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ARTICLE INFO ABSTRACT
Keywords: Seaweed liquid extracts are an attractive source of phytochemicals with high potential applicability in the
TAM aquafeed-additive industry. A commercial seaweed liquid extract (True Algae Max, TAM®), which has a marine

Seaweed phytochemicals
L. vannamei
Growth Performance

seaweed odor, also dislplays significant levels of polysaccharides, phytochemicals, phenolic, and flavonoid
compounds showing antioxidant activities and DPPH inhibition. This study investigates the impact of diets
Feed Utilisation supplemented with TAM® as a functional additive on the growth, nutrient utilization, immune responses, and
Antioxidant capacity immune-related gene expressions of whiteleg shrimp (Litopenaeus vannamei). A total of 750 postlarvae (PL, with
Immune and gene expression an average initial weight of 0.053+0.001 g) were divided into five experimental groups, comprising three rep-
licates per dietary treatment. For an eight-week experimental period, all groups were fed identical diets except
for the variation in TAM® inclusion levels. The basal diet (control diet) had no inclusion level of TAM® (TAMqg).
Groups 2-5 each contain TAM® inclusion at levels of 1% (10 mL gk"1 diet TAM;9,), 2% (20 mL gk_1 diet
TAMao,), 3% (30 mL gk’1 diet TAM3y), and 4% (40 mL gk’1 diet TAMyo,), respectively. The results concluded
that TAM® has great potential as a feed additive for whiteleg shrimp, compared to the control group. The group
TAMayy, significantly achieved final weight (4.337 g), weight gain (4.287 g) specific growth rate (3.423% / day),
feed conversion ratio (1.970), feed efficiency ratio (0.507), and protein efficiency ratio (1.407), compared to the
control group (3.900 g, 3.850 g, 3.347%/day, 2.183, 0.458, and 1.270, respectively). Whole-body composition of
protein and lipid contents were significantly improved by all TAM group including TAMay, (51.18% and 4.49%,
respectively), compared to the control group (49.38% and 4.15%, respectively). As well as, shrimp in group
TAMayy, achieved the highest values of lysozyme (3.92 pg mL’l), superoxide dismutase (SOD, 11.92 IU mL’l),
catalase (CAT, 13.04 IU g’l), lipase (31.24 IU L1, and amylase (31.24 IU L, compared to the control group
(3.19ugmL"}, 8.80 IU mL™}, 10.84 TU g7}, 17.35 IU L™}, 21.65 IU L}, respectively). For gene expressions
experiment, four immune-related were performed in this study; Peroxiredoxin (Prx), Prophenoloxidase (PPO1),
P53-like protein isoform delta (p53), and Hemocyanin subunit L5 (L5H). The results showed that shrimp in group
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TAMayo, achieved the highest significant P53 gene transcription compared to the control group or the other TAM
groups. Compared to other groups, the TAM;o, group considerably increased PPO1 gene transcription, while
TAMsy, displayed the greatest Prx gene transcription. On the other hand, compared to control group, all TAM
groups significantly improved L5H gene transcription. In conclusion, the current study revealed that TAM® diet
supplementation (20 mL of TAM® per kg diet) represents a promising, eco-friendly, and sustainable feed additive

in the shrimp aquadiet industry.

1. Introduction

Recently, the shrimp aquaculture sector has experienced remarkable
growth and has become one of the most critical contributers in world
aquaculture production (Gillett, 2008; Ahmed et al., 2019; Abbas et al.,
2020). The Pacific whiteleg shrimp (Litopenaeus vannamei) has emerged
as the most commonly cultivated penaeid species, accounting for more
than 70% of the world’s shrimp aquaculture output. This species is
preferred because of its fast growth rate, high reproductive capacity, and
can tolerate a wide range of salinity levels (Li et al., 2018; Lukwambe
etal., 2019). One of the most significant problems is the feed quality and
meeting nutritional specifications, which affects the growth and overall
health of the shrimp. Another challenge is low survivability rates, caused
by diseases, poor water quality, and environmental stressors (Abo-Taleb
et al., 2020a; Anh et al., 2021; El-Sayed, 2021; Emerenciano et al.,
2022). Additionally, environmental pollution and climate change pose
significant threats, impacting the sustainability of aquaculture, fisheries,
aquatic habitats, and aquatic organisms (Abo-Taleb et al., 2020b;
Abo-Taleb et al., 2021; Magouz et al., 2021). These issues need to be
addressed through sustainable and environmentally friendly practices to
ensure the long-term viability of the industry (Ahmed and Turchini,
2021; Iber and Kasan, 2021; Abisha et al., 2022; Mansour et al., 2022a).

Due to the increasing demand for shrimp products globally, the
shrimp feed industry has been resolving to provide effective solutions to
various challenges (El-Sayed, 2021). To address these issues, the in-
dustry has implemented selective strategies with one of the most
important being feed additive supplementation. This approach involves
the addition of various compounds to shrimp feeds to improve growth,
boost immunity, and enhance disease resistance. These dietary additives
and supplements can include vitamins, minerals, amino acids, pro-
biotics, prebiotics, and other bioactive compounds, such as plant ex-
tracts (Sharawy et al., 2022). Shrimp rely on and innate immunity,
which includes cellular and humoral responses, to protect against
pathogens In addition to growth and immunity, the quality of shrimp
feed additives can also be assessed through their impact on gene
expression and immunological indices associated with immune mecha-
nisms and the mitigation of oxidative stress biochemistry and physi-
ology (Fawzy et al., 2022; Hu, 2022; Zhang et al., 2022).

