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Abstract

The grey mullet is a catadromous species that spawns in the taurine-rich seawater
environment, followed by the young fish generally migrating to less saline, low taurine
waters during the larva-juvenile transition. Consequently, this study aimed to (1)
determines whether there is a dietary taurine requirement in juvenile grey mullet for
enhanced growth and (2) the potential for taurine biosynthesis. The experimental
system consisted of sixteen 400-I V-tanks, where filtered, UV-treated ambient
seawater (40 %o) entered the bottom of the tanks at a rate of 7 tank exchanges/day.
This allowed the testing of four 1 mm pelleted diets (0, 0.5, 1.0, and 2.0% taurine DW
diet) in replicates of 4 tanks/treatment for 58 days. Grey mullet juveniles
demonstrated (P<0.05) a specific requirement for a 0.5% taurine DW diet for
improved growth. Fish fed the taurine diets displayed populations with a markedly (P
< 0.05) higher average number of surviving fish (23.4%+1.1) of moderately sized (10-
20 g) cohorts than smaller (< 10 g) individuals (12.5+1.1). In contrast, the fish fed
the taurine control (0% taurine) exhibited similar average numbers of small and
moderate sized fish (18.0+3.6-20.0+4.1). Dietary taurine accumulated highly
(P<0.05) in the muscles in a dose dependent manner but less so (P<0.05) in eyes,
and liver. The gene expression of liver cysteine sulfinic acid decarboxylase (CSD)
exhibited an upregulation (P<0.05) with taurine diets from 0 to 1% but was down
regulated (P<0.05) in fish fed the 2% taurine DW diet.
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Introduction

The B-amino sulfinic acid taurine promotes fish growth through its roles in bile salt
synthesis, anti-oxidative defense, and cellular osmoregulation, as well as its influence on
visual, neural, and muscular function (Gaon et al. 2020; Gaon et al. 2021). Taurine has been
shown to enhance the gene expression of cholesterol 7 a-hydroxylase (Cyp7al), a rate-
limiting enzyme of bile acid biosynthesis (Lam et al. 2006), as well as its activity in animals
(Bellentani et al. 1987; Yokogoshi and Oda 2002) and fish (Tong et al. 2019). As a major
contributor to bile salt synthesis, taurine facilitates lipid emulsification and digestion by
increasing the activity of bile salt-activated lipase (Gjellisvik et al. 1992), which leads to
improved tissue incorporation of fatty acids (Kim et al. 2007). Additionally, taurine enhances
the conversion of cholesterol to bile salts by suppressing the acyl CoA cholesterol
acyltransferase (ACAT) activity, which binds free cholesterol to a fatty acid (Fakuda et al.
2011). This results in additional cholesterol available for bile salt synthesis and decreases the
hepatic metabolic pool of cholesterol (Fukuda et al. 2011). In white grouper (Epinephelus
aeneus), a dietary taurine correlation with its accumulation in various tissues was ranked as
muscles > liver > eyes (Koven et al. 2016). These authors suggested that dietary taurine
supplementation enhanced bile salt production resulting in markedly increased levels of total
lipid and fatty acid classes, particularly the polyunsaturated fatty acids in the eyes (Koven et
al. 2016).

As the marine environment is substantially rich in taurine (Clifford et al. 2017),
energetically, it makes sense to satisfy the requirement of this important nutrient through
food and not by biosynthesis. Consequently, a dietary taurine requirement has been shown
for marine teleosts such as juvenile yellowtail (Seriola quinqueradiata; Takagi et al. 2008),
bluefin tuna (Thunnus thynnus; Yokoyama et al. 2001), skipjack (Katsuwonus pelamis;
Yokoyama et al. 2001), Japanese flounder (Paralichthys olivaceus; Kim et al. 2005) and red
sea bream (Pagrus major; Matsunari et al. 2008a, b). This was likely due to a deficiency in
cysteine sulfinic acid decarboxylase (CSD), a rate-limiting enzyme catalyzing the
decarboxylation of cysteine sulfinate to hypotaurine in the main taurine biosynthesis pathway
(Park et al. 2002). The requirement for dietary taurine was further reinforced in studies testing
the efficacy of replacing fish meals with taurine-poor, plant-based proteins in marine species
(Koven et al. 2016) such as juvenile white seabass (Atractoscion nobilis; Jirsa et al. 2014),
golden pompano (Trachinotus ovatus; Wu et al. 2015), totoaba (Totoaba macdonaldi; Lépez
et al. 2015) and white grouper (Epinephelus aeneus; Koven et al. 2016).

Freshwater omnivorous/herbivorous species exhibit varying levels of taurine biosynthesis
capability, as the freshwater environment tends to be taurine-poor (Koven et al. 2018). The
common freshwater carp (Cyprinus carpio) does not appear to have a dietary taurine
requirement (Kim et al. 2008) as it accumulates taurine in its tissues while expressing low
CSD activity (Yokoyama et al. 2001). This suggests an alternate synthesis route, such as the
cysteamine pathway, where cysteine is converted into cysteamine and then into hypotaurine
by cysteamine dioxygenase (ADO) (Haga et al. 2017). However, this is considered a
secondary pathway in mammals (Stipanuk 2004).

In contrast, studies on the freshwater rainbow trout (Yokoyama and Nakazoe 1992),
channel catfish (Ictalurus punctatus; Robinson et al. 1978) and Atlantic salmon (Salmo salar;
Espe, et al. 2012) reported that these species displayed taurine synthesis capability through
the CSD pathway. Nevertheless, taurine supplementation improved the performance of
freshwater fish such as rainbow trout (Gaylord et al. 2006, 2007), common carp (Cyprinus
carpio; Abdel-Tawwab and Monier 2018) and Nile tilapia (Oreochromis niloticus; Al-Feky et
al., 2015).

The grey mullet, which has attracted increasing interest as a promising candidate for
aquaculture, is a catadromous species that spawns in taurine-rich seawater ecosystems and
then commonly moves into less saline, taurine poor freshwater environments as juveniles. As
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Dietary taurine effect on juvenile grey mullet 3

a result, the aims of the current study were to (1) determine whether there is a specific
dietary taurine requirement in juvenile grey mullet for enhanced growth and (2) the potential
for taurine biosynthesis.

