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and Disease
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Aquaculture provides a significant amount of high-quality protein for human con-
sumption and is one of the most efficient protein production industries. The nutritional
metabolism of aquatic animals plays a crucial role in the flourishing development of aqua-
culture. Early studies primarily focused on the basic nutritional requirements of aquatic
animals, such as protein, fat, and carbohydrates. Protein was determined to be the most
important component in aquafeed, having profound effects on the growth and health of
aquatic animals. However, in recent years, a shortage of traditional protein sources such as
fish meal and soybean meal has hindered the global development of the aquafeed indus-
try [1]. Moreover, the metabolism of aquatic animal proteins, carbohydrates, and lipids is
closely linked to their physiological changes and disease occurrence. This Special Issue,
“Metabolic Research in Aquatic Animal Nutrition, Physiology, and Disease”, includes
15 original research papers from different countries. These papers investigate the effects of
alternative protein sources in feed on the metabolism of aquatic animal organisms, the regu-
lation of nutrition metabolism in aquatic animals by feed additives, the metabolic response
mechanisms of aquatic animal diseases, and the influence of environmental pressures on
the nutritional metabolism of aquatic animals.

Compared to protein sources from terrestrial animals and plants, fish meal is the most
important protein source for aquaculture due to its high-quality protein, balanced amino
acid profile, and low levels of anti-nutritional factors [2]. However, the rapid development
of the aquaculture industry has stimulated a significant demand for fish meal, leading to a
continuous shortage in its supply. In fact, from 1950 to 2010, approximately 27% (around
20 million tons per year) of the fish caught by global marine fisheries were utilized to
produce products such as fishmeal and fish oil. Notably, 90% of these fish were of food
grade or premium quality. This indicates a certain inadequacy in our utilization of fish
to sustain ourselves, necessitating a more rational use of fishery resources [3], Therefore,
the exploration of alternative protein sources to replace fish meal has become a research
hotspot in recent years [4]. Various cottonseed protein products have been investigated as a
potential substitute for fish meal in the diets of various fish species [5–7]. Zhang et al. found
that enzymatically hydrolyzed cottonseed protein concentrate (ECP), as a cost-effective and
easily obtainable plant protein, could be used as a substitute for 15.56% of fish meal without
compromising the growth of largemouth bass (Micropterus salmoides), and it improved their
antioxidant capacity and immune status (contribution 1). Similarly, replacing FM with
cottonseed meal protein hydrolysate had similar effects on blunt-snout bream (Megalobrama
amblycephala) [8]. Cottonseed meal (CSM) has also been successfully used as a replacement
for 20% of fish meal without affecting the muscle nutritional deposition in golden pompano
(Trachinotus ovatus) (contribution 2). Furthermore, Liu et al. incorporated cottonseed protein
concentrate (CPC) as a sole protein source in grass carp (Ctenopharyngodon idellus) feed
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and evaluated its nutritional value and optimal protein level. Their results showed that a
protein level of 37.69% in the CPC4 group enhanced the growth performance and health
status of grass carp, while high protein levels (CPC5 and CPC6) resulted in relatively
poor growth performance (contribution 3). This could be attributed to a decrease in the
feeding rate and increased energy expenditure on deamination of excess protein, which
increased the nitrogen metabolism burden and negatively impacted fish growth [9]. Wheat
gluten can safely replace 100% of fish meal and 61.2% of soy protein concentrate in the
diet of red spotted grouper (Epinephelus akaara) (contribution 4). Similar findings were also
documented in a prior investigation, wherein wheat gluten was partially substituted for
dietary fish meal in large yellow croaker [10]. Enzymatic chicken plasma (ECP) derived
from enzymatic hydrolysis of poultry by-products is a high-quality animal protein source
for most aquatic organisms. Its rich content of amino acids such as arginine, alanine,
and taurine can improve the feed acceptance of crustaceans; as such, it is considered a
suitable substitute for fish meal [11]. Hlordzi et al. investigated the effects of ECP on
the growth performance, digestive enzyme activity, and gene expression of Pacific white
shrimp (Litopenaeus vannamei), finding that a dietary inclusion level of 32.4% crude protein
in ECP1 was more suitable for the growth of juvenile shrimp (contribution 5). Furthermore,
Yang et al. explored the utilization of Clostridium autoethanogenum protein (CAP), produced
through bacterial metabolism of steel mill off-gas, as a replacement for fish meal. CAP
successfully replaced 67.1-68.0% of the fish meal in the feed (contribution 6), though the
incorporation of CAP into diets necessitates the supplementation of exogenous amino acids,
particularly arginine, to maintain an optimal amino acid composition [12–15]. In addition
to providing a range of feasible options for substituting protein sources in the aquaculture
industry, aiming to improve feed utilization efficiency and reduce production costs, these
studies have positive implications for environmental protection and waste utilization.

Another effective way to conserve protein is to fully utilize the energy effects of lipids
and carbohydrates in feed [16,17]. However, higher levels of fat or glucose in the feed can
lead to abnormal fat deposition in the liver, directly impacting the health of fish as well
as their yield and economic benefits [18–20]. Deng et al. found that adding phytosterol
glycosides to high-fat feed promoted fat decomposition in the liver of hybrid groupers
(♀Epinephelus fuscoguttatus × ♂Epinephelus lanceolatu), activated the glycolytic pathway,
enhanced the utilization of feed energy by fish, and supported the non-specific immune
defense mechanisms in fish (contribution 7). Xia et al. demonstrated that regulating endo-
plasmic reticulum stress in spotted sea bass using 4-PBA, an endoplasmic reticulum stress
inhibitor, reduced fat accumulation caused by high-fat feed (contribution 8). Similar results
were also reported in some previous studies [21,22]. By combining liver proteomics and
lipidomics, Xue et al. investigated the key signaling pathways and biomarkers associated
with metabolic fatty liver disease in largemouth bass. They identified FABP1, ABCA1,
and VDAC1 as potential biomarkers for the treatment of metabolic fatty liver disease in
largemouth bass (contribution 9).

Certain feed additives also have significant benefits for the metabolic health of
fish [23–25]. Wu et al. investigated the effects of soybean lecithin (SBL) on the growth,
blood parameters, immune capacity, antioxidant capacity, and intestinal barrier function
of juvenile largemouth bass. They found that 4% SBL supplementation improved these
indicators (contribution 10). Song et al. examined the impact of dietary lactoferrin (LF) sup-
plementation on the growth performance and intestinal health of juvenile orange-spotted
grouper (Epinephelus coioides) fed a high-soybean meal (SBM) diet. The addition of appro-
priate LF improved the growth rate of fish, reduced the content of harmful substances in
the intestine, and increased the diversity of beneficial bacteria (contribution 11). Similarly,
research comparing the intestinal microbiota of grass carp fed different diets showed that
diet can modulate the stability of the intestinal microbiota by altering its composition and
interspecies interactions, thus regulating the growth metabolism of fish (contribution 12).
Broughton et al. focused on the development and addition of a novel oil extracted from
genetically modified (GM) oilseeds into Atlantic salmon (Salmo salar) feed. Phospholipid
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profiling analysis revealed that the long-chain polyunsaturated fatty acids (LC-PUFAs),
EPA, and DHA derived from GM oilseeds could alter the lipid structure within fish, pro-
viding a theoretical basis for supplementing and replacing current terrestrial oilseeds and
fish oil (contribution 13).

The water temperature and light intensity are also crucial to the growth and metabolism
of fish. Chen et al. have proved that chronic low temperature affects the glucose and lipid
metabolism in the liver of freshwater drum (Aplodinotus grunniens), with the miR-1/AMPK
signaling pathway playing an important role in regulating these processes, providing a
theoretical basis for freshwater drum’s resistance to low temperature (contribution 14).
However, time-restricted feeding (TRF), which has remarkable effects on metabolic regula-
tion caused by circadian rhythm disruption in mammals, failed to mitigate the negative
effects of continuous light exposure induced by artificial night light on rainbow trout fry,
resulting in increased body fat accumulation and significantly decreased muscle LC-PUFA
ratio (contribution 15).

In conclusion, the research papers in the Special Issue “Metabolic Research in Aquatic
Animal Nutrition, Physiology and Disease” provide valuable theoretical foundations for
protein substitution in the field of aquatic animal nutrition and metabolism. They also delve
into the occurrence of metabolic diseases and immune mechanisms in aquatic animals.
This in-depth exploration is of great significance in the development of functional feed
ingredients or efficient feeds, and in driving the sustainable prosperity of the aquaculture
industry.
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Abstract: This study appraised the impact of enzymatic cottonseed protein concentrate (ECP) as a
fish meal (FM) substitute on the growth and health of largemouth bass (Micropterus salmoides) (initial
weight 14.99 ± 0.03 g). Five diets with equal nitrogen, fat, and energy were designed to replace 0%,
7.78%, 15.56%, 23.33%, and 31.11% FM by adding 0%, 3.6%, 7.2%, 10.8%, and 14.4% ECP, named
ECP0, ECP3.6, ECP7.2, ECP10.8, and ECP14.4, respectively. We fed 300 fish with five experimental
diets for 60 days. The results revealed that weight gain rate (WGR) and specific growth rate (SGR)
did not notably reduce until the addition of ECP exceeded 7.2%. The proximate composition of fish
was not affected by the amount of ECP added in diets. Plasma total protein (TP), albumin (ALB), and
high-density lipoprotein (HDL) concentrations increased with the increase of ECP dosage, while the
triglyceride (TG) and low-density lipoprotein (LDL) concentrations and alkaline phosphatase (ALP)
activity showed an opposite trend. For hepatic antioxidant capacity, the hepatic total superoxide
dismutase (T-SOD) and catalase (CAT) activities, glutathione (GSH) content, and the expression
of nuclear factor erythroid 2-related factor 2 (Nrf2), superoxide dismutase (SOD), and CAT were
increased by ECP, while the hepatic malondialdehyde (MDA) content and the expression of kelch-
like-ECH-associated protein 1 (Keap1) were decreased. With regard to inflammation, the expression
of nuclear factor-kappa B (NF-κB), interleukin-8 (IL-8), and tumor necrosis factor-α (TNF-α) were
inhibited by ECP. In summary, the amount of ECP added to diet can reach 7.2% to replace 15.56%
FM without hampering the growth of largemouth bass, and ECP can improve the antioxidant and
immune capacity.

Keywords: largemouth bass (Micropterus salmoides); enzymatic cottonseed protein concentrate;
growth performance; antioxidant capacity; immunity

1. Introduction

Largemouth bass (Micropterus salmoides) have many advantages, including strong
adaptability, fast growth, no intermuscular spines, and good flavor; they are widely liked
by humans and have been largely farmed in many countries [1]. The requirement of
largemouth bass for dietary protein is high, given that they are carnivorous fish, accounting
for approximately 40–50% of dry matter, and the dietary protein is mainly provided by
fish meal (FM) [2–5]. In aquatic animals, FM is the best and main source of dietary protein;
however, FM resources are limited, the output has difficulty meeting the needs of the
rapid development of aquaculture, and the price is gradually rising [6–8]. Therefore, it
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is necessary to investigate new high-quality and inexpensive alternative protein sources
for FM.

Cottonseed meal, the residue of cottonseed after oil extraction, is rich in protein
content and yield, and low in price [9]. A variety of cottonseed meal products can be added
to aquatic feeds as protein ingredients [10–17]. The application of cottonseed meal not
only avoids wasting cottonseed resources but also alleviates the shortage of feed protein
resources. As there are some anti-nutritional factors, cottonseed meal needs to be processed
to improve the utilization rate. Among various processing methods, enzymatic hydrolysis
is an effective and popular method for improving the quality of plant protein because of its
non-irritating reaction conditions, less harmful products, lack of effect on the nutritional
value of amino acids, and low pollution level on the environment [18]. Previous studies
showed that plant proteins with enzymatic hydrolysis treatment have better application
effects in animal feed [19,20]. Enzymatic hydrolysis treatment could increase the water-
soluble protein, total amino acids, and peptide fraction contents of cottonseed meal [21,22].
Furthermore, various active peptides, such as antioxidant peptides and antimicrobial
peptides, could be produced from the enzymatic hydrolysis of cottonseed protein [23–25].
It was reported that crucian carp (Carassius auratus gibelio) fed with a diet containing 5%
cottonseed meal hydrolysate instead of cottonseed meal had better growth, feed utilization
rate, and absorption of zinc and iron [21]. Chinese soft-shelled turtle (Pelodiscus sinensis)
fed with diets containing cottonseed meal protein hydrolysate had better growth, feed
intake, digestive enzymes activity, and intestinal development [26]. In addition, it was
reported that adding 3% cottonseed meal protein hydrolysate to the feed of blunt snout
bream (Megalobrama amblycephala) could reduce FM content from 6% to 2.8%, resulting in
better growth performance, antioxidant capacity, and immunity [27].

Up to now, studies on replacing dietary FM with enzymatic cottonseed protein concen-
trate (ECP) in largemouth bass are still lacking. Therefore, the current study was conducted
to investigate the effects of ECP on the growth, proximate composition, plasma biochemical
indexes, hepatic antioxidant capacity, and immune status of largemouth bass, and evaluate
the potential of ECP as a feed protein material to promote the development of low FM feed
for aquatic animals.

2. Results

2.1. Growth Performance

As displayed in Table 1, fish fed with ECP10.8 and ECP14.4 diets were observed to
have lower final weight (FW), weight gain rate (WGR), and specific growth rate (SGR)
(p > 0.05). Compared with the control diet (ECP0), fish fed with ECP3.6, ECP7.2, ECP10.8,
and ECP14.4 diets were observed to have similar feed intake (FI), feed coefficient rate (FCR),
protein efficiency ratio (PER), and survival rate (SR) (p > 0.05).

Table 1. Effect of replacing FM with ECP on growth performance of juvenile largemouth bass
(Micropterus salmoides) 1.

Diets IW (g) 2 FW (g) 3 WGR (%) 4 SGR (%/day) 5 FI (g/fish) 6 FCR 7 PER 8 SR (%) 9

ECP0 14.88 ± 0.06 72.82 ± 2.66 ab 389.32 ± 19.31 a 2.65 ± 0.07 a 72.09 ± 1.15 ab 1.26 ± 0.06 1.59 ± 0.08 95.00 ± 5.00
ECP3.6 15.03 ± 0.12 76.77 ± 0.86 a 411.75 ± 0.88 a 2.72 ± 0.00 a 70.95 ± 2.94 ab 1.25 ± 0.10 1.61 ± 0.12 91.67 ± 5.77
ECP7.2 15.00 ± 0.13 71.11 ± 0.61 b 374.12 ± 8.08 a 2.59 ± 0.03 a 73.41 ± 1.33 a 1.33 ± 0.05 1.52 ± 0.05 95.00 ± 8.66

ECP10.8 15.08 ± 0.03 60.78 ± 0.75 c 303.20 ± 5.93 b 2.33 ± 0.02 b 66.90 ± 2.21 b 1.37 ± 0.14 1.46 ± 0.15 98.33 ± 2.89
ECP14.4 14.97 ± 0.18 64.22 ± 2.07 c 329.22 ± 16.57 b 2.43 ± 0.07 b 70.20 ± 2.08 ab 1.46 ± 0.02 1.37 ± 0.02 88.33 ± 5.77

1 Data are presented as mean ± SD. 2 Initial body weight (IW). 3 Final body weight (FW). 4 Weight gain
rate (WGR, %) = 100 × (final weight (g) − initial weight (g))/initial weight (g). 5 Specific growth rate
(SGR, %/day) = 100 × ((Ln (final body weight (g)) − Ln (initial body weight (g)))/days). 6 Feed intake (FI,
g/fish) = dry feed fed (g)/fish number. 7 Feed coefficient rate (FCR) = dry feed fed (g)/(final body weight (g) −
initial body weight (g)). 8 Protein efficiency ratio (PER) = ((final body weight (g) − initial body weight (g))/protein
intake (g). 9 Survival rate (SR, %) = 100 × (final amount of fish)/(initial amount of fish). a–c Values in the same
column with different superscripts indicate significant differences (p < 0.05), while that with the same letter or no
letter superscripts indicate no significant differences (p > 0.05).
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2.2. Proximate Composition of Whole Fish

As displayed in Table 2, the moisture, crude protein, crude lipid, and ash contents of
fish fed with different diets had no significant difference (p > 0.05).

Table 2. Effect of replacing FM with ECP on fish whole-body composition of juvenile largemouth
bass (Micropterus salmoides) 1.

Diets Moisture (%) Crude Protein (%) Crude Lipid (%) Ash (%)

ECP0 67.53 ± 1.46 17.52 ± 0.01 7.95 ± 0.73 4.62 ± 0.19
ECP3.6 67.40 ± 1.04 17.73 ± 0.47 8.55 ± 0.94 4.55 ± 0.36
ECP7.2 67.74 ± 1.01 17.64 ± 0.26 8.06 ± 0.34 4.55 ± 0.16

ECP10.8 68.59 ± 0.27 17.79 ± 0.06 8.07 ± 0.45 4.95 ± 0.23
ECP14.4 66.33 ± 1.57 18.68 ± 0.18 8.97 ± 0.21 4.89 ± 0.27

1 Data are presented as mean ± SD.

2.3. Plasma Parameters

As displayed in Table 3, ECP tended to increase the plasma total protein (TP), albumin
(ALB), and high-density lipoprotein (HDL) concentrations, while tending to decrease the
total cholesterol (TC), triglyceride (TG), and low-density lipoprotein (LDL) concentrations
and alkaline phosphatase (ALP) activity. Compared with the control diet, fish fed with
ECP7.2, ECP10.8, and ECP14.4 diets had higher TP and ALB concentrations, and fish
fed with ECP-containing diets had higher HDL concentrations (p < 0.05). Fish fed with
ECP14.4 diets had the lowest TC, LDL concentrations, and ALP activity.

Table 3. Effect of replacing FM with ECP on plasma biochemical parameters of juvenile largemouth
bass (Micropterus salmoides) 1.

Diets TP (g/L) 2 ALB (g/L) 2 TC (mmol/L) 2 TG (mmol/L) 2 LDL (mmol/L) 2 HDL (mmol/L) 2 ALP (U/L) 2

ECP0 55.72 ± 7.21 c 13.61 ± 2.10 c 12.13 ± 2.24 10.00 ± 1.97 ab 4.91 ± 1.60 a 2.37 ± 0.28 c 194.87 ± 52.78 a

ECP3.6 61.48 ± 4.68 bc 15.62 ± 1.81 bc 12.02 ± 1.45 9.56 ± 1.23 ab 4.63 ± 0.87 ab 2.76 ± 0.22 b 161.16 ± 35.10 abc

ECP7.2 69.72 ± 4.04 a 17.34 ± 1.14 a 12.55 ± 1.06 10.97 ± 1.29 a 4.78 ± 0.68 a 3.01 ± 0.13 ab 169.93 ± 31.01 ab

ECP10.8 67.74 ± 5.98 ab 17.42 ± 1.39 ab 11.63 ± 1.35 8.20 ± 0.92 b 3.92 ± 0.83 ab 3.18 ± 0.38 a 143.72 ± 19.23 bc

ECP14.4 67.10 ± 4.30 ab 17.92 ± 1.54 a 10.66 ± 1.65 6.09 ± 1.20 c 3.24 ± 1.17 b 2.96 ± 0.12 ab 119.13 ± 32.61 c

1 Data are presented as mean ± SD. 2 TP, total protein; ALB, albumin; TC, total cholesterol; TG, triglyceride; LDL,
low-density lipoprotein; HDL, high-density lipoprotein; ALP, alkaline phosphatase. a–c Values in the same column
with different superscripts indicate significant differences (p < 0.05), while that with the same letter or no letter
superscripts indicate no significant differences (p > 0.05).

2.4. Hepatic Antioxidant Parameters and MDA Levels

As shown in Figure 1, ECP tended to improve the hepatic antioxidant capacity of large-
mouth bass. Compared with the control diet, higher total superoxide dismutase (T-SOD)
and catalase (CAT) activities were observed in fish fed with ECP10.8 and ECP14.4 diets,
and fish fed with ECP7.2, ECP10.8, and ECP14.4 diets, respectively (p < 0.05). Fish fed with
ECP-containing diets were observed to have higher glutathione (GSH) content and lower
malondialdehyde (MDA) content (p < 0.05).

2.5. Expression of Antioxidant Genes mRNA

As presented in Figure 2, compared with the control diet, ECP7.2, ECP10.8, and
ECP14.4 diets significantly increased the mRNA expression level of nuclear factor erythroid
2-related factor 2 (Nrf2) and superoxide dismutase (SOD), ECP10.8 and ECP14.4 diets
significantly increased the mRNA expression level of CAT, and ECP-containing diets
significantly decreased the mRNA expression level of kelch-like-ECH-associated protein 1
(Keap1) (p < 0.05).
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Figure 1. Hepatic antioxidant parameters and MDA levels. T-SOD, total superoxide dismutase; CAT,
catalase; GSH, glutathione; MDA, malondialdehyde. Data are presented as mean ± SD. Bars with
different superscripts indicate significant differences (p < 0.05), while that with the same letter or no
letter superscripts indicate no significant differences (p > 0.05).

Figure 2. Relative mRNA expression levels of antioxidant genes in liver. Nrf2, nuclear factor erythroid
2-related factor 2; Keap1, kelch-like-ECH-associated protein 1; SOD, superoxide dismutase; CAT,
catalase. Data are presented as mean ± SD. Bars with different superscripts indicate significant
differences (p < 0.05), while that with the same letter or no letter superscripts indicate no significant
differences (p > 0.05).

2.6. Expression of Immune-Related Genes mRNA

As presented in Figure 3, compared with the control diet, ECP-containing diets signifi-
cantly decreased the mRNA expression level of nuclear factor-kappa B (NF-κB), interleukin-
8 (IL-8), and tumor necrosis factor-α (TNF-α) (p < 0.05). ECP-containing diets tended
to increase the mRNA expression level of transforming growth factor-β (TGF-β) and
interleukin-10 (IL-10), but not significantly (p > 0.05).
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Figure 3. Relative mRNA expression levels of immune-related genes in liver. NF-κB, nuclear factor-
kappa B; IL-8, interleukin-8; TNF-α, tumor necrosis factor-α; TGF-β, transforming growth factor-β;
IL-10, Interleukin-10. Data are presented as mean ± SD. Bars with different superscripts indicate
significant differences (p < 0.05), while that with the same letter or no letter superscripts indicate no
significant differences (p > 0.05).

3. Discussion

As the source of feed protein, various cottonseed protein products have been studied
to replace dietary FM in many fish species [10–17]. In the current study, results showed
that fish fed with a diet containing 3.6% ECP presented the best growth performance, and
7.2% ECP could be incorporated into the diet to replace 15.56% FM (based on the 45% FM
group) without reducing growth performance. However, the growth performance was
markedly decreased once the amount of ECP was increased to 10.8% and 14.4%. Likewise,
the substitution of cottonseed meal protein hydrolysate for FM had similar effects on blunt
snout bream [27]. Similar effects of replacing FM with plant protein hydrolysates have also
been found in turbot (Scophthalmus maximus), rainbow trout, and largemouth bass [28–30].
The good nutritional value of protein hydrolysates may be the reason for the successful
substitution of partial FM. A study on Atlantic cod (Gadus morhua) reported that feeding an
intact protein diet led to the retaining of more nutrients than feeding an amino acid diet,
although the amino acid diet showed faster absorption [31]. The rapid absorption of amino
acids and peptides may accelerate the excretion of amino acids or lead to the imbalance
of the intake of amino acids, thus reducing the utilization of the amino acid diet. The
cottonseed protein concentrate used in the current study was hydrolyzed into amino acids
and peptides by enzymes. Once the amount of ECP in the diet was too high, the amino
acids and peptides ingested by fish might be supersaturated, leading to a decline in the
utilization of ECP, which may be a reason for the decline in growth. Moreover, the addition
of ECP notably depressed the activity of plasma ALP in the current study. ALP catalyzes
the phosphorylation of many types of molecules under alkaline pH conditions and is
involved in membrane transport activities and mineralization of the fish skeleton [32,33].
Therefore, the low activity of ALP possibly contributes to the weak growth performance.
The specific reasons for the decline in the growth performance of largemouth bass caused
by the addition of ECP to diet need to be confirmed by further research.

In the current study, the proximate composition of fish fed with different diets had
no distinct difference, indicating that ECP has little effect on the proximate composition of
largemouth bass. Similarly, the substitution of cottonseed meal protein hydrolysate for FM
did not affect the proximate composition of blunt snout bream [27]. However, previous
studies obtained different results, which indicated that cottonseed protein concentrates
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in diets affected the proximate composition of largemouth bass [34–37]. The diversity of
cottonseed protein products may be the main reason for these different results [38].

Plasma TP and ALB are related to the immune status of fish [39,40]. Results from
the current study showed that replacing FM with ECP increased the plasma TP and ALB
concentrations, indicating that ECP may enhance the immune response of largemouth
bass. Similarly, the substitution of cottonseed meal protein hydrolysate for FM increased
the plasma TP and ALB concentrations of blunt snout bream [27]. Diets supplemented
with protein hydrolysates also increased the plasma protein level of Olive flounder (Par-
alichthys olivaceus) [41]. To avoid cardiovascular disease caused by lipid accumulation, it is
considered to be beneficial when the content of TC, TG, and LDL in plasma are low and
the HDL content is high [42,43]. Results from the current study showed that replacing
FM with ECP increased plasma HDL concentrations, while decreasing TC, TG, and LDL
concentrations, suggesting that ECP might have the effect of lowering plasma lipids and
preventing cardiovascular disease. A study on starry flounder (Platichthys stellatus) also
found that replacing FM with plant protein hydrolysates reduced plasma lipid levels [44].

Antioxidant defense systems, including enzymatic and nonenzymatic systems, play
an important role in maintaining fish health [45,46]. MDA, one of the final products of
cell membrane lipid peroxidation, is a commonly used indicator to measure the degree
of oxidative stress [47]. Results from the current study revealed that the substitution of
ECP for FM had a positive effect on increasing hepatic T-SOD and CAT activities and the
GSH content while reducing the hepatic MDA content. Correspondingly, results of mRNA
expression of antioxidant genes revealed that ECP upregulated the mRNA expression level
of Nrf2, SOD, and CAT. These results indicate that ECP could activate the Nrf2 signaling
pathway and improve hepatic antioxidant enzyme activity to reduce the oxidative stress
of largemouth bass. Similarly, the antioxidant capacities and innate immunity of blunt
snout bream hepatocytes were improved by cottonseed meal protein hydrolysate [48]. The
antioxidant effect may be due to the fact that ECP contains antioxidant peptides. It was
reported that peptide fractions derived from enzymatically hydrolyzed cottonseed protein
had obvious effects on inhibiting the formation of MDA in the linoleic acid autoxidation
system and scavenging various free radicals [49]. Furthermore, it was reported that the
antioxidant capacity of peptides from cottonseed protein hydrolysates remained high
or was even enhanced after in vitro digestion [50]. However, there are some different
findings, for instance, the hepatic antioxidant capacity of Ussuri catfish (Pseudobagrus
ussuriensis) was decreased by the substitution of cottonseed meal for dietary FM [51]. Both
the serum antioxidant enzyme activities and MDA content in hybrid grouper (♀Epinephelus
fuscoguttatus × ♂Epinephelus lanceolatu) were increased by the substitution of cottonseed
protein concentrate for dietary FM [11]. Different results are possibly attributed to the
specificity of fish species and tissue, as well as differences in the methods for producing
cottonseed protein products [52]. It was reported that, compared with soybean meal or soy
protein concentrate, enzyme-treated soybean meal had a more effective role in improving
the antioxidant capacity [19].

In addition to the antioxidant system, the liver immune state is intimately related to
fish health and growth. It was reported that NF-κB, the critical regulator of proinflamma-
tory gene expression, plays a significant role in inflammation [53]. In the current study,
ECP instead of FM markedly inhibited the mRNA expression of NF-κB and proinflam-
matory cytokines (IL-8 and TNF-α), while it tended to promote the mRNA expression of
anti-inflammatory cytokines (TGF-β and IL-10), indicating that ECP has the function of
restraining inflammation by inhibiting the NF-κB signal pathway. It was demonstrated that
oxidative stress is related to the pathogenesis of various inflammatory diseases, and antiox-
idant agents can mitigate inflammation [54]. Therefore, the antioxidant peptides produced
by the enzymatic hydrolysis of cottonseed protein can not only alleviate oxidative stress but
also contribute to suppressing inflammation. Conversely, previous studies reported that
cottonseed protein instead of FM induced the expression of proinflammatory genes while
suppressing the expression of anti-inflammatory genes in hybrid grouper and silver sillago

12



Metabolites 2022, 12, 1233

(Sillago sihama Forsskál) [11,55]. Compared with cottonseed protein concentrate, ECP may
better improve antioxidant performance and immunity [34,35]. The diversity between the
results of this study and previous studies is likely due to the different cottonseed protein
treatment methods. It was reported that, compared with conventional dehulled soybean
meal, soybean meal that has undergone enzyme treatment processing effectively improved
the nonspecific immunity of largemouth bass [20]. Hence, enzymatic hydrolysis is a great
processing method to improve cottonseed protein quality.

4. Materials and Methods

4.1. Experimental Diets

We replaced 0%, 7.78%, 15.56%, 23.33%, and 31.11% FM with 0%, 3.6%, 7.2%, 10.8%,
and 14.4% ECP to formulate five iso-nitrogenous (49%) and iso-energetic (19 kJ/g) experi-
mental diets, named ECP0, ECP3.6, ECP7.2, ECP10.8, and ECP14.4, respectively (Table 4).
The steps to produce the experimental diets included crushing the ingredients and passing
them through 80 mesh sieves, weighing the ingredients according to the formula, fully
mixing various ingredients, and granulating the diet using a pelletizer (F-26 (II), South
China University of Technology, China). The pellet diets were dried in a ventilated oven at
45 °C, then bagged and placed at −20 ◦C until use.

Table 4. Ingredients and nutrient composition of experimental diets (% dry basis).

Ingredients (%)
Diets

ECP0 ECP3.6 ECP7.2 ECP10.8 ECP14.4

Fish meal 1 45.00 41.50 38.00 34.50 31.00
Enzymatic cottonseed protein concentrate 1 0.00 3.60 7.20 10.80 14.40

Blood meal 1 2.00 2.00 2.00 2.00 2.00
Soybean meal 1 13.00 13.00 13.00 13.00 13.00

Corn gluten meal1 3.00 3.00 3.00 3.00 3.00
Enzymatic hydrolysis of chicken powder 1 4.00 4.00 4.00 4.00 4.00

Wheat meal 7.00 7.00 7.00 7.00 7.00
Cassava starch 7.00 7.00 7.00 7.00 7.00

Rice bran 6.13 6.13 6.13 6.13 6.13
Microcrystalline cellulose 3.27 2.41 1.58 0.82 0.00

Squid Ointment 2.00 2.00 2.00 2.00 2.00
Fish oil 4.10 4.45 4.75 5.00 5.30

Mineral premix 2 1.00 1.00 1.00 1.00 1.00
Vitamin premix 2 1.00 1.00 1.00 1.00 1.00

Monocalcium phosphate 1.00 1.30 1.60 1.90 2.20
Choline chloride 0.50 0.50 0.50 0.50 0.50

L-Lysine 3 0.00 0.08 0.17 0.25 0.33
L-Methionine 3 0.00 0.03 0.07 0.10 0.14

Taurine (mg/kg) 0.00 13.30 26.60 39.90 53.20
Proximate Composition (dry basis)

Crude protein (%) 48.59 48.53 48.61 48.47 48.49
Crude lipid (%) 9.25 9.24 8.98 9.28 9.23

Gross energy (KJ/g) 19.75 19.83 19.87 19.72 19.58
1 Fish meal, crude protein 66.73%, crude lipid 9.46%; Enzymatic cottonseed protein concentrate, crude protein
64.85%, crude lipid 0.87%; Blood meal, crude protein 90.68%; Soybean meal, crude protein 53.26%, crude lipid
4.25%; Corn gluten meal, crude protein 59.24%, crude lipid 3.30%; Enzymatically hydrolyzed chicken powder,
crude protein 84.62%, crude lipid 1.00%. These materials were obtained from Wuxi Tongwei feedstuffs Co., Ltd.,
Wuxi, China. 2 Mineral premix and vitamins premix were obtained from Wuxi Hanove animal health products
Co., Ltd., Wuxi, China. 3 The limiting amino acids (L-lysine and L-methionine) were supplemented according to the
levels of the first group.

4.2. Feeding Trial

The feeding trial was conducted at the Charoen Pokphand Group breeding farm
(Huanggang, Hubei, China). Experiment fish were purchased from the Yongda Aquaculture
Professional Cooperative (Ezhou, Hubei, China). Firstly, fish were fed with a commercial
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diet twice a day for two weeks to acclimate to the experimental conditions. We fasted fish
for 24 h, then selected 300 lively fish (average initial weight 14.99 ± 0.03 g) and randomly
put them into 15 cages (1 m × 1 m × 1 m), with 20 fish per cage and 3 cages per group. The
fish were fed with experimental diets to apparent satiety two times (6:30 and 18:30) every
day; the feeding trial lasted for 60 days. During the trial period, the water temperature,
pH, ammonia nitrogen content, nitrite content, and dissolved oxygen concentration were
28–31 ◦C, 7.5–8.2, 0–0.2 mg/L, 0.1–0.3 mg/L, and ≥6 mg/L, respectively.

4.3. Sample Collection

The fish were kept in starvation for 24 h before sampling. Then, we collected the
quantity and weight of fish in each cage to calculate the growth indicators. Two fish were
collected from each cage for general composition analysis, and three fish from each cage
were collected for obtaining blood and liver samples. Sample fish were anesthetized with
MS-222 before collecting the blood and liver samples. Blood was collected from the tail
vein, then centrifuged in a centrifuge at a speed of 3500 rpm for 10 min to collect the upper
plasma. The fish was dissected immediately after blood collection to collect liver samples.
Serum samples and liver samples were stored at −80 ◦C.

4.4. Experimental Parameter Detection

The proximate composition analyses of diets and fish were conducted following
the methods of AOAC (2003) [56]. We measured the plasma biochemical parameters on
an automatic biochemical analyzer with related assay kits. We determined the hepatic
antioxidant parameters and MDA levels through the corresponding assay kit. The main
methods, assay kits, and testing equipment for index detection are shown in Table 5.

Table 5. The methods and testing equipment of chemical analysis.

Items Methods, Assay Kits and Testing Equipment

Crude protein Determined by Hanon K1100 auto kieldahl apparatus (Jinan Hanon Instruments Co., Ltd.,
Jinan, China).

Crude lipid Determined by Hanon SOX606 auto fat analy (Jinan Hanon Instruments Co., Ltd., Jinan, China).

Ash Determined by burning at 550 °C for 5 h in a XL-2A intelligent muffle furnace (Hangzhou Zhuochi
Instruments Co., Ltd., Hangzhou, China).

Gross energy Measured by an oxygen bomb calorimeter IKA C6000 ((IKA Works Guangzhou, Guangzhou, China).
TP 1

All plasma parameters were determined by Assay kits (Mindray Bio Medical Co., Ltd., Shenzhen,
China) with a Mindray BS-400 automatic biochemical analyzer (Mindray Medical International Ltd.,

Shenzhen, China).

ALB 1

TC 1

TG 1

LDL 1

HDL 1

ALP 1

T-SOD 2

All hepatic antioxidant parameters and MDA levels were tested according to the instructions of assay
kits purchased from Jian Cheng Bioengineering Institute (Nanjing, China).

CAT 2

GSH 2

MDA 2

1 TP, total protein; ALB, albumin; TC, total cholesterol; TG, triglyceride; LDL, low-density lipoprotein; HDL,
high-density lipoprotein; ALP, alkaline phosphatase. 2 T-SOD, total superoxide dismutase; CAT, catalase; GSH,
glutathione; MDA, malondialdehyde.

The measurement of relative mRNA expression included extracting total RNA from
tissues, detecting the concentration and quality of RNA, and performing quantitative
real-time PCR analysis. More detailed information is presented in our previous study [57].
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was chosen as the reference gene,
and its expression in different groups was shown to be stable [57]. Pfaffl’s model was used
to analyze the gene expression levels [58]. The specific primer sequences used in this study
were designed by reference to previous studies [59–62] and are displayed in Table 6.
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Table 6. Primer sequence for RT-qPCR.

Gene 1 Forward Sequence (5′-3′) Reverse Sequence (5′-3′) Source

Nrf2 CTGGTCCGAGACATACGC CTCAGCAGACGCTCCTTC Zhao et al. (2021) [59]
Keap1 CGTACGTCCAGGCCTTACTC TGACGGAAATAACCCCCTGC Yu et al. (2022) [60]
SOD TGGCAAGAACAAGAACCACA CCTCTGATTTCTCCTGTCACC Gu et al. (2022) [61]
CAT CTATGGCTCTCACACCTTC TCCTCTACTGGCAGATTCT Gu et al. (2022) [61]

NF-κB CCACTCAGGTGTTGGAGCTT TCCAGAGCACGACACACTTC Yu et al. (2022) [60]
IL-8 CGTTGAACAGACTGGGAGAGATG AGTGGGATGGCTTCATTATCTTGT Yang et al. (2020) [62]

TNF-α CTTCGTCTACAGCCAGGCATCG TTTGGCACACCGACCTCACC Gu et al. (2022) [61]
TGF-β GCTCAAAGAGAGCGAGGATG TCCTCTACCATTCGCAATCC Gu et al. (2022) [61]
IL-10 CGGCACAGAAATCCCAGAGC CAGCAGGCTCACAAAATAAACATCT Gu et al. (2022) [61]

GAPDH ACTGTCACTCCTCCATCTT CACGGTTGCTGTATCCAA Yu et al. (2022) [60]
1 Nrf2, nuclear factor erythroid 2-related factor 2; Keap1, kelch-like-ECH-associated protein 1; SOD, superoxide
dismutase; CAT, catalase; NF-κB, nuclear factor-kappa B; IL-8, interleukin 8; TNF-α, tumor necrosis factor-α; TGF-
β, transforming growth factor β; IL-10, interleukin 10; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

4.5. Statistical Analysis

One-way ANOVA in SPSS 26.0 software was used for the statistical analysis of exper-
imental data. All experimental data were confirmed to conform to normal distribution
and homogeneity of variance before any statistical analysis. All data were displayed as
mean ± SD. p < 0.05 indicated that the variables in different groups were significantly
different, and Tukey’s multiple comparisons were conducted.

5. Conclusions

The results from the present study showed that 7.2% ECP could be incorporated into
the diet to replace 15.56% FM (based on the 45% FM group) without affecting the growth
performance of juvenile largemouth bass. ECP-containing diets can improve the hepatic
antioxidant capacity and immunity of largemouth bass.
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Abstract: Our previous study demonstrated that based on growth performance and feed utiliza-
tion, cottonseed meal (CSM) could substitute 20% fishmeal (FM) without adverse effect on golden
pompano (Trachinotus ovatus). Muscle deposition was also an important indicator to evaluate the
efficiency of alternative protein sources. Therefore, the present study was conducted to explore
the changes of physiobiochemical and nutrient metabolism in muscle after FM replaced by CSM.
Four isonitrogenous and isolipidic experimental diets (42.5% crude protein, 14.0% crude lipid) were
formulated to replace 0% (CSM0 diet), 20% (CSM20 diet), 40% (CSM40 diet), and 60% (CSM60 diet)
of FM with CSM. Juvenile fish (24.8 ± 0.02 g) were fed each diet for 6 weeks. The results presented,
which, compared with the CSM0 diet, CSM20 and CSM40 diets, had no effect on changing the
muscle proximate composition and free essential amino acid (EAA) concentration. For glycolipid
metabolism, the CSM20 diet did not change the mRNA expression of hexokinase (hk), glucose
transport protein 4 (glut4), glucagon-like peptide 1 receptor (glp-1r), while over 20% replacement
impaired glucose metabolism. However, CSM20 and CSM40 diets had no effect on altering lipid
metabolism. Mechanistically, compared with the CSM0 diet, the CSM20 diet did not change muscle
nutritive metabolism through keeping the activities of the nutrient sensing signaling pathways stable.
Higher replacement would break this balance and lead to muscle nutritive metabolism disorders.
Based on the results, CSM could substitute 20–40% FM without affecting the muscle nutritive depo-
sition. All data supplemented the powerful support for our previous conclusion that CSM could
successfully replace 20% FM based on growth performance.

Keywords: fish nutrition; marine aquaculture; replacement; cottonseed meal; physiobiochemical;
nutrient

1. Introduction

Muscle is the largest tissue of teleost fish, accounting for more than 60% of the
body weight. It provides premium proteins to meet the requirement for humans [1,2].
Previous studies demonstrated that alternative proteins replace fishmeal (FM) disturbed
muscle nutrient metabolism and further resulted in the muscle growth restriction consid-
ered as an important limiting factor affecting substitution efficiency [3,4]. Additionally, the
main goal of the aquaculture was to improve feed utilization, which in turn efficiently pro-
moted muscle deposition [5–7]. Therefore, muscle nutrient deposition was the important
indicator to assess the efficiency of alternative protein sources in substituting FM.

As in mammals, fish muscle growth is dependent on the recruitment of new mus-
cle fiber (hyperplasia) and growth of existing fiber (hypertrophy) [8–10]. The essence of
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hypertrophy is the deposition of nutrients in muscle [11,12]. These processes are con-
trolled by nutrient sensing signaling pathways at both cellular and systemic levels [13].
Amino acid (AA) transporters are regarded as the first sensor and carrier facilitate AA
across the cell membrane, resulting in changes of free AA concentrations in plasma and
tissues [14–16]. The target of rapamycin (TOR) and amino acid response (AAR) pathways
could sense the nutrient status, especially AA concentrations, at the cellular level [17–19].
Moreover, the insulin/insulin-like growth factor (IGF) system is the main nutrient sensing
pathway at a systemic level [20]. As the upstream, IGF through phosphoinositide-3-kinase
(PI3K)/protein kinase B (AKT) regulated TOR and AAR signaling to modify nutrient
metabolism including glucose, fatty acid and AA [21,22]. Insulin-like growth factor 1 (IGF-
1) and insulin-like growth factor 2 (IGF-2) are the major anabolic agents that contribute to
tissues, especially muscle nutrient metabolism in teleost fishes [23–25].

Previous studies demonstrated that FM replacement had a profound effect on fish
muscle nutrient deposition. Our study on turbot (Scophthalmus maximus L.) presented that
FM replaced by soybean meal and meat and bone meal at 45% significantly decreased the
muscle nutrients’ deposition by activating the AAR signaling pathway [26]. Furthermore, a
study on the juvenile blunt snout bream (Megalobrama amblycephala) found that 5% and 7%
cottonseed protein hydrolysate-replaced FM could decrease the muscle glucose, lipid and
AA metabolism in muscle through inhibiting the TOR signaling pathway and activating
the AMP-activated protein kinase/sirtuin-1 (AMPK/SIRT1) pathway [27]. Mixed plant
proteins substituted 40% of FM in turbot and also significantly inhibited the TOR signaling
pathway and protein synthesis in the muscle [28]. Moreover, total FM replaced by plant
protein blends could suppress the muscle growth of Senegalese sole (Solea senegalensis) via
altering the expression pattern of genes involved in the GH-IGF signaling pathway [29].
Therefore, the muscle nutritive metabolism response was considered as the crucial index to
fully evaluate the optimal alternative ratio for protein sources.

Cottonseed meal (CSM) is known as a non-grain protein source that has cheaper
prices, steady supply, relatively higher protein content and a well-balanced AA pro-
file [30,31]. Currently, it has become a popular alternative protein source to replace FM in
aquafeeds [32,33]. In the past several years, aquatic nutritionists have carried out research
on the application of CSM in different aquafeeds [34,35]. All the studies demonstrated
that CSM replacement proportions in feeds were quite different among different species.
A study on black seabass (Centropristis striata) presented that CSM prepared by a glandless
seed could successfully replace dietary 100% FM [36]. However, Bu et al. reported that
CSM inclusion over 25.3% could significantly depress the growth performance in the Ussuri
catfish Pseudobagrusus suriensis [37]. The studies mentioned above only focused on the
effect of CSM replacement on growth performance and feed utilization. More attention
should also be paid to the changes of muscle nutritive metabolism in order to accurately
evaluate the replacement efficiency of CSM.

Golden pompano (Trachinotus ovatus) is widely cultivated in Guangdong, Fujian and
Hainan provinces. Due to its advantage of growing fast, favorable taste, good nutrient
profile and suitability for culture, it has become a commercially important marine fish
species in China [38]. In the past decade (2010–2019), golden pompano production in China
ranged from 0.75 million tons to 1.68 million tons and was worth 20 billion yuan [39].
Therefore, the industry of golden pompano culture has bright market prospects and huge
economic benefits [40]. Previously, our team did some research on the CSM of golden
pompano. The results present that, based on growth performance and feed utilization,
CSM could substitute 20% FM without adverse effect [41]. As mentioned above, muscle
deposition and nutrient metabolism were also the important indicators to evaluate the effi-
ciency of CSM in replacing FM. Therefore, the present study was conducted to explore the
physiobiochemical changes and underlying mechanisms of muscle nutrient metabolism af-
ter the FM was replaced by CSM. This study will provide a more comprehensive theoretical
basis for the rational addition of CSM in the golden pompano diet.
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2. Results

2.1. Proximate Composition of Muscle

The muscle proximate compositions of golden pompano after being fed with different
diets were shown in Table 1. The values of crude protein (CP) and ash did not significantly
differ among fish fed with four different experimental diets (p > 0.05). Meanwhile, com-
pared with the control diet, the CSM20 and CSM40 diets also did not significantly change
the moisture and crude fat (CF) of muscle (p > 0.05). Only the CSM60 diet increased the
moisture and decreased CF (p < 0.05).

Table 1. Muscle proximate composition of golden pompano fed diets containing various levels
of CSM.

Diet Groups (% Wet Weight)
p-Value

CSM0 CSM20 CSM40 CSM60

Moisture 69.34 ± 0.080 b 69.47 ± 0.32 ab 70.24 ± 0.26 ab 70.51 ± 0.21 a 0.018
CP 20.03 ± 0.17 20.72 ± 0.51 19.84 ± 0.88 20.51 ± 0.23 0.208
CF 8.91 ± 0.65 a 7.21 ± 0.026 ab 7.21 ± 0.57 ab 6.83 ± 0.23 b 0.044

Ash 1.26 ± 0.027 1.33 ± 0.026 1.25 ± 0.018 1.31 ± 0.058 0.407

The results were presented as mean ± SEM. Means in the same row with different superscript letters are
significantly different (p < 0.05). Note: CP, crude protein; CF, crude fat.

2.2. Free AAs Profile in Muscle

Changes of free AAs after fish were fed with different diets in muscle were presented
in Table 2. Compared with that of the control diet, the concentration of leucine, threonine,
lysine, histidine, arginine, glutamic acid, alanine, aspartic acid, serine and taurine were
unaffected by three CSM-containing diets (p > 0.05). For other AAs, all the individual
essential amino acids (EAAs) and non-essential amino acids (NEAAs) did not present
significant differences among CSM0, CSM20 and CSM40 groups (p > 0.05), except pheny-
lalanine, proline, tyrosine, NEAA and total amino acid (TAA) demonstrated significantly
lower concentrations in CSM40 (p < 0.05). The CSM60 diet group presented a decreased
free AA profile compared with the control group (p < 0.05).

2.3. Gene Expression Profile Related to Glucose Metabolism in Muscle

Figure 1 described the mRNA expression level of genes related to glucose metabolism
in muscle after the golden pompano were fed diets containing different CSM levels.
Compared with the CSM0 diet, the CSM20 diet had no effect on altering the gene expression
of hexokinase (hk), glucose transport protein 4 (glut4) and glucagon like peptide 1 receptor
(glp-1r) (p > 0.05). In contrast, the CSM20 diet significantly reduced the gene expression
level of glucose-6-phosphate (g6pdh), pyruvate kinase (pk), phospho fructokinase-1 (pfk-1),
phosphoenolpyruvate carboxykinase (pepck), glucose transport protein 2 (glut2), insulin
receptor substrate 1 (irs1) and glucagon-like peptide 1 receptor (igf-ir) in comparison to
the CSM0 diet (p < 0.05). Moreover, CSM40 and CSM60 diets also inhibited the glucose
metabolism level more than the control diet (p < 0.05).

2.4. Effects on Muscle Lipid Metabolism by Experimental Diets

Effects of different experimental diets on the mRNA expression levels of lipid an-
abolism are shown in Figure 2a. ANOVA did not reveal a significant influence of CSM20 on
the expression of fatty acid synthetase (FAS), acetyl-CoA carboxylase (ACC), 1-acylglycerol-
3-phosphate acyltransferase 3 (AGPAT3), fatty acyl desaturase (FAD) and sterol regulatory
element binding protein-1 (SREBP1) in comparison to CSM0 diet (p > 0.05). Moreover, the
CSM40 diet had no significant effects on altering the expression of FAS, AGPAT3 and
SREBP1 (p > 0.05). However, compared with the CSM0 diet, three CSM containing di-
ets significantly inhibited the mRNA expression of elovl5 and improved the peroxisome
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proliferator-activated receptors’ alpha (PPARα) and peroxisome proliferator-activated re-
ceptors’ gamma (PPARγ) expression (p < 0.05).

Table 2. Free amino acid profile in muscle of golden pompano fed different experimental diets.

Diet Groups (ng/mg)
p-Value

CSM0 CSM20 CSM40 CSM60

Met 43.71 ± 0.93 a 44.84 ± 1.13 ab 40.89 ± 1.33 ab 33.22 ± 1.96 b 0.001
Phe 43.62 ± 3.19 a 33.38 ± 1.77 ab 31.61 ± 0.37 b 30.93 ± 2.96 b 0.017
Val 167.53 ± 10.73 a 139.53 ± 11.59 ab 141.54 ± 2.90 ab 112.07 ± 10.51 b 0.023
Ile 127.65 ± 10.40 a 106.72 ± 7.35 ab 104.23 ± 1.03 ab 83.89 ± 7.86 b 0.022

Leu 205.13 ± 18.18 172.39 ± 12.98 166.00 ± 1.41 148.16 ± 13.30 0.07
Thr 178.37 ± 6.70 148.73 ± 16.26 141.79 ± 2.33 137.10 ± 8.44 0.067
Lys 319.69 ± 20.04 368.12 ± 8.13 335.26 ± 27.18 309.99 ± 3.01 0.174
His 63.99 ± 1.81 ab 67.40 ± 1.08 a 58.14 ± 5.29 ab 50.96 ± 2.85 b 0.029
Arg 62.77 ± 2.20 66.22 ± 0.27 60.94 ± 5.15 62.51 ± 1.96 0.655
EAA 1212.48 ± 40.76 a 1147.33 ± 58.05 ab 1080.40 ± 31.39 ab 968.84 ± 38.64 b 0.021
Glu 400.00 ± 38.53 405.77 ± 30.42 413.25 ± 20.72 446.68 ± 7.68 0.632
Gly 1866.44 ± 86.41 a 1854.01 ± 18.75 a 1564.49 ± 46.94 ab 1349.20 ± 119.88 b 0.004
Pro 96.91 ± 7.27 a 81.52 ± 0.47 ab 76.64 ± 0.59 b 71.41 ± 3.19 b 0.01
Ala 449.77 ± 11.61 439.88 ± 2.36 429.38 ± 17.31 461.63 ± 4.09 0.251
Asp 15.11 ± 0.84 16.11 ± 1.04 12.72 ± 0.80 12.36 ± 0.86 0.046
Tyr 38.81 ± 2.47 a 29.87 ± 0.98 ab 29.04 ± 0.12 b 28.90 ± 2.80 b 0.021
Ser 187.81 ± 3.59 180.68 ± 5.42 177.38 ± 10.78 174.06 ± 8.75 0.64
Tau 1738.72 ± 59.66 1762.94 ± 46.02 1776.66 ± 8.59 1550.36 ± 85.14 0.072

NEAA 4793.57 ± 62.88 a 4771.29 ± 67.07 a 4479.57 ± 27.84 b 4094.60 ± 46.06 b 0
Total AA 6006.05 ± 93.11 a 5918.42 ± 80.25 a 5559.97 ± 24.53 b 5063.44 ± 74.82 c 0

The results were presented as mean ± SEM. Means in the same row with different superscript letters are
significantly different (p < 0.05). Note: Met, methionine; Phe, phenylalanine; Val, valine; Ile, isoleucine; Leu,
leucine; Thr, threonine; Lys, lysine; His, histidine; Arg, arginine; EAA, essential amino acids; Glu, glutamine; Gly,
glycine; Pro, proline; Ala, alanine; Asp, asparagine; Tyr, tyrosine; Ser, serine; Tau, taurine; NEAA, non-essential
amino acids; TAA, total amino acids.

Figure 1. Diagrammatic representation of the gene expression pattern of (a) the key enzyme and
transporters involved in glucose metabolism and (b) hormone receptors involved in insulin sig-
naling pathway and glp-1r signaling in muscle after golden pompano (Trachinotus ovatus) were
fed CSM0, CSM20, CSM40 and CSN60. Data were represented as mean ± SEM. Different letters
above the bars denote significant differences between diet groups at the p < 0.05 level. Note: g6pdh,
glucose-6-phosphate; hk, hexokinase; pk, pyruvate kinase; pfk-1, phosphofructokinase-1; pepck, phos-
phoenolpyruvate carboxykinase; glut2, glucose transport protein 2; glut4, glucose transport protein 4;
irs1, insulin receptor substrate 1; igf-1r, insulin-like growth factor-1 receptor; glp-1r, glucagon-like
peptide 1 receptor.
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Figure 2. Effects of different experimental diets on the mRNA expression levels of (a) lipid anabolism,
(b) lipid catabolism and (c) lipid transporters in muscle after the golden pompano (Trachinotus ovatus)
were fed different diets. Data were represented as mean ± SEM. Different letters above the bars
denote significant differences between diet groups at the p < 0.05 level. Note: FAS, fatty acid syn-
thetase; ACC, acetyl-CoA carboxylase; AGPAT3, 1-acylglycerol-3-phosphate acyltransferase 3; FAD,
fatty acyl desaturase; elovl5, elongase of very long-chain fatty acids 5; SREBP1, sterol regulatory
element binding protein-1; PPARα, peroxisome proliferator activated receptors-alpha; PPARγ, per-
oxisome proliferator-activated receptors gamma; LPL, lipoprotein lipase; HSL, hormone-sensitive
lipase; CPT1, carnitine palmitoyl transferase 1; FABP1, fatty acid binding protein 1; APROB100,
apolipoprotein b 100.

The muscle gene expression pattern of the key regulators involved in lipid catabolism
after the fish were fed with different diets is presented in Figure 2b. Compared to the control
diet, the mRNA expression level of hormone-sensitive lipase (HSL) was not significantly
changed by the CSM20 group (p > 0.05). Meanwhile, the expression of lipoprotein lipase
(LPL) and carnitine palmitoyl transferase 1 (CPT1) of the fish fed CSM20, CSM40 and
CSM60 diets were more significantly up-regulated than the control diet (p < 0.05).

The effects of dietary CSM substitution on the transcriptional expression level of
lipid transporters is illustrated in Figure 2c. No significant differences were detected of
the mRNA expression level of apolipoprotein b 100 (APROB100) between the CSM0 and
CSM20 groups (p > 0.05). However, compared with the CSM0 diet, other diets significantly
inhibited the transcriptional expression level of the fatty acid binding protein 1 (FABP1)
(p < 0.05).

2.5. Gene Expression of AA Transporter and Small Peptide Transporter

The gene expression patterns of L-type amino acid transporter 2 (LAT2), sodium-
coupled neutral amino acid transporter 2 (SNAT2) and oligopeptide transporter1 (PEPT1)
had a decreasing trend with an increasing CSM replacement level (Figure 3). Compared with
the CSM0 diet, the CSM20 diet had no effect on changing the gene expression of LAT2 and
PEPT1 (p > 0.05), and CSM40 diet did not significantly down-regulate the expression of
LAT2 (p > 0.05). However, fish fed the CSM20 diet demonstrated significantly lower levels
of SNAT2 than the fish fed the CSM0 diet (p < 0.05).

2.6. The mRNA Expression of the Genes Related to GH-IGF Axis

The transcription expression levels of key regulators of GH-IGF axis were significantly
affected by dietary treatments (Figure 4). No significant differences were found between
CSM0 and CSM20 groups in the growth hormone (GH) and IGF-2 (p > 0.05). Moreover, the
expression of IGF-1 was not significantly down-regulated in fish fed the CSM20 diet and
CSM40 diet compared to that of fish fed CSM0 (p > 0.05). The CSM60 diet caused a more
suppressed GH, IGF-1 and IGF-2 expression pattern than the CSM0 diet (p < 0.05).
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Figure 3. LAT2, SNAT2 and PEPT1 expression in muscle of juvenile golden pompano (Trachinotus
ovatus) after fed test diets for 6 weeks. Data were represented as mean ± SEM. Different letters
above the bars denote significant differences between diet groups at the p < 0.05 level. Note: LAT2,
L-type amino acid transporter 2; SNAT2, sodium-coupled neutral amino acid transporter 2; PEPT1,
oligopeptide transporter1.

Figure 4. Different diets affected the relative gene expression of the key regulators of GH-IGF-1 axis
in muscle of juvenile golden pompano (Trachinotus ovatus). Data were represented as mean ± SEM.
Different letters above the bars denote significant differences between diet groups at the p < 0.05 level.
Note: GH, growth hormone; IGF-1, insulin-like growth factor-1; IGF-2, insulin-like growth factor-2.

2.7. Regulations of the TOR and AAR Signaling Pathways

Transcription and protein phosphorylation level of key regulators in TOR and AAR
signaling pathways after the feeding trials were presented in Figure 5. In comparison to the
control diet, relative mRNA expression of TOR, S6 Ribosomal Protein (S6) and eukaryotic
initiation factor 4E-binding protein 1 (4E-BP1) were unaffected by the CSM20 diet (p > 0.05).
Meanwhile, the CSM40 diet led to a significantly lower transcriptional level of 4E-BP1
(p < 0.05) but did not have marked effects on TOR and S6 expression (p > 0.05). For the gene
expression of detected regulators in the AAR signaling pathway, no significant difference
of initiation elongation factor alpha (eIF2α), activating transcription factor 4 (ATF4) and
channelopsin2 (CHOP) mRNA expressions were found between fish fed CSM0 and CSM20
diets (p > 0.05). In addition, a significant difference of eIF2α and ATF4 mRNA expressions
were detected between group CSM40 and group CSM0 (p > 0.05).

For the protein phosphorylation analysis, dietary inclusion of CSM did not affect
protein phosphorylation level of mTOR after 6 weeks feeding (p > 0.05). Meanwhile, CSM20
diet did not had significant effects on altering the protein phosphorylation level of protein
kinase B (AKT), S6 and eIF2α (p > 0.05) and CSM40 diet did not significantly change the
expression pattern of S6 and eIF2α in comparison to CSM0 diet (p > 0.05). Meanwhile, the
CSM60 diet markedly decreased the phosphorylation level of AKT, S6 and elevated the
phosphorylation level of eIF2α (p < 0.05).
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Figure 5. The mRNA expression and protein phosphorylation level of key regulators related to
target of rapamycin (TOR) and amino acid response (AAR) signaling pathways in muscle. (a) mRNA
expression level of TOR signaling pathway; (b) mRNA expression of AAR signaling pathway;
(c) protein phosphorylation level of TOR and AAR signaling pathways. Data were represented as
mean ± SEM. Different letters above the bars denote significant differences between diet groups at
the p < 0.05 level. Note: TOR, target of rapamycin; S6, S6 Ribosomal Protein. 4E-BP1, eukaryotic
initiation factor 4E-binding protein 1; eIF2α, initiation elongation factor alpha; ATF4, activating
transcription factor 4; CHOP, channelopsin2; REDD1, regulated in development and DNA damage
responses 1; AKT, protein kinase B.

3. Discussion

The present study was part of a study exploring the optimum substitution ratio of CSM
in golden pompano diets, and it used one growth trial as a research basis that determined
the effects of CSM-replaced FM in growth performance and feed efficiency. In fish, the
growth is dependent on muscle deposition, which largely related to the muscle nutritive
metabolism [42,43]. Therefore, the current study was conducted to evaluate the effects of
the CSM substituted FM on muscle nutritive metabolism as well as its potential mechanism.

3.1. CSM Substitution Alter Muscle Nutrient Composition and Free AAs Profile

Muscle is the main site of nutritive deposition for fish species. CP and CF are the
important indicators that reflect the nutritive deposition after the fish are fed with different
diets [44]. Our present study displayed that compared with the control diet, the CSM20
and CSM40 diets had no effect on changing the moisture, CP, CF and ash content of mus-
cle. Only the fish fed with the CSM 60 diet had significantly increased the moisture and
decreased CF of muscle, with the same results for the fermented soybean meal replace-
ment in Japanese seabass (Lateolabrax japonicus) [45] and rapeseed meal in Pseudobagrusus
suriensis [46]. Furthermore, it has been reported that the free AA profile is the key driver to
regulate protein and other nutrient metabolisms in muscle [47]. Our current observations
indicated that CSM20 and CSM40 diet did not markedly vary the concentration of most
individual AA and EAA. Meanwhile, the CSM60 diet reduced the concentration of EAA,
NEAA and TAA in muscle. These results were consistent with our previous studies on
turbot and shrimp demonstrating the great variation on free AA after a higher percentage of
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FM was replaced by alternative proteins [48,49]. We envisaged that the changes of free AA
profile after 60% FM replaced by CSM might be partially due to the unbalanced AA compo-
sition of higher CSM containing diets [50,51]. A lower level of free AA in muscle not only
decreased the bricks for protein synthesis and antioxidative capacity but also disordered
the glycolipid metabolism [52,53]. Moreover, the present study also demonstrated that the
CSM 60 diet significantly decreased the glycine and tyrosine concentration more than the
CSM0 diet. Glycline and glutamic acid play important physiological roles in glutathione
(GSH) synthesis, which can protect fish against free radicals by increasing the activity of
the antioxidant enzyme of fish [54]. Their results were consistent with our previous study
that higher CSM replacement could affect fish immunity [41]. Moreover, data on muscle
proximate composition also hinted at lipid deposition changes after fish fed with the CSM60
diet. Thus, we next investigate the changes of the glycolipid metabolism transcriptional
level in muscle after golden pompano were fed with gradient CSM addition diets.

3.2. CSM Substitution-Modified Glycolipid Metabolism

It is well known that nutrient compositions are the most important indicators to esti-
mate muscle growth and quality [55,56]. The inhibition of muscle nutrient deposition due
to glycolipid metabolism disorder is also the bottleneck of FM replacement [57,58]. Data on
the present study illustrated that the mRNA expression of key enzymes and transporters in
glycolipid metabolism were extremely sensitive to the dietary protein sources. Only 20%
of the CSM replacement could significantly reduce the enzymes’ expression of glucose
metabolism. However, for lipid metabolism, less than 60% of the CSM replacement did
not alter the mRNA expression levels of FAS, AGPAT3 and SREBP1. A similar observation
could be found in the study of soy bean protein for cod Gadus morhua [59] and rapeseed
meal diet for Chinese perch Siniperca chuatsi [60]. Furthermore, our recent study on large-
mouth bass (Micropterus salmoides) also presented that the glucose metabolism was more
sensitive to feed compositions [61]. Similar to the largemouth bass, the golden pompano
was also a carnivorous fish, which had dysglycemia after the higher FM was substituted by
alternative proteins. CSM as a plant protein source has a higher content of carbohydrate
compared with FM [62]. That might give a reasonable explanation for the dramatic changes
of glucose metabolism after the golden pompano were fed with a higher CSM containing
diet. Studies on mammal and fish species demonstrated that glycolipid metabolism could
be modulated by nutrient sensing signaling pathways [63–65]. Therefore, in order to reveal
the mechanisms of the changed nutrient metabolism, we next investigated the response
mechanism of nutrient sensing signaling pathways after FM substituted by CSM.

3.3. CSM Substitution through Nutrient Sensing Signaling Pathways to Regulate
Glycolipid Metabolism

AA transporters are known to regulate intracellular AA concentrations and TOR
activity in lysosomes, which are regarded as the first sensors of dietary nutrients [66].
The present study displayed the variation in the AA profile of muscle after the fish were
fed with different CSM containing diets. Therefore, we further measured the mRNA
expression level of AA transporters in muscle tissue to explain the underlying mechanism
of the changes in the AA profile. Data on the AA transporters’ expression demonstrated
that CSM40 and CSM60 diets significantly decreased the mRNA expression of LAT2,
SNAT2 and PEPT1. Similarly, in blunt snout bream [67] and turbot [68], FM replaced by
alternative proteins also decreased the AA transporters’ expression. A lower level of AA
transporters reduced the AA transmembrane transport efficiency, resulting in an overall
decrease in muscle AA levels [69,70]. A restricted AA level in muscle would directly affect
the activity of nutrient sensing signaling pathways, and further changed the body growth
and metabolism [27,71]. Therefore, we next tried to explore the activity of nutrient sensing
signaling pathways after the golden pompano were fed with different diets.

In mammals, it has been well revealed that TOR and AAR were two complementary
signalings, which were responsible for sensing the nutrient level to regulate body protein
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synthesis and nutrient metabolism [72–74]. Moreover, GH and its downstream mediator,
IGF-1, constructed a pleotropic axis through the TOR signaling pathway regulating growth,
metabolism and organ function [75,76]. Recent studies from our laboratory reported that in
largemouth bass, a dietary AA level could through TOR, AAR and GH-IGF signaling to
regulate fish growth performance and glycolipid metabolism [53]. Likewise, the present
study in golden pompano also demonstrated that dietary protein sources had profound
effects on changing nutrient sensing signaling pathways. In detail, compared with the
control diet, the CSM60 diet significantly decreased the mRNA expression level and protein
phosphorylation level of the key regulators involved in GH-IGF and TOR signaling path-
ways and increased the mRNA expression level and protein phosphorylation level of the
key regulators involved in the AAR signaling pathways in muscle. Our previous study fo-
cused on the growth performance after golden pompano fed with the CSM substitution diet
also presented a similar changing pattern in the liver [41]. In Olive Flounder (Paralichthys
olivaceus), the FM replacement modified the growth performance through the IGF system as
well [77]. Additionally, the FM substituted with a composite mixture of shrimp hydrolysate
and plant proteins in largemouth bass also presented that the appropriate FM replacement
with composite mixture could improve the growth performance through activating the
TOR signaling pathway [78]. The suppressed TOR signaling pathway would inhibit the
whole-body total protein synthesis, especially in muscle. The reduced protein synthesis
directly led to decreased muscle deposition. On the other hand, glycolipid metabolism was
also inhibited through regulating TOR, AAR and GH-IGF pathways, which resulted in a
decrease in the nutrients’ deposition of muscle. All the data confirmed our results, in which
higher CSM supplementation disturbed nutrient sensing signaling and further inhibited
muscle nutrient metabolism. This may explain why CSM could not successfully replace
over 40% FM in the golden pompano diet.

4. Materials and Methods

4.1. Experimental Diets

Four isonitrogenous (42.5% crude protein) and isolipidic (14% crude lipid) diets were
produced with CSM gradient-replaced FM. Dietary protein was supplied by FM, CSM,
corn-gluten meal and poultry byproduct meal. Fish oil, soybean oil and soybean lecithin
were used as lipid sources. The control diet (CSM0 diet) was based on FM, and other
diets were named the CSM20 diet, CSM40 diet and CSM60 diet, in which CSM was used
to replace 20%, 40% and 60% FM, respectively. All dry ingredients were grounded into
powder with 320-μm and then mixed thoroughly. An appropriate amount of oil was added
in order to meet the requirement of lipid for fish. The resulting doughs were extruded
through a pelletizer (F-26, South China University of Technology, Guangzhou, China) after
being further homogenized. All the diets were dried at 45 ◦C to an approximately 10%
moisture level and stored in a refrigerator at −20 ◦C before the feeding trial. The proximate
composition of all the experiment diets was given in Table 3. The essential amino acids’
composition of each experiment diet was given in Table 4.

4.2. Fish and Feeding Management

The experiment was performed with three hundred and sixty juvenile golden pom-
panos that were obtained from the Dayawan Fish Farm (Guangdong, China). Before the
start of the experiment, all fish were fed with the CSM0 diet for two weeks to adapt to the
experimental conditions. Before the experiment, 360 golden pompanos were fasted for 24 h
and weighed. Fish with a mean initial weight of 28.42 ± 0.02 g were randomly distributed
to 12 sea cages (1.5 m × 1.5 m × 1.5 m). Each experiment diet was randomly assigned
to three replicates, and 30 golden pompanos were in each replicate. All treatments were
fed their respective feeds twice daily (07:00 and 17:00) to apparent satiation for 6 weeks.
The physiobiochemical properties of the water were recorded daily. The temperature and
dissolved oxygen of water were maintained at 28–30 ◦C and 5.0–6.0 mg/L.
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Table 3. Experimental diet formulations.

Ingredients
Diets (% Dry Weight)

CSM0 CSM20 CSM40 CSM60

Fishmeal 25.00 20.00 15.00 10.00
Cottonseed meal (CSM) 0.00 5.00 10.00 15.00

Corn gluten meal 13.00 13.00 13.00 13.00
Poultry by-product meal 11.00 11.00 11.00 11.00

Soybean meal 8.50 8.50 8.50 8.50
Peanut meal 6.50 6.50 6.50 6.50
Wheat meal 17.50 17.50 17.50 17.50

Fish oil 1.50 2.00 2.40 2.80
Soybean oil 5.00 5.00 5.00 5.00

Soybean lecithin 2.50 2.50 2.50 2.50
Monocalcium phosphate 1.50 1.70 1.90 2.10

Lysine 0.28 0.45 0.60 0.75
Methionine 0.10 0.15 0.20 0.25
Threonine 0.01 0.03 0.05 0.07

Squid paste 1.50 1.50 1.50 1.50
Mineral premix 1 1.50 1.50 1.50 1.50
Vitamin premix 2 0.50 0.50 0.50 0.50

Chromium trioxide 0.10 0.10 0.10 0.10
Lutein 0.10 0.10 0.10 0.10

Antioxidant 0.05 0.05 0.05 0.05
Mold inhibitor 0.10 0.10 0.10 0.10

Cellulose 3.76 2.82 2.00 1.18

Proximate composition
DM (%) 90.24 89.98 89.91 90.12

Crude protein (%) 42.42 42.51 42.58 42.66
Crude lipid (%) 14.00 14.09 14.07 14.05

1 Mineral premix (mg/kg diet): NaF, 2 mg; KI, 0.8 mg; CoCl2·6H2O (10 g/kg), 50 mg; CuSO4·5H2O, 10 mg;
FeSO4·H2O, 80 mg; ZnSO4·H2O, 50 mg; MnSO4·H2O, 60 mg; MgSO4.7H2O, 1200 mg; Ca(H2PO4)2·H2O, 3000 mg;
NaCl, 100 mg; zeolite, 15,447 mg. 2 Vitamin premix (mg/kg diet): thiamin, 25 mg; riboflavin, 45 mg; pyridoxine
HCl, 20 mg; vitamin B12, 0.1 mg; vitamin K3, 10 mg; inositol, 800 mg; pantothenic acid, 60 mg; niacin acid, 200 mg;
folic acid, 20 mg; biotin, 1.20 mg; retinal acetate, 32 mg; cholecalciferol, 5 mg; α-to-copherol, 120 mg; ascorbic acid,
2000 mg; choline chloride, 2500 mg; ethoxyquin 150 mg; wheat middling, 14,012 mg.

Table 4. The essential amino acid composition of the experimental diets.

Amino Acids
Diets (% Dry Weight)

CSM0 CSM20 CSM40 CSM60

Lys 1.90 1.92 1.92 1.91
Met 0.70 0.70 0.70 0.70
Thr 0.88 0.88 0.88 0.88
Arg 1.29 1.51 1.73 1.95
His 0.47 0.49 0.51 0.53
Ile 0.84 0.81 0.79 0.77

Leu 1.51 1.48 1.45 1.42
Phe 0.89 0.94 0.99 1.04
Val 1.02 1.01 0.99 0.97
Cys 0.15 0.18 0.20 0.23
Tyr 0.66 0.65 0.65 0.64

4.3. Sample Collection

At the end of the feeding trial, all of the golden pompano were fasted for 24 h and
weighed. Four fish from each cage were rapidly anesthetized with eugenol (Shanghai
Medical Co., Ltd., Shanghai, China), and the dorsal muscle of the fish was cut from the
posterior of the anus to the posterior of the dorsal fin, then was quickly collected and
immediately frozen. Samples of the muscle molecular analysis were kept in an RNAase
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tube (Axygen, Union City, CA, USA), snap-frozen in liquid nitrogen and then reversed at
−80 ◦C until gene expression analysis.

4.4. AA Composition of Diet and Proximate Composition; Free AAs of Muscle

Diets were dried by a freezer dryer (ALPHA1-2 LD plus, Christ Co., Ltd., Berlin,
Germany) in order to measure the AA compositions. The L-8900 AA analyzer (Hitachi,
Tokyo, Japan) was used for analysis after all samples were digested with 6 M HCl for 22 h
(Hitachi, Japan).

The proximate compositions of the muscle were determined, followed by the methods
reported by Yang [49]. The moisture content was conducted by drying samples to a
constant weight in an oven at 105 ◦C and calculating it as a percentage. The crude lipid
was measured by a petroleum ether extraction (B.P. 30–60 ◦C, 3 h) in a SoxtecTM 2055
extraction. The crude protein was analyzed through a Dumas nitrogen determination
apparatus (DT autosampler, Europe Gerhardt Company, Königswinter, Germany). The ash
was determined by incinerating samples in a muffle furnace (FO610C, Yamato Scientific
Co., Ltd., Tokyo, Japan) at 550 ◦C for 12 h until the samples were at a constant weight.
Moreover, the free AA composition in the muscle was performed by an auto AA analyzer
(LA8080; Hitachi, Tokyo, Japan). The muscle sample (0.2 g) and 10% hydrochloric acid
were mixed completely and then ground for 5 min. After being centrifuged at 12,000× g
at 4 ◦C for 15 min, the supernatants were filtered through 0.22-μm filters for the free AA
concentration analysis.

4.5. RNA Extraction and cDNA Synthesis

Total RNA was isolated from the muscle sample using Trizol Reagent (Vazyme Biotech
Co., Ltd., Nanjing, China) according to the manufacturer’s instructions. After being
eluted in diethyl pyrocarbonate (DEPC)-treated water, the RNA samples were subjected
to electrophoresis on 1.2% agarose gel to confirm the integrity, and RNA quantity and
quality was assessed as a RNA concentration and 260/280 nm absorbance ratio by using a
NanoDrop 2000 spectrophotometer (Thermo, NanoDrop Technologies, Wilmington, DE,
USA). The cDNA was generated from 1 μg of total RNA by using a Prime Script RT reagent
Kit (Vazyme Biotech Co., Ltd., China). Reaction conditions were recommended by the
manufacturer’s introductions. The cDNA was then diluted with DEPC water to 100 ng/μL
and used for real-time qPCR to determine the gene expression levels in muscle.

4.6. mRNA Expression Analysis (RT-qPCR)

The primers used in this study were given in Table 5. Real-time PCR assays were
performed on a CFX96 real-time PCR equipment (CFX96, BIO-RAD, Berkeley, CA, USA) in
a total volume of 20 μL containing 10 μL of Hiff® qPCR SYBR Green Master Mix (Yeasen,
Shanghai, China), 3 μL of diluted cDNA, 0.5 μL of each primer and 6 μL of DEPC water.
The amplification reaction was initially conducted at 95 ◦C for 2 min, followed by 40 cycles
of denaturation at 95 ◦C for 15 s and annealing at 58 ◦C for 30 s, and finally 72 ◦C for
20 s. The specificity was confirmed by the melt curve, and the relative mRNA expression
levels of target genes were analyzed using the 2−ΔΔCt method. β-actin was used as the
internal reference gene to normalize the mRNA expression of genes, and the relative gene
expression is relative to the control group.

4.7. Western Blotting

The Western blotting was performed according to Xu’s study [48]. The BCA protein
assay kit (Beyotime, Biotechnology, Shanghai, China) was used to estimate protein concen-
trations of samples following the manufacturer’s guide. The relative protein expression of
total AKT, phosphor-AKT, total TOR, phosphor-TOR, total S6, phosphor-S6, total eIF2α and
phosphor- eIF2α were analyzed by sodium dodecyl sulfate-polyacrylamide (SDS-PAGE)
and then transferred onto 0.45-μm polyvinylidene fluoride (PVDF) membranes (Millipore,
St. Louis, MO, USA) by electrophoretic transfer for 1 h at 100 V. After that, the PVDF
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membranes were blocked with 5% non-fat milk in Tris-buffered saline in tween 20 (TBST)
containing 20 mM Tris-HCl, 500 mM NaCl and 1% Tween-20 at room temperature for 1 h.
The membranes were incubated in each primary antibody overnight at 4 ◦C. After washing
the membranes three times with TBST, horseradish peroxidase-labeled secondary antibod-
ies (1:10,000 dilution) was added and incubated for 1 h at room temperature. After washing
again with TBST three times, the membranes were then treated with enhanced chemilumi-
nescence (ECL) regents (Beyotime, Biotechnology, China) to visualize the protein bands.
Protein expression was quantified with NIH Image 1.63 software, and β-tublin was used
as reference.

Table 5. Primers used for determining gene expression.

Target Gene Forward Sequence (5′–3′) Reverse Sequence (5′–3′)

g6pdh CTGTGGCAAAAGTTGGTGTG CCTGATGATGTGAGGGATGA
hk CCTTCCTCGTCTTTGTCATTT TGTCCGTCTCATCCTGGTG
pk TTTGCCAGTTTCATCCGCT CCATCACGCCATCGCTCT

pfk-1 TGGGTGGGACCGTGATT AGGTTGGTGATGCCTTTCTT
pepck TGGAGTGTTTGTTGGAGCAG CGAAGTTGTAGCCGAAGAAG
glut2 TCCTGTTTGCTGTGCTGCTT GTTTTCCGTCCCTTGCG
glut4 AATGGCTGTGGCTGGCTT AGGTTTTTCCCCGTGTTTCT
irs1 GCTCCACCCCTCTATTATCTCCT GTACCTCCCACAGTTCCTCAGTC

igf-i r TTCTGCTGTGCTCTTGTCT GATGTTTTTGGTGTGGCT
glp-1 r GGCAATCTCTCCTGTTCCC AGCCTCTGCTTTTATTCGTG

FAS GATGGATACAAAGAGCAAGG GTGGAGCCGATAAGAAGA
ACC GTTGTCAATCCCAGCCGATC ATCCACAATGTAGGCCCCAA

AGPAT3 CTTCCTGTTTTGGGCCACTC GTCGCCATAACTTGAGCCTG
FAD GAACAATCCCACTTCAACG AGGAATCCCATACTTCTCACA

elovl5 TACATGGTCACGCTCATTATCC CCGTTCTGATGCTCCTTCTTTA
SREBP1 GAGCCAAGACAGAGGAGTGT GTCCTCTTGTCTCCCAGCTT
PPARα AATCTCAGCGTGTCGTCTT GGAAATGCTTCGGATACTTG
PPARγ TCAGGGTTTCACTATGGCGT CTGGAAGCGACAGTATTGGC

LPL TTTGTCCTTCCTCGTCACCA AAGACAGCATCCTCTCCACC
HSL TCATACCTCCACACCAACCC GTCTCGCAGTTTCTTGGCAA
CPT1 CTTTAGCCAAGCCCTTCATC CACGGTTACCTGTTCCCTCT

FABP1 CCAAGGACATCAAGCCAATTAC TGGTGATTTCAGCCTCCTTAC
APROB100 AAAAGCCACAAGACGAAAGCA GAAGCAGCAAAAGGCAGAGC

LAT2 CTCCCAGCAGCTTCTCACCAAAC CTCGTGCCATCTTCATCTCCATC
SNAT2 CTGCTGGCTGCCCTTTTCGGATA AGGACAGGTGCTGGTTGATGGAG
PEPT1 AACTGGTCTCCTCCAAACGC GTTGGAGCCATTCCCACTGT

GH CGGAGCAGTCAGAGTCTTCTACCT TTCCACAGTAAAACAGTCATCATCAT
IGF-1 CGCAATGGAACAAAGTCGG AGGAGATACAGCACATCGCACT
IGF-2 GCAAAGACACGGACCCCACT CGAGGCCATTTCCACAACG
TOR GGGTCTTATGAGCCAGTGCCAGG CTTCAGGGTTGTCAGCGGATTGT

S6 GCACTGTCCCTCGCCGTCTT CTGGGCTTCTTGCCTTCTTT
4E-BP1 ACACCCCAGCAGGAACTTT GTGACCATCAACGACGCAG
eIF2α TGTATTCCAGCACCTCAGCC CGTGGTCGTCATCCGAGTAGA
ATF4 CTGCGTCACCCCTCAACTCC CATTCGCTCCATCCACAACC

CHOP CGGAGTTTCTGGATGTTTTGGA AGGAGGAGGAAGAGGAGGATGA
REDD1 AGCCAAAGACTCAGAATGCG TGAAAGGTGGGGACAAGGTA
β-actin TACGAGCTGCCTGACGGACA GGCTGTGATCTCCTTCTGC

4.8. Statistical Analysis

The statistical analysis was performed using the software SPSS 19.0 (IBM SPSS Statis-
tics, Version 19.0, Armonk, NY, USA), and the analysis results were presented as mean
± standard error of mean (SEM). Prior to analysis, the homogeneity of the variance of
measurement data was confirmed. If the data found did not comply with the paramet-
ric assumption of normality and homogeneity of variance, data transformations (such
as logarithms, square roots and reciprocals) were applied to meet the ANOVA criteria.
Significant differences among treatment were analyzed by one-way analysis of variance
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(ANOVA), followed by Tukey’s multiple range test. For all cases, the level of significance
was determined as p < 0.05. The figures in this paper were made using GraphPad Prims 8.0
(GraphPad Software Inc., USA).

5. Conclusions

Over all, the present results suggested that CSM could substitute 20–40% FM without
affecting the muscle nutritive deposition. All data supplemented powerful support for our
previous conclusion that CSM could successfully replace 20% FM based on growth perfor-
mance. These two studies presented a comprehensive evaluation of the optimal substitution
ratio of CSM to replace FM in the golden pompano. Moreover, the underlying mechanism
of over 40% FM replaced by CSM that reduced muscle nutrient deposition was also inves-
tigated in this study. Inhibited GH-IGF, TOR and activated AAR suppressed glycolipid
metabolism and further decreased nutrient deposition in muscle tissue. However, more
in-depth mechanisms should be further elucidated in future studies.
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Abstract: The aim of this study was to evaluate the nutritional value of cottonseed protein concentrate
(CPC) as a single dietary protein source and the optimal protein level for grass carp (Ctenopharyngodon
idellus). An 8-week feeding trial was conducted by feeding juvenile grass carp (initial body weight:
4.68 ± 0.01 g) with six experimental diets containing graded levels of protein provided by CPC. The
results showed that the optimal CPC level (CPC4) improved the growth performance and health status
of grass carp. The optimal dietary protein level was estimated to be 38.61 and 38.66% based on specific
growth rate (SGR) and feed efficiency (FE), respectively. The CPC4 group significantly increased
the total antioxidant capacity (T-AOC) content and glutathione peroxidase (GSH-Px) activity in the
hepatopancreas (p < 0.05). In addition, the CPC4 group increased the muscle T-AOC and glutathione
(GSH) content and improved muscle hardness, and the gene expression of MRFs, fgf6a, myhc-7, myhc-1,
myhc-4, igf-II, and tor was upregulated while mstn gene expression was downregulated (p < 0.05).
Correlation analysis revealed that the optimal dietary CPC level promoted grass carp growth, health,
and flesh quality by regulating the relative abundance of intestinal microbes. Furthermore, CPC6
upregulated the ko00480 (Glutathione metabolism) and ko00620 (Pyruvate metabolism) pathways
compared to CPC1 (p < 0.05), possibly indicating that low dietary CPC levels adversely affected
amino acid metabolism in the intestinal microbiota of grass carp, while a high level of CPC will meet
the metabolic needs of the body by increasing the utilization of energy.

