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Abstract

Selenium (Se) is one of the essential micronutrients for performing vital body functions. This study aims at examining
the influence of dietary supplementation of garlic clove-based green-synthesized selenium nanoparticles (GBGS-SeNPs,
48-87 nm) on carcass minerals and trace elements, and growth, biochemical, enzymological, and gene expression analyses
in the freshwater prawn, Macrobrachium rosenbergii post larvae (PL). The 96 h LCs, of this GBGS-SeNPs to M. rosenbergii
PL was 52.23 mg L™, Five different artificial diets without supplementation of GBGS-SeNPs (control, 0.0 mg kg~!) and
with supplementations of GBGS-SeNPs starting from 100 times lower than the LCs, value (0.5, 1.0, 1.5, and 2.0 mg kg™")
were prepared and fed to M. rosenbergii PL for 90 days. A dose-dependent accumulation of Se was observed in the carcass
of experimental prawns. GBGS-SeNPs, up to 1.5 mg kg™ significantly influenced the absorption of other trace elements (Ca,
Cu, and Fe) and mineral salts (K, Mg, Na, and Zn). GBGS-SeNPs-supplemented diets showed efficient food conversion ratio
(FCR) of 1.32 g against 2.71 g, and therefore enhanced the survival rate (85.6% against 78.8% in control) and weight gain
(WG) of 1.41 g against 0.46 g of control prawn. GBGS-SeNPs significantly elevated the activities of protease, amylase, and
lipase, and the contents of total protein, essential amino acids (EAA), total carbohydrate, total lipid, monounsaturated fatty
acids (MUFA), polyunsaturated fatty acids (PUFA), and ash. These indicate the growth promoting potential of GBGS-SeNPs
in prawn. The insignificantly altered activities of glutamic oxaloacetate transaminase (GOT), glutamic pyruvate transaminase
(GPT), superoxide dismutase (SOD), and catalase, and the content of malondialdehyde (MDA) up to 1.5 mg kg~! suggest
its acceptability in prawn. Moreover, a respective down- and upregulated myostatin (MSTN) and crustacean hyperglycemic
hormone (CHH) genes confirmed the influence of GBGS-SeNPs on the growth of prawn. In contrast, 2.0 mg kg~' GBGS-
SeNPs supplementation starts to produce negative effects on prawn (FCR, 1.76 g; survival rate, 82.2%; WG, 0.84 g against
respective values of 1.32 g, 85.6%; and 1.41 g observed in 1.5 mg kg~! of GBGS-SeNPs-supplemented diet fed prawn).
This study recommends a maximum of 1.5 mg kg~! GBGS-SeNPs as dietary supplement to attain sustainable growth of M.
rosenbergii. This was confirmed through polynomial and linear regression analyses.
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Introduction

The giant freshwater prawn, Macrobrachium rosenbergii,
is an economically important species; its global production
increased from 217.7 thousand ton in 2010 to 234.4 thou-
sand ton in 2018 [1]. It possesses unique characteristics, such
as faster growth, better tolerance to various environmental
conditions, disease resistance, delightful meat quality, and
high commercial value compared to other shrimps [2, 3]. It
is represents a reasonable dietary source of proteins, essen-
tial amino acids, polyunsaturated fatty acids, and low in fat.
Hence, it has long been used as a delicious, balanced food
choice for human consumption [4].

Selenium (Se) is considered one of the essential micro-
nutrients to maintain homeostasis in humans and animals,
its effects on physiological functions are multifaceted, and
it has functions of regulating endocrine and immunity
[5, 6]. It generally acts as a co-factor of some enzymatic
structures called selenoproteins, such as glutathione per-
oxidase and thioredoxin reductase, which protects body
against oxidative stress [7, 8] and prevents various dis-
eases, including arthritis, cardiovascular disease, cystic
fibrosis, muscular dystrophy, Alzheimer disease, cancer,
etc. [9-12]. Selenium deficiency has been reported to be
associated with a variety of adverse health effects such as
urinary problems and inflammation [13-15].

Selenium can be added in organic and inorganic forms in
aquaculture systems. Selenomethionine and selenocystine
are its organic forms, and selenite and selenate are the inor-
ganic forms [16]. The organic Se species, such as selenium
yeast (SeY) and selenium methionine (SeMet), are more
readily absorbed and more potent in terms of bioavailabil-
ity and effects than inorganic forms [17]. Organic Se can
increase the body’s total Se accumulation in Chinese mitten
crab, Eriocheir sinensis [ 18] with similar structure to sulfur-
containing amino acids. In protein synthesis, seleno-amino
acids are often replaced by sulfur-containing amino acids
and incorporated into proteins, which increase the Se stor-
age capacity [19]. In order to improve the uptake of Se in the
digestive system of aquatic animals, selenium nanoparticles
(SeNPs) have recently been suggested as an alternative form,
since they provide higher bioavailability and lower toxicity
[17, 20, 21].

Several authors have shown that dietary supplementation
of SeNPs in fish species could improve their growth effi-
ciency, immune response, antioxidant defense system, and
muscle Se content [8, 20, 22—-24]. However, information for
Se requirements in crustaceans is yet to be fully understood,
despite few studies have been reported on marron Cherax
cainii [25], Chinese mitten crab E. sinensis [26], freshwater
prawns M. rosenbergii [27, 28], Macrobrachium nipponense
[29], and marine shrimp Litopenaeus vannamei [30, 31].

The line between the healthy and toxic level of SeNPs
is very sharp, so it is necessary to address the problem
when considering the role of Se in dietary supplements,
as its higher level can create toxicity [30, 32, 33]. In this
viewpoint, this study revealed information about the del-
eterious impact of garlic-based green synthesis of selenium
nanoparticles (GBGS-SeNPs) and its dietary requirements
for survival, growth, carcass mineral contents, activities
of digestive enzymes, muscle biochemical compositions,
activities of metabolic and antioxidant enzymes, and lipid
peroxidation in M. rosenbergii post-larvae (PL). In addi-
tion, in order to see the growth regulation of prawn, the
gene expressions of myostatin and crustacean hyperglycemic
hormone were examined after GBGS-SeNPs supplementa-
tion. These results provide beneficial information for practi-
cal diet development for aquatic animals, especially prawn.
Moreover, the ameliorative property of garlic in reduction
of acute toxic levels of selenium in comparison with the
available literature (LCs,) would reveal the importance of
GBGS-SeNPs in maintaining good physiological function.

Materials and Methods
Procurement of M. rosenbergii PL

The post-larvae (PL-7) of the giant freshwater prawn M.
rosenbergii were procured from a nursery pond at Singanal-
lur (10.59"” N 77.88" E), Coimbatore, India. They were safely
taken to the laboratory in carrier bags half filled by well-
oxygenated farm water and acclimatized to ground water for
a week in a 1000-L cement tank (6’'x 3’ x 3’). Ground water
meets the following physicochemical parameters: tempera-
ture, 28 °C; pH, 7.10+0.20; total dissolved solids (TDS),
0.96 +0.02 g L™'; dissolved oxygen, 7.35+0.30 mg L™';
biological oxygen demand (BOD), 10.50 +1.10 mg L~!;
chemical oxygen demand (COD), 65.50+2.10 mg L™';
ammonia, 0.016 +0.003 mg L~!. The PLs were fed boiled
egg albumin once a day and Artemia nauplii three times a
day, and the aquarium water (3/4) was renewed daily and
aerated appropriately to ensure an environment free of accu-
mulated metabolic waste and sufficient oxygen. In order to
keep the aquarium in optimum condition, the unfed feed,
feces, exuvia, and dead prawn PL if any were removed by
siphoning them.

Garlic-Based Green Synthesis of Selenium
Nanoparticles

In our previous study [28], we have done GBGS-SeNPs from

sodium selenite (Na,SeO;) of Sigma-Aldrich. Ultrapure
water (Millipore) with resistance greater than 18 MQ was
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used as the solvent. The pulp of garlic (Allium sativum)
purchased from the local market was washed with sterile
distilled water thoroughly and ground to an oil form. The
garlic extract was filtered using Whatman No. 1 filter paper.
To produce GBGS-SeNPs, 5 mL of the garlic extract was
mixed with 50 mL of 20 mM Na,SeO; solution and heated
in magnetic stirrer with 150 rpm at 60 °C until the color
changed to brick red from pale yellow, which designates the
formation of colloidal GBGS-SeNPs. After 24 h of incu-
bation, the preparation was centrifuged at 10,000 rpm for
30 min. The pellet was washed with double-distilled water
then with absolute ethanol three times and dried under room
temperature. The brick red GBGS-SeNPs were suspended
in PBS (pH 7.4) by ultra-sonication and then centrifuged
at 10,000 rpm for 15 min. The powder form of the GBGS-
SeNPs was used for further studies.

