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Nile tilapia is a highly nutritious source of protein, and its production through
aquaculture practices leads to a lower carbon footprint when compared to
the production of terrestrial species. However, environmental contamination
poses a significant risk in aquaculture, necessitating strategies to mitigate its
impacts on fish. This study evaluated the effects of experimental diets supple-
mented with tannins on performance parameters of Oreochromis niloticus
over a 60-day feeding trial. At the end of the experiment, their potential hepa-
toprotective role was assessed in fish exposed to diesel-induced toxicity. The
fish were fed a control diet (T1) or a diet supplemented with either 2 % (T2)
or 4 % tannins (T3). Fourteen fish per tank were allocated across three tanks
per treatment. After 60 days, seven fish from each treatment group were
exposed to either an acute dose of diesel (50 pg/g) or fish oil (control). Per-
formance parameters were then compared, and liver samples were obtained
and used to determine alkaline phosphatase (ALP), carboxylesterase (CaE),
and glutathione S-transferase (GST) enzymatic activity. Diesel exposure led to
increased ALP activity, decreased CaE, and GST activities. However, no signif-
icant alterations in enzyme activities were observed in fish maintained under
dietary treatments T2 and T3 following diesel exposure compared to the con-
trol group. Moreover, performance parameters remained unaffected by the
inclusion of tannins in diets. These findings suggest that dietary tannins may
provide a protective effect against diesel-induced physiological disturbances.
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Study contribution

Aquaculture is among the world's fastest-growing industries, and tilapia is one of the most farmed
fish. Feed represents a high percentage of the production cost, so diets are continually designed to
improve animal nutrition. Another problem is the increase of xenobiotics in aquatic environments
and water sources used, causing negative effects on cultured organisms. The present study evalu-
ated the effect of including condensed tannins in diets for tilapia exposed to diesel. The inclusion
of tannins in the tilapia diet did not cause changes in performance parameters; however, when
the tilapia were exposed to diesel, it assisted in lowering the physiological stress effect on the liver,
observing a minor alteration in the activity of hepatic detoxification enzymes. Therefore, the inclu-
sion of tannins in tilapia diets can reduce the physiological stress caused by this type of xenobiotic.

Introduction

Aquaculture production is among the most profitable activities contributing to the global economy.
It provides access to affordable, high-quality protein sources and is the world’s fastest-growing
industry, producing approximately 80 million tons annually. This growth necessitates ongoing
research and technical innovations.(!) Anthropogenic activities have led to contamination in aqua-
culture environments, as most pollutants end up in water bodies.(? 3) Aquifer contamination,
along with abrupt temperature changes and low dissolved oxygen levels, are common threat in
the aquaculture industry, adversely affecting animal production.() Petroleum derivatives, partic-
ularly diesel oil, are significant pollutants in aquatic ecosystems and are highly toxic to aquatic
organisms.(> ©)

In the presence of a xenobiotic, such as diesel, the physiological system of organisms initi-
ates specific chemical reactions catalyzed by detoxification enzymes, primarily produced by the
liver.(/) Carboxylesterase (CaE), one of the phase | enzymes, transforms xenobiotics into more
polar compounds by modifying their functional groups,(® thereby enabling phase Il enzymes,
such as glutathione S-transferase (GST), to conjugate these products and facilitate their excretion.
Alkaline phosphatase (ALP) is an inducible enzyme whose activity increases in response to he-
patic injury, tissue regeneration processes, or contaminant-induced stress, observed across both
aquatic organisms and mammals. These enzymes have been extensively studied and are used as
exposure biomarkers in aquatic organisms; furthermore, they are highly relevant in toxicology due
to their ability to exhibit significant variations within minutes, hours, or days following exposure.(9)

Incorporating alternative plant ingredients into diets for aquatic organisms is a common strat-
egy to enhance antioxidant capacity.('9 Tannins, a group of phenolic compounds, have garnered
significant attention for their potential benefits. They are prevalent in many higher plants and can
be classified based on their chemical structure into condensed and hydrolysable tannins.(!) The
anticarcinogenic and antimutagenic properties of tannins are attributed to their antioxidative capa-
bilities, particularly in inhibiting the generation of free radicals, thereby protecting against cellular
damage and reducing the effects of physiological stress on the liver.(12) Therefore, the objective of
the present study was to evaluate the protective effect of experimental diets containing 2 % and
4 % of a commercial tannin blend-comprising hydrolysable tannins (HT) and condensed tannins
(CT)- on the performance of Nile tilapia (O. niloticus) during a 60-day bioassay. At the end of the
trial, fish were exposed to hydrocarbon-induced stress to measure the enzymatic activity of Cak,
GST, and ALP as indicators of hepatic protection.
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Table 1. Composition and proximate analysis of experimental diets for Nile tilapia

