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Abstract: This study evaluated the effect of Lentinus edodes fermentation (LEF) on digestive enzyme ac-
tivity, antioxidant capacity and morphology of the liver and intestine in largemouth bass (Micropterus
salmoides) fed high plant protein diets (HPPD). LEF was supplemented in HPPD with 0 g kg~! (LEF0),
10 g kg~ ! (LEF1),20 gkg ! (LEF2),30 g kg~ ! (LEF3),40 g kg~ ! (LEF4), 50 g kg ~! (LEF5), respectively,
and then the six diets were fed to largemouth bass with a body weight of 28.8 £ 0.05 g for eight weeks.
Juvenile fish were randomized into 6 groups and each group had 4 replicates with 40 fish. Dietary
LEF supplementation alleviated the liver inflammatory reaction of largemouth bass caused by HPPD
and improved liver morphology. Goblet cells multiplied and the gut muscle layer thickened after
LEF supplementation. The LEF significantly increased amylase activity in the liver and intestine of
largemouth bass in individual experimental groups. The LEF could increase the activity of catalase in
the liver and intestine of largemouth bass (p < 0.05). The content of malondialdehyde was significantly
lower than that in the control group (p < 0.05). Dietary LEF supplementation had no significant
effect on the intestinal flora of largemouth bass. These findings imply that LEF supplementation can
reduce liver inflammation, enhance intestinal tissue morphology, and eventually benefit largemouth
bass health.

Keywords: largemouth bass; Lentinus edodes fermentation; high plant protein diets; antioxidant
capacity; gut microbiota

Key Contribution: A. Low dose of LEF supplementation in high plant protein diet can reduce liver
inflammatory infiltration. B. LEF supplementation has a potential future in liver protection as a new
functional feed addition.

1. Introduction

The largemouth bass is an important freshwater economic fish in China, with good
meat quality, rich nutrition and strong adaptability [1]. The normal growth of carnivorous
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fish requires feed containing 30~55% crude protein. As a result, fishmeal is often chosen
as the main protein source for carnivorous economic fish feeds such as largemouth bass.
As one of the main raw materials for terrestrial and aquatic animal feed, fishmeal has the
advantages of good palatability, balanced amino acid composition, and ease of animal
digestion and absorption [2,3]. While the demand for fishmeal has increased due to the
global aquaculture industry’s quick development, other factors such as declining fishmeal
production and rising prices have forced people to look for high-yield, low-cost protein
alternatives to fishmeal [3-6], and plant protein has received widespread attention as an
ideal alternative to fishmeal.

Certain plant proteins are more advantageous in terms of amino acid composition and
nutrient content, so they are widely used in aquaculture [7-9]. However, numerous studies
have also noted that using plant protein as the main protein might have a detrimental effect
on fish development, liver function, and gastrointestinal health. Studies on Japanese sea
bass (Lateolabrax japonicus), Florida pompano (Trachinotus carolinus), and carp (Carassius
auratus gibelio) have inflammation occurs in both the liver and intestines of fish found
that after ingesting a high proportion of soy protein feed [10-12]. These negative effects
are mainly caused by anti-nutritional factors (ANFs) in plant proteins [1]. The study
demonstrates that high plant protein diets are difficult to meet the nutritional needs of
largemouth bass [13,14], and have a negative impact on the growth and development of
largemouth bass, liver and intestinal health [15-19].

Lentinus edodes (L. edodes) belongs to the basidiomycetes order, which grows naturally
in warm and humid environments, and is one of the most popular large edible fungi [20].
Mycelium and fruiting bodies of L. edodes are sources of a variety of nutrients and bioactive
compounds with numerous positive health effects. [21]. As a highly nutritious functional
food, various studies have confirmed that Lentinus edodes have anti-inflammatory and liver
protection, anti-tumor, hypoglycemic and hypolipidemic effects, and antibacterial and
other pharmacological effects [22-24]. At present, few studies have been related to the
effects of L. edodes on the growth and health of aquatic animals, and the research on L. edodes
first fermented and treated as an economic fish feed additive has rarely been reported.
Based on the above results, LEF can be used as a functional additive in commercial fish
culture to reduce the liver damage induced by HPPD.

2. Materials and Methods
2.1. Preparation of Experimental Diet

Six experimental diets were formulated to contain graded levels of LEF (YueHao
Biotechnology (Guangzhou) Co., Ltd., Guangzhou, China). Fish meal, soybean meal,
corn gluten meal and peanut bran are the protein sources of the experimental base diet
(LEFO). The other five diets (LEF1, LEF2, LEF3, LEF4, LEF5) were supplemented with
10 g kg~! (LEF1), 20 g kg~ ! (LEF2), 30 g kg~ ! (LEF3), 40 g kg~ ! (LEF4), 50 g kg~ ! (LEF5)
LEF, respectively. The formulation and composition of experimental diets are presented in
Table 1. All the ingredients in the experimental diet were ground into a powder and mixed,
then separately mixed with fish oil and water to make a dough, which was then extruded
into a 3-mm granulator (F-26, South China University of Technology, Guangzhou, China).
After drying, all diets were stored at —20 °C until use.