The formation of GBGS-SeNPs absorption spectrum was
determined using UV-Vis spectra under the wavelength
range of 200-700 nm at a resolution of 1 nm using JASCO V
650 spectrophotometer. The high-resolution images of sur-
face topography with excellent depth of field were examined
by field emission scanning electron microscopy (FEI Quan-
tax-250 SEM) attached with EDX. For understanding the
crystalline structure of GBGS-SeNPs, the XRD patterns of
calcined GBGS-SeNPs were recorded on an XPERT-PRO
diffractometer system for a range of 2 h=10-80° using
Cu-Ka radiation of wavelength, 1.5406 A. The chemical
composition (functional groups involved in formation of
GBGS-SeNPs) and physical state of GBGS-SeNPs was fur-
ther characterized by Fourier transform infrared spectros-
copy (Shimadzu FT-IR PC(S) 8201 spectrometer in kBr with
absorption in cm™!).

Garlic clove extract was a clear solution and appeared
as brown in color. Na,SeO; appeared as a colorless solu-
tion. In addition of garlic clove extract, the Na,SeO; solution
changed to pale yellow within a minute and finally attained
brick red within 45 min. This indicated GBGS-SeNPs for-
mation. The characterization of GBGS-SeNPs revealed uni-
form, mono-dispersive and highly stable spherical shaped
particles within the size range of 48—87 nm [28].

Bio Assay of GBGS-SeNPs on Prawn PL

In order to understand the 96 h LCs, of GBGS-SeNPs, the
static renewal acute toxicity test was performed after con-
formity with the guidance of American Society for Test-
ing and Materials [34]. Preliminary exploratory tests were
conducted to find out the broad range of concentrations of
GBGS-SeNPs which could be relevant to the test. The toxic
range was determined by adding a graded series of ten differ-
ent concentrations of GBGS-SeNPs (10, 20, 30, 40, 50, 60,
70, 80, 90, and 100 mg L_l) from the stock solution to ten
different aquaria, each contained 5 L of tap water and housed
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10 individuals of experimental prawn PL for a duration of
96 h. During the toxicity test, the prawns were neither fed
nor aerated. A control aquarium was maintained simultane-
ously. The mortality data were subjected to probit analysis
Finney et al. [35].

Formulation of Artificial Diets

A basal diet was formulated artificially in the laboratory by
using locally available ingredients, such as fishmeal and soy
meal as protein sources, wheat bran and tapioca flour as car-
bohydrate sources, cod liver oil as lipid source, and egg albu-
min and tapioca used as binding agents; moreover, vitamin B
complex with vitamin C “Becosules Capsules” (Manufactured
by Pfizer Ltd., Mumbai, India), GBGS-SeNPs free mineral
mixture and a pinch of table salt were also added (Table 1).
The proximate composition (crude protein, crude fat, crude
fiber, total ash, moisture, total nitrogen free extract sand and
silica, and gross energy) of this basal diet was analyzed fol-
lowing the methods prescribed in AOAC [36]. The values are

Table 1 Ingredients used to formulate the basal (control) and experi-
mental diets

Ingredients (g kg™!)

Fishmeal 400

Soy meal 200

Wheat bran 180

Tapioca flour 150

Egg albumin 30

Cod liver oil 20

Vitamin B complex with vitamin C* 10

Se free mineral mixture** 10

GBGS SeNPs (only to the experimental diets) 0.5, 1.0,
1.5, and
2.0 mg kg™!

Proximate composition of basal diet: crude protein, 43.88%; crude
fat, 7.28%; crude fiber, 1.21%; total ash, 8.43%; moisture, 6.74%;
total nitrogen free extract, 34.21%; sand and silica, 2.21%; and gross
energy, 4218 kJ g_.1 (AOAC, 2005). The basal diet (control), and the
experimental diets formulated by supplementing GBGS SeNPs were
not subjected to analysis of any trace elements including Se

“Composition of Vitamin B complex: Thiamine mononitrate (IP,
10 mg), Riboflavin (IP, 10 mg), Pyridoxine Hydrochloride (IP, 3 mg),
Vitamin B, (IP, as tablets 1:100, 15 mg), Niacinamide (IP, 100 mg),
Calcium pantothenate (IP, 50 mg), Folic acid (IP, 1.5 mg), Biotin
(USP, 100 pg), and Ascorbic acid (IP, 150 mg)

“*Composition of Se free mineral mixture: ZnSO, 3 mg,
CuSO,5H,0 3 mg, CaCO; 164 mg, NaH,PO, 2H,0 148 mg;
KH,PO, 2H,0 337.6 mg; CaCl, 66.64 mg, MgSO, 7H,0, 80 mg,
KCI, 22.40 mg, AICl; 6H,0, 0.96 mg, MnSO, H,O 11.45 mg,
FeSO,7H,0, 90 mg; COCl, 6H,0, 1.41 mg, KI, 1.81 mg, and cel-
lulose, 69.74 mg

GBGS SeNPs garlic-based green-synthesized selenium nanoparticles,
Se selenium
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presented in the footnote of Table 1. This was done by using
the outsourcing service available at Tamilnadu Veterinary and
Animal Science University, Namakkal, India.

The micro pulverized and sieved basal ingredient mixture
including tapioca flour were steam cooked for 15 min at
95-100 °C and allowed to cool at room temperature. Then
vitamin B-complex with vitamin C, egg albumin, and sun-
flower oil were added. The garlic-based SeNPs was supple-
mented as a source of Se at different concentrations (starting
from 100 times lower than the LCs, value, 0.5, 1.0, 1.5, and
2.0 mg kg~!) with the basal diet. The dough was prepared
with 10% boiled water and 3 mm diameter diets were pel-
letized in a manual pelletizer. The feed pellets were dried
under room temperature until they reached moisture content
below 10%. Then the diets were stored at — 20 °C and used.

Feeding Experiment

In this study, five groups of M. rosenbergii PL
(1.76 £0.05 cm length and 0.23 +£0.02 g weight) were used
for 90 days feeding trials. Each group consisted of forty num-
bers of PL in a 40 L plastic tank and maintained in triplicate
(40x3 =120 PLsx5=600 PLs). One group was served as
a control that was fed with the basal diet (‘O concentration
of GBGS-SeNPs supplemented). The remaining four groups
were fed ad libidum (in order to avoid voracious cannibal-
istic behavior of prawns) with 0.5, 1.0, 1.5, and 2.0 mg/kg
of GBGS-SeNPs-supplemented diets, respectively. A mild
aeration was continuously given throughout the experimen-
tal period of 90 days. On the 90th day, the prawns were
sacrificed and analyzed by following parameters.

Estimations of Carcass Trace Elements and Mineral
Contents

The whole-body carcass mineral contents, such as Se, Cr,
Ca, Cu, Fe, K, Mg, Na, and Zn, were analyzed using an
ICP-MS (Thermo scientific Xserious II, USA) by adopting
triple-acid digestion method AOAC [37]. To achieve this,
sacrificed prawns were digested by using HNO;, H,SO,, and
HCIO, (9:3:1) in a hotplate at 400 °C for 2 h. The digested
samples were allowed to cool at room temperature and
diluted with double distilled water.

Survival, Growth Performance, and Nutritional
Indices

The food indices parameters such as survival rate (SR),
length gain (LG), weight gain (WG), feed intake (FI), spe-
cific growth rate (SGR), feed conversion ratio (FCR), and
protein efficiency ratio (PER) were calculated according
to the calculation described by Tekinay and Davies [38]
as below:

Survival rate [SR (%)] =no. of live prawns/ no. of prawns
introduced x 100.

Length gain [LG (cm)] =final length (cm)-initial length
(cm).

Weight gain [WG (g)] =final weight (g)-initial weight (g).

Feed intake [FI (g day~!)] =feed eaten (g)/total number
of days.

Specific growth rate [SGR (%)] =, final weight (g)—,,
initial weight (g) / total number of days x 100.

