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INTRODUCTION

In the modern world, the problem of pollution 
of water bodies, including wastewater, is becom-
ing increasingly relevant and pressing [1]. The 
population is growing rapidly, and with popula-
tion growth, the volume of wastewater generated 
and the number of people vulnerable to the ef-
fects of severe wastewater pollution increase [2]. 
The level of development of the food, chemical, 
pharmaceutical, textile and other industries is in-
creasing, along with the discharge of waste into 
treatment facilities. As a result, xenobiotics and 
organic substances of artificial origin [3], resis-
tant to biodegradation, a large amount of synthetic 
surfactants, heavy metals, acids, alkalis and salts 
enter treatment plants along with wastewater [4], 
[5]. In addition, the wastewater containing ex-
cess amounts of nutrients causes eutrophication 

of water bodies, which in turn leads to hypoxia 
of bottom vegetation, as well as the formation 
of strong poisons such as phenols and hydrogen 
sulfide [6], [7], [8]. One of the promising areas 
for purifying municipal and industrial wastewater 
from such a number of contaminants is the biologi-
cal treatment [9], [10]. This is not only an envi-
ronmentally sustainable approach, but also an ef-
fective way to combat water pollution. Biological 
wastewater treatment methods are based on the use 
of the biochemical activity of microorganisms [11], 
[12], and always require additional research, which 
is primarily due to the specificity of waste depend-
ing on the source of pollution, the diversity of their 
chemical composition and the specific microbial 
flora retrieved from this pollution [13], [14], [15]. 
A key role in biological methods is played by liv-
ing cells, which participate in competitive and en-
ergy metabolism, leading to complex chemical and 
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biological transformations of organic substances. 
The main functions of organic oxidation in a living 
cell largely depend on how and with the partici-
pation of which enzyme systems the utilization of 
organic matter is carried out [16], [17]. 

Microbial processes appear to be the main 
mechanism of organic matter degradation, al-
though animals also play a role [18]. Biodegrada-
tion of organic compounds can occur under both 
aerobic and anaerobic conditions as a result of 
microbial communities [19], [20], [21]. Microbio-
logical degradation of contaminants can lead to the 
formation of many different products. Typically, 
biodegradation of a large organic molecule results 
in the formation of smaller, less complex organ-
ic molecules that may be more or less toxic than 
the parent compound for aquatic plants, fish, and 
other living organisms in water bodies [22–24]. 
In some cases, the organic pollutant is completely 
converted into an inorganic product such as CO2. 
This type of transformation is called “mineraliza-
tion” and involves eliminating the toxicity of the 
parent compound. Although plants, animals and 
microorganisms can metabolize some pollutants, 
mineralization of organic pollutants is usually car-
ried out only by bacteria and fungi [25]. These mi-
croorganisms have a significant impact on the total 
amount of organic matter in wastewater, which is 
expressed through the concentrations of BOD (bio-
chemical oxygen demand), COD (chemical oxy-
gen demand), TOC (total organic carbon), and pe-
troleum products (oil and grease) [26], [27]. Thus, 
biodegradation can make a significant contribution 
to the natural nutrient cycle and can therefore be 
considered a form of recycling.

Therefore, the goal of the conducted work was 
to select the biological agents capable of prevent-
ing excessive organic pollution through their me-
tabolism. For this purpose, bacterial cultures were 
isolated from municipal wastewater and analyzed 
for enzymatic activity towards organic substanc-
es. In addition, their antibacterial activity against 
common wastewater pathogens was studied.

MATERIALS AND METHODS

Water sampling

Wastewater samples were meticulously col-
lected in sterile 100 ml glass bottles from an urban 
wastewater treatment plant in Astana city, Ka-
zakhstan, precisely at the coordinates 51°09’16”N 

71°39’13”E, following the mechanical treatment 
stage. This stage typically involves the removal of 
large solids and debris, ensuring that the collected 
samples primarily contained suspended and dis-
solved organic matter as well as microorganisms 
relevant for subsequent analysis. The samples were 
carefully sealed and transported under controlled 
conditions to the laboratory, where they were stored 
at 4 °C to preserve the viability and integrity of the 
microbial communities for accurate microbiologi-
cal analysis. This temperature was maintained to 
minimize metabolic activity and prevent any sig-
nificant changes in the microbial population before 
the cultures were isolated and identified. This rigor-
ous sampling and storage protocol ensured that the 
microbial communities present in the wastewater 
were preserved in their near-original state, allowing 
for precise and reliable characterization during the 
subsequent microbiological analysis.

Chemical analysis of water

The analysis of wastewater samples involved 
measuring several physicochemical parameters, 
essential for assessing the quality and characteris-
tics of the wastewater. These parameters included 
color, odor, pH, COD, BOD, and temperature. 
The chemical oxygen demand of the samples was 
estimated in the samples using a spectrophotom-
eter (Hach LANGE DR 3900, Hach, Germany), 
set to a wavelength of 600 nm [28] The reagents 
for the determination of COD in wastewater were 
COD digestion vials, high range kit (Hach, Ger-
many). BOD was determined using the OxiTop 
®measuring system (WTW, Germany) [29]. The 
pH of the water was determined using a pH meter 
(Metrohm 827, Switzerland).

Isolation of strains and culture conditions

Pure cultures of bacteria were isolated using 
the serial dilution method to a titer of 107 [24]. The 
serial assay was then aliquoted in a volume of 100 
μl on nutrient agar and Pseudomonas agar (Hime-
dia, Laboratories Pvt. Ltd., Mumbai, India). The 
nutrient agar had the following composition (g/L): 
peptone – 5.0 sodium chloride – 5.0, peptone – 
1.50, yeast extract 1.5, agar – 15.0. Pseudomonas 
agar consisted of the following composition (g/L): 
peptic digest of animal tissue – 20.0 magnesium 
chloride – 1.4, potassium sulfate – 10.0, triclosan – 
0.025, agar – 13.6. Incubation was carried out in a 
thermostat at 37 °C for 48 hours. 
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Determination of proteolytic, 
amylolytic, cellulolytic and lipolytic 
activities of bacterial isolates

