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Abstract: Dietary non-starch polysaccharides (NSPs) broadly influence fish intestinal flora and
physiological metabolism, but limited information is available on grass carp (Ctenopharyngodon idella).
This study investigated the effects of different types of NSPs on the growth, nutrient metabolism
status, gut microbiota, and serum metabolome of grass carp. Fish were fed with diets containing
4.4% insoluble NSPs (INSP), 9.24% soluble NSPs (SNSP), 13.64% NSPs (4.4% INSP + 9.24% SNSP,
NSP) and non NSPs (FM), respectively, for 9 weeks. Results showed that dietary SNSP decreased
check for protein efficiency ratio and serum protein content, but increased feed coefficient ratio, feed intake,
updates plasma blood urea nitrogen content, and plasma aspartate aminotransferase activity (AST); conversely,
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dietary INSP decreased plasma AST activity. Dietary INSP and SNSP increased serum free cholesterol
content. Dietary NSPs altered the abundance of dominant bacteria and serum metabolite profiles.

The differential metabolites between groups were significantly enriched in amino acid synthesis and
Polysaccharides Alter the Growth, & p & Yy Y

Intestinal Flora and Serum metabolic pathways. In conclusion, dietary INSP exhibited a growth-promoting effect compared to

Metabolite Profile of Grass Carp, SNSP. Dietary INSP is beneficial for improving nutrient metabolism and intestinal health. Moreover,
Ctenopharyngodon Idella. Metabolites dietary NSPs may regulate the physiological metabolism and feeding behavior of grass carp by
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oshe crover Non-starch polysaccharides (NSPs) are becoming more abundant in commercial

Publisher’s Note: MDPI stays neutral ~ aquafeeds due to the increasing use of plant-derived materials [1]. Ren et al. [2] sug-
with regard to jurisdictional claimsin  gested that NSPs contents in commercial fishmeal-free aquafeed even reached 30%. NSPs
published maps and institutional affil- ~ were earlier classified as fiber, a dietary component that is not digested by fish and has
iations. limited nutritional value [3,4]. However, recent reports have shown that dietary NSPs
have considerable effects on fish, including decreased dietary nutrient utilization and

growth, increased intestinal damage and hepatic lesions [1,2,5-8]. Our previous studies
- have indicated that the physiological impacts of dietary NSPs not only depend on the

NSPs contents, but also on the NSPs types (insoluble or soluble) and fish species [1,6].
It is well known that fish with different feeding habits have different abilities to utilize
dietary carbohydrates due to differences in digestive physiology [9], usually in the order of
herbivorous fish > omnivorous fish > carnivorous fish. In our previous study, dietary NSPs
inclusion had no negative influence on the growth of Oreochromis niloticus (omnivorous
fish) [6] but significantly decreased the growth of Oncorhynchus mykiss and Micropterus
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salmoides (carnivorous fish) [1,8], suggesting that the tolerance of fish to dietary NSPs also
varies with fish feeding habits.

Grass carp (Ctenopharyngodon idella) is an important aquaculture species in China
because of its fast growth rate and lack of food competition with other species, creating
a huge commercial value [10-14]. As an herbivorous species, it has evolved to develop
herbivory-adapted digestive physiology and gut microbial structure [15,16]. Generally,
their commercial feed contains a series of plant-derived materials, such as soybean meal,
rapeseed meal, cottonseed meal, wheat bran and wheat middling [17], which brings a large
number of carbohydrates (including NSPs). Although considerable progress has been made
in the study of dietary carbohydrates on grass carp [18-22], limited information is available
on NSPs. The gut microbiota participates extensively in fish growth and health [23,24], and
its structure is generally regulated by dietary ingredients [25-28]. Our previous studies
have shown that dietary NSPs have a considerable influence on gut microbiota and that
it is closely related to fish feeding habits. For example, dietary NSPs inclusion showed
no significant impact on the gut microbiota diversity in omnivorous (tilapia) [6], but sig-
nificantly altered the gut microbiota diversity of carnivorous fish (largemouth bass) [7].
The serum metabolome is generally used to evaluate the physiological impact of dietary
components on aquatic animals [29,30]. More importantly, dietary fiber (including NSPs)
and gut microbiota and their interactions are determinants of the serum metabolome [31].
Hence, dietary NSPs may mediate the regulation of fish serum metabolome composition
by gut flora. However, information related to the influence of dietary NSPs on the gut
microbiota and serum metabolome of herbivorous fish is limited. Recently, the use of
plant-based waste materials as dietary ingredients for aquatic animals has become a viable
strategy for alleviating environmental problems and contributing to a sustainable aquacul-
ture industry [32]. Some components derived in plant-based waste could benefit the innate
immunity, antioxidant capacity, and growth of fish [32]. As a major component of plant cell
walls, non-starch polysaccharides can be extracted in large quantities from waste materials
of plant origin and have potential applications as feedstuffs, particularly for herbivorous
fish. Unfortunately, the limited information limits the application of NSPs as feedstulffs.
Therefore, the present trial investigated the impacts of dietary inclusion of different types
of NSPs on the growth, digestive function, nutrient metabolism status, antioxidant capacity,
gut microbiota, and serum metabolome of grass carp. Our data will contribute to a better
understanding of the potential role of NSPs in aquafeed and to the sustainable aquaculture.

2. Material and Methods
2.1. Feed and Test Animal

Four test feeds with similar nutrient levels (30% crude protein, 4.8% crude lipid) were
formulated: supplementation with 4.4% insoluble NSPs (INSP, cellulose), 9.24% soluble
NSPs (SNSP, Mixed NSPs), 13.64% NSPs (4.4% INSP + 9.24% SNSP) or no NSPs, respectively.
Mixed NSPs were prepared according to a previous study [1]. Feed formulation and
nutrient level are shown in Table 1, and the amino acid profile is presented in Table S1. All
materials were ground into meal and passed through a 320-pm mesh sieve, then weighed
and mixed following the formulation. Feed preparation and storage procedures were
performed according to the method described by Deng et al. [33].
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Table 1. Formulation and nutrient level of test feed.