Feed conversion ratio [FCR (g)] =feed intake (g)/ weight
gain (g).

Protein efficiency ratio [PER (g)] =weight gain (g)/pro-
tein intake (g).

Assays of Digestive Enzymes

The entire digestive tract along with hepatopancreas was
homogenized using ice-cold double-distilled water and cen-
trifuged at 9300 X g for 20 min under 4 °C. The supernatant
was used as a primitive source of the enzyme. Protease activ-
ity was determined by the casein-hydrolysis method of Furne
et al. [39], where one unit of enzyme activity represents
the amount of enzyme required to liberate 1 pg of tyrosine
per minute under assay conditions. Amylase activity was
determined by the starch-hydrolysis method. The specific
activity of amylase was calculated as milligrams of maltose
liberated per gram of protein per hour [40]. Lipase activity
was assayed by the method of Furne et al. [39]. One unit of
lipase activity was defined as the quantity of free fatty acid
released from triacylglycerol per unit of time estimated by
the quantity of NaOH required to maintain constant pH and
represented as mille alkali equivalents consumed.

Estimation of Basic Biochemical Constituents

The methods described by Lowry et al. [41], Moore and
Stein [42], and Roe [43] were applied to estimate the respec-
tive concentration of muscle’s total protein, total amino
acids, and total carbohydrate. The total lipid was extracted
by the method of Folch et al. [44] and its content was esti-
mated by the method of Barnes and Blackstock [45].

Analyses of Amino Acids and Fatty Acids Profiles

The profiles of amino acids were analyzed on the samples
from the control and the prawns fed with 1.5 mg kg™! of
GBGS-SeNPs-supplemented diet, by using the high-perfor-
mance thin-layer chromatography (HPTLC) as prescribed
by Hess and Sherma [46]. Similarly, the profiles of fatty
acids were analyzed by using the gas chromatography (GC)
as prescribed by Nichols et al. [47]. These were outsourced
by Sastra Deemed University, Thanjavur, Tamilnadu, India.
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Assays of Metabolic Enzymes

The tissues of muscle and hepatopancreas were separately
homogenized in 0.25 M sucrose and centrifuged at 3300 g
for 20 min in a high-speed cooling centrifuge at 4 °C. The
supernatant was used as the enzyme source. The metabolic
enzymes such as glutamic oxaloacetate transaminase (GOT)
and glutamic pyruvate transaminase (GPT) were analyzed
according to the method of Reitman and Frankel [48] using
a kit (Medsource Ozone Biomedicals Pvt. Ltd. Haryana,
India). L-Aspartic acid (pH 7.4) was used as a substrate and
sodium pyruvate (160 U/L) was used as a calibrator for GOT
assay. Buffered L-Alanine, 2-Oxoglutarate (pH 7.4) was used
as substrate and sodium pyruvate (170 U/L) was used as a
calibrator for GPT assay. The activities of GOT and GPT
were expressed as U/L.

Assays of Antioxidant Enzymes and Lipid
Peroxidation

The tissues of muscle and hepatopancreas was separately
homogenized in ice-cold 50 mM Tris buffer (pH 7.4), cen-
trifuged at 9300 g for 20 min at 4 °C and the supernatant was
used to assay the enzyme activities. Superoxide dismutase
(SOD) activity was measured using pyrogallol (10 mM)
autoxidation in Tris buffer (50 mM, pH 7.0) by adopting
the method of Marklund and Marklund [49] and its specific
activity was expressed in U/mg protein. Catalase (CAT)
activity was measured using hydrogen peroxide (H,0,) as
the substrate in phosphate buffer by following the method of
Sinha [50] and its specific activity was expressed as p moles
of H,O, consumed/min/mg protein.

Lipid peroxidation (LPO) was measured by estimating
the content of malondialdehyde (MDA), a product of LPO
by following the method of Ohkawa et al. [51], and it was
expressed as nmoles of MDA/mg protein.

Gene Expression Analysis of Growth Factors

Total RNA in the muscles of the prawn was extracted using
the TRIzol reagent. The RNA quantity and quality were
then determined by spectrophotometry using a NanoDrop
ND-2000 (Thermo Scientific, Wilmington, DE, USA) and
1.2% agarose gel electrophoresis, respectively. Subsequently,
1 pg of RNA was reverse transcribed into cDNA using Pri-
meScript™ RT Reagent kit (Takara, China).

Real-time fluorescent quantitative PCR detected the
relative expression of myostatin (MSTN) and crustacean
hyperglycemic hormone (CHH) mRNA in prawn muscle.
The reference gene, p-actin, is used as a housekeeping
gene. The primers used are listed below. p-actin: 5'-ACC
ACCGAAATTGCTCCCATCCTCT-3"; 3'-ACGGTCACT
TGTTCACCATCGGCATT-5' [52]; MSTN: 5-ACTGCG
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CTGTGTTGATTGTAGCTG-3'; 3'-ACAACAGTACGT
GTTCACGGGTCT-5' [53]; CHH: 5'-CAGGTTCTTTTT
CCCCCTTT-3'; 3'-ATCAACGCGAAAGCCTCAT-5' [52].
Real-time PCR was conducted in a Quant Studio 5 (Applied
Biosystems, Foster City, CA, USA) with a total volume of
18 uL, containing SYBR Fast qPCR Mix (2 X), special prim-
ers (10 mM), cDNA, and sterilized double-distilled water.
The PCR program was run at 95 °C for 10 min followed by
40 cycles of 95 °C for 15 s and 60 °C for 60 s. Melting curve
analysis was carried out after the amplification phase for
confirmation. Each sample was run in triplicate. The gene
expression levels of MSTN and CHH were studied using the
27A4CT method.

Statistical Analysis

For each biochemical and enzyme parameter, tissues from
five prawns were pooled together, and three such pooled
samples were taken for analysis. The data were analyzed by
one-way analysis of variance (ANOVA) using SPSS (16.0),
followed by Duncan's multiple range test (DMRT) to com-
pare the differences among treatments where significant
differences (p < 0.05) were observed. Data were expressed
as mean + S.D. All the parameters were subjected to poly-
nomial and linear regression analysis SPSS (16.0). For each
parameter, the observed lower and upper values and probit
(expected) values of lower and upper limits are noted.

Results
Acute Toxicity of GBGS-SeNPs to Prawn PL

The 96 h LCy, of GBGS-SeNPs to M. rosenbergii PL was
found to be 52.28 mg L™'. The 95% upper and lower confi-
dence limits were 56.67 mg L™! and 47.82 mg L™}, respec-
tively as shown in Table 2. During the toxicity test, the
experimental prawn PL exhibited behavioral abnormalities,
such as fast jerking, frequent jumping, erratic swimming,
spiraling, and tendency to escape from the aquaria in con-
centration 40—-100 mg L~ Following this state of hyper-
excitability, the prawn PL became inactive and showed
muscular spasms and loss of orientation. There was loss of
equilibrium and paralysis, which ultimately caused the death
of the experimental prawn PL. The mortality was faster and
quicker in higher concentrations (> 50 mg L) than that of
lower concentrations.

Carcass Trace Elements and Mineral Contents
In this study, a dose-dependent increase in accumulation Se

in the carcass of the whole body was recorded in prawn PL
fed with GBGS-SeNPs-supplemented diet when compared
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Table2 96 h LCs value of GBGS SeNPs to M. rosenbergii PL

Chi-square x?»

Probit analysis (95%)

96 h LCy,
(mgL™

Probit value

Observed Expected Residual

Mortality mean

Concentration Observed morality

(mgL™

LCL (mg L™

UCL (mg L™

mortality (%)

mortality (%)

T2 T3

T1

0.045

-4.46
3.58
1.49
223
0.37
4.53

4.46
9.72

0.0

0.00+0.00
1.33+£0.58
2.00+0.00
3.33+£0.58
4.67+0.58

0
1
2
4
5
7
8
8

10
20
30
40
50
60
70
80
90

0.097

133

0.185
0.311

18.51
31.07

46.33

20.0

333

7.482

47.82

56.67

52.28

0.463

46.7

0.622

66.7 62.17

7

6.67+0.58
7.33+£0.58

0.762
0.867
0.935

-2.87
-6.73
-0.22
2.76

76.17

33

86.73

.0
3.3
100.0

80

8.00+£0.00
9.33+£0.58

93.52
97.24

9

10

0.972

10.00+0.00

10

10

100

T1, T2, and T3 represent test 1, test 2 and test 3, respectively of triplicate exposures, each with 10 No (s) of prawn PL

LCs,, Lethal concentration that kills 50% of M. rosenbergii PL

Expected Mortality, The average expected number of dead prawn PL in a fixed time frame

LCL lower confidence limit, UCL upper confidence limit, GBGS SeNPs garlic-based green-synthesized Se nanoparticles

with control (Table 3). The content of other trace elements
(Ca, Cu, and Fe) and mineral salts (K, Mg, Na, and Zn)
were significantly increased (p <0.05) in prawns fed with
GBGS-SeNPs-supplemented diets up to 1.5 mg kg~ when
compared with control. Whereas, the level of these trace ele-
ments and mineral salts absorption was started to decrease in
2.0 mg kg~! of GBGS-SeNPs-supplemented diet fed prawns.

