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Abstract

The present study was conducted to investigate the effects of yeast culture on the
growth, hepatic antioxidant capacity, intestinal barrier and microflora of fish fed a
high-cottonseed protein diet. The largemouth bass (initial body weight: 12.17 + 0.02 g)
were randomly allotted into three treatments, fish meal-based diet (FM), cottonseed
protein concentrate-based diet (CPC, 36% of the fish meal replaced by cottonseed
protein concentrate) and CPC diet with yeast culture (CPCY, CPC+3% yeast culture)
for 8 weeks, respectively. The results indicated fish fed 3% yeast culture diet could
enhance specific growth rate (SGR), protein efficiency ratio (PER) and feeding rate
(FR), while the hepatosomatic index (HSI) and liver glycogen content were significantly
decreased compared with the CPC group (p < .05). Compared with the FM group,
the CPC diet resulted in liver tissue damage accompanied by upregulation of pro-
inflammatory factor (IL-13 and TNFa) expression, while adding yeast culture signifi-
cantly increased the relative expression of liver anti-inflammatory factor (IL-10) and
antioxidant enzyme (SOD, CAT and GSH-Px) (p < .05). Meanwhile, yeast culture can
reduce the accumulation of liver glycogen and improve the disorder of liver glucose
metabolism caused by CPC. Furthermore, compared with CPC group, CPCY group sig-
nificantly up-regulated the expression of ZO-1, Claudin and Occludin and the activities
of antioxidant enzymes (SOD, CAT) in intestine (p < .05) as well as down-regulated di-
amine oxidase (DAO) activity, D-lactate (D-lac) and lipopolysaccharide (LPS) contents
in serum (p < .05). In addition, the abundance of probiotics (Lactobacillus) increased
significantly, and the abundance of intestinal potential pathogenic bacteria (Vibrio,
Brevundimonas) decreased in CPCY group (p < .05). In conclusion, yeast culture can
alleviate the adverse effects of concentrated cottonseed protein on the growth of

largemouth bass and might be used as an effective probiotic for farmed fish.
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1 | INTRODUCTION

Recently, plant proteins are increasingly being used as an economi-
cal and versatile alternative replacing animal source in fish nutrition.
Animal protein presents growing costs and limited supply, and has
been highly associated with resources depletion, biodiversity loss
and environmental pollution. Therefore, reducing fishmeal in aqua-
feeds is becoming necessary for ensuring aquaculture sustainability,
being particularly relevant in the production of carnivorous fish. As
one of the most important aquaculture species in China, the large-
mouth bass (Micropterus salmoides) has received great attention, and
several studies have been focused on alternative protein sources but
have led to reduced feed intake, growth and impaired health status
when included at high levels (He, Li, et al., 2020; He, Yu, et al., 2020;
Jiang et al., 2018; Wu et al., 2021).

Proteins are essential macronutrients for fish nutrition, and
the nutritional quality of a protein source varies substantially de-
pending upon their bioavailability, digestibility, amino acid profile,
purity, antinutritional factors and processing effects. Plant pro-
teins are often recognized as incomplete or nutritionally inferior
to animal proteins (Hughes et al., 2011). However, plant proteins
certainly play a very valuable role in fish nutrition. The suitability
of the plant protein sources in terms of growth performance has
resulted to be highly variable among fish species and experimental
conditions. Generally, carnivorous fish showed a much lower abil-
ity to accept high-plant protein diets even with balanced essential
nutrients (Krogdahl et al., 2010). How to improve the utilization
of plant protein sources in aquafeeds remains to be an important
aspect. Therefore, specific strategies and techniques to increase
the use of plant feedstuffs in aquafeeds and limit potentially ad-
verse effects of bioactive compounds on farmed largemouth bass
are worth research.

At present, yeast culture (YC) as synbiotics is widely used in
aquaculture (Ayiku et al., 2020; Barnes et al., 2009). Studies have
shown that yeast culture can not only be used as a protein source to
replace fish meal (Barnes et al., 2006; Zhang et al., 2018) but also can
be used as an immune modulator for fish due to it contains immu-
nomodulatory components such as yeast polysaccharides (B-glucan
and mannooligosaccharide), peptides and nucleotides (Choudhury
et al.,, 2005; Jensen et al., 2008; Selvaraj et al., 2005; Torrecillas
etal., 2007). Furthermore, it was also documented that yeast culture
can alleviate intestinal tissue damage caused by high-plant protein
in yellow catfish (Pelteobagrus fulvidraco) (Sun, 2020) and turbot
(Scophthalmus maximus) (Zhao, 2008). In addition, yeast cultures can
alleviate gossypol induced inflammatory response in liver tissue of
Ussuri catfish (Pseudobagrus ussuriensis) (Bu et al., 2020). Up to now,
whether dietary yeast culture supplementation can mitigate det-
rimental effects of plant proteins and modulate antioxidant status
still remains to be elucidated. Therefore, we aimed to explore the
effect of yeast culture dietary intervention in largemouth bass fed a
high-cottonseed protein diet for an 8-week randomized clinical trial.
It provides valuable reference for the daily use of yeast culture in

aquaculture.

TABLE 1 Formulation and proximate chemical composition of
experimental diets (g kg™

Experiment diets

Ingredient (g kg™) FM CPC CPCY
Fish meal® 400 256 256
Domestic chicken powder 100 100 100
Cottonseed protein 0 157.8 157.8
concentrate

Yeast culture 0 0 30
Soybean meal 70 70 70
Concentrated soy protein 110 110 95
Wheat gluten 30 30 30
Cassava starch 90 90 90
Fish oil 20 31 31
Soy lecithin 15 15 15
Soybean oil 40 40 40
Vitamin premix? 15 15 15
Mineral premix© 15 15 15
Choline chloride 5 5 5
Ca(H,PO,), 15 15 15
Microcrystalline fibre 75 47.8 32.8
L-lysine-HCL 0 1.7 1.5
DL-methionine 0 0.7 0.9
Chemical composition (g/kg, dry matter basis)

Crude protein 481 482 484.2

Crude lipid 120.6 120.6 121.2

Ash 115.8 105.1 105.1

Abbreviations: CPC, 36% of the fish meal replaced by cottonseed
protein concentrate; CPCY, CPC diet with 3% yeast culture; FM, fish
meal-based diet.

dlmported from Peru.

PVitamin premix(mg kg™ of diet): VA, 18; VD,, 5; VE, 150; VC (350 g
kg’i), 500; VB,, 16; VB, 20; VB,,, 6; VK, 18; riboflavin, 40; inositol,
320; calcium-D-pantothenate, 60; niacinamide, 80; folic acid, 5; biotin,
2; ethoxyquin, 100.

“Mineral premix (mg kg™* of diet): Na, 30; K, 50; Mg, 100; Cu, 4; Fe, 25;
Zn, 35; Mn, 12; 1, 1.6; Se, 0.2; Co, 0.8.

2 | MATERIALS AND METHODS

2.1 | Experimental diets

Three isonitrogenous (crude protein 480 g/kg) and isolipidic (crude
lipid 120 g/kg) diets included a fish meal-based diet (named as FM
group, control), a diet that FM with 36% fish meal protein replaced
by cottonseed protein concentrate (named as CPC group), and a diet
supplementing 3% yeast culture (Beijing Enhalor International Tech
Co., Ltd) into the CPC diet (named as CPCY group) (Table 1). The
CPC and CPCY diets were supplemented with methionine and ly-
sine to approximate the amino acid composition of FM. The ingredi-
ents were weighed and mixed in a commercial food mixer YGH-150
(Guibao Group), then blended with the oils. Pellets were prepared
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using a dry power press MUZL180 (Muyang Group), then air-dried
and stored at 4°C until used.

