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Pterocladia capillacea
polysaccharide enhances
growth, immunity, digestive
enzyme, antioxidant activities,
and gene expressions of
Litopenaeus vannamei
Mohamed Ashour1*, Fawzia S. Ali 1, Ahmed Mamoon2,
Ahmed I. A. Mansour1, Mohamed M. Mabrouk2,
Abdallah Tageldein Mansour3*, Ehab Mohamed4*

and Ahmed F. Abdelhamid2

1Aquaculture Division, National Institute of Oceanography and Fisheries (NIOF), Alexandria, Egypt,
2Fish Production Department, Faculty of Agriculture, Al-Azhar University, Cairo, Egypt, 3Animal and
Fish Production Department, College of Agricultural and Food Sciences, King Faisal University,
Al-Ahsa, Saudi Arabia, 4Department of Integrative Agriculture, College of Agriculture and Veterinary
Medicine, United Arab Emirates University, Al Ain, United Arab Emirates
This work evaluated the effects of dietary supplementation with the seaweed

polysaccharide (PS) extracted from red seaweed, Pterocladia capillacea, on the

growth, feed efficiency, whole-body composition, immunological response,

antioxidant activity, digestive enzyme activities, and gene expression of the

whiteleg shrimp, Litopenaeus vannamei. Four isonitrogenous and isoenergetic

diets with different SP levels were formulated. The basal experimental diet

(control diet) had no seaweed polysaccharide added (PS0). Diets 2–4 (PS1, PS2,

and PS3) were formulated to contain PS at levels of 1, 2, and 3 g/kg diet,

respectively. Six hundred postlarvae (PLs15; with an initial body weight of 1.62 ±

0.12 g/PL) of the whiteleg shrimp L. vannamei were randomly selected and

distributed into triplicate hapas per treatment. For the duration of the 60-day

trial, the PLs were fed their corresponding diets three times a day at 10% of their

body weight. Compared with those in the control diet and PS3, the shrimp reared

in groups PS1 or PS2 showed significant (p< 0.05) improvements in the specific

growth rate, survival rate, length gain rate, and weight gain rate. The individuals in

the PS2 group showed the greatest significant (p< 0.05) values of the feed

conversion ratio, feed efficiency ratio, and protein efficiency ratio. In addition,

the shrimps in the PS2 group showed the highest significant values (p< 0.05) of

lysozyme, amylase, lipase, and SOD, and the highest significant value of MDA,

whereas the shrimp in the PS3 group showed the highest significant values

(p< 0.05) of catalase. The expression levels of investigated growth-related genes

(GH, IGF-1, and IGF-II) and immunity-related genes (Proph, SOD, and Lys) in the

PS2 group were significantly (p< 0.05) increased. In conclusion, the

supplementation rate of 2 g/kg PS significantly improved the growth, nutrient

utilization efficiency, nonspecific immunity, antioxidant and digestive enzyme
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activities, and improved the immunity- and growth-related gene expression of L.

vannamei shrimp. However, future works are recommended to understand the

mechanism by which PS enhances physiological status and modulate genes

expression in whiteleg shrimp.
KEYWORDS

gene expression, innate immunity, Pterocladia capillacea, polysaccharides,
physiological status, shrimp feed
1 Introduction

The aqua-diet industry has recently grown worldwide, taking its

place as the most deeply important shrimp aquaculture sector

(Gillett, 2008; Ahmed et al., 2019). The amount of shrimp

consumed has increased globally over the past ten years, leading

nutritionists to recommend the use of many agriculturally derived

components in shrimp aquadiets (Ashour et al., 2024a). More than

70% of all shrimp cultivated globally are the Pacific whiteleg shrimp,

Litopenaeus vannamei (Mansour et al., 2022b; Ashour et al., 2024b).