According to AOAC (Association of Official Analytical Chemists, 2005), the com-
position of feed nutrients was analyzed. Moisture was determined using the 105 °C
drying constant weight method (for 24 h); crude protein was determined using the Kjel-
dahl method; crude fat was determined using the Soxhlet extraction method and the ash
determination used the chamber resistance furnace burning method.
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Table 1. Composition and nutrient levels of experimental diets (g kg™1).

Material LEF0 LEF1 LEF2 LEF3 LEF4 LEF5
fish meal 280.0 280.0 280.0 280.0 280.0 280.0
Soybean protein concentrate 100.0 100.0 100.0 100.0 100.0 100.0
Corn gluten meal 140.0 140.0 140.0 140.0 140.0 140.0
Soybean meal 78.0 78.0 78.0 78.0 78.0 78.0
Peanut bran 60.0 60.0 60.0 60.0 60.0 60.0
flour 205.9 205.9 205.9 205.9 205.9 205.9
Beer yeast powder 50.0 50.0 50.0 50.0 50.0 50.0
fish oil 51.0 51.0 51.0 51.0 51.0 51.0
lecithin 10.0 10.0 10.0 10.0 10.0 10.0
Vitamin and mineral premix ! 10.0 10.0 10.0 10.0 10.0 10.0
Choline chloride (50%) 5.0 5.0 5.0 5.0 5.0 5.0
antioxidant 0.1 0.1 0.1 0.1 0.1 0.1
Calcium dihydrogen phosphate 10.0 10.0 10.0 10.0 10.0 10.0
Mushroom leftover fermentation product > 0 10 20 30 40 50
Proximate composition (% dry matter)
crude protein 46.05 46.15 46.26 46.36 46.46 46.57
crude lipid 10.08 10.09 10.10 10.11 10.13 10.14
Ash 7.07 7.12 7.17 7.22 7.27 7.32
Gross energy (M] kgfl) 3 18.40 18.43 18.46 18.48 18.51 18.54

! vitamin and mineral premix Provided by Shenzhen Jingji Zhinong Times Co., Ltd. (mg kg~! diet): Vita-
min A > 450,000 IU/kg, Vitamin B1 > 1000 mg/kg, Vitamin B2 > 1000 mg/kg, Vitamin B6 > 1500 mg/kg,
Vitamin B12 > 5 mg/kg, Vitamin K3 > 800 mg/kg, inositol > 12,000 mg/kg, D-Pantothenic acid > 3500 mg/kg,
nicotinic acid > 2000 mg/kg, folic acid > 500 mg/kg, D-Biotin > 5 mg/kg, Vitamin D3 300,000~400,000 IU/kg,
Vitamin E > 8000 IU/kg, Na;SeO3 20 mg, CuSO4-5H,0 24 mg, FeSO,4-H,0 266.65 mg, ZnSO,4-H,O 100 mg,
MnSO,-H,0 120 mg, Ca (I03), 50 mg, CoSO4-7H,0 10 mg, Mg 20g, zeolite 4380.55 mg. 2 YueHao Biotechnology
(Guangzhou) Co., Ltd. 3 Energy equivalents of 23.64, 39.54, and 17.15 k] g1 for protein, fat, and digestible carbohy-
drates, respectively, were used to compute gross energy. LEF0 (0 g kg '), LEF1 (10 g kg~ '), LEF2 (20 g kg™ 1),
LEF3 (30 g kg~ !), LEF4 (40 g kg~'), LEF5 (50 g kg™ 1).

2.2. Experimental Fish and Samples Collection

This experiment was conducted at Baiyun Base of Guangdong Academy of Agricul-
tural Sciences (Guangzhou, China). Experimental fish were provided by the base and
domesticated for two weeks using basic feed under experimental conditions. After do-
mestication, fish were fasted for 24 h, then weighed and grouped. Experimental fish were
assigned to six treatments with four replicates per treatment and released 40 fish with an
average weight of 28.8 g + 0.2 g into cages (1 m x 1 m x 1.5 m). Experimental fish were
fed twice a day at 8:00 and 16:00 until significant satiety was observed. Experimental fish
were fed for 8 weeks under a natural light cycle. During the experiment, dissolved oxygen
was higher than 6.0 mg L~!, ammonia nitrogen was lower than 0.05 mg L}, and the water
temperature was between 28 °C and 33 °C.

After the 8-week feeding experiment, experimental fish were fasted for 24 h first, then
weighed according to experimental groups. In each replicate, 8 fish were randomly selected
for anesthesia with eugenol in dosage 150 mL/L, and 5 fish were selected to be weighed
the body weight, visceral weight and liver weight respectively. The liver and part of the
intestine were removed and then stored at —80 °C for subsequent analysis; the Caudal vein
of the fish was punctured, blood samples were obtained, centrifuged (3000 rpm, 15 min,
4 °C), separated and stored at —80 °C.