Keywords: cottonseed protein concentrate; protein requirement; muscle texture; antioxidant capacity;
metabolic function

1. Introduction

Protein is the most expensive ingredient in aquafeed and profoundly impacts the
growth and health of aquatic animals. However, the shortage of traditional protein sources,
such as fishmeal and soybean meal, hinders the development of the global feed industry [1].
Cottonseed protein plays an essential role in aquaculture as a plant protein source [2].
However, cottonseed contains gossypol and other anti-nutritional factors, limiting its in-
clusion level in a diet [2]. Through a series of processing, including dehairing, dehulling,
low-temperature oil extraction, and solvent extraction, the cottonseed is processed into cot-
tonseed protein concentrate (CPC), which significantly reduce the anti-nutritional factors [3].
Currently, researchers are extensively investigating the potential of CPC as alternative ma-
terials in diets [3–5], aiming to alleviate protein shortages. CPC can replace 40–45% of
fishmeal in largemouth bass (Micropterus salmoides) diets without affecting largemouth
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bass growth performance [3,4]. Likewise, CPC can replace 24% of the fishmeal in pearl
gentian grouper (Epinephelus fuscoguttatus♀× Epinephelus lanceolatu♂) and promote growth
performance [5]. However, nutritional trials using CPC as the sole protein source are
uncommon, which is desirable to evaluate the biological value of CPC.

Grass carp (Ctenopharyngodon idellus) is herbivorous and feeds on certain water plants
in its natural environment [6]. The grass carp culture shares a long history and the largest
freshwater aquaculture production in China due to the euryphagic feeding habit and
delicious meat of grass carp, which is one of the “four major Chinese carps”. Grass carp
has been introduced into more than 100 countries around the world for food, weed control,
or research [7]. According to FAO statistics, the global aquaculture production in 2020 was
87.5 million tons, among which grass carp production was 5.79 million tons (the top three
countries in production are China, Bangladesh, and Iran), accounting for about 6.62% [8].
Nowadays, grass carp culture relies mainly on feeding with compound feed to meet the
market demand. Previous studies have determined protein requirements for grass carp
based primarily on semi-purified feeds using fishmeal or casein, which indicated that the
optimal protein level vary according to the protein materials and fish growth stages [9–12].
Moreover, precise nutrition for aquatic animals requires accurate knowledge regarding
the protein sources and their optimal inclusion levels, which has progressively attracted
attention from scholars. Therefore, evaluating the optimal dietary protein level in grass
carp diets based on CPC as a protein source must be emphasized under the circumstance
of precision nutrition.

Flesh quality has always been the most valued part by consumers. The indicators
for evaluating flesh quality include cooking loss, texture properties (including hardness,
cohesiveness, gumminess, springiness, resilience, and chewiness), pH, and antioxidant
capacity [13]. Muscle growth is a dynamic process, including muscle hyperplasia and
hypertrophy [14], which is affected by multiple regulatory factors such as muscle regulatory
factors (MRFs), insulin-like growth factors (IGFs), fibroblast growth factor 6 (fgf6), myostatin
(mstn), and target of rapamycin (tor) [15,16]. There have been many achievements in
regulating flesh quality by dietary nutrients in mammals, but the regulation of flesh quality
in aquatic animals still needs to be investigated in depth. Existing studies have shown that
amino acid supplementation at an appropriate level can improve the flesh quality of grass
carp [13] and hybrid bagrid catfish (Pelteobagrus vachelli♀× Leiocassis longirostris♂) [15].
Grass carp that ate fava beans gained better flesh quality, mainly due to increased muscle
hardness [17,18]. Furthermore, a previous study showed that replacing rapeseed meal and
cottonseed meal with DDGS induced the myosin isoforms transformation of grass carp,
altering the muscle texture properties, histological muscle properties, and gene expression
of MRFs [16,19]. A recent study showed that feeding grass carp (6.80 ± 0.10 g) with
graded protein level (soybean meal) diets improved flesh quality at the appropriate protein
level [20]. Likewise, in a study of large grass carp (264.11 ± 0.76 g), optimal protein levels
(fish meal, casein and gelatin) also improved muscle texture and antioxidant capacity [12].
Therefore, the effect of varying dietary protein levels from CPC on the muscle histology,
myosin heavy chain (myhc) gene expression levels, and muscle texture properties deserves
investigation, for a more comprehensive nutritional value evaluation of CPC.

The homeostasis of intestinal microbes regulated by nutrients has crucial guiding
significance for human health [21]. Rapid, low-cost, and precise DNA sequencing methods,
such as those offered by Illumina (San Diego, CA, USA), are becoming increasingly popular
and extensively used to examine intestinal microbial composition [21]. Recently, the
importance of intestinal microbes in aquatic animals has been paid more attention to by
researchers [4,5]. However, previous studies focused on the diversity in intestinal microbial
composition after fishmeal replacement or exposure to specific factors [3,22]. Research on
the effect of protein level on fish intestinal microbiota has only been reported for Songpu
mirror carp (Cyprinus carpio) [23]. In addition, the mammalian gut–muscle axis also have
received attention [24], but these studies are still in their infancy in aquatic animals. In
this regard, a crosstalk analysis between the homeostasis of intestinal microbes and the
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growth and health status will beneficial, to illustrate the regulative mechanism of the CPC
protein level.

To sum up, given the importance of protein resources, the urgent need of farmers
for the rapid and healthy growth of fish, and the pursuit of superior flesh quality by
consumers, it is necessary to evaluate the nutritional value of CPC as a single protein
source and to quantify the optimal protein level for grass carp. Using CPC as a protein
source, six treatments were designed containing a gradient of protein levels, subsequently
conducting an 8-week feeding trial to investigate the effects of these protein levels on the
growth, health, flesh quality, and intestinal microbiota of grass carp.

2. Materials and Methods

2.1. Experimental Diets

Dietary treatments, ingredients, and chemical composition are shown in Table 1. CPC
was used as a protein source, starch was used as a carbohydrate source, and soybean oil
and fish oil were used as lipid sources to prepare the six experimental diets with different
protein contents. The protein contents of the six experimental diets, named CPC1, CPC2,
CPC3, CPC4, CPC5, and CPC6, were 24.80%, 30.51%, 33.68%, 37.69%, 41.43%, and 45.61%
(expressed in dry matter), respectively; also, 0.1% yttrium oxide (Y2O3) was added to
the CPC experimental diets for the determination of apparent digestibility coefficients
(ADCs) [16]. The CPC was provided by Xinjiang Jinlan Plant Protein Co., Ltd., Shihezi,
Xinjiang, China, which contained 61.51% crude protein, 2.36% crude lipid, 5.35% moisture,
5.70% ash, 4.82% crude fiber, 19.55 MJ/kg gross energy, 0.05% tannin, 1.29 mg/kg sterculic
acid, and 285 mg/kg free gossypol. According to the instructions provided by the manu-
facturer, the CPC is made as follows: Briefly, the regular glanded cottonseeds were first
crushed and sieved to remove the hulls; then, the kernels were softened under a certain
moisture content and rolled into 0.4 mm-thick flakes and dried. The softening, rolling, and
drying were processed at a low temperature (60–70 ◦C). The dried flakes were extracted
with mixed solvents of methanol and n-hexane in different concentrations for oil extraction
and dephenolization, and then subjected to rapid low-temperature drying (not higher
than 90 ◦C) to obtain the final product. The raw materials in the diets were ground and
screened through an 80-mesh sieve, then accurately weighed, and finally mixed uniformly
using a M-256 mixer (South China University of Technology, Guangzhou. Pellets (diameter:
2.0 mm) were extruded using a laboratory feed extruder (feed moisture: 21%, expansion
temperature: 130 ◦C), air dried, and then stored at −20 ◦C.

2.2. Fish and Feeding Trial

Juvenile grass carp were purchased from Xinzhou Fisheries Co. Ltd. (Wuhan, China).
Prior to the growth trial, the fish were acclimated to the culture conditions and were fed
with an even mixture of the six diets. After 2 weeks of acclimation, 540 fish were divided
into 18 tanks in a flow-through culture system at random, with 30 fish (initial body weight,
4.68 ± 0.01 g) in each tank (water volume: 300 L, water exchange: 1 L/min). Each diet was
delivered randomly to three tanks. The growth trial lasted for 8 weeks. During the growth
trial, fish were hand-fed twice a day (08:30 and 15:30). The feed consumed in each tank
was recorded daily. Uneaten feed was collected 1 h after feeding and dried in an oven at
60 ◦C to calibrate grass carp food intake. Throughout the experiment, an air pump was
used to ensure that the dissolved oxygen in the water tank was above 6 mg/L; furthermore,
the water temperature was maintained at 27 to 28 ◦C, pH was 7.3 to 7.6, and the natural
photoperiod was applied.
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Table 1. Ingredients and proximate composition of the experimental diets with different protein
levels (expressed as % dry matter).

CPC1 CPC2 CPC3 CPC4 CPC5 CPC6

Cottonseed protein concentrate (CPC) 1 38.40 44.50 50.70 56.90 63.10 69.2
Soy oil:Fish oil (1:1) 5.90 5.76 5.62 5.47 5.32 5.14

Corn starch 18.00 16.80 15.60 14.40 13.20 11.98
Microcrystalline cellulose 34.30 29.54 24.68 19.83 14.98 10.29

Vitamin and mineral premix 2 1.00 1.00 1.00 1.00 1.00 1.00
Calcium biphosphate 1.80 1.80 1.80 1.80 1.80 1.80

Choline chloride (50%) 0.50 0.50 0.50 0.50 0.50 0.50
Yttrium oxide 0.10 0.10 0.10 0.10 0.10 0.10

Proximate composition (%)
Moisture 6.55 7.14 6.67 7.42 7.42 7.88

Crude protein (dry matter) 24.80 30.51 33.68 37.69 41.43 45.61
Crude lipid (dry matter) 7.92 8.04 7.91 7.95 7.97 8.02

Ash (dry matter) 5.70 6.52 6.67 7.15 7.63 8.29
1 The CPC was provided by Xinjiang Jinlan Plant Protein Co., Ltd., Shihezi, Xinjiang, China, which contained
61.51% crude protein, 2.36% crude lipid, 5.35% moisture, 5.70% ash, 4.82% crude fiber, 19.55 MJ/kg gross
energy, and 285 mg/kg of free gossypol. The essential amino acid contents in the CPC were (g/kg) Lysine,
22.6; Methionine, 9.7; Arginine, 68.6; Histidine, 16.4; Leucine, 30.6; Isoleucine, 16.4; Valine, 23; Tryptophan,
8.1; Phenylalanine, 29.8; and Threonine, 15.9. 2 Each kilogram of the vitamin and mineral premix contained:
L-ascorbate-2-monophosphate (35%), 900 mg; vitamin E, 450 mg; inositol, 225 mg; nicotinamide, 120 mg; calcium
pantothenate, 60 mg; vitamin A, 30 mg; vitamin K3, 30 mg; vitamin B2, 22.5 mg; vitamin B6, 22.5 mg; vitamin D3,
15 mg; vitamin B1, 15 mg; folic acid, 15 mg; vitamin B12, 120μg; biotin, 3 mg; ferrous sulfate monohydrate, 300 mg;
zinc sulfate/sulphate monohydrate, 200 mg; Sodium chloride, 100 mg; manganese sulphate, 25 mg; copper (II)
sulfate pentahydrate, 30 mg; cobaltous chloride (10% Co), 5 mg; sodium selenite (10% Se), 5 mg; potassium iodate
(2.9%), 3 mg; and magnesium sulphate, 900 mg.

2.3. Sample Collection

At the conclusion of the 8-week growth trial, fish were deprived of food for 24 h. All
fish in each tank were counted and collectively weighed. Five fish, randomly selected from
each tank, and anesthetized with diluted MS222 (75 mg/L, Aladdin, Shanghai, China), were
weighed and their body length measured individually. Then, blood samples were collected
from the caudal vein, precipitated at room temperature for 30 min, and serum samples
were separated by centrifugation at 4 ◦C for 10 min at 3000× g and stored at −80 ◦C for
analysis. Afterward, the viscera were removed and weighed; then, the hepatopancreas and
mesenteric fat were further dissected and weighed. Tissue samples (hepatopancreas and
white muscle under the dorsal fin) were collected, fast-frozen in liquid nitrogen, and stored
at −80 ◦C for RNA extraction and enzyme activity evaluation. The intestinal contents of
the CPC1, CPC4, and CPC6 groups of fish were collected (in order to explore the effects
of low dietary protein level, optimal dietary protein level, and high dietary protein level
on the intestinal flora of grass carp), with three biological replicates in each group, and
the intestinal contents of six grass carp were collected and mixed as a sample for each
biological replicate. The samples were fast-frozen in liquid nitrogen and stored at −80 ◦C
for analysis of intestinal microbial diversity. Furthermore, the hepatopancreas and muscle
were sampled and fixed in 4% paraformaldehyde and stored in 70% ethanol for histological
observations. Three fish were randomly selected from each tank as samples for muscle
texture analysis. In the last 4 weeks of the growth trial, feces were siphoned from each
tank twice daily at 2 h after feeding, oven-dried at 60 ◦C, and then stored at −20 ◦C for
subsequent nutrient apparent digestibility determination. Furthermore, five fish were
randomly selected from each tank and stored at −20 ◦C for proximate analysis of the body.
All operating procedures were carried out on ice.

2.4. Sample Analysis
2.4.1. Determination of Serum Biochemical Indices

Serum total protein (TP), glucose (GLU), urea nitrogen (UN), high-density lipoprotein
(HDL), low-density lipoprotein (LDL), triglycerides (TG), and cholesterol (CHOL) were
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detected with an automated biochemical analyzer (Abbott Aeroset®, Abbott Laborato-
ries, Chicago, IL, USA) using commercial test kits. Serum activities of lysozyme (LYS),
complement 3 (C3), and the content of immunoglobulin M (IgM) were determined by
commercially available kits (the product numbers are ml036413, ml092636, and ml092683,
respectively) purchased from Shanghai Enzyme-linked Biotechnology Co. Ltd. (Shanghai,
China), according to the manufacturer’s instructions.

2.4.2. Proximate Composition

Proximate analysis was conducted for the experimental feed, feces, dorsal muscle,
and whole fish according to the standard procedures of AOAC [25]. Briefly, samples were
dried to a constant weight at 105 ◦C to estimate the moisture content. Crude protein
was measured using the Kjeldahl method by determining nitrogen (n × 6.25) after acid
digestion. Crude lipid was determined by ether extraction using the Soxhlet method. Ash
was measured in a muffle furnace at 550 ◦C for 5 h.

2.4.3. Enzyme Activity of Muscle and Hepatopancreas

The enzyme activities of alanine aminotransferase (ALT), aspartate aminotransferase
(AST), superoxide dismutase (SOD), catalase (CAT), total antioxidant capacity (T-AOC),
and glutathione peroxidase (GSH-Px), as well as the reduced glutathione (GSH) and
malondialdehyde (MDA) contents in the muscle and hepatopancreas were determined
using commercial kits (Jian Cheng Bioengineering Institute, Nanjing, China).

2.4.4. Apparent Digestibility

According to a previous study [16], the experimental diets and feces were digested
with nitric acid, and the Yttrium content was detected using an IRIS Advantage inductively
coupled plasma (ICP) atomic emission spectrophotometer (Thermo Jarrell Ash Corporation,
Boston, MA, USA) for the calculation of the apparent digestibility coefficients.

2.4.5. Histological Observation

Paraformaldehyde-fixed muscle and hepatopancreas tissues were dehydrated with
gradient grades of ethanol, followed by embedding with paraffin. Thick sections (7 μm)
were prepared and stained with hematoxylin–eosin (HE). The stained samples were ob-
served under a light microscope. The number of muscle fibers and diameter were measured
using an M-Shot image analysis system (Micro-Shot, Guangzhou, China).

2.4.6. Muscle Textural Properties

Cooking loss of muscle was determined based on a previous study [16]. In short, 2–3 g
of muscle was weighed, wrapped in gauze, and then cooked in boiling water (100 ◦C) for
5 min; then, the muscle was taken out and weighed after removing the surface water with an
absorbent paper. Cooking loss was reported in terms of weight loss during heat processing
and expressed as % of the initial sample weight. Texture profile analysis (TPA) of the muscle
was determined using a TA.XT Plus texture analyzer (Stable Micro Systems, Godalming, UK)
equipped with a flat-bottomed cylindrical probe p/36 R (20 mm diameter), as previously
reported by Kong et al. [19]. The measurements were performed on three fish from each tank.

2.4.7. Gene Expression Quantification

Total RNA was extracted using Trizol™ reagent (Takara, Dalian, China). The RNA
integrity and quantity were assessed by Evolution-Capt image analysis software after 1%
agarose gel electrophoresis and a 260/280 nm absorbance ratio (NanoDrop® ND-1000,
Thermo Fisher Scientific, Waltham, MA, USA). High-quality RNA with a 28 S/18 S ratio
≥2 and a 260/280 ratio of 1.9–2.1 was used for further quantification. Subsequently,
cDNA was synthesized using a PrimeScript RT reagent kit with a gDNA eraser (Yeasen,
Shanghai, China).
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Primers for quantitative real-time PCR (qRT-PCR) were designed according to the
sequences existing in National Center for Biotechnology Information Search database
(Table 2). The qRT-PCR reaction was performed using a Hieff® qPCR SYBR® Green Master
Mix (No Rox) (Yeasen, Shanghai, China) on a quantitative thermal cycler (Light Cycler 480
II, Roche). The qRT-PCR reaction procedures were as follows: pre-incubation at 95 ◦C for
5 min, followed by 40 cycles of 95 ◦C for 10 s, and annealing temperature (corresponding
specific primer pairs) for 20 s and 72 ◦C for 20 s. Melting curve analysis was performed to
ensure that only one fragment was amplified. The relative expression levels of the target
genes were calculated by normalization via the 2−ΔΔCT method, as described by Pfaffl [26],
and using β-actin and ef1α as the reference genes.

Table 2. Real-time PCR primer sequences.

Genes 1 Forward Primer (5′-3′) Reverse Primer (5′-3′) Amplification
Efficiency (%)

Accession Number

myod ATGGAGTTGTCGGATATTCCCTTC GCGGTCAGCGTTGGTTGTT 104.45 MG544985
myog TTACGAAGGCGGCGATAACTT TGGTGAGGAGACATGGACAGA 101.18 JQ793897
myf5 GTGCCTGTGCCTCATCTCCT AATGCGTGGTTCACCTTCTTCA 92.41 GU290227
mrf4 TCGCTCCTGTATTGATGTTGATGA GCTCCTGTCTCGCATTCGTT 107.98 KT899334
fgf6a CGCATACGAGTCTTCCAT CCTACGAGAACATCCAACA 102.95 MK050993
fgf6b TCCAGTCCGCTTCCGAGTA AGATGAAACCCGATGCCTACA 91.14 MK050992
mstn CTGACGCCAAGTTCCACATACA CGACTCTGCTTCAAGTTCTTCTCT 99.15 KP719016

myhc-7 AACTGCGCTGTAACGGTGTA AGTGTGCCCAAACCTGTACT 101.85 MW113233
myhc-2 ACAGTGGCCAGCATTGATGA TCCGCAGAGTTCAAACCCAA 101.15 MW113235
myhc-4 ACTCCGCTGACATGCTGAAA TGTCCAGCACACCAATGAAGA 103.78 MW113236
myhc-1 TTCCGTTGTTGTGTCAGGCT TACTGGATGACGCGTTTGGT 99.12 MW113234
igf-II TCTGTGGCAGTCCTCAACAAC TTCCGCAACTTCTTCGCTCTT 97.78 EF062860
tor TCCCACTTTCCACCAACT ACACCTCCACCTTCTCCA 105.68 JX854449

s6k1 ACATAAAGCAGCCTGACG TGGAGGAGGTAATGGACG 101.51 EF373673
4e-bp1 GCTGGCTGAGTTTGTGGTTG CGAGTCGTGCTAAAAAGGGTC 99.59 KT757305
β-actin TATGTTGGTGACGAGGCTCA GCAGCTCGTTGTAGAAGGTG 98.82 M25013

ef1α TGACTGTGCCGTGCTGAT CGCTGACTTCCTTGGTGATT 99.51 GQ266394
1 myod—myogenic differentiation antigen; myog—myogenin; myf5—myogenic factor 5; mrf4—muscle regulatory
factor 4; fgf6a—fibroblast growth factor 6 a; fgf6b—fibroblast growth factor 6 b; mstn—myostatin; myhc-7—myosin
heavy chain 7; myhc-2—myosin heavy chain 2; myhc-1—myosin heavy chain 1; myhc-4—myosin heavy chain
4; igf-II—insulin-like growth factor 2; tor—target of rapamycin; s6k1—ribosomal protein S6 kinase 1; 4e-bp1—4
e-binding protein 1; ef1α—elongation factor 1-alpha.

2.4.8. Intestine Microbiome Analysis

Microbial community DNA was extracted from intestinal contents using the E.Z.N.A.®

Soil DNA Kit (Omega Bio-Tek, Norcross, GA, USA). The integrity of the DNA was checked
on 1% agarose gel, while the DNA concentration and purity were detected on a Nan-
oDrop 2000 UV–vis spectrophotometer (Thermo Scientific, Wilmington, NC, USA). After
amplification of the hypervariable V3–V4 regions of the bacterial 16 S rRNA gene on an
ABI GeneAmp® 9700 PCR thermocycler (ABI, Foster, CA, USA) using primer pairs 338 F
(5′-ACTCCTACGGGAGGCAGCAG-3′) and 806 R (5′-GGACTACHVGGGTWTCTAAT-3′),
the PCR products were sequenced by the Illumina MiSeq PE300 platform (Illumina, San
Diego, CA, USA). The raw reads from this study were deposited in the NCBI Sequence
Read Archive (SRA) database (Accession Number: PRJNA826686).

The raw reads of 16 S rRNA gene sequencing were demultiplexed, quality filtered, and
merged by fastp (version 0.20.0, https://github.com/OpenGene/fastp) and FLASH (ver-
sion 1.2.7, https://ccb.jhu.edu/software/FLASH/index.shtml). Bioinformatic statistical
analysis of the operational taxonomic units (OTUs) at 97% similarity level was performed
using Uparse (version 7.0.1090, http://www.drive5.com/uparse/). Compared with the
16 S rRNA database (Silva 138), the RDP classifier Bayesian algorithm was used to perform
taxonomic analysis on the representative sequences of OTUs (confidence threshold was 0.7).
The Alpha diversity index under different random sampling was calculated using mothur
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(version 1.30.2, https://www.mothur.org/wiki/Download_mothur) and the difference
between groups was compared by Welch’s t-test. Statistical analysis and graphing of the
PCoA (principal co-ordinates analysis) was performed using the R language (version 3.3.1,
https://www.r-project.org/); ANOSIM analysis using the weighted UniFrac metric was
also performed to judge whether the groupings are meaningful. One-way ANOVA was
used to discriminate between-group differences in Firmicutes, Bacteroidetes, and F/B
values. Spearman coefficients were used to indicate the correlation between clinical factors
and species. In addition, LEfSe (linear discriminant analysis of effect size) performs linear
discriminant analysis (LDA) according to the degree of influence of species composition on
samples, identifying those species with significant differences. Finally, the 16 S taxonomic
lineage based on the Silva database was transformed into the taxonomic lineage of prokary-
otes in the KEGG database by Tax4 Fun. KEGG functional annotation was performed on
the 16 S RNA gene sequence.

2.5. Statistical Analysis

Data were expressed as the mean ± standard error (SE). The data analysis was carried
out with the SPSS computer program, version 26 (IBM, Armonk, NY, USA). After confir-
mation of the normality and homogeneity of variance (Levene’s test) of the results, the
effect of diet treatments was identified by one-way analysis of variance (ANOVA), and the
difference between groups was further compared by Duncan’s test. The difference was
considered significant at p < 0.05. The data were compared with orthogonal polynomials,
and if significance (linear, quadratic, or cubic) was detected, the model was further fitted
by regression analysis. A two-slope broken-line linear (2 SBL-LL) model was also tested if
the quadratic or cubic regression was significant. The R square (R2) was used for optimal
regression selection to detect the optimal protein level for dependent variables. The dietary
protein requirement (provided by CPC) of grass carp was obtained by the broken-line
analysis based on SGR and FE.

3. Results

3.1. Growth Performance, Apparent Digestibility, and Morphology Parameters

The effects of graded dietary protein levels on growth performance, apparent di-
gestibility, and morphological parameters are presented in Table 3. After 8 weeks of
feeding, the final body weight (FBW) of the grass carp was about three times the initial
body weight, and there was no significant difference in survival rate among treatments
(p > 0.05). As the dietary protein content increased gradually, the FBW, specific growth
rate (SGR), and feed efficiency (FE) all exhibited an increasing first and then a decreasing
trend in the quadratic model (p < 0.05, R2 = 0.541, 0.545, and 0.642), all of which showed
the highest values in the CPC4 group. The feeding rate (FR) and protein efficiency ratio
(PER) showed a linear downward trend with increasing protein levels (p < 0.05, R2 = 0.410
and 0.528). Furthermore, as dietary protein levels increased, the apparent digestibility
coefficient of the dry matter (ADCd) and morphological parameters (including condition
factor (CF), hepatosomatic index (HSI), and mesenteric fat index (MFI)) first increased and
then decreased in the quadratic model (p < 0.05, R2 = 0.881, 0.603, 0.777, and 0.741), while
the apparent digestibility coefficient of the protein (ADCp) exhibited a rising linear model
(p < 0.05, R2 = 0.734). Based on the broken-line analysis of SGR and FE, the optimal dietary
protein (CPC) level of the grass carp was estimated to be 38.61 and 38.66%, respectively
(Figure 1).
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Table 3. Effects of dietary protein levels on the growth, apparent digestibility, and morphological
parameters of grass carp 1.

Items 2 Diet Treatments PSE 3 Orthogonal Contrast 4 Regression

CPC1 CPC2 CPC3 CPC4 CPC5 CPC6 Linear Quadratic Cubic Model 5 (Pr > F) 6 R2

IBW (g) 4.70 4.69 4.70 4.67 4.67 4.67 0.03 0.903 0.447 0.281 Ns - -
FBW (g) 11.83 a 12.39 ab 14.72 bc 15.42 c 14.61 bc 13.11 abc 1.23 0.040 0.004 0.234 Qd 0.003 0.541
SR (%) 96.67 97.78 97.78 95.56 97.78 97.78 3.77 0.858 0.870 0.630 Ns - -

SGR (%/d) 1.66 a 1.72 a 2.04 b 2.13 b 2.03 b 1.84 ab 0.16 0.030 0.005 0.216 2 SBL-LL 0.003 0.887
FR (%/d) 4.09 b 3.50 a 3.63 a 3.55 a 3.44 a 3.44 a 0.18 0.001 0.060 0.087 Ln 0.004 0.410

FE (%) 38.58 a 46.81 ab 51.72 b 54.78 b 54.26 b 50.18 b 5.03 0.005 0.009 0.872 2 SBL-LL 0.000 0.982
PER 1.56 b 1.53 b 1.54 b 1.45 b 1.31 ab 1.10 a 0.15 0.001 0.078 0.750 Ln 0.000 0.528

ADCd (%) 66.89 c 72.02 d 71.18 d 71.60 d 61.51 b 56.27 a 1.85 0.000 0.000 0.214 Qd 0.000 0.881
ADCp (%) 64.43 a 67.03 a 69.86 ab 70.62 ab 75.99 bc 79.77 c 3.54 0.000 0.409 0.698 Ln 0.000 0.734

CF (%) 1.70 a 1.77 ab 1.84 bc 1.89 c 1.84 bc 1.79 abc 0.05 0.032 0.003 0.680 Qd 0.001 0.603
HSI (%) 1.86 a 2.14 cd 2.22 d 2.28 d 2.02 bc 1.91 ab 0.08 0.917 0.000 0.187 Qd 0.000 0.777
MFI (%) 1.29 a 1.52 b 1.85 c 2.25 d 2.40 e 1.58 b 0.04 0.000 0.000 0.000 Qd 0.000 0.741

1 All data are the means of three parallel tanks (n = 3). Mean values not sharing a common superscript in the
same row are significantly different (p < 0.05), while mean values in the same row without any superscript are not
different. Growth parameters, feed utilization (except PER), and digestibility parameters were calculated with
reference to the study of Wang et al. [20], PER was calculated according to the study of Abdel-Tawwab et al. [27]
and morphological parameters were calculated according to the study of Abouel Azm et al. [16]. 2 IBW, initial body
weight; FBW, final body weight. SR (Survival rate, %) = 100 × (number of survival/total number). SGR (Specific
growth rate, %/d) = 100 × (ln (FBW)–ln (IBW))/(experimental period (d)). FE (Feed efficiency, %) = 100 × [FBW
(g)–IBW (g)]/dry feed intake (g). FR (Feeding rate, %/d) = 100 × dry feed intake/(experimental days × (FBW
+ IBW)/2). PER (Protein efficiency ratio) = (FBW (g) – IBW (g))/(dry feed intake (g) × dietary protein content).
ADCd (Apparent digestibility coefficient of dry matter, %) = 100 × (1 – (dietary yttrium content/fecal yttrium
content)). ADCp (Apparent digestibility coefficient of protein, %) = 100 × (1 – (dietary yttrium content/fecal
yttrium content) × (fecal protein content/dietary protein content)). HSI (Hepatosomatic index, %) = 100 × (final
hepatopancreas weight (g)/final body weight (g)). MFI (Mesenteric fat index, %) = 100 × (mesenteric fat weight
(g)/final body weight (g)). CF (Condition factor, %) = fish weight (g) × 100/fish length (cm)3. 3 PSE = Pooled
standard error of treatment means (n = 3). 4 If statistical significance (p < 0.05) was detected, the model that fits
best with the data was selected. 5 Ns = No structure (p > 0.05); 2 SBL-LL = Two slope broken line-linear ascending
and linear descending; Ln = Linear; Qd = Quadratic. 6 Probability associated with the F-statistic test.

Figure 1. Broken-line analysis of the relationship between the dietary protein level and growth
performance of grass carp. (A) The regression analysis between the specific growth rate and dietary
protein level. (B) The regression analysis between the feed efficiency and dietary protein level.

3.2. Body and Dorsal Muscle Proximate Composition

As shown in Table 4, the crude lipid content in the whole body increased linearly
(R2 = 0.375), while the muscle protein content increased first and then decreased in the
quadratic model in response to the increasing protein level (p < 0.05, R2 = 0.331). No other
significant difference in the proximate composition of the whole body and dorsal muscle
was observed between treatments (p > 0.05).
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Table 4. Effects of dietary protein levels on the body and dorsal muscle proximate composition of
grass carp (% fresh weight) 1.

Diet Treatments PSE 2 Orthogonal Contrast 3 Regression

CPC1 CPC2 CPC3 CPC4 CPC5 CPC6 Linear Quadratic Cubic Model 4 (Pr > F) 5 R2

Whole body
Moisture 72.03 72.54 72.38 71.55 72.38 71.32 0.70 0.180 0.317 0.869 Ns - -

Crude Protein 13.65 13.68 13.77 13.77 13.72 13.64 0.24 0.951 0.415 0.863 Ns - -
Crude Lipid 9.90 9.95 10.84 11.12 10.85 10.80 0.45 0.005 0.051 0.416 Ln 0.007 0.375

Ash 3.14 3.33 2.66 3.13 2.59 3.09 0.41 0.344 0.360 0.357 Ns - -
Dorsal muscle

Moisture 77.20 76.68 76.19 77.03 77.45 77.13 0.72 0.434 0.249 0.130 Ns - -
Crude Protein 18.18 18.69 18.68 18.72 18.35 18.23 0.34 0.649 0.026 0.368 Qd 0.049 0.331
Crude Lipid 3.72 3.89 3.88 3.88 3.77 3.63 0.31 0.610 0.252 0.876 Ns - -

Ash 0.44 0.45 0.46 0.39 0.44 0.50 0.05 0.514 0.197 0.181 Ns - -
1 All data are the means of three parallel tanks (n = 3). Mean values not sharing a common superscript in the
same row are significantly different (p < 0.05), while mean values in the same row without any superscript are
not different. 2 PSE = Pooled standard error of treatment means (n = 3). 3 If statistical significance (p < 0.05)
was detected, the model that fits best with the data was selected. 4 Ns = No structure (p > 0.05); Ln = Linear;
Qd = Quadratic. 5 Probability associated with the F-statistic test.

3.3. Serum Biochemical Indices and Immune Enzyme Activity

The biochemical indices and immune parameters in the serum of grass carp are
presented in Table 5. The serum TP showed a linearly increasing trend as the dietary
protein level increased (R2 = 0.291) but was not significantly different among all treatments.
The contents of serum UN and IgM also increased linearly with dietary protein levels
(p < 0.05, R2= 0.696 and 0.650). In contrast, the contents of TG, LDL, and C3 in the serum
increased first and then decreased, responding to the increasing dietary protein level in the
quadratic model (p < 0.05, R2 = 0.710, 0.300, and 0.471, respectively). However, the dietary
protein level did not affect the contents of serum GLU, CHOL, HDL, and LYS of grass carp
(p > 0.05).

Table 5. Effects of dietary protein levels on biochemical indices and immune parameters in the serum
of grass carp 1.

Diet Treatments PSE 3 Orthogonal Contrast 4 Regression

Indices 2 CPC1 CPC2 CPC3 CPC4 CPC5 CPC6 Linear Quadratic Cubic Model 5 (Pr > F) 6 R2

TP (g/L) 38.00 38.57 38.17 38.63 40.97 42.00 2.43 0.036 0.322 0.945 Ln 0.021 0.291
GLU

(mmol/L) 5.60 5.00 4.70 4.97 5.43 5.67 1.10 0.726 0.236 0.665 Ns - -
UN

(mmol/L) 0.50 a 0.53 a 0.63 a 0.77 ab 1.07 bc 1.10 c 0.17 0.000 0.391 0.355 Ln 0.000 0.696
TG

(mmol/L) 2.50 a 2.85 a 3.57 b 3.99 b 3.68 b 3.57 b 0.35 0.000 0.004 0.448 Qd 0.000 0.710
CHOL

(mmol/L) 6.70 6.95 7.17 6.75 6.67 6.60 0.63 0.567 0.424 0.530 Ns - -
HDL

(mmol/L) 2.69 2.70 2.73 2.75 2.78 2.77 0.32 0.202 0.778 0.776 Ns - -
LDL

(mmol/L) 4.22 a 4.37 ab 4.61 b 4.44 ab 4.33 ab 4.30 ab 0.18 0.884 0.027 0.334 Qd 0.069 0.300

C3 (μg/mL) 122.62 a 125.61 ab 127.58 ab 130.02 bc 133.96 c 124.87 ab 2.87 0.016 0.005 0.025 Qd 0.008 0.471
IgM

(μg/mL) 32.20 a 32.29 a 38.00 b 38.83 b 38.42 b 40.42 b 2.08 0.000 0.199 0.751 Ln 0.000 0.650

LYS
(ng/mL) 181.00 187.22 178.87 179.95 180.99 176.60 6.50 0.230 0.660 0.737 Ns - -

1 All data are the means of three parallel tanks (n = 3). Mean values not sharing a common superscript in the
same row are significantly different (p < 0.05), while mean values in the same row without any superscript
are not different. 2 TP, total protein; GLU, glucose; UN, urea nitrogen; TG, triglyceride; CHOL, cholesterol;
HDL, high-density lipoprotein; LDL, low-density lipoprotein; C3, complement 3; IgM, immunoglobulin M;
LYS, lysozyme. 3 PSE = Pooled standard error of treatment means (n = 3). 4 If statistical significance (p < 0.05)
was detected, the model that fits best with the data was selected. 5 Ns = No structure (p > 0.05); Ln = Linear;
Qd = Quadratic. 6 Probability associated with the F-statistic test.

3.4. Antioxidative Capacity, Metabolic Enzymes, and Histological Observation of Hepatopancreas

As shown in Figure 2, hepatopancreatic T-AOC, GSH-Px, AST, and ALT activities
significantly increased first and then decreased in response to the increasing dietary protein
level in the quadratic model (R2 = 0.666, 0.461, 0.558, and 0.386, respectively). The activities
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of T-AOC and ALT peaked in the CPC3 group (p < 0.05), while GSH-Px and AST showed
the highest values in the CPC4 group (p < 0.05). The hepatopancreatic MDA content
significantly decreased first and then increased with dietary protein level and was the
lowest in the CPC4 group (p < 0.05, R2 = 0.623). In contrast, SOD and CAT activities were
not significantly different among all treatments (p > 0.05).

 

Figure 2. Effects of the dietary protein levels on antioxidative capacity and transaminase activi-
ties of grass carp hepatopancreas. (A–G) SOD: superoxide dismutase; CAT: catalase; T-AOC: total
antioxidant capacity; GSH-Px: glutathione peroxidase; MDA: malondialdehyde; ALT: alanine amino-
transferase; AST: aspartate aminotransferase. All data were the means of three parallel tanks (n = 3).
Mean values not sharing a common superscript in the same row are significantly different (p < 0.05),
while mean values in the same row without any superscript are not different. If statistical significance
(p < 0.05) was detected, the model that fits best with the data was selected. Ns = No structure
(p > 0.05); Q = Quadratic; * p < 0.05.

As shown in Figure 3, the dietary protein level significantly affected the hepatopancre-
atic microstructure of grass carp. CPC3 and CPC4 groups showed more normal hepato-
cytes without noticeable swelling and atrophy. However, CPC1 and CPC6 groups showed
more abnormal hepatocytes, nuclear migration, cellularity vacuum, and lipid deposition.
Some hepatocyte nuclear migration and cell vacuums were observed in the CPC2 and
CPC5 groups.

3.5. Muscle Texture Analysis

As shown in Table 6, the cooking loss of muscle increased linearly with the dietary
protein level (p < 0.05, R2 = 0.611). The muscle texture parameters, including hardness,
cohesiveness, gumminess, and chewiness in the cooked meat, increased first and then
decreased in response to the increasing dietary protein level in the quadratic model
(p < 0.05, R2 = 0.687, 0.480, 0.637, and 0.645, respectively). Muscle springiness was not
affected by the dietary protein level (p > 0.05). Muscle resilience first decreased and then
increased in the quadratic model (p < 0.05, R2 = 0.717), while pH showed a linear downward
trend with the dietary protein level (p < 0.05, R2 = 0.282).
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Figure 3. Hepatopancreatic histology of grass carp (hematoxylin and eosin, ×400). Arrows indicate
nuclei shifted to the periphery of the hepatocytes; triangles indicate vacuolation.

Table 6. Effects of the dietary protein levels on the muscle texture of grass carp 1.

Diet Treatments PSE 2 Orthogonal Contrast 3 Regression

CPC1 CPC2 CPC3 CPC4 CPC5 CPC6 Linear Quadratic Cubic Model 4 (Pr > F) 5 R2

Cooking loss (%) 29.38 a 31.17 ab 33.78 abc 35.54 bc 35.58 bc 38.16 c 2.71 0.001 0.677 0.781 Ln 0.000 0.611

Hardness (g) 1037.24 a 1188.03 b 1353.18 c 1476.93 d 1151.90
ab

1104.84
ab 65.95 0.289 0.000 0.854 Qd 0.000 0.687

Springiness 0.53 0.51 0.48 0.48 0.52 0.50 0.10 0.448 0.145 0.442 Ns - -
Cohesiveness 0.46 a 0.47 ab 0.48 abc 0.49 bc 0.50 c 0.47 ab 0.00 0.020 0.013 0.106 Qd 0.007 0.480
Gumminess 504.58 a 557.33 ab 660.12 bc 741.68 c 683.29 c 557.53 ab 59.94 0.028 0.000 0.065 Qd 0.000 0.637

Chewiness (g) 279.51 a 325.41 b 367.64 c 433.60 d 313.62 b 305.25 ab 15.19 0.051 0.000 0.663 Qd 0.000 0.645
Resilience (g/s) 0.26 c 0.24 bc 0.22 ab 0.21 a 0.22 ab 0.23 ab 0.00 0.004 0.001 0.794 Qd 0.000 0.717

pH 5.40 b 5.34 ab 5.31 ab 5.30 ab 5.31 ab 5.22 a 0.09 0.042 0.918 0.361 Ln 0.023 0.282

1 All data are the means of three parallel tanks (n = 3). Mean values not sharing a common superscript in the
same row are significantly different (p < 0.05), while mean values in the same row without any superscript are
not different. 2 PSE = Pooled standard error of treatment means (n = 3). 3 If statistical significance (p < 0.05)
was detected, the model that fits best with the data was selected. 4 Ns = No structure (p > 0.05); Ln = Linear;
Qd = Quadratic. 5 Probability associated with the F-statistic test.

3.6. Antioxidative Capacity and Histological Observation of Muscle

The antioxidant parameters, including the activities of SOD, T-AOC, and GSH contents
in muscle, significantly increased first and then decreased in response to the increasing
dietary protein level in the quadratic model (p < 0.05, R2 = 0.442, 0.365, and 0.627, re-
spectively), which were the highest in the CPC2 or CPC4 group, respectively (Figure 4).
The MDA content decreased first and then increased in the quadratic model (p < 0.05,
R2 = 0.842) responding to the protein level, and was the lowest in CPC3. However, there
was no significant difference in muscle CAT activity (p > 0.05).

As shown in Figure 5A, dietary protein level affected the microstructure of grass carp
dorsal muscle. The frequency distribution of grass carp muscle fibers shows that the CPC4
group was assigned smaller diameters, including class20, class30 (p < 0.05, R2 = 0.624 and
0.384), and class40 (Figure 5B). Large muscle fibers, including class50, class60 (p < 0.05,
R2 = 0.346 and 0.580), and class70 diameters, were more assigned to other groups (Figure 5B).
Further statistical analysis found that fiber diameter (Figure 5C) and muscle fiber density
(Figure 5D) exhibited a quadratic model (p < 0.05, R2 = 0.664 and 0.513), with the largest
muscle fiber density and smallest muscle fiber diameter detected in the CPC4 group.
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Figure 4. Effects of the dietary protein level on the antioxidant capacity of grass carp muscle.
(A–E) SOD: superoxide dismutase; CAT: catalase; T-AOC: total antioxidant capacity; GSH: glutathione;
MDA: malondialdehyde. All data are means of three parallel tanks (n = 3). Mean values not sharing
a common superscript in the same row are significantly different (p < 0.05), while mean values in the
same row without any superscript are not different. If statistical significance (p < 0.05) was detected,
the model that fits best with the data was selected. Ns = No structure (p > 0.05); Q = Quadratic;
* p < 0.05.

3.7. Muscle-Related Genes Expression

As shown in Figure 6, the gene expression of myogenic differentiation antigen (myod),
myogenin (myog), mstn, fgf6a, myhc-7, myhc-1, myhc-4, igf-II, tor, and 4 e-binding protein
1 (4e-bp1) in the muscle all varied in the quadratic models (p < 0.05, R2 = 0.564, 0.722,
0.443, 0.621, 0.733, 0.631, 0.656, 0.456, 0.785, and 0.567, respectively) as dietary protein level
increased. Gene expression of muscle regulatory factor 4 (mrf4) varied in the 2 SBL-LL
model with increasing dietary protein levels (p < 0.05, R2 = 0.337), while myogenic factor 5
(myf5) showed a linear upward trend (p < 0.05, R2 = 0.756). The maximum gene expression
of myod, mrf4, fgf6a, myhc-1, myhc-4, and tor was detected in the CPC4 group, while gene
expression of ribosome S6 protein kinase 1 (s6k1) peaked in the CPC5 group. The minimum
gene expression values of mstn, 4e-bp1, and myhc-2 were detected in the CPC4 group.
However, dietary protein levels did not significantly affect the fgf6b gene expression levels
(p > 0.05).
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Figure 5. Muscle histology of grass carp fed with different protein levels for eight weeks.
(A) Observation on muscle fiber of white muscle in grass carp (hematoxylin and eosin, ×400).
(B) The frequency distribution of the muscle fibers’ diameter classes (d, μm): class 20 = d ≤ 20, class
30 = 20 < d ≤ 30, class 40 = 30 < d ≤ 40, class 50 = 40 < d ≤ 50, class 60 = 50 < d ≤ 60, and class
70 = d > 60. (C) The muscle fiber diameter (μm). (D) The muscle fiber density (n/mm2). All data are
the means of three parallel tanks (n = 3). Mean values not sharing a common superscript in the same
row are significantly different (p < 0.05), while mean values in the same row without any superscript
are not different. If statistical significance (p < 0.05) was detected, the model that fits best with the
data was selected. Ns = No structure (p > 0.05); L = Linear; Q = Quadratic; * p < 0.05.

3.8. Intestinal Microbiota of Grass Carp

After pyrosequencing, the samples were leveled to 29,566 sequences according to the
minimum sample sequence value among the nine samples. All sequences were delineated
as OTUs with 97% sequence similarity values, yielding 485 OTUs. Shannon and rarefaction
curves tended to approach saturation plateaus, indicating that the microbial diversity and
total OTUs in the different samples did not vary with the apparent change in sequencing
depth (Figure 7).

As shown in Figure 8A–C, the Sobs, Chao, and Ace indices were used to assess
microbial community richness, which was not significantly affected by dietary protein
levels (p > 0.05). In addition, alpha diversity revealed a high species coverage index (over
99%), indicating that the sequences were sufficient to capture the species richness of the
samples (Figure 8D). However, microbial community diversity, including the Simpson and
Shannon indices, responded to dietary protein changes (Figure 8E,F). Compared with the
CPC4 group, the Simpson index was significantly lower in the CPC1 (p < 0.05) and CPC6
(p < 0.001) groups. The PCoA with weighted UniFrac distances (Figure 8G) showed that the
samples were separated from each other after eight weeks of feeding with graded dietary
protein levels. Further ANOSIM analysis showed that the “Between” box was higher
than the boxes of the other three groups (Figure 8H), indicating that the between-group
difference was more significant than the within-group difference, which proved that the
grouping was statistically significant (p = 0.001, R = 0.8354).
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Figure 6. Muscle-related genes expression of grass carp fed with different protein levels for eight
weeks. myod—myogenic differentiation antigen; myog—myogenin; myf5—myogenic factor 5; mrf4—
muscle regulatory factor 4; fgf6a—fibroblast growth factor 6 a; fgf6b—fibroblast growth factor 6 b; mstn—
myostatin; myhc-7—myosin heavy chain 7; myhc-2—myosin heavy chain 2; myhc-1—myosin heavy
chain 1; myhc-4—myosin heavy chain 4; igf-II—insulin-like growth factor 2; tor—target of rapamycin;
s6k1—ribosomal protein S6 kinase 1; 4e-bp1—4 e-binding protein 1; ef1α—elongation factor 1-alpha. The
cDNAs used to detect myhc-2 and myhc-4 were diluted 180 times; others were diluted six times. All data
are the means of three parallel tanks (n = 3). Mean values not sharing a common superscript in the same
row are significantly different (p < 0.05), while mean values in the same row without any superscript
are not different. If statistical significance (p < 0.05) was detected, the model that fits best with the data
was selected. Ns = No structure (p > 0.05); 2 SL = Two slope broken line-linear ascending and linear
descending; L= Linear; Q = Quadratic; * p < 0.05.

 

Figure 7. Rarefaction curves (A) and Shannon curves (B) of the OTUs clustered at a 97% phylotype
similarity level of the fish intestinal microbiota from the different dietary protein treatments. The hor-
izontal axis is the number of valid sequences; the vertical axis is the observed number of operational
taxonomic units. The Sobs index and Shannon index were used to estimate the richness and diversity
of the intestinal microbiota, respectively.
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Figure 8. Alpha diversity analysis and Beta diversity analysis of grass carp intestinal microbiota from
different dietary protein treatments. The Sobs index (A), Chao index (B), and Ace index (C) were
used to reflect the microbial community richness. The coverage index (D) represents the community
coverage. The Simpson index (E) and Shannon index (F) were used to reflect the microbial community
diversity. Significance analysis was performed using Welch’s t-test, and two groups with significant
differences were marked (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001). (G) Principal coordinates analysis
of the weighted UniFrac scores of the microbial communities. (H) ANOSIM analysis (analysis
of similarities) is a nonparametric test used to test whether the differences between groups are
significantly greater than the differences within groups, where the “Between” box represents the
between-group differences, and the other colored boxes represent the within-group differences.
ANOSIM analysis showed that R = 0.8354, p = 0.001.

At the phylum level, this study found that the dominant phyla in the three groups
were Proteobacteria (CPC1: 57.26%; CPC4: 36.80%; CPC6: 50.09%), Fusobacterium (CPC1:
10.95%; CPC4: 34.59%; CPC6: 13.07%), Actinobacteria (CPC1: 19.19%; CPC4: 11.20%; CPC6:
12.13%), Firmicutes (CPC1: 6.81%; CPC4: 9.44%; CPC6: 10.98%), and Bacteroidetes (CPC1:
1.15%; CPC4: 4.59%; CPC6: 7.88%) (Figure 9A). In addition, the Bacteroidetes showed an
upward trend, and the relative abundance of the CPC6 group was significantly higher than
that of the CPC1 group (p < 0.05). The F/B (Firmicutes to Bacteroidetes ratio) value showed
a downward trend with increasing dietary protein level, and the CPC4 and CPC6 groups
were significantly lower than the CPC1 group (p < 0.05) (Figure 9B). At the genus level,
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the top five genera with the highest abundance ratio were Cetobacterium (CPC1: 10.95%;
CPC4: 34.28%; CPC6: 13.05%), Gemmobacter (CPC1: 8.95%; CPC4: 9.16%; CPC6: 5.37%),
Aeromonas (CPC1: 3.89%; CPC4: 6.43%; CPC6: 10.07%), Demequlna (CPC1: 6.66%; CPC4: 6.88%;
CPC6: 6.29%), and Micribacterium (CPC1: 10.67%; CPC4: 2.66%; CPC6: 5.02%) (Figure 9C).
Correlation analysis (Figure 10) of the intestinal bacteria genera with grass carp growth
and muscle parameters showed that SGR strongly correlates with Cetobacterium (r = 0.745),
Akkermansia (r = 0.837), Micribacterium (r = −0.828), Pseudomonas (r = −0.678) and Silani-
monas (r = −0.703). FE showed strong correlation with Akkermansia (r = 0.867), Crenobacter
,, Bacteroides (r = 0.700), norank_f__Barnesiellaceae (r = 0.667), Microbacterium (r = −0.833), and
Pseudomonas (r = −0.717). Muscle hardness was negatively correlated with Microbacterium
(r = −0.717), Pseudomonas (r = −0.733), norank_f__Rhizobiales_Incertae_Sedis (r = −0.800), Silani-
monas (r = −0.833), and Pelomonas (r = −0.850). Muscle density was also negatively correlated
with norank_f__Rhizobiales_Incertae_Sedis (r = −0.723). Muscle MDA content was shown to
correlate with Cetobacterium (r = −0.833), Akkermansia (r = −0.800), Microbacterium (r = 0.883),
Pseudomonas (r = 0.767), and norank_f__Rhizobiales_Incertae_Sedis (r = 0.667). Muscle GSH
content was shown to negatively correlate with Microbacterium (r = −0.717), Pseudomonas
(r = −0.800), norank_f__Rhizobiales_Incertae_Sedis (r = −0.800), and Pelomonas (r = −0.667).

 

Figure 9. Community composition of intestinal microbiota from different dietary protein treatments.
After being fed for eight weeks: the abundance of the intestinal microbial composition at the phylum
(A) and genus (C) level of grass carp in the different protein level groups. Taxa with abundances <1%
are included in “Others”. (B) One-way ANOVA significance tests were performed for Firmicutes,
Bacteroides, and F/B (ratio of Firmicutes to Bacteroides). All data are the means of three parallel
tanks (n = 3). Mean values with different superscripts were significantly different (p < 0.05), and the
mean values without superscripts were not significantly different.
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Figure 10. Correlation analysis of the intestinal microbiota and growth, muscle parameters. Spearman
test, * p < 0.05, ** p < 0.01.

LEfSe analysis revealed microbial taxa enriched at different dietary protein levels
(Figure 11). CPC1 (red) was mainly enriched in Proteobacteria. CPC4 (blue) was enriched
in Lachnospirales, Tessaracoccus, and Fusobacterium. The relative abundance of Bacteroidetes
dominates in CPC6 (green).

The predicted results of intestinal microbiota function are presented in Figure 12.
KEGG level 1 showed that the three treatments were mainly enriched for metabolism and
environmental information processing (Figure 12A). The top three functions predicted
by KEGG level 2 (Figure 12B) were carbohydrate metabolism, amino acid metabolism,
and membrane transport. However, significant differences were detected only between
CPC1 and CPC6 in the predicted pathways of KEGG level 3 in two pathways, ko00480
(Glutathione metabolism) and ko00620 (Pyruvate metabolism) (p < 0.05), respectively
(Figure 12C–H).
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Figure 11. LEfSe analysis identified differential distributions of intestinal microbes among treatment
groups with different dietary protein levels. (A) Cladogram showing the phylogenetic distribution of
intestinal microbes for graded dietary protein level groups generated by LEfSe analysis (layers of the
cladogram represent different levels, phyla, classes, orders, families, and genera from the inside out).
(B) LDA scores showed bacterial differential expression between treatment groups with different
dietary protein levels (LDA > 3.0, p < 0.05).

Figure 12. Functional prediction of the intestinal microbiota of grass carp fed with different protein
level diets based on Tax4 Fun. (A) Functional prediction of the different treatment groups at Level
1. (B) Functional prediction of the different treatment groups at Level (top 30 relative abundances).
(C–H) Differences in KEGG pathway abundance in the different treatment groups at Level 3 (top
30 relative abundances). Kruskal–Wallis rank-sum test was used for significance test (n = 3);
* 0.01< p ≤ 0.05.
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4. Discussion

The present study showed that the optimal dietary protein levels improved grass
carp SGR and FE, while high protein levels (CPC5 and CPC6) showed relatively poor
growth performance. This may be due to the depression in feeding rate and more en-
ergy expenditure on processing excess protein for deamination, increasing the nitrogen
metabolism burden and affecting fish growth [28]. Based on SGR and FE, the optimal
dietary protein levels for juvenile grass carp (4.68 ± 0.01 g) were estimated to be 38.61 and
38.66% in this study, respectively, which was highly consistent with the 38.63% protein
requirement of grass carp (6.80 ± 0.10 g) [20]. Moreover, the result of this study was close
to the 40% requirement for juvenile grass carp (4.27 ± 0.01 g) reported by Jin et al. [10],
but slightly lower than the 41–43% requirement for grass carp fry (0.15–0.20 g) reported
by Dabrowski [9]. This variation in dietary protein requirements is strongly associated
with different life-history stages, as reported in Abdel-Tawwab et al. [27], as heavier fish
reduces the protein requirements. In other words, the present study indicates that CPC is a
potential material in juvenile grass carp diet, with similar nutritional value for fish growth
compared with soybean meal and other traditional materials.

In this study, PER decreased with increased protein levels, and was significantly lower
in the CPC6 group compared with other groups, which was consistent with previous
reports in Nile tilapia (Oreochromis niloticus) [27] and Songpu mirror carp [23]. Improved
CF indicates good health and growth performance [10]. CF peaked in the CPC4 group
in the present study, suggesting an optimal dietary protein level may promote grass carp
growth by improving morphology. Previous studies have shown that HSI and MFI tend to
decrease as dietary protein levels increase [10,27]. In this study, HSI and MFI first showed an
increasing and then decreasing trend, which may be due to CPC use. Similar morphological
parameters were reported when CPC was used to replace fishmeal in largemouth bass [4]
and pearl gentian grouper [5]. The present study showed that high and low protein diets
decreased dry matter digestibility, which further explains the depressed growth. In contrast,
protein digestibility increased linearly, which indicates that a non-fishmeal diet (based on
CPC) is tolerable for grass carp.

There was a significant negative correlation between net protein utilization (NPU)
and urea levels [29]. The current study found that urea nitrogen increased linearly with
the dietary protein level, suggesting that excess dietary protein can lead to protein waste.
Previous studies on rainbow trout (Oncorhynchus mykiss) [30] and Nile tilapia [27] have
shown that serum lipids tend to increase with dietary protein levels. Consistently, serum
biochemical indices of triglyceride and LDL showed a trend of increasing first and then
decreasing as dietary protein levels increased in this study. These serum parameters may be
elevated due to converting excess protein to lipids and carbohydrates. Complement 3 and
immunoglobulin M are important antibacterial compounds related to the immune response
of teleost fish [11]. In this study, the content of C3 and IgM in the serum of fish showed
quadratic and linear models, respectively, in response to the dietary protein level, which
indicated that the CPC4 group had an improved immune ability. Consistently, the optimal
protein levels could improve the immune function of the grass carp gut [11]. Similar
results were also observed in mirror carp (Cyprinus carpio), in that the optimal protein level
enhanced the C3, C4, and IgM of mirror carp at different water temperatures [31]. The
immune-enhancing effect of appropriate dietary protein can be explained by increasing
protein intake and feed utilization with appropriate dietary protein levels [10,27].

Oxidative damage is closely related to antioxidant enzymes and can be expressed
using MDA content [32]. The current study demonstrated that optimal dietary protein
levels increased the T-AOC content and GSH-Px activity while it reduced the MDA content
in the hepatopancreas of grass carp, indicating that optimal dietary protein levels could
protect grass carp from oxidative damage. However, the dietary protein levels did not
significantly affect the hepatopancreatic SOD and CAT activities. Similarly, Xu et al. [11]
reported that the optimal protein levels reduced the MDA contents but did not alter
the CAT activities of grass carp in the mid intestine and distal intestine. ALT and AST
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are essential amino acid metabolizing enzymes and the improvement of ALT and AST
reflects the vigorous activity of amino acid metabolism in fish [11,27]. In the current study,
hepatopancreatic ALT and AST activities were improved in the CPC4 group, implying that
amino acid metabolism was enhanced at the optimal dietary protein levels. These results
suggest that the optimal protein levels for improved grass carp growth may be partly due to
enhanced amino acid metabolism and improved antioxidant capacity. The hepatopancreas
is an essential organ for metabolism in fish, and histological changes are considered a
crucial indicator in evaluating nutritional status [19]. In the present study, fish fed CPC3
and CPC4 showed normal polygonal-shaped hepatocytes with large, clear nuclei centrally
located without noticeable swelling or atrophy. These results indicate that the appropriate
dietary protein level plays an essential role in promoting the antioxidant capacity and
maintaining the health of the hepatopancreas. Noticeable, CPC5 and CPC6 diets depressed
the hepatopancreatic ALT and AST activities and damaged the microstructure of the
hepatopancreas, which indicated a reverse effect on fish metabolism and health, and
possibly contributed to the depressed growth.

This study is the first to report the effect of protein levels on flesh quality when CPC
was used as the protein source. Cooking loss, texture characteristics (including hardness,
springiness, cohesiveness, gumminess, chewiness, resilience), and pH value are crucial
parameters for evaluating muscle sensory quality [13,18]. The increasing cooking loss
represents a decreased muscle water-holding capacity [12]. In this study, muscle cooking
loss increased linearly with protein level, suggesting that a high-protein diet had poor
muscle water-holding capacity. In addition, this study showed that the muscle pH value
linearly decreased as the protein level increased. The high dietary protein group (CPC6
group) had a reduced pH value compared to the low dietary protein group (CPC1 group),
which may be related to the production of more lactic acid in the muscle [12,13]. This study
showed that the optimal protein level (CPC4 group) improved the texture characteristics of
grass carp, such as hardness, cohesiveness, gumminess, chewiness, and resilience. Recent
studies show that muscle shear force or hardness was maximized at the optimal dietary
protein levels (fishmeal and casein) [12].

Flesh quality is often closely related to muscle fiber diameter, showing a negative
correlation between the muscle fiber diameter and the hardness [14,16,19]. The larger
myofiber diameters (class50, 60, and 70) accounted for more of the myofibers of fish from
both the low protein level (CPC1 group) and the high protein level (CPC6 group). In
contrast, the optimal protein level (CPC4 group) had smaller muscle fibers (class20, 30,
and 40). Further statistical analysis showed that CPC4 had a smaller mean diameter of
myofibers and a greater density of myofibers. The histological results of this study also
confirmed the negative correlation between muscle fiber diameter and hardness.

In the current study, T-AOC was elevated at optimal protein levels, and the MDA
content was significantly reduced, suggesting that the optimal protein levels can maintain
muscle structural integrity by inhibiting oxidative damage. Further research found that
the enhanced antioxidant capacity was partly attributable to the improved GSH content
and SOD activity of the muscle. Differences in antioxidant capacity between treatments at
different protein levels obtained in a previous study further corroborate the findings of this
study [12].

After myoblasts initially form skeletal muscle, satellite cells provide additional nuclei
required for skeletal muscle expansion [15]. MRFs regulate satellite cells, myod and myf5
regulate satellite cell activation and proliferation, and myog and mrf4 act on cell differ-
entiation [15]. In addition, myhc plays a vital role in fish muscle growth by promoting
myofiber proliferation and hypertrophy [16,19]. In this study, MRFs, myhc-1, and myhc-4
were upregulated at the optimal dietary protein levels, indicating that appropriate dietary
protein levels can effectively promote grass carp muscle growth. Moreover, optimal protein
levels in this study significantly upregulated fgf6a and downregulated mstn. As reported
in grass carp, the fgf6a plays a vital role in muscle growth regulation [16]. Besides, mstn
has been shown to inhibit teleost muscle growth [15]. These results also confirmed that
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the optimal protein levels in this experiment could promote grass carp muscle growth by
regulating MRFs, fgf6a, and mstn. A previous study showed that transcriptome analysis of
broad bean-fed grass carp (higher hardness) muscle detected upregulation of myog, which
plays a crucial role in promoting the formation of new muscle fibers [17]. Likewise, a recent
study found that optimal dietary protein (soybean meal) levels promoted the expression of
genes myhc-1 and myhc-4 by regulating a family of MRFs and contributed to flesh quality
improvement [20]. Optimal dietary protein levels in this investigation may improve flesh
quality through the same pattern.

Tor regulates phosphorylation of its downstream effectors, ribosomal S6 kinase 1 (s6k1)
and eukaryotic translation initiation factor 4 e-binding protein 1 (4e-bp1), which ultimately
promote protein synthesis in fish and can affect nrf2 expression as an upstream regulator
of antioxidant capacity [13]. Recent studies have shown that dietary protein levels can
enhance the antioxidant capacity of grass carp muscle by upregulating tor and s6 k1 [12].
The optimal dietary protein level in this study may promote the muscle antioxidant capacity
through the same pattern. In addition, it has been demonstrated that igf-I and igf-II promote
muscle growth in hybrid catfish [15] by binding to igf1 r, which may indicate that dietary
protein may promote muscle growth through IGFs. Still, the specific mechanism needs to
be further studied.

The intestinal microbiome has profound effects on human well-being, including
host metabolism, physiology, nutrition, and immune function, and is even referred to
as a “metabolic organ” [21]. Recently, studies on the regulation of intestinal microbes
by dietary nutrients have received increasing attention [3,23]. In this study, the results
of 16 S amplicon sequencing showed that the dietary protein decreased the intestinal
microbiota diversity of grass carp, estimated using the Shannon and Simpson indices.
The PCoA of the weighted UniFrac distances further revealed that CPC1, CPC4, and
CPC6 were separated, and the weighted UniFrac-based ANOSIM revealed significant
differences in microbiota structure between different protein levels. These findings suggest
that protein levels may alter the intestinal microbiota structure of grass carp. In addition,
this study identified the dominant phyla of grass carp were Proteobacteria, Fusobacteriota,
Actinobacteria, Firmicutes, and Bacteroidota, which is consistent with the previous study on
cyprinids [6,23]. Abundant Proteobacteria can be used to characterize intestinal microbial
homeostasis, as dysregulation of homeostasis when the Proteobacteria abundance rises often
leads to metabolic disturbances or inflammation [21]. A previous study of Songpu mirror
carp reported that the abundance of Proteobacteria increases with protein levels [23]. This
is partly consistent with the result between the CPC4 and CPC6 groups. The abundance
of Proteobacteria was reduced at the optimal protein level (CPC4), which may benefit the
homeostasis of intestinal microbiota.

More and more attention has been paid to studying the abundance ratio (F/B ratio)
of Firmicutes and Bacteroides [33]. In humans and mice, increased F/B ratios are often
associated with obesity, diabetes, and metabolic disorders [33]. In this study, the F/B value
of the CPC4 group decreased significantly and showed good growth performance and
health status, which provided a reference for studying the relationship between F/B and
health. A decrease in the F/B ratio with increasing protein levels was consistently observed
in Songpu mirror carp [23]. Firmicutes can extract energy from food [33]. Increased dietary
protein levels in the present study promoted the abundance of Firmicutes, suggesting that
the better weight gain in CPC4 and CPC6 groups than the low-protein group (CPC1 group)
may be attributed to increased energy generation and utilization. The LEfSe analysis
showed that the abundance of Bacteroides increased in response to the protein levels and
contributed significantly to the differences in the CPC6 group. It is reported that Bacteroidetes
have carbohydrate-related enzymes, and Bacteroidetes and Firmicutes play an essential role
in the energy metabolism and glucose metabolism of organisms [34]. Combined with
the apparent digestibility data, these results may imply that more energy is available for
growth in the CPC4 group than in the CPC1 group. Still, the increase in ADCp in the CPC6
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group and the decrease in ADCd indicate that less energy is available for growth in the
CPC6 group than the CPC4 group.

At the genus level, Cetobacterium was the most abundant in the gut of grass carp
through community composition maps, consistent with previous studies on freshwater
fish [3,23]. Cetobacterium is reported to produce vitamin B12 and can ferment peptides and
carbohydrates, and inhibit the growth of harmful bacteria [35]. Akkermansia represents
a novel biomarker of intestinal metabolic health coupling and is essential for treating
metabolic syndrome [36]. Spearman’s correlation analysis showed that Cetobacterium and
Akkermansia were strongly associated with growth performance while negatively correlated
with muscle MDA content. These results well demonstrate the excellent growth perfor-
mance of CPC4 in this study and explain its possible assistance to the antioxidant capacity
of muscle. In contrast, Microbacterium and Pseudomonas exhibited a negative correlation
with SGR, muscle hardness, and muscle GSH content while they were strongly positively
correlated with muscle MDA content. These results confirmed that Microbacterium is one of
the most closely related cornerstone genera of other bacteria and plays a crucial role in the
growth and health of fish [37], and Pseudomonas is one of the most important opportunistic
pathogens of grass carp [6]. In this study, in addition to being associated with growth and
health, these genera also affected muscle hardness and antioxidant capacity. The interrela-
tionship between intestinal microbiota and growth, health, and flesh quality requires more
research to elucidate its specific regulatory mechanisms.

Intestinal microbiota affects the host mainly through its metabolites. The phylum Fu-
sobacterium can metabolize carbohydrates to butyrate [34,38], which mediates the regulation
of intestinal inflammatory processes, atherosclerosis, and immune system maturation [39].
In addition, among Firmicutes, the Lachnospiraceae, Lactobacillaceae, and Ruminococcaceae
species hydrolyze starch and other sugars to produce butyrate and other short-chain fatty
acids (SCFAs) [39], which inhibit the growth of harmful bacteria. In this study, Fusobac-
terium and Lachnospiraceae were significantly enriched in the CPC4 group, suggesting that
optimal protein levels may further contribute to the health of grass carp by enhancing
the abundance of SCFA-producing bacteria. However, the mechanism of their specific
interactions needs further study.

The functional prediction of grass carp intestinal microbial communities based on
Tax4 Fun revealed that, interestingly, at KEGG pathway level 3, ko00480 (Glutathione
metabolism) and ko00620 (Pyruvate metabolism) showed significant differences between
the CPC1 and CPC6 groups. Glutathione metabolism is part of amino acid metabolism
and contains important antioxidant molecules to protect the body from oxidants [22]. A
previous study showed that grass carp fed low protein levels had a lower intestinal GSH-
Px and GSH content than the high protein levels [11]. Similarly, ko00480 (Glutathione
metabolism) was significantly downregulated in the low protein level treatment group
in this study, suggesting that a diet below the optimum protein requirement may impair
amino acid metabolism functions and the antioxidant system. Cells convert glucose to
pyruvate in the cytoplasmic matrix through glycolysis. Pyruvate can produce a large
amount of adenosine triphosphate (ATP) under aerobic conditions. In contrast, pyruvate
can produce lactate and a small amount of ATP through anaerobic glycolysis under anoxic
conditions [40]. The significant enrichment of the ko00620 (Pyruvate metabolism) pathway
in the CPC6 group may indicate that grass carp respond to a high-protein diet by enhancing
glucose metabolism to obtain more energy to meet the needs of metabolizing protein.
However, the mechanism of action between animal intestinal microbiota and metabolic
function requires more studies.

Microcrystalline cellulose is the most commonly used filler and binder in fish feed [41].
Previous studies on the dietary protein requirements of red drum (Sciaenops ocellatus) [42]
and dietary carbohydrate-to-lipid ratios of channel catfish (Ictalurus punctatus) [43] reached
15.56 and 40.61% microcrystalline cellulose use, respectively, which suggest that the use
of a varying amount of cellulose in protein requirement studies is acceptable. In addition,
a recent study also showed that using 1.84–31.84% microcrystalline cellulose in grass
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carp diets did not produce adverse effects [41]. This study was conducted to meet the
demand for extruded feed in the aquatic feed market by producing extruded feed, and
varying starch levels may disable the production of extruded diets at high starch levels, so
microcrystalline cellulose was used as a filler to make the extruded feed. This might result
in a relatively high optimal protein level. However, when comparing the optimal protein
level with other results in grass carp, this study is acceptable.

5. Conclusions

In short, the optimal dietary protein level for juvenile grass carp provided by CPC was
estimated to be 38.61–38.66%. Optimal dietary CPC levels promote grass carp performance,
health, and flesh quality. In addition, optimal dietary CPC levels help maintain intestinal
microbiota homeostasis. The results of this study demonstrate that CPC is a protein source
with potentially significant application given its similar nutritional value compared to
traditional protein sources. Altogether, the results of this study provide a theoretical
basis for the development of sustainable and high-performance aquafeeds for valuable
aquaculture species. However, based on the growth results in this study, we should pay
attention to the amino acid composition of the CPC raw materials and fish carcasses, and
explore the amino acid balance technology to better the CPC utilization in the future. In
addition, the specific components of CPC that can play a role in affecting intestinal flora,
and their specific mechanisms of regulating intestinal flora growth and health, are also
worth exploring.

Author Contributions: G.L. carried out the experiment and drafted the manuscript; Q.T. designed
the experiment and revised the manuscript; M.Z. and X.W. helped to culture the fish; X.M. analyzed
the data; X.L. helped to carry out the sample analysis; S.X. and D.H. assisted with the experimental
design and manuscript revision. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was financially supported by the National Key R&D Program of China
(2019YFD0900200) and the National Natural Science Foundation of China (Grant No. 32072950).

Institutional Review Board Statement: This study was approved by the Ethical Committee for
Laboratory Animals Care and Use of Huazhong Agricultural University. All procedures were carried
out following the Guide for the Care and Use of Laboratory Animals.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare that there are no competing interest.

References

1. Olsen, R.L.; Hasan, M.R. A limited supply of fishmeal: Impact on future increases in global aquaculture production. Trends Food
Sci. Technol. 2012, 27, 120–128. [CrossRef]

2. Montoya-Camacho, N.; Marquez-Ríos, E.; Castillo-Yáñez, F.J.; Cárdenas López, J.L.; López-Elías, J.A.; Ruíz-Cruz, S.; Jiménez-Ruíz,
E.I.; Rivas-Vega, M.E.; Ocaño-Higuera, V.M. Advances in the use of alternative protein sources for tilapia feeding. Rev. Aquac.
2019, 11, 515–526. [CrossRef]

3. Xie, X.; Wang, J.; Guan, Y.; Xing, S.; Liang, X.; Xue, M.; Wang, J.; Chang, Y.; Leclercq, E. Cottonseed protein concentrate as fishmeal
alternative for largemouth bass (Micropterus salmoides) supplemented a yeast-based paraprobiotic: Effects on growth performance,
gut health and microbiome. Aquaculture 2022, 551, 737898. [CrossRef]

4. Xu, X.; Yang, H.; Zhang, C.; Bian, Y.; Yao, W.; Xu, Z.; Wang, Y.; Li, X.; Leng, X. Effects of replacing fishmeal with cottonseed
protein concentrate on growth performance, flesh quality and gossypol deposition of largemouth bass (Micropterus salmoides).
Aquaculture 2022, 548, 737551. [CrossRef]

5. Chen, G.; Yin, B.; Liu, H.; Tan, B.; Dong, X.; Yang, Q.; Chi, S.; Zhang, S. Effects of fishmeal replacement with cottonseed
protein concentrate on growth, digestive proteinase, intestinal morphology and microflora in pearl gentian grouper (♀Epinephelus
fuscoguttatus × ♂Epinephelus lanceolatu). Aquac. Res. 2020, 51, 2870–2884. [CrossRef]

6. Wu, S.; Wang, G.; Angert, E.R.; Wang, W.; Li, W.; Zou, H. Composition, diversity, and origin of the bacterial community in grass
carp intestine. PLoS ONE 2012, 7, e30440. [CrossRef]

57



Metabolites 2022, 12, 1046

7. Lin, S.; Milardi, M.; Gao, Y.; Wong, M.H. Sustainable management of non-native grass carp as a protein source, weed-control
agent and sport fish. Aquac. Res. 2022. [CrossRef]

8. Food and Agriculture Organization of the United States (FAO). Global Aquaculture Production Quantity. 1950–2020. Available
online: https://www.fao.org/fishery/statistics-query/en/aquaculture/aquaculture_quantity (accessed on 24 October 2022).

9. Dabrowski, K. Protein requirements of grass carp fry (Ctenopharyngodon idella Val.). Aquaculture 1977, 12, 63–73. [CrossRef]
10. Jin, Y.; Tian, L.X.; Xie, S.W.; Guo, D.Q.; Yang, H.J.; Liang, G.Y.; Liu, Y.J. Interactions between dietary protein levels, growth

performance, feed utilization, gene expression and metabolic products in juvenile grass carp (Ctenopharyngodon idella). Aquaculture
2015, 437, 75–83. [CrossRef]

11. Xu, J.; Wu, P.; Jiang, W.D.; Liu, Y.; Jiang, J.; Kuang, S.Y.; Tang, L.; Tang, W.N.; Zhang, Y.A.; Zhou, X.Q.; et al. Optimal dietary protein
level improved growth, disease resistance, intestinal immune and physical barrier function of young grass carp (Ctenopharyngodon
idella). Fish Shellfish. Immunol. 2016, 55, 64–87. [CrossRef]

12. Xu, J.; Feng, L.; Jiang, W.D.; Wu, P.; Liu, Y.; Jiang, J.; Kuang, S.Y.; Tang, L.; Zhou, X.Q. Different dietary protein levels affect flesh
quality, fatty acids and alter gene expression of Nrf2-mediated antioxidant enzymes in the muscle of grass carp (Ctenopharyngodon
idella). Aquaculture 2018, 493, 272–282. [CrossRef]

13. Wang, B.; Liu, Y.; Feng, L.; Jiang, W.D.; Kuang, S.Y.; Jiang, J.; Li, S.H.; Tang, L.; Zhou, X.Q. Effects of dietary arginine supplementa-
tion on growth performance, flesh quality, muscle antioxidant capacity and antioxidant-related signalling molecule expression in
young grass carp (Ctenopharyngodon idella). Food Chem. 2015, 167, 91–99. [CrossRef] [PubMed]

14. Johnston, I.A. Muscle development and growth: Potential implications for flesh quality in fish. Aquaculture 1999, 177, 99–115.
[CrossRef]

15. Zhao, Y.; Li, J.Y.; Jiang, Q.; Zhou, X.Q.; Feng, L.; Liu, Y.; Jiang, W.D.; Wu, P.; Zhou, J.; Zhao, J. Leucine improved growth
performance, muscle growth, and muscle protein deposition through AKT/TOR and AKT/FOXO3 a signaling pathways in
hybrid catfish Pelteobagrus vachelli × Leiocassis longirostris. Cells 2020, 9, 327. [CrossRef]

16. Abouel Azm, F.R.; Kong, F.; Tan, Q.; Zhu, Y.; Yu, H.; Yao, J.; Luo, Z. Effects of replacement of dietary rapeseed meal by distiller’s
dried grains with solubles (DDGS) on growth performance, muscle texture, health and expression of muscle-related genes in
grass carp (Ctenopharyngodon idellus). Aquaculture 2021, 533, 736169. [CrossRef]

17. Xu, W.H.; Guo, H.H.; Chen, S.J.; Wang, Y.Z.; Lin, Z.H.; Huang, X.D.; Tang, H.J.; He, Y.H.; Sun, J.J.; Gan, L. Transcriptome analysis
revealed changes of multiple genes involved in muscle hardness in grass carp (Ctenopharyngodon idellus) fed with faba bean meal.
Food Chem. 2020, 314, 126205. [CrossRef] [PubMed]

18. Lin, W.L.; Zeng, Q.X.; Zhu, Z.W. Different changes in mastication between crisp grass carp (Ctenopharyngodon idellus C. et V) and
grass carp (Ctenopharyngodon idellus) after heating: The relationship between texture and ultrastructure in muscle tissue. Food Res.
Int. 2009, 42, 271–278. [CrossRef]

19. Kong, F.; Abouel Azm, F.R.; Wang, X.; Zhu, Y.; Yu, H.; Yao, J.; Luo, Z.; Tan, Q. Effects of replacement of dietary cottonseed meal by
distiller’s dried grains with solubles on growth performance, muscle texture, health and expression of muscle-related genes in
grass carp (Ctenopharyngodon idellus). Aquac. Nutr. 2021, 27, 1255–1266. [CrossRef]

20. Wang, X.Y.; Liu, G.Q.; Xie, S.Q.; Pan, L.; Tan, Q.S. Growth and meat quality of grass carp (Ctenopharyngodon idellus) responded to
dietary protein (soybean meal) level through the muscle metabolism and gene expression of myosin heavy chains. Front. Nutr.
2022, 9, 833924. [CrossRef]

21. Guinane, C.M.; Cotter, P.D. Role of the gut microbiota in health and chronic gastrointestinal disease: Understanding a hidden
metabolic organ. Ther. Adv. Gastroenterol. 2013, 6, 295–308. [CrossRef]

22. Eroglu, A.; Dogan, Z.; Kanak, E.; Atli, G.; Canli, M. Effects of heavy metals (Cd, Cu, Cr, Pb, Zn) on fish glutathione metabolism.
Environ. Sci. Pollut. Res. 2015, 22, 3229–3237. [CrossRef] [PubMed]

23. Fan, Z.; Wu, D.; Zhang, Y.; Li, J.; Xu, Q.; Wang, L. Carbonate alkalinity and dietary protein levels affected growth performance,
intestinal immune responses and intestinal microflora in Songpu mirror carp (Cyprinus carpio Songpu). Aquaculture 2021, 545,
737135. [CrossRef]
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Abstract: The aim of this study was to evaluate the effects of wheat gluten as a substitute for fish
meal (FM) and soy protein concentrate (SPC) in the low-fishmeal-based extruded diet in red spotted
grouper Epinephelus akaara. Eight isonitrogenous (441–456 g kg−1) and isocaloric (21.5–22.0 MJ kg−1)
diets were produced, including the control diet (R0), three diets with 33.3, 66.7, and 100% FM being
replaced by a mixture of wheat gluten, wheat, and taurine (GWT) (RF1, RF2, RF3), three diets with
33.3, 66.7, and 100% SPC replaced by GWT (RS2, RS2, RS3) and one diet with 50% FM and 50% SPC
replaced by GWT (RFS). Results showed that feed intake (FI), weight gain (WG), protein retention
efficiency, and liver superoxide dismutase activity increased linearly, while feed conversion ratio
(FCR) decreased linearly with the decrease of dietary FM. Additionally, FI, WG, and FCR significantly
increased with decreasing dietary SPC. Overall, 100% FM or 61.2% SPC can be safely replaced by
wheat gluten in the red-spotted grouper diet containing 20.0% FM and 21.4% SPC.

Keywords: Epinephelus akaara; fish meal; wheat gluten; soy protein concentrate

1. Introduction

With the development of the aquaculture industry, aquaculture by-products such as
fish waste, shrimp, molluscs, crustaceans, and sand silkworms are no longer sustainable
for the development of the grouper culture industry. Therefore, high-quality formula feeds
are urgently needed. Fish meal (FM) is the main protein source in aquatic feed, especially
for carnivorous fish. However, the limited supply of FM and increasing demand make it
necessary to investigate the substitution of FM with plant-based proteins that are highly
nutritious, widely available, inexpensive, and easily stored [1]. Among all plant proteins,
soy protein concentrate (SPC) has been widely used due to its nutritional characteristics
(high protein and balanced amino acid profile) and relatively low content of anti-nutritional
factors compared with soybean or other soybean derivatives [2]. Previous research indicated
that SPC had become a widely recognised FM alternative in marine fish diets, such as
rainbow trout Oncorhynchus mykiss [3], Japanese flounder Paralichthys olivaceus [4], red sea
bream Pagrus major [5–7], and hybrid grouper Epinephelus fuscoguttatus × E. lanceolatus

[8–10]. However, the price of SPC often fluctuates owing to the unstable price of soybeans;
thus, finding other plant protein sources is still necessary.

Vital wheat gluten is another promising plant protein source in aquafeeds due to
its high protein content and digestion, balanced amino acid composition, low content of
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non-starch polysaccharides, and anti-nutritional factors. Moreover, a small amount of
starch can be used to accelerate ripening and as a binder during processing. Research
showed that wheat gluten has similar protein digestibility to FM and SPC [11]. Currently,
wheat gluten has been used as an FM substitute in rainbow trout [12,13], Atlantic halibut
Hippoglossus hippoglossus [14], European sea bass Dicentrarchus labrax L. [15], large yellow
croaker Larimichthys crocea [16], and did not cause adverse effects on growth or health.

Red spotted grouper Epinephelus akaara, known as red grouper or Hong Kong grouper,
is commonly cultured in Southeast Asia and China. The optimum dietary protein, carbohy-
drate, and lipid levels for red spotted grouper were 508.3 g kg−1 (initial body
weight = 7.88 ± 0.04 g), 76.4 g kg−1 (IBW = 7.79 ± 0.01 g), and less than 91.1 g kg−1

(IBW = 2.51 g), respectively [17–19]. Moreover, the optimal dietary protein require-
ments for orange-spotted grouper Epinephelus coioides were 480 (IBW = 10.7 ± 0.2 g),
521.84 (IBW = 10.02 ± 0.22 g) and 466.65 (IBW = 102.8 ± 1.02 g) g kg−1 reported by Luo
et al. (2004), Yan et al. (2021) and Yan et al. (2020), respectively [20–22]. Groupers need a
high protein level (about 500 g kg−1) for optimum growth. However, due to protein is the
most expensive ingredient in the diet, some other protein sources have been used to replace
fishmeal in orange-spotted grouper and pearl gentian grouper feeds, such as soybean meal,
animal by-product meals, cottonseed protein concentrate, black soldier fly, soy protein
concentrate, Tenebrio molitor meal, etc., but less studied in red spotted grouper [23–28].
Therefore, the present study aimed to explore the feasibility of using wheat gluten as a
protein source in the low-FM-based diet for red spotted groupers by replacing FM or SPC
with a large amount of wheat gluten.

