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Utilization of marine diatom
Thalassiosira weissflogii as a feed
additive in seawater-tolerant
Nile tilapia (Oreochromis

niloticus, Linnaeus 1758) strain

Fredson H. Huervana*, Cleresa S. Dionela,

Eirene Dorothy S. de la Torre, Carmelo S. del Castillo and

Rex Ferdinand M. Traifalgar

Institute of Aquaculture, College of Fisheries and Ocean Sciences, University of the Philippines

Visayas, Miagao, Iloilo, Philippines

The low omega-3 content of tilapia flesh, when compared to marine fish,

a�ects its marketability. In marine animals, the highly unsaturated fatty acids

(HUFAs) can be linked to the oil produced by marine diatoms. Among the

marine diatoms, the genus Thalassiosira is known to exhibit high content of

HUFAs such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA).

Thus, in this study, the use of marine diatom Thalassiosira weissflogii as a

dietary additive in the seawater-tolerant Nile Tilapia strain was evaluated. One

hundred ninety-two, 1.40 ± 0.05g seawater tilapia were randomly allocated

into 4 treatment groups in 4 replicates. The first treatment group was fed with

a control diet (D0), without the diatoms while treatments 1, 2, and 3 were

each fed with diets supplemented with T. weissflogii paste at 2.55% (D1), 6%

(D2), and 12% (D3), respectively for 60 days. The diets were isonitrogenous,

isolipodic and the omega-3 and omega-6 requirements were satisfied. Results

demonstrated that D1 had the highest percent weight gain among treatments.

Although not significantly di�erent, other parameters such as percent survival,

specific growth rate (SGR), protein e�ciency ratio (PER), feed conversion ratio

(FCR), and feed intake had desirable results in D1. The proximate composition

of seawater tilapia showed that % crude protein was highest in D0 but %

crude lipid was highest in D1. The fatty acid composition of tilapia in D1

had the highest omega-3 content at 9.29 mg/g tissue and also had the

highest n3:n6 at 2.19. Muscle growth-related genes (MyoD andMYG) were up-

regulated while liver genes involved in long-chain polyunsaturated fatty acid

synthesis (oni-fads2 and elvol5) were down-regulated in D1 as compared to

D0. Feeding the diatom-supplemented diet to tilapia had no significant e�ects

on hepatic cells and intestinal morphology. The results suggested that a 2.55%

supplementation dose of T. weissflogii could promote growth and enhance

the tissue content of omega-3 fatty acids of the seawater strain Oreochromis

niloticus.
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Introduction

The Tilapia aquaculture in the Philippines plays a significant

role in the overall economy of the country and the Nile tilapia

(Oreochromis niloticus) is the dominant species that contribute

to the country’s tilapia production (Romana-Eguia et al., 2013).

In 2018, the farmed tilapia production in the Philippines was

at 277,006 metric tons and valued at Php 21.5B (PSA, 2019).

However, the industry’s average annual production rate was only

at 0.7% from 2007 to 2016 (Guerrero, 2019). The expansion

of Nile tilapia aquaculture is limited due to the availability of

freshwater resources. Brackishwater ponds and marine coastal

water cages are seen to have a high potential for the growth and

development of farmed tilapia (Guerrero, 2019). For the past

years, several seawater-tolerant strains had been developed for

the expansion of tilapia culture toward the sea (Rosario et al.,

2004; Watanabe et al., 2006; Jaspe and Caipang, 2011; Verdal

et al., 2014; El-Dakar et al., 2015; Intoy and Traifalgar, 2021).

Another issue that affects the marketability of tilapia is the

low omega-3 content of tilapia flesh. The level of omega-3 fatty

acids in tilapia is comparatively lower than that of marine fish.

This condition sometimes lowers the price of tilapia as compared

to marine fish. However, in contrast to marine fish, it is a well-

established fact that tilapia can synthesize long-chain omega-3

fatty acids from precursors of short-chain fatty acids. Tilapia is

considered an ecologically friendly species for aquaculture since

these fish are not dependent on fish oil to attain optimal growth.

Omega-3 (n-3) fatty acids include, among others,

alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA),

docosapentaenoic acid (DPA), and docosahexaenoic acid

(DHA). Benefits of omega-3 fatty acids to humans include

prevention of cardiovascular disease, improvement of visual

acuity, and fortification of mental health. Hence, the American

Heart Association (AHA) recommends two 4 oz (113 g) servings

of fatty fish that are high in omega-3 fats per week (Kris-

Etherton et al., 2002). However, freshwater tilapia contains only

200 mg/100 g of omega-3 and a higher amount of omega-6

(30–600 mg/100 g; Young, 2009). In particular, for some people

with heart disease, arthritis, asthma, and other allergic and

autoimmune illnesses, the ratio of omega-3 to omega-6 is not

ideal for human health (Holub and Holub, 2004; Young, 2009).

