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ABSTRACT
Bacillus coagulans is a moderately halotolerant bacterium with potential applications in enzyme production and wastewater treatment in brackish aquaculture systems. In this study, we examined how different NaCl concentrations (0 - 5%) affect the growth and extracellular α-amylase and protease activities of the strain B. coagulans PILS15.4. We also evaluated its ability to reduce chemical oxygen demand (COD) in real shrimp-pond wastewater with a salinity of 2.2%. The bacterium maintained relatively good growth up to about 3% NaCl, although cell density declined steadily as salinity increased. α-Amylase and protease activities were highest at low salinity (0 - 0.5% NaCl; 13.4 - 13.6 U/mL and 31.9 - 32.2 U/mL, respectively) and dropped sharply at salt levels above 3%. In the wastewater experiment, the inoculated treatment consistently achieved higher COD removal than the control, with the greatest improvement observed during the first 24 hours (20.7 - 21.4% compared with 2.3 - 3.8%). Both incubation time and bacterial addition significantly influenced COD reduction. Overall, B. coagulans showed promising potential for improving the early-stage degradation of organic matter in shrimp-pond wastewater under moderate salinity, although its enzyme production and treatment efficiency were clearly limited at higher salt concentrations.
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1. INTRODUCTION
Intensive shrimp aquaculture generates large volumes of wastewater containing proteins, starch, and various organic compounds. This contamination, if left untreated, accumulates over time and leads to an increase in ammonia, nitrites, and suspended solids, which degrades water quality and negatively affects farmed shrimp and other aquatic organisms (Boyd & Tucker, 2012). As the aquaculture industry moves towards sustainable and environmentally friendly development, enzyme-producing microorganisms have attracted increasing interest as alternatives to chemicals and antibiotics (Zorriehzahra et al., 2016). Among these microorganisms, Bacillus (Weizmannia) coagulans are notable for their ability to form heat-resistant spores and tolerate changing environmental conditions such as salinity and low pH. Many strains are capable of secreting α-amylase and extracellular proteases. Both α-amylase and proteases enzymes involved in the breakdown of starches and proteins, the main organic pollutants in shrimp ponds (Gopinath et al., 2017; Medda & Chandra, 1980). Some strains have the ability to enhance digestion as well as antagonize disease-causing Vibrio in shrimp (Farzanfar, 2006; Wang et al., 2012).
According to Csonka (1989), Sleator & Hill (2002), salinity affects to the physiology of bacteria, as well as affecting growth, nutrient transport, and enzyme production. Elevated NaCl levels can disrupt osmotic balance, reduce cell elasticity, and inhibit protein synthesis. The study by Adbeid et al. (2016) shown that strains of Bacillus may be adapted to salinity, but the salinity tolerance of B. coagulans under aquaculture conditions has not been studied.
Therefore, this study focuses on two main objectives: 
(1) to determine the effect of NaCl concentration on the growth and production of α-amylase and protease enzymes of B. coagulans;
(2)  and (2) to evaluate its application potential in the treatment of COD in shrimp pond wastewater.
Shrimp farming wastewater often contains a lot of organic matter from leftovers, feces, and suspended solids. It is these substances that increase ammonia, nitrite, and COD levels, which affect the health of shrimp (Boyd & Tucker, 2012). Akhter et al., (2015) studied the use of B. coagulans strains to accelerate the decomposition of organic matter in shrimp ponds. 
In general, these studies have shown that B. coagulans are beneficial in the production of hydrolytic enzymes and contribute to the biological treatment of aquaculture wastewater. However, the processing performance of this bacterial strain is strongly affected by salinity. Therefore, in order to properly assess the application potential of this bacterial strain, it is necessary to have data under conditions similar to the shrimp pond environment.
2. METHODOLOGY
2.1 Bacterial strain and culture conditions
The bacterial strain used in this study, B. coagulans PILS15.4, was obtained from the Department of Plant and Agricultural Biotechnology, Institute of Life Sciences - Academy of Science and Technology Vietnam. This strain of bacteria was activated in a liquid MRS medium for further experiments.
2.2 Effect of salt concentration on bacterial growth
The effects of salinity on growth were tested using MRS broth containing 0 - 5% (w/v) NaCl. Each 50 mL culture flask was inoculated with 1% (v/v) activated culture (approximately 108 CFU/mL) and incubated at room temperature (30°C) for 24 hours at 150 rpm. Growth was measured using OD₆₀₀ and by plating serial dilutions on MRS agar.
2.3 Wastewater 
Shrimp pond wastewater was collected from a sedimentation tank in Can Gio, Ho Chi Minh City, Vietnam (10°27'12.0"N, 106°47'00.6"E).
2.4 Determination of α-amylase and protease activity 
· α-amylase activity was determined by the starch-iodine test as described by Xiao et al. (2006). The reaction is based on a reduction in the blue intensity of the starch-iodine complex when the starch is hydrolyzed into dextrin and maltose. Absorption is measured at a wavelength of 620 nm, and the absorption reduction is directly proportional to the activity of the enzyme. An active unit of the enzyme α-amylase (U/ml) is defined as the amount of the catalytic enzyme that decreases by 1 mg of the starch-iodine complex in 1 minute.
· Protease activity was determined by hydrolysis of casein and Folin–Ciocalteu coloring based on the description by Hashmi et al. (2022). The reaction mixture consists of 5 mL of 0.65% casein solution in a 50 mM potassium phosphate buffer (pH 7.5), incubated at 37 °C for 5 minutes, next adding 1 mL of coarse enzyme solution, and  incubated  for another 10 minutes. The reaction was stopped by adding 5 mL of 110 mM TCA solution. After filtration, 2 mL of filtrate was mixed with 5 mL of Na₂CO₃ 500 mM and 1 mL of 0.5 mM Folin–Ciocalteu reagent, incubated at 37 °C for 30 minutes. Absorption is measured at a wavelength of 660 nm, and the amount of tyrosine released is determined from the reference line. An active unit of a protease enzyme (U/ml) is defined as the amount of the enzyme that catalyzes the conversion of casein to 1μmol of tyrosine in 1 minute
2.5 Wastewater bioremediation assay
To evaluate COD removal, 100 mL of wastewater (pH 7.8, COD 222 mgO2/L, 2.2% NaCl) was inoculated with 10 mL of bacterial suspension (10⁸ CFU/mL). Controls received no bacteria. Samples were incubated at room temperature (30°C), 150 rpm, and analyzed at 0, 24, 48, and 72 hours. Samples were collected at 0, 24, 48, and 72 h for analysis of COD, pH, and bacterial count according to APHA (2005). Reductions in pollutant concentrations were calculated relative to the control.
2.6 Statistical analysis
All experiments were conducted in triplicate. Data were analyzed using ANOVA, Tukey’s HSD test, and linear regression. Analyses were performed using Microsoft Office Excel 365 and Minitab 22
3. RESULTS AND DISCUSSION
3.1 Effect of salt concentration (NaCl) on the growth of Bacillus coagulans
Growth decreased progressively as NaCl increased from 0% to 5%. Viable counts declined from 10^7.73 CFU/mL under non-saline conditions to below 10^7 CFU/mL at ≥3% NaCl (Figure 1). 