Determination of proteolytic activity was car-
ried out using skim milk agar plates [30]. To study 
the amylolytic activity, the plaque method on the 
medium of the following composition (g/l): pep-
tone – 10.0; KH2PO4 – 5.0; soluble starch – 2.0; 
agar – 15.0. medium pH 6.8–7.0 was used. Sow-
ing was carried out by injection. The amount of 
amylolytic activity was determined by the di-
ameter of the light zone. The starch hydrolysis 
zone is measured in millimeters from the edge of 
the colony stroke to the border of the light zone. 
To detect cellulolytic activity, bacterial cultures 
were plated by plaques using a loop onto a CMC 
(carboxymethylcellulose) agar medium. Bacte-
rial isolates were grown on a medium containing 
1% CMC and incubated at 37 °C for 48 hours. 
After incubation, Petri dishes were flooded with 
0.1% Congo red reagent and left for 30 min. 
Then, 1 M NaCl solution was added to the Pe-
tri dishes and left for 5 min. Plate surfaces were 
discarded by NaCl solution and rinsed with dis-
tilled water. Then, were added 5% acetic acid 
and left for 5 min to observe and record the halo 
size. The presence of transparent halos resulting 
from the hydrolysis of cellulose and starch was 
measured [31], [32]. To detect lipolytic activity, 
the studied microorganisms were plated on a nu-
trient medium containing the corresponding ole-
ic acid tween 80 (HiMedia, Mumbai, India). The 
composition of the nutrient medium (g/l): tween 
– 10, peptone – 10, NaCl – 5, CaCl2xH2O – 0.1; 
agar – 20, pH of the medium – 7.4. Tween was 
autoclaved separately at 0.5 atmospheres for 15 
minutes and added to the sterile main medium. 
The nutrient medium was poured into sterile Pe-
tri dishes, and after solidification of the medium, 
microorganisms were plated. The cultivation du-
ration was 2–10 days at 37 °C. The presence of 
lipase is indicated by the formation of an opaque 
zone of calcium salts of fatty acids released from 
tween around a streak or colony [33]. The de-
gree of hydrolase activity of enzymes secreted 
by bacteria was assessed by the index value. 
The determination of enzymatic indices (EI) by 
amylolytic (AI), cellulolytic (CI) and proteolytic 
activities (CI) was calculated using the equation 
proposed by Naresh [34]:
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(1)

Phenotypic analysis of isolates 

The pure bacterial isolates were identified 
microscopically using a microscope (Micros 
MC300X, Austria) with a gram staining method 
[28]. Further phenotypic identification was carried 
out using Vitek 2 systems (BioMérieux, USA). In 
addition to this analysis, bacterial colonies were 
collected and verified by biochemical tests using 
triple sugar iron (Condalab, Spain) [35]. 

Antimicrobial susceptibility testing

The antagonistic activity of isolated bacteria 
was assessed by the diameter of the zones of inhibi-
tion of opportunistic and pathogenic cultures. Iso-
lated microorganisms were analyzed regarding the 
antagonistic activity against bacterial strains, such 
as Enterococcus faecium 27LB B-RKM-0612, 
Staphylococcus aureus ATCC 6538 B-RKM 0470, 
Salmonella enteritidis B-RКМ 0680, Pseudomo-
nas aeruginosa G13 B-RKM0427, Pseudomonas 
taiwanensis CB 2R-1B-RKM 0726, Aeromonas 
punctata G30 B-RKM0287, Klebsiella pneumonia 
B-RKM 0444, which are in the collection of in-
dustrial microorganisms of the Republican micro-
organism collection [36].

Genetic identification of bacteria

The identification of bacterial isolates was car-
ried out using the method of determining the direct 
nucleotide sequence of the 16s rRNA gene with 
the subsequent comparison of nucleotide iden-
tity with sequences deposited in the international 
Genbank database. The PCR reaction was car-
ried out with universal primers 8f (5’ AgAgTTT-
gATCCTggCTCAg-3’) and 806R (5’-ggACTAC-
CAgggTATCTAAT-3’). The nucleotide sequences 
were analyzed and combined into a common se-
quence using SeqScape 2.6.0 software (Applied 
Biosystems)[37]. The Mega 6 software was used 
to construct phylogenetic trees. The Muscle algo-
rithm was used to align nucleotide sequences, and 
the phylogenetic tree was constructed using the 
Neighbor-Joining NJ method [38].

Statistical analysis 

In this work, all experiments were performed 
in triplicate. Means, standard errors, and standard 
deviations were calculated from replicates with-
in the experiments [39]. To assess the statistical 
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significance of variations in the studied param-
eters, a one-way analysis of variance (ANOVA) 
was performed, followed by a post-hoc Tukey 
HSD Test with significance at p < 0.05 [40].

RESULTS

Physicochemical characteristics 
of wastewater samples 

The collected wastewater sample was careful-
ly analyzed to explore its potential as a reservoir 
for bacteria with the ability to hydrolyze organic 
substrates and compete with existing pathogenic 
microflora. The results of the physicochemi-
cal analyses, summarized in Table 1, provide an 
in-depth view of the wastewater characteristics, 
including key parameters like pH, COD, BOD, 
temperature, color, and odor. These measure-
ments are critical for assessing the overall quality 
of the wastewater and understanding the extent 
of organic pollution present, which is crucial for 
determining the suitability of a sample for vari-
ous treatment processes or biotechnological ap-
plications. The data also reveal the presence of 
organic substrates within the wastewater that 
could support the growth of specific bacteria 
capable of breaking down complex compounds. 
This information is essential for identifying the 
opportunities for bioremediation, where selected 
bacterial strains could be leveraged to enhance 
the degradation of organic pollutants. Addition-
ally, understanding the physicochemical profile 
of wastewater can guide the development of tar-
geted biotechnological applications, such as iso-
lating bacteria with specialized metabolic path-
ways for pollutant degradation or the production 
of value-added products, ultimately improving 
the efficiency and effectiveness of wastewater 
treatment processes.As shown by the physico-
chemical parameters in Table 1, the wastewater 

exhibited the characteristic color and odor com-
monly associated with municipal wastewater, ac-
companied by elevated COD and BOD values, 
indicating significant organic pollution. The pH 
of the wastewater was measured at 8.11, suggest-
ing a slightly alkaline environment. The COD 
concentration exceeded 300 mg/L, which falls 
within the typical range for municipal wastewa-
ter, generally between 100 and 500 mg/L. This 
elevated COD level reflects a substantial pres-
ence of organic matter, indicative of the high 
pollutant load of wastewater. The observed BOD 
levels further corroborate this, highlighting the 
potential impact of wastewater on receiving wa-
ter bodies if not adequately treated. These physi-
cochemical characteristics underscore the neces-
sity for effective biological treatment processes, 
such as those involving the isolated strains, to 
reduce the organic load and improve the quality 
of the treated effluent.

Screening of bacteria producing 
protease, amylase, cellulose and lipase

Fifty-six bacterial isolates were isolated from 
municipal wastewater and were screened for deter-
mination of extracellular enzymatic activity toward 
organic substrates. Only 11 (19.6%) isolates dem-
onstrated proteolytic activity, indicating their abil-
ity to break down proteins, as detailed in Table 2. 
This suggests that a relatively small proportion 
of the isolates have potential applications in areas 
requiring protein degradation. In terms of amylo-
lytic activity, 9 isolates (16.07%) were found to 
be capable of hydrolyzing starch. This indicates 
their potential utility in the processes involving 
starch breakdown. Similarly, cellulolytic activity 
was observed in 7 isolates (12.5%), confirming 
their ability to degrade cellulose, which is impor-
tant for applications in waste management and 
biofuel production. Lastly, 8 isolates (14.28%) 
exhibited lipolytic activity, demonstrating their 
ability to hydrolyze fatty acids, with implications 
for industries focused on fat degradation. These 
results highlight the diverse enzymatic capabili-
ties of the isolates and their potential applications 
across various biotechnological fields (Table 2).

