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ABSTRACT 

The present study aimed to examine the effects of the probiotic Lysinibacillus macroides (LM) 
on the innate immune parameters of common carp (Cyprinus carpio) using a machine learning 
(ML) approach. C. carpio were fed diets supplemented with 0% LM (control), 2% LM, 4% LM,
6% LM, and 8% LM for 60 days. As indicators of innate immunity, neutrophil adherence, serum
lysozyme activity, and nitroblue tetrazolium activity were measured. Using parameter
optimization and evaluation techniques based on a regression tree approach, the best predictive
models for the innate immunity of C. carpio under different feeding regimes were determined
through an ML methodology. Nitroblue Tetrazolium (NBT) activity, neutrophil adherence,
and serum lysozyme were significantly enhanced by the supplemented diet. Lysinibacillus
macroides was administered in a concentration-dependent manner. Gradient Boosting models
predicted immunological changes with R2 values exceeding 0.85. We conclude that L.
macroides could be a promising probiotic agent to enhance the innate immunity of common
carp, and that ML technologies offer constructive explanations for the mechanisms underlying
probiotic-mediated immunomodulation.
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Introduction
Aquaculture is one of the fastest-growing food production 
systems in the world. Currently, it provides nearly half of the 
world’s seafood.  However, more intensive production sys-
tems often lead to diseases that negatively impact fish health, 
overall productivity, and sustainability. Antibiotics and 
chemotherapeutics have been predominantly used to manage 
diseases in aquaculture. This practice has led to concerns re-
garding the overuse of antibiotics, environmental conse-
quences, and food safety. Therefore, alternative concepts for 
managing fish health have been developed over the last two 
decades, and probiotics represent a source of interest (Ai et 
al., 2011; Føre et al., 2017). 

Probiotics are live bacteria that, when ingested in sufficient 
amounts, benefit the host by changing the intestinal microbial 
ecology, aiding nutrient absorption, and stimulating the im-
mune system. Probiotics enhance host defenses but do not se-
lect for resistance, predominantly through competitive ex-
clusion, production of bioactive metabolites, and immuno-
modulation, as opposed to antimicrobial agents that act di-
rectly on or kill microorganisms. It has been reported that 
probiotic supplementation of fish diets improves their non-
specific defense mechanisms, including phagocytosis, rapid 
mobilization, neutrophil production, and lysozyme synthesis 
(Magnadóttir, 2005; Yildiz et al., 2012). 

Lysinibacillus macroides has been identified as a potential 
probiotic strain due to its immunostimulant properties. Sup-
plemented dietary sources of L. macroides increase nitroblue 
tetrazolium (NBT) reduction and neutrophil adhesion in 
common carp (Cyprinus carpio), while serum lysozyme ac-
tivity is also elevated (Ahmadifar et al., 2019; Guo et al., 
2020; Nakharuthai et al., 2023). Furthermore, alterations in 
the gut microbiota have also been observed after L. ma-
croides administration, indicating crosstalk at the molecular 
level between microbial homeostasis and immune modula-
tion (Yao et al., 2024). The recent work is still descriptive and 
experimental, focusing on statistical comparisons between 
the different treatment groups, without any analysis of non-
linear interactions among probiotic dose, biomicrobiological 
responses, and systemic immunological markers. 

Therefore, a large void exists in the prediction modeling of 
immunomodulation induced by probiotics. Traditional sta-
tistical techniques, such as analysis of variance or linear re-

gression, presuppose linearity and independence among var-
iables, which may inadequately represent the intricate, multi-
variate biological relationships inherent in host–microbe in-
teractions. Machine learning (ML) approaches offer data-
driven models that can represent complex, nonlinear relation-
ships of variables and multivariate immune responses with 
enhanced predictive accuracy (Rahman & Tasnim, 2014; 
Zhao et al., 2021). The use of machine learning in the context 
of aquaculture has gained more prominence recently, mainly 
for growth predictability, disease detection, and optimal feed-
ing (Føre et al., 2017); however, its applicability to model 
probiotic-immune modulation is still scarce. 