Group FM INSP SNSP NSP
Ingredients%

Fish meal ! 33.00 33.00 33.00 33.00
Wheat meal ! 15.00 15.00 15.00 15.00
Wheat bran ! 25.00 25.00 25.00 25.00
«-Starch 22.38 17.98 13.14 8.74
INSP 0.00 4.40 0.00 4.40
SNSP 2 0.00 0.00 9.24 9.24
Soy oil 1 1.00 1.00 1.00 1.00
Soy lectin ! 0.50 0.50 0.50 0.50
Ca(HyPOy), 1.20 1.20 1.20 1.20
NaCl 0.20 0.20 0.20 0.20
Choline chloride * 0.30 0.30 0.30 0.30
Vitamin C 3 0.02 0.02 0.02 0.02
Mineral premix 1.00 1.00 1.00 1.00
Vitamin premix 0.40 0.40 0.40 0.40
Nutrient level%

Dry matter 94.19 94.22 94.02 94.26
Crude protein 29.66 30.02 29.76 30.53
Crude lipid 4.76 481 4.97 4.78
Ash 9.90 9.76 9.68 9.52
Gross energy (M]/kg) 18.59 18.47 19.16 19.16

1 Supplied by Kunming Tianyuan Feed Co., Ltd. (Kunming, China); fish meal, 67.86% crude protein, 9.18% crude
lipid. 2 Composed by 2.64% araboxylan, 0.62% B-glucan, 0.7% mannosan and 5.28% pectin. 3 L-Ascorbate-2-
polyphosphate (35%), supplied by Galaxy Chemicals Co., Ltd. (Wuhan, China).

A total of 480 healthy fish with similar body sizes (0.80 g) were selected and assigned
into 12 net cages (0.9 m x 0.9 m x 1.0 m), with 40 individuals per cage. All net cages
were set in a concrete pond with a recirculating water system. The feeding trial lasted
for 9 weeks, and fish were fed twice daily to satiation at 8:00 a.m. and 5:00p.m. During
this period, the water temperature ranged from 20 to 25 °C with dissolved oxygen above
5 mg/L through maintaining the follow rate at 10 L /min and continuous oxygenation.

2.2. Sampling Procedures

The fish were fasted 24 h after the feeding trial was completed, then counted, weighted
and sampled. Fish in each cage were anesthetized with eugenol solution (1:12,000; Macklin,
Shanghai, China). Blood samples were collected from the tail vein of eight fish per cage
and placed separately in Eppendorf (EP) tubes, half using a sterile 1 mL syringe and half
using the heparinized syringe to prepare serum and plasma samples, respectively. Subse-
quently, four fish per cage were selected for dissection, and the dorsal muscle and intestine
were harvested and placed in EP tubes for muscle amino acid composition and intestinal
digestive enzyme activity analysis, respectively. Additionally, four mixed intestine samples
were collected per group, with each mixed sample containing three intestines (one intestine
per cage). The mixed intestine samples were used for gut microbiota analysis. Another
three fish per cage were collected in self-sealing bags and stored at —20 °C for whole-body
chemical analysis.

2.3. Analysis Methods
2.3.1. Chemical Analysis

The chemical composition of test feeds, whole-body, and dorsal muscle was measured
by the laboratory standard methods [34]: crude protein using the Kjeldahl method; crude
lipid using the Soxhlet method; dry matter by drying samples to constant weight; crude
ash by burning samples at 550 °C for 16 h; and gross energy using a bomb calorime-
ter. The amino acid composition of test feeds and dorsal muscle were measured by an
automatic analyzer.
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2.3.2. Blood Biochemistry Parameters Measurement

Serum total cholesterol (TC), triglyceride (TG), high-density cholesterol (HDL-C), free
cholesterol (FC) and cholesterol ester (CE) contents were measured using commercial kits
(Shanghai Jiamen Biotechnology Co., Shanghai, China). Serum low-density cholesterol
(LDL-C) content was calculated using the Friedewald method [35]. Plasma total protein
(TP), total amino acid (TAA), blood urea nitrogen (BUN) contents and aspartate and alanine
aminotransferase (AST and ALT), superoxide dismutase (SOD), total peroxidase (POD),
catalase (CAT), total antioxidant capacity (TAC) and g-glutamyl transferase (GGT) activities
were measured using commercial kits following the manufacturer’s instructions (Nanjing
Jiancheng Bioengineering Institute Co., Ltd., Nanjing, China).

2.3.3. Digestive Enzyme Activity Measurement

Firstly, wet intestine samples were accurately weighted and supplemented with nine-
fold volume physiological saline solution (0.9% NaCl) to prepare a crude enzyme extract
solution. Then, intestinal amylase and lactase activities were measured by commercially
available kits (Nanjing Jiancheng Bioengineering Institute Co., Ltd., Nanjing, China), fol-
lowing the manufacturer’s instructions.

2.4. Gut Microbiota Analysis

The DNA of microbiota was extracted using a commercially available kit (Magen,
Guangzhou, China), followed by a quality and purity test using 1.2% agarose gels and
a UV spectrophotometer (Thermo, Waltham, MA, USA), respectively. Subsequently, the
qualified DNA samples were used for amplification using a primer pair (Forward/Reverse:
AGAGTTTGATCCTGGCTCAG/GGTTACCTTGTTACGACTT). The products were used
for a constructive cDNA library and sequencing after purification. The sequencing work
was carried out by the Hiseq2500 PE250 platform (Illumina, Foster, CA, USA), and sequenc-
ing data were analyzed by Novogene Co., Ltd. (Guangzhou, China).

