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Microalgae Pediastrum boryanum
enhances growth and modulates
physiology and transcriptome in
Nile tilapia
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The study aimed to explore the impact of dietary Pediastrum boryanum (PB) on growth performance,
immune-physiological and transcriptome responses of Nile tilapia (Oreochromis niloticus). A 90-day
trial using 1800 fish (17.00 +1.722 g) was allocated at random into 4 groups, three replicates each.
The 4 groups received PB at 0 (G1), 1 (G2), 2 (G3), and 4 (G4) g/kg diet, respectively. The fish in Group
G3 displayed a significant (p <0.05) increase in final body weight, weight gain, specific growth rate,
and final length when compared to the control group. In addition, red blood cell counts (RBCs), and
neutrophils were significantly (p <0.05) higher in G3. The groups’ biochemical parameters did not
significantly differ from one another; nevertheless, significant (p <0.05) variations in immunoglobulin
M (IgM), phagocytic activity, and the values of the phagocytic index. The antioxidative activity of
superoxide dismutase (SOD) and catalase differed significantly (p <0.05) between groups, with the
highest values seen in group G3. Moreover, there was a significant (p <0.05) upgrade in the expression
levels of GH, IGF-1, SOD, catalase, IL-6, IL-8, and PGAM2 genes in group G3. Additionally, G3 had the
most typical liver structure, significantly (p<0.05) increased villi length and width, and a thicker lamina
propria in the intestine. In conclusion, dietary supplementation of PB boosted growth performance,
blood and serum profile, morphometric evaluation of the liver and intestine, and expression of genes
related to growth, antioxidant capacity, immunity, and energy metabolism in Nile tilapia.
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In tropical and subtropical aquaculture, the Nile tilapia, Oreochromis niloticus is one of the most important fish
species'. It provides significant sources of revenue and animal protein throughout the world??. The consumption
of tilapia has risen globally as it has emerged as aquaculture’s brightest star and is also sometimes referred to
as “aquatic chicken. Tilapia can develop and reproduce in a variety of environmental circumstances and can
withstand handling-induced stress>®. Tilapia is known for its fast growth, ability to adapt to various environments
including high stocking densities, strong disease resistance, and tolerance for adverse water quality. Additionally,
the use of antibiotics and chemicals is minimal in commercial farming, production costs are low, it has white
flesh, and its meat can be processed into many value-added products. It also possesses good market demand and
is well-accepted by consumers®’.

One of the most globally important industries is aquacultures, which provides necessary food for the
growing world population and has an important role in providing high quality and cheap animal protein®. Fast
developments have been made in Egypt in the aquaculture sector in the last years and showed the biggest growth
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among all fisheries-related activity in the country®. So, aquaculture is considered a suitable option to reduce the
current gap between fish consumption and production in Egypt!°.

Despite the success of aquaculture in Egypt, it still faces some problems, such as incorrect production of seed,
and the lack of proper breeding and feeding programs for fish and fingerlings, high price of feed, incorrect use
of water and large quantities wasted due to misuse, contamination of water with ammonia and harmful mute
substances that cause the death of fish, excessive use of Nile water in fish farms, poor quality of feed that is used
to feed fish, poor quality seed that is infected with diseases, and problems of oxygen deficiency!!"!3. To overcome
these problems, various algae, algae extracts and phytobiotics attract attention as possible solutions for cultured
fish!4-16, Pediastrum is recognized as an important supply of bioactive substances because of its capacity to
generate an extensive range of secondary metabolites, which exhibit wide-ranging biological activities against
both human and fish pathogens'”.

Several studies have focused on microalgae in recent years. The study of culture conditions or food availability
encouraging the synthesis of various metabolites, like polyunsaturated fatty acids, phenolic compounds, and
polysaccharides, has made significant strides in biotechnology'®-°. Experimental models, exhibited both in
vitro and in vivo the pharmacological properties of microalgae, including their effectiveness in preventing
diabetes, their anti-cancer capabilities, as well as their anti-pain and anti-inflammatory effects?!~23.

Spirulina, chlorella, and other microalgae have demonstrated anti-inflammatory and antioxidant
capabilities?*?*. Nowadays, an intriguing area of research in aquaculture is the consumption of fish that has
been treated with microalgae as a source of protein, natural antioxidants, and immunological preservatives.
Microalgae are rich in polyunsaturated fatty acids, amino acids, polysaccharides, minerals, vitamins, and various
colorants such as phycobiliproteins, carotenoids, and chlorophylls, among other chemicals with additional
value?®?7,

Even though there are hundreds of microalgae species, only a few of their medicinal potential have been
fully examined. Therefore, the current study had an emphasis on Pediastrum boryanum (PB) in this context.
PB is a potentially abundant source of antioxidants, particularly phenolic compounds?. Prior research has
demonstrated that this microalga is an important source of antioxidant chemicals and anti-inflammatory?.
Very little is known about PB in the field of aquaculture; hence this search was aimed to investigate the impact of
dietary supplementation of Pediastrum boryanum (PB) on feed utilization, performance, water quality, immune
response, antioxidant activity, transcriptomic response, hepatopancreas and intestinal tract histomorphology in
Nile tilapia.

