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Abstract

Striped catfish, Pangasianodon hypophthalmus, has recently emerged as a promising candidate
for Egyptian aquaculture owing to its rapid growth; however, under intensive culture, it is
vulnerable to Aeromonas hydrophila. The efficacy of dietary supplementation with effective
probiotic microorganisms (EPMs) in enhancing growth performance, feed utilization, phys-
iological health, and disease resistance of P. hypophthalmus against A. hydrophila challenge
was evaluated. A 90-day feeding trial was conducted with 300 fish randomly distributed
into four triplicate groups (25 fish per replicate) reared in 12 indoor fiberglass tanks: a
control and three groups receiving EPMs at inclusion levels of 1.5%, 3%, and 4.5%. The
results showed significant, dose-dependent improvements across all EPMs-supplemented
groups in survival, growth rates, feed utilization, and hematological parameters (RBC, Hb,
PCV, WBC, and lymphocytes). Dietary EPMs led to significant improvements (p ≤ 0.001)
in digestive efficiency, protein and lipid metabolism, antioxidant enzyme activity, immune
performance, and the ability of striped catfish to withstand A. hydrophila infection. Hep-
atobiliary enzyme activities (ALT, AST, and ALKP), glucose levels, lipid profile markers,
and hepatic MDA exhibited a significant linear decrease (p ≤ 0.0001) with increasing EPMs
levels. The gut microbial composition showed a dose-dependent increase in beneficial
lactic acid bacteria (LAB) and a reduction in TAPC, pathogenic coliforms (TFCC), and Vibrio
spp. (TVC). These results demonstrate the dose-dependent effects of EPMs on enhancing
aquafeed efficiency, overall health, and innate immunity in striped catfish.
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Keywords: antioxidant status; digestive enzymes; growth performance; gut microbiota;
hemogram; immune parameters; multispecies probiotics; resistance to Aeromonas hydrophila;
serum metabolites; striped catfish

Key Contribution: EPMs supplementation enhanced growth performance, immunity,
antioxidant response, and disease resistance in striped catfish, demonstrating its potential
to enhance fish health and resilience under aquaculture conditions.

1. Introduction
Our world is facing an increasing shortage of food, particularly protein-rich sources.

Commercial aquaculture plays a vital role in ensuring global food security and sustaining
long-term economic growth, serving as an efficient alternative source of high-quality ani-
mal protein [1,2]. Egypt was ranked sixth in global aquaculture production and holds the
largest share in Africa [3], producing approximately one million tons annually [4]. African
catfish, a commonly cultured freshwater fish in Egypt, contributes around 8305 tons [5].
Recently, striped catfish (Pangasianodon hypophthalmus) has been marketed as an inexpen-
sive alternative to African catfish and other fleshy fish, enhancing its competitiveness in
local markets [6]. P. hypophthalmus is an aquatic, omnivorous species belonging to the order
Siluriformes and is highly adaptable to various environmental conditions [7]. Domesticated
initially in Asian aquaculture, this exotic species has been recently introduced and rapidly
developed in Egypt [8]. In its native range, P. hypophthalmus demonstrates remarkable
growth and feed utilization efficiency compared with other cultured fish species, including
Nile tilapia [8,9]. However, laboratory experiments, pilot-scale trials, and large-scale pro-
duction in Egypt have frequently resulted in suboptimal or inconsistent growth rates [10].
These variations are mainly attributed to various local environmental challenges that hin-
der its growth and sustainability outside its native range. Key issues include seasonal
fluctuations in water temperature, salinity, overall water quality, and disease outbreaks,
particularly in farms with high stocking densities and inadequate biosecurity measures [10].

The shift in P. hypophthalmus’s native habitat and intensification of its aquaculture
practices restrict proper rearing conditions, compromising fish health, overall physiological
performance, and immune response, thereby increasing disease prevalence in aquaculture
systems [11,12]. Recent surveillance identified Aeromonas hydrophila (A. hydrophila) as the
causative agent of massive striped catfish mortality events in several Egyptian farms [8,13].
In addition, global reports of A. hydrophila infections in P. hypophthalmus further illustrate
the species’ susceptibility to disease under intensive culture [14–16]. Farmers often use
antibiotics to treat or avert pathogenic bacteria due to their affordable price and rapid
efficacy. Nonetheless, the use of antibiotics has been restricted due to their negative im-
pacts on aquatic ecosystems and gut microbiota [17], as well as the prohibition against the
overuse or misuse of antibiotics not prescribed for fish, which propagate the emergence
of virulent antimicrobial-resistant (AMR) bacteria “superbugs” within food chains and
ecological niches [18]. These deleterious diseases have serious drawbacks to the worldwide
predicament for contemporary and prospective disease control and prevention. Thus, the
current intensive production of P. hypophthalmus necessitates optimizing dietary strategies
by substituting antibiotics and chemical treatments with eco-friendly, non-hazardous alter-
natives to be used routinely as aquafeed-promoting additives. Diet supplementation with
probiotics represents a promising approach to modulate the immune response, cellular an-
tioxidant capacity, and disease resistance in P. hypophthalmus, thus improving productivity
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while mitigating the risks associated with overusing or misusing antibacterial drugs and
the subsequent emergence of AMR pathogens [19].

Over the past two decades, microbiome manipulation in aquaculture through the sup-
plementation of beneficial microbial communities, synbiotics, and prebiotics has emerged
as a highly effective strategy. This approach reduces organic waste accumulation, im-
proves water quality, minimizes environmental impacts, enhances nitrification efficiency,
regulates host–microbiota interactions, strengthens disease resistance, decreases antibiotic
dependence, and promotes healthier, more sustainable aquatic production systems [20–22].
Formulated single- or multi-strain live or lyophilized microorganisms possessing biofilm-
forming capabilities, such as Bacillus subtilis, Enterococcus faecium, Saccharomyces cerevisiae,
and Lactobacillus plantarum, have been utilized as feed supplements for Clarias batrachus
fingerlings [23] and P. hypophthalmus [24] to promote disease resistance and the develop-
ment of diverse, stable, and beneficial microbial communities within the intensive farming
systems [25].

The potential use of lactic acid bacteria (LAB), bifidobacteria, and yeast in aquafeed
has recently been recognized for its ability to enhance mucosal immunization in the gut
and gills, providing antimicrobial peptides, essential nutrients, and extracellular digestive
enzymes (α-amylases, proteases, glucoamylases, and lipases). These microorganisms
improve digestive efficiency, enhance nutrient bioavailability, prevent gut dysbiosis, and
contribute to increased weight gain and feed conversion efficiency in intensive aquaculture
systems [26,27]. Dietary supplementation with LAB strains such as Lactobacillus lactis
and Lactobacillus plantarum has been shown to enhance growth rates, stress resistance,
and innate immunity (lysozyme and phagocytic activities) while reducing pathogenic
bacterial colonization in the gut of Nile tilapia [28] and Cyprinus carpio fingerlings [29]. The
cell walls of yeast comprise β-glucans, mannoproteins, and chitin bioactive compounds,
which are recognized as fungal postbiotics that trigger the synthesis of macrophages,
lymphocytes, and cytokines, as well as resistance to disease in fish [30,31]. Candida
sp. and other yeast species were characterized as “an alternative to antibiotics” gut-
associated microbiota that degrade tannins or phytate in Nile tilapia and rainbow trout for
sustainable fish farming [32]. Aquafeed supplementation with Saccharomyces cerevisiae yeast
improved Oreochromis niloticus resistance toward Aeromonas hydrophila (A. hydrophila) by
enhancing total antioxidant capacity, immune-related gene expressions, phagocytic activity
of leucocytes, intestinal physical barriers, and gut microbiota composition [32,33].

Probiotic strains exhibit varying effects across different fish species, necessitating a
species-specific approach to probiotic strains in aquaculture. This strategy leverages the
synergistic interactions between the most beneficial probiotic strains (Bacillus subtilis, LAB,
bifidobacteria, and yeasts), which are collectively known as effective probiotic microor-
ganisms (EPMs), to achieve better overall aquaculture outcomes [30,34]. It is important to
note that a few studies have shown that adding EPMs to a fish’s diet can have a positive
effect on its growth, digestive enzymes, blood chemistry, immune system, liver antioxidant
levels, and diversity of beneficial intestinal bacteria.

Notably, limited trials have validated that adding EPMs to aquafeed can exert a
positive effect on the growth, digestive enzymes, blood chemistry, immune system, liver
antioxidant levels, and diversity of beneficial intestinal bacteria of many fish species, such
as Nile tilapia [35,36], Seabass (Dicentrarchus labrax) [37] and Common Carp (Cyprinus
carpio L.) [38]. Despite this, the improved benefits and different mechanisms of dietary
combinations of multi-strain probiotics at once have been inadequately described in P.
hypophthalmus [32]. As such, the current investigation aimed to indicate the optimal dosage
and efficacy of EPMs in formulating a cost-effective, nutritionally balanced diet for striped
catfish. Therefore, the goal was to enhance growth performance, digestive enzyme activity,
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metabolic status, hepato-renal function, redox balance, innate immunity, and survival
against infections. These improvements align with the broader objective of promoting
sustainable and efficient multispecies probiotic applications in P. hypophthalmus aquaculture,
ultimately reducing dependence on antibiotics and chemical treatments.

2. Materials and Methods
2.1. Source of Fish, Basal Diet, and Probiotics

Healthy striped catfish were sourced from a commercial fish hatchery in Borg El-
Arab, Alexandria, Egypt, with an average total length of 9.68 ± 0.57 cm and an average
body weight of 8.71 ± 0.63 g. A commercially available balanced basal diet containing
30% CP was obtained from Aller Aqua group® (6 October City-Giza, Egypt). The EPMs
stock solution [36,39] was purchased as a liquid product from EMRO Japanese Institute—
Okinawa, Japan (https://emrojapan.com/aquaculture/, accessed on 4 September 2025),
under the supervision of the Ministry of Agriculture and the Environment of Egypt (batch
# EM60347, EM716521, and 88435).

2.2. Design of Experiments and Fish Husbandry

Fish acclimatization and culturing were conducted in sanitized fiberglass tanks at a
private freshwater fish farm located in Edku City, Egypt (31.3040◦ N, 30.3065◦ E). Following
a two-week adaptation period, 300 P. hypophthalmus fingerlings with an average initial total
length (ITL) of 10.51 ± 0.34 cm and an average initial body weight (IBW) of 10.04 ± 0.60 g
were randomly assigned to four triplicate groups, with 25 fish per replicate, and reared in
12 indoor circular fiberglass tanks. Each tank had a total volume of 500 L of water.

2.3. Feeding Protocol and Water Quality

Based on microbiological isolation, characterization, and identification in our lab,
together with the manufacturer’s formula specifications and recent reports by Jwher and
Al-Sarhan [38], the commercial liquid EPMs stock solution (Japanese company EMRO,
Okinawa, Japan) was mainly composed of the following five types of beneficial microor-
ganisms: LAB at 2.75 × 108 CFU/mL, actinomycetes at 6.5 × 106 CFU/mL, yeast at
1.5 × 108 CFU/mL, fermenting fungi at 2.70 × 107 CFU/mL, and photosynthetic bacteria
at 5.9 × 107 CFU/mL (Figure 1).

