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1 | INTRODUCTION

Fish mealis avital source of essential amino acids, essential fatty acids
and energy in aquaculture diets (Miles & Chapman 2015). However,
steadily rising costs in fish meal have become the main limiting fac-
tor in aquaculture expansion hence fish meal is being replaced with
cheaper plant proteins (Bian et al., 2017). Cottonseed meal (CSM) is
much cheaper per unit of protein than fish meal (FM) and other FM
alternative protein sources due to global mass production of cotton
and cottonseed by products (Anderson et al., 2016; Hu et al., 2007).
CSM is a high-quality plant protein source for aquaculture fish diets.
However, free gossypol (FG) within CSM has anti-nutritional and
anti-fertility effects on warm-blooded animals and fish (Anderson
et al., 2016; Romano & Scheffler, 2008). On one hand, FG can bind
with the amino group of lysine (Lys), reducing the utilization rate of
lysine and emphasizing the characteristics of lysine as the first limit-
ing amino acid of CSM (Wilson, Robinson, & Poe, 2018), while on the
other hand, FG affects the growth of aquatic animals (Bu et al., 2017;
Cai et al., 2011; Gui, Liu, Shao, & Xu, 2010; Wang et al., 2014; Zhou,
Habte-Tsion, et al., 2017). Due to the use of low-temperature pri-
mary leaching and two solvent step-by-step extraction processes in
the processing process, low-gossypol cottonseed meal (LCSM) has
dramatically reduced the denaturation of the protein and removed
the gossypol, qualitatively improving nutrient level (Liu, Fang, Zhu,
& Wang, 2000). The FG content of LCSM is < 0.06 g/kg (HPLC), the
crude protein content is above 500.0 g/kg, and the ratio of total
amino acid in the crude protein is 95% (He, 2016). The concentra-
tion of CSM added to animal and fish diets is increased by reducing
or eliminating gossypol (Alam et al., 2018; He, 2016; Li et al., 2008).
LCSM can replace some plant and animal protein sources such as
soybean meal and fish meal, is widely used in livestock (Lindsey,
Hawkins, & Guthrie, 1980), poultry (He et al., 2015) and aquatic diet
(Anderson et al., 2016), is a potential substitute for FM in the fish
diet (Yin et al., 2018). The silver sillago Sillago sihama Forsskal (1775)
(S. sihama) is mainly distributed in the shallow seas of India-West
Pacific and coastal areas of China (Guo et al., 2014). As an import-
ant economic fish in coastal areas of China, the excellent meat qual-
ity and extremely high economic nutritional value of S. sihama are
well accepted by people and play a vital role in fishing activities in
coastal waters of China. (Zhou, Huang, Du, & Huang, 2017). In recent
years, due to overfishing, the natural resources of S. sihama have
been decreased and the market prices have been rising (Dian, Xin,
& Lu, 2010). To meet market demand, Guangdong Ocean University
has successfully cultivated the first batch of artificially breeding S. si-
hama. Current research on S. sihama mainly focuses on morphology
(Cao, Jain, Huang, & Du, 2010; Wan, 1996), reproductive biology
and artificial breeding (Lee, 1981), genetics (Guo et al., 2014), tissue
physiology (Cao et al., 2010) and ecology (Lee, Hu, & Hirano, 1981;
Zhen, Xiao, & Jian, 2008).

To our knowledge, there are few studies on nutritional require-
ments in the S. sihama. There was currently only one report on the
requirement of vitamin A in S. sihama (Huang et al., 2018). In addi-

tion, the lack of exclusive forage production is due to the paucity

of nutritional physiology research, leading to the use of shrimps or
marine fish diets to cultivate the species. To expand the cultivation
of S. sihama, further research on feed production is needed hence in
this study, growth performance, digestive enzyme activity, intestine
histology and inflammatory genes expression were investigated in
S. sihama. Fish were fed with isonitrogenous and isolipidic diet, were
studied in this experiment, to compare and evaluate the nutritional
and intestinal health value of LCSM, to provide a theoretical basis for
the scientific application of LCSM in feed production.

2 | MATERIAL AND METHODS
2.1 | Experimental design and Diets preparation

LCSM (free gossypol content is 0.0079 g/kg, tested by SGS, China)
in this study was supplied by Hunan Xinrui Biological Technology
Co., Ltd. (Changsha, China; 649.0 g/kg crude protein on dry matter
basis). The FM was supplied by China National Township Enterprises
Corporation (Beijing, China; 680.0 g/kg crude protein and 79.0 g/
kg total lipid on a dry matter basis). Five isonitrogenous (approxi-
mately 500 g/kg crude protein) diets with isolipidic (90 g/kg total
lipid) were formulated to replace O g/kg (control), 88.5 g/kg (16%),
177.0 g/kg (32%), 265.5 g/kg (48%) and 354.0 g/kg (64%) of fish
meal by a corresponding amount of LCSM to form the experimen-
tal diets (RO (control group), R16, R32, R48 and Ré4, respectively).
Methionine and lysine were added to experimental diets to compen-
sate for the imbalance. All raw materials were crushed and passed
60 mesh screens. Feedstuffs were weighed accurately according
to the formula and thoroughly mixed in a Hobart-type mixer. After
the addition of oils, choline chloride and water, the compound were
made in pellets (1.5 mm) through the F-26 double-screw extruder
(South China University of Technology, Guangzhou). The diets were
air-dried and sealed in plastic Ziploc bags and stored in -20 °C refrig-
erator moisture content of approximately 100 g/kg.

