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Abstract: This study investigated the effects of dietary garlic powder and fermented garlic powder
supplementation at 1% and 2% levels on growth performance, digestive tract efficacy, blood biochemistry,
immunity, and antioxidant status of Liza ramada (n=225 fish; 86.00+0.42 g) over a 60-day period. Fish fed diets
supplemented with both forms of garlic at both levels exhibited significantly improved final body weight,
weight gain, specific growth rate, and feed conversion ratio compared to the control group. Digestive enzyme
activities (amylase, lipase, and protease) were significantly enhanced in all supplemented groups. Blood
biochemical analysis revealed reduced glucose levels and increased total protein in garlic-supplemented
groups, with no adverse effects on liver or kidney function markers. Inmune parameters, including lysozyme
activity, bactericidal activity against Streptococcus agalactiae, alternative complement pathway (ACP), and,
respiratory burst (NBT) were significantly enhanced in garlic-supplemented groups, with fermented garlic
showing more pronounced effects. Antioxidant enzyme activities (SOD, CAT, and GPx) were also significantly
increased in all supplemented groups, particularly in those fed fermented garlic. No significant differences in
survival rates were observed among treatments. The results suggest that both garlic powder and fermented
garlic powder supplementation, especially at the 2% level, can effectively improve growth, feed utilization,
immune function, and antioxidant status in L. ramada. Fermented garlic generally demonstrated superior
effects, indicating its potential as a beneficial feed additive in aquaculture. Based on these findings, it is
recommended to incorporate fermented garlic powder at a 2% level in L. ramada diets to optimize growth
performance and health status. Further research is warranted to investigate the long-term effects and cost-
effectiveness of this supplementation strategy in commercial aquaculture settings.

Keywords: Allium sativum; antioxidant status; digestive enzymes; feed additives; fermented garlic; growth
performance; Liza ramada

Key Contribution: This study demonstrates that dietary fermented and non-fermented garlic considerably
boost growth, immunity, and antioxidants in Liza ramada
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1. Introduction

Aquaculture, representing one of the fastest-growing sectors in global food production, is
pivotal in addressing the increasing demand for fish protein [1]. Among the various species
cultivated, grey mullet (Liza ramada) is particularly valued for its adaptability, resilience to varying
environmental conditions, and high nutritional content, making it a prime candidate for sustainable
aquaculture practices [2,3]. In recent years, L. ramada has become important for Egyptian fish farmers,
aiming to enhance aquaculture practices in Egypt [4]. However, enhancing the growth performance
and health of grey mullet remains a significant challenge due to the susceptibility of fish to diseases
and suboptimal growth conditions in intensive farming systems [5].

In aquaculture, the primary challenges are ensuring a steady supply of feed and managing its
cost [6]. Feed expenses significantly impact the sustainability of fish farming across various species,
including mullets. As feed typically accounts for 30-70% of the total operational costs, it plays a
critical role in determining the profitability of aquaculture ventures [7]. This makes the research into
the ingredients, particularly additives that can enhance and consume the diets, crucial for gradually
decreasing production costs [8,9]. The broad availability and affordability of eco-friendly, plant-based
products have positioned them as the most promising alternatives to synthetic options [10]. The
growing interest in the global aquaculture sector has been driven by the ongoing identification and
development of plant ingredients as substitutes for antibiotics, aiming to mitigate their significant
side effects [11,12].

The use of dietary supplements to enhance fish health and growth is a well-established practice
in aquaculture [13]. o minimize antibiotic usage in intensive fish farming, garlic (Allium sativum) has
gained attention as a powerful natural additive due to its wide range of bioactive compounds,
including allicin, saponins, and flavonoids, which possess antimicrobial, antioxidative, and
immunomodulatory properties [14]. These properties make garlic a promising candidate for
improving fish health and the growth performance [15]. Fermentation, a traditional method to
enhance the nutritional profile and bioavailability of food, further augments the benefits of garlic
[16,17]. Fermented garlic, rich in enhanced bioactive components such as S-allyl mercaptocysteine
and S-allyl cysteine, has shown superior antioxidative and immune-stimulating properties compared
to its non-fermented counterpart [18]. The fermentation process increases the concentration of these
beneficial compounds, potentially offering greater health benefits to animal species [19-21].

Garlic (A. sativum) has demonstrated notable benefits in aquaculture, improving growth,
immune function, and disease resistance a wide range of fish species [15,22]. Allicin, a key compound
in garlic, enhances growth by boosting digestion and nutrient absorption [23]. For instance, garlic
supplementation of 1% enhanced growth in Oreochromis niloticus, with similar results in juvenile
tilapia [24,25]. Garlic at 3% improved growth and feed conversion in Tilapia zillii [26], while 2% garlic
polysaccharide extract significantly benefited Clarias gariepinus juveniles [27,28]. Garlic
supplementation also enhanced growth in Mugil cephalus larvae [29] and Lates calcarifer [30].

In terms of immunostimulant effects, garlic boosts leukocyte counts and enhances phagocytic
activity in various species. Studies have shown increased immune responses in O. niloticus, L.
calcarifer, O. mykiss, and Cyprinus carpio with garlic supplementation [31-33]. Garlic also improves
skin mucus lysozyme activity and blood protein levels, enhancing disease resistance [34,35].

Garlic's antimicrobial properties offer a safe alternative to antibiotics, effectively combating
pathogens like Vibrio spp., E. coli, and Saprolegnia parasitica [15]. It has been shown to improve
resistance to bacterial infections in species such as Labeo rohita, and O. mykiss [31,36]. Additionally,
garlic has antifungal and antiparasitic effects, showing promise against pathogens such as Candida
and Trichodina sp. [37,38]. However, garlic’s effectiveness can vary by species, dosage, and feed
processing conditions, indicating the need for tailored applications to maximize benefits [39,40].