Following the established aquafeed multispecies probiotics preparation method, as
described by Abdel-Latif et al. [11], the required volume of EPMs stock solution was first
diluted in 1 L of sterile and dechlorinated water. A prediluted solution of EPMs was added
to the basal diet in clean containers at inclusion levels of 0.0%, 1.5%, 3.0%, and 4.5% (w/w),
equivalent to 0, 15, 30, and 45 g of EPMs stock solution per one Kg feed for the control, EPMs
1.5%, EPMs 3%, and EPMs 4.5% groups, respectively. Then, the feed was manually tumbled
for 15 min to formulate a soft paste and ensure a uniform distribution of the EPMs solution.
The prepared paste was pelletized via a meat mincer to make uniform 2.0 mm nutritional
pellets. Thereafter, the formed pellets were subjected to a drying process for a period of 24 h
at ambient temperature. Subsequently, the pellets were vacuum packaged in labeled Ziploc
plastic bags and stored in a refrigerated environment maintained at a temperature of 4 ◦C
until utilization. Finally, the microbiological investigation confirmed that the EPMs were
still viable following the diet preparation and retained the original five functional microbial
groups (LAB, actinomycetes, yeasts, fermenting fungi, and photosynthetic bacteria) with
varying concentrations (CFU/g feed) according to the inclusion levels of the EPMs stock
solution (Table S1).

https://emrojapan.com/aquaculture/
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Figure 1. Diagrammatic visualization of the genera, strains, and their respective CFU/mL stock
effective probiotic microorganisms (EPMs) solution.

Throughout the 90-day experimental period, the fish were manually fed to apparent
satiation twice daily at 9:00 a.m. and 3:00 p.m., with continuous monitoring of their body
weight and overall health status. The composition and characterization of the formulated
diets are detailed in Table 1. Approximately 30% of the water in each tank was replaced
every two days with fresh, unchlorinated, well-aerated water, and the excreta was siphoned
out to maintain optimal water quality parameters [10].

On-site assessment of water physicochemical parameters, such as temperature, dis-
solved oxygen (DO), and pH, was performed as outlined in Rice et al. [40] using a water-
proof portable HI9829 multi-parameter probe (HANNA Instruments, Woonsocket, RI, USA).
The unionized ammonia (NH3) concentration was routinely measured using a portable
spectrophotometer 2000 (HACH Co., Loveland, CO, USA), with a limit of detection (LOD)
of 0.01 mg L−1 and a limit of quantification (LOQ) of 0.03 mg L−1. Throughout the experi-
ment, all parameters were sustained within optimal ranges: temperature, 26.3–29.2 ◦C; DO,
5.3–7 mg L−1; pH, 7.3–8.6; and NH3, 0.02–0.03 mg L−1.
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Table 1. Ration constituents, formulation, and chemical components by proximate analytical values
(g kg−1) on dry matter (DM basis) of prepared diets.

Items

Experimental Diets 1

Control
EPMs Levels

1.5 3 4.5

Feed Ingredients (g kg−1)
Fish meal 2 100 100 100 100
Soybean meal 2 220 220 220 220
Gluten 2 50 50 50 50
Rich bran 100 100 100 100
Wheat bran 120 120 120 120
Wheat 120 120 120 120
Corn 240 225 210 195
Fish oil 20 20 20 20
Vitamin premix 3 10 10 10 10
Mineral premix 4 10 10 10 10
Dicalcium Phosphate 10 10 10 10
EPM levels 0 15 30 45
Total 1000 1000 1000 1000

Proximate analysis: DM Basis (g kg−1)

Dry matter (DM) 89.52 89.51 89.53 89.55
Crude protein (CP) 30.08 30.04 30.01 30.07
Ether extract (EE) 6.89 6.70 6.58 6.45
Crude fiber (CF) 5.13 5.10 5.11 5.13
Ash 6.62 6.54 6.47 6.90
NFE 5 51.28 51.62 51.83 51.45

1 EPMs 1.5, EPMs 3, and EPMs 4.5 indicate the supplementation of effective probiotic microorganisms at the rate
of 1.5%, 3%, and 4.5% DM (g/kg), respectively. 2 Fishmeal, soybean meal, and corn gluten meal in aquafeed
contain 62.0%, 46.0%, and 60.0% crude protein, respectively. 3 Each 1000 g of the vitamin premix contained the
following: retinol: 500,000 IU cholecalciferol: 500,000 IU DL-α-tocopherol acetate: 30 mg menadione: 5.25 mg
thiamine nitrate: 3.75 mg riboflavin: 6 mg pyridoxine hydrochloride: 6 mg niacin: 10 mg folic acid: 2 mg
(96%) cyanocobalamin: 0.5 mg (10%) ascorbic acid: 100 mg (92%) calcium D-pantothenate: 15 mg. 4 Mineral
premix (mg/kg diet) as follow: FeSO4·7H2O (30); CuSO4·5H2O (25% copper) (6); ZnSO4·7H2O (22.5% zinc)
(600); MnSO4·H2O (31.8% manganese) (1.183); KI (3.8% iodine) (1); and CaCO3 (6). 5 Nitrogen-free extract
(NFE) = 100 − (CP + EE + CF + ash).

2.4. Sample Collection and Processing

On the final day of the feeding investigation, the fish utilized for experimentation
were subjected to 24 h of food withdrawal on the scheduled sampling days; then, they were
collected, counted, and anesthetized by immersing them in water containing 100 mg L−1

buffered Tricaine-S® (Washington 08248, DC, USA) until complete loss of reflexes and
cessation of opercular movement for 30 min as total handling duration [41]. The sampled
fish were then individually subjected to length measurement and weighing to compute
growth performance and feeding efficiency indicators. After this, five fish per set of
replicates (15 fish per group) were humanely euthanized for tissue sample collection after
35 min of total exposure to an overdose of buffered tricaine-S® (250 mg L−1) [42] for
harvesting of internal viscera and intestinal tissue to discern biometric indices and diversity
of the intestinal microbial composition. Similarly, five fish were randomly selected from
each replicate and washed before carcass composition was assessed. Whole blood samples
were withdrawn from the previously selected fish (five fish per replicate) into two separate
aliquots from the caudal vein. One aliquot was anticoagulated with heparin sodium
(Jiangsu Wanli Biotechnology Co., Ltd., Jiangsu, China) to evaluate routine hemogram,
phagocytic activity, and phagocyte oxidative burst reaction (NBT). To ensure complete clot
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retraction and serum separation, 2 mL aliquots of blood were maintained in a tilted position
for a duration of 15 min at ambient temperature. Subsequent to this, the samples were
subjected to a centrifugal process at 3000× g for a period of 8 min to collect and preserve
the non-hemolyzed serum at −20 ◦C for later measurement of biochemical changes, growth
hormones, and lysozyme activity. About 0.5 g of intestine and liver was strictly gathered
from the previously sampled fish (five fish per replicate) and then minced and homogenized
in 4.5 mL (1:9 w/v) ice-cold phosphate-buffered solution (Code# B-01868, oxford lab fine
chem llp, Maharashtra, India, PBS, pH 7.2). After this, the homogenates obtained were
pelleted by centrifugation at 4930× g for 5 min at 4 ◦C to collect a clear supernatant, which
was maintained at −20 ◦C until further evaluation of intestinal digestive enzyme activities
and hepatic redox status.

2.5. Rates of Survival, Growth Performance, Utilization of Feed, and Somatic Indices

The survival rate (SR, %) was ascertained by calculating the percentage of P. hypoph-
thalmus that remained alive after the feeding studies, divided by their initial quantity.

In accordance with Ashry et al. [43], growth indices, feed utilization efficiency, and
somatic indexes were computed as follows:

Weight gain (WG, g) was calculated by subtracting the final weight (FBW, g) from the
initial weight (IBW, g);

Average daily gain (ADG, g day−1) was calculated by dividing WG (g) by the number
of days in the trial (TD, days);

Specific growth rate (SGR, %·day−1) = [ln(FBW) − ln(IBW)] × 100/TD (days);
Relative growth rate (RGR, %) = [(FBW − IBW)/IBW] × 100;
Total dry-feed intake (TFI, g feed day−1 fish−1) was calculated as the comprehensive

measure of dry sustenance ingested by the fish over the course of the entire TD (day);
Feed conversion ratio (FCR) = TFI/WG;
Protein efficiency ratio (PER) = WG/Protein Intake (PI);
The hepatosomatic index (HSI, %) was calculated as 100× the liver’s net weight (g)

divided by its FBW (g);
The condition factor of Fulton (K, %) was calculated by dividing the FBW (g) by the

body length3 (cm) multiplied by 100;
The viscerosomatic index (VSI) was calculated by dividing visceral weight (g) by

FBW (g) multiplied by 100;
RGL was defined as the ratio of gut length (cm) to total body length (cm).

2.6. Total-Body Proximate Composition

Representative samples (five fish per replicate) were immediately frozen and main-
tained at −20 ◦C to preserve their integrity for subsequent whole carcass composition
evaluation. The analysis encompassed the determination of various key components [44],
including moisture (%) at 105 ◦C for 24 h using a PO-EKO dry oven (Wodzisław Śląski,
Poland), crude protein (% DM basis) using a 2300 Kjeltec® Kjeldahl unit (FOSS Analytical,
Höganäs, Sweden) with nitrogen factor 6.25, crude lipids (% DM basis) by the alcoholic
extraction method with petroleum ether using Soxhlet (HT6, Tecator, Höganäs, Sweden),
and ash (% DM basis) by burning at 600 ◦C for 6 h in a MF-05 furnace muffler (hyscien,
Seoul, Korea).

2.7. Serum Growth Hormone Assessment

The levels of growth hormone (GH) in the serum were measured using a fish-
specific colorimetric ELISA kit commercially supplied by Cusabio Technology® (Cat#
CSB-E12121Fh, Houston, TX, USA), for which the generated dynamic range was 0.325–5
ng/mL, the sensitivity was 0.325 ng/mL, the inter- and intra-assay CV % (SD/mean × 100)
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values were <15%, the average spike-recovery reached 96%, the cross reactivity was 10%,
and the within-sample linearity values were within a range of 80% to 120% of the expected
values. In line with the enclosed kit leaflet, samples (n = 5/replicate), standards, and
controls were evaluated in duplicate. Following the methodology outlined in Lal and
Singh [45], GH in the samples and standards competed with biotin-conjugated GH (detec-
tion reagent) for 10 min to bind to pre-coated antibodies in the wells. After adding the stop
reagent, the reaction produced a blue solution, which became yellow with varied intensities.
The optical density (OD) was measured at 450 nm using a Stat Fax® 4700 ELISA-reader
system (Palm City, FL, USA).

2.8. Digestive Enzyme Efficiencies

The Bradford method [46] was followed to estimate protein values in intestinal tissue
extract by working with a calibration curve designed using a bovine serum albumin
standard (BSA, Cat#A3294, Sigma-Aldrich, St. Louis, MO, USA) of known concentration.
Before measuring the activity of each enzyme, dilution studies were run to ensure the ideal
substrate-to-protein ratio. The activity of a given unit (U) of enzyme was considered as
the amount of enzyme that catalyzes the hydrolysis of one micromole (µmol) of substrate
per minute at 37 ◦C. Enzyme activity (U/L) was evaluated spectrophotometrically by the
Chem-7 semi-automatic analyzer (ERBA Diagnostics, Mannheim, Germany). To normalize
for variations in tissue protein content, the specific activity was calculated by dividing
the enzyme activity (U/L) by the protein concentration (mg/mL) of the corresponding
homogenate, as determined by the Bradford method, and expressed as U·mg protein−1.