The proximate composition of the experimental diets contained
an average of 496.4 g/kg and 93.0 g/kg of crude protein and lipid,
respectively, without any significant difference. The proximate com-
position of the test diets and essential amino acid (EAA) content was

shown in Table 1 and Table 2, respectively.

2.2 | Experimental animals and
breeding management

Juvenile Sillago sihama was obtained from Guangdong Ocean
University (Zhanjiang, China). Before the trial, the juvenile fish were
temporarily cultured in the cement pond of 4.5 m (L) x 3.45 m (W) x
1.8 m (H) and fed commercial diets (Zhanjiang Aohua Feed Co., Ltd).
The environment and breeding management of acclimation period
were similar to those of formal experiment. A total of 450 healthy
juvenile S. sihama (initial body weight 5.8 + 0.58 g) were randomly

distributed into 15 fibreglass tanks (Im°). Each diet was randomly
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TABLE 1 Ingredient composition and
nutrient content of experimental diets (g/

Experimental diets

kg air-dried basis) Ingredients (g/kg) RO R16 R32 R48 R64
White fish meal 550.00 461.50 373.00 284.50 196.00
Low-gossypol cottonseed 0.00 88.50 177.00 265.50 354.00
meal
Soybean protein 50.00 50.00 50.00 50.00 50.00
concentrated
Vital wheat gluten 70.00 70.00 70.00 70.00 70.00
High protein flour 189.50 189.50 189.50 189.50 189.50
Fish oil® 21.90 27.60 33.30 39.10 44.80
Phospholipid 30.00 30.00 30.00 30.00 30.00
Mineral mixture® 5.00 5.00 5.00 5.00 5.00
Vitamin mixture® 2.00 2.00 2.00 2.00 2.00
Ca(H,PO,), 15.00 15.00 15.00 15.00 15.00
Antioxidant 0.30 0.30 0.30 0.30 0.30
Choline chloride 5.00 5.00 5.00 5.00 5.00
Microcrystalline cellulose 50.30 41.20 32.10 23.00 13.90
Methionine® 0.00 2.30 4.60 6.90 9.20
Lysine® 0.00 1.10 2.20 3.30 4.30
Carboxymethyl cellulose 10.00 10.00 10.00 10.00 10.00
sodium
Attractant® 1.00 1.00 1.00 1.00 1.00
Proximate composition’
Moisture 116.30 119.10 120.20 118.90 122.90
Crude protein 495.60 495.30 492.90 499.40 499.20
Crude lipid 89.70 92.50 94.70 96.10 92.30
Ash 147.90 135.00 120.10 108.30 94.60
Free gossypol content 0.00 6.99 13.98 20.97 27.96

(mg/kg)

2Semirefined fish oil, Oleaginosa Victoria S.A., Peru.

PMineral mixture (g/kg mixture): CaCO, 350 g; NaH,PO,.H,0 200 g; KH,PO, 200 g; NaCl 12 g;
MgS0O,.7H,0 10 g; FeSO,.7H,0 2 g; MnSO,.7H,0 2 g; AICl,.6H,0 1 g; CuCl,.2H,0 1 g; KF

1g; Na,M00,.2H,0 0.5 g; Na,SeO, 0.4 g; CoCl,.6H,0 0.1 g; KI 0.1 g; zeolite powder 219.9 g
(Obtained from Zhanjiang Yuehai Feed Co. Ltd., Guangdong, China).

“Vitamin mixture (g/kg mixture): vitamin B,, 25.50 g; vitamin B,, 25.00 g; vitamin B, 50.00 g;
vitamin B, ,, 0.10 g; vitamin K;, 5.00 g; vitamin E, 99.00 g; Vitamin A, 10.00 g; vitamin D, 50.00 g;
nicotinic acid, 101.00 g; D-calcium pantothenate, 61.00 g; biotin, 2.50g; folic acid, 6.25 g; inositol,
102.04 g; cellulose,411.59 g (Obtained from Zhanjiang Yuehai Feed Co. Ltd., Guangdong, China)..
dMethionine and lysine were added to balance amino acid with control group.