I Tanins 00

redents ) L0 L2 L

Corn, ground 18.9 175
Soybean meal 54 53 52.5
Wheat meal 17.33 16.8 16.7
BHT! 0.02 0.02 0.02
Soybean ail 4.4 4.4 4.39
Monocalcium phosphate 3.6 34 3.4
Premix? 0.5 0.5 0.5
Arginate 0.5 0.5 0.5
Vitamin C 0.05 0.05 0.05
Sodium chloride 0.5 0.5 0.5
Tannins> 0 2 4

Total 100 100 100

Chemical analyses

Crude protein (g/kg) 358 349 356
Crude lipids (g/kg) 75 77 74
Gross energy (Kcal/g) 3.8 3.8 3.9

1 BHT = butylhydroxytoluene,

antioxidant.

2 Premix = Mineral and vitamin premix.
3 Tannins = tannins of chestnut (Castanea sativa) and quebracho (Schinopsis spp.) trees.

Materials and methods

Ethical statement

The animal study protocol was approved by the Ethics Committee of Veterinary Medicine School
at Universidad Auténoma de Nuevo Ledn (Animal research protocols 36/2022, 52/2022).

Experimental diets
Formulated diets for juvenile tilapia were prepared using corn, soybean meal, and wheat as the
main ingredients to ensure optimal growth. A control diet (CD) containing 36 % crude protein
and 7.5 % crude fat was prepared and used as a baseline for creating diets with 2 % (T2) and
4 9 (T3) tannin inclusions, substituting for portions of corn, soybean meal, and wheat flour
(Table 1). The commercial product Sylvafeed® ByPro (Silvateam, Peru), derived from chestnut
(Castanea sativa) and quebracho (Schinopsis spp.) trees, was the tannin source. This commercial
blend, in powder form, is known to have a composition of 0.70 g/g (tannic acid equivalent) from
chestnut and 0.16 g/g CT (leucocyanidin equivalent) from quebracho.(13)

Therefore, the T2 diet (2 % tannins) contained 14 g HT and 6 g CT per kg of feed, while the
T3 diet (4 9% tannins) had 28 g HT and 12 g CT per kg. The ingredients were ground, mixed, and
the final feed was processed using an Optima Single Screw Wenger X-165 extruder (Sabetha, KS,
USA) to produce 4 mm diameter pellets.

Study design and rearing system

Nile tilapia was provided by a commercial hatchery in Soto La Marina, Tamaulipas, Mexico. The
fish were acclimated (4 days) to glass tanks under the following water conditions: temperature
30 +0.7 °C, pH 8.5 £0.2, total ammonia nitrogen (0.08 £0.05 mg/L), nitrate (below detection
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limits), nitrites (11.3 £3.9 mg/L), and saturated dissolved oxygen. A natural photoperiod provided
a 12:12-h light-to-dark ratio. After the acclimation period, one hundred and twenty-six juvenile
fish with an initial mean wet weight of 0.186 +0.001 g were randomly allocated into one of the
three dietary treatments. Each treatment was done in triplicate glass tanks, with 14 animals per
tank. The tanks, equipped with integrated biological filters and aeration pumps, were filled up to
an operational volume of 120 L, and water was replaced every three days. The initial feeding ratio
was based on a 10 % total biomass per tank and was provided at three feeding times (8:00,
12:00, and 17:00 h). The feces and uneaten feed were siphoned out of the tank daily in the
morning before the feeding. Feeding rations were adjusted according to fish weight gain and
the total number of animals in the tanks.

Performance parameters

At the end of the study (day 60), the weight of each fish was individually recorded using a
precision analytical scale (A&D, Precision FZ-i/FX-i Series). Excess water was removed from the
organisms with a cotton cloth before weighing. Survival and feed consumption were recorded
daily. Growth rate per tank was calculated as the difference between the average final weight
and the average initial weight. Feed intake was estimated daily based on the feed added to the
tank, the feed remaining the next day, and the number of fish in the tank. Total feed consumption
was estimated for the entire study period. The feed conversion ratio was calculated based on the
weight of feed consumed per unit of weight gain. The survival rate was calculated for each tank.

