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Simple Summary: Enteromorpha prolifera is a type of green marine macroalgae that can cause green
tides due to eutrophication. However, aquafeeds demand for E. prolifera meal has gradually exceeded
annual E. prolifera production. Therefore, novel extraction methods should be applied to increase the
bioactive compounds of E. prolifera at the level of large-scale industrialization to support the efficient
utilization of E. prolifera in aquafeeds. According to biological activities of E. prolifera, the growth, feed
intake, lipid metabolism, antioxidant, immune parameters and stress resistance were investigated
in Pacific white shrimp. It confirmed that bio-products of E. prolifera based on different processing
procedures could be used to reduce the amount of E. prolifera in feed without compromising its
biological function. It will helpful to improve the application of E. prolifera in aquaculture.

Abstract: A feeding trial was conducted to evaluate the biological activities of Enteromorpha prolifera
bio-products in the diets of Pacific white shrimp (Litopenaeus vannamei). Bio-products of E. prolifera
included E. prolifera meal, E. prolifera hydrolysate and E. prolifera polysaccharide, which was supplied
using different processing procedures. The control diet was supplemented without any E. prolifera
bio-products or dietary attractants. Experimental diets were formulated to contain 0.2% and 0.4%
of E. prolifera hydrolysate (EPH0.2% and EPH0.4%), 0.03% of E. prolifera polysaccharide (EPP0.03%),
3% of E. prolifera meal (EPM3%), 0.1% of dimethyl-β-propiothetn (DMPT0.1%) and 1% of squid
paste (SP1%). Shrimp (~8 g) were randomly distributed in 21 tanks and fed for 44 days. Feed
intake showed that 3% of E. prolifera meal and 0.4% of E. prolifera hydrolysate in diets exhibited
similar attractant effects as 0.1% of DMPT. Gross qualitative observation showed that the abundance
of lipid droplets decreased in hepatopancreas of the EPH0.4% and EPM3% groups, which were
supported by hepatopancreas triacylglycerol (TG), where significantly lower concentrations were
observed in the EPH0.4% and EPM3% groups compared with the control group. Similarly, TG and
low-density lipoprotein cholesterol in serum significantly decreased in the EPH0.4%, EPP0.03% and
EPM3% groups compared to the control group. Supplemental E. prolifera bio-products resulted
in significantly higher serum glutathione level of EPP0.03% or superoxide dismutase activities of
EPH0.4% and EPM3%, but significantly lower serum malondialdehyde level of EPM3%. In addition,
tnf -α expression in hepatopancreas was significantly down-regulated in shrimp fed the EPH0.2%,
EPH0.4% and EPM3% diets. Based on survival analysis, E. prolifera bio-products improved the
resistance of shrimp to hypoxic stresses. Thus, this study confirmed that bio-products of E. prolifera
supplied using different processing procedures could be used to reduce the amount of E. prolifera in
feed of shrimp without compromising their biological functions.

Keywords: Pacific white shrimp; Enteromorpha prolifera; feed intake; lipid metabolism; antioxidant;
stress resistance

Fishes 2023, 8, 587. https://doi.org/10.3390/fishes8120587 https://www.mdpi.com/journal/fishes

https://doi.org/10.3390/fishes8120587
https://doi.org/10.3390/fishes8120587
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fishes
https://www.mdpi.com
https://orcid.org/0000-0002-1000-9928
https://orcid.org/0000-0001-5032-1580
https://doi.org/10.3390/fishes8120587
https://www.mdpi.com/journal/fishes
https://www.mdpi.com/article/10.3390/fishes8120587?type=check_update&version=2


Fishes 2023, 8, 587 2 of 14

Key Contribution: This study provided three types of Enteromorpha prolifera bio-products. E. prolifera
hydrolysate and E. prolifera polysaccharide can be used to reduce the amount of E. prolifera meal in
feed of Pacific white shrimp (Litopenaeus vannamei) without compromising their biological functions.

1. Introduction

Enteromorpha prolifera is a type of green marine macroalgae that can cause green
tides due to eutrophication [1]. Considering the potential of a detrimental effect on the
environment, this algal blooms in coastal areas of Qingdao of China in 2008 caused a
great concern for the local government and environmentalists [2]. After that, specialized
commercial companies from Qingdao were established to clean up E. prolifera. An important
commercial use of E. prolifera collected from the sea was to become feed ingredients [3].
Traditionally, macroalgae including E. prolifera were used as a seaweed meal in compound
animal feed by drying and grinding to a fine powder [4]. However, aquafeeds demand
for E. prolifera meal has gradually exceeded annual E. prolifera production. Thus, except
for the drying technique, other effective processing technologies should be used to obtain
extracted bioactive compounds of E. prolifera for high-value applications in aquaculture [4].

E. prolifera contains sulfated polysaccharides mainly composed of rhamnose, glu-
curonic acid and xylose, which are regarded as the biologically active molecules [5,6].
Because of these, E. prolifera polysaccharide has been used as the feed additive to regulate
various biological activities, such as immunomodulatory, antioxidant, antimicrobial, and
lipid metabolism [7,8]. These biological activities of E. prolifera polysaccharide were not
only confirmed in terrestrial animals [5,9], but also in fish and shrimp [2,10]. In addition,
some studies found that seaweed polysaccharide could mitigate various stress responses,
such as air exposure, heat stress and ammonia stress [11–14]. Except for the polysaccharide,
E. prolifera had been shown to enhance feed intake of fish due to its potential feeding attrac-
tants, such as betaine [2,15]. However, aforementioned studies with E. prolifera meal or E.
prolifera polysaccharide were mainly based on the traditional drying process or extraction
procedures on a laboratory scale. Novel extraction methods should be applied to increase
the bioactive compounds of E. prolifera at the level of large-scale industrialization to support
the efficient utilization of E. prolifera in aquafeeds.