Despite the extensive research on the benefits of garlic in aquaculture, studies specifically
examining the effects of fermented garlic on fish are notably scarce. To date, no comprehensive
studies have explored the impact of fermented garlic on the growth, antioxidative capacity, immune
responses, and intestinal histology of grey mullet (Liza ramada). This research thus represents the first
report to investigate the comparative effects of non-fermented and fermented garlic in this species.

By elucidating the differential effects of these dietary interventions, this study aims to contribute
to the development of sustainable and eco-friendly strategies for aquaculture, ultimately promoting
the health and productivity of farmed fish. Understanding these effects could pave the way for
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innovative dietary approaches that enhance fish health and growth in an environmentally sustainable
manner.

2. Materials and Methods
2.1. Ethical Considerations and Experimental Setup

This study was reviewed and approved by the Ethical Review Committee of the Faculty of
Desert Agriculture at King Salman International University, Egypt (Reference No. KSIU/2024/DA-8).
Experiments were carried out at the Baltim Research Station, National Institute of Oceanography and
Fisheries, Egypt. L. ramada fish were obtained from a commercial farm in Kafr Elsheikh, Egypt, and
acclimatized for two weeks in laboratory conditions. 225 healthy juvenile fish, each weighing
approximately 86.00+0.42 grams, were evenly distributed into 15 well-aerated 100-liter tanks at a
density of 15 fish per tank. They were fed experimental diets to satiety three times a day (7:00-7:30
AM, 1:00-1:30 PM, and 5:00-5:30 PM) over a 60-day period. Daily monitoring of water quality
parameters showed dissolved oxygen (DO) at 6.71 + 0.31 mg/L, temperature at 25.34 + 0.22°C, and
pH at 7.62 + 0.54, using digital meters (Hanna, Romania, Do meter model HI 9,147, and pH meter
model WT-80).

2.2. Source and Preparation of Garlic Forms

Standard garlic powder was prepared by initially peeling and slicing fresh garlic cloves. These
were subsequently dehydrated using a vacuum oven at 60°C until a moisture content below 5% was
achieved. The dried garlic was then ground into a fine powder using a laboratory-grade mill.
Fermented garlic powder was produced through a controlled microbial process. Fresh garlic cloves
were immersed in a 10% (w/v) sodium chloride solution inoculated with a starter culture of
Lactobacillus plantarum and allowed to ferment for six weeks at a controlled temperature of 25°C.
Following fermentation, the garlic cloves were meticulously rinsed with deionized water to eliminate
residual salt and extraneous microorganisms. The cleaned cloves were then dehydrated to a moisture
content below 5% using a vacuum oven at 60°C. Finally, the dehydrated garlic was ground into a fine
powder using a laboratory-grade mill. HPLC analysis was employed to quantify the organosulfur
compounds, key bioactive components in garlic. A reversed-phase C18 column was used with a
gradient elution of methanol and water containing 0.1% formic acid. Detection was achieved using a
UV detector at 254 nm.

2.3. Formulation of Experimental Diets

Five experimental diets were formulated, incorporating two forms of garlic (fermented and non-
fermented) at levels of 1% and 2% per kg of diet, along with a control group without garlic. The diets
were designed to be isonitrogenous (~33.42 + 0.21 % crude protein) and isolipidic (~7.99 + 0.27 % crude
lipid) as outlined by Shehata, et al. [5]. Ingredients, including fish meal, soybean meal, fish oil,
soybean oil, vitamins, and minerals [41], were sourced from a private feed factory in Kafr Elsheikh,
Egypt (Table 1). Ingredients were weighed, ground, and mixed using an electric mixer, then water
was added to form doughs, which were pelletized using a small-scale meat mincer (0.3 mm diameter,
Regina Supernova pellet mill, Italy). The pellets were air-dried, packed into plastic bags, and stored
at -20°C. Experimental diets were analyzed for moisture, dry matter, ash, crude protein, and crude
fat following AOAC [42] procedures. Moisture content was determined by drying samples at 105°C,
crude protein by the Kjeldahl method, crude fat by Soxhlet extraction, and ash content by incineration
at 550°C.

Table 1. Basal diet constituents and proximate composition.

Ingredients % Proximate analysis
Fish meal (65% CP) 12 Crude protein (%) 33.42+0.21
Soybean meal (44% CP) 38 Crude lipids (%) 7.99+0.27
Gluten 6 Fiber (%) 5.11+0.21
Yellow corn 20 Ash (%) 7.44+0.22
Wheat bran 11 Gross energy (MJ/Kg) 2 18.22+0.33

Rice bran 7


https://doi.org/10.20944/preprints202409.0533.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 September 2024 d0i:10.20944/preprints202409.0533.v1

4
Fish oil 4
Mineral premix ! 0.5
Vitamin premix ! 0.5
Dicalcium phosphate 1
Total 100

1 Vitamin and mineral mixtures described by Magouz et al. [41]. 2 The gross energy was multiplied using the
values of 23.6 k]/g for protein, 39.5 kJ/g for lipid, and 17.2 kJ/g for carbohydrates.

2.4. Sample Collection and Performance Metrics

After the 60-day feeding trial, fish were fasted for 24 hours and anesthetized with ethyl 3-
aminobenzoate (MS-222; 100 ug/mL). Performance metrics and survival rates were assessed.

WG, % = Vo= Wo 100
0

LnWg, -LnW, <100

SGR, % /day =

FL g B FlLg
W, -W, WG,g

FCR =

SR, % = & x100
N,
Where:

WG: weight gain; Weo: weight at 60 days of feeding; Wo: initial weight; 60: experimental period
(day); SGR: specific growth rate; FI: feed intake; FCR: feed conversion ratio; SR: survival rate; Neo: fish
number at 60-day of feeding trial; No: fish number at the beginning of the feeding period.