2.3. Growth Performance

At the end (after 8 weeks) of the feeding trial, fish of each cage were weighed and
growth parameters including weight gain rate (WGR, %), specific growth rate (SGR,
% day_l), feed conversion ratio (FCR), hepatosomatic index (HSI, %), viscerosomatic
index (VSI, %), condition factor (CF, g cm~3) and survival rate (SR, %) were calculated.

WGR = (final body weight (g) — initial body weight (g))/initial body weight (g) x 100%;
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SGR = (In final body weight (g) — In initial body weight (g))/experimental period
(d) x 100%;

FCR = feed consumption (g)/(final body weight (g) — initial body weight (g));

HSI = liver weight (g)/whole body weight (g) x 100%;

VSI = viscera weight (g)/whole body weight (g) x 100%;

CF = body weight (g)/(body length (cm))® x 100%;

SR = final number of the fish/initial number of the fish x 100%.

2.4. Morphology of Liver and Intestine

Hematoxylin eosin staining: the liver and intestinal tissue samples of three exper-
imental fish in each group were cut, washed in pre-cooled PBS solution, fixed in 4%
paraformaldehyde solution for 24~48 h, dehydrated with gradient alcohol, transparent in
xylene, embedded in paraffin, sliced with a microtome (5 pm), stained with hematoxylin
and eosin, and sealed with neutral gum. The liver and intestinal tissues were observed and
photographed with a microscope. The height, width and thickness of the muscularis of the
intestinal were measured with a micrometer.

Ultrastection: the intestinal samples of fish in each replicate were cut into small pieces
less than 1 mm?, fixed with 2.5% glutaraldehyde and 1% osmium tetroxide, dehydrated
with gradient alcohol, embedded with resin, sliced with an ultrathin microtome, stained
with uranyl acetate and lead citrate, observed and photographed with a transmission
electron microscope.

2.5. Activities of Digestive Enzymes and Antioxidant Enzymes

The tissues of the liver and intestinal were cut and the blood was washed with pre-
cooled normal saline, the surface water was absorbed with filter paper, weighed, cut with
scissors, and transferred into the homogenizing tube. Nine times the volume of normal
saline was added to the tube for homogenization and then centrifuged at 2000 rpm for
15 min, and the supernatant was collected for standby.

The activities of amylase (AMS), lipase (LPS) and trypsin (TRY) were measured by
enzyme labeling instrument, and the detection was carried out through the assay kit with
strict instructions (Nanjing Jiancheng Bioengineering Institute, Wuhan, China).

Total antioxidant capacity (T-AOC), the activities of peroxidase (CAT) and superoxide
dismutase (SOD), and the amounts of malondialdehyde (MDA) of liver and intestinal
homogenates were measured in strict accordance with the operating instructions of the kit
(Nanjing Jiancheng Bioengineering Institute, Wuhan, China).

2.6. Intestinal Microbiota Analysis

Gut contents were collected from 5 fish in each cage, these samples were sent for
sequencing (OmicShare Co., Ltd., Guangzhou, China). According to the commercial
DNA kit instructions, the total DNA of bacterial communities was extracted from the
gut contents of experimental fish using the TIANamp Stool DNA Kit (Omega Biotek,
Norcross, GA, USA). After DNA extraction, DNA concentration was measured using a
NanoDrop 8000 spectrophotometer and integrity was detected by electrophoresis of a 1%
agarose gel. Then, a pair of universal primes F341 (5-CCTAYGGRBGCASCAG-3) and
R806 (5-GGACTACNNGGGTATCTAAT-3), designed based on the V3 + V4 region of 16s
rDNA, were used for DNA amplification of gut bacteria. Qualification and sequencing
of amplicons using illumine Hiseq2500, then raw sequences were analyzed according to
Dong [25].

2.7. Statistical Analysis

The experimental data were statistically analyzed using Excel 2016 and SPSS 26.0
software. All data results were expressed as “mean + SD”. The normality assumption
of the data was tested using Kolmogorov-Smirnov test. One-way analysis of variance
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(ANOVA) was performed on the test data. Duncan’s method was used for multiple
comparisons to test the difference between groups. p < 0.05 meant a significant difference.

3. Results
3.1. Growth Properties

The SR, WGR, FCR, VSI and HSI of largemouth bass are shown in Table 2. There were
no significant differences in WGR and SGR between any of the groups (p > 0.05). Fish in
Group LEF2 had the highest WGR and SGR. Nonetheless, the FCR of the five treatments
was lower than that of the control group, even though there was no statistically significant
difference between the groups (p > 0.05). In addition, the VSI, HSI, and SR of the six
treatments were not significantly different from each other (p > 0.05).

