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ABSTRACT
This study assesses the enrichment of Artemia nauplii with the probiotic Lactiplantibacillus plantarum (NCBI GenBank Accession No: PQ764068) to improve live feed quality in aquaculture. Newly hatched A. nauplii was exposed to bioencapsulation of probiotic L. plantarum concentrations from 106 to 108 CFU/mL for 24h, 48h, 72h, and 144h under laboratory conditions. The bioencapsulation efficiency was assessed in A. nauplii through survival, behavioral responses, in which, the enhanced swimming activity, feeding behaviour, behavioural stress and better survival were observed in the highest probiotic enrichment (107 CFU/mL) load. The challenge study with Vibrio parahaemolyticus against the bioencapsulated A. nauplii showed better results in 108 CFU/mL than the positive and negative control groups. This research demonstrated that probiotic L. plantarum enriched A. nauplii can aid as an efficient live feed for carrying microbes to aquatic larvae. This will improve the growth and health of larvae and increase resistance against diseases in aquaculture practices. 
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1. INTRODUCTION
Aquaculture is a rapidly growing food production sector internationally, but faces significant challenges during larval rearing, particularly in meeting nutritional requirements and managing diseases. Live feeds, like Artemia nauplii and rotifers, constitute the foundation of fish feed larviculture systems worldwide. However, the early larval stages of aquatic species present unique nutritional challenges, as many fish larvae require specific nutrition that are not met by standard live feeds, and they are not adequate (Altaff, 2019; Altaff and Vijayaraj, 2021). Artemia salina has been applied widely as a live feed organism in aquaculture for more than a decade. Their widespread adoption is attributed to the ease of cultivation, consistent availability, acceptable nutritional profiles, and compatibility with a diverse range of fish species. Nevertheless, naturally hatched Artemia nauplii exhibit inherent deficiencies in critical nutrients, including essential fatty acids (EPA and DHA), certain vitamins, and amino acid profiles that differ from optimal larval requirements (Romanova et al.,2023). To address these nutritional gaps, the aquaculture industry has emerged with enrichment technologies. Among emerging enrichment strategies, the incorporation of probiotic microorganisms has received substantial attention for their dual benefits both adults and larvae.
Artemia nauplii represent vital organisms in commercial aquaculture hatcheries worldwide. Their utility as starter feed for fish and crustacean larvae stems from multiple advantages, including appropriate size for newly feeding larvae, high digestibility, and the capacity to maintain viability in diverse culture conditions. The nutritional quality of Artemia nauplii influences the survival, growth rates, and progressive outcomes in cultured species (Romanova, 2022). Despite their widespread use, naturally cultured Artemia nauplii exhibit significant nutritional limitations, and their requirements are essential for optimal larval development in marine fish. Specifically, Artemia naturally contains low levels of highly unsaturated fatty acids (HUFAs), particularly docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), which are essential for normal neural and visual development in fish larvae. (Zhou et al., 2025). 
Probiotics are defined as live microorganisms that confer health benefits to host organisms in aquaculture when administered in adequate amounts (Hasan and Banerjee, 2020). These functional agents operate through multiple mechanisms, including competition with pathogenic bacteria for binding sites and nutrients, production of antimicrobial compounds, modulation of host immune responses, and improved nutrient utilization efficiency. The application of probiotics in aquaculture extends beyond simple disease prevention. 
Probiotics have emerged as a viable and sustainable alternative to antibiotics, improving gut health, immune regulation, nutrient utilization, and disease resistance in aquaculture (Hai, 2015). Through antibacterial activity, enzyme production, and immunostimulatory effects in aquatic organisms, the well-characterized lactic acid bacterium Lactiplantibacillus plantarum exhibits great probiotic potential (Ringø et al., 2010). Probiotic bacteria can be directly transferred to fish larvae via enriched Artemia nauplii, which promotes early gut colonization and improved health.