On the basis of the data presented in Table 2, 
isolates TI05Ps, JI03Ps, TI48-6, JI03, and JI04Ps 
exhibited high proteolytic activity, as evidenced by 
the clear zones they formed on milk agar medium. 
This indicates their strong ability to hydrolyze pro-
teins, which could be advantageous in applications 

Table 1. Physico-chemical characterization of the 
wastewater sample

Physico-chemical parameters Observation

Color Dark

Odor Rotten smell

pH 8.11

COD, mg/L 316

BOD, mg/L 80

Temperature (°C average) 15
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such as waste treatment, food processing, and de-
tergent formulation. Among these, isolate TI05Ps 
demonstrated the highest proteolytic activity 
with an enzymatic index of 2.41 ± 0.14, making 
it particularly noteworthy for its potent protein-
degrading capabilities. In contrast, isolate TI04As 
showed the lowest proteolytic activity with an in-
dex of 0.20 ± 0.05. The differences in hydrolase 
activity among isolates JI10 (0.93 ± 0.02), JI02Ps 
(0.88 ± 0.03), TI01Ps (0.62 ± 0.02), JI05 (0.50 ± 
0.05), TI01Mur (0.30 ± 0.05), and TI04As (0.20 ± 
0.05) were not significant, indicating a relatively 
uniform but low level of proteolytic activity across 
these strains. This suggests that while some iso-
lates are highly effective at protein hydrolysis, oth-
ers have limited capabilities in this regard. 

The isolates TI05Ps, JI01, JI04Ps, and TI48-6 
were noted for their high amylolytic activity, with 
TI05Ps exhibiting the highest enzymatic index of 
1.67 ± 0.09. This indicates a strong ability to hy-
drolyze starch, making these isolates potentially 
valuable in industries such as food processing, 
where starch degradation is critical. On the other 
hand, isolate JI03Ps showed the lowest amylolytic 
activity with an index of 0.18 ± 0.01, suggesting 
minimal capacity for starch breakdown compared 
to the other isolates. This aspect of the study pro-
vides a comprehensive overview of the capabili-
ties of isolates to degrade cellulose, further char-
acterizing their enzymatic profiles and potential 
applications. The combination of amylolytic and 

cellulolytic activities in isolates like TI05Ps un-
derscores their versatility in breaking down differ-
ent types of polysaccharides, which could be har-
nessed for biotechnological applications, including 
bioethanol production and waste treatment.

During the detection of cellulose hydrolysis, 
isolates TI05Ps, TI01Ps, and TI48-6 displayed 
pronounced halo zones on the medium after the 
addition of the indicator, indicating strong cellulo-
lytic activity. This suggests that these isolates are 
capable of efficiently breaking down cellulose, a 
key component of plant cell walls, which could be 
beneficial in industries such as biofuel production 
and waste management [41]. The cellulolytic ac-
tivity, quantified by the enzymatic index, ranged 
between 3.57 ± 0.15 and 4.48 ± 0.12, highlighting 
the substantial ability of these strains to hydrolyze 
cellulose. Lipase activity is crucial for the break-
down of fats, and these results further characterize 
the multifaceted enzymatic profiles of the tested 
isolates. The combination of strong cellulolytic 
and lipolytic activities in isolates, such as TI05Ps 
and TI48-6, suggests their potential for applica-
tions in the processes that require the degradation 
of complex organic materials, such as composting 
or bioconversion of agricultural residues.

Isolates TI48-6, JI01, JI03, and JI04Ps dem-
onstrated a remarkable ability to hydrolyze lipids, 
with enzymatic indices ranging from 1.73 ± 0.10 to 
1.30 ± 0.05. This indicates strong lipolytic activity, 
which is critical for breaking down fats and oils, 

Table 2. Proteolytic, amylolytic, cellulolytic and lipolytic activities of isolates
Isolate Proteolytic index Amylolytic index Cellulolytic index Lipolytic index

JI01 0 1.50 ± 0.75d 0 1.45 ± 0.02h

JI03 1.44 ± 0.05a 0.90 ± 0.04e 0 1.38 ± 0.12h

JI05 0.50 ± 0.05ab 0.40 ± 0.05b 0 0.45 ±0.06j

JI10 0.93 ± 0.02ab 0 0 0

JI02Ps 0.88 ± 0.03ab 0.26 ± 0.02e 0 0.89 ± 0.11ij

JI03Ps 1.50 ± 0.11a 0.18 ± 0.01e 0 0.61 ± 0.09ij

JI04Ps 1.22 ± 0.02a 1.10 ± 0.04d 0 1.30 ± 0.05h

TI04As 0.20 ± 0.05b 0 0.30 ± 0.11g 0

TI48-5 0 0 1.00 ± 0.01g 0

TI48-6 1.45 ± 0.08a 1.09 ± 0.02d 3.57 ± 0.15 f 1.73 ± 0.10 h

TI01Ps 0.62 ± 0.02ab 0.40 ± 0.05e 3.80 ± 0.10 f 0

TI05Ps 2.41 ± 0.14a 1.67 ± 0.09d 4.48 ± 0.12f 0.18 ± 0.02j

TI06Ps 0 0 0.21 ± 0.02g 0

TI01Mur 0.30 ± 0.05b 0 0.25 ± 0.05g 0

Note: Superscripts (letters a, b, c, d, e, f, g, h, i, j) in the table indicate significant differences between groups based 
on Tukey’s test, p < 0.05. The same superscripts mean that there are no statistically significant differences between 
isolates. Different superscripts mean that there are statistically significant differences between these isolates.
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potentially useful in industrial applications such 
as bioremediation and food processing. The dif-
ferences in enzymatic indices between these high-
performing isolates and others with lower activity 
levels were statistically significant (p < 0.05), em-
phasizing the robustness of their lipolytic capacity. 
Notably, while 25% of the isolates were capable 
of producing at least two of the four enzymes 
tested – lipolytic, proteolytic, cellulolytic, and 
amylolytic – they were not classified as strong po-
tential producers, as their enzymatic indices were 
less than or equal to 1.0, indicating only moderate 
enzyme production capabilities. Isolates TI48-6 
and TI05Ps were particularly noteworthy, as they 
exhibited simultaneous expression of three enzy-
matic activities – proteolytic, cellulolytic, and am-
ylolytic—along with significant lipolytic activity. 
This multifaceted enzymatic profile suggests that 
these isolates have versatile metabolic capabilities, 
making them valuable for various biotechnologi-
cal applications. Among them, TI48-6 stood out 
with significantly higher lipolytic activity, which 

could make it particularly useful in the processes 
that require efficient lipid breakdown. Figure 1 
provides a visual representation of the isolates that 
excelled in hydrolyzing key substrates, such as ca-
sein, starch, cellulose, and Tween 80, further high-
lighting their potential in the applications where 
comprehensive enzymatic activity is essential.