2.5. Serum Metabolome Analysis

Metabolite extraction: 100 pL serum sample was transferred to a 1.5 mL EP tube,
then supplemented with 10 uL. DL-2-Chlorophenylalanine solution (2.9 mg/mL, internal
standard) and 300 uL methanol (Merck, Darmstadt, Germany), mixed 30 s and centrifuged
15 min at 12,000 rpm. Finally, 200 uL supernatant was taken out for metabolome profile
analysis using a Liquid Chromatography Mass Spectrometry system (LC-MS, Thermo,
Waltham, MA, USA). Meanwhile, serum samples were mixed to prepare quality control
(QC) samples. The measurement system was set as follows: samples were first separated
on a column (Hypergod C18, 100 x 4.6 mm, 3 um) at 40 °C and a flow rate of 0.3 mL/min,
with a sample volume of 4 uL per injection. Liquid chromatography elution gradient sets
and elution procedures are shown in Tables S2 and S3, respectively. The mass spectrometer
detection parameters are set as follows: positive ion mode, heater temp 300 °C; sheath
gas flow rate, 45 arbs; aux gas flow rate, 15 arbs; sweep gas flow rate, larb; spray voltage,
3.0 kv; capillary temp, 350 °C; s-lens rf level, 30%; negative ion mode: heater temp 300 °C,
sheath gas flow rate, 45 arbs; aux gas flow rate, 15 arbs; sweep gas flow rate, 1 arb; spray
voltage, 3.2 kv; capillary temp, 350 °C; s-lens rf level, 60%. Raw data obtained from LC-MS
assays were analyzed using Compound Discoverer 3.0 (Thermo) following the methods
described by Zhang et al. [36]. Briefly, the raw data for each metabolite is aligned, extracted
and quantified, then normalized and compared to a database (HMDB, Human Metabolome
Database, https:/ /hmdb.ca; accessed on 7 February 2022) to identify the metabolite.

2.6. Statistical Analysis

Data in this trial are presented as means =+ standard error of the mean (SEM), and
were analyzed using the one-way analysis of variance (SPSS 22.0 software, Chicago, IL,
USA). p < 0.05 represents a significant difference between data, and a Tukey’s multiple
range test was performed in this case.
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3. Results
3.1. Growth Performance

The dietary inclusion of different types of NSPs has no significant influence on the
survival rate (SR) of grass carp (p > 0.05; Table 2). The FBW, WGR and DGC in the SNSP
group were significantly lower than those in the INSP and SNSP groups (p < 0.05). The
feed conversion rate (FCR) in the SNSP group and feed intake (FI) in the SNSP and NSP
groups were significantly higher than those in the FM group, whereas the protein efficiency
ratio (PER) in the SNSP group showed an opposite result (p < 0.05).

Table 2. Growth results of grass carp fed by test feeds.

Group FM INSP SNSP NSP
IBW (g) 0.79 + 0.01 0.80 + 0.01 0.79 + 0.01 0.80 + 0.01
FBW (g) 2456+ 0463 2779+077°  2359+1.372  28.01+035°
SR (%) 99.19 + 0.83 99.19 + 0.81 99.15 + 0.85 100.0 + 0.01
FI (g/kg MBW/day) 1205+£0222 128440282 1366+ 024" 13344 027P
WGR (%) 2996 + 056 3392 +1.00° 2876+1.732 3423 +044P
DGC (%/day) 33040032 350+ 0.05° 3.24+0.092 352 +0.02b
FCR 1.01 +0.012 1.04 £ 0032  1.174+0.04P 1.08 4+ 0.03 2P
PER 332+0.05P 321+0.092  288+0.102 3.04 £ 0.07 2P

Data (1 = 3) are presented as means + SEM, and data in the same row with different superscripts represents
a significant difference (p < 0.05). Abbreviations: IBW, initial body weight; FBW, final body weight; SR, sur-
vival rate; MBW, metabolic body weight; FI, feed intake; WGR, weight gain rate; DGC, daily growth coeffi-
cient; FCR, feed conversion ratio; PER, protein efficiency ratio. SR = 100 X final fish number/initial fish num-
ber; WGR = 100 x (FBW-IBW)/IBW; MBW = [(IBW/1000)%7> + (FBW /1000)*7°]/2; FI = (feed intake/FBW)/day;
DGC =100 x [(FBW)!/3-(FBW)'/3]/day; FCR = feed intake/(FBW-IBW); PER = (FBW-IBW)/protein intake.

3.2. Digestive Enzyme Activity

The intestinal amylase activity in the NSP group was significantly higher than that in
the FM group, whereas the intestinal lactase activity in the INSP group was significantly
higher than that in the NSP group (p < 0.05; Figure 1).

5.0 = FM
b INSP
ab mm SNSP

ab g == NSP

U/mg protein
oN W
oh L oe
- 1

]

ab

0.0 T
Amylase Lactase

Figure 1. Intestinal amylase and lactase activities of grass carp fed with experimental diets. Values
with different superscripts in each column present a significant difference (p < 0.05; n = 3).

3.3. Serum Lipoprotein Contents

The dietary inclusion of different types of NSPs has no significant influence on serum
TG and CE contents (p > 0.05; Table 3). Serum TC content in the NSP group was significantly
lower than that in the INSP group (p < 0.05). Serum HDL-C in the NSP group was
significantly lower than that in the FM group, whereas serum LDL-C and LDL-C/HDL-C
ratio in the INSP, SNSP and NSP groups were dramatically higher than those in the FM
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group (p < 0.05). Serum FC content and free/total cholesterol ratio in the INSP and SNSP
groups were significantly higher than those in the FM group (p < 0.05).