Table 2. Effects of LEF on growth performance, feed utilization and morphological index of large-

mouth bass.
Indexes LEF1 LEF2 LEF3 LEF4 LEF5
IBW (g) 28.8 + 0.04 28.8 + 0.04 28.8 + 0.04 28.8 + 0.04 28.8 + 0.04 28.8 + 0.04
FBW (g) 6458 £3.092b 6299 +£2213b 682442443 6451 +145%® 5982 +335P 6404+ 182230
WGR (%) 123.99 +10.703P 11849 +£7.653  136.74 + 8432 12377 +£5.012® 10750 +11.63°> 122.13 +6.323
SGR (%day 1) 1.34 4+ 0.08 2P 1.30 4 0.06 @ 1.43 4+ 0.06 2 1.34 4+ 0.04 2P 1.214+0.09 1.33 +0.05 2P
FCR 1.45 4 0.14 1.37 4 0.06 142 £+ 0.11 1.29 4 0.02 1.40 £ 0.05 1.40 £ 0.06
CF (%) 1.8540.03 2P 1.84 +0.022b 1.88 +0.03 2P 1.93 4+ 0.032 1.84 4+ 0.052b 1.82 4 0.03P
VSI (%) 5.57 + 0.09 5.18 +0.17 5.37 +0.13 5.36 + 0.17 531 + 0.14 5.53 + 0.11
HSI (%) 1.48 £ 0.07 1.38 £ 0.07 1.52 + 0.07 1.52 4 0.09 1.52 4+ 0.09 1.54 + 0.06
SR (%) 89.38 +2.77 90.63 + 0.63 90.00 £ 5.20 91.88 + 1.57 91.25 +2.39 88.75 + 2.39

IBW: initial body weight; FBW: final body weight; WGR: weight gain rate; SGR: specific growth rate; FCR: feed
conversion coefficient; CF: conditional factor; VSI: viscerosomatic index; HSI: hepatosomatic index; SR: survival
rate. Means in the same raw with different superscripts are significantly different (mean £ SD; ANOVA, p < 0.05;
n=4). LEFO (0 gkg™!), LEF1 (10 g kg~ '), LEF2 (20 g kg '), LEF3 (30 g kg !), LEF4 (40 g kg !), LEF5 (50 g kg~ 1).

3.2. Antioxidant Capacity

As shown in Figure 1, largemouth bass had the lowest liver T-AOC in the LEF3 group,
with no discernible difference in liver T-AOC amongst the other groups (p > 0.05). The
fish of LEF2 treatment had considerably higher liver CAT activity compared with others
(p < 0.05). The MDA levels of the LEF0 treatment were significantly higher than other
treatments (p < 0.05).

As is shown in Figure 2, no significant difference in intestinal T-AOC and SOD activity
between all diets was found (p > 0.05). Compared with the LEF1 treatment, the activity of
CAT was notably higher in the fish of the LEF2 and LEF5 groups (p < 0.05). However, gut
MDA levels did not differ significantly across groups (p > 0.05).

3.3. Digestive Enzyme Activity

The liver AMS activity of the LEF1 group was considerably higher with the exception
of the LEF3 group (p < 0.05). No discernible effect was found in the LPS activity of the liver
among all treatments (p > 0.05). The LEF4 group had the highest trypsin activity, but there
was no statistically significant difference in TRY activity between groups LEF0, LEF1, LEF2,
LEF4 and LEF5 (p > 0.05, Figure 3).
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Figure 1. Effect of LEF on hepatic antioxidative activities of largemouth bass. Total antioxidant
capacity (T-AOC, A), catalase (CAT, B), superoxide dismutase (SOD, C), malondialdehyde (MDA,
D). Bars with different letters are significantly different (mean = SD; ANOVA, p < 0.05; n = 4). LEFO
(0 gkg™1), LEF1 (10 g kg~ '), LEF2 (20 g kg~ 1), LEF3 (30 g kg 1), LEF4 (40 g kg~ '), LEF5 (50 g kg~ 1).
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Figure 2. Effect of LEF on intestinal antioxidative activities of largemouth bass. Total antioxidant
capacity (T-AOC, A), catalase (CAT, B), superoxide dismutase (SOD, C), malondialdehyde (MDA,
D). Bars with different letters are significantly different (mean 4 SD; ANOVA, p < 0.05; n = 4). LEF0
(0gkg™1), LEF1 (10 g kg~ '), LEF2 (20 g kg~ 1), LEF3 (30 g kg 1), LEF4 (40 g kg~ '), LEF5 (50 g kg~ 1).
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Figure 3. Effect of LEF on hepatic digestive activities of largemouth bass. Amylase (AMS, A), lipase
(LPS, B), trypsin (TRY, C). Bars with different letters are significantly different (mean & SD; ANOVA,
p < 0.05; n = 4). LEFO (0 g kg~!), LEF1 (10 g kg~'), LEF2 (20 g kg~'), LEF3 (30 g kg~!), LEF4
(40 g kg™1), LEF5 (50 g kg™ 1).