Therefore, increasing the content of omega-3 in tilapia meat is

an important breeding target for tilapia. However, traditional

breeding to increase omega-3 concentration is challenging,

expensive, time-consuming and the molecular and genetic

markers and factors related to the control and modulation of

fatty acid synthesis in tilapia is not yet fully established (Xia

et al., 2014).

Microalgae biomass was reported to be rich in

polyunsaturated fatty acids (PUFA) and could be an important

source of essential fatty acids for aquatic animals (Becker, 2004).

Marine diatoms are known for their high content of biologically

important highly unsaturated fatty acids (HUFA) including EPA

and DHA. These long chains HUFA’s are known to be absent in

terrestrial sources of feed oils including soybean oil and other

seed oils. It has been demonstrated that the HUFAs detected

in marine animal flesh can be linked to the oil produced by

marine diatoms (Brown, 2002). Marine diatoms such as the

genus Chaetoceros, Thalassiosira exhibited the highest EPA

and DHA fatty acid contents ranging from 11 to 19% of the

total fatty acids (Volkman et al., 1989). Thalassiosira weissflogii

has been known to improve the nutrient profile as well as

the fatty acid composition when used as a live feed to shrimp

larvae and copepod (Arendt et al., 2005; Kiatmetha et al., 2011;

Sandeep et al., 2021). The use of T. weissflogii as a feed additive

to cultured shrimp in pond improved the growth and also

increased the fatty acid and astaxanthin contents of shrimp tail

muscles (Ju et al., 2009). However, the use of diatoms as a feed

supplement to influence the fatty acid composition of tilapia

tissue has not been evaluated until the present.

The present study aims to optimize the dosage of

T. weissflogii supplementation in tilapia diets to increase the

levels of n-3 PUFA such as EPA and DHA incorporation to

tilapia flesh. The effect of the T. weissflogii supplemented diet

on the growth performance and morphology of seawater tilapia

was also evaluated.

Materials and methods

Experimental diets

Thalassiosira weissflogii pastes were procured from Algacon

Aquaculture Manufacturing and were stored at −20◦C prior to

use. Four diets were formulated including the control diet with

zero T. weissflogii and three diets containing increasing levels of

T. weissflogii at 2.55%, 6%, and 12%. Experimental diets were

formulated to be isonitrogenous and isolipidic. Also, the diets

were designed to satisfy the omega-3 and omega-6 requirements

of tilapia (Tables 1, 2).

The diets were prepared by mixing all the dry ingredients

separately in an electric mixer before adding oils, lecithin, and

T. weissflogii paste. The moist dough was pelleted to a 2mm

diameter electric pelletizer and was oven-dried at 60◦C for 13–

15 h. After drying, the strands were ground and sieved to the

appropriate size for feeding. The diets were packed in a sealed

plastic bag and were stored at−20◦C until use.

Feeding trial

The experiment was conducted in the rearing facilities

of the Institute of Aquaculture, College of Fisheries and

Ocean Sciences at the University of the Philippines, Miagao,

Iloilo, Philippines. Juvenile seawater Nile tilapia (O. niloticus)

strain were collected from the production tanks and were
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TABLE 1 Feed formulation (%) and proximate composition (% dry

matter) of di�erent experimental diets.

Feed ingredients D0 D1 D2 D3

Fish meal 15 15 15 15

Gluten 10 10 10 10

Soybean meal 30 30 30 30

Yeast 10 10 10 10

Corn starch 20 20 19 13

Rice bran 5 2.45 0 0

Coconut oil 4.5 4.5 4.5 4.5

Soybean oil 0.5 0.5 0.5 0.5

Lecithin – Soy 1 1 1 1

Trace mineral premix 2 2 2 2

Vitamin premix 2 2 2 2

T. weissflogii paste 0 2.55 6 12

Proximate composition (DM%)

Crude Protein 43.78 42.97 41.26 43.06

Crude Fat 8.58 7.57 7.24 8.05

Crude Fiber 4.06 3.91 3.72 3.91

Moisture 9.30 8.76 8.16 9.02

Ash 8.83 10.31 12.30 15.34

NFE 34.76 35.27 35.54 29.66

acclimatized to laboratory conditions for 2 weeks. Tilapia were

fed with a commercial diet containing 45% crude protein during

acclimation. Twelve tilapia (1.40± 0.05 g) were stocked in a 50-L

rearing tank supplied with seawater and aeration. The seawater

was filtered using two units of a 1-micron (µ) cartridge filter and

the flow rate was maintained at 300 ml/min allowing up to 400%

percent water change per day. A total of 16 rearing tanks were

used representing 4 treatments in 4 replicates and were arranged

in a complete randomized design. Feeding was done 3x a day

to satiation. Water temperature and salinity were maintained

at 28± 0.17◦C and 34.31 ± 0.12 ppt, respectively. Uneaten

feeds were collected daily, dried and weighed to quantify the

feed intake.