Acute diesel exposure challenge

To assess whether any of the experimental diets provided to Nile tilapia could help maintain
biomarker activity at levels like those observed in the control group despite xenobiotic expo-
sure, fourteen fish per treatment were maintained at the end of the feeding period (60 days).
Seven fish were exposed to diesel in one aquarium, while the remaining seven were kept in a
separate aquarium as the control group. For diesel exposure, fish were intraperitoneally injected
with 0.2 mL of menhaden fish oil laboratory-grade (Sigma Aldrich-F8020) containing a dose of
50 pg/g of petroleum diesel. The control fish received an injection of 0.2 mL of menhaden oil
without diesel. To ensure minimal contamination and proper asepsis, new syringes were used for
each fish during the intraperitoneal application.

The exposure period, method of application, and dosage were selected based on previous re-
search.(5 9 14) After intraperitoneal injection, fish were kept in their respective tanks for 72 hours,
and after that, they were euthanized by hypothermia. The sampling time was determined based
on subsequent studies in which a positive biomarker response was observed.(> % 14) These pro-
cedures were approved by the Ethics Committee of the Faculty of Veterinary Medicine at Univer-
sidad Autonoma de Nuevo Ledn (Animal research protocols 36/2022, 52/2022). Liver samples
were then collected and stored in a deep freezer at -70 °C for subsequent enzymatic activity
analysis. The treatment groups for analyzing enzymatic activity were established as follows: OTT,
fish oil exposed and fed with CD (no tannins); OT2, fish oil exposed and fed the 2 % tannins diet;
OT3, fish oil exposed and fed the 4 % tannins diet; DT1, diesel exposed and fed CD; DT2, diesel
exposed and fed 2 % tannins diet; and DT3, diesel exposed and fed 4 % tannins diet.
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Enzymatic activity biomarkers

Liver samples from fish in each tank (n = 7) were utilized to measure ALP, CaE, and GST levels.
These samples were homogenized in double-distilled water using a 1:10 ratio (sample weight
to water, m/v) with a mortar and pestle for four minutes. The homogenized samples were then
centrifuged at 15 300 g for 30 minutes at 4 °C. The supernatant was separated from the superior
lipid layer and from the precipitate and was aliguoted into tubes (0.1 mL) and stored at -150 °C
until further use. The protein content of the extracts was quantified using the Bradford method,
with bovine serum albumin as the standard for the calibration curve.(1>)

CaE activity was determined in microplates following the methodology described by Aguilera-
Gonzélez et al.(9 The reaction mixture consisted of 200 L of 50 mM tris-HCl buffer (pH 7.1),
10 pL of extract, and 100 pL of 2 mM p-nitrophenyl acetate. Absorbance was measured at
405 nm for 120-second intervals over a period of 10 min using an EPOCH microplate reader
(Biotek, Vermont, USA). Each sample had three analytical replications, and a buffer was used as a
control, accordingly. The linearity of the reaction was verified, and enzymatic activity was expressed
in gmol/min/mg/protein using the molar extinction coefficient of 18.5 mM/cm for p-nitrophenol.

ALP activity was determined using p-nitrophenyl phosphatase substrate.(1®) The reaction con-
sisted of 200 pL of diethanolamine buffer (1.0 M) with 50 mM MgCl, (pH 9.8), 10 pL of the
enzymatic extract, and 10 pL of substrate to achieve a final concentration of 0.4 mM. Absorbance
was measured at 405 nm under the same conditions as for CaE, and enzymatic activity was ex-
pressed in pmol/min/mg/protein, using the molar extinction coefficient of 18.5 mM/cm for p-ni-
trophenol. GST activity was analyzed using a method adapted to microplates.('”) The substrate
mixture contained 300 pL of reduced L-glutathione (200 mM) and 1-chloro-2, 4-dinitrobenzene
(CDNB; 100 mM) in Dulbecco's phosphate-buffered saline as well as 10 pL of enzymatic extract
as a reaction initiator. Absorbance was measured every minute for 10 minutes at a wavelength of
340 nm. GST activity was expressed in pmol/min/mg/protein, with a molar extinction coefficient
of 5.3 mM/cm for CDNB.(18)

