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Abstract This study examined the effects of different levels of supplementation with Lactobacillus lactis
TISTR 1464 on the growth performance, hematological parameters, digestive enzymes, and immune response
in of Nile tilapia (Oreochromis niloticus) one week post-cessation. Tilapia were fed diets supplemented
with L. lactis at concentrations of 0 (control), 10%, 10°, and 10® CFU/g of diet in three replicates. The initial
average weight of tilapia was 8.08+0.01 g. Throughout the 10-week supplementation period, the growth
of tilapia was not significantly affected by different concentrations of L. lactis (P >0.05). However, tilapia
on a diet supplemented with 108 CFU/g of L. lactis had higher whole-body crude lipid levels than the other
groups (P <0.05). Additionally, they showed elevated lipase activity (P <0.05). Fish fed diets supplemented
with 109 and 10® CFU/g of L. lactis demonstrated significantly higher levels of hematocrit, hemoglobin,
and white blood cells (WBC) compared to those fed the control diet. No significant differences were found
in cholesterol, albumin, globulin, and liver function biomarkers among the dictary groups. Fish on a diet
supplemented with 108 CFU/g of L. lactis also exhibited increased levels of catalase (CAT), superoxide
dismutase, and lysozyme (P <0.05), with no difference in myeloperoxidase. After one week of cessation,
CAT levels in fish fed L. lactis supplemented diet remained considerably higher than those in the control
group (P <0.05), despite no noticeable differences in red blood cells (RBC) and WBC. In conclusion, adding
108 CFU/g of L. lactis to the Nile tilapia diet boosted lipase activity and stimulated immune responses.
However, one week post-cessation, the immune response diminished, suggesting that continuous dietary
supplementation with L. lactis is necessary for enhancing immune response in Nile tilapia.
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Introduction

Nile tilapia has emerged as an important fish species in aquaculture. It is the third largest aquaculture in
the world, after the grass carp and silver carp (FAO 2020). The aquaculture of Nile tilapia tends to expand
continuously. Various challenges associated with the aquaculture of tilapia are often linked to disease re-
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sulting from intensive cultivation, water quality management, and improper feeding practices, leading to
economic losses (Arumugam et al. 2023). The prevailing treatment for most infections in tilapia is the use
of antibiotics. However, the indiscriminate use of antibiotics, especially in cases where the pathogenic mi-
croorganisms are unknown and appropriate dosages are not clear, has led to the emergence of drug-resistant
bacteria (Chitmanat et al. 2016). Furthermore, the presence of antibiotic residues in fish after treatment and
their potential transmission through the food chain to consumers raise concerns about food safety (Chen
et al. 2020). In light of these challenges, probiotics have emerged as an alternative method for disease
management in tilapia, with potential benefits in improving fish immunity and reducing the dependency on
antibiotics (Arumugam et al. 2023). Probiotic microorganisms have gained interest in commercial aqua-
culture due to their ability to promote fish health, stimulate growth, and boost immunity while remaining
safe for both hosts and consumers (Phinyo et al. 2024; El-Saadony et al. 2021). However, the excessive
and rapid application of probiotics in aquatic animals may induce microbial dysbiosis and adversely affect
the health of susceptible hosts (Xia et al. 2018). Probiotic microorganisms selected for supplementation in
aquatic or fish diets yielded different results in growth, health promotion, and immune response outcomes
(Assan et al. 2022; Phinyo et al. 2021). Therefore, selecting the appropriate type and level of probiotics for
supplementation in diets is crucial to ensure their effective use in aquatic animals.

Lactic acid bacteria (LAB) are commonly found as part of the gut microbiota (Tang et al. 2023). Both
spherical and rod-shaped bacteria can produce bacteriocin, a peptide with antimicrobial activity (Tang et al.
2022). Previous studies have shown that LAB can inhibit various pathogens, including Sa/monella typhi,
Staphylococcus aureus, and Pseudomonas putida (Amarantini et al. 2019). For example, L. plantarum
AH?78 inhibits pathogenic bacteria such as P. aeruginosa, Klebsiella pneumonia, and Streptococcus iniae
(Hamdan et al. 2016). Moreover, Lactococcus (Lc.) lactis can inhibit aquatic pathogens such as Aeromonas
hydrophila, A. salmonicida, Lc garviae, Vibrio anguillarum, Yersinia ruckeri, and S. parauberis (Balcazar
et al. 2008; Kim et al. 2013). Among the LAB species, Lactobacillus (L.) has been a popular choice for
probiotic supplementation in fish. Previously, L. acidophilus was administered to common carp at concen-
trations of 10* and 10° CFU/mL to improve growth (Adeshina et al. 2020). Other studies on Nile tilapia
involved the administration of L. plantarum at 10'° CFU/g of diet (Jatoba” et al. 2011), L. plantarum AH 78
at 0.5-1% (w/w) (Hamdan et al. 2016), and Lc. lactis subsp. lactis ICM5805 at 108 CFU/g of diet (Xia et al.
2018). In addition, LAB supplementation improved immunity and resistance to pathogens in fish. Examples
include introducing L. sakei at a dosage of 10° CFU/g of diet in Common carp (Cyprinus carpio) (Salih et
al. 2023), Lc. rhamnosus ATCC 7469 at a concentration of 10® CFU/g of diet in Rainbow trout (Hooshyar
et al. 2020), Lc. lactis BFE 920 at a concentration of 2.5x107 CFU/g of diet in Olive flounder (Paralichthys
olivaceus) (Kim et al. 2013), and L. plantarum AH 78 at a concentration of 0.5-1% (w/w) in Nile tilapia
(Hamdan et al. 2016). Moreover, the administration of Lactobacillus in fish has been shown to influence
gut microbiota diversity (Foysal et al. 2020), digestive enzyme (Mohammadian et al. 2017), feed utilization
(Salih et al. 2023), immune response, and disease resistance in fish (Feng et al. 2019). While probiotics
have demonstrated promising effects on fish health, it is equally important to study the effect of probiotic
cessation. Previous studies showed that post-cessation of probiotics resulted in changes in gut microbiota,
immune response, and digestive enzyme activity (Xia et al. 2018; Zhang et al. 2019b; Sagada et al. 2023).
Therefore, understanding the effects of probiotic supplementation and its subsequent cessation on growth,
immune response, and enzymatic activity of the digestive tract is essential in planning appropriate probiotic
regimes for Nile tilapia culture. In the context of L. lactis supplementation in Nile tilapia, studies on its
impact on immune response are limited. Therefore, this research aimed to explore the effects of varying
levels of L. lactis supplementation in tilapia diets on growth performance, digestive enzymes, and immune
response in Nile tilapia. This study also investigated post-cessation effects on fish enzymes and immunity
to determine appropriate probiotic supplementation and cessation periods for tilapia culture.