At the end of the 60-day feeding trial, all fish were weighed

and growth parameters such as percent weight gain (%WG),

specific growth rate (SGR), protein efficiency ratio (PER),

feed conversion ratio (FCR), and percent survival (%S) were

calculated using the equation stated by Hardy and Barrows

(2003).

Proximate analysis, nutrient retention,
and fatty acid analysis

To assess the influence of the dietary treatments on the

composition of the fish carcass, proximate analyses of the

experimental diet and the fish carcass were performed. The

TABLE 2 Fatty acid composition (%) of the experimental diets.

Fatty acid D0 D1 D2 D3

C8:0 14.19 11.31 12.61 8.19

C9:0 0.29 0.23 0.69 0.64

C10:0 9.07 7.55 8.59 8.23

C11:0 5.52 3.63 0.87 1.50

C12:0 10.94 10.81 11.00 8.30

C13:0 0.41 0.55 0.87 1.11

C14:0 12.57 9.07 13.03 9.14

C14:1n-5 0.08 0.10 0.15 0.18

C15:0 0.40 0.40 0.82 0.78

C16:0 8.53 9.42 4.78 11.73

C16:1n-7 14.79 11.44 8.88 6.60

C17:1 0.35 0.44 0.61 0.75

C18:0 0.00 1.48 0.00 0.00

C18:2n-6 7.77 5.73 5.40 3.57

C18:1n-9 2.64 2.28 3.03 0.98

C18:1n-9 1.75 4.59 0.69 0.36

C19:0 0.37 0.75 1.01 1.23

C20:0 1.00 2.79 2.92 4.36

C20:1n-9 1.18 2.07 1.77 2.80

C20:2n-6 0.19 0.34 0.46 0.70

C20:2n-9 0.00 0.07 0.11 0.12

C20:3n-6 0.10 0.25 0.34 0.59

C20:4n-6 1.73 2.99 4.06 4.83

C20:5n-3 3.33 4.46 5.95 7.50

C21:0 0.18 0.21 4.55 5.18

C22:0 1.12 2.78 3.27 4.48

C22:1n-9 0.19 0.30 0.24 0.34

C22:6n-3 1.30 3.98 3.30 5.84

Total n-3 4.64 8.44 9.25 13.34

Total n-6 9.79 9.30 10.26 9.68

fish samples were oven-dried at the end of the 60-day feeding

trial. Crude protein was determined through Kjeldahl method,

using Block Digestion and Steam Distillation (Foss TecatorTM

Digestion and Foss KjeltecTM 8200 Auto Distillation) while

crude fat was quantified through Soxhlet Extraction using

Foss SoxtecTM 2050 Automatic System. The ceramic fiber

filter method using Foss Fibertec TM2010 System was used to

determine crude fiber. Moisture content was determined by

moisture analyzer (Mettler Toledo Halogen) and ash content

was analyzed by furnace combustion following the official

method of AOAC (14th edition) (AOAC, 1984). Nitrogen-free

extract (NFE) was calculated following the procedure of Aksnes

and Opstvedt (1998). The nutrient retention was also computed

using the formula;

Protein Retention (PR) =
protein gain of fish (g)

protein intake from feeds (g)
× 100
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TABLE 3 Primers and conditions used in real-time reverse transcription polymerase chain reaction for muscle and liver genes.

Primer Primer sequences PCR conditions References

Initial Denaturation 40 cycles

Denaturation Annealing Extension

IGF-F TTC TCC AAA AAC GAG CCT GCG 94◦C for 5min 94◦C for 15 s 62◦C for 30 s 72◦C for 30 s Vera Cruz et al.,

2006; Selim et al.,

2020

IGF-R TCT GCT ACT AAC CTT GGG TGC

Fad6-qF CTA TGC TGG AGA GGA TGC CAC GG 95◦C for 3min 95◦C for 30 s 65◦C for 30 s 72◦C for 30 s Tanomman et al.,