As yet, no research has combined experimental immunolog-
ical studies with regression-based machine learning (ML) 
methods for the prediction of the responses of the common 
carp's innate immune system to L. macroides exposure. To 
develop evidence-based probiotic concentration and further 
improve the health control in aquaculture systems. 

The aim of the current work was to assess the impact of die-
tary L. macroides supplementation on key immune parame-
ters (nitroblue tetrazolium reduction, neutrophil adhesion, 
and serum lysozyme activity) in common carp (C. carpio) 
and, at the same time, create machine learning regression 
models able to predict those immunological responses. 

We suggest that the dietary inclusion of L. macroides signif-
icantly improves the innate immunity of common carp. Ma-
chine learning regression approaches are superior to generic 
linear models in the prediction of probiotic-derived immuno-
logical effects because they can account for nonlinear and 
multivariate interactions. The objective is the development of 
a predictive model for probiotic immunostimulation proto-
cols in aquaculture through integration between immune and 
biological tests and computer modeling.  

Materials and Methods 
The probiotic bacteria L. macroides were isolated from the 
fish gut. 

Experimental Design 

The experiments were performed in accordance with the reg-
ulations set forth by the Committee for Control and Supervi-
sion of Experiments on Animals (CCSEA), Department of 
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Animal Husbandry and Dairying, Ministry of Fisheries, Ani-
mal Husbandry and Dairying, Government of India the ex-
perimental protocol was approved by Institutional Animal 
Ethical Committee (Karpaga Vinayaga Institute of Medical 
Sciences and Research Institute, Tamil Nadu, India) (No: 
181GO/ERE/S/15/CPCSEA dated 04.12.2018).  

The present feeding trial was conducted independently of pre-
vious trials (Shree Rama et al., 2021). There were no existing 
datasets or biological materials that were reused. The study 
design was carefully implemented for the evaluation of im-
mune responses. Experimental feeds were formulated as per 
the procedure adopted (Shree Rama et al., 2021; Shree Rama, 
2022) to ensure methodological consistency. Although the 
protocol for preparing the feed was used as previously re-
ported, the present study is an independent experimental rep-
etition with newly performed and evaluated feeding experi-
ments and independently developed datasets.   

C. carpio (12.19 ± 1.12 cm and 25.93 ± 1.48 g) was obtained 
from a fish farm in Tamil Nadu, India. The fish were aerated 
and transported to the laboratory, where they were acclima-
tized to the laboratory settings for 48 hours with a standard 
pelletized diet. Prior to research, stress reduction procedures 
had been applied during transport and housing. The experi-
mental tanks were cleaned well and filled with tap water. Wa-
ter was maintained as per the standard level (Temperature 
27±2°C, pH 7.2-7.5, DO 5.8-6.7mg/L, Ammonia 0.02 – 
0.04mg/L and photoperiod 12D:12L). The fish were classi-
fied into five groups: control feed (Trial I), 2% Lysinibacillus 
macrolides (LM) probiotic feed (Trial II), 4% LM probiotic 
feed (Trial III), 6% LM probiotic feed (Trial IV), and 8% LM 

probiotic feed (Trial V) over a period of 60 days. The trials 
were performed in triplicate, with each tank introduced with 
10 fish. Daily, the fish waste and three-quarters of the aquar-
ium's water were discharged and substituted with new water. 
The stable laboratory conditions were carefully maintained. 
The environmental parameters were not independently mod-
eled as predictive variables. Immunological metrics of C. car-
pio exposed to diverse feeding regimes were analyzed. The 
fish were maintained under standard culture conditions and 
provided ad libitum access to suitable pelletized feed.  