Table 3. Serum lioprotein levels of grass carp fed by test feeds.

Group FM INSP SNSP NSP
Triglyceride (mmol /L) 294 +0.13 3.11 + 0.04 2.87 +0.08 2.86 + 0.07
Total cholesterol (mmol/L) 6.16 + 0.18 3 6.48 +0.17P 6.05+0.172b 5.68 + 0.09 2
HDL-C (mmol/L) 447 +0.19° 410401220 3.83+£0.192 3.60+0.202
LDL-C (mmol/L) 1.10 + 0.06 2 1.75 + 0.07P 1.65 + 0.09 P 1.50 £ 0.12P
LDL-C/HDL-C 0.25 + 0.02 0.43 +0.02° 0.44 +0.04" 0.43 + 0.06®
Free cholesterol (mmol/L) 0.66 +0.132 1.36 +£0.23P 1.334+0.18P 0.79 + 0.08 @b
Cholesterol ester (mmol/L) 5.49 +0.28 5.12 £ 0.31 471+ 0.26 4.89 +0.09
Free/total cholesterol 0.11 +0.022 0.21 +0.04P 0.22 +0.04° 0.14 & 0.01 3

Data (1 = 3) are presented as means + SEM, and data in the same row with different superscripts represents a
significant difference (p < 0.05). Abbreviations: LDL-C, low-density cholesterol; HDL-C, high-density cholesterol.

3.4. Serum Protein Metabolism Indicators

Dietary inclusion of different types of NSPs has no significant influence on the serum
TP content and GGT activity of grass carp juveniles (p > 0.05; Table 4). Serum TP in the
SNSP group and serum TAA in the INSP and NSP groups was significantly lower than
that in the FM group, and serum BUN content in the SNSP group was significantly higher
than that in the three other groups (p < 0.05). Serum AST activity in the INSP group was
significantly lower than that in the FM group, and this parameter in the SNSP group showed
the opposite result (p < 0.05). Serum ALT activity in the INSP group was significantly lower
than that in the NSP group (p < 0.05).

Table 4. Plasma protein metabolism indicators of grass carp fed by test feeds.

Group FM INSP SNSP NSP
Protein (g/L) 28.12 + 0.95 b¢ 25.82 4+ 0.46 2P 23.42 +0.632 30.43 £ 0.99
TAA (mol/L) 0.11 +£0.01P 0.07 +0.012 0.12 £0.01P 0.08 +0.012
BUN (mmol/L)  6.92 +0.172 6.24 +£0.222 8.95+0.44b 6.98 +£0.352
AST (U/L) 12.87 +0.47b 392+ 0222 1699 +£1.20 ¢ 11.65 + 0.22 P
ALT (U/L) 4.86 + 0.06 2P 4.75 4+ 0.03 5.00 £ 0.07 2P 5.05+ 0.07b
GGT (U/L) 0.62 +0.15 0.62 +0.15 1.09 £+ 0.16 0.62 +0.15

Data (n = 3) are presented as means + SEM, and data in the same row with different superscripts represents a
significant difference (p < 0.05). Abbreviations: TAA, total amino acid; BUN, blood urea nitrogen; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; GGT, g-glutamyl transferase.

3.5. Antioxidant Capacity Status

Dietary inclusion of different types of NSPs has no significant influence on serum SOD
activity of grass carp juveniles (p > 0.05; Table 5). Serum CAT and TAC activity in the NSP
group and serum POD activity in the treatment groups were significantly higher than those
in the FM group (p < 0.05).

Table 5. Antioxidant capacity of grass carp fed by test feeds.

Group FM INSP SNSP NSP
SOD (U/mL) 4458 +2.31 40.70 +2.49 40.24 +1.95 4523 +1.39
CAT (U/mL) 6.35 + 0.46 2 5.90 +0.24 2 7.19 £0.312b 873 +0.81P
POD (U/mL) 10.81 +0.822 2296 +1.55P 18.96 & 1.07 24.00 + 1.36°
TAC (U/mL) 2.77 £0.172 3.48 +0.16 2 3.50 + 0.16 2P 3.74+0.20P

Data (n = 3) are presented as means + SEM, and data in the same row with different superscripts represents a
significant difference (p < 0.05). Abbreviations: SOD, superoxide dismutase; CAT, catalase; POD, total peroxidase;
TAC, total antioxidant capacity.
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3.6. Whole-Body Composition and Dorsal Muscle Amino Profile

The whole-body moisture in the NSP group was significantly lower than that in the
FM and SNSP groups, whereas the crude protein and crude lipid contents in the NSP group
was significantly higher than that in the SNSP group (p < 0.05; Table 6). The ash content in
the NSP group was significantly lower than that in the FM group (p < 0.05).

Table 6. Whole body composiiton of grass carp fed by test feeds (dry matter).

Group Initial Fish ~ FM INSP SNSP NSP
Crude protein 11.60 1554 40122 1552+ 0.16% 1472 +0.127 1569 +0.34P
Crude lipid 827 8.57 +£0.10 % 8.54 + 0.23 % 8.35+0.09 2 9.32+025°
Ash 1.79 2.90 £ 0.02 b¢ 2.77 £0.02° 299 £0.07°¢ 2.56 +0.042

Data (n = 3) are presented as means + SEM, and data in the same row with different superscripts represents a
significant difference (p < 0.05).