Materials and methods
Ethical approval

The experimental procedures adhered to the requirements of the Institute of Animal for Scientific Purposes
Development in Thailand. This research was approved by the Animal Ethics Committee of Naresuan Uni-
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versity (Approval No. 0005/2564, 2021).

In vitro antibacterial activity against pathogenic bacteria of Lactobacillus TISTR 1464

The L. lactis was derived from Thailand Institute of Scientific and Technological Research (TISTR) bacte-
ria code no. 1464. The antimicrobial activity of L. lactis was tested using the agar well diffusion method. L.
lactis was inoculated into de Man, Rogosa & Sharpe (MRS) broth (Himedia) and incubated at 37 °C for 18-
24 h. Pathogenic bacteria such as Aeromonas hydrophila, and Pseudomonas aeruginosa were cultured in
Luria Bertani (LB) broth (Himedia) while S. agalactiae were cultured in Tryptic soy broth (TSB, Himedia).
The pathogenic bacteria were incubated at 37 °C for 18-24 h. The turbidity of the cell culture was adjusted
using standard McFarland no. 0.5 before swabbing onto media agar. The L. lactis was transferred into wells
with a diameter of 0.5 mm on the agar plate. The negative control used microorganism-free of LB and TSB
medium. The plate was incubated at 37 °C for 24 h. The inhibition zone was measured and calculated using
the formula; diameter of clear zone/diameter of the well.

Experimental diet preparation

The basal diet preparation consisted of 36.17% crude protein, 8.13% crude lipid, and 18.71 MJ/kg of gross
energy diet. The composition of diet ingredients is shown in Table 2. All the ingredients were finely ground
using a 600 um sieve and thoroughly mixed using a food mixer (SKU00038, Watchara Food and Stating
Co., Ltd., Thailand). To this mixture, 400 mL /kg of deionized water was added. After thorough mixing, the
resulting mixture was passed through a 3 mm sieve of a meat grinder (Bae Heab Thye, Bangkok, Thailand),
and then dehydrated at 60 °C for 24 h. The experimental diet was stored at -20 °C until utilized.

The experimental diet preparation involved supplementing the basal diet with four different formula-
tions of L. lactis at concentrations of 0, 104, 10°, and 10® CFU/g of diet, respectively. The L. lactis TISTR
1464 was cultured in MRS broth. The cells were harvested by centrifuging at 5,000 rpm for 10 min at room
temperature. The cell pellets were suspended in phosphate buffer saline (PBS) pH 7.0 (Liu et al. 2013).
The cell suspension was adjusted based on the optical density at 600 nm compared with the standard curve.
After that, the cell suspension was sprayed onto the feed daily.

Fish preparation, and experimental procedure

Nile tilapia with an average body weight of 0.81+0.09 g/fish were purchased from a local farm in Phit-
sanulok Province in Thailand. Fish were acclimatized in 500 L fiberglass tanks and fed twice daily on a
commercial diet containing not less than 40% protein and 4% fat for 4 weeks. Subsequently, the fish were
randomly placed into 12 glass tanks with each tank holding 20 fish (3 tanks per replicate) and having a vol-
ume of 120 L of water (0.90 x 0.45 x 0.45 m?). The experimental tanks were exposed to 12 h of darkness/12
h of light. During the acclimatization period, fish were fed L. lactis-free basal diet formulation for seven
days. Fish were fed at 5% (w/w) of their body weight twice daily (9.00 AM. and 17.00 PM). Following
the acclimatization period, the fish were provided with a specialized diet containing varying amounts of L.
lactis, specifically at concentrations of 0, 104, 10%, and 10® CFU/g. The feeding regimen involved providing
the experimental diet at 5% (w/w) of the fish’s body weight per day for 10 weeks, with adjustments to the
feed quantity made every two weeks based on the fish’s weight. After that, the fish were switched back to
a control diet for one week. The water quality parameters were monitored throughout the feed trial. Tem-
perature was maintained at 29.23+0.45 °C, pH at 7.92+0.16, dissolved oxygen (DO) at 6.18+0.08 mg/L,
and ammonia-N at 1.17+£0.09 mg/L. About 70% of the water was replaced daily with dechlorinated water.

Growth performance and index values

Evaluation of growth performance metrics and index values in Nile tilapia was conducted following a
10-week feeding regimen involving varying levels of L. lactis. The parameters were computed using the
following formulas: weight gain (WG, g/fish) = [final body weight; FBW (g) — initial body weight; IBW
(g)]mumber of fish; specific growth rate (SGR, % /day) = 100 x [Ln FBW (g) — Ln IBW (g)] /duration (70
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days); average daily gain (ADG, g/day) = weight gain/duration (70 days); protein efficiency ratio (PER, %)
=100 x [weight gain/(total intake of dry feed x protein content in feed]; feed conversion ratio (FCR) = total
intake of dry feed Aveight gain; survival rate (%) = 100 x [final number of fishes /initial number of fishes];
viscerosomatic index (VSI, %) = 100 x [visceral weight/body weight]; hepatosomatic index (HSI, %) = 100
x [liver weight (g)/body weight (g)].

Chemical composition analysis

The chemical composition of the experimental diet and the fish’s whole-body (where two fish per tank
were pooled, N = 3) were analyzed using AOAC’s official analysis methods. (2000). Moisture content
was determined through a hot air oven at 105°C for 48 h. Crude protein was analyzed by the Kjeldahl
method using a semi-automatic Kjeldahl apparatus (Gerhardt VAPODEST, Germany). Crude lipid was
extracted from petroleum ether using the classic Soxhlet apparatus (Gerhardt, Germany). For crude fiber
analysis, samples were digested with 1.25% (v/v) of H,SO,, and 1.25% (w/v) of NaOH using a fiber bag,
following Hemamalini et al.’s method (2020). For the ash analysis, samples were calcined in a muffle
furnace at 550°C for 5 h.