€Attractant composition: taurine: glycine: betaine = 1:3:3; they are obtained from Hangzhou King
Techina Technology (Hangzhou, China).

fMoisture, crude protein, crude lipid and ash contents were measured value, (g/kg of dry matter).

assigned to three groups of 30 fish. The experiment was carried out
in the indoor marine culture system of Marine Biology Research
Base of Guangdong Ocean University. The trial lasted 56 days, ad-
justing the salinity of seawater to 6-8 in the breeding cycle (Zhou,
Habte-Tsion, et al., 2017). Before changing the water, the seawater
was disinfected with chlorine dioxide and aerated for 24 hr. The daily
water temperature was 28.4-31.5°C; the pH was 7.5-8.0. Dissolved
oxygen content > 6 mg/L, ammonia nitrogen and nitrite concentra-
tion < 0. 5 mg/L. Fish fed twice a day (08:00-09:00, 16:30-17:30)

and fed to apparent saturation (At the beginning of feeding, the
S.sihama was eating diet on the surface of the water, and then the in-
tensity of the eating was reduced. Finally, when the fish sank into the
bottom of the water and no longer came to eat, it was regarded as
apparent saturation). Procedures involving animals were conducted
in conformity with NIH guidelines and were approved by the Animal
Care and Use Committee of the Guangdong Ocean University. (NIH
Pub. No0.85-23, revised 1996) and were approved by Animal Care

and Use Committee of the Guangdong Ocean University.
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TABLE 2 Amino acid compositions of diets (g/kg dry matter)
replacing fish meal by low-gossypol cottonseed meal (LCSM)

Experimental diets

Amino acid (g/kg) RO R16 R32 R48 R64

NEAAP
Ala 2556 2402 2248 2091 19.40
Asp 40.65 3992 3920 3841 3775
Tyr 1690 1631 1573 1512 14.56
Ser 2126 2077 2027 1975 19.28
Glu 82.09  84.87 8765 90.32 93.21
Gly 29.29 2740 2550 2357 2171
Cys 5.60 602 645 6.86 7.30
Pro 2616 2544 2473 2398 23.29

EAA2P 0.00
Val 21.88  21.31 2074 2015 19.61
Met 12.25 1344 1463 1581 17.02
lle 19.58 18.74 1791 1706 16.25
Leu 33.61 3228 3095 2958 28.30
Thr 19.05 1812 1719 16.24 1533
Phe 19.63  20.26 20.89 2149 2215
His 9.90 10.19 1048 10.76 11.07
Lys 31.30  30.10 2890 27.66 26.39
Arg 28.89 3147 3406 36.58 39.23
Trp 18.50 2640 1070 30.80 23.00

FEAA: essential amino acid.
PNEAA: nonessential amino acid.

2.3 | Sample collection and analysis

At the end of the trial, 24 hr after the last feeding, fish in each tank
were counted and weighed to determine survival rate (SR), weight
gain rate (WGR), specific growth rate (SGR) and feed conversion
ratio (FCR). After the final weighing, the intestine was removed from
sixteen randomly sampled fish from each fibreglass tanks and stored
at —-80°C. Three fish were randomly removed from each replication
tank, liver and viscera were dissected and weighed, respectively, to
obtain hepatosomatic index (HSI) and viscerasomatic index (VSI).
Five fishes were randomly selected and stored in the refrigerator at
-20°C for whole-body composition analysis.

Diet and body proximate analysis of dry matter (dried at
105°C), crude protein (by Kjeldahl apparatus, nitrogen x 6.25),
crude lipid (extraction with petroleum ether by Soxhlet appa-
ratus), and ash contents (incineration at 550°C) in raw material,
experimental diets, and whole body were determined according
to the established methods of Association of Official Analytical
Chemists (AOAC, 1995).

The raw materials and dietary amino acid profile were measured
by an automatic amino acid analyser 433D (SYKAM) after acid hy-
drolysis in 6 M HCI for 24 hr at 110°C. (Tryptophan in diet was alka-
line hydrolysed in 4 M LiOH for 24 hr at 110°C.)

The whole intestinal digestive enzyme (amylase (AMS), lipase
(LPS), and trypsin (TRP)) were determined by enzyme-linked immu-
nosorbent assay (ELISA) kit (Shanghai Enzyme-linked Biotechnology
Co., Ltd). The whole intestine was first weighed (about 1 g), thawed
and homogenized in a 9-volume frozen buffer (10 ml PBS, pH 7.4),
then centrifuged at 4°C for 20 min (2000-3000 rpm), and the su-
pernatants were carefully collected where aliquots of samples were
used in the testing process. The final tissue concentration (U/g prot
and U/mg prot) was obtained by dividing the result by total protein

(TP) in the intestine tissue.

2.4 | Calculation formula

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

Specific growth rate (SGR,%)

=100x [In final body weight (g) - In initial body weight (g)] /days.
Feed conversion ratio (FCR) =feed intake (g) /total weight gain (g).
Protein efficiency ratio (PER) =fish weight gain (g) / fish protein intake (g).
Survival rate (SR,%) =100 xfinal fish number/initial fish number.
Condition factor (CF,%) =100x body weight (g) /body length (cm)®.
Hepatosomatic indices (HSI,%) =100x liver wet weight (g) /final body weight (g).

Viscerosomatic index (VSI,%) =100 x viscera wet weight (g) /final body weight (g).

Daily feed intake (DFI, g/ﬁsh/day) =100 x feed offered/average total weight/days.