Materials and methods

Ethical approval

The experimental procedures for fish in this study adhered to Egyptian legislation on ethics in fish use and
handling and were approved by the Committee of Aquatic Animal Care and Use in Research at the Faculty
of Aquatic and Fisheries Sciences, Kafrelsheikh University, Egypt (approval number: JAACUC-KSU-2-2018).
The study is reported in accordance with ARRIVE guidelines for animal research and all experiments were
performed in accordance with relevant guidelines and regulations.

Algae preparation and experimental design

Pediastrum boryanum (PB) was identified, collected, cultivated, dried, ground, and sieved at the Algae Technology
Unit of the National Research Center in Dokki, Egypt. The microalgae were meticulously processed to yield a
refined product. The required amount of PB for this trial was purchased in fully and ready to use powder form
from the Algae Technology Unit, the National Research Center, Dokki, Egypt. The experiment was subsequently
conducted at New Hope Fish Farm in Kafr El-Sheikh, Egypt (31°25'53.8"" N 30°59'05.3"" E). One thousand and
eight hundred healthy monosex Nile tilapia (O. niloticus) were procured according to biosecurity protocols. The
fish’s health status was evaluated by monitoring clinical signs during a two-week acclimatization period. The fish
were raised in twelve large cement ponds, each holding 150 fish (3x 8 m, 24 m?) and having a depth of 90 cm.
These ponds represented the four experimental treatments, each with three replicates.

Experimental treatments

Fish (initial weight: 17.00 +1.722 g) were fed four treatment diets in form of triplicates for 90 days. Where G1 is
the control group and fish feed basal diet only (30% protein, produced by New Hope Aquatic, Gamasa, Dakahlya,
Egypt), G2: the fish feed diet supplemented with 1 g PB powder /Kg, G3: the fish feed diet supplemented with2 g
PB powder /Kg, and G4: the fish feed diet supplemented with 4 g PB powder /Kg. Supplemented diets (Table 1)
were prepared by spraying PB powder (dissolved in nutria-B gel 20 ml/Kg) uniformly on the commercial feed.
For the control group (G1), the feed was sprayed and mixed with the same amount of gel. The diet was mixed
properly with PB several times to ensure equal and even distribution of the PB amount on the diet. After that,
the feed was dried at room temperature for 24 h and stored in the refrigerator until further use and chemical
analysis. Feed was given out twice a day at 8:00 a.m. and 5:00 p.m. at a rate of 6% of the live body weight of the
fish and decreasing based on changes in fish biomass that are recalculated every two weeks.

Chemical analyses of diets and Pediastrum boryanum

All the dry ingredients, including the experimental diets and PB, underwent analysis for moisture, protein, lipid,
fiber, ash, calcium, and phosphorus following the method outlined in the*® guidelines. The amount of energy in
each diet and Pediastrum borianum was determined using an adiabatic bomb calorimeter, in accordance with
the3! standard as shown in Table 1.
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Items Gl 2 [e3 a4 PB*
Ingredients Kg Gram
Brocken rice 137 137 137 137

Wheat middling 80 80 80 80

Soft rice whole powder 75.8 75.8 75.8 75.8

Soft wheat bran 70 69 68 66

Rice bran 30 30 30 30

Soya oil 10 10 10 10

Chicken meat meal (55% CP) 110 110 110 110

Soybean meal (46% CP) 350 350 350 350

Dried distillers grain solids (DDGS) | 65 65 65 65

Corn gluten meal (60% CP) 30 30 30 30 PB powder
Crushed corn grains 25 25 25 25 250
Monocalcium phosphate 10 10 10 10

Lysine (98.5%) 1.2 1.2 1.2 1.2
DL-methionine (99%) 0.4 0.4 0.4 0.4

Coline chloride (60%) 2 2 2 2

Butylated hydroxytoluene (10%) 0.2 0.2 0.2 0.2

Vitamin C (35%) 0.4 0.4 0.4 0.4

aMineral premix 2 2 2 2

Vitamin premix 1 1 1 1

Pediastrum boryanum (PB) 0 1 2 4

Chemical analysis %

Moisture (%) 9.8 10.84 10.38 10.33 11.72
Crude protein (%) 30.1 30.42 31.58 31.67 47.56
Crude lipid (%) 8.14 8.14 $.08 8 0.51
Crude fiber (%) 8.04 7.87 7.12 7.13 4.89
Ash (%) 7.67 7.5 7.58 7.61 53.17
Calcium (%) 0.89 0.86 0.83 0.81 9.98
Phosphorous (%) 1.23 1.22 1.24 1.25 1.97
Nitrogen-free extract**(%) 43.92 44.07 44.64 44.79 6.13
Gross energy (MJ/Kg diet) 1841.407 | 1842.75 | 1844.02 | 1842.36 | 1248.6

Table 1. Ingredients and chemical analysis of control, experimental diets and microalgae Pediastrum
boryanum (PB). *Mineral premix (g/kg premix): manganese 7.5, magnesium 12, zinc 16, iron 42, cupper
2.5, iodine 0.5, selenium 0.15, cobalt 0.075, calcium carbonate carrier up to 1. bVitamin premix (g or IU/kg
premix): VA 900,000, VD3 3,000,000, VE 80, VK3 6, VB1 9.6, VB2 12, VB6 15, VB12 0.02, VB3 40, VB5 36,
folic acid 5.76. The premixes are provided by New Hope, Singapore premix Pte Ltd. *Pediastrum boryanum
microalgae. **Nitrogen-free extract=100 — (% crude protein + % crude lipid + % ash+ % crude fiber).