The intestinal AMS activity of groups LEF1, LEF3 and LEF4 increased significantly
(p > 0.05). The intestinal LPS activity of group LEF0 was significantly higher than that of
the other groups (p < 0.05); the activity of TRY in the intestine of largemouth bass in groups
LEF0 and LEF1 had no statistically significant difference, but it was significantly higher
than that of the other groups (p < 0.05, Figure 4).
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Figure 4. Effect of LEF on intestinal digestive activities of largemouth bass. Amylase (AMS, A),
lipase (LPS, B), trypsin (TRY, C). Bars with different letters are significantly different (mean + SD;
ANOVA, p < 0.05; n = 4). LEF0 (0 g kg~ !), LEF1 (10 g kg~ 1), LEF2 (20 g kg~ 1), LEF3 (30 g kg '), LEF4
(40g kg™1), LEF5 (50 g kg 1).
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3.4. Morphological Structure of Liver and Intestine

The effects of LEF on the liver and intestinal morphology of largemouth bass were
analyzed by H&E staining. The liver morphology is shown in Figure 5. In LEF0 treatment,
widened hepatic sinus space, and leukocyte infiltration was observed, while in the LEF1,
LEF2 and LEF3 groups, the situation improved. In the LEF5 group, however, leukocyte
infiltration reoccurred.

Figure 5. Effect of LEF on liver morphology of largemouth bass. (A): LEFO; (B): LEF1; (C): LEF2;
(D): LEF3; (E): LEF4; (F): LEF5. (HE: hepatocytes; NU: nucleus; HS: hepatic sinusoid; CV: center vain;
VA: vacuoles; Red Arrow: inflammatory infiltration). LEFO (0 g kg !, A), LEF1 (10 g kg~ !, B), LEF2
(20 gkg~!, C), LEF3 (30 g kg~ !, D), LEF4 (40 g kg !, E), LEF5 (50 g kg1, F).

Figure 6 depicts the morphological structure of the intestine. No significant pathologi-
cal changes were observed in the midgut tissue in any of the dietary treatments, and no
significant pathological changes were observed in the midgut group. The ultrastructure
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of the intestine is shown in Figure 7. There were microvilli closely arranged on the top of
absorption cells in each group. There were abundant mitochondria and tubular systems
near the top of the cells. The structure of mitochondria was normal, the ultrastructure of
cells was normal, and the boundary was clear. It can be seen from Table 3 that there was no
significant difference in the statistical results of the number of villi in each group (p > 0.05).
Compared with the LEF5 group, the muscularis of fish in the LEF0O, LEF1 and LEF3 groups
decreased significantly (p < 0.05). In addition, the number of goblet cells and the height of
the villus in the intestine of largemouth bass in the LEF5 group were also higher than those
in other groups.

Figure 6. Effect of LEF on gut morphology of largemouth bass. LEF0 (0 g kg, A), LEF1 (10 g kg~ !,
B), LEF2 (20 g kg~ !, C), LEF3 (30 g kg !, D), LEF4 (40 g kg !, E), LEF5 (50 g kg !, F).
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Figure 7. Effect of LEF on intestinal ultrastructure of largemouth bass. MV: micro villi; MVB: Multi-
vesicle; MIT: Mitochondrial; GC: goblet cells; LYS: Lysosomal; N: Nucleus. LEFO0 (0 g kg~!, A), LEF1
(10 gkg™!, B), LEF2 (20 g kg~ !, C), LEF3 (30 g kg !, D), LEF4 (40 g kg !, E), LEF5 (50 g kg !, F).

Table 3. Effect of LEF on intestinal morphology of largemouth bass.

Indexes LEF0 LEF1 LEF2 LEF3 LEF4 LEF5
Villus number 27.75 + 0.85 28.25 + 1.97 29.00 £ 2.27 28.25 + 1.71 29.75 + 1.49 30.25 + 0.62
Muscularis (um) 106.08 + 4.12b 103.51 + 8.93P 114.79 + 7.27 2 104.18 £ 591° 116.48 + 7.68 20 128.64 +5.152

Gr‘l’gﬁ{):u 11.78 +1.42° 1511 +1.23 2P 13.89 +2.87P 14.72 + 1.68 2P 15.28 + 2.252 @b 2025+ 1422

Villus length (um)  613.75 = 17.67 2P 634.52 £30.79 2 597.31 + 24.78 2P 583.57 + 15.44 2P 536.88 + 32.68 P 636.95 £23.532

Means in the same raw with different superscripts are significantly different (mean 4 SD; ANOVA, p < 0.05; n = 4).
LEFO0 (0 g kg™1), LEF1 (10 g kg~ 1), LEF2 (20 g kg~!), LEF3 (30 g kg '), LEF4 (40 g kg '), LEF5 (50 g kg ).
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3.5. Intestinal Microbiota

The OTU VENN diagram visually showed the number of unique and common OTUs
in each group. The number of OTUs in each group was 185, 304, 143, 162, 342 and 131,
respectively. The total number of OTUs was highest in group LEF4. The rarefaction curve
indicated that each sample had reached a sufficiently deep sampling depth (Figure 8). The
a-diversity indexes were investigated to explore the bacterial community diversity of all
groups (Table 4). The result showed that the microbial richness of group LEF4 significantly
increased (p < 0.05), but there were no significant differences in Chaol, ACE, Shannon and
Simpsons indices among all groups (p > 0.05).