Twelve fish from each group (4 fish/tank) were dissected for gut samples for digestive enzyme
and tissue evaluation. Four fish per tank were randomly selected for blood sampling using a 1 mL
sterile syringe. Blood was stored at 4°C for 12 hours, centrifuged (4000 rpm, 4°C, 15 minutes) to obtain
serum, and stored at —80°C for blood chemistry analysis.

2.5. Digestive Enzyme Activity

To prepare the gut samples, we were homogenized for 60 seconds in an ice-cold mannitol buffer
(50 mM mannitol + 2 mM Tris-HCl, pH 7) at a 30:1 (v/w) ratio [43]. The homogenate was centrifuged
at 9000 g for 10 minutes at 4°C, and the supernatant was further centrifuged at 34,000 g for 30 minutes
at 4°C. The precipitate was resuspended in buffer (0.1 M KCl, 5 mM Tris-Hepes, 1 mM DTT; pH 7.5)
for the evaluation of alkaline phosphatase (ALP), protease [44], a-amylase, and lipase [45].

2.6. Blood Biochemical Parameters

Biochemical parameters were meticulously evaluated using a comprehensive array of Bio-
diagnostic kits from Bio-diagnostic®, Egypt. These included Glucose (Ref. No. GL 13 20), Albumin
(Ref. No. AB 10 10), Triglyceride (Ref. No. TG 20 11), Total Cholesterol (Ref. No. TC 20 10), Total
Protein (Ref. No. TP 20 20), ALT (glutamic pyruvic transaminase, Ref. No. AT 10 34), AST (glutamic
oxaloacetic transaminase, Ref. No. AT 10 45), Urea (Ref. No. UR 21 10), and Creatinine (Ref. No. CR
12 50). Each parameter was assessed with the utmost precision, strictly following the manufacturer's
detailed instructions, ensuring the accuracy and reliability of the results [2].

2.7. Antioxidant Activity Assessment

Enzyme activities of superoxide dismutase (SOD, wavelengths (WL) = 550 nm), catalase (CAT,
WL =280 nm) [46], and glutathione peroxidase (GPx, WL=412 nm) [47] were measured using ELISA
kits from Cusabio Biotech Company, Ltd. (Wuhan, China) according to the manufacturer's
instructions. These analyses were performed using a microplate spectrophotometer, following the
manufacturer's instructions meticulously.
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2.7. Immune Function Tests

The serum lysozyme level (LYZ) was quantified using a turbidometric assay, as described by
Lygren, et al. [48]. To gauge serum bactericidal activity, we used an Escherichia coli suspension and
assessed inhibition at 570 nm, following the method outlined by El Basuini, et al. [49]. Additionally,
the oxidative burst of neutrophils was evaluated through nitroblue tetrazolium (NBT) assay, a
technique detailed by Anderson and Siwicki [50]. To determine alternative complement pathway
activities (ACP), we also applied the methods described by Yano [51] using serum samples.

2.8. Histological Examination of Intestine and liver

Intestine and liver samples were rinsed with sterile cold PBS (pH ~7.4) and immersed in 10%
buffered formalin for two days. Samples were dehydrated, embedded in paraffin, sectioned to 5um,
and stained with hematoxylin and eosin [52,53]. High-resolution photomicrographs of the stained
sections were captured using a Leica EC3 digital camera mounted on a Leica DM500 microscope
(Leica, Germany).

2.9. Data Collection and Statistical Analysis

The data were collected and assessed for normal distribution and homogeneity of variance.
Statistical analysis was conducted using SPSS (version 20). A one-way ANOVA was employed to
determine the effects of dietary garlic on the means, with Duncan's multiple range test applied to
identify significant mean differences. Results are presented as means + standard errors (SEs) and
significance was defined as p < 0.05.

3. Results
3.1. Garlic organosulfur compounds

Table 2 provides a comparative analysis of the concentration of key organosulfur compounds in
both fermented and non-fermented garlic powder. In non-fermented garlic powder, allicin is present
at a concentration of 3.2 mg/g, whereas in fermented garlic powder, this concentration dramatically
decreases to 0.1 mg/g. Conversely, the concentration of diallyl sulfide (DAS) increases from 0.9 mg/g
in non-fermented garlic powder to 2.1 mg/g in fermented garlic powder, indicating that fermentation
enhances the formation of DAS. Similarly, diallyl disulfide (DADS) shows a substantial increase, with
concentrations rising from 1.6 mg/g in non-fermented garlic to 4.8 mg/g in its fermented counterpart,
suggesting enhanced bioactivity through fermentation. The level of S-allyl cysteine remains relatively
stable, with a slight increase from 4.9 mg/g in non-fermented garlic to 5.1 mg/g in fermented garlic
powder, highlighting its preservation during fermentation.

Table 2. Organosulfur compounds in fermented and non-fermented garlic powder.

Compound (mg/g) Garlic Powder Fermented Garlic Powder
Allicin (mg/g) 3.2 0.1
Diallyl sulfide (DAS) (mg/g) 0.9 2.1
Diallyl disulfide (DADS) (mg/g) 1.6 4.8
S-allyl cysteine (mg/g) 49 5.1

