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This study investigated the effects of dietary supplementation of ESTAQUA® yeast culture (YC) on the growth,
immunity, intestinal microbiota, and disease-resistance against Vibrio harveyi in hybrid grouper (QEpinephelus
fuscoguttatusx 3E. lanceolatus) at 0% (CO0), 2% (N1), and 4% (N2). After 8 weeks of the feeding trial, the results
indicated that the survival rate (SR), weight gain rate (WGR), and specific growth rate (SGR) of hybrid grouper
were significantly higher in the N1 (2%) and N2 (4%) group than those in the control group (P < 0.05). Serum
superoxide dismutase (SOD), catalase (CAT), total protein (TP), alkaline phosphatase (AKP), acid phosphatase
(ACP), and immunoglobulin (IgM) activities were significantly higher in the N2 (4%) group (P < 0.05). Contrary
to the control, aspartate aminotransferase (AST), alanine aminotransferase (ALT), malondialdehyde (MDA), and
glucose (GLU) were notably decreased in the N2 (4%) group (P < 0.05). The activity of intestinal digestive
enzymes was significantly higher in the experimental groups than that in the control group (P < 0.05).
Furthermore, at the phylum level, the relative abundance of Actinobacteria and Bacteroidetes was remarkably
higher in the N2 (4%) group than that in the control group (P < 0.05). The relative abundance of Blautia and
Lactobacillus was notably higher in the N2 (4%) group at the genus level (P < 0.05). Hybrid grouper in the N1
(2%) and N2 (4%) groups effectively improved intestinal villus height and width (P < 0.05). Lastly, the pro-
tection against V. harveyi challenge in hybrid grouper was enhanced in the YC treatment group, while N2 (4%)
experienced the highest cumulative SR of 80%. In conclusion, the N2 (4%) treatment group is suggested as the
best to improve the growth and immunity of hybrid grouper.

1. Introduction resistant pathogens (Teuber, 2001; Yuan et al., 2019), which eventually

leads to the transfer of resistant bacteria and the related factors from fish

Due to high market demand, grouper farming has been well-
established in China (He et al, 2017). Unfortunately, intensive
grouper farming may lead to the outbreak of diseases, which causes
substantial economic losses to the grouper farming industry (Amaya
et al., 2007; Jin et al., 2018). Using antibiotics is a common method to
prevent and control fish infectious diseases. Nevertheless, the applica-
tion of antibiotics could increase the growth and bioaccumulation of

to humans (Leung et al., 2020). Therefore, people pay more attention to
the use of natural immunostimulants and probiotics (such as yeast) as
substitutes for traditional disease-control therapies has gained attention
(Yuan et al., 2019). Probiotics, as a non-digestible feed ingredient, may
influence the immunity of the host by regulating the gastrointestinal
flora. It facilitates host health mainly through enzymatic digestion, host
immunity enhancement, and the promotion of growth factors (Gupta
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et al., 2019).

The use of yeast products to improve fish growth and immune
response has been a research hotspot in recent years. Yeast products can
not only reduce the number of harmful bacteria in the intestinal tract by
identifying, adsorbing, and eliminating the harmful bacteria, but also
promote the reproduction of beneficial bacteria; moreover, it can and
regulate the balance of micro-ecological zones in the animal’s digestive
tract, thus improving the intestinal tract’s function, maintaining the
intestinal tract’s integrity, and improving the immunity of the animal
organism (Zhou et al., 2009; Deng et al., 2013). Yeast culture (YC) is a
complex yeast fermentation product composed of yeast and its growth
medium. Currently, the high protein content solid fermentation culture
method is generally used in the research of yeast protein feed. No
non-protein nitrogen was added to the YC fermentation substrate in this
study and the protein content was 50%. YC contains not only high levels
of amino acids, protein content, and minerals, but also immunomodu-
latory factors (such as mannan oligosaccharides, p-glucan, and nucleo-
tides) (Pongpet et al, 2016). The structural components of
mannan-oligosaccharide (MOS) and p-glucan in the yeast cell wall help
to promote immunity. f-glucan in YC can effectively lower cholesterol
(CHO) and activate macrophages to release various immunoglobulins,
such as cytokines and interleukin (Jayachandran et al., 2018). When fed
with YC (12%) diet, the grass carp (Ctenopharyngodon idella) showed
notably affected the metabolic capacity of intestinal microflora, along
with good growth performance (Liu et al., 2018). MOS can block the
recognition and adhesion mechanism of potential pathogens to host
tissue surface molecules (competitive attachment sites), thereby
improving the integrity and performance of the intestinal epithelial
barrier (Gainza and Romero, 2020). Previous researchers have proved
that MOS can enhance fish growth and regulate intestinal microbiota
and gut morphology (Dimitroglou et al., 2010; Yuan et al., 2019).
Moreover, it has shown that the addition of YC exerts a positive impact
on the digestibility, feed intake, growth rate, and feed efficiency of
aquatic animals (Essa et al., 2011; Berto et al., 2016). The study showed
that dietary addition of 1% yeast hydrolysate or beer yeast to shrimp
could improve the innate immunity and promote the growth of shrimp,
as well as strengthen the resistance of shrimp to ammonia nitrogen stress
(Jin et al., 2018). The addition of YC to feed helps to regulate the in-
testinal bacterial community of grass carp, thereby increasing growth
performance and immune response (Liu et al., 2018).

Hybrid grouper is a carnivorous marine fish, which is a cross-breed
between the giant grouper (Epinephelus lanceolatus) and brown-
marbled grouper (Epinephelus fuscoguttatus) (Wang et al., 2020; Yin
et al., 2020). Due to the high feed conversion ratio, fast growth rate, high
palatability, and good market value, it has been widely cultured in many
Asian countries, including China (Ye et al., 2019). A study has validated
that mannan oligosaccharides could improve immunity response,
growth, and resistance to grouper disease (Reyes-Becerril et al., 2011).
However, it remains elusive whether the dietary addition of YC can
improve grouper’s growth performance, immune response, and intesti-
nal health. Against this backdrop, the present study aimed to evaluate
the effects of dietary supplementation of YC on the growth performance,
immune response, intestinal morphology, intestinal microbiota, and
disease- resistance against V. harveyi attacks in hybrid grouper.