Immunological indices, such as phagocytic activity and lysozyme
activity, can also be used to evaluate the effectiveness of shrimp feed
additives by improving immunity (Hu, 2022). The bioactive compound
content and potency of feed additives is another critical factor that af-
fects their quality. The composition of the feed additive can impact the
nutrient profile of the shrimp and influence their growth and develop-
ment status. Another critical consideration in our understanding of
shrimp feed additives is their environmental impact. The production and
use of feed additives can have significant environmental implications,
including nutrient pollution, water quality degradation, and greenhouse
gas emissions (Alprol et al., 2021). Seaweed is a marine aquatic plant
naturally rich in several phytochemical compounds that have a plethora
of industrial applications (Alam et al., 2013; Osman et al., 2013; Para-
dikovi¢ et al., 2019; Torres et al., 2019; Elshobary et al., 2020; Alprol
et al., 2021; Ashour et al., 2021a). The shores of Egypt along the Med-
iterranean are home to a variety of wild seaweed genera that can be
sustainably harvested throughout the year. The most common seaweed
species reported along Alexandria’s Mediterranean coast are Pter-
ocladiella capillacea, Jania rubens (both red macroalgae), and Ulva lactuca

(green macroalgae). These seaweeds have been studied for their
biochemistry, mineral content, antioxidant activity, as well as their
ability to inhibit in vivo microbial growth (El Nemr et al., 2012; El-Said
and El-Sikaily, 2013; Khaled et al., 2014; Hassan and Shobier, 2018).

For aquaculture purposes, several studies showed that seaweed ex-
tracts are a valuable resource as they contain a range of biomolecules
and nutrients, such as polysaccharides, peptides, phenolic compounds,
and pigments that can improve growth, nutrient absorption, immune
function, and gene expression of cultured aquatic animals (Ashour et al.,
2020b; Ashour et al., 2021b; Mansour et al., 2022b). Moreover, seaweed
extracts have also been revealed to have antimicrobial and antioxidant
properties, help to reduce the risk of disease outbreaks, and improve the
overall health of several aquatic animal species. Moreover, in Nile
tilapia (Oreochromis niloticus) culture, a commercial seaweed extract
(TAM®) has previously been reported as an attractive aquafeed additive
(Ashour et al., 2020b) and water quality enhancer (Ashour et al.,
2021b). The current study served to evaluate the impact of the different
inclusion levels (0, 1, 2, 3, and 4%) of this selected commercial seaweed
liquid extract (True Algae Max, TAM®) into shrimp diets; the major
objectives being to quantify effects on growth performance, nutrient
utilization, immune responses, and related-gene expressions of the
whiteleg shrimp, Litopenaeus vannamei.

2. Materials and Methods
2.1. Seaweed

The commercial seaweed liquid extract (True Algae Max, TAM®) has
been previously submitted as a patent (Ashour, 2019), and the pro-
duction methodology of TAM® was earlier described by Ashour et al.
(2020a). In brief, two Rhoophyceae (Pterocladiella capillacea and Jania
rubens) and one Chlorophyceae species (Ulva lactuca) were harvested
from rocky sites on the Mediterranean Coast of Alexandria, Egypt (31°
16’ 16.0" N, 30° 10’ 28.0" E) to be used in preparing and producing
TAM®. After harvesting, the impurities were removed, then the algae
were washed, air-dried, powdered, and kept in bags at room tempera-
ture, 22 °C, until the TAM® preparation and analysis. Phytochemical,
biochemical, chemical, and physical analyses of crude TAM® were
determined as described previously (Ashour et al., 2020b; Alprol et al.,
2021). TAM® physical analyses showed that TAM®, which has a
dark-brown color and a marine seaweed odor, revealed a density and pH
value of 1.2 and 9-9.5, respectively. The biochemical analyses (% DM)
of total polysaccharides, total organic matter, and total dissolved solids
values were 15%, 8.2%, and 2.6%, respectively. Moreover, the phyto-
chemical analyses (% DM) of DPPH inhibition (70.33%), total antioxi-
dant  capacity (54.52mgg~!), total phenolic compounds
(101.67 mgg 1), total flavonoid compounds (2.60 mgg '), and total
ascorbic acid (1.66 mgg™') were determined according to previous
studies (Ashour et al., 2020b; Ashour et al., 2023). Chemical analyses
(major nutrients, minor nutrients, and heavy metals) revealed major
nutrient (%) values (%) of K, P, and N were 12%, 2.4%, and 0.14%,
respectively, while the minor nutrient values (ppm) (%) of Cu, Fe, Mg,
Zn, and Mn values were 0.39 ppm, 16.18 ppm, 19.72 ppm, 1.19 ppm,
and 3.72 ppm, respectively. According to previous studies, no amounts
of heavy metals of Cd, Cr, Pb, and Ni were reported, while As was re-
ported as traces (0.55 ppm) (Ashour et al., 2020b; Alprol et al., 2021).
The phytochemical profile of TAM® was performed by GC-Mass as
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described elsewhere (Ashour et al., 2020b), with the important biolog-
ical activities according to the literature presented in Table 1.