A LEF1
208
Q L oF
~
Q = )
core:96
"3;\ ng )
N &
) 5
246
LEF4
B
LEFO
LEF1
3004 M LEF2
M LEF3
250 LEF4
M LEF5
2004 (PR

\

150
0. ////
/S
78
504

T —— T —
0 20,000 40,000 60,000 80,000 100,000
Number of tags sampled

Figure 8. OTU VENN analysis and o« Diversity dilution curve of gut microbiota in largemouth bass
fed with different levels of LEF. (A): OTU Venn diagram; (B): rarefaction curve. LEF0 (0 g kgfl), LEF1
(10 gkg™1), LEF2 (20 g kg~ 1), LEF3 (30 g kg '), LEF4 (40 g kg~ !), LEF5 (50 g kg~ 1).

Principal coordinates analysis (PCoA) plots were generated from weighted-UniFrac
distances to assess community composition (Figure 9). The contribution rates for the first
and second principal components are 51.61% and 21.78%, respectively. The figure showed
that there was no clear dissimilarity among groups LEFO, LEF1, LEF2, LEF4, LEF5, which
meant that the composition of bacterial communities in these groups was similar. However,
the samples of LEF3 were mainly centered in the first quadrants, while samples of other
groups were near the second quadrant.
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Table 4. Effect of LEF on intestinal microbiota «-diversity of largemouth bass.

Diets Sob Chaol ACE Shannon Simpson Goods-Coverage
LEFO 255.00 abe 34148  321.34 2.30 0.59 99.94
LEF1 321.00 2P 376.04  389.52 2.96 0.74 99.94
LEF2 217.67 b¢ 28529  279.94 1.91 0.55 99.94
LEF3 226.00 2b¢ 29742 31524 2.13 0.52 99.94
LEF4 334.67 2 39691  381.50 2.14 0.53 99.94
LEF5 207.00 ¢ 283.75  281.52 1.81 0.59

99.94

Means in the same raw with different superscripts are significantly different (mean 4 SD; ANOVA, p < 0.05; n = 4).
Sob: Number of species observed in sample, Chaol: The number of OTU in the community was estimated by
Chaol algorithm, and the value of Chaol was positively correlated with the total number of species], ACE: An
index used to estimate the number of OTUs in a community and the ACE values positively correlated with the

richness of the microbial community, Shannon: The index takes into account the abundance and evenness of the

community, and its value is positively correlated with the richness and evenness of the community, Simpson:
The index was used to estimate microbial diversity in samples, and the values were negatively correlated with

community diversity. LEFO (0 g kg™!), LEF1 (10 g kg~!), LEF2 (20 g kg~!), LEF3 (30 g kg '), LEF4 (40 g kg 1),
LEF5 (50 g kg™ 1).

[}
l"."
0.025 N\
||'|' (]
= \ LEFO
:.9 0 ?. \ LEF1
= 3 | 1) ® LEF2
o~ ! ® LEF3
8 LEF4
o -0.025 \\ ® LEF5
%
I\
-0.051
W
0.05 0 0.05

PCo1(51.61%)
Figure 9. Principal coordinates analysis (PCoA) analysis based on weighted-unifrac method.

The OTUs were identified into 12 phyla. At the phylum level, Fusobacteria was the pre-
dominant microflora in group LEFO0 (46.13%), LEF1 (36.43%), LEF2 (55.43%), LEF4 (53.31%),
LEF5 (39.14%), followed by Tenericutes, Firmicutes, Proteobacteria, Bacteroidetes, while the
predominant microflora of group LEF3 (64.25%) was Tenericutes (Table 5; Figure 10A). At
the genus level, the percentage of Clostridium increased in groups LEF1, LEF2, LEF5, and
the percentage of Cetobacterium also increased in groups LEF2, LEF4 (Figure 10B).

Table 5. Relative abundance of intestinal microbiota (Phylum) of largemouth bass.

Phylum LEFO0 LEF1 LEF2 LEF3 LEF4 LEF5
Fusobacteria 46.13 36.43 55.43 441 53.31 39.14
Tenericutes 6.21 21.34 16.53 64.25 22.95 11.27
Firmicutes 23.52 23.10 19.94 3.33 6.65 25.02
Proteobacteria  13.87 15.70 2.57 22.46 12.64 23.76
Bacteroidetes 7.69 2.28 4.65 3.58 3.11 0.34

LEF0 (0 g kg~'), LEF1 (10 g kg~ '), LEF2 (20 g kg~ 1), LEF3 (30 g kg 1), LEF4 (40 g kg~ 1), LEF5 (50 g kg 1).