2. Materials and methods
2.1. Diet preparation

The components and nutrient contents of the basal diet are shown in
Table 1. In the present study, there were three iso-nitrogenous and iso-
lipidic experimental diets with increasing YC levels at 0%, 2%, and 4%,
designated as CO (0%), N1 (2%), and N2 (4%), respectively. The YC
(fermentation substrate free of non-protein nitrogen; 50% protein con-
tent) was provided by Enhalor Biotechnology Company (Beijing, China).
Wheat gluten, casein, and fishmeal (60% crude protein) were used as
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Table 1

Ingredients and proximate composition of the experimental diets (DM %).
Ingredients CO (0%) N1 (2%) N2 (4%)
Fish meal” 34.00 32.50 31.00
Yeast culture’ 0.00 2.00 4.00
Casein” 25.00 25.00 25.00
Wheat gluten” 6.00 6.00 6.00
Starch” 18.00 18.00 18.00
Fish oil” 8.00 8.00 8.00
Phospholipid” 1.00 1.00 1.00
Vitamin mixture” 0.50 0.50 0.50
Mineral mixture® 2.50 2.50 2.50
Choline chloride® 0.50 0.50 0.50
Antioxidants ethoxyquin® 0.03 0.03 0.03
Calcium Dihydrogen Phosphate® 1.00 1.00 1.00
Vitamin complex” 0.05 0.05 0.05
Attractant® 0.10 0.10 0.10
Yttrium oxide Y,O3" 0.1 0.10 0.10
Microcrystalline cellulose MCC® 3.22 2.72 2.22
Total 100 100 100
Nutrient levels
Dry matter 92.60 92.17 92.27
Crude protein 50.57 50.91 50.61
Crude lipid 11.25 11.13 11.11
Ash 10.89 10.23 10.32

 Ingredients purchased from Zhanjiang HaiBao Feed Factory, Zhanjiang,
Guangdong, China.

b Vitamin mixture (g/kg mixture): vitamin B1, 17.00 g; vitamin B2, 16.67 g;
vitamin B6, 33.33 g; vitamin B12, 0.07 g; vitamin K, 3.33 g; vitamin E, 66.00 g;
retinyl acetate, 6.67 g; VD, 33.33 g, nicotinic acid, 67.33 g; D-calcium panto-
thenate, 40.67 g; biotin, 16.67; folic acid, 4.17 g; inositol, 102.04 g; cellulose,
592.72 g (Obtained from Zhanjiang Yuehai Feed Co. Ltd., Guangdong, China).
All ingredients were diluted with corn starch to 1 kg.

¢ Mineral mixture (mg/g mixture): CaCO3, 350 g; NaH2PO4-H20, 200 g;
KH2PO4, 200 g; NaCl, 12 g MgSO4.7H20, 10; FeSO4-7H20, 2 g;
MnS04-7H20,2 g; AlC13-6H20, 1 g; CuCl2-2H20, 1 g; KF, 1 g; NaMo04-2H20,
0.5 g; NaSe03, 0.4 g; CoCl2-6H20, 0.1 g; KI, 0.1 g; zeolite powder, 219.9 g. All
ingredients were diluted with corn starch to 1 kg. (Obtained from Zhanjiang
Yuehai Feed Co. Ltd., Guangdong, and China).

4 The yeast culture was provided by Enhalor Biotechnology Company (Beijing,
China).

¢ Attractant composition: taurine: glycine: betaine = 1:3:3.

protein sources, fish oil and phospholipid oil were used as lipid sources.
After crushing all the coarse ingredients, they were sieved using a 60-
mesh sieve, and then gradually stirred and mixed in a V-mixer type
machine. Next, fish oil and phospholipid oil were added to the mixture,
followed by further mixing by hand. After that, choline chloride-
contained water was mixed into the mixture (nearly 30% of the net
weight of the ingredient), which was then adjusted to a dough shape
using a Hobart-type mixer. Next, it was processed into 2.5 mm particles
with a diameter of 2.5 mm by a twin-screw extruder (F-26, South China
University of Technology), dried (room temperature, 3-4 days) until the
moisture was reduced to about 10%, and then refrigerated (—20 °C)
until use.

2.2. Fish and feeding regime

Hybrid groupers were purchased from a local fish farm hatchery
(Zhanjiang, China) and transferred to the Marine Biological Research
Base of Guangdong Ocean University. They were kept in fiberglass tanks
for two weeks and fed with a commercial diet to adapt to the experi-
mental conditions. After that, all fish fasted for 24 h. A total of 270
hybrid groupers (17.56 g + 0.02) were randomly placed into 9 fiberglass
tanks (250 L), 30 fish per tank. They were fed twice a day (9:00 and
17:00) with a feed intake of 5-8% of their average body weight in three
replicates to apparent satiation for 8 weeks. About 60% of the water was
refreshed every day to maintain water quality. During the feeding trial,
the water temperature was 28.0 + 2.0 °C and the dissolved oxygen (DO)
was within 6-8 mg/L.
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2.3. Sample collection and calculations

At the end of the 8-week feeding trial, all fish fasted for 24 h before
sampling. The total number of fish from each tank was recorded and
they were weighed collectively. Two fish were randomly selected from
each tank and stored at — 20 °C and their dry matter, crude protein, ash,
and lipid were calculated. Six fish were randomly selected from each
tank and their blood was taken using a 1 mL syringe. The blood samples
were stored at 4 °C for 12 h, followed by 3500 rpm centrifugation at 4 °C
for 10 min. The supernatant was collected and stored at — 80 °C for
subsequent enzyme activity analysis. The midgut (0.8-1.2 cm) of three
fish from each tank was taken under aseptic conditions and preserved in
10% paraformaldehyde for histological analysis. Moreover, three fish
were randomly selected from each group and their midguts were taken,
which were then carefully loaded into the 1.5 mL Eppendorf tube and
immediately stored in liquid nitrogen for microflora analysis. The
growth performance formulas were as follows:

Weight gain rate(WGR, %) =100
o final body weight(g) —initial body weight(g)
initial body weight(g)