Several challenges, such as low survival rates, poor water quality,

and a lack of food supply, need to be addressed to achieve shrimp

industry sustainability (Mansour et al., 2022b; N’Souvi et al., 2024;

Widiasa et al., 2023; Suzuki and Nam, 2023). Additionally, serious

issues, including the harmful impact of climate change, the increase

in water pollution, the availability of aqua-diet ingredients (Abo-

Taleb et al., 2021), low biological productivity, limiting shrimp

aqua-diet industry development, shrimp aquaculture, and aquatic

ecosystem impacts (Abisha et al., 2022; Metwally et al., 2020;

Magouz et al., 2021). Several approaches have been employed to

address international growth in the shrimp aquadiet industry,

leading to the expansion of the shrimp diet industry (El-Sayed,

2021; Kesselring et al., 2021; Ashour et al., 2024a). Aqua-diet feed

additives constitute one of the most deeply and extensively utilized

approaches. It has become crucial for marine shrimp species as a

growth promoter, immune system enhancer, and alternative disease

resistance mechanism (Ceseña et al., 2021).

Marine seaweeds and/or their derivatives remain extensively

employed in many major industries, including aqua-feed additives,

plant growth enhancers (Ashour et al., 2023), antimicrobial

activities (Osman et al., 2010, 2020), phytoremediation (Essa

et al., 2018; Mansour et al., 2022a; Abou-Shanab et al., 2014),

bioenergy (Elshobary et al., 2021), pharmaceuticals (Shao et al.,

2019; Ashour and Omran, 2022), cosmetics (Mourelle et al., 2017;

Zhuang et al., 2021), and human food supplements (Vieira et al.,

2020; Fais et al., 2022). The Egyptian coasts (the Mediterranean and

the Red Sea) have an important variety of seaweed. The red seaweed

Pterocladia capillacea is well known for its high content of

bioactive compounds.

Among different seaweed groups, red seaweeds are well known

for having high polysaccharide contents and other bioactive
02
compounds, such as flavonoids, phenolics, alkenes, hydrocarbons,

vitamins, fatty acid methyl esters, and alkaloid compounds

(Sanjeewa et al., 2018). These biological materials can shield

aquatic organisms from a variety of detrimental effects, such as

anti-inflammatory, antimicrobial, anticancer, antioxidant, immune

enhancer, and growth stimulator activities (Khotimchenko et al.,

2020; Yazici et al., 2024). Red seaweeds have been successively used

as feed additives for several aquatic animals (Pereira et al., 2020;

Yazici et al., 2024). Zhang et al. (2023) investigated the impacts of

nine different seaweeds—five green seaweeds (U. lactuca, C.

racemosa, C. lentillifera, C. sertularioides, and C. linum), three red

seaweed species (Acanthophora spicifera, G. bailiniae, and B.

gelatinae), and one brown seaweed species (S. ilicifolium) as feed

additives on the growth performance, immune response,

antioxidant capacity, and antioxidation-related genes of white

shrimp, L. vannamei juveniles for 28 days. Among the seaweeds

used in this study, the red seaweed species A. spicifera had the

greatest effect on immune response, antioxidant capacity, and

antioxidation-related genes in L. vannamei (Zhang et al., 2023).

The use of polysaccharide (PS) from red seaweed, P. capillacea,

has not been extensively investigated in shrimp L. vannamei diets,

and little information is available regarding the performance of L.

vannamei shrimp (Øverland et al., 2019; Vidhya Hindu et al., 2019).

Therefore, this study aimed to examine the effects of red seaweed

polysaccharide dietary supplementation on the growth, nutrient

efficiency, immunity, digestive enzyme, antioxidant activities,

growth, and gene expression of related growth and immunity

genes in the whiteleg shrimp L. vannamei postlarvae.
2 Materials and methods

2.1 Seaweed polysaccharides

Pterocladia capillacea (Rhodophyceae) samples were collected

from the Alexandria Coast, Abu-Qir Bay, Egypt. The collected

samples were cleaned, washed, air-dried, powdered, and stored in

a plastic bag at room temperature in the dark until use (Abbas et al.,

2023). The extraction procedure of red seaweed PS was produced

following the protocol described previously by Abdelrhman et al.

(2022). Briefly, the polysaccharides were extracted from dried red
frontiersin.org
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seaweed with distilled water at 100 °C for 1 hr to ensure justification

of the extraction process. Then the crude polysaccharide was

precipitated by adding three-fold crude cold ethanol and filtrated.

After filtration, the crude polysaccharide precipitate was collected

and washed several times with cold ethanol to remove residual

impurities. The purified polysaccharide was then dried by

lyophilization to remove any remaining ethanol and moisture.

