formulations will not only reduce costs and improve economic
efficiency, but also promote the sustainable development of the
aquaculture industry (4). Many potential novel protein sources have
been investigated to reduce fishmeal content in fish feed, such as insect
meal, bacterial proteins and plant proteins. Several potential alternative
protein sources have been reported to be tested in many aquatic species
(5-8). Plant proteins, such as soybean protein and cottonseed protein,
have the advantages of being inexpensive and sustainable compared to
fishmeal (9). Currently, plant protein is widely used as a substitute for
fishmeal in aquafeeds. However, plant proteins contain various
antinutritional factors, such as phytic acid, soya antigens and trypsin
inhibitors, which have a series of negative impacts on cultured fish
species, such as poor growth, deterioration of flesh quality and damage
to the intestine (10-12). The use of feed additives seems to be an
effective method to solve this problem. It was reported that
supplementation with 0.25% creatine in soybean-substituted fishmeal
feed promoted the growth performance and enhanced the meat quality
of spotted seabass (Lateolabrax maculatus) (13). Taurine
supplementation increases the replacement level of fishmeal by
soybean concentrate in diets of pacific white shrimp (Litopenaeus
vannamei) (14).

As functional feed additives, yeast products are widely applied
in aquaculture to improve the growth and health of cultured fish
(15). The yeast glycoprotein (YG) studied here is a substance with
antibacterial activity that is released after directed enzymatic
hydrolysis of yeast cells; it contains mainly glycoprotein, glucan
and mannan oligosaccharide (MOS). A study reported that glucan
alleviated hepatic dysfunction and resistance to Aeromonas sobria
caused by atrazine in Nile tilapia, which indicates that glucan can
improve the immunity of fish and reduce resistance to bacterial
infections (16). MOS is another important immunomodulatory
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compound. It was reported that MOS improved the survival rate
of Pacific white shrimp (Litopenaeus vannamei) under exposure to
Vibrio harveyi (17). The above results confirmed the potential of YG
in promoting growth and enhancing the immunity of organisms.
Dietary YG has been reported to ameliorate growth performance
and improve intestinal morphology and the immune response in
piglets (18). Nevertheless, few studies have explored the impacts of
YG on aquatic animals.

Numerous studies have shown that the intestine is the main site
of nutrient digestion and absorption (19). It also has a certain
immune function, playing key roles in maintaining fish health (20).
Intestinal immune substances are involved in immune responses
that prevent and combat invasion by pathogenic bacteria (21). The
inflammatory response mediated by cytokines is considered a vital
component of the immune response. Anti-inflammatory factors
and proinflammatory factors are present in the fish gut. Intestinal
structural integrity is also important for maintaining intestinal
health. The composition of the tight junction complex and the
antioxidant capacity are important to intestinal structural integrity
(22). Notably, YG contains longer unfolded glycoproteins that
provide more sites to interact with immune cells in the host gut.
Therefore, there is a great need to explore the impacts of YG on the
intestinal immunity and health of farmed fish.

Largemouth bass (Micropterus salmoides) is an important
carnivorous fish that has been widely cultivated due to its
delicious flesh, rapid growth and strong adaptability (23).
However, high densities and intensive farming patterns result in
oxidative stress and infectious diseases occurring frequently in
largemouth bass farming. Thus, the purpose of this study was to
investigate the impacts of YG on the growth performance, intestinal
immunity, antioxidant capacity and disease resistance of
largemouth bass. This study may contribute to assessing the
potential of yeast products as an alternative to antibiotics.

2 Materials and methods

The experimental animals were cared for and slaughtered based
on the Guidance of the Care and Use of Laboratory Animals. The
experimental subject was approved by the Institute of
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Hydrobiology, Chinese Academy of Sciences (IHB, CAS, Protocol
No. 2016-018).

2.1 Experimental diets

In this experiment, five (crude protein, 50%; crude lipid, 5%)
experimental diets were formulated and the approximate
composition is presented in Table 1. The nutritional components
of yeast glycoprotein are showed in Table 2. The first diet contained

TABLE 1 Formulation and compositions of experimental diets (% dry matter).

10.3389/fimmu.2023.1164087

40% fishmeal and 18.5% casein, which was a high fishmeal diet for
this experiment (FM). The second diet contained 30% fishmeal,
15% soybean meal and 18.5% casein, which was a low fishmeal diet
(LEM). Third, fourth and fifth were contained same protein source
as LFM and were supplemented with 0.5% (LFM+YGO.5), 1.0%
(LFM+YG1.0) and 2.0% YG (LFM+YG2.0). The YG in present
study was provided by Angel Yeast Co., Ltd (Hubei, China). The
process of feed production refers to previous work in our laboratory
(19). An oven was used to dry all diets at 60 °C and then stored in
a refrigerator.