Blood and tissue collection

Following 10 weeks of feeding the experimental diet, and one week post-cessation, fish were transitioned
to a control diet and were anesthetized with a clove oil solution. The clove oil solution was prepared from
clove oil and ethanol in a ratio of 1:9. Blood was collected from the caudal vein (N = 6) using a 1 mL sterile
syringe. The fish blood was divided into two parts. First, it was collected into an anticoagulant-containing
blood collection tube (K, EDTA Blood collection tube, Fushino, China) for analysis of red blood cells
(RBC), white blood cells (WBC), hemoglobin, and for a blood smear analysis to identify WBC (stained
followed by Wright’s-stain protocol). The second part was used to extract serum for blood chemistry and
immune response. Blood samples were placed in anticoagulant-free tubes, allowed to clot, and then stored
overnight at 4 °C. These samples were then centrifuged at 3,000 rpm for 15 min at 4 °C, and stored at -80 °C
until utilized (Di et al. 2019). For tissue collection, visceral organs and the liver were weighed to compute
indices as outlined in section 2.4. Samples of mid-intestines (2 fish/tank) were collected and stored in a
cryotube at -80 °C until analyses of enzyme activity were needed.

Hematological parameter

Blood hematological parameters were assessed as follows: hematocrit was determined using the micro-he-
matocrit centrifugation technique at 12,000 rpm for 5 min. RBC and WBC counts were obtained by diluting
samples with Thoma pipettes, and using a hemacytometer. Hemoglobin (Hb) levels were determined using
the cyanmethemoglobin methods as outlined by Blaxhall and Daisley (1973), employing a spectrophotom-
eter at 540 nm wavelength.

Serum biochemistry profiles (two fish per tank were pooled, N = 3) were determined as follows; total
protein was assessed using the Biuret method (Zheng et al. 2017), while albumin levels were determined
using the Bromocresol-green method (Speicher et al. 1978). Total cholesterol and creatinine levels were es-
timated using the enzymatic colorimetric method. Blood urea nitrogen (BUN) was measured by the Urease
UV-kinetic method. For liver function parameters, aspartate aminotransferase (AST), alkaline phosphatase
(ALP), and albumin were analyzed using Cobas ¢ 311 analyzers manufactured by Roche Diagnostics (Swit-
zerland). Globulin levels were obtained by subtracting albumin from total protein concentration (Coull et
al. 1991).

Digestive enzyme activity assay
For the digestive enzymes, the mid-intestine (two fish per tank of each period, N = 6) was homogenized

with ice-cold PBS, pH 7.4 (1:4 parts of tissues) chilled on ice. The homogenate was centrifuged at 8,000
rpm for 15 min at 4 °C, with the supernatant collected for analysis. The protease activity was assessed
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using 0.65% (w/v) casein in 50 mM potassium phosphate buffer as the substrate, measured at OD 660
nm compared to the tyrosine standard curve (Zhang et al. 2017). Lipase activity was determined using
0.01 M of p-nitrophenyl palmitate (p-NPP) as the substrate, measured at an OD of 410 nm, and com-
pared to the standard curve of p-nitrophenol (p-NP). For the hydrolysis of starch, a-amylase activity was
assessed using 1% (w/v) of soluble starch as the substrate and measured reducing sugar using the DNS
(3,5-dinitrosalicylic acid) assay (Miller 1959) at OD 540 nm wavelength and compared to the standard
chart of maltose.

The sample’s protein concentration was measured using the Lowry method, at OD 650 nm, compared
to a Bovine serum albumin (BSA) standard curve. The enzyme activity assay and protein reaction mea-
surements were performed using a microplate reader (BioTek Synergy HT, USA) in 96-well microplates.

Serum antioxidant enzyme activity and immune response

The assessment of antioxidant enzyme activity in fish serum (two fish per tank for each period, N = 6)
involved the following procedures: catalase activity (CAT) was measured following the protocol estab-
lished by Wangkahart et al. (2022). Initially, 10 pL of serum was added to 0.05% freshly cold H,O, in
phosphate-buffered saline (PBS), pH 7.4, as the substrate. Enzyme reactions were assayed in 96-well plates,
with CAT activity measured at 20 s and 80 s. Absorbance was recorded at 450 nm using a microplate reader
(BioTek Synergy HT, USA). Superoxide dismutase (SOD) activity was analyzed using a SOD determina-
tion kit from Sigma-Aldrich, following the manufacturer’s guidelines, and absorbance was measured at
450 nm using a microplate reader. Myeloperoxidase (MPO) activity was determined by adding 35 pL of
3,3'-5,5'-tetramethyl benzidine hydrochloride to 20 pL serum solution (dilute in PBS, pH 7.4), followed by
the addition of 5 mM of H,O,. The reaction was incubated for 1 min at room temperature, and the reaction
was stopped by adding 2M H,SO,. The color of the enzyme reaction was measured at OD 450 nm (Pulli et
al. 2013).

Lysozyme activity (LZM) was assessed by adding 25 pL of serum to 100 pL of 0.2 mg/mL of Micro-
coccus lysodeikticus in PBS, pH 7.4. The microplate reader was gently shaken for 3 s, and a decrease in
turbidity was measured at OD of 450 nm at 30 s and 180 s, respectively (Luck 1974).

Statistical analysis

The normality of the data was assessed using the Shapiro-Wilk test. Data were analyzed using a one-way
analysis of variance (ANOVA) with significance set at P <0.05: mean values were significantly different
when analyzed with IBM SPSS statistics (version 19.0, IBM Corporation, USA). Post-hoc or pairwise com-
parisons were made using Duncan’s multiple range tests (DMRT). All data were presented as mean + SEM.

Results
Inhibition of pathogenic microorganisms in aquatic animals

The test results showing the ability of L. /lactis to inhibit aquatic pathogens are presented in Table 1. The L.
lactis effectively inhibited the growth of three pathogenic bacteria that infect aquatic animals: A. hydroph-
ila, P. aeruginosa, and S. agalactiae. The inhibition ratios for each pathogen, ranging from 2.02+0.29 to
2.10+0.20, were not significantly different (P >0.05). In contrast, the negative control did not show any
inhibition zones. Notably, L. lactis displayed substantial efficacy in inhibiting the growth of A. hydrophila
and S. agalactiae.