The final dried polysaccharide product was weighed and stored at

-20°C until use.
2.2 Shrimp Litopenaeus vannamei

The shrimp postlarvae (PLs15) were transferred from Barakat

Ghalioun Hatchery in Kafr El Sheikh Governorate, Egypt, to the

Fish Nutrition Laboratory, Baltim Research Station, Alexandria

Branch, NIOF, Egypt. The PLs were stored for 15 days in

concrete ponds (1 m × 5 m × 5 m) to adapt to the experimental

culture conditions (dissolved oxygen of<5 mg L-1, temperature of 27

± 1°C, salinity of 26.5 ± 1.0 ppt). Approximately 10% of the total

water in the culture tanks was replaced daily with new clean water.

During the acclimatization period, the PLs were fed, four times a

day with a control basal diet containing 45% protein until full

saturation. The animal study protocol was approved by the

Institutional Review Board of the National Institute of

Oceanography and Fisheries, Egypt.
2.3 Shrimp experimental diets

Four isocaloric (gross energy of 19.9 MJ/kg) and isonitrogenous

(crude protein of 45.47%) diets were formulated in this feeding

experiment. The control basal diet was not supplemented with PS

extracted (PS0). Groups 2 to 4 were supplemented with PS at

concentrations of 1, 2, and 3 g of PS/kg diet (PS1, PS2, and PS3,

respectively). The selection of PS supplementation levels to the diets

was performed as previously reported (Abdelrhman et al., 2022).

The ingredients and diet biochemical compositions are presented

in Table 1.
2.4 Experimental technique

After two weeks of acclimation, 600 PLs (initial body weight of

1.62 ± 0.12 g/PL and initial body length of 3.03 ± 0.11 cm/PL) were

divided into four groups (diets), with 150 PLs per group (in

triplicates). Each group was stored in a concrete pond (4 × 2 × 1

m), which was divided into three net hapas (0.7 × 0.7 × 1 m), 50 PLs

per hapa. For 60 days, the distributed PLs were reared under

optimum water quality conditions of salinity, pH, NH3, salinity,

temperature, NO2, and NO3. Salinity, temperature, and pH were

measured daily at midday. NH3, NO2, and NO3 were measured

weakly. The water quality parameters were measured following the
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guidelines of APHA (2005). For all the groups, approximately 10%

of the total water volume was replaced daily with new clean water.
2.5 Growth and feed efficiency indices

The survival rate (SR, %) was calculated by determining the

initial and final number of PLs. The growth performance and feed

efficiency parameters were calculated via the following equations:

Weight gain (WG;  g) = Final weight (FW) – Initial weight (IW)

Daily weight Gain (DWG,  g) = WG=time (days)

Length gain (LG,  cm) = Final length (FW) – Initial length (IW)

Specific growth Rate (SGR) = 100� Ln FW  − Ln IW
t

Feed conversion ratio (FCR) =
Consumed feed 

WG

Protein intake (PI) =
 Feed intake (FI)
Protein ( % )

Feed efficiency ratio (FER) =
WG 
FI

Protein efficiency ratio (PER) =
WG 
PI
2.6 Biochemical analysis

Fifteen individual shrimp were randomly selected from each

group (five samples per replicate) for biochemical analysis of the

whole shrimp at the end of the experiment. Briefly, the samples

were euthanized, mixed, dried, powdered, and finally stored at a low

temperature (– 20°C) until further analysis. The dry matter, crude

protein, crude lipid, and ash contents were determined following

the guidelines of AOAC (2003).
2.7 Immunological responses, digestive
enzyme, and antioxidant activities

At the end of the experiment and after 24 hours of fasting,

fifteen shrimp were randomly chosen from each group (five samples

per replicate) to determine the immunological and antioxidant

activity indices of lysozyme (μg/mL), catalase (IU/g),

malondialdehyde (MDA, nmol/g), and serum superoxide

dismutase (SOD, IU/g). Moreover, the activities of digestive

enzymes (amylase and lipase) were determined in digestive gland
frontiersin.org
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homogenate using colorimetric assays following the manufacturer’s