Comprehensive research has documented that probiotics enhance growth performance, improve feed utilization efficiency, strengthen innate immune responses, and promote favorable development of the microbiota (Okon et al., 2025). Lactic acid bacteria (LAB), including Lactobacillus and related species are extensively studied and applied as probiotic-based feed supplements in aquaculture systems. These bacteria have been isolated from diverse aquatic environments and demonstrate multiple beneficial properties relevant to fish health and productivity (Contente et al., 2024). These probiotics demonstrated robust growth characteristics under diverse environmental conditions, enabling consistent colonization of live feed organisms. Its acid tolerance and ability to survive passage through simulated gastrointestinal conditions make it particularly suitable for application as a probiotic in fish larval systems (Coulibaly et al., 2023). Artemia-based bioassays are widely employed for initial screening of chemicals and probiotics, and are considered quick, affordable, and ethically acceptable alternatives to vertebrate models. 
Although it provides a novel and sustainable approach to the aquaculture industry, the research focusing on improving the live-feed quality of artemia nauplii using the probiotic Lactiplantibacillus plantarum is highly significant to the scientific field. The natural method to enhance larval health, growth, and survival, while decreasing the risk of infections caused by pathogenic Vibrio species, is to use probiotics that are beneficial to live feed (Verschuere et al., 2000; Hai, 2015). 
Probiotics, Lactiplantibacillus plantarum, have been shown to improve gut health, nutritional absorption, immunological regulation, and disease resistance, their application in aquaculture has gained further interest in recent years (Hai, 2015; Ringø et al., 2018). Hence, the present study aims to evaluate the optimal dosing, safety and suitability feed of probiotic Lactiplantibacillus plantarum (previously isolated and confirmed in the laboratory from the snail gut pila globosa - NCBI GenBank Accession No: PQ764068), through which finding the efficiency of Artemia nauplii treated with different concentration of probiotic enrichment on toxicity, behavioural and survival analysis to support its application as a sustainable strategy for improving live feed quality in aquaculture systems.
2. MATERIALS AND METHODS
2.1. Probiotic Enrichment of Artemia nauplii
2.1.1. Preparation of Probiotic Culture
During aseptic conditions, the probiotic bacteria slant culture was transferred to the broth culture. Lactiplantibacillus plantarum was grown for 24 hours at 37 °C in MRS broth. The bacterial pellet was twice rinsed with sterile phosphate-buffered saline (PBS) after centrifugation for 30 minutes at 5,000 rpm. For the purpose of enrichment, the final bacterial suspension was adjusted to approximately 108 CFU mL⁻¹.
2.1.2. Hatching of Artemia Cysts
Commercially available Artemia cysts were hatched out in sterile artificial saltwater (salinity 35 ppt) at 28 ± 1 °C with constant aeration and lighting. Freshly hatched instar II, III Artemia nauplii were collected after 18 to 24 hours of incubation, properly cleaned with sterile seawater, and it was used for enrichment. 
2.1.3. Hatching and Enrichment of Artemia nauplii
Based on preliminary studies, a sublethal concentration of probiotic Lactiplantibacillus plantarum was used. Newly hatched nauplii were randomly distributed into four groups (G1, G2, G3, and G4), for probiotic enrichment, L. plantarum suspension was added with different concentrations of 106, 107 and 108 CFU mL⁻¹, respectively, for 24, 48, 72, and 144 h. They were maintained for 4 h under gentle aeration, then rinsed with sterile seawater before transfer to rearing experimental vessels for monitoring. Probiotic bioencapsulation in Artemia enhances microbial delivery to larvae and can influence immune responses (Xu et al., 2023). All the enrichment groups were performed in triplicate. 
2.2. Behavioural Analysis
After enrichment, twenty nauplii per replicate (n = 3) were assessed under a stereomicroscope. Swimming speed (mm/s), directionality score (0: normal; 1: Slightly reduced movement; 2: Erratic or uncoordinated swimming; 3: Stable/Active movement/feeding;  4: Immobile but alive (minimal appendage movement); 5: Dead (no movement observed), and aggregation index (number of nauplii in clusters) were measured. Behavioural responses are useful indicators of probiotic effects on metabolic function in Artemia nauplii, as determined by live nauplii during the enrichment period of the experiment. The survival percentage was calculated according to standard live feed evaluation methods (Xu et al., 2023).
Survival %  