Pacific white shrimp (Litopenaeus vannamei) is an important cultured shrimp species,
accounting for 70% of the total shrimp production in the world [16]. As a feed ingredient,
E. prolifera meal was mainly used in shrimp feed. E. prolifera inclusion level in aquaculture
feed has to be decreased because its production is finite, but the aquaculture industry
has still been expanding so far. Thus, the aim of this study was to evaluate three types
of bio-products of E. prolifera (E. prolifera meal, E. prolifera hydrolysate and E. prolifera
polysaccharide), which is supplied on a large scale by a commercial company. According
to biological activities of E. prolifera, the growth, feed intake, lipid metabolism, antioxidant,
immune parameters and stress resistance were investigated in Pacific white shrimp.

2. Materials and Methods
2.1. Preparation of Bio-Products of Enteromorpha prolifera

In this study, fresh Enteromorpha prolifera was collected from the coast of Qingdao
in China (July in 2022) and used to be prepared for the production of bio-products of
E. prolifera. Bio-products of E. prolifera included E. prolifera meal, E. prolifera hydrolysate
and E. prolifera polysaccharide, which were provided by Qingdao Seawin Biotech Group
Co., Ltd. (Qingdao, China). E. prolifera meal (crude protein 9.26% of dry matter, crude
lipid 1.70% of dry matter and carbohydrate 39.37% of dry matter) is obtained by washing,
drying and grinding fresh E. prolifera. E. prolifera hydrolysate (crude protein 7.93% of
dry matter, crude lipid 0.28% of dry matter and carbohydrate 43.72% of dry matter) is
obtained by hydrolyzing E. prolifera meal with polysaccharide-degrading enzymes and
polysaccharide lyases. E. prolifera polysaccharide (crude protein 5.74% of dry matter, crude
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lipid 0% of dry matter and carbohydrate 50.40% of dry matter) is obtained using enzymatic
hydrolysis extraction, purification, concentration and spray-drying of E. prolifera meal,
which was sulfated polysaccharides composed mainly of rhamnose sulfate, glucuronic acid
and xyloseo.

2.2. Experimental Diets

The control diet contained fish meal, wheat gluten, peanut meal and soybean meal as
the main protein source and was supplemented without any bio-products of E. prolifera
or dietary attractants. For experimental diets, 0.2% and 0.4% of E. prolifera hydrolysate
(EPH0.2% and EPH0.4%), 0.03% of E. prolifera polysaccharide (EPP0.03%), as well as 3%
of E. prolifera meal (EPM3%) were added to the control diet, respectively. All bio-products
of E. prolifera were added in the experimental diets based on the recommended amounts
of their production enterprise (Qingdao Seawin Biotech Group Co., Ltd.), and ensured
that the cost of all added E. prolifera bio-products were similar among all the experimental
diets. In addition, considering E. prolifera potentially functioned as a feeding attractant, two
attractants for pacific white shrimp (Litopenaeus vannamei), 0.1% of dimethyl-β-propiothetn
(DMPT0.1%) and 1% of squid paste were added to the control diet to evaluate the potential
feeding attractant function of E. prolifera bio-products [17–19]. Formulation and proximate
composition of the experimental diets are presented in Table 1.

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

Ingredients Control EPH0.2% EPH0.4% EPP0.03% EPM3% DMPT0.1% SP1%

Fish meal 15 15 15 15 15 15 15
Wheat gluten 8 8 8 8 8 8 8
Peanut meal 12 12 12 12 12 12 12

Soybean meal 25 25 25 25 25.6 25 24
Wheat meal 25.3 25.1 24.9 25.27 21.7 25.2 25.3

E. prolifera hydrolysate 1 0.2 0.4
E. prolifera polysaccharide 1 0.03

E. prolifera meal 1 3
DMPT 2 0.1

Squid paste 1
Soybean lecithin 2.5 2.5 2.5 2.5 2.5 2.5 2.5

Fish oil 5.5 5.5 5.5 5.5 5.5 5.5 5.5
Vitamin premix 3 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Mineral premix 4 1 1 1 1 1 1 1

Ca(H2PO4)2 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Choline chloride 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Lysine 1 1 1 1 1 1 1
Methionine 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Sodium alginate 2 2 2 2 2 2 2
Proximate composition

Moisture 5.39 5.42 5.03 5.68 6.68 6.43 5.88
Crude protein 39.94 40.19 40.17 39.91 39.71 39.53 39.85

Crude lipid 9.49 9.50 9.49 9.49 9.56 9.49 9.49
Ash 7.07 7.24 7.20 7.01 7.81 6.90 7.05

1 E. prolifera hydrolysate, E. prolifera polysaccharide and E. prolifera meal were purchased from Qingdao Seawin
Biotech Group. 2 DMPT: Dimethyl-β-propiothetine. 3 Vitamin premix (IU or g/kg premix): Vitamin A acetate,
1,140,000 IU; Vitamin D3, 180,000 IU; DL-α-tocopherol acetate, 7.6 g; Menadione, 1.2 g; Thiamine nitrate, 0.93 g;
Riboflavin, 1.35 g; Pyridoxine hydrochloride, 1.10 g; Cyanocobalamine, 0.0075 g; D-Calcium pantothenate, 4.5 g;
Nicotinamide, 6.75 g; Folic acid, 0.465 g; D-biotin, 0.0475 g; Inositol, 10 g. 4 Mineral premix (g kg−1 premix):
FeSO4·H2O, 112.7 g; ZnSO4·H2O, 45.2 g; MnSO4·H2O, 9.3 g; CuSO4·5H2O, 3.7 g; CoCl2·6H2O, 0.4 g; Na2SeO3,
0.1 g; Ca(IO3)2, 0.3 g.