Figure 1. Effect of salt concentration (NaCl) on the growth of B. coagulans after 24 hours of culture.
ANOVA revealed significant differences among salinity levels (F(10,44) = 82.99, P < 0.05). When analyzed by the linear regression model, the higher the salt concentration, the lower the bacterial density, with (R² = 0.9476). 
The gradual reduction in viable counts with increasing NaCl concentrations confirms that B. coagulans tolerates salt only to a moderate extent. The decline in cell density-approximately 0.18 log10 CFU/mL for each 1% increase in NaCl-aligns with observations from earlier reports showing that B. coagulans (Weizmannia coagulans) becomes increasingly sensitive to osmotic stress above 3% NaCl, particularly in strains lacking efficient Opu osmoprotectant systems (Kim et al., 2024). Other studies have shown that in many species of Bacillus that do not live in seawater environments, growth rates are often shown to slow down when osmotic pressure disrupts turgor pressure and protein synthesis (Singh et al., 2016; Patel et al., 2019; Csonka, 1989; Sleator & Hill, 2002).
3.2 Effect of salt concentration on α-amylase and protease production
α-amylase activity showed a clear dependence on NaCl concentration. The highest levels were recorded at 0 - 0.5% NaCl (13.4 - 13.6 U/mL). Enzyme activity declined gradually between 1.0% and 2.5% NaCl, and the reduction became much more pronounced at salt concentrations of 3% or higher. At 5% NaCl, α-amylase activity fell to only 1.37 U/mL