2013

Fad6-qR CAG CAG GAT GTG ACT GAG GTG GAG

elovl5-S GCC ATA CCT TTG GTG GAA GA 95◦C for 5min 95◦C for 20 s 65◦C for 1min 72◦C for 20 s Yu et al., 2021

elovl5-A AGG GAG CTG TTC TGT GGA TG

MyoDF TCA GAC AAC CAG AAG AGG AAG CT 95◦C for 10min 95◦C for 15 s 60◦C for 1min Nebo et al., 2013

MyoDR CCG TTT GGA GTC TCG GAG AA

GDF-8F TGT GGA CTT CGA GGA CTT TGG 95◦C for 10min 95◦C for 15 s 60◦C for 1min Nebo et al., 2013

GDF-8R TGG CCT TGT AGC GTT TTG GT

MygF GCA GCC ACA CTG AGG GAG AA 95◦C for 10min 95◦C for 15 s 60◦C for 1min Nebo et al., 2013

MygR AAG CAT CGA AGG CCT CGT T

TABLE 4 Growth performance indices, survival, feed e�ciency, and nutrient retention of seawater-tolerant tilapia fed with diets supplemented with

T. weissflogii paste.

Growth Indices D0 D1 D2 D3 P-value

FBW (g) 40.03± 1.02ab 50.02± 4.38a 35.72± 2.86b 23.06± 3.13c 0.001

SGR 5.50± 0.11ab 5.95± 0.08a 5.14± 0.13b 5.09± 0.09b 0.001

PER 2.48± 0.26ab 3.18± 0.28a 2.83± 0.20ab 1.92± 0.05b 0.018

FCR 1.04± 0.12ab 0.83± 0.08b 0.94± 0.07b 1.33± 0.03a 0.012

TFI (g) 40.11± 4.69 40.17± 4.85 31.76± 0.88 29.17± 0.22 0.109

S (%) 86.11± 2.78 94.44± 5.56 97.22± 2.78 87.50± 2.41 0.165

FBW, final body weight (g); SGR, specific growth rate; PER, protein efficiency ratio; FCR, feed conversion ration; TFI, total feed intake in grams; S, percent survival; Values are mean ±

SEM. Rows with different superscripts indicate significant differences between treatments (p < 0.05).

Lipid Retention (LR) =
lipid gain of fish (g)

lipid intake from feeds (g)
× 100

The fatty acid analysis of the experimental diets and the fish

carcass was conducted to evaluate the influence of the dietary

treatments on the fatty acid profile of seawater tilapia. Prior to

analysis, the fish samples were freeze-dried. The experimental

diets and fish carcass were analyzed for fatty acid analysis

using the AOAC 996.0 (AOAC, 2000) method through Gas

chromatography with Flame Ionization Detector (GC-FID).

Gene expression

At the end of the feeding trial best treatment group and the

control group were evaluated for the transcription of muscle

growth related genes and the fatty acid synthesis related genes.

Liver tissues and dorsal muscles of seawater tilapia collected

in the best treatment group and in the control, groups were

collected for gene expression analysis. Total RNA was extracted

from the liver and muscle of tilapia using Trizol Reagent

(Life Technologies) following the manufacturer’s protocol.

Tissues from three fish per replicate tanks per treatment

groups were used in the analysis. Complementary DNA was

synthesized from the extracted RNA using SuperScriptTM IV

VILOTM Master Mix (ThermoFisher Scientific) following the

manufacturer’s instruction. The resulting cDNA was diluted

five times. Quantitative real-time PCR analysis was carried out

in CFX Connect Real-Time PCR Detection System (Biorad)

using SYBR green PCR master mix ViPrimePLUS Taq qPCR

Green MasterMix I (Vivantis). Primers specific to fatty acid

delta-6 desaturase (oni-fads2) gene, elongase of very long-chain
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FIGURE 1

Percent weight gain of seawater-tolerant tilapia fed with diets supplemented with T. weissflogii paste. Bars with di�erent superscripts indicate

significant di�erences between treatments (P < 0.05).

fatty acids 5 (elovl5), insulin-like growth factor (IGF), myostatin

or growth and differentiation factor-8 (GDF-8), MyoD and

myogenin (MyG) were used in the analysis (Table 3). Beta-

actin served as the reference gene. A post-amplification melt-

curve analysis was performed to confirm the specificity of the

PCR product. No reverse transcription control and no template

control were included in every qPCR run. Efficiencies of PCR

reactions were determined for each primer set by running a set

of 5 serial dilutions of a pool of all sample RNAs (Pfaffl, 2007).

The expression levels of relative genes were calculated using the

2−11CT method of Livak and Schmittgen (2001). Each analysis

was replicated five times.