2.2. Shrimp

Shrimp postlarvae (PLs) were procured from a private hatchery in
Kafr El-Sheikh City, Egypt, and carefully transferred to the Fish Nutri-
tion Laboratory, Baltim Research Station, National Institute of Ocean-
ography and Fisheries (NIOF), Kafr El-Sheikh, Egypt. The PLs were
allowed to acclimate to the experimental conditions for two weeks in
concrete tanks (5m x 5m x 1 m), with a water temperature of 26 + 2
°C, dissolved oxygen (DO) of 5mg L1 (by continuous aeration), and
were fed a commercial basal diet of 45% protein (Table 2), four times
daily, until the larvae reached full satiation. The tanks used for

Table 1

Phytochemical profile of TAM®, with the most important biological activities
according to the literature.

Compound Name

Nature

Biological impacts

Refs.

5-Silaspiro[4.4]

Silicon-boron

Fish and plant

(Mekki, 2015;

nona-1,3,6,8- compound growth regulator Laane, 2018;
tetraene,3,8-bis and immunity Ashour et al.,
(diet-hylboryl)- enhancer 2020)
2,7-diethyl-

1,4,6,9-

tetraphenyl-

Nonadecane Alkane Fish and plant (Ibrahim et al.,
immunity 2016; Abdel-Latif
enhancer; et al., 2018; Mohy
antioxidant; El-Din and
antimicrobial,; Mohyeldin, 2018;
anti- WM Hassan and H
inflammatory, Shobier, 2018;

Ashour et al.,
2020)

Rhodopin Carotenoid Fish and plant (El-Din and El-
growth enhancer; Ahwany, 2016;
antioxidant Ashour et al.,

2020)
Milbemycin-oxime Macrocyclic Fish and plant (Takiguchi et al.,
lactones immunity 1980; Prichard
enhancer; etal., 2012; Kumar
antiparasitic; et al., 2014;
antihelmintic; Ashour et al.,
insecticidal 2020)
Tridecanoic acid Fatty acid Antioxidant; (Azam et al., 2005;
methyl ester methyl esters herbicidal; Agoramoorthy
(FAMEs) antimicrobial; et al., 2007;
surfactants Synowiec et al.,
2017; Ashour
et al., 2020)

9,12- FAMEs Antioxidant; (Azam et al., 2005;
Octadecadienoic herbicidal; Agoramoorthy
acid methyl ester, antimicrobial; et al., 2007;

(E, E)- surfactants Synowiec et al.,
2017; Ashour
et al., 2020)
y-Linolenic acid FAMEs Antioxidant; (Azam et al., 2005;
methyl ester herbicidal; Agoramoorthy
antimicrobial; et al., 2007;
Synowiec et al.,
2017; Ashour
et al., 2020)

Oleic Acid Fatty acid Fish and plant (Matanjun et al.,
immunity 2009; Vassiliou
enhancer; anti- et al., 2009;
inflammatory Cardoso et al.,

2017; Ashour
et al., 2020)

Phytol Diterpene Antioxidant; plant  (Santos et al.,

alcohol growth enhancer 2013; Gutbrod

et al., 2019;
Ashour et al.,
2020)

Aquaculture Reports 36 (2024) 102154

Table 2

The formulation and chemical composition of the basal diet (dry matter

basis).
Ingredient Experimental diet (%)
Fish meal Peru” 12
Fish meal Ca Mau® 18
Wheat gluten® 3
Defatted soybean meal® 28
Squid liver powder® 5
Wheat flour 25
Fish oil 3
Lecithin 1
Binder (GG)' 0.5
Cholesterol 0.1
Choline chloride 60% 0.6
MCP 0.3
Premix8 2.0
Ascorbic Acid 0.1
Gelatin 1.0
Lysine 0.1
Methionine 0.3
Total (%) 100
Chemical composition %
Crude Protein 45.4
Crude lipid 7.82
Carbohydrate 33.98
Crude Fiber 3.63
Ash 9.17
Gross energy (MJ kg™1) 19.9

2 Peruvian fishmeal, Pesquera Exalmar (CP 65%); b Eco-Fish Ca Mau
Viet Nam (CP 60%); ¢ VMC Group Vietnam; d Maharashtra Solvent
Extraction LTD India; ® An Giang Agriculture and Foods import-export
joint stock company; { Binder (Guar gum) was imported from Pakistan
and supplied by Hoa Chat Can Tho Comp, Vietnam; and & Premix was
provided by DSM, Germany.

acclimatization received groundwater with a salinity of 40 ppt mixed
with freshwater to balance the water entering the shrimp ponds, which
had a salinity of 26 + 1 ppt prior to the experimental start.