Figure 2. Effect of NaCl concentration on α-amylase activity of B. coagulans after 24 h incubation. Bars represent mean ± SD (n = 3). Different letters above bars indicate statistically significant differences (p < 0.05, Tukey HSD).
One-way ANOVA confirmed that salinity had a significant effect on α-amylase production (F10,22 = 1303.51, P < 0.001). Tukey’s HSD test indicating that enzyme production was strongly inhibited at higher salinity levels (Table 1).
Table 1. One-way ANOVA and Tukey HSD grouping showing the effect of NaCl concentration on α-amylase activity of B. coagulans. Values are mean ± SD (n = 3). Means that do not share the same letter are significantly different at P < 0.05 (Tukey HSD).
A. Analysis of Variance (ANOVA)
	Source of Variation
	DF
	Adj SS
	Adj MS
	F-Value
	P-Value

	NaCl (%)
	10
	746.555
	74.6555
	1303.51
	0.000

	Error
	22
	1.260
	0.0573
	
	

	Total
	32
	747.815
	
	
	


B. Means and Tukey Grouping (95% Confidence)
	NaCl (%)
	Mean (U/mL)
	StDev
	Tukey Group

	0.0
	13.600
	0.346
	A

	0.5
	13.400
	0.200
	A

	1.0
	13.067
	0.152
	A

	1.5
	9.667
	0.351
	B

	2.0
	9.267
	0.306
	B, C

	2.5
	8.800
	0.173
	C

	3.0
	5.333
	0.416
	D

	3.5
	2.100
	0.100
	E

	4.0
	1.767
	0.058
	E, F

	4.5
	1.800
	0.100
	E, F

	5.0
	1.367
	0.058
	F


Note: One-way ANOVA followed by Tukey’s HSD test. Values are mean ± SD (n = 3). Means that do not share the same letter are significantly different (P < 0.05).
The protease activity is similar to activity of amylase but has a higher value (Figure 3). Protease activity is highest at salt concentrations of 0 - 0.5% NaCl (31.9 - 32.2 U/mL). This activity decreases as salinity increases, with a sharp drop observed in salt concentrations of ≥3% NaCl. At 5% NaCl, the activity of the protease decreases to 5.73 U/mL, which corresponds to approximately 82% inhibition.

Figure 3. Effect of NaCl concentration on protease activity of B. coagulans after 24 h incubation. Different letters above bars indicate statistically significant differences (P < 0.05, Tukey HSD).
ANOVA results showed that NaCl concentration significantly influenced protease production (F10,22 = 2802.73, p < 0.001). Tukey’s HSD test identified eight statistically distinct groups, reflecting the strong sensitivity of protease biosynthesis to salt stress (Table 2).
Table 2. One-way ANOVA and Tukey HSD grouping showing the effect of NaCl concentration on protease activity of B. coagulans. Values are mean ± SD (n = 3). Means that do not share the same letter are significantly different at P < 0.05 (Tukey HSD).
A. Analysis of Variance (ANOVA)
	Source of Variation
	DF
	Adj SS
	Adj MS
	F-value
	P-value

	NaCl (%)
	10
	3252.87
	325.287
	2802.73
	<0.001

	Error
	22
	2.55
	0.116
	
	

	Total
	32
	3255.42
	
	
	