Ingredients(%) FM LFM LFM+YGO.5 LFM+YG1.0 LFM+YG2.0
Fishmeal' 40.00 30.00 30.00 30.00 30.00
Soybean meal 00.00 15.00 15.00 15.00 15.00
Casein 18.50 18.50 18.50 18.50 18.50
Wheat protein concentrate 4.20 3.50 3.50 3.50 3.50
Wheat flour 10.00 10.00 10.00 10.00 10.00
Tapioca 11.90 11.90 11.90 11.90 11.90
Yeast glycoprotein2 0.00 0.00 0.50 1.00 2.00
Fish oil 4.00 4.54 4.54 4.54 4.54
Vitamin and mineral premix’® 2.00 2.00 2.00 2.00 2.00
Monocalcium phosphate 1.50 1.50 1.50 1.50 1.50
Choline chloride* 0.20 0.20 0.20 0.20 0.20
Methionine 0.00 0.15 0.15 0.15 0.15
Cellulose 7.70 27.06 26.56 26.06 25.06
Approximate composition

Moisture (%) 7.24 7.07 7.84 7.54 7.50
Crude protein (%) 50.32 49.92 48.96 48.88 50.39
Crude lipid (%) 533 5.37 5.64 5.30 5.08
Ash (%) 9.02 9.05 9.64 8.38 8.80
Methionine (%) 1.02 1.02 1.09 1.01 1.04
Gross energy (k]/g) 18.41 18.43 18.24 18.24 18.45

! Fishmeal was purchased from Coland Feed Industry (Wuhan, Hubei, China).

? Yeast glycoprotein was purchased from ANGEL YEAST Co. Ltd. (Yichang, Hubei, China).
® The vitamin and mineral premix was formulated following Gong et al. (23).

* Choline chloride was composed of 50% choline chloride and 50% silicon dioxide.

TABLE 2 The nutritional components in yeast glycoprotein (%).?

Main components %

Moisture 5.40
Crude protein 17.50
Mannan oligosaccharide (MOS) 22.60
B- glucan 21.40

“Data from ANGEL YEAST Co. Ltd. (Yichang, Hubei, China).
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2.2 Fish and feeding trial

The experimental fish were obtained from a freshwater fish
farm (Hubei, China). After 3 weeks of acclimation, 375 fish with
similar sizes (6.00 + 0.03 g) were divided into 15 fiberglass tank (150
L) with 25 fish per tank. The diets were allocated to triplicate tanks.
During the 60-days feeding period, experimental fish were hand-fed
daily at 8:30 and 16:30 until apparent satiety. The water temperature
in tank was measured every day and which was kept at 28.0 + 1.2 °C.
The dissolved oxygen > 6.0 mg/L, pH was maintained at 6.8-7.2 and
the concentration of ammonia nitrogen < 0.5 mg/L.
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2.3 Bacterial challenge

The bacteria in bacterial challenge and the culture procedure
refer to previous study in our lab (23). A pre-experiment was
carried out to confirm the 5-day LC50 (The concentration of
bacteria could result in 50% of fish mortality) before challenge
test. The result of pre-experiment suggested that the 5-day LC50
was 1x10® CFU/mL. After 60-days feeding period, 16 fish per tank
were injected intraperitoneally with 1 x 10% CFU/mL A. hydrophila.
After bacteria challenge, fish mortality of experimental fish was
recorded continuously for 5 days.

2.4 Sample collection

At the end of the feeding period, the weight and total number of
all fish in each tank were weighted and counted. Two experimental
fish per tank were selected and anesthetized with MS-222 (50 mg/L)
for 5 min. The blood, liver, middle and hindgut were sampled.
Blood was quickly collected from dorsal vessel of fish by syringes
and centrifuged (3500 g for 10 min). The obtained plasma sample
was stored at - 80°C for subsequent analysis. The liver and gut were
quickly collected at ice and stored at - 80°C.

2.5 Biochemical assays

The chemical compositions (moisture, crude protein, crude
lipid and ash) of feeds and fish samples were performed following
the methods of AOAC (24). The detailed procedure refers to
previous work (25). The levels of complement 3 (C3, H186-1-2),
complement 4 (C4, H184-2-2) and immunoglobulin M (IgM,
H109-1-2) in middle gut were measured by Elisa kits. The kits are
pre-coated with antibodies that bind specifically to these substances
in fish tissues. The activities of acid phosphatase (ACP) (A060-1-1)
and alkaline phosphatase (AKP) (A059-2), including lysozymes
(LZM) (A050-1-1), Total antioxidant capacity (T-AOC, A015-2-1),
superoxide dismutase (SOD, A001-3-2) and catalase (CAT, A007-1-
1) of middle intestine were tested using colorimetric methods.
These kits provide substrates that can only be reacted with
corresponding enzymes. All kits were purchased from Nanjing
Jiancheng Bioengineering Institute (Jiangsu, China).The total
triglyceride (TG), total cholesterol (TC), high-density lipoprotein
cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C),
aspartate aminotransferase (AST) alanine aminotransferase (ALT)
and alkaline phosphatase (ALP) contents in plasma were measured
by an automatic biochemical analyzer (Mindray BS-460, Shenzhen,
China) (TG (P/N:105-000449-00), TC (P/N:105-000448-00), HDL-
C (P/N:105-000463-00), LDL-C (P/N:105-000464-00), AST (P/
N:105-000443-00), ALT (P/N:105-000442-00) and ALP (P/N:105-
000444-00)).
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2.6 Histological analysis

To observe the impacts of YG on the middle intestinal structure
of largemouth bass. The H&E staining was performed in intestine
paraffin sections by Servicebio Company (Wuhan, China). a fully
automatic digital slide scanner (Aperio VERSA 8, Leica, Germany)
was used to obtain the intestine images from each slide. The image
was analyzed by Image] Launcher software.

2.7 Gene expression and western
blot analysis

The total RNA extraction of liver and middle intestine refers to
previous study in our lab (25). The information of primers used for
quantitative RT-PCR were showed in Table 3. The method of
Vandesompele was applied to calculate the results (27).