2.3. Diets

Five experimental diets (groups) were formulated to be iso-
nitrogenous (54.4% crude protein), and isocaloric (19.9 MJ kg~! gross
energy, DE). All groups were fed identical diets except for the variation
in seaweed liquid extract (TAM®) inclusion levels, which was prepared
as previously described (Ashour et al., 2020b). The basal diet (control
diet) was not supplemented with TAM® (TAMgy). Groups 2-5 were
added TAM at levels of 1% (10 mL gk ! diet TAMq;), 2% (20 mL gk *
diet TAM2,), 3% (30 mL gk~ diet TAMa30,), and 4% (40 mL gk~ diet
TAMyy,), respectively. The diets were performed by blended the dry
ingredients were together to create a homogenous mixture. Using the
Sprout-Waldron Laboratory Pellet Mill (CPM, California Pellet Mill Co.,
USA), pellets of 2 mm in size were produced. The temperature during the
pelleting process was kept below 40 °C. To incorporate seaweed extract
(TAM), the crude extract was dissolved in distilled water and sprayed
onto the surface of the diet, as described by Mehrabi et al. (2012). The
control diet (TAMO0%) received an equal amount of distilled water
without TAM. All diets were then dried at 40 °C for 48 hours, resulting in
a moisture content of approximately 10%. Subsequently, a 5mLkg—1
diet of sunflower oil was sprayed onto the basal diet to cover the
aqueous extract (Zeraatpisheh et al., 2018). Finally, the diets were air
dried for 4 hours and packed in cellophane bags. Prior to use, they were
cooled at 4 °C. The biochemical analysis of the control diet and feed diet
ingredients are shown in Table 2. Gross energy (GE) contents were
calculated according to the gross caloric values by Jobling (1983).
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2.4. Culture Technique and Water Quality

In this study, a total of 750 PLs were used for the five treatments.
After 15 days of acclimation, 50 PLs was stocked into one net hapa (0.7
x 0.7 x 1m) at a total of 150 PLs for each group, three replicates for
each group. The hapa net was fixed in concrete ponds (4 x 2 x 1m).
During the eight weeks experiment, PLs were reared under the condi-
tions of photoperiod of 12:12 h dark: light, the salinity of 26 + 1 ppt, the
temperature of 26 + 2 °C, and the DO of 5mg L~} by using continuous
aeration. The pH, NHs3, NO3, and NO;, levels were checked regularly and
were within suitable limits for shrimp farming as reported elsewhere
(APHA, 2005). The values for pH were 7.70 + 0.15, NH3 was 0.08 +
0.01mgL™!, NO; was 0.18 + 0.02mgL~!, and NO, was 0.10 =+
0.01 mg L! (Boyd and Tucker, 2012). The hapa nets were cleaned
frequently throughout the experiment and each pond had a water ex-
change of approximately 10% per day through the intake and output
flow rates of the pond system.

2.5. Shrimp Tested Parameters

2.5.1. Growth Performance and Feed Utilization

To calculate the weight mass gain (WG, g), postlarvae weights (g)
were determined using a digital laboratory analytical balance (Digital
PX224 Ohaus Pioneer Analytical Balance, Capacity: 0.0001) at the
beginning of the experiment (0.053+0.001 g, n = 10) and the end of the
feeding trial. The average of IBW was calculated as an average between
10 PLs, repeated three times. Obtained data were used to calculate the
survival rate (SR, %), specific growth rate (SGR %/day), and feed con-
version ratio (FCR). Moreover, the feed efficiency ratio (FER) and pro-
tein efficiency ratio (PER) were calculated according to the following
equations:

Weight Gain(WG, g) = Final body weight(g) — Initial body weight(g)

(€)]
. Total final survived number of shrimp
9 =
Survival Rate(SR, %) The initial number of shrimp
x 100
(2)

Ln Final body weight — Ln Initial body weight
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using the methods previously described by AOAC (2003).

2.5.3. Immunological Parameters

Five shrimp samples were chosen randomly from each replicate,
after 24 hours of fasting, and washed, with sterile seawater for a few
seconds. Shrimp were euthanized and selected organs and tissue was
dissected, weighed, and frozen at — 80 °C until analysis. Prior to lyso-
zyme, antioxidants, and digestive enzyme analysis, the shrimp samples
were homogenized in PBS (pH 7.4), centrifuged for 20 minutes at a
speed of 2000 to 3000 rpm, and the supernatant was carefully collected.
For measurements of serum lysozyme activity, the Fish Lysozyme (LZM)
ELISA Kits (Cat NO.:SLOO50FI, SunLong Biotech Co., LTD, China) were
used. The assay involved incubation of the lysozyme containing sample
with Micrococcus lysodeikticus cells which served as substrate. The re-
action was monitored by tracking the decrease in absorbance reading at
a wavelength of 450 nm, following the manufacturer’s instructions
(Harshbarger et al., 1992) to determine the rate of substrate conversion.

To assess the antioxidant activities, the levels of serum superoxide
dismutase (SOD), catalase, and lipid peroxide (Malondialdehyde, MDA)
were measured using colorimetric assays. The specific kits for SOD,
catalase, and MDA were purchased from Biodiagnostic Co., Egypt (Cat
NO.: SD2521, CA2517, and MD2529) respectively. The determination of
SOD was performed at a wavelength of 560 nm (Nishikimi et al., 1972),
catalase was determined at 510 nm (Aebi, 1984), while the determina-
tion of MDA was carried out at 534 nm (Ohkawa et al., 1979). For the
assays on digestive enzyme activities, the obtained homogenized tissues
from the gastrointestinal (GI) tract were separated through careful
centrifugation. The activities of different digestive enzymes, such as
lipase and amylase, were analyzed following the instructions provided
by the manufacturer. The determination of lipase and amylase was
conducted using spectrophotometric assays with specific kits (Cat NO.:
281001 Spectrum, Egy. Co. Biotech., Egypt, and Cat. NO.: AY1050,
Biodiagnostic Co., Egypt, respectively) at wavelengths of 580 nm (Moss
et al.,, 1999) and 660 nm (Caraway, 1959), respectively.