3.2. Growth, feed utilization, and survival rate

Table 3 presents the performance of Liza ramada (growth, feed efficacy, survival%) fed
experimental diets supplemented with garlic powder and fermented garlic powder at 1% and 2%
levels for 60 days. Fish fed diets containing garlic powder or fermented garlic powder at both 1% and
2% levels exhibited significantly higher final body weight (FBW), weight gain (WG), and specific
growth rate (SGR) compared to the control group (P < 0.05). The final body weights ranged from
243.50 + 2.08 g to 248.15 + 4.33 g for the supplemented groups, compared to 225.43 + 2.93 g for the
control group. The specific growth rate (SGR) was significantly improved in all supplemented groups
(1.73-1.77 %/day) compared to the control (1.60 + 0.03 %/day). Interestingly, there were no significant
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differences in growth parameters between the different types (garlic powder vs. fermented garlic
powder) or levels (1% vs. 2%) of supplementation. Feed conversion ratio (FCR) was significantly
lower in all supplemented groups (1.48-1.52) compared to the control group (1.65 + 0.05), indicating
improved feed utilization efficiency with garlic supplementation (P < 0.05). The lowest FCR values
were observed in the fermented garlic groups (1.48 + 0.03 and 1.48 + 0.04 for 1% and 2%, respectively),
although these were not statistically different from the garlic powder groups. Survival rates (SR%)
were high across all experimental groups, ranging from 97.78% to 100%, with no significant
differences observed between treatments.

Table 3. Growth variables, feed efficacy, and survival rate of Liza ramada fed test diets for 60 days.

Experimental diets

Item F d - d
Control Garlic 1% Garlic 2% ermente ermente
oarlic 1% oarlic 2%
Initial Body V;’e‘ght (IBW,  8625:020 86.08:0.31  86.08£0.12 85.81£0.38 85.78+0.21
o
Final Body weight (FBW, g) 22>#3+293 24350208 - 246312467 947353000 248150433+
Weight gain (WG, g) 199182305 157.42:1.95 160235436 4615343542 162374440
Specific growthrate SGR, 4 (5,0 035 1731001+  1.750.03 1.77+0.02 @ 1.77+0.03 2
%/dav)
Feed conversion ratio 1.65+0.052  1.52+#0.01°  1.50£0.02° 1.48+0.03® 1.48+0.04®
(FCR)
Survival rate (SR, %) 97784222 100.00:0.00 97.78+222  100.0020.00 100.00+0.00

Results are expressed as mean values + standard error of the mean (SEM). Different lowercase letters indicate
statistically significant differences between groups (P < 0.05).

3.3. Digestive enzymes

Table 4 presents the digestive enzyme activity of L. ramada after 60 days on experimental diets
supplemented with garlic powder and fermented garlic powder at 1% and 2% levels. All three
digestive enzymes examined (amylase, lipase, and protease) showed significantly increased activity
in fish fed diets supplemented with either garlic powder or fermented garlic powder compared to
the control group (P < 0.05). Amylase activity was significantly higher in all supplemented groups
(ranging from 15.85 = 1.09 to 16.44 + 1.21 U/mg) compared to the control group (11.71 + 0.64 U/mg).
The highest amylase activity was observed in the fermented garlic 2% group, although there were no
significant differences among the supplemented groups. Lipase activity showed a similar trend, with
all supplemented groups exhibiting significantly higher activity (23.19 + 0.75 to 24.49 + 1.36 U/mg)
compared to the control group (18.95 + 0.94 U/mg). The fermented garlic 2% group showed the
highest lipase activity, but again, there were no significant differences among the supplemented
groups. Protease activity followed the same pattern, with significantly higher activity in all
supplemented groups (20.04 + 0.75 to 20.26 + 1.36 U/mg) compared to the control group (15.77 + 0.62
U/mg). As with the other enzymes, there were no significant differences in protease activity among
the different garlic supplementation groups.

Table 4. Digestive enzyme of Liza ramada fed experimental diets for 60 days.

Enzyme Experimental diets

activity Fermented Fermented

(U/ mg) Control Garlic 1% Garlic 2% garlic 1% garlic 2%
Amylase 11.71+0.64" 15.85+1.092 15.89+1.102 16.35+1.08 2 16.44+1.212
Lipase 18.95+0.94 " 23.19+0.752 24.34+1.552 24.22+1.082 24.49+1.362
Protease 15.77+0.62" 20.23+0.822 20.22+1.292 20.04+0.752 20.26+1.362
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Results are expressed as mean values * standard error of the mean (SEM). Different lowercase letters indicate
statistically significant differences between groups (P < 0.05).

3.4. Intestine and liver histology

Histological examination of the L. ramada intestine in control and garlic-treated groups revealed
a normal intestinal structure. Garlic supplementation led to increased intestinal villi length and
branching. Intestine morphology showed normal mucosa and wall in all groups, with enhanced villi
length, branching, and goblet cell number in garlic-supplemented fish. Immune cell infiltration was
observed near villous crypts with the highest fermented garlic dose (Figure 1). The liver exhibited
normal parenchyma with no inflammatory or degenerative changes in all groups. Fermented garlic
powder significantly increased glycogen deposits and induced perivascular and periductal
melanomacrophage accumulation (Figure 2).

Figure 1. Histomicrograph of Liza ramada intestine in the control (A) and other treated groups by garlic powder
at levels of 1 and 2% (B and C) and fermented garlic powder at levels of 1 and 2% (D and E). The morphological
examination revealed normal intact structure of intestinal mucosa and wall in all groups with increased length
and branching of intestinal villi (green arrowhead) as well as increased number of goblet cells (blue arrowhead)


https://doi.org/10.20944/preprints202409.0533.v1

in line with supplemented garlic or fermented garlic in the fish diet. Inmune cell infiltration (yellow arrowhead)
was prominent near the villous crypts with fermented garlic at 2% (E). Stain H&E. Bar = 100 um.

Figure 2. Histomicrograph of Liza ramada liver in the control (A) and other treated groups by garlic powder at
levels of 1 and 2% (B and C) and fermented garlic powder at levels of 1 and 2% (D and E). The morphological
appearance revealed normal structure including hepatocytes (green arrowhead), central veins (blue arrowhead)
and bile duct (yellow arrowhead). There is an increased glycogen deposit with fermented garlic powder at levels
of 1 and 2%, in addition to periductal and perivascular accumulation of melanomacrophages (yellow
arrowhead). Stain H&E. Bar = 100 um.