instructions. Briefly, randomly selected samples were euthanized by

cryoanesthesia (Becker et al., 2024), and muscle tissue and organs

were dissected, weighed, and homogenized in a phosphate buffer

solution (PBS, pH 7.4). Then, the tissues were centrifuged (3500

rpm/20 min), and the supernatants were carefully collected and

stored at -20°C.
2.7.1 Lysozyme activities
The lysozyme activity was determined using ELISA kits (Catalog

numbers: SL0050FI; SunLong Biotech Co., Ltd., China). The lysozyme-

containing sample was incubated withMicrococcus lysodeikticus cells as

the substrate. As directed by the manufacturer (Harshbarger et al.,

1992), the reaction was observed by measuring the decrease in

absorbance at 450 nm to determine the rate of substrate conversion.
Frontiers in Marine Science 04
2.7.2 Antioxidant activities
The antioxidant activities of catalase (CAT), superoxide

dismutase (SOD), and malondialdehyde (MDA) were determined

using the colorimetric method following the manufacturer’s

instructions. Specific kits for CAT, SOD, and MDA were obtained

from the Biodiagnostic Company, Egypt (Catalog numbers:

CA2517, SD2521, and MD2529, respectively). The amusement

wavelengths for SOD, MDA, and CAT were 560 nm (Nishikimi

et al., 1972), 534 nm (Ohkawa et al., 1979), and 510 nm (Aebi,

1984), respectively.

2.7.3 Digestive enzyme activities
The activities of the digestive enzymes were determined in

digestive gland homogenate using colorimetric assays following

the manufacturer’s instructions. Specific kits for amylase and
TABLE 1 The ingredients and biochemical analysis of the experimental groups.

Ingredient
(%, dry matter basis)*

Experimental groups (PS %)

PS0 PS1 PS2 PS3

Fish meal 30 30 30 30

Wheat gluten 3 3 3 3

Defatted soybean meal 28 28 28 28

Squid liver powder 5 5 5 5

Wheat flour 25 25 25 25

Fish oil 3 3 3 3

Lecithin 1 1 1 1

Binder 0.5 0.5 0.5 0.5

Cholesterol 0.1 0.1 0.1 0.1

Choline chloride (60%) 0.6 0.6 0.6 0.6

Monocalcium phosphate (MCP) 0.3 0.3 0.3 0.3

Premix 2.0 2.0 2.0 2.0

Ascorbic Acid 0.1 0.1 0.1 0.1

Gelatin 1.0 1.0 1.0 1.0

Lysine 0.1 0.1 0.1 0.1

Methionine 0.3 0.3 0.3 0.3

Total (%) 100 100 100 100

Polysaccharides (g/kg diet) 0 1 2 3

Chemical composition (%)

Crude Protein 45.47 45.47 45.47 45.47

Crude lipid 7.86 7.85 7.88 7.89

Carbohydrate 33.88 33.91 33.93 33.98

Crude Fiber 3.59 3.68 3.63 3.61

Ash 9.27 9.11 9.19 9.11

Gross energy (MJ/kg) 19.91 19.95 19.94 19.99
*PS0, PS1, PS2, and PS3: 0, 1, 2, and 3 g of red seaweed polysaccharide dietary supplement, respectively.
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lipase were produced by the Biodiagnostic Company, Egypt

(Catalog numbers: AY1050 and 281001, respectively). The

measurement wavelengths for amylase and lipase were 660 nm

(Caraway, 1959) and 580 nm (Moss et al., 1999), respectively.
2.8 Quantitative real-time PCR

Three shrimp were selected from the each group at the

termination of the experiment. For total RNA isolation, small

pieces of muscle tissue were cut and ground in Easy-RED TRIzol

(Easy-RED, INTRON, Korea) as instructed by the manufacturer.

The purity and concentration of the RNA samples were checked via

a nanodrop (Implen, Nanophotometer, NP80 touch, Germany).

cDNAs were then synthesized from the isolated RNA as templates

via a commercial kit (ABT 2X RT Mix, cDNA Synthesis Kit,

Applied Biotechnology). To evaluate the health status of L.