Growth performance and body condition indices

The growth performance of tilapia after being fed a supplemented diet with different levels of L. lactis (0,
104, 10° and 10% CFU/g) for 10 weeks is shown in Table 3. We found that growth performance and feed
utilization parameters, such as final body weight (FBW), weight gain (WG), specific growth rate (SGR),
average daily gain (ADG), and protein efficiency ratio (PER) exceeded those of the control group (P >0.05).
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However, L. lactis supplementation at different concentrations did not affect the survival rate (P >0.05).
There was no statistically significant difference between the VSI and HSI values (P >0.05).

Whole-body analysis

After being fed the experimental diet, the comprehensive analysis of whole-body composition is shown in
Table 4. The crude lipid contents in fish supplemented with L. lactis at 103 CFU/g were significantly higher
compared to those fed other formulas (P <0.05). In contrast, no significant differences were observed in
the levels of moisture content, crude protein and ash found in the whole-body composition following the
consumption of the experimental diet (P >0.05).

Table 1 Inhibition activity against the aquatic pathogens by L. lactis TISTR 1464

Pathogen Quality Ratio*
A. hydrophila 4 2.10+0.20
P. aeruginosa + 2.03+0.20
S. agalactiae +++ 2.02+0.29
Values shown are mean+ standard error of mean (SEM) of three replicates (N = 3).
Efficiency of antibacterial; mild (+), strong (++), and very strong (+++)
Table 2 Formulation and chemical composition of basal diet
Diet ingredients (g/kg) Basal diet
Fish meal 220
Soybean meal 300
Corn meal 150
Rice bran 200
Wheat flour 30
Corn gluten meal 50
Corn oil 30
"Mineral and vitamin premix 20
Chemical composition (dry basis)
Moisture (%) 6.86
Crude protein (%) 36.17
Crude lipid (%) 8.13
Fiber (%) 5.51
Ash (%) 10.75
’GE (MJ/kg) 18.71
3NFE (%) 44.95

! Mineral and vitamin premix (per kg): calcium, 100 g; phosphorous, 80 g; magnesium, 2.16 g; zinc sulfate, 1.6 g; ferrous sulfate, 1.24 mg; copper
sulfate, 1.2 g; manganese sulfate, 1.2 g; iodine, 0.76 g; potassium, 0.23 g; cobalt chloride, 0.2 g; sodium selenite, 0.01 g; vitamin A acetate, 20,000 IU;
vitamin D3, 6,000,000 IU; tocopherol, 5,500 IU; nicotinic acid, 47.5 g; L-ascorbic acid, 21 g; methionine, 12 g; riboflavin, 10 g; menadione nicotin-
amide bisulfite, 8 g; pantothenic acid, 7.5 g; pyridoxine hydrochloride, 4.5 g; thiamine nitrate, 2.5 g; cyanocobalamin, 2.5 g; folic acid, 1 g.

2 Gross energy (GE, MJ/kg) calculated from the formula: crude protein = 23.67 kJ/g, crude lipid = 39.54 kJ/g and carbohydrates = 17.57 kJ/g

3 Nitrogen free extract (NFE, %) calculated from the formula: 100 - [crude protein (%) + crude lipid (%) + ash (%)]

Table 3 Growth performance, feed utilization, and index value of Nile tilapia fed different concentrations of L. lactis for 10 weeks

L. lactis level (CFU/g)

Parameters P-value
0 10* 100 108
IBW (g/fish) 8.06+0.03 8.08+0.02 8.08+0.04 8.09+0.03 0.869
FBW (g/fish) 59.76+2.18 59.64+1.40 62.91+2.57 58.56+1.59 0.489
WG (g/fish) 51.7£2.21 51.56+1.40 54.82+2.54 50.46x1.57 0.485
SGR (%/day) 2.86+0.06 2.85+0.03 2.93+0.05 2.83+0.03 0.465
ADG (g/day) 0.74+0.03 0.74+0.02 0.78+0.04 0.72+0.02 0.545
PER 2.08+0.10 2.14+0.04 2.20+0.10 2.12+0.06 0.762
FCR 1.33+0.07 1.2940.03 1.26+0.06 1.31+0.04 0.485
Survival rate (%) 98.33+1.67 98.33+1.67 96.67+3.33 100+0.00 0.728
VSI (%) 8.11+0.36 7.88+0.25 8.45+0.20 8.23+0.33 0.610
HSI (%) 1.02+0.06 1.07+0.05 0.96+0.16 1.09+0.12 0.814

Values shown are mean+ standard error of mean (SEM) of three replicates.
Abbreviations: IBW: initial body weight (g/fish); FBW: final body weight (g/fish); WG: weight gain (g/fish); SGR: specific growth rate (%/day); ADG:
average daily gain (g/day); PER: Protein efficiency ratio ; FCR: feed conversion ratio; VSI: viscerosomatic index (%); HSI: hepatosomatic index (%).
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Digestive enzyme activities

Fig. 1 presents the effect of a diet supplemented with L. lactis on digestive enzyme activity over a period
of 10 weeks and one week following the cessation of L. lactis. Supplementation with L. lactis at 10® CFU/g
for 10 weeks resulted in significantly higher lipase activity (Fig. 1A) compared to other treatment groups
(P <0.05). In the same vein, no significant differences in amylase (Fig. 1B) and protease activities (Fig. 1C)
were observed (P >0.05). Furthermore, one week post-cessation of L. lactis, all formulations supplemented
with L. lactis at 10*, and 10® CFU/g showed statistically higher lipase activity (Fig. 1A) than the control
diets (P <0.05). Moreover, the protease activity (Fig. 1C) in formulations supplemented with L. lactis at 10°
and 10% CFU/g was significantly higher than in the control diet (P <0.05). However, L. lactis supplementa-
tion had no significant effect on intestinal amylase activity.