3.5. Blood biochemical parameters

Table 5 presents the blood biochemical parameters of L. ramada following a 60-day experimental
period with diets supplemented with garlic powder and fermented garlic powder at 1% and 2%
levels. Glucose levels were significantly lower (P < 0.05) in all garlic-supplemented groups (ranging
from 88.00 + 3.46 to 93.67 + 4.26 mg/dl) compared to the control group (114.00 + 5.20 mg/dl). The
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lowest glucose concentration was observed in the fermented garlic 2% group, although there were no
significant differences among the supplemented groups. Total protein levels were significantly higher
(P <0.05) in all garlic-supplemented groups (6.68 + 0.70 to 6.82 + 0.25 g/dl) compared to the control
group (5.10 * 0.37 g/dl). The fermented garlic 2% group showed the highest total protein
concentration, but there were no significant differences among the supplemented groups. Globulin
levels showed a trend towards higher values in the garlic-supplemented groups (4.90 + 0.38 to 5.09 +
0.51 g/dl) compared to the control (3.48 + 0.25 g/dl), although these differences were not statistically
significant. No statistically significant differences (P > 0.05) were observed in blood levels of albumin,
total cholesterol, triglycerides, ALT, AST, urea, or creatinine between the control and garlic-
supplemented groups. However, there was a trend towards lower total cholesterol levels in the garlic-
supplemented groups (9.00 + 1.15 to 10.33 + 1.45 mg/dl) compared to the control (13.33 + 1.20 mg/dl),
though this difference was not statistically significant.

Table 5. Blood biochemical indices of Liza ramada fed test diets for 60 days.

Experimental diets

Items

Control Garlic1% Garlic 2% Fermented Fermented
Glucose (mg/ dl) 114.00+£5.20 93.67+4.26  92.00+4.00 91.67+2.60b 88.00+3.46"
Total Protein (g/dl)  5.10+0.37>  6.68+0.702  6.69+0.40° 6.76:0.552 6.82+0.252
Globulin (g/ dl) 3484025  4.97+0.69  4.90+0.38 5.03+0.57 5.09+0.51
Albumin (g/ dl) 1.6240.31  1.71#0.06  1.79+0.06 1.730.03 1.7420.34
Total ~Cholesterol  1333+1.20  10.33x1.45 10.00+1.15 10.00+1.53 9.00+1.15
Trigiyéeride (mg/  65.67+43.76 67.67+3.48 68.00+8.19 69.33+7.13 70.00+7.23
ALT U/ 1) 54.67+426  56.67+328 57.67+4.81 61.33+5.46 60.67+5.36
AST (1U/ 1) 56.00+4.36  57.00+4.73  56.00+5.86 57.67+7.22 54.67+5.81
Urea (mg/ dl) 10.00£0.58  10.33x0.88 11.00+1.53 9.33+1.86 9.67+1.45
Creatinine (mg/ dl) ~ 0.27+0.07  0.27+0.03  0.30+0.10 0.23+0.09 0.3020.12

Results are expressed as mean values + standard error of the mean (SEM). Different lowercase letters indicate
statistically significant differences between groups (P < 0.05).

3.6. Immunity

Figure 3 presents the immune parameters of L. ramada after a 60-day feeding experiment with
diets supplemented with garlic powder and fermented garlic powder at 1% and 2% levels. Lysozyme
activity showed a significant increase in all garlic-supplemented groups compared to the control (P
< 0.05). The activity increased in a dose-dependent manner, with the highest values observed in the
fermented garlic 2% group, followed by fermented garlic 1%, garlic 2%, and garlic 1%. The control
group had the lowest lysozyme activity.
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Figure 3. Lysozyme activity, bactericidal activity, respiratory burst (Nitro-blue Tetrazolium, NBT) and serum
alternative complement pathway (ACP) in the serum of Liza ramada fed the experimental diets for 60 days.
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Bactericidal activity against S. agalactize also demonstrated a significant increase in all
supplemented groups compared to the control (P <0.05). The fermented garlic 2% group showed the
highest inhibition percentage, followed closely by fermented garlic 1%. Both garlic powder groups
(1% and 2%) showed similar levels of inhibition, which were significantly higher than the control but
lower than the fermented garlic groups.

The respiratory burst activity, measured by NBT reduction, exhibited a similar trend. All garlic-
supplemented groups had significantly higher NBT% compared to the control (P < 0.05). The
fermented garlic groups (1% and 2%) showed the highest NBT%, with no significant difference
between them. The garlic powder groups also showed significantly increased NBT % compared to the
control, with the 2% group having a higher value than the 1% group.

Serum alternative complement pathway (ACP) activity was significantly enhanced in all garlic-
supplemented groups compared to the control (P < 0.05). Both fermented garlic groups (1% and 2%)
showed the highest ACP activity, with no significant difference between them. The garlic powder
groups (1% and 2%) also exhibited significantly increased ACP activity compared to the control, but
at a lower level than the fermented garlic groups.

3.7. Antioxidants

Figure 4 demonstrates the antioxidant status in the serum of L. ramada after a 60-day feeding
period with diets supplemented with garlic powder and fermented garlic powder at 1% and 2%
levels. Superoxide dismutase (SOD) activity showed a significant increase in all garlic-supplemented
groups compared to the control (P < 0.05). The highest SOD activity was observed in the fermented
garlic groups (1% and 2%), with no significant difference between them. The garlic powder groups
also exhibited significantly increased SOD activity compared to the control, with the 2% group
showing higher activity than the 1% group.
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Figure 4. Superoxide dismutase (SOD),catalase (CAT), and glutathione peroxidase(GPx) of Liza ramada fed the
experimental diets for 60 days.