Materials and Methods

Experimental system

The experimental system consisted of sixteen 400- L V-tanks where UV treated, filtered
(10 pm), ambient seawater (40 %o0) (computer controlled; Gavish, Israel) entered the bottom
of the tanks and exited near the top through a 500 um filter at a rate of 7 tank exchanges
/day. This allowed the testing of 4 taurine 1 mm pelleted, non-fishmeal, omnivorous diets (0,
0.5, 1.0, and 2.0% DW diet) (Sparos Inc., Faro, Portugal) in replicates of 4 tanks/ treatment.
The experimental system was exposed to a light intensity of 500 lux with a photoperiod of
11h light/13h dark. Each tank was stocked with 38 fish (126 dph; 7.32 £0.44 g) and fed their
respective diets at 4% tank biomass/day distributed over 5 rations. All fish were observed to
finish their rations. The experiment continued for 58 days (184 dph), where the fish grew
approximately 100%. At the end of this period, the weight and length of each fish were
measured while 10 fish from each tank were sampled for fatty acid (3 fish) and taurine content
of eyes, muscle, and liver (3 fish) as well as for RNA extraction from the livers (4 fish).

Fatty acid analysis

Fatty acid analysis was performed by chloroform-methanol (2:1) (Folch et al., 1957)
extraction of total lipid from freeze-dried tissue samples (Gaon et al. 2021). The lipid-
containing chloroform upper phase was removed and evaporated to dryness under a stream
of nitrogen, and the total lipid was weighed (GH-120 analytical balance, A&D, San Jose, CA,
USA). This was followed by adding the internal standard 17:0 (heptadecanoic acid; Sigma,
St. Louis, MO, USA) to each sample. The samples were then transmethylated to their fatty
acid methyl esters (FAME) by adding 1 mL/mg lipid of a 14% solution of boron trifluoride
methanol (BF3) and sonicated for 1h at 50 °C. To the samples were added 0.5 mL double
distilled water (DDW) and 1 mL/ mg lipid of analytical-grade hexane (99%), which was
vortexed and then centrifuged (2300 rpm) for 2 min. The FAME was analyzed in a Varian 450-
220 GC/MS/MS (Agilent Technologies, California, USA). Injected FAME samples (1 uL) were
separated on a Varian WCQOT fused silica column (50M x0.32mm) at a flow rate of 1.5 mL/min
and identified by known purified standards quantified using a response factor to the internal
standard. The 30 min oven temperature program began at 70 °C for 4 min following injection
and then increased to 300 °C at 10 °C/min for 3 min (Gaon et al. 2021).

Taurine analyses

This protocol was described by Koven et al. (2018). In brief, freeze-dried diet samples of
2-5 mg for taurine analysis on a Varian 325-410 HPLC (Agilent Technologies, California, USA)
were prepared by adding 3 mL of 6 M HCL and 0.5% phenol. The samples were flushed with
nitrogen and placed in a heating block for 24h at 108-110 °C. After cooling samples to room
temperature and filtering (0.45 pm; cellulose nitrate), 0.5 mL carbonate buffer (pH 9), 0.5
mL DMSO (dimethyl sulfoxide), and 0.1 mL DNFB (1-fluoro-2,4 dinitrobenzene) were added,
and the samples mixed well followed by heating for 15 min at 40 °C then cooled for 10 min.
To the samples were added 6.5 mL of 0.01 M of buffered phosphate, vortexed for 30 s and
then left to stand for 5 min. The samples were then transferred to HPLC vials and injected
(10 pL) into an Acclaim ™120 C18 (5 pm, 4.6 x 150 mm) HPLC column (Thermo Scientific,
USA). Column flow rate was 1.5 mL/min where specific ratios of buffer phosphate 0.01 M (pH
6) and acetonitrile (90;10, 10:90, 10:90, 90:10, 90:10) were introduced into the column at
different times (0, 10, 11, 11.01, 18 min), respectively.
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RNA extraction

Total RNA was extracted from Mugil cephalus liver tissue by the guanidinium thiocyanate-
phenol-chloroform extraction method (Chomczynski and Sacchi 1987) using Bio-Tri RNA
reagent (Bio Lab Ltd., Jerusalem, Israel). The concentration of RNA was determined by
measuring the absorbance at 260 nm in a spectrophotometer (Synergy HT, BioTek, Winooski,
VT, USA). The purity of each sample was assessed for proteins by the 260 vs. 280 nm ratio.
After residual DNA removal, a qScript™ cDNA Synthesis Kit (Quantabio, Beverly, MA, USA)
was used to synthesize cDNA from RNA samples according to the manufacturer’s protocol.
Degenerate primers were designed for sequencing the desired genes. The PCRs were carried
out in a final volume of 25 uL using the GoTag® Green Master Mix (Promega, Madison, WI,
USA) and 25 pmol of each Primer. PCR products were purified using a QIAquick PCR
Purification Kit (QIAGENE, Hilden, Germany) and sequenced by Hy- Labs (Rehovot, Israel).
Gene identity was confirmed by comparing the obtained sequences with those available at
the Gene bank (http://www.ncbi.nlm.nih.gov/Genbank/). Real-time PCR was performed using
PerfeCTa® SYBR® Green FastMix®, Low ROX™ (Quanta Biosciences, Inc. MD, USA). Gene-
specific primers (Table 2) were designed and synthesized by Agentek (Tel Aviv, Israel).

A quantitative real-time polymerase chain reaction (gRT-PCR) was performed (in
triplicates) in a total reaction volume of 10 pL, consisting of the respective primer sets (300
nM), cDNA template and PerfeCTa® SYBR® Green FastMix®, Low ROX™ (Quanta
BioSciences, Inc. MD, USA). Since the fluorophore, Fast SYBR Green®, binds nonspecifically
to double-strand DNA, it is necessary to ensure that the amplified PCR product is homogenous.
Hence, the presence of a single amplicon was verified at the end of each run via a dissociation
analysis (Melting curve), by which fluorescence was quantified regarding temperature rise.
When the temperature increases, DNA strands separate, and the DNA bounded fluorophore
releases. A single peak in a gaussian curve, which outlines the change in fluorescence as a
function of temperature (-dF/dT), will indicate a homogenous PCR product.

To normalize the levels of target genes, gPCR for rRNA 18S was also performed with the
sample cDNAs. A negative control with sterile water as the template was included to check
for possible reagent contamination. Additionally, to rule out the presence of contaminating
genomic DNA, our gPCR experiments included minus-reverse transcriptase controls (i.e., PCR
amplification using DNAse-treated total RNA samples without reverse transcription as a
template). The results were analyzed by 7500 Fast Real-Time PCR System software (Applied
Biosystems, Waltham, Mass., USA). Gene expression levels were calculated using relative
expression = 2-AACt, Ct - threshold cycle (Livak and Schmittgen 2001).