Growth performance and feed utilization

Using a suitable net, the fish were harvested from the concrete ponds. The fish were transported into a big plastic
container (70 L). Tricaine methane sulfonate (MS222) from Ardent Laboratories in Redmond, Washington,
USA (25 mg/L), was used to anesthetize 15 fish from each cement pond that were selected at random (45 fish per
treatment) once the trial ended. After that, the whole remaining fish in each pond were harvested and counted
for estimation of the survival rate and total biomass. The ultimate body weight of each fish was ascertained by
weighing it separately using a portable balance (Adam Equipment, China). To obtain the growth assessment
variables, the following formulas were applied®: Body weight gain (BWG) =final body weight (FBW) —initial
body weight (IBW). Feed intake (FI)=the amount of feed given to fish during the experimental period. Feed
conversion ratio (FCR) = (FI) (g)/BWG (g). Specific growth rate (SGR % / day) =100 x (In FBW —In IBW)/t.
Condition factor (K) =100 x (FBW (g)/cubic length cm). Survival rate (SR%) = [End of fish count/beginning of
fish count] x 100. Here is the duration of the experiment in days.

Blood sampling

Blood was drawn using syringes coated with EDTA anticoagulant attached to Nipro 27 gauge x 11/2-inch needles
from the caudal veins of six fish representing each treatment. The collected blood was centrifuged (SIGMA
4-16 K refrigerated centrifuge, Sigma Laborzentrifugen, Germany) in plain tubes devoid of anticoagulants at
4°C at 3000 rpm for 15 min for serum separation. After that, the serum was kept at — 20 °C until it was needed™.
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Hematology and blood biochemical analyses

Red blood cells (RBCs) were calculated using a hemocytometer and Natt-Herrik solution, Hemoglobin
(Hb) concentration was ascertained using the cyanmethemoglobin method and Drabkin’s solution, and the
microhematocrit technique worked for the determination of the packed cell volume (PCV)*.

As per* the usual technique, it was used to count the white blood cells (WBCs), lymphocytes, neutrophils,
and monocytes. According to*® studies of albumin, cholesterol, triglycerides, aspartate aminotransferase
alanine aminotransferase (ALT), and total proteins (TP) were carried out. Commercial kits from Sigma-Aldrich,
USA, were used to quantify serum TP at 540 nm. Serum albumin was assessed at 550 nm*” and the globulin
concentration was computed using mathematics. Utilizing kits supplied by Bio-Diagnostic Co. (Dokki, Cairo,
Egypt), total cholesterol, triglycerides were also measured at 540 nanometers using calorimetry. According to*
employed the colorimetric approach to evaluate the levels of creatinine. At 540 nm, the calorimetric assessment
of AST and ALT activities was conducted with commercial kits that were readily available®.

Immune and oxidative stress responses

Phagocytic activity and index were measured using prepared blood smears. The phagocytic activity was calculated
by the following formula: PA = macrophages containing yeast/total number of macrophages x100. According
to?® PI=Number of phagocytized cells /Total number of phagocytic cells. Serum lysozyme activity and IgM were
assayed using a microplate ELISA reader set at 450 nm, following the procedure from*. Superoxide dismutase
(SOD), catalase (CAT), and malondialdehyde activities using an ELISA kit (Inova Biotechnology, China) at
450 nm, following the manufacturer’s instructions*’.

RNA extraction and quantitative real-time PCR

RNA extraction and cDNA synthesis were carried out using liver, spleen, and muscle tissue samples from Nile
tilapia (6 fish/ treatment). After dissection of the fish and selection of the target organ (1 gram of liver and muscle
and the whole spleen), the samples were shocked in liquid nitrogen. The samples were then stored at - 80 °C until
analysis. RNA was extracted using TRIzol reagent and its content and purity were established using a Nanodrop
Q5000 UV-Vis’s spectrophotometer and gel electrophoresis. cDNA was synthesized using the SensiFAST™ cDNA
Synthesis Kit and stored at 4 °C.

Real-time PCR was performed using SYBR Green PCR Master Mix (2x SensiFASTTM SYBR, Bioline,
Catalog No. Bio-98002) to quantify the mRNA levels of growth, immune, antioxidant, and energy markers.
The amplified PCR product sizes and primer sequences for the genes under investigation are listed in Table 2.
The housekeeping gene B-actin functioned as an internal control. 10 pl of 2x SensiFAST SYBR, 3 pl of cDNA,
5.4 pl of nuclease-free water, and 0.8 ul of each primer were added to each 20 pl reaction. The following were the
conditions for PCR cycling: an eight-minute initial denaturation at 95 °C, followed by 40 cycles of denaturation
for 15 s at 95 °C, annealing for 60 s at the temperatures specified in Table 2, and extension for 15 s at 72 °C.
Following amplification, a melting curve analysis was carried out to verify the PCR product’s specificity. The
relative expression of each gene was measured using the 2722Ct method*!. The results were then normalized to
the housekeeping gene, f-actin, and compared to the control.