Supplementary Table 1 represents the paired sample “#”
test for concentrations of trace elements and mineral salts
presented in Table 3. The values of Se (Table 3) was found
to be increased in all the treatments when compared with
control individually (including the values between 1.5 and
2.0 mg kg~! of GBGS SeNPs), which showed the “s’values
with negative signs (Supplementary Table 1). This indicates
the fact that all the values of treatments were higher than
that of control (Table 3). Therefore, in this study, the uptake
of Se was a continuous process. However, the “#” values of
trace elements (except Se in 2.0 mg kg™ of GBGS SeNPs)
between 1.5 and 2.0 mg kg~! of GBGS SeNPs were shown
with positive signs (Table 3 and Supplementary Table 1).
This indicates the fact that the values in 2.0 mg kg™' of
GBGS SeNPs were lower than that of the respective values
in 1.5 mg kg~! of GBGS SeNPs (Table 3 and Supplementary
Table 1).

Survival and Growth Performance of Prawn PL Upon
Feeding with GBGS-SeNPs

The survival rate (SR), morphometric data (length and
weight), and nutritional indices, such as length gain (LG),
weight gain (WG), feed intake (FI), specific growth rate
(SGR), and protein efficiency ratio (PER), were found to
be significantly increased (p <0.05) in prawn PL fed with
GBGS-SeNPs-supplemented diets up to 1.5 mg kg™ when
compared with control. Whereas, 2.0 mg kg~ of GBGS-
SeNPs-supplemented diet fed prawns showed the decreased
values of all these parameters. The food conversion ratio
(FCR) was found dose-dependent decrease up to 1.5 mg kg™!
of GBGS-SeNPs-supplemented diets fed prawns when com-
pared with control. In the case of 2.0 mg kg~ of GBGS-
SeNPs-supplemented diet fed prawns, the FCR was found to
increase when compared with 0.5 mg kg~! of GBGS-SeNPs
(Table 4).

Supplementary Table 2 represents paired sample “” test
for nutritional indices presented in Table 4. The “#”’ values
of all the parameters of nutritional indices (except FCR)
were found to be increased when compared with control
individually (Table 4 and Supplementary Table 2), which
were shown with negative signs (Supplementary Table 2).
However, the trends were just opposite between 1.5 and
2.0 mg kg~! of GBGS SeNPs. This indicates the fact that the
values in 2.0 mg kg~ of GBGS SeNPs were lower (except
FCR) than that of the respective values in 1.5 mg kg~! of
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Table 3 Concentrations of trace elements and mineral salts in the carcass of M. rosenbergii PL fed GBGS SeNPs-supplemented diets

Parameters Control Concentrations of GBGS SeNPs (mg kg™!) Fvalue
0.5 1.0 15 2.0

Trace elements (mg kg™')  Se 41.36+0.64° 56.46+1.06° 82.43+1.27° 98.30+1.35° 12476 £1.55*  2232.999
Ca  39.33+0.52° 92.33 +1.26° 136.10+ +1.45¢  172.83+1.85°  141.80+1.55>  4114.524
Cu  47.13+0.53¢ 88.56+1.064 96.76 +1.52¢ 114.16+1.88*  102.16+1.41°  1062.343
Fe 29.10+0.50° 71.16 +1.10¢ 116.06+1.51° 133.73+1.85*  98.06+1.27° 2871.392

Mineral salts (g kg™") K 142.60+£2.10°  167.33+2.25¢  181.63+2.75° 199.17+3.02*  174.43+2.40°  201.826
Mg  72.23+1.13° 104.73+1.89¢  173.90+2.11° 216.53+£2.91*  141.67+2.00°  2209.975
Na 12297 +1.86°  156.70+£2.12°  167.13+2.52° 189.37+2.72*  13490+1.86%  411.055
Zn  34.83+051¢ 53.27 +0.65¢ 71.53+0.78¢ 113.90+1.41*  91.47+1.12° 3194.828

Each value is mean+SD; n=3; mean values within the same row sharing the different alphabetical superscripts are statistically significant at
p<0.05 (one-way ANOVA and subsequent post hoc multiple comparison with DMRT)

Se selenium, Ca calcium, Cu copper, Fe iron, K potassium, Mg magnesium, Na sodium, Zn zinc

GBGS SeNPs garlic-based green-synthesized Se nanoparticles

Table 4 Survival, growth

- Parameters Concentration of GBGS SeNPs (mg kg™!) F value

performance, and nutritional

indices of M. rosenbergii PL Control 0.5 1.0 1.5 2.0

fed GBGS SeNPs-supplemented

diets Survival rate (%)  78.88+1.84° 81.1+1.90* 833+2.33" 85.6+2.92" 822+1.92% 3805
Initial length (cm) 1.76+0.05 1.76 +£0.05 1.76 £0.05 1.76 +£0.05 1.76+0.05 -
Final length (cm)  4.19+0.17"  526+0.17% 542+021" 5.69+024* 4.98+0.23¢ 23.275
Initial weight (g)  0.23+0.02 0.23+0.02 0.23+£0.02 0.23+0.02 0.23+0.02 -
Final weight (g) 0.69+0.04° 126+0.08° 1.49+0.15* 1.64+0.17* 1.07+0.07° 32.298
LG (cm) 242+0.12°  3.49+0.18° 3.65+0.35® 3.92+0.41* 321+023°  12.666
WG (g) 0.46+0.05° 1.03+0.10° 1.26+0.13* 1.41+0.19* 0.84+0.09° 28217
FI (g day™) 0.42+0.03¢  0.54+0.03 0.58+0.04 0.62+0.05° 0.49+0.04°¢ 12.200
SGR (%) 1.02+£0.06°  1.28+0.09* 1.35+0.128 1.39+0.14* 1.21+0.08* 6.118
FCR (g) 271+0.18"  1.59+0.16" 1.38+0.15° 1.32+0.14° 1.76+0.16°  37.860
PER (%) 0.84+0.06% 1.43+0.10° 1.64+0.15° 1.71+£0.17° 1.30+0.09° 24.466

Each value is mean (n=3)+SD

Mean values within the same row sharing the different alphabetical superscripts are statistically significant
at P<0.05 (one way ANOVA and subsequent post hoc multiple comparison with Duncan’s multiple range

test (DMRT)

LG length gain, WG weight gain, FI feed intake, SGR specific growth rate, FCR feed conversion ratio, PER

protein efficiency ratio

GBGS SeNPs garlic-based green-synthesized Se nanoparticles

GBGS SeNPs (Table 4 and Supplementary Table 2). This
suggests that 2.0 mg kg~! of GBGS SeNPs produced nega-
tive effects.

Activities of Digestive Enzymes

Activities of digestive enzymes such as protease, amylase,
and lipase were significantly increased (p <0.05) in prawns
fed with up to 1.5 mg kg~! of GBGS-SeNPs-supplemented
diet when compared with control. However, in the case
of 2.0 mg kg~! of GBGS-SeNPs-supplemented diet fed
prawns, the activities of these digestive enzymes started to

@ Springer

decrease when compared with 0.5 mg kg™ of GBGS-SeNPs
(Table 5).