2. Materials and Methods

2.1. Ingredients and Diets

Low-temperature dried FM, SPC, and wheat gluten were used as the main protein
sources. The proximate compositions and amino acid profiles of FM, SPC, and wheat
gluten are shown in Table 1. GWT is an ingredient blend containing 77.5% wheat gluten,
20.5% wheat flour, and 2.0% taurine. Eight isonitrogenous (441–456 g kg−1) and isocaloric
(21.5–22.0 MJ kg−1) diets were formulated, including a control diet (R0, 20% FM, and
21.4% SPC), six diets with 33.3, 66.7, and 100% FM or SPC being gradually replaced by GWT
(RF1, RF2, RF3, RS1, RS2, and RS3), and one diet with 50% FM and 50% SPC replaced by
GWT (RFS). Diets were produced at the Feed Technology Laboratory of the Feed Research
Institute, Chinese Academy of Agricultural Sciences in Beijing. All dry ingredients were
ground in a hammer mill through a 0.18 mm screen, mixed, preconditioned, and extruded
in a twin-screw extruder (MY56X2A, Muyang, Yangzhou, China) with a 2.0 mm die plate.
All extruded pellets were dried to 950 g kg−1 dry matter at ambient temperature. Fish oil
and soy lecithin were coated into pellets with a vacuum coater (ZJB-100). Feed formulations
and chemical compositions of experimental diets are shown in Table 2.

Table 1. Compositions and amino acid profiles of wheat gluten, soy protein concentration, and fish
meal in the experiment (DM).

Ingredients Fish Meal † Wheat Gluten ‡ Soy Protein
Concentration §

Compositions, kg−1

Dry matter, g 913 935 925
Crude protein, g 748 837 694

Crude fat, g 117 44 47
Starch, g - 74 -
Ash, g 122 10 58

Gross energy, MJ 21.8 22.0 20.1
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Table 1. Cont.

Ingredients Fish Meal † Wheat Gluten ‡ Soy Protein
Concentration §

Essential amino acids (EAA),
g (16 g N)−1

Arg 5.5 3.6 7.4
His 1.7 2.0 2.5
Leu 7.0 7.0 8.1
Ile 3.8 3.5 4.6
Lys 7.3 1.8 6.7
Met 2.6 1.4 0.9
Phe 3.8 5.2 5.3
Thr 4.1 2.5 4.1
Tyr 3.2 3.3 3.5
Val 4.5 3.8 4.7

Total EAA ¶ 43.3 34.1 47.9

Non-essential amino acids
(NEAA), g (16 g N)−1

Ala 6.1 2.7 4.4
Asp 8.4 3.2 11.6
Cys 0.8 1.8 0.3
Glu 13.1 35.2 19.1
Gly 5.8 3.4 4.2
Pro 4.2 12.8 5.0
Ser 4.0 4.6 5.2

Total NEAA 42.3 63.8 49.8
Total AA ¶ 85.6 97.9 97.6

† TripleNine®, low-temperature dried fish meal, Esbjerg, Denmark. ‡ AMYGLUTEN 110, Syral Belgium N.V.,
Aalst, Belgium. § YIHAI®, Wilpromil, Goldensea Grain and Oil Industry Co., Ltd., Wilmar, Qinhuangdao, China.
¶ Trp excluded.

Table 2. Feed formulations and chemical compositions of experimental diets (DM).

Ingredients, g kg−1 R0 RF1 RF2 RF3 RS1 RS2 RS3 RFS

Constant feed ingredients † 221.5 221.5 221.5 221.5 221.5 221.5 221.5 221.5
GWT ‡ - 69.0 138.0 207.0 69.0 138.0 207.0 207.0

Fish meal § 200.0 133.0 66.0 - 200.0 200.0 200.0 100.0
Soy protein concentrate 214.0 214.0 214.0 214.0 142.0 71.0 - 107.0

Wheat flour 266.4 250.4 234.6 217.8 262.9 259.1 255.4 236.3
Fish oil 84.0 89.0 94.0 99.0 84.0 84.0 84.0 92.0

Mono calcium Phosphate ¶ 14.0 17.0 20.0 23.0 14.5 14.5 14.5 19.0
L-Lysine †† - 3.7 7.4 11.0 3.1 6.1 9.1 10.0

DL-Methionine †† - 0.4 0.8 1.2 - - - 0.2
L-Arginine †† - 1.1 2.1 3.1 2.1 4.2 6.2 4.7

L-Threonine †† - 0.8 1.5 2.3 0.8 1.5 2.2 2.2

Analysed content, kg−1

Dry matter, g 951 954 957 956 957 957 957 955
Crude protein, g 441 447 444 449 447 451 456 454

Crude fat, g 135 136 139 142 140 141 131 140
Ash, g 76 69 61 54 72 68 54 59

Gross energy, MJ 21.5 21.6 21.6 22.0 21.5 21.7 21.8 22.0

Essential amino acid, g (16 N)−1
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Table 2. Cont.

Ingredients, g kg−1 R0 RF1 RF2 RF3 RS1 RS2 RS3 RFS

Arg 6.5 6.5 6.6 6.4 6.5 6.3 6.8 6.2
Ile 4.1 3.9 3.9 3.8 3.9 3.7. 3.7 3.5

Leu 7.2 7.0 7.2 7.0 7.0 6.7 6.9 6.6
Lys 6.1 6.0 6.1 6.1 6.1 5.9 6.2 5.9

Met + Cys 2.1 2.0 2.1 2.1 2.0 2.0 2.5 1.9
Phe + Tyr 7.4 7.3 7.7 7.7 7.1 6.7 7.3 6.8

Thr 3.8 3.8 3.8 3.7 3.8 3.7 3.8 3.5
Val 4.4 4.2 4.1 4.0 4.2 4.0 4.1 3.8

Total essential amino acid 41.7 40.7 41.5 40.7 40.6 39.0 41.4 38.2

Non-essential amino acid, g (16 N)−1

Ala 4.7 4.3 4.0 3.5 4.6 4.2 4.3 3.7
Asp 9.9 8.8 8.6 7.8 8.8 7.8 7.1 6.9
Glu 16.3 18.7 21.0 22.9 18.0 19.1 22.1 21.4
Gly 5.0 4.5 4.3 3.9 4.7 4.5 4.69 4.0
Pro 4.7 5.4 6.1 7.0 5.5 6.0 7.2 7.2
Ser 4.4 4.4 4.6 4.5 4.3 4.2 4.3 4.2

Total non-essential amino acid 45.0 46.0 48.6 49.6 46.0 45.7 49.7 47.3
Total amino acid 86.6 86.8 90.1 90.4 86.5 86.6 90.9 85.6

† Constant feed ingredients, kg−1: Soybean meal 70 g (FENGYUAN®, Goldensea Grain and Oil Industry Co., Ltd.,
Wilmar, Qinhuangdao, China); Peanut meal 70 g (FENGYUAN®, Goldensea Grain and Oil Industry Co., Ltd.,
Wilmar, Qinhuangdao, China); Krill meal 50 g (QRILLTM, Antarctic Krill Meal, Aker BioMarine, Oslo, Norway);
Soy lecithin 20 g (FENGYUAN®, Goldensea Grain and Oil Industry Co., Ltd., Wilmar, Qinhuangdao, China);
Premix 10 g (Vitamin premix (mg kg−1 diet): vitamin A, 20; vitamin B1, 12; vitamin B2, 10; vitamin B6, 15;
vitamin B12, 8; niacinamide, 100; ascorbic acid, 1000; calcium pantothenate, 40; biotin, 2; folic acid, 10; vitamin E,
400; vitamin K3, 20; vitamin D3, 10; inositol, 200; corn protein powder, 150; Mineral premix (mg kg−1 diet):
CuSO4 · 5H2O, 10; FeSO4 · H2O, 300; ZnSO4 · H2O, 200; MnSO4 · H2O, 100; KI (10%), 80; Na2SeO3 (10% Se), 67;
CoCl2 · 6H2O (10% Co), 5; NaCl, 100; zeolite, 638; Vitamin premix: mineral premix = 2:1); Choline Cl 1.5 g (Be-long
corporation, Nanjing, China). ‡ Mixture of vital wheat gluten, wheat flour, and taurine (ratio: 77.5%, 20.5%, and
2.0%). Wheat flour, BLUEKEY®, Beijing Grain and Oil Industry Co., Ltd., Wilmar, Beijing, China. Taurine-JP8,
Qianjiang Yongan Pharmaceutical Co., Ltd., Qianjiang, China. § Aidayufen Co., Ltd., Rongcheng, China. ¶ MCP22,
mono calcium phosphate, feed grade, Suntran Industrial Group Ltd., Hefei, China. †† Siwei Development Group
Ltd., Hangzhou, China.

2.2. Fish Management

After a 2-week acclimation, a 56-day feeding trial was conducted in the Fish Laboratory
of the Sino-European Aquatic Nutrition and Feed Resource Institute, Zhejiang Ocean Uni-
versity, with an indoor seawater recirculation system. Before the feeding trial, 1200 healthy
juveniles with a similar size (initial weight 9.55 ± 0.03 g) were selected, batch-weighed and
randomly assigned to 24 circular 1000-L tanks (the water volume was approximately 750 L),
with 50 fish per tank. Each tank was manually fed four times per day (08:00 a.m., 11:30 a.m.,
3:00 p.m., and 6:30 p.m.), with 30 min per meal to ensure apparent satiety. After each
feeding, the remaining feed pellets in each tank were counted according to the method of
Zhang et al. [29] and siphoned out immediately. The daily feeding rate was tentatively set
at 10% in excess based on the average intake over the past three days, and fish could receive
more feed if they showed signs of feeding. During the feeding, each tank was supplied
with seawater at a flow rate of 8–9 L min−1 and additional aeration via a nano-air-stone
to ensure the dissolved oxygen was above 6.0 mg L−1. One-third of the seawater in each
tank was exchanged daily with an equal amount of new sand-filtered seawater through the
filter system. Artificial photoperiod was adopted, average water temperament and salinity
were 27.9 ◦C and 28 ppt throughout the whole trial, and the photoperiod was 12D:12L.

2.3. Sampling

Before the feeding trial, 3 × 12 fish of similar size were selected and stored at −20 ◦C
for whole-body composition analysis. After a 28-day feeding trial, five fish per tank were
weighed to calculate weight gain. At the end of the 56-day feeding trial, fish in the same
tank were counted and batch-weighed after anaesthesia with MS-222 (90 mg L−1). Five
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fish per tank were randomly selected to determine body length and weight individually,
and then the liver and carcass were weighed to calculate morphologic indexes. Five fish
in each tank were taken as whole-body samples. Blood samples were collected from the
caudal vein of fish with disposable and disinfected injectors, centrifuged at 4 ◦C for 10 min
(4000× g), and then stored at −80 ◦C until analysis. Liver from six fish per tank were
collected for analyses of antioxidant parameters.

2.4. Analysis

Initial and final whole-body samples from the same tank were cut into pieces and
grounded with a meat grinder, then autoclaved (YXQ-LS, Xunbo, Shanghai, China) at
120 ◦C for 30 min, homogenised by a homogeniser (DS-1, Shanghai, China), and oven-dried
(Jinghong, China) at 80 ◦C. Whole-body samples were finely ground with a pestle and
mortar until all samples passed through the 0.9 mm screen. Dried whole fish and feed
samples were analysed for dry matter (105 ◦C to constant weight), protein (Kjeldahl’s
method), lipid (Soxhlet Extraction System, Jingke, Shanghai, China), amino acids (amino
acid analyser, L-8900, Hitachi, Tokyo, Japan), ash (550 ◦C, overnight) and energy (Phillipson
Microbomb Calorimeter, Gentry Instruments Inc., Aiken, SC, USA) based on the previous
studies [17]. Contents of total protein (TP), triglycerides (TG), cholesterol (TC), glucose
(GLU), and activities of glutamate–pyruvate transaminase (ALT), glutamate–oxaloacetate
transaminase (AST) and superoxide dismutase (SOD) were determined by the BECKMAN
COULTER AU5800 automatic biochemical analyser. In addition, superoxide dismutase
(SOD) activity and MDA (malonaldehyde) content in the liver were determined using
commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to
the manufacturer’s instructions.

2.5. Calculation and Statistical Analysis

The parameters were calculated as follows:

Weight gain (WG, g) = final body weight − initial body weight;

Feed conversion ratio (FCR, g DM ingested (g gain)−1) = feed intake/(final mean body weight—initial

mean body weight);

Hepatosomatic index (HSI, %) = liver weight/body weight × 100;

Viscerosomatic index (VSI, %) = viscera weight/body weight × 100;

Condition factor (CF, g/cm3) = body weight/body length3 × 100;

Protein retention efficiency (PRE, %) = protein gain/protein intake × 100;

Energy storage ratio (ERE, %) = energy gain/energy intake × 100.

All data are presented as means ± S.E.M. (n = 3) and assessed by one-way analysis
of variance (ANOVA) using the Origin 8.0 Pro SR4 (Origin Lab. Co., Northampton, MA,
USA) software. Results were considered to be significant at p < 0.05. Moreover, a follow-up
trend analysis using orthogonal polynomial contrasts was performed to determine whether
the significances were linear and/or quadratic. Limitations of this study are the post hoc
analysis performed after ANOVA and the lower regression index R in several analyses.
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3. Results

3.1. Growth Performance, Feed Utilization and Morphologic Indexes

No fish died during the 56-day feeding trial. Furthermore, fish in all groups showed
high growth performance and feed utilisation (Table 3). On the 56-day feeding trial,
significant differences were recorded in FI, WG and FCR among different groups. Fish fed
with the RF3 diet had the highest WG (~240%), whereas fish fed with the diet without wheat
gluten supplementation (R0 diet) showed the lowest WG (~150%) among all treatments.
Fish fed with RF3, RS2 and RFS diets showed a higher value of FI (24–25 g per fish−1) than
those fed the R0 diet (~19 g per fish−1) (p < 0.05). The lowest value of FCR was observed in
the RF3 and RS2 groups, while the highest value was found in the R0 group. However, no
significant differences were recorded in FI, WG, and FCR among all groups on the 28-day
feeding trial (p > 0.05). Similarly, no significant differences were found in HSI, VSI, and CF
among fish fed different experimental diets (Table 4).

Table 3. Growth performance and feed utilisation of red spotted grouper fed diet with different GWT
inclusion levels.

Diets

Feed Intake,
g DM Fish−1

Weight Gain,
g Fish−1

Feed Conversion Ratio,
g DM Ingested (g Gain)−1

0–28 Days 0–56 Days 0–28 Days 0–56 Days 0–28 Days 0–56 Days

R0 11.9 ± 0.28 18.7 ± 0.46 † 12.2 ± 0.36 15.2 ± 0.57 † 0.98 ± 0.01 1.23 ± 0.02 ‡

RF1 12.4 ± 0.16 21.5 ± 1.22 †‡ 12.5 ± 0.24 18.6 ± 2.07 †‡ 0.99 ± 0.01 1.17 ± 0.06 †‡

RF2 12.0 ± 0.04 22.4 ± 0.94 †‡ 12.9 ± 0.14 20.6 ± 1.56 †‡ 0.93 ± 0.01 1.09 ± 0.05 †‡

RF3 12.1 ± 0.25 24.8 ± 1.10 ‡ 12.5 ± 0.35 24.1 ± 1.04 ‡ 0.96 ± 0.02 1.03 ± 0.01 †

RS1 12.3 ± 0.52 21.1 ± 0.92 † 12.1 ± 0.73 18.2 ± 1.22 † 1.02 ± 0.03 1.17 ± 0.03 †‡

RS2 13.1 ± 0.17 25.0 ± 1.17 ‡ 14.2 ± 0.33 23.6 ± 1.83 ‡ 0.92 ± 0.01 1.07 ± 0.03 †‡

RS3 12.4 ± 0.61 21.4 ± 0.67 †‡ 12.7 ± 1.01 18.3 ± 0.80 †‡ 0.98 ± 0.03 1.17 ± 0.02 †‡

RFS 12.7 ± 0.20 23.9 ± 1.59 ‡ 13.4 ± 0.29 22.0 ± 2.28 †‡ 0.95 ± 0.02 1.10 ± 0.05 †‡

ANOVA p 0.27 0.01 0.15 0.01 0.05 0.03
Data were represented as means ± S.E.M. Different superscript symbols indicate significant differences (p < 0.05)
among treatments.

Table 4. Morphologic indexes of red spotted grouper fed diet with different GWT inclusion levels.

Parameters R0 RF1 RF2 RF3 RS1 RS2 RS3 RFS p

HSI, % 2.08 ± 0.25 1.76 ± 0.25 2.16 ± 0.16 2.03 ± 0.20 1.76 ± 0.22 1.97 ± 0.20 2.08 ± 0.15 1.81 ± 0.26 0.61
VSI, % 13.8 ± 0.23 13.8 ± 0.28 13.4 ± 0.46 14.3 ± 0.35 13.5 ± 0.48 13.4 ± 0.30 13.2 ± 0.19 13.2 ± 0.39 0.31

CF, g/cm3 2.72 ± 0.04 2.84 ± 0.08 2.89 ± 0.07 2.93 ± 0.06 2.80 ± 0.06 2.80 ± 0.04 2.96 ± 0.09 2.81 ± 0.10 0.27

Data were represented as means ± S.E.M.

To further investigate the effects of wheat gluten replacing FM and SPC in red spotted
grouper, the regression method was used to analyse the correlation between wheat gluten
supplementation level and WG, FI, and FCR. The results showed that the above indices
varied linearly with decreasing dietary FM level but quadratic polynomially with reducing
dietary SCP level (Figure 1). Specifically, based on the first-order fitting equation, the level
of dietary GWT and SPC were estimated to be 207 g kg−1 and 214 g kg−1, respectively
(Figure 1A,C,E). The optimum levels of wheat gluten according to FI, WG, and FCR were
128 g kg−1 (GWT inclusion level was ~61.7%), 131 g kg−1 (~63.7%) and 127 g kg−1 (~61.2%)
based on the second-order regression equation with 200 g kg−1 FM in the feed formula,
respectively (Figure 1B,D,F).
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Figure 1. Regression analysis of growth performance and feed utilisation in red spotted grouper
fed diet with different GWT inclusion levels. Data were analysed by one-way ANOVA followed by
Tukey multiple comparisons, with different underlined symbols indicating significant differences
(p < 0.05) among treatments. (A,C,E) show the regression analysis of replacing LT-FM with GWT on
growth performance and feed utilisation. (B,D,F) represent the regression analysis of replacing SPC
with GWT on growth performance and feed utilisation. GWT, a mixture of wheat gluten, wheat, and
taurine; LT-FM, low-temperature dried fish meal; SPC, soy protein concentrate.
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3.2. Body Compositions and Nutrient Retentions

The proximate compositions in whole-body and nutrient retentions are shown in
Table 5. Contents of protein, fat and ash, and energy level and ERE were not significantly
different among all treatments (p > 0.05). Fish fed with the diets RF2 and RF3 had the highest
PRE, whereas the R0 diet showed the lowest value. PRE increased linearly with the increase
of dietary FM substitution level (Figure 2A), while ERE increased quadratically with in-
creasing dietary SPC replacement level (Figure 2B). The maximum ERE was obtained when
54.3% SPC was replaced by wheat gluten based on the second-order regression equation.

Table 5. Body compositions and nutrition retentions of red spotted grouper fed diet with different
GWT inclusion levels.

Diets
Dry Matter,

g kg−1

Proximate Composition, g kg−1
Energy,
KJ kg−1

Retention, %

Protein Lipid Ash Protein (PRE) Energy (ERE)

R0 331 ± 5.78 176 ± 1.53 106 ± 2.85 49.7 ± 2.24 8.06 ± 0.12 32.7 ± 0.28 † 34.3 ± 0.71
RF1 326 ± 5.29 174 ± 5.24 103 ± 3.84 47.9 ± 2.37 8.43 ± 0.34 33.9 ± 1.66 †‡ 34.7 ± 2.33
RF2 333 ± 9.45 178 ± 2.73 111 ± 4.37 44.3 ± 2.78 8.26 ± 0.20 38.1 ± 1.17 ‡ 38.6 ± 1.18
RF3 324 ± 5.78 173 ± 2.40 110 ± 2.19 40.5 ± 1.50 8.24 ± 0.14 37.6 ± 0.68 ‡ 39.4 ± 1.19
RS1 335 ± 0.33 179 ± 1.67 110 ± 1.86 46.7 ± 0.35 8.30 ± 0.06 35.9 ± 1.20 †‡ 36.8 ± 0.45
RS2 327 ± 3.18 175 ± 0.88 108 ± 2.73 44.5 ± 1.37 8.19 ± 0.13 36.4 ± 1.04 †‡ 38.5 ± 1.03
RS3 333 ± 1.00 182 ± 0.88 105 ± 1.00 46.1 ± 1.13 8.17 ± 0.02 35.7 ± 0.74 †‡ 35.4 ± 0.26
RFS 330 ± 4.73 178 ± 4.33 109 ± 4.70 43.5 ± 2.75 8.22 ± 0.11 36.5 ± 0.64 †‡ 37.3 ± 1.69

ANOVA p 0.79 0.53 0.64 0.11 0.88 0.03 0.08

Data were represented as means ± S.E.M. Different superscript symbols indicate significant differences (p < 0.05)
among treatments.

 

Figure 2. Regression analysis of protein retention efficiency (A) and energy retention efficiency (B) in
red spotted grouper fed diet with different GWT inclusion levels. Data were analysed by one-way
ANOVA followed by Tukey multiple comparisons, with different underlined symbols indicating
significant differences (p < 0.05) among treatments. ERE, energy retention efficiency; GWT, a mixture
of wheat gluten, wheat and taurine; LT-FM, low-temperature dried fish meal; PER, protein retention
efficiency; SPC, soy protein concentrate.

3.3. Serum and Liver Physiological and Antioxidant Parameters

After the 56-day feeding trial, no significant differences were found in serum TP, TC,
TG, GLU, ALT, AST, SOD, and MDA among fish fed diets with FM and/or SPC gradually
replaced by GWT (Table 6). However, according to a linear regression model (y = 249.1 + 0.9798x,
R2 = 0.51), liver SOD activity markedly increased among fish fed diets, with FM gradually
replaced by wheat gluten. When SPC was gradually replaced by wheat gluten, liver SOD
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activity decreased in a quadratic polynomial model (y = 273.2 − 1.372x + 0.0071x2, R2 = 0.92)
(Figure 3).

Table 6. Biochemical indices in plasma and liver of red spotted grouper fed diet with different GWT
inclusion levels.

Parameters
Diets

p
R0 RF1 RF2 RF3 RS1 RS2 RS3 RFS

Plasma

TP, g/L 32.5 ± 1.36 28.7 ± 5.14 34.3 ± 2.17 30.7 ± 1.03 34.4 ± 1.60 33.2 ± 0.76 34.2 ± 0.27 32.7 ± 1.89 0.61
TG, mmol/L 4.20 ± 1.60 2.73 ± 1.10 2.43 ± 0.42 1.76 ± 0.34 5.04 ± 2.03 4.20 ± 3.03 4.01 ± 0.22 1.88 ± 0.88 0.70

CHOL, mmol/L 3.94 ± 0.72 2.61 ± 0.69 2.41 ± 0.26 1.69 ± 0.02 4.00 ± 0.52 2.72 ± 0.75 3.14 ± 0.11 2.60 ± 0.31 0.07
GLU, mmol/L 7.96 ± 0.32 6.42 ± 0.92 6.01 ± 0.85 5.51 ± 0.56 7.52 ± 1.92 6.22 ± 1.68 6.31 ± 0.48 6.39 ± 1.09 0.81

ALT, U/L 1.83 ± 0.88 7.50 ± 4.54 2.17 ± 0.17 3.17 ± 0.33 2.00 ± 0.29 3.17 ± 0.60 2.67 ± 0.17 2.67 ± 0.93 0.37
AST, U/L 122 ± 11.1 102 ± 32.5 142 ± 14.1 128 ± 15.4 117 ± 35.0 119 ± 15.2 132 ± 10.8 94.5 ± 22.3 0.80

SOD, U/mL 21.0 ± 0.42 22.4 ± 0.19 22.0 ± 0.44 22.3 ± 0.66 20.5 ± 0.19 21.7 ± 0.39 20.8 ± 0.22 21.5 ± 0.16 0.12

Liver

SOD, U/mg prot 273 ± 3.38 ‡ 233 ± 4.95 † 342 ± 13.2 § 345 ± 9.40 § 237 ± 4.36 † 212 ± 7.80 † 208 ± 1.70 † 283 ± 3.65 ‡ <0.01
MDA, nmol/mg prot 1.74 ± 0.04 1.52 ± 0.02 2.17 ± 0.01 2.08 ± 0.38 2.77 ± 0.66 1.58 ± 0.01 1.54 ± 0.01 1.40 ± 0.03 0.05

Data were represented as means ± S.E.M. Different superscript symbols indicate significant differences (p < 0.05)
among treatments.

Figure 3. Regression analysis of liver superoxide dismutase (SOD) activity in red spotted grouper
fed diet with different GWT inclusion levels. Data were analysed by one-way ANOVA followed by
Tukey multiple comparisons, with different underlined symbols indicating significant differences
(p < 0.05) among treatments. (A,B) show the regression analysis of replacing LT-FM and SPC with
GWT on liver SOD activity, respectively. GWT, a mixture of wheat gluten, wheat and taurine; LT-FM,
low-temperature dried fish meal; SPC, soy protein concentrate.

4. Discussion

The present study clearly showed the feasibility of wheat gluten as the main protein
source in low-FM diets (20%) for red spotted grouper. Fish fed a diet with GWT supple-
mentation showed a WG value of 190–250%, while the WG in fish fed diet R0 was around
159%. This growth rate was slightly lower than the study by Wang et al. [18], who selected
similar size fish (~7.88 g) and a fish-meal-casein-based diet. Furthermore, the effect of diet
on the growth of aquatic animals was time-accumulating. The growth performance of
fish was not significantly different on the 28th feeding day, but it was markedly different
on the 56th feeding day. At the end of the feeding, an increase of WG was observed in
fish fed GWT supplementation diets compared with the R0 diet, including that wheat
gluten could improve the growth of red spotted grouper juveniles. Similar results were also
reported in a previous study, in which wheat gluten partly replaced dietary FM in large
yellow croaker [16]. However, different results were reported for European sea bass [15]
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and Atlantic halibut [14], with their growth not significantly affected by dietary wheat
gluten levels. Increased growth due to the supplementation of GWT could be attributed
to the higher feed intake and utilisation. Some supplements were used in this study, such
as krill meal, taurine and lecithin, which can ensure the attractivity of feed. Krill meal is
often used as a feed stimulant due to its high palatability to marine fish, especially the high
plant protein content for carnivorous fish. Plant proteins are deficient in taurine, which
is necessary for groupers, especially in the high plant protein diet [30]. Previous studies
have demonstrated that taurine is a critical nutrient in plant-based diets for Japanese floun-
der [31], Cobia Rachycentron canadum [32], white seabass Atractoscion nobilis [33], sablefish
Anoplopoma fimbria [34] and meagre Argyrosomus regius [35]. The incorporation of lecithin
in diets with low or no FM had positive effects on the growth performance of rainbow
trout [36] and tinfoil barb Barbonymus schwanenfeldii [37]. Secondly, wheat gluten is not only
rich in protein but has a much higher digestibility of protein and amino acids than fishmeal
and soy protein concentration [11]. Moreover, high levels of anti-nutritional factors due to
the increased plant protein level in the diet caused a decrease in feed nutritive value, feed
palatable and feed utilisation. However, wheat gluten has fewer antinutritional factors,
especially anti-palatability factors, compared with other plant protein sources, such as
saponins, alkaloids, fibre, and phytic acid [38]. Thus, all these studies observed good feed
intake and high feed utilisation when replacing FM and/or SPC with wheat gluten. Based
on the nutritional properties of wheat gluten, balancing the dietary amino acid profile and
adding appropriate starch levels may help groupers to adapt to high levels of wheat gluten.

Plant protein sources usually lack one or more essential amino acids. Compared to the
FM, wheat gluten is limited in lysine, methionine, arginine, and threonine (Table 1) [39].
Lysine is the most limited amino acid in wheat gluten. The level of lysine in this exper-
iment is approximately 26.0 g kg−1 diet (57.7 g kg−1 dietary protein), which is higher
than the requirement of hybrid grouper (21.6 g kg−1 diet, corresponding to 40.5 g kg−1

dietary protein) [40], but lower than the E. coioides (28.3 g kg−1 diet, corresponding to
55.6% of dietary protein) [41]. Methionine is the second most limited amino acid, and
its level in this experimental is 27.6–30.3 g kg−1 diet (61.3–67.3 g kg−1 dietary protein),
higher than the optimum requirement of E. coioides (13.1 g kg−1 diet, corresponding to
27.3 g kg−1 dietary protein) [42]. Supplementation of limited amino acids in wheat gluten-
supplemented diets is beneficial in improving feed utilisation, which is consistent with
previous studies in which crystal amino acids were supplemented in plant protein-based
diets [1,43,44]. Moreover, the optimal level of wheat gluten substitution for SPC was es-
timated to be 61% in this experiment (Figure 1B,D,F). Starch is the main component of
wheat flour. Generally, starch is poorly utilised by aquatic animals, and its digestibility
decreases with increasing dietary starch levels in almost fish and shrimp species. Accord-
ing to the results of a previous study, the tolerable level of wheat flour in red spotted
grouper was 286 g kg−1 diet, which is close to 280 g kg−1 diet reported in hybrid grouper
(E. lanceolatus × E. fuscoguttatus ) [45], but higher than 72.2 g kg−1 diet (incorpo-
ration with a cellulose content of ~250 g kg−1 diet) and 246 g kg−1 diet reported in
E. akaara [19] and E. malabaricus [46] respectively. In this study, higher dietary starch
decreased growth performance and feed utilisation in red sported grouper, which was
consistent with previous studies on Nile tilapia Oreochromis niloticus [47], gibel carp
Carassius auratus var. gibelio [48], grass carp Ctenopharyngodon idella [49], hybrid grouper
E. fuscoguttatus × E. lanceolatus [50] and largemouth bass Micropterus salmoides [51].

Proximate composition and nutrition retention among fish fed diets with or with-
out wheat gluten supplementation are shown in Table 4. The crude protein was about
180 g kg−1, similar to the value reported by Wang et al. [19] in E. akaara. Lipid content
(~110 g kg−1) in whole-body was slightly higher than the level recorded by Wang et al. [19],
mainly due to the higher dietary lipid level. However, no significant differences were
observed in fish body compositions (moisture, crude protein, lipid, and ash) in this study,
which is consistent with a study in red spotted grouper [18]. However, protein retention
was significantly affected by different experimental diets. An increase in protein accumu-
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lation was observed in fish fed the diet with FM replaced by wheat gluten. Interestingly,
the ERE was not evidently affected in the FM-replaced groups, while in the SPC-replaced
groups, there was a secondary increase with increasing dietary wheat gluten levels. Fish,
especially carnivorous fish, have limited availability of starch as an energy source. How-
ever, moderate wheat gluten could be used as an energy source has been demonstrated
in Atlantic salmon Salmo salar [39], Atlantic cod Gadus morhua [52], and gilthead sea bream
Sparus aurata [52].

In this study, no significant changes in serum indices were observed when FM or SPC
was gradually replaced by wheat gluten. Similar to the results in European sea bass, no
significant changes were observed in serum cholesterol when fed a wheat gluten-based
diet compared with the FM diet [53]. In this study, liver SOD activity linearly increased
with gradually increasing FM replacement levels (0, 1/3, 2/3, and 100%). However, no
significant differences were observed in liver MDA content, indicating that wheat gluten
has no deleterious effects on oxidative stress products in red spotted grouper. In contrast,
a decrease in SOD activity and MDA content was observed in the group in which SPC
was replaced by wheat gluten (Figure 3). Glutamate is a non-essential amino acid which is
considered to be beneficial for the growth and antioxidant status of aquatic animals. Thus,
increased SOD activity may be attributed to the high content of glutamate in wheat gluten,
which is higher than FM and SPC [11].

5. Conclusions

The highest growth performance was observed in red spotted grouper fed diets with
100% fishmeal or 66.7% soy protein concentration replaced by wheat gluten. Regression
analysis of weight gain and feed conversion efficiency suggested that the optimal levels
of wheat gluten substitution for fish meal or soy protein concentration were 20.7% and
13.1%, respectively. The results of this study provide new insights for the development of a
fishmeal-free formulation for red spotted grouper.

Author Contributions: Conceptualization, Y.Z.; methodology, Y.C., Y.W., G.X., B.S. and Y.Z.; software,
Z.D., Y.W. and T.S.; resources, Y.Z.; writing—original draft preparation, Y.C.; writing—review and
editing, B.S., T.S. and Y.Z.; supervision, B.S., Z.D., T.S. and Y.Z.; project administration, B.S., T.S.
and Y.Z.; funding acquisition, Y.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Key R & D Program of China (2019YFD0900203).

Institutional Review Board Statement: The study was performed in strict accordance with the
Laboratory Animal Welfare Guidelines of China (Decree No. 2 of the Ministry of Science and
Technology, issued in 1988) and approved by Animal Experimental Ethical Inspection, Institutional
Animals Care and Use Committee of Zhejiang Ocean University.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available on request due to privacy. The data presented in
this study are available on request from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gatlin, D.M.; Barrows, F.T.; Brown, P.; Dabrowski, K.; Gaylord, T.G.; Hardy, R.W.; Herman, E.; Hu, G.; Krogdahl, Å.; Nelson, R.;
et al. Expanding the utilization of sustainable plant products in aquafeeds: A review. Aquac. Res. 2007, 38, 551–579. [CrossRef]

2. Anderson, R.L.; Wolf, W.J. Compositional changes in trypsin inhibitors, phytic acid, saponins and isoflavones related to soybean
processing. J. Nutr. 1995, 125, 581–588.

3. Kaushik, S.J.; Cravedi, J.P.; Lalles, J.P.; Sumpter, J.; Fauconneau, B.; Laroche, M. Partial or total replacement of fish meal by
soybean protein on growth, protein utilization, potential estrogenic or antigenic effects, cholesterolemia and flesh quality in
rainbow trout, Oncorhynchus mykiss. Aquaculture 1995, 133, 257–274. [CrossRef]

4. Deng, J.; Mai, K.; Ai, Q.; Zhang, W.; Wang, X.; Xu, W.; Liufu, Z. Effects of replacing fish meal with soy protein concentrate on feed
intake and growth of juvenile Japanese flounder, Paralichthys olivaceus. Aquaculture 2006, 258, 503–513. [CrossRef]

71



Metabolites 2023, 13, 832

5. Biswas, A.; Araki, H.; Sakata, T.; Nakamori, T.; Kato, K.; Takii, K. Fish meal replacement by soy protein from soymilk in the diets
of red sea bream (Pagrus major). Aquac. Nutr. 2017, 23, 1379–1389. [CrossRef]

6. Biswas, A.; Araki, H.; Sakata, T.; Nakamori, T.; Takii, K. Optimum fish meal replacement by soy protein concentrate from soymilk
and phytase supplementation in diet of red sea bream, Pagrus major. Aquaculture 2019, 506, 51–59. [CrossRef]

7. Tola, S.; Fukada, H.; Masumoto, T. Effects of feeding a fish meal-free soy protein concentrate-based diet on the growth performance
and nutrient utilization of red sea bream (Pagrus major). Aquac. Res. 2019, 50, 1087–1095. [CrossRef]

8. Mohd Faudzi, N.; Yong, A.S.K.; Shapawi, R.; Senoo, S.; Biswas, A.; Takii, K. Soy protein concentrate as an alternative in
replacement of fish meal in the feeds of hybrid grouper, brown-marbled grouper (Epinephelus fuscoguttatus) × giant grouper
(E. lanceolatus) juvenile. Aquac. Res. 2018, 49, 431–441. [CrossRef]

9. Chen, Y.; Liu, W.; Ma, J.; Wang, Y.; Huang, H. Comprehensive physiological and transcriptomic analysis revealing the responses

of hybrid grouper (Epinephelus fuscoguttatus × E. lanceolatus ) to the replacement of fish meal with soy protein concentrate.
Fish Physiol. Biochem. 2020, 46, 2037–2053. [CrossRef]

10. Wang, J.; Liang, D.; Yang, Q.; Tan, B.; Dong, X.; Chi, S.; Liu, H.; Zhang, S. The effect of partial replacement of fish meal by soy
protein concentrate on growth performance, immune responses, gut morphology and intestinal inflammation for juvenile hybrid

grouper (Epinephelus fuscoguttatus × Epinephelus lanceolatus ). Fish Shellfish Immunol. 2020, 98, 619–631. [CrossRef]
11. Apper-Bossard, E.; Feneuil, A.; Wagner, A.; Respondek, F. Use of vital wheat gluten in aquaculture feeds. Aquat. Biosyst. 2013,

9, 21. [CrossRef] [PubMed]
12. Pfeffer, E.; Al-Sabty, H.; Haverkamp, R. Studies on lysine requirements of rainbow trout (Oncorhynchus mykiss) fed wheat gluten

as only source of dietary protein. J. Anim. Physiol. Anim. Nutr. 1992, 67, 74–82. [CrossRef]
13. Davies, S.J.; Morris, P.C.; Baker, R.T.M. Partial substitution of fish meal and full-fat soya bean meal with wheat gluten and

influence of lysine supplementation in diets for rainbow trout, Oncorhynchus mykiss (Walbaum). Aquac. Res. 1997, 28, 317–328.
[CrossRef]

14. Helland, S.J.; Grisdale-Helland, B. Replacement of fish meal with wheat gluten in diets for Atlantic halibut (Hippoglossus
hippoglossus): Effect on whole-body amino acid concentrations. Aquaculture 2006, 261, 1363–1370. [CrossRef]

15. Messina, M.; Piccolo, G.; Tulli, F.; Messina, C.M.; Cardinaletti, G.; Tibaldi, E. Lipid composition and metabolism of European sea
bass (Dicentrarchus labrax L.) fed diets containing wheat gluten and legume meals as substitutes for fish meal. Aquaculture 2013,
376–379, 6–14. [CrossRef]

16. Wang, P.; Lou, Y.; Feng, J.; He, J.; Zhu, J.; Zhou, Q. Effect of replacing fish meal with wheat gluten meal on growth, serum
biochemical indexes and antioxidant enzyme activity of juvenile large yellow croaker (Larimichthys crocea). J. Fish. China 2018, 42,
733–743.

17. Jiang, Y.D.; Wang, J.T.; Han, T.; Li, X.Y.; Hu, S.X. Effect of dietary lipid level on growth performance, feed utilization and body
composition by juvenile red spotted grouper (Epinephelus akaara). Aquacult. Int. 2015, 23, 99–110. [CrossRef]

18. Wang, J.; Jiang, Y.; Li, X.; Han, T.; Yang, Y.; Hu, S.; Yang, M. Dietary protein requirement of juvenile red spotted grouper
(Epinephelus akaara). Aquaculture 2016, 450, 289–294. [CrossRef]

19. Wang, J.; Li, X.; Han, T.; Yang, Y.; Jiang, Y.; Yang, M.; Xu, Y.; Harpaz, S. Effects of different dietary carbohydrate levels on growth,
feed utilization and body composition of juvenile grouper Epinephelus akaara. Aquaculture 2016, 459, 143–147. [CrossRef]

20. Luo, Z.; Liu, Y.J.; Mai, K.S.; Tian, L.X.; Liu, D.H.; Tan, X.Y. Optimal dietary protein requirement of grouper Epinephelus coioides
juveniles fed isoenergetic diets in floating net cages. Aquac. Nutr. 2004, 10, 247–252. [CrossRef]

21. Yan, X.; Yang, J.; Dong, X.; Tan, B.; Zhang, S.; Chi, S.; Yang, Q.; Liu, H.; Yang, Y. Optimum protein requirement of juvenile
orange-spotted grouper (Epinephelus coioides). Sci. Rep. 2021, 11, 6230. [CrossRef]

22. Yan, X.; Yang, J.; Dong, X.; Tan, B.; Zhang, S.; Chi, S.; Yang, Q.; Liu, H.; Yang, Y. The protein requirement of grouper Epinephelus
coioides at grow-out stage. Aquac. Nutr. 2020, 26, 1555–1567. [CrossRef]

23. Wang, Y.R.; Wang, L.; Zhang, C.X.; Song, K. Effects of substituting fishmeal with soybean meal on growth performance and
intestinal morphology in orange-spotted grouper (Epinephelus coioides). Aquac. Rep. 2017, 5, 52–57. [CrossRef]

24. Millamena, O.M. Replacement of fish meal by animal by-product meals in a practical diet for grow-out culture of grouper
Epinephelus coioides. Aquaculture 2002, 204, 75–84. [CrossRef]

25. Chen, G.; Yin, B.; Liu, H.; Tan, B.; Dong, X.; Yang, Q.; Chi, S.; Zhang, S. Effects of fishmeal replacement with cottonseed protein

concentrate on growth, digestive proteinase, intestinal morphology and microflora in pearl gentian grouper ( Epinephelus
fuscoguttatus × Epinephelus lanceolatu). Aquac. Res. 2020, 51, 2870–2884. [CrossRef]

26. Huang, B.; Zhang, S.; Dong, X.; Chi, S.; Yang, Q.; Liu, H.; Tan, B.; Xie, S. Effects of fishmeal replacement by black soldier fly on
growth performance, digestive enzyme activity, intestine morphology, intestinal flora and immune response of pearl gentian

grouper (Epinephelus fuscoguttatus × Epinephelus lanceolatus ). Fish Shellfish Immunol. 2022, 120, 497–506. [CrossRef] [PubMed]
27. Chen, Y.; Ma, J.; Huang, H.; Zhong, H. Effects of the replacement of fishmeal by soy protein concentrate on growth performance,

apparent digestibility, and retention of protein and amino acid in juvenile pearl gentian grouper. PLoS ONE 2019, 14, e0222780.
[CrossRef]

72



Metabolites 2023, 13, 832

28. Song, S.G.; Chi, S.Y.; Tan, B.P.; Liang, G.L.; Lu, B.Q.; Dong, X.H.; Liu, H.; Zhang, S. Effects of fishmeal replacement by Tenebrio
molitor meal on growth performance, antioxidant enzyme activities and disease resistance of the juvenile pearl gentian grouper

(Epinephelus lanceolatus × Epinephelus fuscoguttatus ). Aquac. Res. 2018, 49, 2210–2217. [CrossRef]
29. Zhang, Y.; Guo, M.; Li, N.; Dong, Z.; Cai, L.; Wu, B.; Xie, J.; Liu, L.; Ren, L.; Shi, B. New insights into β-glucan-enhanced immunity

in largemouth bass Micropterus salmoides by transcriptome and intestinal microbial composition. Front. Immunol. 2022, 13, 108103.
[CrossRef]

30. Lin, Y.H.; Lu, R.M. Dietary taurine supplementation enhances growth and nutrient digestibility in giant grouper Epinephelus
lanceolatus fed a diet with soybean meal. Aquac. Rep. 2020, 18, 100464. [CrossRef]

31. Park, G.S.; Takeuchi, T.; Yokoyama, M.; Seikai, T. Optimal dietary taurine level for growth of juvenile Japanese flounder
Paralichthys olivaceus. Fish. Sci. 2002, 68, 824–829. [CrossRef]

32. Lunger, A.N.; McLean, E.; Gaylord, T.G.; Kuhn, D.; Craig, S.R. Taurine supplementation to alternative dietary proteins used in
fish meal replacement enhances growth of juvenile cobia (Rachycentron canadum). Aquaculture 2007, 271, 401–410. [CrossRef]

33. Jirsa, D.; Davis, D.A.; Salze, G.P.; Rhodes, M.; Drawbridge, M. Taurine requirement for juvenile white seabass (Atractoscion nobilis)
fed soy-based diets. Aquaculture 2014, 422–423, 36–41. [CrossRef]

34. Johnson, R.B.; Kim, S.K.; Watson, A.M.; Barrows, F.T.; Kroeger, E.L.; Nicklason, P.M.; Goetz, G.W.; Place, A.R. Effects of dietary
taurine supplementation on growth, feed efficiency, and nutrient composition of juvenile sablefish (Anoplopoma fimbria) fed plant
based feeds. Aquaculture 2015, 445, 79–85. [CrossRef]

35. de Moura, L.B.; Diógenes, A.F.; Campelo, D.A.V.; de Almeida, F.L.A.; Pousão-Ferreira, P.M.; Furuya, W.M.; Oliva-Teles, A.; Peres,
H. Taurine and methionine supplementation as a nutritional strategy for growth promotion of meagre (Argyrosomus regius) fed
high plant protein diets. Aquaculture 2018, 497, 389–395. [CrossRef]

36. Iwashita, Y.; Suzuki, N.; Yamamoto, T.; Shibata, J.I.; Isokawa, K.; Soon, A.H.; Ikehata, Y.; Furuita, H.; Sugita, T.; Goto, T.
Supplemental effect of cholyltaurine and soybean lecithin to a soybean meal-based fish meal-free diet on hepatic and intestinal
morphology of rainbow trout Oncorhynchus mykiss. Fish. Sci. 2008, 74, 1083–1095. [CrossRef]

37. Sohel, M.; Bolong, A.A. Effects of soybean lecithin on growth and survival of tropical tin foil barb. Ann. Vet. Anim. Sci. 2020,
7, 15–22.

38. Draganovic, V.; van der Goot, A.J.; Boom, R.; Jonkers, J. Assessment of the effects of fish meal, wheat gluten, soy protein
concentrate and feed moisture on extruder system parameters and the technical quality of fish feed. Anim. Feed Sci. Technol. 2011,
165, 238–250. [CrossRef]

39. Storebakken, T.; Shearer, K.D.; Baeverfjord, G.; Nielsen, B.G.; Åsgård, T.; Scott, T.; De Laporte, A. Digestibility of macronutrients,
energy and amino acids, absorption of elements and absence of intestinal enteritis in Atlantic salmon, Salmo salar, fed diets with
wheat gluten. Aquaculture 2000, 184, 115–132. [CrossRef]

40. Li, X.; Wu, X.; Dong, Y.; Gao, Y.; Yao, W.; Zhou, Z. Effects of dietary lysine levels on growth, feed utilization and related gene

expression of juvenile hybrid grouper (Epinephelus fuscoguttatus × Epinephelus lanceolatus ). Aquaculture 2019, 502, 153–161.
[CrossRef]

41. Luo, Z.; Liu, Y.; Mai, K.; Tian, L.; Tan, X.; Yang, H.; Liang, G.; Liu, D. Quantitative L-lysine requirement of juvenile grouper
Epinephelus coioides. Aquac. Nutr. 2006, 12, 165–172. [CrossRef]

42. Luo, Z.; Liu, Y.; Mai, K.; Tian, L.; Yang, H.; Tan, X.; Liu, D. Dietary l-methionine requirement of juvenile grouper Epinephelus
coioides at a constant dietary cystine level. Aquaculture 2005, 249, 409–418. [CrossRef]

43. Li, P.; Mai, K.; Trushenski, J.; Wu, G. New developments in fish amino acid nutrition: Towards functional and environmentally
oriented aquafeeds. Amino Acids 2009, 37, 43–53. [CrossRef] [PubMed]

44. Zhang, Y.; Øverland, M.; Xie, S.; Dong, Z.; Lv, Z.; Xu, J.; Storebakken, T. Mixtures of lupin and pea protein concentrates can
efficiently replace high-quality fish meal in extruded diets for juvenile black sea bream (Acanthopagrus schlegeli). Aquaculture 2012,
354–355, 68–74. [CrossRef]

45. Luo, Y.; Wu, X.; Li, W.; Jiang, S.; Lu, S.; Wu, M. Effects of different corn starch levels on growth, protein input, and feed utilization
of juvenile hybrid grouper (male Epinephelus lanceolatus × female E. fuscoguttatus). N. Am. J. Aquac. 2016, 78, 168–173. [CrossRef]

46. Shiau, S.Y.; Lin, Y.H. Carbohydrate utilization and its protein-sparing effect in diets for grouper (Epinephelus malabaricus). Anim.
Sci. 2001, 73, 299–304. [CrossRef]

47. Tran-Duy, A.; Smit, B.; van Dam, A.A.; Schrama, J.W. Effects of dietary starch and energy levels on maximum feed intake, growth
and metabolism of Nile tilapia, Oreochromis niloticus. Aquaculture 2008, 277, 213–219. [CrossRef]

48. Tan, Q.; Wang, F.; Xie, S.; Zhu, X.; Lei, W.; Shen, J. Effect of high dietary starch levels on the growth performance, blood chemistry
and body composition of gibel carp (Carassius auratus var. gibelio). Aquac. Res. 2009, 40, 1011–1018. [CrossRef]

49. Tian, L.X.; Liu, Y.J.; Yang, H.J.; Liang, G.Y.; Niu, J. Effects of different dietary wheat starch levels on growth, feed efficiency and
digestibility in grass carp (Ctenopharyngodon idella). Aquac. Int. 2012, 20, 283–293. [CrossRef]

50. Li, S.; Li, Z.; Zhang, J.; Sang, C.; Chen, N. The impacts of dietary carbohydrate levels on growth performance, feed utilization,

glycogen accumulation and hepatic glucose metabolism in hybrid grouper (Epinephelus fuscoguttatus × E. lanceolatus ).
Aquaculture 2019, 512, 734351. [CrossRef]

51. Li, X.; Zheng, S.; Ma, X.; Cheng, K.; Wu, G. Effects of dietary starch and lipid levels on the protein retention and growth of
largemouth bass (Micropterus salmoides). Amino Acids 2020, 52, 999–1016. [CrossRef] [PubMed]

73



Metabolites 2023, 13, 832

52. Bradshaw, C.J.; Higgins, J.; Michael, K.J.; Wotherspoon, S.J.; Hindell, M.A. At-sea distribution of female southern elephant seals
relative to variation in ocean surface properties. ICES J. Mar. Sci. 2004, 61, 1014–1027. [CrossRef]

53. Robaina, L.; Corraze, G.; Aguirre, P.; Blanc, D.; Melcion, J.; Kaushik, S. Digestibility, postprandial ammonia excretion and selected
plasma metabolites in European sea bass (Dicentrarchus labrax) fed pelleted or extruded diets with or without wheat gluten.
Aquaculture 1999, 179, 45–56. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

74



Citation: Hlordzi, V.; Tan, B.; Dong,

X.; Zhang, S.; Zhu, L.; Zhang, L.; Hu,

X.; Chi, S. Enzymatic Chicken Pulp

Promotes Appetite, Digestive

Enzyme Activity, and Growth in

Litopenaeus vannamei. Metabolites 2022,

12, 698. https://doi.org/10.3390/

metabo12080698

Academic Editor: Chi Chen

Received: 11 June 2022

Accepted: 20 July 2022

Published: 27 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metabolites

H

OH

OH

Article

Enzymatic Chicken Pulp Promotes Appetite, Digestive Enzyme
Activity, and Growth in Litopenaeus vannamei
Vivian Hlordzi 1,2, Beiping Tan 1,2, Xiaohui Dong 1,2, Shuang Zhang 1,2, Lin Zhu 3, Ling Zhang 4,*, Xiangna Hu 4

and Shuyan Chi 1,2,*

1 Laboratory of Aquatic Nutrition and Feed, College of Fisheries, Guangdong Ocean University,
Zhanjiang 524088, China; hlordziviviann@gmail.com (V.H.); bptan@126.com (B.T.);
dongxiaohui2003@163.com (X.D.); zhangshuang@163.com (S.Z.)

2 Aquatic Animals Precision Nutrition and High Efficiency Feed Engineering Research Centre of Guangdong
Province, Zhanjiang 524088, China

3 Qingdao Bio-Ways Ingredients Bio-Technology Co., Ltd., Qingdao 266071, China; zhu666lin@163.com
4 Shenzhen Institute of Quality & Safety Inspection and Research, Shenzhen 518101, China;

huxiangna@163.com
* Correspondence: zhangling923@163.com (L.Z.); chisy@gdou.edu.cn (S.C.)

Abstract: Enzymatic chicken pulp (ECP) is an animal protein source that has been proven to be of
excellent nutritional content and good quality for the majority of aquatic organisms because of its
quality protein, small peptides, palatability, vitamins, and minerals. An 8-week nutritional trial was
conducted to assess the effects of an ECP-based diet on the growth performance, digestive enzyme
activity, and gene mRNA expression of Pacific white shrimp (Litopenaeus vannamei). Fish soluble pulp
(FSP) served as the control group while in the experimental groups, and ECPs with three protein
contents were used to replace FSP in equal amounts, named ECP1, ECP2, and ECP3, respectively. No
significant difference in weight gain rate, specific growth rate, survival rate, or feed conversion ratio
was observed (p > 0.05) between the groups. Ash content in the Pacific shrimp’s whole body was
significantly higher in the ECP1 and ECP3 groups compared to the other groups (p < 0.05). Intestinal
amylase and protease activities were the highest in the ECP1 and ECP2 groups, respectively (p < 0.05).
With respect to gene mRNA expression, neuropeptide Y, excitatory amino acid transporter, and fatty
acid transport protein 4 were significantly high in the ECP1 group (p < 0.05). In conclusion, these
three ECPs have their advantages to replace FSP in shrimp feed, but ECP1 is more effective if the
effects of digestive enzyme activity, appetite, and expression of growth-related genes are considered.

Keywords: fish soluble pulp; enzymatic chicken pulp; growth performance; appetite; Litopenaeus vannamei

1. Introduction

Penaeidae shrimp farming is rapidly growing, with production exceeding 6 million
tons in 2018 and more than 75% of harvest being Litopenaeus vannamei [1]. Feed is an
essential component of cost-effective aquaculture. Aquaculture’s successes with respect
to nutrition and efficiency heavily relies on supplemental meals [2]. Dietary nutritional
value is influenced by the quality of the protein sources employed in the production of
the meal [3], particularly for aquaculture animals. Fishmeal (FM), which is the major and
high-quality protein source in aquafeed, is very difficult to obtain and very expensive due
to high demand [4]. It is very important to reduce the amount of FM used in aquafeed by
introducing other protein sources.

Significant volumes of waste are produced during the processing of fish and fowl,
including internal organs, fat, skin, feet, skeleton, feathers, and blood. The amount of scrap
produced is about 43% (w/w) of the live weight [5]. Fish soluble pulp (FSP) is produced
from fish by-products such as skin, scales, bones, swim bladders, roes, intestines, blood,
and liver [4]. These by-products contain large amounts of bioactive rich materials which
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are mostly underutilized, wasted, or discarded. FSP is rich in protein and amino acids
which is suitable for the development of the Pacific white shrimp [6]. Since the early 2000s,
global fish catch has reduced significantly, therefore reducing the amount of by-products
obtained from this sector [1]. This has led to the study of other ingredients as the primary
protein source in the diet of aquatic animals [7,8].

Enzymatic chicken pulp (ECP) is among the animal protein sources proven to be of
good quality and high nutrition quality in the diet of most aquatic organisms, particularly
for carnivorous species [9,10]. Currently, the poultry by-product is primarily used in
pet foods because of its quality protein, palatability, essential fatty acids, vitamins, and
minerals [11]. ECP is produced from the enzymatic hydrolysis of poultry by-products
such as necks, feet, intestines, blood, and undeveloped eggs, exclusive of feathers. These
by-products are first ground, heated to kill microorganisms, and later treated with enzymes.
Enzymes are thermally inactivated by heating, and centrifuged to obtain two phases, those
being supernatant (water and oil) and solid residue [12]. Most pathogenic microorganisms
in ECP are destroyed by the rendering process and conditions (time/temperature) used,
with a minimum effect on the digestibility of amino acids [13]. Amino acids such as
arginine, alanine, and taurine, which improve feed acceptance in crustaceans, have been
observed to be slightly higher in ECP compared to poultry by-product meals [14]. ECP is
thought to be a proper substitute protein for FM [15,16] in artificial diets for carnivorous
and omnivorous aquaculture species due to consistent availability, relatively low price,
nutritional composition, and similar nutritional compositions to FM [17,18].

Due to variability in processing specifications such as time, temperature, and enzymes
of poultry by-products into ECP, differences in protein, essential amino acid composition,
and lipid contents are observed [19]. In modern rendering facilities, advanced processing
technologies are used to counter these challenges [20]. As demand for aquafeed is increas-
ing, several authors confirmed that ECP has considerable potential as an ingredient in fish
feed production systems [21].

ECPs with different crude protein levels were incorporated into the diets of Pacific
white shrimp and compared with an FSP-based diet to study the effect on growth, survival
body composition, mRNA gene expression, and intestinal development.

2. Materials and Methods

2.1. Experimental Diet

In this study, four isonitrogenous (39.7%) and isolipidic (9%) shrimp diets were for-
mulated and prepared. A balanced diet containing FSP was used as a control group (FSP).
Three types of ECPs, which contained 32.4%, 33%, and 10.2% crude protein, were added to
the diets as ECP1, ECP2, and ECP3 groups, respectively (Tables 1 and 2). The raw materials
were crushed and passed through an 80-mesh sieve. After weighing, all ingredients listed
in the formula were mixed thoroughly in a Hobart-type mixer to form a moist dough that
was placed into the extruder and shaped into strips. The stripes were air-dried, broken into
granules, and sealed in bags until the experiment started.

2.2. Experimental Procedure

Healthy Pacific white shrimp larvae were gathered from the southern base of the
marine aquaculture seed project of the “863” Program. The purchased shrimps were
incubated for two months in an aerated cement pond at the Marine Biological Research
Base of Guangdong Ocean University and fed with a commercial diet within this period.
Fasting 24 h before the feeding experiment, 720 healthy Pacific white shrimps were batch-
weighed to obtain an initial average weight (0.26 ± 0.002 g) and randomly distributed at a
stocking density of 30 shrimps per tank in three replicate groups. Indoor fiberglass tanks
(0.3 m3) were used for this study under a natural photoperiod (12 h light/12 h dark) system.
The experimental feed was fed manually four times daily (07:00, 11:00, 17:00, and 21:00)
to 10% body weight and later regulated to visual apparent satiation for 8 weeks. Oxygen
was provided using single-air stones, water temperature ranged from 28–30 ◦C, pH 8.0–8.2,
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dissolved oxygen > 7 mg/L, and salinity 28.5–32, respectively. The feed provided was
recorded and about 60% of the water in the tanks was changed daily. Mortalities were
weighed and recorded daily.

Table 1. Formulation and proximate composition of the experimental diets (% dry matter).

Ingredients FSP ECP1 ECP2 ECP3

Brown fish meal 20 20 20 20
Fish soluble pulp 4 0.00 0.00 0.00
ECP 1 0 4 0 0
ECP 2 0 0 4 0
ECP 3 0 0 0 4
Soybean meal 15 15 15 15
Cottonseed protein 11 11 11 12.5
Wheat flour 24 24 24 24
Peanut meal 14 14 14 14
Shrimp shell meal 3 3 3 3
Fish oil 1.6 1.6 1.6 1.6
Soy lecithin 1.5 1.5 1.5 1.5
Soybean oil 1.5 1.5 1.5 1.3
Calcium monophosphate 1 1 1 1
Premix (Vitamin + Mineral) 1 1 1 1
Cholesterol 0.15 0.15 0.15 0.15
Antioxidant 0.45 0.45 0.45 0.45
Microcrystalline cellulose 1.3 1.3 1.3 0
Choline Chloride 0.4 0.4 0.4 0.4
Attractant 0.1 0.1 0.1 0.1
Total % 100 100 100 100

Nutrient composition (%)
Moisture 9.34 9.55 9.32 9.21
Crude protein (dry matter) 38.34 38.09 38.29 38.13
Crude lipid (dry matter) 7.14 6.77 6.79 6.55
Ash (dry matter) 10.22 10.24 10.33 10.11

Table 2. Amino acid composition (%).

FSP ECP1 ECP2 ECP3 Cottonseed Protein

Aspartic acid 1.99 1.79 1.82 1.25 5.68
Glutamic acid 2.4 2.43 2.48 1.48 12.33
Serine 0.72 0.73 0.74 0.17 2.48
Histidine 1.64 0.82 0.84 0.16 1.73
Arginine 2.35 2.05 2.09 0.52 7.75
Threonine 0.98 0.62 0.63 0.14 1.93
Glycine 1.78 3.28 3.34 0.35 2.45
Alanine 2.94 1.66 1.69 0.71 2.29
Proline 1.96 3.19 3.25 0.41 2.14
Tyrosine 0.78 0.41 0.42 0.21 1.71
Valine 1.04 0.66 0.67 0.29 2.75
Methionine 0.46 0.4 0.41 0.12 0.76
Cystine 0.2 0.39 0.40 0.03 0.76
Isoleucine 0.91 0.67 0.68 0.28 1.87
Leucine 1.72 1.32 1.35 0.29 3.22
Phenylalanine 1.2 0.84 0.86 0.15 3.39
Lysine 2.05 1.23 1.25 0.34 2.62

2.3. Sample Collection

80 shrimps were randomly sampled and stored (−20 ◦C) for the analysis of the initial
proximate composition at the onset of the study. 24 h before the cessation of the feeding
trial, shrimps were starved. The weight and number of the shrimps per replicate were
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checked and noted to calculate the survival rate (SR), weight gain rate (WGR), specific
growth rate (SGR), and feed conversion ratio (FCR). At random, five shrimps per replicate
were selected, weighed, and had their length checked, after which their hepatopancreas and
intestines were harvested and weighed to denote their condition factor (CF), viscerosomatic
index (VSI), and hepatosomatic index (HSI).

Weight gain rate (%) = 100 × (average final individual weight − average initial individual weight)
average initial individual weight

Specific growth rate (%/d) = 100 × loge average final weight − logeaverage initial weight
days of feeding

Feed conversion ratio =
Feed consumed

weight gain

Survival rate (%) = 100 × Final shrimp number
Initial shrimp number

Condition factor (g/cm3) = 100 × (
final weight

(shrimp fork length)3 )

(from ref [22])

Viscerosomatic index (%) = 100 × (
visceral weight

body weight
)

Hepatosomatic index (%) = 100 × (
hepatopancreas weight

body weight
)

Protein efficiency ratio =
weight gain

protein intake

Protein production value (%) = 100 × (Final weight × Crude protein)− (Initial weight × Crude protein)
Feed given × Crude protein

2.3.1. Proximate Composition and Analysis

Proximate composition (moisture, crude lipid, crude protein, and ash) of feeds and five
shrimps per replicate were analyzed using standard methods obtained from the Association
of Official Analytical Chemists [23].

2.3.2. Serum Biochemical Activity

The hemolymph was pooled into 1.5 mL Eppendorf tubes and stored at 4 ◦C overnight.
Stored hemolymph samples were centrifuged (4000 rpm for 10 min at 4 ◦C) and the
serum was harvested for biochemical enzyme activity. Total protein content, aspartate
transaminase (AST), alanine transaminase (ALT), catalase (CAT), and lysozyme (LZM)
enzyme activities in the serum were evaluated using test kits obtained from Nanjing
Jiancheng Institute of Biological Engineering, China. The specific operation methods,
absorbance, and calculation formulas were performed according to the test kit instructions.
AST and ALT were measured using a full wavelength microplate reader (Thermofisher,
Waltham, MA, USA) at 510 nm, and CAT and LZM were measured at 405 nm and 530 nm.

2.3.3. Digestive Enzyme Activity in the Intestine

The intestines of three shrimps per replicate was harvested and frozen in liquid
nitrogen and later kept at −80 ◦C until use. Intestinal amylase, lipase, and protease
were determined using the specific operation methods and calculations provided by the
commercial test kit (Nanjing Jiancheng Institute of Biological Engineering, Nanjing, China).
We weighed the intestine, added 9 times the volume of saline at a ratio of mass (g):
volume (mL) of 1:9, homogenized mechanically under ice bath conditions, titled 10%
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tissue homogenate, centrifuged at 2500 rpm for 10 min, and used the supernatant as the
analysis sample. The absorbance of the amylase, lipase, and protease was measured using
the microplate reader (Thermofisher, Waltham, MA, USA) at 660 nm, 550 nm, and 680 nm.

2.3.4. Intestinal Microbiota

DNA library sequencing was performed on the Illumina HiseqTM 2500/4000 by
Gene Denovo Biotechnology Co., Ltd., (Guangzhou, China). Bioinformatic analysis was
performed using Omicsmart, a real-time interactive online platform for data analysis
(http://www.omicsmart.com, accessed on 2 February 2022).

2.3.5. Real-Time Quantitative PCR Analysis

Total RNA from the hepatopancreas of three shrimps per replicate was extracted using
Trizol (Invitrogen, Waltham, MA, USA) reagent, and the integrity and quality were verified
using 1% agarose gel electrophoresis and spectrophotometer (NanoDrop-2000, ThermoSci-
entific, Waltham, MA, USA). Reverse transcription of RNA extracted was performed using
a primeScript TM kit (TaKaRa, Dalian, China). A real-time fluorescent quantitative PCR
assay was executed to detect the mRNA expression levels for neuropeptide Y (npy), fatty
acid transport protein 4 (fatp4), excitatory amino acid transporter (eaat), growth hormone
secretagogue receptor type 1 (gsh-R1), cholecystokinin receptor type A-like (cckar), and
cluster of differentiation 36 (cd36), with β-actin gene as the housekeeping gene (Bio-Rad
CFX96; Bio-Rad Labs, Hercules, CA, USA) (Table 3). Relative gene expression levels were
calculated by 2−��CT.

Table 3. Primer sequence used for real-time quantitative PCR analysis.

Gene Primer Source

npy F: GGTGATGTCGAAGTGGCCGGAGTTG
R: ACCTCGCCAGGGAGAAGCGGAACCA GFRP01055388

fatp4 F:CCGACGGGCAAAGCGACTGAACCA
R: TCTATTCCACCAGGTATCTTTATCG KY271629

eaat F: GTTACAACATCAAACCCGAGACAG
R:CCCGAGAAGGTGAAGATGAGGAGC GGUK01021174

ghs-RI F: TGCGAAGGAGGAACTCTGAACATT
R: CCAAGTAAGTCGCTTCCTGGCTCT HAAW01018270

cckar F: ATCGTGTCCCTTGTGCTGTCTGTT
R: GTCATCGCCGTCATCTTCTTCGTC XM_027379811

cd36 F: AACCAAGGTCCTGACCATCAC
R: AGGTGAGAGTCGACGAGGAA [24]

β-actin F: AAGATGTGTGACGACGAAGTAGC
R: AGGATACCTCGCTTGCTCTG GFRP01025709

npy—neuropeptide Y, fatp4—fatty acid transport protein 4, eaat—excitatory amino acid transporter,
ghs-RI—growth hormone secretagogue receptor type 1, cckar—cholecystokinin receptor type A-like, cd36—cluster
of differentiation 36, β-actin—beta-actin.

2.4. Statistical Analysis

Data obtained were analyzed using a one-way analysis of variance (ANOVA). Statis-
tical analyses were performed using the SPSS 22.0 for Windows and general differences
were significant at p < 0.05. Tukey’s honestly significant difference (HSD) test was used to
compare the mean values between individual treatments. Data are represented as mean
values of each group of shrimp ± standard error (SE).

3. Results

3.1. Growth Performance and Survival

The SR of all experimental groups was 80% and above without significant difference
(p > 0.05), as portrayed in Table 4. No significant difference in IW, WGR, SGR, CF, VSI,
or HSI was observed between the experimental groups (p > 0.05). FCR was significantly
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higher in the ECP2 group but was not significantly different from the ECP3 group (p < 0.05)
(Table 4).

Table 4. Effect of fish soluble pulp meal and enzymatic chicken pulp on the growth and survival of
L. vannamei.

FSP ECP1 ECP2 ECP3

IW 0.26 ± 0.00 0.26 ± 0.00 0.26 ± 0.01 0.26 ± 0.00
WGR/% 2789.92 ± 34.42 2923.21 ± 17.57 2818.48 ± 57.17 2553.41 ± 46.36

SGR (%/d) 5.53 ± 0.08 5.87 ± 0.06 5.52 ± 0.17 5.49 ± 0.22
SR,% 80.00 ± 3.85 88.33.00 ± 2.15 82.22 ± 5.55 86.67 ± 6.67
FCR 1.64 ± 0.02 a 1.58 ± 0.03 a 1.84 ± 0.04 b 1.70 ± 0.5 ab

CF, g/cm3 0.81 ± 0.03 0.87 ± 0.01 0.81 ± 0.03 0.81 ± 0.01
VSI,% 5.85 ± 0.09 5.55 ± 0.22 5.11 ± 0.34 5.07 ± 0.32
HSI,% 4.65 ± 0.12 4.11 ± 0.20 4.00 ± 0.28 3.96 ± 0.14

Note: Values are mean values of each group of shrimp (3 replicates) ± SE. Means in each row without superscripts
or with the same superscripts do not differ significantly (p > 0.05), while those with different superscripts
differ significantly (p < 0.05). IW-Initial weight, WGR%-Weight gain rate, SGR%/d—Specific growth rate per
day, SR%—Survival rate, FCR—Feed conversion ratio, CF%—Condition factor, VSI%—Viscerosomatic index,
HSI-Hepatosomatic index.

3.2. Whole Body Composition

As presented in Table 5, no significant difference in moisture and crude protein was
observed (p > 0.05). Crude lipid was significantly higher in the FSP and ECP3 groups
compared to the ECP1 group (p < 0.05), but with no significant difference to the ECP2 group
(p > 0.05). Ash content was significantly higher in the groups fed ECP diets compared to
the FSP group (p < 0.05), but no significant difference was observed between the FSP and
the ECP2 groups (p > 0.05). Whole-body PER was significantly higher in the ECP1 group
compared to the ECP3 group (p < 0.05) with no significant difference to the FSP and ECP2
groups (p > 0.05).

Table 5. Effect of fish soluble pulp and enzymatic chicken pulp on the whole-body composition of
L. vannamei.

FSP ECP1 ECP2 ECP3

Moisture 73.44 ± 0.26 74.59 ± 0.57 73.62 ± 0.19 74.05 ± 0.21
Crude protein 69.28 ± 2.11 63.76 ± 3.13 69.23 ± 2.08 64.39 ± 0.63

Crude lipid 6.83 ± 0.78 b 5.74 ± 0.16 a 6.41 ± 0.16 ab 7.47 ± 0.40 b

Ash 10.43 ± 0.01 a 11.75 ± 0.04 b 10.98 ± 0.35 ab 11.81 ± 0.25 b

PER 4.67 ± 0.80 ab 5.41 ± 0.11 b 4.62 ± 0.10 ab 4.48 ± 0.27 a

PPV 40.17 ± 2.09 40.64 ± 6.83 39.57 ± 2.34 32.08 ± 1.00
Note: Values are mean values of each group of shrimps (three replicates) ± SE. Means in each row without
superscripts or with the same superscripts do not differ significantly (p > 0.05), whiles those with different
superscripts differ significantly (p < 0.05). PER—Protein efficiency rate, PPV—protein production value.

3.3. Serum Biochemical Indexes

Serum AST and ALT activities in Table 6 were significantly high in ECP 2 compared to
FSP and ECP3 groups (p < 0.05) but were not significantly different from the ECP1 group
(p > 0.05). The serum, CAT, LZM activities, and TP content between the groups portrayed
no significant difference (p > 0.05).
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Table 6. Effect of fish soluble pulp and enzymatic chicken pulp in the serum enzyme activities of
L. vannamei.

AST, U/L ALT, U/L LZM, U/ml CAT, U/ml TP, g/ml

FSP 17.94 ± 3.58 a 46.76 ± 4.17 ab 275.00 ± 21.43 7.08 ± 3.23 299.67 ± 8.51
ECP1 26.72 ± 4.20 ab 58.42 ± 4.19 bc 285.71 ± 19.88 13.28 ± 3.87 297.79 ± 20.72
ECP2 41.76 ± 0.63 b 59.38 ± 0.37 c 291.67 ± 5.19 15.86 ± 6.88 324.81 ± 7.92
ECP3 12.07 ± 2.93 a 40.55 ± 1.12 a 300.00 ± 5.46 10.45 ± 1.18 289.89 ± 13.86

Note: Values are mean values of each group of shrimps (three replicates) ± SE. Means in each row without
superscripts or with the same superscripts do not differ significantly (p > 0.05), while those with different
superscripts differ significantly (p < 0.05).

3.4. Digestive Enzyme Activity in Intestine

In the intestine, no significant difference in lipase activity between the groups was
observed (p > 0.05). Amylase activity in the intestine was significantly higher in the ECP1
group compared to the other groups (p < 0.05). Protease activity was significantly high in
the ECP1 and ECP2 groups (p < 0.05) but was not significantly different from the ECP3
group (p > 0.05). (Table 7).

Table 7. Effect of fish soluble pulp and enzymatic chicken pulp in the intestinal digestive enzyme
activities of L. vannamei.

Lipase, U/gprot Amylase, U/mgprot Protease, U/mL

FSP 0.81 ± 0.26 3.07 ± 0.27 a 1352.24 ± 116.5 a

ECP1 1.06 ± 0.05 5.47 ± 0.03 b 1944.10 ± 156.08 b

ECP2 0.52 ± 0.04 3.05 ± 0.03 a 2322.53 ± 53.75 b

ECP3 0.60 ± 0.01 3.16 ± 0.01 a 1828.34 ± 124.36 ab

Note: Values are mean values of each group of shrimps (three replicates) ± SE. Means in each row without
superscripts or with the same superscripts do not differ significantly (p > 0.05), while those with different
superscripts differ significantly (p < 0.05).

3.5. Intestinal Microbiota
3.5.1. Species Composition

In between the groups, most intestinal bacteria observed at the phylum level were
classified as Proteobacteria (53%). The 2nd and 3rd predominant phyla were Bacteroidetes
(31%) and Perrucomicrobia (10%), respectively. However, the group fed an FSP-based diet
had the lowest Proteobacteria level (49.56%), and the highest Verrucomicrobia content at
15.02% (Figure 1A). At the phylum level, the most prevalent bacteria found in the FSP
group was Verrucomicrobia. Firmicutes was prevalent in the ECP1 group, Chlamydiae in
the ECP2 group, and Patescibacteria in ECP3 as portrayed in the heat map presented in
Figure 1B. As displayed in Figure 1C, 229 operational taxonomic units (OTUs) were shared
by all the groups. However, the highest unique OTUs were observed in the FSP group (59),
followed by the ECP1 group (35), ECP2 group (27), and ECP3 group (15), respectively.

3.5.2. Alpha Diversity

Alpha diversity results indicated the bacterial community were evenly distributed
within the groups. The Simpson, Shannon, and Chao1 diversity were enriched in both
FSP and ECP groups and did not differ significantly, as demonstrated in Figure 2A–C.
As observed in the rarefaction curve, samples were sequenced at a high depth and near
saturation to capture enough variety for all groups (Figure 2D).
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Figure 1. Effect of fish soluble pulp and enzymatic chicken pulp on the bacterial species composition
of the intestinal microbiota community of L. vannamei. (A) Taxonomic distribution; (B) Heat map;
(C) Venn diagram.

Figure 2. Alpha diversity of present study. (A) Simpson diversity; (B) Chao1 diversity; (C) Shannon
diversity; (D) Rarefaction.
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3.5.3. Beta Diversity

The PCA two-dimensional plot indicated that the gut microbiota of Pacific white
shrimp in the FSP group was similar to the ECP3 group, while no association was observed
between the FSP group and ECP1 and ECP2 groups (Figure 3).

Figure 3. Principal coordinate analysis (PCoA) plot. The scatter plot is of principal coordinate 2
(PCo2) versus principal coordinate 1 (PCo1).

3.6. Gene mRNA Expression in the Hepatopancreas

As demonstrated in Figure 4, the mRNA gene expression of eaat was significantly
high in the ECP1 group (p < 0.05), while fatp4 was high in the ECP1 group but was not
significantly different from the ECP2 and ECP3 (p > 0.05) groups. No significant difference
was observed in the gene mRNA expression of gsh-RI and cd36 (p > 0.05) between the
groups as demonstrated in Figure 5. The ECP1 group had a significantly high mRNA gene
expression of npy compared to the other groups (p < 0.05), while no significant difference in
cckar (p > 0.05) was observed between the groups (Figure 6).

Figure 4. Effect of fish soluble pulp and enzymatic chicken pulp on the expression of eaat and fatp4
on mRNA gene in the hepatopancreas of L. vannamei. eaat- excitatory amino acid transporter, fatp4-
fatty acid transport protein 4. Means without superscripts or with the same superscripts do not differ
significantly (p > 0.05), while those with different superscripts differ significantly (p < 0.05).
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Figure 5. Effect of fish soluble pulp and enzymatic chicken pulp on the expression of ghs-RI and
cd36 on mRNA gene in the hepatopancreas of L. vannamei. ghs-RI—Growth hormone secretagogue
receptor type 1, cd36—cluster of differentiation 36. Means without superscripts or with the same
superscripts do not differ significantly (p > 0.05), while those with different superscripts differ
significantly (p < 0.05).

Figure 6. Effect of fish soluble pulp and enzymatic chicken pulp on the expression of npy and cckar
on mRNA gene in the hepatopancreas of L. vannamei. npy—Neuropeptide Y, cckar—cholecystokinin
receptor type A-like. Means without superscripts or with the same superscripts do not differ
significantly (p > 0.05), while those with different superscripts differ significantly (p < 0.05).

4. Discussion

In this study, no significant difference in WGR and SGR was observed between the
groups fed ECP and FSP diets. This might be due to the high digestibility of ECP and FSP
and sufficient amino acids (Table 2) [25]. Better digestive enzymatic activities were found in
the ECP1 group which has the better growth WGR and PER. Similar results were observed
in juvenile rainbow trout (Oncorhynchus mykiss) [26], Pacific white shrimp [27], European
seabass (Dicentrarchus labrax) [28], and tilapia (Oreochromis niloticus) [29] fed enzymatic fish
by-products, feather-enzymatic hydrolysates, enzymatically hydrolysed aquaculture by-
products, and enzymatic poultry by-products, respectively. Poultry and fish by-products
have been considered suitable ingredients in the diet of aquatic animals due to their high
nutritional characteristics [30]. After enzymatic treatment, these by-products are digested
by enzymes and converted from large molecules to small ones; that is, the protein is
enzymatically hydrolyzed to small peptides and amino acids. The nutritional value of these
ingredients is enhanced [12]. However, this is not in accordance with studies conducted in
genetically improved tilapia (Oreochromis niloticus) fed enzymatically hydrolyzed chicken
liver compared to the non-enzymatically hydrolyzed chicken liver [29]. The composition of
ingredients produced from poultry by-products is dependent on the processing method
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and quality of by-products used [31]. The growth performance of aquatic organisms
was improved by a moderate level of enzymatic protein hydrolysate inclusion, whereas
growth performance was impaired by a lower or greater inclusion level [32]. Lower WGR
observed in genetically improved tilapia could be related to the high enzymatic chicken
liver incorporation in their diet [29,33]. Results obtained in this study could be due to a
moderate inclusion level of ECP in the diet of Pacific white shrimps.

VSI, HSI, and CF are good representatives of general wellbeing, health, and feed
quality in aquatic organisms [34]. Like juvenile rainbow trout (Oncorhynchus mykiss) and
genetically improved tilapia fed enzymatic fish by-product and enzymatic chicken liver,
respectively [26,29], there was no significant difference observed in VSI, HSI, and CF
between the groups in this study. Dietary and environmental factors may have contributed
to the variations in whole-body composition [31,35]. The whole-body moisture was not
influenced by ECP in this study but an increase in the whole-body ash was observed. This
was likely due to the high ash content of ECP, which typically comprises bones and feet [31].
However, with reference to the growth performance data, ECP used in the diet of Pacific
white shrimps had no negative effect on growth performance, although whole body ash
was higher.

In aquatic organisms, the existence and function of molecules, including LZM, CAT,
and immunoglobulins, are strongly connected with the immunological functions of im-
mune organs [7,36]. LZM and CAT activities are significant humoral indications of non-
specific immunity in aquatic organisms, in addition to key enzymes in the host’s defense
system [26,37]. In this study, no significant difference in CAT and LZM was observed in
Pacific white shrimps fed diets containing FSP and ECP, but higher levels of CAT and
LZM were witnessed in shrimps fed ECP compared to those fed FSP. Similar observations
were made by Bae et al. [26] in juvenile rainbow trout fed enzymatically hydrolyzed fish
by-products. This could be due to an improvement in the immune component of ECP
during enzymatic hydrolysis and the provision of sufficient protein and amino acids in the
diets [38]. The total protein level in the serum plays a vital role in the transportation of
fatty acids, the maintenance of a steady pH in aquatic organisms [39], and can be used to
determine the nutritional status of an organism [40]. There was no significant difference in
total protein content of Pacific white shrimps between the groups which was also observed
in juvenile rainbow trout [26].

The gut microbiota plays a variety of important roles in the host, notably immune
system modification, pathogen defense, anaerobic peptide, and protein metabolism, in
addition to the processing of non-digestible food fibers [41,42]. Although no significant
difference was observed, Pacific white shrimps fed FSP diets had higher OTUs and al-
pha diversity indices (Simpson, Chao1, Shannon, and Rarefaction) compared to those
fed ECP diets. The nutrient quality in the diet and rearing environment may influence
the abundance of Proteobacteria, Bacteroidetes, and Actinobacteria in the gut of Pacific
white shrimps [43]. Proteobacteria and Bacteroidetes were the most abundant bacteria
found in the gut of the Pacific white shrimps in the groups. Proteobacteria, Bacteroidetes,
and Actinobacteria were observed to be higher in Pacific white shrimps fed ECP diets
compared to those fed FSP. Proteobacteria are the most common phylum of bacteria in the
aquatic systems and aquatic animals’ intestines [44]. Bacteroidetes helped to improve the
digestion and absorption of nutrients in the feed of Pacific white shrimp [44,45], and in
this experiment, more abundant Bacteroidetes were observed in the ECP1 group compared
to other groups, which in turn increased WGR, SGR, and CF. Actinobacteria, although a
small bacterial group, plays an important part in the formation and maintenance of the
immune system and feed metabolism [46]. The Pacific white shrimps fed ECP-based diets
had a relatively high Actinobacteria composition and had a higher LZM content in the
intestine of Pacific white shrimp. This suggests that ECP could help Pacific white shrimps’
immunological responses.

The transport of nutrients is very important for animal health. Amino acid transporter
expression is a key measure of aquatic species’ ability to absorb amino acids [47]. They
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are primarily responsible for the transmembrane transport of amino acids in the body,
in addition to promoting amino acid assimilation, protein synthesis, and maintaining
physiological functioning [48,49]. In this study, ECP1 had a higher eaat and fatp4 mRNA
expression level compared to the other groups. Results in this study were similar to
results obtained by Zhuang et al. [14] who observed a higher expression level of b0 neutral
amino acid transporter 1 (b0at1) and neutral and cationic amino acid transporter (y+lat2) in
juvenile turbot fed enzymatic hydrolysis of chicken by-product in high plant-based protein.
This could be due to the appropriate amount of free amino acids in ECP1, leading to the
stimulation of the transporters of amino acids located in the hepatopancreas [50], which is
conducive for growth [51,52].