The method and detailed procedure of liver western blot refers
to previous study in our lab (25). The primary antibodies containing
P-TOR (#2971; CST, Danvers, MA, United States), TOR (#2972;
CST, Danvers, MA, United States), P-S6 Ser235/236 (#4858; CST,
Danvers, MA, United States), S6 (#2217; CST, Danvers, MA, United
States). The density of membranes with proteins complexes were
quantified by Image ] software (National Institutes of Health).
GAPDH was used as an internal reference protein.

2.8 Statistical analysis

All data are expressed as mean * standard error (SE), which
were statistically analyzed by SPSS 20.0 software (IBM, USA) and
performed to one-way analysis of variance (ANOVA). The
significance of differences between treatments was detected by
Duncan’s multiple range test. Differences were regarded as
significant at P < 0.05.

3 Results

3.1 Growth performance, nutritional
compositions of the whole body and
cumulative survival rate after challenge

The growth performance is presented in Table 4. The final
body weight (FBW) and weight gain rate (WGR) in the
treatments with YG supplementation were higher than those in
LFM group. Especially, those in the LFM+YG2.0 group were
significantly higher than those in the LFM group (P < 0.05), and
those in LFM+YG2.0 group were no significant difference
compared with those in the FM group. The feed efficiency (FE)
was no significant difference compared to that in LEM group, but
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significantly lower than that in FM group (P < 0.05). No
significant difference was found in the feeding rate (FR) or
survival rate (SR) among the groups. The whole-body
nutritional compositions are also shown in Table 4. The crude
lipid content in LEM+YGO0.5 group was significantly higher than
that in the LFM group (P < 0.05). No significant difference in
lipid content between the treatments with YG supplementation
and the FM group. In addition, there is no remarkable different
in contents of the whole-body moisture, crude protein and ash of
all groups.

10.3389/fimmu.2023.1164087

The results showed that the 24-hour cumulative survival rates of
the largemouth bass were increased in the YG-supplemented groups
compared with the LEM group, and a significant increase was observed
in the LEM+YG1.0 group (Figure 1) (P < 0.05). Moreover, there was no
significant difference between the FM and experimental groups. The
120-hour cumulative survival rate in the FM group was 82.58 + 0.76%,
which was the highest among all groups. This was followed by 77.78 +
18.22% in the LFM+YG1.0 group, 72.73 + 5.25% in the LEM+YGO0.5
group, 66.16 + 9.19% in the LEM group and 63.38 + 0.76% in the LFM
+YG2.0 group.

TABLE 3 Primers used for quantitative RT-PCR (qPCR).

Accession no. Gene name Primer sequence (5'-3')

Annealing temp. (°C)

Product length(bp)

1 F: TCAGGACCTCTTCTCATTGGC

XM_038723321.1 for R: CCTCTCCCACCATGTTTCTCT

60 208

XM 038713349.1 & F: GCCAATCTCAGCGTTCTCAAC 60 156
. : : R: CTGCCTAACATCATCCTCCTT

3 F: TACCAAAAGCGGTTCAACCAC
eiffe 60 283

XM_038729709.1 R: GCAGCACTCTAACTCTCATCC

sebp* F: TGGACATCTAACAGACTGGA 60 196

XM_046070501.1 R: GCCACACTGTACCTAGATGT

. F: GATCAGAGCCACTACCCCAA
claudinl 58 279

XM_038718401.1 R: TTCCAAAGCCCTTCATACAGC

. F: ATGTACTCTGCAGGAGTGGA
claudind 60 212

XM_038694323.1 R: AGCATGGAGTCGTGCACTCT

F: CA TTCAGAGGAGA
occludin CAGCCCTTCAGAGGAGAC 58 335

XM_038715419.1 R: CTACAGCCTGGTATTTGG

5 F: AATACACTCTCCCCAAAACGG
zol 58 65

XM_038701018.1 R: GCGAAGACCACGAAATCTCC

s F: GTCGTACCGCTCCTACTC
z02' 58 301

XM_038733200.1 R: TTCTTGGTCCTCTATGCTC

M 0460603341 , F: TATGAAGAAACATGACGTGCC o .
= : acp R: TCAAAGTCCTCGTCACTCCC
F: TTGGACCGGAAGCTTAACACC
XM, 722.1 S 201
038696 akp R: TCAAAGTCCTCGTCACTCCC 60 0
F: GTTCCAGCTATCTTTTAA
XM_038704976.1 cat® GTTCCAGCTATC cee 60 75

R: AAGAGAGGCACATAAATGCAA

10 F: TCCCCACAACAAGAATCATGC
sod 53 180

XM_038708943.1 R: TCATCAGCCTTCTCGTGGA

1 F: TCCAATGATGTTGTTGCCAGA

XM_038713810.1 e R: AAGCCATTGATTTTGTACCAC

58 47

F: CGTGACTGACAGCAAAAAGA
g CGTGACTGACAGC GAGG o 66

XM_046034892.1 R: GATGCCCAGAGCCACAGTTC

1813 F: CGTTGAACAGACTGGGAGAGATG P -
R: AGTGGGATGGCTTCATTATCTTGT

MW751832.1

. F: CTTCGTCTACAGCCAGGCATCG
tnfo 60 161

XM_038710731.1 R: TTTGGCACACCGACCTCACC

s F: CGGCACAGAAATCCCAGAGC
il10 60 119

XM. 252.1
03869625 R: CAGCAGGCTCACAAAATAAACATCT

(Continued)
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TABLE 3 Continued

Accession no. Gene name Primer sequence (5-3')

Annealing temp. (°C)

Product length(bp)

Yu et al, 2019 (26) i1 F: TTCCCAACAGACAGATGAAGAACTC 6 -
” R: TGCCTGTGTTCAGCCAGTCAA

F: GCTCAAAGAGAGCGAGGATG
XM_038693206.1 tef B 58 118
- B R: TCCTCTACCATTCGCAATCC

ampka® F: AGGCGAGCTCTTCGACTACA 60 .