Hepatosomatic index and histology of
liver and intestine

Three fish from each experimental treatment replicate tank

were dissected for histology of the liver and intestine. The

dissected tissues were placed on a glass plate and stained with

hematoxylin and eosin after being fixed in Bouin’s solution,

dehydrated with isopropanol, cleaned in xylene infiltrated with

paraffin, and sectioned to a thickness of 5m. Histological

tissues were examined using a compound microscope (Motic
R©
,

Hong Kong) with images recorded using Motic Images Plus

2.0 (Motic
R©
, Hong Kong). Measurements of the histological

images were done using Image J 1.52i (National Institute of

Health, USA). The hepatosomatic index was also calculated by

measuring the weight of the liver over the total body weight of

the fish.

Statistical analysis

All values were expressed as mean ± standard error of the

mean (SEM). The results were analyzed by one-way ANOVA

with a significance level of P ≤ 0.05 followed by Tukey’s test

to determine the difference between treatments. All statistical

analyses were carried out with IBM SPSS version 26.0.

Results

Growth performance and feed e�ciency

The growth performance and feed efficiency of seawater

tilapia fed with a diet supplemented with T. weissflogii paste

are shown in Table 4. The addition of T. weissflogii paste to the

diet had no significant effect on the survival of seawater tilapia

for the 60-day culture duration. However, seawater-tilapia fed

with D1 had a significantly high percent weight gain among

treatments (Figure 1). Specific growth rate (SGR) and protein

efficiency ratio (PER) was also highest in tilapia fed with D1 but
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TABLE 5 Proximate composition (%) of seawater-tolerant tilapia fed with diets supplemented with T. weissflogii paste.

Proximate composition (%DM) Initial D0 D1 D2 D3 P-Value

Crude Protein 56.94± 0.10 56.90± 0.07a 54.36± 0.29b 55.39± 0.15b 54.99± 0.15b 0.002

Crude Fat 27.19± 0.01 26.64± 0.27d 32.07± 0.11a 30.76± 0.10b 29.09± 0.26c 0.000

Crude Fiber 0.44± 0.01 0.33± 0.02 0.31± 0.02 0.41± 0.01 0.38± 0.02 0.088

Ash 15.15± 0.09 16.46± 0.04a 13.85± 0.21b 13.88± 0.21b 14.62± 0.39b 0.005

NFE 0.29± 0.18 −0.33± 0.36 −0.58± 0.57 −0.43± 0.45 0.92± 0.82 0.356

Values are mean± SEM. Rows with different superscripts indicate significant differences between treatments (p < 0.05).

FIGURE 2

Protein retention (A) and lipid retention (B) of seawater-tolerant tilapia fed with diet supplemented with di�erent levels of T. weissflogii paste.

Bars with di�erent superscripts indicate significant di�erences between treatments (P < 0.05).

not significantly higher than in the control. Moreover, the lowest

FCR was observed in D1 and the highest in D3. There was no

significant difference among treatments in terms of feed intake

but was observed to be decreasing with the increasing dose of

T. weissflogii paste.

Proximate composition and nutrient
retention

The proximate composition of seawater tilapia fed with

different levels of T. weissflogii showed significant effect (P <

0.05) on crude fat with the highest observed in D1 (Table 5).

However, crude protein was significantly decreased when fed

with the diatom-supplemented diet. There was no significant

difference among treatments in terms of crude fiber and

nitrogen-free extract.

The nutrient retention of the seawater tilapia fed with

different doses of T. weissflogii was found to be significantly

different (Figure 2). The highest protein retention was

observed in D1 followed by D2 but not significantly higher

than the D0. Lipid retention was also found highest in

D1. The lowest protein and lipid retention was observed

in D3.

Fatty acid composition

The fatty acid composition of seawater tilapia fed

with different experimental diets is shown in Table 6.

Significantly high omega-3 was observed in D1 while

the lowest was observed in D3. The highest omega-6

was also detected in D1, however, with regards to the

omega-3 to omega-6 ratio, D1 had the significantly highest

omega-3 to omega-6 ratio. A decreasing trend of omega-

3 to omega-6 ratio was observed from the lowest dose

of T. weissflogii paste at 2.55% to the highest dose at

12% T. weissflogii paste. Moreover, omega-3 long-chain

polyunsaturated fatty acids (n-3 LC-PUFA) such as EPA

and DHA were significantly higher in diatom supplemented

diet compared to the control with the highest detected

in D1.
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TABLE 6 Fatty acid composition (mg/g tissue) of seawater-tolerant tilapia fed with diets supplemented with T. weissflogii paste.