Glycine, alanine, and proline have strong predatory effects on aquatic animals [53].
The three amino acid contents in the ingredients of FSP, ECP1, ECP2, and ECP3 used in this
experiment were 6.68%, 8.13%, 8.28%, and 1.47%, respectively (Table 2). According to the
three amino acid content, the appetizing effects of the ECP1 and ECP2 treatment should
be better. The gene npy expression was upregulated in these two groups, although the
expression level in ECP2 was without significant difference compared to the FSP. Another
reason could be the different small peptide contents in ECP1 and ECP2 (Figure 7) making
the ECP1 feed more attractive, thus significantly increasing the expression of npy mRNA
level of the shrimps [54].

Figure 7. Distribution of molecular weight of small peptides in the raw ingredients of ECP1 and ECP2.

5. Conclusions

ECP1, ECP2, and ECP3 with different protein contents, amino acids, and small pep-
tides, although obtained from the same raw material with different processes, demonstrated
different effects. Shrimp that ingested a diet with ECP1 indicated better growth perfor-
mance, digestive enzyme activity, and upregulated mRNA expression of appetite and
growth related genes compared to the other groups. In ECP2, serum AST and ALT were
significantly higher than in the other groups. ECP1, which contains a 32.4% crude protein
level, is recommended for the diet of Pacific white shrimp larvae.
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Abstract: Clostridium autoethanogenum protein (CAP) is a new single-cell protein explored in aquatic
feeds in recent years. This study investigated the dietary effects of CAP replacing fishmeal (FM)
on the growth, intestinal histology and flesh metabolism of largemouth bass (Micropterus salmoides).
In a basal diet containing 700 g/kg of FM, CAP was used to substitute 0%, 15%, 30%, 45%, 70%
and 100% of dietary FM to form six isonitrogenous diets (Con, CAP-15, CAP-30, CAP-45, CAP-70,
CAP-100) to feed largemouth bass (80.0 g) for 12 weeks. Only the CAP-100 group showed significantly
lower weight gain (WG) and a higher feed conversion ratio (FCR) than the control (p < 0.05). A
broken-line analysis based on WG and FCR showed that the suitable replacement of FM with CAP
was 67.1–68.0%. The flesh n-3/n-6 polyunsaturated fatty acid, intestinal protease activity, villi width
and height in the CAP-100 group were significantly lower than those in the control group (p < 0.05).
The Kyoto Encyclopedia of Genes and Genomes analysis showed that the metabolic pathway in flesh
was mainly enriched in the “lipid metabolic pathway”, “amino acid metabolism”, “endocrine system”
and “carbohydrate metabolism”. In conclusion, CAP could successfully replace 67.1–68.0% of dietary
FM, while the complete substitution decreased the growth, damaged the intestinal morphology and
down-regulated the lipid metabolites.

Keywords: Clostridium autoethanogenum; largemouth bass; growth; intestinal healthy;
lipid metabolomics

1. Introduction

In recent years, the largemouth bass (Micropterus salmoides) industry has rapidly
expanded in many countries, including China. As a typically carnivorous fish, largemouth
bass has a high requirement for protein, especially for fish meal. Generally, the commercial
feeds of largemouth bass contain high levels of fish meal of up to 40–50%, leading to a high
feed cost. Therefore, developing new protein sources to decrease fish meal inclusion has
become an urgent task. In largemouth bass, the replacement of fish meal with alternative
proteins has been reported on fermented plant protein [1,2], single-cell protein [3] and
poultry by-product meal [4]. However, some disadvantages have been found in these
alternative proteins, including the imbalanced amino acid composition and high anti-
nutritional factors in plant protein sources, and the potential safety problems, such as lipid
oxidation and unwarranted source in animal protein sources.
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In recent years, bacterial protein has attracted more attention in aquatic feed [5,6].
Clostridium autoethanogenum protein (CAP) is a novel bacterial protein produced by the
fermentation of Clostridium autoethanogenum. In the fermentation process, the bacterial
utilizes carbon monoxide from steel-making waste gas and ammonia to form bacterial
protein, then the fermentation liquid is centrifuged and dried to obtain CAP [7]. At present,
the relatively complete genome sequence of this bacterium has been obtained, and no toxic
genes were found [8]. Compared with traditional plant and animal protein sources, CAP
contains less anti-nutritional factors and lower Salmonella and biogenic amines content [9].
Several studies have reported the successful inclusion of CAP in aquatic diets. In juvenile
largemouth bass (initial body weight of 17.75 g), the substitution of 63% dietary fish meal
with CAP showed no adverse impacts on hepatic and hindgut histology [10]. In large-
size largemouth bass with a body weight of 224 g, CAP could replace 150 g/kg of fish
meal in a diet containing 350 g/kg of fish meal, without adverse effects on the growth
performance, feed utilization and intestinal histology [11]. In Jian carp (Cyprinus carpio var.
Jian), the replacement of soybean meal with CAP promoted the growth performance and
antioxidant capacity without an obvious effect on the liver and midgut [12]. In addition,
the successful inclusion of CAP in aquatic diets has also been reported in grass carp
(Ctenopharyngodon idellus) [9], black sea bream (Acanthopagrus schlegelii) [13] and tilapia
(Oreochromis niloticus) [14]. The suitable replacement level of dietary fish meal with CAP
was 42.9% for largemouth bass [11] and 45% for white shrimp (Litopenaeus vannamei) [15].
However, the excessive inclusion of bacterial protein decreased the growth and feed intake
of black sea bream [13] and white shrimp [15]; thus, it seems that CAP could not completely
substitute dietary fish meal.

Previous studies have proved the feasibility of replacing fish meal with CAP in com-
mercial diets for largemouth bass [16]. However, in commercial diets, there are various
protein ingredients such as chicken meal, soybean protein concentrate, corn gluten, soybean
meal besides fish meal, and these ingredients may interfere with the replacement of fish
meal with CAP. Therefore, to fully understand the replacement of fish meal with CAP, fish
meal was used as the only protein source in the present study, then, different proportions of
dietary fish meal were replaced by CAP to investigate the effects on the growth, intestinal
histology and flesh lipid metabolism of largemouth bass. The findings will direct the appli-
cation of CAP in the diets of carnivorous fishes and promote the sustainable development
of aquafeeds with less cost and less dependence on marine products.

2. Materials and Methods

2.1. Experimental Design

The basal diet was designed to contain 700 g/kg of fish meal, and then 0%, 15%,
30%, 45%, 70% and 100% of dietary fish meal was replaced by CAP based on iso-protein
to form six diets, named as Con (control group), CAP-15, CAP-30, CAP-45, CAP-70 and
CAP-100, respectively. The protein ingredients were ground, screened (60-mesh) and mixed
with oil and water (27%). Then, the mixture was extruded to form sinking pellets with a
diameter of 2.0 mm using a single-screw extruder (SLP–45; Chinese Fishery Machinery and
Instrument Research Institute, Shanghai, China) at an extruding temperature of 85–90 ◦C.
All diets were air-dried naturally and preserved at 4 ◦C until use. The diets’ formulation
and proximate composition are shown in Table 1.
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Table 1. Formulation and proximate composition of experimental diets (g/kg).

Ingredients 1 CON CAP-15 CAP-30 CAP-45 CAP-70 CAP-100

Fish meal 700.0 595.0 490.0 385.0 210.0 0.0
CAP 0.0 85.80 171.6 257.3 400.0 571.6

Bone meal 0.0 15.0 30.0 45.0 69.0 98.0
Ca(H2PO3)2 19.0 19.0 19.0 19.0 19.0 19.0
Wheat flour 200.0 194.7 189.4 184.2 176.5 166.9

Fish oil 0.0 9.5 19.0 28.5 44.5 63.5
Soybean oil 25.0 25.0 25.0 25.0 25.0 25.0

Soybean lecithin 25.0 25.0 25.0 25.0 25.0 25.0
Choline chloride 1.0 1.0 1.0 1.0 1.0 1.0

Premix 2 10.0 10.0 10.0 10.0 10.0 10.0
Yeast extract 20.0 20.0 20.0 20.0 20.0 20.0

Total 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0
Proximate composition

Crude protein 503.8 498.8 498.9 500.0 498.2 497.8
Crude lipid 117.1 116.7 117.3 115.9 117.1 115.7
Crude ash 121.3 121.2 118.4 116.2 114.4 112.3
Moisture 81.4 81.6 80.9 81.1 79.7 78.1

1 The ingredients were purchased from the Yuehai Feed Company (Zhejiang, China), and the protein contents of
the ingredients are as follows: fish meal (682.0 g/kg), wheat flour (117.0 g/kg), yeast extract (216.0 g/kg). 2 Premix
provided the following per kg of diets: Lascorbate-2-mon-phosphate (35%), 600 mg; vitamin E, 300 mg; inositol,
200 mg; niacinamide, 80 mg; calcium pantothenate, 40 mg; vitamin A, 20 mg; vitamin D3, 10 mg; vitamin K3,
20 mg; vitamin B1, 10 mg; vitamin B2, 15 mg; vitamin B6, 15 mg; vitamin B12, 8 mg; biotin, 2 mg; wheat middling,
220 mg; zeolite, 332 mg; Fe, 300 mg; Zn, 200 mg; NaCl 100 mg; Cu, 30 mg; Mn, 25 mg; CoCl2·6 H2O (10%Co),
5 mg; Na2SeO3 (10%Se), 5 mg; KIO, 3 mg.

The CAP was provided by Beijing Shoulang New Energy Technology Co., Ltd., Beijing,
China. The product contains 842.0 g/kg of crude protein, 19.0 g/kg of crude lipid and
32.7 g/kg of crude ash. As a light-yellow powder with a special smell, CAP can be directly
added into feed as a protein source. Dietary amino acids and fatty acids compositions of
CAP are shown in Tables 2 and 3.

Table 2. Amino acid composition of experimental diets (dry matter basis, g/kg).

Amino Acid CON CAP-15 CAP-30 CAP-45 CAP-70 CAP-100

Essential amino acid
Lys 37.6 39.5 41.5 43.5 46.7 50.6
Met 14.6 14.4 14.2 14.0 13.7 13.4
Arg 30.3 28.9 27.4 26.0 23.7 20.8
His 15.2 14.5 13.7 13.0 11.7 10.2
Phe 26.2 25.2 24.3 23.3 21.7 19.8
Trp 5.4 5.2 4.96 4.8 4.4 4.0
Val 24.9 26.0 27.1 28.2 30.0 32.2
Ile 20.2 21.8 23.4 25.0 27.7 31.0

Leu 38.6 38.5 38.4 38.3 38.1 38.0
Thr 21.0 21.4 21.8 22.2 22.9 23.7

Non-essential amino acid
Cys 21.0 20.1 19.1 18.2 16.6 14.7
Gly 4.6 4.7 4.9 5.0 5.2 5.5
Ser 20.0 21.6 23.3 24.9 27.6 30.8
Pro 43.8 45.6 47.3 49.1 51.9 55.4
Ala 5.4 5.2 5.0 4.8 4.4 4.0
Asp 24.9 26.0 27.1 28.2 30.0 32.2
Tyr 29.9 28.9 27.9 26.8 25.1 23.0
Glu 66.2 59.3 56.9 54.1 46.8 40

Total amino acids 449.8 446.8 448.26 449.4 448.2 449.3
Note: Glu, glutamic acid; Asp, aspartic acid; Leu, leucine; Ile, isoleucine; His, histidine; Gly, glycine; Thr, threonine;
Ala, alanine; Arg, arginine; Phe, phenylalanine; Trp, tryptophan; Lys, lysine; Pro, proline; Tyr, tyrosine; Val, valine;
Met, methionine; Ser, serine; Cys, cysteine.
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Table 3. Fatty acid composition of experimental diets (percentage of fatty acids, %).

Items Con CAP-15 CAP-30 CAP-45 CAP-70 CAP-100

C14:0 4.20 4.68 5.23 5.10 5.34 5.61
C15:0 0.46 0.55 0.66 0.75 0.92 1.12
C16:0 15.31 15.20 17.40 19.20 22.68 25.48
C17:0 0.71 0.61 0.52 0.42 0.27 0.08
C18:0 2.83 2.74 2.66 2.57 2.42 2.25
C20:0 0.29 0.25 0.21 0.17 0.11 0.03
SFAs 23.79 24.03 26.67 28.22 31.74 34.57
C16:1 3.90 3.85 3.79 3.74 3.64 3.54
C17:1 0.53 0.54 0.49 0.50 0.49 0.47
C18:1 14.18 15.23 15.28 14.96 15.92 15.86
C20:1 2.64 2.03 1.91 1.84 1.39 1.20

MUFAs 21.25 21.64 21.48 21.04 21.45 21.06
C16:2 0.24 0.25 0.21 0.25 0.19 0.21
C18:2 14.65 13.76 13.08 13.97 13.26 13.06
C20:2 3.01 2.92 2.91 2.66 4.07 3.68
C20:4 2.30 2.21 2.39 1.12 1.09 0.69

n-6 PUFAs 20.21 19.14 18.59 18.01 18.61 17.65
C18:3 2.83 2.58 2.31 2.21 1.99 1.38
C20:5 10.69 10.61 10.56 10.23 8.56 7.61
C22:5 10.83 10.41 10.00 9.78 9.46 9.34
C22:6 8.05 8.35 8.16 7.06 6.86 6.63

n-3 PUFAs 32.40 31.94 31.03 29.29 26.87 24.95
n-3/n-6 1.60 1.67 1.67 1.63 1.44 1.41

2.2. Experimental Fish and Feeding Management

Largemouth bass were supplied by a local aquaculture farm in Qingpu, Shanghai,
China. The fish were fed with commercial diets for 10 weeks until the body weight reached
about 80 g. Then, a total of 216 fish with an initial body weight of 80.0 ± 0.5 g were
randomly allocated into 18 cage s (1.5 × 1.0 × 1.2 m), with 3 replicates (cage) per treatment
and 12 fish per cage. The cages were hung in indoor cement pools without direct sunshine.
During the feeding period, the six diets were fed to the fish three times daily (08:00, 13:00,
17:00), and the daily feeding rate was 2–2.5% of body weight. The feed intake was adjusted
according to the feeding behavior and water temperature to ensure no feed residue was
left 10 min after feeding. About one third of the cultured water was renewed with filtrated
pond water, and the waste in the pools was siphoned out once a week. Water quality was
monitored every day, and the water temperature, dissolved oxygen, pH and ammonia
nitrogen levels were 25–30 ◦C, >5 mg/L, 7.5–8.0 and <0.2 mg/L, respectively. The feeding
trial was conducted at the Binhai Aquaculture Station, Shanghai Ocean University, and
lasted for 12 weeks.

2.3. Sample Collection

Prior to slaughter, all fish were deprived of diets for 24 h (starvation), then counted and
bulk weighed to calculate survival, weight gain (WG), feed intake (FI) and feed conversion
ratio (FCR). Five fish per cage were selected randomly to individually measure body
weight and body length for the calculation of condition factor (CF). Three fish per cage were
euthanized by an overdose of anaesthetic (MS–222), and clinical signs of death were ensured
prior to sampling. The blood was drawn from the caudal vein and centrifuged at 4 ◦C for
10 min (3000× g r/min) to collect the serum, then frozen at −80 ◦C for further analysis.
Then, the three fish were dissected, and visceral, liver and intestinal lipid were weighed to
calculate the hepatosomatic index (HSI), viscerosomatic index (VSI) and intestinal fat ratio
(IFR). The anterior intestine (1 cm) was sampled for the measurement of morphological
structures, and the remaining intestine was stored at −80 ◦C for the activity measurement
of digestive enzyme. About 1 g of dorsal flesh from the left side of two fish per cage was
collected and frozen in liquid N2 for the metabolomic assay, and the remaining flesh was
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stored at −80 ◦C until use. In addition, another three fish per cage were stored at −20 ◦C
for the proximate composition analysis of whole fish.

2.4. Analytical Methods
2.4.1. Growth Indicators

WG (%) = 100 × [(final weight (g) − initial weight (g))/initial body weight (g)]

FCR = feed intake (g)/weight gain (g)

CF (g/cm3) = 100 × final body weight (g)/final body length (cm)3

Survival (%) = 100 × final number of fish/initial number of fish

VSI (%) = 100 × visceral weight (g)/body weight (g)

HSI (%) = 100 × hepatopancreas weight (g)/body weight (g)

IFR (%) = 100 × (intestinal fat weight [g]/body weight [g])

FI (g/d/fish) = total feed intake (g)/days (d)/number of test fish

2.4.2. Proximate Composition of Diets and Whole Fish

Crude lipid, crude protein, moisture and crude ash contents were analyzed following
the method of AOAC (2000a). The moisture and crude ash contents were determined
by drying samples to a constant weight at 105 ◦C in an oven or by combusting samples
at 550 ◦C for 6 h in a muffle furnace. The crude protein content was estimated with the
Kjeldahl system method (2300 Auto analyser; FOSS Tecator, AB, Hoganas, Sweden), and
the crude lipid was measured gravimetrically after extraction by chloroform-methanol.

2.4.3. Biochemical Analysis

The anterior intestine samples were thawed at 4 ◦C, homogenized with nine volumes
(w/v) of ice-cold saline (0.86% NaCl) and centrifuged for 15 min (3000× g r/min) at 4 ◦C.
The supernatant was collected and preserved at 4 ◦C for the measurement of digestive
enzyme activity and soluble protein in 24 h. Digestive enzyme indexes such as protease and
lipase (LPS) were measured by commercial kits (Shanghai Haling Biotechnology Co., Ltd.,
Shanghai, China), following the protocols provided by the supplier.

The contents of albumin (ALB, bromocresol green method); total protein (TP, biuret
method); triglyceride (TG, GPO-PAP method); cholesterol (CHO, CHOD-PAP method);
glucose (GLU, glucose oxidase method); malondialdehyde (MDA, TBA method); and the
activities of alkaline phosphatase (AKP, AMP method) and superoxide dismutase (SOD,
BioTekmethod) were determined using the kits provided by Shanghai Haling Biotechnol-
ogy Co., Ltd.

2.4.4. The Histology of Anterior Intestine

The anterior intestine (1 cm) was immersed in Bouin’s solution for 24 h, and then
transferred into 100% ethyl alcohol. The tissue was dehydrated in a series of alcohol
solutions and embedded in paraffin. Then, sections (5 μm) were cut and stained with
hematoxylin-eosin and sealed with a neutral gum. The morphological structures of the
tissues as villus height and width were observed using an imaging microscope (Nikon
YS100, Tokyo, Japan). The image was analyzed with the Image J14.0 image analysis
software. The selected images contained complete villi and muscle thickness, while the
number of complete villi was not less than 1/3 of the intestinal sections, and the goblet
cells were counted under 100 times the field of view. Number of goblet cells: number of
goblet cells per 200 μm length of mucosa. Villus height, villus width and muscle thickness
parameters were measured (10 fields per individual sample) according to the procedures
described by Escaffre et al. [17].
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2.4.5. Fatty Acid Composition of Flesh

The fatty acid was measured by the method of boron trifluoride methyl esterification.
The extracted fat was dissolved in 1 mL of hexane, then 2 mL of 14% boron trifluoride
methanol solution was added. After a water bathing of 25 min at 100 ◦C (the first step of
methyl esterification), benzene (2 mL) and methanol solution (2 mL) were added for another
water bath (100 ◦C, 25 min) (the second step of methyl esterification). Then, the samples
were mixed with distilled water and n-hexane. After centrifuging at 3000× g r/min for
10 min, the supernatant was collected for fatty acid analysis by using an Agilent Technolo-
gies 7890B GS Syetem GC/MS (Agilent, Santa Clara, CA, USA).

2.4.6. Non-Targeted Metabolomic Analysis

The control, CAP-30 and CAP-70 groups were used for the metabolomic analysis.
Flesh sample was precisely weighed (50 mg), then extracted with a mixture (400 μL) of
methanol and water (4:1, v/v). The sample was treated by a tissue crusher (high-throughput
tissue crusher Wonbio-96c, Wanbo Biotechnology Co., Ltd., Shanghai, China) at 50 Hz for
6 min, then subjected to cryogenic sonication treatment for 30 min, kept at −20 ◦C for 1 h
and centrifuged (13,000× g) at 4 ◦C for 15min. The supernatant (20 μL) was collected and
transferred for LC-MS/MS analysis by Shanghai Majorbio Bio-Pharm Technology Co., Ltd.
(Shanghai, China).

The chromatographic column was ACQUITY UPLC HSS T3 (100 mm × 2.1 mm i.d.,
1.8 μm; Waters, Milford, MA, USA). The mobile phases consisted of solvent A (0.1% formic
acid) and solvent B (acetonitrile:isopropanol = 1:1 (v/v) containing 0.1% formic acid). The
sample injection volume was 10 μL, and the flowing rate was 0.4 mL/min with a column
temperature of 40 ◦C. Electrospray positive ion (ESI+) mode and electrospray negative ion
(ESI−) mode were used to collect the mass spectrum signal (Triple TOFTM5600+, AB Sciex,
San Diego, CA, USA). During the period of analysis, all samples were stored at 4 ◦C, and a
quality control (QC) sample was inserted every 5–15 samples to evaluate the stability of the
analytical system and assess the reliability of the results.

Metabolism raw data was imported into Progenesis QI (Waters Corporation, Milford,
USA) for preprocessing. Statistically significant metabolites among groups were selected
with VIP > 1 and p < 0.05 for PCA. A partial least squares discriminate analysis (PLS-DA)
was used for statistical analysis to determine flesh metabolic changes between comparable
groups. The model validity was evaluated from model parameters R2 and Q2, which
provided information for the interpretability and predictability to avoid the risk of over-
fitting. Differential metabolites between two groups were summarized and mapped into
their biochemical pathways through a metabolic enrichment and pathway analysis based
on the KEGG (Kyoto Encyclopedia of Genes and Genomes) database search (http://www.
kegg.com/ accessed on 3 February 2022) [18].

2.5. Statistical Analysis

The experimental data were presented as the mean and standard deviation (±SD). The
statistical analysis was performed using the Statistical Package for the Social Sciences (SPSS)
19.0 for Windows (SPSS, Chicago, IL, USA). A one-way analysis of variance (ANOVA) was
combined with the LSD method for multiple comparisons. A follow-up trend analysis
was performed using orthogonal polynomial contrast to determine whether significant
effects were linear and/or quadratic. The significance level for the differences among
treatments was p < 0.05. In addition, a nonlinear regression analysis (binomial method) was
used, and the CAP protein concentration data were used for binomial transformation and
curve estimation.
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3. Results

3.1. Growth Performance

In Table 4, the CAP-15, CAP-30, CAP-45 and CAP-70 groups showed the similar WG,
FI and FCR to the control (p > 0.05), while the WG of CAP-100 group was decreased by
31.8%, and FCR was increased by 0.35 when compared to the control (p < 0.05). The VSI
of CAP-45, CAP-70 and CAP-100 groups, and the HSI and CF of CAP-100 group were
significantly lower than those of the control (p < 0.05). The broken-line model based on WG
and FCR showed that the proper replacement ratio of dietary fish meal by CAP was 67.1%
and 68.0%, equal to 374.6 g/kg and 380.3 g/kg of CAP inclusion (Figure 1a,b), respectively.
The binomial regression analysis showed that the CAP protein concentration had a good
direct fit with the WG and FCR of largemouth bass, and the optimal CAP concentrations
for WG and FCR were 146 g/kg and 181 g/kg, respectively (Figure 2a,b).

 

(a) (b) 

Figure 1. Broken-line analysis of weight gain (a) and feed conversion ratio (b) against substituted
ratio of fish meal with CAP.

 

(a) (b) 

Figure 2. Relationship between CAP addition level and weight gain (a)/feed conversion ratio (b) for
largemouth bass. Data are fitted with a nonlinear regression model (binomial regression model).
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Table 4. Effects of dietary Clostridium autoethanogenum protein on growth and body index of large-
mouth bass.

Parameters
Diets Pr > F

Con CAP-15 CAP-30 CAP-45 CAP-70 CAP-100 ANOVA Linear Quadratic

IBW/g 80.1 ± 0.2 80.0 ± 0.2 80.2 ± 0.2 80.1 ± 0.2 80.0 ± 0.2 80.2 ± 0.2 - - -
FBW/g 253.1 ± 6.2 ab 255.1 ± 7.9 ab 264.5 ± 3.3 a 246.8 ± 4.5 b 240.5 ± 3.1 b 198.1 ± 6.9 c 0.000 0.000 0.000
WG/% 216.3 ± 7.6 ab 218.8 ± 9.9 ab 230.5 ± 3.9 a 208.6 ± 5.6 b 200.6 ± 3.7 b 147.5 ± 8.6 c 0.000 0.000 0.000

FCR 1.06 ± 0.02 bc 1.04 ± 0.04 bc 1.00 ± 0.01 c 1.10 ± 0.03 b 1.13 ± 0.00 b 1.41 ± 0.01 a 0.000 0.000 0.000
FI/g/d/fish 2.20 ± 0.03 a 2.18 ± 0.01 a 2.18 ± 0.03 a 2.15 ± 0.04 a 2.19 ± 0.7 a 1.99 ± 0.10 b 0.002 0.001 0.006
CF/g/cm3 2.43 ± 0.07 abc 2.55 ± 0.05 a 2.49 ± 0.15 abc 2.35 ± 0.03 bc 2.28 ± 0.12 cd 2.16 ± 0.02 d 0.002 0.000 0.025

VSI/% 8.09 ± 0.17 a 8.12 ± 0.18 a 7.92 ± 0.10 ab 7.65 ± 0.19 b 7.70 ± 0.18 b 7.78 ± 0.28 ab 0.024 0.005 0.173
HSI/% 2.59 ± 0.18 a 2.48 ± 0.09 ab 2.49 ± 0.09 ab 2.35 ± 0.13 ab 2.28 ± 0.10 ab 2.16 ± 0.17 b 0.016 0.001 0.520
MSI/% 1.56 ± 0.13 a 1.56 ± 0.07 ab 1.52 ± 0.07 ab 1.45 ± 0.10 ab 1.48 ± 0.07 ab 1.39 ± 0.07 b 0.202 0.017 0.774
SR/% 100.0 100.0 100.0 100.0 100.0 100.0 - - -

Note: Within the same row, values with different superscripts are significantly different (p < 0.05). Pr > F: significant
probability associated with the F-statistic. The value in the table is the average number of standard deviations
(n = 3). Abbreviations: IBW, initial body weight; FBW, final body weight; WG, weight gain; FCR, feed conversion
ratio; FI, feed intake; CF, condition factor; HSI, hepatosomatic index; VSI, viscerosomatic index.

3.2. Body Composition and Nutrients Retention

In the proximate composition of whole-body, there were no significant differences in
crude ash, crude lipid and protein retention among all the groups (p > 0.05). The crude
protein in the CAP-45, CAP-70 and CAP-100 groups, and the moisture in the CAP-70 and
CAP-100 groups were significantly higher, while the lipid retention in the CAP-70 group
was significantly lower than that in the control (p < 0.05) (Table 5).

Table 5. Effects of dietary Clostridium autoethanogenum protein on proximate composition of whole
body (fresh weight) and nutrients retention of largemouth bass.

Parameters
Diets Pr > F

Con CAP-15 CAP-30 CAP-45 CAP-70 CAP-100 ANOVA Linear Quadratic

Moisture (g/kg) 686.3 ± 4.1 b 693.1 ± 3.8 ab 694.3 ± 2.7 ab 688.4 ± 5.1 b 699.9 ± 4.5 a 703.1 ± 2.1 a 0.157 0.033 0.230
Crude protein (g/kg) 165.9 ± 6.2 b 168.3 ± 3.1 ab 172.9 ± 5.3 a 171.5 ± 0.9 a 172.7 ± 5.9 a 170.1 ± 4.1 ab 0.170 0.067 0.066

Crude lipid (g/kg) 56.1 ± 1.9 55.7 ± 0.5 50.8 ± 3.6 51.1 ± 2.9 51.2 ± 1.4 55.3 ± 2.7 0.032 0.173 0.027
Crude ash (g/kg) 43.4 ± 2.1 43.3 ± 3.0 47.0 ± 1.4 43.6 ± 1.5 46.4 ± 0.8 44.7 ± 2.5 0.096 0.132 0.322

Protein retention (%) 34.6 ± 0.1 34.6 ± 0.1 36.5 ± 0.1 37.2 ± 0.2 36.4 ± 0.1 35.6 ± 0.2 0.000 0.000 0.000
Lipid retention (%) 51.6 ± 2.2 a 50.3 ± 1.4 ab 45.3 ± 1.2 ab 47.7 ± 0.6 ab 43.8 ± 5.4 b 51.7 ± 4.5 a 0.000 0.067 0.001

Note: Within the same row, values with different superscripts are significantly different (p < 0.05).

3.3. Serum Biochemical Indices Analyses

In Table 6, no significant differences were detected in AKP activity, MDA, TG, TP,
ALB and GLU contents in the CAP groups (p > 0.05) when compared to the control group
(p > 0.05). CAP-30 and CAP-45 groups showed significantly higher SOD activity than the
control (p < 0.05).

Table 6. Effects of dietary Clostridium autoethanogenum protein on serum biochemical indices of
largemouth bass.

Parameters
Diets Pr > F

Con CAP-15 CAP-30 CAP-45 CAP-70 CAP-100 ANOVA Linear Quadratic

MDA (nmol/mL) 161.1 ± 16.9 162.9 ± 1.3 150.1 ± 13.9 158.5 ± 12.0 170.8 ± 12.2 168.6 ± 2.1 0.566 0.313 0.295
SOD (U/mL) 146.9 ± 13.6 b 145.1 ± 5.1 b 164.0 ± 1.7 a 165.0 ± 7.1 a 144.1 ± 7.1 b 137.8 ± 3.7 b 0.016 0.239 0.012
AKP (U/mL) 123.4 ± 2.8 ab 129.7 ± 2.5 a 128.1 ± 2.5 a 125.0 ± 3.6 ab 120.0 ± 7.2 ab 110.7 ± 5.2 b 0.000 0.000 0.000
TP (gprot/L) 52.5 ± 3.8 53.7 ± 6.1 52.8 ± 2.3 53.33 ± 1.5 52.2 ± 4.0 50.5 ± 1.0 0.952 0.500 0.483

ALB (gprot/L) 19.1 ± 2.2 ab 20.2 ± 0.4 a 19.9 ± 0.9 a 20.9 ± 0.9 a 17.1 ± 0.9 b 17.2 ± 1.5 b 0.021 0.025 0.033
GLU (mmol/L) 7.30 ± 0.43 ab 8.16 ± 0.15 a 8.12 ± 0.72 a 7.86 ± 0.61 ab 7.13 ± 0.46 b 7.30 ± 0.28 ab 0.129 0.236 0.067
TG (mmol/L) 17.7 ± 0.6 18.3 ± 0.5 17.0 ± 0.9 18.4 ± 0.5 18.3 ± 0.9 18.3 ± 1.1 0.090 0.169 0.020

CHO (mmol/L) 13.6 ± 1.2 ab 14.2 ± 0.2 a 13.1 ± 0.9 ab 13.0 ± 1.4 ab 12.8 ± 0.7 ab 11.6 ± 0.8 b 0.259 0.028 0.443

Note: Within the same row, values with different superscripts are significantly different (p < 0.05). Abbreviations:
MDA, malondialdehyde; SOD, superoxide dismutase; AKP, alkaline phosphatase; TP, total protein; ALB, albumin;
GLU, glucose; TG, triglyceride; CHO, cholesterol.
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3.4. Intestinal Digestive Enzymes

Compared to the control group, the intestinal LPS activity was significantly increased
in the CAP-45 group, while the protease activity was significantly decreased in the CAP-100
group (p < 0.05) (Table 7).

Table 7. Effects of dietary Clostridium autoethanogenum protein on digestive enzymes activity of
largemouth bass.

Parameters
Diets Pr > F

Con CAP-15 CAP-30 CAP-45 CAP-70 CAP-100 ANOVA Linear Quadratic

LPS
(U/g prot) 356.4 ± 8.8 bc 365.5 ± 15.4 b 367.0 ± 12.1 ab 386.3 ± 5.2 a 364.7 ± 8.0 b 342.3 ± 6.8 c 0.010 0.769 0.000

Protease
(U/mg prot) 2074.4 ± 32.5 a 2019.7 ± 98.3 ab 2006.4 ± 92.8 ab 2003.2 ± 76.8 ab 1965.1 ± 89.7 ab 1909.6 ± 62.1 b 0.265 0.023 0.062

Note: Within the same row, values with different superscripts are significantly different (p < 0.05).

3.5. The Histology of Anterior Intestine

As shown in Table 8, the villus height of the CAP-100 group and the villus width of
the CAP-70 and CAP-100 groups were significantly lower than those of the control group
(p < 0.05). The muscle thickness did not reveal any significant difference among the
treatments (p > 0.05).

Table 8. Effects of dietary Clostridium autoethanogenum protein on intestinal structure of largemouth
bass (μm).

Parameters
Diets Pr > F

Con CAP-15 CAP-30 CAP-45 CAP-70 CAP-100 ANOVA Linear Quadratic

Villus height 1201.5 ± 72.9 a 1192.7 ± 36.8 a 1256.9 ± 39.8 a 1240.2 ± 66.1 a 1129.3 ± 37.7 ab 939.9 ± 52.3 b 0.000 0.001 0.000
Villus width 105.24 ± 5.9 a 110.1 ± 4.6 a 106.5 ± 3.7 a 103.4 ± 2.8 a 96.9 ± 3.5 b 97.1 ± 5.1 b 0.016 0.002 0.132

Muscle thickness 222.2 ± 12.2 191.5 ± 7.6 198.5 ± 5.6 213.5 ± 11.8 211.2 ± 13.4 198.5 ± 8.1 0.050 0.216 0.798

Note: Within the same row, values with different superscripts are significantly different (p < 0.05).

When the replacement ratio of fishmeal with CAP reached 70% (CAP-70 and CAP-100
group), some goblet cells were observed to be enlarged, and some intestinal structure was
damaged with shed and ruptured villus. The length and width of the intestinal villi tended
to decrease with the increasing CAP inclusion (Figure 3).

  

Figure 3. Cont.
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villi ruptured  

and goblet cells 

Figure 3. The foregut tissue structure of largemouth bass (40×). (a) Foregut tissue of control group;
(b) foregut tissue of CAP-15 group; (c) foregut tissue of CAP-30 group; (d) foregut tissue of CAP-45
group; (e) foregut tissue of CAP-70 group; (f) foregut tissue of CAP-100 group. Note: The scale bar in
the figure is the magnification contrast of micrograph.

3.6. Fatty Acid Composition in Flesh

In Table 9, flesh SFAs in the CAP-30, CAP-45 and CAP-70 groups were significantly
lower, while C20:4 were higher than those of the control group (p < 0.05). CAP-70 and
CAP-100 groups showed significantly higher C20:1 than the control (p < 0.05). In addition,
the n-6PUFAs of the CAP-70 group diet and the n-3/n-6 PUFAs of the CAP-100 group were
significantly lower than those of the control (p < 0.05).

Table 9. Effects of dietary Clostridium autoethanogenum protein on muscle fatty acid composition of
largemouth bass (percentage of fatty acids, %).

Parameters
Diets Pr > F

Con CAP-15 CAP-30 CAP-45 CAP-70 CAP-100 ANOVA Linear Quadratic

C14:0 2.03 ± 0.07 1.93 ± 0.06 1.89 ± 0.09 1.90 ± 0.06 1.91 ± 0.07 2.09 ± 0.14 0.268 0.621 0.034
C16:0 12.0 ± 0.9 11.6 ± 0.2 11.1 ± 0.2 10.7 ± 0.6 10.4 ± 0.3 11.9 ± 0.7 0.154 0.290 0.032
C18:0 4.26 ± 0.05 4.11 ± 0.18 4.02 ± 0.24 4.13 ± 0.16 4.08 ± 0.07 4.42 ± 0.10 0.703 0.645 0.251
SFA 18.3 ± 0.9 a 17.7 ± 0.1 ab 16.9 ± 0.4 b 16.7 ± 0.6 b 16.7 ± 0.5 b 18.3 ± 0.8 a 0.135 0.338 0.0.24

C16:1 5.49 ± 0.35 4.82 ± 0.40 5.57 ± 0.40 5.61 ± 0.11 5.18 ± 0.17 5.44 ± 0.34 0.373 0.707 0.968
C18:1 19.1 ± 0.6 19.6 ± 0.6 19.1 ± 0.1 19.5 ± 1.1 19.1 ± 0.9 18.5 ± 0.8 0.877 0.466 0.470
C20:1 0.84 ± 0.05 b 0.85 ± 0.03 b 1.05 ± 0.4 ab 0.99 ± 0.05 ab 1.12 ± 0.10 a 1.16 ± 0.08 a 0.064 0.006 0.806

MUFA 25.5 ± 1.1 25.3 ± 1.3 25.7 ± 0.5 26.1 ± 1.6 25.3 ± 1.2 25.1 ± 1.1 0.950 0.919 0.427
C18:2 16.1 ± 0.4 16.3 ± 0.2 15.5 ± 0.6 15.9 ± 0.3 14.8 ± 0.5 15.9 ± 0.5 0.027 0.044 0246
C20:2 0.63 ± 0.05 0.63 ± 0.3 0.63 ± 0.4 0.60 ± 0.3 0.60 ± 0.10 0.61 ± 0.15 0.688 0.212 0.789
C20:3 1.65 ± 0.2 1.62 ± 0.2 1.63 ± 0.4 1.61 ± 0.02 1.62 ± 0.14 1.61 ± 0.02 0.617 0.164 0.601
C20:4 0.23 ± 0.01 b 0.26 ± 0.01 ab 0.35 ± 0.05 a 0.34 ± 0.03 a 0.31 ± 0.06 a 0.29 ± 0.02 ab 0.133 0.116 0.035

n-6PUFAs 18.6 ± 0.2 a 18.8 ± 0.1 a 18.1 ± 0.5 ab 18.5 ± 0.2 ab 17.3 ± 0.4 b 18.3 ± 0.1 ab 0.017 0.029 0.303
C20:5 3.54 ± 0.15 3.45 ± 0.25 3.22 ± 0.24 3.29 ± 0.21 2.83 ± 0.12 2.70 ± 0.04 0.208 0.023 0.622
C20:5 2.48 ± 0.15 2.36 ± 0.19 2.46 ± 0.20 2.42 ± 0.08 2.48 ± 0.21 2.31 ± 0.08 0.911 0.656 0.745
C22:6 20.1 ± 2.7 20.7 ± 1.5 20.4 ± 1.8 20.3 ± 1.7 19.4 ± 0.4 19.9 ± 0.8 0.975 0.612 0.776

n-3PUFAs 26.2 ± 2.3 26.5 ± 0.9 26.1 ± 1.8 26.0 ± 1.2 24.8 ± 0.3 24.9 ± 0.7 0.728 0.202 00617
n-3/n-6 1.43 ± 0.08 a 1.40 ± 0.05 ab 1.44 ± 0.06 a 1.40 ± 0.05 ab 1.43 ± 0.03a 1.33 ± 0.04 b 0.874 0.554 0.386

Note: Within the same row, values with different superscripts are significantly different (p < 0.05). Abbrevia-
tions: SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFAs, polyunsaturated fatty acid.
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3.7. Flesh Metabolite Profiles

The PCA and PLS-DA models of flesh metabolites were performed to identify changes
in metabolites in the control, CAP-30, CAP-70 and CAP-100 groups (Figure 4).

 

 
Figure 4. PCA score plots and PLS–DA score plots of muscle metabolomics. (a) PCA score plots of
muscle metabolomics; (b) PLS–DA score plots of ESI+ mode and ESI− mode; (c) internal validation
of PLS–DA score plots.

The PLS–DA scores plot of the three groups showed strong clustering for flesh
metabolism products without any overlap. In the permutation test, the result showed
good repeatability and predictability of the model. A total of 507, 1709 and 1838 different
metabolites, including 25, 103 and 134 named metabolites, were identified between the
CAP-30 group and the control, between the CAP-70 group and the control, and between
the CAP-100 group and the control, respectively (Figure 5).

The above identified metabolites were assigned to the KEGG database. In the CAP-30
group, seven KEGG pathways were classified, and the top priority was “lipid metabolism”,
followed by “amino acid metabolism”, “cancer: Overview”, “polyketide metabolism”,
“biosynthesis of other secondary metabolites” and “folding, classification and degrada-
tion” (Figure 6a). In the CAP-70 group, 16 KEGG pathways were significantly enriched in
“lipid metabolism”, “amino acid metabolism”, “cancer: Overview”, “digestive system”,
“endocrine system”, “carbohydrate metabolism”, “other amino acid metabolism” and “nu-
cleotide metabolism” (Figure 6b). In the CAP-100 group, 27 KEGG pathway enrichment
were observed as “lipid metabolism”, “cancer: Overview”, “amino acid metabolism”,
“digestive system”, “endocrine system”, “carbohydrate metabolism”, “other amino acid
metabolism”, “metabolism of vitamins”, etc. (Figure 6c). Among them, 2, 8 and 10 metabo-
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lites in the lipid metabolism pathway were detected in the groups of CAP-30, CAP-70 and
CAP-100 when compared with the control group (Table 10).

  

 

 

Figure 5. Volcano plots for the potential metabolomic features of muscle samples. (a) Volcano
plots between CAP-30 and control group; (b) CAP-70 and control group; and (c) CAP-100 and
control group.

Figure 6. Cont.
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Figure 6. KEGG pathway classification of differently expressed metabolites. (a) KEGG pathway
classification between CAP-30 and control group; (b) CAP-70 and control group; and (c) CAP-100
and control group.
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Table 10. List of discriminating KEGG metabolites in CAP-30, CAP-70, CAP-100 and control groups.

Metabolite Formula FC
p.

Value
KEGG Pathway Description

CAP-30 vs Con
LysoPC(22:1(13Z)) C30H60NO7P 2.59 0.02 Glycerophospholipids

Cortolone C21H34O5 1.99 0.02 Lipid metabolism; steroid hormone biosynthesis

CAP-70 vs Con

Uridine diphosphate glucose C15H24N2O17P2 1.47 0.01 Glycerolipid metabolism; amino sugar and nucleotide
sugar metabolism

9,10-DHOME C18H34O4 1.19 0.01 Linoleic acid metabolism
Cortolone C21H34O5 1.16 0.01 Lipid metabolism; steroid hormone biosynthesis

LysoPC(22:1(13Z)) C30H60NO7P 1.29 0.01 Glycerophospholipid metabolism; choline metabolism in cancer
Eicosapentaenoic Acid C20H30O2 1.03 0.03 Biosynthesis of unsaturated fatty acids

LysoPC(24:0) C32H66NO7P 0.80 0.03 Glycerophospholipid metabolism; choline metabolism in cancer
LysoPC(20:5(5Z,8Z,11Z,14Z,17Z)) C28H48NO7P 0.95 0.00 Glycerophospholipid metabolism; choline metabolism in cancer

Acetylcholine C7H15NO2 0.89 0.04 Glycerophospholipid metabolism; regulation of
actin cytoskeleton

CAP-100 vs Con
9,10-DHOME C18H34O4 1.19 0.00 Lipid metabolism; linoleic acid metabolism

LysoPC(20:1(11Z)) C28H56NO7P 1.06 0.01 Glycerophospholipid metabolism; choline metabolism in cancer
9(S)-HODE C18H32O3 1.10 0.00 Linoleic acid metabolism; PPAR signaling pathway

PC(22:6(4Z,7Z,10Z,13Z,16Z,19Z)/18:3
(6Z,9Z,12Z)) C48H78NO8P 1.32 0.01 Glycerophospholipid metabolism; arachidonic acid metabolism;

linoleic acid metabolism; α-Linolenic acid metabolism
Galactosylsphingosine C24H47NO7 0.83 0.01 Sphingolipid metabolism

LysoPC(20:5(5Z,8Z,11Z,14Z,17Z)) C28H48NO7P 0.91 0.00 Lipid metabolism
11b,17a,21-Trihydroxypreg-nenolone C21H32O5 0.94 0.00 Lipid metabolism; steroid hormone biosynthesis
LysoPC(22:5(7Z,10Z,13Z,16Z,19Z)) C30H52NO7P 0.93 0.01 Glycerophospholipid metabolism; choline metabolism in cancer

Acetylcholine C7H15NO2 0.65 0.00 Glycerophospholipid metabolism; regulation of
actin cytoskeleton

PC(18:3(6Z,9Z,12Z)/20:5
(5Z,8Z,11Z,14Z,17Z)) C46H76NO8P 0.91 0.00 Glycerophospholipid metabolism; arachidonic acid metabolism;

linoleic acid metabolism; α-Linolenic acid metabolism

4. Discussion

4.1. Effect of CAP on the Growth of Largemouth Bass

In this study, CAP successfully replaced dietary fish meal up to 70% without signif-
icant effects on the growth performance, and the low inclusion of CAP (146 g/kg) even
numerically increased WG and decreased FCR. The fish meal replacement level obtained
from the binomial regression analysis was lower than that obtained from the broken-line
analysis (Figures 1 and 2). Generally, the aim of replacing dietary fish meal is to produce
a growth performance that is no lower than the high fish meal group, rather than better
than the high fish meal group. Thus, the proper replacement level of dietary fish meal was
suggested to be 67.1–68.0% in the present study. The complete substitution significantly
decreased the weight gain and feed intake. Fish meal contains many active substances and
unknown growth factors, such as small peptides, taurine, trimethylamine oxide (TMAO),
etc., which are deficient in bacterial protein ingredients [19,20]. Small peptides could
promote the intestinal tract movement, the transfer and absorption of amino acids, and
increase the apparent digestibility [21]. Taurine can improve the utilization of feed and
enhance the immune capacity of the fish [22,23]. TMAO can stimulate the fish to feed [24].
In addition, some essential amino acids in CAP are lower than those in fish meal, such as
arginine (Table 2). The lack of arginine in diet has been reported to induce the erosion of
fin and increase the mortality of channel catfish (Ictalurus punctatus) [25]. Meanwhile, the
lysine content in CAP diets was relatively higher, which might aggravate the antagonism
between lysine and arginine. In black sea bream [26], Indian major carp (Labeo rohita) [27]
and Atlantic salmon [28], the imbalanced ratio of lysine to arginine in feed was found to
decrease the growth. Furthermore, the existence of bacterial cell walls also reduces the
nutrients’ digestibility. Therefore, the supplementation of exogenous amino acid, espe-
cially arginine, should be considered to balance the amino acid composition when CAP is
included in diets.
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4.2. Effect of CAP on Serum Biochemical Indexes of Largemouth Bass

Serum TP, ALB, TG, CHO and glucose can reflect the metabolism, nutritional status
and health of the fish. In the present study, the serum TP content was not affected by
dietary CAP, but the serum ALB contents of the CAP-15, CAP-30 and CAP-45 group
were significantly higher than that of the control group. In black sea bream [13] and
Jian carp [12], replacing dietary fish meal with CAP had no significant effect on serum
TP and ALB contents. Usually, the blood glucose content regulated by the nervous and
endocrine systems is a dynamic equilibrium, which plays a pivotal role in maintaining the
normal activities of fish. No significant difference was observed in serum GLU content
among all the groups in this study. Similarly, the replacement of dietary fish meal with
CAP (200 g/kg) showed no significant effect on the serum GLU content of Jian carp, but
significantly reduced the contents of TG and CHO [12]. In black sea bream, the serum GLU,
TG and CHO contents were also not affected by the replacement of fish meal (58.2%) with
CAP [13]. Therefore, it seems that the dietary inclusion of CAP has a less negative effect on
the nutritional metabolism of largemouth bass.

4.3. Effects of CAP on Digestive Ability and Intestinal Structure of Largemouth Bass

The height and length of intestinal villus can reflect the tissue structure of the intestine,
which is positively correlated with the absorption capacity of intestine. In the present study,
the complete replacement of fish meal with CAP damaged the intestinal structure with
lowered intestinal villus width, height and ruptured villi. Similarly, an intestinal injury
was also observed in grass carp, including microvilli shedding, lamina propria loosening
and goblet cell reduction, when 10% CAP was used to substitute dietary soybean meal.
However, the dietary inclusion of 200 g/kg of CAP showed no pathological damage to the
intestine of Jian carp [12], and the replacement of 58.20% of fish meal with CAP did not
negatively affect the digestive enzymatic activity of black sea bream [13]. The decreased
digestive function and damaged intestinal structure of largemouth by the complete sub-
stitution of fish meal bass might be related to the lack of some active substances. The
intestinal absorption capacity is related to the intestinal structure, and the decrease in
intestinal digestive enzyme activity may be related to the decrease in the height and width
of intestinal villi [18]. Some small peptides can stimulate the feed intake and maintain
the structure of intestinal epithelium. Taurine can help the digestion and absorption of
neutral fats, cholesterol, fat-soluble vitamins and other fat-soluble substances, as well as
improve the digestibility of protein [29]. The supplementation of arginine in diets improved
the digestion and absorption capacity of red drum (Sciaenops ocellatus) [30] and grouper
(Epinephelus coioides) [31], and dietary arginine also increased the height of intestinal folds
and improved the intestinal health of red drum [30].

4.4. Effects of CAP on Flesh Fatty Acid and Lipid Metabolism of Largemouth Bass

In addition to supplying energy, the fatty acids, phospholipids, steroids and their
derivatives also play important roles in cell proliferation, apoptosis, immunity and in-
flammation [32]. Generally, the dietary proportion of fatty acids affects the fatty acid
composition in flesh [33,34]. Although fish oil was added in fish meal substituted diets
to reach the same lipid level as the control group, the content of n-3 PUFAs and n-3/n-6
PUFAs tended to decrease as the proportion of CAP increased (Table 3). In particular, the
highest replacement (CAP-100 group) significantly decreased the n-3/n-6 PUFAs (Table 9).
The low PUFAs content in CAP may lead to the decrease in PUFAs content in flesh with
the increase in the proportion of CAP replacing fish meal.

Compared to the control group, the most significant metabolic pathway in the CAP-
30, CAP-70 and CAP-100 groups was “lipid metabolism” (Table 10). Eight different
metabolites related to fat metabolism were found in the comparison of the CAP-70 group
and control group, which were involved in the glycerolipid metabolism, linoleic acid
metabolism and glycerophospholipid metabolism. Among them, three different metabolites
(Acetylcholine, LysoPC (20:5(5Z,8Z,11Z,14Z,17Z)), LysoPC (22:5(7Z,10Z,13Z,16Z,19Z)) were
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down-regulated. In the CAP-100 vs Con, 10 different metabolites were found to be involved
in arachidonic acid, glycerophospholipid metabolism, linoleic acid, linolenic acid and the
PPAR signaling pathway, and six different metabolites (Acetylcholine,
LysoPC (20:5 (5Z,8Z,11Z,14Z,17Z)), LysoPC (22:5 (7Z,10Z,13Z,16Z,19Z)) were
down-regulated. Moreover, six different metabolites (Acetylcholine, Galactosylsphingosine,
PC(18:3(6Z,9Z,12Z)/20:5(5Z,8Z,11Z,14Z,17Z)), LysoPC(20:5(5Z,8Z,11Z,14Z,17Z)),
LysoPC(24:0),11b,17a,21-Trihydroxypreg-nenolone) were down-regulated and involved
in the metabolism of glycerophospholipids, arachidonic acid metabolism, linoleic acid
metabolism, α-Linolenic acid metabolism and sphingolipid metabolism (Table 10). Linolenic
acid belongs to the n-3 PUFAs family, and linoleic acid and arachidonic acid belong to the
n-6 PUFAs family. The n-3 and n-6 PUFAs are necessary for the growth and development
of fish, in which they can promote growth, lipid metabolism and immunity. In addition,
the elevated n-3 PUFAs and n-3/n-6 PUFAs may play important anti-inflammatory and
anti-cancer roles [35,36]. The decreased pathway of phospholipids may affect the function
of receptors in the membrane and then impair the normal function of the cell [37]. This
might be one reason that the immunity capacity was decreased in fish fed with the high
FM substitution levels. Therefore, the decreased growth performance by the complete
replacement of fish meal with CAP might be connected with the low polyunsaturated
fatty acid content in muscle, the significant changes in lipid metabolism pathways and the
down-regulation of some lipid metabolites. Further investigation is needed to focus on the
pathways and genes involved in lipid metabolism.

5. Conclusions

In the present study, CAP successfully replaced 70% dietary fish meal without sig-
nificant effects on the growth and flesh quality of the largemouth bass. The complete
replacement of fish meal with CAP reduced the weight gain, digestive ability, damaged the
intestinal structure and down-regulated the lipid metabolites of largemouth bass.
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Abstract: High-lipid diets are attributed to excessive lipid deposition and metabolic disturbances
in fish. The aim of this experiment was to investigate the effects of steroidal saponins on growth
performance, immune molecules and metabolism of glucose and lipids in hybrid groupers (initial
weight 22.71 ± 0.12 g) fed high-lipid diets. steroidal saponins (0%, 0.1% and 0.2%) were added
to the basal diet (crude lipid, 14%) to produce three experimental diets, designated S0, S0.1 and
S0.2, respectively. After an 8-week feeding trial, no significant differences were found between
the S0 and S0.1 groups in percent weight gain, specific growth rate, feed conversion ratio, protein
efficiency ratio and protein deposition rate (p > 0.05). All those in the S0.2 group were significantly
decreased (p < 0.05). Compared to the S0 group, fish in the S0.1 group had lower contents of serum
triglyceride and low-density lipoprotein cholesterol and higher high-density lipoprotein cholesterol
and glucose (p < 0.05). The activities of superoxide dismutase, catalase and glutathione peroxidase
were significantly higher, and malondialdehyde contents were significantly lower in the S0.1 group
than in the S0 group (p < 0.05). Hepatic triglyceride, total cholesterol and glycogen were significantly
lower in the S0.1 group than in the S0 group (p < 0.05). Activities of lipoprotein lipase, total lipase,
glucokinase and pyruvate kinase, and gene expression of lipoprotein lipase, triglyceride lipase and
glucokinase, were significantly higher in the S0.1 group than in the S0 group. Interleukin-10 mRNA
expression in the S0.1 group was significantly higher than that in the S0 group, while the expression
of interleukin-6 and tumor necrosis factor-α genes were significantly lower than those in the S0 group.
In summary, adding 0.1% steroidal saponins to a high-lipid diet not only promoted lipolysis in fish
livers, but also activated glycolysis pathways, thus enhancing the utilization of the dietary energy of
the groupers, as well as supporting the fish’s nonspecial immune-defense mechanism.

Keywords: steroidal saponins; hybrid grouper; high-lipid diet; glucose and lipid metabolism;
nonspecial immune

1. Introduction

Aquaculture has undeniably established its crucial role in global food security and
nutrition. The total aquaculture production of the world has reached 122.6 million tons in
2020 [1]. The scale of aquaculture in the world is so large that the more aquatic feeds are
required. In recent years, fish-meal and soybean-meal supply have been increasingly tight,
which made the prices of some miscellaneous meal fluctuate from time to time, such as
cotton meal, rapeseed meal and peanut meal, etc. [2,3]. In view of such a serious situation,
full utilization of the energy effect of lipids and carbohydrates in feed to save protein is a
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more effective way. However, the higher dietary lipids or glucose easily led to the abnormal
deposition of lipids in the liver and, directly affecting the health of fish, which would
influence the fish yield and economic benefits [4].

Studies in Nile tilapia (Oreochromis niloticus), carp (Cyprinus carpio) and mice showed
that saponins can decrease the total cholesterol (TC) and triglyceride (TG) contents and the
activities of glutamic pyruvic transaminase (GPT) and glutamic oxalacetic transaminase
(GOT) to protect the body [5–8]. Steroidal saponins, formed by the bonding of steroidal
sapogenin and glycosides groups, were widely distributed in roots and rhizomes of plants,
mainly found in monocotyledons such as agave, dioscoreaceae and genicaceae [9,10].
Structural diversity of steroidal saponins allows for a series of physiological activities,
such as regulating the body’s metabolism of carbohydrates and lipids by increasing the
activities of lipoprotein lipase and hepatic lipase [7,11]. The right amount of quillaja or
soybean saponins have been proven to promote percent weight gain, protein efficiency
ratio and protein deposition ratio in juvenile Japanese flounder (Paralichthys olivaceus) [12],
sea bream (Sparus aurata) [13] and carp [14,15], meanwhile enhancing the immune defense
by increasing the body’s anti-inflammatory and antioxidant capacities.

The grouper, as a common marine fish in China, had a production of 2.04 × 105 tons in
2021, accounting for 11.09% of the marine carnivorous fish cultured in China [16]. However,
when groupers consumed diets with higher lipids, the liver showed injury, including larger
areas of lipid droplets in liver sections and lower enzyme activities of hepatic CAT and
SOD [17,18]. An in vivo experiment of saponin on primary hepatocytes of hybrid groupers
fed a high-fat diet showed that saponin had the ability to limit lipid accumulation and
improve the oxidative stress in the liver. Groupers that were fed a diet containing 0.4%
saikosaponin d displayed the best growth, and fish fed a diet containing 0.8% saikosaponin
d had similar weight gain compared to the control group [19]. However, early studies
showed that growth performance and enzyme activity of antioxidants were inhibited, and
proinflammatory factors were upregulated in sea bream [13], carp [14,15] and juvenile
turbot (Scophthalmus maximus) [20] fed saponins over 0.2%. Therefore, this experiment
was designed to investigate the effects of different levels of steroidal saponins on growth
performance, nonspecific immune molecules and glucose and lipid metabolism in hybrid
groupers (♀Epinephelus fuscoguttatus×♂E. lanceolatu) fed high-lipid diets.

2. Materials and Methods

2.1. Experimental Diets

The formula of the basal diet is shown in Table 1. Steroidal saponins (Guangzhou
Feixit Biotechnology Co., Ltd., Guangzhou, China) were added to the basal diet at 0%, 0.1%
and 0.2% and form three isoproteic (52% crude protein) and isolipidic (14% crude lipid)
diets, named as S0, S0.1 and S0.2. The ingredients were crushed (HNX-350, Beijing Huanya
Tian yuan Machinery Technology Co., Ltd., Beijing, China) and passed through a 60-mesh
screen. The solid materials were first mixed (B30 V-mixer, Lifeng Food Machinery Factory,
Guangzhou, China) for 15 min, and then oil and water were added and mixed for 10 min to
produce a moist dough. The dough was extruded by the twine-screw extruder (F-26, South
China University of Technology, Guangzhou, China) through a 2.5 mm die. All pellet diets
were air-dried at 25 ◦C and then stored at −20 ◦C until used.

Table 1. Ingredients (g/100 g diet) and proximate composition (% dry matter).

Ingredients S0

Fish meal 36.00
Poultry by-product meal 10.50

Soybean meal 6.00
Concentrated cottonseed protein 19.00

Wheat flour 16.00
Fish oil 4.25

Soybean oil 4.25
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Table 1. Cont.

Ingredients S0

Choline chloride 0.50
Ca (H2PO4)2 1.50

Vitamin C 0.05
Vitamin mix 1 0.50
Mineral mix 1 0.50

Betaine 0.50
Ethoxyquin 0.10

Steroid saponins 0.00
Microcrystalline cellulose 0.35

Total 100.00
Proximate analysis (%)

Moisture 11.50
Crude protein 52.48

Crude lipid 13.93
Crude ash 11.74

Gross energy (KJ g−1 DM) 20.52
1 Vitamin premix and mineral premix were provided by Qingdao Master Biotech Co., Ltd., Qingdao, China.

2.2. Fish and Feeding Trial

The healthy hybrid groupers of consistent genetic background were purchased from a
commercial hatchery (Hongxing Hatchery, Zhanjiang, China). The fish were then reared in
an outdoor concrete pond (5 m × 4 m × 2 m), fed a commercial diet (50% crude protein,
8% crude lipid) and domesticated for two weeks. All fish were starved for 24 h, and
then healthy groupers (initial weight 22.71 ± 0.12 g) were selected randomly and divided
into 9 buckets (1 m3 Fiberglass farming buckets) with 25 fish each. The experiment was
conducted in an indoor hydrostatic water culture system at the Marine Biological Research
Base of Guangdong Ocean University (Donghai Island, Zhanjiang, China). The fish, reared
in three groups with three replicates, were fed the experimental diets to apparent satiation
at 8:00 and 16:00 daily for 8 weeks. During the feeding trial, fish were continuously
oxygenated every day, kept at a temperature of 30.5 ± 0.8 ◦C, a salinity of 28–32, dissolved
oxygen of 5–6 mg/L and an ammonia content of <0.2 mg/L. The culture water was replaced
by 80% each other day.

2.3. Sample Collection and Chemical Analysis

At the end of the feeding trial, all fish in each bucket were made to fast for 24 h. In each
replicate, fish were counted and weighed to calculate survival rate (SR), percent weight
gain (PGR), specific growth rate (SGR), protein efficiency ratio (PER) and feed conversion
ratio (FCR). Two fish were randomly selected in each replicate for whole-fish composition
analysis. Three groupers were randomly selected from each replicate and measured for
body length and weight, and their dissected livers and viscera were weighed to evaluate
the condition factor (CF), hepatopancreas index (HSI) and viscerosomatic index (VSI).

Six fish were randomly selected from each replicate after weighing, and blood was
collected from the tail vein. The blood samples were left at 4 ◦C for 12 h and centrifuged at
4 ◦C and 3500 rpm for 15 min. The serum obtained with centrifugation was for the analysis
of biochemical indexes and antioxidative enzyme activities. The soybean-sized liver was
cut in each replicate and washed with saline, and then preserved in 4% formaldehyde
solution for making the histological section stained with PAS. Glycogen was quantified
with software IPwin32 (6.0.0.260). Four livers in each replicate were obtained, two for
measuring the activity of enzymes and another two for analyzing gene expression. The
analysis methods for the index are listed in Table 2.
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Table 2. The chemical analysis used in the experiment.

Items Methods Item Code Reference/Assay Kits/Section

Composition of diets and whole body

Moisture Drying at 105 ◦C to constant weight
Association of Official Analytical

Chemists [21]
Crude lipid Soxhlet extractor method (Petroleum ether)

Crude ash Combustion to a constant weight at 550 ◦C

Crude protein Dumas’s combustion method Jean Baptiste Dumas (2018) [22]

Serum biochemical indexes

Total cholesterol (TC, mmol/L) Single reagent GPO-PAP method A111-1-1
Assay kits (Nanjing Jiancheng

Bioengineering Institute,
Nanjing, China)

Triglyceride (TG, mmol/L) Single reagent GPO-PAP method A110-1-1

Low-density lipoprotein
cholesterol (LDL-C, mmol/L) Microplate method A113-1-1

High-density lipoprotein
cholesterol (HDL-C, mmol/L) Microplate method A112-+1-1

Glucose (GLU, mmol/L) GOD-PAP method A154-1-1

Malondialdehyde
(MDA, nmol/mgprot) TBA method A003-1

Superoxide dismutase
(SOD, U/mL) Hydroxylamine method A001-2-2

Catalase (CAT, U/mL) Ammonium molybdate method A007-1-1

Glutathione peroxidase
(GSH-PX, U/L) Colorimetric method A005-1-2

Hepatic enzyme activity

Total protein (TP, mgprot/mL) Microplate method A045-4-1

Liver glycogen (LG, mg/g) Colorimetric method A043-1-1

Total lipase U/mgprot) Colorimetric method A067-1

Hepatic lipase (HL, U/mgprot) Colorimetric method A067-1-1

Lipoprotein lipase
(LPL, U/mgprot) Colorimetric method A067-1-2

Glucokinase (GK, ng/mL) Competition method, ELISA kit H439-1

Hexokinase (HK,
nmol/min/mgprot) Spectrophotometric method A077-3

Pyruvate kinase (PK, U/mgprot) Ultraviolet colorimetric method A076-1-1

Histochemistry observation

Liver Section Periodic Acid Schiff (PAS) Made by Wuhan Service
Biotechnology Co, China.

2.4. Quantitative RT-PCR Analysis of Gene Expression

Total RNA in the liver was extracted with Trizol reagent (Invitrogen, Carlsbad, CA, USA).
The cDNA was synthesized by Prime Script RT kit (Takara, Osaka, Japan), and qRT-PCR
was performed using SYBR Premix Ex Taq kit (Takara, Osaka, Japan) and carried out using
a quantitative thermal cycler (Light Cycler480II, Roche Diagnostics, Basel, Switzerland).
The reaction volume was 10 μL, containing 3.2 μL sterilized double-distilled water, 1 μL
cDNA, 0.4 μL each primer and 5 μL SYBR Premix Ex Taq (Takara, Osaka, Japan). The cycle
conditions were 30 s at 95 ◦C, then 35 cycles of 5 s at 95 ◦C, 25 s at 60 ◦C and 30 s at 72 ◦C.
β-actin was as the reference gene to correct the results of different batches. The results were
calculated using the 2−ΔΔCt method in relative expression analysis. The primers used for
qRT-PCR analysis are listed in Table 3.
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Table 3. Primers pair sequences for qRT-PCR.

Target Gene Nucleotide Sequence (5′-3′) Accession No.

Lipoprotein lipase (lpl) F: CCACCTGTTCATCGACTCCC
R: TCGGACGGACCTTGTTGAT EU683732.1

Adipose triglyceride lipase (atgl) F: GAGGACAATAAAGGCGGTGAG
R: AGCTTTGTGCAGGGTGGGT KY649281.1

Peroxisome alpha (ppar α) F: TGCTCGCCTCCAGTATGAA
R: GTCCAGCTCCAGCGTGTTA FJ196234.1

Glucose transporter protein 2 (glut 2) F: TGTTCTGCTTTTCGGCTTC
R: CAGTTCCGCATTGTCTATG KY656467

Glucokinase (gk) F: TGGGTTTTACCTTCTCCTT
R: AGTCCCCTCGTCTCTTGAT MH213270

Phosphofructokinase type b (pfk b) F: AAACGCCCATGCAAACTAC
R: CAACCTCTCTGACAGCCAC MH213271

Catalase (cat) F: GCGTTTGGTTACTTTGAGGTGA
R: GAGAAGCGGACAGCAATAGGT XM_033635388.1

Superoxide dismutase (sod) F: GGAGACAATACAAACGGGTGC
R: CCAGCGTTGCCAGTCTTTA NM001303360.1

Glutathione reductase (gr) F: CTTTCACTCCGATGTATCACGC
R: GCTTTGGTAGCACCCATTTTG XM_033633504.1

MHC class II molecule (mhc ii) F: CAGGTTCAGCAGCAGTTTGG
R: AGCAGCCTGGTAGTCAATCCC JF796053.1

Transforming growth factor-β (tgf-β) F: CGATGTCACTGACGCCCTGC
R: AGCCGCGGTCATCACTTATC GQ205390.1

Interleukin-10 (il-10) F: ACACAGCGCTGCTAGACGAG
R: GGGCAGCACCGTGTTCAGAT KJ741852.1

Interferon-gamma (ifn-γ) F: CCACCAAGATGGAGGCTAAG
R: CTGCCACCTCACCATTGCT JX013936.1

Interleukin-6 (il-6) F: CCGACAGCCCGACAGG
R: CTGCTTTTCGTGGCGTTT JN806222.1

Tumor necrosis factor-α (tnf-α) F: CTGGTGATGTGGAGATGGGTC
R: CGTCGTGATGTCTGGCTTTC HQ011925.1

β-actin F: GGCTACTCCTTCACCACCACA
R: TCTGGGCAACGGAACCTCT AY510710.2

2.5. Calculation and Statistical Analysis

Survival rate (SR, %) = 100 × final number of fish/initial number of fish.
Percent weight gain (PWG, %) = 100 × (final mean weight − initial mean weight)/initial

mean weight.
Specific growth rate (SGR, %/d) = 100× (final mean weight− initial mean weight)/number

of rearing days.
Protein efficiency ratio (PER) = (final mean weight − initial mean weight)/(total feed

intake × content of dietary protein).
Protein deposition rate (PDR, %) = 100 × (final mean weight × content of final body

protein- initial mean weight × content of initial body protein)/(total feed intake × content
of dietary protein).

Feed conversion ratio (FCR) = consumed feed weight/(final weight − initial weight +
dead weight).

Feeding rate (FR, %BW/d) = 100 × consumed feed weight/[feeding days × (final fish
weight + initial fish weight)/2].

Condition factor (CF, g/cm3) = 100 × body weight/body length3.
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Hepatopancreas index (HSI, %) = 100 × liver weight/body weight.
Viscerosomatic index (VSI, %) = 100 × viscera weight/body weight.
The units of fish quantity, weight, length and experimental time were tail, g, cm and d,

in that order.
All data were analyzed with a one-way analysis of variance (ANOVA) and significant

differences among dietary groups were estimated by Tukey’s multiple comparison test.
The results were expressed as means ± standard deviation (SD). Significant differences
were chosen at p < 0.05. The images of the experimental results were drawn with Graph
Pad Prism 8.0 software (8.0.2.263).

3. Results

3.1. Growth Performance

As indicated in Table 4, the FBW, PWG, PER, PDR and SGR of the fish in the S0.1 group
were not significantly different from the S0 group and were significantly higher than those
in S0.2 group (p < 0.05). The number of fish that died per replicate in group S0 was 0, 3 and
1, respectively; in group S0.1, it was 1, 1 and 1, respectively; and in group S0.2, it was 3, 3
and 2, respectively. The HSI and VSI of fish in the S0 group were not significantly different
from the S0.2 group, but were significantly lower than those in the S0.1 group (p < 0.05).

Table 4. Effects of dietary steroid saponins on the growth performance of hybrid groupers.

Items S0 S0.1 S0.2

IBW/g 22.73 ± 0.18 22.62 ± 0.04 22.77 ± 0.10
FBW/g 102.63 ± 2.20 b 102.67 ± 2.51 b 96.52 ± 2.24 a

SR/% 94.67 ± 6.11 96.00 ± 0.00 89.33 ± 2.31
PWG/% 351.50 ± 12.75 b 353.96 ± 11.80 b 323.72 ± 7.37 a

SGR(%/d) 2.69 ± 0.06 b 2.70 ± 0.05 b 2.58 ± 0.03 a

PER 1.77 ± 0.10 b 1.81 ± 0.06 b 1.61 ± 0.02 a

PDR/% 31.57 ± 0.41 b 31.83 ± 1.05 b 27.9 ± 1.36 a

FCR 1.05 ± 0.01 1.02 ± 0.02 1.03 ± 0.01
FR(%BW/d) 2.45 ± 0.15 2.40 ± 0.04 2.58 ± 0.06
CF(g/cm3) 2.96 ± 0.07 3.04 ± 0.11 2.82 ± 0.00

HSI/% 3.40 ± 0.03 a 4.68 ± 0.08 b 3.86 ± 0.54 ab

VSI/% 10.31 ± 0.00 a 13.38 ± 0.38 b 10.35 ± 0.28 a

Note: Significant differences (p < 0.05) were indicated by different letters. The same as the following tables.

3.2. Whole-Body Proximate Chemical Analysis

Body composition in the initial fish in each group was similar. After 8 weeks of a
feeding trial, no significant difference was found in the moisture, crude protein and crude
lipid levels of the whole fish among the experimental groups (p > 0.05) (Table 5).

Table 5. Effects of dietary steroid saponins on the whole fish composition of hybrid groupers.

Items S0 S0.1 S0.2

Initial
Moisture 72.70 ± 0.15 72.53 ± 0.02 72.59 ± 0.06

Crude protein (% DM) 61.15 ± 0.99 60.74 ± 0.13 59.47 ± 0.64
Crude lipid (% DM) 21.43 ± 0.20 21.44 ± 0.09 21.14 ± 0.16

Final
Moisture 72.43 ± 0.09 73.06 ± 0.43 72.74 ± 1.00

Crude protein (% DM) 62.66 ± 0.61 62.79 ± 0.33 63.14 ± 0.74
Crude lipid (% DM) 21.69 ± 0.61 21.56 ± 0.59 21.11 ± 0.46

3.3. Serum Biochemical Indexes

The content of TG in the S0 group was significantly higher than that in the S0.1 group,
but significantly lower than that in the S0.2 group (p < 0.05). The content of serum TC and
LDL-C was significantly lower in the S0.1 group than in the S0.2 group (p < 0.05). The level
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of HDL-C and GLU were significantly higher in the S0.1 and S0.2 groups than in the S0
group (p < 0.05) (Table 6).

Table 6. Effects of dietary steroid saponins on serum biochemical indexes of hybrid groupers.

Indexes S0 S0.1 S0.2

TG/(mmol/L) 0.54 ± 0.01 b 0.43 ± 0.02 a 0.66 ± 0.02 c

TC/(mmol/L) 2.00 ± 0.14 ab 1.67 ± 0.14 a 2.13 ± 0.05 b

LDL-C/(mmol/L) 0.25 ± 0.04 ab 0.12 ± 0.13 a 0.36 ± 0.03 b

HDL-C/(mmol/L) 1.11 ± 0.15 a 2.49 ± 0.50 b 1.86 ± 0.20 b

GLU/(mmol/L) 6.31 ± 0.13 a 8.96 ± 0.26 b 8.45 ± 0.55 b

3.4. Serum Antioxidative Index

The MDA contents in the S0 and S0.2 groups were significantly higher than that in the
S0.1 group (p < 0.05) (Table 7). SOD activity of the S0 group was significantly lower than in
the S0.1 group, but significantly higher than in the S0.2 group (p < 0.05). The CAT activity
in the S0.1 and S0.2 groups were significantly higher than that in the S0 group (p < 0.05).
Compared to the S0.1 group, GSH-PX activity in S0 and S0.2 groups was significantly
decreased (p < 0.05).

Table 7. Effects of dietary steroid saponins on serum antioxidative indexes of hybrid groupers.

Indexes S0 S0.1 S0.2

MDA/(nmol/mL) 4.44 ± 0.22 b 3.24 ± 0.11 a 4.24 ± 0.21 b

SOD/(U/mL) 309.52 ± 8.19 b 427.55 ± 18.60 c 251.81 ± 33.39 a

CAT/(U/mL) 5.42 ± 0.31 a 7.70 ± 0.56 b 7.15 ± 0.89 b

GSH-PX/(U/L) 266.52 ± 3.77 a 285.00 ± 6.46 b 274.57 ± 6.46 a

3.5. Liver Histochemistry by PAS Stain

The results of the liver PAS stain are shown in Figure 1. The blue substance is the
nucleus, and the purple substance is glycogen (Figure 1A). The percentage of nucleus in all
groups was not significantly different (p > 0.05). The percentage of glycogen in the control
group was significantly higher than in the S0.1 group, but was significantly lower than in
the S0.2 group (p < 0.05) (Figure 1B).

  

Figure 1. Effects of steroid saponin diets on the liver histochemistry of hybrid groupers after 8 weeks.
Note: (A) Observation of liver sections (PAS staining, 200×). G, glycogen; N, nucleus. (B) Quantitative
data on glycogen and nucleus. Different letters on the bars indicated significant difference (p < 0.05).
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3.6. Liver Biochemical Indexes

There was no significant difference in hepatic TP among the three groups (p > 0.05)
(Figure 2). Both the TG and TC contents of the S0.1 group were significantly lower than
those of the S0 group (p < 0.05). The LG of the S0 group was significantly higher than that
of the S0.1 group (p < 0.05) and was not significantly different from the S0.2 group (p > 0.05).

Figure 2. Effect of dietary steroid saponins on the biochemical indexes of fish livers. Note: (a–c):
Values from smallest to largest. 3.7. Enzyme Activities and Genes Expression of Glucose and Lipid
Metabolism in Liver.

From Figure 3A, enzyme activities of LPL and TL in the S0.1 and S0.2 groups were
significantly higher than those in the S0 group (p < 0.05). Higher HL activity was found
in the S0.2 group (p < 0.05), while it was not significantly different between the S0 and S0.1
groups (p > 0.05). The activities of GK and PK were significantly higher in the S0.1 group
than in the other two groups (p < 0.05). No significant difference was found in the HK
activity in all groups (p > 0.05).

 

Figure 3. Effect of dietary steroidal saponins on glucose and lipid metabolism in the liver in hybrid
groupers. Note: (A) enzyme activities of glucose and lipid metabolism; (B) gene expressions of
glucose and lipid metabolism. (a–c): Values from smallest to largest.
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The lpl and atgl mRNA expressions were significantly higher in the S0.1 group than in
the other two groups (p < 0.05) (Figure 3B), while gene expression levels of lpl and atgl in the
S0.2 group were significantly lower than those in the S0 group (p < 0.05). The ppar α mRNA
expression did not show significant differences between the S0 and S0.1 groups (p > 0.05),
while it was significantly higher in the S0.2 group (p < 0.05). The expression of glut2 mRNA
was significantly higher in the S0.1 and S0.2 groups than in the S0 group (p < 0.05). The gk
mRNA expression was significantly lower in the S0 and S0.2 groups than in the S0.1 group
(p < 0.05). The expression of pfk b mRNA was not significantly different between the S0.1
and S0 groups and was significantly lower than in the S0.2 group (p < 0.05).

3.7. Liver Immune Molecules

As Figure 4A shows, the mRNA expressions of the genes cat and sod were significantly
higher in the S0.1 group than in the other two groups (p < 0.05). The mRNA expression
of the gr was not significantly different between the S0 and S0.1 groups, but it was higher
than in the S0.2 group (p < 0.05). The mhc II and il-10 mRNA expressions in the S0.1 group
were significantly upregulated when compared with other groups (p < 0.05). The tgf -β
mRNA expression in the S0 and S0.1 groups was lower than in the S0.2 group (p < 0.05). The
expressions of ifn-γ and il-6 mRNA in S0.2 group were significantly higher than in other
groups (p < 0.05). The tnf -α mRNA expression in the S0.1 and S0.2 groups were significantly
lower than in the S0 group (p < 0.05).

 

Figure 4. Effect of dietary steroidal saponins on the expression of genes related to immune molecules
in hybrid groupers. Note: (A) genes of antioxidative enzyme; (B) genes of inflammatory factors.
(a–c): Values from smallest to largest.
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4. Discussion

In most fish, dietary lipids are able to promote protein deposition efficiently in vivo,
which is known as the protein-saving effect. Although the appropriate dietary lipid level
for hybrid groupers was 10% [17,23,24], a higher lipid level in the diet was used in the
practical feed in order to realize the protein-saving effect. However, excessive dietary
lipids would cause lipid accumulation, inflammation and decreased PER and PDR in
hybrid groupers, hybrid yellow catfish (Pelteobagrus fulvidraco × P. vachelli) and yellow
croakers (Larimichthys crocea), inhibiting fish growth [25–27]. In this experiment, when
0.1% steroidal saponins was added to the diet with 14% crude lipids, more PER and PDR
were obtained, but when steroidal saponins was up to 0.2%, fish growth was significantly
inhibited. Studies in Atlantic salmon (Salmo salar L) [28] found that dietary addition of 0.2%
soya-saponins increased fish PER and PDR, but supplementation of 0.2% or 0.32% soya-
saponins decreased the weight-gain rate of carnivorous field eels (Monopterus albus) [29] and
Japanese flounder [12]. Research in omnivorous carp [30] found that growth performance
was significantly inhibited when dietary Momordica charantia saponins were above 0.64%.
Thus, high doses of saponins were toxic to fish and decreased growth. Dietary soya-
saponins over 0.25% significantly caused a decrease in the specific growth ratio and feed
efficiency ratio in juvenile turbot (Scophthalmus maximus) [20]. However, these differences in
the results might be related to saponin dose, species habits, feeding habits and the saponin
type. The addition of 0.05–1% Panax notoginseng extract (with 80% saponins) to high-lipid
diets (15%) promoted the growth of hybrid groupers. Although the growth was increased
above 0.5% [31], in which the initial grouper size was larger than in the present study,
we thought that the larger fish would have greater tolerance. However, the groupers of
a similar size to those in the present study were fed a diet containing 0.4% saikosaponin
d, which gave the best growth, and fish fed a diet containing 0.8% saikosaponin d had
similar weight gain compared to the control group. Saikosaponin is a triterpenoid saponin.
The saponin used in this experiment is a steroidal saponin extracted from mulberry leaves.
The two types of saponin have different functions. Perhaps the type of the saponin made
a difference in the dietary dose and effect on fish. The above research was combined to
show that the addition of appropriate levels or type of saponins to high-lipid diets was
helpful for playing a role in the conservation of protein and to increase PER and PDR, thus
resulting in promoting fish growth.

Compared to terrestrial animals, aquaculture animals are characterized by a shorter
digestive tract that limits the ability to digest and utilize food. High-lipid diets would
increase the burden on fish and cause problems such as disorders of lipid metabolism in
the serum and liver, thus affecting body health [32–34]. In a non-high-lipid diet, saponin
reduced TC, TG and LDL-C and increase HDL-C in the serum of pacific white shrimp
(Litopenaeus vannamei) [35] and juvenile turbot [36]. In the present experiment, the addition
of steroidal saponins to the high-lipid diet significantly increased the enzyme activities
of LPL and HL and upregulated the expression of lpl, atgl and ppar α genes in livers of
hybrid groupers. Meanwhile, a decrease in TG and TC levels in serum and the liver of
hybrid groupers was also observed, which is consistent with the trend of lipid-metabolizing
enzymes in the liver. The saponin could activate the PPAR signaling pathway to upregulate
the gene expression of lpl, atgl and ppar α to stabilize lipid metabolism disorders of hybrid
groupers fed with a high-lipid diet [19]. It was indicated that steroidal saponins probably
enhanced the hydrolysis of triglycerides to fatty acids through activating the PPAR sig-
naling pathway, which subsequently activated the LDL and HDL receptor families in the
cholesterol metabolic pathway to mediate cholesterol transport [18,37,38].

In addition, the intake of a high-lipid diet is often accompanied by disturbances in the
glucose metabolism in fish, mainly in terms of wave blood glucose and hepatic glycogen
content [33,34,39]. Saponins were found to significantly reduce hepatic glycogen and blood
glucose levels and elevated the enzyme activities of glycolysis in carp that were fed with a
high-starch diet [30]. In this experiment, the addition of steroidal saponins to the high-lipid
diets significantly upregulated hepatic GLUT2, GK and PFK b gene expression, increased
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GK and PK enzyme activities, and decreased the hepatic glycogen content. When the
organism was stimulated, GK, HK and PFK b expression in the AMPK signaling pathway
was able to be activated, which subsequently regulated gene expression and glycolysis and
provided energy to the organism [30,40]. The steroidal saponins might promote grouper
growth by activating the expression of the PFK b gene in the AMPK signaling pathway and
subsequently upregulating gene expression and the activity of enzymes in the glycolysis
pathway. Dietary carbohydrates could be better energized by steroidal saponin stimulation,
which was more conducive to the protein-sparing effect.

Saponins have been confirmed to reduce MDA content and enhance the antioxidant
capacity of carp [6], white shrimp [41] and swimming crab (Portunus trituberculatus) [42],
by increasing SOD, CAT, GSH-PX and GR activities and genes expression. In this study,
enzyme activities and gene expression of SOD, CAT, GSH -PX and GR in groupers fed
diets containing 0.1% steroidal saponins were significantly increased, and MDA levels in
serum also decreased. At the same time, the expression of cell factors mhc II, il-10 and tgf-β
genes were upregulated, and inf-γ, il-6 and tnf-α gene expressions were downregulated in
groupers fed diets containing 0.1% steroidal saponins. In a similar trend, higher expressions
of mhc II, il-10 and tgf-β genes and lower expressions of inf-γ, il-6 and tnf-α genes in the
liver were found in turbot [43], sea bream [44] and carp [45,46] fed the diet with saponins.
The expression of mhc II in the antigen presentation pathway might be upregulated by the
saponins in groupers, which enables T cells to recognize antigens [47], together with the
higher expression of il-10 and tgf-β genes to exhibit the anti-inflammation in the body’s
immune system. Saponins could act on the NF-κB signaling pathway to play a role in
inflammation in the enterocytes [48] and also enhance the antioxidant capacity of carp [45]
and mice [49] by acting on the Nrf2 signaling pathway and upregulating sod, cat and gr
gene expressions, which then alleviate the liver damage. As a result, the steroidal saponins
effectively improved the antioxidant ability and removed peroxide products, etc., in the
body through the nonspecial immune factors maintaining the oxidative homeostasis, and
thus enabled the orderly metabolism of nutrients in the body.