vannamei fed different doses of red seaweed polysaccharides, the

expression of growth- and immunity-related genes (GH, IGF-I,

IGF-II, proPO, SOD, and Lys) was assessed. cDNAs were amplified

through thermal cycling in RotorGene Q in 20 ml reactions

containing 10 ml of ABT 2x qPCR Mix kit (SYBR Green/low

ROX), 0.5 mL of each primer (10 mM), 4 ml (50 ng) of cDNA, and

5 ml of RNAse-free water. The thermal profile included initial

denaturation at 95°C for 10 min, followed by 40 cycles, each of

which included denaturation at 95°C for 10 s, annealing at 60–62°C

for 10 s, and extension at 72°C for 30 s. The temperature was then

increased in increments of 0.5°C from 60°C to 95°C to produce a

melting curve, which was used to assess the target gene products. b-
actin (Wang et al., 2008) was used as the housekeeping gene during

this experiment. The primer names, sequences, and product sizes

are presented in Table 2. The target genes’ Ct values were

normalized to those of b-actin via the 2-DDCt method (Rao

et al., 2013).
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2.9 Statistical analysis

Before performing the statistical analysis, Levene’s test was used

to confirm the homogeneity assumption and normality, and arc-sin

was used to convert the percentage results (Zar, 1984). The results

are presented as the means ± standard deviations. With the use of

SPSS Statistics Software, one-way ANOVA and the Duncan (1955)

test (p< 0.05) were used for statistical analysis. Figures were created

via the statistical program Graph Pad software (Swift, 1997).
3 Results

3.1 Water quality, growth, and feed
utilization efficiency

The water quality indices of the current trial revealed that the

temperature (26.5 ± 1.5°C), salinity (27 ± 2 ppt), pH (7.7 ± 0.2), NH3

(0.08 ± 0.03 mg/L), NO3 (0.17 ± 0.03 mg/L), and NO2 (0.09 ± 0.01 mg/

L) were within the acceptable ranges for shrimp production

(Venkateswarlu et al., 2019)_ENREF_5. The present study revealed

that shrimp fed either PS1 or PS2 had significantly greater FW, WG,

DWG, FL, LG, and SGR. In addition, shrimp fed PS2 presented the

most significant values of FCR, FER, FI, PI, and SR.While PER value in

PS0, PS1, and PS2 was significantly higher than PS3, as shown in Table 3.
3.2 Body biochemical composition

There were significant differences reported among the PS

groups (PS1, PS2, and PS3) and the control group (PS0). The

shrimp in the PS2 treatment presented the highest significant dry

matter and lipid contents, whereas those in the PS3 treatment

presented the highest significant protein and ash contents (Table 4).
TABLE 2 Primers, accession numbers, sequences, and product sizes (bp) were used for the qPCR study.

Primer Sequences (5′→3′) Amplificon size (bp) Refs.

b-actin
AF300705

F: GCCCATCTACGAGGGATA
R: GGTGGTCGTGAAGGTGTAA

121 (Wang et al., 2008)

proPO
AY723296

F: CGGTGACAAAGTTCCTCTTC
R: GCAGGTCGCCGTAGTAAG

122 (Wang et al., 2008)

SOD
DQ005531

F: AATTGGAGTGAAAGGCTCTGGCT
R: ACGGAGGTTCTTGTACTGAAGGT

153 (Wang et al., 2008)

Lys
AY170126

F: GGACTACGGCATCTTCCAGA
R: ATCGGACATCAGATCGGAAC

97 (Wang et al., 2008)

GH
XM027360152

F: AATTTGCGCTTGCACTACGG
R: ATCCGGTTGAGGTGTAGCTG

100 Designed by NCBI tool

IGF-I
KP420228

F: GTGGGCAGGGACCAAATC
R: TCAGTTACCACCAGCGATT

123 Designed by NCBI tool

IGF-II XM02739466 F: CTCTGTACAGTCAGCCCAGC
R: CACACCCAGTCAGTCCCAAG

220 Designed by NCBI tool
b-actin, beta-actin; proPO, Prophenoloxidase; SOD, Superoxide dismutase; Lys, Lysozyme; GH, Growth hormone; IGF-I, Insulin-growth factor 1, and IGF-II, Insulin-growth factor II.
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3.3 Immunological responses, antioxidant

Table 5 shows the immunological responses, digestive enzymes,

and antioxidant activities of the L. vannamei shrimp. The results

revealed that shrimp fed the PS2 diet presented the highest level of

lysozyme. The highest MDA and CAT values were achieved by

shrimp fed PS0 and PS3, respectively. However, the shrimp fed the

PS3 diet presented the best value of CAT, and the shrimp fed the PS2
diet presented the best value of SOD.
3.4 Digestive enzyme activities