The dietary inclusion of different types of NSPs has no significant influence on the
arginine, histidine, glycine, alanine, tyrosine, serine, proline, and cysteine contents of
dorsal muscle (p > 0.05; Table 7). Muscular leucine (Leu), isoleucine (Ile), and lysine (Lys),
threonine (Thr) and glutamine (Glu) contents in the NSP group, and methionine (Met),
phenylalanine (Phe), and valine (Val) contents in the INSP group, and aspartate content in
the INSP and NSP groups were significantly higher than those in the FM group (p < 0.05).
In total, the non-essential amino acids (NEAA) and total amino acid (TAA) contents in the
NSP group were significantly higher than those in the FM group, and the essential amino
acids (EAA) content in the INSP and NSP groups were significantly higher than that in the
FM group (p < 0.05).

Table 7. Dorsal muscle amino acid profile of grass carp fed by test feeds.

Group Initial Fish FM INSP SNSP NSP

Arg 3.42 3.59 + 0.03 3.74 + 0.04 3.64 + 0.04 3.73 £+ 0.05
His 1.06 1.15 4+ 0.01 1.16 4 0.04 1.25 4 0.02 1.17 + 0.01
Ile 2.03 1.884+0.022 201+0.02°¢ 1.89 + 0.03 b 1.97 £ 0.01 be
Leu 341 3294+ 0.042 352+0.02°¢ 3.32 +0.042P 3.45 + 0.02 be
Lys 3.89 3.85+0.022  4.12+0.03¢ 3924005 409 +0.05b
Met 1.21 11440012 121 +0.02P 1.16 £ 0.02 b 1.19 +£0.01 2P
Phe 1.56 1.55+0.032  1.644+0.02P 1.56 + 0.02 2P 1.60 + 0.01 2P
Thr 1.92 1.86 +£0.022  1.96 £+ 0.033b 1.91 + 0.022b 1.99 +0.04 "
Val 2.20 2.09+0.022 222+0.03b 211+ 0.032 2.19 +0.01 2
YEAA 20.70 2041 +£0.172 21594+016¢ 2075+ 0223 2139 +0.14bc
Glu 6.46 7.03+£0.092  7.2340.09°2 7.15 £ 0.15 2P 7.57 £0.07b
Gly 1.72 1.85 4 0.01 1.93 £ 0.07 1.87 4 0.04 1.95 + 0.02
Ala 3.17 3.24 +0.01 3.36 + 0.05 3.28 + 0.06 3.43 + 0.03
Tyr 1.43 1.18 £ 0.01 1.28 £ 0.01 1.25 + 0.06 1.24 £ 0.01
Asp 4.63 520+ 0.072 532 +0.05P 527 +0.102 5.63 + 0.06 P
Ser 1.48 1.50 + 0.03 1.55 + 0.02 1.56 + 0.02 1.60 £ 0.03
Pro 2.37 2.39 + 0.03 251 + 0.05 242 +0.03 248 +0.02
Cys 0.34 0.37 + 0.01 0.37 £ 0.02 0.36 + 0.01 0.35 £ 0.01
YNEAA  21.60 2278 £0242 2355+0213 2317 +0.443 2426+021P
YTAA 42.30 428940402 4483403720  4362+0.662P 4535+ 0.35P

Data (n = 3) are presented as means + SEM, and data in the same row with different superscripts represents a
significant difference (p < 0.05). Abbreviations: Arg, arginine; His, histidine; Ile, isoleucine; Leu, leucine; Lys,
lysine; Met, methionine; Phe, phenylalanine; Thr, threonine; Val, valine; Glu, glutamine; Gly, glycine; Ala, alanine;
Tyr, tyrosine; Asp, aspartate; Ser, serin; Pro, proline; Cys, cysteine; EAA, essential amino acids; NEAA, non-
essential amino acids; TAA, total amino acids.

3.7. Gut Microbiota Structure

Dietary inclusion of different types of NSPs has no significant influence on the Shan-
non, Simpson, Chaol, and ACE indices of gut microbiota (p > 0.05; Table 8). The gut
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microbiota structure composition is shown in Figure 2, while Figure 2A,B demonstrate
the phylum level and genus level, respectively. In addition, Figure 2C,D more obviously
exhibited the variation of bacteria at the phylum level and genus level, respectively. The
results showed that the Fusobacteria, Bacteroidetes, Proteobacteria, and Firmicutes were
the four dominant phyla in all groups, and the total abundance of these bacteria was
86.45%, 88.63%, 82.48%, and 90.18% in the FM, INSP, SNSP, and NSP groups, respectively.
At the genus level, the four dominant genera were Cetobacterium (28.17%), Aeromonas
(8.76%), Bacteroides (7.26%), and Halomonas (3.77%) in the FM group; Cetobacterium (33.42%),
Aeromonas (16.70%), Bacteroides (10.03%), and Akkermansia (2.85%) in the INSP group; Ceto-
bacterium (35.43%), Aeromonas (15.67%), Bacteroides (14.23%), and Citrobacter (3.79%) in the
SNSP group; Cetobacterium (37.82%), Bacteroides (7.75%), Citrobacter (4.54%), and Aeromonas
(3.29%) in the NSP group. Subsequently, a linear discriminant analysis Effect Size (LEfSe)
was performed to screen the bacteria with significant differences between the groups, and
the results showed that the abundance of MNG7, Rhodobacterales, and Rhoddobacteraceae
in the SNSP group was significantly higher than those in the FM group (LDA Score > 4.0;
Figure 2C).

Table 8. Gut microbiota Alpha diversity parameters of grass carp fed by experimental diets.

Group FM INSP SNSP NSP

Shannon 443 +£0.93 443 £1.05 5.09 £ 1.46 4.05 £+ 041
Simpson 0.79 £ 0.07 0.79 £ 0.09 0.75 £0.18 0.81 £0.03
Chaol 1414.40 £276.79  1234.13 £278.92  1719.01 £ 514.53  1001.48 £ 205.58
ACE 1486.38 £ 280.07  1269.27 £ 279.67 1784.94 £532.06 1041.58 £ 205.97

Data (n = 3) are presented as means + SEM.