At the end of the experimental period, fish from each treat-
ment group were anesthetized with benzocaine (50μlL/L). 
Blood was drawn from the caudal vein using a 1 ml syringe 
and 25-gauge needle, which was previously rinsed with 2.7% 
EDTA solution. After that, the blood was immediately trans-
ferred to a test tube containing EDTA powder (used as an an-
ticoagulant) and carefully agitated to prevent blood lysis. 
Blood was used for further immunological analysis (Shree 
Rama, 2022). 

Formulation of Probiotic Feed 

The formulated feed was mixed and made into dough. The 
dough was steam-cooked and cooled at room temperature. 
The lyophilized form of probiotic was mixed with the formu-
lated feed. The feed was made into pellets with an average 
diameter of 7 mm using a feed pelletizer and dried in a drying 
oven at 40°C for 24 hours. The feed was stored at −4°C until 
the trial to avoid oxidation and rancidity. The probiotic feed 
was prepared using the items listed in Table 1. 

Table 1. Formulation of pelletized probiotic feed (Shree Rama et al., 2021; Shree Rama, 2022) 

Ingredients Control feed Experimental Feed 
2% LM 4% LM 6% LM 8% LM 

Fish meal 32.84 30.84 28.84 26.84 24.84 
Groundnut oil 25.00 25.00 25.00 25.00 25.00 
Soybean meal 24.00 24.00 24.00 24.00 24.00 

Corn flour 4.00 4.00 4.00 4.00 4.00 
Egg albumin 5.06 5.06 5.06 5.06 5.06 
Tapioca flour 5.10 5.10 5.10 5.10 5.10 
Cod liver oil 2.00 2.00 2.00 2.00 2.00 
Vitamin mixa 1.00 1.00 1.00 1.00 1.00 
Mineral mix 1.00 1.00 1.00 1.00 1.00 
Probiotics -- 2.00 4.00 6.00 8.00 

Bacterial suspension (107 - 108 CFU mL⁻¹) was made and sprayed onto feed pellets to achieve a final 
concentration of about 1 × 107 CFU / g feed. Viability was determined after pellet drying, and it was  

0.8 × 10⁷ - 0.7 × 108 CFU / g 
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Machine Learning Framework and Validation Strategy 

ML framework: The data set consists of values obtained 
through five dietary treatment conditions (Control, 2%, 4%, 
6%, and 8% L. macrolides). These values are recorded 
through triplicate tanks (considering n-15 experimental 
units). NBT activity, neutrophil adherence activity (NAA), 
and serum lysozyme activity (SLA) were recorded for each 
unit. The dataset of 50 experimental units was split 80/20 (40 
training and 10 testing samples). 

Input and target variables: Dietary probiotic concentration 
(% LM) was used as the independent input feature to the ML 
model. NBT, NAA, and SLA were modeled independently as 
target variables to avoid multicollinearity and biological un-
certainty.  

Preprocessing: Outliers present in the data are managed by 
finding the interquartile range. Since no missing values are 
found to be present, no imputation method is used. A few fea-
tures were normalized using Z-Score wherever required.  

Model selection and parameter tuning: The models, 
namely Linear Regression, Decision Tree Regressor, Ran-
dom Forest Regressor, and Gradient Boosting Regressor, 
were selected and used. We performed hyperparameter tun-
ing with 5-fold cross-validation on the training set. In con-
trast, the final reported performance metrics were computed 
on the independent test data and were not averaged across 
cross-validation folds. Additionally, due to the restrictions in 
data collection from the chosen species, an iterative valida-
tion check was performed in which each observation was se-
quentially used as validation data. In contrast, the remaining 
samples were used for training (Iteratively performed Train-
ing on 49 samples, tested on 1 sample, and repeated the same 
process 50 times to get the average results). The aggregated 
predictions were used to confirm the stability of the model’s 
performance.   

Overfitting control and validation: Model performance 
was evaluated over the test data for Tree depth, minimum 
samples per leaf, and learning rate. Model performance was 
validated with R2 and Mean Absolute Error (MAE) scores.  