Fatty Acid D0 D1 D2 D3

C4:0 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00

C6:0 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00

C8:0 0.27± 0.00a 0.19± 0.00d 0.21± 0.00c 0.22± 0.00b

C10:0 1.57± 0.01a 1.27± 0.00d 1.38± 0.00b 1.36± 0.01c

C12:0 35.15± 0.21c 34.07± 0.07d 38.55± 0.07a 37.25± 0.19b

C13:0 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00

C14:0 32.46± 0.19d 36.29± 0.07c 42.11± 0.08a 39.87± 0.20b

C14:1n-5 0.28± 0.00d 0.47± 0.00c 0.71± 0.00a 0.55± 0.00b

C15:0 0.64± 0.00d 0.93± 0.00a 0.90± 0.00b 0.80± 0.00c

C15:1n-7 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00

C16:0 57.56± 0.34c 72.35± 0.14a 71.98± 0.13a 67.97± 0.35b

C16:1n-7 9.21± 0.05d 13.01± 0.03c 13.41± 0.02b 14.42± 0.07a

C17:0 0.67± 0.00d 0.92± 0.00a 0.81± 0.00b 0.75± 0.00c

C17:1n-7 0.00± 0.00d 0.00± 0.00a 0.00± 0.00b 0.00± 0.00c

C18:0 14.82± 0.09d 18.35± 0.04a 18.29± 0.03b 17.23± 0.09c

C18:1 68.14± 0.40b 85.49± 0.16a 76.47± 0.14b 72.31± 0.37c

C18:2 27.42± 0.16b 32.82± 0.06a 22.82± 0.04c 20.15± 0.10d

C18:3n-3 4.04± 0.02b 5.03± 0.01a 3.83± 0.01c 2.94± 0.02d

C20:0 0.55± 0.00d 0.72± 0.00a 0.68± 0.00b 0.57± 0.00c

C20:1n-9 2.99± 0.02d 4.19± 0.01a 3.64± 0.01b 3.48± 0.02c

C20:2n-6 1.15± 0.01b 1.51± 0.00a 1.05± 0.00c 0.89± 0.00d

C20:3n-6 2.06± 0.01b 2.39± 0.00a 2.05± 0.00bc 2.02± 0.01d

C20:3n-3 0.23± 0.00b 0.26± 0.00a 0.00± 0.00d 0.20± 0.00c

C20:4n-6 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00

C20:5n-3 0.17± 0.00d 0.35± 0.00a 0.19± 0.00c 0.24± 0.00b

C21:0 0.11± 0.00b 0.15± 0.00a 0.00± 0.00c 0.00± 0.00c

C22:0 0.89± 0.01d 1.07± 0.00b 1.13± 0.00a 1.00± 0.01c

C22:1n-9 0.21± 0.00d 0.23± 0.00c 0.29± 0.00b 0.46± 0.00a

C22:2n-6 0.00± 0.00b 0.34± 0.00a 0.00± 0.00b 0.00± 0.00b

C22:6n-3 2.07± 0.01d 3.65± 0.01a 2.53± 0.00b 2.15± 0.01c

C23:0 2.02± 0.01c 2.62± 0.01a 2.33± 0.00b 1.92± 0.01d

C24:0 0.17± 0.00b 0.00± 0.00d 0.26± 0.00a 0.16± 0.00c

C24:1n9 0.30± 0.00d 0.42± 0.00a 0.41± 0.00b 0.33± 0.00c

Total n-3 6.51± 0.04b 9.29± 0.02a 6.55± 0.01b 5.54± 0.03c

Total n-6 3.21± 0.02b 4.25± 0.01a 3.10± 0.01c 2.91± 0.01d

Total n-3 LC-PUFA 2.24± 0.01d 4.00± 0.01a 2.72± 0.01b 2.39± 0.01c

n-3:n-6 2.03± 0.00c 2.19± 0.00a 2.11± 0.00b 1.90± 0.00d

Values are mean± SEM. Rows with different superscripts indicate significant differences between treatments (p < 0.05).

Muscle and liver gene expression levels

Gene expression levels in muscle and liver of the

seawater tilapia fed with a 2.55% dose of T. weissflogii

are shown in Figure 3. Muscle growth-related genes

such as MyoD, myogenin (MYG), and GDF-8 were

upregulated in D1. Conversely, the genes expressed in

the liver of Nile tilapia such as oni-fads2, elovl5, and IGF

were downregulated.