2.2 | Feeding trial

Largemouth bass juveniles were obtained from a commercial farm
(Changshou, Chongging, China) and acclimated to the experimental
conditions with a commercial feed (Guangzhou Jieda Feed Co. LTD)
for 2 weeks. Two hundred and seventy juveniles of largemouth bass
(initial average weight: 12.17 + 0.02 g) were randomly distributed
into 9 cylindrical plastic tanks (capacity: 180 L) for the growth trial
(30 fish per tank). Each dietary treatment was randomly assigned
to three tanks. Fish were fed to apparent satiation by hand three
times (08:30, 13:00 and 18:00) daily for 8 weeks. The water source
for aquaculture is fully aerated tap water. During the experiment,
water temperature ranged from 23.2 to 28.5°C, ammonia-N was
below 0.1 mg L%, dissolved oxygen was above 6.5 mg L%, and pH
was around 7.5. The photoperiod was 12 L:12 D, with the light pe-
riod from 08:00 to 20:00 h. Water is exchanged every 2 days and is

a quarter the size of the aquarium.

2.3 | Sample collection

At the end of the experiment, fish were fasted for 24 h before har-
vest, and then weighed and counted separately after being anaes-
thetized with 0.1 g L'? MS-222 (Sigma). The growth characteristics
and survival rate of largemouth bass in each experimental tank were
calculated. Twenty-one animals per treatment (7 fish per tank) were
individually used for determining hepatosomatic index (HSI), viscera
somatic index (VSI), condition factor (CF), and for collecting Liver
and intestinal tissues for histology and function assays. All the ex-
periments were conducted under the standard code of protocol for
the Care and Use of Laboratory Animals in China. The study protocol
and all experimental procedures were approved by the Experimental
Animal Ethics Committee of Southwest University.

Six hours after feeding, four fish from each tank were randomly
selected and anaesthetized with 0.1 g L™* MS-222 (Sigma), and blood
sample was obtained from the caudal vein using the 1 mL syringe.
After standing for 12 h, serum was obtained by centrifugation. The
bloodless fish were then dissected to obtain liver and intestinal tis-
sues for RNA isolation, and samples with the protector (RNA/DNA,
TaKaRa, Type 9750) were fast frozen in liquid nitrogen. At the same
time, the digesta from the whole intestine of each fish was taken.
The digesta samples were mixed, collected in sterilized tubes and
immediately frozen in liquid nitrogen for microbiome sequencing.

2.4 | Chemical analysis

Chemical composition analysis of diets and whole body were
conducted by standard methods (AOAC, 2005). Moisture was

determined by oven drying to a constant weight at 105°C; crude
protein was determined by the micro-Kjeldahl method using the N x
6.25 factor; lipid was determined by ether extraction (without acid
hydrolysis) using FOSS Soxtec 2050 (Foss Analytical Instruments
Co. Ltd.), liver lipid was determined by chloroform-methanol (2:1);
ash was determined by combustion at 550°C for 12 h in a muffle
furnace. Liver glycogen content was assayed using a commercial kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Serum D-lactate, diamineoxidase and endotoxin were assayed
using attached kit (Shanghai Youxuan Biotechnology Co., Ltd.). The
activities of superoxide dismutase (SOD) and catalase (CAT), gluta-
thione peroxidase(GSH-Px) and malondialdehyde (MDA) contents
in liver and intestine were assayed with a commercial kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). The activi-
ties of glucokinase (GK), phosphofructokinase (PFK), fructose-1,6-
bisphosphatase (FBPase) and glucose-6-phosphatase (GéPase) in
liver were determined using a commercial kit (SinoBest Biological
Technology Co., Ltd.). All enzyme assays were performed in tripli-
cate. The liver and intestinal samples were stained with haematoxylin
and eosin (H&E). Subsequently, the liver and intestinal morphology
was observed under a light microscope (OLYMPUS, DP73, Nikon
Corporation).

2.5 | Quantitative real-time PCR analysis

Total RNA in liver and intestine was extracted using RNAISO Plus
reagent (Takara) according to the manufacturer's instructions. The
RNA quality was assessed by formaldehyde agarose gel electropho-
resis, and the concentration of RNA was quantified with a spectro-
photometer Nano Drop 2000 (Thermo Scientific). Complementary
DNA (cDNA) was synthesized from RNA with a NovoScrip Plus All-
in-one 1st Strand cDNA Synthesis Supersis Super Mix (TaKaRa) and
stored at -80°C for later use. Quantitative real-time PCR (qPCR)
was carried out on the Bio-Rad CFX96 (Bio-Rad) in a total volume of
20 pL with the NovoStart SYBR qPCR Super Mix Plus (Novoprotein)
following the manufacturer's protocol. The specific primers of the
B-actin gene and target genes were synthesized by Beijing Qingke
Biotech Co., Ltd. (shown in Table 2). The relative mRNA expression
of target genes was normalized to the p-actin mRNA and determined
using the 2722¢T method (Livak & Schmittgen, 2001).

2.6 | Intestinal microbiota

Intestinal microorganism index entrusts biological company
(Biomarker Technologies Co, LTD) to determine, and the data re-
sults were analysed on the BMKCloud. Total bacterial community
DNA was extracted using a PowerFecal™ DNA Isolation kit (MO
BIO Laboratories), and then quality and quantity of extracted
genomic DNA were estimated by agarose gel electrophoresis and
a NanoDrop 8000 spectrophotometer (Thermo Fisher Scientific).
The V3-V4 region of bacterial 16S rRNA gene was amplified by
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TABLE 2 Primer sequences for real-time PCR

Genes Primers  Sequence 5'-3’ TM (°C)

SOD F? CCACCAGAGGTCTCACAGCA 60
R? CCACTGAACCGAAGAAGGACT

CAT F TGGTGTTCACGGATGAGATGG 60
R GGAGAAGCGGACAGCAATAGG

GSH-Px F ATACCAAGTCTCCTTCCCTCTGT 59
R CGTCCACCACTTTGCCATT

IL-8 F CGTTGAACAGACTGGGAGAGATG 64.9
R AGTGGGATGGCTTCATTATCTTGT

IL-10 F CGGCACAGAAATCCCAGAGC 62.1
R CAGCAGGCTCACAAAATAAACATCT

IL-1p F CGTGACTGACAGCAAAAAGAGG 59.4
R GATGCCCAGAGCCACAGTTC

TGF-p1 F GCTCAAAGAGAGCGAGGATG 59
R TCCTCTACCATTCGCAATCC

TNF-a F CTTCGTCTACAGCCAGGCATCG 63
R TTTGGCACACCGACCTCACC

GK F CATTCGGAGACAACGGGGAG 60.46
R ATTGAGGTCTCGTCCACCAC

PFK F ACAACACACCAACTGACACCT 59.39
R GCAGCATCGAGCAGAACATGA

G6Pase F GCCTACTGCGTAACATGGGT 60.11
R ATCCTGCCTTGAAACTGGCA

FBPase F CACCATGACCCGGTTCGTTA 60.04
R CAGGAAATTGCCTTCACCGC

Z01 F ATCTCAGCAGGGATTCGACG 59.61
R CTTTTGCGGTGGCGTTGG

claudin F CCAGGGAAGGGGAGCAATG 60.08
R GCTCTTTGAACCAGTGCGAC

Occludin  F GATATGGTGGCAGCTACGGT 59.61
R TCCTACTGCGGACAGTGTTG

p-actin F AAAGGGAAATCGTGCGTGAC 60
R AAGGAAGGCTGGAAGAGGG

Abbreviations: CAT, catalase; FBPase, fructose-1,6-bisphosphatase;
G6Pase, glucose-6-phosphatase; GK, glucokinase; GSH-Px,
glutathione peroxidase; IL-10, interleukin-10; IL-8, interleukin-8;

PFK, phosphofructose kinase; SOD, superoxide dismutase; TGF-f1,
transforming growth factor-p1; TNF-«, tumour necrosis factor-o; ZO1,
zonula occludens-1.

2F, forward primer; R, reverse primer.