2.5 | Real-time quantitative RT-PCR analysis of
gene expression

Total RNAwas extracted from the wholeintestine of juvenile S. sihama
using General RNA Extraction Kit (R1051) (Dongsheng Biotech) ac-
cording to the manufacturer's instructions. The RNA samples were
treated by RQ1 RNase-Free DNase prior to RT-PCR (Takara) analy-
sis. cDNA was generated from 1,000 ng DNase-treated RNA using
ExScriptTMRT-PCR kit (Takara). Real-time PCR assays were carried
out in a quantitative thermal cycler (Bio-Rad CFX96; Bio-Rad Labs) in
a 10 pl reaction volume containing 5 pl SYBR@ Green Real-time PCR
Master Mix (Bio- Rad Labs), 1 ul of cDNA, 0.8 uM of each primer and
3.2 pl of sterilized double-distilled water. Each sample in the reac-
tion was performed with triplicate. With data acquisition every 6 s,
the thermal programmer included 30 s at 95°C, 40 cycles at 95°C
for 55, 60°C for 34 s, and a melt curve step from 60°C gradually in-
creasing 0.5°C/s to 95°C. According to the results of our preliminary

experiment concerning the evaluation of internal control genes, 60S


83982
高亮


LIU ET AL.

Aquaculture Nutrition

ribosomal protein L38 was used as a reference gene to normalize
cDNA loading. The gene expression results were analysed using the
2725CT method according to An et al. (2020). Normalized gene ex-
pression for the control diet group (RO) was set at 1. All primers were
designed using PrimerQuest Tool (Integrated DNA Technologies).

The primer sequences are listed in Table 3.

2.6 | Histology of mid-intestine

Histological analyses were performed according to the method de-
scribed in previous studies (Chen et al., 2012). Mid-intestine sam-
ples were fixed for 24 hr in Bouin's solution and then stored in 70%
ethanol. After dehydration in graded concentrations of ethanol, the
samples were embedded in paraffin wax. Sagittal sections of 5-7 um
thickness were stained with hematoxylin-eosin (H&E) and then pre-
pared for observation under a Nikon ECLIPSE 80i microscope (Nikon
Corporation, Kanagawa, Japan). Villus height (VH), villus width (VW),
and intestinal epithelial muscle thickness (MT) were measured using
the software Image-Pro Plus 6.3 (Media Cybernetics, Inc.). The villi
used for measurements were identified by viewing those without
ruined edges in their entirety from the tip to the submucosa. The
VW was measured at the midpoint of each villus. Intestinal MT was
measured from the inner edge of the muscularis mucosae to the
outer edge of the serosa. We examined ten random microscope
fields for each sample; results from the individual observations were
then combined for the overall results (Amoah et al., 2019). As many
villi as possible were measured, with up to 10 villi per slide but no
fewer than five. If more than 10 could be measured, the villi which
were the most evenly spaced within the intestine sample were cho-
sen. Slides with fewer than five suitable villi per slide were excluded.

TABLE 3 Primers used in this study

Name Primer type Sequence
60s Sense GACAGCCAGGAGGAAGGATG
Anti-sense TGTCTGTGATGACCAGGGTG
TGF-p3 Sense TTCAGGTTCTGGCCCTTTAC
Anti-sense TACTCAGTCTCCGTGTTATCCT
NF-xB Sense GGGATGGTTCAGGTTCTACTG
Anti-sense CTGAGAGAGGACAGCTGATTG
IL-1B Sense GACAGCGACATGGTGAGATT
Anti-sense CCCTTGCTGTGCTGATGTA
TNF-a Sense CTGGTCCACCACATATGGAAA
Anti-sense ACCAGCTACCCTCATCATCTA
IL-10 Sense GCAGATCTTCGACCAGATCAA
Anti-sense GTACGTGGAGTTCAGGGTATTT
Z0-1 Sense GCACAGTCACAGAGAACCTATC
Anti-sense TCATCTCTCTGTACCACCATCT

2.7 | Statistical analysis

One-way ANOVA and correlation statistical analyses were per-
formed using Microsoft Excel and IBM SPSS Statistics 16 (IBM
Corp.). Data were checked for homogeneity of variances by the
Levene test and, where necessary, transformed via arcsine function.
When significant differences between groups were identified, multi-
ple comparisons among means were made using the Tukey HSD test.
Differences were considered significant at the level of p < .05. All

data were presented as means + SD (standard deviation).

3 | RESULT
3.1 | Growth performance

As showed in Table 4, final body weight (FBW), WGR, CF and SGR
of fish were significantly affected by the LCSM level in the experi-
mental diet (p < .05). The FBW, WGR, SGR, CF, HSI and DFI were
the highest in the R16 group. The reverse was observed in the FCR.
However, no significant difference of FCR, VSI, HSI, PER and SR

were found between RO group and other groups (p > .05).

3.2 | Whole-body proximate composition

The results of the whole-body proximate composition are shown in
Table 5. By replacing FM with LCSM, whole-body crude lipid and
ash were not significantly affected (p > .05), while whole-body crude
protein decreased significantly (p < .05) and whole-body moisture
increased significantly (p < .05).