(A) 10 Phylum taxonomy Genus taxonomy

Relative abundance

Actinobacteria
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Rl [t
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i b i i i b |
0.0 05 1.0 15 20 25 3.0 35 4.0 45
LDA SCORE (log 10)

Figure 2. Intestinal flora structure of grass carp fed with experimental diets. (A,C) bacteria phylum
level composition in stacked maps and clustered heat maps, respectively; (B,D) bacteria genera level
composition in stacked maps and clustered heat maps, respectively; (E) LEfSe analysis results.

3.8. Serum Metabolome

The total ion flow chromatograms (TIC) of QC samples showed high consistency in
both positive (Figure 3A) and negative (Figure 3B) ion modes, indicating that the serum
metabolome analysis system is stable and the analytical results are reliable. Subsequent
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principal component analysis (PCA) of serum metabolome is shown in Figure 4, and results
showed that dietary treatments produced a significant distinction in the serum metabolite
profile of grass carp. In this case, Orthogonal Partial Least Squares-Discriminant analy-
sis (OPLS-DA) was performed for screen metabolites that differed significantly between
groups (Figure 5). Metabolites with VIP (Variable Importance in the Projection) values > 1
under the OPLS-DA model and p-values < 0.05 under the t-test were defined as having
significant differences, and results are shown in Tables S4-S6. Finally, these differential
metabolites were annotated into metabolic pathway maps via the MetaboAnalyst 5.0
online website (https:/ /www.metaboanalyst.ca/MetaboAnalyst/home.xhtml, accessed
on 21 February 2022), and the corresponding results are shown in Figure 6. Differential
metabolites between the FM and INSP groups were enriched to 11 and 10 metabolic path-
ways in the positive and negative ion models (PIM and NIM), respectively (Figure 6A,B); the
aminoacyl-tRNA biosynthesis and arginine and proline metabolism metabolic pathways in
the PIM and the phenylalanine, tyrosine and tryptophan biosynthesis pathway in the NIM
were significantly upregulated. Between the FM and SNSP groups, 17 and 25 metabolic
pathways were enriched in the PIM and NIM, respectively (Figure 6C,D); the aminoacyl-
tRNA biosynthesis pathway in the PIM and the arginine biosynthesis, D-glutamine and
D-glutamate metabolism, and biosynthesis of unsaturated fatty acids pathways in the NIM
were significantly upregulated. Between the FM and NSP groups, 12 and 17 metabolic
pathways were enriched in the PIM and NIM, respectively (Figure 6E,F); the aminoacyl-
tRNA biosynthesis and beta-alanine metabolism pathways in the PIM and the arginine
biosynthesis pathway in the NIM were significantly upregulated.
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Figure 3. Metabolite profiles of QC samples. (A) positive ion mode; (B) negative ion model.
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Figure 4. Serum metabolite profiles of PCA analysis results. (A,B) FM vs. INSP in positive and

negative ion model, respectively; (C,D) FM vs. SNSP in positive and negative ion model, respectively;
(E,F) FM vs. NSP in positive and negative ion model, respectively.
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Figure 5. Serum metabolite profiles OPLS-DA analysis results. (A,B) plots of OPLS-DA scores in
positive and negative ion mode between FM and INSP groups, respectively; (C,D) plots of OPLS-DA
scores in positive and negative ion mode between FM and SNSP groups, respectively; (E,F) plots of
OPLS-DA scores in positive and negative ion mode between FM and NSP groups, respectively.
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Figure 6. Metabolic pathway analysis of differential metabolites between FM and treatment groups.
(A,B) metabolic pathways enriched under positive and negative ion models between FM and INSP
groups, respectively; (C,D) metabolic pathways enriched under positive and negative ion models
between FM and SNSP groups, respectively; (E,F) metabolic pathways enriched under positive and
negative ion models between FM and NSP groups, respectively.

4. Discussion

This trial is the first systematic investigation of the influence of dietary supplemen-
tation of NSPs (including INSP and SNSP) on growth, nutrient metabolism, and gut
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microbiota of grass carp juveniles. It is well known that dietary INSP and SNSP can affect
the physicochemical properties (moisture, viscosity, pH) of digesta to different degrees
due to differences in their solubility, thereby altering fish growth and health to varying
degrees [4]. Our previous studies have shown that dietary NSPs exert stronger negative
effects on carnivorous fish (rainbow trout, Oncorhynchus mykiss) compared to omnivorous
fish (GIFT tilapia, Oreochromis niloticus) [1,6]; specifically, dietary INSP has limited effects on
these two species, whereas dietary SNSP has limited effects on GIFT tilapia but significantly
decreased the growth of rainbow trout. In this trial, the growth performance of grass carp
in the NSP group increased significantly compared to the SNSP group, suggesting that
dietary INSP exhibited growth-promoting effects compared to dietary SNSP. Nevertheless,
dietary SNSP did not significantly reduce the growth of grass carp, implying that grass
carp can acclimatize to SNSP. The digestive enzyme widely participates in the nutrient
digestion process, and their activities are inevitably affected by dietary ingredients [37-39].
In this study, intestinal amylase and lactase activities increased significantly in the NSP
and INSP groups, respectively; meanwhile, both of these dietary treatments improved the
growth of grass carp, suggesting that dietary INSP may improve growth by enhancing
amylase or lactase activity. Changes in the activity of these two enzymes may be related to
the properties of INSP, which expanded the digesta and increased the contact area between
substrates and enzymes, thereby improving digestive enzyme activities [6].