Catalase (CAT) activity demonstrated a similar trend, with all garlic-supplemented groups
showing significantly higher activity compared to the control (P < 0.05). The fermented garlic groups
(1% and 2%) exhibited the highest CAT activity, with no significant difference between them. The
garlic powder groups also showed significantly increased CAT activity compared to the control, with
the 2% group having higher activity than the 1% group, although this difference was not statistically
significant.

Glutathione peroxidase (GPx) activity was significantly enhanced in all garlic-supplemented
groups compared to the control (P < 0.05). The fermented garlic groups (1% and 2%) and the garlic
powder 2% group showed the highest GPx activity, with no significant differences among them. The
garlic powder 1% group also exhibited significantly increased GPx activity compared to the control,
but at a lower level than the other supplemented groups.

4. Discussion

With the therapeutic efficacy of antibiotics diminishing for treating various bacterial infections
in humans, several European countries have banned the use of dietary antibiotics [54]. This shift has
spurred significant interest in identifying alternatives to antibiotics as growth promoters in the
aquaculture industry. Among these alternatives, garlic (A. sativum) supplementation has emerged as
a promising option for managing fish health due to its accessibility, affordability, and broad-spectrum
effectiveness against pathogens. Research has demonstrated that garlic not only promotes fish growth
but also enhances the immune system and controls pathogens, particularly bacteria and fungi [55].

The biological activity of organosulfur compounds, such as S-allyl-1-cysteine, diallyl disulfide,
diallyl trisulfide, ajoene, and allicin, is fundamental to garlic's renowned healing properties [56]. Our
study aligns with previous research, highlighting the significant impact of fermentation on the
concentration and efficacy of these compounds. Notably, we observed a dramatic decrease in allicin
concentration from 3.2 mg/g in non-fermented garlic to 0.1 mg/g in fermented garlic. Allicin, the
primary bioactive component in raw garlic, is converted from alliin by the enzyme alliinase when
garlic cloves are crushed [39]. Despite its numerous antimicrobial effects-including antibacterial,
antifungal, antiviral, and antiparasitic activities [57] -allicin's instability results in its rapid
decomposition during fermentation.

In contrast, our results show an increase in diallyl sulfide (DAS) from 0.9 mg/g in non-fermented
garlic to 2.1 mg/g in fermented garlic, and a substantial rise in diallyl disulfide (DADS) from 1.6 mg/g
to 4.8 mg/g. These findings indicate that fermentation enhances the formation of these more stable
sulfur compounds. Diallyl disulfide and diallyl trisulfide, derivatives of allicin found in garlic
essential oils, are known for their potent antimicrobial and antioxidant activities [58]. The increased
concentrations of DAS and DADS suggest that fermentation could enhance garlic's antimicrobial
efficacy, as sulfide compounds with more sulfur atoms exhibit stronger antimicrobial activity [59].

Additionally, the slight increase in S-allyl cysteine from 4.9 mg/g in non-fermented garlic to 5.1
mg/g in fermented garlic underscores the preservation of this important compound during
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fermentation. S-allyl cysteine is recognized for its antioxidant and neuroprotective properties, and its
stability is beneficial for maintaining the health-promoting qualities of fermented garlic. Previous
studies have shown that allicin induces an immediate and total inhibition of RNA synthesis, with
RNA polymerase being a likely target due to allicin's reaction with thiol groups in enzymes [60].
However, the reduction of allicin and the corresponding increase in its derivatives like DADS and
DAS in fermented garlic suggest that these compounds may play a more crucial role in the prolonged
antimicrobial efficacy of fermented garlic products. These derivatives, identified as major
components in garlic oil, contribute significantly to garlic’s overall bioactivity [61].

Generally, the fermentation process significantly alters the organosulfur compound profile of
garlic, reducing allicin levels while increasing concentrations of more stable and bioactive
compounds such as DAS and DADS. This transformation enhances the antimicrobial and antioxidant
potential of garlic, potentially offering superior health benefits compared to non-fermented garlic.
The preservation of S-allyl cysteine further highlights the benefits of fermentation in maintaining the
therapeutic properties of garlic. These findings emphasize the importance of fermentation in
enhancing the bioactivity and health-promoting qualities of garlic for dietary applications.

In the present study, garlic powder and fermented garlic powder significantly improve growth
and feed efficiency in L. ramada. Both types of garlic supplementation at 1% and 2% levels resulted in
higher FBW, WG, and SGR compared to the control group. Supplemented groups showed a lower
FCR, indicating better feed utilization, with fermented garlic showing the lowest FCR values, though
not significantly different from garlic powder groups. Survival rates were consistently high across all
experimental groups.

These findings are consistent with previous studies showing the growth-promoting effects of
garlic. For example, garlic supplementation at 1% level has been shown to improve growth
parameters such as final weight and SGR in O. niloticus [62] and other species. Garlic powder has also
been effective at 2% in Clarias gariepinus [28], and 3% in Mugil cephalus [29]. Similar positive effects
have been reported for L. calarifer with varying garlic concentrations [30] and O. mykiss with garlic
supplements [39].

However, garlic supplementation does not uniformly enhance growth across all fish species.
Studies have shown no significant growth response in Perca fluviatilis juveniles [63] and Tambaqui
(Colossoma macropomum) with varying garlic doses [64]. Red tilapia and hybrid tilapia (O. niloticus x
O. aureus) also showed no significant growth improvement with garlic [65,66]. Additionally, Poecilia
reticulata [67] and some studies on C. gariepinus found no significant weight gain with garlic
supplementation [68].

Variations in growth responses may be due to factors such as fish species, diet composition,
garlic dosage, and developmental stage [39]. The effectiveness of garlic might also be influenced by
feed processing and the instability of allicin [69]. Overall, garlic powder and fermented garlic powder
are effective at improving fish growth and feed utilization. While the specific type of garlic and
dosage (1% and 2%) do not significantly affect growth parameters, fermentation seems to enhance
feed efficiency.