The effect of PS supplementation on digestive enzyme activities

was presented in Figure 1. Shrimp fed either PS2 or PS3 presented

the highest lipase activity. However, the highest significant amylase

activity was reported PS2 treatment.
Frontiers in Marine Science 06
3.5 Gene expression

The results showed that SOD expression was upregulated in

group fed diet supplemented with PS2 and did not change in other

groups (Figure 2A). The growth- and immune-related gene

expression was upregulated to its maximum in PS2. However,

growth-related gene expression was down regulated in response

to the seaweed PS in PS0, PS3, and PS1 (Figures 2B–D). On the other

hand, the expression of immunity-related genes (Proph, and Lys)

peaked in L. vannamei muscles when the concentration of PS was

increased to 2 g kg-1 diet (PS2) (Figures 2E, F).
4 Discussion

Seaweeds have been documented to contain many bioactive

compounds that improve growth and immune systems (Abbas et al.,
TABLE 4 Biochemical composition analysis (%) of Litopenaeus vannamei shrimp fed diets supplemented with red seaweed polysaccharides.

Diets
Composition analysis (% of dry weight)

Moisture Dry matter Protein Fat Ash

PS0 20.19 ± 0.05b 79.81 ± 0.05c 56.62 ± 0.27c 7.06 ± 0.17b 15.33 ± 0.31ab

PS1 21.42 ± 0.03a 78.58 ± 0.03d 56.17 ± 0.26d 7.19 ± 0.24b 13.75 ± 0.55c

PS2 17.97 ± 0.02d 82.03 ± 0.02a 58.15 ± 0.17b 8.09 ± 0.06a 14.82 ± 0.17b

PS3 19.88 ± 0.05c 80.13 ± 0.05b 60.28 ± 0.18a 6.11 ± 0.21c 15.92 ± 0.11a
PS0, PS1, PS2, and PS3: 0, 1, 2, and 3 g of polysaccharide dietary supplement, respectively. The data (n = 5) are the means ± SDs. Letters in the same column are significantly different (p< 0.05).
TABLE 3 Growth performance and nutrient utilization efficiency of Litopenaeus vannamei shrimp fed diets supplemented with red
seaweed polysaccharides.