Blood parameters can efficiently reflect the health and nutritional status of fish [1,40].
In this study, the serum LDL-C and FC contents and LDL-C/HDL-C and FC/TC ratio
in the INSP and SNSP groups were significantly higher than those in the FM group,
suggesting that dietary INSP and SNSP supplementation increased the atherosclerosis
lesion risks. Furthermore, dietary SNSP supplementation decreased serum protein content,
but increased serum BUN content and AST activity. BUN is the end product of amino acid
catabolism in fish, while AST is an amino acid metabolizing enzyme distributed in the liver
and released into the blood when liver cells are damaged [1]. Therefore, an increase in these
parameters suggests that dietary SNSP promotes proteolytic metabolism and induces liver
damage [41-43]. Similarly, our previous studies also showed that dietary SNSP induces
liver damage in rainbow trout and largemouth bass (Micropterus salmoides) [1,41]. This
evidence suggests that dietary SNSP is the main type of NSPs causing liver damage in fish.

Antioxidant enzymes play an essential role in maintaining fish health, which can effi-
ciently avoid oxidative damage caused by oxygen-free radicals [44-47]. Hence, the activity
of antioxidant enzymes is commonly used to evaluate the health status of fish [48,49]. In the
current study, serum CAT and TAC activities in the NSP group and POD activities in the INSP,
SNSP, and NSP groups were significantly higher than those in the FM group, suggesting that
dietary NSPs activated antioxidant defence in grass carp. The enhancement of the intestinal
antioxidant system by dietary NSPs may be related to their fermentation products. To our
knowledge, dietary NSPs can be fermented by intestinal flora to produce large amounts of
short-chain fatty acids (SCFAs) [4,16,50]. Furthermore, recent studies showed that dietary
supplementation with SCFAs activated the zebrafish intestinal antioxidant defence system, in-
cluding an increase in the activity of SOD, CAT and glutathione peroxidase [51]. NF-E2-related
factor 2 (Nrf2) is a key factor in the regulation of gene expression of intestinal antioxidant
enzymes in grass carp [52]. In our previous study, dietary NSPs have been shown to intervene
in the intestinal antioxidant system by modulating the Nrf2 signaling pathway [7]. Also,
dietary NSPs exhibited the ability to improve the gut microbiota, SCFAs and antioxidant
capacity in an in vitro study [53]. This evidence indicates that dietary NSPs may mediate
the activation of intestinal antioxidant defences in grass carp by intestinal flora and their
metabolites (SCFAS).

The whole-body and muscle chemical compositions are commonly used to assess the
nutritional status of fish [54-56]. Generally, an increase in the crude protein and crude lipid
contents represents a better nutritional status. In this study, fish in the NSP group had the
highest crude protein and crude lipid content; although these values were not significantly
higher than those in the FM group, our data still suggest that dietary NSPs was beneficial
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in improving the nutritional status of grass carp. Meanwhile, the variation in the TAA
content of grass carp muscle in the NSP group also supports this view. EAA is essential for
the normal physiological metabolism, growth and health of fish [57]. Therefore, changes
in the EAA content of grass carp muscle indicate that dietary INSP is more beneficial to
the growth and health of grass carp than dietary SNSP. Furthermore, the muscle amino
acid profiles are also commonly used to assess flesh quality [58]. Asp and Glu are widely
considered as umami amino acids [59]. Therefore, the significant increase in Asp and Glu
contents in the NSP group suggest that dietary NSPs improve the flesh quality of grass carp.

Numerous pieces of research have confirmed that intestinal flora is widely involved in
the physiological processes of the host, such as with the digestion and absorption of nutri-
ents, metabolism, resistance to pathogenic microorganisms, and immune regulation [60-64].
Meanwhile, the structure of intestinal flora is affected by dietary ingredients. Intestinal
flora x-diversity is commonly used to assess intestinal flora homeostasis. Our previous
studies demonstrated that dietary NSPs have considerable influence on the intestinal flora
a-diversity of largemouth bass [7,8] and limited influence on tilapia [6]. In the present
study, changes in the Shannon, Chaol, ACE, and Simpson indices exhibited that dietary
NSPs supplementation has no significant effects on the intestinal a-diversity of grass carp.
Thus, this evidence suggests that the effect of dietary NSPs on the intestinal flora x-diversity
of fish is closely related to fish feeding habits, with the degree of effects being carnivorous
species > omnivorous species > herbivorous species, probably because herbivorous species
have evolved a digestive physiology adapted to dietary NSPs.

Previous studies have suggested that Bacteroidetes, Proteobacteria, and Firmicutes
were the predominant phyla in the intestinal flora of grass carp [24,65,66]. Partially simi-
lar to these results, Fusobacterial, Bacteroidetes, Proteobacteria, and Firmicutes were the
predominant phyla in this study. Our data was highly consistent with a study reported
by Liu et al. that found that Fusobacterial, Bacteroidetes, Proteobacteria, and Firmicutes
are the main phyla in the gut of grass carp [67]. This evidence suggests that Fusobacterial,
Bacteroidetes, Proteobacteria, and Firmicutes constitute the core flora of the grass carp.
Notably, the core flora plays an essential role in maintaining the normal intestinal physio-
logical function [68]. Thus, changes in the abundance of these phyla in this study suggest
that dietary NSPs supplementation altered the function of the intestinal flora.