. . feed intake(g)
Feed conversion ratio(FCR) = - — -
final body weight(g) —initialbody weight(g)
Specific growth rate(SGR,%)=100
y [In(final weight(g))—In(initial weight(g))]
days of experiment

fish weight gain(g)

Protein effici tio(PER) = 100 x
rotein efficiency - ratio(PER) crude protein intake(g)

final fish b
Survival rate(SR, %) = 100 x —o 151 QUL
initial fish number

Condition factor(CF, %) = 100 x w
body length(cm)

2.4. Analysis of diets and whole-body composition

The dry matter, crude protein, lipid, and ash of diet and whole fish
were determined according to the methods of Lee (1995). The samples
were dried in an oven at 105 °C to a constant weight to determine the
dry matter. The crude lipid content was determined using the Soxhlet
extraction method (YSXT-06, XiYang instrument co., Ltd., Shanghai,
China), and the crude protein content was determined using the Kjeldahl
method (Kjeletc 8400, FOSS Technology and Trade Co., Ltd., Beijing,
China). Moreover, the crude ash content was determined by burning in a
muffle furnace (SX2-2.5-10, Qiuzuo Instrument and Equipment Co.,
Ltd., Shanghai, China) at 550 °C for 6 h.

2.5. Serum biochemical parameters and intestinal enzyme activity
analysis

Fish serum was collected. Total protein (TP, A045-2-2), malondial-
dehyde (MDA, A003-1-2), aspartate aminotransferase (AST, C010-2-1),
alanine aminotransferase (ALT, C009-2-1), lysozyme (LZM, A050-1-1),
alkaline phosphatase (ALP, A059-2-2), immunoglobulin M (IgM,
H109), acid phosphatase (ACP, A060-2-2), catalase (CAT, A007-1-1),
superoxide dismutase (SOD, A001-3-2), glucose (GLU, A154-1-1), tri-
glyceride (TG, A110-1-1), and cholesterol (CHO, A111-1-1) were
detected using commercial kits (Nanjing Jiancheng Biological Engi-
neering Institute, China) as per the kit instructions.

Intestinal tissue homogenates were centrifuged and the supernatant
was taken for the determination of digestive enzyme activities in the
intestine using commercial kits (Jiancheng Biological Engineering
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Institute) according to the manufacturer’s instructions. Digestive en-
zymes to be measured are amylase (C016-1-1), lipase (A054-2-1), and
trypsin (A080-2-1).

2.6. Intestinal microbiota analysis

As described previously (Suo et al., 2017), microbiota analysis was
performed by identification of V3-V4 region of 16S rRNA gene using
high throughput sequencing. In this study, the procedure was slightly
altered. Total DNA was performed from the enteric bacterial commu-
nities using a soil DNA kit. Sample DNA concentration was quantified
using a NanoDrop ND-2000 spectrophotometer (Thermo Science, Wil-
mington, DE, USA). The corresponding region of the primer was 16S
V3-V4 (341F and 806R). The primer sequence of 341F was
5’-CCTACGGGNGGCWGCAG-3', and the primer sequence of 806R was
3'-GGACTACHVGGGTATCTAAT-5'. The system of PCR was 30 pl, and
high-throughput sequencing was performed through Illumina HiSeq
2500 sequencing. Following this, 2% agarose gel was used to separate
the amplicons. Next, they were purified using the AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, Union City, CA, USA) as per the
manufacturer’s protocol. The library was constructed using NEB Nex-
t®Ultra library DNA Library Prep Kit for Illumina construction kit, and
then sequenced by Illumina Hiseq 2500 sequencing system. The data
were filtered by noise sequence, and the chimera sequence was detected
using the UCHIME algorithm (http://www.drive5.com/usearch/ma-
nual/uchime_algo.html) (Quast et al., 2013). OTU clustering was per-
formed with 97% sequence similarity as the threshold. The UPARSE
software (UPARSE v7.0.1001,http://drive5.com/uparse/) (Edgar,
2013) was used for sequence analysis. Next, the rarefaction curve was
plotted and the alpha-diversity metrics were calculated (Simpson,
Shannon, ACE, and Chao). The endemic species between different
groups are shown on the Venn diagram. The PCoA of unweighted Uni-
Frac distance was drawn in WGCNA under R version 2.15.3 and the
differences among multiple samples were compared.

2.7. Histological analysis of fish intestine

Following the method of Bullerwell et al. (2016), intestinal
morphological indexes were detected to determine the YC diet’s effect
on fish intestinal morphology (Bullerwell et al., 2016). The fixed tissues
were dehydrated with gradient alcohol, cleared in toluene, trans-
parented in xylene, and embedded in paraffin. Finally, the
paraffin-embedded tissues were sectioned with a thickness of 5 ym. In-
testinal tissues were stained with hematoxylin-eosin (H&E), and intes-
tinal images were collected using a microscope (BX51 type, serial
number: 9K18395; Olympus, Tokyo, Japan). A total of 12 measurements
were obtained for each tissue. The data of intestinal villus height (VH),
villus width (VW), and muscle thickness (MT) under 100x magnification
were obtained through electronic measurement using Image-Pro Plus
6.3 software (Media Cybernetics, Inc., Rockville, USA).

2.8. Bacteria challenge test

Vibrio harveyi for challenge test was obtained from the Provincial Key
Laboratory of Pathogenic Biology and Epidemiology for Aquatic Animal,
Guangdong Ocean University, China. They were initially isolated from a
diseased hybrid grouper and stored in 40% glycerol at — 80 °C. Upon
challenge test, the frozen stock culture was revived. Bacteria were
cultured in Luria-Bertani (LB) medium in a flat-bottomed flask (250 mL)
by shaking at 180 rpm in an incubator (37 °C, 20 h). Afterward, the cells
were centrifuged (8000 rpm, 4 °C, 10 min), with the supernatant dis-
carded, followed by 2 washes with sterile phosphate-buffered saline
(PBS). Next, they were serially diluted with PBS to attain 3.58 x 105
CFU/mL (LD 50). After the 8-week feeding trial, 12 fish were randomly
selected from each replicate tank for the challenge test, and each fish
was injected with 200 ul of bacterial cell suspension at LD50
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(3.58 x 105 CFU/mL). In addition, 12 fish were randomly selected from
each group and injected with the same dose of saline, which served as
the blank control group. During challenge test, fish was not offered feed.
Following the bacteria injection for 12 h, blood was sampled from two
fish, which was then centrifuged (3500 rpm/min, 4 °C, 10 min), sepa-
rated, and stored (—80 °C) for later analysis of ALP, ACP, LZM, and IgM
activities. Fish were kept under observation. The mortality rate was
recorded up to 168 h.