Phenotypic characterization 
of bacterial isolates

More than half of the isolates were identified 
as Gram-negative bacteria through Gram staining. 
This high proportion of Gram-negative bacteria is 
consistent with their common occurrence in waste-
water environments, where they often play key 
roles in organic matter degradation and nutrient 
cycling. The identification of these bacteria pro-
vides valuable insight into the microbial commu-
nity present in the wastewater sample. In addition 
to the Gram-negative isolates, two Gram-positive 
isolates were noted for their distinctive enzymatic 

Figure 1. Enzymatic activity of isolates (a-proteolytic, b-amylolytic, с-cellulozolytic, d- lipolytic)
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activity. These catalase-negative microorganisms, 
while less commonly detected in wastewater due 
to their typically lower adaptability and survival 
rates, were observed to persist in the sample. Their 
presence was attributed to their significant survival 
capabilities in the wastewater environment, which 
was further validated by their notable proteolytic 
and cellulolytic activities. The remaining 12 iso-
lates were classified as catalase-positive and exhib-
ited a diverse profile of carbohydrate assimilation, 
as detailed in Table 3. This broad carbohydrate 
assimilation capability suggests a high level of 
metabolic versatility among these isolates, poten-
tially enhancing their ability to utilize various or-
ganic substrates in the wastewater. Such diversity 
in metabolic functions highlights the potential of 
these bacterial strains for various biotechnological 

applications, including bioremediation and waste-
water treatment processes.

Identification of proteolytic, amylolytic, 
cellulozolytic and lipolytic isolates

Bacterial isolates demonstrating organic sub-
strate hydrolysis capability underwent sequencing 
using the 16S rDNA technique. Subsequently, their 
sequences were compared with the NCBI database 
via the BLAST tool, and the findings are summa-
rized in Table 4. This table details the molecular 
identification results of diverse bacterial strains 
isolated from wastewater samples, aligning each 
strain with existing sequences in the GenBank 
database to determine their species and subspe-
cies identities. The percentage match indicates 

Table 3. Differentiating properties of isolates

Characteristics
Isolates

JI01 JI03 JI05 JI10 JI02 
Ps

JI03 
Ps

JI04 
Ps

TI01 
Ps

TI05 
Ps

TI06 
Ps

TI48-
5

TI48-
6

TI04 
As

TI01 
Mur

Gram stain - - - + - - - - + - + + - -

Cell morphology Rod Rod Rod Cocci Rod Rod Rod Rod Rod Rod Cocci Rod Rod Rod

Catalase + + + - + + + + + + - + + +

Hydrogen sulfide - - - - - - - - + - - + - -

Nitrate reduction + + + - + + + + + + - + + +
Voges - 

Proskauer test - - - + - - - + + + - + + +

Hydrolysis of

Gelatin - + + - - + + - + - - + - -

Urea - - - - - - - - - + - + + +

Assimilation from

D glucose + + + + + + + + + + + + + +

D fructose + + + + + + + + - + + + + +

Xylose - + - - + + + + - + - - + +

Ribose + + + + + + + + - + + - + +

Arabinose - + + - + + + + - + - - + +

Mannite - + + + + + + + - + + - + +

Inositol - + - - - + - + - + - - + +

D-sorbitol - + + - + + + + - + - - + +

D-maltose + + + + + + + + - + + - + +

Cellulose - - - - - - - - + - - + - -

D-lactose - - - - - - - - + + - + + +

Salicin + + + - + + + + - + + - + +

D-mellibiose - - - - - - - + + + - - + +

Sucrose - + + + + + + + - + + - + +

Raffinose - - - - - - - + + + - + + +

Glycogen - - - - - - - - + - - + - -

Glycerol - + + - - + - + - + - + + +

Citrate - + + - + + + + - + - + + +
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the degree of similarity between the genetic ma-
terial of the isolate and the reference sequence, 
with higher percentages indicating a more confi-
dent identification. Aeromonas salmonicida (JI01) 
and Aeromonas veronii (JI03) were identified with 
a 100% match, indicating that the isolates were 
identical to these known species in the GenBank 
database. Aeromonas hydrophila (JI05), however, 
showed a slightly lower match of 96.79%, sug-
gesting some genetic variation from the reference 
strain, which could be due to strain-specific dif-
ferences or potential mutations. Other Aeromonas 
species, including Aeromonas caviae (JI02 Ps) and 
Aeromonas sobria (JI03 Ps), were also identified 
with 100% matches, confirming their presence in 
the wastewater samples.

In addition to the Aeromonas species, other 
bacteria were identified with high confidence. Leu-
conostoc mesenteroides (JI10) and Enterococcus 
faecalis (TI48-5) both had 100% match to nucleo-
tide sequences in the NCBI database. Raoultella 
ornithinolytica (TI04 As) and Raoultella planticola 
(TI06 Ps) were identified with very high matches of 
99.73% and 99.87%, respectively, suggesting close 
similarity to their reference strains. Enterobacter 
cloacae (TI01 Ps) and Klebsiella pneumoniae (TI01 
Mur) also showed strong matches, though with 
slightly lower percentages of 98.50% and 100%. 
The two strains of particular interest in this study, 
Bacillus amyloliquefaciens (TI05 Ps) and Bacillus 
licheniformis (TI48-6) were identified with 100% 
matches, indicating that these isolates are very 
likely to be accurately classified within these spe-
cies. This strong match supports the reliability of 

their identification and underpins their potential use 
in bioremediation and wastewater treatment due to 
their known antimicrobial and enzymatic activities. 
The high level of genetic similarity found in these 
isolates suggests they may be effectively used in the 
targeted treatment of wastewater, reducing micro-
bial contaminants and improving water quality.