The digestive activity of α-amylase and lipase (U/L) was evaluated using commercial
Spinreact kits® (Girona, Spain). In step with Morishita et al.’s [47] methodology for α-
amylase (Ref # 41201) estimation, a kinetic assay was applied to estimate the rate of 2-chloro-
4-nitrophenol formation photometrically at an OD of 405 nm. The kinetic colorimetric assay
method outlined in Panteghini et al. [48] was followed to assess the catalytic activity of
lipase (Ref # 1001274), which was proportional to the increase in absorbance rate due to
gradual methyl resorufin formation at an OD of 580 nm.

The digestive potential of total alkaline protease activity (TAP) was determined using
Sigma-Aldrich® azocasein substrate (A2765, USA) according to a modified end-point assay
described in Ross et al. [49]. In brief, prepared intestinal tissue extract (100 µL) was added
to ammonium bicarbonate (100 mM, pH 7.8) buffer (v/v) and azocasein (0.7% w/v; Sigma,
St. Louis, MO, USA) for 19 h in a prewarmed (30 ◦C) Innova@ orbital shaker (Hamburg,
Germany). The reaction was blocked, and the undigested substrate was precipitated by
aliquoting 200 µL of 5% trichloroacetic acid (TCA, w/v, Sigma, St. Louis, MO, USA). The
substrate precipitate was condensed by cool (4 ◦C) centrifugation at 7000× g for 8 min.
Then, the clear supernatant (200 µL) was separated and thoroughly mixed with 0.5 N
NaOH (v/v, El-Gomhoria Company, Cairo, Egypt) to measure the increase in absorbance
within one minute (∆A min−1) at OD of 405 nm against a blank (azocasein was added
after TCA).

2.9. Routine Hemogram Variable Assessment

Red and white blood corpuscles (RBCs and WBCs) were enumerated under a micro-
scope attached to a Neubauer chamber (BOECO, Hamburg, Germany) using Elasmobranch-
modified Natt and Herrick diluting fluid at a ratio of 1:200 [50]. The erythrogram was
fulfilled by colorimetric measurement of hemoglobin values (Hb, gm dL−1) at 540 nm using
Drabkin reagent (Diamond diagnostics®, Cairo, Egypt) and centrifugation to remove free
nuclei and membranes of erythrocytes [51], and capillary tubes (15 µL), ultra-centrifugation
for 5 min at 12,000× g using a microhematocrit centrifuge to estimate packed erythrocyte
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percentage (PCV%) [51]. Moreover, erythrocyte indices such as MCV (the average corpus-
cular volume, fL), MCH (the average corpuscular hemoglobin content, pg), and MCHC
(the average corpuscular hemoglobin concentration, %) were computed following standard
equations provided by Sirois [52] as follows:

MCV (fL) =
(

Hematocrit %/RBC count × 1012/L
)
× 10

MCH (pg) =
(

Hemoglobin g/dL/RBC count × 1012/L
)
× 10

MCHC (%) = (Hemoglobin g/dL/Hematocrit %)× 100

An optical microscopic investigation of Diff-Quik-stained blood smears was performed
under an oil immersion ×100 objective lens. To determine the relative percentage of
different leukocyte fractions, each WBC (neutrophil, lymphocyte, monocyte, basophil, and
eosinophil) encountered was classified and recorded depending on its morphologic features
until 100 WBCs were counted [50]. Then, the absolute number of each leukocyte per µL of
blood was counted using the following formula:

Absolute number of leukocyte fraction/µL = leukocyte% in differential × (Total WBC count/µL)

2.10. Assessment of Liver and Kidney Functions and Lipid Profile

In strict adherence to the instructions labeled within the commercial Agape® diagnos-
tics (Kerala, India) reagents, the activities of cytosolic alanine and mitochondrial aspartate
aminotransferases [ALT (Cat# 51214005) and AST (Cat# 51213005)] and alkaline phos-
phatase (ALKP, Cat# 51401002), in addition to the levels of total protein (T. Protein, Cat#
51013002), albumin (Cat# 51001002), urea (Cat# 51216001), creatinine (Cat# 51009003), glu-
cose (Cat# 51406001), and total bilirubin (T. Bilirubin, Cat# 51003003), as well as fasting
lipid panels, such as total lipids (T. Lipids, Cat# 51418002), total cholesterol (T. CHOL
Cat# 51403007), triglycerides (TGs, Cat# 51410002), low-density lipoproteins (LDLs, Cat#
51415003), and high-density lipoproteins (HDLs, Cat# 51414003) were evaluated by a spec-
trophotometric technique using COBAS 6000 as an automated chemistry analyzer (e601
module, Roche® Diagnostics, Rotkreuz, Switzerland). In line with the formula developed
by Friedewald et al. [53], the VLDL level was computed as TGs (mg/dL) multiplied by 1/5.
Furthermore, the circulatory free lipid removal index (TGs: HDL) and the atherogenic index
(LDL: HDL) were derived based on the corresponding mean lipoprotein concentrations.

2.11. Assessment of Hepatic Antioxidant Status and Lipid Peroxidation

Antioxidant capacity and oxidative stress parameters were assayed in the hepatic
tissue extract using Elabscience® colorimetric assay kits (Houston, TX, USA) following
the manufacturer’s guidelines using an ELISA reader (Stat Fax-4700, Palm City, FL, USA).
Visibly hemolyzed homogenate samples were excluded from the redox status evaluation to
avoid interference.

Maintaining redox homeostasis and protecting cells against superoxide radical (O2
•−)-

mediated oxidative tissue damage was assessed by evaluating the dismutation potential of
superoxide dismutase (SOD, Cat# E-BCK020-M) by the water-soluble tetrazolium salt-1
assay (WST-1) method according to Peskin and Winterbourn [54].

Sufficient neutralization of H2O2, a byproduct of cellular metabolism and O2
•− dis-

mutation in mitochondria and peroxisomes, was judged by evaluating the catalase (CAT)
enzyme activity (Cat# E-BCK031-M) according to Hamza and Hadwan [55].
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A shift toward the concept of “homeostatic ROS levels” despite the high oxidative
metabolism was evaluated by measuring glutathione peroxidase (GSH-Px, Cat# E-BC-K096-
M) activity using the classic GPx-DTNB assay as per Sattar et al. [56].

The extent of oxidative tissue damage and cytotoxicity caused by peroxidative lipid
degradation was identified by measuring byproducts of oxidative degradation of polyunsat-
urated fatty acids, such as the reactive malondialdehyde (MDA) levels (Cat# E-BCK025-M),
by the thiobarbituric acid (TBA) method reported by Uchiyama and Mihara [57].

Bradford’s method [46] was followed to estimate the total levels of soluble protein
for each tissue extract sample by working with a standard calibration curve prepared
from BSA. The estimated protein level was applied to calculate the final activity of SOD,
CAT, and GSH-Px as antioxidant enzymes (U/mg protein) and the MDA levels as an
oxidation-associated product (pmols/mg protein).

2.12. Cellular and Humoral Immune Response Assays
2.12.1. Phagocytic Activities in Whole Blood

Blood films were prepared for phagocytic activity visualization as per the modified
methodology of Anderson and Siwicki [58] and Ulzanah et al. [59]. In U-shaped microtiter
wells, 50 µL of heparinized blood (Jiangsu Wanli Biotechnology Co., Ltd., Dongtai City,
China) was combined with a quantity of 50 µL 107 CFU/mL PBS (pH 7.2) of freshly
prepared Staphylococcus aureus (National Research Center, Giza, Egypt). The mixture was
incubated at 30 ◦C for 28 min with continuous shaking. Then, it was smeared across labeled
microscope slides, allowed to air-dry, fixed, and subsequently Diff-Quik-stained. Random
high-power fields (HPFs) were visualized at 1000× magnification to identify the functional
capacity of immune cells to engulf pathogens as follows:

Phagocytic activity(%) =
Number of phagocytic cell with internalized bacteria

Total number of phagocytic cells(n = 300)
× 100

2.12.2. Oxidative Burst Reaction (NBT)

In accordance with Nurani et al. [60], the phagocytic oxidative burst was assessed by
spectrophotometric measurement of Nitro Blue Tetrazolium (NBT) reducing ability. First,
50 µL of whole blood was incubated in a U-shaped microtiter plate at 30 ◦C to encourage
cell adhesion for 1 h. Then, the cells were treated with a 0.2% Acros® NBT solution (Geel,
Belgium) after being rinsed with PBS (pH 7.4) following supernatant decantation. After
fixation with methanol (100% v/v), a 30% methanol rinse was performed. Wells with
phorbol 12-myristate 13-acetate (PMA, Cat #P8139, Sigma-Aldrich®, St. Louis, MO, USA,
1 µg/mL)-stimulated leukocytes and PBS-incubated cells served as positive and negative
controls, respectively. The reduction rate was assayed by reporting the absorbance at
630 nm by an ELISA reader (Stat Fax-4700, Palm City, FL, USA) after dissolving formazan
crystals in DMSO (70 µL; SDFCL, Mumbai, India) and 2 M KOH (60 µL).

2.12.3. Serum Lysozyme Activity

The intrinsic immune response in serum was determined by evaluating the lysozyme
activity against Micrococcus luteus (M. luteus, Prod. # SIGMA-M0508, St. Louis, MO, USA)
in accordance with a modified procedure described by Parry et al. [61]. To accomplish this,
about 25 µL of each sample was assayed in triplicate using microtiter plate wells (U-shaped)
containing a suspension of M. luteus ATCC in PBS (pH 7.2) at 0.75 mg/mL at 25 ◦C, with
control wells devoid of serum serving as blanks. Lysozyme activity was assessed by a
0.001 decrease in absorbance value per minute at 450 nm, resulting from peptidoglycan-rich
bacterial cell wall lysis, recorded with an ELISA reader (Stat Fax-4700, Palm City, FL, USA)
after 30 s (R1) and 20 min (R2). The activity in U/mL was transformed to µg/mL serum
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utilizing a standard curve created using lysozymes extracted from freeze-dried egg white
(Fluka analytical®, Mr ~ 14,600, cat# 62970, Munich, Germany).

2.13. Assessment of Intestinal Microbial Compositional Differences

The contents of intestinal tracts were aseptically gathered from five fish per repli-
cate, weighed, and then homogenized in 0.1% buffered peptone water (10% w:v, Becton-
Dickinson, Beijing, China) by vortexing and using a benchtop FastPrep®-24 semisolid
sample homogenizer (MP Biomedicals, Irvine, CA) to prepare decimal dilution series
(10−1 to 10−8). Bacterial colonies were enumerated in three parallel cultures by the plate
count technique as CFU/g intestine by plating 100 µL of the selected dilution on the sur-
face of differential and/or selective media. Further, a control plate was inoculated with
sterilized peptone water for disinfection judgment.

