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tion. This study then aimed to isolate and screen proteolytic, amylolytic, and lipolytic bacteria and
evaluate their consortia for enzyme production and bioremediation of shrimp pond sludge.

Kkeywords: . Results: The strategy using multiple substrates in the isolation media successfully obtained bacterial
Qﬁf;ﬁﬁg;giﬁtem strains with multiple hydrolytic activities. After primary and secondary quantitative screening, 18 iso-
Co-culture lates that exhibited high dual and triple hydrolytic activities were selected. After tertiary quantitative
Consortia screening using synthetic shrimp pond sludge and co-culture tests, Exiguobacterium indicum
Hydrolytic enzymes SSP-PA-08, Bacillus coagulans, and Bacillus subtilis were selected due to their synergy for the production
Lipolytic bacteria of triple hydrolytic enzymes. Their consortia inoculated in shrimp pond sludge containing 0.8% total
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suspended solids (TSSs) showed an increase in proteolytic activity by 2.5 folds and amylolytic activity by
20 folds, which led to a greater reduction in TSS. The highest enzyme production was obtained using
shrimp pond sludge containing 1.6% TSS.

Conclusions: This study has developed the methods to isolate bacteria with multienzyme-producing abil-

ity. Co-culturing these bacteria in synthetic shrimp sludge significantly enhanced hydrolytic activity and
led to a greater reduction in TSS. These strategies may contribute greatly to the hydrolytic enzyme pro-
duction and environmentally friendly bioremediation of aquaculture sludge.
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lipolytic bacteria and their consortia for concomitant production of hydrolytic enzymes and bioremedi-
ation of shrimp pond sludge. Electron ] Biotechnol 2025;77. https://doi.org/10.1016/j.ejbt.2025.05.005.
© 2025 The Author(s). Published by Elsevier Inc. on behalf of Pontificia Universidad Catélica de Valpar-
aiso. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

Aquaculture has become the fastest-growing sector in recent
decades, with an average annual growth rate exceeding 8% [1]. This
rapid expansion has led to intensified cultural practices to achieve
high yields. However, such practices have raised concerns regard-
ing their environmental impact, as aquaculture sludge and
wastewater cause significant organic pollution. Aquaculture
sludge, such as sludge from shrimp ponds, accumulates at the bot-
tom of ponds and requires regular removal due to its high
accumulation rates. It mainly contains nitrogenous compounds,
phosphorus, and other dissolved organic carbon. Sludge can impact
habitat availability for cultured animals and generate toxic
substances that threaten aquatic life. Due to these harmful effects,
sludge must be removed from culture ponds regularly and
treated appropriately before being discharged into receiving water
bodies [1,2].

Shrimp pond sludge mainly forms as a result of excessive feed,
animal waste, mineral sediments, phytoplankton, airborne debris,
decaying plant material, and residues from therapeutic and pro-
phylactic treatments [2]. Common concerns about water quality
in shrimp aquaculture include the content of total suspended
solids (TSSs), nitrogen, chemical oxygen demand (COD), biochem-
ical oxygen demand (BOD), and dissolved oxygen (DO) [3]. Treating
shrimp pond sludge is crucial for ensuring a healthy ecosystem and
enhancing the sustainability of aquaculture practices [4]. The tradi-
tional way to treat the sludge released from aquaculture systems is
by drying and adding lime. These methods may cause problems
resulting in the incomplete degradation of organic matter.
Recently, there has been growing attention to applying promising
bacteria and enzymes in a variety of industries and also bioreme-
diation in aquaculture systems [5,6,7,8]. Theoretically, beneficial
bacteria hold significant promise for degrading sludge. While most
researches focus on bioremediation of wastewater and aquaculture
water, the bioremediation of solid waste, such as sludge, remains
underexplored.

This study aimed to bioremediate shrimp pond sludge using
multienzyme-producing bacterial consortia. Given that shrimp
pond sludge is primarily composed of organic compounds includ-
ing proteins, carbohydrates, and lipids, the bacteria should produce
a range of enzymes to hydrolyze these compounds into water-
soluble forms and efficiently bioremediate them. This approach is
expected to biologically treat shrimp pond sludge and mitigate
toxicity from sludge accumulation. Utilizing proteolytic, lipolytic,
and amylolytic bacterial consortia would present an efficient and
environmentally sustainable alternative, potentially reducing the
need for harmful chemicals to treat the sludge.
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2. Methods and materials
2.1. Sample collection

Soil and water samples were taken from the shrimp culture
pond after the harvesting period and the seafood processing plant
in Songkhla, Thailand. All samples were collected in sterilized plas-
tic bottles and bags and then immediately transported to the lab-
oratory and stored at 4°C until use. Bacterial strains with high
hydrolytic activities from the culture collection of the Microbiolog-
ical Laboratory, Faculty of Agro-Industry, Prince of Songkla Univer-
sity were also used in this study. These include Bacillus subtilis,
Bacillus coagulans, Bacillus sp. B.24, Bacillus sp. LNO08, and Bacillus
sp. MK007.