Liver and intestine histomorphology

Nine fish per treatment were used, and the liver and intestinal tissues were eliminated and preserved for three
days in 10% neutral buffered formalin. Subsequently, the samples underwent dehydration, several washes
in absolute alcohol, and paraffin embedding. 5 um longitudinal slices were cut with a Leica RM 2145 rotary
microtome (Leica Microsystems, Wentzler, Germany). The slices were then put on glass slides and stained with
hematoxylin and eosin (H&E)*. Utilized was a Leica microscope modified to fit a Leica camera. Using Image]

Gene Source of isolation Gene bank accession number | Nucleotide sequence of primers (5'-3') | Annealing temp. (°C) | Size (bp)
P XM 019350372 F AMCCAATICCTTCIGGCCCT | 189
s | spleen NM_001279701 F CIGTGAGGCATGGGIGIG | 196
EITICCAGTITIGAGT
sop | Liver — F ACGIGACAACACAGGTTGCT | 14
GH Liver XM_003442542 § E@é&%%gﬁ%éggg? Téié’g?\G 60 202
T | Liver XM_ 003445059 ETIGICIGIGGAGAGUGAGGCTT | ) »
PGAM?2 | Muscle XM_003444358.5 § (éiTC%Tg (1? ﬁé} GGTI?\GC%iigl;giéi 58 130
B-actin | Spleen, liver, and muscle | XM_003443127 I}; g?ggg%ﬁg%g?ggégggg gf: 60 156

Table 2. Primers used for gRT-PCR analysis. Interleukin-6 (IL-6), interleukin-8 (IL-8), superoxide dismutase
(SOD), catalase (CAT), growth hormone (GH), insulin growth factor 1 (IGF-1), phosphoglycerate mutase 2
(PGAM2), and housekeeping (p-actin) gene.
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Items Gl G2 G3 G4 P-value
Initial body weight (g) 17.28 £1.641 17.00£1.577 16.06+£2.338 | 17.67+1.333 0.773
Final body weight (g) 165.9+4.667° | 167.1+5.049° |192.6+6.883% | 151.9+4.091° | 0.000
Weight gain (g) 148.0+4.667° | 150.1+5.049° | 176.5+6.883 | 134.23+4.091° | 0.000
Feed intake (g) 223.8+£7.902 219.5+£9.937 238.6+10.9 201.1+6.697 0.054
Feed conversion ratio 1.511+0.015° | 1.459+0.017®® | 1.350+0.018% | 1.498+0.021° | 0.000
Specific growth rate (%/day) 2.475+0.0325 | 2.537+0.032" | 2.756+0.040% | 2.367+0.031¢ | 0.000
Final length (cm) 20.74+0.194° | 21.09+0.229* | 21.79+0.365* | 19.69+0.376" | 0.001
Condition factor 1.858 £0.041 1.791£0.080 1.864+0.049 | 2.006+0.089 0.176
Survival rate (%) 96.00+0.924 97.60+0.462 97.07+0.705 | 95.73+0.706 0.286

Table 3. Growth performance and feed utilization efficiency (mean + SE) of fish fed experimental diets for 90
days. Means within the same row lack common superscripts are significantly different at P<0.05.

Items G1 G2 G3 G4 P-value
RBCs (x106/mm?®) | 1.915+0.055° | 2.200+0.098* | 2.290+0.006* | 2.165+0.026*> | 0.010
Hb (g/dL) 8.745+0.267° | 9.450+0.144% | 9.790+0.006* | 10.01+0.113* | 0.003
PCV (%) 31.50+0.866° | 27.50+0.289° | 27.00+0.577 | 28.00+0.578" | 0.003

WBCs (x10°/mm?) | 110.60+2.335% | 108.9£0.335* | 104.6+1.385> | 108.2+1.030* | 0.006
Lymphocytes (%) | 26.00+0.578° | 32.50+0.289° | 30.00+0.577° | 34.50+0.866* | 0.000
Neutrophils (%) 56.00+2.100° | 56.00+2.200° | 61.50+1.500* | 60.50+0.500° | 0.005
Monocytes (%) 5.700+0.500 7.350+0.650 | 6.300+0.200 | 6.450+0.850 | 0.055

Table 4. Hematological parameters (mean + SE) of fish fed experimental diets for 90 days. Means within the
same row lack common superscripts are significantly different at P<0.05. Red blood cells (RBCs), hemoglobin
(Hb), packed cell volume (PCV), white blood cells (WBCs).

analysis software (National Institutes of Health, Bethesda, MD, USA), a histomorphometric investigation was
carried out. The villus height (measured from the villus tip to the villus-crypt junction) and breadth (measured
from the villus midpoint) were quantified using Image] analysis software.

Water quality

Every day, multiparameter probe meter (Hanna Instruments, France- HI9829-03042-HANNA "insrruments,
www.hannainst.com) was used in the center of each tank to measure parameters related to water quality,
including temperature, pH, and dissolved oxygen (DO). Ammonia and nitrite levels were determined once every
week using a spectrophotometer (Perkin Elmer lambda 25 UV/Vis, Canada) following the methods outlined

in®.

Statistical analysis

Using GraphPad Prism 6.01" statistics software, a statistical analysis was carried out following the verification of
the data for homogeneity and normality. One-way analysis of variance (ANOVA) and Tukey’s post hoc test were
used to examine the data for any significant differences between the tested groups. Differences were deemed

statistically significant when the p-value was less than 0.05. The results were expressed in mean and standard
error of the mean (SEM).