Supplementary Table 3 represents paired sample “7” test
for activities of digestive enzymes presented in Table 5. The
“¢” values of digestive enzymes were found to be increased
when compared with control individually (Table 7 and Sup-
plementary Table 3), which were showed with negative
sings (Supplementary Table 3). However, the trends were
just opposite between 1.5 and 2.0 mg kg™! of GBGS SeNPs.
This indicates the fact that the values in 2.0 mg kg™! of
GBGS SeNPs were lower than that of the respective values
in 1.5 mg kg~! of GBGS SeNPs (Table 5 and Supplementary
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Table 5 Activities (?f dige§tive Enzyme activity Concentrations of GBGS SeNPs (mg kg™!) F value
enzymes in the gut including (Unit mg™! .
g~ protein)

the hepatopancreas of M. Control 0.5 1.0 1.5 2.0
rosenbergii PL fed with
control and GBGS SeNPs- Protease 1.14+0.12° 1.62+0.17°  1.78+0.18" 197+0.19* 1.48+0.14> 11.292
supplemented diets Amylase 0.71+0.11°  1.19+021* 124+0.22® 1.57+0.29° 091+0.17* 7.478

Lipase* 021+0.02° 042+0.04° 0.50+0.05> 0.58+0.06° 0.33+0.03¢ 34.783

*(x 10? Unit mg.™! protein)

Each value is the mean+SD; n=3; mean values within the same row sharing different letters are statisti-
cally significant at p<0.05 (one-way ANOVA and subsequent post-hoc multiple comparison with Dun-

can’s multiple range test (DMRT)

GBGS SeNPs garlic-based green-synthesized Se nanoparticles

Table 3). This suggests that 2.0 mg kg~ of GBGS SeNPs
produced negative effects.

Concentrations of Basic Biochemical Constituents

Concentrations of muscle biochemical constituents, such
as total protein, amino acids, carbohydrate, lipid, and ash,
were significantly increased (p <0.05) in prawns fed with
GBGS-SeNPs-supplemented diets up to 1.5 mg kg~' when
compared with control. Whereas, 2.0 mg kg~!' of GBGS-
SeNPs-supplemented diet fed prawns, the content of these
parameters started to decrease (Table 6). In the case of mois-
ture content, just the reverse trend was observed.
Supplementary Table 4 represents paired sample “¢”
test for concentrations of basic biochemical constituents
presented in Table 6. The “f” values of concentrations of
basic biochemical constituents (except moisture) were found
to be increased when compared with control, individually
(Table 6 and Supplementary Table 4), which showed nega-
tive signs. However, the trends were just opposite between
1.5 and 2.0 mg kg~! of GBGS SeNPs. This indicates the
fact that the values in 2.0 mg kg~! of GBGS SeNPs were
lower (except moisture) than that of the respective values in
1.5 mg kg~! of GBGS SeNPs (Table 6 and Supplementary

Table 4). This suggests that 2.0 mg kg~ of GBGS SeNPs
produced negative effects.

Profiles of Amino Acids

Eighteen amino acids were detected in control and the best
concentration of GBGS-SeNPs (1.5 mg kg~!) supplemented
feed fed prawns. Of which, ten were essential amino acids
(EAA), arginine, histidine, leucine, isoleucine, lysine,
methionine, phenylalanine, threonine, tryptophan and valine,
and the remaining were non-essential amino acids (NEAA).
The concentrations of all EAA were found to be significantly
higher (p <0.05) in test prawns when compared with control
(Table 7).

Profiles of Fatty Acids

Ten fatty acids were detected in control and the best con-
centration of GBGS-SeNPs (1.5 mg kg™!) supplemented
feed fed prawns. Of which, five were saturated fatty acids
(SFA), lauric acid, myristic acid, palmitic acid, stearic acid,
and arachidic acid; two were mono unsaturated fatty acids
(MUFA), palmitoleic acid and oleic acid; and three were
polyunsaturated fatty acids (PUFA), linoleic acid (n-6), EPA

Table 6 Concentrations of basic biochemical constituents in the muscle of M. rosenbergii PL fed GBGS SeNPs supplemented diets

Parameters(mg g~' wet  Concentration of GBGS SeNPs (mg kg™!) Fvalue
t.

wt) Control 05 1.0 15 2.0

Protein 143.46+£2.35° 197.52 +3.45° 227.50+£3.63° 241.42 +3.85 174.50 +£3.50¢ 408.090
Amino acid 87.19+1.51¢ 113.59 + 1.55° 127.45+1.62° 144.23 +1.74* 114.77 £1.54° 517.932
Carbohydrate 37.19+1.12¢ 47.64+1.18° 51.86+1.23° 57.52+1.29° 47.07 £ 1.16° 116.669
Lipid 18.66 +0.91¢ 28.49+0.94¢ 30.89+0.95° 33.02+£1.13° 25.32+0.95¢ 98.248
Moisture (%) 74.52+1.52° 68.33+1.28° 65.36+1.14¢ 62.33+1.12¢ 70.63+1.43° 38.774
Ash (%) 14.68 +0.60° 16.87 +0.62° 17.14+0.82° 18.78 +0.98* 1529 +0.75¢ 13.404

Each value is mean (n=3)+SD

Mean values within the same row sharing the different alphabetical superscripts are statistically significant at p <0.05 (one-way ANOVA and
subsequent post-hoc multiple comparison with Duncan’s multiple range test (DMRT)

GBGS SeNPs garlic-based green-synthesized Se nanoparticles
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Table 7 Profiles of amino acids in the muscle of M. rosenbergii PL
fed 1.5 mg kg.”! GBGS SeNPs supplemented diet

Amino acids Concentrations of amino acids (g/100 g dry

wt.)

Control Experimental tvalue
Lysine® 3.05+0.13 3.97+0.22 -17.71
Histidine® 2.78+0.11 3.42+0.16 —22.17
Arginine® 3.04+0.12 4.13+0.18 —-31.47
Glycine® 10.44+0.55 11.65+0.57 —104.79
Asparagine® 7.61+0.30 8.96+0.36 —38.97
Threonine® 4.05+0.14 4.85+0.17 —46.19
Valine® 3.62+0.16 4.12+0.18 —43.30
Methionine® 2.02+0.12 2.93+0.18 —26.27
Isoleucine® 2.43+0.14 2.89+0.17 —26.56
Leucine® 3.65+0.16 4.32+0.18 —58.02
Phenyl alanine® 3.23+0.22 3.87+0.27 -22.17
YEAA 45.92 55.11 -
Proline™® 6.07+0.32 7.15+£0.36 —46.77
GlutamineF 1.56+£0.07 2.12+0.19 —-8.08
CystineNE 1.86+0.09 2.67+0.19 —14.03
Aspartic acid™® 4.4240.24 4.86+0.27 —25.40
AlanineNE 1.34+0.05 1.98+0.09 -27.71
Glutamic acid"F 1.37+0.07 2.15+0.12 —-27.02
Tyrosine™E 3.43+0.23 4.07+0.28 —22.17
YNEAA 20.05 25.00 -
YAA 65.97 80.11 -

Each value is mean (n=3)+SD. All the Values are significant
(p<0.05) by paired samples ‘¢’ test

AA amino acid, EAA essential amino acids, NEAA non-essential
amino acids

E_essential amino acid; NE, non-essential amino acid

GBGS SeNPs garlic-based green-synthesized Se nanoparticles

(n-3), and DHA (n-3). The concentrations of MUFA and
PUFA were found to be significantly higher (p <0.05) in
test prawns when compared with control. The MUFA were
predominantly higher than that of PUFA (Table 8).

Activities of Metabolic and Antioxidant Enzymes,
and Lipid Peroxidation

In this study, there were no significant alterations observed in
the activities of metabolic (GOT and GPT) and antioxidant
(SOD and catalase) enzymes, and the content of malondial-
dehyde (MDA) produced during lipid peroxidation (LPO) in
the hepatopancreas of prawns fed with up to 1.5 mg kg™! of
GBGS-SeNPs-supplemented diets when compared with con-
trol. However, significant elevation (p <0.05) was recorded
in GOT, GPT, SOD, catalase, and LPO in prawns fed with
2.0 mg kg~! of GBGS-SeNPs-supplemented diet when com-
pared with control (Table 9).