The sequencing results identified a diverse 
range of bacterial isolates from the wastewater 
sample. Specifically, 6 isolates were classified un-
der the genus Aeromonas, 2 under Bacillus, 2 under 
Raoultella, 1 under Leuconostoc, 1 under Entero-
bacter, and 1 under Enterococcus. During the iso-
lation phase, colonies from the genera Aeromonas 
and Bacillus, both of which are facultative anaer-
obes, were the most frequently observed. Aeromo-
nas bacteria are Gram-negative, short rods with 
rounded ends and are widely distributed in various 
aquatic and terrestrial environments, establishing 
them as a prevalent genus in such settings. On nu-
trient agar, Aeromonas colonies appeared as shiny, 
translucent with a whitish-yellow tint. When grown 
in nutrient broth, these bacteria produced uniform 
turbidity with a film on the surface and a flocculent 
white sediment at an optimal growth temperature 
of 37 °C. These growth characteristics underscore 
their adaptability and prevalence in wastewater 
environments. Two specific isolates, TI05 Ps and 
TI48-6, were further examined and are illustrated 
in the phylogenetic tree (Fig. 2). Notably, sample 
1 (TI48-6) aligns closely with Bacillus lichenifor-
mis on the phylogenetic tree. Given the high simi-
larity of their 16S rRNA genes, additional nucleo-
tide sequence analysis of protein-coding genes or 

Table 4. The results of identification by analysis of the nucleotide sequence of the 16S rRNA gene
Strains GenBank inventory number (accession number) Name of the strain % match

JI01 AF002709.1 Aeromonas salmonicida 100

JI03 CP034967.1 Aeromonas veronii 100

JI05 KU725737.1 Aeromonas hydrophila 96.79

JI10 MT348592.1 Leuconostoc mesenteroides 100

JI02 Ps MT271886.1 Aeromonas caviae 100

JI03 Ps LC383908.1 Aeromonas sobria 100

JI04 Ps LC505495.1 Aeromonas allosaccharophila 99.87

TI01 Ps OR426325.1 Enterobacter cloacae 98.50

TI05 Ps MT579842.1 Bacillus amyloliquefaciens 100

TI06 Ps CP044121.1 Raoultella planticola 99.87

TI48-5 CP014949.1 Enterococcus faecalis 100

TI48-6 MT642945.1 Bacillus licheniformis 100

TI04 As MH671643.1 Raoultella ornithinolytica 99.73

TI01 Mur CP090222.1 Klebsiella pneumoniae 100
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phenotypic characterization is required for precise 
identification. Meanwhile, samples 2 and 3 (TI05 
Ps) cluster with Bacillus amyloliquefaciens, indi-
cating a relatedness within this bacterial group.

Antibacterial activity

Further investigation was conducted on the an-
tagonistic activity of two selected isolates, TI48-6 
and TI05Ps, which had previously shown the most 
effective enzymatic activity in breaking down 
organic substrates. Molecular characterization 

identified these isolates as Bacillus amyloliquefa-
ciens (TI05Ps) and Bacillus licheniformis (TI48-
6), both of which are recognized for their biotech-
nological potential, including their roles in enzyme 
production and antimicrobial properties. The focus 
of the study was to assess their ability to inhibit 
various bacterial pathogens and contaminants, 
which is essential for applications in bioremedia-
tion and wastewater treatment. The antagonistic 
activity of these isolates was rigorously analyzed 
against a diverse set of test strains from RCM LLC, 
as illustrated in Figure 3. This selection included 

Figure 2. Phylogenetic tree built by algorithm Neighbor Joining (NJ). 
Sample 1 – Bacillus licheniformis, sample 2 and 3 – Bacillus amyloliquefaciens

Figure 3. The antagonistic spectrum of B. amyloliquefaciens TI05Ps and B. 
licheniformis TI 48-6 against 7 pathogenic collection strains (b)
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a range of common bacterial pathogens, offering 
a comprehensive assessment of the antimicrobial 
spectrum of the isolates. The study also included 
testing against bacteria from the genus Aeromo-
nas, which are prevalent in the studied waste-
water and are known to cause infections in both 
humans and animals. This approach aimed to de-
termine the effectiveness of these Bacillus strains 
in reducing the microbial load in wastewater. 
The results from these analyses were intended to 
evaluate whether Bacillus amyloliquefaciens and 
Bacillus licheniformis could effectively diminish 
pathogenic microorganisms in wastewater, there-
by improving its quality and safety. Successful re-
duction of microbial contaminants could enhance 
the feasibility of reusing treated wastewater in ag-
ricultural or industrial applications, contributing 
to more sustainable waste management practices. 
The study findings have the potential to develop 
informed strategies for leveraging these bacterial 
strains in environmental and industrial biotechno-
logical processes.

The results of the antagonistic activity tests re-
vealed notable differences in the effectiveness of 
the bacterial strains studied. The Bacillus licheni-
formis strain TI48-6 exhibited activity exclusive-
ly against Staphylococcus aureus, highlighting its 
potential for targeted inhibition of this specific 
pathogen. This targeted effect suggests that TI48-
6 may produce particular compounds or enzymes 
that are highly effective against S. aureus. How-
ever, this strain did not demonstrate antagonistic 

activity against other test strains, such as Salmo-
nella enteritidis, Enterococcus faecium, Pseudo-
monas taiwanensis, Klebsiella pneumoniae, and 
Pseudomonas aeruginosa, indicating a narrow 
spectrum of activity. In contrast, isolate TI05Ps 
displayed a broader range of antagonistic activity, 
as shown in Figure 4. It demonstrated moderate 
to high effectiveness against Salmonella enter-
itidis, Enterococcus faecium, and Pseudomonas 
taiwanensis. This broader spectrum suggests that 
TI05Ps may produce a variety of antimicrobial 
compounds or possess a more versatile mode of 
action, making it potentially useful against a wid-
er array of bacterial pathogens. Despite its broad 
activity, TI05Ps, like TI48-6, was ineffective 
against Klebsiella pneumoniae and Pseudomonas 
aeruginosa. The resistance of Klebsiella pneu-
moniae and Pseudomonas aeruginosa to both 
TI48-6 and TI05Ps underscores the complexity 
of microbial resistance and the limitations of the 
current bacterial strains in addressing all targeted 
pathogens. This finding highlights the need for 
further research into the mechanisms behind this 
resistance and the development of more effective 
antimicrobial agents. Understanding these mech-
anisms could lead to the identification of novel 
strategies or compounds that can enhance the ef-
fectiveness of bacterial antagonists in controlling 
a broader range of pathogens.

Figure 4 illustrates that both selected isolates, 
TI05Ps and TI48-6, demonstrated antagonistic 
activity against bacteria of the genus Aeromonas, 

Figure 4. The antagonistic spectrum of TI05Ps and TI 48-6 isolates against 5 Aeromonas strains
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which are common representatives of the patho-
genic microflora found in municipal wastewater. 
Specifically, the TI05Ps isolate exhibited broad-
spectrum antagonistic activity, effectively inhibit-
ing all studied Aeromonas species. This suggests 
a strong potential for TI05Ps in combating a range 
of pathogenic Aeromonas strains present in waste-
water environments. In contrast, the TI48-6 isolate 
showed a more targeted antagonistic effect, suc-
cessfully inhibiting only three Aeromonas species: 
A. sobria, A. allosaccharophila, and A. veronii. 
This selective inhibition indicates that TI48-6 may 
have a more specialized role in suppressing certain 
pathogenic strains of Aeromonas. The differing 
profiles of antagonistic activity between TI05Ps 
and TI48-6 highlight their potential utility in tar-
geted bioremediation strategies or as components 
of microbial consortia aimed at managing specific 
pathogenic bacteria in wastewater systems.