2.3. Experimental Shrimp and Feeding Trial

Pacific white shrimp were provided by Center for Marine Fisheries Science Research
of Yellow Sea Fisheries Research Institute (Qingdao, China), and then were transferred
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to the experimental culture system and fed a commercial diet for one week to adapt to
the experimental conditions. The feeding trial was also conducted at Center for Marine
Fisheries Science Research of Yellow Sea Fisheries Research Institute. A total of 420 shrimp
with an average body weight of 8 g were randomly assigned to 21 tanks (diameter, 90 cm;
height, 80 cm) with 20 shrimp in each tank. Each diet was assigned to triplicate tanks.
Shrimp were fed by hand three 3 times a day (07:30, 12:30 and 18:30). The feeding trial
lasted for 44 days. During the period of the feeding trial, water-quality parameters were
monitored twice a week, and water temperature was 26.0–29.2 ◦C, salinity was 22–29,
pH was 7.5–8.0, and dissolved oxygen was 6–8 mg/L.

2.4. Sample Collection

At the end of the feeding trial, all shrimp were deprived of food for 24 h, and then
were bulk-weighted to calculate the growth parameters. Before the sampling, shrimp were
anesthetized with tricaine methanesulfonate (MS-222) (50 mg/L). Then, six shrimp per
tank were collected to take hemolymph from ventral sinus using 1 mL syringes with a
26-gauge needle. Hemolymph samples were collected and mixed with SIC-EDTA antico-
agulant (10 mmol/L of ethylenediaminetetraacetic acid (EDTA)-Na2, 450 mmol/L NaCl,
10 mmol/L KCl, 10 mmol/L 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES),
and pH 7.0) at a 1:2 ratio, and kept at −4 ◦C for 3 h [20]. And then, they were centrifuged
at 3000× g for 10 min, and the supernatant was used as the plasma samples and stored
at −80 ◦C for further analysis. After hemolymph sampling, six shrimp were euthanized
with lethal dose of MS-222 (500 mg/L) and dissected to collect hepatopancreas. A hep-
atopancreas sample from three of them was collected, frozen in liquid nitrogen and stored
at −80 ◦C for the analysis of gene expression and triglycerides contents, and the other
three were fixed in Bouin’s solution for histological processing. In addition, two shrimp
per tank were sampled for the analysis of body composition. In the current experiment,
all procedures were performed with the permission of Institutional Animal Care and Use
Committee of the Yellow Sea Fisheries Research Institute.

2.5. Analytical Methods
2.5.1. Chemical Analysis

Moisture, crude protein, crude lipid and ash of experimental diets and whole body
weight were analyzed based on the standard methods [21]. Briefly, moisture content was
calculated after keeping the sample at 105 ◦C for 24 h at a constant weight. Crude protein
content (N × 6.25) was determined using a Foss Kjeltec 2300 analyzer (Foss, Högänas,
Sweden) using the Kjeldahl method. Crude lipid content was determined using petroleum
ether at a boiling point of 30–60 ◦C using a Foss Soxtec 2050 auto-extractor (Foss, Högänas,
Sweden). Ash content was determined through incineration at 550 ◦C in a muffle furnace
for 6 h.

2.5.2. Plasma or Hepatopancreas Biochemical, Antioxidant and Immunological Parameters

Triglycerides (TG) of hepatopancreas and plasma were determined using a Triglyc-
erides assay kit (A110-1-1) based on the manufacturer’s protocols. Other biochemical
parameters of plasma including glucose, high-density lipoprotein cholesterol (HDL-C),
and low-density lipoprotein cholesterol (LDL-C) were measured using their respective
commercial kits (glucose assay kit, F006-1-1; high-density lipoprotein cholesterol assay kit,
A112-1-1; low-density lipoprotein cholesterol assay kit, A113-1-1). Plasma enzymes related
to antioxidant capacity including superoxide dismutase (SOD), glutathione peroxidase
(GPx), malondialdehyde (MDA), reduced glutathione (GSH) were measured using their
respective commercial kits (superoxide dismutase typed assay kit, A001-2-1; glutathione
peroxidase assay kit, A005-1-1; malondialdehyde assay kit, A003-1-1; reduced glutathione
assay kit, A006-2-1). Plasma-immunity-related enzymes including glutamic oxalic amino-
transferase (GOP), glutamic pyruvic aminotransferase (GPT), alkaline phosphatase (AKP),
acid phosphatase (ACP), lysozyme (LZM) and phenoloxidase (PO) were measured using
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their respective commercial kits (aspartate aminotransferase assay kit, C010-2-1; alanine
aminotransferase assay kit, C009-2-1; alkaline phosphatase assay kit, A059-2-2; acid phos-
phatase assay kit, A060-2-1; lysozyme assay kit, A050-1-1; phenoloxidase, H247). All
commercial kits mentioned above were purchased from NanJing JianCheng Bioengineering
Institute (NanJing JianCheng Bioengineering Institute, Nanjing, China).

2.5.3. Oil Red O Staining

After starvation for 24 h, hepatopancreas tissues of three shrimp per tank were fixed
in Bouin’s solution. And then, samples were stained with oil red O and then separated
with ethanol. After washing using distilled water, the nuclei of the hepatopancreas was
dyed with hematoxylin. Finally, hepatopancreas sections were washed with distilled water
until blue and sealed with glycerin gelatin. The sections were photographed using a light
microscope (an Eclipse 80i/90i microscope, Nikon, Tokyo, Japan).

