


Evaluation of Curcuma longa aqueous extract for bactericidal activity toward Enterobacter ludwigii isolated from diseased Catla catla

Abstract: Disease outbreaks are a significant concern for sustainable freshwater aquaculture, especially in unmanaged pond systems. In this study, we investigated a pathogen associated with mortality in Catla catla from an unmanaged village pond in Ladwa, India. The pond entirely depended on natural productivity, with no supplemental feeding. Affected fish showed signs of illness, including reduced appetite, lethargy, and severe gill hemorrhages. Water quality analysis indicated stressful conditions, with elevated pH (9.2 ± 0.2), low dissolved oxygen (4.9 ± 0.3 mg/L), and high total ammonia (0.5 ± 0.2 mg/L). A dominant Gram-negative bacterium was isolated from gill lesions and identified as Enterobacter ludwigii (strain HAUAAHM_EL1; GenBank PP989393) using both biochemical tests and 16S rRNA sequencing. Considering the need for sustainable disease management, the antibacterial potential of an aqueous extract of Curcuma longa (turmeric) was tested in vitro. Broth microdilution assays showed concentration-dependent inhibition of the pathogen, with a minimum inhibitory concentration (MIC) of 2.5 mg/mL and a minimum bactericidal concentration (MBC) of 10 mg/mL. An MBC/MIC ratio of 4 confirmed the extract's bactericidal effect. These results confirm that E. ludwigii can act as an opportunistic pathogen in unmanaged aquaculture ponds and suggest that turmeric extract, which is easily available and eco-friendly, may serve as a potential antibacterial agent. Further research is required to evaluate the in vivo effectiveness of the extract, standardize its phytochemical composition, and examine the antimicrobial resistance profile of the isolate before recommending its practical application in aquaculture systems.
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[bookmark: _Hlk209038639]1. Introduction
Aquaculture is one of the fastest growing food sectors in the world. In India [19], it plays a double role. On one hand, it provides a cheap source of animal protein; on the other, it supports the livelihood of millions of small farmers. The Indian major carps Catla catla, Labeo rohita, and Cirrhinus mrigala, are the most often cultivated freshwater fish because of their quick growth and high demand from consumers. As farming has become more intensive in recent decades, disease problems have become more common. High stocking densities and poor management are the main causes of these epidemics, which cause large financial losses [6; 34].
In rural India, fish culture is usually practiced in unmanaged village ponds. These ponds have no proper biosecurity and depend only on natural productivity. Farmers rarely exchange water, leading to poor quality with high pH, ammonia, and biological oxygen demand (BOD), and low dissolved oxygen (DO) [8]. Such conditions put the fish under stress, lower their immunity, and make them more vulnerable to pathogens. Human and animal waste also enters with rainwater, bringing enteric bacteria that easily infect the fish [26].
Members of the family Enterobacteriaceae are common in sewage and aquatic environments. The Enterobacter cloacae complex (ECC), earlier thought to be harmless, has gained importance because some species like Enterobacter ludwigii are now reported as opportunistic pathogens in humans, animals, and plants [21; 25]. Their occurrence in diseased fish suggests they may also be a problem in aquaculture. In addition, E. ludwigii strains often carry antimicrobial resistance (AMR) genes, which is a concern for fish farmers as well as public health, linking the issue to the One Health concept [37; 24; 29]. Still, there are very few reports of E. ludwigii as a pathogen in Indian major carps.