Results

Growth performance and feed utilization

Growth performance parameters and feed utilization efficiency of Nile tilapia fed different dietary doses of PB
are presented in Table 3. Final body weight, weight gain, feed intake, specific growth rate, and final length were
significantly higher (p<0.05) in fish fed diets supplemented with PB when compared with the control group
(G1). The most favorable outcomes were noted in fish fed 2 g PB/kg (G3). Additionally, fish fed PB-supplemented
diets demonstrated a significant reduction (p <0.05) in the feed conversion ratio (FCR) compared to the control
group, with the lowest FCR values recorded in fish fed 2 g PB/kg (G3). However, the condition factor remained
unaffected by dietary PB supplementation (p >0.05).

Hemato-biochemical profile

PB addition in the diet of Nile tilapia significantly influenced erythrogram parameters (Hb, RBCs, and PCV),
with significantly higher values (p < 0.05) observed in fish fed PB-enriched diets compared to the control group, as
shown in Table 4. However, the biochemical profile of fish fed PB-supplemented diets did not differ significantly
(p>0.05) from the control group (Table 5). Fish fed PB-enriched diets demonstrated elevated levels of total
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Items Gl G2 G3 G4 P-value
TP (g/dL) 3.750+0.550 | 3.600+0.300 | 3.850+0.150 | 3.650+0.050 | 0.788
Albumin (g/dL) 1.500£0.231 | 1.550+0.144 | 1.650+0.029 | 1.667 +0.176 | 0.532
Globulins (g/dL) 1.850£0.259 | 1.950+0.260 | 2.300+0.058 | 2.183+0.148 | 0.415

Triglyceride (mg/dL) | 214.3+6.692 | 217.7+6.489 | 207.7+6.227 | 219.7+3.756 | 0.532
Cholesterol (g/dL) 166.5+2.598 | 158.5+5.635 | 158.5+5.393 | 160.0£1.155 | 0.507
Creatinine (mg/dL) | 0.321+0.012 | 0.342+0.011 | 0.374+0.037 | 0.400+0.055 | 0.344

ALT (U/D) 18.50+2.021 | 19.50+0.289 | 21.50+0.866 | 23.00£0.577 | 0.089
AST (U/1) 162.7+4.978 | 174.3+10.91 | 169.0+6.658 | 163.7+3.667 | 0.647
Glucose (mg/dL) 59.00+2.309 | 56.50+2.363 | 56.00+2.309 | 56.83+1.878 | 0.788

Table 5. Biochemical parameters (mean + SE) of fish fed experimental diets for 90 days. Means within the
same row lack common superscripts are significantly different at P<0.05. Alanine aminotransferase (ALT),
aspartate aminotransferase (AST), total protein (TP).

protein, albumin, and globulin, while exhibiting lower levels of cholesterol and glucose. The most pronounced
effects on erythrogram parameters and biochemical markers were observed at a PB inclusion rate of 2 g/kg (G3).

Immune assay

Results in Fig. 1 display significant differences (p <0.05) in immunoglobulin M (IgM) (Fig. 1; B), phagocytic
activity (Fig. 1; C), and phagocytic index (Fig. 1; D) values among the groups. On the other hand, there were no
significant differences (p>0.05) in lysozyme activity (Figure.1; A) between all treatments. The groups (G2, G3,
and G4) where fish were given different doses of PB had the greatest value in all immune parameters (especially
G3) compared to the control.

Oxidative stress activities
As indicated in Fig. 2, there was a significant difference in superoxide dismutase (SOD) (Fig. 2; A) and catalase
(Fig. 2; B) among the groups (p-values are 0.0161 and 0.0151, respectively). The highest values were found in
the group fed with 2 g PB/kg (G3). No significant difference was noted in malonaldehyde (p>0.05) among the
groups (Fig. 2; C), and the lowest value was seen in the groups that received PB supplements (G2, G3, and G4)
compared to the control group.

Gene expression assay

Fish fed varying amounts of PB showed significantly different levels of growth-related genes in their livers
(p<0.05) in relation to the other groups. The fish received 2 g/kg PB (G3) had the highest upregulation of GH
and IGF-1 (Fig. 3; A and B) gene expression, with 1.709 and 2.178-fold increases, respectively.

Antioxidant capacity-related gene expressions in the liver revealed a significant difference (p <0.05) between
SOD and CAT levels (Fig. 4; A and B). The highest levels of upregulation (1.800, 1.639-fold increase, respectively)
were noted in fish fed 2 g/kg PB in the diet (G3) in relation to the other groups.

Fish fed varying doses of dietary PB showed significant (p < 0.05) differences in the levels of immune response-
related gene expressions in their spleens. Figure 5; A and B showed that fish fed 2 g/kg PB in the diet (G3)
displayed the highest upregulation levels of IL-6 and IL-8 genes (1.209 and 1.423-fold increase, respectively).

In the muscle of fish fed varying amounts of dietary PB, a substantial difference (p <0.05) was seen in the
levels of the analyzed gene expressions related to energy production. The up-regulated level of the PGAM2 gene
(2.283-fold increase) was observed in fish fed 2 g/kg PB in the diet (G3) in respect to the control and other
supplemented groups, as indicated in Fig. 6.