2.6. RNA Extraction and Gene Expression Assay

Total RNA from the hepatopancreas was isolated using an RNAiso Plus kit (Takara,
Kusatsu, Japan). The purity and concentration of RNA were detected using a Colibri Mi-
crovolume Spectrometer (Titertek Berthold, Berthold Detection Systems GmbH, Pforzheim,
Germany). The A260/A280 ratio for RNA samples was in the range of 1.8–2.0, indicating
that the extracted RNA samples were high purity and could be used for reverse transcrip-
tion. cDNA was synthesized with an Evo M-MLV RT Mix kit with gDNA Clean (Accurate
Biotechnology, Changsha, China). A Quantitative Real Time-Polymerase Chain Reaction
(qRT-PCR) was performed on a Roche LightCycler 96 system (Roche, Basel, Switzerland)
using SYBR Green Premix Pro Taq HS qPCR Kit (Accurate Biotechnology, China) based
on the manufacturer’s protocol. β-actin and glyceraldehyde-3-phosphate dehydrogenase
(gapdh) were used as reference genes in this study. Relative mRNA expression was calcu-
lated using 2−∆∆Ct method [22]. Target expression was examined with normalization to the
geometric mean of the Ct values from two reference genes. All target genes and internal
reference genes are shown in Table 2.

Table 2. Primer sequences used for qRT-PCR.

Gene Primer Sequence (5′ to 3′) Product Length (bp) GenBank 1

tnf -α F: GTTCCATGTCATGACCTCGC 211 XM_027352828.1
R: GGCACTTTTGTCCTCAGCAA

β-actin F: CGAGGTATCCTCACCCTGAA 176 AF300705.2
R: GTCATCTTCTCGCGGTTAGC

gapdh F: GTTTAATTCCACCGGCGAGG 179 XM_027381338.1
R: TGAAGGGGTCATTCACAGCC

tnf -α: tumor necrosis factor-α; gapdh: glyceraldehyde-3-phosphate dehydrogenase. 1 NCBI GenBank accession no.

2.7. Hypoxia Stress

At the end of feeding trial, six shrimp from each tank were transported to a new bucket
with 2.5 L of water used as hypoxic stress. The water of the bucket was not aerated and
dissolved oxygen was gradually reduced by shrimp breathing. In the process of hypoxia
stress, initial oxygen concentration in the water is 4.7 mg/L, and then dissolved oxygen
and the number of dead shrimp were recorded twice an hour for survival analysis. And,
all shrimp were fed their allocated diets and the hypoxic exposure would be ended until all
the shrimp died.

2.8. Calculations

The growth parameters were calculated from the following formulas:

Survival rate (SR, %) = 100 × (final shrimp number/initial shrimp number),

Weight gain (WG, %) = 100 × (final body weight − initial body weight)/initial body weight,
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Specific growth ratio (SGR, %/d) = 100 × [ln (final body weight) − ln (initial body weight)]/feeding days,

Feed intake (FI, %/d) = 100 × total feed intake/[feeding days × (final body weight + initial body weight)/2],

Feed conversion ratio (FER) = dry feed intake/body weight gain,

Protein efficiency ratio (PER) = (final body weight − initial body weight)/protein intake,

Protein productive value (PPV, %) = 100 × (final body protein content − initial body protein content)/protein intake.

2.9. Statistical Analysis

SPSS 26.0 software (SPSS Company, Chicago, IL, USA) was used for all statistical
analyses. All data were presented as mean values ± standard error. A one-way analysis
of variance (ANOVA) test was performed on all experimental data except for the survival
after hypoxia test. The survival analysis after hypoxia test was assessed using Kaplan–
Meier analysis with a log-rank. When there were significant differences between different
treatments (p < 0.05), Tukey’s method was used for multiple comparison.

3. Results
3.1. The Cumulative Feed Intake Per Shrimp during the 14 Days

The cumulative feed intake per shrimp from the first feeding meal (FF), first day after feed-
ing (1DAF), and 3DAF was not significantly different between treatments (p > 0.05) (Table 3).
However, from 7 days to 14 days after feeding, the cumulative feed intake per shrimp from
all the experimental diets was higher than that of the control diet, especially for 0.4% of
E. prolifera hydrolysate (p < 0.05).

Table 3. The cumulative feed intake per shrimp during 14 d following the initiation of feeding trial 1.

Control EPH0.2% EPH0.4% EPP0.03% EPM3% DMPT0.1% SE1%

FF 2 0.06 ± 0.01 0.07 ± 0.01 0.06 ± 0.01 0.08 ± 0.02 0.08 ± 0.01 0.06 ± 0.01 0.07 ± 0.02
1DAF 3 0.28 ± 0.03 0.30 ± 0.02 0.32 ± 0.02 0.30 ± 0.03 0.29 ± 0.01 0.30 ± 0.02 0.31 ± 0.03
3DAF 4 0.82 ± 0.06 0.89 ± 0.02 0.92 ± 0.02 0.86 ± 0.01 0.86 ± 0.03 0.90 ± 0.04 0.88 ± 0.03
7DAF 2.03 ± 0.05 b 2.16 ± 0.03 a,b 2.37 ± 0.09 a 2.06 ± 0.03 ab 2.10 ± 0.04 a,b 2.18 ± 0.06 a,b 2.12 ± 0.06 a,b

10DAF 2.93 ± 0.04 b 3.15 ± 0.07 a,b 3.44 ± 0.12 a 3.06 ± 0.02 b 3.07 ± 0.05 b 3.17 ± 0.10 a,b 3.19 ± 0.06 a,b

14DAF 4.57 ± 0.02 c 4.90 ± 0.14 b,c 5.55 ± 0.14 a 4.79 ± 0.06 b,c 4.85 ± 0.09 b,c 4.86 ± 0.15 b,c 4.96 ± 0.08 b

FF: first feeding meal; 1DAF: first day after feeding; 3DAF: three days after feeding; 7DAF: seven days after
feeding; 10DAF: ten days after feeding; 14DAF: fourteen days after feeding. 1 Values in the same row followed
by different superscript letters are significantly different (p < 0.05) according to Tukey multiple comparison test.
2 The first feeding (FF) meal means the amount of feed intake per shrimp of the first ingestion at the beginning
of the trial. 3 First day after feeding (1DAF) means the amount of feed intake per shrimp from the first day of
ingestion, including the amount of feed intake from the FF. 4 The 3DAF means the cumulative feed intake per
shrimp from ingestion over three days (ranging from the first day to the third day).