Since the proposed study has a limited sample size, ensemble 
ML models were used to compare the modeling behavior un-
der similar experimental inputs. The result of using this en-
semble model is to examine the variance reduction tendencies 
rather than claiming predictive accuracy.  

Blood Collection 

At the end of the trial period, fish from each treatment group 
were sedated using benzocaine (50μl/L). Blood was drawn 
from the caudal vein using a 1 ml syringe and a 25-gauge 
needle. Thereafter, the blood was utilized for the Nitroblue 
Tetrazolium (NBT) Assay, Neutrophil Adherence Assay 
(NAA), and Serum Lysozyme Activity (SLA) analysis. 

Nitroblue Tetrazolium Assay 

0.05 ml of blood was deposited in a 96-well microtiter plate 
and incubated at 37ºC for 1 hour to promote cell adhesion. 
After incubation, the supernatant was discarded. The loaded 
wells were rinsed thrice with PBS. The plate was subse-
quently incubated for a further hour with 0.05 ml of 0.2% 
NBT. Following fixation in 100% methanol for 2–3 minutes, 
the cells were washed three times with 70% methanol and 
subsequently allowed to air dry. The formazone blue precip-
itate was transferred to the wells and combined with 0.12 ml 
of 2N potassium hydroxide and 0.14 ml of dimethyl sulfox-
ide. The optical density of the colored solution was subse-
quently measured at 620 nm using an ELISA plate reader 
(Secombes et al., 1990). 

Neutrophil Adhesion Assay 

1ml of blood was deposited on the coverslip and allowed to 
equilibrate at room temperature for thirty minutes. The co-
verslip was rinsed with phosphate-buffered saline and affixed 
to the microslide containing 0.1 ml of 0.2% NBT solution. A 
microscope was subsequently employed to enumerate the ac-
tive neutrophils (x400) (Magrone & Jirillo, 2012). 

Serum Lysozyme Activity 

25 µl of individual serum samples were added to a 96-well 
microtiter plate, accompanied by 175 µl of Micrococcus lu-
teus solution in a 0.1 M phosphate citrate buffer. A microplate 
reader measured turbidity at 460 nm for 10 minutes. The en-
zyme employed as the standard was lysozyme derived from 
hen egg white. In the same phosphate citrate buffer (0.1 M), 
standard lysozyme was diluted from 1 to 20 µg mL-1. After 
comparison with the standard, the equivalent concentration of 
each serum sample was determined and documented as µg/ml 
of the serum sample (Alcorn et al., 2002). 
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Prediction of Regression Model Utilizing Machine 
Learning  
Learning algorithm 

The dataset, which includes NBT, NAA, and SLA, was pre-
processed to remove noise, redundancy, incompleteness, and 
missing values. Subsequently, the refined data was divided 
into 80% for training and 20% for testing. The data was ex-
amined with a Decision Tree Regressor. Gradient Boosting 
Regressor, Linear Regressor, and Random Forest Regressor 
implemented in Python (Fig. 1). 

Voting regressor 

To improve prediction accuracy, we employed a voting re-
gressor that integrates many ML models through the averag-
ing of their predictions. This ensemble methodology is based 
on the principle that combining the predictions of many mod-
els typically results in enhanced generalization performance 
compared to the capabilities of any single model (Rahman & 
Tasnim, 2014; Denis & Keerthana, 2024). 

Data preprocessing 

The datasets NBT, NAA, and SLA were processed with strict 
identification of noise elements, redundancy, incomplete 
items, and missing values. We have added the explanations 
as to how missing data and outliers were addressed in the 
modified text of the manuscript.  

Data splitting 

The feature sets for each data sample were split 80:20, train-
ing to testing, so that there would be an abundant amount of 
data for training the models and checking for fairness in test-
ing. Further information on the criteria used for the division 
into the two groups has been added to the protocol in the cor-
responding points. 