2.2. Isolation and primary screening of multienzyme-producing
bacteria

2.2.1. Isolation using selective agar media

The collected water and soil samples were enriched in synthetic
shrimp pond wastewater, prepared by using a suspension of
shrimp feed (Manee samute farm, Songkhla, Thailand) at
1.2% w/v and adjusted pH to 7.0. The shrimp feed is composed of
42% proteins, 37% carbohydrates, and 6% lipids. For isolation and
primary screening of protease, lipase, and amylase-producing bac-
teria, the enriched samples were serially diluted with normal sal-
ine (0.85% sodium chloride). Each dilution was spread on
selective agar medium for isolation of protease and amylase pro-
ducing bacteria (PA medium), which was composed of (g/L):
skimmed milk 100, soluble starch 2, peptone 10, calcium chloride
0.1, agar 15, distilled water 1000 mL, pH 7.0 [9]; selective medium
for isolation of lipase and amylase producing bacteria (LA med-
ium), which was composed of (g/L): Tween 80 10, soluble starch
2, peptone 10, calcium chloride 0.1, agar 15, distilled water
1000 mL, pH 7.0 modified from Gozari et al. [10]; and selective
medium for isolation of protease, amylase and lipase producing
bacteria (PAL medium), which had two layers: one layer was com-
posed of (g/L): skimmed milk 100, soluble starch 2, peptone 10,
calcium chloride 0.1, agar 15, distilled water 1000 mL, pH 7.0
and one another layer was composed of (g/L): Tween 80 10, soluble
starch 2, peptone 10, calcium chloride 0.1, agar 15, distilled water
1000 mL, pH 7.0. The cultures were incubated at 30 + 2°C for 48 h.
The bacterial colonies that showed clear zones on PA and PAL
media, indicating their ability to produce protease, were selected.
The bacterial colonies that showed blue color change upon the
addition of iodine solution on PA, LA, and PAL media were selected
as amylase-producing bacteria. Bacterial strains that showed a
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clear zone on LA and PAL media were selected as lipase producers.
The lipase-producing ability was also confirmed on rhodamine B-
containing media [11]. All selected bacterial colonies were subcul-
tured to verify purity and then stored at 4°C. The hydrolytic (diges-
tion) index was calculated as shown in [Equation 1].

Diameter of the clear zone

Hydrolytic (digestion) index = Diameter of the colony

2.2.2. Primary quantitative screening using selective agar media

All isolates with comparatively high hydrolytic activities were
selected and confirmed for their individual hydrolytic activity
using corresponding selective agar media. Bacteria capable of pro-
ducing protease were cultured on solid media containing skim
milk powder and the clear zone around colonies indicating their
proteolytic activity. Bacteria capable of producing amylase were
initially grown on solid media containing soluble starch. The amy-
lolytic activity was indicated by a blue color change upon the addi-
tion of iodine solution after bacterial colonies were formed.
Bacteria capable of producing lipase were initially grown on solid
media containing Tween 80 and further confirmed on rhodamine
B solid medium. The hydrolytic index was then calculated as pre-
viously described.

2.2.3. Secondary and tertiary quantitative screening

In secondary quantitative screening, all isolates obtained from
primary qualitative screening were quantitatively tested for their
abilities to produce extracellular enzymes using a liquid medium.
Each enzyme was tested in 50 mL of selective media (as mentioned
in the primary qualitative screening section, excluding agar). The
liquid medium was 10% v/v inoculated and incubated at 30 + 2°C
for 48 h on an orbital shaker at 150 rpm. Protease, amylase, and
lipase activities were quantitatively analyzed as mentioned in the
analytical section. The bacteria with the highest individual enzyme
activity as well as those that showed multiple enzyme activities
were selected.

In tertiary quantitative screening, the selected bacteria were
cultured in synthetic shrimp pond sludge at 30 + 2°C and
150 rpm for 48 h. The culture broth was sampled every 12 h and
analyzed for protease, amylase, and lipase activities, as well as
TSS removal efficiency. The bacterial strains were selected based
on their high protease-producing ability (Bacteria P), high
amylase-producing ability (Bacteria A), and high lipase-producing
ability (Bacteria L).

2.3. Identification of bacterial strains based on 16S rRNA sequences

The 16S rRNA genes of the selected isolates were amplified
using primer pairs 27F (5 AGAGTTTGATCCTGGCTCAG-3’) and
1492R (5'-GGTTACCTTGTTACGACTT-3’) [12]. The PCR products
were analyzed using a commercial DNA sequence analysis service
(Gibthai Co. Ltd., Bangkok, Thailand). BioEdit software v.2.7.5 was
used to trim poor-quality ends, and the sequences were then
matched with other 16S rRNA gene sequences accessible in Gen-
Bank using the BLASTN program.

2.4. Enzyme production using synthetic shrimp pond sludge

The effects of mono- and co-cultures on enzyme production
were investigated. Bacteria were grown in synthetic shrimp pond
sludge with 10% inoculation. The cultures were incubated at
30 + 2°C and 150 rpm for 72 h. The samples were taken every
12 h and analyzed for pH, TSS, soluble protein, and COD. After cen-
trifuging at 10,000 rpm for 10 min, the supernatant was analyzed
for enzyme activity. The cultures that exhibited high enzyme pro-
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duction and high ability to reduce TSS in sludge effluent were
selected. The effect of synthetic sludge concentration on enzyme
production was studied by varying sludge concentration with TSS
at 0.8, 2.0, and 2.7%.