Statistics

Statistical analyses were performed using GraphPad Prism version 5.00 for Windows
(GraphPad Software, San Diego, California, USA, www.graphpad.com). Growth (g) and fatty
acid (mg/g DW tissue) values from the different taurine treatments are presented as mean +
SEM. Outliers were identified by calculating the Z value using the Grubbs test (Rousseeuw
and Leroy, 2003) and removed if the calculated Z value was higher than the tabulated value.
Every fish sampled for taurine and fatty acids in their liver, muscle, and eyes were considered
a treatment replicate (3 fish sampled for liver, muscle, and eyes /treatment/ tank). Data
values were analyzed by one-way ANOVA and Bartlett's test for equal variances. If significance
(P <0.05) was found after ANOVA analysis while Bartlett's test was not significant (P > 0.05),
then testing differences between groups were carried out by the Newman-Keuls Multiple
Comparison tests. In cases where ANOVA and Bartlett’s test were both significant (P < 0.05),
then the non-parametric Kruskal-Wallis Test was applied, followed by Dunn's multiple
comparison tests to determine significant (P<0.05) differences among treatments (Koven et
al. 2018).
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Ethics statement
All experimental animal procedures were conducted in compliance with the Guidelines of
the European Union Council (86/609/EU) for the use of laboratory animals.

Results

The dietary ingredients, the content of indispensable amino acids, and the proximate
analysis of the 4 taurine diet treatments, which showed no significant (P > 0.05) differences
in macronutrient levels, appear in Table 1a, 1b, and 1c, respectively. Table 2 lists the sense
and antisense genetic primers for cysteine sulfinic acid decarboxylase (CSD), the rate-limiting
enzyme in taurine synthesis, cysteamine (2-aminoethanethiol) dioxygenase (ADO), a key
enzyme in an alternate pathway for taurine synthesis and cholesterol 7a hydroxylase
(CYP7al), the rate-limiting enzyme for bile salt synthesis.

Table 1 (a)The diet ingredients, (b) content of indispensable amino acids and the (c) proximate
analysis (prox. anal.) of the 4 taurine diets; 0% (T0), 0.5% (T0.5), 1% (T1.0), and 2.0% (T2.0)
taurine DW diet. In (a), the increasing dietary taurine levels! (% DW) were balanced by reducing
equal percentages of whole wheat 2. In (c), macronutrient levels between the diets having the same
letter were not significantly (P > 0.05) different.

(a) Diet ingredients % DW diet (b) % DW diet
indispensable
amino acids
Taurinel 0,0.5,1.0,2.0 Methionine 0.70+.00
choline chloride 0.3 Lysine 1.40+.01
corn gluten 15 Tryptophan 0.28+.02
cornmeal 9 Threonine 1.16+.04
DCP 0.2 Isoleucine 1.31+.08
fish oil 5.5 Histidine 0.78+.02
poultry meal 13 Valine 1.62+.08
rape seed 13 Leucine 3.13+.031
soy oil 5.5 Phenylalanine 1.65+.009
soybean 12
dry Ulva 5 (c) Prox. anal. Taurine diets
V?t C—_stay _C 0.08 Diet TO T0.5 T1.0 T2.0
vitamin mix 0.3 components (%)
wheat bran 13 Protein 41.8° £ 41.8°% 42.0° £ 40.97° +
wheat, whole?2 8.12,7.62,7.12,6.12 2.0 1.0 1.6 1.5
Total 100 Lipid 15.72 + 13.8° % 14.4° 14.67° +
0.2 0.9 0.2 1.1
Ash 10.1°+ 9.77 % 10.2° + 9.712 %
0.7 0.2 0.7 0.2

Analyzed taurine dietary levels (0.05, 0.49, 1.0, 2.1% DW diet) differed markedly
(P<0.05) from each other and matched theoretical values. Grey mullet juveniles exhibited
significantly better average weight gain when fed a minimum of 0.5% taurine in the diet.
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Table 2 Gene-specific primer sets used for quantitative Real-time PCR for the genes cysteine sulfinic
acid decarboxylase (CSD), cysteamine (2-aminoethanethiol) dioxygenase (ADQO) and cholesterol 7a
hydroxylase (CYP7a1l)

Primer Sense primer Antisense primer
MC _18S AGTTGGTGGAGCGATTTGTCT ACGCCACTTGTGGCTCTAAGAAG
CYP7a CCTCCCTGATAGAGACAATGGTG CACCTTGTAGCAGAAAGCAAAGATG
CsD CAGCCGCAAGGTGGACTG CAAGCCAGCGGAGCCAAT
ADO CGGCGTTCATGGATATCCTG CCTTCGGCTCCGTGTTTTTC

In contrast, higher dietary levels of this nutrient did not elicit a better performance (Figure
1a). However, Figure 1a also demonstrated a higher but non-significant (P > 0.05) average
FCR value for the control, which trended downwards with taurine supplementation.
Additionally, the average Fulton condition indexes (CI), specific growth rate (SGR), and
relative growth rates (RGR) were not statistically different for all treatments (P>0.05) in
Figure 1b, 1c, and 1d, respectively.
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Figure 1 The effect of the taurine diets TO, T0.5, T1.0, and T2.0 (0, 0.5, 1.0, and 2.0% taurine DW
diet, respectively) on growth parameters; (a) average FCR (food conversion ratio) and WG (weight gain)
/treatment as well as (b) average Fulton condition index, Specific growth rate (SGR) and Relative Growth
Rate (RGR)/treatment. Bar values = SEM, within a performance parameter having different letters, were
significantly (P < 0.05) different.
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Nevertheless, fish fed the taurine diets demonstrated populations with a markedly (P <
0.05) higher average number of surviving fish (23.4+1.1) of moderately sized (10-20 g)
cohorts than smaller (< 10 g) individuals (12.5£1.1). In contrast, the fish fed the taurine
control (0% taurine supplementation) exhibited similar average numbers of small and
moderate-sized fish (18.0+3.6-20.0+4.1) (Figure 2). All treatments demonstrated
significantly (P<0.05) lower average numbers of large (>20 g) surviving fish (Figure 2).
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Figure 2 The effect of the dietary taurine treatments (TO, T0.5, T1.0, and T2.0% of DW diet) on size
distribution (<10, 10-20, >20 g) of surviving fish/treatment at the end of the feeding trial (184 dph).
Treatment bar values (£ SEM) within a treatment having a different letter were significantly (P < 0.05)
different.