3.2. Growth Performance

Survival rate ranged from 93.33 to 98.33%, and was not significantly different among
all the groups (p > 0.05) (Table 4). The highest level of final body weight (FBW), weight gain
(WG) or specific growth rate (SGR) was observed in shrimp fed the EPH0.4% diet, which
was significantly higher than that of shrimp fed the DMPT0.1% diet (p < 0.05). As for bio-
products of E. prolifera, shrimp fed 0.4% of E. prolifera hydrolysate exhibited the highest level
of FBW, WG or SGR, following by 3% of E. prolifera meal, 0.2% of E. prolifera hydrolysate,
and 0.03% of E. prolifera polysaccharide. Feed intake of shrimp fed the EPH0.4%, EPM3%,
and DMPT0.1% diets was significantly higher than that of shrimp fed the control diet
(p < 0.05). Feed conversion ratio was significantly affected by dietary treatments, where
shrimp fed the EPH0.2% diet had a lower ratio than that of shrimp fed the DMPT0.1%
diet (p < 0.05). There were no significant differences in protein-efficiency ratio and protein
productive value among all the groups (p > 0.05).
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Table 4. Growth and feed utilization in fish fed experimental diets 1.

Control EPH0.2% EPH0.4% EPP0.03% EPM3% DMPT0.1% SE1%

IBW (g) 8.24 ± 0.01 8.23 ± 0.03 8.20 ± 0.04 8.18 ± 0.02 8.18 ± 0.02 8.21 ± 0.03 8.27 ± 0.04
FBW (g) 15.32 ± 0.10 a,b 15.68 ± 0.04 a,b 15.97 ± 0.11a 15.40 ± 0.39 a,b 15.70 ± 0.34 a,b 15.07 ± 0.28 b 15.88 ± 0.11 a

SR (%) 96.67 ± 3.33 98.33 ± 1.67 98.33 ± 1.67 93.33 ± 3.33 95.00 ± 2.89 91.67 ± 1.67 98.33 ± 1.67
WG (%) 86.00 ± 1.37 a,b 90.65 ± 1.12 a,b 94.75 ± 2.13 a 88.12 ± 4.53 a,b 92.03 ± 4.60 a,b 83.53 ± 3.44 b 91.92 ± 2.25 a,b

SGR (%/d) 1.41 ± 0.02 a,b 1.47 ± 0.01 a,b 1.51 ± 0.02 a 1.43 ± 0.05 a,b 1.48 ± 0.05 a,b 1.38 ± 0.04 b 1.48 ± 0.03 a,b

FI (%/d) 2.22 ± 0.03 c 2.25 ± 0.01 b,c 2.42 ± 0.06 a 2.28 ± 0.05 a,b,c 2.39 ± 0.07 a,b 2.38 ± 0.05 a,b 2.29 ± 0.04 a,b,c

FCR 1.63 ± 0.04 a,b 1.58 ± 0.01b 1.66 ± 0.06 a,b 1.65 ± 0.03 a,b 1.68 ± 0.10 a,b 1.78 ± 0.07 a 1.60 ± 0.03 a,b

PER 1.54 ± 0.04 1.57 ± 0.01 1.50 ± 0.06 1.52 ± 0.02 1.51 ± 0.09 1.43 ± 0.06 1.57 ± 0.03
PPV (%) 29.67 ± 2.46 29.52 ± 1.56 28.71 ± 1.11 29.46 ± 0.40 30.35 ± 3.17 26.02 ± 3.04 27.42 ± 2.97

IBW: initial body weight; FBW: final body weight; SR: survival rate; WG: weight gain; SGR: specific growth rate;
FI: feed intake; FCR: feed conversion ratio; PER: protein-efficiency ratio; PPV: protein productive value. 1 Values
in the same row followed by different superscript letters are significantly different (p < 0.05) according to Tukey
multiple comparison test.

3.3. Shrimp Whole-Body Proximate Composition

Proximate composition of the shrimp’s whole-body is shown in Table 5. The contents of
crude protein, crude lipid, moisture and ash were not affected by dietary treatments (p > 0.05).

Table 5. The composition of shrimp’s whole body (% wet weight).

Control EPH0.2% EPH0.4% EPP0.03% EPM3% DMPT0.1% SE1%

Moisture 74.36 ± 0.18 74.69 ± 0.10 74.65 ± 0.03 74.46 ± 0.18 74.28 ± 0.35 74.59 ± 0.17 74.76 ± 0.18
Ash 3.29 ± 0.10 3.23 ± 0.14 3.13 ± 0.08 3.41 ± 0.12 3.32 ± 0.06 3.26 ± 0.20 2.70 ± 0.08

Crude lipid 2.67 ± 0.24 3.05 ± 0.16 3.11 ± 0.19 2.83 ± 0.19 2.95 ± 0.32 3.05 ± 0.23 3.30 ± 0.15
Crude protein 19.20 ± 0.05 19.17 ± 0.15 19.00 ± 0.16 19.21 ± 0.17 19.03 ± 0.21 18.75 ± 0.14 18.81 ± 0.27

3.4. Lipid-Metabolism-Related Biochemical Parameters in Hepatopancreas and Plasma

Oil red O staining of the hepatopancreas is presented in Figure 1. Gross qualitative
observation showed that histological analysis in the hepatopancreas of shrimp fed bio-
products of E. prolifera had lower abundance of lipid droplets compared to the control
group. This result was supported by the triacylglycerols (TG) of hepatopancreas (Table 6),
where its concentration was in the range from 4.41 to 5.93 mmol/L among all the E. prolifera
bio-product groups, which was lower or significantly lower (p < 0.05) than that in the
control group (9.34 mmol/L).