@ Springer

Supplementary Table 5 represents paired sample “#” test
for activities of GOT, GPT, SOD, and CAT and concentra-
tion of MDA presented in Table 9. The “#” values obtained
for GOT, GPT, SOD, and CAT and MDA were found to be
not in a proper trend up to 1.5 mg kg~! of GBGS SeNPs
when compared with control, individually (Table 9 and
Supplementary Table 5). Therefore, depending upon the
alteration, the sign has appeared. However, in 2.0 mg kg™!
of GBGS SeNPs, there was steady increase in “f” values
when compared with control and with 1.5 mg kg™! of GBGS
SeNPs (Table 9). Therefore, all the “¢” values appeared in
negative sign (Supplementary Table 5). This suggests that
2.0 mg kg~! of GBGS SeNPs produced negative effects.

Relative Gene Expression

Among the four concentrations of GBGS-SeNPs (0.5,
1.0, 1.5, and 2 mg kg~!) supplemented diets, the diet with
1.5 mg kg~! GBGS-SeNPs was performed well (produced
the least FCR value); therefore, the gene expressions studies
were performed in this diet fed prawns only. The quantity of
total RNA isolated from the muscle of prawn is presented
in Supplementary Table 6. In the control prawn, the total
RNA level was found about 2170 ng/uL. The test prawn fed
with 1.5 mg kg™ of GBGS-SeNPs showed higher quantum
of total RNA (3561 ng/uL) than that of control. The qualita-
tive assay of total RNA in 1.2% agarose gel electrophoresis
(AGE) showed three bands (288, 18S, 5.8S). The intensity
of 28S and 18S were intense in test prawns fed with GBGS-
SeNPs when compared with control (Supplementary Fig. 1).

Figure 1 represents transcript expression levels of MSTN
and CHH genes in M. rosenbergii. These genes were signifi-
cantly influenced by the supplementation of GBGS-SeNPs.
The MSTN gene expression was downregulated, whereas
the CHH was upregulated (Fig. 1). Supplementary Table 7
represents the RQ values for the expression levels of MSTN
and CHH genes. The expression level of the MSTN gene was
downregulated, whereas the CHH was upregulated.

The quality of RT-PCR products (m-RNA) resolved in
1.0% AGE is presented in Supplementary Fig. 2. The house-
keeping gene (P actin) resolved at 100 bp region. The MSTN
gene was resolved at1500 bp region with better intensity in
control than that of prawns fed with GBGS-SeNPs, which
showed the downregulation of MSTN in test prawns. The
CHH gene was resolved at just above 100 bp region with
better intensity in test prawns fed with GBGS-SeNPs than
that of control, which showed the upregulation of CHH in
test prawns (Supplementary Fig. 2).

In this study, the overall results indicate that up to
1.5 mg kg! of GBGS SeNPs produced positive effects
and not the case with 2.0 mg kg~! of GBGS SeNPs. These
were further confirmed by the structure of the polynomial
curves and linear lines obtained (Figs. 2, 3, 4, 5, 6, 7, and
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Table 8 Profiles of fatty acids in

o Fatty acids Concentrations of fatty acid (%)
the muscle of M. rosenbergii PL
fed 1.5 mg kg.”! GBGS SeNPs Control Experimental tvalue
supplemented diet
SFA Lauric acid (C12:0) 0.43+0.02 0.77+0.05 6.07
Myristic acid (C14:0) 0.23+0.01 0.52+0.03 7.08
Palmitic acid (C16:0) 12.65+0.80 13.87+0.87 —38.05
Stearic acid (C18:0) 8.34+0.32 9.88+0.42 —-41.79
Arachidic acid (C20:0) 0.63+0.04 1.27+0.09 6.52
Y SFA 22.28 26.31 -
MUFA Palmitoleic acid (C16:1) 9.45+0.46 11.06 +0.60 —-36.76
Olecic acid (C18:1) 8.12+0.46 10.14+0.53 —26.19
YMUFA 17.57 21.20 -
PUFA Linoleic acid (C18:2 n-6) 8.97+0.48 11.21+0.52 —25.87
EPA (C20:5 n-3) 1.21+0.05 2.25+0.08 —8.86
DHA (C22:6 n-3) 1.78 +0.08 3.13+0.14 -10.77
Y PUFA 11.96 16.59 -
Y FA 51.81 64.10 -

Each value is mean (n=3)+SD. All the Values are significant (p <0.05) by paired samples ‘¢’ test

FA fatty acids, SFA saturated fatty acids, MUFA mono unsaturated fatty acids, PUFA poly unsaturated fatty
acids, GBGS SeNPs garlic-based green-synthesized Se nanoparticles

Table 9 Activities of GOT, GPT, SOD and CAT, and concentration of MDA in the hepatopancreas of M. rosenbergii PL fed with control and
GBGS SeNPs supplemented diets

Parameters Concentrations of GBGS SeNPs (mg kg™!) F value
Control 0.5 1.0 1.5 2.0

GOT (UL™Y 13.97 +1.08% 13.24+1.17° 13.46+1.12° 13.73+1.14° 15.94+1.21° 2.680

GPT (UL 13.72+1.19° 13.82+1.21° 13.04+1.22° 13.14+1.16° 17.55+1.41° 6.841

SOD (umol min~! mg~" protein) 15.16+1.15* 15.44 +1.24° 15.79+1.21° 15.96 +1.25° 17.14+1.32° 1.137

CAT (U/mg™! protein) 23.54+1.32° 23.61+1.74° 23.83+1.72° 24.15+1.84° 28.48 +1.85" 4.612

LPO (nmol MDA mg™! protein) 1.78+0.08° 1.79+0.09° 1.85+0.07° 1.87+0.08° 3.91+0.22* 176.482

Each value is mean (n=3)+SD

Mean values within the same row sharing the different alphabetical superscripts are statistically significant at p <0.05 (one-way ANOVA and
subsequent post-hoc multiple comparison with Duncan’s multiple range test (DMRT)

GOT glutamic oxaloacetic transaminase, GPT glutamic pyruvic transaminase, SOD superoxide dismutase, CAT catalase, LPO lipid peroxidation,
MDA malondialdehyde, GBGS SeNPs garlic-based green-synthesized Se nanoparticles

8). The break points of the polynomial curve by the linear
line are at below 0.5 mg kg~' of GBGS SeNPs as lower
level, and above 1.5 mg kg™! of GBGS SeNPs as upper
level, but not reached 2.0 mg kg~! of GBGS SeNPs in all
the parameters including Se uptake (previously, which was
described as a continuous process (Table 3)). However, the
optimum range of 0.5-1.5 mg kg~! of GBGS-SeNPs can
be extended slightly in both ways (0.25-1.75 mg kg~! of
GBGS-SeNPs) as per polynomial and regression analyses
results shown. At the outset, Se concentration influences
the uptake of other trace elements (Ca, Cu, and Fe) and
mineral salts (K, Mg, Na, and Zn). Similarly, it influ-
ences the survival, growth, nutritional, biochemical, and

i

enzymological parameters (Tables 3, 4, 5, 6, 7,
5

6 ; Sup-
plementary Tables 1, 2, 3, 4, 5; Figs. 2, 3, 4, 8

8,9
76’77 )'

Discussion

Nanomaterials have significant beneficial effects on the
growth of animals in aquaculture, as they serve as feed addi-
tives [54]. Nanoscale dietary minerals enter cell membranes
faster than bulk particles and thus, improving their assimila-
tion, which will not only increase survival and growth but
also improve overall health. Nanoparticles show elevated
ability over their conventional form, as they have an intense
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Fig. 1 Relative expression lev-
els of MSTN and CHH genes in
the muscle of M. rosenbergii PL

Relative expression level of mRNA

control and PL fed with garlic- 12
based green-synthesized SeNPs
(1.5 mg kg.™!) supplemented
diet. MSTN, Myostatin; CHH,
Crustacean hyperglycemic
hormone

10

(o))

RQ value

N

surface region that combines rapidly with other organic mol-
ecules. It has been proposed that diets supplemented with
nanoparticles improve the capacity to digest in the gut [55].
The usage of nano-selenium in aqua diets showed improved
bioavailability, low toxicity besides enhancing the immune
response and antioxidant protection in cultured fishes [17,
20].