DISCUSSION

This study focused on the bacteria isolated 
from municipal wastewater, which was character-
ized by a distinct putrid odor and dark coloration. 
The wastewater analyzed had a BOD concentration 
of 80 mg/L and a COD concentration of 316 mg/L, 
the levels that fall within the range for biological 
treatment according to indicator rankings. Lit-
erature data indicate that the maximum allowable 
BOD concentration is 10 mg/L for aquaculture 
treatment, 100 mg/L for microbiological and phy-
totreatment, and 50.000 mg/L for natural treatment 
methods. The maximum concentration of COD 
is 50 mg/L for aquaculture treatment, 500 mg/L 
for microbiological and phytotreatment, 100.000 
mg/L for natural treatment. Among the 56 isolates, 
bacteria of the Aeromonas genus predominated, 
accounting for 50% and being the dominant genus. 
In addition to the genus Aeromonas, the following 
species were found: Routella, Klebsiella, Leuco-
nostoc, Bacillus, Enterococcus, Enterobacter. The 
safest strains when isolated from the treatment fa-
cility settling tanks were gram-positive bacteria of 
the Bacillus and Leuconostoc genus. 

The study was aimed at finding the isolates 
capable of decomposing organic matter and sup-
pressing pathogenic microorganisms. Most of 
the isolates that hydrolyzed casein belonged to 
the genera Aeromonas and Bacillus. The pro-
tease-producing TI05Ps and TI 48-6 isolates 
in this study were genetically identified as B. 

amyloliquefaciens and B. licheniformis. B. amy-
loliquefaciens was considered to be the most ac-
tive proteolytic bacterium with significant pro-
teolytic activity among 56 bacterial strains (p < 
0.05). Among the isolates, B. amyloliquefaciens 
had the highest amylolytic index (1.67 ± 0.09). 
Thus, the broadest profile of enzymatic activity of 
these organic substances was demonstrated by B. 
amyloliquefaciens and B. licheniformis. Isolates 
TI05Ps, TI01Ps, TI48-6 showed pronounced halo 
zones, where the index of cellulolytic activity var-
ied within the range of 3.57 ± 0.15 and 4.48 ± 0.12. 
Elimination of industrial by-products from cellu-
lose will ensure proper waste disposal, thereby re-
ducing the organic load on the environment [31]. 
It is important to note that the bacteria with high 
enzymatic activity are potential agents for biologi-
cal treatment, the purpose of which is to improve 
the quality of wastewater, namely the reduction or 
elimination of organic pollutants [42], [31].

According to the literature, one of the key ad-
vantages of using Bacillus bacteria in wastewater 
treatment processes is their ability to decompose 
organic matter [23], [43]. They have high enzyme 
activity that promotes depolymerization and as-
similation of organic compounds. This is impor-
tant for effective biological treatment since Ba-
cillus bacteria can convert organic pollutants into 
simpler and less harmful forms. It is also important 
to keep in mind that Bacillus are aerobic bacteria, 
which means that they function effectively in the 
presence of oxygen, which ensures more effective 
wastewater treatment. Bacillus bacteria are an in-
teresting and promising group of microorganisms 
for use in wastewater treatment systems [44], [45]. 

To make soluble and insoluble biopolymers 
– primarily carbohydrates, proteins, and lipids – 
accessible for bacterial respiration, these macro-
molecules must be hydrolyzed by exoenzymes. 
These exoenzymes are typically produced and re-
leased by bacteria only after contact with specific 
inducers. Once adsorbed onto the biopolymers, 
the exoenzymes break them down into monomers 
or, at the very least, oligomers. Only soluble, low 
molecular weight compounds, such as sugars, di-
saccharides, amino acids, oligopeptides, glycerol, 
and fatty acids, can be absorbed by microorgan-
isms and metabolized to generate energy and sup-
port cell growth. In general, the process of assimi-
lation of organic macromolecules in aerobic and 
facultative-anaerobic bacteria occurs completely, 
up to carbon dioxide and water, whereas in an-
aerobes assimilation of substrates is less efficient, 
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decomposition of organic macromolecules occurs 
with the formation of organic acids, alcohols and 
gases without access to oxygen, for example, in 
Clostridium [46]. After absorption into cells, deg-
radation occurs through glycolysis (sugars, disac-
charides, glycerol), hydrolysis and deamination 
(amino acids, oligopeptides) or hydrolysis and 
oxidation (phospholipids, long-chain fatty acids). 
The metabolism of almost all organic compounds 
results in the formation of acetyl-CoA as a central 
intermediate, which is used for biosynthesis, re-
leased as acetate, or oxidized to CO2 and reducing 
equivalents in the tricarboxylic acid (TCA) cycle. 
Reducing equivalents are inhaled with molecular 
oxygen in the respiratory chain.

During the respiration of carbohydrates by aer-
obic bacteria, about one-third of the initial energy 
content is lost as heat, and two-thirds are stored 
biochemically in the 38 phosphoanhydride bonds 
of ATP. In activated sludge reactors or wastewater 
treatment ponds not loaded with highly concen-
trated wastewater, irradiation of the walls and heat 
loss through the flow of aeration waste gases to the 
atmosphere prevent self-heating. However, in the 
activated sludge reactors for treating highly con-
centrated wastewater, self-heating to thermophilic 
temperatures can occur if the wastewater is initial-
ly warm, the hydraulic retention time for biological 
treatment is short (short aeration time), and the air 
or oxygen flow for aeration is limited to ensure suf-
ficient oxygen for complete oxidation of pollutants 
(low volume of aeration).