Where;
	N0 = initial number of nauplii
	Nt = Number of surviving nauplii after enrichment

2.3. Challenge study on Vibrio parahaemolyticus
To evaluate disease resistance, additional sets of enriched A.nauplii were challenged with Vibrio parahaemolyticus in the challenge study. Resistance to Vibrio is a common endpoint in probiotic enrichment studies and reflects probiotic-mediated suppression of pathogen growth (Yudiati et al., 2023).  A total of five groups are treated with Artemia nauplii. Both positive (G0) and negative control (G1), A. nauplii were fed with commercial feed; additionally, the negative control was challenged with the pathogen, and the other three groups (G2, G3, G4) were fed with different concentrations of probiotics (106, 107, 108 CFU/mL). All experiments were performed in triplicate, and Artemia survival was monitored throughout the experiment (24 -144 h)
2.4. Post-Enrichment Handling
After enrichment, Artemia nauplii were harvested, rinsed with sterile seawater to remove excess bacteria, and immediately used for feeding trials or further analyses. Survival and swimming activity of enriched Artemia were monitored to assess the enrichment’s effect on viability. 

2.5. Statistical Analysis
All experiments were conducted in triplicate. Data were expressed as mean ± standard deviation and analyzed using SPSS (Ver. 11) to determine the significant differences between treatments. The obtained results were expressed as mean ± standard error (SE), and the level of significance was fixed at p < 0.05. 

3. RESULTS 
3.1. Probiotic Uptake and Enrichment Efficiency
During Artemia nauplii treatment, no mortality was observed in all probiotic-treated groups. Survival rates of 106 and 107 CFU/ml were the dose-dependent enrichment. Patterns were similar across all groups compared with the control group, suggesting that probiotic administration had no negative consequences. The organisms demonstrated normal growth and activity even at a high concentration of 108 CFU/ml, confirming the probiotic culture's safety in these survival and toxicity studies and further.
3.2. Survival and Toxicity Assessment 
Among the Lactiplantibacillus plantarum treated groups, G1, G2, G3, and G4 were observed at 10⁶, 107 and 108 CFU/mL, demonstrating a strong phototactic response, active swimming, and uniform distribution in the culture medium (Table 1). All the groups exhibited significantly enhanced swimming activity compared to the control. Though, at 10⁸ CFU/mL, A. nauplii exhibited active swimming speed, intermittent movement, and increased bottom settling, particularly after 96 h and 144 h, suggesting reduced/no stress (95% or 100%) at higher probiotic loads (Fig. 1). According to behavioral research, probiotic-treated groups exhibited typical feeding responses, swimming patterns, and inquisitive behavior. In comparison to the control, organisms exposed to different probiotic concentrations exhibited activity levels were either comparable or higher. All concentrations were examined, and higher doses showed no aberrant behaviors, such as erratic movement, decreased mobility, or stress-related reactions.


Table 1.  Behavioural activity of L. plantarum treatment groups with A. nauplii
	S. No
	Experimental Group
	Swimming behaviour activity with (score)
	Stress indicator

	1. 
	G1
	Normal (0)
	Absent

	2. 
	G2
	Slight improvement (1)
	Absent

	3. 
	G3
	stable behavior, active (3)
	Absent

	4. 
	G4
	Enhanced activity (3)
	Absent














Figure 1. Survival and toxicity study against the enriched Artemia nauplii groups.

3.3. Challenge Study 
In the V. parahaemolyticus pathogen challenge study, the enriched Artemia group showed significantly greater survival than the control group (Fig. 2). The probiotic dose at 108 CFU/mL group shows the highest resistance to the benefits of survival. Group 4 (G4) showed 100% (19.67 ± 0.33) survival at 24 h exposure and at subsequent exposure times compared with other groups. At 144 h, G0 and G1 showed 55% (11.00 ± 1.00) and 30% (6.33 ± 0.33) survival, respectively. Though more than 65% survival (12.67 ± 0.67) in all treated groups, especially 85% (16.67 ± 0.33) survival in G4. 
Normal behavioural activity of A. nauplii was found in G0, Moderate and active behaviour were found in G3 and G4. Meanwhile, G1 showed reduced movement and feeding behaviour, it may have been under stress due to normal feed without probiotic-enriched A. nauplii. It clearly states that the enriched feed supplement provides life support to the host. This was clearly understood through the probiotic treated A. nauplii in all the different concentrations, expressed active and stable movement and feeding behaviour in G2, G3 and G4.

Table 2. Behavioural activity in probiotic-enriched A. nauplii groups during the Challenge study
	S. No
	Experimental Group
	Behavioural and Swimming activity
	Stress indicator

	1. 
	G0
	Normal movement and feeding (0)
	Absent

	2. 
	G1
	Reduced movement (1)
	Present

	3. 
	G2
	Moderate Feeding response (1)
	Absent

	4. 
	G3
	Active and Stable behavior (3)
	Absent

	5. 
	G4
	Active and Stable behavior (3)
	Absent














Figure 2. Challenge study of V. parahaemolyticus against probiotic-enriched A. nauplii groups.