The total viable aerobic bacterial plate count (TAPC) was computed by spreading the
diluted sample on the surface of Hi Media® plate count agar (Cat# M091S, Mumbai, India)
and incubating for 46 ± 12 h at 30 ◦C [62]. The total count of enteropathogenic Vibrio spp.
(TVC) was enumerated with modified thiosulfate citrate bile salts sucrose (MTCBS) culture
medium (Hi Media®, cat# M870A, Mumbai, India) after overnight incubation at 37 ◦C [63].
The total fecal coliforms count (TFCC) was reported by plating pre-diluted samples on
chromogenic ChromoBio® Coliform agar (ISO# 9308, Biolab, Budapest, Hungary) after
incubating at 37 ◦C for 36 h, in line with Kamarinou et al. [64]. The selective count
of mesophilic and thermophilic LAB rods and cocci was determined after an anaerobic
incubation for 48–72 h at 30 ± 2 ◦C onto De Man-Rogosa Sharpe media (MRS, ISO# 15214,
Oxoid, Basingstoke, England) and M17 Agar (Biolab®, Budapest, Hungary), respectively.
Visualized colonies were distinguished based on their biochemical characteristics using
APIE-20 kits (Biomerieux®, Marcy-I’Etoile, France) and the usual morphological appearance
as per Carroll and Patel [65], as well as the detailed prescription of each provided differential
medium. The logarithm (log10) of the colonies counted was computed and illustrated as
the log10 CFU/g intestine.

2.14. Resistance to Bacterial Infection

The A. hydrophila strain utilized in our study was previously recovered from dead fish
cases and identified based on its metabolic and biochemical profiling using the automated
VITEK® 2-C15 system (bioMérieux, Marcy-l’Étoile, France) at the Microbiology Depart-
ment, National Research Centre, Egypt [66]. A copy of this strain was obtained by the
National Institute of Oceanography and Fisheries, Egypt, and confirmed to be a virulent
and pathogenic strain following the protocol previously reported by El-Son et al. [67]. To
achieve the logarithmic growth phase, an A. hydrophila strain was streaked onto tubes of
a tryptic soy broth (Cat #1054590500, Merck, Darmstadt, Germany) and left for 12 h with
continuous shaking at 28 ◦C. Then, the cultured bacterial broth was subjected to 3000× g
centrifugation at 25 ◦C for 10 min to form a bacterial pellet. The pellet was washed twice
with sterile PBS to remove broth residues, and after that, the supernatant was carefully
discarded. The A. hydrophila suspension was adjusted to 1 × 108 CFU/mL by matching
with the scale of 0.5 McFarland’s standard at an OD of 600 nm [11]. To achieve the targeted
sublethal dose of 1 × 106 CFU/mL, a 10-fold serial dilution of the adjusted suspension was
made by adding 1 mL (1 × 108 CFU) to 99 mL of sterile PBS. This concentration was selected
based on preliminary LD50 determination by Abdelhamid et al. [13], demonstrating that it
induces measurable pathological responses without causing acute mortality, allowing the
prospective assessment of the effects of dietary treatments.

The challenge trial was applied per the protocol of Abdelhamid et al. [13], with some
modifications. On the final day of the feeding investigation, 5 fish per replicate (fifteen
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fish/group) were kept under the same rearing conditions for the experimental infection
with pathogenic A. hydrophila. In brief, the tested fish were deprived of food for 24 h
and anesthetized by being immersed in water containing 100 mg L−1 buffered Tricaine-S®

(Ferndale, WA, USA). After this, individual fish received 100 µL of A. hydrophila suspended
in isotonic (0.85%) saline solution by intraperitoneal injection at a sublethal concentration
(1 × 106 CFU/mL). Finally, all fish were returned to their rearing tanks and fed with a
formulated diet for another 15 days. The injected fish were observed thrice daily. Dead fish
or those with instances of infection were reported and aseptically removed from the rearing
tank and euthanized by immersion in an overdose of buffered tricaine-S® (250 mg L−1,
Ferndale, WA, USA) for 35 min total exposure [42]. The cause of death and infection signs
was affirmed by re-isolating the A. hydrophila from the affected fish’s skin lesions, gills, liver,
and kidneys.

2.15. Statistical Analysis

All statistical data were tabulated using version 20.00 of SPSS software (Chicago, IL,
USA). The normality and homogeneity of the raw data were checked by selecting the
Shapiro–Wilk and Levene tests. The probability (p) value exceeded 0.05, and the null
hypothesis about the normal data distribution was accepted. To avoid pseudo-replication,
for each independent replicate tank, mean values were computed from the sampled fish
and used for data analysis. The routine parametric one-way ANOVA test was run on tank
means, and the data were reported as an arithmetic mean and pooled standard deviation of
the mean (SDM) or standard deviation (SD) at the group level (n = 3 replicates per treatment
group), ensuring independence among replicates. The incidence of significance (p < 0.05)
between group means was obtained based on the Bonferroni correction test to overcome
the increase in Type I error (false positive significance) for multiple comparison tests [68].
Furthermore, orthogonal polynomial contrasts were applied to observe the linear and/or
quadratic influences of EPMs inclusion levels on the estimated variables. The survivability
of infected fish groups over 15 days of challenge with A. hydrophila was evaluated by
the Kaplan–Meier method and the Log-Rank (Mantel–Cox) test to identify the significant
differences among the EPMs-supplemented groups and the control one. GraphPad Prism
software (Version 9, San Diego, CA, USA) was used to visualize interleaved scatter plots,
grouped data plots, and Kaplan–Meier survival rates. Multiple-grouped bar graphs of
antioxidant and immunity response variables were created using OriginPro (Origin Lab
2022) software. The biplots of Principal Component Analysis (PCA) were illustrated by R
coding software (R Studio, version 4.2.3) to outline the alignment across the studied groups
and all variables with significant differences.

3. Results
3.1. Growth Performance, Feed Efficiency, and Survival Rates

The findings in Table 2 indicate that a diet supplemented with EPMs significantly
improved the growth, feed efficiency, and survival rates of P. hypophthalmus. FTL, FBW, WG,
and ADG levels showed a steady linear rise (p ≤ 0.0001) as EPMs levels increased, with the
highest significance values (p ≤ 0.001) achieved in the EPMs 4.5 diet group in comparison
with those that were fed with the basal diet. Similarly, SGR, RGR, and PER exhibited a
significant linear trend (p ≤ 0.0001) in an EPMs dose-dependent manner. Concurrently, a
minor quadratic effect was noted for SGR (p < 0.05), indicating a potential plateau at 4.5%
supplementation levels.
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Table 2. Growth and feed efficiency indices of P. hypophthalmus supplemented with EPMs for
90 consecutive days.

Parameters Control

EPMs Levels % DM (g/kg) Orthogonal
Contrast

1.5 3 4.5 Pooled
SDM

ANOVA Linear Quadratic

(F Value)
p Value

ITL (cm) 10.49 10.37 NS 10.62 NS 10.57 NS 0.34 (0.245)
=0.863

(0.258)
=0.625

(0.028)
=0.872

FTL (cm) 21.54 25.57 * 30.01 ** 32.66 *** 4.46 (285.64)
≤0.001

(848.45)
≤0.0001

(5.58)
=0.06

IBW (g) 10.04 10.02 NS 10.06 NS 10.08 NS 0.61 (0.004)
=1.00

(0.007)
=0.94

(0.002)
=0.962

FBW (g) 87.71 130.29 * 172.76 ** 207.83 *** 47.26 (377.28
≤0.001

(1129.51)
≤0.0001

(1.97)
=0.20

WG (g) 77.67 120.27 ** 162.71 ** 197.76 *** 47.24 (376.22)
≤0.001

(1126.33)
≤0.0001

(1.98)
=0.22

ADG (g) 0.863 1.34 * 1.81 ** 2.20 *** 0.53 (380.05)
≤0.001

(1137.05)
≤0.0001

(1.97)
=0.21

SGR (%day−1) 1.93 2.13 * 2.26 ** 2.34 *** 0.16 (269.04)
≤0.001

(781.07)
≤0.0001

(25.93)
<0.05

RGR (%) 7.75 12.04 * 16.32 ** 19.63 *** 4.70 (63.61)
≤0.001

(190.16)
≤0.0001

(0.576)
=0.47

FCR 1.890 1.270 ** 0.953 *** 0.81 *** 0.44 (68.16)
≤0.001

(187.69)
≤0.0001

(16.53)
<0.05

PER 2.13 3.15 * 4.21 ** 4.97 *** 1.13 (161.41)
≤0.001

(481.89)
≤0.0001

(1.733)
=0.22

SR (%) 80.00 88.00 * 93.33 ** 98.67 *** 30.05 (5.504)
≤0.001

(16.328)
≤0.0001

(0.154)
=0.70

Intake (g kg−1 day−1)

TFI 146.05 152.78 NS 154.83 NS 159.22 NS 6.72 (3.19)
=0.084

(9.17)
=0.06

(0.15)
=0.714

DM 131.45 137.50 NS 139.35 NS 143.29 NS 6.05 (3.21)
=0.082

(9.17)
=0.06

(0.13)
=0.618

PI 36.52 38.19 NS 38.71 NS 39.81 NS 1.68 (3.19)
=0.084

(9.15)
=0.06

(0.144)
=0.714

LI 9.93 10.39 NS 10.53 NS 10.83 NS 0.46 (33.22)
=0.073

(9.17)
=0.06

(0.17)
=0.68

Levels are reported as mean and pooled standard deviation of the mean (SDM). Analyses were conducted using
the mean per tanks (n = 3 tanks per treatment group, 5 fish per tank). Means followed by an asterisk (*) indicate
significant variation between groups by the One-Way ANOVA and Bonferroni correction test. * p < 0.05, ** p ≤ 0.01,
*** p ≤ 0.001. NS (p > 0.05), insignificant differences. EPMs 1.5, EPMs 3, and EPMs 4.5 indicate the supplementation
of effective probiotic microorganisms at the rate of 1.5%, 3%, and 4.5% DM (g/kg), respectively. ITL: initial total
length, FTL: final total length, IBW: initial body weight, FBW: final body weight, WG: weight gain, SGR: specific
growth rate, RGR: relative growth rate, FCR: feed conversion ratio, PER: protein efficiency ratio, SR: survival rate.
TFI: total feed intake, DM: dry matter, PI: protein intake, and LI: lipid intake.

FCR followed a robust linear (p ≤ 0.0001) and minor quadratic (p < 0.05) trend and
significantly improved in fish within the EPMs 1.5 (p ≤ 0.01), EPMs 3 (p ≤ 0.001), and
EPMs 4.5 (p ≤ 0.001) groups when compared with the fish that were maintained on the
commercial diet. Indeed, the SR% was improved significantly (p ≤ 0.001) throughout the
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experimental period with increasing EPMs supplementation levels, exhibiting a strong
linear trend (p ≤ 0.0001). The highest SR% was achieved in the EPMs 4.5 (98.00%) and
EPMs 3 (90.67%) diet groups, followed by the EPMs 1.5 diet group (82.33%). Of interest,
all feed intake indicators (TFI, DM, PI, and LI) did not show significant diversity (p > 0.05)
among the EPMs groups and the basal diet group.