The use of antibiotics in fish farming is common, but their misuse has created serious challenges [32]. Drug resistance in bacteria, drug residues in fish tissue, and contamination of ponds are now widely reported [11; 12; 16]. Among the various option, plant-based bioactive compounds are becoming more popular among the various options since they are natural, biodegradable, target a range of bacteria, and are less likely to induce resistance [30; 36].
Turmeric (Curcuma longa L.), a spice that is frequently used in Indian homes and traditional medicine, contains a lot of curcumin. It has been reported to alter bacterial signaling, damage their membranes, or inhibit nucleic acid synthesis [20; 35; 1]. Extracts from turmeric have been found to be effective against Vibrio spp. and Aeromonas hydrophila, two significant fish pathogens. [15; 23]. But information on its activity against E. ludwigii from sewage-impacted ponds is missing.
Thus, the objectives of this study were: (i) to isolate and identify Enterobacter ludwigii from infected Catla catla raised in an unmanaged village pond, and (ii) to determine the in vitro antibacterial activity of an aqueous extract of Curcuma longa against this pathogen.
2. Material & Methods
[bookmark: _Hlk209178904]2.1 Survey site and sample collection
Catla catla specimens exhibiting clinical signs of disease were collected from a village pond with no active management located in Ladwa, Hisar (29°04'05.2"N 75°48'01.8"E). The pond (approximate area 2-hectare, average depth ~1.5 m) was stocked with Indian major carp fingerlings at a density of ~12,000 per hectare. The pond received no scientific management; operators did not provide supplemental feed, control water quality, or perform water exchanges except through rainfall. For this study, diseased catla were collected, packed in oxygen-filled polythene bags, and transported to the Aquatic Animal Health Management Laboratory, College of Fisheries Sciences (COFS), Hisar, for examination. Fish collection and handling procedures were approved by the Institutional Animal Ethics Committee of COFS, Hisar.
2.2 Isolation of bacterial isolate
In the laboratory, the diseased fish were first euthanized as per ethical guidelines. Approximately 1g of gill tissue was aseptically collected from each fish. This was homogenized in 9 mL of sterile phosphate-buffered saline (PBS) with the help of a tissue homogenizer. Serial dilutions (10-fold) were made, and 100 µL from each dilution was spread on Tryptic Soy Agar (TSA; HiMedia, India) plates. All steps were carried out in triplicate under aseptic conditions inside a biosafety cabinet. The inoculated plates were incubated at 30 ± 2°C for 24–48 h. After incubation, morphologically distinct colonies were picked and streaked onto fresh Nutrient Agar (NA; HiMedia, India) plates to obtain pure isolates, which were further incubated at 30 ± 2°C for 24 h. Pure cultures were preserved on NA slants at 4 °C for short-term use and stored in 20% glycerol stocks at −80 °C for long-term preservation.
2.3 Morphological and Biochemical Characterization 
Pure bacterial isolates were examined for colony characteristics (e.g., colour, shape, elevation, margin, and texture). Gram staining was performed as a primary step. Standard biochemical tests were conducted, including catalase, oxidase, KOH solubility, urease, Simmons citrate, motility, methyl red, indole, H₂S production, lysine decarboxylase, and carbohydrate fermentation (glucose, lactose), following Bergey’s Manual of Determinative Bacteriology [22].
2.4 Molecular characteristics of bacterial isolate 