Liver and intestinal histomorphology

Liver histomorphology

Figure 7 shows the results of varying food intake doses of PB on the liver histomorphology of examined Nile
tilapia. All groups of Nile tilapia fed PB-supplemented diets exhibited normal liver tissue, with the group fed 2 g
PB/kg (G3) showing the most typical liver structure, characterized by polygonal hepatocytes with prominent
nuclei and normal blood capillaries. Additionally, exocrine pancreatic acini were well-organized with a large
lumen in all liver tissues. In contrast, the normal liver architecture in the control group (G1) was slightly
disorganized, with some cell hypertrophy.

Intestinal histomorphology

The examined fish intestine sections show how all groups of Nile tilapia exhibited normal villi and lamina propria,
as shown in Fig. 8. Moreover, the villi length and width in the intestinal tract of group G3 significantly increased
compared to the other groups. Additionally, the lamina propria, a thin layer of connective tissue that lies beneath
the epithelial lining of the intestine, was markedly thicker in group G3 compared to the other groups.
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Fig. 1. Immune response [lysozyme activity (A), Inmunoglobulin M (IgM) (B), Phagocytic activity, (C) and
phagocytic index (D)] of fish fed different experimental diets. The control group, G1, received a basal diet,
while G2, G3, and G4 received diets supplemented with 1 g, 2 g, and 4 g of PB powder per kilogram of feed,
respectively for 90 days. The columns (mean + SEM) with different letters are significantly different (P <0.05).

Water quality

Table 6 explains no significant effect of diet supplement with PB (p >0.05) on physical and chemical parameters
of water quality. Temperature (°C), dissolved oxygen (mg/L), pH, NH3 (mg/L), and nitrite (mg/L) were within
the normal level in the fish that received PB as well as the control group (G1).

Discussions

Microalgae technology has emerged as a promising technique to improve aquaculture system performance.
Microalgae are rich in nutrient sources that can feed a range of farmed fish at various phases of development**.
Many species of microalgae have been studied in fish feeding*>~*’ but there are still hundreds more that we know
very little about in terms of their nutritional potential. Pediastrum boryanum (PB) is one of those species that
could be really promising. The present study provides compelling evidence that PB is a viable feed ingredient for
Nile tilapia (Oreochromis niloticus). Different doses of PB (0, 1, 2, and 4 g/kg) showed significant variations in
growth performance, feed utilization, immune-physiological response, and transcriptome analysis.

Dietary supplementation with PB significantly improved the growth performance parameter, feed utilization,
and survival rate of Nile tilapia also; a moderate concentration level of PB supplement 2 g/kg (G3) revealed an
enhanced growth performance, feed utilization, lower FCR, and higher SGR in respect to other diets. The current
experiment’s outcomes are consistent with previous studies on other microalgae like spirulina and chlorella that
improved their feed intake, FCR and SGR*®°. Moreover, Nile tilapia that fed on PB extract supplements showed
improvement in their growth performance®. Furthermore, fairy shrimp fed with PB had the longest body length
(11.5 mm) during the first five days, followed by those fed dried chlorella (11.2 mm) and then the control group.
Additionally, fairy shrimp fed with PB had significantly higher survival rates (96.6%) than other treatments
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Fig. 2. Oxidative parameters [SOD (A), catalase (B), and MDA (C)] of fish fed experimental diets. The control
group, G1, received a basal diet, while G2, G3, and G4 received diets supplemented with 1 g, 2 g, and 4 g of

PB powder per kilogram of feed, respectively for 90 days. The columns (mean + SEM) with different letters are
significantly different (P<0.05). SOD = Superoxide dismutase, MDA = malonaldehyde.

according to°!. These findings could be attributed to the high amount of protein (crude protein equal to 47.56%)
in PB microalgae and diet supplemented with 2 g/kg (G3) recorded high protein level (31.58%) and low fiber
(7.12%) as reported in the feed analysis of the current research. Fiber reduces the availability of nutrients and
energy from other foods by interfering with their digestion and absorption®**>2. On the other hand, carbon
dioxide (CO,) and solar energy are needed for living PB algae, and a few necessary nutrients to create bio-oil
more quickly than conventional oilseed crops like olive, sunflower, and soybean, which require a wide range of
inputs, including land, water, and fertilizers®. That makes PB powder with high nutritional values. Therefore,
using PB as a feed supplement can enhance Nile tilapia’s growth performance and survival rate.

The blood parameters of experimental meals administered to Nile tilapia were within the normal ranges
observed in healthy fish>%. The hematological profile of Nile tilapia fed a diet containing PB at a rate of 2-4 g/
kg exhibited higher levels of RBCs, Hb, lymphocytes, and neutrophils. The tilapia fed PB supplemented diets
exhibited normal blood biochemical values. Furthermore, the results showed that PB supplementation improved
serum TP, albumin, globulins, triglycerides, creatinine, and ALT levels. These results match with?. According
to?® who examined the effects of spirulina platensis (SP) and sodium butyrate (SB) supplements in the diet of
Oreochromis niloticus on their blood parameters and state of health, feeding fish total protein was highest in SB
plus SP, while AST, ALP, and lipid levels were the lowest in this combination. Moreover>?, found that PB had no
negative impact on the blood parameters when administered orally to mice. These findings may be related to the
pharmacological potential of PB in improving health conditions. Thus, PB supplementation in the diet of Nile
tilapia improved blood parameters, including hematological profile and biochemical values and maintained the
blood health of the examined fish.