PCR and purified. Then, the high-throughput sequencing was per-
formed using a HiSeq platform (lllumina) at Biomarker Technologies
Corporation. Sequences with similarity 297% were assigned to the
same OTUs. The taxonomic annotation of OTU sequences with
reference database to obtain the species classification information
corresponding to each OTU and then the community composition
of each sample can be counted at each level (phylum, class, order,
family, genus and species). The table of species abundance at differ-
ent taxonomic levels was generated Using a QIIME software (Zaura

et al., 2009), and the alpha diversity index of samples was evalu-
ated Using a QIIME2 software (Grice et al., 2009). Meanwhile, phe-
notypic predictive analysis was performed using the BugBase tool
(Ward et al., 2017).

2.7 | Calculations and statistical methods

All data were presented as Mean +S.E.M. The level of significance
was determined by one-way analysis of variance (ANOVA) with
SPSS 18.0 (IBM) for Windows. Multiple comparisons were per-
formed using Tukey multiple range tests. The statistical significance
level was set at p < .05. The graphics were drawn using GraphPad
Prismé6.0 (GraphPad Software Inc. USA).

3 | RESULTS

3.1 | Growth performance

The Lower WG and SGR, and higher FCR were observed in fish fed
the FM diet (control) (p < .05, Table 3). Compared with CPC group,
the CPCY diet significantly enhanced the WG, SGR, PER and FR
(p < .05), while no significant differences were observed between
the CPCY group and the FM group. Furthermore, the VSI and HSI
values, liver lipid and glycogen content of CPCY group were signifi-
cantly lower than CPC group (p < .05, Table 4). No significant differ-
ences were found in the whole body moisture, protein, lipid and ash
contents among dietary treatments (p > .05, Table 4).

3.2 | Hepatic parameters

As indicated in Figure 1, the yellowing livers were observed in CPC
group, and the hepatic tissue was also disordered including diffused
lipid vacuolization in some hepatocytes. However, normal liver col-
our and liver structure were found when yeast culture was added
(CPCY group).

Furthermore, compared with the FM group, the activities of anti-
oxidant enzymes (SOD and CAT) in fish liver of CPC group were sig-
nificantly decreased (p < .05), but there was no significant difference
between CPCY group and FM group (p > .05, Figure 2a). Meanwhile,
the gene expression of SOD, CAT and GSH-Px in CPC group was sig-
nificantly lower than the other group (p < .05, Figure 2b).

In addition, the expression of pro-inflammatory factors (IL-14 and
TNF-a) in liver was significantly up-regulated in CPC group compared
with FM group, while it was down-regulated in CPCY group (p < .05,
Figure 3). Interestingly, this study found that glycolytic enzyme (PFK
and GK) activity was significantly reduced in the CPC group compared
with the FM group (p < .05, Figure 4a). However, adding YC to CPC
diet significantly increased the activity of glycolysis enzymes (GK) and
decreased the activity of gluconeogenesis enzymes (FBPase). At the
same time, the expression of glycolysis-related genes (PFK and GK)
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TABLE 3 Growth performance of
M. salmoides fed experiment diets for
8 weeks

TABLE 4 Morphological
measurements, body composition,
liver lipid and liver glycogen content of
M. salmoides fed experiment diets for
8 weeks

Experiment diets

Items FM CPC CcPCY

Initial body weight (g) 12.17 + 0.04 12.25 +0.12 12.08 + 0.01
Final body weight (g) 83.55 + 0.32° 75.35 + 1.07° 86.30 + 1.06°
WG (%)? 586.34 + 4.78° 511.02 + 3.99° 614.15 + 9.07°
SGR (%)° 3.21 +0.01° 3.02 +0.11° 3.28 +0.02°
PER® 2.10 +0.04° 1.99 +0.17° 2.42 +0.06°
FR (% per day)¢ 2.14 +0.05%° 1.98 +0.18° 2.50 + 0.04°
FCR® 0.86 +0.04° 1.04 +0.04° 0.99 +0.02%°
Survival (%)" 100 100 100

Note: Data are expressed as mean +S.E.M (n = 3). Values in each row with different superscripts
have significant differences (p < .05). FM, fish meal-based diet; CPC, 36% of the fish meal replaced
by cottonseed protein concentrate; CPCY, CPC diet with 3% yeast culture.

Weight gain (WG) = [final weight (g) - initial weight (g)] x 100/initial weight (g).

bSpecific growth rate (SGR%) = [In (mean final weight) - In (mean initial weight)/56 days] x 100.
“Protein efficiency ratio (PER) = total weight gain (g)/protein intake (g).

dFeeding ratio (FR) = 100 x total feed intake in dry basis (g)/[final weight (g) + initial weight

(g)] x 2/56 days.

€Feed conversion ratio (FCR) = total feed intake in dry basis (g)/weight gain (g).

fSurvival rate (SR) = 100 x final fish number/initial fish number.

Experiment diets

Items FM CPC CPCY

Morphological measurements

CF (%)? 2.27 +0.02° 2.19 +0.02° 2.46 +0.03°

VSI (%)° 8.80 + 0.42° 9.92 +0.15° 8.34 + 0.30°

HSI (%)° 2.24 +0.02° 2.38 +0.06" 1.69 +0.01°
Body composition

Moisture (%) 70.27 +0.12 71.17 +0.00 71.11 £ 0.06

Crude lipid (%) 6.27 + 0.04 6.10 + 0.03 6.16 + 0.02

Crude protein (%) 18.25 +0.30 17.99 + 0.08 18.24 + 0.04

Crude ash (%) 4.32 +0.02 4.29 +0.07 4.24 + 0.02
Liver content

Liver lipid (%) 3.76 +0.18° 5.96 + 0.33° 4.25 +0.34°

Liver glycogen (mg/g) 75.16 + 0.15° 85.00 +0.39° 72.55 +0.45°

Note: Data are expressed as mean +S.E.M (n = 3). Values in each row with different superscripts
have significant differences (p < .05). FM, fish meal-based diet; CPC, 36% of the fish meal replaced
by cottonseed protein concentrate; CPCY, CPC diet with 3% yeast culture.

@Condition factor (CF) = [body weight (g)/standard Iength3 (cm)] x 100.

BViscera somatic index (VSI) = 100 x viscera weight(g)/body weight(g).

“Hepatosomatic index (HSI) = 100 x hepatopancreas weight (g)/body weight (g).

was significantly up-regulated and the expression of gluconeogenesis
related genes (G6Pase) was down-regulated in the CPCY group com-
pared with the CPC group (p < .05, Figure 4b).

3.3 | Intestinal health parameters

Compared with FM group, the relative gene expression of intestinal
tight junction protein (ZO-1, Claudin and Occludin) in CPC group was

significantly down-regulated (p < .05, Figure 5), while the contents
of D-lactate (D-lac) and lipopolysaccharide (LPS) in serum were sig-
nificantly increased as well as the activities of diamine oxidase (DAQ)
in serum were significantly enhanced (p < .05, Figure 6).

However, the addition of YC to the CPC diet significantly up-
regulated intestinal tight junction protein-related gene (ZO-1,
Claudin, Occludin) expression and reduced the content of LPS and the
activity of DAO in serum (p < .05). Meanwhile, CPC diet significantly
up-regulated the expression of pro-inflammatory factors (IL-15, IL-8
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FIGURE 1 Histology of liver in juvenile largemouth bass fed the experiment diet. (a), (b) and (c) present different liver colours of FM, CPC
and CPCY groups, respectively, and the below picture (d), (e) and (f) is part histology of (a), (b) and (c) under 200x magnification, respectively.
(H. E 200x). FM, fish meal-based diet; CPC, 36% of the fish meal replaced by cottonseed protein concentrate; CPCY, CPC diet with 3% yeast

culture
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FIGURE 2 Effects of experiment diets on hepatic antioxidant capacity (a) and related gene expression (b) of M. salmoides. Data are
expressed as mean +S.E.M (n = 3). Values in each column with different superscripts have significant differences (p < .05). FM, fish meal-
based diet; CPC, 36% of the fish meal replaced by cottonseed protein concentrate; CPCY, CPC diet with 3% yeast culture

and TNF-a) and down-regulated the expression of anti-inflammatory
factors (IL-10) compared with FM group (p < .05, Figure 7), while
adding YC in CPC diet significantly down-regulated the expression
of pro-inflammatory factors (IL-14 and IL-8).