2.5. Optimization of enzyme production using shrimp pond sludge

The shrimp pond sludge was also used for enzyme production.
The effect of sludge concentration was studied. The experiment
was conducted in 250-mL Erlenmeyer flasks containing sterile
shrimp pond sludge from a shrimp pond with TSS in the range of
0.6-2.8%. The cultures were incubated at 30 + 2°C and 150 rpm
for 48 h for 7 d. The culture broth was taken every 12 h and ana-
lyzed for pH, TSS, soluble protein, and COD. After centrifuging at
10,000 rpm for 10 min, the supernatant was analyzed for enzyme
activity.

2.6. Analytical methods

2.6.1. Protease activity

The proteolytic activity was analyzed following the modified
method of Ruangwicha et al. [13] with some modifications. A total
of 130 pL of 1% (w/v) casein in 0.01 M phosphate buffer, pH 7, was
added with 25 pL of diluted enzyme solution. The hydrolysis reac-
tion was carried out at 37°C for 10 min, and 130 pL of 0.11 M tri-
chloroacetic acid (TCA) was added to stop the reaction. The
mixture was left for 30 min and subjected to centrifugation at
10,000 rpm for 10 min. A total of 250 pL of supernatant was added
with 625 pL of sodium carbonate (500 mM) and 125 plL of Folin’s
reagent. The mixture was kept at 37°C for 30 min before the absor-
bance was measured at 660 nm using UV-VIS spectrophotometer
(U-2000, Technical Cooperation, USA). One unit of protease activity
was defined as the amount of enzyme required to liberate one
pmole of tyrosine per min under the examined conditions.

2.6.2. Amylase activity

Amylase activity was measured using the DNSA method with
some modifications [14]. In addition, 500 pL of 1% w/v soluble
starch dissolved in 0.05 M phosphate buffer (pH 7) was added with
500 pL of diluted enzyme solution. The hydrolysis reaction was
carried out at 50°C for 10 min. To stop the reaction, the reaction
mixture was boiled for 10 min. After adding 300 pL of 3, 5-
dinitrosalicylic acid reagent, the mixture was boiled for 10 min.
1.6 mL of distilled water was added after cooling down, and the
absorbance was measured at 540 nm. One unit of amylase activity
was defined as the amount of enzyme required to liberate one
pmole of D-glucose equivalent per min under the examined
conditions.

2.6.3. Lipase activity

Lipase activity was measured according to Louhasakul and
Cheirsilp [15] with some modifications. The enzyme solution was
added to phosphate buffer (pH 7.0, 50 mM) and 10% w/v palm
oil in iso-octane. The hydrolysis reaction was carried out at
30 + 2°C for 30 min using a high-speed vortex at 10,000 rpm.
0.2 mL of 6 M HCl was added to stop the reaction, and the upper
phase was instantly taken. Before measurement, the upper phase
was suitably diluted with iso-octane and added to 0.4 mL of cupric
acetate-pyridine reagent. This mixture was immediately mixed for
15 s, and then, the absorbance of upper layer was measured at
715 nm. Using a standard curve of palmitic acid, the absorbance
values were used to calculate the amount of free fatty acid
released. One unit of lipase activity was defined as the amount of
enzyme required to liberate one pmole of free fatty acids in the
form of palmitic acid per min under the examined conditions.
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2.6.4. Soluble protein content

After centrifugation at 10,000 rpm for 10 min, the supernatant
of the samples was analyzed for soluble protein content by the
Lowry protein assay [16]. The properly diluted 0.2 mL of sample
solution was added with 2.1 mL of solution A (consisting of 1%
CuSO4 5 H,0, 1% sodium potassium tetrahydrate, and 2% Na,CO3
in 0.1 N NaOH at a ratio of 1:1:98). The reaction mixture was incu-
bated at 30 * 2°C for 10 min before added with 0.2 mL of solution B
(Folin-Ciocalteu reagent added with water at a ratio of 1:1) and
incubated for 30 more min. The optical density was determined
using a spectrophotometer set to a wavelength of 660 nm. The
recorded absorbance values were then compared to a standard
curve for Bovine Serum Albumin (BSA).

2.6.5. Total suspended solid (TSS)

The filter paper was placed in an oven and dried at a tempera-
ture range of 103-105°C for 1 h. Subsequently, the dried filter
paper was weighed after cooling down. The filter paper was placed
in a Buckner filter funnel that was connected to a vacuum pump.
Then, the sample of 10 mL was poured onto filter paper and turned
on the vacuum pump until the water had evaporated. The filter
paper with the sample was dried in an oven at 105°C for 1 h. TSS
values were then calculated from the difference between the filter
paper weight and the filter paper with sample weight.