Model development 

In this paper, we have also added an elaboration on the choice 
and application of the regression models (Decision Tree Re-
gressor, Gradient Boosting Regressor, Linear Regressor, and 
Random Forest Regressor). Therefore, the motivation to 
choose these models and how these models have been struc-
tured, along with their hyperparameters, is clear in the manu-
script. 

Figure 1. Flow chart for the prediction of the best regression model 
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Validation and evaluation 

Due to this, we have provided a comprehensive description 
of the means of model assessment, including measurements 
such as Mean Squared Error and R Squared, alongside cross-
validation as a method of ascertaining model reliability.  

Model comparison 

The new version of the manuscript includes a performance 
comparison between the application of individual models and 
the ensemble method supplemented by the quantitative indi-
ces. This comparison also shows the performance of the Vot-
ing Regressor in enhancing the accuracy of the predicted val-
ues. 

Statistical Analysis 

The experimental data were presented as mean ± standard de-
viation (SD). All experimental data, including the immuno-
logical profile, were analyzed using one-way ANOVA 
(P<0.05), followed by the Duncan Multiple Range Test 
(DMRT). The data was analyzed utilizing SPSS version 29.0. 

The inferential statistics, such as ANOVA and DMRT, were 
used to test the difference in treatment levels and biological 
significance. At the same time, the ML models were used as 
an exploratory tool that learns the nonlinear trends and tries 

to find the prediction patterns across statistically verified in-
formation. Both ML and statistical models are compatible, 
but fulfill analytical objectives that do not override one an-
other. 

Results and Discussion 
Innate Immunity Assay 

The NBT, neutrophil adherence assay, and serum lysozyme 
activity of common carp C. carpio fed with control, 2% LM, 
4% LM, 6% LM, and 8% LM diets exhibited substantial en-
hancement correlated with probiotic concentration.  

Nitroblue Tetrazolium Assay (NBT) 

Figure 2 illustrates the NBT activity across various meal 
treatments, encompassing a control group and differing 
amounts of L. macroides. The control feed has the lowest 
NBT activity (1.13 ± 0.45), signifying a negligible response. 
The 2% LM treatment yielded a little increase in NBT activity 
relative to the control; however, it remains comparatively low 
(2.09 ± 0.08) and shows no significant difference (P>0.05) 
when contrasted with the 4% LM feeding regimen (2.23 ± 
0.34). Activity in the 6% LM feeding regimes exhibited a lit-
tle increase compared to the 4% LM, although it was signifi-
cantly elevated. The 8% LM demonstrates the highest NBT 
activity (3.07 ± 0.08), signifying a robust response, markedly 
superior to the control and other LM concentrations.  

Figure 2. NBT value of C. carpio  fed in the different feeding regimes 
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Data represented as mean ±SD; Different superscripts 
between variables show significant differences at the 
P<0.05 level; Anova followed by DMRTs was performed. 

Neutrophil Adhesion Activity (NAA) 

Figure 3 depicts the neutrophil adherence activity under var-
ious feeding regimens (control, 2% LM, 4% LM, 6% LM, and 
8% LM). Neutrophil adherence activity was decreased in the 
control group compared to the other groups, signifying a 
baseline level of activity. The 2% LM (10.13 ± 0.08 
cells/field) and 4% LM (10.58 ± 0.08 cells/field) groups ex-
hibit comparable neutrophil adherence activity, which is ele-
vated compared to the control but not substantially different 
(P>0.05) from one another. The 6% LM (10.83 ± 0.08 
cells/field) and 8% LM (11.13 ± 0.08 cells/field) groups 
demonstrate substantial neutrophil adherence activity, akin to 
the 2% LM and 4% LM groups, indicating that elevating LM 
concentration does not significantly (P>0.05) augment neu-
trophil adherence beyond a specific threshold. The neutrophil 

adherence activity escalates with the incorporation of L. ma-
croides; the distinctions between 2% and 4% compared with 
other experimental feeds were statistically significant 
(P<0.05). 