In addition, compared with FM group, the activity of antioxi-
dant enzyme (CAT) in CPC group was significantly decreased, and
the level of MDA was significantly increased (p < .05, Figure 8a),
but there was no significant difference between CPCY group and
FM group (p > .05). Meanwhile, the expression of antioxidant genes
(SOD, CAT and GSH-Px) in CPC group was significantly lower than
those in FM group and CPCY group (p < .05, Figure 8b).

3.4 | Intestinal microbial

A total of 239,263.17 sequences were obtained from fish intestinal
bacteria. All OTUs were from samples with 97% similarity and sam-
ple coverage 299.7%. Compared with CPC group, the Shannon index
and Simpson index of CPCY group had no significant difference,
while the Chao1 index increased significantly (p < .05; Table 5). Beta-
diversity index of intestine microbiota was presented by principal
coordinate analysis (PCoA) by comparing the microbiota similarity
of samples. As shown in Figure 9, the clusters of FM, CPC and CPCY
group samples separated from each other on the coordinate axis.
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FIGURE 4 Effects of experiment diets on hepatic glycometabolism enzyme activities (a) and related gene expression levels (b) of juvenile
largemouth bass. Data are expressed as mean +S.E.M (n = 3). Values in each column with different superscripts have significant differences
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culture

At the phylum level, the intestinal bacterial profiles of large-
mouth bass were dominated by Proteobacteria and Firmicutes, fol-
lowed by Bacteroidetes and Actinobacteria (Figure 10a). Notably, the
relative abundance of Proteobacteria in the CPC group increased
from 29.85% to 36.73%, while that in the CPCY group decreased
to 24.84% compared with the FM group. Meanwhile, the rela-
tive abundance of Bacteroidetes in the CPC group decreased from
14.99% to 6.68%, while that in the CPCY group increased to 12.81%.
At the genus level, Plesiomonas and Cetobacterium were the domi-
nant genera in the FM group, while Lactobacillus, Sphingomonas and
Bacteroides were the dominant genera in the CPC group and the
CPCY group (Figure 10b). Further Metastat analyses showed that
the relative abundances of Lactobacillus, Ruminococcaceae UCG-005,
Akkermansia and Candidatus Udaeobacter increased, and the relative
abundance of Vibrio, Brevundimonas, Thermomonas and Kytococcus
decreased significantly in the CPCY group compared with the CPC
group (p < .05; Figure 11).

In addition, we used BugBase tools to predict microbial phe-
notypes (Figure 12). The results showed the relative abundance of
intestinal gram-negative bacteria and potential pathogenic bacteria
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FIGURE 5 Intestinal expression levels of tight junction-related

genes of juvenile largemouth bass fed the experiment diet. Data

are expressed as mean +S.E.M (n = 3). Values in each column with
different superscripts have significant differences (p < .05). FM, fish
meal-based diet; CPC, 36% of the fish meal replaced by cottonseed
protein concentrate; CPCY, CPC diet with 3% yeast culture
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increased significantly in CPC group (p < .05), whereas decreased in

CPCY group compared with FM group (p < .05).

4 | DISCUSSION

The results of the present study clearly show that the plant proteins
significantly affected the growth of largemouth bass. Fish fed the
diet containing 15.8% CPC showed lower growth and PER compared
with the control group, which indicate that incorporating more than
15.8% CPC in the diet has been shown to depress growth of lar-
gemouth bass. Similar results were also reported by He, Yu, et al.
(2020); He, Li, et al. (2020), in which the substitution level of FM
with SBM was only 15% (16.2% SBM) in largemouth bass diet. In re-
cent years, the nutritive value and potential of plant proteins for fish
feeds have been examined in numerous studies (Jiang et al., 2018;
Lin et al., 2010; Xu et al., 2017).

A large number of studies have shown that high dietary inclu-
sion levels of CPC result in decreased growth performance and
feed efficiency in fish (Liu et al., 2020; Ye et al., 2020). Noteworthy,
the present study shows that replacement of a part of fish meal
by increasing levels of yeast culture in diets significantly results in
growth improvement, indicating a better valorization of the feed as
shown by the better PER observed with CPCY. Previous study also
has demonstrated that yeast production is a suitable protein to el-
evate the nutritive values of diets for fish (Vidakovic et al., 2016).
In fact, there are numerous studies that demonstrated that yeast
and its derivatives may have beneficial effects on growth perfor-
mance and health (Shurson, 2018). Accordingly, this suggested that
the yeast culture supplementation can achieve balanced nutritional
composition and improve the palatability to further reduce the use
of fishmeal cost-effectively in aquafeeds (Guo et al., 2019; Wang
etal., 2017).

Surprisingly, the results of the present study show that yeast
incorporation in aquafeeds appears as a promising solution to de-
crease both lipid and glycogen content in liver. At the same time,
the activities of hepatic glycolytic enzymes (GK and PFK) increased,
whereas the hepatic gluconeogenic enzyme activities (FBPase and
G6Pase) decreased significantly when fish fed with yeast culture,
thus resulting in the decrease in glycogen content in the liver. High
glycogen content in the liver will induce fat synthesis and increase
hepatic fat deposition (Brauge et al., 1994). These investigations
showed that the changes in HSI might result from the increase in
lipid content and glycogen content in the liver. The results of this
study suggested that endogenous glucose synthesis was particularly
depressed by the yeast culture supplementation, even though fur-
ther studies would be necessary to prove it.

The current study further found that dietary high-plant protein
level significantly affected the activities of liver antioxidant de-
fence enzymes (SOD, CAT and GSH-Px), which was also observed
in tilapia (Lin et al., 2010). This suggests that the antioxidant sys-
tem of largemouth bass is damaged because of certain constitu-
ents of plant proteins, and which could be partly responsible for the

changes in hepatic morphology in this study. Previous studies have
shown that anti-nutrition factors (gossypol) in cottonseed pro-
tein accumulate in the liver tissue of fish and cause inflammation
(Jensen et al., 1982; Lee et al., 2002; Soares et al., 2012). However,
adding yeast culture to feed can reduce gossypol induced liver in-
flammation of Ussuri catfish (Pseudobagrus ussuriensis) (Bu et al.,
2020). Similarly, effects of YC supplementation on antioxidant ca-
pacity are observed in weaning pigs (Yang et al., 2016). Additionally,
we also found that yeast culture down-regulated the expression of
pro-inflammatory cytokines (IL-15 and TNFa) and increases the anti-
oxidant capacity of liver in largemouth bass. Therefore, fish prefed
diet with yeast culture supplementation had lower occurrences of
histopathological symptoms in response to high-plant protein diet,
suggesting the mitigative effect of yeast culture on the hepatic le-
sion induced by high-plant protein for largemouth bass. This may be
related to the presence of p-glucans and mannan oligosaccharides
in yeast cultures (Ganner & Schatzmayr, 2012). Studies have shown
that B-glucans in yeast culture can inhibit the excessive activation
of the inflammatory response during the later phase of infection
(Sherif et al., 2019). Apart from increasing the anti-inflammatory
cytokine transcripts, p-glucans can prevent the degradation of NF-
kB inhibitor to minimize the expression of pro-inflammatory cyto-
kines (tnf-a, il-1p and il-8) in the fish (Ren et al., 2019). Moreover,
studies indicate that manna oligosaccharides can improve the an-
tioxidant capacity of the liver of European sea bass and repair the
liver tissue structure (Torrecillas et al., 2007). These results show
that yeast cultures are effective against liver inflammation. Clearly,
more research is needed in this area to elucidate the repeatability
of these findings.