In conclusion, compared to the fish that were fed a diet without steroidal saponins,
groupers that ingested a high-lipid diet with 0.1% steroidal saponins could achieve a better
protein efficiency ratio, lower blood lipids and a healthier liver, which were all derived
from raising the efficiency of the glycolipid metabolism for energy supply. Meanwhile,
0.1% steroidal saponins helped increase the nonspecial immune-defense mechanism of the
fish by regulating immune molecules.
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Abstract: Excessive fat accumulation is a common phenomenon in cultured fish, which can cause
metabolic disease such as fatty liver. However, the relative regulatory approach remains to be
explored. Based on this, two feeding trials were conducted. Firstly, fish were fed either a normal-fat
diet (NFD) or a high-fat diet (HFD) for eight weeks and sampled at the 2nd, 4th, 6th, and 8th week
after feeding (Experiment I). In the first four weeks, fish fed an HFD grew faster than those fed an
NFD. Conversely, the body weight and weight gain were higher in the NFD group at the 6th and
8th weeks. Under light and transmission electron microscopes, fat accumulation of the liver was
accompanied by an obvious endoplasmic reticulum (ER) swell. Accordingly, the expressions of atf-6,
ire-1, perk, eif-2α, atf-4, grp78, and chop showed that ER stress was activated at the 6th and 8th weeks.
In Experiment II, 50 mg/kg 4-PBA (an ERs inhibitor) was supplemented to an HFD; this was named
the 4-PBA group. Then, fish was fed with an NFD, an HFD, and a 4-PBA diet for eight weeks. As
the result, the excessive fat deposition caused by an HFD was reversed by 4-PBA. The expression of
ER stress-related proteins CHOP and GRP78 was down-regulated by 4-PBA, and the transmission
electron microscope images also showed that 4-PBA alleviated ER stress induced by the feeding
of an HFD. Furthermore, 4-PBA administration down-regulated SREBP-1C/ACC/FAS, the critical
pathways of fat synthesis. In conclusion, the results confirmed that ER stress plays a contributor role
in the fat deposition by activating the SREBP-1C/ACC/FAS pathway. 4-PBA as an ER stress inhibitor
could reduce fat deposition caused by an HFD via regulating ER stress.

Keywords: endoplasmic reticulum stress; high-fat diet; fat deposition; spotted seabass; 4-PBA

1. Introduction

Fat plays a key role in the energy supply and storage of animals due to its high calorie
level [1]. In fish farming, the use of high-fat diets has become a common practice to achieve
a sparing protein effect [2,3]. However, recent studies have indicated that the long-time
intake of a high-fat diet often induces excess fat deposition referred to as fatty liver. Then, it
can cause metabolic disorders, immune dysfunction, and higher mortality [4–6]. Moreover,
the substitution of fish oil with plant oil also caused the development of fatty liver and
increased the inflammation of fish [7]. Accordingly, it is vital to recognize the mechanisms
involved in the development of fatty liver.

The endoplasmic reticulum (ER) is an organelle in eukaryotes vital for protein matura-
tion, and ER stress (ERs) in the liver plays a causative role in the fatty liver of mammals [8].
Additionally, fish fed with a high-fat diet exhibit the disturbance of ER [9]. ER disturbance
often leads to misfolded protein accumulation, which induces ERs [10]. In the mice study,
ER stress is linked to the development of obesity, and the protein CHOP may be crucial
in the interaction between fat deposition and inflammation [11]. It is well-known that fat
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deposition in the liver represents complex processes. Till now, how ER stress affects the
development of fatty liver in fish is still not very clear. Moreover, some therapies acting on
ER are suggested as novel strategies for the prevention of fatty liver [12].

Spotted seabass (Lateolabrax maculatus) is a carnivorous species with rapid growth
speed and a high economic value and thus it has become the second-largest cultivated
marine fish in China [13]. For its artificial rearing, the high-fat diet (crude lipid > 15%) is
widely used and often leads to the development of fatty liver [3]. Hence, spotted seabass is
a good fish model to study the relationship between ER stress and fatty liver. Moreover, we
want to explore the role of 4-PBA (an inhibitor of ER stress) in protection against excess fat
deposition in fish.

4-PBA is an FDA (The United States Food and Drug Administration)-approved drug
currently used for the treatment of urea cycle disorders (UCDs). 4-PBA is an endoplasmic
reticulum stress inhibitor that is helpful for protein folding in the endoplasmic reticulum
and alleviates the negative effects of endoplasmic reticulum stress [14]. 4-PBA alleviates
weight gain and fat production in mice exposed to a high-fat diet by inhibiting endoplasmic
reticulum stress [15]. Other studies have shown that 4-PBA can reverse the apoptosis
of mouse embryos exposed to high glucose, which is related to endoplasmic reticulum
stress [16]. There are many studies on 4-PBA in mammals, which is closely related to
endoplasmic reticulum stress. However, there are few studies on the relationship between
4-PBA and endoplasmic reticulum stress and fat deposition in fish. 4-PBA has great
potential in green and healthy fish culture.

2. Materials and Methods

2.1. Fish and Experimental Diets

The animal study protocol was approved by The Committee on the Ethics of An-
imal Experiments of Jimei University, China (protocol code 2011-58 and approved by
20 December 2011).

A local fish breeding farm (Zhangzhou, Fujian, China) provided juvenile L. maculatus.
Fish were transported to a recirculating aquaculture system in the laboratory located at Jimei
University. These juveniles were maintained in a 1200 L tank for two weeks to acclimatize
to the experimental condition. During this period, the fish were fed a commercial diet twice
daily (8:00 and 17:00).

Two experimental diets were formulated with a different crude fat level and named
normal-fat diet (NFD, 11% fat) and high-fat diet (HFD, 17% fat). A 4-PBA supplementation
diet was formulated by adding 4-PBA to the HFD (deemed 4-PBA), at a dose of 50 mg/kg.
The feed formulation and nutritional composition can be observed in Supplementary
Materials Table S1. The method of feed preparation and nutrient level determination was
described in our recent study [13].

2.2. Experimental Design
2.2.1. Experiment I: High-Fat-Diet Feeding Trial

A total of 180 healthy fish of a similar size (13.05 ± 0.10 g) were randomly distributed
into six tanks (30 fish per tank). Fish were fed the NFD or HFD diets for 8 weeks twice daily
(8:00 and 17:00). The light duration was 12 h/d. During the experiment, the fish were fed to
satiation. Each treatment had three replicates. Fish were sampled at the 2nd, 4th, 6th, and
8th week of the feeding trial. For each sample time, all fish from each tank were weighed
and counted to calculate the average body weight; after that, three fish from each tank
were captured randomly and their liver and blood were sampled. The liver samples were
put into liquid nitrogen and transferred to −80 ◦C until analysis. The blood samples were
centrifuged (850× g, 10 min) at 4 ◦C, and then the serum was separated and transferred to
−80 ◦C.
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2.2.2. Experiment II: Effects of 4-PBA on Fat Deposition

To further determine the effect of ERs in the pathological process of fatty liver, an
ERs inhibitor, 4-PBA, was used. Fish from the same batch used in Expt I were randomly
allocated to three groups (30 fish per tank, three tanks per group, size 41.00 ± 0.01 g). After
being fed an NFD, HFD, and 4-PBA diet, respectively, for eight weeks, fish were sampled
with the same method used in Expt I.

During the feeding trials, water conditions were maintained as below: dissolved
oxygen (>6 mg/L), pH (6.9–7.2) kept stable, and the optimum water temperature (25–27 ◦C).
The light duration was 12 h/d. For sampling, fish were fasting for 24 h and euthanized
using 100 mg/L MS-222, then measured the body weight for the calculation of growth
indices. Then, five fish were randomly selected and captured from each tank for sampling
liver and serum, as per our earlier work [17].

2.3. Liver Histology

For oil red O staining, liver samples were fixed in 4% paraformaldehyde for 24 h and
then dehydrated in a 15% and 30% sugar solution at 4 ◦C. The dehydrated samples were
sliced into 8 μm-thick sections using a cryostat (Cryostar NX50, Thermo, Waltham, MA,
USA). The sections were then stained and photographed. Furthermore, the structure of the
ER and mitochondria in hepatocytes was examined using transmission electron microscopy
(TEM) analysis. The protocol was described in a previous study [4].

2.4. Gene Expression

The FastPure Cell/Tissue Total RNA Isolation Kit (Vazyme Biotech Co., Ltd. Nanjing,
China) was used to extract the total RNA from the liver. The concentration and purity of
isolated RNA were assayed under a spectrophotometer (NanoDrop Technologies, Waltham,
MA, USA). The integrity of the RNA was examined through 1% agarose gel electrophoresis,
and a NanoDrop™ One spectrophotometer (Thermo Scientific, Waltham, MA, USA) was
used to determine the purity at 260/280 nm. Then, the first-strand cDNA was synthesized
from 1 μg of each RNA sample using a commercial kit (Vazyme Biotech Co., Ltd. Nanjing,
China), and gDNA wiper was performed to remove the remaining genomic DNA. Quantifi-
cation was performed using a ABI StepOnePlus Real-Time PCR System (Life Technologies,
New York, NY, USA).

According to our recent work, real-time quantitative PCR (qPCR) was carried out [18].
The primers were designed with Primer 5.0 software and synthesized by Genewiz Co. Ltd.
(Suzhou, China). Table S2 displayed the primer sequences used in this study. The relative
expression levels of target genes were normalized by β-actin and calculated by the 2−ΔΔCt

method. The amplification efficiency of all primers was verified among 90-110%.

2.5. Western Blotting

Total liver protein was extracted using RIPA buffer (Thermo Scientific, Waltham, MA,
USA) for the determination of protein expression. In total, 20 μg of total protein was
loaded into each well and separated by 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, transferred to PVDF membranes, and blocked by 5% (w/v) skimmed milk in
TBST buffer (LABLEAD Inc., Beijing, China), following primary antibody incubations with
anti-CHOP (PA5-88116, Invitrogen, Carlsbad, CA, USA), anti-GRP78 (ab108613, Abcam,
Cambridge, UK), or anti-GAPDH (ab181602, Abcam, UK) overnight at 4◦C. Then, it was
incubated for one hour with the secondary antibody Goat Anti-Rabbit IgG H&L (HRP)
pre-absorbed (ab7090, Abcam, Cambridge, UK). The protein bands were detected by
ECL Substrate (BIO-RAD, Hercules, California, USA). The protein concentration used
for the western blot was 1.5 mg/g. ImageJ 1.44p was used to analyze the gray value of
bands [19,20].
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2.6. Measures of Biochemical Parameters

The contents of triacylglycerols (TG) and total cholesterol (T-CHO) were measured by
commercial kits (Nanjing JianCheng Bioengineering Institute, Nanjing, China). TG was
measured using the GPO-PAP enzymatic method. T-CHO was measured by the COD-
PAP method. The specific assay steps are performed according to the instructions of the
commercial kit.

2.7. Statistical Analysis

For Expt I, the two groups that sampled simultaneously were compared using a
student’s t-test. For Expt II, one-way ANOVA followed by Tukey’s post-hoc test was used
to analyze the differences among the three treatments. All of the results were presented as
means ± standard errors (SE), and the significance difference level was set at p < 0.05 in
both Expt I and Expt II.

3. Results

3.1. Experiment I: High-Fat-Diet Feeding Trial
3.1.1. Fish Growth and Fat Accumulation

The body weight of spotted seabass fed an NFD or HFD was measured at the 2nd, 4th,
6th, and 8th weeks of the feeding trial. In the 8th week, the body weight and cumulative
weight gain of the NFD group were significantly higher than that of an HFD (Figure 1A,B).

Oil-red O staining was used to evaluate the fat deposition. As a result, hepatic lipid
droplets increased over time both in the NFD and HFD groups. However, fish fed an HFD
exhibited an enhanced number and a volume of lipid droplets compared to an NFD at the
4th, 6th, and 8th weeks (Figure 2E).

Furthermore, the expression of lipid synthesis key genes fas and srebp-1c in the liver
was determined. In the NFD group, both fas and srebp-1c expressions showed no obvious
difference within eight weeks. The expression of fas in fish fed an HFD obviously increased
after six weeks of feeding and was obviously higher than the fish in the NFD group.
Similarly, the HFD group up-regulated srebp-1c after eight weeks, and its expression was
remarkably higher than in the NFD group (Figure 3A,B).

Figure 1. Experiment I. (A) Body weight. (B) Weight gain. “*” indicates a significant difference
between groups (p < 0.05, Student’s t-test, n = 3). Weight gain = final body weight/initial body weight.

In the 4th and 8th weeks, the content of serum triglyceride in the HFD group was
significantly higher than that of the NFD group. The serum total cholesterol concentration
of fish in the HFD group was considerably greater than the NFD group in the 4th week
(Figure 2A,B). In the 8th week, the HFD group’s hepatic triglyceride and total cholesterol
contents were noticeably higher than those of the NFD group (Figure 2C,D).
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E 

Figure 2. Experiment I. (A) Serum TAG content. (B) Serum TC content. (C) Hepatic TAG content.
(D) Hepatic TC content. (E) Liver oil red O-staining ((E) scale bar = 50 μm). “*” indicates a significant
difference between groups (p < 0.05, Student’s t-test, n = 3).

Figure 3. Experiment I. The expressions of fat metabolism-related genes in the liver. (A) Gene
expression of fas. (B) Gene expression of srebp-1c. “*” indicates a significant difference between
groups (p < 0.05, Student’s t-test, n = 3).

3.1.2. Ultrastructure of Hepatocytes

The structure of hepatic mitochondria and ER was observed by TEM. The NFD group
exhibited a normal ultrastructure during the experimental period. However, after two
weeks of feeding, the mitochondrial injury was exhibited in the HFD group. Additionally,
the dilated ER was observed after the 6-week feeding of an HFD. Remarkably, swell and
cristae lost mitochondria were accompanied by fragmented and expanded ER in the 8th
week (Figure 4).
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Figure 4. Experiment I. Transmission electron microscopy images of the fish liver at the 2nd, 4th, 6th,
and 8th week of feeding trial (n = 3). scale bar = 2.0 μm; N, nucleus; ER, endoplasmic reticulum; M,
mitochondria. Red arrows: damaged endoplasmic reticulum, green arrows: damaged mitochondria.

3.1.3. ERs-Related Gene Expressions

Considering that the ER ultrastructure damage was observed, we further determined
the expression of ERs-related genes. NFD feeding has no appreciable impact on the
expression of the ERs-related genes (atf-6, ire-1, perk, eif-2α, atf-4, grp78, and chop). The
atf4 gene expression was significantly up-regulated in the 8th week in the HFD group. In
addition, the expression of ERs-related genes (atf-6, ire-1, perk, eif-2α, grp78, and chop) was
significantly up-regulated in the HFD group at the 6th and 8th week (Figure 5).

Figure 5. Experiment I. The expressions of endoplasmic reticulum stress-related genes in the liver.
(A) Gene expression of atf6. (B) Gene expression of ire-1. (C) Gene expression of perk. (D) Gene
expression of eif-2α. (E) Gene expression of atf4. (F) Gene expression of grp78. (G) Gene expression of
chop. “*” indicates a significant difference between groups (p < 0.05, Student’s t-test, n = 3).

3.2. Experiment II: Effects of 4-PBA on Fat Deposition
Effects of 4-PBA on Fat Accumulation Caused by an HFD

After eight weeks of feeding, the whole body and abdominal fat levels were dramat-
ically raised by an HFD, which were significantly reversed by 4-PBA supplementation.
Additionally, the increase in TAG and TC contents in serum and liver induced by an HFD
was reversed by the supplementation of 4-PBA (Figure 6A–D). Additionally, fish given
HFD had an overabundance of lipid droplets in the liver, shown by oil red O-stained sec-
tions. The addition of 4-PBA to an HFD markedly reduced the lipid droplet accumulation
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(Figure 6E). Accordingly, the expressions of lipid synthesis-related genes srebp-1c, fas, and
acc were significantly up-regulated by an HFD while 4-PBA down-regulated their values
(Figure 7).

Figure 6. Experiment II. (A) Whole body fat. (B) Hepatic TC content. (C) Serum TC content.
(D) Serum TAG content. (E) Liver oil red O-staining ((E) scale bar = 20 μm). All values are exhibited
as mean ± SE (n = 3). Different letters indicate a significant difference among groups (p < 0.05, Tukey’s
test, n = 3). Whole body fat = abdominal fat weight/whole body weight.

Figure 7. Experiment II. The liver’s expression of genes associated with fat metabolism. Gene
expression of srebp-1c, fas, and acc. All values are exhibited as mean ± SE. Different letters indicate a
significant difference among groups (p < 0.05, Tukey’s test, n = 3).

The ER and mitochondria in the NFD group exhibited normal morphology. The ER
lumen in the HFD group expanded, and the ER network was ruptured, accompanied by
swollen mitochondria. Interestingly, the supplementation of 4-PBA significantly decreased
these alterations caused by an HFD (Figure 8A). Furthermore, the HFD group had a higher
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abundance of CHOP and GRP78, and 4-PBA significantly reduced the expression level of
these two proteins (Figure 8B).

Figure 8. Experiment II. (A) Transmission electron microscopy images of fish liver.
Scale bar = 2.0 μm. (B) GRP78 and CHOP were analyzed through western blotting in the liver of
fish. N, Nucleus; ER, endoplasmic reticulum; M, mitochondria. Red arrows: damaged endoplasmic
reticulum, green arrows: damaged mitochondria. All values are exhibited as mean ± SE. Different
letters indicate a significant difference among groups (p < 0.05, Tukey’s test, n = 3).

4. Discussion

In the present, we found that an HFD caused excessive fat deposition through oil red
O staining. This was also evidenced by the results of liver TAG and TC contents. Similar
results were also reported in some previous in L. maculatus [21] and other fish [20,22,23]. The
excessive fat deposition was a result of the imbalance of catabolism and anabolism [24–26].
ER was found to be an important participator in cellular biosynthesis [27,28]. Hence, there
is a tight correlation between fat deposition and ER health. Here, we observed the abnormal
ER ultrastructure in fish fed an HFD for more than six weeks. At a similar time point,
excessive hepatic fat accumulation is emerging. Similarly, ER damage was found to be
accompanied by the fatty liver phenomenon in some previous studies. Collectively, we
hypothesize that ER injury may play an important role in the pathological excessive fat
deposition caused by long-term HFD feeding.

Recently, the increasing data have demonstrated that ERs was involved in the regula-
tion of ER function and acted as a crucial pathogenic mechanism in metabolic disease. ER
is the main location of protein folding, maturation, and secretion. ER dysfunction could be
induced by ROS, inflammation-related proteins, and fat overloading, resulting in protein
misfolding and unfolding [8]. During these situations, mild or moderate ERs is often
regarded as a helpful protective response as the activation of UPR could promote molecular
chaperone production, wiping off the unfolded/misfolded proteins [27,29]. However, the
long-term energy surplus often creates severe or/and prolonged ERs, meaning that ERs
turn out to be detrimental. Accordingly, the results in this study showed that long-term
(≥six weeks) HFD feeding caused remarkable up-regulation of atf6, perk, ire1, grp78, and
chop. ATF6, PERK, and IRE1 are the three promoters in the UPR pathway; these pathways
could be activated by the release of molecular chaperone GRP78 and induce cell-death
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signaling via CHOP [30]. Furthermore, the increased GRP78 and CHOP protein levels, as
well as the dilated ER lumen found by TEM, confirmed the occurrence of ERs after HFD
feeding for more than six weeks.

There are a series of lipid-synthesis-related proteins bound at the ER membrane.
Among them, SREBP-1C is a key transcription factor, which is responsible for activating
the transcription of its downstream genes encoding rate-liming enzymes of fatty acid and
triacylglycerol biosyntheses, such as FAS and ACC [31]. A recent study also indicates that
the up-regulation of SREBP-1C impairs autophagic flux and thus suppresses fat degra-
dation [32]. In the present study, we found that the expression of srepb-1c and acc were
increased along with the activation of ERs. Liver fat accumulation is a complex process,
which is determined by fat transportation, secretion, oxidation, and do novo synthesis [1].
Beyond lipid synthesis, some previous studies have demonstrated that ERs decreased
hepatic fat oxidation and secretion [33]. Taken together, ERs play a role in excessive fat
deposition, and targeting the inhibition of ERs may be an attractive therapeutic modality
for fatty liver. 4-PBA is a short-chain fatty acid with an aromatic group, which has been
proven to be a non-toxic pharmacological compound [34]. The United States Food and
Drug Administration (FDA) has approved its clinical use [35]. There are many studies that
have demonstrated that 4-PBA is a potent inhibitor of ERs, owing to the fact it can serve
as a molecular chaperone to repair misfolding protein effectively [36–39]. Here, we added
50 mg/kg 4-PBA to an HFD to verify our conjectures. As expected, 4-PBA supplementation
notably down-regulated the protein abundance of GRP78 and CHOP and eliminated the
alterations of ultrastructure caused by an HFD, indicating ERs was suppressed. This is
similar to the results obtained in previous mouse studies. 4-PBA can inhibit endoplasmic
reticulum stress, reduce the content of endoplasmic reticulum stress markers, and alleviate
the harm caused by a high-fat diet [15]. Additionally, 4-PBA administration reduced the
liver, serum, and whole-body fat deposition, as well as the expression of srebp-1c, fas, and
acc. 4-PBA can prevent the activation of UPR. Therefore, PERK, a key site of one of the
three classical pathways of UPR, is also inhibited. Gene srebp-1c is regulated by upstream
PERK [40], so its expression is down-regulated. This is strong support for our experimental
results. It has been supported by the fact that the SREBP-1C/FAS/ACC pathway was
a reliable regulation target of fat deposition in mammals and fish. Overall, our results
confirmed that the inhibition of ERs down-regulated the SREBP-1C/FAS/ACC pathway,
indicating ERs is an attractive target for the remission of excessive fat accumulation.

5. Conclusions

In conclusion, long-term (≥six weeks) HFD feeding caused a hepatic fat overload of
L. maculate, which may be largely due to the activation of ERs. Then, ERs up-regulated
the gene expression of the SREBP-1C/ACC/FAS pathway. 4-PBA as an ER stress inhibitor
could reduce fat deposition caused by an HFD via regulating ER stress.
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Abstract: Metabolic fatty liver disease caused by high-starch diet restricted the intensive and sus-
tainable development of carnivorous fish such as largemouth bass. In this study, the combination
liver proteomic and lipidomic approach was employed to investigate the key signaling pathways
and identify the critical biomarkers of fatty liver in largemouth bass. Joint analysis of the correlated
differential proteins and lipids revealed nine common metabolic pathways; it was determined that
FABP1 were significantly up-regulated in terms of transporting more triglycerides into the liver,
while ABCA1 and VDAC1 proteins were significantly down-regulated in terms of preventing the
transport of lipids and cholesterol out of the liver, leading to triglyceride accumulation in hepatocyte,
eventually resulting in metabolic fatty liver disease. The results indicate that FABP1, ABCA1 and
VDAC1 could be potential biomarkers for treating metabolic fatty liver disease of largemouth bass.

Keywords: metabolic liver disease; integrated analysis; proteomics; lipidomics; largemouth bass

1. Introduction

Largemouth bass (Micropterus salmoides), originally a popular sport fish in North
America, is now reared in many other countries worldwide and also is an important
freshwater carnivorous species in China for its high market value as a food [1–4]. At
present, more than 80% of cultured largemouth bass are fed on chilled fish [5]. However,
the high costs of chilled fish as well as the potential role as disease vectors hinder the
healthy development of largemouth bass aquaculture worldwide [2].

Previous studies discovered that fishes (especially carnivorous ones such as large-
mouth bass) generally have a low ability to use carbohydrate in compound feed [6–8].
Starch is the cheapest energy source in practical diet ingredients, and it contributes to
good binders for aquatic feeds [9]. Traditional puffed floating feeds usually require at
least 20% starch to obtain adequate swelling and floating properties. However, researchers
demonstrated that excess dietary carbohydrate could cause fat deposition, glucose and lipid
metabolism disorder, hepatopathy, apoptosis and finally result in liver damage [8,10–13].
Previous studies suggested that the starch content in the diet should be lower than 10%
to ensure the liver health of largemouth bass [14,15]. Therefore, high carbohydrate is
recognized as the primary factor that induced metabolic liver disease (MLD) in largemouth
bass [8,9]. MLD of largemouth bass was the first limiting factor for its sustainable devel-
opment worldwide [7]. Thus, it is crucial to understand the processes and progression of
MLD, as well as the key factors in largemouth bass.
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Proteomic technologies could be used for identifying and quantifying target proteins to
comprehensively explore the etiology of liver disease, due to their high-resolution and high-
throughput advantages [16]. Currently, it has become a powerful tool for understanding
pathology of liver disease [17]. By identifying groups of changed proteins, we could gain
insight into potential pathways and regulatory networks that might contribute to the devel-
opment of MLD. Many studies have found that proteomics could be used for biomarker
identification for early diagnosis in MLD [18–20]. To date, no study has ever comprehen-
sively investigated the protein expression changes in fishes of MLD. Lipids are essential
components for maintaining various homeostasis, physiological and cellular processes
in animals [21]. Lipid metabolism disorders would lead to many major health problems,
such as obesity and nonalcoholic fatty liver disease (NAFLD) [22]. Lipidomics, based on
UPLC-MS/MS technology, is a novel omics strategy for investigating lipid metabolism and
identifying lipid biomarkers [23,24], which enables large-scale and comprehensive studies
of lipids [25]. However, there is a lack of studies that systematically assess the protein and
lipid changes in the diseased liver of fish for the discovery of the biomarkers of metabolic
liver disease.

In this study, we constructed a fatty liver model of largemouth bass by feeding high
levels of dietary starch (16.2%) to investigate the complex biological processes and patho-
genesis of MLD with proteomic and lipidomic techniques. The mass spectrometry tech-
nique was used for proteome-level quantification analyses. Some characteristic changes
to different proteins and lipid metabolites are documented for the first time in this study
and provide a comprehensive multi-omics framework for MLD biomarker discovery in
largemouth bass.

2. Materials and Methods

During the experiment period, all fishes were maintained in compliance with the
Laboratory Animal Welfare Guidelines of China (Decree No. 2 of Ministry of Science and
Technology, issued in 2021).

2.1. Experimental Diets

Two experimental diets were formulated to be isonitrogenous and isoenergetic. A
basal diet was used as the control containing 10.8% starch (named the Normal group),
whereas another diet was prepared with 16.2% starch (named the MLD group). Each diet
was extruded into 2 mm diameter pellets using a twin-screwed extruder (EXT50A, Yang
gong Machine, Beijing, China). The diet formulation and analyzed chemical composition
are shown in Table 1.

Table 1. Formulation and composition of experimental diets (%).

Ingredients (in Dry Matter Basis, %) Normal Group MLD Group

a Fish meal 30.0 30.0
Tapioca starch 5 5

Wheat flour 9.0 18
Microbial protein 4 4

Cottonseed concentrate protein 23.5 22.6
Wheat gluten meal 4 4

Soybean meal 2 -
Spay-dried blood cell powder 4 4

α-cellulose 4.6 -
Ca(H2PO4)2 1.7 1.7
Lecithin oil 2.0 2.0

Fish oil 3.5 3.5
Soybean oil 3.5 3.5

Kelp powder 1.5 0
L-Threonine 0.1 0.1

DL-Methionine 0.2 0.2
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Table 1. Cont.

Ingredients (in Dry Matter Basis, %) Normal Group MLD Group

b Vitamin and mineral premix 1.4 1.4
Total 100 100

Nutrients compositions

Crude protein 50.83 51.15
Ether extract 12.36 12.33

Crude ash 10.08 10.04
Moisture 6.10 7.43

Gross energy (MJ/Kg) 20.45 20.15
a Fish meal: crude protein content was 68.8%; soybean protein concentrate: crude protein content was 65.2%;
cottonseed protein concentrate: crude protein content was 61.5%. b Vitamin and mineral premix (mg/kg diets):
VA 20 mg, VK3 20 mg, VD3 10 mg, VE 400 mg, VB1 10 mg, VB2 15 mg, VB6 15 mg, VB12 (1%) 8 mg, VC (35%)
1000 mg, Calcium pantothenate 40 mg, Inositol 200 mg, Niacinamide 100 mg, Biotin (2%) 2 mg, Folic acid 10 mg,
Corn gluten meal 150 mg; Choline chloride (50%) 4000 mg; FeSO4·H2O 300 mg, ZnSO4·H2O 200 mg, MnSO4·H2O
100 mg, CoCl2·6H2O (10%Co) 5 mg, KI (10%) 80 mg, Na2SeO3 (10% Se) 10 mg, MgSO4·5H2O 2000 mg, Zeolite
4995 mg, NaCl 100 mg, Antioxidant 200 mg, CuSO4·5H2O 10 mg.

2.2. Experimental Fish, Feeding and Sampling

Largemouth bass were obtained from the Tangshan Aquafarm (Tangshan, Hebei, China).
The experiment was conducted in the indoor circulating water system at the National
Aquatic Feed Safety Evaluation Base (Nan Kou, Beijing, China). Prior to the formal exper-
iment, the fish were acclimatized for 4 weeks by being fed the Normal diet. The water
temperature was maintained at 21–25 ◦C, pH = 7.2–8.0, dissolved oxygen (DO) >6.0 mg/L,
ammonia nitrogen content <0.3 mg/L and NO2

− < 0.1 mg/L. The fish were fed until apparent
satiation twice a day (8:00 am and 4:00 pm) for 10 weeks. Food intake was measured daily.

At the end of the growth trial, fishes from each group were randomly selected and
anaesthetized with chlorobutanol (300 mg/mL) after 24 h starvation. The specific growth
rate (SGR), final body weight (FBW) and feed conversion ratio (FCR) were detected by
weighing the fish at the end of the 10 weeks. The body weight, body length, liver and
viscera weight of the fish were recorded individually to calculate condition factor (CF),
hepatosomatic index (HSI), viscerosomatic index (VSI) and hepatic liquid (HL), respectively.
Blood samples were drawn from the caudal part of the sedated fish using anticoagulant
syringes with 2% NaF and 4% potassium oxalate and centrifuged at 4000× g rpm for 10 min
at 4 ◦C to obtain serum. Two parts of liver samples near to the bile duct were collected for
histology examination (fixed in 4% paraformaldehyde solution) and biochemical criterion
analysis (frozen in liquid nitrogen). All samples (except for histological samples) were
stored at −80 ◦C until analysis.

2.3. Hematological and Liver Homogenate Parameters

Hematological parameters included total protein (TP), total cholesterol (TC), triglyc-
eride (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein choles-
terol (LDL-C), alkaline phosphatase (AKP), aspartate aminotransferase (AST), alanine
aminotransferase (ALT), total bile acid (TBA) and glucose (GLU). Hepatic total antioxida-
tive capability (T-AOC), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px),
catalase (CAT) and malondialdehyde (MDA) were determined by assay kits (Nanjing
jiancheng Co., Nanjing, China) following the protocols given by the supplier. The reactive
oxygen species (ROS) was determined by assay kit (Beyotime Biotechnology, Shanghai,
China) following the protocols given by the supplier.

2.4. Histopathological Examination of the Liver Tissue

After 24 h of fixation, all liver samples were dehydrated by the standard procedures,
and the samples were embedded in paraffin and cut to 6 μm sections. Liver sections were
stained following the protocols of hematoxylin and eosin (H&E) staining and observed
with light microscopy (Leica DM2500, Leica, Solms, Germany).
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2.5. Proteomics Analysis
2.5.1. Protein Extraction

The sample (3 mm × 3 mm) was grinded with liquid nitrogen into cell powder and
then transferred to a 5 mL centrifuge tube. After that, four volumes of lysis buffer (8 M urea,
1% Triton-100, 10 mM dithiothreitol and 1% Protease Inhibitor Cocktail) were added to the
cell powder, followed by sonication three times on ice using a high-intensity ultrasonic
processor. The remaining debris was removed by centrifugation at 20,000× g at 4 ◦C for
10 min. Finally, the protein was precipitated with cold 20% TCA for 2 h at −20 ◦C. After
centrifugation at 12,000× g 4 ◦C for 10 min, the supernatant was discarded. The remaining
precipitate was washed with cold acetone three times. The protein was redissolved in
8 M urea and the protein concentration was determined with BCA kit according to the
manufacturer’s instructions.

2.5.2. Trypsin Digestion

For digestion, the protein solution was reduced with 5 mM dithiothreitol for 30 min at
56 ◦C and alkylated with 11 mM iodoacetamide for 15 min at room temperature in darkness.
The protein sample was then diluted to urea concentration less than 2 M. Finally, trypsin
was added at 1:50 trypsin-to-protein mass ratio for the first digestion overnight and 1:100
trypsin-to-protein mass ratio for a second 4 h digestion.

2.5.3. TMT Labeling

After trypsin digestion, peptide was desalted with Strata X C18 SPE column (Phe-
nomenex) and vacuum dried. Peptide was reconstituted in 0.5 M TEAB and processed
according to the manufacturer’s protocol for TMT kit. Briefly, one unit of TMT reagent was
thawed and reconstituted in acetonitrile. The peptide mixtures were then incubated for 2 h
at room temperature and pooled, desalted and dried by vacuum centrifugation.

2.5.4. LC-MS/MS Analysis

The hydrolysated peptides were separated by HPLC connected with a reverse capillary
column. The specific steps and related conditions were as follows [19,26,27]: (1) sample
desalination: 0.1% TFA cleaning for 5 min (20 μL/min); (2) gradient elution: 2–35% ACN
gradient elution for 45 min (350 nL/min), 80% ACN elution for 15 min; (3) the eluent
composition of HPLC: A, 0.1% formic acid solution (v/v). B, 0.1% formic acid acetonitrile
solution (v/v); (4) the peptides were subjected to NSI source followed by tandem mass
spectrometry (MS/MS) in Q ExactiveTM Plus (Thermo Fisher Scientific Co., LTD, Shanghai,
China) coupled online with the UPLC. The electrospray voltage applied was 2.0 kV. The
m/z scan range was 350 to 1000 for full scan, and intact peptides were detected in the
Orbitrap at a resolution of 35,000. Peptides were then selected for MS/MS using NCE
setting as 27 and the fragments were detected in the Orbitrap at a resolution of 17,500.
A data-independent procedure alternated between one MS scan followed by 20 MS/MS
scans. Automatic gain control (AGC) was set at 3E6 for full MS and 1E5 for MS/MS. The
maximum IT was set at 20 ms for full MS and auto for MS/MS. The isolation window for
MS/MS was set at 2.0 m/z.

2.5.5. Protein Identification

Protein identifications were performed by using the ProteinPliot software (AB Sciex).
For protein quantitation, proteins were required to contain at least two unique peptides.

To demonstrate the reproducibility of the replicates, protein differential expressions
between various biological replicates were compared. Then p-value was calculated by
using the two-sample and two-tail t-test. When p-value < 0.05, the change of differential
expression exceeding 1.3 was regarded as the threshold for significant up-regulation, and
that less than 0.77 was regarded as the threshold for significant down-regulation.
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2.6. Lipidomics Analysis
2.6.1. Lipid Extraction

For the lipidomics analysis, the total lipids were extracted from the liver in the Normal
and MLD groups. Liver tissues (20 mg) were homogenized in a 2 mL centrifuge tube with
1 mL extracting solution (methyl tertiary butyl ether: methyl alcohol = 3:1, v/v, including
internal standard mixture). After homogenization, 200 μL deionized water was added and
then centrifuged for 10 min at 12,000× g r/min, 4 ◦C. The supernatant solution was dried
under nitrogen and redissolved in 200 μL mobile phase B for further analysis.

2.6.2. UPLC-MS/MS Analysis

Lipid profiles were determined using UPLC-MS/MS (AB Sciex, Framingham, MA,
USA). Samples (2 μL) were separated on Thermo AccucoreTMC30 column (2.6 μm,
2.1 mm × 100 nm i.d.) with a flow rate of 0.35 mL/min and column temperature of
45 ◦C. The mobile phase consisted of a mixture of acetonitrile/water (60:40, v/v) (A) and
a mixture of acetonitrile/isopropanol (10:90, v/v) (B), both containing 0.1% acetic acid
and 10 mmol/L ammonium formate. The elution gradient was set stepwise as follows:
0–2 min, 20–30% B; 2–4 min, 30–60% B; 4–9 min, 60–85% B; 9–14 min, 85–90% B; 14–17.3 min,
90–95% B; 17.3–20 min, 95–20% B.

2.6.3. Lipid Identification and Quantitation

The data were analyzed by multi-reaction detection mode (MRM). Conditions of MS
were set as follows: ion spray voltage: +5500 V (positive) and −4500 V (negative); collision
energy (CE): 35 V (positive) and −35 V (negative); temperature of electrospray ionization
(ESI): 500 ◦C; gas 1 (GS1): 45 psi; gas 2 (GS2): 50 psi; curtain gas: 35 psi.

Fifteen standard solutions with different concentrations were prepared for quantitative
analysis (concentration: 0.0002, 0.0005, 0.001, 0.002, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5,
10 nmol/mL). Table 2 lists the lipid types and information of internal and external standards.

Table 2. Lipid types and information of part of internal and external standards.

Lipids Abbreviation CAS Standards Type

1 Lysophosphatidyl choline LPC (13:0) 20559-17-5 Internal
2 Cholesterol heptadecanoate CE (17:0) 24365-37-5 Internal
3 Ceramide C4 Cer (d18:1/4:0) 74713-58-9 Internal
4 Diester of glycerol dodecanoate DG (12:0/12:0) 60562-15-4 Internal
5 Lysophosphatidyl ethanolamine LPE (14:0) 123060-40-2 Internal
6 Phosphatidylcholine PC (13:0/13:0) 71242-28-9 Internal
7 Phosphatidyl ethanolamine PE (12:0/12:0) 59752-57-7 Internal
8 Diphosphatidyl glycerol PG (12:0/12:0) 322647-27-8 Internal
9 Phosphatidylserin PS (14:0/14:0) 105405-50-3 Internal

10 Triglyceride dodecyl TG (12:0/12:0/12:0) 555-44-2 Internal
11 Phosphatidyl inositol PI (16:0/16:0) 34290-57-8 Internal
12 Palmitic acid -d31 FFA (16:0)-d31 39756-30-4 Internal
13 Cholesterol linoleate CE (18:2) 604-33-1 External
14 Ceramide C17 Cer (d18:1/17:0) 67492-16-4 External
15 Diester of glycerol hexadecanoate DG (16:0/16:0) 30334-71-5 External
16 Lysophosphatidyl choline LPC (17:0) 50930-23-9 External
17 Lysophosphatidyl ethanolamine LPE (16:0) 53862-35-4 External
18 Phosphatidyl choline PC (17:0/17:0) 70897-27-7 External
19 Phosphatidyl ethanolamine PE (17:0/17:0) 140219-78-9 External
20 Phosphatidyl glycerol PG (17:0/17:0) 799268-52-3 External
21 Phosphatidylserine PS (17:0/17:0) 799268-51-2 External
22 Sphingomyelin SM (d18:1/17:0) 121999-64-2 External
23 Triglyceride heptadecanoate TG (17:0/17:0/17:0) 2438-40-6 External
24 Phosphatidyl inositol PI (16:0/18:1) 50730-13-7 External
25 Palmitic acid FFA (16:0) 57-10-3 External
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2.7. Statistical Analysis

Independent t-test was performed by data of growth performance. All data are
presented as the mean value ± standard error of the mean (S.E.M). p < 0.05 was considered
significantly different. The correlation and linear regression analysis of biological repetitions
were carried out using GraphPad Prism 8.0 (Graph- Pad Software Inc., San Diego, CA, USA).

Functional annotations of the proteins and genetic ontology were conducted using the
Blast2GO program. The related pathways of each protein and bioinformation mining were
analyzed by searching the KEGG pathway database.

R software was used for Principal Component Analysis (PCA), cluster analysis, group-
ing Principal Component Analysis, differential metabolite screening and KEGG functional
annotation of different samples.

3. Results

3.1. High-Starch Diet (HSD) Induced Fatty Liver of Largemouth

Fish liver sections were examined after H&E staining and Sirius red staining for
collagen. Typical phenotypes of normal liver and fatty liver are shown in Figure 1. The
results showed that HSD led to enlarged lipid droplets and vacuolated cells.

MLD 

Normal 

Figure 1. Liver histopathology, enlarged lipid droplets (marked with red boxes) were clearly observed
in MLD group. (MLD: metabolic liver disease).

Both Normal and MLD groups showed high survival (99%) and there was no signif-
icant difference between the two groups. Compared with the Normal group, fish in the
MLD group showed significantly higher HSI and HL (p < 0.05) but significantly lower SGR
and FBW (p < 0.05, Table 3).

LDL-C indicators (in plasma and liver, Tables 4 and 5) and the hepatic function
indicators (AKP, AST and ALT) increased significantly in the MLD group (p < 0.05, Table 4).
Higher ROS level and lower CAT content were recorded in the MLD group (Table 6).
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Table 3. Changes of MLD on morphometric parameters of largemouth bass (means ± SEM).

Items Normal MLD

CF (g/cm3) 2.03 ± 0.09 2.01 ± 0.08
VSI (%) 7.17 ± 1.86 7.36 ± 0.20
HSI (%) 1.66 ± 0.08 b 2.36 ± 1.17 a

FBW (g) 105.83 ± 1.68 b 95.54 ± 1.30 a

SGR 2.00 ± 0.31 b 1.80 ± 0.03 a

FCR 0.98 ± 0.01 1.00 ± 0.18
HL 6.54 ± 0.29 b 7.39 ± 0.10 a

a, b Within the same column, values with different superscripts are significantly different (p < 0.05). The same as
below, n = 8; CF (condition factor, g/cm3) = 100 × average body weight/average body length3; VSI (viscerosomatic
index, %) = 100 × visceral weight/whole body weight; HSI (hepatosomatic index, %) = 100 × liver weight/whole
body weight; FBW: final body weight, n = 8; SGR (specific growth rate, %) = 100 × [ln (FBW/initial body
weight)]/days, n = 8; FCR (feed conversion rate) = FIabs/[(final total weight − initial total weight)/days]; Where,
FIabs is the daily absolute feed intake; HL (hepatic liquid, %) = fat weight of liver/liver weight.

Table 4. Changes of MLD on plasma liver function parameters of largemouth bass (means ± SEM).

Items Normal MLD

TP (g/L) 16.49 ± 0.47 15.69 ± 0.50
GLU (mmol/L) 5.71 ± 0.35 b 4.25 ± 0.45 a

TG (mmol/L) 5.64 ± 1.18 5.48 ± 0.45
TC (mmol/L) 7.70 ± 0.79 8.16 ± 0.62

HDL-C (mmol/L) 1.75 ± 0.38 1.64 ± 0.32
LDL-C (mmol/L) 2.00 ± 0.20 b 2.24 ± 0.13 a

AKP (U/L) 49.10 ± 5.56 b 77.34 ± 5.13 a

AST (U/L) 5.87 ± 1.05 b 11.15 ± 1.88 a

ALT (U/L) 5.87 ± 1.04 b 12.65 ± 1.97 a

TBA (umol/L) 74.41 ± 1.12 b 78.11 ± 4.49 a

a, b Within the same column, values with different superscripts are significantly different (p < 0.05). The same as
below; TP, total protein; GLU, glucose; TG, triglyceride; TC, total cholesterol; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; AKP, alkaline phosphatase; AST, aspartate aminotrans-
ferase; ALT, aminotransferase; TBA, total bile acid. Within the same row, values with different superscripts are
significantly different.

Table 5. Effects of MLD on hepatic lipid metabolism of largemouth bass (means ± SEM).

Items Normal MLD

TG (mmol/g·prot) 0.17 ± 0.01 b 0.21 ± 0.05 a

TC (mmol/g·prot) 0.15 ± 0.02 0.15 ± 0.01
TBA (umol/mg·prot) 2.33 ± 0.28 2.33 ± 0.65
LDL-C (umol/g·prot) 30.03 ± 2.92 b 43.92 ± 4.89 a

LDL-C/TC 0.22 ± 0.03 0.29 ± 0.03
a, b Within the same column, values with different superscripts are significantly different (p < 0.05).

Table 6. Effects of MLD on hepatic antioxidant responses of largemouth bass (means ± SEM).

Items Normal MLD

ROS (U/mg·prot) 66.78 ± 4.92 b 88.14 ± 4.85 a

T-AOC (umol/g·prot) 76.78 ± 5.96 89.14 ± 9.02
CAT (U/mg·prot) 46.62 ± 2.07 a 31.13 ± 3.42 b

GSH-Px (U/ug·prot) 4.07 ± 0.51 4.38 ± 0.57
SOD (U/mg·prot) 182.40 ± 9.45 168.75 ± 19.81

MDA (nmol/mg·prot) 2.69 ± 0.71 3.00 ± 0.38
a, b Within the same column, values with different superscripts are significantly different (p < 0.05).

3.2. Proteomics Analysis

Liver proteome profiles of largemouth bass with fatty liver (n = 8) and normal liver were
compared (n = 8) (Table S1). This revealed an obvious shift in the proteome composition,
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reflected by 99 significantly differentially abundant proteins (Fold change >1.3 or <0.77), of
which 38 proteins were up-regulated and 61 down-regulated (Figure 2A).

Figure 2. Significantly different expressions between MLD and Normal groups. (A) Protein sig-
nificantly different expression between MLD and Normal groups (red means up-regulated, blue
means down-regulated). (B,C) Differentially expressed proteins in GO functional classification
(B: up; C: down). (D) The subcellular localization of differentially expressed proteins. (E,F) KEGG
enrichment pathways of different expressed proteins (E: up-regulated; F: down-regulated).

To investigate the functions of the identified and quantified proteins, we annotated
their functions and features, gene ontology (GO), subcellular localization, GO-based en-
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richment, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, protein
domain and involvement in a protein complex of the characteristics we annotated [26].

For the biological process category, the differential proteins between the Normal and
MLD groups were related to cellular processes, biological regulation processes, metabolic
processes, response to stimulus processes, multicellular organismal processes, localization
processes and development processes. For the cellular component category, these differen-
tial proteins were mainly enriched in the organelle, membrane, macromolecular complex
and membrane-enclosed lumen. For the molecular function category, fatty liver induced
by high-starch diet was primarily enriched in functional clusters, such as catalytic activity,
transporter activity and structural molecule activity. (Figure 2B,C).

Subcellular structure localizations of differentially expressed proteins were predicted
and classified, the results showed that most of these differential proteins were located in
the nucleus, cell membrane, cytoplasmic cells and external matrix, and a few were located
in mitochondria and endoplasmic reticulum. Forty were located in the cytoplasm of the
99 differential expressed proteins, with 23 in the extracellular matrix, 14 in the nucleus,
7 in the cell membrane, 6 in the cytoplasm and nucleus, 5 in the mitochondria, 2 in the
endoplasmic reticulum and 2 in other cellular structures (Figure 2D).

For the KEGG pathway analysis, differential proteins were primarily associated with
enrichment in pathways related to the fat digestion and absorption, gastric acid secretion,
ABC transport, cholesterol metabolism, glycolysis/gluconeogenesis, PPAR and MAPK
(Figure 2E,F). The differential pathways that may be related to fatty liver metabolism and
the important differentially expressed proteins in these pathways are listed in Table 7.

Table 7. Selected KEGG pathway analysis of differentially expressed proteins related to metabolic
fatty liver.

KEGG Pathway
Related Proteins
(Up-Regulated)

Related Proteins
(Down-Regulated)

Protein processing in
endoplasmic reticulum RRBP1 TRAPα, PDIA4

Fat digestion and absorption FABP1 ABCA1, MTTP
ABC transporters ABCA1

Cholesterol metabolism ABCA1, VDAC1, AK1R1D1
PPAR signal pathway HRAs, FABP1 PEPCK

FoxO signaling pathway; HRAS PEPCK
mTOR signaling pathway HRAs

Glycolysis/Gluconeogenesis PEPCK
Phosphatidylinositol

signalingsystem PI4Kβ

Metabolic pathways FA-CoA, UGT, lipocalin PEPCK, CBS, L2HGDH, B3GNT3,
PI4Kβ, CYP2U1, AK1R1D1

Insulin signaling pathway HRAs, GNAQ PEPCK
Thyroid hormone synthesis GNAQ PDIA4
Primary bile acids synthesis AK1R1D1

Themogenesis HRAs NPR-A

3.3. Lipidomics Analysis

For liver lipid analysis, 15 lipid species including phosphatidylcholine (PC), triacylglyc-
erol (TG), phosphatidylethanolamine (DPPE), lysophosphatidyl choline (LPC), ceramide
(Cer), sphingomyelin (SM), lysophosphatidylethanolamine (LPE), diacylglycerol (DG), free
fatty acid (FFA), phosphatidylserine (PS), acyl carnitine (CAR), cholesteryl ester (CE), phos-
phatidylinositol (PI), phosphatidyl glycerol (PG) and lipid peroxidn (LPO) were detected
with lipidomics analysis (74 PCs, 69 TGs, 55 DPPEs, 37 LPCs, 36 Cers, 32 SMs, 21 LPEs,
17 DGs, 16 FFAs, 15 PSs, 14 CARs, 14 CEs, 13 PIs, 10 PGs, 10 LPOs). The major lipid
compositions were analyzed (Table 8 and Figure 3).
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PCA analysis showed discrimination between the MLD group and the Normal group
(Figure 4A), indicating that there was difference in the lipid composition between the two
groups. OPLS-DA analysis was applied to screen out the differential metabolites between
the two groups. Using the criteria of VIP ≥ 1 and FC ≥ 1.5 or ≤ 0.67, 164 significantly
differential lipid species were identified in the Normal versus the MLD group (Figure 4B).
As shown in the heatmap (Figure 4C), the differential lipid species were mainly enriched in
TC, PC, DPPE, Cer, SM, PI and DG classes, and all of them were upregulated in the MLD
group. Notably, the top 20 differential upregulated lipids were mainly TGs, including TG
(51:0), TG (51:1), TG (54:1), TG (50:0), TG (52:0), TG (49:1) and TG (54:0). However, the three
downregulated lipids were mainly LPC (20:2), Cer (d34:1) and PE (P-34:2) (Table 9).

Table 8. Major lipid composition in the liver of largemouth bass.

Classification Subclass Composition

Fatty acyl
Free fatty acid FFA(18:1), FFA(16:0), FFA(18:2), FFA(18:0), FFA(16:1), FFA(20:1),

FFA(14:0), FFA(22:1), FFA(20:2), FFA(24:1)

Acyl carnitine CAR18:1, CAR16:1, CAR16, CAR18:2, CAR18, CAR14,
CAR12-OH, CAR14:1, CAR18:1-OH, CAR12

Glyveride
Diacylglycerol DG(34:1), DG(36:2), DG(36:3), DG(34:4), DG(34:0), DG(40:7),

DG(32:1), DG(34:2), DG(32:0), DG(36:0)

Triacylglycerol TG(52:2), TG(54:3), TG(52:3), TG(54:5), TG(50:2), TG(54:2),
TG(52:4), TG(50:3), TG(58:8), TG(50:1)

Glyceryl phosphatide

Lysophosphatidyl choline LPC(22:6), LPC(18:2), LPC(16:0), LPC(18:1), LPC(18:0),
LPC(20:5), LPC(16:1), LPC(20:3), LPC(22:5), LPC(18:3)

Lysophosphatidyl ethanolamine

PE(40:6), PE(40:7), PE(38:6), PE(36:2), PE(38:4), PE(36:3),
PE(42:7), PE(34:2), PE(P-38:5), PE(40:8), LPE(22:6), LPE(18:0),

LPE(18:1), LPE(16:0), LPE(18:2), LPE(20:5), LPE(20:4), LPE(22:5),
LPE(20:1), LPE(20:0)

Phosphatidyl choline PC(34:1), PC(34:2), PC(38:6), PC(36:3), PC(36:1), PC(32:1),
PC(40:6), PC(O-40:7), PC(36:2), PC(O-38:6)

Phosphatidyl glycerol PG(40:8), PG(36:2), PG(34:1), PG(36:3), PG(40:7), PG(36:1),
PG(36:4), PG(38:3), PG(34:2), PG(34:3)

Phosphatidylinositol PI(38:4), PI(38:5), PI(40:6), PI(38:6), PI(36:2), PI(40:7), PI(38:3),
PI(36:1), PI(36:3), PI(40:5)

Phosphatidylserine PS(40:6), PS(38:6), PS(40:7), PS(36:2), PS(36:1), PS(40:5), PS(38:4),
PS(38:5), PS(38:3), PS(34:1)

Sphingolipid
Sphingomyelin SM(d42:2), SM(d34:1), SM(d42:1), SM(d40:1), SM(d36:1),

SM(d32:1), SM(d41:1), SM(d42:3), SM(d42:5), SM(d35:0)

Ceramide Cer(d42:2), Cer(d42:1), Cer(d34:1), Cer(d40:1), HerCer(d34:1),
Cer(d32:1), Cer(d41:1), Cer(d36:1), CerP(d36:1), Cer(d44:2)

Cholesterol Cholesteryl ester CE(22:6), CE(18:0), CE(18:1), CE(18:2), CE(20:5), CE(22:5),
CE(20:4), CE(16:0), CE(22:3), CE(20:2), CE(20:1)
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Figure 3. Major lipid in the liver of largemouth bass (Mean ± SEM, n = 8). (A) PC: phosphatidylcholine.
(B) TG: triacylglycerol. (C) PE: phosphatidylethanolamine. (D) LPC: lysophosphatidyl choline. (E) Cer:
ceramide. (F) SM: sphingomyelin. (G) LPE: lysophosphatidylethanolamine. (H) DG: diacylglycerol.
(I) FFA: free fatty acid. (J) PS: phosphatidylserine. (K) CAR: acyl carnitine. (L) CE: cholesteryl ester.
(M) PI: phosphatidylinositol. (N) PG: phosphatidyl glycerol. (O) LPO: lipid peroxidation.
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Figure 4. The lipidomics analysis of largemouth bass liver. (A) Principal component analysis (PCA)
score plots. (B) OPLS-DA analysis (red points and green points represent VIP ≥ 1 and VIP ≤ 1,
respectively) and (C) heatmap. (Mean ± SEM, n = 8). (D) Heatmap of all lipids and proteins (red
represents high correlation coefficient; green represents low correlation coefficient). (E) Heatmap
of correlation coefficient of differential lipids and differential proteins (red represents a positive
correlation between proteins and lipids and green represents a negative correlation). Each row and
column represents a protein and a metabolite, respectively.

A total of 29 differential metabolic pathways were found with KEGG pathway enrich-
ment analysis. These metabolic pathways mainly involved fat digestion and absorption,
cholesterol metabolism, vitamin digestion and absorption, sphingolipid metabolism and
insulin resistance, all of which are related to lipid metabolism (Table 10).
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Table 9. Top 20 differential up-regulated and down-regulated metabolites.

Metabolites Class VIP p-Value Log2FC Type

TG (51:0) TGs 1.22 N/A 4.50 up
TG (51:1) TGs 1.22 0.09 3.44 up
TG (54:1) TGs 1.11 0.09 2.93 up
TG (50:0) TGs 1.25 0.07 2.79 up
TG (52:0) TGs 1.19 0.13 2.64 up
TG (49:1) TGs 1.29 0.03 2.62 up
TG (54:0) TGs 1.09 0.16 2.53 up
TG (52:1) TGs 1.17 0.06 2.49 up
TG (48:0) TGs 1.32 0.03 2.43 up
TG (46:0) TGs 1.34 0.02 2.39 up
TG (56:0) TGs 1.09 0.12 2.37 up
TG (52:7) TGs 1.52 0.02 2.33 up
TG (53:2) TGs 1.07 0.06 2.26 up
TG (58:7) TGs 1.32 0.04 2.21 up
TG (44:0) TGs 1.18 0.03 2.14 up
TG (56:9) TGs 1.21 0.07 2.02 up

TG (58:10) TGs 1.14 0.05 1.92 up
DG (38:6) DGs 1.33 0.00 2.03 up
PI (38:5) PIs 1.54 0.00 2.25 up

PE (P-40:5) PEs 1.47 0.02 2.37 up
LPC (20:2) LPCs 1.32 0.03 0.96 down
Cer (d34:1) Cers 1.16 0.05 0.72 down
PE (P-34:2) PEs 1.17 0.05 1.38 down

Table 10. Differential metabolic pathways.

Pathways ko_ID Unique Compound

Metabolic pathways ko01100 99
Insulin resistance ko04931 36

Sphingolipid signaling pathway ko04071 21
Fat digestion and absorption ko04975 29

Cholesterol metabolism ko04979 29
Glycerophospholipid metabolism ko00564 50
Vitamin digestion and absorption ko04977 29

Regulation of lipolysis in adipocytes ko04923 28
Necroptosis ko04217 21

Neurotrophin signaling pathway ko04722 8
Adipocytokine signaling pathway ko04920 8

Sphingolipid metabolism ko00600 25
AGE-RAGE signaling pathway in diabetic complications ko04933 8

Leishmaniasis ko05140 8
Glycerolipid metabolism ko00561 33

Inositol phosphate metabolism ko00562 5
Phosphatidylinositol signaling system ko04070 5

Long-term depression ko04730 5
Choline metabolism in cancer ko05231 32
Arachidonic acid metabolism ko00590 27

Linoleic acid metabolism ko00591 27
alpha-Linolenic acid metabolism ko00592 27

Retrograde endocannabinoid signaling ko04723 40
Glycosylphosphatidylinositol (GPI)-anchor biosynthesis ko00563 13

Autophagy—other ko04136 13
Autophagy ko04140 13

Pathogenic Escherichia coli infection ko05130 13
Kaposi sarcoma-associated herpesvirus infection ko05167 13

Thermogenesis ko04714 28
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3.4. Integrative Proteomic and Lipidomic Analysis

To best observe the correlation between lipid metabolites and proteins, all the lipids
and proteins were analyzed by clustering analysis as illustrated in a heatmap (Figure 4D).
The result indicated that there are correlations between many lipids and proteins. All the
differential proteins and differential lipids were selected, and the heatmap clustering was
drawn. As shown in Figure 4E, these differential proteins were negatively correlated with
differential lipids, including aldo-keto reductase family 1 member D1 (AK1R1D1), phospho-
enolpyruvate carboxykinase (PEPCK), ATP binding cassette transporter A1 (ABCA1), beta-
1,3-N-acetylglucosaminyltransferase 3 (B3GNT3), L-2-hydroxyglutarate dehydrogenase
(L2HGDH), cytochrome P450 2U1 (CYP2U1), mercaptopyruvate transferase, phosphatidyli-
nositol 4-kinase beta (PI4K2β), hexose transferase, cystathionine beta-synthase (CBS) and
voltage-dependent anion channels1 (VDAC1). These differential proteins were positively
correlated with differential lipids, namely hexose tetraphosphate kinase, natriuretic peptide
receptor-A (NPR-A), fatty acid binding protein 1 (FABP1), UDP-glucuronosyltransferase
(UGT), fatty acid acetyl-CoA synthase (FA-CoA) and Guanine nucleotide-binding protein
G(q) subunit alpha (GNAQ). Among these differential lipid metabolites, we observed
that the strongest relationships with differential proteins were triglyceride (TG) and phos-
phatidylcholine (PC).

The above correlated differential lipids and differential proteins were simultaneously
mapped to the KEGG pathway, and were enriched into nine common metabolic pathways,
as shown in Table 11. Four KEGG pathways with the highest concentration were selected
for subsequent analysis, including thermogenesis (ko04714), fat digestion and absorption
(ko04975), cholesterol metabolism (ko04979) and metabolic pathways (ko01100).

Table 11. Nine KEGG enrichment pathways of lipidomics and proteomics.

Pathway
Number of

Lipids
Number of

Proteins
Differential

Lipids
Differential Proteins

(Up-Regulated)
Differential Proteins
(Down-Regulated)

Themogenesis 27 2 TG NPR-A, HRAs
Fat digestion and absorption 27 2 TG FABP1 ABCA1

Cholesterol metabolism 27 2 TG ABCA1, VDCA1

Metabolic pathways 48 17 TG NPR-A, FA-CoA, UGT PI4Kβ, AK1R1D1,
PEPCK, L2HGDH, CBS

Arachidonic acid metabolism 11 2 TG CYP2U1
Inositol phosphate metabolism 3 2 TG ITPK1 PI4Kβ

Phosphatidylinositol
signaling system 3 2 TG ITPK1 PI4Kβ

Long-term depression 3 2 TG GNAQ, HRAs
Sphingolipid signaling pathway 2 2 SM GNAQ, HRAs

4. Discussion

Carnivorous fish have a low starch utilization rate, and high digestible starch intake
leads to accumulation of liver glycogen and persistent high blood sugar, finally causing fish
liver disease [28,29]. Generally, the level of digestible carbohydrate above 10% reduced the
growth performance of largemouth [9,15,30,31], induced glycogen and lipid accumulation
and dysfunction of antioxidant capabilities, leading to MLD in largemouth [9,32]. In this
study, compared with the Normal group (starch content: 10.8%), the MLD group (starch
content: 16.2%) decreased the growth performance of largemouth bass and induced liver
lipid accumulation, liver function injury, oxidative stress and higher hepatosomatic index,
which is similar to the non-alcoholic fatty liver symptom. Therefore, we used HSD to
construct the fatty liver phenotype in largemouth bass successfully.

4.1. Proteomic Analysis

The differentially expressed proteins induced by a high-starch diet of largemouth
bass were mainly involved in endoplasmic reticulum protein processing, fat digestion and
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absorption, cholesterol metabolism, phosphatidylinositol signal system and insulin signal
transduction, which affected the occurrence and development of fatty liver through the
comprehensive action of multiple metabolic pathways.

Endoplasmic reticulum (ER) is an important site involved in the regulation of sub-
stance transport, metabolism and protein synthesis in eukaryotic cells [33]; ER stress caused
by various reasons is closely related to the occurrence and development of diseases [34].
The evidence implied that ER played a role in the development of steatosis and nonal-
coholic steatohepatitis. ER stress occurred in liver and adipose tissue in patients with
non-alcoholic fatty liver disease [35,36]. RRBP1 (reticulum ribosome-binding protein 1) is
one of the important proteins involved in the ER unfolded protein reaction, and abnormal
up-regulated expression of RRBP1 has been found in the study of human cancer-related
diseases [37–39]. Xiong found that the expression of RRBP1 in liver cancer tissues was
significantly higher than that in normal liver tissues, and the expression of RRBP1 in liver
cancer tissues with metastasis was significantly higher than that in liver cancer tissues
without metastasis, indicating that RRBP1 is closely related to liver cancer metastasis in the
state of liver injury [40]. In this study, RRBP1 was found to be highly expressed in liver in
the MLD group, indicating that it may have an important relationship with liver injury and
the development of MLD. In addition, TRAPα (translocon-associated protein subunit alpha)
is a typical glycosylated membrane protein which plays an important role in the process
of signal modification recognition and the transport of new peptide chains. It synergizes
with AMPK (adenosine monophosphate activated protein kinase) and ROS pathway to
cause resistance to oxidative stress-induced apoptosis [41]. TRAPα also plays an important
role in maintaining cell homeostasis and may become a target drug for intervention in
related diseases [42]. The low expression of TRAPα may be due to the abnormality in the
modification and transport of the peptide chain, resulting in liver damage, which affects the
normal progress of subsequent life activities and leads to the occurrence and development
of fatty liver. At present, the TRAPα sequence of fish is relatively conserved, but the
research on its related functions is still in the blank stage and needs to be further studied.

The pathway of fat digestion and absorption has the important function of maintaining
the homeostasis of lipid metabolism. In this study, we found the differential expression
of three important proteins FABP1, MTTP (microsomal triglyceride transfer protein) and
ABCA1 in its pathway. FABP1 is expressed mainly in the liver and could combine with long-
chain fatty acid to regulate lipid absorption and fatty acid metabolism in the cytoplasm [43].
FABP1 activity changed significantly in the occurrence and development of fatty liver,
liver cirrhosis, liver cancer and other liver diseases [44–46]. In this study, HSD induced
fatty liver of largemouth bass, leading to significant upregulation of FABP1. Similar
results also showed that FABP1 levels were higher in patients with non-alcoholic fatty
liver disease [43,47]. Therefore, FABP1 is expected to become a diagnostic marker of
liver injury [48–50]. The MTTP is a key protein for lipid excretion in liver and affects
the metabolism of lipids and lipoproteins, leading to the occurrence and development of
many diseases [51–54]. Specific knockout of the MTTP gene in hepatocytes leads to the
accumulation of a large amount lipids in mouse hepatocytes, and eventually results in
hepatic steatosis and fatty liver [55]. Some evidence showed that the variability of MTTP
is associated with the development of NAFLD, raised lipid and risk of atherosclerotic
cardiovascular disease [56,57]. A previous study indicated that in the NAFLD of rat induced
by a high-fat diet, the expression level of MTTP is markedly decreased [58]. Similarly, HSD-
induced fatty liver of largemouth bass decreased MTTP level in liver in our results. ABCA1
played an essential role in the regulation of high-density lipoproteins (HDLs) and reverse
cholesterol transport [59]. ABCA1 overexpression increased the concentration of cholesterol
and high-density lipoprotein and decreased hepatic lipid contents [60,61]. The deposition of
cholesterol in tissues induced the absence of ABCA1 [62,63]. A previous study reported that
decreased hepatic ABCA1 expression can cause steatohepatitis in obese adult patients [61].
It also presented the evidence that the expression level of ABCA1 was significantly lower in
the NAFLD patients than in the healthy controls [64]. Consistent with these observations,
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ABCA1 was down-regulated in the MLD group induced by HSD. These findings suggest
that the expression level of ABCA1 was associated with the development of fatty liver
disease. In this study, the differential expression of FABP1, ABCA1 and MTTP in the liver
of largemouth bass in the MLD group showed a high-starch diet increased hepatic lipid
contents and affected fat digestion and absorption pathways, and eventually promoted the
development of metabolic fatty liver.

4.2. Lipidomic Analysis

Significant changes in hepatic lipids are important pathophysiological markers of fatty
liver [65]. Lipidomic studies of the mouse liver have shown that NAFLD is associated with
an increase in TG [66]. Similar results were observed in our HSD treatment largemouth
bass. In this study, most TG species were increased by HSD. During the occurrence of
fatty liver, the up-regulation of TGs is attributed to the rate of TG synthesis in the liver
exceeding the catabolic rate of TGs [67,68]. Therefore, preventing TG accumulation in liver
may contribute to the attenuating effect of fatty liver disease [66,69].

KEGG pathway enrichment analysis indicated that the insulin-resistance pathway
was significantly enriched. Many studies believe that NAFLD is closely related to insulin
resistance [70–72]. The relationship between NAFLD and insulin resistance is bidirectional.
Insulin resistance may promote the development of NAFLD, while NAFLD may promote
the development of insulin resistance [71,73]. The related research results of our team also
found that the persistent hyperglycemia of largemouth bass after a meal is caused by insuf-
ficient insulin secretion (unpublished), which is also the reason for the starch intolerance
of largemouth bass. Therefore, insulin resistance is a key factor in the development and
progression of NAFLD [74] and may be the direction of targeted intervention of MLD in
largemouth bass in the future.

Interestingly, in this study we also found that differential lipids were mainly enriched
in the sphingolipid metabolism signaling pathway. Liver is the center of ceramide pro-
duction and usually contains much higher sphingolipid than all other tissues, especially
ceramide and sphingomyelin [75–77]. Therefore, liver is prone to sphingolipid toxicity [78].
For example, sphingolipid content was significantly increased in the liver of rats fed with a
high-fat diet [79]. Mice exposure to exogenous microbiome sphingolipids no longer had
lipid accumulation and rescued diet-induced hepatic steatosis [80]. Evidence suggested
sphingolipid levels contribute to the development of NAFLD in a variety of ways, including
inflammation, insulin resistance and oxidative stress [78].

4.3. Integrative Proteomic and Lipidomic Analysis

In this study, using integrative proteomic and lipidomic analysis, we demonstrated
the hepatic TG accumulation was important for the development progress of fatty liver
induced by HSD. Theoretically, the primary cause of lipid accumulation is the increased
uptake of free fatty acids (FFAs) by the liver [56,81]. Undoubtedly, regulation of TG
accumulation is important for improving fatty liver disease [82]. Many studies have shown
that overexpression of FABP1 enhances fatty acid uptake [83–85]. Researchers also found
FABP1-deficient mice were protected from TG accumulation in liver induced by a high-fat
diet [86,87]. It is expected that reducing the expression or function of FABP1 could inhibit
TG accumulation in liver and ameliorate NAFLD [85]. In this study, we similarly observed
HSD increased the expression level of FABP1, resulting in more TG accumulation in liver,
ultimately leading to fatty liver in largemouth bass.

Meanwhile, accumulated evidence suggested cholesterol homeostasis and hepatic
cholesterol accumulation associated with the risk of liver cirrhosis and other liver dis-
eases [88–90]. ABCA1 could prevent cholesterol accumulation by transporting cholesterol
and phospholipids from cells to apolipoproteins [91–93]. Recently, a report showed that
ABCA1 were tightly associated with the lipid variables and lipid metabolism [94]. Human
studies also suggest the elevation of TG levels usually develop fatty liver disease, and
there is an inverse association between TG concentrations and dysfunctional ABCA1 [95].
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In addition, a study also reported when the function of ABCA1 is diminished, the TG
secretion from liver increased, suggesting there is a strong association between ABCA1 and
fatty liver disease [59]. Consistent with this finding, this study also showed the content of
ABCA1 was significantly reduced, which exacerbated the accumulation of cholesterol in
the liver and worsened metabolic fatty liver disease.

Furthermore, VDAC1 was involved in cholesterol transport and was thought to be
part of a complex process that mediates fatty acid transport [96–98]. A lack of VDAC1
caused mitochondria to stop oxidizing fatty acids [99]. It is also indicated that the absence
of ABCA1 lead to steatosis in metabolic liver disease [100,101]. Recent study had found
hepatocyte fat droplet and glycogen accumulation in high-fat diet-treated mice. However,
the VDAC1-based peptide decreased serum TG content and hepatocyte fat droplets and
increased hepatocyte glycogen accumulation [98]. Moreover, VDAC1 could interact with
many proteins, such as metabolism, apoptosis and anti-oxidation-related proteins [102,103],
so it could be regarded as a potential therapeutic for metabolic liver disease, such as
NAFLD [98]. Here, we demonstrated that the reduction in VDAC1 expression led to
cholesterol and lipid accumulation in liver of largemouth bass induced by HSD. Importantly,
in addition to hepatic TG accumulation, abnormal transport of cholesterol also plays a
critical role in the occurrence and development of fatty liver disease.

5. Conclusions

We successfully induced metabolic fatty liver phenotype of largemouth bass with
high-starch diet. We found that three differential proteins (FABP1, ABCA1 and VDAC1)
in fat digestion and absorption and cholesterol metabolism pathways played important
roles in the occurrence and development of MLD in largemouth bass after the combination
of targeted lipidomics and proteomics analyses. The three differential proteins may be
promising targets for therapeutic intervention in fatty liver disease. Our findings propose
the possible key regulatory factors in the occurrence and development of metabolic fatty
liver, which provide a theoretical basis for the efficient use of compound feed and targeted
nutritional regulation in commercial aquaculture.
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Abstract: This study evaluated the effects of dietary soybean lecithin (SBL) on the growth, haemato-
logical indices, immunities, antioxidant capabilities, and inflammatory and intestinal barrier functions
because little information of dietary SBL could be obtained in juvenile largemouth bass (Micropterus
salmoides). The fish were fed identical diets except for SBL added at 0, 2, 4 and 8%. It was found that 4
and 8% SBL significantly increased fish weight gain and daily growth rate (p < 0.05), while 4% SBL
was optimal for enhancing RBC, HGB, PLT, MCV, MCH, WBC and MON in blood, and ALB and ALP
in serum (p < 0.05). SBL (4%) also significantly elevated the antioxidant enzymes activities of T-SOD,
CAT, GR, GPx, GST and T-AOC and GSH contents; increased mRNA transcription levels of Nrf2,
Cu/Zn-SOD, CAT, GR, GST3 and GPx3; and decreased MDA contents. Keap1a and Keap1b levels
were markedly down-regulated (p < 0.05). SBL (4%) significantly enhanced levels of the immune
factors (ACP, LZM and C3) and the mRNA expression levels of innate immune-related genes (C3, C4,
CFD, HEPC and MHC-I) compared with the control groups (0%) (p < 0.05). SBL (4%) significantly
increased IgM and T-NOS in the intestine (p < 0.05) and significantly decreased levels of TNF-α,
IL-8, IL-1β and IFN-γ and increased TGF-β1 at both transcription and protein levels in the liver
and intestine (p < 0.05). The mRNA expression levels of MAPK13, MAPK14 and NF-κB P65 were
significantly decreased in the intestine in the 4% SBL groups (p < 0.05). Histological sections also
demonstrated that 4% SBL protected intestinal morphological structures compared with controls.
This included increased intestinal villus height and muscular thickness (p < 0.05). Furthermore, the
mRNA expression levels of the intestinal epithelial cell tight junction proteins (TJs) (ZO-1, claudin-3,
claudin-4, claudin-5, claudin-23 and claudin-34) and mucin-5AC were significantly up-regulated
in the 4% SBL groups compared with the controls (p < 0.05). In conclusion, these results suggested
that 4% dietary SBL could not only improve growth, haematological indices, antioxidant capabili-
ties, immune responses and intestinal functions, but also alleviate inflammatory responses, thereby
providing reference information for the feed formulations in cultured largemouth bass.

Keywords: Micropterus salmoides; soybean lecithin; haematology; antioxidant capabilities; immune
responses

1. Introduction

As by-product of soybean oil production, soybean lecithin (SBL) plays important
nutritional roles for its high content of phosphatidyl choline, phosphatidyl ethanolamine,
phosphatidyl inositol, phospholipids (PL) contents and trace amounts of glycolipids and
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triglycerides [1]. SBL could function as a food additive and improve growth, bolster immu-
nity and increase antistress abilities in humans [2] and in terrestrial animals (cattle, chickens
and turkeys) [1,3,4]. However, the limited biosynthetic capacity of PL could not meet
the requirements for the normal growth and development in larval and juvenile aquatic
animals [5]. Therefore, exogenous SBL was added into aquatic animal feeds as a primary
non-protein raw material owing its ready availability [6–8]. Moreover, it has been widely
used in many cultured fish species including golden mahseer (Tor putitora) [6], gilthead
seabream (Sparus aurata) [8], Caspian brown trout (Salmo trutta caspius) [9], common carp
(Cyprinus carpio) [10], stellate sturgeon (Acipenser stellatus) [11], rock bream (Oplegnathus
fasciatus) [12] and channel catfish (Ictalurus punctatus) [13].

Many studies have found dietary SBL could not only increase growth, but also enhance
health status, including innate immune and antioxidant responses in animals [9,11]. It
is well-known that animal immune status could be monitored using haematological and
antioxidant parameters [9,14]. Higher values of haemoglobin (HGB), red blood cells
(RBC) and white blood cells (WBC) induced by adequate nutrients and probiotics could
reflect better immunity and oxygen-carrying capacity via the haematopoietic system in
many fish species [15,16]. Meanwhile, antioxidant capabilities can reflect the animal
responses to reactive oxygen species (ROS) produced in normal metabolic and immune
defence processes, while excessive ROS is deleterious, resulting in oxidative damage and
impairment of physiological functions [17]. These antioxidant enzymes activities could
be regulated by the Nrf2/Keap1 signalling pathway to maintain redox homeostasis [18],
which is also closely linked to fish health status and innate immunity [19]. However, little
information could be obtained about the relationships among the antioxidant capabilities,
Nrf2/Keap1 pathway and dietary SBL in fish.

Encounters with nutrient-deficient, pathogens or environmental toxins could induce
inflammatory processes and ROS products, which are the primary immune defence lines
for protecting animals [20]. In particular, the p38 MAPK/NF-κB signalling pathway is
responsible for pro- and anti-inflammatory cytokines production [21], while excessive
immune stimulation could cause typical ‘cytokine storm’ mediated by pro-inflammatory
mediators, including interleukin-1β (IL-1β), interferon-γ (IFN-γ) and tumour necrosis
factor-α (TNF-α), etc. [22,23]. Many studies have demonstrated that overproduction of
inflammatory cytokines could result in tissue damage and inappropriate physiological
responses [24]. However, these processes are normally counteracted by increasing contents
of anti-inflammatory cytokines, such as interleukin 10 (IL-10) and transforming growth
factor β 1 (TGF-β1), that participate in tissue repair processes [5,24,25]. Therefore, it is
essential to alleviate inflammation and improve immunity through regulating the balance
between pro- and anti-inflammatory cytokine productions mediated by adequate nutrients
and/or additives in animals [25].

In addition, the intestinal barrier function of fish was closely related to its health
status. Intestinal barrier functions and integrity were associated with elevated levels of
the epithelial cell tight junction proteins (TJs) occludin, zonula occludens and claudin [5].
These cells also maintain the mucus barrier using mucin-linked carbohydrates that form
a protective gel that directly interacts with the intestinal microbiota [26]. These barrier
protective functions could be altered by balanced nutrition in largemouth bass (Micropterus
salmoides) [27], grass carp (Ctenopharyngodon idella) [28], jian carp (Cyprinus carpio var.
Jian) [29] and Cobia (Rachycentron canadum) [30]. In contrast, the effects of dietary SBL on
intestinal barrier functions were little described in aquatic animals.

Largemouth bass (Micropterus salmoides) is a typical carnivorous freshwater fish that
is widely cultivated due to its rapid growth, strong adaptability and better meat quality.
This species is one of the most important commercial freshwater species cultivated in
China and its production reached 0.7 million tons in 2021 [31]. Preliminary studies using
dietary phospholipids and intestinal health indices for largemouth bass larvae have been
conducted but adults or juveniles were not included [5]. In the current study, we evaluated
how SBL affects M. salmoides both at the transcriptional and protein levels, and further
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explored the mechanism of dietary SBL on the intestinal barrier functions and immune
health using haematological indices and measures of inflammation and redox stress as
well as intestinal tight junction (TJ) and mucin protein expression. These data provide a
reference to optimize compound feed formulations for largemouth bass.

2. Materials and Methods

2.1. Experimental Diets

Four diet formulations were produced that included defatted fish meal (1.8% lipid),
casein and gelatine as protein sources, and soybean oil and SBL as lipid sources. The
ingredients were mechanically forced through 60-mesh screens for mixing. The 4 formula-
tions provided identical levels of nitrogen, energy sources and lipids but contained graded
levels of SBL and 0, 2, 4 and 8% substituted w/w for soybean oil, respectively (Table 1).
SBL contained 196, 132 and 146 mg/g phosphatidylcholine, phosphatidylethanolamine
and phosphatidylinositol, respectively, and was analysed using high-performance liquid
chromatography with evaporative light scattering detector (HPLCELSD). The components
were processed into 2.5 mm diameter pellets using a commercial F-26 twin-screw extruder
(South China University of Technology Machinery Factory, Guangzhou, China). The pellets
were air-dried at 35 ◦C and stored at −20 ◦C. The proximate composition of these four
experimental diets were determined according to the methods described by Jia et al. [17].

Table 1. Ingredient and proximate composition of the experimental diets (on dry weight basis).

Ingredients (%)
Diets (%)

0 2 4 8

Defatted fish meal a 20.00 20.00 20.00 20.00
Casein b 35.00 35.00 35.00 35.00

Gelatine c 5.00 5.00 5.00 5.00
Soybean oil d 10.00 8.00 6.00 2.00

Soybean lecithin e 0.00 2.00 4.00 8.00
Dextrin c 10.00 10.00 10.00 10.00

Mineral premix f 2.40 2.40 2.40 2.40
Vitamin premix g 1.20 1.20 1.20 1.20
Choline chloride h 0.40 0.40 0.40 0.40

Microcrystalline cellulose c 16.00 16.00 16.00 16.00
Proximate analysis (%)

Moisture 6.49 6.64 6.61 6.76
Crude protein 50.67 50.59 50.65 50.53

Crude lipid 9.58 9.53 9.57 9.49
Crude ash 5.61 5.57 5.67 5.78

Gross energy (MJ kg−1) 17.43 17.34 17.38 17.41
a Defatted fish meal, Pesquera Diamante S.A. crude protein 76.7%; crude lipid 1.8%. b Casein obtained from Gansu
Hualing Dairy Co., Ltd., Lanzhou, China; crude protein 80.56%. c Gelatine, Dextrin and Microcrystalline cellulose,
obtained from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China, crude protein 99.76%. d Soybean oil,
produced using oil press. e Soybean lecithin, Jiangsu Yuanshengyuan Biological Engineering Co., Ltd., Nanjing,
China. f Mineral Premix (mg kg−1 diet): Na2SeO3, 1.2 mg; KI, 2 mg; CoCl2·6H2O, 13 mg; CuSO4·5H2O, 5 mg;
FeSO4·7H2O, 70 mg; ZnSO4·7H2O, 100 mg; MnSO4·H2O, 45 mg; MgSO4·7H2O, 130 mg; NaCl, 50 mg. g Vitamin
Premix (mg kg−1 diet): vitamin A, 35 mg; vitamin D, 6 mg; vitamin C, 1000 mg; vitamin E, 300 mg; thiamine,
30 mg; riboflavin, 50 mg; pyridoxine HCl, 20 mg; vitamin B12, 0.1 mg; vitamin K3, 10 mg; inositol, 800 mg;
pantothenic acid, 60 mg; folic acid, 20 mg; niacin acid, 200 mg; biotin, 60 mg. h Zhejiang Yixing Feed Group Co.
Ltd., Jiaxing, China.

2.2. Experimental Fish and Feeding Trial

M. salmoides juveniles were obtained from Deqing Longshenli Biotech Co., Ltd.,
(Huzhou, China) and cultured in the recirculating aquaculture system of Huzhou Uni-
versity. Before the start of the normal feeding experiments, the fish was disinfected and
placed in 500 L tanks for one week and domesticated using commercial feed (Deqing
Longshenli). Disease- and injury-free juveniles (360) weighing 9.33 ± 0.06 g were selected
and distributed randomly into 12 tanks (90 fish per experimental diet). The fish were fed
twice a day at 08:00 and 17:00 for 8 weeks. Uneaten feed was removed by siphoning every
2 days, and the same amount of fresh water was returned to the tanks. Water temperature
was maintained at 26–29 ◦C, and lighting was synchronized with natural light. Over the
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experimental course, water pH was ~7.2, dissolved oxygen > 5.8 mg/L and total ammonia
nitrogen was kept < 0.04 mg/L.

2.3. Sample Preparation

At the end of the experiment, all fish were fasted for 24 h, then anesthetized with
100 ppm tricane methane sulfonate (MS-222, Sigma, St. Louis, MO, USA) and weighed to
determine growth performance. Fifteen fish were randomly selected from each tank and
used for blood sampling from the caudal tail vessels; 0.2–0.3 mL was added to heparinized
Eppendorf tubes for haematological assays. The remainder of the blood samples were
placed at 4 ◦C for 24 h and then centrifuged at 3500 rpm for 15 min; the serum was removed
and stored in liquid nitrogen. The liver and intestine samples were collected from the fish
and quick-frozen in liquid nitrogen and then stored at −80 ◦C for further use.