Data represented as mean±SD; Different superscripts be-
tween variables show significant differences at the P<0.05 
level; Anova followed by DMRTs was performed. 

Serum Lysozyme Activity (SLA) 

Figure 4 depicts the serum lysozyme activity in C. carpio 
subjected to various feed treatments (control, 2% LM, 4% 
LM, 6% LM, and 8% LM). The serum lysozyme activity was 
lowest in the control group, at 65.40 ± 0.09 units/ml. The 2% 
LM and 4% LM groups exhibit a marginal enhancement in 
lysozyme activity relative to the control group. As the con-
centration of L. macroides in the feed rises, there is a corre-
sponding trend of elevated serum lysozyme activity, with the 
8% LM group exhibiting the greatest amount. The various su-
perscripts probably denote statistical significance (P<0.05) 
among the groups, indicating disparities in activity levels.  

Figure 3. NAA value of C. carpio fed in the different feeding regimes 
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Figure 4. SLA value of C. carpio fed in the different feeding regimes 

Data represented as mean±SD; Different superscripts be-
tween variables show significant differences at the P<0.05 
level; Anova followed by DMRTs was performed. 

Conventional statistical testing (one-way ANOVA) con-
firmed the observation of significant differences between 
treatment groups with regard to NBT reduction, neutrophil 
adhesion, and serum lysozyme activity (p < 0.05). That said, 
ANOVA is generally a test for differences between means in 
the groups and does not quantify predictive relationships or 
maximize potential nonlinear concentration-sensitive curves. 
Hence, regression-based machine learning models were used 
to evaluate the predictive power of the dose of probiotics on 
immune responses with better accuracy. 

The dataset was randomly separated into training (80%) and 
test set (20%), cross-validated 5 times to evaluate model sta-
bility. 

Regression Model 

In the proposed work, all the regression analyses, dietary L. 
macroides concentration (%), were considered as the inde-
pendent predictor variable. NBT activity, NAA, and SLA 
were modeled independently as target variables.  

The scatter plots compared various variables (NBT, NAA, 
SLA) against a target variable of C. carpio in the different 
feeding regimes. Each graphic features a fitted regression 

line, illustrating the correlation between the independent var-
iable and the target variable. 

Linear Regression 

The linear regression of the NBT assay on C. carpio fed with 
different feeding regimens demonstrated a moderate regres-
sion value (R2) of 0.48, with a Mean Absolute Error (MAE) 
of 1.40. The regression values for NAA and SLA indicated a 
moderate (R² - 0.60, MAE - 1.27) and a strong relationship 
(R² - 0.71, MAE - 1.05) across all feeding regimes, respec-
tively (Figure 5). 

Random Forest Regressor 

Scatter plots of the Random Forest regressor of NBT, NAA, 
and SLA on C. carpio were administered varying concentra-
tions of probiotic feed. The NBT indicated the lowest corre-
lation (R2 = 0.14) and the highest mean absolute error (MAE 
= 1.45) when comparing C. carpio fed different feeding re-
gimes. Nonetheless, there exists a robust correlation and an 
ideal link between Neutrophil Adherence Activity (R2 = 0.94, 
MAE = 0.20) and Serum Lysozyme Activity (R2 = 1.00, 
MAE = 0.00) (Figure 6). 

Decision Tree Regression Model 

The decision tree regressor of C. carpio  NBT indicated a 
poor fit with the target value across various regimes (R² = 
0.13, MAE = 1.60). NAA and SLA exhibited a high positive 
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connection (R² = 0.92, MAE = 0.20) and a complete positive 
relationship (R² =1.00, MAE = 0.00), respectively (Figure 7). 

Gradient Boosting Regressor 

The NBT data indicated that the Gradient Boosting Regressor 
of C. carpio subjected to various feeding regimes was lowest, 
with a correlation of R2 = 0.13 and an MAE of 1.81. The 
NAA and SLA exhibited a high positive association (R² = 
0.95, MAE = 0.18) and a perfect positive relationship (R² = 
1.00, MAE = 0.00), respectively (Figure 8). 