Blood hematology

Upon completion of the L. lactis-supplemented diet, the results showed that hematocrit (Ht), and hemo-
globin (Hb) were significantly higher than in the control diet (P <0.05) as shown in Table 5. However, no
differences were found in mean corpuscular hemoglobin concentration (MCHC), mean corpuscular hemo-

globin (MCH), and mean corpuscular volume (MCV) (P >0.05). Nevertheless, after the discontinuation

Table 4 Whole-body composition of Nile tilapia fed different levels of L. lactis for 10 weeks

L. lactis level (CFU/g)

Parameters P-value
0 10* 10° 10%
Moisture (%) 75.88+0.95 75.53+1.14 76.33£1.12 75.01+0.74 0.817
Crude protein (%) 13.90+0.15 14.31+0.15 13.63+0.04 13.97+0.17 0.050
Crude lipid (%) 4.24+0.01° 4.01£0.02° 4.03+0.33° 4.90+0.04* 0.016
Ash (%) 4.63+0.07 4.88+0.16 4.58+0.07 4.86+0.07 0.134
Values shown are mean+ standard error of mean (SEM) of three replicates.
Different superscript letters in the same row represent significantly different values (P <0.05).
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2 25t a £ 035
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0 10* 10¢ 108
L. lactis level (CFU/g diet)

Fig. 1 Digestive enzyme activities including lipase (A), amylase (B), and protease activities (C) of Nile tilapia fed with different
concentrations of L. lactis for 10 weeks, and one week post-cessation of L. lactis. Each bar represents the mean + SEM (N = 6).
Different letters above the bars indicate significant differences within the same period (P <0.05).
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of the L. lactis supplementation diet for one week, there were no noteworthy differences in Ht, RBC, Hb,
MCHC, MCH, and MCV (P >0.05).

As shown in Table 6, following the supplementation period, the amount of WBC and lymphocytes of
fish fed the L. lactis diet at 10® CFU/g were significantly higher than those of the control diet (P <0.05).
However, one week following the discontinuation of L. lactis supplementation, there were no differences in
either the amount or type of WBC (P >0.05).

Blood chemistry

The results of blood chemistry analysis conducted on fish serum following the consumption of the experi-
mental feed are shown in Table 7. There were no significant differences in total protein, albumin, globulin,
and cholesterol values across all dietary regimens (P >0.05). Similarly, the liver and kidney function indi-
cators such as AST, ALP, creatinine, and BUN were not significantly different (P >0.05).

Serum non-immune response
The ability of L. lactis to enhance the immune response in a fish fed with L. lactis supplemented diet for

10 weeks and one week post-cessation is displayed in Table 8. It was found that fish exposed to L. lactis
supplementation at 10¥ CFU/g had significantly higher CAT, SOD, and LZM activities compared to those

Table 5 Blood hematology of Nile tilapia fed different concentrations of L. lactis for 10 weeks, and one week post-cessation of L. lactis

L. lactis level (CFU/g diet)

Parameters P-Value
0 10* 10° 108
Immediately after the cessation of L. lactis
Ht (%) 25.9240.36° 28.83+0.08° 28.67+1.01° 28.83+0.65 0.028
RBC (x 10°cell/mm?*) 1.28+0.03° 1.44+0.04* 1.49+0.06* 1.40+0.02% 0.028
Hb (g/dL) 10.59+0.13° 13.1740.92° 12.7440.44* 12.8640.43* 0.038
MCHC (g/dL) 40.89+1.09 45.69+3.24 44.56+2.21 44.59+0.83 0.433
MCH (pg/cell) 82.65+0.92 91.4946.53 85.74+4.45 91.8543.71 0.422
MCV (fL) 202.47+6.49 200.36+5.26 192.39+0.63 205.83+4.97 0.319
One week post-cessation of L. lactis
Ht (%) 30.17+1.59 29.83+1.21 27.83+0.83 28.17+0.60 0.407
RBC (x 10°cell/mm?®) 1.13+0.18 0.96+0.08 1.01+0.16 1.07+0.18 0.611
Hb (g/dL) 12.9240.36 13.09+0.18 13.3740.13 12.99+0.33 0.670
MCHC (g/dL) 33.33+1.76 31.56+1.15 34.82+0.47 36.43+0.50 0.068
MCH (pg/cell) 89.40+3.23 97.83+4.45 96.75+5.50 97.66+7.03 0.637
MCV (fL) 270.44+21.73 309.85+6.17 277.94+16.23 268.41+20.79 0.361

Values shown are mean+ standard error of mean (SEM) of three replicates (N = 6).

Different superscript letters in the same row represent significantly different values (P <0.05).

Abbreviations (Unit) and formula: Ht: hematocrit (%); RBC: red blood cells (x 10° cell/mm?); Hb: Hemoglobin (g/dL). Blood parameters calculated
according to Witeska et al. (2022) using the formula; MCHC: mean corpuscular hemoglobin concentration (g/deciliter; dL) = (Hb x 100)/Ht; MCH:
mean corpuscular hemoglobin (pg/cell) = Hb/RBC; MCV: mean corpuscular volume (fL) = 10 x [Ht/RBC]

Table 6 White blood cells in Nile tilapia fed different concentrations of L. lactis for 10 weeks, and one week post-cessation of L. lactis

L. lactis level (CFU/g diet)

P-Value
Type of WBC 0 10* 10° 108
Immediately after the cessation of L. lactis
WBC (x 10, cell/mm?) 8.710.51° 9.31+1.01° 11.5140.60° 12.31+0.31° 0.013
Neutrophile (%) 31.00+1.04 30.33+1.30 27.83+0.06 25.67+2.09 0.085
Lymphocyte (%) 66.00+0.29° 66.83+1.59° 69.83+0.33%° 71.67+1.92° 0.043
Monocyte (%) 1.83+0.44 1.83+0.33 2.00+0.29 2.33+0.17 0.672
One week post cessation of L. lactis
WBC (x 10%, cell/mm?) 11.81+1.22 13.81+0.49 12.08+0.74 13.76+0.46 0.220
Neutrophile (%) 30.83+2.89 33.17+3.09 28.67+0.93 31.17+1.17 0.591
Lymphocyte (%) 66.67+2.35 64.33+3.49 66.00+2.00 66.50+1.76 0.905
Monocyte (%) 1.00+£0.29 0.83£0.33 1.83+0.33 0.67+0.17 0.083

Values shown are mean+ standard error of mean (SEM) of three replicates (N = 6).
Different superscript letters in the same row represent significantly different values (P <0.05).
Abbreviation (Unit): WBC: white blood cells (x 10° cell/mm?)
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on the control diet (P <0.05). However, no significant differences were noted in MPO levels among fish fed
all experimental diets (P >0.05). One week post-cessation, fish fed with 10, 10¢ and 10® CFU/g of L. lactis
still had significantly higher CAT levels than the control group (P <0.05). Nevertheless, values of SOD,
MPO, and LZM values were not significantly different (P >0.05).