4. DISCUSSION 
The present study demonstrates that Lactiplantibacillus plantarum can be safely used to enhance the Artemia nauplii at concentrations up to 108 CFU/mL without adverse effects. Enhanced swimming activity and sustained survival at these doses indicate improved physiological performance and stress tolerance. The results corroborate previous findings showed that probiotic-enriched live prey enhances growth performance in fish and crustacean larvae (Ashaari, 2024). The enhancement was particularly evident at 108 CFU/mL, suggesting a dose-dependent relationship between bacterial inoculum and beneficial effects on host performance.
The observed dose-dependent response aligns with previous studies reporting optimal probiotic enrichment of Artemia at 10⁶–10⁷ CFU/mL, while higher concentrations may induce mild stress due to microbial overloading (Azimirad et al., 2017). The Vibrio challenge experiments provided compelling evidence that L. plantarum-enriched A. nauplii significantly improve the disease resistance to A. nauplii consuming larvae. Probiotic-enriched G3 and G4 at a concentration of 107 and 108 CFU/mL showed higher survival rates of 82-89% when challenged with Vibrio parahaemolyticus, compared to G2 and G0. Likewise, Romanova (2023) found that only 18-25% survival was found in the control group. Previously, Ofelio, (2021) reported that probiotic Lactobacillus rhamnosus, enhanced the disease resistance in Artemia and reduced Vibrionaceae load after exposure and improved host resistance outcomes.
The protective mechanism appears to involve both competitive exclusion and immune stimulation. The enriched nauplii harbored elevated populations of protective L. plantarum and related lactic acid bacteria (LAB), which directly inhibited Vibrio colonization in the larval gastrointestinal tract. Molecular analysis revealed that pyruvic acid and lactic acid produced by L. plantarum created an inhospitable environment for Vibrio by lowering intestinal pH and depleting essential nutrients (Romanova et al., 2023). The performance of L. plantarum enriched the Artemia, it was comparable to or superior to other documented enrichment approaches. Previous studies using Bacillus species reported growth improvements of 15-25% and survival enhancements of 40-60% against Vibrio challenges (Xu et al., 2023)
Xu et al., (2023) demonstrated that the probiotic enhances the competitive exclusion of Vibrio by occupying niche sites on/in Artemia tissues. Stimulation of host innate immune responses reduces pathogen susceptibility; many probiotics are known to upregulate enzymes and immune factors, although specific measures (e.g., SOD, proPO) were not elevated beyond the baseline. This is consistent with the broader understanding that maintaining beneficial microbial communities supports host resilience (Todorov et al., 2024).
The behavioural improvements may stem from improved physiological status in probiotic-fed Artemia, as evidenced by enriched live feeds that display enhanced swimming performance and vigor. Optimal doses (10⁶–10⁷) appear to balance beneficial effects without excessive bacterial load, which might impact oxygen levels or metabolic turnover. Such patterns are consistent across aquaculture probiotic literature, indicating that excessive probiotic density can become less effective or even counterproductive when the water quality is compromised.
Higher uptake of probiotics at a concentration of 10⁷–10⁸ CFU/mL enhances the potential of Artemia as a probiotic delivery vector for larval fish and shrimp. However, the slight reduction in survival and swimming performance at 10⁸ CFU/mL suggests 85% that excessive probiotic concentrations may impose metabolic stress, emphasizing the importance of dose optimization. Overall, enrichment at 10⁶–10⁷ CFU/mL appears optimal, balancing safety and probiotic delivery efficiency. These findings support earlier reports highlighting Artemia-mediated probiotic transfer as a practical and effective strategy in aquaculture systems.
CONCLUSION 
The encapsulation of Artemia nauplii enrichment with Lactiplantibacillus plantarum across a dose range of 106  to 10⁸ CFU/mL significantly enhanced live feed quality of Artemia, including stable behavioural activity, survival, and resistance to Vibrio parahaemolyticus challenge, with optimal performance at 10⁶–10⁸ CFU/mL. The improvement in growth performance and disease resistance appears to be mediated by multiple mechanisms, including enhanced nutrition, competitive exclusion of pathogens, and immune stimulation. The apparent optimal concentration of 107-108 CFU/mL provided maximal benefits while remaining cost-effective for implementation in commercial hatcheries. The sustainable and alternative supports to use of probiotic-enriched Artemia as a live feed strategy to improve larval performance and disease resistance in aquaculture hatcheries.
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