It is important to note that the strong odor of garlic may significantly influence feed intake.
Fermentation has been shown to improve the flavor of garlic products [70], potentially reducing the
pungency and enhancing feed intake. Consequently, the fermented garlic powder used in this study
might have contributed to increased feed consumption. However, to our knowledge, there are no
existing studies evaluating the impact of fermented garlic powder on growth performance across
various diets and species. Therefore, further research is needed to assess the effects of fermented
garlic powder on growth performance in different fish species, particularly with different dietary
formulations.

Garlic supplementation, as noted by Nya and Austin [71], boosts digestive enzyme activity in
rainbow trout, which is consistent with our findings. Garlic enhances digestion by increasing bile
acid secretion and stimulating enzymes such as lipase, trypsin, alkaline phosphatase, protease, and
amylase [72]. This improved enzyme activity aids in the digestion of proteins, fats, and
carbohydrates, promoting growth [73]. In the current study, fish-fed garlic powder or fermented
garlic powder had higher amylase, lipase, and protease activities compared to the control. The 2%
fermented garlic group had the highest enzyme levels, though differences among supplementation
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groups were not significant. Overall, both garlic forms effectively increased digestive enzyme
activity, likely contributing to enhanced growth.

Histological examination of the intestine and liver is essential for evaluating the structural
integrity and functional health of these organs in fish [74]. This study demonstrated that garlic
supplementation led to significant improvements in intestinal morphology. Fish fed garlic-
supplemented diets showed increased villi length, branching, and goblet cell number, while
maintaining normal mucosa and intestinal wall structure. Notably, immune cell infiltration near
villous crypts was observed, particularly at the highest dose of fermented garlic, suggesting an
immunomodulatory effect. These enhancements in intestinal structure provide valuable insights into
the fish's gastrointestinal health and nutrient absorption capacity [75].

Previous research supports these findings. Adibmoradi, ef al. [76] reported histological and
morphological changes in the intestines of fowl with 2% garlic supplementation, indicating garlic's
potential to affect intestinal structure across species. Conversely, Agbebi, et al. [77] found no
histological changes in Clarias gariepinus fed garlic-containing diets, highlighting species-specific
responses. Mohammad [78] observed that garlic powder improved growth performance and
histological properties in Cyprinus carpio, further supporting our results. These improvements
indicate increased absorptive surface area and nutrient uptake capacity.

The liver, critical for detoxification and metabolic functions [79], also responded significantly to
garlic supplementation. All groups exhibited normal liver parenchyma with no inflammatory or
degenerative changes. However, fish fed fermented garlic powder showed a significant increase in
glycogen deposits and perivascular and periductal melanomacrophage accumulation. These findings
align with the outcomes observed in the present study, where garlic supplementation positively
affected liver histology in Nile tilapia [80]. These effects might be attributed to specific interactions
between garlic in different forms and the fish's metabolism, potentially influencing lipid metabolism
and vascular integrity. These findings are consistent with the literature review by Valenzuela-
Gutiérrez, et al. [15], which explored similar metabolic disruptions caused by dietary changes..

Taken together, the intestinal and liver changes in garlic-treated fish may reflect natural defense
responses or adaptation to garlic. Garlic’s value lies in its disease-controlling effects with minimal
side effects. While improvements in intestinal villi and glycogen deposition suggest benefits, further
research is needed to understand the mechanisms and potential long-term impacts.

Evaluating biochemical parameters in fish is essential for understanding their physiological
status, health, and response to dietary interventions [81]. In this study, glucose levels were
significantly lower in all garlic-supplemented groups compared to the control group, with the lowest
concentration observed in the 2% fermented garlic group. However, no significant differences were
noted among the supplemented groups. These findings are consistent with those of Lee, et al. [82],
who reported a hypoglycemic effect in juvenile Acipenser ruthenus fed a diet with 0.5% garlic extract,
showing blood plasma glucose depletion after 1 hour (50.8 mg/dL) and 24 hours (57.6 mg/dL) post-
feeding. Similarly, Thomson and Ali [83] and Kumar and Reddy [84] found that feeding mice 45 mg
of garlic per kg body weight for 28 days significantly decreased serum glucose levels. Lower plasma
glucose levels in fish have also been documented in studies assessing the physiological effects of A.
sativum [63]. Garlic’s ability to decrease blood glucose is likely due to its effect on increasing serum
insulin levels [85]. According to Ademiluyi, et al. [86] and Vazquez-Prieto, et al. [87], the S-allyl
cysteine sulfoxide in garlic is responsible for its hypoglycemic activity.

Total protein levels were higher in all garlic-supplemented groups, with the 2% fermented garlic
group showing the highest concentration, though differences among these groups were not
statistically significant. There was also a trend towards higher globulin levels in the garlic-
supplemented groups, although these differences were not significant. This aligns with findings that
higher serum protein profiles, including total protein, albumin, and globulin levels, are linked to a
stronger innate immune response and improved survival rates in fish [39,88]. Previous research has
indicated that total plasma protein levels in fish typically range from 2 to 8 g/dL [89]. Sahu, et al. [36]
found increased serum total protein, albumin, and glucose levels in L. rohita after 60 days of feeding
with A. sativum compared to a control diet. Similarly, Nwabueze [90] observed elevated plasma
protein levels in C. gariepinus when fed diets containing various concentrations of garlic.