The current study’s findings show that fish fed on PB exhibited higher immune and antioxidant parameters,
particularly (G3), in which fish fed at a rate of 2 g/Kg recorded higher levels of immunity and antioxidant
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Fig. 3. Transcriptomic profiles of genes [(A) growth hormone (GH) and (B) insulin growth factor 1 (IGF-1)]
in liver tissue related to growth of fish fed experimental diets. The control group, G1, received a basal diet,
while G2, G3, and G4 received diets supplemented with 1 g, 2 g, and 4 g of PB powder per kilogram of feed,
respectively for 90 days. Floating bars show the minimum and maximum values also the middle line shows the
mean value, and the different letters above each Floating bars showed significantly different (P <0.05) among
the means, which are presented as mean + SEM.
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Fig. 4. Transcriptomic profiles of genes [(A): superoxide dismutase (SOD) and (B) catalase] in liver tissue
related to antioxidant capacity of fish fed experimental diets. The control group, G1, received a basal diet,
while G2, G3, and G4 received diets supplemented with 1 g, 2 g, and 4 g of PB powder per kilogram of feed,
respectively for 90 days. Floating bars show the minimum and maximum values also the middle line shows the
mean value, and the different letters above each Floating bars showed significantly different (P <0.05) among
the means, which are presented as mean + SEM.

parameters than fish fed in other groups. According to°® PB microalga have several advantages for immunity
and antioxidant levels. Who explains why a rat model of carrageenan-induced paw edema had reduced cytokine
levels and anti-inflammatory qualities. Moreover, our findings are similar to those of*’who noticed that the
health promotion of Nile tilapia could be enhanced in response to feeding with a low dose of Spirulina platensis
and betaine. This outcome could be attributed to the advantageous chemicals found in PB. It generates high-
value secondary metabolites, including phenolic compounds®® vitamins®® polyunsaturated fatty acids® and
carotenoids®’. Most of these substances have shown strong antioxidant properties. Overall, PB has the potential
to enhance immune function and support antioxidant defenses in Nile tilapia.

There is up-regulation of GH, IGF-1, SOD, Catalase, IL6, IL8, and PGAM?2 genes in fish fed PB supplement
diets, with the most significant high variables found in the 2 g/kg (G3). This study found that feeding PB to
fish upregulates GH and IGF-1 genes in the liver. Similar findings have been observed in other studies, which
have demonstrated that dietary interventions, such as supplementation with Ulva fasciata extract'*different
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Fig. 5. Transcriptomic profiles of genes [(A) interleukin-6 (IL-6) and (B) interleukin-8 (IL-8)] in spleen
tissue related to immune response of fish fed experimental diets. The control group, G1, received a basal diet,
while G2, G3, and G4 received diets supplemented with 1 g, 2 g, and 4 g of PB powder per kilogram of feed,
respectively for 90 days. Floating bars show the minimum and maximum values also the middle line shows the
mean value, and the different letters above each Floating bars showed significantly different (P <0.05) among
the means, which are presented as mean + SEM.

dietary lipid levels®! and fructooligosaccharide®?. Our findings of upregulated superoxide dismutase (SOD) and
catalase genes in the liver of fish that feed PB are supported by previous research by®> who reported significantly
upregulated SOD and catalase genes in rainbow trout fed a diet containing 10% Spirulina platensis microalgae.
Additionally, our findings of upregulated IL-6 and IL-8 genes in the spleen of fish that feed on PB are supported
by®* who found that the IL-6 and IL-8 genes, which are critical immune system mediators that facilitate the
fish’s response to bacterial infections, were expressed more highly in all groups of European seabass that were
fed spirulina. Finally, our findings of upregulated PGAM2 genes in the muscle of fish that feed on Pediastrum
are supported by®® who confirmed that high expression of the phosphoglycerate mutase 2 (PGAM2) gene in
pufferfish exposed to acute hypoxia which suggests that this gene plays a vital role in energy coordination. The
observed findings could be due to the fact that the administration of Pediastrum boryanum has no negative
impact on DNA according to?!. On the other hand, the most comprehensive physicochemical characterization
of the elemental composition of PB has revealed that it contains the following elements: carbon, oxygen,
aluminum, nitrogen, sulfur, phosphorus, and sodium that recorded in®. SO that dietary supplementation of PB
can upregulate the expression of genes involved in growth, antioxidant capacity, immune function, and energy
coordination in fish.

In addition to vitamins and minerals, the liver also has enzymes that aid in the breakdown of fats and
carbohydrates. The liver also stores important nutrients such as blood sugar, lipids, vitamin A, and vitamin
D, as well as aiding in the prevention of blood clotting in fish bodies®’. This study revealed that Nile tilapia fed
PB showed normal liver tissue, with the 2 g/kg group (G3) showing a typical liver structure with polygonal
hepatocytes and normal blood capillaries. In line with these findings, fish regularly fed once or twice a day
had enhanced liver organelle structure that showed normal hepatocytes, central vein, and hepatopancreas®.
Furthermore®’, conducted a microscopic examination of the liver of Nile tilapia that fed on probiotic Pediococcus
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Fig. 6. Transcriptomic profiles of phosphoglycerate mutase 2 (PGAM2) gene in muscle tissue related to energy
production of fish fed experimental diets. The control group, G1, received a basal diet, while G2, G3, and G4
received diets supplemented with 1 g, 2 g, and 4 g of PB powder per kilogram of feed, respectively for 90 days.
Floating bars show the minimum and maximum values also the middle line shows the mean value, and the
different letters above each Floating bars showed significantly different (P <0.05) among the means, which are
presented as mean + SEM.