3.2. Body Proximate Composition and Organ Biometric Indicators

The results presented in Table 3 demonstrate that following 90 days of EPMs sup-
plementation, VSI and RGL were significantly influenced in a dose-dependent manner
for the EPMs 1.5 (p < 0.01), EPMs 3 (p ≤ 0.001), and EPMs 4.5 (p ≤ 0.001) dietary groups
in comparison with the basal diet cohort. The Fulton factor (K) exhibited a significant
reduction (p ≤ 0.001), indicating linear alterations in body morphology and density. The
HSI exhibited no considerable variation (p > 0.05), indicating stable liver weight relative
to the total BW. EPMs supplementation led to a significant linear improvement in dry
matter and protein constituents (p < 0.05). In contrast, lipids decreased linearly (p < 0.05),
suggesting improved nutrient assimilation and flesh composition in a dose-responsive
manner. Nonetheless, no significant variations (p > 0.05) were reported in the mean ash%
values between the studied groups.

Table 3. Whole-body chemical composition and biometric indices of P. hypophthalmus supplemented
with EPMs for 90 consecutive days.

Parameters Control

EPMs Levels % DM (g/kg) Orthogonal Contrast

1.5 3 4.5 Pooled SDM
ANOVA Linear Quadratic

(F Value)
p Value

Indices (%)

HSI (%) 2.65 2.70 NS 2.57 NS 2.67 NS 0.23 (0.13)
=0.94

(0.94)
=0.27

(0.01)
=0.87

VSI (%) 9.99 12.48 ** 13.98 *** 14.09 *** 1.76 (71.58)
≤0.001

(186.94)
≤0.001

(27.66)
<0.05

K (%) 0.88 0.78 ** 0.64 *** 0.59 *** 0.12 (59.00)
≤0.001

(171.16)
≤0.001

(2.53)
=0.15

RGL (cm) 1.49 1.89 ** 2.53 *** 2.51 *** 0.48 (30.24)
≤0.001

(80.74)
≤0.001

(5.31)
=0.07

Chemical composition

Dry matter (g) 25.16 26.88 * 27.60 * 27.63 * 1.27 (5.45)
<0.05

(13.24)
≤0.01

(3.08)
=0.12

Protein % 59.86 65.82 * 66.20 * 67.23 * 3.98 (3.60)
<0.05

(8.20)
<0.05

(1.97)
=0.20

Lipid % 23.33 15.05 * 14.13 * 11.90 * 5.16 (6.78)
≤0.05

(21.79)
≤0.001

(3.22)
=0.11

Ash % 16.81 19.13 NS 19.67 NS 20.86 NS 2.22 (2.45)
=0.138

(6.84)
≤0.05

(0.27)
=0.62

Levels are reported as mean and pooled standard deviation of the mean (SDM). Analyses were conducted using
the mean per tanks (n = 3 tanks per treatment group, 5 fish per tank). Means followed by an asterisk (*) indicate
significant variation between groups by the One-Way ANOVA and Bonferroni correction test. * p < 0.05, ** p ≤ 0.01,
*** p ≤ 0.001. NS (p > 0.05), insignificant differences. EPMs 1.5, EPMs 3, and EPMs 4.5 indicate the supplementation
of effective probiotic microorganisms at the rate of 1.5%, 3%, and 4.5% DM (g/kg), respectively. K: condition
factor, HSI: hepatosomatic index; VSI: visceral–somatic index; RGL: relative gut length.

3.3. Serum Growth Hormone Levels

As shown in Figure 2, serum GH levels were significantly increased in the EPMs 1.5
(p < 0.05), EPMs 3 (p ≤ 0.01), and EPMs 4.5 (p ≤ 0.001) groups when compared to the fish
fed the basal diet throughout the study period. Moreover, as the supplementation of EPMs
increased from 1.5% to 4.5% DM, the mean values of GH exhibited a significant linear
dose-dependent enhancement (F = 274.83, p ≤ 0.0001). The insignificance of the quadratic
effect (F = 0.17, p = 0.68) indicates that the advantages of EPMs on GH secretion continue to
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climb with larger doses, contrary to the principle of diminishing returns within the tested
range of EPMs inclusion levels.

Figure 2. The interleaved scatter plot depicts the mean± SD of serum growth hormone (GH) levels in
P. hypophthalmus supplemented with EPMs for 90 consecutive days. Circles, diamonds, and triangles
represent the values of GH (triplicate mean) for each sampled fish per group. Error bars show
± standard deviation (SD) of the mean, whilst the thick middle line represents the mean values.
Analyses were conducted using the mean per tanks (n = 3 tanks per treatment group, 5 fish per tank).
Bars with asterisks (*) reflect significant variation between groups by the One-Way ANOVA and
Bonferroni correction test. * p < 0.05, ** p ≤ 0.01, *** p ≤ 0.001. EPMs 1.5, EPMs 3, and EPMs 4.5
indicate the supplementation of effective probiotic microorganisms at the rate of 1.5%, 3%, and 4.5%
DM (g/kg), respectively.

3.4. Digestive Enzyme Efficiency

The digestive enzyme (TAP, lipase, and α-amylase) activities demonstrated a sig-
nificant dose-dependent surge within the intestinal homogenates of the striped catfish
in the EPMs 1.5 (p < 0.05), EPMs 3.0 (p ≤ 0.01), and EPMs 4.5 (p ≤ 0.01) groups when
compared with the basal diet group (Table 4). The quadratic effects were insignificantly
changed (p > 0.05), indicating that the relationship across EPMs supplementation dosage
and enzyme activity is predominantly linear (p ≤ 0.0001).

Table 4. Digestive enzyme efficiencies in intestinal tissue of P. hypophthalmus supplemented with
EPMs for 90 consecutive days.

Enzymes (U × mg
tissue protein−1) Control

EPMs Levels % DM (g/kg) Orthogonal Contrast

1.5 3 4.5 Pooled
SDM

ANOVA Linear Quadratic

(F Value)
p Value

TAP 19.31 24.45 * 29.59 ** 34.62 *** 6.12 (51.23)
≤0.001

(153.68)
≤0.001

(0.04)
=0.95

Lipase 44.36 51.34 * 59.42 ** 66.38 *** 8.90 (48.19)
≤0.001

(144.44)
≤0.001

(0.01)
=1.00

α-amylase 0.66 0.78 * 0.87 ** 0.98 *** 0.12 (44.55)
≤0.001

(133.47)
≤0.001

(0.03)
=0.87

Levels are reported as mean and pooled standard deviation of the mean (SDM). Analyses were conducted using
the mean per tanks (n = 3 tanks per treatment group, 5 fish per tank). Means followed by an asterisk (*) indicate
significant variation between groups by the One-Way ANOVA and Bonferroni correction test. * p < 0.05, ** p ≤ 0.01,
*** p ≤ 0.001. TAP: total alkaline protease. EPMs 1.5, EPMs 3, and EPMs 4.5 indicate the supplementation of
effective probiotic microorganisms at the rate of 1.5%, 3%, and 4.5% DM (g/kg), respectively.
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3.5. Routine Hemogram Findings

The erythropoiesis potential parameters (RBC, Hb, and PCV) were significantly im-
proved in a dose-responsive linear pattern in the EPMs 1.5 (p < 0.05), EPMs 3 (p ≤ 0.01),
and EPMs 4.5 (p ≤ 0.001) dietary groups in comparison with the basal diet group (Ta-
ble 5). Further, the integrity of erythrocytes was preliminarily identified by the insignificant
(p > 0.05) variation in the computed indices of erythrocyte morphology (MCV) and Hb
density (MCH and MCHC) and subsequently validated through the visualization of nor-
mocytic, salmon-colored nucleated erythrocytes in Giemsa-stained blood films of all the
EPMs groups and the control group. The WBC count was significantly increased with
equal significance levels (p ≤ 0.001). In contrast, the absolute lymphocyte count increased
significantly in a linear crescendo (p ≤ 0.0001), indicating an enhanced immune response
in a dose-dependent manner. However, the groups studied had no statistically significant
difference in neutrophils, monocytes, and eosinophils (p > 0.05).

Table 5. Routine hemogram of P. hypophthalmus supplemented with EPMs for 90 consecutive days.

Parameters Control

EPMs Levels % DM (g/kg) Orthogonal
Contrast

1.5 3 4.5 Pooled
SEM

ANOVA Linear Quadratic

(F Value)
p Value

RBC (106 µL−1) 1.77 2.67 * 3.49 ** 4.36 *** 1.03 (50.91)
≤0.001

(152.69)
≤0.001

(0.94)
=0.92

Hb (g dL−1) 8.62 11.86 * 14.10 ** 15.97 *** 3.12 (99.74)
≤0.001

(290.75)
≤0.001

(7.49)
<0.05

PCV (%) 20.00 31.33 * 38.00 ** 45.00 *** 9.77 (83.12)
≤0.001

(245.00)
≤0.001

(3.45)
=0.10

MCV (fL) 113.67 119.22 NS 109.36 NS 103.37 NS 13.63 (0.66)
=0.60

(1.22)
=0.30

(0.49)
=0.51

MCH (pg) 45.48 44.79 NS 40.27 NS 36.75 NS 4.91 (3.54)
=0.07

(9.94)
≤0.01

(0.42)
=0.53

MCHC (%) 40.13 37.92 NS 36.96 NS 35.60 NS 2.86 (1.55
=0.27

(4.53)
=0.07

(0.08)
=0.79

WBC
(103 µL−1) 26.30 43.15 *** 39.36 *** 44.96 *** 7.34 (59.18)

≤0.001
(175.53)
≤0.001

(1.19)
=0.31

Neutrophil
(103 µL−1) 6.94 9.37 NS 9.18 NS 9.31 NS 2.18 (0.84)

=0.51
(1.44)
=0.26

(0.80)
=0.40

Lymphocyte
(103 µL−1) 18.75 24.15 * 29.55 ** 35.02 *** 6.53 (40.73)

≤0.001
(122.20)
≤0.001

(0.001)
=0.98

Monocyte
(103 µL−1) 0.48 0.51 NS 0.50 NS 0.53 NS 0.08 (0.09

=0.96
(0.24
=0.64

(0.01)
=0.92

Eosinophil
(103 µL−1) 0.13 0.12 NS 0.14 NS 0.11 NS 0.03 (0.29)

=0.83
(0.53)
=0.49

(0.04)
=0.84

Levels are reported as mean and pooled standard deviation of the mean (SDM). Analyses were conducted using
the mean per tanks (n = 3 tanks per treatment group, 5 fish per tank). Means followed by an asterisk (*) indicate
significant variation between groups by the One-Way ANOVA and Bonferroni correction test. * p < 0.05, ** p ≤ 0.01,
*** p ≤ 0.001. NS (p > 0.05), insignificant differences. EPMs 1.5, EPMs 3, and EPMs 4.5 indicate the supplementation
of effective probiotic microorganisms at the rate of 1.5%, 3%, and 4.5% DM (g/kg), respectively. RBC: red blood
corpuscle; Hb: hemoglobin; PCV: packed erythrocyte volume; MCV: mean corpuscular volume; MCH: mean
corpuscular hemoglobin; MCHC: mean corpuscular hemoglobin concentration; WBC: white blood corpuscle.
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3.6. Serum Biochemical Metabolites and Lipid Profile

Table 6 illustrates the significant linear and quadratic impacts of EPMs supplementa-
tion on liver metabolic function, hepatocyte integrity biomarkers, and the lipid profile in P.
hypophthalmus. A significant decrease in hepatobiliary enzyme (ALT, AST, and ALKP) activ-
ities was reported in all EPMs-supplemented trials with equal significant levels (p ≤ 0.01)
with respect to the reference diet group in robust linear (p ≤ 0.001–≤ 0.0001) and mild
quadratic (p < 0.05–≤ 0.01) trends. The significant linear effects (p ≤ 0.0001) of EPMs
supplementation on the hepatocyte protein synthetic capacity with T. Protein and globulin
levels exhibited a significant surge in a dose-dependent fashion in the EPMs 1.5 (p < 0.05),
EPMs 3 (p ≤ 0.01), and EPMs 4.5 (p ≤ 0.001) dietary groups compared to the control cohort.
The EPMs 3 and EPMs 4.5 groups exhibited the most significant dual linear and quadratic
improvements in glucose and the lipid profile, including reductions in the values of T.
Lipids, T. CHOL, TGs, VLDL, LDL, LDL: HDL, and the TGs: HDL index, alongside a
harmonious increase in HDL levels when compared with their levels in the EPMs 1.5
(p < 0.05) and control groups. Notably, the serum levels of albumin, T. Bilirubin, urea, and
creatinine remained statistically insignificant (p > 0.05) among all the studied groups.