The toxicity of a chemical in an aquatic animal depends
upon several factors such as species, size, weight, water
quality parameters, local environmental condition, biological
variability, and chemical formulations [56, 57]. In this study,
the 96 h LCs, value of GBGS-SeNPs was 52.28 mg L™!
for M. rosenbergii PL. This is the first report to describe
the lethal concentration of GBGS-SeNPs to this species of
prawn. Moreover, no report is available on the LCj, of sele-
nium in any of the Macrobrachium species. At this lethal
concentration, the prawn exhibited some behavioral changes,
such as inactiveness, muscular spasms, and loss of orienta-
tion. There was loss of equilibrium and paralysis, which ulti-
mately led to death. Several authors have reported the lethal
concentrations of Se in different organisms. The LCs, of
selenite was 2.9 mg L~! in fathead minnow fry (Pimephales
promelas Rafinesque), 7.3 mg L™! in fathered minnow juve-
nile, 9.1 mg L™ in juvenile flag fish (Jordanella floridae
Goode and Bean), 14.3 mg L™ in brook trout (Salvelinus
fontinalis Mitchill) adult, 18.2 mg L™! in juvenile channel
catfish (Ictalurus punctatus Rafinesque), and 36.6 mg L' in
juvenile goldfish (Carassius auratus L.) [58]. Mal et al. [59]
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found that the LCs, for Se-NPs was 1.77 mg L™" in zebrafish
(Danio rerio) embryos. Since Se is an essential trace ele-
ment for several metabolic and enzymatic functions, it has
a significant role in determining the dosage of nutritional
supplementation [32]. It has been reported that the organic
nano-selenium such as selenometheonine (SeMet) and sele-
nocysteine (SeCys) showed less toxic and comparable effi-
cacy in upregulating seleno-enzymes and tissue selenium
levels when compared with bulk materials [32, 60, 61]. In
this study, the recorded LCs, value of GBGS-SeNPs was
found to be higher than that of the reported values. This
may be due to several factors, like duration of exposure,
condition of water quality parameters, life stage, health of
the individual, etc. Moreover, the ameliorative property of
garlic may reduce the toxicity of Se, since this was garlic-
based green-synthesized SeNPs.

In this study, up to 1.5 mg kg~! GBGS-SeNPs has the
potency to produce the positive effect on physiological,
biochemical, enzymological, and gene expressions in M.
rosenbergii PL, but at 2.0 mg kg_l, it showed toxic effect. A
dose-dependent increase in concentration of whole body Se
was observed from 0.5 to 2.0 mg kg~! following exposure
to GBGS-SeNPs-supplemented diets, which indicated that
the prawn body was able to become enriched with Se from
the diet. It has been reported that the integument, anten-
nal glands, gills, and gastro-intestinal tract of crustaceans
readily takes up Se [62, 63]. Presumably, excess of these
nanoparticles might cost more energy in osmotic and ionic



Influence of Garlic (Allium sativum) Clove-Based Selenium Nanoparticles on Status of...

2047

140 _\':3 6053:?4*3.4‘51:\2"’40 73 a 200 v=-50.02x2+157.1x+ 34.37 b
R=0.994 180 7 - RZ=0.962 *
120 __ 160 T g
2, 100 £140 P ¢
4 _ £120 -
% 80 y=41.72x+38.93 g 100 3.:}{;2?::;939
“ 50 R*=0.991 30 o
60 /
40 /
40 &
20 20
0 0
0 05 1 1.5 2 2.5 0 0.5 B 1.5 2 2.5
GBGS-SeNPs concentrations (ng kgl) GBGS-SeNPs concentrations (ing kg1)
Observed Expected Observed Expected
Lower | Upper | Lower | Upper Lower | Upper | Lower | Upper
41.36 | 124.76 | 30.37 | 47.49 39.33 | 172.83 | -13.02 | 131.80
140 160 - .
v =-27.90x2+82.93x+48.67 C . y=-52 191\:%+1—l—l 4x+2342 d
120 RZ=0.963 R°=0.953 s
100 s — 120
~ * 50100
“ P o o ¢
o 80 ) 3':3,-_;13,Xf62 62 E{ 80 e
g 60 7~ R*=0.703 g LAY =40.09x+49.52
=) & < 60 v ’ e
= 40 = 10 / R*=0.598
O y
20 20 &
0 0
0 0.5 1 15 2 2.5 0 0.5 1 15 2 25
GBGS-SeNPs concentrations (ing kgl) GBGS-SeNPs concentrations (ing kg™)
Observed Expected Observed Expected
Lower | Upper | Lower | Upper Lower | Upper | Lower | Upper
47.13 | 114.16 | 22.96 | 102.28 29.10 | 133.73 | -24.42 | 123.47

Fig.2 Regression (polynomial and linear with probit) values of trace
elements in the control and GBGS-SeNPs-supplemented feeds fed
prawns. a Selenium (with straight polynomial curve), b calcium, ¢

regulation and interact with other nutrients utilization. The
optimized concentration of GBGS-SeNPs (1.5 mg kg™
facilitated the maximum absorption of other trace elements
(Ca, Cu, and Fe) and minerals (K, Mg, Na, and Zn) available
in the formulated experimental diet, by the prawns.
Similarly, it has been reported that the whole body
Se concentration increased with increasing dietary sele-
nium levels in gibel carp Carassius auratus gibelio, cobia

copper, d iron. GBGS SeNPs garlic-based green-synthesized Se nano-
particles. The “0” on the “X” axis represents the control value

Rachycentron canadum, yellowtail kingfish Seriola lalandi,
oriental river prawn M. nipponense, and white leg prawn
L. vannamei [29, 31, 64, 65]. It is likely that prawns could
have the potential to sustain selenium homeostasis. Wang
et al. [66] reported that excess Se-yeast in the diet of E. sin-
ensis reduced oxidative stress and did not limit the growth.
Yuan et al. [18] also reported that Se-biofortified corn fed
to mitten crab was biologically active while being less toxic.
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Fig.3 Regression (polynomial and linear with probit) values of min-
eral salts in the control and GBGS-SeNPs-supplemented feeds fed
prawns. a Potassium, b magnesium, ¢ sodium, d zinc. GBGS SeNPs

However, higher GBGS-SeNPs showed the tendency of
affecting the growth of prawn by generating excessive free
radicals and cause oxidative damage as seen in S. lalandi
[65], M. nipponense [29], Japanese abalone, Haliotis discus
hannai [29], and rainbow trout, Oncorhynchus mykiss [31].

Though the absorption of Se was continuous in all four
levels (0.5, 1.0, 1.5, and 2.0 mg kg_1 of GBGS-SeNPs),
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garlic-based green-synthesized Se nanoparticles. The ‘0’ on the ‘X’
axis represents the control value

only up to 1.5 mg kg™ of GBGS-SeNPs showed positive
response/regulation on overall growth and survival of M.
rosenbergii PL. The lowest FCR observed in 1.5 mg kg™
of GBGS-SeNPs-supplemented diet fed prawns reflects the
superior quality of the diet prepared. It has been reported
that nano-Se, dietary Se, and SeMet-supplemented feed
fed fish O. mykiss, C. auratus gibelio, blunt snout bream
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Fig.4 Regression (polynomial and linear with probit) values of sur-
vival, growth performance, and nutritional indices in the control and
GBGS-SeNPs-supplemented feeds fed prawns. a Survival rate, b

Megalobrama amblycephala, marine fish species includ-
ing grouper Epinephelus malabaricus, cobia R. canadum,
S. lalandi, common carp Cyprinus carpio, E. sinensis, and
L. vannamei produced significant improvement in survival
and growth [8, 22, 26, 29-31, 65, 67]. In this study, the
growth of prawns was significantly inhibited in 2.0 mg kg™
of GBGS-SeNPs-supplemented diet. This is consistent with
the report of [29] in M. nipponense, where excessive Se
inhibits growth. Selenium limits may vary by the influence

weight gain, ¢ specific growth rate, d feed conversion ratio. GBGS
SeNPs garlic-based green-synthesized Se nanoparticles. The “0” on
the “X” axis represents the control value

of various environmental factors and life stages of the indi-
vidual species.