Genomic DNA was extracted from a 24-hour-old pure culture using the HiPurA® Bacterial Genomic DNA Purification Kit (MB505, HiMedia) following the manufacturer’s instructions. The 16S rRNA gene was amplified with the HiMedia Hi-PCR® 16S rRNA Semi-Q PCR Kit. Two universal primers were used: 27F (5′-CCA GAG TTT GAT CMT GGC TCA G-3′) and 1492R (5′-TAC GGY TAC CTT GTT ACG ACT T-3′). PCR cycling conditions included an initial denaturation at 94 °C for 5 min, followed by 30 cycles of denaturation at 95 °C for 30 s, annealing at 60 °C for 30 s, and extension at 72 °C for 45 s. A final extension step was run at 72 °C for 5 min. Amplicons were cleaned with HiPurA® Mag Beads (HiMedia) following the supplier’s instructions. The purified products were checked on a 1.5% agarose gel stained with ethidium bromide. PCR products were then subjected to Sanger sequencing [2], and sequences were compared with NCBI’s 16S rRNA database using BLAST. Phylogenetic analysis was conducted using MEGA 12 software. Neighbor-Joining trees were constructed [33] and validated with 1,000 bootstrap replications. Reference sequences were retrieved from NCBI GenBank using accession numbers.
2.5 Analysis of water quality of the unmanaged village pond 
The water parameters including pH, dissolved oxygen (DO), biological oxygen demand (BOD), total dissolved solids (TDS), salinity, electrical conductivity (EC), alkalinity and total hardness were estimated following standard methods described by APHA [3]. All measurements were performed in triplicate.
2.6 Curcuma longa aqueous extract preparation
Curcuma longa (turmeric) rhizomes were procured from the Medicinal, Aromatic and Potential Crops Section, Department of Genetics and Plant Breeding, CCSHAU, Hisar. The rhizomes were thoroughly washed with water, shade-dried, and ground using an electric mixer-grinder. Ten grams of turmeric powder were mixed with 100 ml of distilled water in a conical flask and incubated in an orbital shaking incubator at 120 rpm for 48 hours. The mixture was filtered through Whatman No.1 filter paper and centrifuged at 2500 × g for 10 minutes. The supernatant (aqueous extract) was collected and stored in an amber bottle at 4 °C until further use. Subsequently, the extract was concentrated using a rotary evaporator (Buchi R-300) and stored at −20 °C until further use.
2.7 Preparation of Bacterial Inoculum
A single colony of each bacterial isolate was inoculated into 5 mL of Mueller-Hinton Broth (MHB) and incubated at 28–37°C for 16–18 h. Following incubation, the turbidity of the bacterial suspension was adjusted with sterile MHB to match the 0.5 McFarland standard, corresponding to approximately 1–2×10^8 CFU/mL. This standardized suspension was subsequently diluted with sterile MHB to achieve a working inoculum concentration of approximately 5×10^5 CFU/mL for use in the assay.
2.8. Determination of Minimum Inhibitory Concentration (MIC)
The minimum inhibitory concentration (MIC) of the turmeric (Curcuma longa) extract was determined using the broth microdilution method, following the Clinical and Laboratory Standards Institute (CLSI) guidelines [14; 13]. Two-fold serial dilutions of the extract were prepared in Mueller-Hinton Broth (MHB) in sterile 96-well flat-bottom microtiter plates, resulting in final concentrations ranging from 20.0 to 0.039 mg/mL after inoculation. Each well contained 100 µL of extract solution and 100 µL of bacterial suspension (~5 × 10⁵ CFU/mL), yielding a total volume of 200 µL. Appropriate controls were included: (i) positive growth control, containing MHB and bacterial inoculum without extract; (ii) negative sterility control, containing only sterile MHB; and (iii) extract background control, consisting of extract dilutions in MHB without bacteria to account for inherent color or turbidity. Plates were incubated at 30± 2 °C for 24 h. Bacterial growth was assessed by measuring the optical density at 600 nm (OD₆₀₀) using a microplate reader. OD values from treatment wells were corrected by subtracting the OD of their respective extract background controls. The MIC was defined as the lowest extract concentration that completely inhibited visible bacterial growth in all replicates. Growth inhibition (%) was calculated using the formula:
[bookmark: _Hlk209178973]Growth Inhibition (%) = 
where OD_pos-corr = (OD_positive control − OD_negative control) and OD_treat-corr = (OD_treatment − OD_extract control).