XM_038734014.1 R: CCAAAGTCTG CAATCTTGGC

XM 0387097361 acc® F: ATCCCTCTTTGCCACTGTTG 60 121
- ’ R: GAGGTGATGTTGCTCGCATA

XM 038720536.1 nrf2? F: TCCCCAGAGCAGACAGTTCC 58 162
. : R: CTCCATTTGCATGTTCAGGC

F: GCACCTAACCGTGGAACTCAA
XM_038728592.1 1 1
03872859 keap R: CCAGTTTTAGCCAGTCATTGTTCC 58 0

X F: AAAGGGAAATCGTGCGTGAC
XM_038695351.1 B-actin R: AAGGAAGGCTGGAAGAGGG 60 184

ltor, Target of rapamycin; 256, Ribosomal protein S6 kinase 1; 3eifde, Eukaryotic translation initiation factor 4E; 44ebp, Eukaryotic translation factor 4E-binding protein; 5201, Tight junction
protein 1; 202, Tight junction protein 2; 7acp, Acid phosphatase; 8a.kp, Alkaline phosphatase; 9cat, Catalase; °sod, Superoxide dismutase [Cu-Zn]; zm, Lysozyme -like transcript; 1Zill[i,
Interleukin-1B; "*il8, Interleukin 8; "*tnfo, Tumour necrosis factor oz *il10, Interleukin-10; '°il11p, Interleukin-11B; "tgfB, Transforming growth factor B; **ampkoi, 5’-AMP-activated protein
kinase catalytic subunit o Pace, Acetyl-CoA carboxylase; 2%4rf2, Nuclear factor erythroid 2-related factor 2a; 21keapl, Kelch-like ECH-associated protein 1.

were remarkably decreased than those in the LEM group (P < 0.05).
plasma ALT showed no significant difference in all treatments.

3.2 Hematological parameters

The hematological parameters of the largemouth bass are
presented in Table 5. No remarkable difference was found in

3.3 Expression of key proteins and related

plasma TG levels in all groups. Furthermore, that in LFM+YGL1.0 ’ . ’
genes in protein synthesis

and LFM+YG2.0 groups was remarkably decreased compared with
the LFM treatment (P < 0.05). The levels of plasma HDL-C and
LDL-C showed no remarkable difference among all groups. In
addition, the plasma AST and ALP levels in LFM+YGI1.0 group

Expression of key proteins and related genes of protein
synthesis in the liver of the largemouth bass are presented in

TABLE 4 Effects of dietary supplementation with YG on the growth performance and whole-body composition of largemouth bass.

Parameters LFM+YG1.0 P value
Growth performance

IBW g 6.03 % 0.01 5.98 + 0.00 6.01 % 0.01 5.99 + 0.01 6.02 = 0.01 0.062
FBW g 44.61 + 0.50° 39.30 + 0.32° 4122 + 0.63 4133 +0.32%° 42.80 + 1.38" 0.015
WGR %’ 639.50 + 9.24° 557.53 + 5.65" 586.10 + 10.90% 590.53 + 5.30° 610.47 + 23.13% 0.026
FR %BW/d* 2.06 + 0.05 2.13 + 0.02 2.17 +0.02 2.14 +0.01 2.14 + 0,01 0.124
FE %° 132.26 + 2.65 123.29 + 1.69° 122.88 + 1.93° 124.87 + 0.58° 125.86 + 1.12° 0.028
SR %° 98.00 + 0.02 100.00 + 0.00 98.68 + 0.01 100.00 + 0.00 100.00 + 0.00 0.431
Whole-body composition

Moisture % 74.06 + 0.28 7543 + 0.34 75.06 + 1.20 74.75 + 051 74.53 + 0.30 0.721
Crude protein % 16.67 + 0.41 16.04 + 0.10 15.74 + 0.72 16.32 + 028 16.45 + 0.22 0.594
Crude lipid % 414 +0.18%® 3.78 + 0.20° 476 + 0.26 435 +0.12% 4.28 + 0.06™ 0.036
Ash % 3.46 + 0.06 3.26 + 0.10 3.17 + 0.18 3.28 +0.03 3.39 +0.02 0.229

Data are presented as the Means + SE (n = 3). Values within the same row with different letters are significantly different (P < 0.05).
'IBW, initial body weight (g).

2FBW, final body weight (g).

*WGR, weight gain rate (g) = 100 x (final mean weight — initial mean weight)/initial mean weight.

“FR, feeding rate (% body weight day ') = 100 x (feed intake in dry matter)/[days x (initial body weight+ final body weight)/2].
°FE, feed efficiency (%) = (final body weight-initial body weight)/feed intake in dry matter.

SR, survival rate (%) = 100 x (final fish number/initial fish number).
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FIGURE 1

Effects of dietary supplementation with YG on postchallenge survival
of largemouth bass after infection with A. hydrophila. The cumulative
survival rate of the largemouth bass was recorded and analysed. The
equation is expressed as survival rate (%) = (final number of fish
survivor/initial number of inoculated fish) x 100.