Discussion

The growing concern about disease in tilapia culture has led to a focus on probiotic supplementation for
immune enhancement, serving as an alternative to antibiotics in fish farming (Ouwehand et al. 2016). Lac-
tobacillus is an effective probiotic for aquatic animals and can inhibit the growth of pathogenic microbes
(Reid and Bruce 2001). Studies investigating the fish immune system’s response following cessation of
probiotics are essential for optimal supplementation timing. In this study, L. lactis TISTR 1464 displayed
inhibitory effects against three species of aquatic pathogens, namely 4. hydrophila, P. aeruginosa, and S.
agalactiae. This is consistent with studies indicating L. lactis’s capacity fo produce inhibitory molecules,
such as bacteriocin, which is effective against various pathogens. Bacteriocin is produced during the pri-
mary phase of bacterial growth. It is produced by Lactobacilli and can inhibit pathogens such as Lactacin
G, Nisin, and Lactococcin M (Zacharof and Lovitt 2012; Chen and Hoover 2003; Hasan et al. 2023). In
addition, it is safe for the host and is sensitive to degradation by proteolytic enzymes (Meade et al. 2020).
Similar studies showed LAB’s ability to inhibit pathogens such as E. coli, S. aureus, S. enteritidis, and A.
hydrophila (Feng et al. 2019). L. lactis can inhibit both gram-positive and gram-negative bacteria, includ-
ing S. aureus, S. iniae, S. parauberis, A. hydrophila, Escherichia coli, Salmonella spp., and V. anguillarum
(Brashears and Durre 1999; Brashears et al. 1998; Nguyen et al. 2017, Feng et al. 2019). Moreover, Lac-
tobacillus can inhibit pathogenic fungi, including Aspergillus niger, A. flavus, and A. nidulans (Al-Dhabi
et al. 2020).

Table 7 Blood chemistry measurements in Nile tilapia fed different concentrations of L. lactis for 10 weeks
L. lactis level (CFU/g diet)

Parameters P-Value
0 104 10° 108
Total protein (g/dL) 2.23+0.03 2.03+0.15 2.27+0.09 2.40+0.10 0.154
Albumin (g/dL) 0.87+0.03 0.77+0.07 0.80+0.00 0.90+0.06 0.250
Globulin (g/dL) 1.37+0.03 1.27+0.09 1.47+0.09 1.50+0.06 0.163
Cholesterol (g/dL) 126.33+9.49 120.67+10.74 127.33+4.67 137.00+19.97 0.829
AST (U/L) 11.0043.06 23.33+8.41 39.00+12.29 21.00+1.00 0.153
ALP (U/L) 25.00+3.06 23.67+3.18 22.67+0.33 28.33+1.76 0.412
Creatinine 0.14+0.02 0.14+0.03 0.14+0.01 0.12+0.01 0.855
BUN (mg/dL) 1.40+0.21 1.63+0.33 1.20+0.06 1.27+0.12 0.497

Values shown are mean+ standard error of mean (SEM) of three replicates (N = 3).
Different superscript letters in the same row represent significantly different values (P <0.05).
Abbreviations: AST: aspartate aminotransferase (U/L); ALP: alkaline phosphatase (U/L); BUN: blood urea nitrogen (mg/dL)

Table 8 Non-specific immunity and antioxidant enzyme in serum of Nile tilapia fed different levels of L. lactis for 10 weeks, and

one week post-cessation of L. lactis

L. lactis level (CFU/g diet)

Parameters P-value
0 10* 10° 10%

Immediately after the cessation of L. lactis

CAT (U/mL) 3.96+0.38° 5.63+0.95° 10.83%1.50* 11.25+1.02° 0.000

SOD (U/mL) 24.32+3.72° 26.49+4.04° 31.59+3.46*° 34.5243.94° 0.037

MPO (OD 450 nm) 2.33+0.18 2.34+0.15 2.57+0.11 2.544+0.07 0.545

LZM (U/mL) 3.87+0.61° 3.93+0.33%¢ 5.13+0.38° 6.87+0.71* 0.001

One week post cessation of L. lactis

CAT (U/mL) 5.63£1.50° 12.71£0.87° 14.58+1.79° 14.17+1.88*0 0.000

SOD (U/mL) 30.51+4.20 28.58+2.35 32.60+3.36 28.17+£3.62 0.412

MPO (OD 450 nm) 2.8240.28 2.56+0.24 2.36+0.26 2.33+0.21 0.611

LZM (U/mL) 5.27+0.89 5.80+0.52 8.00+0.52 6.33+1.22 0.093

Values shown are mean+ standard error of mean (SEM) of three replicates (N = 6).

Different superscript letters in the same row represent significantly different values (P <0.05).

Abbreviations: CAT: catalase activity (U/mL); SOD: superoxide dismutase (U/mL); MPO: myeloperoxidase activity (Optical density, OD measured at
450 nm); LZM: lysozyme activity (U/mL)
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Immune response in fish after exposure to probiotic can be gauged by assessing antioxidant enzymes,
MPO, and LZM. Antioxidant enzymes such as SOD, and CAT protect cells against oxidative stress in aero-
bic organisms. CAT is an enzyme that breaks down hydrogen peroxide, which is harmful to cells (Zhu et al.
2021; Nandi et al. 2019). SOD is an enzyme that responds to oxidative stress in cells and protects them from
free radicals (Fukai and Ushio-Fukai 2011). In addition, MPO and LZM activities act as immune responses
against pathogen attacks and protect cells against microbial threats (Khan et al. 2018; Biller-takahashi and
Urbinati 2014; Ferraboschi et al. 2021). Our study found that supplementing tilapia feeds with L. lactis
at concentrations of 10 CFU/g for 10 weeks significantly increased the activity of antioxidant enzymes
(CAT, and SOD), and LZM. However, no discernible impact on MPO was detected. Previous research has
indicated that probiotics can boost immunity in fish (Lazado and Caipang 2014). For example, increased
antioxidant activity was observed in the following: Japanese eel (Adnguilla japonica) fed with L. pantosus
PL11 supplemented diet (Lee et al. 2013), hybrid grouper (Epinephelus lanceolatus x E. fuscoguttatus) fed
with L. acidophilus LAGO1 supplemented diet (He et al. 2017), and pond loach (Misgurnus anguillicau-
datus) fed with L. helveticus supplemented diet (Yang et al. 2021). LZM augmentation has been witnessed
in various instances, including L. plantarum supplementation in tilapia (Gewaily et al. 2021), a blend of L.
rhamnosus and Lc. latis in red sea bream (P. major) (Dawood et al. 2016), and L. fermentum in common
carp (C. carpio) (Ahmadifar et al. 2019). Supplementation with probiotics induces alterations in the gut
microbiota, leading to enhanced intestinal health and improved immunity in fish. This enhancement is
associated with the reduction in pathogenic load facilitated by bacteriocin production (Shija et al. 2023).
In conclusion, for optimal immune benefits, L. lactis supplementation in tilapia feed is recommended at a
concentration of 108 CFU/g.