2.6.6. Chemical oxygen demand (COD)

The chemical oxygen demand (COD) was measured according
to the standard APHA method [17]. In total, 5 mL of the sample
was added to a 20 x 150 mm COD digestion tube (pre-washed with
dilute 20% of H,SO,). After slowly adding 3 mL of 0.1 N potassium
dichromate, 7 mL of sulfuric acid reagent containing AgSO, was
added through the sides of the tubes. The digestion tube was trans-
ferred to the pre-heated COD block digester and heated at 150°C
for 2 h. The blank was also performed by using distilled water
instead of the sample. Also, 1-2 drops of Ferroin were added as
an indicator. The solution was titrated against 0.1 M ferrous
ammonium sulfate solution (FAS) [17].

2.6.7. Statistical analysis

The experiments were carried out in triplicates. The experimen-
tal data are expressed as means and standard deviations. One-Way
Analysis of Variance (ANOVA) was used to analyze significant dif-
ferences between treatments; it operates under the assumption of
a null hypothesis stating no relationship or difference between the
groups.

3. Results and discussion

3.1. Isolation and primary screening of multienzyme-producing
bacteria

3.1.1. Isolation using selective agar media

This study aimed to isolate potential proteolytic, amylolytic,
and lipolytic bacteria from shrimp ponds after the harvesting per-
iod and seafood processing wastewater ponds. The shrimp pond
samples were divided into two sources: water from the shrimp
pond (WSP) and sludge from the shrimp pond (SSP). The samples
from seafood processing plant were also divided into two sources:
sample from scum pond (SC) and sample from aerobic hydrolytic
pond (HP). The samples from each source were enriched in syn-
thetic shrimp pond wastewater at 30 + 2°C with a shaking speed
of 150 rpm for 48 h before isolation of bacteria using selective agar
media. The medium used for simultaneous isolation of proteolytic
and amylolytic bacteria was defined as PA medium, and that used
for isolation of lipolytic and amylolytic bacteria was defined as LA
medium. The medium used for isolation of bacteria with the ability
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to concomitantly produce triple hydrolytic enzymes (protease,
amylase, and lipase) was defined as PAL medium. The bacterial
colonies that showed clear zones on PA and PAL media, indicating
their ability to produce protease, were selected. The bacterial colo-
nies that showed blue color change upon the addition of iodine
solution on PA, LA, and PAL media were selected as amylase-
producing bacteria. Bacterial strains that showed a clear zone on
the Tween 80 layer of LA and PAL media were selected as lipase
producers. Based on the clear zone developed on agar media, a
total of 123 isolates were obtained from shrimp ponds, while only
41 isolates were obtained from seafood processing plants
(Table S1). This difference might be attributed to the different
compositions of the sample sources. It has been reported that the
carbon and nitrogen ratio level influences microbial community
and their growth [18]. It should be noted that more bacteria were
detected in the samples from wastewater than in that from the
sludge, likely because the water sample contains more soluble
nutrients and provides better mass transfer than the sludge.

3.1.2. Primary quantitative screening using selective agar media

All isolates with high hydrolytic activities were selected and
confirmed for their individual hydrolytic activity using the corre-
sponding selective agar media. The digestion index, namely the
ratio of the diameter of the clear zone to the diameter of the col-
ony, was measured. Among the strains screened, 18 isolates that
exhibited comparatively high proteolytic, amylolytic, and lipolytic
activities were selected. Table 1 shows that the use of multiple
substrates in the isolation media can isolate bacterial strains with
triple hydrolytic activities. Notably, the isolates obtained from
shrimp pond samples demonstrated higher proteolytic, amylolytic,
and lipolytic activities than those obtained from seafood process-
ing wastewater pond samples. This was likely due to the difference
in the availability of the nutrients in the sample sources, as the
sludge samples might contain more complex nutrients. Among
the strains selected, isolate WSP-PA-06 exhibited the highest pro-
teolytic activity index (PI = 5.5), followed by SC-PA-03 (PI = 4.33)
and HP-PA-01 (PI = 4.0) in the primary screening. Interestingly,
these strains also showed high amylolytic activity and lipolytic
activity index while isolate SSP-PA-08 and WSP-PA-01 exhibited
the highest amylolytic activity index (Al = 5.0) and the highest
lipolytic activity index (LI = 4.0), respectively. These results have
confirmed that it was possible to isolate bacterial strains with mul-
tiple hydrolytic activities using the developed strategy. Until now,
only a few studies have developed methods to isolate bacteria with
multiple hydrolytic activities. Shaik et al. [9] reported that the bac-
teria, when cultivated in liquid medium containing mixed sub-
strates of casein, starch, and tributyrin, were capable of
producing triple hydrolytic activities of protease, amylase, and
lipase. Al-Dhabi et al. [19] reported that when using a medium
containing 1% olive oil and casein as substrates, the isolates exhib-
ited both protease and lipase activities. However, there is no exten-
sive study on their concomitant production of hydrolytic enzymes
and their application in the bioremediation of sludge.

3.2. Secondary and tertiary quantitative screening

3.2.1. Secondary quantitative screening on selective liquid media

As the primary screening of enzyme-producing bacteria on solid
medium and measuring enzyme activity using the digestion index
have limitations in terms of mass transfer and nutrient availability
compared to cultivation in liquid media, the secondary quantita-
tive screening was performed by culturing in a selective liquid
medium to quantitatively measure the enzyme activity. The
selected 18 isolates from primary screening were screened and
compared with the bacterial strains with high hydrolytic activities
in the culture collection at Microbiology Laboratory, Faculty of
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Table 1
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Hydrolytic activity of eighteen isolates from shrimp pond and seafood processing plant during isolation and primary screening.