The intestine is one of the organs for fish to digest and ab-
sorb nutrients, which play an essential role in maintaining multiple
physiological and pathological processes, and its health status is
closely related to the growth of fish. Previous studies have shown
that high-plant protein often causes intestinal damage in aquatic
animals such as largemouth bass (He, Li, et al., 2020; He, Yu, et al.,
2020) and amur sturgeon (Acipenser schrenckii) (Wei et al., 2019). In
this investigation, fish fed the high CPC diet led to the increase in
intestinal permeability and the upregulation of pro-inflammatory
factor (IL-1p, IL-8 and TNFa). Unexpectedly, however, dietary yeast
culture supplementation to a plant protein-based diet improved
the health status of intestine in this study. On one hand, the yeast-
containing diets can improve the integrity of intestinal tight junc-
tion proteins and inhibit the expression of pro-inflammatory factor
(TNFa) (Wang et al., 2020). On the other hand, dietary supplemen-
tation of yeast culture could up-regulate the express of the intes-
tinal barrier-related genes (Occludin and Claudin 1) (Zhang et al.,
2020). Additionally, the current experiment also confirmed that
yeast supplementation enhances the antioxidant capacity of the
gut. These data suggest that yeast supplementation may be able
to reduce inflammatory reactions induced by high-plant protein
during the receiving period. The main reason evoked to explain the
efficiencies of yeast culture is the presence of some yeast com-
ponents, such as MOS, may have a strong beneficial effect on gut
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FIGURE 7 Intestinal expression levels of inflammatory and
anti-inflammatory cytokines genes of juvenile largemouth bass fed
the experiment diet. Data are expressed as mean +S.E.M (n = 3).
Values in each column with different superscripts have significant
differences (p < .05). FM, fish meal-based diet; CPC, 36% of the
fish meal replaced by cottonseed protein concentrate; CPCY,
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health condition in fish fed yeast-containing diets. Thus, it is pos-
sible to hypothesize that yeast culture supplementation in high-
plant protein diets may have contributed to enhance the protective
properties of the intestinal epithelium and facilitate nutrient ab-
sorption, which is consistent with the better growth of largemouth
bass of this group. It seems that a period of adaptation is needed
before the effects of yeast culture supplementation can be signif-
icant because the changes in intestinal morphology and immune
responses take time.

Notably, the current study found that diet structure can mod-
ify intestinal bacterial communities, and high-plant protein diet de-
creased the abundance of intestinal microflora of largemouth bass.

Interestingly, the supplementation of yeast culture could restore
both ACE and Chaol indices, which indicated that yeast culture can
regulate the stability of intestinal microflora in this study, consis-
tent with the result of Liu et al. (2018). In addition, the present re-
sults also pointed out that Proteobacteria and Firmicutes were the
two dominant phyla of largemouth bass. This is in agreement with
previous reports of the same species (Zhou et al., 2018). Meanwhile,
we found that the abundance of Proteobacteria increased caused by
feeding CPC diet. Previous studies have shown that an increase in
Proteobacteria is often regarded as a marker of microbial community
instability (Shin et al., 2015), which may lead to nutritional and met-
abolic disorders in the host. More importantly, the bacterial phylum
Proteobacteria is closely correlated with expression of IL-10 and TNF-
a, and trigger intestinal inflammatory responses (Larsen et al., 2010;
Livak et al., 2001; Zhu et al., 2013). However, the supplementation
of yeast culture in CPC diet not only decreased the abundance of
Proteobacteria, but also increased the abundance of Bacteroidetes.
It is of note that elevated Bacteroidetes conduced to the protection
against gut inflammation (Ferreira et al., 2011). These results sug-
gested that yeast cultures may be able to improve intestinal inflam-
mation by regulating intestinal microbiota.

Further analysis at the genus level showed that CPCY diet in-
creased the abundance of lactobacillus, Ruminococcaceae UCG-005
and Akkermansia. Studies indicate that lactobacillus could reduce the
intestinal permeability and exert a protective effect on intestinal
epithelium via inhibiting the pro-inflammatory factor (IL-6, TNF-a,
TLR4 and NF-kB), and activating IL-10 expression (Liu et al., 2011).
The Ruminococcaceae UCG-005 has been reported to be butyrate-
producing bacteria that may protect healthy subjects from chronic
intestinal inflammation (Mancabelli et al., 2017). The metabolites
synthesized by Akkermansia muciniphila modulate intestinal barrier
integrity in vitro by strengthening the pore pathway and regulating
tight junction protein expression (Cruz-Lebron et al., 2021). These
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Experiment diets

TABLE 5 Effects of experimental diets
on OTUs and Alpha diversity statistics of

ltems EM CPC CPCY the microbial sequencing of M. salmoides
OTUs 708.50 + 0.87° 697.33 + 18.41° 873.33 + 23.34°

ACE 1,363.17 + 10.01° 941.25 + 7.63° 985.25 + 7.03"

Chaol 1,004.60 + 19.01° 899.38 + 16.40° 970.89 + 19.23°

Simpson 0.85+0.01 0.86 + 0.06 0.94 + 0.03

Shannon 5.32+0.28° 572 +0.38% 7.05 + 0.49°

Goods coverage 99.82 + 0.08 99.79 + 0.11 99.81 +0.18

Note: Data are expressed as mean +S.E.M (n = 3). Values in each row with different superscripts
have significant differences (p < .05). FM, fish meal-based diet; CPC, 36% of the fish meal replaced
by cottonseed protein concentrate; CPCY, CPC diet with 3% yeast culture.
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results suggested that yeast cultures may strengthen the intestinal
barrier and enhance intestinal immunity by increasing the abundance
of these beneficial bacteria. On the contrary, supplement the yeast
culture in diet decreased the abundance of Vibrio, Brevundimonas
and Kytococcus. Noteworthily, Vibrio is one of the most common
bacterial infections in fish, which causing inflammation and mor-
tality (Pan et al., 2017). Studies have shown that Vibrio anguillarum
induces inflammation and apoptosis of silvery pomfret (Pampus ar-
genteus) epithelial cells (Gao et al., 2016). Moreover, Brevundimonas
and Kytococcus are increasingly identified as an opportunistic patho-
gen in infections leading to bacteremia, especially among immu-
nosuppressed patients (Chi et al., 2004) (Blennow et al., 2012; Chi

et al., 2004). Subsequently, the Bugbase phenotype analysis again
demonstrated that the supplementation of yeast culture could re-
duce the abundance of harmful bacteria and increase the abundance
of beneficial bacteria, thus improving the intestinal ecosystem. This
suggested that the yeast culture has positive effects on key micro-
bial populations and their metabolism, and consequently mediating
intestinal immune function and stabilizing intestinal environment.
However, the specific mechanisms and interactions between yeast
culture and intestinal bacteria in largemouth bass remains unclear.
In conclusion, the present study successfully confirmed that
dietary supplementation of yeast culture improved the per-
formance of largemouth bass fed with high-plant protein diet.
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Furthermore, the positive effects of yeast culture on the per-
formance of largemouth bass were associated with enhanced
hepatic antioxidant capacity and specific immune-inflammatory
biomarkers. Moreover, the improvement in the intestinal health
by dietary yeast culture supplementation was related to the up-
regulation of intestinal barrier-related genes and positive effects
on intestinal bacterial populations. Overall, these findings pro-
vide a potential explanation for the mechanisms that mediate
the positive effects of yeast culture on largemouth bass. Thus,
these findings will be beneficial for the nutritional management

of largemouth bass.

ACKNOWLEDGEMENTS

This research was supported by Chongging Technology Innovation
and Application Development Project (cstc2020jscx-msxmX0046)
and Chongging Ecological Fishery Technology System, China (2021),
the Special Fund for Beijing Enhalor Bio-Tech Co., Ltd. We thank
W. M. Kuang and X. M. Zhou for their help during the experiment.
We also thank H. Shun and J.X. Wu for their help with the chemical
analysis.

CONFLICT OF INTEREST

The authors report no conflict of interest.

DATA AVAILABILITY STATEMENT
Data supporting the results of this study can be obtained from cor-
responding author upon reasonable request.

REFERENCES

AOAC (Association of Official Analytical Chemists) (1995). Official
Methods of Analysis. Association of Official Analytical Chemists.