Table 6. Hepatorenal function and lipid profile of P. hypophthalmus supplemented with EPMs for 90
consecutive days.

Parameters Control

EPM Levels % DM (g/kg) Orthogonal Contrast

1.5 3 4.5 Pooled
SEM

ANOVA Linear Quadratic

(F Value)
p Value

Indicators of liver and kidney function

ALT (U L−1) 26.91 20.08 ** 19.49 ** 18.89 ** 3.52 (8.39)
≤0.01

(18.49)
≤0.001

(5.56)
<0.05

AST (U L−1) 91.67 82.89 ** 79.27 ** 81.26 ** 5.40 (13.77)
≤0.01

(27.96)
≤0.001

(13.33)
=0.07

ALKP (U L−1) 63.17 54.78 ** 52.57 ** 53.73 ** 4.86 (11.01)
≤0.01

(22.04)
≤0.001

(10.82)
≤0.01

T. Protein
(g dL−1) 2.85 3.65 * 4.83 ** 5.11 *** 0.90 (40.73)

≤0.001
(121.06)
≤0.001

(0.05)
=0.83

Albumin
(g dL−1) 1.02 0.93 NS 0.95 NS 1.05 NS 0.10 (1.08)

=0.41
(0.30)
=0.61

(2.93)
=0.13

Globulin
(g dL−1) 1.84 2.72 * 3.42 ** 4.05 *** 0.90 (30.72)

≤0.001
(91.60)
≤0.001

(0.54)
=0.48

A: G ratio 0.58 0.35 * 0.28 * 0.26 * 0.16 (6.20)
<0.05

(15.18)
≤0.01

(3.24)
=0.11

T. Bilirubin
(mg dL−1) 0.58 0.54 NS 0.51 NS 0.57 NS 0.04 (3.59)

=0.07
(0.56)
=0.48

(8.52)
<0.05

Urea (mg dL−1) 10.02 9.60 NS 9.81 NS 9.54 NS 0.54 (0.39)
=0.77

(0.60)
=0.46

(0.04)
=0.85

Creatinine
(mg dL−1) 0.38 0.40 NS 0.43 NS 0.41 NS 0.02 (0.68)

=0.59
(0.41)
=0.85

(0.50)
=0.33

Glucose
(mg dL−1) 94.81 82.08 ** 74.06 *** 75.33 *** 8.93 (47.42)

≤0.001
(115.61)
≤0.001

(26.11)
≤0.01
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Table 6. Cont.

Parameters Control

EPM Levels % DM (g/kg) Orthogonal Contrast

1.5 3 4.5 Pooled
SEM

ANOVA Linear Quadratic

(F Value)
p Value

Lipid profile

T. Lipids
(mg dL−1) 932.23 916.25 ** 879.14 *** 883.96 *** 23.82 (84.56)

≤0.001
(214.58)
≤0.001

(14.84)
≤0.01

T. CHOL
(mg dL−1) 217.65 192.67 ** 174.33 *** 178.33 *** 19.31 (15.86)

≤0.001
(36.36)
≤0.001

(8.75)
<0.05

TGs (mg dL−1) 165.97 149.25 ** 130.39 *** 131.69 *** 15.67 (41.69)
≤0.001

(109.41)
≤0.001

(11.99)
≤0.01

VLDL (mg dL−1) 33.19 29.85 ** 26.08 *** 26.34 *** 3.13 (41.78)
≤0.001

(109.68)
≤0.001

(12.10)
≤0.01

LDL (mg dL−1) 118.21 106.61 ** 95.22 *** 94.25 *** 10.47 (46.28)
≤0.001

(126.64)
≤0.001

(10.31)
≤0.01

HDL (mg dL−1) 59.99 66.52 ** 75.92 *** 73.23 *** 6.78 (26.28)
≤0.001

(62.14)
≤0.001

(10.95)
≤0.01

TG: HDL index 2.77 2.25 ** 1.72 *** 1.79 *** 0.44 (84.88)
≤0.001

(215.39)
≤0.001

(32.46)
≤0.01

LDL: HDL ratio 1.97 1.60 ** 1.26 *** 1.29 *** 0.31 (50.810)
≤0.001

(131.85)
≤0.001

(17.81)
≤0.01

Levels are reported as mean and pooled standard deviation of the mean (SDM). Analyses were conducted using
the mean per tanks (n = 3 tanks per treatment group, 5 fish per tank). Means followed by an asterisk (*) indicate
significant variation between groups by the One-Way ANOVA and Bonferroni correction test. * p < 0.05, ** p ≤ 0.01,
*** p ≤ 0.001. NS (p > 0.05), insignificant differences. EPMs 1.5, EPMs 3, and EPMs 4.5 indicate the supplementation
of effective probiotic microorganisms at the rate of 1.5%, 3%, and 4.5% DM (g/kg), respectively. ALT: alanine
transaminase, AST: aspartate transaminase, ALKP: alkaline phosphatase, T. Protein: total protein, A:G ratio:
albumin–globulin ratio, T. Bilirubin: total circulating bilirubin, T. CHOL: total cholesterol, TGs: triglycerides,
VLDL: very-low-density lipoprotein, LDL: low-density lipoprotein, and HDL: high-density lipoprotein.

3.7. Hepatic Reduction/Oxidation Balance

Supplementation with EPMs at 1.5%, 3%, and 4.5% DM significantly (p ≤ 0.001)
promoted the values of key antioxidant defense parameters (SOD, GSH-Px, and CAT), as
evidenced by their robust linear (p ≤ 0.0001) and quadratic (p ≤ 0.01) trends with respect
to the control group (Figure 3). Moreover, hepatic lipid peroxidation (MDA) levels were
significantly decreased in linear (p ≤ 0.0001) and quadratic patterns (p ≤ 0.01). These data
highlight the dual role of EPMs in optimal stress mitigation and fortifying antioxidant
defenses with dose-dependent efficacy that peaks with an equal ANOVA significant level
(p ≤ 0.001) at intermediate (3%) and high (4.5%) EPMs concentrations.
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Figure 3. Bar graphs depicting the mean± SD values of hepatic antioxidant/oxidant parameters in P.
hypophthalmus supplemented with EPMs for 90 consecutive days. SOD: superoxide dismutase, CAT:
catalase, GSH-Px: glutathione peroxidase, and MDA: malondialdehyde. Samples are symbolized as
red–yellow-colored diamond data dots on the right side of the bar graphs. Analyses were conducted
using the mean per tanks (n = 3 tanks per treatment group, 5 fish per tank). Bars with asterisks (*)
reflect significant variation between groups by the One-Way ANOVA and Bonferroni correction test.
** p ≤ 0.01, *** p ≤ 0.001. EPMs 1.5, EPMs 3, and EPMs 4.5 indicate the supplementation of effective
probiotic microorganisms at the rate of 1.5%, 3%, and 4.5% DM (g/kg), respectively.

3.8. Cellular and Humoral Immune Response

As illustrated in Figure 4, the NBT reduction rate and phagocytic and lysozyme activity
of farmed P. hypophthalmus showed significant (p ≤ 0.001) increases in a dose-responsive
manner with low (p < 0.05), moderate (p ≤ 0.01), and high (p ≤ 0.001) significance values
in the EPMs 1.5, EPMs 3.0, and EPMs 4.5 groups, respectively, when compared with the
control one. These findings suggest that EPMs supplementation linearly augmented the
immune responses without notable quadratic (p > 0.05) trends at higher doses.
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Figure 4. Bar graphs depicting the mean± SD values of cellular and humoral immune indicators of
P. hypophthalmus supplemented with EPMs for 90 consecutive days. NBT: oxidative burst reaction.
Each sample is represented as a red–yellow-colored diamond data dot on the right side of the bar
graphs. Analyses were conducted using the mean per tanks (n = 3 tanks per treatment group, 5 fish
per tank). Bars with asterisks (*) reflect significant variation between groups by the One-Way ANOVA
and Bonferroni correction test. * p < 0.05, ** p ≤ 0.01, *** p ≤ 0.001. EPMs 1.5, EPMs 3, and EPMs
4.5 indicate the supplementation of effective probiotic microorganisms at the rate of 1.5%, 3%, and
4.5% DM (g/kg), respectively.

3.9. Intestinal Microbial Diversity

As summarized in Figure 5, EPMs supplementation displayed a dose-dependent
positive impact on the gut microbial community modulation by enhancing beneficial LAB
and reducing TAPC, TFCC, and TVC with the same significance levels in the EPMs 1.5
(p < 0.05), EPMs 3 (p ≤ 0.01), and EPMs 4.5 (p ≤ 0.001) groups when compared with the
baseline microbial counts (log 10 CFU/g intestine) in the control group. Henceforth, the
linear models demonstrated a significant (p ≤ 0.0001) dose-dependent response, indicating
that higher EPMs concentrations (3% and 4.5% DM) consistently enhanced beneficial LAB
while reducing pathogenic bacteria. The quadratic effects of EPMs were also significant
(F = 15.06 to 20.84, p ≤ 0.01) for TAPC and TVC. These findings emphasize the potential of
EPMs to optimize intestinal health through linear and quadratic pathways.
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Figure 5. Grouped data plots depicting the mean±SD of the intestinal microbial communities of P.
hypophthalmus supplemented with EPMs for 90 consecutive days. LAB: lactic acid bacteria, TFCC:
total fecal coliform count, TVC: total enteropathogenic Vibrio spp. count, and TAPC: total aerobic
bacterial plate count. Analyses were conducted using the mean per tanks (n = 3 tanks per treatment
group, 5 fish per tank). Bars with asterisks (*) reflect significant variation between groups by the
One-Way ANOVA and Bonferroni correction test. * p < 0.05, ** p ≤ 0.01, *** p ≤ 0.001. EPMs 1.5,
EPMs 3, and EPMs 4.5 indicate the supplementation of effective probiotic microorganisms at the rate
of 1.5%, 3%, and 4.5% DM (g/kg), respectively.