Indices PS0 PS1 PS2 PS3

IW (g/pL) 1.62 ± 0.12 1.62 ± 0.12 1.62 ± 0.12 1.62 ± 0.12

FW (g/PL) 10.05 ± 0.35b 10.69 ± 0.115a 11.09 ± 0.288a 9.32 ± 0.10c

WG (g) 8.43 ± 0.450b 9.07 ± 0.115a 9.47 ± 0.288a 7.70 ± 0.100c

DWG (g) 0.14 ± 0.005b 0.15 ± 0.005b 0.16 ± 0.001a 0.13 ± 0.005c

IL (cm/PL) 3.03 ± 0.11 3.03 ± 0.11 3.03 ± 0.11 3.03 ± 0.11

FL (cm/PL) 11.27 ± 0.208b 11.67 ± 0.152a 11.60 ± 0.100a 11.00 ± 0.101b

LG (cm) 8.23 ± 0.321b 8.63 ± 0.152a 8.60 ± 0.100a 7.93 ± 0.057b

SGR (%/day) 1.14 ± 0.052ab 1.18 ± 0.060a 1.20 ± 0.045a 1.08 ± 0.050b

SR (%) 80.00 ± 2.01c 85.33 ± 3.05b 92.00 ± 2.02a 76.00 ± 2.10c

FI (g) 16.83 ± 0.51bc 17.53 ± 0.25ab 18.03 ± 0.56a 16.43 ± 0.25c

PI (g) 6.06 ± 0.18bc 6.31 ± 0.09ab 6.49 ± 0.20a 5.91 ± 0.09c

FCR 1.68 ± 0.08ab 1.64 ± 0.03ab 1.63 ± 0.06b 1.76 ± 0.02a

FER 0.59 ± 0.03ab 0.61 ± 0.01ab 0.61 ± 0.02a 0.57 ± 0.01b

PER 1.39 ± 0.10a 1.44 ± 0.01a 1.46 ± 0.05a 1.30 ± 0.03b
PS0, PS1, PS2, and PS3: 0, 1, 2, and 3 g of red seaweed polysaccharide dietary supplement, respectively. IW, Initial Weight (g/pL); FW, Final Weight (g/pL); WG, Weight Gain (g); DWG, Daily
Weight Gain (g); IL, Initial Length (cm/PL); FL, Final Length (cm/PL); LG, Length Gain (cm); SGR, Specific Growth Rate (%/day); SR, Survival Rate (%); FI, Feed Intake (g); PI, Protein Intake (g);
FCR, Feed Conversion Ratio; FER, Feed Efficiency Ratio; PER, Protein Efficiency Ratio. The data (n = 5) are the means ± SDs. Letters in the same column are significantly different (p< 0.05).
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2023). The results of the present study revealed that the performance,

feed efficiency, and survival rate of shrimp increased significantly with

increasing incorporation levels of polysaccharides in the diet compared

with those of the control, with either the PS1 or the PS2 being superior.

The results of the present study are consistent with those by Abbas

et al. (2023), who reported that diets supplemented with PS extracted

from S. dentifolium, a brown seaweed, significantly increased the

growth, feed efficiency, microbial diversity, abundance, and gene

expression of related immune-related genes in L. vannamei. In their

study, the most significant values of the studied parameters were

achieved at the inclusion level of the 3 g/kg diet. However, the

difference between Abbas et al. (2023) (3 g/kg diet) and our finding

(2 g/kg diet) may be due to the type of seaweed species, the brown

seaweed S. dentifolium in the study by Abbas et al. (2023) and the red

seaweed P. capillacea in the present study. The nutritional value of red

seaweed PS is greater than that of brown seaweed PS (Souza et al., 2012;

Tanna and Mishra, 2019). The results of the present study are

inconsistent with those by Peixoto et al. (2016), and Queiroz et al.

(2014) who reported that the inclusion of brown seaweed does not

affect the performance of various fish species, such as Senegalese sole,

Gilthead seabream, and European seabass. The inconsistencies between

these trials may be related to various factors, such as the type of

seaweed species, inclusion level, or seaweed inclusion form (dry weight

powder, extract, or PS form), as well as the aquatic animal species, size,

age, and water quality.

The current findings may be related to different mechanisms: (i)

the phytochemical compounds such as polyphenols and other

functional groups present in the seaweed PS (Gómez-Ordóñez
Frontiers in Marine Science 07
et al., 2014); (ii) the antioxidant properties of PS have positive

impacts on the growth performance, nutrient efficiency, immune

responses, and gene expression of L. vannamei (Abbas et al., 2023),

rainbow trout (Sotoudeh and Mardani, 2018), Nile tilapia (Villamil

et al., 2019), rabbit fish (Bakky et al., 2023), and hybrid red tilapia

(Abdelrhman et al., 2022); (iii) the beneficial effects of

polysaccharides, which slow down the rate while the feed passes

through the digestive tract which increase nutrient absorption and

bioavailability (Sotoudeh and Mardani, 2018). In terms of chemical

body composition, shrimp-fed diets supplemented with

polysaccharides, specifically, PS2, presented the highest values of

dry matter and lipids, whereas those in PS3 presented the highest

significant protein and ash contents. These results are in line with the

findings reported by Abbas et al. (2023), who reported significant

differences in the whole-body composition of L. vannamei when fed

different levels of PS extracted from the brown seaweed S. dentifolium

(SWP1, SWP2, and SWP3: 1, 2, and 3 g/kg diet, respectively),

compared with the control diet SWP0 (0 g/kg diet).

Immune parameters are measured as predictive indicators for

the investigation of shrimp health (Jerez-Cepa and Ruiz-Jarabo,

2021). The results of the present study are in line with the results

reported by (Del Rocıó Quezada-Rodrıǵuez and Fajer-Ávila, 2017),

who reported that ulvan has a key function in increasing the

immune response of O. niloticus. Furthermore, our findings are

similar to those reported by Akbary and Aminikhoei (2018) and

Nirmal et al. (2024), who concluded that the inclusion of PS has a

significant effect on enhancing the immune parameters of aquatic

animals. These differences may be due to the greater potential of
FIGURE 1

Digestive enzyme activities (A amylase and B lipase) of L. vannamei shrimp fed diets containing different levels of polysaccharides at P< 0.05.
TABLE 5 Immunological responses and antioxidant of Litopenaeus vannamei shrimp fed diets supplemented with red seaweed polysaccharides.