Ayiku, S., Shen, J. F,, Tan, B. P,, Dong, X. H., & Liu, H. Y. (2020). Effects
of dietary yeast culture on shrimp growth, immune response, in-
testinal health and disease resistance against Vibrio harveyi. Fish
& Shellfish Immunology, 102, 286-295. https://doi.org/10.1016/j.
si.2020.04.036

Barnes, M. E., Durben, D. J., Reeves, S. G., & Sanders, R. (2006).
Dietary yeast culture supplementation improves initial rearing of
McConaughy strain rainbow trout. Aquaculture Nutrition, 12, 388-
394. https://doi.org/10.1111/j.1365-2095.2006.00439.x

Barnes, M. E., Simpson, G., & Durben, D. J. (2009). Poststocking har-
vest of catchable-sized rainbow trout enhanced by dietary supple-
mentation with a fully fermented commercial yeast culture during
hatchery rearing. North American Journal of Fisheries Management,
29,1287-1295. https://doi.org/10.1577/M08-218.1

Blennow, O., Westling, K., Froding, I., & Ozenci, V. (2012). Pneumonia
and bacteremia Due to Kytococcus schroeteri. Journal of Clinical
Microbiology, 50, 522-524. https://doi.org/10.1128/JCM.01245-11

Brauge, C.,Medale, F.,&Corraze, G.(1994). Effect of dietary carbohydrate-
levels on growth, body-composition and glycemia in rainbow-trout,
oncorhynchus-mykiss, reared in seawater. Aquaculture, 123, 109-
120. https://doi.org/10.1016/0044-8486(94)90123-6

Bu, X. Y., Huang, J. S, Tao, S. Q,, Yang, J. M,, Liao, Y. L., Liu, H. J., &
Yang, Y. H. (2020). Yeast cultures alleviate gossypol induced in-
flammatory response in liver tissue of Ussuri catfish (Pseudobagrus
ussuriensis). Aquaculture, 518, 734828. https://doi.org/10.1016/j.
aquaculture.2019.734828

Chi, C. Y., Fung, C. P, Wong, W. W., & Liu, C. Y. (2004). Brevundimonas
bacteremia: Two case reports and literature review. Scandinavian
Journal  of Infectious Diseases, 36, 59-61. https://doi.
org/10.1080/00365540310018879

Choudhury, D., Pal, A. K, Sahu, N. P., Kumar, S., Das, S. S., & Mukherjee,
S. C. (2005). Dietary yeast RNA supplementation reduces mortal-
ity by Aeromonas hydrophila in rohu (Labeo rohita L.) juveniles. Fish
& Shellfish Immunology, 19, 281-291. https://doi.org/10.1016/j.
fsi.2005.01.004

Cruz-Lebron, A., Johnson, R., Mazahery, C., Troyer, Z., Joussef-Pina, S.,
Quinones-Mateu, M. E., Strauch, C. M., Hazen, S. L., & Levine, A.
D. (2021). Chronic opioid use modulates human enteric microbiota
and intestinal barrier integrity. Gut Microbes, 13, 1946368. https://
doi.org/10.1080/19490976.2021.1946368

Ferreira, R. B. R, Gill, N., Willing, B. P., Antunes, L. C. M., Russell, S.
L., Croxen, M. A., & Finlay, B. B. (2011). The intestinal microbiota
plays a role in salmonella-induced colitis independent of pathogen
colonization. PLoS One, 6, e20338. https://doi.org/10.1371/journ
al.pone.0020338

Ganner, A., & Schatzmayr, G. (2012). Capability of yeast derivatives to
adhere enteropathogenic bacteria and to modulate cells of the in-
nate immune system. Applied Microbiology and Biotechnology, 95,
289-297. https://doi.org/10.1007/s00253-012-4140-y

Gao, Q. X,, Gao, Q., Min, M. H., Zhang, C. J., Peng, S. M., & Shi, Z. H.
(2016). Ability of Lactobacillus plantarum lipoteichoic acid to in-
hibit Vibrio anguillarum-induced inflammation and apoptosis in
silvery pomfret (Pampus argenteus) intestinal epithelial cells. Fish
& Shellfish Immunology, 54, 573-579. https://doi.org/10.1016/j.
si.2016.05.013

Grice, E. A, Kong, H. H., Conlan, S., Deming, C. B., Davis, J., Young, A.
C., Bouffard, G. G., Blakesley, R. W., Murray, P. R., Green, E. D,
Turner, M. L., Segre, J. A., & Progra, N. C. S. (2009). Topographical
and temporal diversity of the human skin microbiome. Science, 324,
1190-1192. https://doi.org/10.1126/science.1171700

Guo, J. P, Qiu, X., Salze, G., & Davis, D. A. (2019). Use of high-protein
brewer's yeast products in practical diets for the Pacific white


https://doi.org/10.1016/j.fsi.2020.04.036
https://doi.org/10.1016/j.fsi.2020.04.036
https://doi.org/10.1111/j.1365-2095.2006.00439.x
https://doi.org/10.1577/M08-218.1
https://doi.org/10.1128/JCM.01245-11
https://doi.org/10.1016/0044-8486(94)90123-6
https://doi.org/10.1016/j.aquaculture.2019.734828
https://doi.org/10.1016/j.aquaculture.2019.734828
https://doi.org/10.1080/00365540310018879
https://doi.org/10.1080/00365540310018879
https://doi.org/10.1016/j.fsi.2005.01.004
https://doi.org/10.1016/j.fsi.2005.01.004
https://doi.org/10.1080/19490976.2021.1946368
https://doi.org/10.1080/19490976.2021.1946368
https://doi.org/10.1371/journal.pone.0020338
https://doi.org/10.1371/journal.pone.0020338
https://doi.org/10.1007/s00253-012-4140-y
https://doi.org/10.1016/j.fsi.2016.05.013
https://doi.org/10.1016/j.fsi.2016.05.013
https://doi.org/10.1126/science.1171700
https://onlinelibrary.wiley.com/

ZHONG ET AL.

shrimp Litopenaeus vannamei. Aquaculture Nutrition, 25, 680-690.
https://doi.org/10.1111/anu.12889

He, M., Li, X. Q., Poolsawat, L., Guo, Z. H., Yao, W. X., Zhang, C. Y., & Leng,
X. J. (2020). Effects of fish meal replaced by fermented soybean
meal on growth performance, intestinal histology and microbiota of
largemouth bass (Micropterus salmoides). Aquaculture Nutrition, 26,
1058-1071. https://doi.org/10.1111/anu.13064

He, M., Yu, Y. F,, Li, X. Q.,, Poolsawat, L., Yang, P. X., Bian, Y. H., Guo, Z. H.,
& Leng, X. J. (2020). An evaluation of replacing fish meal with fer-
mented soybean meal in the diets of largemouth bass (Micropterus
salmoides): Growth, nutrition utilization and intestinal histology.
Aquaculture Research, 51, 4302-4314. https://doi.org/10.1111/
are.14774

Hughes, G. J,, Ryan, D. J.,, Mukherjea, R., & Schasteen, C. S. (2011).
Protein digestibility-corrected amino acid scores (PDCAAS) for soy
protein isolates and concentrate: Criteria for evaluation. Journal
of Agricultural and Food Chemistry, 59, 12707-12712. https://doi.
org/10.1021/jf203220v

Jensen,D.R., Tone,J.N.,Sorensen, R. H., & Bozek, S. A.(1982). Deposition
pattern of the antifertility agent, gossypol, in selected organs of
male-rats. Toxicology, 24, 65-72. https://doi.org/10.1016/0300-
483X(82)90063-4

Jensen, G. S., Patterson, K. M., & Yoon, I. (2008). Yeast culture has
anti-inflammatory effects and specifically activates NK cells.
Comparative Immunology Microbiology and Infectious Diseases, 31,
487-500. https://doi.org/10.1016/j.cimid.2007.08.005

Jiang, Y., Zhao, P. F, Lin, S. M., Tang, R. J.,, Chen, Y. J., & Luo, L. (2018).
Partial substitution of soybean meal with fermented soybean res-
idue in diets for juvenile largemouth bass, Micropterus salmoides.
Aquaculture Nutrition, 24, 1213-1222. https://doi.org/10.1111/
anu.12659