B. Tukey HSD Multiple Comparison (95% Confidence Level)
	NaCl (%)
	Mean (U/mL)
	Std. Dev
	Grouping

	0.0
	32.20
	0.872
	A

	0.5
	31.90
	0.265
	A

	1.0
	29.90
	0.173
	B

	1.5
	25.93
	0.231
	C

	2.0
	24.40
	0.265
	D

	2.5
	23.67
	0.208
	D

	3.0
	18.10
	0.173
	E

	3.5
	10.10
	0.173
	F

	4.0
	8.07
	0.252
	G

	4.5
	6.53
	0.208
	H

	5.0
	5.73
	0.289
	H


Note: One-way ANOVA followed by Tukey’s HSD test. Values are means ± SD (n = 3). Means that do not share the same letter are significantly different at P < 0.05 (Tukey HSD).
Both α-amylase and protease activity are maximally active at low salinity concentrations (0–0.5% NaCl), which is directly proportional to cell growth. The simultaneous decrease in the activity of both enzymes suggests that the limiting factor at high salt concentrations does not stem from enzyme-specific regulatory mechanisms, but is associated with a decline in the physiological function of the cell, e.g. a decrease in energy sources or disruption of protein secretion. This interpretation is consistent with the findings of Gupta et al. (2002) and Sattar et al. (2011), in which the production of alkaline proteases or amylase in Bacillus strains is significantly inhibited when salinity levels exceeds 2–3%. On the other hand, species that are better at tolerating salt, like B. mojavensis, kept their enzymatic activity high even at 4–5% NaCl (Beg & Gupta, 2003; Kiran & Chandra, 2008).
3.3. COD treatment efficiency of B. coagulans for shrimp pond wastewater
The results of the experiment showed that in the first 24 hours, the experiment with the addition of B. coagulans significantly improved the ability to eliminate COD in shrimp pond wastewater. The results of the two-way ANOVA analysis showed that both the treatment time and the addition of B. coagulans bacteria had a significant impact on COD treatment efficiency. Specifically, the time factor recorded a statistically significant effect (F = 10.11; df = 2; P = 0.002), the treated sample with the addition of bacteria produced an even stronger effect (F = 46.84; df = 1; P < 0.001). These values demonstrate that COD decreases over time and that the sample with B. coagulans supplementation is superior to the control (Table 3).
Table 3. Two-way ANOVA for COD removal efficiency at different incubation times
	Source
	DF
	Adj SS
	Adj MS
	F-value
	P-value

	Time
	2
	188.248
	94.124
	10.11
	0.002

	Treatment
	1
	436.109
	436.109
	46.84
	<0.001

	Lack-of-fit 
	2
	129.768
	64.884
	1358.03
	<0.001

	Pure Error
	12
	0.573
	0.048
	–
	–

	Total
	17
	754.698
	–
	–
	–



Based on experimental data, COD elimination efficiency peaked at 24 hours (20.7%), then decreased markedly at 48-72 hours. This is consistent with the typical bioprocessing model, in which biodegradable organic compounds are rapidly consumed by microorganisms in the initial stage, followed by a slower phase as the substrate becomes more difficult to decompose (Boyd & Tucker, 2012). The COD processing performance between the experimental sample and the control sample was statistically significant (F₂,₁₂ = 1358.03, P < 0.001). The COD elimination performance between B. coagulans supplementation and control is not fixed but varies over time. This implies that the processing efficiency of the bacterial strain depends simultaneously on two factors: (i) the availability of the substrate during the operating phase and (ii) the physiological state of the bacteria under specific environmental conditions, especially when subjected to osmotic pressure.
The stable activity of B. coagulans at a salinity of about 2.2% indicates that the strain maintains its metabolism under brackish water conditions. However, many previous studies have documented that the enzyme production of Bacillus (such as α-amylase and protease) declines sharply when salinity exceeds 2-3% (Gupta et al., 2002; Sattar et al., 2011), and the osmotic adaptability of B. coagulans strains is generally weaker than that of well-tolerated species such as B. mojavensis (Kiran & Chandra, 2008). Therefore, when using B. coagulans to treat shrimp pond wastewater with a high salinity of >3% NaCl, it should be combined with other salin-tolerant bacterial strains to increase treatment efficiency.
4. CONCLUSION
This study demonstrates that salt concentration has a strong influence on the growth and extracellular enzyme production of B. coagulans. Both α-amylase and protease were produced most effectively at low salinity (≤1% NaCl), and their activities decreased sharply when NaCl levels exceeded 3%. In shrimp pond wastewater with a salinity of 2.2% NaCl, the COD treatment efficiency of samples with the addition of B. coagulans reached an average of 20.7% after 24 hours. This research opens up opportunities for the application of B. coagulans not only as an addition to feed as intestinal probiotics but also in the treatment of shrimp pond water environment.
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