Figure 3 showed that taurine significantly (P<0.05) accumulated in the liver, eyes, and
muscles. Moreover, muscle taurine markedly (P<0.05) increased in a dietary taurine dose-
dependent manner and accumulated up to 5.0 and 4.8 times more taurine than the liver and
eyes, respectively (Figure 3). However, there was no significant (P<0.05) effect of the
taurine diets on the main fatty acid classes; saturated, monounsaturated, and
polyunsaturated fatty acids in the eyes, liver, and muscle tissue (Table 3).
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Figure 3 The effect of dietary taurine treatments (0, 0.5, 1.0, and 2.0% DW diet) on the taurine
accumulation in the muscles, eyes, and liver of juvenile grey mullet at the end of the study. Taurine bar
values £ SEM within muscle, eyes, and liver tissues having different letters were significantly (P < 0.05)
different. Muscle taurine bar values having an asterisk were significantly (P < 0.05) higher than taurine
bar values of the same treatment in the eyes and liver.
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Table 3 The effect of dietary taurine (T) treatments (0, 0.5, 1.0, and 2.0% DW
diet) on saturated, monounsaturated, and polyunsaturated fatty acid classes in the
eyes, liver, and muscle tissues. No significant (P>0.05) quantitative differences of
the main fatty acid classes, as a function of dietary taurine level, were found

Tissue Fatty acid class (mg/g DW) Taurine treatments (%)
T0 T0.5 T1.0 T2.0
Eyes saturates 40.8 £ 45.0 £ 41.7 + 41.9+
2.2 2.8 2.5 2.3
monounsaturated 43.8 £+ 549 * 534 + 515 +
4.9 3.9 3.7 2.9
polyunsaturated 30,5 £ 36.1 £ 44.1 + 353 £
4.7 6.1 6.6 5.0
Liver saturates 35.6 £ 339 £ 30.6 + 36.1 %
4.7 2.4 2.9 3.4
monounsaturated 48.1 £ 50.7 £ 41.9 + 50.1 %
6.9 4.9 4.0 5.2
polyunsaturated 179 £ 243 = 17.1 + 22.1 +
3.4 2.3 1.33 2.3
Muscle saturates 46.1 £+ 38.1 £ 41.0 + 449 =+
3.6 3.9 4.3 3.8
monounsaturated 624 £ 56.6 £ 60.2 + 69.5 £
3.5 6.5 7.9 3.8
polyunsaturated 18.2 + 172 + 178 =+ 21.1
1.7 2.2 2.6 3.4

The gene expression of liver CSD exhibited a significant (P<0.05) upregulation with
increasing dietary taurine from the control to 1% taurine DW diet but was downregulated
(P<0.05) in fish fed the 2% taurine diet (Figure 4a). On the other hand. There was very low
detectable gene expression associated with dietary taurine in the transcription of ADO, a key
enzyme in the cysteamine alternate taurine synthesis pathway (Figure 4b). Although there
was minor gene expression of the rate-limiting enzyme in bile salt synthesis (CYP7a1l), there
was no discernible effect of dietary taurine (Figure 4c).

(a) CSD (b) ADO
8 0.03
e b 0.02
8 4 4

0.01

2

0 ‘__i' T T ‘é‘ 0.00 T T T y

0 0.5 1.0 2.0 0 0.5 1.0 20
Taurine treatments (%DW diet) Taurine treatments (%DW diet)

.. (©) CYPTal

0 0.5 1.0 2.0
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Figure 4 The effect of dietary taurine (T) treatments (0, 0.5, 1.0, and 2.0% DW diet) on the gene
expression of (a) cysteine sulfinic acid decarboxylase (CSD), (b) cysteamine (2-aminoethanethiol)
dioxygenase (ADO) and CYP7al in juvenile fish. Bars values (£ SEM) having a different letter(s) were
significantly (P < 0.05) different.
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Discussion

The results of this study demonstrated that supplementing the diet with 0.5% taurine (DW
diet) significantly improved growth, whereas higher dietary taurine provided no added benefit.
However, the low overall weight gain was somewhat surprising and suggested that the
growth-promoting effect of taurine supplementation in omnivorous juveniles appears to wane
compared with its carnivorous larval stage and larvae from other species (Salze et al. 2012;
Kim et al. 2016). Nevertheless, taurine supplementation resulted in a higher percentage of
larger mullet in the population compared to the control 0% taurine treatment. The growth-
promoting effect of dietary taurine has been well documented in the Japanese flounder (Park
et al. 2002), European sea bass (Dicentrarchus labrax; Brotons Martinez et al. 2004),
yellowtail (Matsunari et al. 2005), juvenile cobia (Rachycentron canadum; Lunger et al. 2007)
and golden pompano (Trachinotus ovatus; Wu et al. 2015).

The dietary taurine requirement in teleosts is generally due to a deficiency in cysteine
sulfinic decarboxylase (CSD), the rate limiting enzyme for taurine synthesis (Goto et al.
2003). Broadly speaking, taurine synthesis and CSD activity differ among fresh and seawater
fish. Marine fish species, such as Japanese flounder, red sea bream and yellowtail,
demonstrated a lack of taurine synthesis capability as CSD activity is absent or at negligible
levels (Kim et al. 2008). This means that in aquaculture, taurine must be provided in the diet,
particularly if the food has been supplemented with plant-based meals, which are devoid of
taurine (El Sayed 2014). On the other hand, freshwater teleosts, such as rainbow trout,
Atlantic salmon and common carp can synthesize taurine (Kim et al. 2008). This was shown
when taurine tissue concentrations increased with methionine and cystine supplementation,
which are precursors for taurine synthesis. (Yokoyama and Nakazoe 1992). Nevertheless, the
levels of endogenous CSD activity reported in rainbow trout and tilapia (Yokoyama et al.
2001) were considered insufficient as dietary taurine was still required for good growth
(Gaylord et al. 2006). Lunger et al. (2007) reasoned that although cobia could synthesize
taurine from sulfur containing amino acids, dietary taurine supplementation spared the
metabolism of the essential methionine and tryptophan amino acids, which could then be
channeled to other critical physiological processes that promote growth. In contrast, Kim et
al. (2008) concluded that the common carp doesn’t appear to have a dietary taurine
requirement as they have significant taurine biosynthesis capability putatively through the
cysteamine dioxygenase pathway (ADO) and not the CSD pathway (Gonzales-Plasus et al.
2019). However, the present study clearly demonstrated almost undetectable gene
expression. This suggests that this pathway made little or no contribution to endogenous
taurine synthesis, compared to the CSD pathway in grey mullet juveniles, which has also been
reported in mammals (Saltz and Davis 2015).

Although liver CSD activity was not directly measured, the gene expression for liver CSD
protein was impressively upregulated 7.8x and 10.6x in the 0.5% and 1.0% taurine fish,
respectively, compared to the 0% taurine fish. This indicated that juvenile grey mullet adopts
the freshwater model and exhibits taurine synthesis capability. Moreover, the salinity
decrease wouldn’t be a trigger when mullets are migrating to lower saline, estuarine waters
as this study was conducted at 40 %o0. However, as in other freshwater species, the
endogenously produced taurine appears to fall short of completely satisfying the mullet
requirement, as evidenced by the significantly improved growth of fish feeding on the 0.5%
taurine diet.