Fusobacteria primarily consisted of Cetobacterium genera in this study, which are
widely recognized as vitamin By, and acetate-producing bacteria [69,70], and has an im-
portant role in improving intestinal health and nutritional metabolism [71]. In this study,
dietary NSPs supplementation increased the abundance of Cetobacterium, suggesting that
dietary NSPs benefit the intestinal health of grass carp. Proteobacteria primarily consisted
of Aeromonas, Halomonas, and Citrobacter genera in this study. Aeromonas has been defined
as a pathogen microorganism that can cause infections and diseases in fish [72,73]. Our
data showed that the abundance of Aeromonas was increased in the INSP and NSP groups
and decreased in the SNSP group, suggesting that dietary SNSP is more beneficial than
INSP in building a healthy gut flora structure. As mentioned previously, Cetobacterium are
important producers of SCFAs, which have the ability to regulate the structure of the fish
gut flora, particularly against colonization by pathogenic microorganisms [51]. Therefore,
the SNSP-induced decrease in the abundance of Aeromonas may be associated with an
increase in the abundance of Cetobacterium (highest in the SNSP group). Halomonas is a class
of aerobic bacteria [74]. In this study, the abundance of Halomonas declined since dietary
supplementation with NSPs. Combined with the increased abundance of anaerobic bacteria
(Cetobacterium), this evidence suggests that dietary NSPs facilitate the construction of a
microbiota structure with high anaerobic and low aerobic bacteria. A decrease in intestinal
oxygen tension caused by the fermentation process of anaerobic bacteria possibly explains
the changes in anaerobic/aerobic bacteria ratio [4]. More evidence that could demonstrate
the fermentation-enhancing effect of dietary NSPs on the intestinal flora is the increased
abundance of Citrobacter in the SNSP and NSP groups. This is because this genus uses
citrate as the sole carbon source [75], which is usually produced by bacterial fermentation.
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Thus, our data suggest that dietary SNSP is more beneficial than INSP in enhancing the
fermentation effect of intestinal flora. Similarly, Sinha et al. [4] and our previous studies on
largemouth bass [8,76] also found that SNSP had a stronger fermentation-promoting effect
compared to INSP. However, unlike in this trial, the enhanced fermentation of dietary SNSP
adversely affected the intestinal flora and gut health of largemouth bass [8,76]. Differences
in these results suggest that the effects of fermentation of dietary SNSP on fish gut flora
and gut health vary with fish species, which probably correlates with differences in gut
physiology. Bacteroidetes primarily consisted of Bacteroides genera in this study, which have
been reported to produce isovalerate, acetate, and succinate through their saccharolytic
metabolism [77]. These metabolites are essential for fish intestinal health and nutrient
metabolism [51,66]. Therefore, changes in the abundance of Bacteroides in this study suggest
that dietary INSP supplementation facilitates the improved gut health of grass carp.

Serum metabolite profiles can effectively affect the nutritional status and the potential
effects of dietary ingredients on aquatic animals [30,78]. In this study, our data exhibited
that dietary NSPs treatment significantly altered the serum metabolite profiles of grass carp.
Specifically, the aminoacyl-tRNA biosynthesis pathway was significantly upregulated in the
INSP, SNSP, and NSP groups compared to that in the FM group under the positive ion model.
The aminoacyl-tRNA biosynthesis pathway is achieved by amino acid-tRNA synthetase
that precisely matches amino acids to tRNAs containing the corresponding anticodons and
plays a key role in protein synthesis [79]. Thus, changes in the aminoacyl-tRNA biosynthesis
pathway suggest that dietary NSPs alter protein synthesis in grass carp. Arginine is an
essential amino acid for fish that stimulates the growth axis, promotes glucose uptake and
utilization, and is essential for cell growth, proliferation, and differentiation [80-82]. Moreover,
nitric oxide produced by arginine metabolism is essential for maintaining hemodynamics
and nutrient transport [83]. In addition, arginine can be metabolized to proline, which is
involved in regulating the health and growth of fish [84,85]. In this study, the arginine and
proline metabolism pathway in the INSP group (in the positive ion mode), and the arginine
biosynthesis pathway in the SNSP and NSP groups (in the negative ion mode), were all
significantly enriched compared to the FM group, suggesting that dietary NSPs may alter the
physiological status of grass carp through the regulation of arginine synthesis and metabolic
pathways. Glutamine and glutamate are important energy sources for fish metabolism and
immune organs, which can effectively regulate fish metabolism and immunity and act as
synthetic materials for y-aminobutyric acid to promote fish feeding [85-87]. In this study,
the D-glutamine and D-glutamate metabolism pathway was significantly enriched in the
SNSP group compared to the FM group, suggesting that dietary SNSP may affect fish growth
and health by influencing the metabolism of D-glutamine and D-glutamate. Also, it possibly
explains the significantly increased FI of grass carp fed with SNSP diets. Phenylalanine,
tyrosine, and tryptophan are aromatic amino acids used in the synthesis of proteins and can be
used to synthesize norepinephrine [88], thereby promoting feeding [89]. Therefore, our data
suggest that dietary INSP may improve the feeding of grass carp through the phenylalanine,
tyrosine, and tryptophan biosynthesis pathway, which plausibly explains the slight increase (p
> 0.05) in FI in the INSP group. Overall, serum metabolite profiles revealed that dietary NSPs
regulate the physiological metabolism and feeding behavior of grass carp by altering amino
acid synthesis and metabolism. Meanwhile, our data show that dietary INSP and SNSP affect
the feeding behavior of grass carp through different potential mechanisms.

5. Conclusions

In conclusion, grass carp is highly tolerant to dietary NSPs, and dietary NSPs facilitated
the improvement of antioxidant capacity. Also, dietary INSP exhibited a growth-promoting
effect compared to SNSP. Dietary INSP facilitates improved nutrient metabolism and liver
health and builds a microbial community conducive to intestinal health. Dietary NSPs
promote the construction of a microbiota structure with high anaerobic and low aerobic
bacteria. Moreover, dietary NSPs regulate the physiological metabolism and feeding
behavior of grass carp by altering amino acid synthesis and metabolism, and dietary INSP
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and SNSP exhibit different mechanisms of action. Furthermore, dietary NSPs facilitate the
deposition of muscle umami amino acids.
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FM and NSP groups.
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