2.4. Haematological and Biochemical Analyses

Blood sample total counts and differential cell types were performed using a TEK 8500
VET automatic blood analyzer (Jiangxi Tekang Technology, Nanchang, China) for white
blood cells (WBC), red blood cells (RBC), Hb (HGB), platelets (PLT), mean corpuscular Hb
(MCH), mean corpuscular volume (MCV), mean corpuscular Hb concentration (MCHC),
monocytes (MON), lymphocytes (LYM) and neutrophils (NEU). Blood sample analyses
consisted of 15 replicates in each group. Serum concentrations of albumin (ALB) and
activities of alkaline phosphatase (ALP) were measured using a TC6010L autoanalyzer
(Tekang Technology. Nanchang, China). Serum analyses consisted of at least six replicates.

2.5. Antioxidant Analysis

Frozen tissue specimens (liver and intestine) were pulverized in liquid nitrogen and
then suspended in a 9-fold volume (w/v) of 0.9% NaCl at 4 ◦C and then centrifuged
at 2500 rpm for 20 min at 4 ◦C. The supernatants were used for the determination of
superoxide dismutase (SOD), catalase (CAT), glutathione reductase (GR), glutathione
peroxidase (GPx) and glutathione s-transferase (GST) activities; total antioxidant capacity
(T-AOC); and glutathione (GSH) and malondialdehyde (MDA) contents using commercial
kits (Jiancheng Bioengineering, Nanjing, China).

Kelch-like ECH-associated protein 1a (Keap1a) amounts were measured using an
enzyme-linked immunosorbent assay (ELISA) according to the manufacturer’s instructions
(Jiancheng, Nanjing, China). Protein contents were determined using the Coomassie
brilliant blue method. All analyses consisted of at least three replicates.

2.6. Immunological Analyses

Commercial kits were used for the following enzyme and immunological (ELISA)
analyses using methods provided by the manufacturer (Jiancheng, Nanjing, China) These
tests included Lysozyme (LZM), acid phosphatase (ACP), ALP and total nitric oxide
synthase (T-NOS) activities. ELISA kits were used for complement component 3 (C3),
immunoglobulin M (IgM), IL-1β, IL-8, TNF-α, IFN-γ and TGF-β1 measurements. All
analyses consisted of at least three replicates.

2.7. Gene Expression Measurements

Total RNA was extracted from the intestine and liver using a BioFast Simply P Total
RNA Extraction kit (BioFlux, Hangzhou, China), and RNA integrity was examined using
1% agarose gel electrophoresis. RNA was quantified using UV spectroscopy (Nano Drop
2000, Thermo Scientific, Pittsburgh, PA, USA). RNA was reverse transcribed using a
PrimeScript RT Kit with gDNA Eraser (Novoprotein, Shanghai, China) following the
manufacturer’s instructions. The obtained cDNA templates were then kept frozen at
−80 ◦C until analysis. Primers for quantitative real-time PCR were designed from the
largemouth bass genome [32] (Table 2). Real time qPCR was conducted using a NovoStart
SYBR qPCR Super Mix Plus (E096-01B, Novoprotein,) using a CFX96 instrument (Bio-Rad,
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Hercules, CA, USA) following the manufacturer’s protocol. Expression variations were
assessed using the 2−ΔΔCT method and β-actin was used as an internal control [17]. All
analyses consisted of at least three replicates.

2.8. Histomorphometry

Posterior intestine tissue samples were washed with 0.6% saline and fixed in 4%
paraformaldehyde for 48 h. After dehydration in a graded ethanol series, the samples
were cleared in xylene and embedded in paraffin wax. Histological sections were stained
with haematoxylin and eosin (H & E). Micrographs of the intestine were taken at a final
magnification of 100× and documented photographically with a digital camera. The
images were analysed using K-Viewer (https://kv.kintoneapp.com/en/user/, accessed on
28 August 2022) 1.0 software (1.0.4) for villus height, villus width, muscular thickness and
crypt depth measures [33]. All analyses consisted of at least four replicates.

2.9. Data Analysis

All results were reported as mean ± SD (standard deviation). One-way analysis of
variance (ANOVA) was performed for comparing groups using SPSS 25.0 (IBM, Chicago,
IL, USA). Tukey’s multiple interval test was used as a multiple comparison test between
different dietary treatments. Moreover, a follow-up trend analysis was conducted using or-
thogonal polynomial contrasts to determine the significant effects (linear and/or quadratic).
p < 0.05 indicated a significant difference.

Table 2. Primer sequences for real-time PCR analysis.

Gene Primers Primer Sequence (5′–3′) Reference

Cu/Zn-SOD F AGGTAGTGAGGCTTGTCTGC XM_038708943.1
R TCGCCCTCCTGCTCAAAATA

Mn-SOD F AAACCTGGTAGCTGCATCCA XM_038727054.1
R TGTGGTTAATGTGGCCTCCT

CAT F CTGGCGAATGTGTCTACTGC XM_038704976.1
R CTTGGTCAGATCGAAGGGGT

GPx3 F GCCTTTCCCACCAACCAATT XM_038699914.1
R TCGTTGATCTTCAGAGGCCC

GR F TGTAAAACGGACAGAGGGCT XM_038700350.1
R CTCGCCGATGTTCAATCCAG

GST3 F CGTGGAGAGATGGACGTTCT XM_038729946.1
R CTTGTCGCTGTACATGGTGG

Keap1a F TTCAGACGGCAGGAGATGTT XM_038728593.1
R ATGTGGGAGGTGTAGGCAAA

Keap1b F AGCCGGGTACAATGCTTAGT XM_038713665.1
R GGAGTTTGGTTCGTTGGCTT

Nrf2 F AGCGAACTGGACTCACTGAA XM_038720536.1
R CTGCTGGAGGGAGTAGTCTG

C3 F ATGACCAACTGCAACGTGAC XM_038714039.1
R CTCGCTGGCTTTCAATCTCC

C4 F CTCTAAGACAGGCACGTGGA XM_038711699.1
R CAAACTGGCAGTGGAAAGCT

CFD F GGTGCCCATTCTCTGAGTGA XM_038729044.1
R CCTCTGCATTTGTGTCAGGG

HEPC F TTGTGGTGCTCTTTTGGTGG XM_038710826.1
R CCGCAACTGGAGTGTCATTG

MHC-I F TCATTGCTGGGGTGTTTGTG XM_038725863.1
R ACTACATCTGGACCTTGGGC

TGF-β1 F GCTCAAAGAGAGCGAGGATG XM_038693206.1
R TCCTCTACCATTCGCAATCC

IL-10 F CGGCACAGAAATCCCAGAGC XM_038696252.1
R CAGCAGGCTCACAAAATAAACATCT

IL-1β F TTCAAACTGCAGGCCATCAC XM_038733429.1
R CAGCTTTACCGCCTTCCATG

IL-8 F GCTGCAGAGGTTGAATGACTAC XM_038713529.1
R TCCAATGGGCCTTTTCTCCT

TNF-α F TGTGACGGAGACCAGATGAC XM_038699437.1
R CAGACCGGCTTCAACAAACA

IFN-γ F AGATCAGAGGCTTTCAAATCCC XM_026298863.1
R CAACATGTGGCTAATCAGCTT

NF-κB P65 F GCGAGCCCCTTCATAGAGAT XM_038730802.1
R ACCAATGAGATGCGAACACG

MAPK13 F CTGCTTGAGAAGATGCTGGTT XM_038723459.1
R AGGCTGTCGAAATATGGGTG
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Table 2. Cont.

Gene Primers Primer Sequence (5′–3′) Reference

MAPK14 F TTCGATGGAGACGAGATGG XM_038696748.1
R GAGATGAATGACCGCAGGC

ZO-1 F ATCTCAGCAGGGATTCGACG XM_038701018.1
R CTTTTGCGGTGGCGTTGG

Occludin F ATGTGCCAGAACCTGTACCA XM_038715419.1
R GTTTCCCGTAACGCCAGATC

Claudin-1 F CCAGGGAAGGGGAGCAATG XM_038713307.1
R GCTCTTTGAACCAGTGCGAC

Claudin-3 F GGCTTTGCTCATCTCCATCG XM_038693400.1
R GATTATGGTGTTGGCCGACC

Claudin-4 F TAATCGCTATGGTGGGAGCC XM_038708626.1
R GCCCCGATCTCCATCTTCTG

Claudin-5 F TGGGACTATCGATGTCGATA XM_038704228.1
R CCACAAGCCGTCCCAGATAG

Claudin-23 F GTCCTGACCTCATTGCTCCT XM_038729173.1
R TACACCCCAAGAGCAGTCAG

Claudin-34 F TGCATTTCCTGTGTTACCGC XM_038715311.1
R TAGGATTGTCTCTGCCGTGG

Mucin-2 F TTGTAATGAGGCCGGTGTCT XM_038706114.1
R CCAGGTGGGGTATAGGGTTG

Mucin-5AC F TGGGCCTTCTAGAGTCTCCT XM_038696526.1
R CTGATTGGTTTAGCGCCCTC

Mucin-17 F AAGTCCACATCCAGTCCCAG XM_038725272.1
R TCCTTGTCCTGTCCTTGTCC

β-actin F TTCACCACCACAGCCGAAAG XM_038695351.1
R TCTGGGCAACGGAACCTCT

F: forward, R: reverse. Cu/Zn-Superoxide dismutase, Cu/Zn-SOD; Mn-Superoxide dismutase, Mn-SOD; catalase,
CAT; glutathione peroxidase 3, GPx3; glutathione reductase, GR; glutathione S-transferase 3, GST3; kelch-like
ECH-associated protein 1a, Keap1a; kelch-like ECH-associated protein 1b, Keap1b; NF-E2-related factor 2, Nrf2;
complement component 3, C3; complement component 4, C4; complement factor D, CFD; hepcidin, HEPC; major
histocompatibility complex class I, MHC-I; interleukin 10, IL-10; transforming growth factor beta 1, TGF-β1;
interleukin -1β, IL-1β; interleukin 8, IL-8; tumour necrosis factor-α, TNF-α; interferon-γ, IFN-γ; nuclear factor-
kappa B p65, NF-κB P65; mitogen-activated protein kinase 13, MAPK13; mitogen-activated protein kinase 14,
MAPK14; zonula occludens-1, ZO-1.

3. Results

3.1. Growth Performance and Haematological Indices

The growth performance of the juvenile largemouth bass fed our experimental diets
for 8 weeks were positively affected by the inclusion of SBL to the feed. The 4 and 8%
SBL significantly increased weight gain (WG) and daily growth rate (DGR) of the fish
compared with 0 and 2% SBL (p < 0.05) (Figure 1). WBC and MON values were also
significantly (p < 0.05) increased in the 2 and 4% groups compared with the controls, and
interestingly, decreased in the 8% group. Similarly, RBC, HGB and PLT levels were the
maximum with 4% SBL. MCV and MCH levels displayed an increasing trend positively
associated with SBL doses (p < 0.05), while MCHC, NEU and LYM values were not altered
among these 4 experimental groups (Table 3). However, serum activities of ALP were
significantly (p < 0.05) greater for the 2 to 8% treatment compared with the controls (0%)
that possessed the lowest activities. Serum ALB levels in 2 and 4% SBL were significantly
elevated (p < 0.05) compared with the controls (Figure 2).

Figure 1. Effect of dietary soybean lecithin on weight gain (%) (A) and daily growth rate (%) (B) of
juvenile largemouth bass. Bars with different letters indicate significant differences (p < 0.05), while
that with the same letter or no letter superscripts indicate no significant differences (p > 0.05), AN:
ANOVA, LT: linear trend, QT: quadratic trend.
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Table 3. Haematological parameters of juvenile largemouth bass fed diet trials.

Lecithin (%) in Diets

Parameters 0 2 4 8 AN LT QT

WBC (109/L) 171.30 ± 7.79 a 187.70 ± 6.26 b 190.80 ± 3.87 b 175.21 ± 3.99 a 0.001 0.929 0.000
RBC (1012/L) 2.73 ± 0.09 ab 2.84 ± 0.17 ab 3.00 ± 0.14 b 2.66 ± 0.16 a 0.027 0.533 0.006

HGB (g/L) 86.75 ± 1.94 a 89.00 ± 3.54 ab 93.00 ± 0.91 b 90.88 ± 3.20 ab 0.031 0.061 0.036
PLT (109/L) 123.50 ± 9.57 ab 132.38 ± 11.88 ab 140.88 ± 7.38 b 116.00 ± 7.35 a 0.013 0.324 0.002

MCV (fL) 125.68 ± 3.05 a 134.65 ± 6.73 ab 146.73 ± 7.26 b 161.73 ± 5.21 c 0.000 0.000 0.505
MCH (pg) 30.40 ± 0.86 a 32.03 ± 0.93 ab 32.58 ± 0.53 b 33.53 ± 0.89 b 0.001 0.000 0.120

MCHC (g/L) 224.50 ± 8.34 221.50 ± 7.77 220.00 ± 11.07 217.50 ± 7.59 0.727 - -
NEU (109/L) 28.95 ± 2.75 27.73 ± 1.67 27.59 ± 1.49 24.89 ± 1.95 0.081 - -
LYM (109/L) 134.90 ± 3.36 137.21 ± 4.00 140.32 ± 1.41 136.97 ± 2.49 0.052 - -
MON (109/L) 27.72 ± 2.50 ab 28.84 ± 1.61 b 29.64 ± 1.40 b 25.21 ± 1.08 a 0.018 0.078 0.008

Note: a–c Values in the same row with different letters indicate significant differences (p < 0.05), while that with
the same letter or no letter superscripts indicate no significant differences (p > 0.05). AN: ANOVA, LT: linear trend,
QT: quadratic trend.

Figure 2. Effect of dietary soybean lecithin on serum albumin (ALB) contents (A) and alkaline
phosphatase (ALP) activities (B) of juvenile largemouth bass. Bars with different letters indicate
significant differences (p < 0.05), while that with the same letter or no letter superscripts indicate no
significant differences (p > 0.05), AN: ANOVA, LT: linear trend, QT: quadratic trend.

3.2. Antioxidant and Oxidant Analyses
3.2.1. Antioxidant and Oxidant Parameters in the Liver

Antioxidative indices in the fish also significantly differed among these test groups.
Activities of CAT and GPx were significantly higher in the 4% SBL groups compared with
these indices in other three groups (p < 0.05). In contrast, MDA contents notably declined with
SBL supplementation from 2% to 8% and was the lowest in the 4 and 8% groups (p < 0.05).
T-AOC, GST activities and GSH levels were significantly higher in liver samples of the 4 and
8% groups (p < 0.05). T-SOD and GR activities were enhanced in the 2% group (p < 0.05)
and then plateaued. However, Keap1a levels were significantly reduced and significantly
negatively correlated with SBL doses (p < 0.05) (Table 4).

Table 4. Effects of dietary soybean lecithin on the antioxidative and oxidative indices in the liver of
largemouth bass.

Lecithin (%) in Diets

Parameters 0 2 4 8 AN LT QT

T-SOD (U/mgprot) 507.67 ± 10.41 a 575.54 ± 15.07 b 630.14 ± 34.80 b 603.26 ± 28.86 b 0.002 0.019 0.001
CAT (U/mgprot) 15.37 ± 0.28 a 23.97 ± 0.72 c 26.47 ± 0.98 d 20.77 ± 0.75 b 0.000 0.277 0.000
GPX (U/mgprot) 51.96 ± 1.52 a 63.75 ± 3.32 b 88.23 ± 3.58 d 80.22 ± 0.70 c 0.000 0.004 0.001

GR (U/gprot) 7.55 ± 0.33 a 9.18 ± 0.50 b 9.46 ± 0.79 b 9.38 ± 0.70 b 0.015 0.033 0.017
GST (U/mgprot) 39.69 ± 1.29 a 41.97 ± 1.52 a 48.69 ± 1.34 b 49.08 ± 1.07 b 0.000 0.000 0.034

GSH (μmol/gprot) 58.09 ± 1.13 a 59.16 ± 3.07 a 76.88 ± 1.55 b 111.12 ± 8.32 b 0.000 0.000 0.015
Keap1a (ng/mgprot) 151.58 ± 3.52 b 147.46 ± 7.02 ab 137.52 ± 6.53 a 136.44 ± 2.85 a 0.000 0.002 0.061
T-AOC (μmol/gprot) 30.83 ± 1.78 a 30.66 ± 2.16 a 90.99 ± 7.00 b 117.31 ± 4.70 c 0.000 0.000 0.679
MDA (nmol/mgprot) 1.46 ± 0.12 c 0.92 ± 0.10 b 0.52 ± 0.04 a 0.68 ± 0.03 a 0.000 0.006 0.000

Note: a–c Values in the same row with different letters indicate significant differences (p < 0.05), while that with
the same letter or no letter superscripts indicate no significant differences (p > 0.05). AN: ANOVA, LT: linear trend,
QT: quadratic trend.
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3.2.2. Antioxidant and Oxidant Parameters in the Intestine

In the intestine of our experimental fish, CAT, T-SOD, GPx and GR activities were
gradually elevated at 4% SBL (p < 0.05) and then declined. GSH contents were the highest in
the 8% group compared with the controls (p < 0.05). T-AOC activities displayed a significant
upward trend to 4 and 8% SBL (p < 0.05). GST activities were also significantly increased
to the maximum at 4% and then plateaued. In contrast, MDA contents and Keap1a levels
were significantly (p < 0.05) negatively correlated with SBL doses (Table 5).

Table 5. Effects of dietary soybean lecithin on the antioxidative and oxidative indices in the intestine
of largemouth bass.

Lecithin (%) in Diets

Parameters 0 2 4 8 AN LT QT

T-SOD (U/mgprot) 128.31 ± 7.01 a 146.30 ± 2.59 b 196.84 ± 11.31 d 165.17 ± 2.06 c 0.000 0.056 0.002
CAT (U/mgprot) 14.31 ± 1.05 a 20.82 ± 1.94 b 27.71 ± 1.02 c 22.39 ± 0.65 b 0.000 0.050 0.000
GPx (U/mgprot) 67.89 ± 3.07 a 95.10 ± 3.49 b 114.24 ± 4.61 c 97.81 ± 0.74 b 0.000 0.219 0.000

GR (U/gprot) 59.14 ± 2.46 a 84.51 ± 5.32 b 105.38 ± 8.67 c 56.80 ± 3.99 a 0.000 0.745 0.000
GST (U/mgprot) 191.24 ± 14.27 a 261.73 ± 12.84 b 352.95 ± 10.54 c 347.04 ± 32.31 c 0.000 0.001 0.001

GSH (μmol/gprot) 49.86 ± 4.02 a 72.25 ± 4.75 b 116.63 ± 8.96 c 182.59 ± 9.71 d 0.000 0.000 0.526
Keap1a (ng/mgprot) 167.90 ± 9.84 b 146.01 ± 7.93 a 141.10 ± 6.07 a 147.43 ± 5.10 a 0.000 0.087 0.004
T-AOC (μmol/gprot) 18.00 ± 1.393 a 18.67 ± 2.052 a 47.05 ± 2.506 b 67.69 ± 3.015 c 0.000 0.000 0.794
MDA (nmol/mgprot) 8.79 ± 0.30 c 7.83 ± 0.10 b 5.25 ± 0.40 a 5.47 ± 0.42 a 0.000 0.001 0.008

Note: a–c Values in the same row with different letters indicate significant differences (p < 0.05), while that with
the same letter or no letter superscripts indicate no significant differences (p > 0.05). AN: ANOVA, LT: linear trend,
QT: quadratic trend.

3.3. Immunological Analysis
3.3.1. Liver Immunological Analysis

Immunological parameters in the liver of our experimental fish were also measured.
ACP activities were maximum in the 2 and 4% dietary SBL compared with 0 and 8% diets
(p < 0.05). Similarly, the fish fed 4% SBL possessed significantly higher levels of C3 and LZM
than those in the other three groups (p < 0.05). The 4% SBL group also displayed significant
decreases for the pro-inflammatory cytokines (IL-8, IL-1β and IFN-γ) (p < 0.05), and TNF-α
values were also significantly decreased in the 8% SBL groups (p < 0.05). Interestingly, the
anti-inflammatory cytokine, TGF-β1, displayed a trend that was the opposite as that seen
for TNF-α (p < 0.05). However, there were no significant differences on T-NOS and ALP
activities in the liver among these experimental groups (Tables 6 and 7).

Table 6. Effects of dietary soybean lecithin on the immune parameters in the liver of largemouth bass.

Lecithin (%) in Diets

Parameters 0 2 4 8 AN LT QT

LZM (U/mgprot) 29.49 ± 2.08 a 33.27 ± 2.28 ab 40.32 ± 1.89 c 37.61 ± 2.92 bc 0.002 0.016 0.010
ACP (U/gprot) 143.61 ± 13.68 a 249.80 ± 14.57 c 254.52 ± 16.34 c 190.50 ± 7.86 b 0.000 0.584 0.000
ALP (U/gprot) 49.61 ± 1.11 49.10 ± 3.84 49.42 ± 2.30 48.42 ± 1.79 0.937 - -

T-NOS (U/mgprot) 3.60 ± 0.31 3.84 ± 0.22 3.82 ± 0.24 3.91 ± 0.36 0.600 - -
C3 (μg/mgprot) 87.89 ± 1.58 a 91.69 ± 3.07 a 113.96 ± 3.16 c 102.62 ± 4.57 b 0.000 0.043 0.014

Note: a–c Values in the same row with different letters indicate significant differences (p < 0.05), while that with
the same letter or no letter superscripts indicate no significant differences (p > 0.05). AN: ANOVA, LT: linear trend,
QT: quadratic trend.

3.3.2. Intestinal Immunological Analysis

Intestinal immunological and anti-inflammatory indices were significantly up-regulated
for LZM, ACP, ALP, T-NOS activities as well as for C3, IgM and TGF-β1. All these indices
reached the maximum at 4% dietary SBL (p < 0.05). According to these results, the amounts
of pro-inflammatory cytokines (IL-8, IL-1β, TNF-α and IFN-γ) were significantly decreased
(p < 0.05) and negatively correlated with dietary SBL contents (Tables 8 and 9).
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Table 7. Effects of dietary soybean lecithin on the anti-inflammatory and pro-inflammatory cytokines
in the liver of largemouth bass.

Lecithin (%) in Diets

Parameters 0 2 4 8 AN LT QT

TGF-β1 (ng/mgprot) 0.20 ± 0.01 a 0.20 ± 0.01 a 0.27 ± 0.03 b 0.31 ± 0.02 b 0.002 0.004 0.007
IL-8 (ng/gprot) 42.38 ± 1.33 b 38.73 ± 2.71 ab 34.31 ± 3.19 a 36.22 ± 1.92 ab 0.016 0.033 0.019

IL-1β (ng/gprot) 15.56 ± 0.98 b 14.70 ± 0.82 ab 12.31 ± 0.81 a 13.28 ± 1.10 ab 0.012 0.036 0.040
TNF-α (ng/gprot) 38.73 ± 0.94 c 37.37 ± 0.97 bc 35.06 ± 1.11 ab 34.29 ± 1.32 a 0.004 0.001 0.144
IFN-γ (ng/gprot) 37.69 ± 0.59 c 36.37 ± 0.46 c 29.70 ± 1.52 a 33.10 ± 0.19 b 0.000 0.038 0.010

Note: a–c Values in the same row with different letters indicate significant differences (p < 0.05), while that with
the same letter or no letter superscripts indicate no significant differences (p > 0.05). AN: ANOVA, LT: linear trend,
QT: quadratic trend.

Table 8. Effects of dietary soybean lecithin on the immune parameters in the intestine of largemouth bass.

Lecithin (%) in Diets

Parameters 0 2 4 8 AN LT QT

LZM (U/mgprot) 203.42 ± 12.77 a 217.28 ± 7.97 ab 278.79 ± 13.72 c 241.49 ± 15.16 b 0.000 0.081 0.011
ACP (U/gprot) 141.01 ± 2.37 a 177.22 ± 8.89 b 303.27 ± 11.91 c 150.17 ± 1.85 a 0.000 0.786 0.001
ALP (U/gprot) 296.56 ± 5.42 a 322.56 ± 8.05 b 693.55 ± 6.86 d 434.08 ± 5.80 c 0.000 0.176 0.010

T-NOS (U/mgprot) 5.53 ± 0.35 a 7.24 ± 0.45 b 9.10 ± 0.77 c 7.94 ± 0.51 bc 0.000 0.031 0.000
C3 (μg/mgprot) 93.96 ± 3.33 a 105.79 ± 4.97 b 137.75 ± 3.56 c 105.41 ± 5.61 ab 0.000 0.376 0.001

IgM (μg/mgprot) 167.73 ± 7.63 a 178.06 ± 6.54 a 241.60 ± 10.34 b 176.95 ± 11.76 a 0.000 0.568 0.004

Note: a–c Values in the same row with different letters indicate significant differences (p < 0.05), while that with
the same letter or no letter superscripts indicate no significant differences (p > 0.05). AN: ANOVA, LT: linear trend,
QT: quadratic trend.

Table 9. Effects of dietary soybean lecithin on the anti-inflammatory and pro-inflammatory cytokines
in the intestine of largemouth bass.

Lecithin (%) in Diets

Parameters 0 2 4 8 AN LT QT

TGF-β1 (ng/mgprot) 1.85 ± 0.05 a 2.08 ± 0.18 ab 2.35 ± 0.19 b 2.03 ± 0.11 a 0.019 0.337 0.004
IL-8 (ng/gprot) 68.10 ± 1.50 c 63.42 ± 4.91 bc 50.57 ± 1.93 a 59.75 ± 2.85 b 0.001 0.114 0.005

IL-1β (ng/gprot) 17.34 ± 0.68 c 16.29 ± 0.99 bc 14.27 ± 0.65 ab 12.36 ± 1.34 a 0.001 0.000 0.584
TNF-α (ng/gprot) 37.64 ± 1.01 b 35.01 ± 2.06 b 28.50 ± 1.80 a 26.29 ± 0.95 a 0.000 0.000 0.079
IFN-γ (ng/gprot) 28.59 ± 0.82 b 23.84 ± 1.62 a 22.68 ± 1.32 a 22.44 ± 1.05 a 0.001 0.006 0.003

Note: a–c Values in the same row with different letters indicate significant differences (p < 0.05), while that with
the same letter or no letter superscripts indicate no significant differences (p > 0.05). AN: ANOVA, LT: linear trend,
QT: quadratic trend.

3.4. Gene Expression Measurements
3.4.1. Gene Expression in the Liver

The expression of antioxidant-related genes in the liver tissue for Cu/Zn-SOD, CAT,
GR and GST3 were significantly enhanced and positively correlated with dietary SBL level
and the maximum at 4% SBL (p < 0.05) (Figure 3). The mRNA levels of Mn-SOD and GPx3
were increased at 4% dietary SBL and peaked at 8% SBL (p < 0.05). Moreover, the 4 to
8% SBL diets significantly up-regulated the expression of Nrf2 compared with controls
(p < 0.05). In contrast, Keap1a and Keap1b mRNA levels were negatively correlated with
dietary SBL doses (p < 0.05). As MAPK signalling pathway key genes, NF-κB P65 and
MAPK13 were significantly lower at 4% and 8% SBL (p < 0.05) (Figure 4). With the SBL
dose increasing, MAPK14 mRNA expression levels were only significantly decreased at 8%
SBL (p < 0.05). The expression amounts of C3, C4, CFD, HEPC, MHC-I, IL-10 and TGF-β1
were all significantly enhanced compared with the controls and reached the maximum
at 4% SBL (p < 0.05) (Figures 5 and 6). In contrast, the pro-inflammatory cytokines (IL-8,
IL-1β, TNF-α and IFN-γ) were significantly lower in the 4% and 8% groups compared with
the controls (p < 0.05) (Figure 5).
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Figure 3. Effect of dietary soybean lecithin on expression levels of antioxidant-related genes in the
liver of juvenile largemouth bass. Bars with different letters indicate significant differences (p < 0.05),
while that with the same letter or no letter superscripts indicate no significant differences (p > 0.05),
AN: ANOVA, LT: linear trend, QT: quadratic trend.

Figure 4. Effects of dietary soybean lecithin on relative gene expression levels of mitogen-activated
protein kinase (MAPK) signal pathway in the liver of juvenile largemouth bass. Bars with different
letters indicate significant differences (p < 0.05), while that with the same letter or no letter superscripts
indicate no significant differences (p > 0.05), AN: ANOVA, LT: linear trend, QT: quadratic trend.

3.4.2. Expression of Immune-Related Genes in the Intestine

Antioxidant-related gene expression assays in the intestine of our experimental fish
indicated that GST3 and GPx3 were significantly increased at 4% dietary SBL (p < 0.05).
CAT mRNA levels were constantly increased and reached the maximum level in the 8%
SBL groups (p < 0.05). However, Mn-SOD mRNA expression in the intestine was not
significant among these four groups. The 2–8% groups displayed significant up-regulation
of Cu/Zn-SOD, Nrf2 and GR (p < 0.05) versus the control groups but did not differ between
the experimental groups. Keap1a and Keap1b levels were significantly decreased and
negatively correlated with SBL doses (p < 0.05) (Figure 7).
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Figure 5. Effect of dietary soybean lecithin on relative gene expression levels of anti-inflammatory
and pro-inflammatory cytokines in the liver of juvenile largemouth bass. Bars with different letters
indicate significant differences (p < 0.05), while that with the same letter or no letter superscripts
indicate no significant differences (p > 0.05), AN: ANOVA, LT: linear trend, QT: quadratic trend.

Figure 6. Effect of dietary soybean lecithin on relative gene expression levels of immune-related
factors in the liver of juvenile largemouth bass. Bars with different letters indicate significant
differences (p < 0.05), while that with the same letter or no letter superscripts indicate no significant
differences (p > 0.05), AN: ANOVA, LT: linear trend, QT: quadratic trend.

The expression levels of NF-κB P65, MAPK13 and MAPK14 were all significantly
decreased to the lowest at 4% SBL (p < 0.05) (Figure 8). In addition, the 4 and 8% SBL
groups displayed significantly decreased levels of IL-1β and TNF-α (p < 0.05). Although
IL-8 and IFN-γ mRNA expression levels decreased with increasing SBL doses, their levels
were only significantly lower at 8% SBL (p < 0.05) (Figure 9). The mRNA levels for C4
were significantly enhanced compared with controls and especially at the 2 to 4% levels
(p < 0.05). The 4% SBL group displayed significantly (p < 0.05) elevated levels of C3, HEPC,
MHC-I, IL-10 and TGF-β1 while CFD level was significantly higher in the 8% group versus
the control groups (p < 0.05) (Figures 9 and 10). The measurements of mRNA levels for TJs
genes in the intestine indicated significant increases for ZO-1, claudin-3, claudin-4, claudin-
5, claudin-23 and claudin-34 in the SBL addition groups (p < 0.05). In contrast, claudin-1
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expression was negatively related with the dose (p < 0.05) while the expression of occludin
genes was unaffected (Figure 11). Although mRNA levels were constantly improved with
increasing SBL doses, mucin-2 and mucin-17 mRNA levels were significantly up-regulated
only in the 8% SBL groups compared with the control groups (p < 0.05). The mucin-5AC
gene in the intestine were significantly up-regulated and reached the highest level in 4%
SBL (p < 0.05) compared with the control groups (p < 0.05) (Figure 12).

Figure 7. Effect of dietary soybean lecithin on expression levels of antioxidant-related genes in
the intestine of juvenile largemouth bass. Bars with different letters indicate significant differences
(p < 0.05), while that with the same letter or no letter superscripts indicate no significant differences
(p > 0.05), AN: ANOVA, LT: linear trend, QT: quadratic trend.

Figure 8. Effects of dietary soybean lecithin levels on relative gene expression levels of mitogen-
activated protein kinase (MAPK) signal pathway in the intestine of juvenile largemouth bass. Bars
with different letters indicate significant differences (p < 0.05), while that with the same letter or no
letter superscripts indicate no significant differences (p > 0.05), AN: ANOVA, LT: linear trend, QT:
quadratic trend.
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Figure 9. Effect of dietary soybean lecithin on relative gene expression levels of anti-inflammatory and
pro-inflammatory cytokines in the intestine of juvenile largemouth bass. Bars with different letters
indicate significant differences (p < 0.05), while that with the same letter or no letter superscripts
indicate no significant differences (p > 0.05), AN: ANOVA, LT: linear trend, QT: quadratic trend.

Figure 10. Effect of dietary soybean lecithin on relative gene expression levels of immune-related
factors in the intestine of juvenile largemouth bass. Bars with different letters indicate significant
differences (p < 0.05), while that with the same letter or no letter superscripts indicate no significant
differences (p > 0.05), AN: ANOVA, LT: linear trend, QT: quadratic trend.

3.5. Histomorphometry

Our analysis of experimental fish also included examinations of the microstructure
of intestinal sections (Figure 13). Villi height and muscle thickness were all decreased in
the 0 and 2% SBL groups compared with the 4 and 8% groups (p < 0.05). Crypt depths
and villus widths were not significant (Table 10). The morphology was characterized by
detached villi and villous atrophy in the 0 and 2% SBL groups. In contrast, the morphology
of the intestine in the 4 and 8% groups was well-developed with increased villi heights and
muscular thickness that was the highest in the 4% SBL group (Figure 13).
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Figure 11. Effects of dietary soybean lecithin on intestinal tight junction-related gene expression
levels of juvenile largemouth bass. Bars with different letters indicate significant differences (p < 0.05),
while that with the same letter or no letter superscripts indicate no significant differences (p > 0.05),
AN: ANOVA, LT: linear trend, QT: quadratic trend.

Figure 12. Effects of dietary soybean lecithin levels on intestinal mucins gene expression levels of
juvenile largemouth bass. Bars with different letters indicate significant differences (p < 0.05), while
that with the same letter or no letter superscripts indicate no significant differences (p > 0.05), AN:
ANOVA, LT: linear trend, QT: quadratic trend.

Table 10. The effects of soybean lecithin on the intestinal morphology of juvenile largemouth bass.

Lecithin (%) in Diets

Parameters 0 2 4 8 AN LT QT

Villi height (μm) 456.96 ± 17.21 a 459.69 ± 22.44 a 508.00 ± 15.11 b 463.15 ± 9.68 a 0.043 0.704 0.088
Villi width (μm) 128.45 ± 15.54 131.00 ± 13.11 145.00 ± 10.52 133.11 ± 11.22 0.313 - -

Muscular thickness (μm) 99.17 ± 5.00 a 103.53 ± 4.27 ab 112.87 ± 7.80 b 99.25 ± 6.83 a 0.025 0.584 0.026
Crypt depth (μm) 60.23 ± 5.46 52.92 ± 6.09 47.28 ± 5.92 51.54 ± 4.11 0.112 - -

Note: a–c Values in the same row with different letters indicate significant differences (p < 0.05), while that with
the same letter or no letter superscripts indicate no significant differences (p > 0.05). AN: ANOVA, LT: linear trend,
QT: quadratic trend.
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Figure 13. HE staining of the intestine sections of juvenile largemouth bass fed with diets containing
0% (A), 2% (B), 4% (C) and 8% (D) SBL (magnification × 100). VH: villus height, VW: villus width,
MT: muscular thickness, CD: crypt depth. Circles represent intestinal villi fall off. Black arrow
represents villous atrophy.

4. Discussion

As a functional lipid source, SBL has been widely used in the compound feeds of
terrestrial and aquatic animals. Many studies have found that dietary SBL could influ-
ence the growth performances in different animals. For example, adequate dietary SBL
could increase the growth in Caspian brown trout (S. trutta caspius) [9], common carp
(C. carpio) [10], stellate sturgeon (A. stellatus) [11], rock bream (O. fasciatus) [12], sea urchin
(Strongylocentrotus intermedius) [34], pacific white shrimp (Litopenaeus vannamei) [35], cat-
tle [1] and chickens [3]. Consistent with these studies, it was found that SBL added at 4 and
8% significantly increased WG and DGR for the largemouth bass, which indicated that SBL
dietary supplementation have had positive effects on the growth of this species. However,
other studies have found no significant growth effects of SBL addition in golden mahseer
(T. putitora) [6] and channel catfish (I. punctatus) [13]. These differences may be related to
the different fish species, developmental periods and rearing conditions [6,8–13].

Haematological parameters are important indicators of the health status and nutri-
tional conditions of aquatic animals. Consistent with previous results in trout [9] and
sturgeon [11], it was found that 4% SBL elevated WBC and MON levels in blood, indicat-
ing enhanced immunity [36]. It was also found that 4% SBL increased RBC, HGB, PLT,
MCV and MCH levels suggesting that SBL could reduce inflammation and enhance the
oxygen-carrying capacity in largemouth bass, which was consistent with the results in Nile
tilapia (O. niloticus) [15,36]. ALB content is also an effective indicator of liver and immune
dysfunction and was also significantly increased with dietary SBL supplementation, which
is similar to the results in rainbow trout (Oncorhynchus mykiss) [37]. ALP activities were
significantly boosted in the serum and intestine, similar to the results of previous studies
in largemouth bass (M. salmoides) [38]. Therefore, these results suggest that the addition
of adequate SBL could enhance the immune status by improving the related haematology
and serum biochemistry indices in juvenile largemouth bass.

It is well-known that ROS could be constantly produced during the metabolism of all
nutrients and influence the activities of antioxidant enzymes in aerobic organisms. In the
current study, SBL addition enhanced antioxidant capabilities by increasing T-SOD, T-AOC,
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CAT, GPx and GSH. These results were similar to the results reported in golden mahseer
(T. putitora) [6], Caspian brown trout (S. trutta caspius) [9], common carp (C. carpio) [10]
and sea urchin (S. intermedius) [34]. These data suggest that adequate SBL alleviates ROS
toxicity via increasing antioxidant capabilities [39]. In both the liver and the intestine,
GST activities were positively correlated with SBL dose while MDA content presented
the opposite trend as GST. These data were consistent with SBL reducing the damage
to the body caused by oxidative stress. Interestingly, Nrf2 and its downstream targets
Cu/Zn-SOD, CAT, GR, GST and GPx3 were all up-regulated and positively associated
with SBL doses, while Keap1a and Keap1b expression displayed the opposite effect. These
results were similar to the results of previous studies in grass carp (C. idella) [40] and Sillago
sihama [19]. Nrf2/Keap1 signalling is a primary regulator of the antioxidant response
where Nrf2 binds to Keap1 to maintain an inhibitory state under normal physiological
conditions [41]. Under oxidative stress, this association is broken and Nrf2 is translocated
to the nucleus to activate antioxidant enzyme genes [21]. Therefore, dietary SBL could
promote the expression of relevant antioxidant genes via Nrf2/Keap1 signalling that serve
to minimize oxidative damage in juvenile largemouth bass.

LZM and ACP are additional diagnostic indexes used to evaluate the health status in
fish [25]. Complement C3 release enhances phagocytosis as well as the macrophage respira-
tory burst that also includes NO production that serves a key immune function in fish [42].
The elevated LZM, ACP and complement components in fish fed SBL have been previously
reported in stellate sturgeon (A. stellatus) [11], Caspian brown trout (S. trutta caspius) [9]
and common carp (C. carpio) [10]. T-NOS activities were also significantly increased in
the intestine for the 4% SBL group, and similar findings were reported in largemouth
bass (M. salmoides) fed adequate fibre [43]. Similarly, IgM levels were also significantly
enhanced in the intestine of our experimental fish fed 4% SBL and were consistent with
the results for Caspian brown trout (S. trutta caspius) [9]. IgM is a primary component of
fish humoral response and is essential for immune clearance of pathogens [44]. HEPC
also participates in this process as an antimicrobial peptide and enhances phagocytic en-
docytosis of pathogens [45], and MHC-I plays a pivotal role in antigen presentation [46].
The elevated expression levels of HEPC, MHC-I, C3, C4 and CFD in our experimental
fish fed adequate dietary SBL were consistent with results in black carp (Mylopharyngodon
piceus) [47]. Together, these results indicated that adequate dietary SBL improved systemic
and mucosal immunity via enhancing direct defence effectors in the intestine of juvenile
largemouth bass.

Furthermore, chronic inflammation is associated with impaired health status [25].
Inflammatory responses are primarily regulated by pro-inflammatory cytokines (IL-1β,
TNF-α, IFN-γ and IL-8) and anti-inflammatory cytokines (IL-10 and TGF-β1) [22]. We
found that adequate dietary SBL inhibited the expression levels of these four inflammatory
cytokines (IL-1β, TNF-α, IFN-γ and IL-8) and promoted expression of TGF-β1, which is
in agreement with previous results in largemouth bass (M. salmoides) [27] and rainbow
trout (O. mykiss) [37]. These cytokines levels were also mirrored at the gene expression
levels, indicating that SBL could modulate the critical p38 MAPK/NF-κB inflammatory
signalling pathway [23]. In our study, compared with the controls, 4 and 8% dietary SBL
significantly down-regulated the expression of MAPK13, MAPK14 and NF-κB P65 in the
liver and intestine of largemouth bass, which is consistent with previous studies in this
fish [5] and grass carp (C. idella) [40]. The overall effect of adequate SBL was to enhance
innate immunity while inhibiting a hyperactive p38 MAPK/ NF-κB responses.

The intestinal tract is the primary barrier that limits the entry of anti-nutritional factors
and pathogenic substances. Largemouth bass fed with the trace mineral supplement
azomite displayed enhanced barrier health [48], which is similar with our results in 4 and
8% SBL. Well-developed intestinal structures with increased villus height and muscular
thickness in our results indicated better intestinal health for largemouth bass [33]. However,
there were no effects associated with soybean oil replacement by SBL in the intestinal tract
of broiler chickens [3], which might be due to differences between terrestrial and aquatic
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animals. We also found that the integrity and selective permeability of the intestinal cell
barrier is maintained in epithelial cells linked via transmembrane TJs including occludin,
zonula occludens-1 (ZO-1) and claudin [29]. Similar with previous results in largemouth
bass (M. salmoides) fed phospholipid and starch [5,27], our present study found that 4 and
8% dietary SBL elevated expression of ZO-1, claudin-3, claudin-4, claudin-5, claudin-23
and claudin-34, while suppressed expression of claudin-1, which indicated that higher
levels of TJs could improve intestinal barrier functions and integrity [27–30]. Meanwhile,
the expression of mucin-2, mucin-5AC and mucin-17 was also enhanced with the higher
doses of SBL, suggesting SBL could enhance the mucus barrier [26]. Taken together, these
results indicate that adequate SBL supplement resulted in a positive and protective effect
in maintaining intestinal barrier function and increased mucin contents [43].

In conclusion, 4% dietary SBL could improve growth as well as haematological and
serum biochemical indicators of health. Adequate dietary SBL could up-regulate antiox-
idant capabilities by increasing antioxidant enzyme activities through the Nrf2/Keap1
pathway, boost immunity by raising direct defensive effectors and alleviate the inflamma-
tory responses through p38 MAPK/NF-κB regulation. By modulating the expression of TJs
and mucin-5AC, adequate SBL also improved intestinal barrier properties in largemouth
bass. These findings supplied the benefits of adequate SBL used in functional artificial feed
of largemouth bass.
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Abstract: A 56-day feeding trial was conducted to investigate the effects of dietary lactoferrin
(LF) supplementation on the growth performance and intestinal health of juvenile orange-spotted
groupers fed high-soybean-meal (SBM) diets. The control diet (FM) and high-soybean-meal diet
(SBM60) were prepared to contain 480 g/kg protein and 110 g/kg fat. Three inclusion levels of
2, 6, and 10 g/kg LF were added into the SBM60 to prepare three diets (recorded as LF2, LF6,
and LF10, respectively). The results showed that the supplementation of LF in SBM60 increased
the growth rate in a dose-dependent manner. However, the feed utilization, hepatosomatic index,
whole-body proximate composition, and the abundance and diversity of intestinal microbiota did
not vary across the dietary treatments (p > 0.05). After the dietary intervention with LF, the contents
of the intestinal malondialdehyde, endotoxin, and d-lactic acid, as well as the plasma low-density
lipoprotein cholesterol, high-density lipoprotein cholesterol, and total cholesterol were lower, and
the intestinal activities of the glutathione peroxidase, lipase, trypsin, and protease were higher in
the LF2-LF10 groups than that in the SBM60 group (p < 0.05). The supplementation of LF in SBM60
increased the muscle layer thickness of the middle and distal intestine and the mucosal fold length
of the middle intestine vs. the SBM60 diet (p < 0.05). Furthermore, the supplementation of LF in
SBM60 resulted in an up-regulation of the mRNA levels for the IL-10 and TGF-β1 genes and a down-
regulation of the mRNA levels of the IL-1β, IL-12, IL-8, and TNF-α genes vs. the SBM60 diet (p < 0.05).
The above results showed that a dietary LF intervention improves the growth and alleviates soybean
meal-induced enteritis in juvenile orange-spotted groupers. The dietary appropriate level of LF
was at 5.8 g/kg, through the regression analysis of the percent weight gain against the dietary LF
inclusion levels.

Keywords: lactoferrin; Epinephelus coioides; growth performance; intestinal damage

1. Introduction

Fish meal (FM) has always been the main important protein source in the feeds of
farmed marine fish due to its high-quality protein, balanced amino acids profile, and less
anti-nutritional factors (ANFs) in comparison with terrestrial animals and plant protein
sources [1]. However, over the past three decades, the stagnant global marine fishery
catches have also led to stagnant FM production due to the shift in climate change [2].
At the same time, the rapid expansion of the aquaculture industry has stimulated a huge
demand for FM, resulting in a sustained shortage of FM supply [3]. Therefore, research
into FM replacement with other protein sources has always been one of the most priority
issues in aquafeeds. Soybean meal (SBM), as the major plant protein source, is widely
used in aquafeeds due to its relatively balanced amino acids profile, huge output and
availability, and reasonable price [1,4,5]. However, when SBM is used in aquafeeds in a
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large proportion, its side effects are also considerable. It is well known that SBM can cause
the reduction in the ability of fish to digest and absorb nutrients, due to many ANFs that
induce enteritis [6,7], the so-called soybean meal-induced enteritis (SBMIE) [8]. Therefore,
how to prevent and control the widespread SBMIE is the key to maintain a normal daily
fish culture and reduce disease risk.

In the last two decades, a great deal of research effort has been devoted to alleviating
or/and preventing SBMIE. An effective strategy to counteract fish intestinal inflammation
is the dietary use of functional substances that exert metabolic regulation, antioxidant prop-
erties, and immune promotion [4,9–12]. Lactoferrin (LF), a glycoprotein with a molecular
weight of 78–80 kDa, is rich in milk [13,14] and has many biological functions [14–16].
A previous study showed that dietary LF supplementation could enhance the growth
performance of early-weaned piglets by promoting the proliferation of intestinal beneficial
bacteria, such as lactic acid bacteria; inhibiting the proliferation of E. coli; and improving
the intestinal mucosal morphological structure and intestinal function [17]. Dietary LF
supplementation could improve the growth performance of early-weaned piglets and
zebrafish by reducing pathogenic bacteria and diarrhea, enriching beneficial bacteria, and
affecting intestinal morphology [15,16]. LF was found to inhibit the activation of the TOR
signaling pathway induced by lipopolysaccharide (LPS), thereby inhibiting the produc-
tion of pro-inflammatory factors such as IL-1β and IL-8 or/and indirectly promoting the
production of anti-inflammatory factors such as IL-10 in terrestrial animals [18]. However,
little is known about the dietary LF intervention effect on the improvement of SBMIE in
farmed fish.

An orange-spotted grouper (Epinephelus coioides) is a marine economic carnivorous fish,
which is widely cultured in Southeast Asian countries, including China [19,20]. According
to the China Fishery Statistics Yearbook (2021), this fish has become the third largest
mariculture fish in China, with an annual output of 192,045 tons in 2020 [21]. Although
there are many reports about its nutrition, feed research, and development [20,22,23], there
is still a lack of nutritional regulation research on the prevention of SBMIE in the fish
species. The recent studies also showed that a high-SBM diet caused juvenile orange-
spotted grouper enteritis [1,5]. Therefore, in this study, the growth performance, intestinal
health, and prevention or/and control of SBMIE were investigated to evaluate the effects
of dietary LF supplementation in juvenile E. coioides fed high-SBM diets. For this purpose,
five experiment diets were prepared, including the FM diet, SBM60 diet without LF, and
three SBM60 diets with LF at inclusion levels of 2, 6, and 10 g/kg. This study provided a
new technical reference for the prevention of SBMIE in the fish species.

2. Materials and Methods

2.1. Experimental Diets

A control diet (FM) was formulated using FM, casein, and gelatin as the protein sources
and fish oil, soybean oil, and soybean lecithin as the lipid sources to contain 480 g/kg crude
protein and 110 g/kg crude lipid (Table 1). On the basis of the FM diet, SBM was used to
replace 600 g/kg FM protein to prepare a high-SBM diet (SBM60). LF was then added to
SBM60 diets at 2, 6, and 10 g/kg to prepare another three experimental diets (LF2, LF6, and
LF10, respectively), according to a previous study [17]. The coarse dry feed ingredients were
pulverized using a grinder (ZFJ-300, Jiangyin Ruizong Machinery Manufacturing Co., Ltd.,
Jiangyin, Jiangsu, China) and sifted through a 60-mesh sieve (250 μm particle size), weighed
and homogenized. The liquid ingredients (water, soybean oil, fish oil, and soy lecithin) were
then added to the dry feed ingredients and a mash was prepared. This dough was extruded
into strands and pelletized through 2.5 and 4 mm die using cold press extrusion (F-76,
Guangzhou Huagong Optical Mechanical and Electrical Technology Co., Ltd., Guangzhou,
Guangdong, China) and a feed pellet shaping machine (GY-500, Changzhou Beicheng
Drying Equipment Engineering Co., Ltd., Changzhou, Jiangsu, China). The pellets were
dried in a ventilated oven at 55 ◦C for 24 h to reduce the moisture of the feed to less than
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100 g/kg and then stored at room temperature for 24 h, before being sealed in plastic bags
and stored in a refrigerator at −20 ◦C.

Table 1. Formulations and nutrient levels of the experimental diets (on an as-fed basis, g/kg).

Items
Diets 1

FM SBM60 LF2 LF6 LF10

Ingredients
Fish meal 2 520 220 220 220 220
Casein 119.8 112.7 112.7 112.7 112.7
Gelatin 30 28.2 28.2 28.2 28.2
Soybean meal 3 — 470 470 470 470
Soybean oil 35 35 35 35 35
Fish oil 8.2 35.2 35.2 35.2 35.2
Soybean lecithin 20 20 20 20 20
Lactoferrin 4 — — 2 6 10
Corn starch 177.2 32.6 30.6 26.6 22.6
Sodium alginate 10 10 10 10 10
Ca(H2PO4)2 15 15 15 15 15
Choline chloride 4 4 4 4 4
Stay-C (350 g/kg) 0.3 0.3 0.3 0.3 0.3
Vitamin premix 5 4 4 4 4 4
Mineral premix 5 5 5 5 5 5
Taurine 5 8 8 8 8
Microcrystalline cellulose 46.5 — — — —
Total 1000 1000 1000 1000 1000

Nutrient level (analyzed values)
Dry matter 950.6 957.8 955.6 952.7 954.7
Crude protein 480.5 503.4 517.2 513.3 515
Crude lipid 120.6 114.2 116.3 116.4 116.3
Ash 91.7 84.2 84.8 84 82.9

1 FM, fish meal diet (control diet); SBM60, high-soybean-meal diet with 600 g/kg fish meal protein replacement
and without LF supplementation; LF2, LF6, and LF10 were added 2, 6, and 10 g/kg LF in SBM60 diets, respectively.
2 Fish meal was obtained from Austral Group S.A.A.Peru. (crude protein 703.4 g/kg, crude lipid 90.6 g/kg).
3 Soybean meal was obtained from Jiakang Feed Co., Ltd., Xiamen, China. (crude protein 466.0 g/kg, crude lipid
7.2 g/kg). 4 Lactoferrin (LF, food grade, the purity of lactoferrin was 970 g/kg) was obtained from Fujian Furun
Pharmaceutical Co., Ltd. (Fuzhou, China). 5 The vitamin and mineral premixes were obtained from Guangzhou
Feixite Aquatic Technology Co., Ltd (Guangzhou, China). Vitamin premix (per kg diet): VA, 10 mg; VD, 10 mg;
VE, 100 mg; VB1, 10 mg; VB2, 20 mg; VB6, 20 mg; VB12, 0.05 mg; nicotinic acid, 50 mg; calcium-D-pantothenate,
100 mg; D-biotin, 1 mg; meso-inositol, 500 mg; folic acid, 4 mg. Mineral premix (per kg diet): ferric citrate,
497 mg; CuSO4·5H2O, 24 mg; ZnSO4·7H2O, 176 mg; MnSO4·4H2O, 122 mg; CoCl2·6H2O, 0.18 mg; KIO3, 0.51 mg;
Na2SeO3, 0.33 mg.

2.2. Feeding Trial

This experiment was conducted at Fujian Dabeinong Fisheries Technology Company
(Zhaoan County, Zhangzhou City, Fujian, China). Prior to the trial, orange-spotted grouper
juveniles were kept in a concrete pond and fed with diet FM for a 2-week acclimatization.
At the beginning of the experiment, 450 orange-spotted grouper juveniles (initial average
weight of 33.82 ± 0.03 g) were randomly distributed into 15 blue polypropylene tanks
(500 L/tank), at a density of 30 fish per tank in a water temperature-controlled recirculating
culture system. Groups of triplicate tanks were hand fed one of the diets to apparent
satiation twice daily (8:00 and 17:00) under a natural photoperiod across a feeding period
56 days. Excess feed was collected 30 min after each meal and dried for 24 h at 65 ◦C and
weighed for the calculation of feed intake. Because of the water loss of the aquaculture
system caused by daily sewage discharge, fresh sea water was refilled until the original
water level of tanks was reached. During the experimental period, water salinity ranged
from 32 to 36, temperature was about 28.5 ◦C, and dissolved oxygen level was >5.7 mg/L.
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2.3. Sample Collection and Chemical Analysis

At the end of the growth trial, fish in each tank were caught and anaesthetized with
a dose of 100 μl./L solution of eugenol (Nanjing wensenbao International Trade Co., Ltd.,
Nanjing, Jiangsu, China). Fish weight and number were then recorded for each tank to
measure weight gain (WG), feed efficiency (FE), specific growth rate (SGR), and survival.
Three fish from each tank were randomly sampled and pooled in plastic bags and stored at
−20 ◦C for whole-body proximate composition determination. A total of 9 fish per tank
(27 fish each group) were weighed individually after anesthesia with eugenol (100 μl./L)
to calculate the hepatosomatic index (HSI) and condition factor (CF). Blood was drawn
from the caudal vein, using 1 mL heparinized syringe, and centrifuged at 1027× g, 4 ◦C,
10 min. Plasma was then collected, pooled by tank, and stored in 1.5 mL Eppendorf tubes
at −80 ◦C for the subsequent biochemical analysis. The intestines of nine fish per tank were
aseptically removed and pooled into one tube by tank, stored at −80 ◦C for the analysis of
biochemical components, microbiota analysis, and gene expression.

Prior to component analysis, whole-fish samples were prepared according to the
method described by Ye et al. [24]. The proximate composition of diet and whole-body fish
samples were determined according to standard methods [25]. Dry matter was determined
by drying the samples in an oven at 105 ◦C to a constant weight. Crude protein was
determined by the Kjeldahl method (N × 6.25), using Kjeltec TM 8400 Auto Sample Systems
(Foss Teacher AB). The crude lipid content was determined by the Soxtec extraction method
by using Soxtec Avanti 2050 (Foss Teacher AB). Ash was measured in the residues of
samples burned in a muffle furnace at 550 ◦C for 8 h.

The activities of intestinal protease, trypsin, and amylase were determined according
to the method described by Hu et al. [26]. Casein was used as the reaction substrate, and the
reaction product was determined by Folin’s reagent. At 37 ◦C, intestinal protease degraded
casein for 1 min to produce 1 μg tyrosine as an enzyme activity unit, expressed as U/mg
protein. Na-benzoyl-arginine-p-nitroanilide (BAPNA) was used as the reaction substrate.
Degradation of BAPNA by the trypsin for 1 min at 37 ◦C resulted in 1 μmol p-nitroanilide as
an enzyme activity unit, expressed as U/g protein. Starch was used as the reaction substrate,
and the degradation of 10 mg of starch by amylase at 37 ◦C at 30 min was taken as an
enzyme activity unit, expressed as U/mg protein. The total cholesterol (TC), triglycerides
(TG), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol
(LDL-C) contents in plasma samples; the contents of diamine oxidase (DAO), d-lactic acid
(D-Lac), endotoxin (ET), endothelin-1 (ET-1), glutathione peroxidase (GSH-Px), superoxide
dismutase (SOD), total antioxidant capacity (T-AOC), and malondialdehyde (MDA) in the
intestinal samples; and the activity of lipase in the intestinal samples were determined using
commercial kits (Nanjing jiancheng Bioengineering Institute, Nanjing, Jiangsu, China),
according to the manufacturer’s instructions.

2.4. Intestinal Histology Observation

One fish was caught from each tank and dissected to obtain the whole gut, then divided
into proximal, middle, and distal intestine (i.e., PI, MI, and DI, respectively), according
to the method described by Anguiano et al. [27]. All the segments were washed with
normal saline, fixed in Bouin’s solution for 24 h, rinsed with 70% (v/v) ethanol solution,
and finally immersed in 70% (v/v) ethanol until histological processing was performed [19].
The fixed gut segments were embedded in paraffin and 5 μm sections were cut by using a
rotary microtome (KD-2258S, China). The serial histological sections were then mounted
on glass slides and stained with hematoxylin and eosin for morphometric analysis. Pictures
were examined under a light microscope (Leica DM5500B, Germany), and digital images
were taken and processed with a digital camera (Leica DFC450) equipped with the image
program LAS AF (Version 4.3.0 Leica). Five slides were prepared for each gut segment
sample and 30 measurements were made to determine the number of mucosal folds, muscle
layer thickness, and length of the complete mucosal fold.
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2.5. Intestinal Microbiota Analysis

The total DNA in the distal intestine (DI) of juvenile orange-spotted groupers were
extracted using a DNA extraction kit (Omega Bio-teK, Norcross, GA, USA) according to the
manufacturer’s instructions. The integrity and quality, purity, and quantity of DNA samples
were assessed by electrophoresis on a 1% (w/v) agarose gel and spectrophotometer method
(NanoDrop 2000, Wilmington, DE, USA 260 nm/280 nm optical density ratio), respectively.
The V3-V4 region of the 16S rDNA gene of DI bacterial was amplified by polymerase chain
reaction (PCR) using the forward primer 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and
the reverse primer 806R (5′-GGACTACNNGGGTATCTAAT-3′). The PCR reaction system
included pre-denaturation at 95 ◦C for 5 min; denaturation at 95 ◦C for 45 s, annealing
at 55 ◦C for 50 s, and extension at 72 ◦C for 45 s, 32 cycles; extension at 72 °C for 10 min.
Subsequently, high-throughput sequencing was performed using Illumina Miseq PE300 at
Beijing Allwegene technology Co., Ltd. (Beijing, China). A library of small fragments was
constructed using paired-end for sequencing, and the data were passed through QIIME
(v1.8.0) for removal low-quality sequences and chimeras. Based on 97% sequence similarity,
similar sequences were assigned to the same operational taxonomic units (OTU). Species
classification information corresponding to each OTU was obtained by comparing with the
sliva database, and alpha diversity analysis (Shannon, ACE, and Chao1) was performed
using Mothur software (version 1.31.2). Based on the weighted unifrace distance, the
pheatmap of R (v3.1.1) software package was used for clustering analysis. After the
UniFrac algorithm, the information of system evolution was used to compare the difference
in species communities among samples and Beta diversity analysis was performed.

2.6. RNA Extraction and Gene Expression

The total RNA was extracted from the intestinal samples using TRIzol® reagent
(Takara Co., Ltd., Tokyo, Japan) according to the manufacturer’s instructions. Isolated RNA
was quantified using the NanoDrop ND-2000 Spectrophotometer, and its integrity was
confirmed by agarose gel electrophoresis. The cDNA was generated from 1 μg DNase-
treated RNA and synthesized by a PrimeScriptTM RT Reagent Kit with gDNA Eraser
(Perfect Real Time) (Takara Co., Ltd., Tokyo, Japan). Real-time PCR was employed to
determine mRNA levels based on the TB GreenTM Premix Ex TaqTM II (Tli RNaseH Plus)
(Takara Co., Ltd., Tokyo, Japan) using a QuantStudioTM Real-Time PCR System (ABI)
quantitative thermal cycler. The fluorescent quantitative PCR solution consisted of 10 μL
TB Green Premix Ex TaqTM II (Tli RNaseH Plus) (2×), 0.8 μL PCR forward primer (10 μM),
0.8 μL PCR reverse primer (10 μM), 2.0 μL RT reaction (cDNA solution), and 6 μL dH2O.
The thermal program included 30 s at 95 ◦C, 40 cycles at 95 ◦C for 5 s, and 60 ◦C for 30 s.
The sequences of primers are showed in Table 2. All amplicons were initially separated by
agarose gel electrophoresis to ensure that they were of the correct size. β-actin served as
the internal reference gene to normalize cDNA loading. The gene expression levels of the
target genes were analyzed by the 2−ΔΔCt method [28] after verifying that the primers were
amplified with an efficiency of approximately 100% [29], and the data for all treatment
groups were compared with the data for the control group.

2.7. Statistical Analysis

All data were presented as mean and standard error of the mean (SEM). The data
were analyzed using a one-way analysis of variance (ANOVA) to test for differences be-
tween treatments and then the Student–Neuman–Keuls multiple comparison test was per-
formed after confirming the normality and homogeneity of variance using the Kolmogorov–
Smirnov test and Levene’s test in SPSS Statistics 25.0 (SPSS, Michigan Avenue, Chicago, IL,
USA). The data expressed as percentages or ratios were subjected to data conversion prior
to statistical analysis. p-value < 0.05 was deemed as significant difference.
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Table 2. Primers sequences for lipid-related genes and reference genes used for real-time PCR of
juvenile orange-spotted groupers.

Genes 1 Primer Sequence (5′ to 3′) 2 E-Value (%) Accession Number

IL-8
F: AAGTTTGCCTTGACCCCGAA

94.0 FJ913064.1R: TGAAGCAGATCTCTCCCGGT

IL-1β
F: GCAACTCCACCGACTGATGA

116.0 EF582837.1R: ACCAGGCTGTTATTGACCCG

IL-10
F: GTCCACCAGCATGACTCCTC

99.0 KJ741852.1R: AGGGAAACCCTCCACGAATC

TGF-β1 F: GCTTACGTGGGTGCAAACAG
102.0 GQ503351.1R: ACCATCTCTAGGTCCAGCGT

IL-12
F: CCAGATTGCACAGCTCAGGA

115.0 KC662465.1R: CCGGACACAGATGGCCTTAG

TNF-α
F: GGATCTGGCGCTACTCAGAC

91.0 FJ009449.1R: CGCCCAGATAAATGGCGTTG

β-actin F: TGCTGTCCCTGTATGCCTCT
104.0 AY510710.2R: CCTTGATGTCACGCACGAT

1 IL-8, interleukin-8; IL-1β, interleukin-1β; TNF-α, tumor necrosis factor-α; IL-12, interleukin-12; TGF-β1, trans-
forming growth factor-β1; IL-10, interleukin-10. 2 F, forward; R, reverse.

3. Results

3.1. Growth Performance and Whole-Body Proximate Composition

The results of the growth performance and whole-body proximate composition are
presented in Table 3. The diets SBM60 had a lower WG and SGR compared with the
diets FM (p < 0.05), but the diets LF2-LF10 showed an improved WG and SGR vs. the
diets SBM60 (p < 0.05) and returned to the level of the diets FM (p > 0.05). The WG and
FE were in a dose-dependent relationship with the dietary LF inclusion levels (Figure 1).
The maximum WG and FE were observed for the diet LF6 and diet LF10, respectively.
However, there were no differences in the FE, HSI, CF, survival, and whole-body proximate
composition among the dietary treatments (p > 0.05).

Table 3. Effects of lactoferrin (LF) supplementation in high-SBM diets on growth performance and
whole-body proximate composition of juvenile orange-spotted groupers in a 56-day feeding period 1.

Items
Diets 2

FM SBM60 LF2 LF6 LF10

Growth performance
IBW (g/fish) 3 33.82 ± 0.10 33.76 ± 0.06 33.74 ± 0.05 33.80 ± 0.07 33.98 ± 0.01
FBW (g/fish) 3 113.24 ± 0.66 b 95.47 ± 2.59 a 107.49 ± 4.28 b 109.85 ± 3.46 b 106.65 ± 2.96 b

WG (%) 3 234.81 ± 2.54 b 182.81 ± 7.24 a 218.56 ± 12.96 b 224.98 ± 9.89 b 208.68 ± 5.73 ab

SGR (%/d) 3 2.16 ± 0.01 b 1.86 ± 0.05 a 2.07 ± 0.07 b 2.10 ± 0.05 b 2.04 ± 0.05 b

FE 3 0.98 ± 0.00 0.95 ± 0.00 0.96 ± 0.12 0.99 ± 0.07 1.00 ± 0.12
Survival (%) 3 100.00 ± 0.00 97.78 ± 1.11 100.00 ± 0.00 100.00 ± 0.00 98.89 ± 1.11

HSI (%) 4 1.31 ± 0.09 1.24 ± 0.04 1.28 ± 0.07 1.24 ± 0.05 1.17 ± 0.02
CF (g/cm3) 4 3.16 ± 0.07 3.05 ± 0.11 3.19 ± 0.02 2.93 ± 0.12 2.94 ± 0.03

Proximate composition (%)
Moisture 67.05 ± 0.21 67.27 ± 0.22 67.56 ± 0.37 67.42 ± 0.34 68.26 ± 0.39

Crude protein 18.01 ± 0.49 17.95 ± 0.27 17.93 ± 0.90 19.20 ± 0.33 17.75 ± 0.42
Crude lipid 8.25 ± 0.17 7.90 ± 0.29 8.18 ± 0.40 7.85 ± 0.32 7.49 ± 0.11

Ash 5.00 ± 0.15 4.96 ± 0.07 4.90 ± 0.06 4.87 ± 0.22 4.93 ± 0.09
Abbreviations: IBW, initial body weight (g/fish); FBW, final body weight (g/fish); FI, feed intake (g/fish);
FN, final number; IN, initial number; LW, liver weight (g/fish); BW, body weight (g/fish); BL, body length
(cm/fish). 1 Statistical analysis was performed by one-way ANOVA, followed by S–N–K test. 2 FM, fish meal
diet (control diet); SBM60, high-soybean-meal diet with 600 g/kg fish meal protein replacement and without LF
supplementation; LF2, LF6, and LF10 were added 2, 6, and 10 g/kg LF in SBM60 diets, respectively. 3 Values
are presented as the means ± SEM (n = 3 tanks). 4 Values are presented as the means ± SEM (n = 27 fish).
a,b Values in the same row with different superscripts indicate significant differences (p < 0.05), while that
with the same letter or no letter superscripts indicate no significant differences (p > 0.05). WG, weight gain
(%) = 100 × (FBW − IBW)/IBW. SGR, specific growth rate (%/d) = 100 × (lnFBW − lnIBW)/days. FE, feed
efficiency = 100 × (FBW − IBW)/FI (as fed basis, g/fish). Survival (%) = 100 × FN/IN. HSI, hepatosomatic index
(%) = 100 × LW/BW. CF, condition factor (g/cm3) = 100 × BW/(BL)3.
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Figure 1. The relationship between weight gain (WG) and feed efficiency (FE) of juvenile orange-
spotted groupers and the lactoferrin (LF) inclusion levels in SBM60 diets in a 56-day feeding period.
Values are means of 3 triplicates per dietary treatment. SBM60, high-soybean-meal diet with 600 g/kg
fish meal protein replacement and without LF supplementation; LF2, LF6, and LF10 were added 2, 6,
and 10 g/kg LF in SBM60 diets, respectively.

3.2. Intestinal Antioxidant Capacity

As shown in Table 4, the FM group had higher intestinal GSH-Px activity and lower
MDA content compared with the SBM60 group (p < 0.05), but the values of the two
parameters were not different between the LF2-LF10 groups and the FM group (p > 0.05).
The MDA content showed a negative quadratic response to the increasing dietary LF
inclusion levels; a minimum value was observed for the diet LF6. However, the dietary
treatments did not affect the intestinal SOD and T-AOC activities (p > 0.05).

3.3. Plasma Components

Table 5 shows that plasma HDL-C content had an irregular change with increasing
dietary LF inclusion levels, and the value in the LF6 group was similar (p > 0.05) to that of
the SBM60 and FM groups but was higher than that of the LF2 and LF10 groups (p < 0.05).
The FM group had higher plasma LDL-C content (p < 0.05) and comparable plasma TC
content compared with the SBM60 group (p > 0.05), but the plasma TC content was not
different between the LF2-LF10 groups and SBM60 group (p > 0.05), while the SBM60
and LF2 groups had higher plasma LDL-C contents (p < 0.05) vs. the LF6 and LF10
groups. Both the plasma LDL-C and TC contents showed a linear decreasing trend with
the dietary increase in the LF inclusion levels and reached the minimum values at LF6 and
LF10, respectively. However, the plasma TG content did not differ across all the dietary
treatments (p > 0.05).

Table 4. Effect of lactoferrin (LF) supplementation in high-SBM diets on intestinal antioxidant indices
of juvenile orange-spotted groupers in a 56-day feeding period 1.

Items 3
Diets 2

FM SBM60 LF2 LF6 LF10

SOD (U/mg protein) 71.67 ± 5.50 68.92 ± 1.76 62.16 ± 5.85 64.26 ± 3.23 60.70 ± 2.15
GSH-Px (U/mg protein) 79.58 ± 3.31 bc 65.29 ± 2.97 a 82.52 ± 1.76 bc 72.99 ± 1.35 b 86.76 ± 4.00 c

T-AOC (U/mg protein) 0.19 ± 0.01 0.19 ± 0.01 0.21 ± 0.01 0.19 ± 0.02 0.18 ± 0.01
MDA (nmol/mg protein) 3.00 ± 0.28 a 4.56 ± 0.88 b 1.97 ± 0.21 a 1.86 ± 0.12 a 2.55 ± 0.05 a

YMDA = 0.0783X2 − 0.9351X + 4.2006, R2 = 0.8297, X = LF supplementation levels (g/kg)
1 Data were presented as means ± SEM (n = 3 tanks). Statistical analysis was performed by one-way ANOVA,
followed by S–N–K test. 2 FM, fish meal diet (control diet); SBM60, high-soybean-meal diet with 600 g/kg fish
meal protein replacement and without LF supplementation; LF2, LF6, and LF10 were added 2, 6, and 10 g/kg LF
in SBM60 diets, respectively. 3 Abbreviations: T-AOC, total antioxidant capacity; SOD, superoxide dismutase;
MDA, malondialdehyde; GSH-Px, glutathione peroxidase. a–c Values in the same row with different superscripts
indicate significant differences (p < 0.05), while that with the same letter or no letter superscripts indicate no
significant differences (p > 0.05).
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Table 5. Effect of lactoferrin (LF) supplementation in high-SBM diets on plasma components of
juvenile orange-spotted groupers in a 56-day feeding period 1.

Items 3
Diets 2

FM SBM60 LF2 LF6 LF10

HDL-C (mmol/L) 1.06 ± 0.05 b 1.00 ± 0.03 b 0.81 ± 0.05 a 1.03 ± 0.03 b 0.83 ± 0.09 a

LDL-C (mmol/L) 0.28 ± 0.01 c 0.19 ± 0.01 b 0.18 ± 0.01 b 0.12 ± 0.01 a 0.12 ± 0.01 a

TC (mmol/L) 3.77 ± 0.21 b 3.49 ± 0.23 ab 3.35 ± 0.19 ab 3.09 ± 0.09 ab 2.90 ± 0.09 a

TG (mmol/L) 1.61 ± 0.17 1.36 ± 0.08 1.25 ± 0.06 1.57 ± 0.10 1.55 ± 0.07
YLDL-C = −0.0079X + 0.188, R2 = 0.8573, X = LF supplementation levels (g/kg)
YTC = −0.0592x + 3.4741, R2 = 0.9931, X = LF supplementation levels (g/kg)

1 Data were presented as means ± SEM (n = 3 tanks). Statistical analysis was performed by one-way ANOVA,
followed by S–N–K test. 2 FM, fish meal diet (control diet); SBM60, high-soybean-meal diet with 600 g/kg fish
meal protein replacement and without LF supplementation; LF2, LF6, and LF10 were added 2, 6, and 10 g/kg
LF in SBM60 diets, respectively. 3 Abbreviations: TG, triglyceride; TC, total cholesterol; HDL-C, high-density
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol. a–c Values in the same row with different
superscripts indicate significant differences (p < 0.05), while that with the same letter or no letter superscripts
indicate no significant differences (p > 0.05).

3.4. Intestinal Digestive Enzyme Activity

As shown in Table 6, the intestinal lipase and protease activities were comparable, and
the intestinal trypsin activity was lower in the SBM60 group than that in the FM group
(p < 0.05). The intestinal trypsin and lipase activities were higher in the LF2-LF10 groups
than that in the SBM60 group (p < 0.05) and returned to the level of the FM group and even
higher than that of the FM group. The intestinal activities of the lipase, trypsin, and protease
showed a linear increasing trend with increasing dietary LF inclusion levels. However, the
intestinal amylase activity was not affected by the dietary treatments (p > 0.05).

Table 6. Effect of lactoferrin (LF) supplementation in high-SBM diets on activities of intestinal
digestive enzymes of juvenile orange-spotted groupers in a 56-day feeding period 1.

Items
Diets 2

FM SBM60 LF2 LF6 LF10

Lipase (U/mg protein) 0.68 ± 0.00 a 0.61 ± 0.00 a 0.84 ± 0.05 b 0.86 ± 0.02 b 0.95 ± 0.05 bc

Amylase (U/mg protein) 0.76 ± 0.06 0.73 ± 0.11 0.90 ± 0.04 0.73 ± 0.07 0.82 ± 0.06
Trypsin (U/g protein) 256.07 ± 17.23 b 175.55 ± 17.55 a 238.95 ± 17.46 b 235.03 ± 9.36 b 283.57 ± 8.83 bc

Protease (U/mg protein) 20.54 ± 0.87 15.91 ± 2.04 17.37 ± 2.91 23.54 ± 2.56 26.54 ± 2.53
YLipase = 0.0283X + 0.6876, R2 = 0.7515, X = LF supplementation levels (g/kg)
YTrypsin = 8.8954X + 193.25, R2 = 0.7917, X = LF supplementation levels (g/kg)
YProtease = 1.1231X + 15.786, R2 = 0.9775, X = LF supplementation levels (g/kg)

1 Data were presented as means ± SEM (n = 3 tanks). Statistical analysis was performed by one-way ANOVA,
followed by S–N–K test. 2 FM, fish meal diet (control diet); SBM60, high-soybean-meal diet with 600 g/kg fish
meal protein replacement and without LF supplementation; LF2, LF6, and LF10 were added 2, 6, and 10 g/kg LF
in SBM60 diets, respectively. a–c Values in the same row with different superscripts indicate significant differences
(p < 0.05), while that with the same letter or no letter superscripts indicate no significant differences (p > 0.05).

3.5. Intestinal Permeability

Table 7 shows that the intestinal D-Lac and ET contents were higher in the SBM60
group than that in the FM group (p < 0.05). However, the intestinal D-Lac and ET contents
were reduced when given the SBM60 diet with the LF supplementation (p < 0.05), and the
values in the fish receiving the SBM60 diets with the LF supplementation returned to the
level and even lower than that of the FM group. The intestinal D-Lac and ET contents did
not differ with the dietary LF levels from 2 to 10 g/kg (p > 0.05). Both the intestinal ET-1
and DAO contents were not affected by the dietary treatments (p > 0.05).
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Table 7. Effect of lactoferrin (LF) supplementation in high-SBM diets on the biochemical indices of
intestinal mucosal permeability of orange-spotted groupers in a 56-day feeding period 1.

Items 3
Diets 2

FM SBM60 LF2 LF6 LF10

DAO (U/L) 19.75 ± 1.39 20.59 ± 1.05 16.09 ± 1.22 17.77 ± 2.40 17.72 ± 1.47
D-Lac (nmol/mL) 2.03 ± 0.20 a 4.05 ± 0.23 b 1.41 ± 0.18 a 1.59 ± 0.21 a 1.41 ± 0.07 a

ET-1 (ng/L) 1.91 ± 0.07 2.12 ± 0.09 2.27 ± 0.10 1.92 ± 0.13 2.36 ± 0.20
ET (EU/L) 1.51 ± 0.03 b 1.70 ± 0.10 c 1.23 ± 0.01 a 1.25 ± 0.01 a 1.25 ± 0.04 a

1 Data were presented as means ± SEM (n = 3 tanks). Statistical analysis was performed by one-way ANOVA,
followed by S–N–K test. 2 FM, fish meal diet (control diet); SBM60, high-soybean-meal diet with 600 g/kg fish
meal protein replacement and without LF supplementation; LF2, LF6, and LF10 were added 2, 6, and 10 g/kg LF
in SBM60 diets, respectively. 3 Abbreviations: DAO, diamine oxidase; D-Lac, d-lactic acid; ET, endotoxin; ET-1,
endothelin-1. a–c Values in the same row with different superscripts indicate significant differences (p < 0.05),
while that with the same letter or no letter superscripts indicate no significant differences (p > 0.05).

3.6. Intestinal Histomorphology

Table 8 shows the effects of the dietary treatments on the mucosal fold number (nMF),
muscle layer thickness (tML), and mucosal fold length (lMF) in the three intestinal segments
(PI, MI, and DI). The nMF of the PI, MI, and DI; the lMF of the PI and DI; and the tMF of the
PI remained unaffected by the dietary treatments (p > 0.05), but the tML of the DI showed
a positive quadratic response to increasing dietary LF inclusion levels, with a maximum
value observed for diet LF6. Diets LF2 to LF10 displayed a higher (p < 0.05) tML of the DI
vs. the diet SBM60, and the value returned to the level of the diet FM (p > 0.05). The lMF
and tML of the MI had an irregular change in response to the dietary LF inclusion levels,
but the maximum values observed all for the diet LF2.

Table 8. Effect of lactoferrin (LF) supplementation in high-SBM diets on the intestinal morphology of
juvenile orange-spotted groupers in a 56-day feeding period 1.

Items 3
Diets 2

FM SBM60 LF2 LF6 LF10

PI
lMF (μm) 577.30 ± 87.68 489.10 ± 54.31 574.92 ± 35.62 513.26 ± 50.67 737.53 ± 95.20
tML (μm) 63.24 ± 6.74 64.56 ± 8.11 79.05 ± 2.27 86.60 ± 9.31 86.00 ± 2.51

nMF (unit) 42.50 ± 4.25 45.83 ± 3.09 51.67 ± 1.36 50.33 ± 8.62 48.00 ± 3.55
MI

lMF (μm) 465.12 ± 50.20 ab 381.90 ± 42.42 a 580.47 ± 9.06 b 356.66 ± 9.37 a 540.48 ± 47.06 b

tML (μm) 53.53 ± 2.44 ab 44.96 ± 4.06 a 76.61 ± 7.02 b 63.13 ± 4.61 ab 69.62 ± 7.81 b

nMF (unit) 34.33 ± 2.20 31.67 ± 1.01 43.00 ± 4.36 34.83 ± 3.49 39.17 ± 0.33
DI

lMF (μm) 417.87 ± 63.72 337.13 ± 44.48 437.82 ± 22.32 397.03 ± 4.38 466.67 ± 53.64
tML (μm) 87.58 ± 7.61 b 51.53 ± 1.48 a 74.80 ± 3.34 b 86.49 ± 1.35 b 69.78 ± 7.20 b

nMF (unit) 32.00 ± 5.20 37.00 ± 4.00 40.83 ± 5.33 35.00 ± 1.04 34.00 ± 3.21
DI: YtML = −1.0492X2 + 12.167X + 52.619, R2 = 0.9884, X = LF supplementation levels (g/kg)

1 Data were presented as means ± SEM (n = 3 tanks). Statistical analysis was performed by one-way ANOVA,
followed by S–N–K test. 2 FM, fish meal diet (control diet); SBM60, high-soybean-meal diet with 600 g/kg fish
meal protein replacement and without LF supplementation; LF2, LF6, and LF10 were added 2, 6, and 10 g/kg LF
in SBM60 diets, respectively. 3 Abbreviations: PI, proximal intestine; MI, middle intestine; DI, distal intestine; nMF,
mucosal fold number; tML, muscle layer thickness; lMF, mucosal fold length. a,b Values in the same row with
different superscripts indicate significant differences (p < 0.05), while that with the same or no letter superscripts
indicate no significant differences (p > 0.05).

3.7. Abundance and Difference in Intestinal Microbiota

The Firmicutes, Bacteroidetes, and Proteobacteria in the DI were the dominant phyla
of all the dietary treatments (Figure 2A). Compared with the diets FM, the abundance
of Firmicutes was increased and the abundances of the Bacteroidetes and Proteobacteria
were decreased by the diets SBM60. The abundances of the Firmicutes and Bacteroidetes
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generally increased, but the abundance of the Proteobacteria decreased with increasing
dietary LF-levels supplementation in the SBM60 diets (Figure 2A and Supplementary Table
S1). However, no significant differences in the abundances of the dominant phyla were
observed between the dietary treatments at the phylum level (p > 0.05).

At the genus level, the DI bacteria of all the dietary treatments mainly contained
the genera Photobacterium, Selenomonas-1, Prevotella-1, Vibrio, and Rikenellaceae-RC9-gut-
group (Figure 2B and Supplementary Table S1). The decreased abundances of the genera
Photobacterium, Selenomonas-1, and Prevotella-1 and the increased abundances of the genera
Vibrio and Rikenellaceae-RC9-gut-group were observed in the diets SBM60 vs. the diets
FM. The abundances of the genera Selenomonas-1, Prevotella-1, and Rikenellaceae-RC9-gut-
group showed an open downward parabola response, but the abundances of the genera
Photobacterium and Vibrio showed an open upward parabola in response to the increasing
dietary LF inclusion levels. However, there was no significant difference in the abundances
of the dominant genera between the dietary treatments at the genus level (p > 0.05).

 

(A)

(B)

Figure 2. Relative abundances of the dominant bacterial at phylum (A) and genus (B) in distal
intestine (DI) of juvenile orange-spotted grouper fed different diets in a 56-day feeding period.
Bars bearing the different letters are significantly different (p < 0.05). FM, fish meal diet (control
diet); SBM60, high-soybean-meal diet with 600 g/kg fish meal protein replacement and without LF
supplementation; LF2, LF6, and LF10 were added 2, 6, and 10 g/kg LF in SBM60 diets, respectively.
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3.8. Expression of Intestinal Inflammatory Factor Genes

As shown in Figure 3, the FM group had lower mRNA levels for the IL-1β, IL-12, IL-8,
and TNF-α in comparison with the SBM60 group (p < 0.05), and no differences in the value
for the TGF-β1 and IL-10 were observed between them (p > 0.05). Although the intestinal
mRNA levels for the IL-1β, IL-12, IL-8, TGF-β1, and TNF-α did not differ across the diets
from LF2 to LF10 (p > 0.05), the values for the IL-1β, IL-12, IL-8, and TNF-α were lower,
but the value for the TGF-β1 was higher in the diets LF2–LF10 than in the diet SBM60
(p < 0.05), and returned to the level of the FM group (p > 0.05) and even lower than that of
the FM group. The mRNA level for the IL-10 was not different in the LF2 and LF10 groups
(p > 0.05) but higher than the FM, SBM60, and LF6 groups (p < 0.05).