2.5.4. Immune-Related Gene Expressions

At the end of the feeding trial, three equal independent samples of
each five shrimp samples (whole animals) were collected, washed twice
using PBS (137 mM NaCl, 2.7 mM KCl, 8 mM NayHPO4, 1.46 mM
KHyPO4, and pH 7.4), and stored in RNA later® reagent (Sigma-
Aldrich®; 1w:5 v) at — 20°C as described by Goncalves et al. (2014). The

Specific Growth Rate(SGR% / day) = :

Total consumed feed

F i i0(FCR) =

eed Conversion Ratio(FCR) WG )
ici i __ WG()

Feed Efficiency Ratio(FER) = Feed intake(g) (5)

Protein Efficiency Ratio(PER) = % ®)

" Protein intake(g)

2.5.2. Body Chemical Analysis

At the end of the feeding trial, five samples were taken from each
replicate to determine the chemical composition of the whole shrimp
body. The shrimp were selected randomly, euthanised and blended,
dried, powdered, and kept at a temperature of — 20°C for future analysis.
The crude protein, crude lipid, ash, and dry matter were determined

x 100 3

total RNA extraction and quantitative real-time PCR followed the
method by Aguilera-Rivera et al. (2019). Briefly, the TRIzol reagents
protocol (TRIzol©; Life Technologies) was applied to extract the total
amount of RNA then the obtained extraction was quantified at 260 and
280 nm using a NanoDrop spectrophotometer (Thermo Scientific). The
RT2 First Strand Kit, which includes a highly successful genomic DNA
removal step before reverse transcription, was used during the RNA
extraction process to prevent DNA contamination. The target estimated
gene amplification efficiency was optimized for each primer set using a
10-fold dilution series of cDNA from five represntive replicates for each
specimens. cDNA was produced in a 10-uL estimated volume including
4 pg of the total extracted RNA, 10 x RT buffer, 10 mM dNTP, 10x
random RT primers and U reverse transcriptase (Enhanced Avian RT
First Strand Synthesis; Sigma-Aldrich©). The first strand cDNA was
generated at 59 °C for 50 min. Then, the designed primers studied in this
experiment were designed employing NCBI tool with Primer 5.0 soft-
ware (Hassan et al., 2023), including the Peroxiredoxin (Prx),
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Table 3
Nucleotide primers used to amplify the selected genes from whiteleg shrimp with Quantitative Real-Time-PCR.
Gene Nucleotide primers Accession NO. Amplification length (bp) °C References
Peroxiredoxin (Prx) F: CATCTTCAAGGGCACTGCTG GQ995702 139 60 (Liu et al., 2022)
R: CGGCCTTCATTGTCTTGGAG
Prophenoloxidase (PPO1) F: CCAGCAGCGTCTTCTTTACC AY723296 122 60 (Wang et al., 2008)
R: GTTCAATTTCTCGCCCAGGA
P53-like protein isoform delta (p53) F: CCAAGCAGCAATGTGTCAGT KX827274 190 60 (Nunez-Hernandez et al., 2021)
R: TCAGGCTGCCACTTCTTGAT
Hemocyanin subunit L5 (L5H) F: ATGCTCATCGTTGAAACCCG X82502 124 65 (Wang et al., 2008)
R:TCGTGTTTTGAAATGACCTTGG
p-actin F: ACTGGGACGACATGGAGAAG JF288784 121 60 (Hassan et al., 2023)
R: CAGGAATGAGGGCTGGAACA
Prophenoloxidase (PPO1), p53-like protein isoform delta (p53), and 3. Results

hemocyanin subunit L5 (L5H) genes (Table 3), which was conveyed into
a fluorometric iQ5 thermocycler (Bio-Rad®) following the guidelines as
previously described by Aguilera-Rivera et al. (2019). The gene S-actin
was applied as the housekeeping gene (Wang et al., 2007). The
expression level of each gene was estimated and calculated using the
Z'AACt as described by Livak and Schmittgen (2001), where C; is the
value corresponding to the number of cycles in which the fluorescence
was created. Each real-time PCR reaction (including cDNA synthesis)
was repeated triplicate times to approve the accuracy of the obtained
results. Moreover, the qPCR values were log? transformed to achieve
normality and diminish data variability. Besides, the PCR efficiency for
each sample was derived from the slope of the regression line fitted to a
subset of baseline-corrected data points in the log-linear phase using
LinRegPCR following the procedure reported by Ramaker et al. (2003).

2.6. Statistical Analysis

The findings of this feeding study were presented (n = 5) as means +
standard deviation. Before statistical analysis, Levene’s test was
employed to confirm the normality and homogeneity assumptions, and
the results (%) were arc-sin transformed (Zar, 1984). The statistical
analysis was conducted using the SPSS Statistics Software, which
involved performing one-way ANOVA followed by the Duncan (1955)
test at a significant level of p < 0.05. Finally, the figures were created
using Graph Pad (Prism 8) Statistics Software (Swift, 1997).

Table 4
Impact of TAM® levels on growth performance and nutrient utilization indices
of whiteleg shrimp (L. vannamei).