Tax4Fun functional prediction analysis showed that KEGG related to membrane trans-
port, carbohydrate metabolism, amino acid metabolism, cofactor and vitamin metabolism,
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energy metabolism, nucleotide metabolism, signal transduction, transcription, replication
and repair, and lipid metabolism were enriched in all treatments, and there was no sig-
nificant difference between all groups (p > 0.05; Figure 11). Welch’s t-test, on the other
hand, revealed that certain predicted pathways between LEFO, LEF1, LEF3 and LEF4 were
significantly different (p < 0.05). Several predicted pathways were significantly enriched
in the LEF3 group versus the LEFO and LEF1 groups (p < 0.05). In KEGG level 3 anal-
ysis, lysine degradation, fatty acid metabolism, geraniol degradation, tuberculosis and
toluene degradation were significantly more abundant in group LEF3 compared with LEFO
(p < 0.05; Figure 11C); pyruvate metabolism, starch and sucrose metabolism and pentose
phosphate pathway were more abundant in group LEF3 (p < 0.05; Figure 11D), while bu-
tanoate metabolism, thiamine metabolism enriched in group LEF1; pyruvate metabolism,
starch and sucrose metabolism, lipopolysaccharide biosynthesis, thiamine metabolism
enriched in group LEF2, while histidine metabolism, pyruvate metabolism, starch and
sucrose metabolism were more abundant in group LEF3 (p < 0.05; Figure 11E); ribosome,
lipopolysaccharide biosynthesis, histidine metabolism are more abundant in group LEF5
(p < 0.05; Figure 11F).

A 100 g e Unclassified
904 W Other
804 M Planctomycetes
Verrucomicrobia
70+ M Spirochaetes
60 B Actinobacteria
Cyanobacteria

Relative abundance(%)

504
M Bacteroidetes
40+ M Proteobacteria
304 B Firmicutes
20 Tenericutes
W Fusobacteria
10+
04
LEFO LEF1 LEF2 LEF3 LEF4 LEF5
B 1004 Unclassified
901 j— — = ! e W Other
<)l — B Turicibacter
T g | Wm T
s !
1 - - . Brevundimonas
‘[:’ 704 - B M Burkholderia-Caballeronia-Paraburkholderia
S 60 ! . W Kurthia
g 50 Sediminibacterium
- M Plesiomonas
4 404 M Ralstonia
-g 304 B Clostridium_sensu_stricto_1
= 204 Mycoplasma
o H Cetobacterium
104
0+

LEFO LEF1 LEF2 LEF3 LEF4 LEFS
Figure 10. The relative abundance of bacteria in the intestine of largemouth bass. (A): phylum
level; (B): genus level. LEFO (0 g kg~ '), LEF1 (10 g kg~ '), LEF2 (20 g kg~ !), LEF3 (30 g kg '), LEF4
(40 g kg™1), LEF5 (50 g kg 1).
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Figure 11. Tax4fun function prediction of gut microbiota in largemouth bass. (A): Relative enrich-
ment of KEGG level 1; (B): Corresponding heatmaps for KEGG Level 1 pathways; (C—F): The top
10 pathways of predicted functions of intestinal microbiota in KEGG level 3. The Welch'’s t-test was
used in groups LEF0, LEF1, LEF2, LEF3, LEF5 (p < 0.05). LEFO (0 g kg~1), LEF1 (10 g kg~ 1), LEF2
(20 g kg!), LEF3 (30 g kg '), LEF4 (40 g kg~ '), LEF5 (50 g kg~ 1).
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4. Discussion

Adopting plant protein as a substitute for fishmeal to save cost has been used in
aquaculture commonly [3-6], but this is detrimental to the growth performance of carnivo-
rous fish such as largemouth bass. The inclusion of LEF did not significantly improve the
growth performance of largemouth bass fed HPPD diets, according to the current findings.
Furthermore, there was a significant decrease in the activity of TRY and LPS in the intestine.
The three main digestive enzymes in the intestine are AMS, LPS, and TRY, and measuring
the activity of these enzymes can provide an indirect view of nutrient digestion and absorp-
tion in the intestine [26,27]. In this trial, HPPD was used as the basal diet for largemouth
bass, therefore, the above findings may be related to factors such as poor palatability and
anti-nutritional factors in HPPD. Amiri et al. [28] found no improvement in Rainbow Trout
(Oncorhynchus mykiss) growth parameters compared to fish that fed non-supplemental
feed after 8 weeks feeding of White Button Mushroom (Agaricus bisporus) Powder (WBMP).
Similarly, a study on holothurian (Apostichopus japonicus) also showed that there was no
significant effect on weight gain and specific growth rate after dietary administration of
Pleurotus ostreatus polysaccharides (POPS) [29]. In contrast, Mohan et al. [30] found that
dietary Ganoderma lucidum polysaccharides (GLPs) at 2.5 g kg ~! had a positive effect on
the growth of freshwater shrimp. Additionally, Doan et al. [31] reported that SGR, WG,
FW and FCR were remarkably improved in spent mushroom (cordyceps militaris) substrate
treatment groups. Dietary mushrooms also have a positive effect on the growth perfor-
mance of piglets. Research on the effect of dietary spent mushroom (cordyceps militaris)
on the growth performance of weaning pigs showed that spent mushrooms at 1.5 g kg !
improved the body weight, average daily weight gain and average daily feed [32]. Another,
research on the impacts of fermented spent mushroom substrates on piglets also received
similar results [33]. These results indicated that dietary supplementation of mushrooms
had different effects on the growth performance of different animals, which may be related
to the species, processing method and dosage of mushroom:s.