Figure 3. Effect of lactoferrin (LF) inclusion levels in SBM60 diets on mRNA levels of intestinal
inflammatory factor genes of juvenile orange-spotted groupers in a 56-day feeding period. Data are
presented as means ± SEM (n = 3 tanks). Statistical analysis was performed by one-way ANOVA,
followed by S–N–K test. Bars bearing the different letters are significantly different (p < 0.05). FM, fish
meal diet (control diet); SBM60, high-soybean-meal diet with 600 g/kg fish meal protein replacement
and without LF supplementation; LF2, LF6, and LF10 were added 2, 6, and 10 g/kg LF in SBM60
diets, respectively. Abbreviations: IL-8, interleukin-8; IL-1β, interleukin-1β; TNF-α, tumor necrosis
factor-α; IL-12, interleukin-12; TGF-β1, transforming growth factor-β1; IL-10, interleukin-10.

4. Discussion

Our previous study and other studies have shown that high-SBM diets resulted in
poor fish growth performance [1,5,30,31], which supported our current results that the
growth rate was reduced when juvenile orange-spotted groupers were fed high-SBM diets
vs. FM diets, as evidenced by a significant decrease in the WG and SGR. Consistent with
our previous results [1], no variations between the high-SBM diets and FM diets in the
HIS [31–33], CF [30,33,34], and FE [5] were observed. In contrast, feeding a high-SBM diet
led to a reduction in the HSI, CF, and FE. The restricted growth of fish caused by high-SBM
diets might be due to the imbalanced amino acids profile in high-SBM diets [5,31] and
SBMIE, a resultant low feed utilization [1,35]. It is clear that dietary LF administration shows
a strong effect on improving growth for terrestrial animals. For example, LF administration
could enhance the growth performance of early-weaned piglets and neonatal calves [36,37].
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Recently, Olyayee reported a growth promotion and carcass yield of broiler chicken when
fed a diet with 0.8 g/kg LF [38]. In fish, LF was used as a feed additive to promote
the growth of farmed fish [39–41]. However, in other studies, this promoting effect was
not observed in Atlantic salmon [42], Nile tilapia [43], gilthead sea bream [44], African
cichlid [45], grouper [46], and Siberian sturgeon [47]. This discrepancy may be ascribed
to the differences in fish species and physiological status, growth stage, LF dosage, water
temperature, etc.

There were no differences in the whole-body proximate composition between fish
fed high-SBM diets and fish fed FM diets in the present study and previous studies with
largemouth bass [31], rockfish [48], and pompano [49]. In contrast, previous studies showed
that feeding high SBM resulted in an increase in moisture content [33,50] and a decrease in
crude protein content [33,50] and crude lipid content [1,33,50]. After dietary LF intervention,
no notable changes were observed in the whole-body proximate composition in the present
study and a previous study on silvery-black porgy [51], which was inconsistent with El-
Sayed and Al-Kenawy [40], who reported that dietary LF increased the whole-body protein
content and decreased the whole-body lipid content of Nile tilapia.

The activities of digestive enzymes reflect the ability to digest feed [52]. In the present
study, the intestinal activities of trypsin and protease were decreased in fish fed with
high-SBM diets vs. fish fed FM diets, which supported the results in previous studies with
drum fish [53], Japanese seabass [54], hybrid tilapia [55], as well as our previous study [1].
The reduced intestinal trypsin and the protease activities were the result of the presence of
trypsin inhibitors or other ANFs in the SBM, resulting in a poor growth performance and
feed utilization in fish [55–58]. After the dietary intervention of LF, the intestinal activities
of the lipase, protease, and trypsin showed a linear response to the dietary LF inclusion
levels and reached or even exceeded the original levels of the FM diet, indicating that LF
could promote the digestion of feed. Dietary LF administration alone or in combination
with other functional feed additives was also reported to have an enhancement effect on
the intestinal trypsin and protease activities of silvery-black porgy [59,60]. Dietary LF
administration could promote the proliferation of intestinal epithelial cells and protect
the intestinal crypt and villous structure of piglets [61,62], reflecting the integrity of the
intestinal mucosa and the stabilization of the intestinal brush border. Therefore, it is natural
to improve the digestive capacity through the intervention of dietary LF on the enteritis
response of fish.

The intestinal tract is not only the place where nutrients are digested and absorbed [63]
but also a site of immune defense, an important barrier against exogenous pathogens [64].
D-Lac and ET are the products secreted by the inherent bacteria of the gastrointestinal
tract, and increases in their concentrations in the blood reflect the dysregulation of the
intestinal flora and impaired permeability [65–68]. In this study, the intestinal D-Lac and ET
contents increased in the diets SBM60 vs. that in the diets FM. This finding was consistent
with previous results [1,54,69], indicating the intestinal mucosal injury of fish induced
by dietary high SBM. So far, there is no report on the intervention of LF in the SBMIE
of fish. In the present study, we observed reduced intestinal ET and D-Lac contents in
juvenile orange-spotted groupers administrated with dietary LF vs. those of fish fed SBM60
diets, reduced to the level of the control or even lower. This indicated that dietary LF
supplementation in a high-SBM diet could reduce the intestinal mucosal permeability of
the fish species.

An intact intestinal histomorphology is a prerequisite for maintaining a good digestion
and absorption state and intestinal immune disease resistance [70]. The histomorphological
indicators, such as the lMF, tML, and nMF, were used to evaluate the intestinal digestion and
absorption capacity in previous studies [1,19]. In the present study, a significant reduction
in the tML in the DI was observed in the SBM diets vs. the FM diets, as evidenced by a
previous study [1]. Many studies showed that fish fed high-SBM diets had shortened villus
height and thinned muscular thickness [5,54,71], which indicated a potential abnormal
intestinal histomorphology caused by dietary high SBM. The intestinal histopathological

188



Metabolites 2022, 12, 915

changes were improved when fish were intervened by the dietary LF administration in our
current study. We observed an increase in the lMF in the MI, and the tML in the MI and DI
in a dose-dependent manner with increasing LF levels in high-SBM diets. Consistent with
the results of our current study, dietary LF administration increased the height, width, and
surface area of intestinal villi, the depth of the crypts, and the thickness of the muscular layer
of broiler chickens [38]. The positive effect of dietary LF administration on the intestinal
histomorphology of terrestrial animals has been widely recognized [72–74]. Therefore, the
intervention effect of dietary LF administration on the SBMIE of juvenile orange-spotted
groupers can also be achieved by improving the histomorphology.

The intestine is also the so-called “second brain” that links between the intestinal
microbiota and diseases. Dysbacteriosis of the intestinal flora increases the susceptibility to
intestinal pathogens, and in severe cases, it will further develop into intestinal infection and
reduce immune function [75,76]. In the present study, fish fed high-SBM diets showed an
increased abundance of the phylum Firmicutes and a decreased abundance of the phylum
Bacteroidetes and Proteobacteria vs. the fish fed the FM diets. At the genus level, the
fish fed high-SBM diets exhibited a decreased abundance of Photobacterium, Selenomonas-1,
and Prevotella-1 and an increased abundance of Vibrio and Rikenellaceae-RC9-gut-group vs.
the fish fed FM diets. Nevertheless, a high-SBM substitution for FM did not alter the
intestinal microbial abundance and diversity of groupers at either the phylum level or the
genus level, which was inconsistent with previous studies in largemouth bass [77], gilthead
sea bream [78], and large yellow croaker [79]. The difference in the relative abundance
of intestinal microbiota at the phylum and genus levels may be directly or indirectly
influenced by external environmental conditions, such as the living environment, fish
species, growth stage, and feed composition. In the present study, the phylum Firmicutes,
Bacteroidetes, and Proteobacteria were identified as the dominant phyla of the intestine in
fish fed high-SBM diets with LF administration. The relative abundances of the Firmicutes
and Bacteroidetes were generally promoted, while the abundance of the Proteobacteria
was reduced by the intervention of the dietary LF administration. At the genus level, the
intestinal microbiota diversity did not vary, but the relative abundance of the genus bacteria
varied with the dietary LF inclusion levels. As mentioned above, thus far, there are few
reports regarding the intervention of LF on fish enteritis.

The presence of an inflammatory response is a complex pathophysiological process,
which is mediated by the activation of a variety of cytokines and complement factors
secreted by macrophages and leukocytes [80]. LF can specifically bind B-lymphocytes and
macrophages, thus inhibiting the production of pro-inflammatory factors, such as IL-1β,
IL-8, and TNF-α, or/and indirectly promoting the production of anti-inflammatory factors
such as IL-10 through preventing the activation of the TOR signaling pathway induced by
lipopolysaccharide [18,81,82]. LF was used to modulate the inflammatory response, with
an emphasis on protection against intestinal infections and inflammatory bowel diseases
of mammals [82–84]. Like mammals, fish have pro-inflammatory cytokines, including
IL-1β, TNF-α, IL-8, and IL-12, and the anti-inflammatory ones are IL-10 and TGF-β1 in fish
immune responses [1,85,86]. It is clear that the up-regulation of pro-inflammatory gene
expression and the down-regulation of anti-inflammatory gene expression are caused by
SBMIE [87,88]. In the present study, the fish fed with the high-SBM diets promoted the
expression of such pro-inflammatory genes as IL-1β, TNF-α, IL-8, and IL-12 vs. the fish fed
with the FM diets. The findings agreed with what has been reported in previous studies
with an SBM substitution for FM in different fish species [1,5,77]. In the present study, the
mRNA levels of the IL-1β, TNF-α, IL-8, and IL-12 genes were down-regulated, while the
mRNA levels of the IL-10 and TGF-β1 genes up-regulated after the fish were fed high-SBM
diets administrated with LF. This finding indicated that a dietary LF intervention could
alleviate the SBMIE of fish through promoting the production of anti-inflammatory factors
and preventing the production of pro-inflammatory factors in this study.

The antioxidant capacity reflects the physiological status of aquatic animals [89]. It is
well known that the antioxidant enzyme SOD catalyzes the dismutation of the superoxide
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anion into O2 and H2O2. H2O2 is subsequently degraded into H2O by the antioxidant
enzyme GSH-Px in the cytosol. These enzymes are easily induced by oxidative stress
and their activity is usually used to reflect the ability of cleaning free radicals in cells [90].
T-AOC reflects the protective capacity of non-enzymatic antioxidant defense system [91];
and MDA as one of the end-products of lipid peroxidation reflects the degree of lipid
peroxidation caused by free radicals and indirectly reflects the degree of cell damage [92].
In the present study, the intestinal GSH-Px activity was decreased, and the MDA content
was increased in fish fed the high-SBM diets vs. those fed the FM diets. Similarly, fish
showed decreased activities of SOD [69,77,93], GSH-Px [48], and T-AOC [77] as well as
increased MDA content [69,77] when fed the diets with an FM replacement of high SBM.
This indicated that fish suffered from oxidative stress. The decline in the immunity and
antioxidant capacity of animals is associated with the presence of ANFs in the SBM [94,95].
After a dietary intervention with LF, fish had higher intestinal GSH-Px activity and lower
MDA content vs. with high-SBM diets. Furthermore, the intestinal GSH-Px activity showed
an increasing trend with increasing dietary LF inclusion levels and even returned to the level
of the diet FM. The findings suggest a dietary LF intervention could promote the intestinal
antioxidant capacity and prevent the intestinal lipid peroxidation in juvenile orange-spotted
groupers with SBMIE, through influencing both enzymatic and non-enzymatic antioxidants.
Consistent with our results, a reduction in the liver MDA content on day 15 and an increase
in the liver T-AOC on day 30 were observed after Aeromonas veronii-induced Nile tilapias
were administrated with LF at 0.8 g/kg diet [96]; increased SOD activity and decreased
MDA content in the hepatopancreas were observed in shrimp receiving the diets with
1.5–2.5 g/kg LF [97]; and similar effects occurred for weaned piglets when they were
fed diets with LF [37]. The above results validated that a dietary LF intervention has a
protective effect against oxidative stress resulting from different sources of stress. However,
higher dietary LF inclusion levels did not improve the oxidative stress of the fish species.
This was also reflected in the growth, that is, higher dietary LF inclusion levels did not
further enhance the growth performance.

Besides the antioxidant capacity, another important indicator to measure the health
status of fish is the plasma biochemical components [24,98]. HDL-C participates in the
transportation of lipids from peripheral tissues to the liver for catabolism, whereas LDL-C
transports cholesterol from the liver to peripheral tissues [22]. High-SBM diets could
decrease the plasma TC, TG, LDL-C, and/or HDL-C contents vs. the control (FM diet) in
many previous studies [1,69,99–101], as observed in our current study. This indicates an
inferior nutritional status of fish caused by high-SBM inclusion. Not as expected, plasma
contents of TC, HDL-C and LDL-C were still lower in high-SBM diets with LF intervention
than that in FM diets. As a result, the dietary intervention of LF on the malnutrition of
grouper caused by high-SBM diets is limited, though it improved the overall antioxidant
capacity and growth.

5. Conclusions

The supplementation of LF in high-SBM diets not only improves the growth per-
formance and intestinal morphology but also reduces the permeability of intestinal mu-
cosal cells and attenuates the intestinal inflammatory response in juvenile orange-spotted
groupers, an improvement of the nutritional status under the intervention of LF. The
optimal appropriate supplementation level of LF was 5.8 g/kg based on the quadratic
regression analysis of the percent weight gain against dietary LF inclusion levels. This
is the first report on the intervention effect of dietary LF on grouper enteritis induced by
dietary SBM. Our current study will provide a basis for LF use as a functional feed additive
to alleviate fish SBMIE.

Supplementary Materials: The following supporting information can be download at: https://www.
mdpi.com/article/10.3390/metabo12100915/s1, Table S1: MetaStat analysis of the abundance of DI
bacterial phyla and genera (×10−4) of juvenile orange-spotted grouper in a 56-day feeding period.
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Abstract: The intestinal microbiota is important for the nutrient metabolism of fish and is significantly
influenced by the host’s diet. The effect of ryegrass and commercial diets on the intestinal microbiota
of grass carp was compared in this study. In comparison to ryegrass, artificial feed significantly
reduced the microbial diversity in the intestine, which was measured by a decrease in the observed
OTUs, ACE, Shannon, and the InvSimpson index. Although grass carp fed with ryegrass and artificial
feed shared a dominant phyla Firmicutes and Proteobacteria, the microbial composition was clearly
distinguishable between the two groups. In grass carp fed with ryegrass, Alphaproteobacteria,
Gammaproteobacteria, and Actinobacteria predominated, whereas Bacilli was significantly higher in
the artificial feed group due to an increase in Weissella and an unassigned Bacillales bacteria, as well
as a significant increase in a potential pathogen: Aeromonas australiensis. Grass carp fed with ryegrass
exhibited a more complex ecological network performed by the intestinal bacterial community, which
was dominated by cooperative interactions; this was also observed in grass carp fed with artificial
feed. Despite this, the increase in A. australiensis increased the competitive interaction within this
ecological network, which contributed to the vulnerable perturbation of the intestinal microbiota.
The alteration of the microbial composition through diet can further affect microbial function. The
intestinal microbial function in grass carp fed with ryegrass was rich in amino acids and exhibited
an increased energy metabolism in order to compensate for a low-nutrient diet intake, while the
artificial feed elevated the microbial lipid metabolism through the promotion of its synthesis in the
primary and secondary bile acids, together with a notable enhancement of fatty acid biosynthesis.
These results indicated that diet can affect the homeostasis of the intestinal microbiota by altering the
microbial composition and the interspecific interactions, whilst microbial function can respond to a
variation in diet.

Keywords: Ctenopharyngodon idella; ecological network; homeostasis; microbial function

1. Introduction

The intestine is the most important organ of digestion and absorption in fish, and
it is also a complex ecosystem as it harbors an extremely diverse and complex microbial
community [1–3]. It is widely acknowledged that the intestinal microbiota performs
critical functions for the host, such as the production of digestion-related enzymes, vitamin
synthesis, pathogen protection, and immune maturation [4–6]. The microbiota in the
intestine provides a large number of fermented metabolites for the host, particularly
herbivores [7–9]. The intestinal bacterial community is a complex micro-ecological system
that is significantly influenced by several factors, including the nutritional components
of the host’s food [6,10]. Since fishmeal is scarce, plant protein is frequently utilized
in aquafeed; however, this may lead to intestinal inflammation and microbial dysbiosis
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in fish [11–13]. The number of species, their abundance, and their intricate microbial
interactions play a critical role in the homeostasis of the intestinal microbiota [14]. The
microbial interactions in the intestine are widely acknowledged to be dynamic in order
to connect trillions of bacteria into a sophisticated ecological network [9,15,16]. Intestinal
microbiota includes more than 100 times as many genes as the host, enabling it to encode a
diverse range of enzymes with a variety of different metabolic capabilities [17]. Numerous
studies have shown that the intestinal microbiota can act as an additional metabolic organ,
contributing significantly to the host’s amino acid, glucose, energy, and lipid metabolism
by producing fermentation by-products [18–21].

The herbivorous grass carp (Ctenopharyngodon idella) is China’s most productive fresh-
water fish. Numerous studies have characterized the grass carp’s intestinal microbiota [22–25]
and cellulase-producing bacteria, which assists in the digestion of fish that are fed a high-
fiber diet [7,8,26]. However, the existing knowledge about the bacterial community in the
intestine is about the composition and function of microbial communities in grass carp;
however, little is known about species-species interactions within the bacterial community.
Our previous research looked at the microbiota in different parts of the intestine of grass
carp, and we discovered that intricate interspecific interactions could boost the efficiency
of the bacterial community fermentation [16]. It is widely acknowledged that the overuse
of plant protein can disturb the interspecific interactions and result in a disorder of the
intestinal bacterial community in fish.

Diets not only provide nutrients to fish and the intestinal microbiota, but they also
influence fish health by modulating the intestinal microbiome. The objective of this study
was to investigate the response of grass carp’s intestinal microbiota to ryegrass and a
commercial diet that is high in plant protein by evaluating the variation in composition,
interspecific interactions, and metabolic functions of the intestinal bacterial community.
Thus, the findings of this study may provide an in-depth understanding of the alteration of
intestinal microbiota in grass carp in response to dietary variations, providing a theoretical
basis for intervening in the intestinal microbiota to maintain grass carp health.

2. Materials and Methods

2.1. Sample Collection

The grass carp were raised in artificial ponds (area, 200 m2; depth mean, 1.5 m) in
the Institute of Special Aquaculture, Yichun, China. The grass carp, in two ponds, were
fed with ryegrass (GF group: 12.73% protein, 1.38% lipid, and 26.52% fiber of total dry
matter) and a commercial diet, provided by Tongwei Co., Ltd., Chendu, China (CF group:
30% protein (mainly plant protein from soybean meal, cottonseed meal, and rapeseed
meal), 5% lipid, and 10.13% fiber). The fish were fed to apparent satiation twice a day (8:30
and 16:00) for one month without antibiotics. Grass carp fed with ryegrass (n = 8, weight
mean, 316.45 ± 32.62 g) and a commercial diet (n = 8, weight mean, 357.81 ± 68.31 g) were
collected after 3 h of feeding in the morning. In each group, twelve fish in one pond were
chosen randomly from among more than 20 caught fish, and the other fish were returned.
Before dissection, the skin surface of the grass carp was sterilized with 70% ethanol to
reduce contamination, and then the digesta from the middle intestine was collected and
stored in sterile freezing tubes under −80 ◦C. The experimental protocols of grass carp
handling and sampling have been approved by the department of Laboratory Animal
Science, Nanchang University (Approval Number: NCU-208-2021).

2.2. Illumina Sequencing of Bacterial 16S rRNA Gene

PowerFecal™ DNA Isolation Kit (MoBio Laboratories, Inc., Carlsbad, CA, USA) was
used for DNA extraction of digesta samples. Amplification of the 16S rRNA V3-V4 region
was performed as described previously with barcoded fusion primers of 341F and 805R [27].
High-throughput sequencing was performed using the Illumina HiSeq platform at Novogen
Co., Ltd., Beijing, China. All the sequencing data can be found in the Sequence Read Archive
(SRA) database at NCBI under accession number PRJNA880788.
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2.3. Bioinformatics and Statistical Analysis

The raw sequences were sorted into different samples according to the barcodes by
using the BIPES pipeline, followed by a quality-control step to remove any low-quality
amplicon sequences by VSEARCH [28]. The clean sequences were then clustered into
operational taxonomic units (OTUs) with a 99% sequence similarity and annotated using
the Ribosomal Database (rdp_16s_v16_sp). A total of 1,369,277 effective sequences and
1201 OTUs were generated from all samples. Alpha diversity and the relative abundance of
taxa analyses were calculated by R software v 4.1.3. The Wilcoxon test was used to test the
α-diversity index, and the relative abundance of taxa using R software. Treemap was used
to visualize the significantly abundant OTU’s, the annotated taxonomy, the P-value, and
the relative abundance, in which the size of the bubbles indicated the relative abundance of
the raw read counts [29]. Principal coordinates analysis (PCoA), based on the Bray–Curtis
dissimilarity analyses, were employed to visualize the bacterial community structure and
the differences in the bacterial community was calculated by Permutational analysis of
variance (PERMANOVA) based on the Bray–Curtis distance [30].

Using abundance profiles of the individual OTUs, a molecular ecological network
analysis was performed to evaluate bacterial species-to-species interactions within a com-
munity (http://ieg2.ou.edu/MENA (accessed on 15 July 2022)). A Random Matrix Theory
(RMT)-based approach was used for an ecological network construction and topological
role identification [31]. The network was visualized using Circos and Cytoscape 3.9.0.
Based on a modularity property, each network was separated into modules by the fast
greedy modularity optimization. According to values of within-module connectivity (Zi)
and among module connectivity (Pi), the topological roles of different nodes can be cate-
gorized into four types: peripherals (Zi ≤ 2.5, Pi ≤ 0.62), connectors (Zi ≤ 2.5, Pi > 0.62),
module hubs (Zi > 2.5, Pi ≤ 0.62) and network hubs (Zi > 2.5, Pi > 0.62).

Functional gene and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
were predicted using PICRUSt2 software [32] against a Greengenes reference database
(Greengenes 13.5). The non-metric multidimensional scaling (NMDS) and analysis of
similarity (ANOSIM) were used to evaluate the overall differences in predicted bacte-
rial functional compositions based on the Bray–Curtis distance at KEGG orthology (KO)
level [33]. A two-sided Welch’s t test was used to identify significant different metabolic
pathways in the two groups by software STAMP, with p < 0.05 considered significant.

3. Results

3.1. Diversity and Composition of the Bacterial Community

The bacterial community of grass carp in the GF group displayed a significantly higher
value in the number of observed OTUs, ACE, Shannon, and InvSimpson index when
compared to grass carp fed with the commercial diet (p < 0.05), whereas no significant
differences were observed in chao1 (Table 1). The most observed phylum of the bacterial
communities included Firmicutes (GF: 20.49%; CF: 61.59%), Proteobacteria (GF: 56.59%; CF:
25.42%), Actinobacteria (GF: 10.77%; CF: 2.97%), Fusobacteria (GF: 0.24%; CF: 5.62%), and
Chloroflexi (GF: 3.93%; CF: 1.02%) were detected in the mid-intestine (Figure 1 and Table S1).
Specifically, Alphaproteobacteria (43.84%), Bacilli (16.11%), Actinobacteria (10.77%), and
Gammaproteobacteria (9.51%) took dominance in the middle intestine of grass carp fed with
ryegrass, while the grass carp in the CF group were enriched with classes of Bacilli (55.58%),
Alphaproteobacteria (16.63%), Gammaproteobacteria (7.51%), Fusobacteria (5.62%), and
Clostridia (5.24%) in the intestine (Figure 2 and Table S2).

Table 1. Alpha diversity estimates of the bacterial communities (mean ± S.E.; n = 8) 1.

Groups Observed OTUs Chao1 ACE Shannon InvSimpson

GF 518.88 ± 21.96 b 618.72 ± 16.8 605.7 ± 17.79 b 3.78 ± 0.23 b 16.8 ± 3.49 b

CF 304.13 ± 41.13 a 351.08 ± 51.7 344.53 ± 50.91 a 2.76 ± 0.2 a 5.86 ± 1.35 a

1 Values in the same row with the different superscript are significantly different (p < 0.05).
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Figure 1. Chord diagram exhibited the relative abundance of bacterial phyla above ≥ a cutoff value
of 2%.

Figure 2. Relative abundances of the top 10 bacterial classes.

As shown in Figure 3, grass carp in the GF group were significantly rich in Rhizobiales
(mainly Rhizobiaceae, Rhizobiaceae, and Methylobacteriaceae), Microbacteriaceae from
Actinobacteria, and Bacillaceae_1 from Bacilli (p < 0.05), whereas Weissella from Lacto-
bacillales (Bacilli), Cetobacterium_somerae from Fusobacteriia, Aeromonas_australiensis from
Gammaproteobacteria, and unassigned bacteria from Bacillales (Bacilli) dominated the
bacterial community of grass carp from the CF group (p < 0.05). Additionally, the PCoA
analysis exhibited a clear separation in the bacterial communities between the GF and
the CF groups at the OTU level, and a significant difference was further revealed using
PERMANOVA (p = 0.003, Figure 4).
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Figure 3. Maptree plot descriptions of the taxonomic differences based on 16S rRNA sequences.
The largest circles represent phyla level, the inner circles represent class, order, family, and genus
for panel.

 
Figure 4. Principal coordinates analysis (PCoA) plot based on Bray–Curtis dissimilarity visual-
izing dissimilarities in the intestinal bacterial community of grass carp fed with ryegrass and a
commercial diet.

3.2. Ecological Network Analysis

A circos plot displayed a classified composition and species-species interactions within
the bacterial community (Figure 5A), which consisted of different OTUs from 27 bacterial
classes (Table 2). The GF network represented 441 OTUs and 2946 edges (gray edges: 2099;
red edges: 847), and the CF network displayed 252 OTUs and 856 edges (gray edges: 592;
red edges: 264). The gray and red edges indicated the positive and negative interactions
between two OTUs. The GF network recorded major OTUs (≥20) from Actinobacteria
(69 OTUs), Alphaproteobacteria (66 OTUs), Clostridia (41 OTUs), Gammaproteobacteria
(40 OTUs), Acidobacteria (29 OTUs), Deltaproteobacteria (25 OTUs), and Bacilli (23 OTUs),
whereas the major OTUs from Alphaproteobacteria (47 OTUs), Bacilli (46 OTUs), Actinobac-
teria (40 OTUs), and Gammaproteobacteria (35 OTUs) were observed in the CF network.
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Figure 5. Circular plot (A) and ecological network (B) descriptions of the interaction between species
within intestinal bacterial community. The width of the bars represents the abundance of each taxon.
The bands with different colors demonstrate the source of different genera. The taxonomic levels
were class, order, family, genera, and species from the outside to the inside of the circle. Each node in
the network graph indicates one OTU. Colors of the nodes indicate different major classes. The edges
(gray edge = positive interaction and red edge = negative interaction) inside the circle and ecological
network represent the interactions between species.

In the ecological network, an RMT-based approach was employed to delineate sep-
arate modules. Strikingly, in Figure 5B, the ecological network within the bacterial com-
munity of the grass carp fed with ryegrass consisted of 9 modules (≥5 nodes), and 4
larger sub-modules with ≥ 30 nodes were G1 (105 OTUs), G2 (86 OTUs), G3 (87 OTUs),
and G4 (36 OTUs). Similarly, the CF network also had 9 modules with more than 5
nodes, and 5 sub-modules with ≥ 30 nodes were observed including C1 (53 OTUs), C2
(50 OTUs), C3 (30 OTUs), C4 (36 OTUs), and C5 (37 OTUs). Negative interactions were
observed dominantly within the G3 and C5 sub-modules, whilst many negative edges
were recorded between C1 and C5, or C3 and C5 sub-modules. Each specie performed
different topological roles in the ecological network, in which most of the nodes were
peripherals and several nodes performed as module hubs or connectors (Figure 6). As
shown in Table 3, the GF network recorded 7 module hubs in G1 (3 OTUs), G2 (2 OTUs)
and G4 (2 OTUs) sub-modules, among which these nodes were from Alphaproteobacteria
(OTU_891, OTU_901 and OTU_911), Actinobacteria (OTU_568), Chloroflexi (OTU_756),
Erysipelotrichia (OTU_376), and Gammaproteobacteria (OTU_153). In CF network, 4
module hubs (OTU_149, OTU_549, OTU_892 and OTU_1171) and 3 connectors (OTU_376,
OTU_522 and OTU_894) were observed in C2 (3 OTUs), C3 (1 OTU) and C4 (3 OTUs)
sub-modules, among which these nodes were from Alphaproteobacteria (OTU_892 and
OTU_894), Actinobacteria (OTU_549), Clostridia (OTU_1171), Erysipelotrichia (OTU_376),
Gammaproteobacteria (OTU_149), and Planctomycetia (OTU_522).
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Table 2. The composition of the ecological network.

Index GF CF

Acidobacteria 29 3
Actinobacteria 69 40
Alphaproteobacteria 66 47
Anaerolineae 9 3
Bacilli 23 46
Bacteroidia 4 1
Betaproteobacteria 16 7
Caldilineae 14 5
Chloroflexia 2 0
Clostridia 41 16
Cytophagia 4 0
Deltaproteobacteria 25 6
Epsilonproteobacteria 1 0
Erysipelotrichia 3 3
Flavobacteriia 0 1
Fusobacteriia 3 3
Gammaproteobacteria 40 35
Gemmatimonadetes 1 0
Methanomicrobia 4 0
Methanobacteria 2 2
Negativicutes 3
Oligoflexia 2 3
Planctomycetia 1 6
Spartobacteria 2 1
Sphingobacteriia 3 0
Subdivision3 2 0
Verrucomicrobiae 4 1
Unassigned 68 23
Total number of OTUs 441 252
The number of modules (≥5 OTUs) 9 9
The number of module hubs 7 4
The number of connectors 0 3
The number of gray edges 2099 592
The number of red edges 847 264
Total number of edges 2946 856

 
Figure 6. Z-P plot showing the distribution of OTUs based on their topological roles.
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Table 3. Topological roles of intestinal microbiota in grass carp.

Treatment Topological Roles OTUs Module Number Phylogenetic Associations

GF

Module hubs OTU_376 1 Erysipelotrichia
Module hubs OTU_568 4 Actinobacteria
Module hubs OTU_891 2 Alphaproteobacteria
Module hubs OTU_756 2 Chloroflexi
Module hubs OTU_153 4 Gammaproteobacteria
Module hubs OTU_901 1 Alphaproteobacteria
Module hubs OTU_911 1 Alphaproteobacteria

CF

Module hubs OTU_549 3 Actinobacteria
Module hubs OTU_1171 2 Clostridia
Module hubs OTU_892 2 Alphaproteobacteria
Module hubs OTU_149 2 Gammaproteobacteria
Connectors OTU_522 4 Planctomycetia
Connectors OTU_894 4 Alphaproteobacteria
Connectors OTU_376 4 Erysipelotrichia

3.3. Functional Predictions of Intestinal Microbiota with PICRUSt2

The NMDS analysis exhibited a clear distinction in the functional composition of the
intestinal microbiota between the GF and the CF groups at a KO level, and an analysis
of similarity (ANOSIM) further confirmed the remarkable differences in the bacterial
functional composition between the GF and the CF groups (p = 0.007, Figure 7). To study
the microbial metabolic function, the KEGG functional categories were analyzed, including
amino acid metabolism, carbohydrate metabolism, energy metabolism, lipid metabolism,
and protein families metabolism (Figure 8). A significant difference in 47 pathways and
6 protein families, which are involved in nutrient metabolism, were observed between
the GF and the CF groups (p < 0.05). In particular, the bacterial communities in the grass
carp fed with ryegrass was significantly rich in 13 pathways in amino acid metabolism,
6 pathways in carbohydrate metabolism, 3 pathways in energy metabolism, 5 pathways
in lipid metabolism, and 2 protein families related to metabolism (p < 0.05). The dietary
commercial diet notably promoted bacterial metabolic function including 7 pathways in
amino acid metabolism, 6 pathways in carbohydrate metabolism, 2 pathways in energy
metabolism, 6 pathways in lipid metabolism, and 4 protein families related to metabolism
in grass carp (p < 0.05).

Figure 7. Non-metric multidimensional scaling (NMDS) plot visualizing bacterial functional commu-
nity dissimilarities using Bray–Curtis distance.

204



Metabolites 2022, 12, 1115

 

Figure 8. Significant changes in intestinal bacterial Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways between ryegrass diet-fed and commercial diet-fed grass carp using the response
ratio method at a 95% confidence interval (CI).
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4. Discussion

The importance of intestinal microbiota in host health has been highlighted in recent
decades, owing to its benefits to nutrient metabolism and immune maturation [4,34,35].
It is widely accepted that diets can influence the composition of the intestinal bacterial
community because microbes require nutrients and energy from the food consumed by
hosts [36]. Grass carp feed on aquatic weeds in the wild, and previous research found that
grass carp fed a Sudan grass diet were rich in Firmicutes, Proteobacteria, Fusobacteria,
and Actinobacteria in the intestine [37]. In the current study, Proteobacteria, Firmicutes,
and Actinobacteria were found to be the most prevalent phyla in the intestines of grass
carp fed with ryegrass. Grass carp, the most important aquaculture species in China, are
primarily fed an artificial diet rich in plant protein. Previous research has shown that
commercially formulated feed can significantly alter the structure of the intestinal bacterial
community in grass carp, resulting in a decrease in microbial biodiversity [37]. Indeed,
the current findings show that the artificial feed reduced diversity, and the proportion
of Alphaproteobacteria and Actinobacteria, while increasing Bacilli. Furthermore, in this
study, grass carp fed a high plant protein diet had a significantly higher proportion of
Aeromonas australiensis from Gammaproteobacteria. Aeromonas are Gram-negative microbes
that live in aquatic environments and have been identified as an opportunistic pathogen
for fish [38,39]. Previous research has suggested that Aeromonas sp. infection can cause
intestinal inflammation and mucosal barrier function damage in grass carp [40,41], crucian
carp [42], and Nile Tilapia (Oreochromis niloticus) [43]. As a result, the significant increase in
A. australiensis, caused by the artificial feed, increased the potential threat to the health of
grass carp in this study.

As species perform similar or complementary functions, competitive and cooperative
interactions occur between different species in the same habitat, for example competition
to occupy more space and to obtain more nutrients [44]. The intestinal bacterial community
can form a complex ecological network based on these interspecific interactions, allowing
the intestinal microbiota to maintain a dynamic homeostasis in the host [14]. The microbial
interactions were clearly degraded in the grass carp fed with an artificial diet due to a
decrease in the microbial diversity, which can have a negative effect on the stability of a
bacterial community because the intestinal microbiota is more easily disturbed by external
factors. A cooperation dominated community is thought to be more stable because coop-
erative interactions are more resistant to population perturbations in spatial conditions,
whereas competitive interactions are more vulnerable to disruption [45,46]. Indeed, the
current findings suggested that cooperation dominated the intestinal bacterial community
of grass carp, whereas the increased percentage of competitive interactions in the group
fed with the artificial diet can be attributed to the significant increase in the opportunistic
pathogen A. australiensis. Despite the fact that the grass carp, in two groups, showed dis-
tinctive submodules in the ecological networks, the networks in this study were primarily
made up of the dominating microbial flora of each group. From an ecological perspective,
connections, and module hubs generalists act as structural and functional keystones and
play a crucial role in sustaining the ecological network [47]. According to the latest findings,
the network’s generalist population was unaffected by the artificial diet. By weakening
interspecific relationships and reducing cooperation in the ecological network, the artificial
diet may collectively have a detrimental influence on the gut microbiota homeostasis.

Since the genes of microbes encode several enzymes involved in protein, carbohy-
drate, lipid, and energy metabolism, microbial fermentation plays a critical role in the
host’s nutritional metabolism [35,48,49]. The structure and operation of the gut bacterial
community can adjust to changes in the dietary environment in a similar manner [36].
Due to differences in gene expression across the different microbes in the current study,
dietary ryegrass, and artificial feed, as expected, shaped two distinctly different intestinal
microbiota structures in grass carp. These differences were accompanied by a notable vari-
ation in the metabolic activities of the microbial community. Fish were frequently affected
with the issue of aberrant fat deposition during breeding due to the use of a high-protein
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and a high-fat artificial feed. [50,51]. Evidence in both humans and animals has shown a
robust correlation between obesity and a high Firmicutes ratio [52,53]. Here, compared to
a ryegrass diet, the artificial feed did increase the proportion of Firmicutes in grass carp.
This was followed by an increase in lipid metabolism, specifically an improvement in the
biosynthesis of fatty acids, glycerols, and glycerospholipids, as well as a promotion of the
production of primary and secondary bile acids. However, when grass carp were fed with
ryegrass to supplement their low-nutrient diet, the microbial function related to amino
acid and energy metabolism was more active. Furthermore, it has been demonstrated that
microbial fermentation of complex, non-digestible dietary carbohydrates aids the host in
obtaining useable forms of energy from a plant-based diet [8]. Grass carp are generally
considered herbivorous, but no gene in the grass carp genome encodes an enzyme to digest
cellulose, which comprises the principal component of a plant-based diet [54]. Evidence
has confirmed that the microbial function of metabolizing cellulose plays an important
role in the nutrient metabolism of an herbivore, and the abundant enzymes involved in
the digestion of complex carbohydrates were also observed in the intestinal microbiota of
grass carp [8]. Here, grass carp in the ryegrass diet group displayed a higher proportion of
Actinobacteria, which proved to harbor an increased level of carbohydrate enzyme genes
for the degradation of cellulose [55]. Nevertheless, it was shown that grass carp fed with an
artificial feed, where starch was the predominant source of carbohydrate, had an increased
microbial starch and sucrose metabolism. Additionally, a group of microorganisms that
are interdependent on the effectiveness of fermentation are necessary for the microbial
process of fermentation [9,56]. Therefore, the increased cooperative interaction may en-
courage the microbial fermentation of a ryegrass diet, assisting the grass carp to obtain
more nutrients and energy. However, the microbial function in grass carp fed with the
artificial diet was more susceptible to diseases in this study because of the per durability in
the bacterial population.

The modification of intestinal microbiota is an effective method for keeping fish healthy
because it plays a significant role in the metabolism of nutrients and the host’s health. In fact,
several studies have shown that by managing the homeostasis of fish’s intestinal microbiota
with functional feed additives improves fish health [57,58]. The current study evaluated
the intestinal bacterial communities of grass carp fed with an artificial diet and ryegrass,
and it would serve as a theoretical guide for the control of grass carp intestinal microbiota.

5. Conclusions

Intestinal bacterial community characteristics in grass carp were altered by dietary
ryegrass and artificial feed. An opportunistic pathogen, A. australiensis, was found to
drastically increase in the artificial feed diet. Additionally, artificial feed may impact
the lipid metabolism of grass carp by raising the ratio of Firmicutes and decreasing the
disturbance resistance of intestinal microbiota.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract: The development and inclusion of novel oils derived from genetically modified (GM)
oilseeds into aquafeeds, to supplement and supplant current terrestrial oilseeds, as well as fish oils,
warrants a more thorough investigation into lipid biochemical alterations within finfish species, such
as Atlantic salmon. Five tissues were examined across two harvesting timepoints to establish whether
lipid isomeric alterations could be detected between a standard commercial diet versus a diet that
incorporated the long-chain polyunsaturated fatty acids (LC-PUFA), EPA (eicosapentaenoic acid),
and DHA (docosahexaenoic acid), derived from the GM oilseed Camelina sativa. Tissue-dependent
trends were detected, indicating that certain organs, such as the brain, have a basal limit to LC-PUFA
incorporation, though enrichment of these fatty acids is possible. Lipid acyl alterations, as well as
putative stereospecific numbering (sn) isomer alterations, were also detected, providing evidence
that GM oils may modify lipid structure, with lipids of interest providing a set of targeted markers by
which lipid alterations can be monitored across various novel diets.

Keywords: lipidomics; phospholipids; salmon; aquaculture; GM; novel feeds

1. Introduction

Aquaculture is tasked with fulfilling the demands of a growing population, owing
to constraints on the capacity of traditional wild capture fisheries [1]. In the future, the
role of fisheries, as well as many other food production systems, will likely be impacted by
climate change, though the impact is likely to not be distributed equally across countries
and communities [2]. Therefore, to meet the demands of a growing population, aquaculture
will need to provide the additional capacity by which sustainable and nutritious seafood
is produced. Regarding human nutrition, fish consumption is advised on a weekly, or
bi-weekly basis, based on the health benefits provided by the high levels of protein, mi-
cronutrients, and omega-3 long-chain polyunsaturated fatty acids (LC-PUFA) [3,4]. It is
the latter, however, the omega-3 fatty acids that are present in significant amounts, which
consumers particularly associate with seafood. Owing to the biotrophic accumulation
of these fatty acids, aquaculture feeds need to contain either marine-derived fishmeal
and/or fish oil to supply finfish with omega-3 LC-PUFA. Vegetable oils, such as rapeseed,
are typically used to supply and increase the energy content of feeds and can provide
fatty acids including 18:3n-3, however terrestrial plant oils lack LC-PUFA. Presently other
alternative oil sources rich in marine fatty acids are being investigated (e.g., oils derived
from heterotrophic microalgae), but scalability and price are still a constraint, though are
improving and are already used within the industry.

Therefore, nutritional quality for consumers and issues related to fish health are
potential issues in aquaculture [5], owing to the growing demand to produce fish rich
in omega-3 LC-PUFA with constrained lipid supplies. Omega-3 LC-PUFA containing
lipids can be obtained from lower trophic levels, including krill, copepods, and algae.
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However, depleting the natural stocks of these organisms could alter the ecosystem balance,
resulting in potentially disruptive ecosystem alteration [6,7]. Therefore, novel solutions
are required to address the need for these high-value lipids. One solution is the adoption
of genetically modified (GM) oil seed crops, capable of elongating and desaturating fatty
acids beyond the standard terrestrial lipids [8–10], which has been undertaken within
Brassica napus and Camelina sativa [11], though only Brassica napus varieties are currently
commercially offered. Within the present study, an oil derived from Camelina sativa, rich
in both 20:5n-3 (eicosapentaenoic acid, EPA) and 22:6n-3 (docosahexaenoic acid, DHA)
was trialled to assess its impact on the lipid profiles of several tissues of Atlantic salmon
(Salmo salar) in comparison to a standard commercial-like vegetable oil/fish oil blend
(control). The assessment of lipid composition at two different timepoints was used
to ascertain the plasticity of lipids, with the first timepoint 14 weeks prior to the final
sampling. Little work has been conducted applying lipidomic techniques to the assessment
of novel feeds, and whilst lipid composition may be impacted by factors such as season
and fecundity, assessment of diets within commercially relevant conditions was of initial
interest and provides a basis for further exploration of more fundamental alterations to
lipid biochemistry.

The use of oils derived from GM sources may allow for the replacement of fish oil,
and traditional vegetable oils, however, owing to the synthetic biology approach, the
structure of the lipids in GM-derived oils may differ from those produced natively, through
both de novo and dietary incorporation. Alterations may stem from the combinations
of desaturases and elongases used within the host plants [11,12], as well as the potential
for the host organism itself to impact lipid biosynthesis. This approach has resulted, in
certain instances, in acyl rearrangement within triacylglycerols (TAG). Both NMR and
lipase studies have generally concluded that DHA preferentially occupies the sn-2 position
in fish oils [13–16], with EPA usually being equally split or being more likely in the outer
sn-1/3 positions, while it has been shown that DHA resides preferentially in the outer
sn-1/3 positions in TAGs in engineered systems [9,17], while EPA positioning seems less
affected. The relative proportions of DHA in single cell oils such as Schizochytrium sp.
and Crypthecodinium appear to be enriched within the outer sn-1/3 positions [18], though
these are calculated values rather than directly observed. However, few comparisons of
other fatty acids in fish oils and GM oils have been conducted, possibly because 13C NMR,
the predominant method for acyl sn determination has no distinct carboxylic functional
group peak for certain fatty acids, or peaks represent a mixture of fatty acids [19], therefore
warranting a lipase-based approach. This regiospecificity has also now been modified
within TAGs for specific fatty acids, for the desired market [20]. Such structural differences
are generally not evident using standard lipid analysis, such as GC, whereby the intact
lipid structure is usually destroyed, or LC-MS with standard reverse phase conditions that
are unlikely to resolve sn positional isomers or D/L stereoisomers. However, the synthetic
construction of TAG, the main dietary lipid within aquafeeds, inherently involves multiple
elongation and desaturation steps, potentially with several lipid substrates, and may
contain subtle variations not commonly found within traditional lipid sources. This may
impact both the digestion and subsequent utilisation of the fatty acids by various fish tissues,
resulting in a unique signal, detectable as alterations within the isomer ratios. Detection
of isomeric variations in relation to GM oils has received little attention and potentially
may impact fish health through sn specific lipase action for eicosanoid production, and
incorporation into LC-PUFA-dependent tissues, such as the brain and eye.

To that end, a preliminary screening protocol based on supercritical fluid chromatogra-
phy SFC-MS/MS was utilised to determine and characterise lipids, which distinguished fish
that had been fed control and GM oil-supplemented feeds, with candidate compounds fur-
ther explored using non-standard, targeted LC-MS/MS methodology, which was designed
to resolve phospholipid isomers.
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2. Materials and Methods

2.1. Materials

Acetonitrile, methanol, and isopropanol were supplied by Rathburn Chemicals
(Walkerburn, UK), and formic acid, water, and ammonium formate were purchased from
Merck (Dorset, UK), with all solvents being LC-MS grade. CO2 (99.8% industrial grade)
was purchased from BOC (Grangemouth, UK). HPLC grade methyl-tert-butyl ether (MTBE)
and chloroform were purchased from Fisher Scientific, and LC-MS grade sample vials were
purchased from Waters (Waters, Milford, MA, USA).

2.2. Fish Growth Conditions and Sampling

All procedures were conducted in compliance with the Animals Scientific Procedures
Act 1986 (Home Office Code of Practice) and in accordance with the regulations set for-
ward by the Directive 2010/63/EU of the European Parliament and of the Council of
22 September 2010 on the protection of animals used for scientific purposes. Additionally,
the experimental protocol was reviewed and approved by the Animal Welfare and Ethical
Review Board at the University of Stirling (AWERB(16-17)83).

A total of 900 post-smolt, mixed sex, Atlantic salmon (Salmo salar L.) with an average
initial body weight of 187.2 ± 1.9 g (mean ± SD) were distributed into six 5 m seawater
floating pens (150 fish per pen) and fed one of two experimental diets in triplicate from
week 25, 2018 to week 10, 2019 with the average fish weight at the intermediate point being
1941.8 ± 156.3 g, and the final average weight being 3510.8 g ± 158.3 (mean ± SD). The
intermediate timepoint recorded an average weight of 2071 g ± 97.3 for the control diet,
1812 g ± 46.3 for the GM diet, and for the final timepoint, 3601.9 g ± 307.6 for the control
diet and 3108.3 g ± 87.0 for the GM diet, with no significant difference between dietary
treatments. The diets were isolipidic (36%) and isoproteic (36%) and formulated to contain
either a 2:1 (v/v) blend of vegetable (rapeseed) and fish oil (control diet), or an oil derived
from the genetically modified oilseed Camelina sativa, rich in both EPA and DHA (GM diet)
(Table 1). Six fish per pen were humanely euthanised by anaesthetic overdose of metacaine
sulphonate (>150 mg/L) at two timepoints, week 48 2018 (intermediate), and week 10 2019
(final). Five tissues including the brain, eye, gill, intestine, and liver were collected at each
timepoint and immediately frozen at −70 ◦C prior to lipid extraction.

2.3. Lipid Extraction

Lipids were extracted from pooled tissues, with three pooled fish per biological
replicate, with two pools taken from each pen and were treated as six biological replicates
per diet (n = 6). Lipids were extracted using the MTBE method [21]. Samples were
kept on ice during extraction, with gill and intestine samples manually chopped prior to
homogenisation. Pre-cut or intact tissues were weighed into 50 mL test tubes, 3 mL of 90%
v/v ice-cold methanol per gram of tissue was added and samples were homogenised using
an Ultra-Turrax tissue disrupter (T25, IKA, Darmstadt, Germany). Once homogenous, the
total sample volume was measured, and a volume equating to 200 mg of sample was taken
into a glass test tube and 5 mL of MTBE added, samples vortexed, and left on ice for 5 min.
Then, 1.25 mL of water was added, samples vortexed, and centrifuged at 800 g for 5 min at
room temperature to allow the solvent system to separate. The upper phase was taken into
a clean glass tube, and a second extraction was carried out on the lower phase using 2 mL
of MTBE/methanol/water (10:3:2.5, v/v/v). After centrifugation, the second upper phase
extract was pooled with the first, and the total extract was dried under nitrogen. Total lipid
extracts were then weighed, and a stock solution of 10 mg/mL in chloroform/methanol
(2:1, v/v) was made. QC samples were made by mixing equal volumes of both control
and GM extracts together, to create a mixed sample that could be reinjected several times
throughout a run. The stock concentration was used for positive mode, whilst a 2.5 times
concentration was used for negative mode injections.
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Table 1. Diet formulation and fatty acid composition of the control and GM diets. The provenances
of the ingredients used were a Biomar AS, Brande, Denmark, b Rothamsted Research, Harpenden,
UK, c DSM, Basel, Switzerland.

Control GM

Feed ingredients (%)
Fishmeal a 7.5 7.5

Vegetable protein a 36.1 36.1
Land animal protein a 10.0 10.0

Wheat a 11.2 11.2
Fish oil a 10.8 -

Rapeseed oil a 20.8 -
Camelina oil (transgenic) b - 31.6

Premix c 3.6 3.6
Yttrium oxide c 0.005 0.005

Fatty acid profile (%)
Total saturated1 18.1 14.7
Total monoenes2 49.1 22.2

18:2n-6 15.2 19.6
18:3n-6 0.1 1.5
20:4n-6 0.4 1.7

Total n-6 PUFA 16.0 25.2
18:3n-3 5.8 19.1
20:5n-3 4.8 5.7
22:5n-3 0.7 3.8
22:6n-3 2.4 5.3

Total n-3 PUFA 15.1 37.7
MOPA

Moisture % 6 6
Energy–crude (MJ/Kg) 26 26

Protein–crude (%) 36 36
Fat–crude (%) 36 36

Ash (%) 4.2 4.2

2.4. Untargeted Supercritical Fluid Chromatography (SFC)-MS/MS

Untargeted SFC-MS/MS was carried out as described previously [22], with polar
lipids studied separately from neutral lipids. SFC separation was carried out on an
Acquity UPC2 system (Waters, Milford, MA, USA), which used CO2 as solvent A, and
methanol/acetonitrile/water (75:20:5, v/v/v) containing 0.1% (v/v) formic acid and 0.15%
ammonium formate (w/v) as co-solvent B. The makeup solvent comprised of methanol/
isopropanol (80:20, v/v) containing 0.1% (w/v) ammonium formate. A 5 cm Viridis C18
HSS column (50 × 2.1 mm, 1.8 μm particle size; Waters, Milford, MA, USA) was used with
neutral lipid analysis decoupled from polar lipid analysis by diverting column eluent to
waste prior to the elution of polar lipids. SFC gradient elution comprised of solvent B being
held at 2% for 2.5 min, then increased to 64% at 18.7 min, held at 64% solvent B until 24 min,
then decreased to 2% at 27.5 min, and held at 2% for a final run time of 29.5 min. The back
pressure regulator was set to 1500 psi, the flow rate was set at 1.2 mL/min, and the makeup
solvent flow rate set to 0.25 mL/min, with the column temperature set at 52.5 ◦C. Two μL
of the sample was injected on-column.

The UPC2 system was attached to a Xevo G2-XS Q-TOF mass spectrometer (Waters,
Milford, MA, USA), which was operated in both positive and negative ESI mode. The cap-
illary voltages were set to 3 kV, with the sampling cone voltage set at 28 V, the source offset
set to 80, and the source and desolvation temperatures set at 120 and 300 ◦C, respectively.
The cone and desolvation gas flows were set to 50 and 1000 L/h, respectively. The system
was operated in MSe mode, with the scan rate set between 200 and 1600 Da at 0.25 sec/scan,
with a low energy collision energy of 2 V and a ramped voltage of 28–40 V for the high

214



Metabolites 2022, 12, 851

energy scan. The lock mass compound was leu-enkephalin, which was infused at a rate of
10 μL/min during the run to correct for mass deviations.

2.5. Semi-targeted Reverse Phase LC-MS/MS

Semi-targeted analysis was conducted on a Waters I class UPLC, attached to a Xevo TQ-
S, based on a method by Nakanishi et al. [23]. The reverse phase method utilised two 10 cm
Aquity BEH C18 columns (100 × 2.1 mm, 1.7 μm) in tandem, and four solvents. Solvent A
comprised acetonitrile/water (90:10, v/v) with 0.1% ammonium formate (w/v), solvent B
comprised of acetonitrile/methanol/isopropyl alcohol/water (47.5:45:2.5:5, v/v/v/v) with
0.1% ammonium formate (w/v), solvent C comprised of acetonitrile/methanol/isopropyl
alcohol (40:45:15, v/v/v) containing 0.1% ammonium formate (w/v), and solvent D comprised
100% isopropyl alcohol. The flow rate was set at 0.33 mL/min, with a column temperature
of 65 ◦C. The system gradient used is shown in Table 2.

Table 2. Reverse phase gradient conditions.

Solvent

Time A B C D

0 100 0 0 0

5 100 0 0 0

5.1 0 100 0 0

18.5 0 100 0 0

35 0 50.2 49.8 0

42 0 20 80 0

42.1 35 0 0 65

52 35 0 0 65

56 100 0 0 0

61 100 0 0 0

The Xevo TQ-S was used in data-dependent acquisition mode, with an inclusion list
for fragmentation based upon the lipids identified using untargeted QTOF methodology.
The system was run in negative mode with a capillary voltage of 3 kV, a cone voltage of 28 V,
a source offset of 80, a source and desolvation temperature of 130 and 280 ◦C respectively,
and a cone and desolvation gas flow of 150 and 1000 L/h, respectively. The survey scan
was adjusted based on the target lipids and was set to 680–970 Da with a scan time of 0.35 s.
Fragmentation of lipids was carried out through the use of an inclusion list, which utilised
a ScanWave DS fragmentation of precursor ions. The fragmentation mass range was set
from 100–950 Da and scanned at 5000 amu/sec.

2.6. Data Analysis

The UPC2 and Xevo G2-XS QTOF were operated using Masslynx v4.2, whereas the
Xevo TQ-S was operated using Masslynx V4.1. Xevo G2-XS QTOF data were analysed
using Progenesis QI v 3.0 (Nonlinear Dynamics, London, UK), with multivariate OPLS-
DA analysis run using Simca-P v12.0 (Umetrics, Umeå, Sweden). Each tissue type and
timepoint was analysed separately, comparing the GM diet against the control diet, with
data normalised using the all-ions approach. Progenesis parameters were set as; ANOVA
score < 0.05, a fold change of >1.2, and multiple testing values (Q values) of <0.05 were used
to filter results. Multivariate analysis was then used to discriminate between the control and
GM groups, using OPLS-DA to determine compounds of significance, with a w (1) score
higher than ±0.04, and a p (corr) score greater than ±0.6. QC samples were assessed to
establish whether these clustered centrally between the two treatments. These compounds
were reimported back into Progenesis for lipid identification, based on retention time,
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accurate mass, and fragmentation. Data were then exported to Excel, with the positive and
negative mode data then merged to create a unified dataset.

The selected compounds from each tissue type and timepoint were converted into their
negative ion form, with these compounds forming the basis of the m/z range to be chosen
for the LC-MS/MS approach, as well as the data-dependent acquisition fragmentation
inclusion list. Those lipids which were identified within the tissue or specific timepoint
by QTOF were integrated using Masslynx, with the fragmentation profiles interpreted to
deduce the lipid acyl composition. Integrated profiles were exported to Excel for further
analysis, which included percentage calculations of higher-level lipid structure, e.g., PC
42:10, and ratio calculations of putative sn isomers. Data relating to lipid structure and
statistical values are given in Supplementary Tables S1–S20. Data were multiple test
corrected using the Benjamini-Hochberg procedure, and those below the cut-off point are
highlighted in red, as shown in the supplementary data.

3. Results

3.1. Tissue Responses to GM and Control Diets

Five tissues were examined in the present study, two of which, the brain and eye, were
found to be more conservative in terms of fold change when the average fold change across
polar lipid classes was considered (Figure 1). The largest number of lipid alterations were
observed within phosphatidylcholine (PC) and phosphatidylethanolamine (PE), but these
were generally limited to around, on average, 2-fold in both these tissues. Average fold
changes in PE were generally much greater for the other three tissues, ranging from 3 to
5-fold on average. On the other hand, PC was more conservative, only extending up to a
change of 3-fold on average. Similarly, phosphatidylglycerol (PG) generally showed higher
fold variances in the intestine and liver compared with the brain as did phosphatidylinos-
itol (PI), which was tightly controlled in the brain, showing similar fold changes across
timepoints, whereas the other tissues, especially liver, generally showed both greater vari-
ance and higher average fold changes. Ceramides and the more tissue-specific glycosylated
sphingolipids and galactolipids showed little in the way of overall tissue trends, with
average fold changes close to 2, and tightly controlled variances. A few cardiolipins were
also detected, although the majority appeared to respond to the control diet, with the
greatest diversity detected within the eye at the final timepoint. Cardiolipins were not
summarised further owing to the small number detected.

With regards to differential accumulation of lipid class contents between diets, whilst
various individual lipids were observed within the different tissues, a few general trends
were apparent. The sum of the lipids comprising the main phospholipid classes, PC and
PE, demonstrated quite marked alterations in the gill at both timepoints (Figure 2), with
these two classes generally being elevated when fed the control diet. The intestine and the
earlier liver timepoint generally showed increased PC in fish fed the control diet, whereas
the final brain timepoint, on average, showed PC was increased in fish fed the GM diet.
However, PE displayed a relatively equal split for all tissues except the gill. The hexose
ceramides, which also included the galactolipids monogalactosyl diacylglycerol (MGDG)
to increase the span of the group, were found to be predominantly increased by the GM
diet within the brain, as were the limited number of ceramides. This appeared in contrast
to the eye where, in general, fish fed the control diet showed increases in tissue-specific
glycosylated lipids, distinct from the brain (Figure 3). Diet had little impact on ceramide
contents in the final gill and intermediate intestine samples, though both the intermediate
gill and liver showed increased ceramides in fish fed the GM diet.

216



Metabolites 2022, 12, 851

Figure 1. Phospholipid class fold distribution for untargeted QTOF data. The average fold distri-
bution of lipids determined to be significant showed that, in general, the brain and eye exhibited
smaller fold changes across the majority of lipid classes. The liver, however, generally exhibited the
greatest variance in lipid alteration in response to diet.

Figure 2. Phospholipid bias toward GM or control diets. Positive values indicate a general trend of
being increased in fish fed the GM diet, whereas negative values indicate a general trend of being
reduced by the GM diet, compared to fish fed the control diet. The brain in general was found to be
positively affected by the GM diet, whereas the opposite was the case in the gill with the major lipid
phospholipid class PC being primarily increased in fish fed the control diet.
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Figure 3. Lipids found to be significantly elevated by either the control or GM diet using the
untargeted SFC-MS/MS methodology. Lipids were determined via ANOVA and OPLS-DA analysis
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and formed the basis for the semi-targeted reverse phase LC-MS/MS analysis. Data are given as
all ion normalised peak areas (with colour scale for reference), and fold change data, with green
representing elevated levels in the GM diet vs. control, and red representing elevated levels in the
control diet vs. GM.

As above, PG again seemed to be selectively increased within brain tissue, as well as
the intermediate liver sampling point, however, this was reversed in the final liver sample,
which showed that PG tended to be increased in fish fed the control diet. This was also
found to be the case within the final gill and intestine samples. Finally, for both PI and
phosphatidylserine (PS), the brain seemed to be most affected when fed the GM diet, as
again, PI was almost exclusively increased within this tissue. In contrast, PI in the eye
appeared to be increased in fish fed the control diet, at least at the intermediate timepoint.
Similar trends in PI were observed in the gill, intestine, and liver at the same timepoint,
though the liver demonstrated a much wider variation, possibly owing to the relatively
low abundances detected within the tissue. Significant levels of PS were only detected in
the eye and appeared to increase in fish fed the control diet. It should be noted, however,
that individual lipids were not always detected or studied in each tissue, although general
trends present within both the tissue and at different timepoints appear to be evident.

When the individual lipids are deconstructed into both their carbon and double bond
numbers (Figure 4), several trends become evident. With regards to carbon number, brain
tissue illustrates that there appears to be a lower limit of lipid modification, which tightens
with brain maturity. On average, the brain appears to defy the trends of the other tissues,
with all even carbon number lipids being generally elevated in response to the GM diet,
which is especially evident at the final timepoint. The gill, and to some extent the earlier
intestine timepoint, bucked this trend somewhat, being more likely to show increased fold
change with a higher carbon number in fish fed the control diet. Trends that appeared
relatively consistently included the majority of odd chain lipids being increased in fish
fed the control diet and, with the exception of brain tissue, 30, 32, 34, and, to some extent,
36 carbon lipids were also elevated in fish fed the control diet. Excluding gill, the larger
42 carbon lipids appeared to be elevated with the GM diet, with 44 carbon lipids also
favoured within the liver.

Regarding the number of double bonds, the control diet appeared to result in increased
mono- and di-unsaturated lipids and, to a lesser extent, saturated lipids. The brain once
again showed the opposite trend for monounsaturated lipids, most notably by the final
timepoint, showing elevated levels in fish fed the GM diet. The brain generally showed a
tight spread of fold changes, as shown with the earlier 2-fold change on average, and usually
in a predominant direction. At the intermediate sampling point, the brain conformed to
the general pattern shown in the other tissues, with 6 and 7 double bond-containing lipids
increased in fish fed the control diet. In fish fed the GM diet, the brain generally showed
increased levels of the majority of other double bond numbers, whereas the eye showed
increased levels of 8 and 9 double bond-containing lipids. Regarding overall trends for
more unsaturated lipids, 4, 9 and to a lesser extent 10 double bond lipids on average
appeared to be favoured in fish fed the GM diet, though not as consistently as with mono-
and di-unsaturated lipids in salmon fed the control diet. Gill and intestine appeared to
show much tighter control in terms of fold changes and often were the tissues most reliably
modulated by the control diet, with lipids containing 3, 5, 6, and 7 double bonds more
consistently increased by the control diet.
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Figure 4. Lipid double bond (A) and carbon number (B) bias toward the GM or control diets, with
positive values indicating a general trend of being increased by the GM diet, whereas negative values
indicate a general trend of being decreased by the GM diet compared to fish fed the control diet. The
brain was consistently found to have the majority of lipids increased by the GM diet, in contrast to
gill, which was biased by being more likely to show lipids increased by the control diet. On average,
lipids containing 1, 2, and 7 double bonds, and comprised of 32, 34, and 36 carbons, were more
likely to be increased by the control diet, whereas lipids containing 4, 9, and 10 double bonds and
comprised of 42 carbons, were more likely to be increased by the GM diet.

This consensus between both tissue and timepoints was present for a large number
of individual lipids, with lipid responses consistent across a diet (Figure 3). Where no
response was observed for a specific tissue or timepoint it could be assumed that either
the trend would be in the same direction or was not observed due to the change being
too small and/or not significant. These consistent patterns were most evident across PC
and PE, with increased levels in fish fed the GM diet being seen in PE 42:9, 38:4, and 36:4,
as well as PC 36:4 and 38:4, for example. Counter trends existed in PE 40:7 and ether
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lipids such as PE O-40:8, as well as PC 36:6 and 40:7, which saw consistent elevation by
the control diet. It also appears that PC and choline-containing lipids had more individual
species modulated by the control diet, approximately 78 versus 53 for the GM diet. Of note,
the brain in general tended not to show much response to the control diet, as evidenced
by a greater proportion of positive fold changes, representing proportionally higher lipid
elevation brought about by the GM diet. This can be seen in Figure 3, especially within
the PC class, where lipid species elevated by the control diet are not seen to be modulated
within the brain, with inter-tissue trends only seen in lipid species that were elevated by
the GM diet, indicating some potential form of lipid compositional baseline or threshold,
which can only be increased, but not decreased. Gill on the other hand tended to lack the
wealth of individual lipids which were modified in other tissues, although was generally
starkly contrasted to the brain, being more sensitive to the control diet and rarely showing
individual lipids upregulated by the GM diet.

These trends across tissues also highlight the possibility that certain trends may exist
across entire lipid classes, even in the absence of comparable data across both tissue and
time. For example, with PG there appeared to be a diet-related overall trend shared across
individual tissues or timepoints, for example, the final timepoints of gill, intestine, and
liver, even though the same PGs are not always detected across different tissues. There are
also contra directional changes for both individual and entire lipid species indicating that,
in fact, a whole lipid class may be modulated within a tissue in the same manner by dietary
conditions. These contra directional changes occur to a limited extent, being evident in the
liver across time, predominantly in the PG lipid class, although occasionally occurring in
PC, for example, PC 42:7. Inter tissue variations also exist, for example, PE O-40:7, PE 40:6,
PG 36:5 and PC 42:7.

3.2. Isomeric Analysis

Those lipids which demonstrated significant change within the QTOF dataset (Figure 3)
were selectively targeted using reverse phase LC-MS/MS methodology. Owing to the
selective nature of the method, fully comprehensive profiling of each lipid class was not
possible. Therefore, predominantly PC and PE were studied, owing to their amenable
fragmentation profiles in negative mode, though only those lipids detected in the initial
analysis above could be analysed in further detail. It was demonstrated, however, that the
reverse phase method was capable of resolving potential sn positional isomers (Figure 5). As
illustrated in Figure 5, acyl ion fragments were clearly evident in negative mode, however,
their use in determining the sn configuration was hampered by the non-reproducible ion
ratios that derive from the acyl fragments. Therefore, the isomeric configurations are
currently uncertain and were designated as putative sn isomers, with these lipid isomers
given a/b/c suffixes.

Once lipids were separated into individual acyl isomers, those with two or more
isomers were taken forward, with several acyl trends determined (Figure 6). On average
across all tissues, and within the PC lipid pool, and most evident for the fold change data,
lipids containing 14 and 16 acyl groups were more likely to be associated with the control
diet, that is, complex lipids were more likely to contain one of these acyl groups in one
of the two acyl positions (Figure 6A). Conversely, lipids containing acyl groups of 20 and
24 carbons in length were more likely to be associated with the GM diet, though 18 and
22 carbon acyl-containing lipids, on average, also tended to be more likely to be increased
by the GM diet. No obvious discernible pattern was determined within the PE lipid pool
(Figure 6B). With regards to double bond number, across the PC and PE (Figure 6C/D) lipid
pools within the selected lipids and across all tissues, monounsaturated acyl groups were
more likely to be attached to complex lipids and increased in salmon fed the control diet.
Contrary to this, 3 and 4 double bond-containing acyl groups incorporated into complex
lipids were more likely to be influenced by the GM diet, though only the PC lipid pool saw
a general increase of 5 double bond-containing acyl groups in fish fed the GM diet.
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Figure 5. Acyl and putative sn isomer separation based on BEH C18 reverse phase analysis. Putative
identification of sn isomers was made based on unit mass and CID fragmentation of precursor ions
in negative ion mode. In this example, PC 42:10 is comprised of 3 isomers, with a shift in the relative
proportion of the two putative sn isomers in response to diet. (a) and (b) nomenclature is used to
designate the putative sn isomers.

Figure 6. Averaged individual PC and PE bias plots for all tissues and timepoints for both acyl
carbon number and number of double bonds, expressed in fold change. (A) acyl carbon number in
PC, (B) acyl carbon number in PE, (C) double bond number in PC, and (D) double bond number in
PE. The GM diet preferentially increased lipids containing acyl chains with 3 and 4 double bonds,
comprising 20 and 22 carbons. The control diet preferentially increased lipids containing acyl chains
containing 1 double bond, comprising 14 and 16 carbons.
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When the PC and PE pools were combined but split on the basis of tissue and timepoint
(Figure 7), only those that contained a reliable number of lipids were analysed, with these
constituting acyl groups containing 16 to 22 carbons. Sixteen carbon acyl groups were
found to be marginally increased in fish fed the GM diet within the liver, though only when
looking at percentage data. Acyl groups comprising 18 carbons tended to be preferentially
incorporated within complex lipids in fish fed the control diet, though only evident in
percentage data, with gill exhibiting the greatest response. Fold data clearly showed a
preference for 20 carbon acyl chains being increased by the GM diet, with the strongest
effects observed in the brain and eye, while gill showed no preferential regulation. Acyl
groups containing 22 carbons were less clear cut, although fold data demonstrated that
intestine and liver, as well as the final eye timepoint, responded with marginally increased
inclusion in complex lipids when fed the GM diet. In contrast, gill generally presented
increased incorporation of these acyl groups when fed the control diet.

Figure 7. Acyl lipid carbon number bias toward the GM or control diets for combined PC and PE
lipid pools represented as a percentage (A) or fold data (B), with positive values GM biased, and
negative values control biased.

Regarding the levels of unsaturation for the combined PC and PE pools (Figure 8), fold
change data tended to give a clearer indication of patterns within tissues and timepoints.
Saturated acyl groups appeared to partially be more likely to be incorporated into complex
lipids, and were increased by the GM diet, whilst the final timepoints for both brain and
eye, containing di-unsaturated acyl groups, also experienced similarly increased levels
when expressed as fold change in response to the GM diet. Acyl groups containing
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3 and 4 double bonds were more consistently increased by the GM diet, with acyl groups
containing 5 and 6 double bonds also marginally elevated. As evidenced by the fold change
data, a countertrend was evident within the gill at both timepoints, indicating that the
inverse was true; that the control diet increased the production of lipids containing acyl
groups containing 5 or 6 double bonds. As seen previously, mono-unsaturated acyl groups
tended to be increased by the control diet.

Figure 8. Acyl lipid double bond number bias toward the GM or control diets for combined PC and
PE lipid pools, represented as a percentage (A) or fold data (B), with positive values GM biased, and
negative values control biased. On average, acyl groups containing 1 double bond were increased by
the control diet, whereas those containing 3–4 double bonds, tended to be increased by the GM diet.

The limited number of significantly modified PC and PE lipids in the brain stemmed
from the initial QTOF analysis, and again, individual acyl isomers were muted in terms of
fold change, and more so in terms of percentage compositional shifts within the car-
bon and double bond classes, when compared with the other tissues (Supplemental
Figures S1 and S2). On the other end of the spectrum, unsurprisingly, the liver and in-
testine showed the greatest variation with respect to percentage composition, although
the eye at the intermediate timepoint also demonstrated a surprisingly large variation.
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The liver intermediate timepoint demonstrated the greatest fold variance, with the gill
intermediate timepoint showing the second highest variance. The number and distribution
of acyl isomers which constitute a lipid class structure, e.g., PC 36:2, tend to be relatively
consistent across tissues and timepoints, with the caveat that a total data set encompassing
all observed acyl isomers is not available for all tissues and timepoints, owing to the techni-
cal limitations of the instrumentation. However, that noted, several tissue or timepoint acyl
alterations are evident, with noticeable lipids being PE 40:7, PE 40:4, PC 36:6, PC 36:3, PC
36:2, PC 38:4, PC 40:7. The initial evidence suggests that tissues might be classifiable based
on the complex lipid acyl makeup, although missing data currently hampers the building
of such a model.

Organ wide acyl modification again showed a relatively consistent consensus with
regards to the response to the two diets (Supplemental Figures S1 and S2), although tissue-
specific dietary effects may also be alluded to by, for example, differences in the magnitude
of the lipid response, and the counter-trend of certain lipids in specific tissues. Those effects,
which run contrary to the organ wide consensus, or differ markedly in magnitude in either
percentage or fold terms can be observed within PC 42:10, PC 36:4, PC 36:2, PC 36:6, PC 32:1,
PE 42:6, PE 38:6, and PE 36:2. Whilst percentage composition data and fold data generally
tend to align, there are deviations whereby counter-trends are more readily identified.
On the other hand, correlations that are similar and strongly reflected in both organs and
timepoints are most clearly visible in lipids such as PC 36:3, PC 36:2, PC 40:8, and PC 40:7,
although even these lipids demonstrate outliers with regards to acyl composition within a
certain tissue, for example. With regards to temporal patterns, which may demonstrate a
strengthening or weakening of a fold or percentile change over time, consistent patterns are
difficult to determine. However, within the initial QTOF data, several consistent temporal
patterns, either strengthening or weakening of fold changes, could be observed across time,
as illustrated by PE 36:4, PE 38:4, PE 40:9, PE 42:9, PC 32:1, PC 40:7, PC 40:8, PC 40:9 and PC
42:10. Acyl data demonstrated fewer of these temporal trends, with the majority being more
evident within percentage composition data within lipids, such as sn positional isomers PC
16:1/20:5(b), PC 20:4/20:5(a), PC 18:3/22:6, and all those acyl isomers comprising PC 42:10.
It was found that there was some overlap between the datasets, for example, PC 40:9 and
PC 42:10, indicating that there may be both proportional and absolute temporal trends in
effect within a specific complex lipid, i.e., PC 42:10.

A key requirement of the reverse phase method was to resolve what are thought to
be sn positional acyl isomers. Positional isomers were denoted as such based on their
fragmentation spectra, however, their sn designation cannot be confidently attributed and
therefore isomers were designated as either a or b, or c if more than two were detected, and
are taken as a ratio of one isomer over the other. Surprisingly, several putative positional
isomers were detected (Figure 9) and, in one lipid, PC 32:1, four isomers were detected.
Where representative numbers of tissues were found to contain these isomers, certain
isomeric trends appear to be influenced by diet, albeit not all statistically valid. This was
highlighted most prominently within PC 16:0/20:2, PC 16:0/20:3, PC 16:0/20:4, and PC
20:4/22:6, where one isomer appears favoured in salmon fed either the control or GM diets.
Again, there appeared to be tissue-specific variations with regards to either magnitude, for
example, eye, when compared with intestine and liver for PC 20:4/22:6, and direction, as
seen with the brain (intermediate timepoint) in PC 18:1/22:6, which may be characteristic
of the organ. In many instances, only fatty acyl isomers were detected as opposed to
putative sn isomers, again indicating a potential tissue or temporal discriminating factor.
However, owing to the uncertainty of the isomeric identification, further elucidation of
lipid biosynthesis and its potential alteration by diet was difficult to elaborate on.
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Figure 9. Potential sn isomers identified using the reverse phase LC-MS/MS methodology. Data
are presented as the ratio of one isomer over the second isomer, with ratios determined using
peak area data. Blue squares indicate that sn positional isomers were not detected, however fatty
acyl isomers were detected. * p = 0.01–0.05, ** p < 0.01, red boxes indicate p values fell below the
Benjamini-Hochberg critical value.

4. Discussion

4.1. Lipid Class Trends

Previous studies have found that tissue fatty acid compositions generally reflect the
diet, and diets containing elevated levels of LC-PUFA such as EPA and DHA generally
tend to promote LC-PUFA enrichment within tissues [24–26], and the subsequent elevation
of complex lipids containing these fatty acids [22] with the opposite being true for diets
containing mostly mono- and di-unsaturated fatty acids derived from terrestrial sources. In
the present study, several tissues at two different timepoints were investigated to establish
whether a universal trend exists in fish fed different diets, or whether tissue and temporal
variations exist. For the five tissues studied, general trends were apparent across all tissues
and timepoints, although exceptions were common and illustrated that certain tissues
appear more plastic than others. Overall, a general trend was established, that a diet
enriched in the LC-PUFA, EPA, and DHA, as well as 18:3n-3, was more likely to contain
elevated levels of lipids containing larger carbon numbers, such as 42 and 44 carbons,
with the inverse being the case for an 18:1-rich diet, which showed an elevation in 32,
34 and 36 carbon-containing lipids, corresponding to lipids such as PC 32:1, 32:2. 34:1
and 34:2. With regards to the unsaturation level, the LC-PUFA enriched diet resulted in
increased levels of highly unsaturated complex lipids, containing 8, 9, and 10 double bonds,
though lipids containing 4 double bonds were also more prevalent, owing to the inclusion
of acyl chains likely derived from 18:3n-3, as illustrated by acyl chains containing 3 and
4 double bonds being incorporated into complex lipids. The control diet generally resulted
in mono- and di-unsaturated complex lipids being enhanced within tissues, although lipids
containing 6 or 7 desaturations also appeared to increase on average, with examples such
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as PC 36:6 and PC 40:7. Regarding acyl chains, the LC-PUFA enriched diet appeared to
favour acyl configurations of 20–22 carbons, containing 3–4 double bonds, with 5–6 double
bonds being marginally increased by the diet. Acyl configurations which were increased
with the control diet generally contained 16 carbons, and 1 double bond, though 18 carbon
acyl chain inclusion preference could not be determined conclusively owing to their high
prevalence in both diets as 18:1 and 18:3n-3.

4.2. Tissue Plasticity

With regards to the amplitude with which lipid modulation occurred, the tissue with
the lowest plasticity was the brain, followed by the eye to some extent, which generally
corroborates previous work [24–26]. The brain generally exhibited a limit on the fold
change induced by diet, being the most limited in range compared with other tissues. This
limitation in response was highlighted by the lack of meaningful modulation by the control
diet, suggesting a potential homeostatic process by which certain fatty acids cannot be
included beyond a certain threshold, as evidenced by the responsiveness of other tissues
to the control diet while allowing enhancement of longer and more unsaturated lipids
if these lipids are elevated within the diet. Previously, the response of the brain to diet,
particularly to vegetable oil and fish oil, was contrary to this, with DHA within the brain
appearing unresponsive to dietary DHA level, though this was only examined for the total
pool of DHA and 18:2n-6, with the latter only comprising less than 2% of total fatty acids,
though appeared to be modulated by a diet rich in 18:2n-6 [27]. Within rats, however, a
small increase in total DHA within brain tissue was observed with increased dietary DHA,
though 18:1n-9 and 18:2n-6 within the brain showed no obvious response to dietary levels
of these fatty acids [28]. A similar, yet more pronounced effect was found within PE in
rat brains, with increased DHA in the diet benefiting both the total DHA and multiple
diacyl and ether lipids, with 18:1n-9 and 18:2n-6 remaining relatively unchanged [29]. It
appears then, that increasing dietary LC-PUFA has a small, but beneficial role in the brain,
resulting consistently in increased levels of lipids containing 8 or 9 double bonds, with 4
and 5 double bond-containing lipids also elevated. This increase appeared to occur across
the entire range of carbon chain lengths, and for the majority of lipid classes. Glycosylated
lipids also appeared to be responsive to higher levels of polyunsaturated lipids within the
diet, with a countertrend being observed in the eye. These trends may be driven by 18:3n-3
and its attachment to the long-chain base of the glycosylated sphingolipid, whereas eye
glycolipids appear driven by mono- and di-unsaturated fatty acids. Interestingly there
appeared to be little crossover between the compounds identified within the two tissues,
indicating that both the brain and eye may benefit from tailored unsaturation profiles
that are unique to their function. In humans, the functionality of the lens appeared to
be due to the unique membrane structure, high degree of saturation, and high levels of
dihydrosphingomyelin [30], despite glycosylated sphingolipids accounting for less than
1% of the total retinal lipids, with cerebrosides constituting a greater proportion in brain
tissue, predominantly within the myelin sheath [31].

Gill, on the other hand, appeared in direct contrast to the brain, being predominantly
modulated by the control diet. This appeared to occur across the majority of carbon num-
bers, within the two major lipid classes PC and PE, and, in those lipids containing 8 or
fewer double bonds (other than those with 4), although PE showed a relatively small num-
ber of lipid modulations as demonstrated by the lower number of fold changes detected.
However, gill was found to respond in line for key lipids, which was especially noticeable
within PC. Certain highly unsaturated lipids such as PC 40:8 and 40:9 were increased by
the increase in total polyunsaturates found within the GM diet, as did intermediate lipids
such as PC 36:4 and 38:4, driven by 20:4 and 22:4. The most plastic and variable organs
observed were the intestine and liver, which was unsurprising owing to their roles in
both digestion and lipid modification, and their diverse enzymatic activity and general
role in lipid modification and export to other tissues. Therefore, the greater fold change
variance, compared with relatively static tissues, such as the brain and eye, appeared to be
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a consequence of their function, as well as the propensity of tissues such as the liver and
intestine to autolyse and continue to modify metabolites post-harvest.

4.3. Acyl Complexity and Counter Trends

The primary goal was to establish whether isomeric effects could be discriminated
against and whether this additional level of detail would help to further our understanding
of the impact of diet and its complex effects on lipid metabolism. What was illustrated
was the diverse acyl variety present in tissues, which generally reflected the diet, although
significant tissue and temporal variations existed that may provide an opportunity to
both classify and understand the alterations in lipid metabolism in finer detail. With the
general tendency for the majority of tissues to follow a certain trend, as illustrated with
the two diets tested, those trends which run counter to the rest may provide insight into
the tissue or temporal lipid regulation. The most obvious counterpoints arose within the
brain and gill, though smaller deviations from the consensus were also present. Some
notable exceptions include variations in abundance, whilst still maintaining comparable
fold changes, distinguishing brain, eye, and gill, for example. These were evident in
PE 36:2, PE 40:7, PE O-40:8, PC 36:4, PC 36:6, PC 40:8 and PC 40:9 as examples. The
altered abundance profiles, as measured by peak intensity, provided a measure of the
prevalence of these lipids, and that abundance or deficits of specific lipids may be markers
of certain tissues and timepoints. Certain lipid types also effectively discriminate both
brain and eye by their presence and are also altered by diet. These lipids constituted
the ether lipids (plasmalogens) and the glycosylated lipids, bound both as sphingolipids
and MGDG. Ideally, tissues and timepoints may be distinguished through multivariate
analysis. However, owing to the initial untargeted approach and subsequent refinement
of these detected lipids, the large number of missing values between different tissues and
timepoints makes such modelling difficult, and likely to be swayed by the absent data.
Understanding the lipid flux within individual tissues, and its alteration by diet is likely
a complicated endeavour, more so than in metabolomics, where specific pathways for
individual metabolites have been established. Within lipids, although pathways such as
the Kennedy, Lands cycle, fatty acid biosynthesis, and lipid class synthesis have been
established, the fact that these pathways act, or have an impact, upon multiple substrates,
be they biogenic or diet-derived, generally results in lipids being grouped into their classes,
rather than individual metabolites, potentially obfuscating key links between lipids. Such
finer grain lipid metabolism, however, can be deconvoluted through flux analysis, usually
through stable isotope analysis [32]. This may go some way to understanding the complex
interplay between the myriad of individual lipids, rather than the current broad lipid
class models.