No statistically significant differences were observed in blood levels of albumin, total cholesterol,
triglycerides, ALT, AST, urea, or creatinine between the control and garlic-supplemented groups in
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this study. However, there was a trend towards lower total cholesterol levels in the garlic-
supplemented groups. These results align with the findings of Abdelwahab, et al. [91], who reported
significant decreases in serum total lipids and cholesterol in juvenile L. calcarifer treated with garlic.
OZ and DiKel [92] also found a significant decrease in serum total lipids O. mykiss after garlic
administration. Conversely, other studies, such as one on C. carpio, showed slight increases in serum
triglyceride and cholesterol levels with traditional Chinese medicine extracts, though differences
were not significant [93]. The variability in findings across studies may be due to differences in the
composition and quantity of sulfur components in various garlic preparations, highlighting the need
for standardization [18]. Other contributing factors could include subject recruitment, study duration,
dietary control, lifestyle, and lipid analysis methods [94]. This study found that garlic extract is rich
in proteins but low in lipids, which supports Lee, et al. [82], who reported that garlic inhibits
cholesterol and fatty acid synthesis in the liver, though the precise mechanisms are not fully
understood. Consequently, additional research is required to clarify the relationship between garlic
dosage, application duration, biochemical effects, and fish species.

Allicin, the primary bioactive component of garlic, is well-documented for its antibacterial,
antiparasitic, and antifungal properties [95]. It has the potential to reduce intestinal inflammation and
exert an inhibitory immunomodulatory effect on intestinal epithelial cells [96]. Arreola, et al. [97]
further suggested that Allium species enhance immune activities, including phagocytosis, cytokine
release, natural killer cell activity, and lymphocyte synthesis.

Lysozyme, an enzyme crucial for its antimicrobial properties, is produced by leukocytes. It
functions by breaking down microbial cell walls and activating the immune complement system [98].
In this study, lysozyme activity significantly increased in all garlic-supplemented groups compared
to the control, with a dose-dependent effect. The highest activity was observed in the 2% fermented
garlic group, followed by the 1% fermented garlic, 2% garlic powder, and 1% garlic powder groups,
with the control group having the lowest activity. Previous studies have shown that garlic increases
serum lysozyme activity in various fish species [36,99,100] and enhances skin mucus lysozyme
activity, thereby boosting immunity and pathogen resistance [101]. Similar findings were reported in
Salmo caspius [99], Sparus aurata [102] and Poecilia reticulata [67].

In fish, phagocytosis is a key defense mechanism that involves lysozyme, NBT, and ACH50 [45].
In the current study, all garlic-supplemented groups exhibited significantly increased bactericidal
activity, respiratory burst activity, and ACP activity compared to the control. The 2% fermented garlic
group showed the highest effects, followed by the 1% fermented garlic group. The garlic powder
groups also showed significant increases but to a lesser extent than the fermented garlic groups.

Garlic enhances immunity by increasing phagocytic activity and respiratory burst in species
such as Asian sea bass and rainbow trout [30,31], and stimulates superoxide anion production in
Labeo rohita [36]. In some fish, the immunomodulatory effects of garlic are dose-dependent, as
observed in hybrid tilapia [66]. However, these effects are not universal, as seen in juvenile Perca
fluviatilis where no significant impact on respiratory burst or phagocytic activity was reported [63].

SOD, CAT, and GPx are integral components of the primary antioxidant defense system,
protecting cells from free radicals generated during normal metabolism [103]. SOD is the initial
enzyme responsible for converting superoxide radicals into hydrogen peroxide and oxygen [104].
Subsequently, catalase breaks down hydrogen peroxide into water and oxygen in peroxisomes, while
GPx performs a similar function in mitochondria, where catalase is absent [103]. In this study, garlic
supplementation led to a significant increase in SOD activity across all groups, with the highest levels
observed in the 1% and 2% fermented garlic groups. CAT activity also showed substantial increases,
particularly in the fermented garlic groups. Similarly, GPx activity was significantly elevated in all
garlic-supplemented groups, with the highest levels found in the 2% fermented garlic group and 2%
garlic powder group.

Garlic’s antioxidant benefits are attributed to its phenolic and saponin compounds, which inhibit
free radical formation, enhance endogenous radical scavenging, and boost antioxidant enzyme
activities, including SOD, CAT, and GPx [61]. These compounds also support cellular defense
mechanisms against oxidative stress [105] and protect low-density lipoproteins from oxidative
damage [106].

Previous research supports these findings. Metwally [24] demonstrated that garlic
supplementation improved antioxidant enzyme activities in O. niloticus, including GPx, SOD, and
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CAT. Similarly, Mohebbi, et al. [107] found that garlic reduced lipid peroxidation and increased
antioxidant enzyme activities in O. mykiss. Valenzuela-Gutiérrez, et al. [15] observed significant
increases in GPx, CAT, and GR activities in trout-fed garlic and onion oils, further confirming garlic's
role in enhancing antioxidant defenses. Overall, garlic supplementation effectively boosts key
antioxidant enzymes in fish, supporting its use as a dietary additive to improve oxidative stress
management and overall health in aquaculture.

5. Conclusions

This study reveals the remarkable potential of garlic supplementation in enhancing the growth,
health, and metabolic efficiency of L. ramada. By shifting from non-fermented to fermented garlic, we
observed a transformation in organosulfur compounds, with a dramatic increase in diallyl sulfide
and diallyl disulfide, which are crucial for boosting the fish’s vitality and immune response. The
incorporation of garlic, particularly in its fermented form, not only improved growth parameters and
feed efficiency but also enriched digestive enzyme activity and antioxidant defenses. These
enhancements were accompanied by better intestinal and liver health, underscoring the significant
role of garlic in aquaculture nutrition. Based on these compelling results, it is recommended to
include fermented garlic powder at a 2% level in L. ramada diets to achieve optimal growth and health
outcomes. To fully capitalize on these benefits, further research is essential to explore the long-term
impacts and economic feasibility of this supplementation in commercial aquaculture systems.
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