2.9. Statistical analysis

Data analysis was performed using SPSS23.0 (SPSS Inc., Chicago, IL,
USA). The results are presented as means =+ standard error of mean
(SEM). All data were analyzed using a one-way analysis of variance
followed by Duncan’s multiple range test to determine significant dif-
ferences between treatment groups. A value of P < 0.05 was considered
to be significant.

3. Results
3.1. Growth, feed utilization, and survival rate of hybrid grouper

The effects of different YC protein diets on the growth and feed
utilization of hybrid grouper were illustrated in Table 2. The results
showed that YC-treated fish exhibited notably improved growth per-
formance than the control fish. FBW, WGR, and SGR were the best in the
N2 (4%) groups (P < 0.05). FCR was notably less in the N1 (2%) and N2
(4%) groups than that in the control group, with the lowest in the N2
(4%) group (P < 0.05). The dietary supplementation of YC significantly
improved the SR of hybrid grouper (P < 0.05). The excellent SR was
recorded in the N1 (2%) and N2 (4%) groups. PER and CF were
remarkably increased in hybrid grouper fed with N1 (2%) and N2 (4%)
as compared to those in the control hybrid fish (P < 0.05).

3.2. Whole-body composition of fish

The YC protein effects on fish carcass analysis were illustrated in
Table 3. A significant improvement in dry matter, crude protein, and ash
content in fish fed with YC treatment diets were observed (P < 0.05),
with the N2 (4%) group showing the highest significant improvement.
Crude lipid content was found notably increased in the N1 (2%) group
(P < 0.05).

3.3. Serum biochemical parameters and intestinal digestive enzyme
activity

The effect of dietary supplementation of YC on serum biochemical
parameters of hybrid grouper is presented in Table 4. It was observed
that serum GLU was decreased in the YC group compared to the control
group, with the N2 (4%) group showing the lowest serum GLU
(P < 0.05). Dietary addition of YC increased hybrid grouper serum TP
contents (P < 0.05), with the N2 (4%) group showing the significantly
high TP content (P < 0.05). In our study, when hybrid grouper was fed
with YC, no significant difference was found among other groups except
for the significant increase of TG content in the N1 group. There was no
significant difference in CHO content among groups (P > 0.05). The
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Table 3
Effects of dietary yeast culture supplementation on whole body composition of
hybrid grouper.

Treatment  Dry matter Crude protein Lipid (%) Ash (%)

(%) (%)
CO (0%) 28.32 £0.40°  17.19 + 0.09% 6.10 & 0.01° 4.28 + 0.00°
N1 (2%) 31.02+0.76"  19.04 +0.12" 6.93+0.01°  4.52+0.012°
N2 (4%) 32.92+£021°  19.92 + 0.08° 6.50 + 0.12%° 4.73 + 0.05°

The data are presented as mean + SEM. Means in the same column with
different superscripts indicate significant difference (P < 0.05).

activities of serum AST and ALT in fish fed with N2 (4%) diet were lower
than that of the control (P < 0.05).

The results of intestinal digestive enzyme activities are presented in
Table 5. Intestinal trypsin, lipase, and amylase activities showed the
same trends, which was significantly higher in the N1 (2%) and N2 (4%)
groups than those in the control group (P < 0.05). However, there was
no significant difference between the N1 (2%) and N2 (4%) groups
(P > 0.05).

3.4. Serum antioxidant capacity

The results of antioxidant parameters in the serum are presented in
Fig. 1. The serum SOD activity in the N2 (4%) group was notably
improved after the challenge (P < 0.05). The increased SOD activity in
the fish N2 (4%) group was dramatically higher as compared to that in
the control group (P < 0.05). Fish in the N1 (2%) and N2 (4%) groups
had dramatically increased CAT activity after challenge (P < 0.05), with
the greatest in the N2 (4%) group. Serum MDA contents were decreased
in the YC treatment groups, and it was significantly lower in the N2 (4%)
group before and after the challenge test (compared to the control
group) (P < 0.05).

3.5. Serum innate immune indexes

The activities of serum ACP, AKP, LZM, and IgM of hybrid grouper
before and after the challenge test are illustrated in Fig. 2. Serum ACP
activity was significantly higher after the challenge, which was
remarkably higher in the N2 (4%) group relative to that in the control
group (P < 0.05). After the challenge, AKP serum activities of the N1
(2%) and N2 (4%) groups were dramatically enhanced (P < 0.05), with
the highest improvement observed in the N2 (4%) group. Serum LZM
activity was increased in the N1 (2%) and N2 (4%) groups after the
challenge, which was significantly higher in the N1 (2%) group than that
in the control group (P < 0.05). Serum IgM activity was dramatically
increased in the N1 (2%) and N2 (4%) groups after the challenge, as
compared to the control group (P < 0.05).