Although CSD gene expression significantly increased in the liver of mullet fed taurine
supplemented diets up to 1.0%, this gene was down regulated in fish fed the 2% taurine diet.
This seems counter-intuitive as the question arises why would fish synthesize taurine if they
are receiving it in the diet? Similarly, Goto, et al. (2004) feeding diets containing different
taurine levels to freshwater bluegill (Lepomis macrochirus), found that that CSD activity
increased with dietary taurine level.
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A possible explanation may be linked to the important role of taurine as an osmolyte,
which has been reported in a range of marine species such as flounder (Pseudopleuronectes
americanus; King et al. 1982) and skate (Raja erinacea; Ballatori and Boyer 1992) as well as
freshwater fish such as walking catfish (Clarias batrachus; Saha et al. 2000), tilapia and carp
(Takeuchi et al. 2000a, b). The increased taurine in the blood circulation of mullet juveniles
consuming higher dietary taurine levels, may have stimulated taurine synthesis in liver cells
to reduce osmotic difference across the tissue membranes. This would prevent cell shrinkage
as well as changes to the intracellular hydromineral balance. Taurine has been described as
a critical osmolyte in mammalian tissues (Pasantes-Morales et al. 1998). Studies on brain and
neuron cells in mice and rats have shown changes in inorganic ions and taurine as
mechanisms to maintain cell volume in response to osmolyte changes in plasma (Pasantes-
Morales et al. 1993). Taurine is better suited than other ions for volume regulation in the
brain and neural tissue as large ion fluxes affect the transmembrane potential and potentially
induce action potentials (Garg et al. 2011). The cell taurine content of brain astrocyte primary
cultures increased with extracellular taurine concentration through endogenous synthesis via
the CSD pathway (Reymond et al. 1996).

In contrast, Bitoun and Tappaz (2000), working on brain astrocyte cells, argued that
taurine synthesis would be insufficient to explain intracellular taurine content and is likely
accompanied by the biosynthesis of taurine transporters (TauT). This would allow more
extracellular taurine to enter the cell. An increase in TauT synthesis may explain the sharp
decrease in CSD gene expression in the 2% taurine diet. The switching to enhanced transport
of taurine into the cell may be more energy cost-effective than intracellular biosynthesis as a
strategy to combat shell shrinkage and osmotic challenges in fish fed high taurine
supplemented diet.

It is well documented that taurine also plays a major role in forming bile salts, which is
essential for intestinal digestion and absorption of lipids (Koven et al. 2016). These authors
demonstrated that dietary taurine increased total lipid and all fatty acid classes in the eye
tissue of white grouper (Epinephelus aeneus), which may have improved vision and feeding
behavior. However, in this study, there was no dietary taurine dose-dependent effect on the
levels of fatty acid groups (saturated, monounsaturated, or polyunsaturated fatty acids) in
the eyes, liver, or muscle. This suggests that the endogenous taurine synthesis may have
been sufficient to produce adequate bile salts to emulsify ingested lipids. In support of this,
the gene expression of cholesterol 7a-hydroxylase (CYP7al), the rate-limiting enzyme in bile
salt synthesis, was independent of dietary taurine in this study and displayed very low
expression levels.

Taurine accumulated in the eyes, liver, and muscles in a dietary dose-dependent manner
but was markedly higher in the muscles. Taurine muscle accumulation correlated strongly
with dietary taurine even though growth performance didn’t improve over the 0.5% dietary
inclusion level. The higher accumulation of taurine in the muscles compared to the liver and
eyes has been observed in juvenile turbot (Scophthalmus maximus L.) (Qi et al. 2012), white
grouper (Koven et al. 2016) and mice (Ito et al. 2014). Taurine represents 30-50% of the
free amino acid pool in animal and fish's blood, muscles, and brains (Saha et al. 2000, 2002).
It is an important modulator of muscle contractile function through the regulation of ion
movement, osmoregulation, and oxidative stress (Schaffer et al. 2000, 2009) as well as
stimulating muscle hyperplasia (Sampath et al. 2020) and modulating energy metabolism
(Wen et al. 2018). All these factors may directly or indirectly promote growth. On the other
hand, this study's suggested endogenous synthesis of taurine may have muted a stronger
dietary contribution by this nutrient to muscle accretion. Nevertheless, there is a broad
agreement between these results with the taurine requirement for good growth in other
species such as turbot (Qi et al., 2012), yellowtail (Matsunari et al., 2005), Japanese flounder
(Kim et al. 2007) and red sea bream (Matsunari et al. 2008a, b).
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Interestingly, Qi et al. (2012) suggested that fish size determined the response and
requirement for dietary taurine. In support of this, Kuzmina et al. (2008) proposed that the
polyfunctionality of taurine would vary with fish size and developmental stage, potentially
leading to a variable requirement for this nutrient. This is consistent with our observations
that carnivorous grey mullet larvae appear to have a stronger taurine requirement (Koven,
pers. Communication) than the omnivorous juvenile mullet in the present study.

In summary, dietary taurine accumulates in juvenile grey mullet eyes, liver and muscle
tissues in a dose-dependent manner but demonstrated a specific requirement for improved
growth only at the 0.5% dietary level. Juvenile mullet exhibited increased CSD gene
expression, suggesting taurine synthesis capability in the liver. However, this endogenous
taurine production was not channeled into increased bile salt synthesis and subsequent fatty
acid digestion and absorption. Instead, taurine may have been mainly used in fish fed 0.5
and 1% taurine as an osmolyte in liver tissue to reduce the cellular osmotic gradient with the
blood to maintain cell volume and hydromineral balance. Moreover, endogenous taurine
synthesis was not triggered by a reduction in salinity as this study was conducted entirely in
the Red Sea's ambient seawater (40 %o). This implies that mullet taurine synthesis capability
is more likely a function of development from carnivorous larvae to omnivorous juveniles.

Acknowledgments

This study was funded by the 7th Framework Program “Diversify”; Exploring the biological
and socio-economic potential of new/emerging candidate fish species for the expansion of the
European aquaculture industry” (project no. 603121).

References

Abdel-Tawwab, M, Monier, MN, 2018. Stimulatory effect of dietary taurine on growth performance,
digestive enzymes activity, antioxidant capacity, and tolerance of common carp, Cyprinus carpio L., fry
to salinity stress. Fish Physiology and Biochemistry, 44(2), 639-649. https://doi.org/10.1007/s10695-
017-0459-8

Al-Feky, SSA, El-Sayed, AFM, Ezzat, AA, 2016. Dietary taurine enhances growth and feed utilization
in larval Nile tilapia (Oreochromis niloticus) fed soybean meal-based diets. Aquaculture Nutrition 22(2),
457-464. https://doi.org/10.1111/anu.12266.

Ballatori, N, Boyer, JL, 1992. Taurine transport in skate hepatocytes. II. Volume activation, energy,
and sulfhydryl dependence. American Journal of Physiology - Gastrointestinal and Liver Physiology 262(3
25-3), 451-460. https://doi.org/10.1152/ajpgi.1992.262.3.g451.