Figure 2. Compared with the LFM group, the protein
phosphorylation level of the TOR in the LFM+YG1.0 and LFM
+YG2.0 groups was significantly increased (P < 0.05) (Figures 2A,
B). Nevertheless, No significant difference between the LFM
+YGO0.5, LEM+YG1.0, LEM+YG2.0 and FM groups. Accordingly,
the transcriptional expression of tor in LEFM+YG1.0 groups was no
significant difference compared to that in the FM group
(Figure 2D). Similar results were observed for the expression of s6
at protein and transcriptional levels. As shown in Figures 2A, C, E,
the protein phosphorylation level of s6 in the LFM+YG1.0 group
was significantly increased than LFM group (P < 0.05). With the
increase in dietary YG levels, the transcriptional expression of s6
gradually increased. The transcriptional expression of s6 was
significantly increased in the LEFM+YG2.0 group (P < 0.05). The
transcriptional expression of eiffe was increased in the experimental
groups compared with the LFM group and no significantly
difference compared to FM group. The transcriptional expression
of 4ebp2 in LFM+YG2.0 group was no significant difference
compared to FM group (Figures 2F, G).

10.3389/fimmu.2023.1164087

3.4 Intestinal morphological analysis

Based on the intestinal H&E staining sections, intestinal villi
height, villi width, goblet cells and muscular thickness were
quantified and are shown in Figures 3A-E. With the increase in
dietary YG supplementation, the intestinal villi height gradually
increased. Dietary YG promoted the intestinal villi height and a
significant difference was observed in the experimental group
compared with the LEM group (P < 0.05) (Figure 3B). The
number of goblet cells in groups with dietary YG
supplementation was higher than that in the LFM group and was
significantly increased in the LFM+YG1.0 group (P < 0.05).
Although the FM treatment had the highest level of goblet cells
number (Figure 3D). The intestinal villi width and muscular
thickness were not significantly affected by dietary YG levels
(Figures 3C, E).

3.5 Intestinal tight junction
transcript abundance

The intestinal tight junction transcript abundance analysis is
shown in Figures 4A-E. With the increase in the dietary YG level,
the transcriptional expression of claudinl gradually improved, and
a significant increase was observed in the LFM+YG1.0 group
compared to that in LFM group (P < 0.05) (Figure 4A). Similar
results were found for the transcriptional expression of occludin and
zo2, which was higher in groups with dietary YG supplementation
than in the LEM group (Figures 4C, E). The expression of occludin
in the LFM+YG0.5 and LFM+YG1.0 groups was significantly
increased compared with that in the LEM group (P < 0.05). The
expression level of zo2 in the LFM+YG2.0 treatment was
remarkably increased compared with that in the LFM treatment
(P < 0.05). The transcriptional expression of claudin4 and zol did
not show any significant differences among all groups (Figures 4B,
D). The relative expression of 5-AMP-activated protein kinase

TABLE 5 Effects of dietary supplementation with YG on the hematological parameters of largemouth bass.

EICINEE FM LFM LFM+YGO0.5 LFM+YG1.0 LFM+YG2.0 P value
TG mmol/L' 415+ 0.50 3.72 + 036 3.68 + 037 458 +0.14 4.04 + 035 0.343
TC mmol/L2 7.20 +0.15 9.30 + 0.41° 8.63 + 025" 7.88 + 029 7.37 +0.25° 0.001
HDL-C mmol/L* 3.28 + 0.09 3.02 % 0.16 273 +0.31 3.11 % 0.05 3.06 + 0.13 0.379
LDL-C mmol/L* 1.67 + 0.05 1.64 +0.11 147 +0.16 1.76 + 0.05 1.60 + 0.16 0.582
ALT U/L® 13.75 + 1.42 18.00 + 0.51 16.05 + 2.49 16.13 + 1.68 18.67 + 1.02 0.318
AST U/L® 80.60 + 6.48" 112.20 + 3.55° 100.72 + 6.15> 91.27 + 6.09%° 101.40 + 5.76™ 0.015
ALP U/L” 129.05 + 3.51° 177.08 + 4.43° 166.48 + 2.29* 148.03 + 10.92*° 160.48 + 9.40™ 0.003

Data are presented as the Means + SE (n = 6). Values within the same row with different letters are significantly different (P < 0.05).

"TG, Total triglyceride (mmol/L).

TG, Total cholesterol (mmol/L).

*HDL-C, High-density lipoprotein cholesterol (mmol/L).
*LDL-C, Low-density lipoprotein cholesterol (mmol/L).
SALT, alanine aminotransferase (U/L).

®AST, aspartate aminotransferase (U/L).

7ALP, alkaline phosphatase (U/L).
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Effects of dietary supplementation with YG on protein synthesis metabolism in the liver of largemouth bass. (A) Protein and phosphorylation levels of

TOR and s6 in the liver. (B) Quantification of TOR protein phosphorylation. (C) Image quantification results of s6 protein phosphorylation. (D) Relative
mMRNA expression of tor. (E) Relative mRNA expression of s6. (F) Relative mRNA expression of eif4e. (G) Relative mRNA expression of 4ebp2. Columns
represent the mean + SEM (n = 6). For each index, bars not sharing a common letter indicate significant differences (P < 0.05).

catalytic subunit o (ampker) and acetyl-CoA carboxylase (acc) in
middle gut is shown in Figures 4F, G. The gene expression levels of
ampko and acc were remarkably lower in LFM group than the FM
group (P < 0.05). Nevertheless, their expression levels of them were
increased after YG supplementation. The expression level of ampkor
in the LFM+YGI.0 treatment was remarkably higher than that in
the LFM treatment, and the expression level of acc was significantly
higher in LFM+YGO0.5 and LFM+YG1.0 treatments (P < 0.05).