Krogdahl, A., Penn, M., Thorsen, J., Refstie, S., & Bakke, A. M.
(2010). Important antinutrients in plant feedstuffs for aqua-
culture: An update on recent findings regarding responses in
salmonids. Aquaculture Research, 41, 333-344. https://doi.
org/10.1111/j.1365-2109.2009.02426.x

Larsen, N., Vogensen, F. K., van den Berg, F. W. J.,, Nielsen, D. S.,
Andreasen, A. S., Pedersen, B. K., Abu Al-Soud, W., Sorensen, S.
J., Hansen, L. H., & Jakobsen, M. (2010). Gut microbiota in human
adults with type 2 diabetes differs from non-diabetic adults. PLoS
One, 5, €9085. https://doi.org/10.1371/journal.pone.0009085

Lee, K. J., & Dabrowski, K. (2002). Gossypol and gossypolone enantio-
mers in tissues of rainbow trout fed low and high levels of dietary
cottonseed meal. Journal of Agricultural and Food Chemistry, 50,
3056-3061. https://doi.org/10.1021/jf0115387

Lin, S. M., Mai, K. S., Tan, B. P, & Liu, W. S. (2010). Effects of four vege-
table protein supplementation on growth, digestive enzyme activ-
ities, and liver functions of Juvenile Tilapia, Oreochromis niloticus
x Oreochromis aureus. Journal of the World Aquaculture Society, 41,
583-593. https://doi.org/10.1111/j.1749-7345.2010.00398.x

Liu, H., Dong, X. H., Tan, B. P, Du, T.,, Zhang, S., Yang, Y. Z., Chi, S.
Y., Yang, Q. H., & Liu, H. Y. (2020). Effects of fish meal replace-
ment by low-gossypol cottonseed meal on growth performance,
digestive enzyme activity, intestine histology and inflammatory
gene expression of silver sillago (Sillago sihamaForsskal) (1775).
Aquaculture Nutrition, 26, 1724-1735. https://doi.org/10.1111/
anu.13123

Liu, H., Li, J. T, Guo, X. W,, Liang, Y. X., & Wang, W. M. (2018). Yeast
culture dietary supplementation modulates gut microbiota, growth
and biochemical parameters of grass carp. Microbial Biotechnology,
11, 551-565. https://doi.org/10.1111/1751-7915.13261

Liu, Z. H., Zhang, P., Ma, Y. L., Chen, H. Q., Zhou, Y. K., Zhang, M., Chu, Z.
X., & Qin, H. L. (2011). Lactobacillus plantarum prevents the devel-
opment of colitis in IL-10-deficient mouse by reducing the intestinal
permeability. Molecular Biology Reports, 38, 1353-1361. https://doi.
org/10.1007/s11033-010-0237-5

Wi LEYm

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene ex-
pression data using real-time quantitative PCR and the 2(T)(-Delta
Delta C) method. Methods, 25, 402-408. https://doi.org/10.1006/
meth.2001.1262

Mancabelli, L., Milani, C., Lugli, G. A., Turroni, F., Cocconi, D., van
Sinderen, D., & Ventura, M. (2017). Identification of universal gut
microbial biomarkers of common human intestinal diseases by
meta-analysis. Fems Microbiology Ecology, 93, fix153. https://doi.
org/10.1093/femsec/fix153

Pan, C.Y, Liu,Y.H.,, Gong, H. Y., & Chen, J. Y.(2017). Transcriptome anal-
ysis of the effect of polyunsaturated fatty acids against Vibrio vul-
nificus infection in Oreochromis niloticus. Fish & Shellfish Inmunology,
62,153-163. https://doi.org/10.1016/j.fsi.2017.01.018

Ren,G. M., Xu,L. M., Lu, T. Y., Zhang, Y. Q., Wang, Y. Y., & Yin, J. S. (2019).
Protective effects of lentinan on lipopolysaccharide induced in-
flammatory response in intestine of juvenile taimen (Hucho taimen,
Pallas). International Journal of Biological Macromolecules, 121, 317-
325. https://doi.org/10.1016/j.ijbiomac.2018.09.121

Selvaraj, V., Sampath, K., & Sekar, V. (2005). Administration of yeast
glucan enhances survival and some non-specific and specific im-
mune parameters in carp (Cyprinus carpio) infected with Aeromonas
hydrophila. Fish & Shellfish Immunology, 19, 293-306. https://doi.
org/10.1016/j.fsi.2005.01.001

Sherif, A. H., & Mahfouz, M. E. (2019). Immune status of Oreochromis
niloticus experimentally infected with Aeromonas hydrophila fol-
lowing feeding with 1, 3 beta-glucan and levamisole immunostim-
ulants. Aquaculture, 509, 40-46. https://doi.org/10.1016/j.aquac
ulture.2019.05.016

Shin, N. R., Whon, T. W,, & Bae, J. W. (2015). Proteobacteria: Microbial
signature of dysbiosis in gut microbiota. Trends in Biotechnology, 33,
496-503. https://doi.org/10.1016/j.tibtech.2015.06.011

Shurson, G. C. (2018). Yeast and yeast derivatives in feed additives and
ingredients: Sources, characteristics, animal responses, and quan-
tification methods. Animal Feed Science and Technology, 235, 60-76.
https://doi.org/10.1016/j.anifeedsci.2017.11.010

Soares, J. B., Pimentel-Nunes, P., Afonso, L., Rolanda, C., Lopes, P,
Roncon-Albuquerque, R., Goncalves, N., Boal-Carvalho, I., Pardal,
F., Lopes, S., Macedo, G., Lara-Santos, L., Henrique, R., Moreira-
Dias, L., Goncalves, R., Dinis-Ribeiro, M., & Leite-Moreira, A. F.
(2012). Increased hepatic expression of TLR2 and TLR4 in the he-
patic inflammation-fibrosis-carcinoma sequence. Innate Immunity,
18, 700-708. https://doi.org/10.1177/1753425912436762

Sun, F. (2020). Effects of Dietary Soybean meal on growth regulation and
health of Yellow catfish (Pelteobagrus fulvidraco) and the Repair ef-
fects of two additives. Soochow University, Jiangsu, China.(Master
Dissertation)

Torrecillas, S., Makol, A., Caballero, M. J., Montero, D., Robaina, L.,
Real, F., Sweetman, J., Tort, L., & lzquierdo, M. S. (2007). Immune
stimulation and improved infection resistance in European sea
bass (Dicentrarchus labrax) fed mannan oligosaccharides. Fish &
Shellfish Immunology, 23, 969-981. https://doi.org/10.1016/j.
fsi.2007.03.007

Vidakovic, A., Langeland, M., Sundh, H., Sundell, K., Olstorpe, M., Vielma,
J., Kiessling, A., & Lundh, T. (2016). Evaluation of growth perfor-
mance and intestinal barrier function in Arctic Charr (Salvelinus alpi-
nus) fed yeast (Saccharomyces cerevisiae), fungi (Rhizopus oryzae) and
blue mussel (Mytilus edulis). Aquaculture Nutrition, 22, 1348-1360.
https://doi.org/10.1111/anu.12344

Wang, S. Q., Zhu, S. L., Zhang, J. J., Li, H. Y., Yang, D. J., Huang, S. C., Wei,
Z.Y., Liang, X. L., & Wang, Z. X. (2020). Supplementation with yeast
culture improves the integrity of intestinal tight junction proteins
via NOD1/NF-kappa B P65 pathway in weaned piglets and H202-
challenged IPEC-J2 cells. Journal of Functional Foods, 72, 104058.
https://doi.org/10.1016/j.jff.2020.104058

Wang, Y., Ma, X. Z., Wang, F., Wu, Y. B, Qin, J. G., & Li, P. (2017).
Supplementations of poultry by-product meal and selenium yeast