Bellentani, S, Pecorari, M, Cordoma, P, Marchegiano, P, Manenti, F, Bosisio, E, De Fabiani, E,
Galli, G, 1987. Taurine increases bile acid pool size and reduces bile saturation index in the hamster.
Journal of Lipid Research 28(9), 1021-1027. https://doi.org/10.1016/s0022-2275(20)38617-x
Bitoun, M, Tappaz, M, 2000. Taurine down-regulates basal and osmolarity-induced gene expression
of its transporter, but not the gene expression of its biosynthetic enzymes, in astrocyte primary cultures.
Journal of Neurochemistry 75(3), 919-924. https://doi.org/10.1046/j.1471-4159.2000.0750919.x
Brotons Martinez, J, Chatzifotis, S, Divanach, P, Takeuchi, T, 2004. Effect of dietary taurine
supplementation on growth performance and feed selection of sea bass Dicentrarchus labrax fry fed
with  demand-feeders. Fisheries  Science 70(1), 74-79. https://doi.org/10.1111/j.1444-
2906.2003.00773.x

Chomczynski, P, Sacchi, N, 2006. The single-step method of RNA isolation by acid guanidinium
thiocyanate-phenol-chloroform extraction: Twenty-something years on. Nature Protocols 1(2), 581-
585. https://doi.org/10.1038/nprot.2006.83

Clifford, EL, Hansell, DA, Varela, MM, Nieto-Cid, M, Herndl, GJ, Sintes, E, 2017. Crustacean
zooplankton release copious amounts of dissolved organic matter as taurine in the ocean. Limnology
and Oceanography 62(6), 2745-2758. https://doi.org/10.1002/In0.10603

El-Sayed, AF, M, 2014. Is dietary taurine supplementation beneficial for farmed fish and shrimp? A
comprehensive review. Reviews in Aquaculture, 6(4), 241-255. https://doi.org/10.1111/raq.12042

The Israeli Journal of Aquaculture — Bamidgeh ¢ ISSN 0792-156X * 1JA.74.2022.1881686
CCBY-NC-ND-4.0 ® https://doi.org/10.46989/001c.70351



12 Koven et al., 2023

Espe, M, Ruohonen, K, EI-Mowafi, A, 2012. Effect of taurine supplementation on the metabolism and
body lipid-to-protein ratio in juvenile Atlantic salmon (Salmo salar). Aquaculture Research 43(2006),
349-360. https://doi.org/10.1111/7.1365-2109.2011.02837.x

Folch, J, Lees, M, Sloan Stanley, GH, 1957. A simple method for the isolation and purification of total
lipides from animal tissues. The Journal of Biological Chemistry 226(1), 497-509.
https://doi.org/10.1016/s0021-9258(18)64849-5

Fukuda, N, Yoshitama, A, Sugita, S, Fujita, M. Murakami, S, 2011. Dietary taurine reduces hepatic
secretion of cholesteryl ester and enhances fatty acid oxidation in rats fed a high-cholesterol diet. Journal
of Nutritional Science and Vitaminology 57, 144-149. https://doi.org/10.3177/jnsv.57.144

Gaon, A, Nixon, O, Tandler, A, Falcon, J, Besseau, L, Escande, M, El Sadin, S, Allon, G, Koven,
W, 2020. Dietary taurine improves vision in different age gilthead sea bream (Sparus aurata) larvae
potentially contributing to increased prey hunting success and growth. Aquaculture November, 736129.
https://doi.org/10.1016/j.aquaculture.2020.736129

Gaon, A, Tandler, A, Nixon, O, El Sadin, S, Allon, G, Koven, W, 2021. The combined DHA and
taurine effect on vision, prey capture and growth in different age larvae of gilthead sea bream (Sparus
aurata). Aquaculture, 545(3uly), 737181. https://doi.org/10.1016/j.aquaculture.2021.737181

Garg, SK, Vitvitsky, V, Albin, R, Banerjee, R, 2011. Astrocytic redox remodeling by amyloid beta
peptide. Antioxidants and Redox Signaling 14(12), 2385-2397. https://doi.org/10.1089/ars.2010.3681
Gaylord, TG, Teague, AM, Barrows, FT, 2006. Taurine supplementation of all-plant protein diets for
rainbow trout (Oncorhynchus mykiss). Journal of the World Aquaculture Society 37, 509-517.
https://doi.org/10.1111/§.1749-7345.2006.00064.x

Gaylord, T, Barrows, FT, Teague, AM, Johansen, KA, Overturf, KE, Shepherd, B, 2007.
Supplementation of taurine and methionine to all-plant protein diets for rainbow trout (Oncorhynchus
mykiss). Aquaculture 269(1-4), 514-524. https://doi.org/10.1016/j.aquaculture.2007.04.011
Gjellesvik, DR, Lombardo, D, Walther, BT, 1992. Pancreatic bile salt dependent lipase from cod
(Gadus morhua): Purification and properties. Biochimica et Biophysica Acta (BBA)-Lipids and Lipid
Metabolism 1124, 123-134. https://doi.org/10.1016/0005-2760(92)90088-D

Gonzales-Plasus, MM, Kondo, H, Hirono, I, Satoh, S, Haga, Y, 2019. Cysteamine dioxygenase as
enzymes for taurine synthesis and the negative effect of high dietary cysteamine on growth and body
shape of the common carp, Cyprinus carpio. Aquaculture Science 67(2), 95-108.
https://doi.org/10.11233/aquaculturesci.67.95

Goto, T, Matsumoto, T, Murakami, S, Takagi, S, Hasumi, F, (2003). Conversion of cysteate into
taurine in liver of fish. Fisheries Science 69, 216-218. https://doi.org/10.1046/j.1444-
2906.2003.00610.x

Goto, T, Funatsu, H, Sugiyama, H, Osada, Y, Hasumi, F, Ukawa, M, Takagi, S, 2004. Effects of
Soy Protein Concentrate on Hepatic Enzyme Activities Involved in Taurine Biosynthesis in Bluegill
Lepomis macrochirus. Aquaculture Science 52(4), 423-424.
https://doi.org/10.11233/aquaculturesci1953.52.423

Haga, Y, Mojena Gonzales, M, Kondo, H, Hirono, I, Satoh, S, 2017. Taurine synthesis in teleost-
importance of cysteamine pathway. Avances En Nutricion Acuicola. Recuperado a partir de
https://nutricionacuicola.uanl.mx/index.php/acu/article/view/17

Huxtable, RJ, 1992. Physiological actions of taurine. Physiological Reviews 72(1), 101-163.
https://doi.org/10.1152/physrev.1992.72.1.101

Ito, T, Yoshikawa, N, Schaffer, SW, Azuma, J, 2014. Tissue Taurine Depletion Alters Metabolic
Response to Exercise and Reduces Running Capacity in Mice. Journal of Amino Acids 2014, 1-10.
https://doi.org/10.1155/2014/964680