The study by Shin and Song [43] revealed 
that the breakdown of certain organic materials, 
including glucose, starch, and food waste, pro-
ceeded faster through hydrolysis (initial break-
down) than methanogenesis (methane produc-
tion) under anaerobic conditions. However, for 
materials like newspapers and leaves, hydrolysis 
was the slowest step, limiting the overall degrada-
tion process. The breakdown of organic matter in 
waste treatment can occur through different path-
ways: aerobic respiration (with oxygen), anaero-
bic denitrification (using nitrates), or anaerobic 
methanogenesis/sulfidogenesis (producing meth-
ane or sulfide) [48]. Aerobic digestion of sewage 
sludge for waste treatment. Energy Sources, Part 
A: Recovery, Utilization, and Environmental Ef-
fects 39, 1056–1062] Research indicates that the 
aerobic bacteria from wastewater treatment plants 
can effectively decompose cellulose-based waste 
after adaptation. While both aerobic and anaero-
bic bacteria can efficiently decompose organic 

pollutants in concentrated wastewater or sludge, 
aerobic methods often exhibit faster degradation 
rates. Aerobic treatment is preferred for the waste-
waters with low pollutant concentrations due to 
its greater stability, despite being more expensive 
and generating more sludge. To achieve complete 
mineralization of sludge, aerobic treatment with 
low loading or extended retention times is nec-
essary to promote the breakdown of all organic 
reserves. Notably, the breakdown of complex or-
ganic molecules like biopolymers can be facili-
tated by various microorganisms, including strict 
anaerobes, facultative anaerobes, and aerobes. 
Further, the antagonistic activity of two selected 
isolates TI 48-6 (B. licheniformis) and TI05Ps (B. 
amyloliquefaciens), which demonstrated the most 
effective enzymatic activity in relation to organic 
substrates was studied. These isolates, i.e. TI05Ps 
and TI48-6, identified as Bacillus amyloliquefa-
ciens and Bacillus licheniformis, were analyzed 
for antagonistic activity to the collection test 
strains of RCM LLC and to the genus of bacteria 
Aeromonas, prevalent in this wastewater.

The isolated Bacillus species exhibited antag-
onism to a broad spectrum of Aeromonas species, 
which are toxic to many organisms, especially 
fish, and resistant to a number of antibiotics, such 
as penicillin [49], [50]. B. amyloliquefaciens 
(TI05Ps) and B. licheniformis (TI 48-6) hydrolyze 
organic matter to a greater extent than the patho-
genic Aeromonas species [51], typical municipal 
wastewater bacteria, thereby becoming capable 
of enhancing biological treatment. Numerous 
studies have shown that Bacillus species produce 
inhibitory substances that affect bacterial patho-
gens in aquaculture systems [52]. It is known that 
A. hydrophila can infect most farmed fish, caus-
ing massive mortality and economic losses to the 
aquaculture industry [53]. Moreover, bacteriocins 
such as subtilin and barnase produced by B. amy-
loliquefaciens have antibacterial effects against 
pathogens [54]. The combination of antagonistic 
and enzymatic activity of bacteria can promote 
their biodegradation of organic matter by regulat-
ing competitive interactions, maintaining ecosys-
tem stability and protecting the microbial com-
munity from negative impacts. The antagonistic 
activity of environmentally friendly bacteria can 
protect the environment from pollution and block 
the development of microorganisms that could 
produce toxic substances or interfere with the bio-
degradation process. In addition, according to the 
research by Wróbel et al. [55], the genus Bacillus 
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is capable of producing the enzymes that can dis-
integrate heavy metals [56] and other harmful 
compounds. This makes them useful in the field 
of water purification from various contaminants, 
including industrial and agrochemical waste. Ba-
cillus amyloliquefaciens has the capability to de-
grade low density polyethylene (LDPE) [44]. Re-
search and practical application of bacteria of the 
genus Bacillus in wastewater treatment systems 
continue to develop. 

As a result, the selected bacteria B. amyloliq-
uefaciens strain TI05Ps and B. licheniformis strain 
TI 48-6 provide promising opportunities for the 
development of efficient, environmentally friendly 
and sustainable methods of biological water treat-
ment, contributing to the conservation of natural 
water resources. The research focused on the fur-
ther application of these strains as bioproducts to 
intensify and improve the efficiency of municipal 
wastewater treatment from toxic organic pollut-
ants. The identity of B. amyloliquefaciens and B. 
licheniformis as naturally non-pathogenic micro-
organisms and their safety for the environment al-
lows the development of this study [57]. 

CONCLUSIONS

This study successfully isolated and identified 
56 microbial cultures from municipal wastewater, 
confirming their identity with 100% homology to 
known strains through 16S rRNA gene sequenc-
ing. Among them, Bacillus amyloliquefaciens 
(TI05Ps) and Bacillus licheniformis (TI 48-6) 
emerged as promising candidates for wastewa-
ter treatment due to their demonstrated ability 
to degrade organic matter and their significant 
antagonistic activity against various pathogenic 
microorganisms. Further investigation into their 
enzymatic activity revealed broad effectiveness 
of TI05Ps against Salmonella enteriditis, Entero-
coccus faecium, and Pseudomonas taiwanensis, 
while TI48-6 showed specific activity against 
Staphylococcus aureus. Despite their potential, 
limitations were identified for using these strains 
in wastewater treatment. Both strains exhibited 
reduced growth activity at low temperatures, 
which could restrict their efficacy in colder cli-
mates. Additionally, optimal pH conditions were 
crucial, with TI48-6 performing best at pH 7–9 
and TI05Ps at pH 6–7; significant deviations from 
these ranges may necessitate adjustments for op-
timal performance. Moreover, as aerobic bacteria, 

adequate oxygen availability is essential for their 
efficient function; inadequate aeration in waste-
water treatment plants could diminish bacterial 
activity. Overall, B. amyloliquefaciens (TI05Ps) 
and B. licheniformis (TI 48-6) show promise for 
sustainable wastewater treatment, but further re-
search is needed to elucidate their specific mech-
anisms of action and to optimize their applica-
tion under varying environmental conditions. 
These findings underscore the potential of these 
isolated strains and advocate for continued ex-
ploration to harness their full potential in practi-
cal wastewater treatment settings.

Acknowledgements

This research was funded by the Science 
Committee of the Ministry of Science and Higher 
Education of the Republic of Kazakhstan, grant 
number BR18574066.

REFERENCES

1.	 Uddin MG, Nash S, Rahman A, Olbert AI. 2023. 
Assessing optimization techniques for improving 
water quality model. Journal of Cleaner Production 
385: 135671.

2.	 Ahani S, Dadashpoor H. 2021. A review of domains, 
approaches, methods and indicators in peri-urban-
ization literature. Habitat International 114: 102387.

3.	 Byrns G. 2001. The fate of xenobiotic organic com-
pounds in wastewater treatment plants. Water Re-
search 35: 2523–2533.

4.	 Sudarshan S, Harikrishnan S, RathiBhuvaneswari 
G, Alamelu V, Aanand S, Rajasekar A, Govarthanan 

M. 2023. Impact of textile dyes on human health 
and bioremediation of textile industry effluent using 
microorganisms: current status and future prospects. 
Journal of Applied Microbiology 134: lxac064.

5.	 Dionisi D. 2014. Potential and limits of biodegrada-
tion processes for the removal of organic xenobiotics 
from wastewaters. ChemBioEng Reviews 1: 67–82.