3.6. Microbiota analysis in hybrid grouper intestine

3.6.1. Intestinal microbiota richness and species diversity

The rarefaction curve analysis of the samples is shown in Fig. 3A. It
can be seen from the figure that rarefaction curves tended to be flat with
the continuous increase in sequencing amount. The sequencing results
could reflect the structure and composition of the intestinal microbial
community of the grouper. As shown in Fig. 3B, the box plot position

Table 2

Effects of yeast culture supplementation on hybrid grouper growth performance.
Treatment IBW (g/fish) FBW (g/fish) WGR (%) SGR (%) FCR SR (%) PER (%) CF (g/cm®)
CO (0%) 17.86 + 0.00% 78.91 + 0.68° 343.49 + 3.59% 2.65 + 0.01° 1.03 £ 0.02° 92.33 £ 1.17° 1.54 + 0.04° 2.77 + 0.05°
N1 (2%) 17.85 + 0.01% 87.15 + 0.43° 387.13 + 2.16" 2.83 + 0.01° 0.86 + 0.00° 100.00 =+ 0.00° 1.85 + 0.03° 3.12 + 0.00°
N2 (4%) 17.86 + 0.00% 89.54 + 0.50° 401.39 + 2.90° 2.87 + 0.01° 0.84 + 0.00° 100.00 + 0.00° 1.87 + 0.01° 3.01 +0.01°

The data are presented as mean + SEM. Means in the same column with different superscripts indicate significant difference (P < 0.05). IBW, initial body weight; FBW,
final body weight; WGR: weight gain rate; SGR, specific growth rate; FCR, feed conversion ratio; SR, survival rate; PER: protein efficiency ratio; CF, condition factor.
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Table 4

Effects of different yeast culture supplementation on hybrid grouper serum biochemical activity.
Treatment TP (g/L) GLU (mmol/L) TG (mmol/L) CHO (mmol/L) ALT (U/L) AST (U/L)
CO (0%) 44.21 + 0.94% 4.21+0.17° 0.64 +0.01% 5.40 £ 0.06% 4.42 £ 0.09¢ 25.18 + 0.47¢
N1 (2%) 51.72 £ 0.81° 3.85 £ 0.04™° 0.75 + 0.02° 5.64 £ 0.13% 3.93 £ 0.06™ 21.64 £ 0.41°
N2 (4%) 52.92 + 0.88° 3.58 £ 0.02% 0.66 + 0.01% 5.53 £ 0.09% 3.70 £ 0.02% 18.25 + 0.67%

The data are presented as mean + SEM. Means in the same column with different superscripts indicate significant difference (P < 0.05). TP, total protein ; GLU,
glucose; TG, triglyceride; CHO, cholesterol; ALT, alanine transaminase; AST, aspartate aminotransferase.

Table 5

Effects of dietary yeast culture supplementation on the intestinal digestive
enzyme activities of hybrid grouper.

Treatment  Trypsin (U/mgProt)

Lipase (mU/
mgProt)

Amylase (mU/
mgProt)

C0(0%) 1352.58 + 113.49
N1(2%) 1914.67 + 149.13°
N2(4%) 1894.54 + 150.75°

444.14 + 20.29°
722.32 + 63.32°
673.21 + 21.37°

318.81 + 12.71°
404.73 + 39.47°
433.94 + 9.47°

The data are presented as mean + SEM. Means in the same column with
different superscripts indicate significant difference (P < 0.05).

rises sharply over a range, indicating that a large number of species were
found in the community. When the boxplot tended to be smooth, the
species would not significantly increase as the sample size increased,
indicating that the sampling was sufficient and data analysis could be
carried out. Operation taxonomic units (OTUs) and Alpha diversity re-
sults in hybrid grouper intestinal microbiota are illustrated in Table 6.
OTUs in groupers fed with N2 (4%) diet were dramatically higher than
that in groupers fed with CO (0%) and N1 (2%) diets (P < 0.05). All the
OTUs made up with the mean abundance of more than one were selected
for Venn diagram analysis (Fig. 4). As shown in Venn diagram analysis, a
total of 540 OTUs were identified across the three treatments. The N2
(4%) group had the highest number of unique OTUs (1031), followed by
CO0 (0%) (771) and N1 (2%) (584). Alpha indices were represented by
ACE, Chao, Shannon, and Simpson. Results showed that the N2 (4%)
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Table 6
Richness and diversity indexes of intestinal bacterial in hybrid grouper fed experimental diets.
Treatment Raw reads Clean reads OTU Chao Ace Shannon Simpson
CO (0%) 76,860 69,616 770.33 + 44.33% 1136.28 + 66.88" 753.78 + 34.88° 6.91 + 0.07° 0.98 + 0.00*
N1 (2%) 85,025 80,121 797.00 + 2.00% 798.12 + 2.87° 796.00 + 3.20° 7.32 +0.13% 0.98 + 0.01?
N2 (4%) 84,743 80,144 1292.00 + 3.00° 1258.61 + 12.29° 1258.43 + 11.79° 7.14 £ 0.05% 0.97 £ 0.00%

The data are presented as mean + SEM. Means in the same column with different superscripts indicate significant difference (P < 0.05).

N1 N2

771

Co

Fig. 4. Venn diagram of OTUs comparison.

group had the highest Chao index, but there was no significant differ-
ence as compared to the control group (P > 0.05). The ACE index was
notably higher in the N2 (4%) group than that in the CO (0%) and N1
(2%) groups (P < 0.05). The bacterial diversity indexed by Shannon was
numerically increased in the N1 (2%) and N2 (4%) groups, but there was
no significant difference among groups (P > 0.05). According to Simp-
son’s results, no difference was found between the treated and untreated
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groups (P > 0.05).

3.6.2. Composition characteristics of intestinal microbiota

The ten bacteria with the highest relative abundance at the phylum
and genus level were shown in Fig. 5 and Fig. 6, respectively. Four
dominant intestinal bacteria at the phylum level were Proteobacteria,
Firmicutes, Bacteroidetes, and Actinobacteria (Fig. 5). The relative abun-
dance of Proteobacteria was noticeably higher in the N2 (4%) group than
that in the N1 (2%) group (P < 0.05), but not significantly different from
the CO (0%) group (P > 0.05). The abundance of Bacteroidetes in the N2
(4%) group was notably higher than that in the control group
(P < 0.05). The relative abundance of Actinobacteria in hybrid grouper
in the N1 (2%) and N2 (4%) groups were significantly higher than that in
the control group, with no significant difference between the N1 (2%)
and N2 (4%) groups (P > 0.05). The N1 (2%) and N2 (4%) groups had a
higher relative abundance of Firmicutes than the CO (0%) group, and it
was significantly higher in the N1 (2%) group than that in the N2 (4%)
group. At the genus level, the main intestinal bacteria were Sphingo-
monas, Blutia, Lactobacillus, and Stenotrophomonas in all the treatment
groups (Fig. 6). The relative abundance of Sphingomonas was high in the
N2 (4%) group, but there was no significant difference between the
three groups (P > 0.05). Blautia abundance was significantly higher in
the N2 (4%) group than that in the other two groups (P < 0.05). The
hybrid grouper intestinal Lactobacillus were abundant in YC-fed grouper
than untreated grouper (P < 0.05). The abundance of Stenotrophomonas
was significantly higher in the N1 (2%) group than that in the control
group, but not significantly different than the N2 (4%) group. Based on
Principle Coordinate Analysis (PCoA) (Fig. 7) of unweighted UniFrac
distances from all samples (microbiota composition clustered by feed-
stuff type), there were distinct microbial community structure in the CO
(0%), N1(2%), and N2 (4%) groups, which indicated that the addition of
YC may influence the composition of the intestinal microbial
community.