2.9 Minimum Bactericidal Concentration (MBC) Assay
Wells showing no visible growth in the MIC assay were sampled for MBC determination. A 10 µL aliquot from each well was aseptically streaked onto Mueller-Hinton Agar (MHA) plates and incubated at 30 ± 2 °C for 24 h. MBC was defined as the lowest extract concentration that resulted in no bacterial colony formation (0 CFU in all replicates). The MBC/MIC ratio was calculated to distinguish between bactericidal and bacteriostatic effects, where a ratio ≤ 4 indicates bactericidal activity and > 4 indicates bacteriostatic activity [27].


3. Results and Discussion
3.1 Clinical signs and gross pathology
The diseased Catla catla exhibited lethargy, loss of appetite, and reduced swimming activity. Gross examination revealed pale, anemic gills with hemorrhagic patches on the lamellae and excessive mucus secretion. These observations are consistent with earlier reports of bacterial gill infections in carps, where opportunistic pathogens colonize stressed hosts [5; 31]. The affected fish measured approximately 19-21 cm in total length and weighed between 120–150 g. The disease outbreak occurred after approximately five months of culture, during which the pond was operated without water exchange or supplemental feeding, which may have contributed to deteriorating environmental quality. The timing of disease onset during November, a period of seasonal fluctuation in North India, corresponds with potential stressors like changing water temperature and deteriorating water quality, which are known to predispose fish to opportunistic infections [4; 8]. Approximately ten visibly diseased Catla catla were examined in this study, while other co-cultured species, including Labeo rohita and Cirrhinus mrigala, did not show external symptoms of disease.
3.2 Water Quality of the Unmanaged Village Pond
The pond water analysis revealed unfavorable conditions for carp culture: pH (9.2 ± 0.2), dissolved oxygen (4.9 ± 0.3 mg/L), ammonia (0.5 ± 0.2 mg/L), total hardness (352 ± 4 mg/L), and alkalinity (295 ± 4 mg/L) (Table 1). The dissolved oxygen level (4.9 ± 0.3 mg/L) was recorded during the afternoon, when oxygen concentrations are typically higher due to active photosynthesis; hence, the early-morning DO level was likely even lower. Optimal ranges for carp generally include neutral to slightly alkaline pH (7.0–8.5), dissolved oxygen above 5.0 mg/L, and ammonia below 0.02–0.05 mg/L. In this case, the high pH was most likely due to intense photosynthetic activity caused by dense algal and phytoplankton growth, combined with minimal water exchange during the culture period. Such conditions are common in stagnant, nutrient-rich ponds where carbon dioxide is rapidly utilized during photosynthesis, leading to an accumulation of hydroxyl ions and an increase in pH [7]. Elevated pH not only causes physiological stress but also increases the proportion of toxic unionized ammonia (NH₃), which irritates gill epithelia [17]. At the observed pH of 9.2 and temperature of 29°C, a significant portion of the measured total ammonia exists as toxic NH₃, creating severe physiological stress. High total hardness and alkalinity further impose ionic imbalance, while suboptimal dissolved oxygen reduces respiratory efficiency. Additionally, limited water exchange and high stocking density (~12,000 fingerlings/ha) likely compounded these stressors. Runoff from nearby agricultural and household areas during the monsoon season may also have introduced organic matter and enteric bacteria, thereby increasing the microbial load and risk of opportunistic infection, thereby increasing disease susceptibility. Chronic exposure to such conditions weakens immune competence, predisposing fish to opportunistic infections. The gill damage observed in affected Catla catla can therefore be interpreted as a combined outcome of direct environmental stress and subsequent microbial colonization. Similar associations between poor water quality (high pH, low DO) and increased disease susceptibility in carps have been reported previously [7]. Furthermore, highly alkaline pond conditions favor the proliferation of many Gram-negative bacteria, including members of Enterobacteriaceae family. Maintaining pond pH within a slightly acidic to neutral range (7.0–7.5) could therefore reduce bacterial growth and disease intensity in aquaculture ponds.

Table 1. Water quality parameters of the unmanaged village pond (observed mean ± SD).
	Parameter
	Observed value

	Temperature (°C)
	29 ± 0.2

	pH
	9.2 ± 0.2

	DO (mg/L)
	4.9 ± 0.3 

	Ammonia (mg/L)
	0.5 ± 0.2 

	Total hardness (mg/L)
	352 ± 4 

	Alkalinity (mg/L)
	295 ± 4 

	TDS (mg/L)
	370 ± 3

	Salinity (ppt)
	0.7 ± 0.3

	BOD (mg/L)
	2.8 ± 0.4

	[bookmark: _Hlk170427107]Electrical conductivity (µS/cm)
	741± 5





3.3 Morphological and Biochemical Characterization of the Isolate
On nutrient agar, the isolate produced circular, cream-colored, opaque colonies (1–2 mm in diameter) with smooth texture, entire margins, and convex elevation. Gram staining revealed Gram-negative, rod-shaped, motile bacteria. The biochemical profile (Table 2) was characterized by positive reactions for catalase, Voges–Proskauer, citrate utilization, nitrate reduction, ornithine decarboxylase, arginine dihydrolase, and carbohydrate fermentations (glucose with gas, sucrose, d-mannitol, d-sorbitol, d-xylose, and myo-inositol). Negative reactions were obtained for oxidase, indole, methyl red, urease, H₂S production, lysine decarboxylase, and malonate utilization. The colonial and Gram-stain features were consistent with members of the Enterobacteriaceae family. Within this group, the combination of VP positivity, citrate utilization, and oxidase negativity is characteristic of many Enterobacter species. Importantly, the ability to utilize myo-inositol has been highlighted as a useful differential trait within Enterobacteriaceae and may help distinguish the isolate from related genera such as Pantoea. Nevertheless, as emphasized in Bergey’s Manual of Determinative Bacteriology [22], biochemical tests alone do not provide sufficient resolution for species-level identification within the Enterobacter cloacae complex. Therefore, the biochemical findings were considered supportive evidence and were complemented with molecular characterization for accurate taxonomic assignment.
Table 2. Biochemical characteristics of bacterial isolate 
	Sr no
	Characteristics 
	Reaction