Almost in all organisms, Se acts as a cofactor for vari-
ous enzymes [5]. Food digestion is one of the most essential
roles of the body’s metabolism to obtain nutrients for vari-
ous activities. Digestive enzymes in crustacean play a vital
role in nutritional physiology, and regulate the growth and
moult cycle by maintaining general health [68]. In this study,
the noticed increase in the activity of protease, amylase, and
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Fig.5 Regression (polynomial and linear with probit) values of
digestive enzymes in the control and GBGS-SeNPs-supplemented
feeds fed prawns. a Protease, b amylase, ¢ lipase. GBGS SeNPs gar-

lipase in 1.5 mg kg~! GBGS-SeNPs-supplemented feed fed
prawns indicated that the macromolecules, protein, carbo-
hydrate, and lipid might be broken down into amino acids,
monosaccharides, and fatty acids, respectively. The increased
activities of digestive enzymes contributed to improved food
intake and food conversion, which eventually led to better
survival and growth of M. rosenbergii. It has been reported
that dietary Se supplementations increased protease, amylase,
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lic-based green-synthesized Se nanoparticles. The “0” on the “X”
axis represents the control value

and lipase activities in grass carp Ctenopharyngodon idella,
sea bream Pagrus major, and marron Cherax cainii [69,
70]. It has also been reported that optimum amounts of die-
tary bulk and nano form of Zn, Cu, Fe, Mg, and Mn have
increased digestive enzyme activity in M. rosenbergii PL
[71-76]. It has also been reported that NaCl dietary sup-
plement increased protease, amylase, and lipase activities in
M. rosenbergii, Cirrhinus mrigala, and C. carpio [77]. In
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Fig.6 Regression (polynomial and linear with probit) values of basic
biochemical constituents in the control and GBGS-SeNPs-supple-
mented feeds fed prawns. a Protein, b amino acid, ¢ carbohydrate, d

this study, the 2.0 mg kg~! of GBGS-SeNPs supplementation
resulted in decreased activities of these digestive enzymes,
which indicates its toxic limit to M. rosenbergii PL.

In this study, the increased levels of total protein, total
amino acids, EAA, NEAA, total carbohydrate and total
lipid, SFA, MUFA, and PUFA recorded in 1.5 mg kg~! of
GBGS-SeNPs-supplemented diet fed prawns suggest their
increased synthesis due to metabolic influence of Se. It
has been reported that Se- and SeNPs-supplemented feeds
influence the synthesis and storage of protein and lipid in

lipid. GBGS SeNPs garlic-based green-synthesized Se nanoparticles.
The “0” on the “X” axis represents the control value

rainbow trout O. mykiss, common carp C. carpio, African
catfish Clarias gariepinus, grass carp Ctenopharyngodon
idellus, and red sea bream P. major [6, 8, 22, 67, 70]. It
has also been reported that optimum amounts of dietary
bulk and nano form of Zn, Cu, Fe, Mg, and Mn have also
increased the basic biochemical constituents, and essential
amino acids and fatty acids in M. rosenbergii PL [71-76].
In this study, the decrease recorded in basic biochemical
constituents by 2.0 mg kg~! of GBGS-SeNPs supplementa-
tion indicates its toxicity to M. rosenbergii PL.
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Fig.7 Regression (polynomial and linear with probit) values of GOT
and GPT in the control and GBGS-SeNPs-supplemented feeds fed
prawns. a Glutamic oxaloacetic transaminase. b Glutamic pyruvic
transaminase. GBGS SeNPs garlic-based green-synthesized Se nano-

The dietary requirement of minerals can be optimized
by assessing the survival, growth, activities of GOT, GPT,
SOD, and CAT, and MDA production [71-76, 78, 79].
One can assess the state of stress in any animal by the
decreased or increased activities of these enzymes. The
antioxidant enzymes, SOD and CAT, are responsible for
scavenging superoxide radicals, are involved in protec-
tive mechanisms within tissue injury following oxidative
process, phagocytosis, and LPO [15, 24]. In this study,
the significant elevation observed in activities of GOT,
GPT, SOD, and CAT, and the level of LPO in M. rosen-
bergii PL particularly in 2.0 mg kg~! of GBGS-SeNPs fed
prawns indicates its toxicity. Below this level, there was
no significant alteration in any of these parameters. Such a
state suggests that there was no hepatotoxicity, thereby not
producing the LPO and oxidative stress. Therefore, these
suggest that 1.5 mg kg~! GBGS-SeNPs was safe and accel-
erated growth in M. rosenbergii PL. Similar observations
have been reported in M. rosenbergii PL against optimum
concentrations of dietary bulk and nano form of Zn, Cu,
Fe, Mg, and Mn [71-76]. Sodium selenite and Se-yeast
have also produced higher glutathione peroxidase (GPx)
activity in fish [80]. It has also been reported that nano-
Se and organic sources of Se could enhance antioxidant
capacity and oxidative stress resistance in fishes [22, 24,
67] and in L. vannamei [31].
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particles, GOT glutamic oxaloacetate transaminase, GPT glutamic
pyruvate transaminase. The “0” on the “X” axis represents the control
value

Appropriate amounts of nanoparticles (in this study,
1.5 mg kg™! of GBGS-SeNPs) decrease the quantum of free
radicals in the body, while a high amount (in this study,
2.0 mg kg~! of GBGS-SeNPs) increases the levels of free
radicals [67, 81]. High concentrations of free radicals can
react with some biological macromolecules, such as protein,
DNA, and lipids, which can damage the body, triggering
toxic effects, in addition to hindering the activity of oxygen
free radical scavengers [66, 82, 83].

Myostatin, a member of the transforming growth factor
(TGF)-p super family, inhibits the differentiation and pro-
liferation of myoblasts and negatively correlates with the
growth performance of animals [84]. The mechanisms of
MSTN negatively regulate muscle growth, due to suppres-
sion of protein synthesis and stimulation of protein degrada-
tion taken simultaneously, which leads to reduction in skel-
etal muscle mass [85, 86]. In this study, the gene expression
of myostatin in M. rosenberii was decreased in the optimum
concentration of GBGS-SeNPs (1.5 mg kg™!). Thus, the low
level of myostatin expression observed in M. rosenberii indi-
cates good growth, as it is negatively correlated with growth
performance. Similar hypothesis has been proved in L. van-
namei [87] and Fenneropenaeus chinensis [88].

It has been reported that CHH participates in many
biological processes, such as growth, molting, repro-
duction, glucose, carbohydrate and lipid metabolism,
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Fig. 8 Regression (polynomial and linear with probit) values of SOD,
CAT, and concentration of MDA in the control and GBGS-SeNPs-
supplemented feeds fed prawns. a Superoxide dismutase, b catalase.
¢ lipid peroxidation. GBGS SeNPs garlic-based green-synthesized

morphogenesis, and osmoregulation [52, 89-94]. In this
study, CHH expression produced better growth perfor-
mance in M. rosenberii at 1.5 mg kg~! of GBGS-SeNPs
supplementation, which suggests that the optimized con-
centration of SeNPs increases metabolic activity.

Se nanoparticles, SOD superoxide dismutase, CAT catalase, MDA
malondialdehyde. The “0” on the “X” axis represents the control
value

Conclusion
In this study, the optimized concentration of GBGS-SeNPs

(1.5 mg kg™ ") produced significantly higher survival, growth,
activities of digestive enzymes, concentrations of biochemical
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constituents including essential amino acids, and unsaturated
fatty acids. Thus GBGS-SeNPs supplementation could influ-
ence the improvement of the general health of the prawn. The
downregulation of the negative growth regulator, MSTN,
accelerates the survival and growth of M. rosenbergii when
fed with GBGS-SeNPs at 1.5 mg kg~ !. This was further con-
firmed by the upregulation of the positive growth regulator,
the CHH gene. The optimized concentration of 1.5 mg kg™
of GBGS-SeNPs improves the growth performance in prawns
because it is an important component of the antioxidant
enzymes, which can reduce the stress, improve antioxidant
capacity, enhance the immune function, reduce the mortal-
ity, and consequently promotes growth. The 2.0 mg kg~! of
GBGS-SeNPs supplementation starts to produce negative
effects on M. rosenbergii PL. This was confirmed further
through the break points of the polynomial curve by the linear
line. These are below 0.5 mg kg™! of GBGS SeNPs as lower
level, and above 1.5 mg kg™! of GBGS SeNPs as upper level,
but not reached 2.0 mg kg~! of GBGS SeNPs. The increase in
activities of antioxidant enzymes and increased LPO indicate
that the prawns were able to detoxify the excess Se. Thus,
among the four concentrations of GBGS SeNPs tested in this
study, any level between 0.5 and 1.5 mg kg~ of GBGS-SeNPs
can be recommended for attaining the sustainable growth of
M. rosenbergii. However, the optimum range can also be
extended slightly in both ways (0.25-1.75 mg kg~! of GBGS-
SeNPs) as per polynomial and regression analyses shown.
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