Statistical analysis

SPSS statistical program was used for data analyses (SPSS 16.0, 2007; SPSS Inc., Chicago, Illi-
nois). Recorded final weight, feed intake, growth rate, feed conversion ratio, and survival rate were
analyzed with one-way ANOVA. Before analysis, data were tested for normality and homogeneity
of variances using the Shapiro-Wilk and Levene's tests, respectively, and both assumptions were
met. Tukey's multiple range test was used to detect differences among experimental diets. To
assess the effects of tannin supplementation and diesel exposure on enzymatic biomarkers, a
two-way factorial ANOVA was conducted (2 tannin levels x 2 exposure type), followed by Tukey's
test for multiple comparisons. The significance level was set at o = 0.05.

Results

Dietary effects on growth

The growth performance of the fish, in terms of individual final weight, feed consumption, feed
conversion rate, and percentage of weight gain, is shown in Table 2. At the end of the 60-day study,
there were no significant effects (P > 0.05) of dietary tannin on the growth performance of the
fish at any of the inclusion levels. An overall fish survival rate of 91 % was recorded through
the study, and no statistical differences (P > 0.05) were detected among treatments.
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Table 2. Performance parameters of Nile tilapia fed for 60 days with experimental diets

Experimental diet* Mean weight (g) | Feedintake (g/fish) | Growthrate (%) — crg:i\(l)ersmn
D 26.7 +6.6 323 +12 1435 +600 39+24
T2 233 %73 31.1 £16 1483 £503 47 £3.5
T3 278 £7.0 339 +17 1556 £506 35+2.2
Probability 0.6999 0.8340 0.9755 0.9970

* CD, Control diet; T2, 2 % tannins diet; T3, 4 % tannins diet.
Data are presented as means +standard deviation (n = 3). Data were analyzed with One-way ANOVA.

Table 3. Enzymatic activity of alkaline phosphatase, carboxylesterase, and glutathione S-transferase
in Nile tilapia fed for 60 days with tannins and exposed to diesel

Treatment groups ¢ | ALPt | CaEt | GSTt
OT1 1.07 £0.32 1.63 £0.34P 4.89 +0.28P
012 1.93 £1.43b 1.33 £0.433b 475 +0.42P
or3 1.64 £0.42 1.33 +0.22b 4.68 £0.32b
DT1 327 +2.0b 1.1 £0.432 4.16 £0.692
DT2 0.79 £0.12 1.29 +0.562P 4.49 +0.26%
DT3 1.36 +£0.3° 1.56 +0.27P 479 +0.26P
One-way ANOVA probability 0.0071** 0.006** 0.001**

Factorial probability

Diet (% tannins) 0.076 0.538 0.0214*
Exposure (oil vs diesel) 0.409 0.180 0.003
Diet x exposure interaction 0.0071** 0.004** 0.003**

ALP: alkaline phosphatase.

CaE: carboxylesterase.

GST: glutathione S-transferase.

¢ OT1: fish oil + CD; OT2: fish oil + 2 % tannins; OT3: fish oil + 4 % tannins; DT1: diesel + CD; DT2: diesel + 2 % tannins; DT3:
diesel + 4 % tannins.

t Enzymatic activity is expressed as pmol/min/mg/protein (mean + standard deviation, n = 7).

*Significant probability (P < 0.05).

**Highly significant probability (P < 0.01). Different letters in the same column indicate significant differences among treatments with
Tukey mean comparisons (P < 0.05).

Enzymatic activity

Overall, fish in the DT1 group (exposed to diesel and fed a control diet with O 9% tannins) ex-
hibited lower enzymatic activity of Cak (P = 0.0060) and GST (P = 0.0010) compared to those
in the OT1 group (fed fish oil and a control diet with O % tannins). Conversely, for ALP activity,
DT1 group animals displayed the highest enzymatic activity among all dietary groups
(P < 0.0010). In terms of GST activity, diesel-exposed fish from the DT1 (0 % tannins)
and DT2 (2 % tannins) groups showed the lowest enzymatic activity. However, animals in
the DT3 group (4 % tannins) had GST activity levels comparable to those in treatments without
diesel exposure (Table 3). Regarding CaE activity, animals in the DT2 group showed no significant
differences compared to fish that consumed the control diet DT1. Interestingly, fish in the DT3
treatment (4 % tannins) exhibited similar CaE activity levels (P > 0.05) to those in the control
group without diesel exposure (Table 3).
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Discussion