Fig. 7. Microscopic pictures of H&E-stained liver sections showing normal hepatocytes (black arrows),
hepatopancreas (HP) and blood vessels (red arrows). Low magnification X: 100 bar 100 and high magnification
X: 400 bar 50. The control group, G1, received a basal diet, while G2, G3, and G4 received diets supplemented
with 1 g, 2 g, and 4 g of PB powder per kilogram of feed, respectively for 90 days.

acidilactici, the histological structure was normal and the central vein was surrounded by polyhedral vacuolated
hepatocytes. PB can help to improve liver detoxification. This is because it contains antioxidants?! which help to
protect the liver from damage caused by free radicals. So dietary supplementation of Nile tilapia with PB showed
normal liver morphology.

The intestine plays a critical role in nutrient digestion and absorption, and its function is enhanced by
improved intestinal structure, as demonstrated by the increased intestinal villus height that results in a larger
nutrient absorption surface area’”’. These results are attributed to the beneficial effects of PB on intestinal health
attributed to its essential fatty acid content™ which helps to maintain the integrity of the intestinal epithelium;
its prebiotic content’! which promotes the growth of helpful bacterium in the digestive system; and its anti-
inflammatory properties”?which can help to reduce intestinal inflammation. Our study showed Nile tilapia had
typical villi and lamina propria; however, in contrast to other groups, group G3 exhibited noticeably longer and
broader villi and thicker lamina propria under the intestinal lining. Concurrent with these results?, explains that
intestinal histomorphology of Nile tilapia showed a significant increase in the intestinal villi length, villi surface
area, and goblet cell count and diets supplemented with sodium butyrate and Spirulina platensis compared to
the control. Furthermore, it was demonstrated in”? that Nile tilapia, given supplement diets containing 0.5-1%
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Fig. 8. Microscopic pictures of H&E-stained intestine sections showing normal villi (black arrows), normal
lamina propria (LP) with no evidence of any structural damage. Low magnification X: 100 bar 100 and high
magnification X: 400 bar 50. The control group, G1, received a basal diet, while G2, G3, and G4 received diets
supplemented with 1 g, 2 g, and 4 g of PB powder per kilogram of feed, respectively for 90 days.

Temperature (°C) 31.00+£0.377 | 29.05+0.782 | 29.32+0.463 | 30.38+0.462 | 0.0649
Dissolved oxygen (mg/L) | 8.000+0.107 | 8.157+0.073 | 7.857+0.072 | 7.971+0.057 | 0.0881
pH 8.067+0.225 | 7.883+0.214 | 7.785+0.172 | 7.783+0.194 | 0.0792
NH3 (mg/L) 0.217+0.054 | 0.200+0.052 | 0.217+0.048 | 0.150+0.034 | 0.7271
Nitrite (mg/L) 0.023+0.007 | 0.018+0.008 | 0.012+0.008 | 0.008+0.003 | 0.3927

Table 6. Water quality parameters (mean + SE) of fish fed experimental diets for 90 days. Means within the
same row lack common superscripts are significantly different at P <0.05. Dissolved oxygen (DO), unionized
ammonia (NH,).

Rhodotorula mucilaginosa, had considerably longer villi than the control group. Overall, the evidence suggests
that PB can help to improve intestinal morphometry and overall gut health in Nile tilapia.

Throughout the trial period, all tanks” water temperatures (°C), dissolved oxygen (mg/L), pH, NH3 (mg/L),
and nitrite (mg/L) stayed consistent and within the optimal range for the cultivation of Nile tilapia’*”>. The study’s
findings demonstrated that there were no appreciable variations in the physical and chemical characteristics of
the water quality across all groups, whether or not they were given PB supplements. Perhaps as a result of the
microalgae PB material, which, as noted in’® can be employed as an efficient sorbent to remove lead, cadmium,
and copper from contaminated wastewater at low pH levels. In line with these findings, using a combination of
beneficial bacteria had no influence on the Nile tilapia’s water quality’”. Moreover’$, Who feed Nile tilapia with
Nannochloropsis sp. and Tetraselmis sp. microalgae show no significant change in physical parameters of water
quality. All things considered, PB has no negative effects on water quality and can even assist Nile tilapia to thrive
in it.

Conclusion

In conclusion, supplementation of the diet with Pediastrum boryanum (PB) microalgae at a level of 2 g/kg
improved growth performance, as evidenced by elevated levels of red blood cells (RBCs) and neutrophils.
Furthermore, G3 demonstrated the highest upregulation of genes associated with growth, antioxidant capacity,
and immune response. These findings underscore the potential of PB supplementation in enhancing various
physiological aspects of Nile tilapia. Future investigations of PB supplementation should be on some heavy metal
where Nile tilapia lives.

Data availability

All relevant data are available from the corresponding author upon request.
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