Histology of liver and intestine

There were no morphological abnormalities detected in

the liver of seawater tilapia fed with different dosages of

T. weissflogii (Figure 4). The hepatosomatic index of seawater

tilapia showed statistically similar results among treatments

(Figure 5). No significant difference (P>0.05) was also observed

in the intestinal villi length and enterocyte height of seawater

tilapia in all treatments (Figures 6, 7).
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FIGURE 3

Relative mRNA levels of di�erent genes expressed in the muscle and liver of seawater-tolerant tilapia fed with 2.55% T. weissflogii paste. (A)

MyoD, (B) MyG, (C) GDF-8, (D) IGF, (E) elovl5, and (F) oni-fads2.
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FIGURE 4

Liver morphology of seawater-tolerant tilapia fed with di�erent levels of T. weissflogii paste; (A) D0, (B) D1, (C) D2, (D) D3. Scale bar = 100µm.

Discussion

The use of marine diatoms as a feed supplement to

freshwater strain of Nile tilapia was previously evaluated using

the diatom Amphora coffeaeformis (Ayoub et al., 2019, 2022;

Saleh et al., 2020). However, the use of T. weissflogii, as a dietary

supplement to seawater tilapia strain in the present study, to

our knowledge is the first time to be reported. Our results

indicate that the growth performance of tilapia was improved

(P < 0.05) in treatment with 2.55% T. weissflogii supplement.

However, a higher dose of 6% to 12% of T. weissflogii did not

affect the growth performance of seawater tilapia. This indicates

an optimum dose at 2.55% T. weissflogii supplementation.

Similar to our findings previous work on the supplementation

of the diatom A. coffeaformis in the Nile tilapia diet also

showed improved growth performance and feed utilization at

the supplementation level of 3% (Ayoub et al., 2019, 2022). Also,

no significant improvement was observed when the fish were fed

higher supplementation dose at 2.5% to 10% of A. coffeaformis

(Saleh et al., 2020). Spirulina platensis supplementation were also

documented to improve the growth related parameters when

added at low dosage of 0.5 and 1% in the diet of juvenile Nile

tilapia (Abd El-Daim et al., 2021). Similar to our findings, it

was also reported that supplementation at 5% to 10% of Ulva

rigida to the diet of O. niloticus elicited no significant effects

on the growth performance and growth inhibition was evident

when the supplementation level was increased to 15% (Güroy

et al., 2007). The significant growth improvement in tilapia in

the present study may be due to different nutrients contents and

availability of these nutrients including vitamins and minerals

in the different species of algae used as dietary supplements

(Belay et al., 1996). T. weissflogii contains high levels of vitamins

and minerals which could attribute to the enhanced growth

performance of tilapia (Kiatmetha et al., 2011; Tam et al., 2021).
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FIGURE 5

Hepatosomatic index (HSI) of seawater-tolerant tilapia fed with di�erent levels of T. weissflogii paste.

The observed improvement in fish growth in the diatom-

supplemented diet is linked to the enhancement in nutrient

retention. Protein retention of tilapia fed with the diet

supplemented with 2.55% T. weissflogii was significantly

higher (P < 0.05) than in the control diet. Moreover, lipid

retention was also significantly higher (P < 0.05) in the 2.55%

supplementation level than in the control. A similar observation

was reported by Nandeesha et al. (1998) and Gbadamosi and

Lupatsch (2018) suggesting that adding Nannochloropsis salina

and S. platensis to the fish diet improved the weight gain as

well as the protein retention of Nile tilapia and common carp,

respectively. When seaweed Porphyra spheroplasts were used as

a feed additive to the diet of red sea bream, an increase in weight

gain and protein and lipid retention was also observed (Kalla

et al., 2008). These earlier findings suggested that the growth

promoting activity of algae as a dietary supplement could be

attribute to the better utilization of dietary energy that spare

protein for growth and promoted tissue protein accumulation.

It is tempting to speculate that these mechanisms may be at

work in the present study. However, this aspect requires detailed

investigation in future studies.

The present study also found that supplementation of

T. weissflogii in the diet influenced the fatty acid profile of

seawater tilapia. The fish’s fatty acid composition is influenced

by the types and sources of fatty acids it consumes (Webster

and Lim, 2006). The diatom additive, T. weissflogii contains

substantial levels of n-3 fatty acids, particularly EPA and DHA

(Kiatmetha et al., 2011). Evidently, the supplementation of

T. weissflogii in the diet significantly improved the fatty acid

profile with higher levels of n-3 as well as higher n3:n6 ratio in

seawater tilapia. Similar results have been previously reported

in studies of Nile tilapia when microalgae Schizochytrium sp.