N2 (4%)
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Fig. 5. Relative abundance of intestinal bacterial of hybrid grouper at the phylum level. Upright bars denote the mean + SEM. (P < 0.05). Different superscript

letters indicate significant differences between groups (P < 0.05).
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Fig. 6. Relative abundance of intestinal bacterial of hybrid grouper at the genus level. Upright bars denote the mean + SEM. (P < 0.05). Different superscript letters

indicate significant differences between groups (P < 0.05).
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3.6.3. Bacterial challenge test

The cumulative fish SR after challenge with hybrid grouper for 168 h
is illustrated in Fig. 8. No mortality of grouper was observed in the saline
injection group. At the end of 168 h of challenge, the cumulative SR of
hybrid grouper with dietary supplementation of YC was notably higher
than that of the control. The highest SR of fish was recorded in the N2
group (80%), and the least registered number was found in fish fed with
the control diet (20%).

3.7. Intestinal morphometric measurement

The measurement of intestinal morphometric parameters is repre-
sented in Fig. 9. The intestinal mucosal fold separation from the intes-
tinal wall was seen in control groupers, whereas fusion of mucosal folds
was observed in groupers fed with N1 (2%) and N2 (4%) diets (Fig. 9A).
YC supplementation resulted in a significant increase in VH and VW
(P < 0.05). VW and VH were significantly higher in the hybrid group fed
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with YC N2 (4%) showed than those in the control group, while no
improvement was found between the N1 (2%) and N2 (4%) groups
(P < 0.05). Among all the experimental groups, only the N1 (2%) group
showed significant MT changes, as compared to the control group
(P < 0.05) (Fig. 9B).

4. Discussion

Recently, it has been of interest to improve the growth and immune
response of fish using yeast products. The evaluation of several yeast
products has shown a positive influence on the growth performance and
immune response of aquatic animals (Dimitroglou et al., 2010; Zhao
et al., 2011; Sado et al., 2014). A previous study has proved that juve-
niles’ leopard grouper fed with yeast diet shows improved growth and
immune response (Reyes-Becerril et al., 2011). In the present study, the
benefits of dietary supplementation of different levels of YC (fermenta-
tion substrate free of non-protein nitrogen; 50% protein content) in
hybrid grouper were evaluated from the aspects of growth performance,
intestinal morphology, digestive enzymes, intestinal microbiota, im-
mune response, and disease resistance.

After 8 weeks of feeding trials with dietary supplementation of YC,
the SR of hybrid grouper was enhanced, which may be due to the diet’s
nutritional fulfillment. The dietary inclusion of YC could help to increase
the growth performance and feed utilization of hybrid grouper in the
current study. However, FBW, WGR, and SGR were notably improved,
and FCR was decreased in the dietary N1 (2%) and N2 (4%) groups,
which indicated that YC could enhance the growth performance and
feed utilization of hybrid grouper. This beneficial influence may be due
to the bioactive compounds secreted by YC, including nucleotides,
proteins, amino acids, fatty acids, vitamins, and polysaccharides. Nu-
cleotides are especially important, which can serve as precursors of DNA
and RNA in rapidly growing cells (such as intestinal tissue) in the diet via
the salvage pathway, thereby sparing the organism from the cost of de
novo synthesis. Moreover, the increased digestive enzyme activities are
an important factor in promoting growth and feed utilization (Zhang
et al., 2018). In the present study, fish in the N1 (2%) and N2 (4%)
groups showed high digestive enzyme activities and improved feed
utilization. Consistently, previous studies have demonstrated a similar
increase in digestive enzyme and feed utilization in Seabass (Dicen-
trarchus labrax) (Tovar et al., 2002). Furthermore, intestinal microor-
ganisms are closely involved in the absorption, digestion, and
metabolism of several nutrients in aquatic animals. Specifically, the
abundance of intestinal Bacteroides in fish in the N2 (4%) group was
increased. Bacteroides decompose polysaccharides into simple sugars,
which can be easily absorbed into the host to synthesize proteins and
play mutualistic roles in fish intestine (Xia et al., 2014). Therefore, the
enhanced feed utilization and growth performances in this study may be
related to the effect of dietary YC on the intestinal microbiota and
digestive enzymes. Based on the changes in the intestinal microbiota and
digestive enzymes of hybrid grouper, it’s indicated that YC could in-
crease exogenous bacterial enzyme activities, which may lead to the
increased growth performance of hybrid grouper.

Grouper whole-body composition analysis is a good indicator for
studying the physiological condition of hybrid grouper. The change of
feed composition will affect the nutritional composition of the whole
body of fish. In this study, the YC diet had a positive influence on the
protein, lipid, and ash content in the whole body of fish, which may be
due to the addition of YC. YC promotes the breakdown, synthesis,
digestion, and absorption of diet nutrition in the gastrointestinal tract,
improving the utilization of nutrition and resulting in increased depo-
sition of nutrition. Changes in protein and lipid content may be related
to the synthesis of nutrition components and the rate of deposition,
which in turn affects the changes in ash content. Similar results were
observed in tilapia fed with yeast diets (Abdel-Tawwab et al., 2008),
which further indicated that yeast could enhance the physiology of
aquatic animals. From all above, it was plausible to state that dietary
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supplementation of YC could increase intracellular enzyme production,
and then promote the nutrient composition and growth performance of
hybrid grouper.