3.6 Intestinal nonspecific immunity

The intestinal nonspecific immunity of the largemouth bass fed
dietary YG supplementation is shown in Figure 5. With the increase
in dietary YG supplementation, the ACP activity gradually
increased and it was significantly increased in the LFM+YGO0.5
and LFM+YG1.0 groups compared to that in the LFM group (P <
0.05). The ACP activity of YG additional treatments was similar
with FM group (Figure 5A). A similar result was found for LZM.
Although the FM treatment had the highest level of LZM activity
between the treatments. Dietary YG promoted LZM activity and a
significant difference was observed in the LEFM+YG2.0 treatment
compared to that in LEM group (P < 0.05) (Figure 5C). The AKP
activity was not significantly affected by dietary YG
supplementation (Figure 5B). Accordingly, the transcriptional
expression of acp and lzm in the experimental groups gradually
upregulated and then downregulated with the dietary YG levels, and
a remarkable increase was observed in LFM+YGI1.0 group
compared with that in the LFM group (P < 0.05) (Figures 5D, E).
There was no significant difference in the transcriptional expression
of akp among all groups (Figure 5E). As shown in Figures 4G-I, the
contents of LGM and C3 in the intestine showed an increasing
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trend with increased dietary YG levels compared with the LFM
group. The LGM content in the LFM+YG1.0 and LFM+YG2.0
groups was significantly increased compared with that in the LFM
group (P < 0.05) and was not significantly different from that in the
FM group. The intestinal C4 content showed an increasing and
decreasing trend with increasing dietary YG levels compared with
the LFM group. The C4 content in the LFM+YG1.0 group was
significantly increased compared with that in the LFM group (P <
0.05) and was not significantly different from that in the FM group.

3.7 Intestinal antioxidant capacity

The intestinal antioxidant parameters are shown in Figure 6.
The T-AOC of the intestine increased with increasing dietary YG
supplementation. The T-AOC in the LFM+YG1.0 and LEM+YG2.0
treatment was significantly increased compared with that in the FM
and LFM groups (P < 0.05) (Figure 6A). The LEFM+YG1.0 treatment
had the highest level of SOD activity among all groups and was
significantly higher than that in the LFM group (P < 0.05)
(Figure 6B). A similar result was observed for CAT, the activity of
CAT in the LFM+YGO0.5 and LEM+YG1.0 treatments was higher
than that in the LEM treatment and was significantly increased in
the LEM+YGI.0 treatment compared with the LFM treatment (P <
0.05) (Figure 6C). As shown in Figure 6D, the transcriptional
expression of sod showed an increasing and decreasing trend with
increasing dietary YG levels, although no significant difference was
observed among all groups. In addition, with the increase in dietary
YG supplementation, the transcriptional expression of cat showed
an upregulating and then downregulating trend. The highest value
was obtained in LFM+YG1.0 group, and it was significantly higher
in the LFM+YG1.0 group than that in the FM and LEM groups (P <
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FIGURE 3
Effects of dietary supplementation with YG on the intestinal morphology of largemouth bass. (A) Histological observations of the intestine stained
with HE (magnification 100x and 200x). The red line represents the length of villi, the blue line represents the width of villi, the green line represents
the thickness of intestinal muscle, and green arrows point to goblet cells. (B) Quantitative graph of intestinal villi height. (C) Quantitative graph of
intestinal villi width. (D) Quantitative graph of intestinal goblet cells. (E) Quantitative graph of intestinal muscle thickness. Columns represent the
mean + SEM (n = 6). For each index, bars not sharing a common letter indicate significant differences (P < 0.05).

0.05) (Figure 6E). The transcriptional expression of nuclear factor
erythroid 2-related factor 2a (nrf2) and kelch-like ECH-associated
protein 1 (keapl) is shown in Figures 6F, G. The expression level of
nrf2 in the LEM treatment was remarkably downregulated than that
in the FM treatment, meanwhile the expression level of nrf2 in the
LFM+YGI.0 treatment was remarkably upregulated compared with
that in the LFM group (P < 0.05). There was no significant
difference for the expression level of keapl among all groups.

Frontiers in Immunology

09

3.8 Intestinal inflammatory cytokine
gene expression

The gene expression levels of inflammatory cytokine in
intestinal tissues were determined and are presented in
Figures 6H, I. As shown in Figure 6H, the transcriptional
expression of anti-inflammatory cytokines (interleukin 10 (il-10),
interleukin 11 (il-11f) and transforming growth factor B (tgf-8))
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(n = 6). For each index, bars not sharing a common letter indicate significant differences (P < 0.05).

increased and then decreased with increasing dietary YG
supplementation compared with the LFM group, and the highest
value appeared in the LEM+YG1.0 group. The expression of il-10
and tgf-Bin the LFM+YG1.0 group showed no significant difference
with that in FM treatment. The expression of il-113 and tgf-f in the
LFM+YGL1.0 group showed a significant difference compared with
that in the LFM group (P < 0.05). The transcriptional expression of
pro-inflammatory cytokines (interleukin 1B (ilI-f3), interleukin 8
(il-8) and tumour necrosis factor-o (tnf-cx)) are shown in Figure 61.
Compared with the LEM group, the intestinal expression of il-1/3
and il-8 showed a decreasing trend with increasing dietary YG
levels. Additionally, the downregulation of il1-f was significant in
the LFM+YG1.0 and LFM+YG2.0 groups, and the downregulation
of il-8 in the LFM+YG2.0 group was significant (P < 0.05).
However, there was no significant difference between the
experimental groups and the FM group. The transcriptional
expression of tnf-o in all groups showed no significant differences.