Genbank no. Function Amplicon
ACN10033.1 Housekeeping gene 219
XP_010767476.1 Inflammation-related 100
genes’
XP_027136364.1 119
AQR55700.1 97
AAZ20770.1 119
AIC33826.1 97
XM_022767781.1 Tight junction protein 91
Z0-1

Note: 60S: 60S ribosomal protein L38; C1RA: complement component 1r; C3: complement component 3; C4: complement component 4; C5:
complement component 5; CFH: complement factor H; CFB: complement factor B; MASP1: MBL-associated serine protease 1; TGF-p3: transforming
growth factor beta-3; NF-xB: nuclear factor kappa-light-chain-enhancer of activated B cells; IL-1p: interleukin one beta; TNF-a: tumour necrosis
factor-a; IL-10: interleukin 10; TOR: target of rapamycin; IGF-I: insulin-like growth factor I; ZO-1: tight junction protein ZO-1.
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TABLE 4 Effects of fish meal replacement by low-gossypol cottonseed meal on growth performance of juvenile S. sihama

Items (%) RO R16

IBW (g) 5.84 +0.01 5.83+0.01
FBW (g) 16.99 +0.59° 17.2 +0.53°
WGR (%) 190.59 + 19.88"¢ 195.01 + 9.72%¢
SGR (%/day) 2.18 + 0.07°¢ 2.21+0.07°
PER 1.88 +0.08 1.92+0.05
FCR 1.07 +0.05 1.05 + 0.03
SR (%) 97.78 + 3.85 100.00 + 0.00
CF (%) 1.03 + 0.01% 1.07 + 0.04°
HSI (%) 0.93+0.22 1.07 £ 0.06
VS (%) 7.18 £0.32 6.70 £ 0.40
DFI 2.24 +0.07% 2.30 £0.02°

R32 R48 R64
5.82+0.02 5.82+0.02 5.83+0.02
15.85 + 0.74%° 15.23 +0.18° 15.23 + 0.84°
171.48 + 12.15%¢ 165.62 + 7.25% 161.14 + 14.25
2.04 +0.09° 1.99 + 0.06 1.96 +0.11°
1.85+0.08 1.77 £0.08 1.78 +0.12
1.09 + 0.07 1.13+0.05 1.13+0.07
98.89 + 1.92 98.89 + 1.92 100.00 + 0.00
1.00 +0.01%° 1.02 + 0.02% 0.99 +0.012
0.89 +0.04 0.9+0.13 0.95 +0.06
6.52 +0.34 6.76 +0.11 6.37 +0.50
2.21 +0.04% 2.21 £ 0.04% 2.15 +0.04°

Note: Means + SD (n = 3) in the same line not sharing a common superscript letter were significantly different (p < .05).

3.3 | Intestinal digestive enzymes activity

As shown in Table 6, the AMS activity was significantly higher in the
R48 and R64 groups than the RO group (p < .05). TRP activity of the
R32 and Ré4 groups was significantly lower than that of the control
group (p < .05). However, there was no significant difference in LPS

activity among groups.

3.4 | Histological observation of mid-intestine

Figure 1 shows the photomicrographs of mid-intestinal tract cross-
sectioning of S. sihama stained with hematoxylin-eosin under light
microscopy. In the high substitution group (Figure 1d,e)—as com-
pared with the control group (Figure 1a)—the villi were shortened, the
goblet cells reduced, the lamina propria thickened, the sub-epithelial
mucosa widened, and the microvilli damaged. Correspondingly, the
villus height/villus width (Figure 2) and the thickness of the intestinal
tunica muscularis (Figure 3) tended to decrease significantly (p < .05)

in the high substitution group as compared to the control group.

3.5 | The expression levels of inflammation-related
genes in the intestine

As observed in Figure 4, by replacing FM with LCSM, the expres-
sion levels of nuclear factor kappa-light-chain-enhancer of activated

B cells (NF-xB), interleukin one beta (IL-1p) and tumour necrosis
factor-a (TNF-a) in the intestine increased significantly (p < .05),
while the expression levels of tight junction proteins ZO-1 (ZO-1),
transforming growth factor beta-3 (TGF-p3) and interleukin 10 (IL-
10) showed a significant downward trend (p < .05).

4 | DISCUSSION

Cottonseed meal is a favourite protein feed ingredient used in diets
of many fish species in China, including grass carp (Ctenopharyngodon
idellus) (H. Liu et al., 2016), crucian carp (Carassius auratus gibelio)
(Gui et al., 2010), black sea bass (Centropristis striata)(Anderson
et al., 2016), blunt snout bream (Megalobrama amblycephala) (Zhou,
Habte-Tsion, et al., 2017). Different processing methods, raw ma-
terial sources of cottonseed protein and fish varieties affect the
amount and effect of cottonseed protein in fish diet. Cottonseed
protein products were mainly used in aquaculture diet as follows:
1) cottonseed meal (CSM) (Bian et al., 2017; Bu et al., 2017; Cook,
Zhou, Rhodes, & Davis, 2016; Hu et al., 2015; Liu et al., 2016; Zhou,
Habte-Tsion, et al., 2017); 2) fermented cottonseed meal (FCM) (Sun
etal.,2015,2016); 3) transgenic cottonseed protein with low gossypol
(TCM) (Alam et al., 2018); 4) the low-gossypol cottonseed meal which
prepared by solvent extraction or under negative pressure and low
temperature (LCSM) (A. D. Anderson et al., 2016; Yin et al., 2018); 5)
mixed with other plant protein sources to form mixed plant protein
sources (MPS) (Jiang, Chen, & Qin, 2018; Song et al., 2014). In this