Items  TAMqo, TAM TAMa0, TAM30, TAMy0,
FW 3.900 4.060 4.337 4.153 3.840
+0.066° +0.030" +0.038? +0.035" +0.089¢
WG 3.850 4.010 4,287 4.103 3.787
+0.066° +0.030" +0.0382 4+0.035" 40.095¢
SGR  3.347 3.363 3.423 3.393 3.327
+0006 4 +0.021%¢ +0012° +0021%° +021¢
FCR 2183 2.113 1.970 2.020 2.233
+0.076° +0.012° +0.017¢ +0.026° +0.067°
FER  0.458 0.473 0.507 0.496 0.448
+0.016" +0.002" 40.005% +0.006% +0.014¢
PER  1.270 1.313 1.407 1.377 1.243
+0.046" +0.006" +0.012% +0.021% +0.038°
SR 79.904£0.96  79.70+0.56  80.10 79.80 79.70
+0.76 +0.87 +1.26

TAMO0%, TAM1%, TAM2%, TAM3%, and TAM4% are diets supplemented with
10, 20, 30, and 40 mL of TAM® per kg—1 diet. FW: final weight (g), WG: weight
gain (WG, g), SGR: specific growth rate (SGR, % / day), FCR: feed conversion
ratio, FER: feed efficiency ratio, PER: protein efficiency ratio, and SR: survival
rate (%). Data were represented as means + SD (n = 3). Different letters in each
column indicate significant differences (p < 0.05). The absence of letters in each
column means that there are no significant differences.

3.1. Growth Performance and Nutrient Indices

Table 4 shows the impact of TAM®’s supplementation levels on the
growth performances of whiteleg shrimp. No statistically significant
differences (p < 0.05) were revealed in survival rates between the
experimented groups. However, the results showed that shrimps fed
TAM® (TAMjo,, TAMay, and TAMsy,) exhibited significant (p < 0.05)
higher FW, WG, SGR, FCR, FER, and PER, compared to the control group
(TAMyy,). However, compared to the control group, shrimp fed TAMyo,
showed a significant (p < 0.05) decrease in SGR, FCR, FER, and PER
values while no significant (p < 0.05) difference in the FW and WG
between the TAMyq, group vs. the control group. Overall, Table 4
showed that shrimp fed the TAMy% diet displayed the highest signifi-
cant (p < 0.05) values of FW, WG, SGR, FER, and PEF while significantly
(p < 0.05) lowest FCR value was revealed, compared to the other TAM
groups (TAMio,, TAMsy, and TAM 4), as well as the control group
(TAMoos).

3.2. Shrimp Biochemical Composition

Fig. 1 shows the biochemical composition of the shrimp diets sup-
plemented with different TAM levels. The significantly (p < 0.05)
highest dry matter content (%) (Fig. 1A) was observed in shrimp fed the
TAMyy, diet, followed by TAM3y, and TAMje, while the lowest dry
matter content was observed in shrimp fed TAM3, and TAMgy, (control
group). Fig. 1B revealed that increasing the TAM inclusion level (1%,
2%, 3%, and 4%) significantly (p < 0.05) increased the protein content
of shrimp, compared to the control group (TAMgy). Compared to the
control group (TAMyy,), all the TAM groups (TAM;o,, TAMao,, TAMso,,
and TAMyo,) revealed significantly (p < 0.05) highest lipid content
(Fig. 1C). The significantly (p < 0.05) highest ash content (Fig. 1D) was
observed by feeding the shrimp the TAMgo, and TAMyo, diets, compared
to the other TAM groups.

3.3. Immunological responses

Fig. 2 shows the impact of TAM® levels on immunological responses,
redox status, and digestive enzyme secretions of whiteleg shrimp. The
results showed a significant difference (p < 0.05) in lysozyme activity
and SOD of shrimp fed the control diet (TAMgy,) vs. the other TAM
groups (TAM;o,, TAMag,, TAM30,, and TAMyo,).

The shrimp lysozyme activity and SOD levels (Fig. 2A and B,
respectively) were found to be highest in shrimp that were fed the
TAMay, diet. This was followed by shrimp fed the TAMsq,, TAM4o,, and
TAMj, diets, while the lowest activity levels were observed in shrimp
fed the control diet (TAMgy,). The MDA values, which indicate lipid
peroxidation, were significantly lower (p < 0.05) in shrimp-fed diets
supplemented with TAM (TAMag,, TAM39,, and TAMye,) compared to the
control group and TAMj, (Fig. 2C). The shrimp fed the TAMyy, diet
exhibited the highest catalase CAT value (Fig. 2D) compared to the other
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Fig. 1. Effect of TAM® diet supplementation on whole-body biochemical composition of whiteleg shrimp of dry matter (A), protein (B), lipid (C), and ash (D)
content. TAMgg, TAM;,, TAMa0s, TAM305, and TAM,o, are diets supplemented with 10, 20, 30, and 40 mL of TAM® per kg ! diet. Data were represented as means +

SD. Different letters in each column indicate significant differences (p < 0.05).

experimental groups (TAMgy, TAMjio, TAM3y, and TAMyy). When
examining the digestive enzyme activities (Fig. 2E and F), the highest
activities of lipase and amylase were observed in shrimp fed the TAMyy,
diet, followed by those fed the TAM3q,, TAM49,, TAM194, and the control
diet TAMqo.