Our results demonstrated that feeding Nile tilapia (Oreochromis niloticus) diets containing
2 9% and 4 % tannins did not alter performance parameters such as mean weight, feed intake,
growth rate, and feed conversion ratio compared to fish fed a control diet (CD) for 60 days.
The performance of O. niloticus fed diets supplemented with tannins aligns with previous find-
ings. For example, feeding Nile tilapia with three different levels of condensed tannins (5, 15, and
25 g/kg) did not affect feed intake, body weight gain, final body weight, or feed conversion
ratio over an 80-day trial.(19) However, the same study reported a negative impact on these
parameters when hydrolysable tannins were used at inclusion levels of 15 and 25 g/kg (i.e., 1.5
and 2.5 %, respectively). Previous research studies conducted on Lateolabrax japonicus indicated
that a diet supplemented with 0.01 % condensed tannins improved growth and reduced serum
glucose levels.(20)

Interestingly, the current study found that a diet with 4 9% quebracho tannins was well-tol-
erated by O. niloticus, as no significant differences were observed in performance parameters
between fish consuming the control diet and those ingesting the tannins (T2, T3). For a long time,
fish have been used as indicators of water quality because they are extremely sensitive to envi-
ronmental contaminants that cause changes in growth and other physiological responses.(2) The
analysis of key enzymes involved in the biotransformation of xenobiotics can serve as biomarkers
of contaminant exposure and may help assess the protective effects of dietary supplements in
organisms subjected to environmental stressors.(>)

Exposure to xenobiotics can induce changes in the activity of phase I and Il hepatic enzymes
associated with the detoxification pathway, and their evaluation provides valuable insight into the
physiological impact of such stressors on the liver.(¥) In the present study, the intraperitoneal
route was selected to ensure a controlled and effective delivery of the xenobiotic. This Approach
was based on a protocol described by Aguilera-Gonzélez et al.,(®) who evaluated three different
modes of xenobiotic exposure in fish—including dietary, waterborne, and intraperitoneal admin-
istration. Their findings demonstrated that intraperitoneal injection at a specific dose allows for
precise application that consistently induces significant changes in hepatic detoxification enzyme
activity without causing mortality, thereby providing a reliable model for assessing sublethal phys-
iological responses.

In the acute diesel exposure challenge, fish from DT1 (0 % + diesel exposure) exhibited
significantly higher (P < 0.0010) ALP activity and lower Cak (P < 0.0060) and GST (P < 0.0010)
activity compared to fish from OT1 (0 % tannins). The decrease in CaE and GST activities in
diesel-exposed fish is expected, as similar studies with Atractosteus spatula exposed to p-naph-
thoflavone and Lepisosteus oculatus, exposed to hexachlorobenzene, and hexachlorobutadiene
showed reduced liver GST and CaE activities compared to control animals.(% 22) Similarly, Oreo-
chromis niloticus and southern sailfin catfish (Pterygoplichthys anisitsi) exposed to diesel, biodies-
el, or their mixtures demonstrated inhibition of GST activity along with an increase in superoxide
dismutase (SOD) activity.> 14

The increased GST activity observed in Nile tilapia following diesel exposure is consistent
with previous findings in other aquatic species considered more resistant®® and potentially
suitable as sentinels of hydrocarbon contamination, such as catfish(14) and other aquaculture
species.(23-25) However, reduced GST activity has also been reported in fish exposed to diesel or
other aromatic hydrocarbons, and is often associated with hepatic damage(?3-26), suggesting that
the direction of GST modulation may depend on the severity of exposure. SOD enzymes, known
for their antioxidant properties that reduce free radicals(2” 28), showed increased activity in the
mentioned studies, correlating directly with enhanced protection against oxidative stress.
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Meanwhile, the reduced GST activity of fish exposed to diesel or other aromatic hydrocarbons
is also linked to liver damage and oxidative stress caused by these types of compounds.(23-26)
Regarding the increased ALP activity observed in fish from the DT1 group, this finding is like other
studies conducted on guppy fish (Poecilia reticulata)(?®) that were exposed to tannery effluents
exhibited elevated ALP levels in their gills (P < 0.05), although not so in other organs such as liver
and muscle. Conversely, decreased ALP activity has been noted in marsh frog (Rana ridibunda),
where animals exposed to 7,12-dimethylbenz(a)anthracene showed lower liver ALP activities
compared to control animals.39) In addition to being used as an indicator of tissular damage, ALP
activity has been used as a biomarker of hepatotoxicity.(3!) Therefore, the high ALP levels in DT1
fish suggest liver damage, further supported by the low GST activity and CaE levels measured in
this treatment group.