TABLE 5 Effects of fish meal

Treatments Moisture Crude lipid Crude protein Ash
replacement by low-gossypol cottonseed
RO 713.2+5.7° 577 £5.0 168.7 + 3.4° 39.0+2.1 meal on whole-body proximate
R16 7147 £ 9.8% 58.2+5.6 168.1+ 1.6 38.0+0.9 composition of juvenile S. sihama (g/kg
b b wet matter)
R32 7179 £ 6.9 56.1+3.5 166.9 +2.9 38.0+1.8
R48 721.7 £ 3.4 55.0+3.7 166.2 + 1.7 38.0+1.6
R64 725.8 + 6.0° 56.7+4.1 160.4 +2.3% 37.5+0.6

Note: Means + SD (n = 3) in the same column not sharing a common superscript letter were

significantly different (p < .05).
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TABLE 6 Effects of fish meal

replacement by low-gossypol cottonseed Ussatments
meal on intestinal digestive enzymes RO
activity of juvenile S. sihama R16

R32

R48

R64
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AMS (U/g prot) LPS(U/g prot) TRP (U/mg prot)
28.39 + 3.52° 72.79 +0.61 238.70 + 15.33¢
30.38 + 6.50%° 71.75 + 3.65 219.47 + 9.52°¢
38.46 + 8.44%¢ 75.67 9.66 190.24 + 13.49%°
41.11 +9.88" 75.82 +7.28 206.50 + 14.35%
43.43 + 3.24° 70.21 +2.21 175.55 + 10.55°

Note: Means + SD (n = 3) in the same column not sharing a common superscript letter were
significantly different (p < .05).

Abbreviations: AMS, amylase; LPS, lipase; TRP, trypsin.

FIGURE 1 Photomicrographs of intestinal tract cross-cutting of S. sihama stained with hematoxylin-eosin under light microscopy.
Abbreviation: villi (VI), tunica muscularis (TM), villus height (VH), villus width (VW), sub-epithelial mucosa (SM), goblet cell (GC), lamina
propria (LP) and microvilli(MV). RO(a) and R16(b): Control group and R16 shows the normal intestinal tract (100x). R32(c): villus and tunica
muscularis thickness begin to decrease, and the lamina propria widens (100x). R48(d) and Ré4(e): A substantial aggravation of the condition
was observed which included a shortening of the villus, fewer goblet cells, a thickened lamina propria and widening of the sub-epithelial

mucosa as well as impaired microvilli (100x)

experiment, we used LCSM to replace FM. After an 8-week feeding
trial, results showed that final body weight, WGR and SGR of juvenile
S. sihama were similar in the RO and R16 groups, and this was signifi-
cantly higher than values in the R48 and R64 groups. However, there
were no significant differences in PER and FCR among the groups.
Juvenile S. sihama could, therefore, use the diet containing 88.5 g/kg
LCSM and 461.50 g/kg FM without causing significant adverse ef-
fects on growth performance and feed utilization of the fish. In this
study, although PER and FCR were not significantly affected by the

level of LCSM substitution for fish meal, both PER and SGR showed
a rising trend with the level of substitution, while FCR showed the
opposite trend with PER. The possible reason was that this experi-
ment was to reduce the adverse effects of LCSM substitution for
fishmeal by balancing lysine and methionine in the diet. Similar find-
ings were recently reported in black sea bass (Anderson et al., 2016)
and southern flounder (Paralichthys lethostigma) (Alam et al., 2018).
In addition, some results might require longer experimental periods,

and the eight-week experimental period had no significant effect on
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FIGURE 2 Effects of fish meal replacement by low-gossypol
cottonseed meal on the villus height/villus width of juvenile
S. sihama

these results. In the present study, DFI decreased with the increased
concentration of free gossypol in diets. Suppression of feed intake
is the main reason causing decrease of growth performance, which
was similar to the findings of blunt snout bream (Zhou, Habte-Tsion,
etal.,2017) and black sea bass (Anderson et al., 2016). SR was found
to have no significant difference among groups and maintained at a
high level. The results showed that S. sihama had certain adaptabil-
ity to LCSM in diet. Similar results had been reported for southern
flounder (Alam et al., 2018), tilapia (Oreochromis sp.) (Mbahinzireki,
Dabrowski, Lee, El-Saidy, & Wisner, 2001), pacific white shrimp
(Litopenaeus vannamei) (Siccardi, Richardson, Dowd, Wedegaertner,
& Samocha, 2016) and hybrid catfish (Ictalurus punctatus x I. furca-
tus) (Li, Robinson, Oberle, Lucas, & Bosworth, 2012) but inconsistent
with the results of hybrid grouper (Yin et al., 2018). This inconsist-
ency might be due to fish species, the experimental environment, or
other factors, proving S. sihama being more tolerant to LSCM sup-
plementation than groupers.