Serum analysis plays an essential role in the nutrition, physiology,
and health of aquatic organisms, which can indirectly reflect the health
degree of aquatic animals (Hoseinifar et al., 2011). GLU can be used as a
stress indicator of fish, with high blood GLU often indicative of a high
level of stress (Berto et al., 2016). In the present study, dietary addition
of YC decreased the serum GLU content, which may be due to the
presence of B-glucan (an immunostimulant) in the YC diet. In animals,
p-glucan could lower serum GLU by activating the PI3K/AKT pathway
(Ma et al., 2015). B-glucans stimulated several PI3K/AKT receptors
(such as Dectin-1, complement receptor 3, and toll-like receptors) to
induce specific signal pathways as a sign of serum GLU reduction (Huth
et al., 2000). When f-glucan was administered to fish diet, GLU content
was not elevated, which invariably shows that the dietary application of
B-glucan has no stress effect on fish (Misra et al., 2006). Serum TG and
CHO, as components of blood lipids, are important indicators of lipid
levels in fish, which reflects the metabolism, and increases energy
storage of lipids in fish. High contents of TG and CHO can cause damage
to the hepatopancreas of fish (Agrahar et al., 2007). In our study, when
hybrid grouper was fed with YC, no significant difference was found
among the other groups except for the significant TG increase in the N1
group. There was no significant difference in CHO among groups. Pre-
vious research has demonstrated that the application of yeast products
contributes to decreasing both CHO and TG content in aquatic animals
(Bell et al., 1999), which contradicts our results. It may be due to the
non-significant effect of YC on lipid anabolism in hybrid grouper.
However, the specific mechanism needs to be further investigated.

Oxidative stress, as a frequent stress response in fish, leads to a series
of destructive processes (such as membrane damage and accumulation
of lipid peroxidation products). As an endogenous antioxidant enzyme,
SOD can improve the level of immune response and enhance the body’s
resistance (Reyes-Cerpa, 2018). SOD scavenges superoxide anions to
produce Hy05, which constitutes the first line of defense against anti-
oxidant enzymes (Li et al., 2015). CAT, as an antioxidant enzyme, can
further convert SOD-produced Hy0, into water and oxygen in aquatic
animals’ immune systems (Wang et al., 2017). MDA, the primary marker
of lipid peroxidation, reflects the extent of lipid oxidation (Xu et al.,
2015). Fish serum CAT and SOD activities were significantly high, while
serum MDA content was significantly lower in the N2 (4%) group than
those in the control group. Conforming with this study, the addition of
YC to Ussuri catfish (Pseudobagrus ussuriensis) feed could improve the
antioxidant capacity, as characterized by the enhanced serum CAT and
SOD activity, and decreased MDA content (Bu et al., 2019). In addition,
it has been shown that feeding grass carp (Ctenopharyngodon idella) with
yeast hydrolysate can enhance the activity of CAT and SOD in the fish
(Yuan et al., 2019). Yeast cells contain vitamins (Ghazanar et al., 2015),
which may enhance the immune system and promote the growth of
aquatic animals (Zhang et al., 2019). Vitamin B6 compounds inhibit
lipid peroxidation by scavenging oxygen free radicals (Kannan and Jain,
2004). AST and ALT are soluble enzymes present in the cytoplasm of
liver cells, and their elevated activity in serum reflects liver damage (Du
et al., 2017). As shown by the results of this study, YC could effectively
reduce serum ALT and AST activity, which corresponds to the results of
grass carp fed with YC (Liu et al., 2018). A series of active metabolism in
the liver may account for this result. According to this study, dietary
addition of YC can not only protect the liver, but also improve the
antioxidant, and immune system of hybrid grouper.

Improving the innate immune system of fish plays a significant role
in protecting them against disease infections (Lu et al., 2019). Innate
immune parameters (such as LZM, AKP, ACP, TP, and IgM) were used to
monitor the non-specific immunity of fish. TP, as a crucial component of
the innate immune system, helps to protect fish from potentially inva-
sive organisms (Soltanzadeh et al., 2016). In our study, serum TP ac-
tivity was remarkably increased in the N2 (4%) group, which was
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consistent with the report that notably enhanced serum TP modulated
immune activities in gibel carp (Carassius auratus gibelio cas III) (Zhang
etal., 2018). ACP and AKP, as important lysosomal enzymes in fish, play
a crucial role in the immune response through hydrolysis and digestion
of invaded pathogen (He et al., 2017). In fact, elevated ACP and AKP
activities in the fish are indicative of strong immunity. In many cases,
ACP and AKP are considered to be powerful markers for macrophage
activation of the immune system (Jin et al., 2018). In agreement with
our study, dietary supplementation of MOS in hybrid grouper stimulates
AKP activity in fish (Ren et al., 2020). LZM, a useful innate immune
enzyme, can lyse and digest infectious bacteria. Numerous studies
related to aquatic animals have shown that yeast products exert positive
effects on innate immune responses (Abu-Elala et al., 2013; Jin et al.,
2018; Bu et al., 2019). In Ussuri catfish (Pseudobagrus ussuriensis), di-
etary YC supplemented at 10 g/kg improved plasma ACP, AKP, and
serum LZM (Bu et al., 2019), which indicated improved innate immune
response. Tukmechi and Bandboni (2014) reported that dietary sup-
plementation of two combined yeast products in rainbow trout (Onco-
rhynchus mykiss) could improve the innate immune response (Tukmechi
and Bandboni, 2014). Moreover, IgM, a useful immunoglobulin marker,
has been used in evaluating fish immune response (Ortuno et al., 2002).
In our results, the notably elevated serum IgM activity in the N2 (4%)
group also indicated that dietary supplementation of 4% YC could
enhance the non-specific immune response in hybrid grouper. Similarly,
dietary addition of yeast may help to enhance the non-specific immune
response in Atlantic salmon (Salmo salar) (Reyes-Cerpa et al., 2018) and
gilthead seabream (Sparus auratus) (Ortuno et al., 2002). This beneficial
effect could attribute to the immunostimulant property exhibited by the
YC diet. Functional components of yeast (such as p-glucan and
mannan-oligosaccharide) have been identified to stimulate fish immu-
nity (Jayachandran et al., 2018). p-glucan can bind to receptor mole-
cules on the surface of tissue phagocytes. This increases the phagocytic
activity of killing and digesting bacteria (Abu-Elala et al., 2013). Dietary
supplementation of p-glucan improves the innate immune response in
Atlantic salmon (Vetvicka et al., 2013). Our results demonstrated a
significant increase in serum ACP, AKP, and IgM activity in fish in the N2
treated group after the challenge, which suggested that dietary supple-
mentation of 4% YC could improve the non-specific immune defense
capacity of the hybrid grouper.