The overproduction of free radicals can produce adverse reactions in different tis-
sues [34-36]. The liver is one of the susceptible tissues to oxidative stress [37]. Supplemen-
tation of LEF in the present study significantly reduced the hepatic MDA level. Previous
research discovered that supplementing Agaricus bisporus mushrooms increased GSH-PX,
GR and GST activity while decreasing MDA production in turkey poult liver [38]. Liu
et al. [39] also reported that the application of the deep root mushroom reduced the lipid
peroxidation of the liver in mice. The CAT is an important antioxidant enzyme that re-
moves the reactive oxygen species (ROS) intermediate H,O, and protects the body from
ROS [40-42]. In the present study, significantly increased CAT activity was observed in
the LEF2 group. This result agreed with Liu et al. [39] and Mahfuz et al. [43], who found
that the CAT activity of animal liver increased after the administration of mushrooms.
Furthermore, a significant improvement in liver morphology was also observed in the
LEF2 treatment. This study showed that the hepatic sinusoidal space decreased and the
infiltration of macrophages and neutrophils reduced, which indicated an improvement
in the liver morphology of group LEF2. Drori et al. [44] also revealed a corresponding
improvement of the immune-mediated liver injury of mice after feeding vitamin D-rich
mushroom extract. In addition, Kuang et al. [45] reported that the injury degree of the liver
in mice with gut-origin sepsis was improved with the increase in lentinan concentration.
In addition, it was found that lentinan sulfate polysaccharide can improve the multiple
organ dysfunction syndrome induced by yeast polysaccharides in mice and reduce the
vacuolization of mouse liver 46]. The improvement in liver morphology can be attributed
to the bioactive compounds in mushrooms such as B vitamins, minerals, polysaccharides,
lentinan and so on, which have the effect of liver protection and enhancing the antioxidant
capacity of the liver [43,46-54]. The present study showed that LEF can reduce hepatic
MDA levels and enhance the ability of hepatocytes to remove hydrogen peroxide.

The composition of gut microbial communities is closely related to the health of the
host. Parasitic microbial communities in the host are involved in many physiological
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processes [55]. Many reports suggested that mushroom supplementation in diets changed
the intestinal morphology and the composition of the microbiota. Nevel et al. [23] found that
supplementation with Lentinus edodes affects the composition of hindgut microorganisms
and change the intestinal morphology of piglet. Giannenas et al. [56] also found that
Lactobacilli spp. were higher in the ileum of broiler chickens fed a diet containing Agaricus
bisporus. Another study by Giannenas showed that mucosal architecture was influenced
by mushroom consumption in terms of villus height [57]. Similar to the above findings,
the present study found that the relative abundance of Clostridium, a member of Firmicutes,
significantly increased in groups LEF1, LEF2 and LEF5. Besides, the muscularis thickness
and goblet cell number increased significantly in group LEF5 compared to the control.
Similar findings had also been reported for Rainbow Trout (Oncorhynchus mykiss), crude
lentinan significantly promoted the growth of short-chain fatty-acid-producing bacteria.
In addition, Yang et al. [51] claimed that the application of lentinan supplementation can
reduce Proteobacteria and increase the abundance of Actinomycetes to improve intestinal
microflora imbalance in mice. In the gut, Clostridium digests polysaccharides, producing
many short-chain fatty acids (SCFA) that are beneficial to animal health [58]. SCFA, and
specifically butyrate, play an important role in mediating the effects of the gut microbiome
on local and systemic immunity [59]. Alves jesus et al. [60] reported that adding sodium
butyrate to the diet significantly reduced liver lymphocyte infiltration and improved
intestinal integrity in tilapia. Similarly, the villus height (VH) to crypt depth (CD) ratio
(VH:CD ratio) of the ileum were higher in piglet fed with butyrate [61]. Therefore, this
study suggested that LEF may have a potential prebiotic effect and that the bioactive
compounds in LEF may be fermented by gut microbes to produce short-chain fatty acids
by substrate fermentation, thus affecting the composition of gut microbial communities,
and this change ultimately affects the morphology of the intestine [62-65].

5. Conclusions

In conclusion, this study provided the experimental basis for HPPD to develop mush-
room feed additives. Dietary LEF supplementation can improve antioxidant activity in
the liver and gut of largemouth bass, relieve liver inflammation, improve intestinal tissue
morphology, and ultimately have a positive effect on the health of largemouth bass. Dietary
LEF is recommended at required at 20 g kg~ !.
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