Voting Regressor 

The graphic demonstrates that Regressor Predictions and 
their Average present the anticipated values from multiple re-
gression models in relation to NBT, NAA, and SLA. The 
graph illustrates predictions from multiple regression models, 
including Gradient Boosting, Random Forest, Linear Regres-
sion, Decision Tree, and Voting Regressor (Figure 9). The 
Voting Regressor demonstrates a prediction that approxi-
mates the mean of all models, signifying its efficacy in amal-
gamating the strengths of the separate models. 

Figure 5. NBT, NAA, and SLA prediction and actual values of C. carpio  fed with different feeding regimes using Linear 
regression 

Figure 6. NBT, NAA, and SLA prediction and actual values of C. carpio fed with different feeding regimes using Random 
Forest Regressor 
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Figure 7. NBT, NAA, and SLA prediction and actual values of C. carpio  fed with different feeding regimes using the Deci-
sion Tree Regressor 

Figure 8. NBT, NAA, and SLA prediction and actual values of C. carpio fed with different feeding regimes using Gradient 
Booster Regressor 

Figure 9. Voting Regressor Analysis 



Aquatic Research 9(3), 176-190 (2026) • https://doi.org/10.3153/AR26015    Research Article 

186 

The Gradient Boosting Regressor exhibits the greatest pro-
jected value, indicating it may be the most efficacious model 
for this investigation. Its forecasts consistently surpass those 
of the other models. The Random Forest regressor and Deci-
sion tree regressor produce less accurate predictions com-
pared to Gradient boosting, suggesting an inability to model 
the underlying patterns in this context effectively. The linear 
regression model produces the lowest projected value, indi-
cating its inadequacy for this dataset due to its linearity as-
sumptions. At the same time, the Gradient boosting regressor 
was expected to be the most effective model in this study, 
benefiting from superior predictive performance compared to 
other regression models. 

The present study emphasized the effect of dietary L. ma-
croides supplementation on innate immunological indices in 
C. carpio and studied regression-based machine learning
(ML) models as additional analytical tools. Probiotics have
been well documented in aquaculture (Irianto & Austin,
2002; Gatesoupe, 2007; Merrifield et al., 2010; Hoseinifar et
al., 2014), and many strains, particularly Lactobacillus and
Bacillus, have shown immunomodulatory activities in teleost
fish (Faeed et al., 2022; Xia et al., 2019). While L. macroides
has been poorly documented in C. carpio, these results should 
be an extension of the established field rather than a new pro-
biotic application.

Enhanced nitroblue tetrazolium (NBT) activity at higher 
doses of supplementation suggests stimulation of respiratory 
burst activity, which is an important process in the innate im-
munity mechanism (Kumar et al., 2012). Diminution of NBT 
signifies neutrophil superoxide production that is crucial to 
killing microbes. Similar stimulation of phagocytic and oxi-
dative activity by probiotics has been reported in different 
fish species (Gatesoupe, 2007; El-Saadony, 2021). The find-
ings endorse the idea that probiotics could enhance innate im-
mune response by influencing GALT and cytokine signaling 
(Nayak, 2010). 

However, there does not appear to be a strict linear concen-
tration relationship as the present results indicate. The 6% 
and 8% inclusion levels induced a statistically significant im-
provement in NBT activity (P < 0.05) as compared to the 
control, but the results of both at 2% and 4% level were no 
significant difference. Additionally, neutrophil adhesion ap-
peared to plateau with mild levels of supplementation. Past 
works have shown that there are threshold or saturation ef-
fects, in the sense that the efficacy of probiotics depends on 

reaching an adequate concentration window and is not a uni-
form linear growth (Merrifield et al., 2010; Aleman & Yadav, 
2003). Immunological enhancement uncovered is concentra-
tion-responsive rather than strictly concentration-sensitive, 
although there may be biological limits to this. 