	1
	Gram stain
	– (Gram-negative rod)

	2
	Motility
	+

	3
	Catalase
	+

	4
	Oxidase
	–

	5
	Indole
	–

	6
	Methyl Red (MR)
	–

	7
	Voges–Proskauer (VP)
	+

	8
	Citrate utilization
	+

	9
	Urease
	–

	10
	H₂S production
	–

	11
	Nitrate reduction
	+

	12
	Lysine decarboxylase
	–

	13
	Ornithine decarboxylase
	+

	14
	Arginine Dihydrolase
	+

	15
	Malonate utilization
	–

	16
	Glucose fermentation
	+ (acid + gas)

	17
	Sucrose fermentation
	+

	18
	d-Mannitol
	+

	19
	d-Sorbitol
	+

	20
	d-Xylose
	+

	21
	Myo-inositol utilization
	+

	+Present, - Absent





.4 Molecular Identification and Phylogenetic Analysis
Following morphological and biochemical characterization, the bacterial isolate was identified through 16S rRNA gene sequencing. Genomic DNA extraction yielded high-purity DNA (50.6 ng/µl, A260/280 ≈ 1.91). Amplification of the 16S rRNA gene produced a product of approximately 1500 bp. The resulting sequence was trimmed to remove low-quality terminal bases, ensuring high fidelity for phylogenetic analysis. A high-quality 1450 bp fragment was submitted to GenBank under accession number PP989393. BLASTN analysis of this sequence revealed 100% identity and 100% query coverage with Enterobacter ludwigii. However, given the high sequence similarity of the 16S rRNA gene among members of the Enterobacter cloacae complex (ECC), complementary analysis (e.g., gyrB sequencing) is necessary for definitive species identification. The biochemical profile (Table 2), particularly the positive myo-inositol utilization, is consistent with the phenotypic description of E. ludwigii [21]. Therefore, the isolate is preliminarily identified as Enterobacter ludwigii and designated as strain HAUAAHM_EL1 (PP989393). 
Phylogenetic reconstruction using the Neighbor-Joining method (1,000 bootstrap replicates) confirmed the isolate's position within the E. ludwigii clade, showing strong bootstrap support (≥88%) for major nodes (Figure 1). Escherichia coli (X80724) was used as an outgroup. While these results strongly suggest the isolate belongs to E. ludwigii, it is important to note that members of the Enterobacter cloacae complex (including E. cloacae, E. ludwigii, and related taxa) exhibit highly conserved 16S rRNA sequences with minimal divergence [9]. Therefore, while consistent with E. ludwigii, definitive taxonomic resolution within this complex would require higher-resolution methods such as multilocus sequence analysis (e.g., gyrB, rpoB, infB), whole-genome sequencing with average nucleotide identity (ANI) analysis, or MALDI-TOF mass spectrometry. Ecologically, Enterobacter species are ubiquitous in water and soil environments and typically act as opportunistic pathogens. The isolation of this bacterium from the gill tissue of stressed Catla catla in a poorly managed pond indicates an opportunistic infection, likely facilitated by environmental stressors such as suboptimal water quality and high stocking density. This finding aligns with previous reports of opportunistic enterobacterial infections in aquaculture systems under stress conditions.
[image: ]
Figure 1. Neighbor-Joining phylogenetic tree of the isolate (PP989393 Enterobacter ludwigii) with related strains. Bootstrap values (1000 replicates) are shown at branch nodes. E. coli (X80724) served as the outgroup. Scale bar = 0.01 substitutions per site.

3.6 Antibacterial effect of Curcuma longa extract against Enterobacter ludwigii
The aqueous extract of Curcuma longa exhibited significant, dose-dependent antibacterial activity against E. ludwigii (Figure 2). The minimum inhibitory concentration (MIC), defined as the lowest concentration that completely inhibited visible growth, was determined to be 2.5 mg/mL. The minimum bactericidal concentration (MBC), defined as the lowest concentration that resulted in no colony formation upon sub-culturing, was 10 mg/mL (Table 3). The resulting MBC/MIC ratio of 4 is indicative of a bactericidal effect against the isolate, according to established pharmacological criteria [27]. This means the extract does not merely inhibit growth but kills the bacterial cells at concentrations close to the MIC. As illustrated in Figure 2a, bacterial growth (OD₆₀₀) decreased progressively with increasing extract concentration. Complete growth inhibition was achieved at concentrations ≥ 2.5 mg/mL. Figure 2b quantifies the percentage growth inhibition, demonstrating a sharp, dose-responsive effect. 
Sub-inhibitory concentrations (1.25 mg/mL to 0.039 mg/mL) resulted in partial inhibition, decreasing from approximately 74% to 8%. It is crucial to note that the observed activity is attributable to water-soluble constituents of turmeric (e.g., turmerin proteins, phenolic compounds, polysaccharides), as the primary antimicrobial agent, curcumin, is highly hydrophobic and has negligible solubility in aqueous extracts [28; 1]. This finding is consistent with other studies reporting the efficacy of aqueous turmeric extracts against various bacterial pathogens, including those affecting aquaculture [15; 23]. The positive (bacterial growth) and negative (sterility) controls performed as expected, validating the reliability of the assay conditions.
 