3.10. Resistance to Infection

As shown in Figure 6, the survival of P. hypophthalmus toward A. hydrophila infec-
tion was significantly strengthened in fish fed with EPMs 3 and 4.5% DM (g/kg) when
compared to the control (χ2

EPMs3 = 6.39, df = 1, p ≤ 0.01, and χ2
EPMs4.5 = 10.60, df = 1,

p ≤ 0.001). However, there was no significant difference in survival between the EPMs
1.5-supplemented group and the control one (χ2

EPMs1.5 = 2.54, df = 1, p = 0.11). After the
15-day challenge period, EPMs 4.5 displayed the greatest cumulative percentage of survival
with 53.3%, followed by 33.3%, 26.7%, and 13.3% for the EPMs 3, EPMs 1.5, and control
groups, respectively.

Figure 6. Kaplan–Meier survival curve for P. hypophthalmus supplemented with EPMs for 90 con-
secutive days, followed by a challenge with A. hydrophilia for an additional 15 days. Analyses were
conducted using the mean per tanks (n = 3 tanks per treatment group, 5 fish per tank). Asterisks
(*) reflect a significant difference between groups by the Log-rank (Mantel–Cox) test. ** p ≤ 0.01,
*** p ≤ 0.001. NS (p > 0.05), insignificant differences. The shadow areas indicate 95% confidence
intervals. EPMs 1.5, EPMs 3, and EPMs 4.5 indicate the supplementation of effective probiotic
microorganisms at the rate of 1.5%, 3%, and 4.5% DM (g/kg), respectively.
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3.11. Principal Component Analysis (PCA) on the Significantly Enhanced Hemato-Biochemical,
Hepatic Redox Status, Digestive Enzymes, and Immunity Response Parameters

The PCA biplot (Figure 7) illustrates the loadings of variables, distinct clustering
patterns of control and EPMs-treated groups, and the key correlations among the estimated
parameters and trends in EPMs supplementation levels. At eigenvalues > 1, principal
components (PCs) 1 and 2 account for around 92.53% of the variance. PC1 accounts for
88.39% of the total variance, while PC2 explains 4.14%, indicating that most of the data
variation is reported by PC1. The biplot’s clustering pattern indicated that the control
samples (red circles) constituted a distinct cluster on the left, whereas EPMs 1.5, EPMs 3,
and EPMs 4.5 were clustered on the right. This reflects shifts in physiological and immune
responses corresponding to the dose supplementation of EPMs.

Figure 7. Principal component (PC) biplot of the significantly changed variables. Ellipses illustrate
determined clusters in the investigated groups, while dots within the ellipses indicate the value
of each sample. The arrow length reflects how much each variable influences the PCs; the arrow
direction shows the variables’ crosstalk.

Markers of liver antioxidant capacity (CAT, SOD, GSH-Px) and good cholesterol
(HDL) are positively loaded on PC1 and show a strong correlation with the EPMs 3 group,
reflecting an enhanced hepatic antioxidant defense at this cutoff probiotic level. These
variables load the opposite on PC1 and are inversely related to disturbance in hepatic
integrity parameters (ALT, AST, and ALKP), the lipid profile (T. Lipids, T. CHOL, TGs,
VLDL, LDL, LDL-C: HDL ratio, and TGs: HDL index), glucose, lipid peroxidation and
oxidative stress marker (MDA), and the inflammatory/nutritional status marker (A: G
ratio), which are strongly linked to the control group. On the other side, immune-related
parameters (WBC, lymphocytes, phagocytic activity, NBT), erythropoiesis indicators (RBC,
Hb, and PCV), proteinogram (T. Protein, and globulin), and GH are positively loaded in the
upper quadrant of PCI and exhibit a strong correlation with the EPMs 4.5 group, suggesting
an immunomodulatory effect of the higher EPMs dosage. These findings highlight a clear
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separation between the control and probiotic-treated groups, with higher EPMs levels
favoring enhanced immune and antioxidant responses.

4. Discussion
In catfish farming, feeding strategies targeting immunogenicity have gained scholarly

attention in recent years, with feed additives playing a crucial role in optimizing fish overall
health and feed utilization during adverse farming conditions [11,12]. Probiotics, particu-
larly multispecies consortia, have emerged as promising alternatives, offering synergistic
benefits in improving fish welfare and productivity [32]. Compared to single-strain probi-
otic applications, diets co-supplemented with more probiotic organisms have the potential
to generate enhanced benefits, as multi-strain probiotics may facilitate the integration of a
comprehensive range of actions into a single entity [32,69].

Recent reports on the diverse functional roles of entire multispecies probiotics and
their subcomponents have been widely practiced in fish farming to improve biometric
indices, carcass composition, feed conversion rates, and survival rates [32,33,70,71]. Thus,
our study found that although FI did not vary significantly between groups, FTL, FBW,
WG, ADG, SGR, and RGR exhibited significant increases, while FCR showed a significant
decrease. Such exciting linear outcomes could be related to improved feed utilization,
protein synthesis capacity, and hepatic glycolysis, providing sustained energy for growth
while modulating appetite regulation; however, the lack of a plateau response in FBW
and WG with increasing EPMs levels suggests that the investigated range may not have
captured the optimal inclusion level for maximum growth performance.

The improvement in PER observed in the present study is likely mechanistically
attributed to the enzymatic and metabolic activities of the EPMs’ microbial consortium
in the EPMs-supplemented diets. These microbes produce extracellular proteases and
peptidases that hydrolyze complex dietary proteins into more digestible peptides and free
amino acids, thereby enhancing amino acid bioavailability [32]. Furthermore, LAB and
photosynthetic microbes can contribute to the de novo synthesis of essential amino acids, B
vitamins, and cofactors that facilitate transamination and protein assimilation processes [71].
These combined effects likely improved nitrogen retention, protein deposition, and the
overall efficiency of amino acid utilization, ultimately leading to a higher PER in fish
fed supplemented diets. Such microbial-mediated improvements in protein metabolism
have been similarly documented in tilapia and catfish supplemented with multi-strain
probiotics [72].

In line with the current findings, digestibility and protein absorption in cultured
tilapia, shrimp [32], carp, and catfish [73,74] were promoted by bioactive antimicrobial
peptides and digestive enzymes synthesized by fermenting fungi and actinomycetes, which
biodegrade complex feed components into readily absorbable nutrients. These growth-
promoting effects might be attributed to the fact that yeast (Saccharomyces cerevisiae and
Candida utilis)-derived β-glucans and mannan oligosaccharides, as well as LAB-produced
bacteriocins and short-chain fatty acids (SCFAs), exert advantages as essential nutrients
for gut microbiota modulation, whole-body growth rate, and protein turnover in Nile
Tilapia [66,75], rainbow trout [76,77], and African catfish [70]. Additionally, red basid-
iomycetes (Rhodobacter sphaeroides and Rhodopseudomonas palustris) accumulate β-carotene,
torulene, torularhodin, and polyhydroxyalkanoates cofactors in the prawn and tilapia
gut to improve intestinal epithelium integrity, the synthesis and release of growth hor-
mone, protein retention, and food conversion efficiency [32]. In accordance with Cadangin
et al. [78] and Ferdous et al. [79], the linear trend in serum GH levels with higher EPMs con-
centrations in the current investigation suggests that enhanced growth rates are potentially
linked to the modification of growth-related endocrine regulators and growth-promoting
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activities of GH by triggering the synthesis and release of IGFs. This GH-IGF-1 axis is
essential for overall nutrient metabolism, responses to environmental and nutritional cues,
and improving muscle cell proliferation [31].

Indeed, the synergistic interactions and adaptability of the multi-strain probiotics,
including Actinomycetes, Aspergillus oryzae, Lactobacillus plantarum, photosynthetic bacteria,
yeasts, and Saccharomyces cerevisiae, are more effective than single-strain probiotics or their
cellular subcomponents in enhancing feed efficiency, digestive enzyme activities, growth
performance, carcass composition, and biometric indices in Nile tilapia [28,35,80] and other
fish species [32,71,72,81,82]. As such, the analysis of whole-body proximate composition
and biometric indices in fish fed EPMs-supplemented diets revealed a significant increase
in crude protein and a decrease in lipid content. Additionally, the survival rate (SR),
visceral somatic index (VSI), relative gut length (RGL), and condition factor (K) were
improved in a dose-dependent manner. These findings align with and surpass previous
studies on multispecies [11,83,84] and single-strain [24,85] probiotic supplementation in
striped catfish. This suggests that the synergistic action of the probiotics mixture in the
current study strengthened the intestinal barrier and facilitated more effective nutrient
deposition, digestive enzyme activities, protein synthesis, lipid efficiency, muscle growth,
and carcass protein content by directing nutrient allocation toward growth rather than
concentrating it in the liver, thereby ensuring efficient energy utilization and optimal
growth rates. Our finding corroborates these interpretations because the fish treated with
EPMs 4.5 supplementation showed a pronounced linear enhancement in digestive enzyme
activity (TAP, lipase, and α-amylase) and greater growth rates compared to those in the
EPMs 3%, EPMs 1.5%, and control groups. Moderate outcomes of increased digestive
enzyme activity were also observed in P. hypophthalmus supplemented with Lactobacillus
plantarum, Bacillus subtilis, Enterococcus faecium, and Saccharomyces cerevisiae combinations
(0.5–1.5 g kg−1 diet) for 56 days [11]. The findings indicate that dietary overdose of EPMs
consortia can secrete exogenous enzymes in fish, which may potentially augment the host’s
natural digestive enzyme secretion, thereby improving overall digestive efficiency, gut
microbiota reconstruction, nutrient absorption, and growth performance.

Biotic and abiotic stressors in intensive fish culture disrupt their physiological hemosta-
sis [84,86]. Indeed, hematological panel indicators are critical tools for evaluating the overall
health and physiological disturbance of aquatic species receiving functional aquafeed addi-
tives and probiotics, offering valuable insights into their impact and effectiveness [34,36,79].
In the current investigation, P. hypophthalmus fed a supplemented diet exhibited a better
health status and cellular immunity, with no adverse effects on the hematological profile.
In accordance with recent studies [11,27,79,84], our findings indicate that the Hb concen-
tration and PCV % were higher in the EPMs-supplemented groups than in the control
group, probably due to the hematinic minerals, active compounds, and vitamins synthe-
sized and released by diverse strains of probiotics in gut media, which positively regulate
effective normocytic normochromic RBC production, blood oxygen-carrying capacity, and
acquired or adaptive immunity to help fish counteract stress and prevalent diseases [86–89].
WBCs increase as a defensive cellular adaptation to oxidative stress and infectious diseases,
which ultimately raises fish immune response or survivability [90]. Thus, the fish in the
supplemented groups showed significant linear enhancement in absolute WBC count and
their lymphocyte proportion, suggesting immune-bolstering impacts of the multispecies
prebiotics admixed diet. Similar findings were reported for the leukocyte count and innate
immunity defense in Nile Tilapia [91], juvenile Asian seabass [92], hybrid groupers [31],
and striped catfish [93] supplemented with diverse strains of probiotics (lactobacillus casei,
Streptococcus lactis, and a mixture of bacteria and yeast), which create immune-related bioac-
tive molecules (bacteriocins, exopolysaccharides, peptidoglycans, β-glucans, antimicrobial
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peptides, secreted immunoglobulin A, and mannoproteins) involved in pathogen recogni-
tion, immune cell proliferation, and AMR pathogen mitigation in aquaculture systems in
an eco-friendly manner [11,32,93].