Sources Isolate Index during isolation Index in primary screening
codes PI Al u Pl Al u
Water in shrimp pond (WSP) WSP-PA-01 3.0 2.0 - 3.0 2.0 4.0
WSP-PA-02 3.9 14 - 4.0 1.24 3.2
WSP-PA-06 5.5 3.6 - 5.5 35 2.0
WSP-LA-02 - 2.9 1.2 1.88 3.0 1.2
WSP-LA-03 - 1.8 2.3 1.36 1.7 2.5
WSP-LA-04 - 34 14 2.0 34 1.4
WSP-LA-08 - 2.2 1.5 1.71 2.2 1.5
Sludge in shrimp pond (SSP) SSP-PA-05 3.0 24 - 3.0 2.6 1.83
SSP-PA-08 1.9 4.8 - 2.0 5.0 1.13
SSP-LA-01 - 4.7 2.0 3.0 45 2.0
SSP-LA-05 - 1.5 1.5 14 1.67 1.5
Wastewater pond in seafood SC-PA-03 5.0 2.0 433 1.33 2.0
processing plant (SC) SC-PA-08 3.0 1.5 3.25 1.33 1.2
SC-PAL-02 2.25 1.0 1.5 2.25 1.17 1.4
Aerobic treatment pond HP-PA-01 4.0 1.0 - 4.0 0.8 2.0
in seafood processing plant (HP) HP-LA-11 - 0.7 0.5 1.2 0.71 0.5
HP-LA-12 - 2.0 0.5 0.33 2.0 0.5
HP-PAL-01 0.50 1.0 0.6 0.63 1.0 0.57

PA: protease/amylase medium, LA: lipase/amylase medium, PAL: protease/amylase/lipase medium, PI: proteolytic index, Al: amylolytic index, LI: lipolytic index. —: not

determined.

Agro-Industry, Prince of Songkla University. These include Bacillus
subtilis, Bacillus coagulans, Bacillus sp. B.24, Bacillus sp. LNO0O8, and
Bacillus sp. MKO0O?7. It should be noted that Bacillus species are fre-
quently used as beneficial microorganisms in aquaculture. They
are preferred strains for enzyme production due to their robust
growth and their ability to adapt to varying growth conditions
[12]. The cultivations were conducted at 30 + 2°C with a shaking
speed of 150 rpm for 48 h. The results are shown in Fig. 1. Eleven
isolates, including SSP-PA-08, SC-PA-03, SC-PA-08, SC-PAL-02, HP-
PA-01, HP-LA-11, HP-LA-12, HP-PAL-01, B. coagulans, Bacillus sp.
MKO007, and B. subtilis, exhibited relatively high protease, lipase,
and amylase abilities compared to other isolates. The isolate SC-
PA-08 showed the highest protease activity of 6.23 + 0.81 U/mL,
followed by isolates SSP-PA-08 and HP-PA-01, which exhibited
protease activities of 4.53 + 0.24 and 4.28 *+ 0.11 U/mL, respec-
tively. While Bacillus sp. MKOO7 exhibited the highest amylase
activities of 2.01 + 0.01 U/mL, HP-PAL-01 exhibited the highest
lipase productivity of 0.25 * 0.14 U/mL. Among the strains
screened, SC-PA-03, SC-PA-08, SC-PAL-02, HP-PA-01, HP-LA-11,
HP-LA-12, and HP-PAL-01 exhibited high dual hydrolytic activities
of protease and lipase. Noteworthy, SSP-PA-08, B. coagulans and
Bacillus sp. MKO07, demonstrated high triple hydrolytic activities
of protease, amylase, and lipase. In this study, the bacterial strains
that showed considerably high multiple hydrolytic activities were
selected to study enzyme production using synthetic shrimp pond
sludge as a low-cost nutrient source and also their bioremediation
potential.

3.2.2. Tertiary quantitative screening using synthetic shrimp pond
sludge

The accumulation of sludge occurs due to excessive use of feed
in intensive aquaculture and waste from farmed aquatic animals.
In general, TSS in shrimp ponds is mainly derived from residual
shrimp feed and present at concentrations of 0.8-2.7%. This high
TSS causes a negative impact on water quality [20]. This study
aimed at utilizing synthetic shrimp pond sludge as a low-cost med-
ium for the production of hydrolytic enzymes and also evaluating
the bioremediation potential of bacteria to reduce TSS. Each
selected bacterium was inoculated into synthetic shrimp pond
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sludge containing TSS of 0.8% at an initial inoculum size of
10® CFU/mL. The medium pH was adjusted to 7. As shown in
Fig. 2, it was found that all strains exhibited the highest enzyme
activities at 24 h. Among them, SC-PAL-02 exhibited the maximum
protease activity of 4.83 = 0.55 U/mL followed by SC-PA-03 and SC-
PA-08, which showed protease activities of 3.84 + 0.49 U/mL and 3.
63 + 0.19 U/mL, respectively. Regarding amylase activity, the bac-
terial strain B. coagulans had the highest amylase activity of 3.50
+ 0.41 U/mL, followed by SC-PA-08 (2.10 + 1.21 U/mL). Regarding
lipase activity, HP-LA-11 demonstrated the highest lipase activity
of 0.41 £ 0.06 U/mL, followed by Bacillus sp. MK007 (0.29 + 0.08 U
/mL). The reduction of enzyme activity at 48 h might be due to the
depletion of nutrients or the bacteria having achieved sufficient
enzymatic activity to digest organic substances [21].