4 Discussion

An important factor in assessing the suitability of feed additives
for farmed animals is the impact on growth performance (23). In
this study, we observed that the addition of YG to a diet based on
soybean meal as a protein source significantly improved the WGR
of largemouth bass, and the WGR was not significantly different
from that of the FM group when YG was added at a level of 2.0%.
Numerous studies have confirmed that yeast products can be used
as additives to improve the growth performance of cultured animals
(28-31). Dietary yeast hydrolysate and brewer’s yeast
supplementation enhanced the growth performance of Pacific
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white shrimp (32). Growth improvement was observed with
dietary probiotic yeast supplementation in Gangetic mystus
(Mystus cavasius) (15). However, this study found that the FE
and FR of largemouth bass were not increased with YG
supplementation. Therefore, dietary YG may improve growth
through endogenous factors. The TOR signaling pathway plays an
important role in sensing nutrients and regulating the growth of the
organism by coordinating anabolism and catabolism (33).
Moreover, a positive correlation was observed between the growth
and phosphorylation activation of the TOR pathway in cultured
animals (34). A previous study reported that the addition of
guanidinoacetic acid promoted muscle cell growth by
upregulating the TOR signaling pathway (35). Dietary
Clostridium butyricum CBGO1 enhanced the growth performance
of Pacific white shrimp, and the TOR signaling pathway was shown
to be activated (36). Our study also observed that dietary YG
significantly increased the transcriptional and protein levels of for
and s6. YG contains some active substances, such as mannitol, that
may be essential for the activation of the TOR signaling pathway,
and this needs to be further validated. Therefore, the possible
mechanism by which growth was improved by YG may be partly
due to the activation of the TOR signaling pathway.

The intestinal physical barrier is important in maintaining
intestinal health and resisting the invasion of pathogenic bacteria
(37). The intestinal villi height, width and muscle thickness are the
direct indicators of the morphological structure and functional integrity
of the intestinal mucosa (38). In this study, the values of villi height
significantly increased after largemouth bass were fed the diet with YG
supplementation. In addition, the number of goblet cells can reflect to
some extent the local immune status of the gut (39). This study found
that YG increased the number of intestinal goblet cells when
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FIGURE 5

Effects of dietary supplementation with YG on intestinal nonspecific immunity in largemouth bass. (A) Acid phosphatase (ACP) (U/mg protein). (B) Alkaline
phosphatase (AKP) (King's unit/mg protein). (C) Lysozyme (U/mg protein). (D) Relative mRNA expression of acp. (E) Relative mRNA expression of akp. (F)
Relative mMRNA expression of (zm. (G) Immunoglobulin M (IgM) (mg/g protein). (H) Complement 3 (C3) (mg/g protein). (I) Complement 4 (C4) (mg/g protein).
Columns represent the mean + SEM (n = 6). For each index, bars not sharing a common letter indicate significant differences (P < 0.05).

experimental fish were fed a diet containing soybean meal, which was
consistent with the results for innate immunity mentioned above.
These results suggested that YG enhanced the intestinal physical barrier
effect, which may be related to improvement in the integrity of the gut
and promotion of the differentiation of intestinal cells. Tight junction
proteins, consisting of transmembrane proteins (claudins and
occludin) and cytoplasmic proteins (zos), are an important
component of the physical barrier of the intestine (40). This research
showed that the addition of YG to the low fishmeal diet markedly
increased the expression of claudinl, occludin and zo2 in the intestine,
indicating that YG can alleviate the damage to the intestinal physical
barrier caused by a diet containing soybean meal. Glucan is as
important a component of YG as MOS. Our results are consistent
with previous studies that reported that glucan and MOS attenuated
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barrier dysfunction and enhanced gut health in broiler chickens (41).
Nevertheless, the possible mechanism by which yeast products regulate
the intestinal physical barrier is unknown. Accumulating evidence has
shown that the AMPK signaling pathway can further activate the
barrier function of intestinal epithelial cells by enhancing the
interaction between claudin and occludin (42). This study showed
that dietary YG upregulated the expression levels of ampk and acc in
the gut. Another previous study reported that AMPK inhibition due to
metabolic disorders coexists with impaired epithelial barrier function
(43). Glutmate has been reported to activate AMPK pathway to
enhance intestinal barrier function by promoting the assembly of
tight junctions (44). Therefore, we speculate that YG may regulate
the AMPK signaling pathway to improve the intestinal physical barrier,
but the specific mechanism requires subsequent investigation.
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Effects of dietary supplementation with YG on the intestinal antioxidant capacity and inflammatory cytokines in largemouth bass. (A) Total antioxidant
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sod. (E) Relative mRNA expression of cat. (F) Relative mRNA expression of nrf2. (G) Relative mRNA expression of keapl. (H) Relative mRNA expression of
anti-inflammatory cytokines (il10, il11f3 and tgf-p). (I) Relative mRNA expression of proinflammatory cytokines (il1f, il8 and tnf-c). Columns represent the
mean + SEM (n = 6). For each index, bars not sharing a common letter indicate significant differences (P < 0.05).