Blood metabolites are known as critical variables of fish nutritional status, stable
metabolic rates, and overall hepato-renal function; they provide valuable insights into the
safety and efficacy of dietary supplements [35,43]. In this regard, EPMs supplementation
significantly influenced liver metabolic functions, hepatocyte integrity biomarkers, and
lipid metabolism in P. hypophthalmus. A significant reduction in serum ALT, AST, and ALKP
activities was observed across all the EPMs-supplemented groups, following strong linear
and quadratic trends. In contrast to this, Abdel-Latif et al. [11] reported that hepatic enzyme
activity showed insignificant change following multispecies probiotic supplementation
at 0.5–1.5 g kg−1 diet for 56 days. Our findings reflect the clear modulation of hepatic
biomarkers, which may influence the differences in probiotics mix, formulations, dosages,
or aquaculture practices. The outcomes suggest that EPMs contribute to improved hepatic
function and hepatocyte stability, consistent with previous findings on functional feed addi-
tives in other fish species [86,94]. Furthermore, T. Protein and globulin levels were linearly
increased, particularly in the EPMs 3 and EPMs 4.5 groups, indicating enhanced protein
synthesis and immune competence [35]. However, albumin, T. Bilirubin, creatinine, and
urea levels remained unchanged. This finding corroborates the safety and non-toxic charac-
teristics of EPMs dietary supplementation and confirms that the cultured P. hypophthalmus
was healthy, exhibiting no nutritional, metabolic, or physiological disturbances.

Lipid biotransformation efficiency and glucose metabolism in the EPMs-supplemented
groups were consistent with those obtained by Hassaan et al. [87], as evidenced by the
significant reductions in glucose, total lipids, cholesterol, triglycerides, VLDL, and LDL,
alongside remarkably increased HDL levels. The circulatory lipid clearance rate was cor-
related with EPMs supplementation and beneficial gut microbiome abundance and their
active metabolites, including SCFAs (butyrate and propionate), bile salt hydrolases, and
lipases, which play crucial roles in triggering triglyceride transport, apoprotein A and
B synthesis, lipoprotein assembly, HDL production, and energy metabolism optimiza-
tion [32,95]. Efficient lipid utilization mitigates lipid and glycogen accumulation in the liver,
hence reducing body lipid content, liver steatosis, and retarded growth, as discussed in this
study and recent reports [96,97]. The reduced TG: HDL index and LDL: HDL ratio further
demonstrate the significance of dietary EPMs in enhancing lipid balance, fish quality, and
cardiovascular health of P. hypophthalmus.

Indeed, aquaculture stressors provoke excessive free radical (ROS) accumulation,
oxidative damage to essential cellular components (proteins, lipids, and nucleic acids), and
impaired metabolic status in aquatic animals [31,88]. This situation necessitates enhancing
antioxidant defense systems for scavenging excess ROS and maintaining a balanced cellular
redox state. In our study, the incorporation of EPMs into the basal fish meal mitigated
ROS-induced damage in the hepatic tissue of cultured P. hypophthalmus fingerlings by
the dual role of EPMs in reducing hepatic lipid peroxidation (MDA) while strengthening
liver antioxidant capacity (SOD, CAT, and GSH-Px) with dose-dependent efficacy relative
to the control group. These potent antioxidant benefits may result from the bioactive
peptides, bacteriocins, exopolysaccharides, SCFAs, and B-complex vitamins produced and
released by the functional probiotics to support mitochondrial function and ROS-binding
potential [30]. Similar to our results, mixed feeding with multispecies probiotics enhanced
hepatic redox status in P. hypophthalmus by promoting CAT, SOD, and GSH-Px activity
values, together with a reduction in MDA concentrations [11]. A similar kind of observation
was also reported by Xie et al. [31] after administering feed admixed with B. cereus and E.
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acetylicum to Hybrid Groupers, and by Bhatnagar and Mann [81] after the coadministration
of Bacillus cereus SL1 and Ocimum sanctum combination to mrigal (Cirrhinus mrigala).

The immunostimulatory and antioxidative effects of EPMs are driven by bioactive com-
pounds (e.g., exopolysaccharides, β-glucans, bacteriocins, and short-chain fatty acids) that
act as crucial signaling molecules. The dual function of these bioactive metabolites is clearly
demonstrated. They simultaneously enhance the efficacy of pivotal antioxidant enzymes
(SOD, CAT, and GSH-Px) and actively modulate immune-related signaling cascades (e.g.,
TLRs/NF-κB). This interaction subsequently stimulates a heightened immune response,
evidenced by increased cytokine release, phagocytic activity, and oxidative burst [72,81–83].
Consequently, while the current evidence is strong at the phenotypic level, subsequent re-
search should focus on gene-level analysis to definitively confirm these proposed molecular
mechanisms [36,81].

Previous studies have emphasized the role of mixed probiotics in enhancing innate
immunity over single strains due to their synergistic effects on triggering various im-
mune defense mechanisms [32,36,94]. The main defense mechanism of fish is the vital
link between innate and adaptive immune systems, which guarantees a quick and effi-
cient immune response and prompt protection against various diseases. Our study found
that adding multi-strain probiotics to P. hypophthalmus basal aquafeed augmented innate
immune response. This was evident through a linear trend in the oxidative burst activ-
ity measured by NBT reduction, increased serum lysozyme-mediated bacterial cell wall
degradation activity, and improved phagocytic function of neutrophils and macrophages
in ingesting exogenous pathogens. Similar immune-enhancing properties have been re-
ported for various Bacillus strains incorporated in the diet of Scophthalmus maximus and P.
hypophthalmus [93]. Consistent with Dias and Filho [72] and El-Kady et al. [36], multi-strain
probiotics significantly increased O. niloticus’s innate immunity compared to single strains.
Reyes-Becerril et al. [98] and Torres-Maravilla et al. [99] attributed these immunomodula-
tory impacts to the immune-modulating compounds (antimicrobial peptides, phenols, lac-
tones, bacteriocins, tryptophan, exopolysaccharides, propionate, butyrate, and B-complex
vitamins) synthesized by EPMs. These compounds promote cytokine upregulation, pattern
recognition receptor expression in phagocytes, and pathogen opsonization via antibody or
complement pathways to regulate immune responses, intestinal barrier function, and AMR
bacteria elimination.

Nowadays, the use of probiotics as a substitute for antibiotics aims to reduce the
colonization of larval, fry, and juvenile intestines by bacterial pathogens and shift the gut
microbial composition toward a nutritionally essential beneficial microbiome [71,100] to
enhance enzymatic activity, nutrient digestion, intestinal integrity, and overall fish health,
thereby supporting sustainable aquaculture practices [32]. In keeping with this approach,
a diet mixed with EPMs at higher concentrations (3 and 4.5% DM g/kg) significantly im-
proved the abundance of beneficial LAB, together with reducing the pathogenic TFCC and
TVC load in P. hypophthalmus gut mucosa in a linear dose-responsive manner with respect
to the control group. As evidenced, LAB, actinomycetes, and Aspergillus sp., encountered
in EPMs, mitigate gut microbial dysbiosis by competing for resources, producing active
metabolites (bacteriocins, vitamins K and B2) integral for membrane integrity, antimicrobial
activities, and cellular and humoral immune responses, thereby minimizing the risk of
gastrointestinal diseases in aquaculture systems, improving optimal metabolic function,
fish health, and stress resilience [12,32,89]. Similar results were recently outlined by Opiyo
et al. [101], who found that baker’s yeast (Saccharomyces cerevisiae) exerted favorable effects
on pathogenic bacteria load in Nile Tilapia and was more effective than Bacillus subtilis in
influencing the functional microbiota composition. Another study using juvenile crucian
carp demonstrated that extracellular enzymes of photosynthetic bacteria detoxify water
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and combat organic matter build-up stress through the degradation of toxic ammonia
and nitrite compounds in aquatic ecosystems to make water more suitable for culture
organisms and gut microbiota, providing additional protein sources, novel metabolites,
growth-promoting factors for more efficient feed digestion, nutrient assimilation, and stress
tolerance [88,102].

Infections caused by A. hydrophila induce hemorrhagic septicemia, exophthalmia, ab-
dominal distension, and reddening of fins; in Southeast Asia, mortalities reached 80–100%
within 14 days in catfish, leading to huge economic losses [103,104]. A diet containing
multiple probiotic strains could effectively safeguard against A. hydrophila infections in
fish cultured in stressed aquatic environments. Notably, a 90-day regimen of feeding with
EPMs at 3% and 4.5% supplementation was sufficient to augment the P. hypophthalmus
immune system and improve its survival toward A. hydrophila infection compared to the
control diet. This result is critically important for striped catfish aquaculture practices,
as A. hydrophila is among the most widespread pathogenic bacteria globally, especially
in intensive farming systems [103]. Survival rates following A. hydrophila challenges are
attributed to enhanced innate immune responses in farmed fish, supported by probiotic
strains in EPMs. As previously discussed, the active metabolites and subcellular com-
ponents in these probiotics promoted the antioxidant capacity, phagocytic activity, and
lysozyme function. These immune responses augment the modulation of gut microbiota
and suppression of A. hydrophila colonization. The current outcomes are consistent with the
existing literature supporting the beneficial impacts of mixed probiotics in aquaculture to
improve disease resistance [11,105], reduce pathogen load [82], and promote overall fish
health [24]. Consequently, dietary inclusion of EPMs at 3% and 4.5% DM over three months
presents a promising strategy for mitigating bacterial infections in aquaculture.

5. Conclusions
Dietary supplementation with multispecies EPMs was investigated in this study,

which provided valuable insights into enhancing growth performance, feed efficiency,
digestive enzyme activity, antioxidant capacity, immune response, and disease resistance
against A. hydrophila infection. The 4.5% inclusion level yielded the greatest overall benefits
without adverse effects on the hematobiochemical profile and health status, marking it as an
optimal inclusion level. The noted hypolipidemic effect indicated that EPMs help regulate
lipid metabolism, which adds to their value as a functional feed ingredient. These find-
ings highlight EPMs as potent health-promoting and prophylactic agents; however, they
should complement rather than replace therapeutic antibiotics. Prospective studies must
involve comparisons with conventional antibiotics, such as oxytetracycline or enrofloxacin,
through double-blind challenge trials and detailed antimicrobial resistance profiling. Fur-
ther research should elucidate the molecular pathways underlying EPMs’ beneficial effects
through transcriptomic approaches, evaluate their long-term impacts across diverse fish
species, and optimize their formulations for commercial-scale application. Addressing
these aspects will strengthen their potential as sustainable, eco-friendly alternatives to
antibiotics, conventional growth enhancers, and immunostimulants in aquaculture.
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