For growth performance, we found that supplementing diet with L. lactis did not affect tilapia growth.
These findings are consistent with previous studies which found that LAB supplementation in aquacul-
ture did not promote fish growth. For example, similar results were noted for L. brevis JCM 1170 and L.
acidophilus JCM 1132 in hybrid tilapia (Oreochromis niloticus x O. aureus) (Liu et al. 2013), Lc. lactis
subsp. lactis 12 in olive flounder (Paralichthys olivaceus) (Heo et al. 2013) L. acidophilus in Siberian
sturgeon (Acipenser baerii) (Mocanu et al. 2022), and L. plantarum in Sobaity (Sparidentex hasta) (Agh et
al. 2022) and gold fish (Carassius auratus gibelio) (Hosseini et al. 2016). On the other hand, some studies
have reported growth enhancement from LABs. For instance, Lc. lactis Z-2 in Cyprinus carpio improved
digestive enzymes, including amylase, lipase and protease, and feed utilization (Wang et al. 2021). Others
included, Lc. lactis in mandarin fish (Siniperca chuatsi) (Zhu et al. 2021), and L. plantarum in clownfish
(Amphiprion ocellaris) (Paixao et al. 2020), Labeo rohita (Giri et al. 2013), and yellowtail (Seriola quin-
queradiata) (Fukada et al. 2023). In a study by Xia et al. (2018), a combination of two microbial strains,
Lc. lactis subsp. and Lc. lactis subsp. lactis JCM 5805 did not improve growth in Nile tilapia (O. niloticus).
However, a growth increase was noted when combined with L. rhamnosus JCM 1136. The effect of pro-
biotics on fish growth depends on various determinants. Specifically, the ability of probiotics to multiply
within fish intestines (Allameh et al. 2017) is crucial. Moreover, the sustainable survival of probiotics in
the gut requires prebiotic supplementation (Agh et al. 2022). The feeding methods and the concentration
of probiotics also contribute to this effect. In this experiment, a feeding regimen equivalent to 5% of the
fish’s body weight was used. The amount of probiotics and feed that the fish receive will be different from
feeding until satiation.

The chemical composition of fish is related to feed efficiency and post-feeding growth (Abdel-Tawwab
et al. 2015). This study found that fish supplemented with 103 CFU/g of L.lactis had significantly higher
whole body crude lipid content than fish fed an alternative formulation. Similarly, lipase activity within the
digestive tract also increased after 10 weeks of supplementation. One week post-cessation, we found that
fish previously fed L. lactis at 10® CFU/g had higher protease and lipase enzyme activity. A recent study
found that Lactobacillus supplementation improved lipid utilization in fish (Dawood et al. 2016). Probiotic
supplementation has a significant influence on the gut microbiome resulting in a balanced intestinal micro-
bial environment and improved feed utilization. These effects extend to intestinal morphology, including
an increased epithelial length, width, and thickness (Mohammadian et al. 2022). These changes result in
increased nutrient accumulation in fish (Suzer et al. 2008; Krishnaveni et al. 2021). Furthermore, the influ-
ence of probiotics on the digestive system is evidenced by the increase in various digestive enzymes, such
as amylase, lipase, and protease, as well as nutrient absorption enzymes, including Na+, K+-ATPase, y-glu-
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tamyl transferase (y-GT), and creatine kinase (CK) (Zhang et al. 2019a). A study conducted by Renuka et
al. (2013) on common carp (C. carpio) revealed that diet supplementation with Lactobacillus sp. at 2x107
CFU/g resulted in heightened protease, amylase, and lipase activity in the digestive tract. Therefore, the
increased gastrointestinal enzyme activity as reported by Mirghaed et al. (2018) highlights that probiotic
supplementation significantly improves feed utilization in fish. Moreover, LAB probiotics also increase the
overall chemical components of fish. For example, a study by Dawood et al. (2015b) demonstrated that
B-glucan combined with L. plantarum (HK-LP), L. rhamnosus and Lc. latis at 106 cells/g in red sea bream
(Pagrus major) increased whole-body crude lipid. Similarly, supplementation of diet with 2x10® CFU/g L.
Jfermentum in fish (Krishnaveni et al. 2021), and S. faecium and L. acidophilus in Nile tilapia (O. niloticus)
diet resulted in higher whole-body crude protein and lipid content (Lara-Flores et al. 2003).