Table 6. Lipid-metabolism-related biochemical parameters in plasma and hepatopancreas (mmol/L) 1.

Control EPH0.2% EPH0.4% EPP0.03% EPM3% DMPT0.1% SE1%

Plasma
TG 1.39 ± 0.31 a 0.78 ± 0.09 b,c 0.67 ± 0.05 c 0.49 ± 0.10 c 0.63 ± 0.18 c 1.43 ± 0.16 a 1.32 ± 0.26 a,b

HDL-C 0.14 ± 0.004 0.13 ± 0.005 0.14 ± 0.019 0.16 ± 0.001 0.13 ± 0.012 0.15 ± 0.012 0.13 ± 0.015
LDL-C 0.078 ± 0.012 a,b 0.058 ± 0.013 b 0.057 ± 0.005 b 0.049 ± 0.012 b 0.048 ± 0.009 b 0.119 ± 0.027 a 0.098 ± 0.017 a,b

Hepatopancreas
TG 9.34 ± 0.33 a,b 4.77 ± 0.74 b,c 4.41 ± 0.92 c 5.93 ± 0.88 b,c 4.44 ± 1.06 c 10.86 ± 1.62 a 4.80 ± 0.94 b,c

TG: triacylglycerol; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol.
1 Values in the same row followed by different superscript letters are significantly different (p < 0.05) according to
Tukey multiple comparison test.

Plasma lipid-metabolism-related biochemical parameters are presented in Table 6.
Plasma TG concentration in fish fed E. prolifera bio-products, especially the EPH0.4%,
EPP0.03% and EPM3% diets, significantly decreased compared to fish fed the control
and DMPT0.1% diets (p < 0.05). In addition, the concentration of plasma LDL-C from
the E. prolifera bio-product groups showed a decreased trend compared to the control
diet (p > 0.05), and was significantly lower than that of the DMPT0.1% group (p < 0.05).
However, HDL-C in plasma was not affected by dietary treatments (p > 0.05).
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Figure 1. Example images of hepatopancreatic histology from shrimp fed experimental diets.
(A) (Control), (B) (EPH0.2%), (C) (EPH0.4%), (D) (EPP0.03%), (E) (EPM3%), (F) (DMPT0.01%) and
(G) (SP1%) were measured at a 40× objective magnification. The lipid droplet is orange–red or bright
red, and the nucleus is blue.

3.5. Antioxidant and Immune Parameters in Plasma

Plasma antioxidant parameters are presented in Table 7. Compared with the control
group, bio-products of E. prolifera increased the content of plasma GSH to some extent,
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especially the 0.03% of E. prolifera polysaccharide (p < 0.05). However, the activity of GPx
in plasma was not affected by dietary treatments (p > 0.05). The activity of plasma SOD in
shrimp fed bio-products of E. prolifera increased or significantly (p < 0.05) increased com-
pared to the control diet, and on the contrary, decreased the concentration of plasma MDA.

Table 7. Plasma antioxidant and immune parameters 1.

Control EPH0.2% EPH0.4% EPP0.03% EPM3% DMPT0.1% SP1%

Antioxidant parameters
Enzymes

GPx (U/mg) 175 ± 34 192 ± 11 238 ± 23 203 ± 14 164 ± 17 181 ± 40 239 ± 14
SOD (U/mL) 12.16 ± 1.41 b 16.18 ± 1.08 a,b 18.85 ± 0.68 a 18.00 ± 0.68 a,b 19.28 ± 2.14 a 14.09 ± 1.67 a,b 14.91 ± 1.10 a,b

Non-enzyme antioxidants
GSH (g/L) 1.83 ± 0.29 b 2.85 ± 0.33 a,b 2.46 ± 0.34 a,b 3.53 ± 0.36 a 2.90 ± 0.31 a,b 2.89 ± 0.22 a,b 2.82 ± 0.23 a,b

MDA (nmol/mL) 4.51 ± 0.30 a 2.90 ± 0.37 a,b 3.37 ± 0.48 a,b 2.85 ± 0.56 a,b 2.56 ± 0.20 b 2.94 ± 0.20 ab 2.94 ± 0.37 a,b

Immune parameters
Enzymes

ACP (U/L) 12.95 ± 0.67 a,b 12.47 ± 2.16 a,b 7.36 ± 1.38 b 8.67 ± 1.07 a,b 9.47 ± 1.04 a,b 13.88 ± 2.59 a 15.06 ± 3.08 a

AKP (U/L) 1.16 ± 0.04 a 0.95 ± 0.20 a,b 0.39 ± 0.09 b,c 0.25 ± 0.03 c 0.72 ± 0.15 a,b,c 0.66 ± 0.10 a,b,c 0.68 ± 0.15 a,b,c

GPT (U/L) 20.74 ± 5.31 21.96 ± 3.57 19.63 ± 3.34 18.34 ± 3.46 21.97 ± 3.32 25.64 ± 1.74 20.38 ± 2.02
GOT (U/L) 3.19 ± 0.73 b 6.55 ± 0.86 a,b 4.61 ± 1.11 a,b 6.95 ± 1.05 a,b 4.61 ± 0.70 b 8.45 ± 0.65 a 6.37 ± 1.05 a,b

LZM (ug/mL) 1.62 ± 0.18 1.65 ± 0.16 1.64 ± 0.17 1.54 ± 0.05 1.52 ± 0.11 1.62 ± 0.07 1.62 ± 0.20
PO (U/L) 6.57 ± 0.31 b,c 7.67 ± 0.27 a 7.18 ± 0.17 a,b 6.41 ± 0.06 b,c 5.92 ± 0.22 c 7.36 ± 0.08 a,b 6.70 ± 0.20 a,b,c

GSH: glutathione; GPx: glutathione peroxidase; SOD: superoxide dismutase; MDA: malondialdehyde;
ACP: acid phosphatase; AKP: alkaline phosphatase; GPT: glutamic pyruvic aminotransferase; GOT: glutamic
oxalic aminotransferase; LZM: lysozyme; PO: phenoloxidase. 1 Values in the same row followed by different
superscript letters are significantly different (p < 0.05) according to Tukey multiple comparison test.