3.4. Immune-Related Gene Expressions

Fig. 3 displayed the mRNA transcription of the Prx, PPO1, P53, and
L5H genes in shrimp-fed diets supplemented with several levels of TAM,
and increased TAM levels significantly increased Prx gene transcription
(up to 40 mL kg ™! diet). Compared to other groups, TAMsy, displayed
the greatest Prx gene transcription, followed by AMj¢, and TAMqo,
(Fig. 3A). Moreover, the TAMjq, group considerably increased PPO1
gene transcription, but the TAMgy, TAMay, and AMsy, groups main-
tained the same PPOI gene transcription tendencies (Fig. 3B). In
contrast, the TAMyy, revealed significantly (p < 0.05) higher P53 gene
transcription (Fig. 3C) compared to the control group (TAMyy,) or the
other inclusion levels of TAM (TAM;o,, TAMsy, and TAMe,). Finally,
shrimp diets supplemented with TAM (TAM;jo,, TAMao,, TAM3e,, and
TAMy,) significantly (p < 0.05) improved L5H gene transcription

(Fig. 3D) vs. the control group. By feeding the TAM;q, diet the highest
levels of L5H gene expression were revealed, followed by the TAMoyy,
TAMs3y,, and TAMye, diets, respectively.

4. Discussion

Worldwide, whiteleg shrimp farming has been rapidly evolving,
leading to increases in demand for specialized feed additives to be used
in bespoke aquafeed formulations. This trend has created a significant
opportunity for the aquaculture industry to use seaweed extract (Mab-
rouk et al., 2022). Seaweeds and/or their extracts have a greater po-
tential for commercial aquaculture utilization compared to other
aquatic plant or even invertebrate organisms (Metwally et al., 2020). In
agreement with the current findings, (Ashour et al. 2020b; 2021) re-
ported that inclusion levels of TAM®, within specific ranges in diets (5,
10, 15, and 20 gkg™' diet) or administered in the water culture
containment (50, 100, 150, and 200 mL m~° of culture water), signifi-
cantly improved the growth performances, feed utilization, and
whole-body composition of Nile tilapia. These improvements may be
attributed to the phytochemical potential of TAM®, which was previ-
ously reported as a growth enhancer for fish and plants (Mekki, 2015;
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Laane, 2018; Ashour et al., 2020b). As previously reported by Ashour
et al. (2020b), the GC-Mass analysis of TAM® showed nine important
bioactive compounds categorized into seven groups. Seven of these
bioactive materials revealed growth-promoting and
immunity-enhancing activities, as well as antioxidant and antimicrobial
properties. These compounds include oleic acid, rhodopin, phytol,
nonadecane, and three fatty acid compounds (Table 2). Moreover, two
additional novel phytochemical compounds were discovered in seaweed
extract (Ashour et al., 2020b), Silaspiro[4.4]nona-1,3,6,8-tetraene,3,
8-bis(diethylboryl)-2,7-diethyl-1,4,6,9-tetraphenyl-, and milbemycin-
oxime.

Numerous studies concluded that several seaweed extracts have
comprehensive positive potential applications as feed additives for
different shrimp species such as whiteleg shrimp (Cantelli et al., 2019;

Lee et al., 2020; Abbas et al., 2023), Penaeus monodon (the Black tiger
shrimp) (Immanuel et al., 2010; Kanjana et al., 2011; Immanuel et al.,
2012; AftabUddin et al., 2021), and Fenneropenaeus merguiensis (the
Banana shrimp). Liu et al. (2020), Liu et al. (2020) examined how the
growth, feed utilization, biochemical analysis, microbial abundance,
and gene expression related to growth, stress, and immunity of whiteleg
shrimp were modulated by the addition of different amounts (1, 2, and
3gkg™! of diet) of polysaccharides extracted from brown seaweed
S. dentifolium. Abbas et al. (2023) reported that adding polysaccharides
based on seaweed to the diets of shrimp led to significant improvements
in WG and SR compared to control fed shrimp. The whole-body
biochemical composition of the shrimp and microbial abundance
(count of heterotrophic bacteria and Vibrio spp.) also showed significant
differences among the diets with added polysaccharides compared to the
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Fig. 3. Effect of TAM® diet supplementation on mRNA expression folds changes of (A) the Peroxiredoxin (Prx), (B) Prophenoloxidase (PPO1), (C) p53-like protein
isoform delta (P53), and (D) Hemocyanin subunit L5 (L5H) genes of whiteleg shrimp. TAMgo,, TAM0,, TAMao,, TAM30,, and TAMy, are diets supplemented with 10,
20, 30, and 40 mL of TAM® per kg~ ! diet. Data were represented as means + SD. Different letters in each column indicate significant differences (p < 0.0).

control group. Moreover, the expression of growth-related genes (IGF-I
and IGF-II), immune-related genes ($-Bgp, ProPO, Lys, and Crustin), and
stress associated genes (SOD and GPx) in the muscle tissue of whiteleg
shrimp increased with the dietary supplementation of seaweed poly-
saccharide extract. However, the study concluded that an inclusion of
2 gkg™! polysaccharide as a dietary additive led to the best results,
improving WG and SR, while the incorporation of 3 g kg™* reduced the
number of harmful microbes such as Vibrio spp., and enhanced the
shrimp’s growth, immunity, and stress-related gene expression portfolio
(Abbas et al., 2023). According to the study by Lee et al. (2020), the
hot-water extract of brown macroalga Sargassum horneri had a positive
response on the growth, innate immunity, and immune-related gene
expressions of whiteleg shrimp, and the authors recommended that
adding different levels of seaweed hot-water extract (0.25, 0.5%, and
1%) to the shrimp’s diet, the ideal inclusion level was 0.5% (5 g kg’l).
The stimulation of the immune system through diet has been widely
investigated in aquaculture as a means of increasing shrimp resistance to
infectious diseases (Abbas et al., 2023).