On studying the effect of growth/age, and whether differences could be determined
which might indicate the age of the fish and/or whether lipid effects are strengthened or
weakened over time, there were instances, predominantly in the initial screening data, indi-
cating that fold or proportional strengthening and weakening effects might occur over time.
How these trends relate, and whether they are the result of lipid flux as the fish increases
fat storage and reduces bodily growth, for example, is currently difficult to determine due
to the limited number of observable trends. The correlation between timepoint data, specif-
ically the magnitude shift of the fold change or percentage composition over time, might
enable individual pools to be connected that, in turn, might help to delineate whether lipids
are biogenic in origin or dietarily derived. It is also suspected that different timepoints
may be distinguishable and therefore classifiable, owing to differences in individual lipids
in either fold or percentage composition terms, and that these different timepoints may
eventually be linked to differences in growth stage, sexual maturity, and water temperature,
though attributing lipid alterations to these factors is currently not possible and requires
further investigation. This classification, however, would require further validation through
the targeted acquisition of lipids across all tissues and timepoints.
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The detection of acyl isomeric differences in relation to diet is primarily attributable
to the fatty acids found within the diet and are likely due to the digestion of fatty acids
from TAG, the main lipid class in aquafeeds. However, acyl isomeric and putative sn
isomers could also be due to the configuration of TAG molecules. Whilst it is difficult to
directly determine an association, owing to the lack of definitive sn positional data, the
fact that isomeric trends exist indicates that further structural analysis is warranted. The
mechanism by which acyl configuration is maintained is likely through monoacylglycerols
(MAG) after lipase digestion within the gut, with 2-MAG the predominant pancreatic lipase
product [33] taken up across the enterocyte membrane. It is these 2-MAGs that possess a
structural fingerprint that can be built upon, with various acyl-CoAs derived from free fatty
acids then used by monoacyl- and diacylglycerol-acyltransferases to reconstruct TAG, or
through phospholipid-specific pathways. While free fatty acids cannot transfer a structural
signal, if deficient in LC-PUFA, elongation of dietary and de novo fatty acids may carry
with it a specific structural signal, for example, by biosynthesis of DHA through Sprecher’s
shunt, which may be distinct from that obtained from direct incorporation of LC-PUFA into
complex lipids. The former, that isomeric signals derive from structured TAG, is predicated
on the fact that structural alterations exist within lipids used for aquafeeds. It has been
found that the positional distribution of specific acyl groups can vary, with both genetically
engineered C. sativa and B. napus demonstrating a strong preference for DHA incorporation
into the sn-1/3 position in TAG [9,17], while EPA was either incorporated to a greater
extent into the sn-1/3 position, or was equally distributed between the positions [34], but
was enriched in the sn-2 position in PC. The distribution of DHA appears similar to that
found within certain single-cell oils [18]. Fish body oil, however, was found to have DHA
preferentially esterified (80%) to the sn-2 position, whereas EPA was split equally between
sn-2 and sn-1/3 positions in TAG [13]. In contrast, PC was found to contain EPA and
DHA preferentially bound (77%) to the sn-2 position. DHA incorporation in TAG has
also been corroborated in anchovy oil, with DHA 1.7 times as likely to be found in the
sn-2 position, though EPA was found to be 4.3 times as likely to be found in either the
sn-1 or -3 positions [14]. In general, fish oils appear to favour DHA in the sn-2 position,
whereas EPA is generally found in the sn-1/3 position [15,16]. Differences in positioning
might also be observed in 18:2n-6 and 18:3n-3 and their subsequent elongation products,
as both these fatty acids are present in both fish and terrestrial plant oils, albeit 18:3n-3 is
difficult to resolve in 13C NMR and, depending on the plant and cultivar, might be limited
in concentration. This relative positioning of EPA and DHA within TAG has also been
found to be beneficial to serum and liver cholesterol and TAG concentrations [35], though
more so in the sn-2 position for DHA, and in the sn-1/3 position for EPA, with EPA in this
position resulting in modulation of the eicosanoids PGI2 and TXA2. This indicates that
certain structural forms of lipids, specifically TAG, which are predominantly found within
feed formulations, may have some impact on fish health, or have implications for lipid
biosynthesis within the fish itself, with these biochemical modulations initially appearing to
be attuned to the regiospecific configuration of fish oils. The initial evidence that modified
plant oils do in fact deviate from standard fish oils, specifically in DHA positioning within
TAG, lends credence to the fact that isomeric signals may be transmitted from the diet to
organs, with this signal being found within the putative sn isomeric ratios. The detection
of these acyl isomers provides a valuable resource for the development of more targeted
approaches, with the aim of filling in data gaps resultant from an untargeted approach and
exploring those lipids that display alternative acyl configurations, as well as altered fold
and compositional responses to diet.

With regards to assessing these isomeric alterations routinely, targeted approaches uti-
lizing multiple reaction monitoring (MRM) are potentially the methods of choice, although
traditional HILIC and reverse phase methodologies cannot reliably separate the myriad of
acyl isomers that constitute the lipidome. Whilst certain columns such as charged surface
hybrid (CSH) [36] are known to separate isomers based on double bond configuration,
the thorough assessment of isomers utilising isocratically derived methods is slow and
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time-consuming, usually requiring separate methods for both polar and neutral lipids. This
is generally impractical, though likely to become easier with the increased adoption of
ion mobility. The determination of what are putatively identified as sn positional isomers,
and the identification of trends associated with one isomer over another, for example,
PC 20:4/22:6 and PC 16:0/20:4, as well as the detection of four potential isomers of PC
16:0/16:1, indicates that there may be a signal which can be transferred from the diet or
derives from the biogenesis of specific lipids under certain conditions, such as LC-PUFA
scarcity. It is also worth noting that not all tissues and timepoints were found to contain
these putative sn isomers, only being found to contain fatty acyl rather than positional
isomers. This may be due to low abundances and the inability to consistently resolve closely
eluting isomers, although it may also be a characteristic feature of the tissue or timepoint.

5. Conclusions

Overall, it was found that phospholipid molecular species in salmon tissues generally
reflected the given diet, though variations were found in the response to the diets, specifi-
cally in the brain and gill, indicating some need for homeostatic regulation of certain fatty
acids. Tissue-specific variations also existed within certain lipid classes, such as the glyco-
sylated lipids, including alterations in abundance, fold amplitude, lipid acyl configurations
as well as putative sn isomers, across tissues and timepoints, indicating the existence of
unique organ and temporal lipid signatures, which both defined the tissue and suggested
differences in their lipid biosynthetic pathways. The presence of putative sn isomers high-
lighted the need to explore the interplay between novel diets and organ biochemistry in
more detail, with structurally different lipids derived from synthetic biology potentially
capable of influencing the structure of organ lipids that, in turn, may have consequences
for processes such as eicosanoid formation.
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Abstract: Our previous study demonstrated that low temperature could induce hepatic inflammation
and suppress the immune and oxidation resistance of freshwater drum. However, the metabolism,
especially the glucose and lipid metabolism involved, is poorly studied. To further explore the chronic
hypothermia response of freshwater drum, an 8-day hypothermia experiment was conducted at 10 ◦C
to investigate the effect of chronic hypothermia on glucose and lipid metabolism via biochemical
and physiological indexes, and metabolic enzyme activities, miRNAs and mRNA-miRNA integrate
analysis in the liver. Plasma and hepatic biochemical parameters reveal chronic hypothermia-
promoted energy expenditure. Metabolic enzyme levels uncover that glycolysis was enhanced but
lipid metabolism was suppressed. Differentially expressed miRNAs induced by hypothermia were
mainly involved in glucose and lipid metabolism, programmed cell death, disease, and cancerization.
Specifically, KEGG enrichment indicates that AMPK signaling was dysregulated. mRNA-miRNA
integrated analysis manifests miR-1 and AMPK, which were actively co-related in the regulatory
network. Furthermore, transcriptional expression of key genes demonstrates hypothermia-activated
AMPK signaling by miR-1 and subsequently inhibited the downstream glucogenic and glycogenic
gene expression and gene expression of fatty acid synthesis. However, glycogenesis was alleviated
to the control level while fatty acid synthesis was still suppressed at 8 d. Meanwhile, the gene
expressions of glycolysis and fatty acid oxidation were augmented under hypothermia. In conclusion,
these results suggest that miR-1/AMPK is an important target for chronic hypothermia control. It
provides a theoretical basis for hypothermia resistance on freshwater drum.

Keywords: hypothermia; glucose and lipid metabolism; miR-1; AMPK; freshwater drum

1. Introduction

Water temperature is one of the most essential external factors for aquatic poikilo-
therms [1]. Temperature shifts outside of the optimal temperature range have negative
impacts on the physiology and metabolism of the animal [2]. As a result, chronic exposure
to suboptimal temperatures can also compromise the overall health of the animal [3]. Sea-
sonal water temperature variances are major contributors to suboptimal temperatures. In
China, water temperatures within a whole year vary enormously as the seasons change.
In Wuxi, for example, the water temperature can reach 30 ◦C in summer while close to
0 ◦C in winter. Additionally, changes in latitude, topography, and precipitation contribute
to the large temperature difference between the north and south of China. These have
led to tremendous economic loss in the aquaculture industry every year. Therefore, the
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prevention and control of low temperatures are crucial to farming. In aquaculture, physical
methods, crossbreeding, molecular markers, and nutritional enhancement are commonly
used to improve fish resistance to low temperatures.

Low temperature stress induces a decrease in enzyme activity and cell membrane
fluidity, resulting in cell functional damages, and ultimately impacts fish health and even
individual death [4]. When cells suffer cold stimulation, the signal can be transmitted
to nuclei via various stress pathways to initiate the stress response and establish new
homeostasis [5]. To cope with hypothermia, energy expenditures are inevitable. Therefore,
it is necessary to mobilize more endogenous energy materials to augment energy generation.
There are a variety of studies suggesting that carbohydrate and lipid metabolism play
important roles in the resistance to hypothermia. Glucose is generally considered the
primary energy substance. Under low temperature stress, raising plasma glucose and
enhanced glycolysis supply energy for life activities [6]. However, with the prolonging
of time, plasma glucose content gradually drops below the normal level [7]. Meanwhile,
lipid metabolism in fish is sensitive to temperature changes [8]. Cold stress promotes the
synthesis of unsaturated fatty acids to strengthen fish adaptability to low temperatures [9].

AMPK, AMP-activated protein kinase, is common in eukaryotic organisms. AMPK
is widely regarded as a switch that regulates cellular energy metabolism. AMPK can
perceive variations in cellular energy metabolism and maintain the balance between energy
supply and demand by multiple processes in cellular metabolism [10]. When intracellular
adenosine triphosphate (ATP) is reduced, AMPK prompts glucose uptake and inhibits
glycogen synthesis to promote glucose conversion to glycolysis [11,12]. Additionally, it
has been suggested that AMPK inhibits acetyl-CoA carboxylase (ACC) activity through
phosphorylation [13], which reduces malonyl-CoA synthesis to weaken the inhibition of
carnitine o-palmitoyltransferase 1 (CPT1) [14,15], thereby enhancing fatty acid oxidation to
generate more ATP. Furthermore, ACC is the rate-limiting enzyme in fatty acid synthesis,
so AMPK is also involved in suppressing fatty acid synthesis [16].

More recently, omics approaches have become a research focus aiming at understand-
ing the functions, mechanisms, and interactions as well as relationships between genes,
transcripts, proteins, lipids, and other biomolecules [17]. Transcriptomics refers to a dis-
cipline on gene transcription and regulation in cells, which analyzes gene expression on
the RNA level. RNA can be divided into messenger RNA (mRNA) and non-coding RNA
(ncRNA) according to their structure and function. Among several types of ncRNAs, mi-
croRNAs (miRNAs) are a group of small RNAs (approximately 22-nt-long), which regulate
gene expression mainly at the post-transcriptional level through translational repression or
mRNA degradation [18]. Recent studies have highlighted that miRNAs play important
roles in different stress adaptations [19,20]. Nevertheless, few authors reported on how
low temperature stress affects fish miRNAs. It is, therefore, necessary to investigate the
miRNAs and their target genes under low temperature stress.

Freshwater drum (Aplodinotus grunniens) is a kind of fish that is endemic to North
and Central America. It is the only species in the genus of Aplodinotus that perpetually
inhabits freshwater [21]. With respect to edibility, the freshwater drum is featured to
possess a higher edible proportion, with delicious and nutritious flesh rich in proteins,
amino acids, and fatty acids. Moreover, the freshwater drum has no intermuscular bones,
which improves the fish quality and processing of the aquatic product [22]. With these
prospects, we imported the larvae from the USA in 2016 and have achieved a milestone
in artificial breeding and cultivation in 2019, providing a breakthrough and prospect for
aquaculture. However, the mechanisms of hypothermia response in freshwater drum are
still poorly understood. Summer water temperature in central and eastern China ranges
from 25 to 35 ◦C, while the water temperature in the winter is generally below 10 ◦C.
According to the previous study, the freshwater drum could adapt to the water temperature
ranging from 7 to 30 ◦C [23]. Meanwhile, juvenile freshwater drum suffered increased
mortality as the water temperature dropped to 1 ◦C and below [24]. Combined with our pre-
experiment, as lukewarm water fish, the optimum temperature of freshwater drum should
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range from 18–26 ◦C. Therefore, it is necessary to study the low temperature response
mechanism of freshwater drum for the development of aquaculture. This study from the
perspective of metabolism was conducted to evaluate the effect of chronic hypothermia on
glucose and lipid metabolism in livers of freshwater drum. In the present study, miRNA
sequencing was applied to identify the key regulators under chronic hypothermia exposure.
The epigenetic regulation between miRNA and encoding genes was also investigated.
These results will suggest that glucolipid metabolism plays an important role in the low
temperature response of freshwater drum. Meanwhile, these will provide a theoretical
foundation for the regulation of miRNAs on glucose and lipid metabolism in freshwater
drum under hypothermia exposure, which may provide a new method for the prevention
and control of low temperature.

2. Results

2.1. Effects of Chronic Hypothermia on Plasma Biochemical Parameters of Freshwater Drum

To explore the effects of chronic hypothermia on freshwater drum, plasma biochemical
parameters were tested (shown in Figure 1). The levels of glucose (Glu), total cholesterol
(TC), and triglyceride (TG) are elevated at the beginning of hypothermia. However, these
significantly decreased at 2 d and 8 d (Figure 1A–C, p < 0.05). Unexpectedly, TP exhibited
no statistical differences among all groups, though there was a downward trend at 2 d
(Figure 1D, p > 0.05).

Figure 1. Effects of chronic hypothermia on plasma biochemical parameters of freshwater drum.
(A) Glucose, Glu; (B) Total cholesterol, TC; (C) Triglyceride, TG; (D) Total protein, TP. Data were
calculated by one-way ANOVA analysis with SPSS 23.0 (IBM SPSS Statistics, Version 23.0, Armonk,
NY, USA). The significant differences are considered to exist when p < 0.05, and marked with different
letters. Results were expressed as mean ± SEM, n = 6.

2.2. Effects of Chronic Hypothermia on Hepatic Biochemical Parameters of Freshwater Drum

Hepatic biochemical parameters were next evaluated and shown in Figure 2. Hy-
pothermia had no impact on TP level (Figure 2A, p > 0.05), which was in line with the
result in Figure 1D. The levels of hepatic glycogen (HG) and Na+/K+ ATPase declined
rapidly and reached a minimum at 2 d (Figure 2B,D, p < 0.05), while it approached to
control level at 8 d (p > 0.05). Meanwhile, the regulation of adenosine triphosphate (ATP)
was significantly inhibited in both groups (Figure 2C, p < 0.05). However, the activities of
aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were not impacted
by hypothermia (Figure 2E,F, p > 0.05).
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Figure 2. Effects of chronic hypothermia on hepatic biochemical parameters of freshwater drum.
(A) Total protein, TP; (B) Hepatic glycogen, HG; (C) Adenosine triphosphate, ATP; (D) Na+/K+ AT-
Pase. (E) Aspartate aminotransferase, AST; (F) Alanine aminotransferase, ALT. Data were calculated
by one-way ANOVA analysis with SPSS 23.0. The significant differences are considered to exist when
p < 0.05, and marked with different letters. Results were expressed as mean ± SEM, n = 6.

2.3. Effects of Chronic Hypothermia on Glucometabolism of Freshwater Drum

To further explore the effects of hypothermia, enzymes on glucometabolism were
tested (shown in Figure 3). The activities of enzymes on glycolysis including glucokinase
(GK), hexokinase (HK), phosphofructokinase (PFK), and pyruvate (PK) rose remarkably
and peaked at 2 d (Figure 3A–D, p < 0.05); thereafter, these enzymes decreased to levels that
did not differ significantly in comparison to the control group with continued hypother-
mia. Meanwhile, the activity of lactate dehydrogenase (LDH), a key enzyme in anaerobic
glycolysis, displayed no significant difference under low temperature (Figure 3E, p > 0.05).

Figure 3. Effects of chronic hypothermia on glucometabolism of freshwater drum. (A) Glucokinase,
GK; (B) Hexokinase, HK; (C) Phosphofructokinase, PFK; (D) Pyruvate kinase, PK; (E) Lactate dehy-
drogenase, LDH. Data were calculated by one-way ANOVA analysis with SPSS 23.0. The significant
differences are considered to exist when p < 0.05, and marked with different letters. Results were
expressed as mean ± SEM, n = 6.
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2.4. Effects of Chronic Hypothermia on Lipid Metabolism of Freshwater Drum

Enzymes on lipid metabolism were next evaluated (shown in Figure 4). The activities
of lipoprotein lipase (LPL), total esterase (TE), and fatty acid synthetase (FAS) were inhibited
significantly with prolonged hypothermia exposure (Figure 4A,C,D, p < 0.05). However,
hepatic lipase (HL) displayed no significant differences in contrast to the control group
(Figure 4B, p > 0.05).

Figure 4. Effects of chronic hypothermia on lipid metabolism of freshwater drum. (A) Lipoprotein
lipase, LPL; (B) Hepatic lipase, HL; (C) Total Esterase, TE; (D) Fatty acid synthetase, FAS. Data were
calculated by one-way ANOVA analysis with SPSS 23.0. The significant differences are considered to
exist when p < 0.05, and marked with different letters. Results were expressed as mean ± SEM, n = 6.

2.5. miRNA Analysis Reveals AMPK Signaling Was Active to Glucose and Lipid Metabolism
under Hypothermia Exposure

To reveal the underlying mechanism of glucose and lipid metabolism under hypother-
mia, high-throughput sequencing was conducted to reveal the dynamically regulated
miRNAs. According to the above results, the treatment group of 2 d was selected for re-
search. We first used univariate statistical analyses, including fold change (FC) analysis and
Students’ t-test. In comparison with the control group, a total of 813 differentially expressed
miRNAs (DEMs) at 2 d was identified with the threshold of |log2FC| > 1 and p < 0.05,
including 321 up-regulated and 492 down-regulated DEMs (Figure 5A). Meanwhile, these
813 DEMs were clustered into different subclusters according to their expression levels in
the heatmap (Figure 5B).

To uncover the underlying regulation of these miRNAs, target prediction was con-
ducted with the background of RNA-seq results. The obtained target differentially ex-
pressed RNAs (DEGs) were subjected to the Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis. GO enrichment indicated the target genes were
mainly involved in the biological process of acute-phase response (GO:0006953), acute in-
flammatory response (GO:0002526), iron ion transport (GO:0006826), cellular component of
keratin filament (GO:0045095), molecular function of oxidoreductase activity (GO:0016722),
ferroxidase activity (GO:0004322), and ATP binding (GO:0005524) (Figure 5C, Supplemen-
tary Material Table S1). Meanwhile, KEGG enrichment demonstrated that these target
DEGs were enriched in carbohydrate and lipid metabolism (AMPK signaling pathway,
Insulin signaling pathway, Glycolysis/Gluconeogenesis, Fat digestion and absorption,
Glycerophospholipid metabolism), programmed cell death (Ferroptosis and Apoptosis),
disease (Vibrio cholerae infection, Type II diabetes mellitus, Epstein-Barr virus infection
and Graft-versus-host disease), and cancerization (Proteoglycans in cancer, Endometrial
cancer, and Non-small cell lung cancer) (Figure 5D, Table S2).
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Figure 5. miRNA analysis reveals that AMPK signaling was active in glucose and lipid metabolism
under hypothermia exposure. (A) up-and down-regulated differentially expressed miRNAs; (B) Hi-
erarchical clustering of differentially expressed miRNAs among the 6 libraries; (C) GO enrichment
of differentially expressed miRNAs 2 d vs. Con; (D) KEGG enrichment of differentially expressed
miRNAs 2 d vs. Con.

2.6. mRNA-miRNA Integrate Analysis Reveals miR-1 and AMPK Were Involved in
Hypothermia Exposure

To further explore the potential regulatory mechanism, mRNA-miRNA-integrated
network analysis was performed. As shown in Figure 6, seven DEMs play important roles
in the network with their target genes. Concomitantly, miR-1, miR-133a-5p, miR-133a-2-5p,
miR-1388-5p, miR-2187-5p, miR-724, and miR-155 were mutually regulated by targeting
to specific encoding genes. In particular, we found that miR-1/AMPK was involved in
hypothermia response.
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Figure 6. mRNA-miRNA integrate analysis reveals miR-1 and AMPK were involved in hypothermia
exposure. Sig-diff miRNAs were selected to conduct mRNA-miRNA integrate analysis, and DEGs
were targeted as the background. Data retrieved from high-throughput sequencing were applied
to the integrated network by Cytoscape 3.7.2. The red dotted box represents there was a targeting
relationship between miR-1 and AMPKα1.

2.7. AMPK Signaling Was Dysregulated under Hypothermia Based on Transcriptomic Analysis

To uncover whether AMPK signaling was active in hypothermia, we next quantified the
relative expression of the key genes in AMPK signaling from the RNA-seq databases that
were constructed previously. From the heatmap cluster (Figure 7A) and relative expression
levels (Figure 7B), AMPK, PFK-2 and CPT1 were activated (p < 0.05), while G6Pase, PEPCK,
TORC2, GS, SREBP1, FAS, ACC1, SCD1 and eEF-2 were significantly inhibited (p < 0.05).

Figure 7. AMPK signaling was dysregulated under hypothermia based on transcriptomic analysis.
(A) heatmap; (B) transcriptional expression of key genes in AMPK signaling pathway retrieved from
the transcriptome. Data were analyzed by Student’s t-test with SPSS 23.0, asterisk represents the
statistical difference (*, p < 0.05; **, p < 0.01). Results were expressed as mean ± SEM, n = 3.
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2.8. miR-1/AMPK Signaling Was Involved in Glucose and Fatty Acid Metabolism under
Chronic Hypothermia

Target predictions indicate that AMPKα1 was the target gene of miR-1 (Figure 8A). To
further evaluate whether the AMPK signaling pathway was involved in glucose and lipid
metabolism under chronic hypothermia, we investigated the transcriptional expression
of key genes. From the results, the regulation between miR-1 and AMPK under chronic
hypothermia was confirmed, indicating that the expression of miR-1 was inhibited by
hypothermia and persisted up to 8 days (p < 0.05, Figure 8A). Synchronously, the expression
of AMPK was also activated at 2 d and 8 d (p < 0.05, Figure 8B).

Figure 8. miR-1/AMPK signaling was involved in glucose and fatty acid metabolism under chronic
hypothermia. (A) target prediction between miR-1 and AMPKα1; (B) miR-1; (C) AMP-activated
protein kinase, AMPK; (D) Phosphoenolpyruvate carboxykinase, PEPCK; (E) Glucose-6-phosphatase,
G6Pase; (F) CREB-regulated transcription coactivator 2, TORC2; (G) 6-phosphofructo-2-kinase-2, PFK-
2; (H) Glycogen synthase, GS; (I) Sterol regulatory element-binding transcription factor 1, SREBP1;
(J) Fatty acid synthase, FAS; (K) Stearoyl-CoA desaturase 1, SCD1; (L) Acetyl-CoA carboxylase 1,
ACC1; (M) Carnitine O-palmitoyltransferase 1, CPT1. Data were calculated by one-way ANOVA
analysis with SPSS 23.0. The significant differences are considered to exist when p < 0.05, and marked
with different letters. Results were expressed as mean ± SEM, n = 9.

Apart from miR-1 and AMPK, gene expressions of PEPCK, G6Pase, and TORC2 on glu-
coneogenesis and GS on glycogen synthesis were significantly inhibited at 2 d (Figure 8C–E,G,
p < 0.05), while the expression of PFK-2 on glycolysis was activated (Figure 8F, p < 0.05).
Importantly, the expression of these genes at 8 d showed no significant changes apart from
GS (Figure 8C–G, p > 0.05). Additionally, the mRNA expressions of SREBP1 and ACC1
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demonstrated remarkable decreases at 2 d (Figure 8H,K, p < 0.05), while it notably increased
after hypothermia for 8 days (Figure 8H,K, p < 0.01). Simultaneously, the gene expressions
of FAS and SCD1 declined significantly throughout the chronic hypothermia (Figure 8I,J,
p < 0.05). However, the mRNA expression of CPT1, a crucial gene for fatty acid oxidation,
promptly elevated in both groups (Figure 8L, p < 0.05).

2.9. Epigenetic Schematic of AMPK Signaling under Hypothermia Induction in Freshwater Drum

In the present study, we validated the relationship between miRNAs and target genes
with high throughput sequencing, target prediction, and RT-PCR. Based on the above
results, we raise the hypothetical regulation schematic of miR-1/AMPK signaling on
glucose and lipid metabolism under hypothermia (Figure 9). Hypothermia inhibited miR-1
and subsequently activated AMPK signaling and downstream modulators to affect glucose
and lipid metabolism on freshwater drum.

Figure 9. Epigenetic schematic of AMPK signaling under hypothermia induction in freshwater drum.
miR-1 negatively regulates AMPK. This epigenetic network proves miR-1/AMPK is the important
target for glucose and lipid metabolism under hypothermia response for freshwater drum.

3. Discussion

Freezing in winter takes a heavy toll on the Chinese aquaculture industry every
year [25]. This study was conducted to investigate the effects of chronic low temperature on
carbohydrate and lipid metabolism in freshwater drum. Some studies have demonstrated
that water temperature is an important factor affecting fish physiology [26]. In the present
study, the content of ATP and Na+/K+ ATPase in the liver decreased remarkably under
chronic hypothermia exposure. The freshwater drum resists chronic hypothermia by a
large amount of energy expenditure to maintain normal physiological activities.

Glucose is one of the main energy sources. Glucometabolism is divided into catabolism
and anabolism. Glycolysis and gluconeogenesis are two opposite metabolic pathways,
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which could be mutually regulated, and so the activation or inhibition of key enzymes
in the two metabolic pathways can cooperate [27,28]. In the present study, glucose and
hepatic glycogen levels further corroborated that freshwater drum expended lots of energy
at chronic low temperatures. Glucometabolism was involved in hypothermia exposure but
slowly returned to a normal level over time. Glucose can provide energy for stress response
in freshwater drum at the early stage of hypothermia exposure. Chronic hypothermia-
promoted glycolysis thereinto aerobic glycolysis was predominant. Inversely, gluconeoge-
nesis was suppressed. These reactions are the self-protection for freshwater drum under
stress environment by increasing energy production and reducing energy consumption to
adapt to chronic hypothermia [29].

Lipids are important energy storage substances in animals [30]. Lipids play an im-
portant role in fish health; lipid metabolic disorders can directly affect fish growth, de-
velopment, and physiological activities, including its stress resistance [31]. Among them,
triglyceride is an important form of energy storage, and it is oxidized for energy supply.
Triglycerides are hydrolyzed to fatty acids and glycerol by lipase such as LPL [32], and then
fatty acids are β-oxidized to acetyl-CoA, using the energy supply in the tricarboxylic acid
cycle [33]. Simultaneously, acetyl-CoA is also the raw material for fatty acids and choles-
terol synthesis [34,35]. Under the catalysis of FAS and other synthases, plenty of ATPs are
consumed to synthesize fatty acids in the liver [35]. In this present study, chronic hypother-
mia decreased plasma triglyceride and cholesterol levels. The freshwater drum was kept in
a state of energy deficiency under chronic hypothermia. Glucometabolism failed to meet
enough energy supply under stress. Therefore, the decomposition of triglycerides and other
lipids was supposed to participate in the regulation of energy homeostasis [36]. Meanwhile,
cholesterol is a sterol type of lipid that serves as an essential structural component of animal
cell membranes. Chronic hypothermia exposure inevitably suppressed cholesterol synthe-
sis and could even deplete cholesterol to disrupt cell membrane function. Lipolysis-related
enzymes and fatty acid synthase in the liver were inhibited, and these were not alleviated
over time. Hypothermia caused effects on the rapid reduction of perivisceral lipids and
non-polar lipid deposition in liver [37]. As a result, the strong reduction, particularly in LPL
activity, may correspond to a form of liver protection, limiting lipid uptake from plasma
lipoproteins [38]. Synchronously, chronic hypothermia tends to restrain the activity of
fatty acid synthase to maintain energy balance. Therefore, lipid metabolism persisting
up to the end of the experiment may be more necessary than glucometabolism at chronic
low temperatures.

Protein is an important nutrient in the organism. All the structures and metabolism in
an organism require the participation of protein. Under stress, aquatic animals can provide
energy by proteolysis in different organs [39,40]. AST and ALT are the most important
aminotransferases in the liver, which are related to protein catabolism [41,42]. In this
experiment, TP in plasma and liver both remained unchanged. Similarly, there were no
changes in ALT and AST. These results indicate that chronic hypothermia did not cause
functional damage to the liver in freshwater drum. Proteolysis is not the main way to
supply energy to maintain physiological activity in freshwater drum during chronic low
temperature exposure.

Determining the miRNA profiles under stress is extremely valuable to the characteri-
zation of the regulation of biological functions [43]. Previous studies have demonstrated
that miRNAs are closely related to temperature stress [44,45]. To further reveal the underly-
ing epigenetic mechanism, the integrated analysis between miRNAs and target mRNAs
was conducted with throughput sequencing in the present study. The results reveal that
AMPK signaling was activated to cope with chronic hypothermia stress. Specifically, miR-1
targeted AMPK signaling was involved in the regulatory network. Transcriptomic analysis
reveals that the downstream target genes were dysregulated under hypothermia stress.
These data confirm the prospect that AMPK is the target in response to hypothermia.

It is reported that miR-1 is closely related to glucose and lipid metabolism. Sun
et al. [46] identified that there was a significant decrease in the levels of miR-1 involved

242



Metabolites 2022, 12, 697

in glycolysis under temperature stress. In the present study, miR-1 was inhibited under
hypothermia, and the mRNA-miRNA integrate analysis reveals that miR-1 and AMPK
were involved in chronic hypothermia stress, and the contrasting expression of miR-1 and
AMPK indicate that miR-1 negatively regulates AMPK under hypothermia. AMPK is a
crucial molecule in the regulation of biological energy metabolism. Jia et al. [47] reported a
miR-1-mediated AMPK pathway to inhibit rat cardiac fibroblasts fibrosis induced by high
glucose. However, in another study, HIF-1α was demonstrated to be a direct functional
target of miR-1. The downregulation of miR-1 significantly increased HIF-1α expression,
resulting in enhanced tumor glycolysis [48]. Taken together, these findings suggest that
miR-1 is a critical regulator of fundamental biological processes in freshwater drum under
chronic hypothermia.

To further discuss whether miR-1/AMPK medicated the carbohydrate and lipid
metabolism under chronic hypothermia stress, the transcriptional expression of down-
stream genes in the AMPK signaling pathway was evaluated with RT-PCR. The results
indicate that the AMPK signaling pathway was activated. Hypothermia promoted the
regulation of glycolysis, and fatty acid oxidation while inhibiting glycogen synthesis, glu-
coneogenesis, and fatty acid synthesis. Over time, glucometabolism was alleviated, while
lipid metabolism was still affected. Notably, the gene expressions of SERBP1 and ACC1
were up-regulated after hypothermia for 8 days, meaning chronic hypothermia potentially
promoted the synthesis of unsaturated fatty acids to strengthen fish adaptability. Collec-
tively, these results further demonstrate that chronic hypothermia impacts the regulation of
carbohydrate and lipid metabolism depending on the AMPK mediated by miR-1. Moreover,
the lipid metabolism has a significant implication in the chronic hypothermia response of
freshwater drum, and even lipid consumption can last through the whole overwintering
period [49], which is consistent with the results of metabolic enzyme activities. Together,
these results will provide a reference for the prevention and control of low temperature on
freshwater drum.

4. Materials and Methods

4.1. Ethics Statement

This study was approved by the Animal Care and Use Committee of Nanjing Agricul-
tural University (Nanjing, China). All animal procedures were performed according to the
Guideline for the Care and Use of Laboratory Animals in China.

4.2. Experimental Animals and Rearing Conditions

The hypothermia experiment was conducted at Wuxi Fisheries College of Nanjing
Agricultural University. Laboratory fish were the first-generation larvae of freshwater drum
introduced from the United States by the Freshwater Fisheries Research Center, Chinese
Academy of Fishery Sciences. Freshwater drum were reared in a temperature-adjustable
circulating water system (specifications for ϕ 820 × 700 mm) consisting of 12 tanks (300 L
each). Prior to the experiment, fish were acclimated in the tank fed with fresh bait at 25 ◦C
for 14 days. After acclimation, fish averaging 20.88 ± 2.75 g were randomly assigned into
9 tanks (3 tanks per group, 20 fish per tank) and were fed with fresh bait (3–5% of their
body weight) twice a day (8:00 and 16:00). During the 8-day experiment, we cleaned up
food scraps and feces daily. During the experiment, the temperature gradually decreased
from 25 ◦C to 10 ◦C in 15 h at a rate of 1 ◦C/h and was then maintained at 10 ◦C for 0 d,
2 d and 8 d. A temperature of 25 ◦C was set as the control group (Con). Throughout the
experiment, dissolved oxygen was kept as >6 mg L−1, pH 7.2–7.8, NO2

− < 0.02 mg L−1,
and NH3 < 0.05 mg L−1.

4.3. Sample Collection

Experimental samples were collected at 0 d, 2 d and 8 d. Fish were starved for 24 h to
evacuate the alimentary tract contents before sampling. Fifteen fish from each tank were
randomly sampled and anesthetized with MS-222 (100 mg L−1) at each time point. Blood
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samples were obtained from the caudal vein and injected into anticoagulant tubes. These
samples were centrifuged at 5000 rpm at 4 ◦C for 10 min to extract the plasma. The plasma
was stored at −80 ◦C for the measurement of biochemical indicators. Meanwhile, the
sampled fish were dissected to collect the liver on ice, froze in liquid nitrogen immediately,
and stored at −80 ◦C for subsequent analysis.

4.4. Plasma and Liver Biochemical Indicators Analysis

Plasma samples of two fish from each tank were used to measure parameters including
glucose (Glu), total cholesterol (TC), triglyceride (TG), and total protein (TP). Additionally,
liver samples of two fish from each tank were used to measure parameters including total
protein (TP), hepatic glycogen (HG), adenosine triphosphate (ATP), Na+/K+ ATPase, aspar-
tate aminotransferase (AST), alanine aminotransferase (ALT), glucokinase (GK), hexokinase
(HK), phosphofructokinase (PFK), pyruvate kinase (PK), lactate dehydrogenase (LDH),
lipoprotein lipase (LPL), hepatic lipase (HL), total esterase (TE) and fatty acid synthetase
(FAS) according to the manufacturer’s instructions. All the assay kits were purchased
from Nanjing Jiancheng Bioengineering Institute, China. In detail, Glu was detected by
the hexokinase method (Category No: F006-1-1), TC was determined by the colorimetric
method (Category No: A111-2), TG was determined by the colorimetric method (Category
No: A110-2), TP was determined by Coomassie brilliant blue (Category No: A045-2), HG
was determined by colorimetric method (Category No: A043-1-1), ATP was determined by
colorimetric method (Category No: A095-1-1), Na+/K+ ATPase was determined by colori-
metric method (Category No: A016-1), AST was determined by Reit′s method (Category
No: C010-1-1), ALT was determined by Reit′s method (Category No: C009-1-1), GK was
determined by enzyme linked immunosorbent assay (ELISA) (Category No: H439-1), HK
was determined by UV-spectrophotometric method (Category No: A077-3-1), PFK was
determined by ultraviolet colorimetry method (Category No: A129-1-1), PK was deter-
mined by ultraviolet colorimetry method (Category No: A076-1-1), LDH was determined
by colorimetry method (Category No: A020-1-2), LPL, HL and TE were determined by
colorimetry method (Category No: A067-1-2), and FAS was determined by ELISA (Category
No: H231-1-1).

4.5. RNA Extraction and De Novo High-Throughput Sequencing
4.5.1. RNA Extraction, cDNA Library Construction, and RNA-Seq

The total liver RNA of each group was extracted using TRIzol Reagent according to
protocols (Takara, Dalian, China). In each group, nine liver tissues were selected to conduct
the high-throughput sequence, wherein three fish in each group were randomly mixed
and three biological replicates were finally applied for RNA-seq. After the qualified three
micrograms of total RNA from each sample, ployA by magnetic beads with Oligo (dT) can
be used to isolate mRNA from total RNA. The mRNA could be randomly fractured by
fragmentation buffer, and small fragments of about 300 bp could be separated by magnetic
bead screening. RNA fragments were converted to cDNA using random primers, followed
by second-strand cDNA synthesis and end repair. End Repair Mix was added to fill the
sticky end of the double-stranded cDNA into the flat end, and then base A was added to
the 3′ end to connect the Y-shaped joint. Adaptor-tagged cDNA fragments were enriched
using the manufacturer’s cocktail and 15-cycle PCR. The target bands were recovered from
2% agarose gel and PCR amplification to obtain the final sequencing libraries. Illumina
Hiseq6000 was used for sequencing after the library was qualified by quality inspection.
Sequencing reads are paired-end 2 × 150 bp (PE150).

4.5.2. De Novo Assembly, Functional Annotation and the Differentially Expressed Genes
(DEGs) Analysis

Unqualified raw data was filtered into clean data using cut adapt software before
being assembled, including removing the joint sequences in reads and the reads without
inserted fragments due to self-connection of the joint, removing low qualities reads (bases
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of Q ≤ 10 ranks over 20% of the whole read), removing reads with over 10% N, cutting the
adapters and the less than 30 bp sequences. All sequences after quality control generated
contig and singleton through de novo assembly, which were finally connected to obtain
transcripts. All transcripts were compared with six databases (NR, Swiss-PROT, Pfam, COG,
GO, and KEGG databases) to obtain functional annotation information. The transcriptome
was quantified by RSEM. The DEGs were identified based on Fragments Per Kilobase of
exon model per Million mapped reads (FPKM). As the sequencing depth of samples differs
from each other, the absolute gene expression was normalized to the FPKM value, which
made FKPM the expression quantity of genes. Deseq2 was used to analyze the variation
on DEGs (the significant difference threshold was |log2FC| > 1, p < 0.05). GO term and
KEGG pathway enrichment were conducted to analyze DEGs and pathways.

4.6. miRNA Sequencing, Identification, and Target Gene Prediction
4.6.1. miRNA Sequencing

The Con and 2 d groups were applied for miRNA analysis. In each group, nine liver
tissues were selected to conduct the high-throughput sequence, wherein three fish in each
group were randomly mixed and three biological replicates were finally applied. After
total RNA was extracted, 3′ and 5′ adaptors were added to synthesize the transcript into
cDNA. After PCR amplification, fragments between 140 and 150 bp were selected for
miRNA sequencing with Illumina Hiseq6000 platform. Fastx-Toolkit (Majorbio Bio-pharm
Technology Co., Ltd, Shanghai, China) was applied to remove adapters, lower quality bases
(mass value less than 20), and too long or too short reads (more than 32 nt and less than
18 nt). The clean readings were mapped to NR, Rfam, and miRbase for annotation (less
than 2 mismatches).

4.6.2. Differentially Expressed miRNAs (DEMs) Identification and Target Gene Prediction

Clean reads were compared with miRBase and Rfam databases to obtain known
miRNA annotation information. New miRNAs were predicted from reads without an-
notated information by miRDeep2 software. Reads with |log2FC| > 1 and p < 0.05 were
identified as DEMs. The database miRanda, targetscan, and RNAhybrid were applied for
target gene prediction. Targeted genes with corrected p < 0.05 (corrected with Bonferroni)
were identified as targeted DEGs, and target DEGs were also subjected to Gene Ontology
(GO) and KEGG enrichment analysis with Blast2GO.

4.7. Validation of Differentially Expressed Genes Obtained from RNA-Seq

Real-time quantitative PCR (RT-PCR) was conducted according to our previously
established methods [50] to validate the expressions of key genes involved in glucose and
lipid metabolism (n = 9). All the primers were synthesized in Sangon Biotech Co., Ltd.
(Shanghai, China). Details of primers are listed in Table 1. RT-PCR was performed with
SYBR Green (Takara, Dalian, China) on Takara 800 Fast Real-Time PCR System according
to the manufacturer’s protocol.
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Table 1. Primers and sequences referred in the experiments.

Gene Primer Sequence (5′-3′)

miRNA primer
miR-1 F CGGGAATGTAAAGAAGTATG

U6 F CTCGCTTCGGCAGCACA
R AACGCTTCACGAATTTGCGT

mRNA primer
AMPK F TCCCTCCTACAGCAACAAC

R GACGCCAGGTAGAAATCC
PEPCK F TCGTCTCATTCGGTAGTGGT

R CGTAGGTTGCCTTGGTTGT
G6Pase F GCGGACCTGAGGAACACCTT

R AAACACCTGCGGCTCCCATA
TORC2 F AAGTTTAGCGAGAAGATAGCG

R TCAAGAGTGGATGGGAAGG
PFK-2 F CCAGATAATGAGGAGGGTTT

R TCTTGTTGTATTTGTGGCATC
GS F GAGCCTCCGCACATCGTA

R CGCCTGCTTCCTTATCCA
SREBP1 F TTCCTCTCCCTCAACCCTCT

R TTACGGGCTCTCCATACACC
FAS F TGGCATCGAGTACAACAAGC

R TTGGCACGAAGTAGCATCAC
SCD1 F CGGGGCTTCTTCTTCTCTCA

R GAAGCACATGACTAGCACGG
ACC1 F CTGGAGGAGACGGTGAAAAG

R TGCGTATCTGCTTGAGGATG
CPT1 F GCACCAGAACCTTTACCGA

R TCCGCCCAGTGATATGAAC
eEF-2 F TCAGCCCTGTGGTGAGAAT

R TGTGCTTGTTGGGTGACTTT
β-actin F AGGCTGTGCTGTCCCTGTAT

R GCTGTGGTGGTGAAGGAGTAG
Note: The mRNA sequences for each gene were obtained from freshwater drum liver transcriptome sequencing
database of the Gene Center of Freshwater Fisheries Research Center, Chinese Academy of Fishery Sciences.
Primers for RT-PCR were designed using Primer premier 5.0.

4.8. Statistical Analysis

All data in the study were represented as mean ± standard error mean (SEM), which
was calculated using SPSS software (version 23.0). The data of plasma, liver biochemical
indicators, and metabolic enzyme activity were analyzed with one-way analysis of vari-
ance (ANOVA) followed by a Duncan multiple-range test. Independent samples t-test
was conducted to analyze the transcriptional expression of detected genes based on the
transcriptome. Relative RNA expression was calculated using the 2−ΔΔCT comparative CT
method and analyzed with one-way analysis of variance (ANOVA) followed by a Duncan
multiple-range test.

5. Conclusions

In this study, chronic hypothermia stress-induced alteration in glucose and lipid
metabolism in freshwater drum. Lipid metabolism plays a critical role in the chronic
hypothermia response of freshwater drum. miRNA sequencing and integrated analysis
with mRNAs conjointly reveal that miR-1/AMPK was involved in hypothermia stress.
Transcriptional expression uncovers the miR-1/AMPK contributions to the regulation of
carbohydrate and lipid metabolism to maintain normal physiological activities in fresh-
water drum under chronic hypothermia stress. In conclusion, miR-1/AMPK could be an
important target for chronic hypothermia responses in freshwater drum.
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Abstract: Artificial night light (ALAN) could lead to circadian rhythm disorders and disrupt normal
lipid metabolism, while time-restricted feeding (TRF) could maintain metabolic homeostasis. In
mammals, TRF has been demonstrated to have extraordinary effects on the metabolic regulation
caused by circadian rhythm disorders, but studies in lower vertebrates such as fish are still scarce. In
this study, the impacts of ALAN on the body composition and lipid metabolism of juvenile rainbow
trout were investigated by continuous light (LL) exposure as well as whether TRF could alleviate the
negative effects of LL. The results showed that LL upregulated the expression of lipid synthesis (fas
and srebp-1c) genes and suppressed the expression of lipid lipolysis (pparβ, cpt-1a, and lpl) genes in the
liver, finally promoting lipid accumulation in juvenile rainbow trout. However, LL downregulated
the expression of genes (Δ6-fad, Δ9-fad, elovl2, and elovl5) related to long-chain polyunsaturated fatty
acid (LC-PUFA) synthesis, resulting in a significant decrease in the proportion of LC-PUFA in the
dorsal muscle. In serum, LL led to a decrease in glucose (Glu) levels and an increase in triglyceride
(TG) and high-density lipoprotein cholesterol (H-DLC) levels. On the other hand, TRF (mid-dark
stage feeding (D)) and mid-light stage feeding (L)) upregulated the expression of both the lipid
synthesis (srebp-1c and pparγ), lipolysis (pparα, pparβ, and cpt-1a), and lipid transport (cd36/fat and
fatp-1) genes, finally increasing the whole-body lipid, liver protein, and lipid content. Meanwhile,
TRF (D and L groups) increased the proportion of polyunsaturated fatty acid (PUFA) and LC-PUFA in
serum. In contrast, random feeding (R group) increased the serum Glu levels and decreased TG, total
cholesterol (T-CHO), and H-DLC levels, suggesting stress and poor nutritional status. In conclusion,
ALAN led to lipid accumulation and a significant decrease in muscle LC-PUFA proportion, and TRF
failed to rescue these negative effects.

Keywords: artificial night light; feeding regime; lipid metabolism; serum metabolites; rainbow trout

1. Introduction

Light is an essential environmental factor that affects the various life activities of
organisms on Earth. With the advent and large-scale application of artificial light sources,
artificial light at night (ALAN) has been recognized as one of the fastest-growing factors
altering the natural environment and is considered as a pollutant called light pollution [1].
Light pollution has been shown to negatively affect human society and natural ecology [1–3].
For living organisms, the light–dark cycle (photoperiod) is the dominant zeitgeber that
guides and synchronizes circadian rhythms [4]. Circadian rhythms play an important
role in maintaining energy homeostasis, and many genes and enzymes related to nutrient
metabolism exhibit strong circadian rhythms [5]. ALAN breaks the normal photoperiod
and disrupts the circadian rhythm of the organism. In animal models and human studies,
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nocturnal light exposure has been associated with metabolic disorders, leading to an
increased risk of metabolic diseases such as obesity [6] and type 2 diabetes [7]. In addition
to directly affecting metabolic processes through biological clock rhythms, nocturnal light
exposure also affects metabolic function by suppressing melatonin, altering glucocorticoids,
and changing sleep architecture [8,9]. Metabolic disruptions caused by light pollution are
of increasing concern, not only with regard to human health concerns, but also for the
growth, survival, and welfare of farmed animals.

Lipids are crucial nutrients that can provide energy, essential fatty acids, phospho-
lipids, sterols, and other substances for the life activities of organisms [10,11]. For car-
nivorous fish, lipids are preferred energy providers due to the limited ability to utilize
carbohydrates [12,13]. Maintaining normal lipid metabolic processes is the basis for the
growth and development of carnivorous fish. Briefly, lipid metabolism is the process of
lipid uptake and transport, synthesis, and catabolism, in which various transcription factors
and enzymes are involved [14,15]. The de novo synthesis of fatty acids begins with the
synthesis of acetyl coenzyme A into palmitic acid (C16:0) and stearic acid (C18:0) in the
presence of fatty acid synthase (FAS), followed by the further synthesis of polyunsaturated
fatty acids (PUFA) in the presence of desaturases (e.g., Δ6-fatty acid desaturase (Δ6-fad) and
Δ9-fatty acid desaturase (Δ9-fad)) and elongases (e.g., elongation of very long-chain fatty
acid protein 2 (elovl2) and elongation of very long-chain fatty acid protein 5 (elovl5)) [15].
The fas gene expression is regulated by the upstream transcription factor sterol regulatory
element binding protein 1c (SREBP-1c) [16,17]. The process of lipid oxidative catabolism
begins with the hydrolysis of triglycerides to fatty acids and monoacylglycerols by the
action of lipoprotein lipase (LPL) [18,19]. Further oxidation of fatty acids for energy supply
involves the transport of long-chain fatty acids in mitochondria, and in the liver, carnitine
palmitoyltransferase 1a (cpt-1a) is the key rate-limiting enzyme [15,20]. During lipid uptake
and transport, cluster of differentiation 36/fatty acid translocase (CD36/FAT) [21] and
fatty acid transport protein 1 (FATP-1) [22] play essential roles. In addition, peroxisome
proliferator-activated receptors (PPARs, e.g., PPARα, PPARβ, PPARγ) play a crucial role in
regulating lipid metabolic processes [23,24].

Feeding/meal time can directly activate nutrient-sensing pathways to regulate metabolic
processes in organisms and is independent of photoperiod [25,26]. Time-restricted feeding
(TRF) is thought to prevent and treat metabolic diseases by maintaining optimal nutrient
utilization [25]. In rodents, TRF was found to reduce the total cholesterol, triglyceride,
glucose, and insulin levels and improve glucose control and insulin sensitivity [27]. Further-
more, in some metabolic disorder animal models and populations suffering from metabolic
diseases such as in mice fed high-fat diets, TRF reduced the body fat accumulation, im-
proved glucose tolerance, and stabilized the circadian rhythm of the central biological clock
compared to ad libitum feeding [28–30]. In a biological clock-deficient mouse model, TRF
prevented the development of obesity and metabolic syndrome [31]; TRF restored muscle
function in a Drosophila model of obesity and rhythm disorders [32]. In overweight pa-
tients with type 2 diabetes, TRF improved glucose and insulin sensitivity [33]. In addition,
in mice, TRF repaired the attenuation of biological clock rhythms in peripheral tissues
(liver and white adipose tissue) due to continuous light (LL) [34]. In recent years, several
review publications have summarized the positive role of TRF in regulating metabolic
homeostasis [26,35,36].

Although TRF has shown extraordinary effects on metabolic regulation in humans
and some model organisms, studies in lower vertebrates such as fish are still scarce [37].
Aquaculture is currently the fastest-growing form of food production globally, providing
more than 82 million tons of high-quality protein for humans in 2018 [38]. Although
there have been several reports focusing on the impact of light pollution on aquatic organ-
isms [39–41], the negative impacts of light pollution on aquatic animals have not received
much attention compared to terrestrial animals [42]. In fish, light pollution research has
focused on behavior [43–45], community structure [46], physiology [47,48], and fitness [49],
with very limited information on metabolism [50,51]. The vast majority of studies have
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reported that fish melatonin levels were suppressed by ALAN [42,48,52]. Melatonin is
an important mediator of the conversion of exogenous temporal signals into endogenous
biological rhythms [53], and the disruption of melatonin rhythms in fish by ALAN can also
have an impact on lipid metabolism. Previous studies have reported that LL exposure led
to an increased lipid content in some fish such as Atlantic salmon (Salmo salar) [54,55] and
gibel carp (Carassius auratus) [50], which may be attributed to disturbed lipid metabolism
under LL.

Rainbow trout (Oncorhynchus mykiss) is an economically important cold-water fish.
As an important representative species of salmonids, it occupies an essential position in
aquaculture production, with global aquaculture production reaching 848,051 tons and
a value of 3.88 billion USD in 2018 [56]. Rainbow trout is also an important model fish,
and there have been several studies on the effects of photoperiod and restricted feeding on
metabolism [57,58]. As a representative species of teleost fish, it is necessary to determine
the impact of light pollution on its lipid metabolism, and whether TRF can mitigate this
state. Thus, this study investigated (1) the effects of ALAN on the body composition and
lipid metabolism of juvenile rainbow trout by simulating light pollution with continuous
light (LL) and (2) whether TRF could mitigate the negative effects of light pollution through
three feeding regimes.

2. Materials and Methods

2.1. Fish

This study was approved by the Animal Care and Use Committee of Ningbo University
and carried out in the recirculating aquaculture system (RAS) (HISHING, Qingdao, China)
at the School of Marine Sciences pilot plant, Ningbo University from July to November 2020.
The juvenile rainbow trout were purchased from a commercial nursery (Shandong, China).
Fish were acclimatized for one month in the RAS and randomly fed with a commercial
diet (about 2% body weight, Tech-Bank, Ningbo, China, Supplementary Table S1). The
feeding schedule was provided by random number generator software (RAND function of
Microsoft Excel) according to Nisembaum et al. (2012) [59]. The environmental conditions
were maintained as follows: the photoperiod was 12L:12D (lights-on at 6:00, the light intensity
on the water surface is 100–200 lx), the water temperature at 16.5 °C ± 1 ◦C, the dissolved
oxygen was higher than 9 mg/L, and the ammonia nitrogen was lower than 0.05 mg/L.

2.2. Experiment Design

After the acclimation, 840 healthy fish (18.98 ± 1.69 g/fish) were weighed and ran-
domly assigned to 42 culture tanks (volume 600 L, Supplementary Figure S1), with 20 fish
in each tank. The experiment included two photoperiods: 24L:0D (LL, constant light with
100–200 lx light intensity on the water surface) and 12L:12D (LD, lights-on at 6:00, light-off
at 18:00, the light intensity on the water surface is 100–200 lx); three feeding regimes:
random feeding (R), mid-dark stage feeding (D), and mid-light stage feeding (L). In this
study, automatic feeding machines (YF-9258, Fish Baby, Sichuan, China) were used, and the
feeding time and quantity were set in advance. A total of six experimental treatments were
combined: R-LL, D-LL, L-LL, R-LD, D-LD, and L-LD, and each treatment included seven
culture tanks (each treatment included seven replicates). The growth experiment lasted
three months, and the cultural management and environmental conditions were consistent
with the acclimation.

2.3. Sample Collection

At the end of the three-month growth experiment, all fish were deprived of food for
24 h. To reduce the effect of food anticipatory activity (FAA) on the blood metabolite levels,
sampling was started 4 h after the feeding point. That is, all fish were starved for 28 h. MS-
222 was used to anesthetize the fish, and 12 fish were randomly selected from each tank for
sample collection. Two fish were randomly selected and frozen at −20 ◦C to determine the
body composition. The blood was immediately collected from the remaining 10 fish by the
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tail vein method. The blood was stored in a 1.5 mL EP tube, left at 4 ◦C overnight, and then
centrifuged at 2500 rpm at 4 ◦C for 10 min. The supernatant (serum) was stored at −80 ◦C
until analysis of the hematological parameters. The fish was immediately dissected after
the blood was taken; the liver, intestine, and dorsal muscle were separated and quick-frozen
in liquid nitrogen, then stored at −80 ◦C until analysis.

2.4. Biochemical Analysis

The biochemical composition of the whole fish, dorsal muscle, and liver was deter-
mined according to AOAC (1995) [60]. First, the sample was dried to constant weight by a
freeze dryer (LL1500, Thermo Scientific, Waltham, MA, USA), and the reduced mass was
the moisture; then, the crude protein content in the sample was determined by a Kjeldahl
analyzer (K355/K437, Buchi, Flawil, Switzerland) and the crude lipid in the sample was
determined by a Soxhlet extractor (E816, Buchi, Flawil, Switzerland). The ash content of the
whole fish was determined by a muffle furnace at 550 ◦C for 12 h. Total protein (TP), glucose
(Glu), triglyceride (TG), lactic acid (LA), total cholesterol (T-CHO), high-density lipoprotein
cholesterol (H-DLC), and low-density lipoprotein cholesterol (L-DLC) in serum and glyco-
gen in the muscle and liver were all measured using commercial kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) according to the instructions. Fatty acids in
the liver, dorsal muscle, and serum were determined by gas chromatography (GC7890B,
Agilent Technologies, Santa Clara, CA, USA) as described in Liu et al. (2021) [61].

2.5. Gene Expression

The total RNA of the liver was extracted with a commercial kit RNA isolator (R401-01,
Vazyme, Nanjing, China). The quality of total RNA was checked by an ultramicro-
spectrophotometer (Nanodrop 2000, Thermo Scientific, Waltham, MA, USA) and 1% gel
electrophoresis. The RNA was reverse transcribed into cDNA using a HiFiScript cDNA
Synthesis Kit (CW2569M, CWBIO, Beijing, China).

Real-time PCR was used to analyze the relative expression of the lipid metabolism-
related genes (fatty acid synthase (fas), Δ6-fatty acid desaturase (Δ6-fad), Δ9-fatty acid
desaturase (Δ9-fad), elongation of very long-chain fatty acid protein 2 (elovl2), elongation
of very long-chain fatty acid protein 5 (elovl5), sterol regulatory element binding protein 1c
(srebp1c), peroxisome proliferators-activated receptor α (pparα), peroxisome proliferators-
activated receptor β (pparβ), peroxisome proliferators-activated receptor γ (pparγ), carnitine
palmitoyl transferase 1a (cpt1a), lipoprotein lipase (lpl), cluster of differentiation 36/fatty
acid translocase (cd36/fat), and fatty acid transport protein 1 (fatp1)) in the liver. The total
reaction volume was 20 μL including 10 μL of 2 × MagicSYBR Mixture (CW3008H, CWBIO,
Beijing, China), 2 μL of cDNA, 0.4 μL of each primer (10 μM), and 7.2 μL of ddH2O. A
Real-Time PCR System (QuantStudio™ 6 Flex, Life Technologies, Carlsbad, CA, USA) was
used with the program as follows: 95 ◦C for 30 s; 45 cycles at 95 ◦C for 5 s, 60 ◦C for 30 s; and
95 ◦C for 15 s. The specific primers used in this study are shown in Supplementary Table S2
and were synthesized by a commercial company (Youkang Biological Technology Co.,
Ltd., Hangzhou, China). The relative expression level of the target genes was normalized
by β-actin and elongation factor-1α (ef1α) and calculated by the comparative CT method
(2−ΔΔCT method) [62].

2.6. Statistical Analysis

All statistical analyses were performed on SPSS 22.0 and R 4.1.2 software. First, all
data were checked for homogeneity and normal distribution through Levene’s test and the
Kolmogorov–Smirnov test, respectively. Then, a two-way ANOVA was performed with the
photoperiod and feeding regime. Meanwhile, t-tests were performed for the photoperiod,
and one-way ANOVA followed by Duncan’s multiple range test were performed for
the feeding regime. p < 0.05 and p < 0.01 were considered as significant differences and
extremely significant differences, respectively. In addition, the principal component analysis
(PCA) was used to analyze the liver, dorsal muscle, and serum fatty acid profile. Finally,
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the structural equation model (SEM), based on partial least squares path modeling (PLS-
PM) [63], demonstrates the relationships between the photoperiod, feeding regime, lipid
metabolism genes, serum metabolites, and body composition. Data related to growth
performance and feed utilization of juvenile rainbow trout were also obtained in this study
and have been presented in a separate unpublished paper.

3. Results

3.1. Body Composition

The juvenile rainbow trout whole-body composition was influenced by the photope-
riod and feeding regime (Figure 1a and Supplementary Table S3). The LL environment
significantly increased whole-body lipid content and decreased whole-body ash content
(p < 0.05). The whole-body moisture content in the R group was significantly higher than
that in the L and D groups, and the whole-body lipid content in the D group was signifi-
cantly higher than that in the R and L groups (p < 0.05). There was no interaction between
the photoperiod and feeding regime on the whole-body composition (p > 0.05).

Figure 1. The body composition of juvenile Oncorhynchus mykiss under different experimental
treatment. (a) Whole fish. (b) Liver. (c) Dorsal muscle.

The juvenile rainbow trout liver composition was influenced by the photoperiod and
feeding regime (Figure 1b and Supplementary Table S3). The LL environment significantly
reduced the liver moisture content and increased the liver lipid content (p < 0.05). The
liver protein content in the R group was significantly lower than those in the L and D
groups (p < 0.05). The liver glycogen content showed R > D > L (p < 0.05) (Figure 4h and
Supplementary Table S3). Photoperiod and feeding regime had an interactive effect on the
liver glycogen content (p < 0.05). In the LL environment, the R group liver glycogen content
was significantly higher than the D and L groups (p < 0.05). In the LD environment, the L
group liver glycogen content was significantly lower than the R and D groups (p < 0.05).
Under the D treatment, the liver glycogen content of the LD group was significantly higher
than that of the LL group.

The juvenile rainbow trout dorsal muscle composition was influenced by the photope-
riod (Figure 1c and Supplementary Table S3). The LL environment significantly reduced
the dorsal muscle moisture content and elevated the dorsal muscle lipid content (p < 0.05)
and the dorsal muscle glycogen was significantly higher in the L group than in the R and
D groups; in the D treatment, the dorsal muscle glycogen was markedly lower in the LL
group than in the LD group (p < 0.05) (Figure 4i and Supplementary Table S3). There was no
interaction between the photoperiod and feeding regime on the dorsal muscle composition
(p > 0.05).

The liver fatty acid profile was influenced by the photoperiod and feeding regime
(Figure 2a and Supplementary Table S4). The LL environment significantly reduced the
saturated fatty acid (SFA) proportion; the D group significantly increased the monounsatu-
rated fatty acid (MUFA) proportion and significantly reduced the polyunsaturated fatty
acid (PUFA) and long-chain polyunsaturated fatty acid (LC-PUFA) proportions compared
to the R and L groups (p < 0.05). Photoperiod and feeding regime had an interactive effect
on the liver SFA and PUFA proportions (p < 0.05). The results of the principal component
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analysis (PCA) revealed that the liver fatty acid profile in group D (D-LL and D-LD) was
distinguished from the other groups (Figure 2b,c).

Figure 2. Cont.
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Figure 2. Fatty acids profile of juvenile Oncorhynchus mykiss under different experimental treatments.
(a) Proportion of liver fatty acids; (b) PCA score plot of liver fatty acids; (c) PCA loading plot of
liver fatty acids. (d) Proportion of serum fatty acids; (e) PCA score plot of serum fatty acids; (f) PCA
loading plot of serum fatty acids. (g) Proportion of dorsal muscle fatty acids; (h) PCA score plot of
dorsal muscle fatty acids; (i) PCA loading plot of dorsal muscle fatty acids.

The serum fatty acids profile was mainly influenced by the feeding regime (Figure 2d
and Supplementary Table S5). In the R group, the SFA proportion was significantly higher
than that in the D group, the MUFA proportion was significantly lower than that in the D
group, and the PUFA and LC-PUFA proportions were markedly lower than those in the D
and L groups (p < 0.05). The PCA results revealed that the serum fatty acid profiles of the
different treatments were not significantly separated (Figure 2e,f).

The dorsal muscle fatty acid profile was mainly influenced by the photoperiod
(Figure 2g and Supplementary Table S6). The LL environment significantly increased the
SFA and MUFA proportions and decreased the PUFA and LC-PUFA proportions (p < 0.05).
The PCA results revealed that different photoperiods (LL vs. LD) were able to separate the
fatty acid profiles of the dorsal muscle (Figure 2h,i).

3.2. Lipid Metabolism Genes

In the present study, lipid metabolism-related genes were influenced by the photope-
riod and feeding regime (Figure 3 and Supplementary Table S7). Lipid metabolism genes
were simply classified into three major classes according to their functions: lipid synthesis
and deposition, lipolysis and oxidation, and lipid transport.
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Figure 3. Gene expression of juvenile Oncorhynchus mykiss under different experimental treatments.
fas: Fatty acid synthase, Δ6-fad: Δ6-fatty acid desaturase, Δ9-fad: Δ9-fatty acid desaturase, elovl2: Elon-
gation of very long-chain fatty acid protein 2, elovl5: Elongation of very long-chain fatty acid protein
5, srebp-1c: Sterol regulatory element binding protein 1c, pparα: Peroxisome proliferators-activated
receptor α, pparβ: Peroxisome proliferators-activated receptor β, pparγ: Peroxisome proliferators-
activated receptor γ, cpt-1a: Carnitine palmitoyl transferase 1a, lpl: Lipoprotein lipase, cd36/fat:
Cluster of differentiation 36/Fatty acid translocase, fatp-1: Fatty acid transport protein 1.

For lipid synthesis and deposition, the fas, Δ9-fad, elovl2, elovl5, srebp-1c, and pparγ
genes’ expression were affected by the photoperiod (Figure 3 and Supplementary Table S7).
The LL environment resulted in the upregulation of fas and srebp-1c gene expression and
the downregulation of the expression of the Δ9-fad, elovl2, elovl5, and pparγ genes. The
feeding regime affected the expression of the fas, Δ6-fad, Δ9-fad, srebp-1c, and pparγ genes.
The L group upregulated Δ6-fad and Δ9-fad gene expression, the D group upregulated
srebp-1c gene expression, and the R group upregulated pparγ gene expression. There was
an interactive effect of photoperiod and feeding strategy on fas, Δ6-fad, Δ9-fad, and elovl2
gene expression.

For lipolysis and oxidation, pparβ, cpt-1a, and lpl gene expression was affected by the
photoperiod (Figure 3 and Supplementary Table S7). The LL environment downregulated the
expression of these three genes. The feeding regime affected the expression of the pparα, pparβ,
and cpt-1a genes. The R group downregulated pparα gene expression, the L group upregulated
pparβ gene expression, and the R group downregulated cpt-1a gene expression. There was an
interactive effect of photoperiod and feeding regime on cpt-1a and lpl gene expression.

For lipid transport, cd36/fat and fatp-1 gene expression was influenced by the photope-
riod (Figure 3 and Supplementary Table S7). The LL environment upregulated cd36/fat
gene expression and downregulated fatp-1 gene expression. The feeding regime affected
the expression of the cd36/fat and fatp-1 genes. The expression of the cd36/fat gene was
upregulated in group D. The trend of fatp-1 gene expression can be shown as R < D < L.
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3.3. Serum Metabolites

Serum glucose (Glu), triglyceride (TG), total cholesterol (T-CHO), lactic acid (LA), and
high-density lipoprotein cholesterol (H-DLC) were affected by the photoperiod and feeding
regime (Figure 4a–e and Supplementary Table S3). The LL environment significantly reduced
the LA levels (p < 0.05). The R group had a significantly higher Glu than the D and L groups,
and the R group had significantly lower TG, LA, and H-DLC than the D group (p < 0.05).
Individually, under the LD environment, TG was significantly lower in the R group than in
the D and L groups. Under the LL environment, T-CHO showed R < D < L while under the
L treatment, the LL environment significantly increased the H-DLC levels (p < 0.05).

Figure 4. Serum metabolites and glycogen of juvenile Oncorhynchus mykiss under different exper-
imental treatments (mean ± SD, n = 6). (a) Glucose; (b) triglyceride; (c) total cholesterol (d) lactic
acid; (e) high-density lipoprotein cholesterol; (f) low-density lipoprotein cholesterol; (g) total protein;
(h) hepatic glycogen; (i) muscle glycogen. Different lowercase letters and capital letters indicate a
significant difference among the different feeding strategy at the LL (constant light) and LD (12L:
12D, lights-on at 6:00), respectively (p < 0.05). Asterisks denote significant differences between
photoperiods at the same feeding strategy (* p < 0.05; ** p < 0.01).

3.4. Structural Equation Model

The structural equation model (SEM) based on partial least squares path modeling
(PLS-PM) demonstrates the relationships between the photoperiod, feeding regime, lipid
metabolism genes, serum metabolites, and body composition (Figure 5). The observed
variables in this study were classified into the above five latent variables, and those with a
loading value < 0.7 were excluded (Supplementary Figure S2) [63]. Photoperiod was signif-
icantly negatively correlated with lipid metabolism genes (path coefficients (PC) = −0.6027,
p < 0.01) and serum metabolites (PC = −0.3925, p < 0.05), and was positively correlated
with body composition (PC = 0.9750, p < 0.01). Feeding regime was significantly positively
correlated with lipid metabolism genes (PC = 0.7363, p < 0.01) and serum metabolites
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(PC = 1.7234, p < 0.01), and negatively correlated with body composition (PC = −0.7069,
p = 0.215). Lipid metabolism genes were significantly negatively correlated with serum
metabolites (PC = −1.2794, p < 0.01) and lipid metabolism genes (PC = 0.5055, p = 0.294) and
serum metabolites (PC = 0.6361, p < 0.05) were positively correlated with body composition.
The goodness of fit (GOF) of the model was 0.8368.

Figure 5. The structural equation model (SEM) based on partial least squares path modeling (PLS-PM)
demonstrates the relationships between the photoperiod, feeding regime, digestive enzyme, lipid
metabolism genes, serum hormones, serum metabolites, and body composition. Numbers on arrows
are path coefficients. * means p < 0.05, ** means p < 0.01. Arrow widths show the strength of the causal
relationship. Red arrows indicate positive correlation, blue arrows indicate negative correlation.

4. Discussion

In the present study, LL decreased the moisture content in the liver and dorsal muscle
and increased the lipid content in the whole-body, liver, and dorsal muscle. Similarly,
LL increased the whole-body lipid content of Atlantic salmon (Salmo salar) [55]. In gibel
carp (Carassius auratus), the lipid content in the whole-body, liver, and muscle gradually
increased with prolonged light exposure [50]. An interesting phenomenon was observed
that LL led to a decrease in the ash content of the whole-body. Some studies in Atlantic
salmon have found that LL decreases the bone mineral content [64], affects mineralization,
and delays osteoid incorporation [65], and even causes vertebrae malformations [66].
Similarly, LL caused a higher lower jaw malformation in European sea bass (Dicentrarchus
labrax) [67]. In gilthead seabream (Sparus aurata), Mhalhel et al. (2020) [68] found that
exogenous melatonin supplementation affected normal skeletogenesis and caused bone
deformities by regulating the expression of genes related to bone formation. Fish receive
external light signals and convert environmental time cues into endogenous biological
signals through melatonin secretion [53]. Therefore, the increased bone deformity caused by
LL may be related to the loss of coordination between the skeletal muscle and bone function
caused by the disturbance of the circadian clock [68]. Although no bone deformities were
observed in juvenile rainbow trout in the LL group, the significantly low whole-body ash
and higher lipid deposition may be a warning sign of concern in the metabolic disturbance.

Aside from light, the feeding regime also affected the rainbow trout’s body composi-
tion. The R group fish had a higher whole-body moisture, lower whole-body lipid, and
lower liver protein, which may reflect the poor nutritional status and feed utilization. This
result is not surprising because random feeding could not induce food anticipatory activ-
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ity (FAA) [69–71], thus failing to increase locomotor activity and optimize digestive and
metabolic processes before feeding [72–74]. In addition, the serum Glu level in the R group
was significantly higher than in the TRF group. Similar results have also been reported
in gilthead seabream [74,75]. Sánchez et al. (2009) [75] concluded that random feeding
stressed the fish, increasing the plasma Glu levels. The animal can store excess glucose in
the form of glycogen in the liver and muscle [76]. In fish, hepatic glycogen synthesis is one
of the metabolic pathways of blood glucose, and elevated blood glucose levels often cause a
simultaneous increase in hepatic glycogen content [77]. Similarly, significantly higher liver
glycogen was also observed in the R group. High hepatic glycogen levels reflect the passive
adaptation of juvenile rainbow trout to high blood glucose. However, as a carnivorous
fish, rainbow trout have a minimal ability to utilize glucose, so high glycogen levels may
become a metabolic burden. On the other hand, random feeding may encourage fish to
store more glycogen in response to possible food deficiencies.

However, contrary to expectations, TRF did not alleviate the whole-body, liver, and
muscle lipid deposition caused by the LL. Fish body lipid content results from the balance
between lipid synthesis and catabolism. Previous studies have attributed the elevated
body lipid content to the following four conditions: (1) stable lipolysis and increased
lipogenesis; (2) decreased lipolysis and increased lipogenesis; (3) decreased lipolysis and
stable lipogenesis; and (4) slightly increased lipolysis and vastly increased lipogenesis [78].
The liver is the central organ of lipid metabolism, and the expression of lipid metabolism-
related genes in the liver reflects the lipid metabolism of juvenile rainbow trout. In the
present study, LL upregulated the expression of fas and srebp-1c genes and downregulated
the expression of pparα, pparβ, cpt-1a, and lpl genes. Based on the above results, the rise in
the lipid content of juvenile rainbow trout caused by LL may be due to (2) or (3). In addition,
cd36/fat gene expression was significantly upregulated, and fatp-1 gene expression was
significantly downregulated in the LL group. Studies in mice have found that CD36/FAT
protein promotes the intestinal absorption of fatty acids [21], and the upregulation of
cd36/fat expression in the liver is associated with hepatic TG accumulation, elevated serum
TG, and obesity [79]. In this study, the serum TG and H-DLC levels were also increased by
LL. The fatp-1 gene is involved in the uptake and oxidation of long-chain fatty acids [22]
and its expression is upregulated in the liver by the upstream gene pparα [80]. The present
study also observed the same expression trend of the pparα and fatp-1 genes.

Notably, under the LL environment, TRF (especially in the L group) downregulated
the mRNA abundance of fas and srebp-1c genes and upregulated the mRNA abundance
of the pparα, pparβ, cpt-1a, lpl, and fatp-1 genes. Similarly in mice livers, TRF was found
to downregulate the expression of srebp-1c genes and upregulate the expression of cpt-1a
genes [81]. Theoretically, lipid synthesis was inhibited in the TRF group, while oxidative
catabolism was enhanced, which should lead to a decrease in lipid content. However, TRF
also induced FAA (unpublished data), which led to an enhanced ability of rainbow trout to
obtain lipids from the diet. In serum, the TG, T-CHO, and H-DLC levels in the TRF group
were higher than those in the R group, reflecting a more active lipid metabolism and better
nutritional status [82], thus supporting that the increased lipid absorption and transport level
contributed to the body lipid deposition. Thus, in the RTF group, the uptake and utilization of
exogenous lipids were probably prioritized over the synthesis and catabolism of endogenous
lipids, which ultimately did not alleviate the lipid deposition caused by LL. On the other
hand, although TRF corrected the attenuation of peripheral biological clock oscillations
caused by LL [34] and alleviated the development of metabolic disease in a biological clock
defect/metabolic disorder model in mammals [30,31], the relationship between the central
and peripheral biological clocks in fish is more complex, and there does not seem to be a
strict hierarchy between the central and peripheral biological clocks [83], which may be one
of the reasons why TRF failed to alter the lipid deposition in the present study.

Though TRF did not alter the lipid deposition caused by LL, the resting period feeding
still had a significantly different effect on the fish. The whole-body and the liver lipids
were significantly higher in the D group than in the R and L groups in the LD photope-
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riod. In the wild, food is not continuously available, and fish exhibit different feeding
rhythms to balance food availability and the occurrence of predators [84]. Fish metabolism
is regulated by central and peripheral biological clocks (synchronized by light and food, re-
spectively) [85]. Rainbow trout are diurnal feeders [86–88], and midnight feeding decouples
the synchronization of the central and peripheral biological clocks, disrupts the metabolic
process, and leads to lipid deposition and obesity [89]. Interestingly, it is noteworthy that
the midnight feeding did not have the same effect in LL. This result suggests that the
light–dark cycle may be a prerequisite for resting period feeding to induce lipid deposition,
or that strict active and resting periods may not exist when light zeitgeber is absent. In the
present study, compared with the L group, the D group had a higher expression of the fas,
srebp-1c, and cd36/fat genes and a lower expression of the pparα, pparβ, and cpt-1a genes.
These results suggest that lipid accumulation in the D group may be attributable to the
upregulation of lipid synthesis and uptake. On the other hand, the upregulation of lipid
oxidative catabolism in the L group may be associated with higher energy requirements
for more frequent activity. The enhanced locomotor activity by TRF has also been widely
reported in fishes [90,91]. In addition, higher muscle glycogen was observed in the L group.
Rainbow trout muscles have been shown to have the ability to synthesize glycogen in
situ [92], so high muscle glycogen may be an adaptation to the high energy demand of
frequent locomotion in the L group. Muscle glycogen is not directly catabolized for energy
but needs to be catabolized into LA and transported through the blood circulation to the
liver for metabolism. A high serum LA level was detected in the L group.

Furthermore, this study also analyzed the fatty acid composition in the liver, serum,
and muscle of juvenile rainbow trout. As the central organ of lipid metabolism, the liver
reflects the metabolic process of fatty acid synthesis and decomposition. Fatty acids are
the favored source of metabolic energy in fish [93]. Tocher (2003) [94] concluded that
the priority of fatty acid oxidation for energy supply in most fish was SFA > MUFA >
PUFA > LC-PUFA. In this study, the liver’s SFA (mainly C16:0) proportion was lower in
the LL group than in the LD group, indicating an enhanced energy metabolism due to
ALAN [95], as C16:0 is preferentially used for energy consumption when subjected to
LL stress [96,97]. Furthermore, interestingly, the MUFA proportion in the LL group was
higher than that in the LD group, but the PUFA and LC-PUFA proportions did not differ
between the two photoperiods, suggesting that the excess MUFA in the LL group did not
further synthesize PUFA and LC-PUFA. MUFA can be further synthesized into PUFA and
LC-PUFA by elongase and desaturase [93]. The relative expression levels of the Δ6-fad,
Δ9-fad, elovl2, and elovl5 genes in the LL group were lower than those in the LD group.
These results imply that LL may hinder the synthesis of PUFA and LC-PUFA by inhibiting
the expression of elongase and desaturase genes. In Atlantic salmon, Nemova (2021) [54]
found that LL increased the LC-PUFA (EPA and DHA) levels and 16:0/18:1n9 ratio, which
was considered as preparation for smoltification. However, this phenomenon was not
observed in the present study, probably because rainbow trout are landlocked salmonids.

Regarding the feeding regime, the TRF groups had higher MUFA and lower PUFA
and LC-PUFA (especially in the D group) compared with the R group. The gene expression
analysis of the PUFA-related synthases showed that the expression levels of the Δ6-fad and
Δ9-fad genes in the TRF groups were higher than in the R group. In contrast, the feeding
regime did not affect the relative expression of the elovl2 and elovl5 genes, implying that the
expression patterns of the desaturase and elongase genes were different in rainbow trout.
Furthermore, an interaction between the feeding regime and photoperiod on the fatty acid
profile of rainbow trout liver was observed. Under the LD photoperiod, the proportion of
PUFA was significantly lower in the D group than in the R and L groups. However, there
was no statistical difference in the proportion of PUFA under the LL, and the proportion
of PUFA in the D-LD group was also significantly lower than that in the D-LL group.
First, compared with the L group, the expression levels of the Δ6-fad, Δ9-fad, elovl2, and
elovl5 genes were lower in the D group, indicating that mismatched feeding may inhibit
the synthesis of PUFA in rainbow trout. Similarly, mismatched feeding resulted in the
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downregulation of the expression of the PUFA synthesis gene (elovl6) in darkbarbel catfish
(Pelteobagrus vachellii) [98]. In addition, the cd36/fat gene expression was significantly
higher in the D-LL group than in the D-LD group, indicating that LL promoted fatty acid
uptake in the D-LL group. These phenomena eventually led to a significantly lower PUFA
proportion observed only in the D-LD group. The results of liver fatty acid PCA analysis
also clearly distinguished the D-LD group from the other groups.

The fatty acid profile in serum reflects the transport of fatty acids, and unsurprisingly,
feeding regime caused extensive changes, with little contribution from the photoperiod.
Briefly, the TRF groups had lower SFA and relatively higher MUFA, PUFA, and LC-PUFA
than the R group. Additionally, a higher expression of the fatp1 gene was detected in
the TRF group. Compared with SFA, PUFA and LC-PUFA play a more important role in
fish [93]. The present study results suggest that TRF facilitated the absorption and transport
of these critical fatty acids and that FAA induced by TRF may play an important role in
this process. In contrast to the serum, the fatty acid composition in muscle was mainly
affected by the photoperiod and was almost independent of the feeding regime. Compared
to the LD group, the LL group had a higher SFA, MUFA, and lower PUFA. A previous
study suggested that highly unsaturated fatty acids (HUFA) (mainly EPA and DHA) have
anti-stress effects in fish [99]. In the present study, LL exposure may have caused stress
in rainbow trout [97], leading to a decrease in the proportion of HUFA in muscle. On
the other hand, it was found that rainbow trout [100] and Mesopotamian catfish (Silurus
triostegus) [101] had a higher MUFA and lower PUFA in summer (long daylight) than
in winter (short daylight). Xie et al. (2013) [99] suggested that seasons affect fatty acids
mainly related to changes in the photoperiod and temperature. The differential effects of
photoperiod and feeding regime on the fatty acid profiles of different tissues reflect the
functional variability between tissues. It has also been shown that the target tissues of light
and food (as zeitgeber) are different in fish [90]. Further studies are needed to elucidate the
molecular mechanisms underlying the differential effects of light and food on the fatty acid
profiles of different tissues.

5. Conclusions

The present study investigated (1) the effects of ALAN on the body composition and
lipid metabolism of juvenile rainbow trout (Oncorhynchus mykiss) through a LL environment
and (2) whether the negative effects could be alleviated through TRF. The results showed
that ALAN strongly impacted the lipid metabolism in juvenile rainbow trout, increased
lipid synthesis, and decreased lipid oxidative catabolism, leading to lipid accumulation
and a significant decrease in LC-PUFA proportion in the muscle. Unexpectedly, TRF could
not alleviate rainbow trout lipid deposition caused by ALAN. Even subjective nocturnal
feeding (D-LL) tended to exacerbate lipid deposition. Unlike the strict subordination in
mammals, the independent relationship between the central and peripheral biological
clocks in fish could be an important reason as to why TRF does not work. Further studies
are needed to elucidate the mechanism behind this.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/metabo12100904/s1, Figure S1: Schematic diagram of the culture tank,
the left side is the side view, and the right side is the top view with the top cover removed (1. Feeding
port, 2. LED full-spectrum light, 3. Shading cloth, 4. Top cover, 5. Water outlet, 6. water outlet pipe, 7.
water inlet pipe, 8. water inlet, 9. blue tank wall, 10. beam for fixing LED full spectrum light); Figure S2:
Correlation between latent and observed variables. Numbers on arrows are loading values (The loading
value < 0.7 are excluded). fatp-1: Fatty acid transport protein 1, cpt-1a: Carnitine palmitoyl transferase 1a,
pparβ: Peroxisome proliferators-activated receptor β, pparα: Peroxisome proliferators-activated receptor
α, pparγ: Peroxisome proliferators-activated receptor γ, elovl2: Elongation of very long-chain fatty
acid protein 2, Δ9-fad: Δ9-fatty acid desaturase, Δ6-fad: Δ6-fatty acid desaturase, TP: Total protein, L-
DLC: Low-density lipoprotein cholesterol, H-DLC: High-density lipoprotein cholesterol, T-CHO: Total
cholesterol, TG: Triglyceride, Glu: Glucose, M-LCPUFA: Dorsal muscle long-chain polyunsaturated fatty
acid, M-PUFA: Dorsal muscle polyunsaturated fatty acid, M-MUFA: Dorsal muscle monounsaturated
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fatty acid, M-Lipid: Dorsal muscle lipid, M-Moisture: Dorsal muscle moisture, L-Lipid, Liver lipid.
Table S1: The main nutrients of the commercial diet used in this experiment; Table S2: The specific
primers used for real-time PCR in this study; Table S3: Proximate composition of juvenile Oncorhynchus
mykiss under different experimental treatment; Table S4: Liver fatty acids composition of juvenile
Oncorhynchus mykiss under different experimental treatment; Table S5: Serum fatty acids composition
of juvenile Oncorhynchus mykiss under different experimental treatment; Table S6: Dorsal muscle
fatty acids composition of juvenile Oncorhynchus mykiss under different experimental treatment;
Table S7: Gene expression of juvenile Oncorhynchus mykiss under different experimental treatment.
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