Previous studies showed that different levels of plant protein re-
placing fish meal in the diet might have caused the differencesin body
composition on a wet matter basis (Bian et al., 2017; Gui et al., 2010;
Liu et al., 2016; Pakravan, Akbarzadeh, Sajjadi, Hajimoradloo, &
Noori, 2018). Studies on crucian carp (Gui et al., 2010) found that
the level of cottonseed meal protein hydrolysate in the diet had a
significant effect on whole-body moisture and crude protein con-
tent. In this study, the whole-body crude protein content of fish fed
the RO diet was significantly higher than that of fish fed the R64
diet, and the whole-body moisture also increased with the increase
in the level of substitute fish meal. However, whole-body crude lipid
content was not affected by the LCSM replacement fish meal levels.
Relatively low whole-body crude protein levels in fish fed the high
LCSM might reflect more significant catabolism of protein with less
storage of protein since this diet was less palatable and consumed
at a much lower rate than the other diets. Dietary ash decreased in

diets with increasing LCSM, but no trends in whole-body ash were

seen (Table 1, Table 5). This result is similar to what was reported in
black sea bass fed diets containing up to 100% CSM, which showed
no differences in whole-body ash (A. D. Anderson et al., 2016). Fish
fed the R64 diet showed the highest moisture (72.58%), while the
fish control diet showed the lowest moisture (71.32%) (Table 5).
These differences in moisture content were also likely related to
reduced palatability and consumption of the high LCSM diet with
less storage of protein, resulting in a proportional increase in mois-
ture content as ash levels were unchanged. Experiments using plant
protein to replace fish meal have similar results in hybrid snakehead
(Lin, Ma, Xu, Chen, & Huang, 2018), cobia (Rachycentron canadum)
(Luo et al., 2013), red sea bream (Pagrus major)(Dossou et al., 2018)
and silver crucian carp (Carassius auratus gibelio@xCyprinus carpiod)
(Caietal., 2011).

Digestive enzyme activities demonstrate the potential impact on
feed utilization and growth performance and play a pivotal role in the
digestive process (Zhao et al., 2016). Many studies have shown that
substituting plant protein for FM reduces the activity of intestinal
TRP (Perera & Yufera, 2017; Shi, Luo, et al., 2017; Taher et al., 2017;
Yaghoubi, Mozanzadeh, Marammazi, Safari, & Gisbert, 2016). In
starry flounder (Song et al., 2014), tilapia (Oreochromis niloticus x O.
aureus) (Lin & Luo, 2011), yellowtail kingfish (Seriola lalandi) (Bowyer
etal., 2013), red sea bream (Kader et al., 2012) and crucian carp (Shi,
Chen, et al., 2017), the substitution of fish meal with a plant pro-
tein source showed that the activity of amylase was not affected
by the degree of substitution. In the present study, the TRP activity
of R32 and Ré4 groups was significantly lower than that of the con-
trol groups, while AMS activity in the control group was significantly
lower than that of the treatment group. This result suggests that high
dietary levels of LCSM inhibited intestinal trypsin activity and in-
creased intestinal amylase activity. This might be caused by residual
anti-nutritional factors in LCSM that inhibit or antagonize digestive
enzymes (Li et al., 2014). Similarly, it has been reported that gossy-
pol in diet can inhibit trypsin activity in Chinese Mitten-handed crab
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FIGURE 3 Effects of fish meal replacement by low-gossypol
cottonseed meal on the thickness of intestinal tunica muscularis of
juvenile S. sihama
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FIGURE 4 Effects of dietary replacement level on relative mRNA level of pro-inflammatory cytokines TNF-a, NF-kB and IL-1f in the
intestine as well as anti-inflammatory cytokines TGF-p3 and IL-10. Data represent means of three fish in each group; error bar indicates S. D.
Values had different letters are significantly different (p < .05). TNF-o: tumour necrosis factor-a; TGF-$3: transforming growth factor beta-3;
IL-1pB: interleukin one beta; NF-xB: nuclear factor kappa-light-chain-enhancer of activated B cells; IL-10: interleukin 10; ZO-1: tight junction

proteins ZO-1

(Eriocheir sinehsis) (Lu, 2007). In addition, many studies have shown
that a diet rich in plant protein reduces trypsin activity in carnivorous
fish (Li et al., 2014; Lin et al., 2018; Santigosa et al., 2008; Yaghoubi
et al., 2016). S. sihama is a small carnivorous fish, and,in this study,
excessively high plant protein in the diet inhibited trypsin activity.
The increase in intestinal amylase activity seen in this study may also
be the result of the shelling process of LCSM during processing, the
shallow content of crude fibre, and the relatively high level of sugar
and starch in carbohydrates (Guo, Li, Tang, & Liu, 2006).