When comparing the TSS reduction, SSP-PA-08 was most effec-
tive in reducing TSS by 60.16 + 1.37%, followed by HP-PA-01, Bacil-
lus sp. MK007, and B. coagulans, which reduced TSS by 56.64 * 0.
64%, 53.04 + 1.28%, and 51.63 + 1.07%, respectively (Fig. 2d). The
ability of these isolates to reduce TSS indicated their potential
application in sludge bioremediation [22]. Based on these results,
it could be concluded that the enzyme-producing ability of the
bacteria depends largely on the type of medium (agar and liquid)
and the mix of substrates. As this study aimed at producing mul-
tienzymes using low-cost shrimp pond sludge medium and biore-
mediation of shrimp pond sludge, SC-PAL-02, HP-LA-11, and B.
coagulans, those exhibited the highest protease, lipase, and amy-
lase activities, respectively, and SSP-PA-08 that was most capable
of reducing TSS > 60%, were selected for further studies.

3.3. Identification of bacterial strains based on 16S rRNA sequences

The newly isolated SC-PAL-02, HP-LA-11, and SSP-PA-08 were
subjected to identification by 16S rDNA sequencing. The partial
16S rDNA sequences of isolates SC-PAL-02, HP-LA-11, and SSP-
PA-08 were submitted to GenBank. BLAST analysis revealed that
the partial 16S rRNA gene sequences of isolates SC-PAL-02 and
HP-LA-11 showed 95% similarity to Aeromonas sp., while isolate
SSP-PA-08 exhibited 97% similarity to Exiguobacterium indicum.
However, Aeromonas sp. was classified as pathogenic bacteria.



C. Thongsongkaew, B. Cheirsilp, A. Billateh et al. Electronic Journal of Biotechnology 77 (2025) 35-47

(a) Screening of protease producing bacteria
7.00

m24h m48h
6.00

5.00

4.00

3.00

2.00

Protease activity (U/mL)

100

0.00
S P PP PP L PD PP P DD D PP
XX QX T 3T 5T s Q¥ Q¥ ST T QY Q¥ o Q¥ XX o

L R R R LKL
FEFFFFEFEFT S S S & g FEER

(b) Screening of amylase producing bacteria
30

m24h m48h

25

20

Amylase activity (U/mL)

05

(c) Screening of lipase producing bacteria

0.30

m24h w48h

025

0.15

0.10

Lipase activity (U/mL)

0.05 |

0.00 IJ -

R R N N R N T U o S S
PP PP S S PP PSR D P g
o QVQQ JRVIRVJENR \Y V“QQ‘?' S T R BT W T T o e
FSEFEEFEEESF ST F G I ELER

Fig. 1. Enzyme activities of isolates cultured in (a) skim milk broth medium, (b) starch broth medium and (c) Tween 80 broth medium. BS: Bacillus subtilis; BC: Bacillus
coagulans; B24: Bacillus sp. B.24; BLN: Bacillus sp. LN008; BMK: Bacillus sp. MK0O7. The cultivations were conducted at 30 + 2°C with a shaking speed of 150 rpm for 48 h.
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Fig. 2. Enzyme activity and total suspended solid (TSS) removal by isolates cultured
in synthetic shrimp pond sludge medium. BC: Bacillus coagulans; BMK: Bacillus sp.
MKO007; BS: Bacillus subtilis. Each bacterium was inoculated in synthetic shrimp
pond sludge containing TSS of 0.8% at an initial inoculum size of 10® CFU/mL. The
cultivations were conducted at 30 + 2°C with a shaking speed of 150 rpm for 48 h.

Therefore, E. indicum SSP-PA-08 with secondly high protease pro-
ducing ability and most capable of reducing TSS was selected.
The sequence data were deposited in the DDB] database under
GenBank accession number LC645459. The 16S rRNA gene
sequence of E. indicum SSP-PA-08, along with sequences from clo-
sely related representative species retrieved from GenBank, was
aligned using the Clustal W program. The maximum likelihood
technique was used to reconstruct a phylogenetic tree. Evolution-
ary distances were determined using the Jukes-Cantor method. To
assess the confidence limits of the branching, the bootstrap analy-
sis was performed. Fig. 3 depicts the phylogenetic tree showing the
relationship among SSP-PA-08 strains and their phylogenetically
closest strains. The maximum likelihood phylogenetic tree demon-
strated that strain SSP-PA-08 forms a distinct lineage with the
strain type of E. indicum. Similarly, Kumar et al. [23] found that a
protease-producing bacterium, TBG-PICH-001, isolated from soil
in Pichavaram estuary, Tamil Nadu, was identified as E. indicum.
Nevertheless, Yasin et al. [24] found that Exiguobacterium sp. strain
AMBL-20 T isolated from ice in the northeastern region of Pakistan
was capable of producing lipase, which showed potential use as a
bio-detergent.