It is essential to understand the relationship between the host and its
intestinal bacteria for the successful and efficient production of cultured
fish. The intestinal microbiota composes of pathogenic and beneficial
bacteria that influence fish growth and physiology. In our study, the
alpha diversity indexes (OTU and ACE) were significantly higher in the
N2 (4%) group than those in the control group. Consistently, dietary
addition of yeast products has been shown to increase the gut microbial
diversity of red drum (Sciaenops ocellatus) and fathead minnow (Pime-
phales promelas) (Burr et al., 2008; Lochmann et al., 2011). Dominant
bacteria detected in all treatment groups at the phylum level were
Proteobacteria, Bacteroidetes, Firmicutes, and Actinobacteria, which is
consistent with the results of existing studies (Liu et al., 2020). Proteo-
bacteria, the largest phylum bacteria in the gut of marine fish, have been
involved in metabolic activities (such as immune regulation, and ni-
trogen and carbon fixation) (Vikram et al., 2016). The rumen microbes
in Firmicutes could degrade the fiber content of the ration (Backhed
et al., 2004). Actinobacteria and Bacteroidetes not only promote the ab-
sorption of nutrients by the host but also inhibit the colonization of other
harmful bacteria in the gut (Binda et al., 2018; Yang et al., 2020). In this
experiment, Bacteroidetes, Firmicutes, and Actinobacteria were found
higher in the YC treatment group than those in the control group. Similar
results have been reported in grass carp (Liu et al., 2018) and mice
(Geurts et al., 2014). In this study, beneficial bacteria in the YC treat-
ment group showed remarkably higher relative abundance than those in
the control group at the genus level. Sphingomonas was high in the N2
(4%) group, with no significant difference among the three groups
(P > 0.05). Sphingomonas, the beneficial bacteria, was used as a

11

Aquaculture Reports 22 (2022) 100922

probiotic to inhibit the virulence of Vibrio anguillarum in Labeo rohita
(Liu et al., 2020). From all above, the YC diet can promote the growth of
Sphingomonas bacteria, thus producing antimicrobial substances to
inhibit pathogens infection in the hybrid grouper. Blautia, a
Gram-positive bacterium, produces metabolites such as acetic acid and
lactic acid, and its increased level is associated with host intestinal
health (Liu et al.,, 2008). In addition, Lactobacillus was identified
significantly higher in fish in the YC supplemented groups, especially in
the N2 (4%) treatment group. As a probiotic, Lactobacillus produces
sticky substances in the intestine that protects the host from pathogenic
infection (Reunanen et al., 2012; He et al., 2017). Furthermore, Lacto-
bacillus could produce exogenous enzymes, which could increase the
digestion and growth performance of fish (Ziaei-Nejad et al., 2006; Akter
etal., 2019). Our results showed that dietary addition of YC can promote
the growth of beneficial microorganisms in the gut of hybrid grouper,
which provides a safeguard for the feed utilization, growth performance,
and immunity protection of the fish. In general, the result of the intes-
tinal microbiota composition of hybrid grouper demonstrated that sig-
nificant change was associated with the dietary protein source, which
may influence the digestion and immune responses. A higher level of YC
protein diet had a positive influence on the digestion and immune
response of hybrid grouper.

The outbreak of infectious diseases is a fundamental problem
affecting the fish aquaculture industry (Flores-Miranda et al., 2011).
Vibrio is the pathogen of the outbreak of grouper infection, and its high
mortality rate has caused severe economic losses to farmers in intensive
farming (Fan et al., 2019). It is a valuable method to evaluate fish’s
resistance to diseases by feeding fish with specific feeds and challenging
them with bacterial pathogens. In this study, fish fed with dietary YC
indicated significant defense against V. harveyi infection, particularly in
the N2 (4%) group. These outcomes confirm with those who fed YC to
shrimps at a 1% diet (Burgents et al., 2004). The results of Burgents et al.
(2004) also show that dietary administration of YC could protect shrimp
against a decline in resistance to bacterial disease (Burgents et al.,
2004), which indicates that YC could enhance shrimp immune response
to pathogenic infection. In another study, no mortality after 9 weeks in
hybrid striped bass (Morone chrysops x M. saxatilis) fed with a 4% brewer
yeast-contained diet was found (Li and Gatlin, 2003).

The intestinal tract’s morphology and structure are crucial for the
maintenance of normal intestinal function. The villus length and muscle
thickness reflect the function of the intestinal wall to a certain extent
(Al-Fataftah and Abdelqader, 2014; Fang et al., 2019). YC diet notably
increased villus height and width of hybrid grouper, thus promoting the
growth. In related work, dietary yeast hydrolysates in juvenile Jian carp
increased villus height and enhanced fish growth (Yuan et al., 2019).
Besides, the intestinal villus length of L. vannamei was increased due to
the dietary addition of MOS (Zhang et al., 2012), which indicated that
MOS in feed provided nutrients and promoted the growth of intestinal
villi. In this study, the growth of intestinal villi surface area may be
attributed to MOS components in YC.

5. Conclusion

In conclusion, this study indicated that YC products in a hybrid
grouper diet could significantly improve the growth performance and
serum immune responses against V. harveyi attacks. Furthermore, it
positively influences intestinal bacterial composition and morphology.
In summary, dietary supplementation of N2 (4%) YC is recommended
for hybrid grouper (Epinephelus fuscoguttatus® xE. lanceolatusg3).
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