Plasma immune parameters are presented in Table 7. Compared with the control
group, 0.4% of E. prolifera hydrolysate and 0.03% of E. prolifera polysaccharide significantly
reduced the activity of AKP (p < 0.05), but bio-products of E. prolifera did not affect the
activities of ACP, GPT, GOT and LZM (p > 0.05). In addition, the activity of PO in shrimp
fed E. prolifera hydrolysate, especially the EPH0.2% diet, was higher than that of shrimp
fed the control diet.

3.6. Relative mRNA Expression of Tumor Necrosis Factor-α in Hepatopancreas

Gene expression of the pro-inflammation cytokine (tumor necrosis factor-α, tnf-α)
was determined in the hepatopancreas (Figure 2). Bio-products of E. prolifera (EPH0.2%,
EPH0.4% and EPM3%) significantly down-regulated the expression of tnf-α compared to
fish fed the control diet (p < 0.05). In addition, hepatopancreatic tnf-α expression showed
a slight decrease in the EPP0.03% group, although there was no statistically difference
compared with the control group (p > 0.05).

3.7. Hypoxia Stress

Survival analyses after hypoxia stress have been assessed using a Kaplan–Meier
survival curve in Figure 3. Although there was no statistical difference, the log-rank test
(p = 0.073) indicated that survival curves were to some extent affected by dietary treatments.
For example, when the dissolved oxygen in the water was 0.6 mg/L at 6 h after hypoxic
stress, shrimp in the control and DMPT0.01% groups began to die. Dead shrimp were
observed in all the groups when hypoxic stress lasted for 7 h and the dissolved oxygen in
the water was still 0.6 mg/L. At this time point (7 h), survival probability in shrimp fed
bio-products of E. prolifera and squid paste groups was higher than 80%, but the control
and DMPT0.01% groups reached 78% and 72%, respectively. Until 10 h of hypoxic stress,
dissolved oxygen in water decreased to 0.3 mg/L, and survival probability of shrimp fed
bio-products of E. prolifera was higher than that of the control, DMPT 0.01%, and SP1%
groups. Finally, when dissolved oxygen in the water was 0.2 mg/L at 11.5 h of hypoxia
stress, survival probability of the EPP0.03% and EPM3% were still 17% and 6%, respectively,
while those of the other groups were 0. It indicated that after hypoxia stress, the average
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survival time of shrimp fed diets containing bio-products of E. prolifera was longer when
compared to the control diet.
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Figure 2. Relative mRNA expression of tumor necrosis factor-α (tnf-α) in hepatopancreas. Data
are presented as mean values ± standard error (n = 3). Bars with same letters are not significantly
different using Tukey’s test (p > 0.05).
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4. Discussion

E. prolifera is a green algal species, which contains various feeding attractants such as
dimethyl-β-propiothetin (DMPT), dimethylsulfoniopropionate (DMSP), and betaine [15,23–25].
Asino [2] reported that E. prolifera showed a positive effect on the growth performance of
the larger yellow croaker (Pseudosciaena crocea), which was attributed, to some extent, to
increasing feed intake. Thus, in the present study, the cumulative feed intake per shrimp
for 14 days after the beginning of the feeding trial and after feed intake of the entire feeding
period were determined to evaluate the attractant effects of E. prolifera bio-products. Results
of the cumulative feed intake per shrimp showed that statistical difference was observed
7 days after feeding. For aquatic animals, there were two main sensorial stimuli (olfaction
and gustation) to distinguish the same type of feed [23]. Thus, it could be speculated
that bio-products of E. prolifera mainly affected the gustation rather than the olfaction,
thereby improving the feeding response of Pacific white shrimp [26]. In addition, com-
pared with the control diet, only the EPH0.4%, EPM3%, and DMPT0.1% groups showed
significantly higher feed intake than the control group. It indicated that 3% of E. prolifera
meal and 0.4% of E. prolifera hydrolysate in diets could achieve similar attractant effects
as 0.1% of DMPT on Pacific white shrimp. Meanwhile, there was no significant difference
in feed intake between the EPP0.03% and control groups. Considering that shrimp fed
the EPP0.03% diet presented a numerically higher feed intake than the control group, it
did not mean that 0.03% of E. prolifera polysaccharide was not an attractant effect, but
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might be related to its volume in feed. The results of E. prolifera hydrolysate supported
this hypothesis, where feeding intake of the control group was not significantly different
from the 0.2% of E. prolifera hydrolysate group, but was numerically lower, and showed a
significant decrease compared to the 0.4% of E. prolifera hydrolysate group. Taken together,
consistent with the larger yellow croaker, the results of growth including final body weight,
weight gain, and specific growth rate were the highest in the 0.4% of E. prolifera hydrolysate
group, which further verified that bio-products of E. prolifera promoted growth of shrimp
partly due to the increased feeding intake [2].