Jirsa, DA, Salze, GP, Rhodes, M, Drawbridge, M, 2014. Taurine requirement for juvenile white
seabass (Atractoscion nobilis) fed soy-based diets. Aquaculture 422-423(December), 36-41.
https://doi.org/10.1016/j.aquaculture.2013.11.029

Kim, SK, Matsunari, H, Takeuchi, T, Yokoyama, M, Furuita, H, Murata, Y, Goto, T, 2008.
Comparison of taurine biosynthesis ability between juveniles of Japanese flounder and common carp.
Amino Acids 35(1), 161-168. https://doi.org/10.1007/s00726-007-0600-6

Kim, S, Matsunari, H, Takeuchi, T, Yokoyama, M, Murata, Y, Ishihara, K, 2007. Effect of different
dietary taurine levels on the conjugated bile acid composition and growth performance of juvenile and
fingerling Japanese flounder Paralichthys olivaceus. Aquaculture 273, 595-601.
https://doi.org/10.1016/j.aquaculture.2007.10.031

The Israeli Journal of Aquaculture — Bamidgeh ¢ ISSN 0792-156X * 1JA.74.2022.1881686
CCBY-NC-ND-4.0 ® https://doi.org/10.46989/001c.70351



Dietary taurine effect on juvenile grey mullet 13

Kim, SK, Takeuchi, T, Yokoyama, M, Murata, Y, Kaneniwa, M, Sakakura, Y, 2005. Effect of
dietary taurine levels on growth and feeding behavior of juvenile Japanese flounder Paralichthys
olivaceus. Aquaculture 250(3-4), 765-774. https://doi.org/10.1016/j.aquaculture.2005.04.073

Kim, Y, Sasaki, T, Awa, M, Inomata, M, Honryo, T, 2016. Effect of dietary taurine enhancement on
growth and development in red sea bream Pagrus major larvae. Aquaculture Research 47, 1168-1179.
https://doi.org/10.1111/are.12573

King, PA, Beyenbach, KW, Goldstein, L, 1982. Taurine transport by isolated flounder renal tubules.
Journal of Experimental Zoology 223(2), 103-114. https://doi.org/10.1002/jez.1402230202

Koven, W, Peduel, A, Gada, M, Nixon, O, Ucko, M, 2016. Taurine improves the performance of white
grouper juveniles (Epinephelus aeneus) fed a reduced fish meal diet. Aquaculture 460.
https://doi.org/10.1016/j.aquaculture.2016.04.004

Koven, W, Nixon, O, Allon, G, Gaon, A, El Sadin, S, Falcon, J, Besseau, L, Escande, M, Vassallo
Agius, R, Gordin, H, Tandler, A, 2018. The effect of dietary DHA and taurine on rotifer capture
success, growth, survival and vision in the larvae of Atlantic bluefin tuna (Thunnus thynnus).
Aquaculture 482, 137-145. https://doi.org/10.1016/j.aquaculture.2017.09.039

Kuzmina, VV, Gavrovskaya, LK, Ryzhova, OV, 2008. Taurine. Effect on exotrophia and metabolism
in  mammals and fish. Journal of Evolutionary Biochemistry and Physiology 46, 19-27.
https://doi.org/10.1134/S0022093010010020

Lam, NV, Chen, W, Suruga, K, Nishimura, N, Goda, T, Yokogoshi, H, 2006. Enhancing effect of
taurine on CYP7A1 mRNA expression in Hep G2 cells. Amino Acids 30(1), 43-48.
https://doi.org/10.1007/s00726-005-0244-3

Livak, KJ, Schmittgen, TD, 2001. Analysis of relative gene expression data using real-time
quantitative PCR and the 2-AACT method. Methods 25(4), 402-408.
https://doi.org/10.1006/meth.2001.1262

Lépez, LM, Flores-Ibarra, M, Baifiuelos-Vargas, I, Galaviz, MA, True, CD, 2015. Effect of fishmeal
replacement by soy protein concentrate with taurine supplementation on growth performance,
hematological and biochemical status, and liver histology of totoaba juveniles (Totoaba macdonaldi).
Fish Physiology and Biochemistry 41(4), 921-936. https://doi.org/10.1007/s10695-015-0058-5
Lunger, AN, McLean, E, Gaylord, TG, Kuhn, D, Craig, SR, 2007. Taurine supplementation to
alternative dietary proteins used in fish meal replacement enhances growth of juvenile cobia
(Rachycentron canadum). Aquaculture 271, 401-410.
https://doi.org/10.1016/j.aquaculture.2007.07.006

Matsunari, H, Takeuchi, T, Takahashi, M, Mushiake, K, 2005. Effect of dietary taurine
supplementation on growth performance of yellowtail juveniles Seriola quinqueradiata. Fisheries Science
71(5), 1131-1135. https://doi.org/10.1111/j.1444-2906.2005.01072.x

Matsunari, H, Furuita, H, Yamamoto, T, Kim, SK, Sakakura, Y, Takeuchi, T, 2008a. Effect of
dietary taurine and cystine on growth performance of juvenile red sea bream Pagrus major. Aquaculture
274, 142-147. https://doi.org/10.1016/j.aquaculture.2007.11.002

Matsunari, H, Yamamoto, T, Kim, SK., Goto, T, Takeuchi, T, 2008b. Optimum dietary taurine level
in casein-based diet for juvenile red sea bream Pagrus major. Fisheries Science 74(2), 347-353.
https://doi.org/10.1111/§.1444-2906.2008.01532.x

Park, GS, Takeuchi, T, Yokoyama, M, Seikai, T, 2002. Optimal dietary taurine level for growth of
juvenile Japanese flounder Paralichthys olivaceus. Fisheries Science 68, 824-829.
https://doi.org/10.1046/.1444-2906.2002.00498.x

Pasantes-Morales, H, Alavez, S, Sanchez, OR, Moran, J, 1993. Contribution of organic and
inorganic osmolytes to volume regulation in rat brain cells in culture. Neurochemical Research 18(4),
445-452, https://doi.org/10.1007/bf00967248

Pasantes-Morales, H, Quesada, O, Moran, J, 1998. Taurine: An osmolyte in mammalian tissues.
Advances in Experimental Medicine and Biology 442, 209-217. https://doi.org/10.1007/978-1-4899-
0117-0 27

Qi, G, Ai, Q, Mai, K, Xu, W, Liufu, Z, Yun, B, Zhou, H, 2012. Effects of dietary taurine
supplementation to a casein-based diet on growth performance and taurine distribution in two sizes of
juvenile turbot (Scophthalmus maximus L.). Aquaculture, 358-359, 122-128.
https://doi.org/10.1016/j.aquaculture.2012.06.018