3.4. Enzyme production using synthetic shrimp pond sludge

3.4.1. Mono- and co-cultures

Hydrolytic enzyme production by mono- and co-cultures of the
selected bacterial strains was attempted by cultivating in a syn-
thetic shrimp pond sludge medium. The study was conducted
using a synthetic sludge medium containing TSS of 0.8%, with an
initial pH of 7.0 and incubated on a shaker at 150 rpm at
30 £ 2°C for 72 h. Fig. 4 shows that the mono-culture of SC-PAL-
02 exhibited the highest protease activity of 4.83 + 0.55 U/mL at
24 h, while the mono-culture of B. coagulans exhibited the highest
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amylase activity of 3.5 £ 0.41 U/mL at 24 h. The mono-culture of
HP-LA-11 showed the highest lipase activity of 0.41 + 0.06 U/mL
at 24 h. However, when the co-culture of three selected strains
(PAL-01) was performed, the results showed that the co-culture
yielded lower activities of each enzyme. The protease, amylase,
and lipase activities were reduced to 2.3 £ 1.5 U/mL, 0.77 + 0.05
U/mL, and 0.18 + 0.06 U/mL, respectively. It was possible that each
bacterial strain might compete for nutrients and/or there might be
an antagonistic interaction [23]. Nevertheless, the co-culture most
reduced TSS by 62.5 + 0.4% despite the lower individual enzyme
activity than the mono-culture. It was possible that individual bac-
teria might have evolved different mechanisms to utilize the sub-
strates, such as breaking down larger organic particles into
smaller ones, thereby increasing the surface area available for
biodigestion of organic matter [25,26]. Ramu et al. [27] also found
that the co-culture of B. subtilis, B. licheniformis, and B. firmus,
which possessed amylase, protease, and cellulase activities, could
promote the biodegradation of organic matter in a shrimp pond.

In addition to the mono- and co-cultures of the bacterial strains
with the highest hydrolytic activities, the second strain that pro-
duced high protease activity, Exiguobacterium indicum SSP-PA-08
(EI), and that produced high amylase and lipase activities, B. coag-
ulans and B. subtilis, were selected for the co-culture. It should be
noted that E. indicum has also been reported for its probiotic prop-
erties in shrimp [28]. Additionally, Hakim et al. [29] reported that
E. indicum AKAL11 could produce high alkaline protease enzymes
using municipal solid waste as a medium. Additionally, the Bacillus
group has also been reported for their probiotic capabilities,
including their ability to bind and provide immunostimulant
[30]. In the second run of co-culture, the mono- and co-cultures
of EI with B. coagulans and B. subtilis were performed using syn-
thetic shrimp pond sludge medium at a TSS concentration of
0.8%. The co-culture resulted in greater enzyme production com-
pared to the mono-culture of EI (Fig. 5). When the medium used
for enzyme production contains a variety of nutrients such as pro-
teins, starches, and fats, microorganisms may develop various
mechanisms that enable complex nutrient utilization and enhance
the production of individual enzymes [25]. Moreover, co-culturing
bacteria can also share metabolic activities, i.e., multiple enzymes
that synergistically facilitate the sequential degradation and
exchange of metabolites [25,31]. Cao et al. [32] revealed that
microbial consortia are more effective at degrading complex
organic matter than isolated bacteria. They are also more adaptable
and stable within the growth environment and can offer a suitable
catalytic environment for essential enzymes involved in the
biodegradation pathway. The study demonstrated that the activi-
ties of these three key enzymes were crucial for effective wastew-
ater treatment.

The bioremediation potential of the mono- and co-cultures is
shown in Fig. 6. It was found that the TSS reduction and protein
solubilization by mono- and co-cultures were not significantly dif-
ferent, while the COD removal by the co-culture was higher than
that by the mono-culture. This study demonstrates that co-
culturing EI with B. coagulans and B. subtilis not only promoted
the synergistic enzyme production but also the biodegradation of
organic matter. Furthermore, the biodegradation process also
increased the number of microorganisms and their metabolic
activities. The more microorganisms grew, the more enzymes were
produced. Hence, bacterial enzymatic reactions gradually solubi-
lize complex compounds into simpler and easier for assimilation
[27,33].