Aquaculture Nutrition A%



https://doi.org/10.1111/anu.12889
https://doi.org/10.1111/anu.13064
https://doi.org/10.1111/are.14774
https://doi.org/10.1111/are.14774
https://doi.org/10.1021/jf203220v
https://doi.org/10.1021/jf203220v
https://doi.org/10.1016/0300-483X(82)90063-4
https://doi.org/10.1016/0300-483X(82)90063-4
https://doi.org/10.1016/j.cimid.2007.08.005
https://doi.org/10.1111/anu.12659
https://doi.org/10.1111/anu.12659
https://doi.org/10.1111/j.1365-2109.2009.02426.x
https://doi.org/10.1111/j.1365-2109.2009.02426.x
https://doi.org/10.1371/journal.pone.0009085
https://doi.org/10.1021/jf0115387
https://doi.org/10.1111/j.1749-7345.2010.00398.x
https://doi.org/10.1111/anu.13123
https://doi.org/10.1111/anu.13123
https://doi.org/10.1111/1751-7915.13261
https://doi.org/10.1007/s11033-010-0237-5
https://doi.org/10.1007/s11033-010-0237-5
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1093/femsec/fix153
https://doi.org/10.1093/femsec/fix153
https://doi.org/10.1016/j.fsi.2017.01.018
https://doi.org/10.1016/j.ijbiomac.2018.09.121
https://doi.org/10.1016/j.fsi.2005.01.001
https://doi.org/10.1016/j.fsi.2005.01.001
https://doi.org/10.1016/j.aquaculture.2019.05.016
https://doi.org/10.1016/j.aquaculture.2019.05.016
https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.1016/j.anifeedsci.2017.11.010
https://doi.org/10.1177/1753425912436762
https://doi.org/10.1016/j.fsi.2007.03.007
https://doi.org/10.1016/j.fsi.2007.03.007
https://doi.org/10.1111/anu.12344
https://doi.org/10.1016/j.jff.2020.104058

ZHONG ET AL.

2650 - -
WILEY

increase fish meal replacement by soybean meal in golden pom-
pano (Trachinotus ovatus) diet. Aquaculture Research, 48, 1904-
1914. https://doi.org/10.1111/are.13028

Ward, T., Larson, J., Meulemans, J., Hillmann, B., Lynch, J., Sidiropoulos,
D., Spear, J., Caporaso, G., Ran, B., & Knight, R. (2017). BugBase
predicts organism level microbiome phenotypes. BioRxiv, 133462.
https://doi.org/10.1101/133462

Wei, H. C,, Chen, P, Liang, X. F.,, Yu, H. H., Wu, X. F,, Han, J,, Luo, L., Gu,
X., & Xue, M. (2019). Plant protein diet suppressed immune func-
tion by inhibiting spiral valve intestinal mucosal barrier integrity,
anti-oxidation, apoptosis, autophagy and proliferation responses in
amur sturgeon (Acipenser schrenckii). Fish & Shellfish Immunology, 94,
711-722. https://doi.org/10.1016/j.fsi.2019.09.061

Wu, Y. B., Wang, Y., Ren, X., Huang, D., Si, G. R. E., & Chen, J. M. (2021).
Replacement of fish meal with gamma-ray irradiated soybean meal
in the diets of largemouth bass Micropterus salmoides. Aquaculture
Nutrition, 27, 977-985. https://doi.org/10.1111/anu.13239

Xu, D., He, G., Mai, K., Wang, Q,, Li, M., Zhou, H., Xu, W., & Song, F.
(2017). Effect of fish meal replacement by plant protein blend on
amino acid concentration, transportation and metabolism in ju-
venile turbot (Scophthalmus maximus L.). Aquaculture Nutrition, 23,
1169-1178. https://doi.org/10.1111/anu.12486

Yang,H.S., Wu, F,, Long, L. N., Li, T. J,, Xiong, X., Liao, P, Liu, H. N., & Yin,
Y. L. (2016). Effects of yeast products on the intestinal morphol-
ogy, barrier function, cytokine expression, and antioxidant system
of weaned piglets. Journal of Zhejiang University-Science B, 17, 752~
762. https://doi.org/10.1631/jzus.B1500192

Ye, G. L., Dong, X. H., Yang, Q. H., Chi, S. Y., Liu, H. Y., Zhang, H. T., Tan,
B. P., & Zhang, S. (2020). Low-gossypol cottonseed protein concen-
trate used as a replacement of fish meal for juvenile hybrid grouper
(Epinephelus fuscoguttatus female x Epinephelus lanceolatus male)
effects on growth performance, immune responses and intestinal
microbiota. Aquaculture, 524, 735309. https://doi.org/10.1016/j.
aquaculture.2020.735309

Zaura, E., Keijser, B. J. F.,, Huse, S. M., & Crielaard, W. (2009). Defining
the healthy "core microbiome" of oral microbial communities. Bmc
Microbiology, 9, 259. https://doi.org/10.1186/1471-2180-9-259

Zhang, J. C., Chen, P,, Zhang, C., Khalil, M. M., Zhang, N. Y., Qi, D. S.,
Wang, Y. W., & Sun, L. H. (2020). Yeast culture promotes the pro-
duction of aged laying hens by improving intestinal digestive en-
zyme activities and the intestinal health status. Poultry Science, 99,
2026-2032. https://doi.org/10.1016/j.psj.2019.11.017

Zhang, P. Y., Cao, S. P, Zou, T,, Han, D., Liu, H. K., Jin, J. Y., Yang, Y. X.,
Zhu, X. M,, Xie, S. Q., & Zhou, W. H. (2018). Effects of dietary
yeast culture on growth performance, immune response and dis-
ease resistance of gibel carp (Carassius auratus gibelio CAS Ill). Fish
& Shellfish Immunology, 82, 400-407. https://doi.org/10.1016/j.
si.2018.08.044

Zhao, G. P. (2008). Effects of adding a yeast culture (Yek XP®) to diets with
different soybean meal levels on feeding Rate, feed Conversion, growth
performance and Biochemical Composition of Turbot (Scophthalmus
maximus). Ocean University of China, Qingdao, China. (Master
Dissertation)

Zhou, M., Liang, R. S., Mo, J. F,, Yang, S., Gu, N., Wu, Z. H., Babu, V. S.,
Li, J., Huang, Y. M., & Lin, L. (2018). Effects of brewer's yeast hy-
drolysate on the growth performance and the intestinal bacterial
diversity of largemouth bass (Micropterus salmoides). Aquaculture,
484, 139-144. https://doi.org/10.1016/j.aquaculture.2017.11.006

Zhu, L. X., Baker, S. S., Gill, C., Liu, W. S., Alkhouri, R., Baker, R. D., &
Gill, S. R. (2013). Characterization of gut microbiomes in nonalco-
holic steatohepatitis (NASH) patients: A connection between en-
dogenous alcohol and NASH. Hepatology, 57, 601-609. https://doi.
org/10.1002/hep.26093

How to cite this article: Xv, Z., Zhong, Y., Wei, Y., Zhang, T.,
Zhou, W.,, Jiang, Y., Chen, Y., & Lin, S. (2021). Yeast culture
supplementation alters the performance and health status of
juvenile largemouth bass (Micropterus salmoides) fed a
high-plant protein diet. Aquaculture Nutrition, 27, 2637-2650.
https://doi.org/10.1111/anu.13391



https://doi.org/10.1111/are.13028
https://doi.org/10.1101/133462
https://doi.org/10.1016/j.fsi.2019.09.061
https://doi.org/10.1111/anu.13239
https://doi.org/10.1111/anu.12486
https://doi.org/10.1631/jzus.B1500192
https://doi.org/10.1016/j.aquaculture.2020.735309
https://doi.org/10.1016/j.aquaculture.2020.735309
https://doi.org/10.1186/1471-2180-9-259
https://doi.org/10.1016/j.psj.2019.11.017
https://doi.org/10.1016/j.fsi.2018.08.044
https://doi.org/10.1016/j.fsi.2018.08.044
https://doi.org/10.1016/j.aquaculture.2017.11.006
https://doi.org/10.1002/hep.26093
https://doi.org/10.1002/hep.26093
https://doi.org/10.1111/anu.13391