In rats, sulfated polysaccharides from E. prolifera exhibited the hypolipidaemic activity
by regulating the lipid metabolism [27]. Oral administration of E. prolifera polysaccharide
at a dosage of 100, 200 and 300 mg/kg body weight successfully reduced plasma total
cholesterol, TG and LDL-C in a dose-dependent manner in mice fed high-fat diet [5].
Subsequent studies revealed the underlying mechanism that E. prolifera reduced cholesterol
content by inhibiting sterol regulatory element binding protein-2 (SREBP-2) and 3-hydroxy-
3-methylglutaryl-CoA reductase [28], while reducing TG content by regulating SREBP-1c
and acetyl-CoA carboxylase [29]. Similar to results in mice, the present study showed that
either E. prolifera hydrolysate, E. prolifera polysaccharide or E. prolifera meal decreased TG
and LDL-C in plasma. It indicated that bio-products of E. prolifera obtained from the three
types of the drying process or extraction procedure had similar hypolipidaemic effects on
Pacific white shrimp as those in mice. In addition, oil red O staining of the hepatopancreas
showed that the abundance of lipid droplets in shrimp fed the bio-products of E. prolifera,
especially 0.4% of E. prolifera hydrolysate and 3% of E. prolifera meal, significantly decreased
compared with the control group. Those results were supported by the hepatopancreas TG
concentrations, which indicated that three types of E. prolifera bio-products could effectively
reduce the accumulation of lipids in hepatopancreas [27].

It had been reported that E. prolifera had antioxidant, immunomodulatory and anti-
inflammatory properties in many aquatic animals, such as banana shrimp
(Fenneropenaeus merguiensis), red tilapia (Oreochromis mossambicus × Oreochromis niloticus)
and crucian carp (Carassius auratus) [6,10,30]. Reactive oxygen species (ROS) are by-
products of aerobic metabolism, which can cause oxidative damage by increasing their
intracellular levels [31]. To avoid the damaging effects of naturally producing ROS, the
living organisms including aquatic animals possess two distinct systems of antioxidant
defense, the enzymatic antioxidant system such as SOD and GPx as well as the non-enzyme
antioxidants such as GSH [32,33]. Many studies had demonstrated the involvement of
antioxidant systems in repairing or preventing oxidative stress [33]. In our study, three
types of E. prolifera bio-products increased the content of plasma GSH or the activity of
plasma SOD, especially 0.03% of E. prolifera polysaccharide for GSH or 0.4% of E. prolifera
hydrolysate and 3% of E. prolifera meal for SOD. It indicated that bio-products of E. prolifera
based on different processing procedures could regulate some antioxidant enzymes and
non-enzymatic antioxidant substances in Pacific white shrimp to some extent, which was
able to eliminate the excess of superoxide or free radicals, thus resulting in improving
the antioxidant capacity. The significantly lower level of plasma MDA (a product of lipid
peroxidation) was observed in fish fed the EPM3% diet compared with the control diet,
which supported the conclusion that E. prolifera bio-products could improve antioxidant
defense. As regards to the non-specific immunity of shrimp, most studies have evaluated
the immunity by measuring the activities of immune-related enzymes in plasma, such as
ACP, AKP, GPT GOP, LZM and PO [34–36]. In the present study, however, the changes of
most immune-related enzyme activities in the plasma of shrimp fed E. prolifera bio-products
were not found to improve the immunity of shrimp compared with the control group. Only
the activity of PO in shrimp fed 0.2% of E. prolifera hydrolysate was significantly higher than
that of the control group. But, given that it had been well established that polysaccharides
from E. prolifera could enhance immunity [7,10], the results of our study could not negate
this conclusion solely on the basis of the results of immune-related enzyme activities in
plasma. Therefore, in future studies, a pathogen challenge test needs to be conducted to
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confirm whether polysaccharides from E. prolifera could improve the immunity of Pacific
white shrimp. In addition, in this study, the inflammatory status of shrimp was evaluated
by analyzing the expression of a tumor necrosis factor-α (tnf -α) in the hepatopancreas.
tnf -α is a typical pro-inflammatory cytokine produced by immune cells [37], and previous
studies have found that polysaccharides from Atractylodis macrocephalae (Chinese herbal
medicine) could decrease its expression in the hepatopancreas of Pacific white shrimp [38].
In broilers, heat stress caused a significant up-regulation of tnf-α expression, indicating that
it induced inflammatory responses. However, polysaccharides from E. prolifera effectively
decreased the level of tnf -α expression, which demonstrated that it might play an important
role in suppressing inflammatory responses [11]. In our study, although it could not be
confirmed whether inflammation occurred in the control group during the feeding trial,
combined with the above studies, it partially indicated that the down-regulation of tnf-α
expression by E. prolifera bio-products (EPH0.2%, EPH0.4% and EPM3%) could reduce the
risk of inflammation in shrimp.

Apart from the lipid metabolism, antioxidant, and immune effects, the stress resistance
of E. prolifera bio-products was evaluated in this study. Polysaccharides from seaweed
could improve survival rate of aquatic animals under various stress, such as air exposure,
ammonia stress and heat stress [12–14]. Survival rate was used as an important index for
comprehensive evaluation of resistance to stress because its challenge tests reflected non-
specific immune and anti-oxidation functions of the organisms [39]. In the present study,
based on Kaplan–Meier survival curve, survival probability in shrimp fed E. prolifera bio-
products (EPH0.2%: 89%; EPH0.4%: 89%; EPP0.03%: 89%; EPM3%: 83%) in 0.6 mg/L at 7 h
after hypoxic stress was higher than that of the control diet (78%), and this trend persisted
until the dissolved oxygen reached 0.2 mg/L at 10.5 h after hypoxic stress. It indicated that
E. prolifera bio-products could improve the resistance of shrimp to hypoxic stress.

5. Conclusions

In conclusion, the amounts of E. prolifera bio-products added to the feed, from E. prolifera
meal (3%), E. prolifera hydrolysate (0.2–0.4%) to E. prolifera polysaccharide (0.03%), was
reduced by almost orders of magnitude. However, there were no distinct differences in
biological activities of E. prolifera between treatments, including the attractant effect, hy-
polipidaemic activity, antioxidant, immunomodulatory, and stress resistance. It confirmed
that bio-products of E. prolifera based on different processing procedures could be used to
reduce the amount of E. prolifera in feed without compromising their biological functions.
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