3.4.2. Effect of synthetic sludge concentration

Fig. 5 also shows the effect of synthetic sludge concentration on
enzyme production by the co-culture compared with the monocul-
ture of E. indicum. The study was conducted using a synthetic
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Fig. 3. The phylogenetic tree showing the relationship among SSP-PA-08 strains and their phylogenetically closest strains.

sludge medium containing 0.8, 2.0, and 2.7% TSS, with an initial pH
of 7.0 and incubated on a shaker at 150 rpm at 30 + 2°C for 72 h.
The co-culture using synthetic shrimp pond sludge medium at
0.8% TSS exhibited the highest protease activity of 1.81 + 0.44 U/
mL at 48 h. Increasing concentrations of sludge decreased protease
production. Although co-culturing bacteria can facilitate shared
metabolic activities that enable complex nutrient utilization
[25,31], excessively high concentrations of sludge also reduce mass
transfer and oxygen availability. This thereby may inhibit bacterial
growth and enzyme production [34]. Similarly, Kandasamy et al.
[34], who studied the protease production using different loadings
of coffee pulp waste (CPW) and corncob (CC), found that the opti-
mum substrate loading was 0.3% CPW and 0.2% CC. The further
increase of solid substrate than the optimal level decreased the
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protease production. Additionally, the pH of mono-culture of E.
indicum decreased over the first 12 h and then increased, whereas
the co-culture maintained a relatively constant pH (data not
shown). This pH stability in the co-culture can influence both
enzyme production and activities.

Fig. 6 shows the effect of sludge concentration on the number of
soluble proteins, TSS, and COD. Increasing sludge concentration led
to a corresponding increase in initial soluble protein, TSS, and COD.
It was found that the co-culture reduced the amount of TSS and
soluble COD better than the mono-culture possibly due to the syn-
ergistic effects of multienzyme activities that could accelerate the
decomposition of solid sludge. The decomposition of large organic
molecules releases soluble molecules and enables bacteria to
assimilate organic matter more efficiently. When increasing the
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Fig. 4. Enzyme production, pH and total suspended solid (TSS) removal (%) by pure and co-culture of selected bacteria. PAL-01 is the co-culture with the same inoculum
portion (108 CFU/mL). (a) Protease activity; (b) Amylase activity; (c) Lipase activity; (d) pH; (e) TSS removal. The synthetic sludge medium contained TSS of 0.8%. The

cultivations were conducted at 30 + 2°C with a shaking speed of 150 rpm for 72 h.

sludge concentration from 0.8% to 2.0% and 2.7%, the COD removal
efficiencies reduced from 67.39 = 1.21% to 68.75 + 0.61% and
34.78 + 1.21%, respectively.

3.5. Optimization of enzyme production using shrimp pond sludge

In this study, the shrimp pond sludge wastewater was used for
the cultivation of co-culture for enzyme production and evaluation
of bioremediation potential. The effect of sludge concentration at
0.6, 1.0, 1.6, and 2.8% was studied (Fig. 7). The sludge concentration
of 1.6% resulted in the highest production of protease and amylase
enzymes of 0.54 + 0.06 and 1.01 = 0.06 U/mL, respectively. When
comparing the enzyme production by using shrimp pond sludge
wastewater to synthetic sludge wastewater, it was observed that
protease and amylase enzyme production in shrimp pond sludge
wastewater was much lower. The enzyme production decreased
when the sludge concentration was increased up to 2.8%, likely
due to mass and oxygen transfer limitations that occur at high
solid substrate loadings. During the culture in sludge wastewater,
it was observed that the pH remained relatively stable, ranging
between 7 and 8 (data not shown). With increasing the sludge con-
centration, the concentration of soluble protein also increased. The
soluble protein decreased slightly during the first 24 h of fermen-
tation. Additionally, both TSS and soluble COD decreased over time,
which was attributed to the activity of the three bacterial strains.
Nutrients play a crucial role in promoting bacterial growth,
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enabling the bacteria to oxidize COD and release carbon dioxide
[35]. The highest enzyme production was obtained when using
shrimp pond sludge wastewater that contained 1.6% TSS. However,
the TSS concentration was still high in the culture broth. This
might be due to some compounds in the sludge wastewater not
being efficiently utilized as substrates by the metabolic mecha-
nisms of enzyme-producing microorganisms [36]. The treated
aquaculture sludge might be used as a potential organic fertilizer
[37].

4. Conclusions

This study has developed the methods to isolate bacteria with
multienzyme-producing ability. From primary and secondary
quantitative screening, eleven bacterial strains demonstrating sub-
stantial production of protease, amylase, and lipase were selected.
From tertiary quantitative screening, the newly isolated E. indicum
(SSP-PA-08) was chosen as a high protease producer, while B. coag-
ulans and B. subtilis were selected as amylase and lipase producers,
respectively. Co-culturing these bacteria in synthetic shrimp pond
sludge significantly enhanced protease activity by 2.5 folds and
amylase activity by 20 folds and led to a greater reduction in total
suspended solids compared to the mono-culture possibly due to
the synergistic effects of multienzyme activities that could acceler-
ate the decomposition of solid sludge. This study also showed that
it was possible to use shrimp pond sludge for enzyme production
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Fig. 5. Effect of sludge concentration on enzyme production by co-culture (PAL) of protease-producing E. indicum (P) with amylase-producing B. coagulans (A) and lipase-
producing B. subtilis (L) compared with pure culture of E. indicum. The cultivations were conducted at 30 + 2°C with a shaking speed of 150 rpm for 72 h.
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and the highest enzyme production was recorded when using rial consortia as an environmentally friendly solution to treat
shrimp pond sludge containing 1.6% TSS. These strategies have shrimp pond sludge and may be possible to apply it to other aqua-
shown that it is possible to isolate and synthesize effective bacte- culture sludge.
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