AftabUddin et al. (2021) studied, for 45 days, the impact of the
methanolic and ethanolic extracts (0.25% and 5% of kg_1 diet) of two
brown seaweed species (Sargassum ilicifolium and Padina tetrastromatica)
on survival, growth performance, antibacterial properties, and immune
responses of tiger shrimp (Penaeus monodon) challenged with Vibrio
parahaemolyticus, and the authors concluded that the most favorable

growth performance and survival rates of juvenile tiger shrimps were
achieved when administered P. etrastromatica extract at a dose of
5 g kg~!. The highest antibacterial activity against V. parahaemolyticus
was observed in the methanol extract of both P. tetrastromatica and
S. ilicifolium. Furthermore, administering a combination of methanol
and ethanol extract of P. tetrastromatica at a dose of 5 g kg~! resulted in
improved growth performance and immune capacity of tiger shrimp.

Immanuel et al. (2010) investigated, for 20 days, the impact of a hot
water extract of Sargassum duplicatum and Sargassum wightii (brown
seaweed) on the growth performances and WSSV resistance in tiger
shrimp postlarvae (PL15-35). The results revealed that the treated
groups showed significantly higher WG and SGR than the control group,
without seaweed extract supplementation. Moreover, the control group
showed 100% mortality within the 8th day, whereas the highest inclu-
sion rate of seaweed extract (750 mg L™!) yielded the lowest mortality
(54-79%). These findings provide evidence that supports the consider-
ation of hot water extracts of S. duplicatum and S. wightii, as potential
alternatives to antibiotics for managing WSSV disease.

In another study by Immanuel et al. (2012), the impact of fucoidan
(polysaccharide extracted from S. wightii) dietary supplementation, for
45 days, on the immune activities of Penaeus monodon challenged with
WSSV was studied and all recorded immune activities (such as proph-
enoloxidase activity, respiratory burst activity, superoxide dismutase
activity and phagocytic activity) showed significantly elevated values
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than the control group. The same findings were also confirmed by
Kanjana et al. (2011) when using the solvent extracts of Gracilaria fisheri
(red seaweed) as dietary supplementation for tiger shrimp (Kanjana
et al., 2011). Liu et al. (2020) conducted a study to examine how
different levels of polysaccharides extracted from Enteromorpha sp.
(green seaweed) supplemented with the diet of Banana shrimp
(F. merguiensis) affected growth, immunity, and intestinal function, and
the study revealed that inclusion of 1 g of polysaccharides per kg diet
resulted in significant improvements in growth performance, enhanced
nonspecific immunity, and modulated the intestinal function of Banana
shrimp (Liu et al., 2020).

Niu et al. (2019) reported that the intestinal microbiota of whiteleg
shrimp was modulated by the administration of dietary seaweed Sac-
charina japonica. Mansour et al. (2022b) reported that dietary supple-
mentation with natural astaxanthin extracted from A. platensis
NIOF17/003 significantly improved the growth, gut bacterial pop-
ulations, and genes expression of immune and antioxidant-related genes
of whiteleg shrimp. According to the study by Chien and Shiau (2005),
astaxanthins derived from several algae strains (H. pluvialis and
A. pacifica) significantly enhance the growth and resistance to hypoxia
stress in the juvenile of Marsupenaeus japonicus (Kuruma shrimp). The
same findings were reported by Zhang et al. (2021) with Exopalaemon
carinicauda (the Ridgetail white prawn). The results of these studies are
consistent with the findings of the present study, demonstrating that
seaweed extracts have the potential as a feed additive in shrimp aqua-
culture. The results of the present study indicate that TAM® extract
enhanced growth performances, induced and supported immunity, and
promoted immune-related gene expression in whiteleg shrimp. Based on
these observations, the current study concludes that TAM® represents a
promising, eco-friendly, and sustainable option for use in shrimp
aquaculture.

5. Conclusions

The commercial seaweed extract (TAM®) was previously reported as
a desirable feed additive and water conditioner for Nile tilapia
(O. niloticus). Based on the findings of the current study, it is concluded
that, in addition, TAM® is a viable source of seaweed phytochemicals
with high potential applicability in the aquafeed-additive industry for
the whiteleg shrimp. The optimal inclusion rate of TAM® as an
aquafeed-additive for L. vannamei was a subject of inquiry in this study.
The results of the feeding trial revealed that the shrimp in the group
receiving 2% TAM® (20 mL of TAM® kg~! diet) exhibited significant
improvements in growth and feed utilization performance (FW, SGR,
FCR, PER, and FER), whole-body composition (protein and lipid con-
tent), immune responses (lysozyme activities, SOD, catalase, lipase, and
amylase), and immune-related gene expressions (p53) of the shrimp. In
conclusion, this study demonstrates that TAM® is a sustainable, eco-
friendly, and promising option for utilization in the aquafeed-additive
industry in meeting the sustainability agenda for resilient shrimp
production.
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