(Watters et al., 2013; Sarker et al., 2016; Stoneham et al., 2018)

and N. salin (Gbadamosi and Lupatsch, 2018) were used as

a feed supplement. Moreover, the addition of T. weissflogii to

the diet improved the n-3 LC-PUFA of seawater tilapia. The

health benefits of n-3 LC-PUFA to humans include neurological

development, improved cognition as well as cardiovascular

disease benefits (Meyer and De Groot, 2017). The improvement

of n-3 LC-PUFA content could be a way in improving themarket

acceptability of Nile tilapia.

The growth-related genes in the muscle of saline tolerant

tilapia were upregulated. This verifies the improvement in the

growth performance of tilapia when 2.55% supplementation

was added to the diet. During the development of fish

muscle,MyoG regulates cell differentiation whileMyoD controls

satellite cell activation and proliferation (Watabe, 2000).

Similar to the present study, upregulation of MyoD and MyG

correlates with growth improvement in Nile tilapia when algae

was supplemented in the diet (Asaduzzaman et al., 2017;

Prabu et al., 2021). GDF-8 or myostatin expression regulates

muscle growth as well. However, it functions as a negative
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FIGURE 6

Intestinal morphology of seawater-tolerant tilapia fed with di�erent levels of T. weissflogii paste. (A) D0, (B) D1, (C) D2, (D) D3. Scale bar =

100µm.

regulator that prevents the proliferation of satellite cells during

the development and expansion of muscles (Nebo et al.,

2013). In contrast with the present study, in the study of

Asaduzzaman et al. (2017), GDF-8 expression in Nile tilapia

was downregulated using inosine monophosphate as a dietary

supplement, thus indicating higher satellite cell proliferation

activity. Nevertheless, myostatin regulation in muscle growth is

dependent on fish species, nutritional conditions, growth phase,

and muscle type (Patruno et al., 2008).

On the other hand, genes expressed in the liver including

oni-fads2 and elovl5 were significantly down-regulated. Fads2

and elovl5 genes play important roles in the long chain poly

unsaturated fatty acid synthesis (LC-PUFA) synthesis pathway

(Ma et al., 2018). These encoding products contain the most

important lipogenic enzymes, and modifications to their activity

can alter how quickly fatty acids are generated (Yu et al.,

2022). Similar to the present result, high n-3 LC-PUFA content

in the diet of fish led to the downregulation of fads2 in

euryhaline fish Lateolabrax japonicus. Further the modulation

and down regulation of these genes are associated with the

presence of n-3 LC-PUFA (Xu et al., 2014). It is known

that tilapia are able to synthesize LC-PUFA if the biological

supply is limiting. In the present study it could be noted that

T. weissflogii supplement has high content of n-3 LC-PUFA

and the presence of these fatty acid may have triggered low

the down regulation of the Fads2 and elovl5 genes that are

involved in the synthesis of n-3 LC-PUFA. Moreover, though

the fatty acid synthesis related genes were inhibited but the

high n-3 LC-PUFA tissue content of fish in treatment with

T. weissflogii supplement could be explained in terms of dietary

nutrient bioaccumulation.

No morphological abnormalities were observed in the

intestine of seawater tilapia fed with T. weissflogii supplemented

diet with no significant effect on the villi length and enterocyte

height. The structure of villi and enterocyte is related to

the number of intestinal epithelial cells which acts as the
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FIGURE 7

Villi length (A) and enterocyte height (B) of seawater-tolerant tilapia Nile tilapia fed with di�erent supplementation levels of T. weissflogii paste.

first line of defense against potentially harmful agents, while

also ensuring adequate nutrient utilization, immune defense,

and growth of fish (Silva et al., 2015; Ma et al., 2018).

The normal intestinal morphological structure of seawater

tilapia implies an efficient nutrient absorption that led to

improved fish growth. Additionally, normal morphological

attributes were observed in the liver of seawater tilapia fed

with a diet containing T. weissflogii. The supplementation

of 15% of microalgae Chlorella to the diet of Nile tilapia

had no pathological changes to the liver (El-Habashi et al.,

2019). Abdelrhman et al. (2022) also reported normal hepatic

morphology when Sargassum dentifolium was added to the

diet of hybrid red tilapia at supplementation levels up to

30 g/kg−1.

With the dwindling supply and unsustainable use of fish

meal, utilization of marine diatoms was seen to be a practical

and sustainable way to improve the omega-3 composition of

tilapia. In the present study, the use of T. weissflogii with

supplementation dose of 2.55% in the diet of saline tolerant

Nile tilapia not only improved its growth performance but also

increased its n-3 LC-PUFA content with no negative effect on its

hepatic and intestinal morphology. Further investigation on the

period and frequency of feeding the diatom supplemented diet is

recommended. The findings of this research might pave the way

for increased market acceptability of tilapia.
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