Interestingly, the ALP, CaE, and GST activities measured in fish from DT2 (diesel-exposed
and fed with a 2 % tannin diet) and DT3 (diesel-exposed and fed with a 4 % tannin diet)
groups were similar (P > 0.5350) to those in the OT1, OT2, and OT3 groups, which were
not exposed to diesel. A possible explanation for these findings is the beneficial effects of dietary
condensed tannins, likely due to their well-documented antioxidant properties and their ability to
prevent liver damage or biological alterations caused by diesel-derived hydrocarbons.(23-25)

Although condensed tannins are well-known for their antioxidant activity,(>2) their inclusion
in diets for sea bass (Lateolabrax japonicus) significantly increased the antioxidant effects. This
increase in antioxidant capacity can reduce the damage caused by free radicals generated during
exposure to xenobiotics, thereby reducing injury to organs such as the liver.(>3) This may explain
why the addition of tannins in the DT2 and DT3 groups reduced hepatotoxicity related to diesel
exposure, as no significant differences were observed in the activity levels of the enzymatic bio-
markers ALP, CaE, and GST between diesel-exposed fish and control animals without exposure.
This is further supported by the insignificant differences observed in the ALP, CaE, and GST enzy-
matic activities between diesel exposed animals and fish oil-injected, control animals.

One caveat of adding tannins to diets is their potential antinutritional effects.(3%) These phe-
nolic compounds can be categorized into hydrolysable and condensed tannins. Hydrolysable
tannins are polyesters of phenolic acid, such as gallic acid, hexahydroxydiphenic acid, and/or their
derivatives, combined with D-glucose or quinic acid. They are usually present in low amounts in
plants and are considered Generally Recognized as Safe additives by the FDA.(3>) Condensed
tannins, on the other hand, are polymers of flavan-3-ols or flavan-4-diols and related flavanol
residues linked via carbon-carbon bonds, lacking a carbohydrate core as found in hydrolysable
tannins.('1) The use of condensed tannins in animal feed is considered safer, as they do not inter-
fere with nutrient absorption, and no significant deleterious effects have been reported from their
inclusion in feed for aquaculture species(?9) or other domestic animals.(3%)

In the US, chestnut and quebracho extract tannins are classified by FDA as ‘Natural flavoring
substances and natural substances used in conjunction with flavors', while European regulations
categorize them as ‘Natural products—botanically defined.(>”) However, recent reports suggest
that feeding condensed tannins derived from grape seeds to other aquaculture species, such as
Chinese seabass (Lateolabrax maculatus) may increase intestinal permeability and negatively
affect the microbiota.(3®) In our study, however, we observed no evident deleterious effects of
tannin supplementation in Nile tilapia. On the contrary, tannin inclusion resulted in no significant
differences in performance parameters and appeared to mitigate the negative effects of diesel
exposure by preventing alterations in the activity of hepatic biomarker enzymes.

Differences in efficacy and safety of condensed tannins may be attributed to variations in
tannin sources, doses, and species evaluated. For instance, while dietary grape seed tannins at
2 g/kg are harmful for Chinese bass,(3®) quebracho tannins at 1 g/kg appear safe for poultry
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over 42 days®9 and even for goats at inclusion levels of up to 5 % in the diet.(*9) In our study,
dietary supplementation with a mixture of chestnut and quebracho tannins at 2 % and 4 % did
not adversely affect the performance parameters of Nile tilapia over a 60-day feeding period. On
the contrary, tannin inclusion appeared to attenuate diesel-induced alterations in hepatic enzyme
activity (ALP, CaE, and GST), suggesting a potential role. These findings highlight the relevance of
species-specific response and tannin composition when evaluating their use in aquafeeds, and
support further research into their application as dietary additives for mitigating environmental
stress in aquaculture.
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