Parameters PS0 PS1 PS2 PS3

Lysozyme (μg/mL) 3.70 ± 0.45b 3.81 ± 0.16b 4.64 ± 0.65a 4.30 ± 0.10ab

MDA (nmol/g) 10.74 ± 0.12a 9.09 ± 0.03d 10.09 ± 0.03b 9.89 ± 0.02c

CAT (IU/g) 8.26 ± 0.41b 8.56 ± 0.41b 8.48 ± 0.51b 9.57 ± 0.45a

SOD (IU/g) 9.87 ± 0.16b 10.15 ± 0.06b 11.04 ± 0.25a 10.30 ± 0.12b
PS0, PS1, PS2, and PS3: diets supplemented with 0, 1, 2, or 3 g of polysaccharides, respectively. The data (n = 5) are the means ± SDs. Letters in the same column are significantly different (p< 0.05).
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bioactive compounds and PS in red seaweed than in other seaweed

types (Ashour et al., 2024a, b).

The enzymes of the digestive system play essential roles in both

improving food absorption and digestion in the gastrointestinal

system (Klahan et al., 2023). Our findings revealed that the

incorporation of PS from P. capillacea had a significant effect on
Frontiers in Marine Science 08
the activities of the digestive enzymes of L. vannamei. In our study,

shrimp in the PS2 group (2 g/kg) presented the highest amylase and

lipase activities. These findings are consistent with those published

previously by (Liang et al., 2021). These results may be explained by

the following functions of the biological activities of PS, including

PS increases the activities of digestive enzymes (Ashour et al.,
FIGURE 2

Gene expression levels of growth (A) GH, (B) IGF-1, and (C) IGF-II, and immunity; (D) Proph, (E) SOD, and (F) Lys, related genes in L. vannamei
muscle shrimp fed diets containing different levels of polysaccharides at P< 0.05.
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2024b), and the pH of the gastrointestinal tract is adjusted to

improve the activities of digestive enzymes (Liang et al., 2021).

Furthermore, the inclusion of polysaccharides in shrimp diets

increased growth- and immune-related gene expression,

particularly in the 2 g kg-1 diet (PS2). However, both the growth

and immunity-related gene expression are down regulated in the 3

g/kg diet (PS3), which recommended the inclusion of a 2 g kg-1 diet

as the maximum dose of polysaccharides in shrimp diets. These

results are consistent with those of Zhu et al. (2011) who reported

that L. vannamei-fed diets supplemented with PS significantly

reduce inflammation, improve immune enzymes, and increase

immune gene expression. Moreover, Abbas et al. (2023) reported

that the L. vannamei dietary supplementation with PS positively

upregulates growth-, and immune-related gene expression.

Similarly, Lee et al. (2020) reported that the L. vannamei diet

supplemented with brown seaweed PS significantly upregulated the

immune gene expression of L. vannamei. Additionally, Liu et al.

(2020) reported that the inclusion of PS extracted from

Enteromorpha significantly improved the growth- and immune-

related gene expression of the banana shrimp F. merguiensis.
5 Conclusion

The inclusion of polysaccharides derived from the red seaweed P.

capillacea at a dose of 2 g/kg significantly improved the growth,

nutrient utilization efficiency, immunological status, antioxidant

balance, digestive enzyme activities, and growth- and immunity-

related gene expression of the shrimp L. vannamei. The current

findings highlight the importance of utilizing polysaccharides derived

from red seaweed in the shrimp aquadiet industry. This could reduce

reliance on antibiotics, lower feed costs via better FCR, and boost

survival rates in aquaculture. The study supports sustainable practices

by utilizing seaweed-derived additives to improve shrimp health and

productivity. Future research should explore mechanisms behind PS-

mediated gene regulation and gut microbiome interactions. Moreover,

future works are recommended to understand the mechanism by

which PS enhance physiological status and modulate genes expression

in whiteleg shrimp.
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