Figure 2. Antibacterial effect of Curcuma longa aqueous extract on Enterobacter ludwigii.
(a) Bacterial growth, measured by optical density at 600 nm (OD₆₀₀, mean ± SD), at different extract concentrations. The dashed line represents the threshold for complete inhibition.
(b) Percentage growth inhibition (mean ± SD) calculated from the corrected OD values. Error bars represent standard deviations from triplicate experiments.

Table 3. MIC, MBC, and MBC/MIC ratio of Curcuma longa aqueous extract against E. ludwigii
	Extract tested
	MIC (mg/mL)
	MBC (mg/mL)
	MBC/MIC ratio
	Effect type

	Curcuma longa (aqueous)
	2.5
	10
	4
	Bactericidal



3.6 Overall Interpretation
The present study highlights a classic multi-factorial disease scenario in aquaculture. Environmental stress resulting from poor water quality likely served as the primary immunosuppressive factor predisposing Catla catla to opportunistic infection by E. ludwigii. This bacterium, a member of the E. cloacae complex, is recognized as an emerging opportunistic pathogen in both aquatic and human systems [25; 37; 38], with its biochemical profile, including the ability to utilize myo-inositol, supporting this preliminary identification. The biochemical and molecular analyses confirmed the isolate as Enterobacter ludwigii (strain HAUAAHM_EL1), and its occurrence in a rural, unmanaged pond underscores the ecological link between anthropogenic stressors and opportunistic bacterial infections. In vitro antibacterial assays demonstrated that the aqueous extract of C. longa significantly inhibited E. ludwigii, exhibiting bactericidal activity at 10 mg/mL. This finding is particularly relevant to aquaculture, where plant-based therapeutics are increasingly investigated as eco-friendly alternatives to synthetic antibiotics to mitigate antimicrobial resistance (AMR) risks [30; 36]. However, it is crucial to emphasize that these promising in vitro results represent merely a preliminary investigative step. Conclusive recommendations for field application require rigorous in vivo validation in fish models to determine effective therapeutic doses, appropriate delivery methods, and comprehensive safety and efficacy profiles within complex pond environments [10].
4. Conclusion
This study preliminarily reports the occurrence of E. ludwigii in Catla catla from unmanaged village ponds in India, based on 16S rRNA gene sequencing and biochemical profiling. Suboptimal water quality parameters specifically elevated pH, reduced dissolved oxygen, and increased ammonia and hardness created chronic stress conditions that likely predisposed the fish to opportunistic infection. Molecular and biochemical characterization supported and confirmed the isolate's identity. It is important to note that definitive identification within the ECC would require higher-resolution methods like multilocus sequence analysis. A significant finding was the demonstrated in vitro bactericidal activity of aqueous Curcuma longa extract against the E. ludwigii isolate (MIC = 2.5 mg/mL, MBC = 10 mg/mL), suggesting its potential as an eco-friendly therapeutic agent. Maintaining pond pH within a slightly acidic to neutral range may further help suppress bacterial proliferation.  These results underscore a dual strategic approach to sustainable aquaculture health management: first, emphasizing the fundamental importance of proactive water quality management to prevent disease outbreaks; and second, exploring the potential of plant-based compounds as complementary therapeutic agents. In traditional aquaculture practices, farmers often apply a mixture of turmeric extract and lime to improve pond hygiene and reduce bacterial load; scientific validation of such integrated applications could enhance eco-friendly disease management strategies.
Future research should focus on translating in vitro findings into practical applications through:
1. In vivo efficacy and safety trials to validate the extract's therapeutic potential in live fish
2. Genomic-level characterization of the isolate to elucidate its virulence mechanisms and pathogenicity
3. Development of effective delivery methods for plant-based therapeutics in pond environments
While plant extracts represent promising alternatives to conventional antibiotics, their successful implementation must be grounded in robust scientific validation to ensure both efficacy and safety before any field application can be recommended.
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