In fish, the innate immune system consists of ACP, AKP and
LZM. It is the first line of intestinal immune defense and plays a
vital role in protecting aquatic animals against invading
microorganisms, such as pathogenic bacteria (45). In this study,
the intestinal ACP and LZM activities were significantly decreased
by soybean meal. However, YG supplementation enhanced the
activities of ACP and LZM, and the activities of ACP and LZM in
the LFM+YGI1.0 group were not different from those in the FM
group. This was confirmed by the results of gene expression
analysis, where YG upregulated the expression levels of acp and
Izm. Similar results were found in a previous study in which the
dietary live yeast Hanseniaspora opuntiae C21 in juvenile sea
cucumber (Apostichopus japonicus) and the dietary protease-
complex in shrimp (L. vannamei.) increased ACP activity (46,
47). Immunoglobulins (IgM) and complements 3 and 4 (C3 and
C4) are important components of the innate immune system of fish
and play a positive role in preventing the invasion of external
microorganisms (48). In the present study, the intestinal IgM and
C4 contents were significantly increased in fish fed with dietary YG
supplementation compared to those in the LFM group. Consistent
with this study, the immunity-promoting effects of yeast products
have been reported previously (23, 49). However, previous results
have shown that yeast products can increase innate immunity levels
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in organs, such as the kidneys and liver, and the present study
demonstrated that yeast products could also improve the intestinal
immune capacity of aquatic animals. However, there is no precise
explanation of how dietary YG works to increase the intestinal
immunoreactive substance content. It is speculated that YG may
activate the complement system to secrete C4 and promote the
secretion of IgM in intestine. The exact mechanism needs to be
further explored.

The antioxidant system is able to scavenge reactive oxygen
species and alleviate damage to cells; thus, antioxidant capacity can
be used to reflect the health status of the body (50). The present
results showed that dietary YG supplementation significantly
increased T-AOC in the intestine. SOD and CAT are important
enzymes in the antioxidant defense system. SOD reduces reactive
oxygen species to hydrogen peroxide, and CAT decomposes
hydrogen peroxide into water and oxygen (51). This study found
that the contents of SOD and CAT were increased when fish were
fed the diet supplemented with YG. Accordingly, the mRNA
expression levels of sod and cat were also increased in the YG
supplementation groups compared with the LEM group. Our results
are consistent with a previous study showing that YG improved
antioxidant capacity in broiler chickens (52). MOS is an important
component in YG and was reported to improve oxidative status and
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ameliorate heat stress-induced intestinal damage in animals (53,
54). Therefore, dietary YG may act through MOS to help protect the
intestine from oxidative stress. Nuclear factor-erythroid factor 2-
related factor 2 (NRF2) is a transcription factor that regulates the
expression of antioxidant genes (48, 55). The transcriptional
expression of nrf2 in this study was increased and the
transcriptional expression of keapl was decreased in the YG-
supplemented groups, indicating that the improvement in
antioxidant capacity might have resulted from the activation of
the Nrf2/Keapl pathway. As a feed additive, YG can increase the
antioxidant capacity of livestock and poultry animals. The present
study further found that YG was effective in increasing the
antioxidant capacity of the aquatic animal intestine through the
Nrf2/Keapl signaling pathway.

Cytokines trigger a disease-resistance response of the immune
system and help to enhance the immune response in the body (21).
Anti-inflammatory cytokines (such as IL-10, IL-11p and TGF-f3)
and proinflammatory cytokines (such as IL-13, IL-8 and TNF-o)
are usually detected to assess the immune response (56). Live yeast
have been confirmed to reduce the expression of proinflammatory
cytokines and increase the expression of anti-inflammatory
cytokines in porcine intestinal epithelial cells following bacterial
invasion (57). As an extract of yeast cell walls, YG was found to have
similar effects in this study. Dietary YG upregulated the mRNA
expression of il-10, il-11f3 and tgf-f but downregulated the mRNA
expression of il-1f and il-8. MOS and glucan are essential
components of both live yeast and YG and have been shown to
have therapeutic effects on inflammation (16, 58). In addition, the
current study showed that dietary YG can activate the Nrf2/Keapl
signaling pathway. Previous studies have reported that the
expression of inflammatory cytokines is also regulated by the
Nrf2/Keapl signaling pathway (59). Therefore, the possible
mechanisms underlying the alterations in intestinal inflammatory
factors in this study may be partially attributable to regulation of the
Nrf2/Keap1 signaling pathway by YG. In summary, dietary YG can
regulate intestinal antioxidant capacity and inflammatory cytokines
through the Nrf2/Keapl signaling pathway in largemouth bass.

5 Conclusions

The current study explored the impacts of YG as a feed additive
for aquatic animals. The results reveal that a low fishmeal diet had
negative impacts on growth performance and intestinal health and
decreased the survival rate after bacterial challenge of largemouth
bass. However, dietary YG supplementation (0.5-2%) could
improve the growth performance, intestinal health and survival
rate by optimizing the gut morphology and enhancing the intestinal
antioxidant capacity and nonspecific immunity. Furthermore,
dietary YG improves growth performance and intestinal health by
regulating through the TOR, AMPK and Nrf2/Keapl pathways.
Therefore, our findings can provide a new strategy for the
replacement of fishmeal by plant proteins in aquaculture and
provide a reference for the application of YG diets in
aquatic animals.
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