The Israeli Journal of Aquaculture — Bamidgeh ¢ ISSN 0792-156X * 1JA.74.2022.1881686
CCBY-NC-ND-4.0 ® https://doi.org/10.46989/001c.70351



14 Koven et al., 2023

Reymond, I, Almarghini, K, Tappaz, M, 1996. Immunocytochemical localization of cysteine sulfinate
decarboxylase in astrocytes in the cerebellum and hippocampus: A quantitative double
immunofluorescence study with glial fibrillary acidic protein and S-100 protein. Neuroscience 75(2),
619-633. https://doi.org/10.1016/0306-4522(96)00256-4

Robinson, EH, Allen, OW, Poe, WE, Wilson, RP, 1978. Utilization of dietary sulfur compounds by
fingerling channel catfish: L-methionine, DL-methionine, methionine hydroxy analogue, taurine and
inorganic sulfate. Journal of Nutrition 108(12), 1932-1936. https://doi.org/10.1093/jn/108.12.1932
Rousseeuw, PJ, Leroy, AM, 2003. Robust Regression and Outlier Detection. John Wiley and Sons,
Hoboken, NJ, USA, p. 195. http://dx.doi.org/10.1002/0471725382

Saha, N, Dutta, S, Bhattacharjee, A, 2002. Role of amino acid metabolism in an air-breathing catfish,
Clarias batrachus in response to exposure to a high concentration of exogenous ammonia. Comparative
Biochemistry and Physiology - B Biochemistry and Molecular Biology 133(2), 235-250.
https://doi.org/10.1016/S1096-4959(02)00145-8

Saha, N, Dutta, S, Haussinger, D, 2000. Changes in free amino acid synthesis in the perfused liver
of an air-breathing walking catfish, Clarias batrachus infused with ammonium chloride: A strategy to
adapt under hyperammonia stress. Journal of Experimental Zoology 286(1), 13-23.
https://doi.org/10.1002/(SICI)1097-010X(20000101)286:1<13::AID-JEZ2>3.0.C0O;2-X

Sampath, WWHA, Rathnayake, RMDS, Yang, M, Zhang, W, Mai, K, 2020. Roles of dietary taurine
in fish nutrition. Marine Life Science & Technology, July. https://doi.org/10.1007/s42995-020-00051-1
Salze, GP, Davis, DA, 2015. Taurine: a critical nutrient for future fish feeds. Aquaculture 437, 215-
229. https://doi.org/10.1016/j.aquaculture.2014.12.006

Salze, G, McLean, E, Craig, SR, 2012. Dietary taurine enhances growth and digestive enzyme activities
in larval cobia. Aquaculture 362-363, 44-49. https://doi.org/10.1016/j.aquaculture.2012.07.021
Schaffer, SW, Azuma, J, Mozaffari, M, 2009. Role of antioxidant activity of taurine in diabetes.
Canadian Journal of Physiology and Pharmacology 87(2), 91-99. https://doi.org/10.1139/Y08-110
Schaffer, S, Takahashi, K, Azuma, J, 2000. Role of osmoregulation in the actions of taurine. Amino
Acids 19(3-4), 527-546. https://doi.org/10.1007/s007260070004

Stipanuk, MH, 2004, Sulfur amino acid metabolism: Pathways for production and removal of
homocysteine and cysteine. Annual Review of Nutrition 24, 539-577.
https://doi.org/10.1146/annurev.nutr.24.012003.132418

Takagi, S, Murata, H, Goto, T, Endo, M, Yamashita, H, Ukawa, M, 2008. Taurine is an essential
nutrient for yellowtail Seriola quinqueradiata fed non-fish meal diets based on soy protein concentrate.
Aquaculture 280, 198-205. https://doi.org/10.1016/j.aquaculture.2008.05.012

Takeuchi, K, Toyohara, H, Sakaguchi, M, 2000a. A hyperosmotic stress-induced mRNA of carp cell
encodes Na+- and Cl-- dependent high affinity taurine transporter. Biochimica et Biophysica Acta -
Biomembranes 1464(2), 219-230. https://doi.org/10.1016/S0005-2736(00)00158-9

Takeuchi, K, Toyohara, H, Kinoshita, M, Sakaguchi, M, 2000b. Ubiquitous increase in taurine
transporter mRNA in tissues of tilapia (Oreochromis mossambicus) during high-salinity adaptation. Fish
Physiology and Biochemistry 23(2), 173-182. https://doi.org/10.1023/A:1007889725718

Tong, S, Wang, L, Kalhoro, H, Volatiana, JA, Shao, Q, 2019. Effects of supplementing taurine in all-
plant protein diets on growth performance, serum parameters, and cholesterol 7a-hydroxylase gene
expression in black sea bream, Acanthopagrus schlegelii. Journal of the World Aquaculture Society
51(4), 990-1001. https://doi.org/10.1111/jwas.12611

Wen, C, Li, F, Zhang, L, Duan, Y, Guo, Q, Wang, W, He, S, Li, J, Yin, Y, 2019. Taurine is Involved
in Energy Metabolism in Muscles, Adipose Tissue, and the Liver. Molecular Nutrition and Food Research,
63(2), 1-28. https://doi.org/10.1002/mnfr.201800536

Wu, Y, Han, H, Qin, J, Wang, Y, 2015. Replacement of fishmeal by soy protein concentrate with
taurine supplementation in diets for golden pompano (Trachinotus ovatus). Aquaculture Nutrition 21(2),
214-222. https://doi.org/10.1111/anu.12161

Yokogoshi, H, Oda, H, 2002. Dietary taurine enhances cholesterol degradation and reduces serum and
liver cholesterol concentrations in rats fed a high-cholesterol diet. Amino Acids 23(May), 433-439.
https://doi.org/10.1007/s00726-002-0211-1

Yokoyama, M, Nakazoe, JI, 1992. Accumulation and excretion of taurine in rainbow trout
(Oncorhynchus mykiss) fed diets supplemented with methionine, cystine and taurine. Comparative
Biochemistry and Physiology Part A: Physiology 102(3), 565-568. https://doi.org/10.1016/0300-
9629(92)90210-H

The Israeli Journal of Aquaculture — Bamidgeh ¢ ISSN 0792-156X * 1JA.74.2022.1881686
CCBY-NC-ND-4.0 ® https://doi.org/10.46989/001c.70351



Dietary taurine effect on juvenile grey mullet 15

Yokoyama, M, Takeuchi, T, Park, GS, Nakazoe, J, 2001. Hepatic cysteinesulphinate decarboxylase
activity in fish. Aquaculture Research 32, 216-220. https://doi.org/10.1046/j.1355-557%x.2001.00017.x

The Israeli Journal of Aquaculture — Bamidgeh ¢ ISSN 0792-156X * 1JA.74.2022.1881686
CCBY-NC-ND-4.0 ® https://doi.org/10.46989/001c.70351