At present, there are many reports on the effects of replacing
fish meal with plant protein sources on the enzymatic activity of di-
gestive organs in aquatic animals (Perera & Yufera, 2017; Shi, Luo,
et al., 2017; Taher et al., 2017; Yaghoubi et al., 2016), but there are
few studies on the mechanism of action. While paying attention to
the long-term use of plant protein sources instead of fish meal on the
growth performance of fish, impact on digestive organs should also
be considered. Damage to a fish's digestive organs may affect the
digestion and absorption of nutrients by the fish's body, resulting in a
sub-health state, which will eventually compromise healthy growth.
Histological change is an essential aspect in the understanding of
pathological alteration related to nutritional sources in fish (Shi, Luo,
et al, 2017). In the present study, dietary LCSM substitution caused
some histopathological changes in the mid-intestine of S. sihama. In,
for example, the high-substitution group, intestinal tissue structural
integrity was damaged: the submucosa was obviously infiltrated
by inflammatory cells, including lymphocytes, macrophages and
multicellular cells; thickness of the intestinal tunica muscularis was
decreased; intestinal villi were widened and shortened; and, intes-
tinal microvilli were detached or damaged. The results of this study
showed that excessive substitution of fish meal by LCSM could cause
intestinal injury to S. sihama. In the study of grass carp, excessive
CSM replacement of fish meal was seen to cause damage to intesti-
nal epithelial cells (H. Liu et al., 2016). Nevertheless, a study of cru-
cian carp found that high dietary inclusion of CSM, up to 560 g/kg,

did not cause any detrimental effects on gut tissue (Cai et al., 2011).

A possible explanation for this finding might be that crucian carp,
as an omnivorous fish, has a strong tolerance to plant protein. The
literature regarding the effect of LCSM on intestine histology is lim-
ited. Contrastingly, many researchers have illuminated damage to
the structure of the distal intestine when diets high in plant pro-
tein were fed to Asian seabass (Lates calcarifer) (Boonyaratpalin,
Suraneiranat, & Tunpibal, 1998), rainbow trout (Oncorhynchus my-
kiss) (Merrifield, Dimitroglou, Bradley, Baker, & Davies, 2009) and
turbot (Scophthalmus maximus L.) (Bian et al., 2017).

A dynamic and well-regulated intestinal barrier are essential to
protect the body against dietary antigens and residential intestinal
microbiota (Akbari et al., 2017). This barrier is created by an imper-
meable layer of epithelial cells and sealed by specific TJ proteins,
preventing the paracellular diffusion of luminal antigens and mi-
croorganisms. Intercellular junctional complexes—mainly claudins,
occludin, and ZOs in vertebrates—maintain the physical barrier
function of epithelia (Anderson, Van ltallie, & Fanning, 2004). In
a normal, healthy state, intestinal epithelial TJs provide an effec-
tive barrier against paracellular penetration of noxious substances
and antigens present in the gastrointestinal lumen (DeMeo, Mutlu,
Keshavarzian, & Tobin, 2002). However, in a diseased state, the
intestinal TJ barrier becomes defective allowing increased para-
cellular permeation of normally excluded luminal antigens. The
‘leaky’ intestinal tight junction barrier allows increased antigenic
penetration into the underlying intestinal tissue (Al-Sadi, Boivin, &
Ma, 2009; DeMeo et al., 2002). The foreign antigens are then pro-
cessed by the antigen-presenting cells and helper T-lymphocytes
activating an inflammatory response; this leads to an increase
in the production and secretion of pro-inflammatory cytokines
and pro-inflammatory mediators and recruitment of circulating
inflammatory cells. Most pro-inflammatory cytokines, including
IFN-y, TNF-a (@ TNF-a induced increase in Caco-2 TJ permeability
was mediated in part by activation of nuclear transcription fac-
tor NF-xB), IL-12 and IL-1B cause an increase in TJ permeability,

while some anti-inflammatory cytokines such as IL-10 and TGF-8
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protect against the disruption of intestinal TJ barrier and devel-
opment of intestinal inflammation (Al-Sadi et al., 2009; Wang &
Secombes, 2013; Yin et al., 2018). In the present study, feeding
fish a high replacement diet significantly upregulated the mRNA
levels of pro-inflammatory cytokines TNF-a, NF-xB, and IL-1f and
down-regulated the mRNA levels of anti-inflammatory cytokines
TGF-3 and IL-10 indicating that intestinal inflammation was ag-
gravated. In addition, in this experiment, we found that ZO-1 ex-
pression level decreased significantly with the increase of LCSM
replacement FM level, indicating possible inflammation in the
intestine. Downregulation of ZO-1 expression can be observed
in chronic intestinal inflammatory diseases (Bertiaux-Vandaéle
etal,, 2011; Drago et al., 2006; Nagy Szakal et al., 2010). Combined
with the results of intestinal digestive enzymes, intestinal histol-
ogy and the expression levels of genes associated with intestinal
inflammation, a high-level LCSM diet may have a negative impact

on the intestinal health of S. sihama.

5 | CONCLUSIONS

Results of the current study demonstrated that 88.5g/kg (16%) of
FM replaced by LCSM with amino acids (methionine and lysine) sup-
plementation did not significantly reduce growth or feed utilization
compared with FM-based control. An excessively high level of LCSM
in the S. sihama diet may affect intestinal health. However, an exces-
sively high LCSM in the diet will reduce the growth of S. sihama and
diet palatability. More studies will be needed to test LCSM at higher
replacement levels for fish meal and the subsequent effects on pal-

atability and digestibility in S. sihama.
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