Blood parameters offer insights into fish stress and health stemming from environmental and nutritional
responses (Witeska et al. 2022; Dawood et al. 2015a). WBC especially lymphocytes and monocytes play
important roles in the immune system (Biller-takahashi and Urbinati 2014). Our study found that fish sub-
jected to L. lactis supplementation had higher levels of Ht, RBC, and hemoglobin. Specifically, WBC and
lymphocyte counts were higher in fish supplemented with L. lactis at 10® CFU/g compared to those on the
control diet. However, hematology parameters did not differ significantly one week post-cessation. Previ-
ous studies have suggested the involvement of Lactobacilli in the production of vitamins A, B12, and RBC,
where RBC and Hb play an important role in transporting oxygen to cells (Krishnaveni et al. 2021; Thomp-
son et al. 2020). This aligns with a previous study assessing supplementation of L. plantarum in Sturgeon
fish (4. baerii), which demonstrated an increase in RBC, Hb, and WBC, although no differences were
observed in MCV, MCH, and MCHC. Additionally, a decrease in monocytes was reported (Pourgholam et
al. 2017). Similarly, supplementation of diet with heat-killed L. plantarum L-137 at 20-50 mg/kg in catfish
(Clarias macrocephalus) (Hien et al. 2021), and L. fermentum at 2x10® CFU/g in the common carp (C.
carpio) diet resulted in a higher WBC count, and an increased survival rate post-infection with A. hydroph-
ila (Krishnaveni et al. 2021). In addition, L. acidophilus supplementation in striped catfish (Pangasianodon
hypophthalmus) increased WBC, lymphocyte, and granulocyte counts. A 107 CFU/g supplement of L. aci-
dophilus increased immunoglobulin levels (Akter et al. 2023). Therefore, the increase in white blood cell
counts in fish was influenced by both Lactobacillus supplementation and the concentration used. Probiotics
stimulate iron uptake by releasing organic acids in the intestines of the hosts, leading to increased WBCs,
lymphocytes, and macrophages, thereby fostering immune activation in fish and influencing their resistance
to pathogenic microorganisms (Hossain et al. 2022).

Various probiotics have different effects on the health of different fish species. Therefore, it is crucial
to assess blood chemistry measurements to determine fish health following feeding AST and ALP serve
as biomarkers for liver damage, playing a role in fatty acid and amino acid metabolism associated with
glycolysis, citrate, and urea cycles (Yang et al. 2009; Sookoian and Pirola 2012). ALP, produced mainly
in the liver, is a marker for liver disease, particularly cholestatic disease (Newsome et al. 2018; Fernandez
and Kidney 2007). In addition, BUN and creatinine, by-products of amino acid and muscle metabolism are
considered biomarkers of renal function (Ferguson and Waikar 2012; Nankivell 2001). Our results showed
that L. lactis supplementation in Nile tilapia diets did not affect liver and kidney function indicators. This
trend aligns with studies on L. acidophilus in Siberian sturgeon (Acipenser baerii) (Mocanu et al. 2022),
and L. fermentum in common carp (C. carpio) (Ahmadifar et al. 2019), which observed no impact on cho-
lesterol, AST, and alanine transaminase (ALT) values, while observing an elevation in immune response
via increased immunoglobulin (IgM). Additionally, probiotic supplementation decreased cholesterol and
triglycerides. For instance, L. rhamnosus supplementation in red sea bream (P. major) (Dawood et al. 2017)
and zebrafish (Falcinelli et al. 2015) induced changes in the microbiome that produce short-chain fatty acids
(SCFAs), resulting in reduced cholesterol and triglycerides (Falcinelli et al. 2015). Therefore, it is evident
that L. lactis supplementation does not have a negative effect on the liver and kidneys of tilapia. This is
consistent with findings from supplementation with other Lactobacillus species in fish.

In our investigation, cessation of L. lactis supplementation at a concentration of 10® CFU/g in tilapia
resulted in higher lipase and protease activities one week later, compared to the control group. However,
no significant effect was observed on amylase activity. Probiotic supplementation is known to influence
changes in microflora. Probiotics possess the capability to produce bacteriocins, reducing the abundance
of pathogens (Feng et al. 2019). Additionally, they generate SCFAs, delivering energy to epithelial cells,
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and influencing the production of lipolytic and proteolytic enzymes in the intestines, thereby positively af-
fecting gut health (Asaduzzaman et al. 2018). Previous studies have reported an increase in Rhizobium and
Achromobacter one week following the cessation of L. rhamnosus and Lc. lactis supplementation. These
bacteria are known for their ability to produce cellulolytic and pectolytic enzymes (Xia et al. 2018). Regard-
ing antioxidant enzymes and non-specific immune responses, our study revealed that one week post-cessa-
tion of L. lactis supplementation, tilapia previously fed L. lactis had elevated CAT levels, while LZM, SOD,
and MPO showed no significant differences compared to the control group. Even in fish with continuous
L. lactis supplementation, CAT, SOD, and LZM increased significantly, suggesting an immune-stimulating
effect. It can be inferred that L. lactis exerts an immune-stimulating effect in tilapia when administered
continuously. This phenomenon is linked to the survival of probiotics in the intestinal environment, thereby
influencing the growth of microorganisms in the fish’s intestines (Al-Hisnawi et al. 2019). Previous studies
have indicated a decrease in the abundance of probiotics following their cessation. For instance, Xia et al.
(2018) reported the absence of detectable probiotics one week after the cessation of Lc. lactis JCM5805
supplementation in tilapia, a trend also observed in rainbow trout (Oncorhynchus mykiss) supplemented
with Pediococcus acidilactici (Al-Hisnawi et al. 2019), and Carnobacterium sp. (Robertson et al. 2000)
after three to six days, respectively. Additionally, investigations into the immune response of fish post-ces-
sation of probiotic administration have been conducted. In a recent study, Sharifuzzaman and Austin (2010)
observed a decline in LZM activity and serum peroxidase activity after cessation of Kocuria SM1 supple-
mentation in rainbow trout (O. mykiss). Furthermore, Mohammadian et al. (2019) documented a decrease
in WBC count 15 days after cessation of L. casei and oligosaccharide supplementation in common carp (C.
carpio). Additionally, a two weeks cessation of L. casei YYL3 and L. plantarum YYLS5 supplementation
in Channel catfish resulted in reduced Lactobacilli levels and increased Pseudomonas abundance com-
pared to the control group, which exhibited higher Aeromonas pathogen levels (Mohammadian et al. 2022).
Therefore, supplementing prebiotics along with probiotics may contribute to the prolonged viability of the
probiotics (Alves-Santos et al. 2020).

Conclusions

In conclusion, supplementing tilapia feeds with L. lactis TISTR 1464 at a concentration of 108 CFU/g led
to increased lipase activity in the digestive tract. Furthermore, one week post-cessation, heightened lipase
and protease activities were observed. Interestingly, supplementation with L. lactis at 103 CFU/g of diet im-
proved non-specific immune responses and antioxidant enzyme activities. Importantly, supplementation in
tilapia did not adversely affect liver and kidney function and fish growth. Nevertheless, to sustain immune
stimulation, continuous supplementation of L. lactis in the tilapia diet is advisable during culture.
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