The marked positive correlation between serum lysozyme 
and NBT activity, however, reveals that both non-specific im-
mune components are also activated synchronously. Lyso-
zyme is an important antibacterial enzyme involved in hu-
moral defense (Huang et al., 2018). Probiotic treatment after 
a higher serum lysozyme level has been known in Oncorhyn-
chus mykiss (Hoseinifar et al., 2014) and other teleosts (Fer-
raboschi et al., 2021). Correlation does not prove a mecha-
nistic relationship, but the absence of sub-molecular level 
studies (e.g., cytokine expression profiling) limits inference-
related pathways. 

The elevated level of blood lysozyme observed in the higher 
inclusion groups would also seem to agree with data describ-
ing how optimal probiotic dosages can stimulate immune in-
nate markers (Tovar-Ramírez et al., 2009; Kazuń & Siwicki, 
2018). The plateau response observed in neutrophil adhesion, 
and the lack of effects at modest lower inclusion levels, in-
dicate that dose optimization would be required. Szydłowska 
and Sionek (2022) reported that insufficient and immoderate 
supplementation can have negative immunological aspects. 

Machine learning regression models were used to analyze the 
predictive regression between probiotic content and immu-
nological variables. It is important to note that prediction 
does not equal biology. The ML models identify statistical 
patterns in the dataset, but they do not independently test im-
munological processes. 

The R² values of gradient boosting regression were higher 
than those of the linear, random forest, and decision tree mod-
els. Ensemble methods have been known to work well on 
structured datasets by reducing bias and variance (Friedman, 
2001; Chen & Guestrin, 2016; Natekin & Knoll, 2013). How-
ever, the close-to-perfect performance achieved by some pa-
rameters (e.g., R² = 1.00; MAE ≈ 0.00) most probably re-
flected characteristics of the dataset's small sample and 
clearly separate treatment groups rather than a real biological 
meaning. 

Interpretation of ML analysis should be considered explora-
tory rather than confirmatory immunomodulation. The mod-
els suggest that nonlinear regression methods might be able 
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to better model structured patterns in concentration-sensitive 
data than linear approaches with this experimental data set. 
Similar approaches using machine learning to address micro-
bial and immunological systems have been pointed out as 
promising but exploratory tools in the field of biomedicine 
(Marcos-Zambrano et al., 2021). External validation using in-
dependent datasets is needed before generalizable predictive 
conclusions can be derived. 

Fish immune responses are influenced by environmental and 
physiological factors like temperature, stress, water quality, 
and nutritional value (Mustafa et al., 2024; Xiong et al., 
2019). Although a constant laboratory environment was kept, 
environmental factors were not included as independent pre-
dictive variables in the machine learning exercise. Hence, 
the immunological responses that we present here shall be 
considered in the context of an experimental environment 
and can not be extrapolated to all types of aquaculture envi-
ronments without further verification. 

The diet content is recognized as an immunological status 
regulator in teleosts (Biller et al., 2021). The relationship 
observed in our study between feeding condition and immu-
nological indicators coincides with previous results suggest-
ing that lysozyme level is a useful proxy for assessing the 
strength of the innate immune response (Biller et al., 2019). 
It may be inappropriate to consider serum lysozyme as the 
only criterion for immunological capacity; a whole immune 
profile would improve their biological understanding. 

Conclusion 
Dietary L. macroides supplementation was associated with 
increased NBT activity and serum lysozyme levels in C. car-
pio at controlled laboratory conditions, suggesting threshold, 
as well as plateau responses, rather than a strictly linear re-
sponse based on the concentrations. Additional predictive in-
formation on structured concentration-sensitive patterns was 
provided by machine learning regression models. However, 
these are to be considered as exploratory analytical tools and 
not evidence for biological causality. These findings will also 
broaden our knowledge about the potential immunomodula-
tion effects of L. macroides and warrant mechanistic and val-
idation investigations before advancing to a practical appli-
cation in aquaculture. 
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