6.	 Preisner M, Neverova-Dziopak E, Kowalewski Z. 
2021. Mitigation of eutrophication caused by waste-
water discharge: A simulation-based approach. Am-
bio 50: 413–424.

7.	 Beristain-Cardoso R, Texier A-C, Alpuche-Solís Á, 
Gómez J, Razo-Flores E. 2009. Phenol and sulfide 
oxidation in a denitrifying biofilm reactor and its 
microbial community analysis. Process Biochem-
istry 44: 23–28.

8.	 Potivichayanon S, Pokethitiyook P, Kruatrachue 
M. 2006. Hydrogen sulfide removal by a novel 



68

Journal of Ecological Engineering 2024, 25(11), 55–69

fixed-film bioscrubber system. Process Biochem-
istry 41: 708–715.

9.	 Vajargah MF, Ramzanipour MM, Mousavi SP. 
2023. An overview of municipal wastewater and 
sludge treatment process. ECOA 2.

10.	Ahmed AS, Bahreini G, Ho D, Sridhar G, Gupta 
M, Wessels C, Marcelis P, Elbeshbishy E, Rosso 
D, Santoro D, Nakhla G. 2019. Fate of cellulose in 
primary and secondary treatment at municipal wa-
ter resource recovery facilities. Water Environment 
Research 91: 1479–1489.

11.	Mantis I, Voutsa D, Samara C. 2005. Assessment of 
the environmental hazard from municipal and in-
dustrial wastewater treatment sludge by employing 
chemical and biological methods. Ecotoxicology 
and Environmental Safety 62: 397–407.

12.	Chan YJ, Chong MF, Law CL, Hassell DG. 2009. A 
review on anaerobic–aerobic treatment of industrial 
and municipal wastewater. Chemical Engineering 
Journal 155: 1–18.

13.	Kataki S, Chatterjee S, Vairale MG, Dwivedi SK, 
Gupta DK. 2021. Constructed wetland, an eco-tech-
nology for wastewater treatment: A review on types 
of wastewater treated and components of the tech-
nology (macrophyte, biolfilm and substrate). Jour-
nal of Environmental Management 283: 111986.

14.	Zhang B, Ning D, Yang Y, Van Nostrand JD, Zhou 
J, Wen X. 2020. Biodegradability of wastewater 
determines microbial assembly mechanisms in 
full-scale wastewater treatment plants. Water 
Research 169: 115276.

15.	Ewida AYI. 2020. Bio-treatment of maize process-
ing wastewater using indigenous microorganisms. 
Sustain Environ Res 30: 3.

16.	LaRowe DE, Van Cappellen P. 2011. Degradation of 
natural organic matter: A thermodynamic analysis. 
Geochimica et Cosmochimica Acta 75: 2030–2042.

17.	Sariaslani FS, Dalton H. 1989. Microbial enzymes 
for oxidation of organic molecules. Critical Reviews 
in Biotechnology 9: 171–257.

18.	Dai J, Sun M-Y. 2007. Organic matter sources and 
their use by bacteria in the sediments of the Altama-
ha estuary during high and low discharge periods. 
Organic Geochemistry 38: 1–15.

19.	Bátori V, Åkesson D, Zamani A, Taherzadeh MJ, 
Sárvári Horváth I. 2018. Anaerobic degradation of bi-
oplastics: A review. Waste Management 80: 406–413.

20.	Xiao K, Abbt-Braun G, Horn H. 2020. Changes in 
the characteristics of dissolved organic matter dur-
ing sludge treatment: A critical review. Water Re-
search 187: 116441.

21.	Chatterjee B, Mandal S, Mazumder D. 2019. Bio-
degradation study of cellulose bearing synthetic 
wastewater in activated sludge system. J. Indian 
Chem. Soc. 96.

22.	Bukola D, Zaid A. 2015. Consequences of anthropo-
genic activities on fish and the aquatic environment. 
Poult Fish Wildl Sci 03.

23.	Temirbekova A, Tekebayeva Z, Temirkhanov A, 
Yevneyeva D, Sadykov A, Meiramkulova K, Mkili-
ma T, Abzhalelov A. 2023. Isolation and character-
ization of bacteria with high electroactive potential 
from poultry wastewater. Biology 12: 623.

24.	Tekebayeva Z, Temirbekova A, Bazarkhankyzy 
A, Bissenova G, Abzhalelov A, Tynybayeva I, 
Temirkhanov A, Askarova N, Mkilima T, Sar-
murzina Z. 2022. Selection of Active microorgan-
ism strains isolated from a naturally salty lake for 
the investigation of different microbial potentials. 
Sustainability 15: 51.

25.	Crawford RL. 2011. Biodegradation: principles, 
scope, and technologies, 4–14, Comprehensive 
Biotechnology. Elsevier.

26.	Gallert C, Winter J. 2004. Bacterial metabolism in 
wastewater treatment systems, 1–48, In Jördening 
H, Winter J (eds.), Environmental Biotechnology, 
1st Ed.. Wiley.

27.	Lin CY, Tjeerdema RS. 2008. Crude oil, oil, gaso-
line and petrol, 797–805, Encyclopedia of Ecology. 
Elsevier.

28.	Tokatli C. 2020. Use of water quality index to evalu-
ate the groundwater characteristics of villages located 
in Edirne Province. International Journal of Agricul-
ture Environment and Food Sciences 4: 362–367.

29.	Almutairi M. 2020. Method development for evalu-
ating the effectiveness of hydrocarbons on BOD, 
UBOD and COD removal in oily wastewater. Water 
Science and Technology 81: 2650–2663.

30.	Pailin T, Kang DH, Schmidt K, Fung DYC. 2001. 
Detection of extracellular bound proteinase in EPS-
producing lactic acid bacteria cultures on skim milk 
agar. Lett Appl Microbiol 33: 45–49.

31.	Lokapirnasari WP, Nazar DS, Nurhajati T, Suprani-
anondo K, Yulianto AB. 2015. Production and assay 
of cellulolytic enzyme activity of Enterobacter cloacae 
WPL 214 isolated from bovine rumen fluid waste of 
Surabaya abbatoir, Indonesia. Vet World 8: 367–371.

32.	Rawway M, Ali SG, Badawy AS. 2018. Isolation 
and identification of cellulose degrading bacteria 
from different sources at assiut governorate (Upper 
Egypt). J. Eco. Heal. Env 6: 15–24.

33.	Yufidasari HS, Astuti RT, Waluyo E, Malau J. 2022. 
Characterization of predicted bacterial cold-adapt-
ed lipase from seafood cold storage. Int. J. Res. 
Granthaalayah 9: 242–250.

34.	Naresh S, Kunasundari B, Gunny AAN, Teoh YP, 
Shuit SH, Ng QH, Hoo PY. 2019. Isolation and 
partial characterisation of thermophilic cellulolytic 
bacteria from north malaysian tropical mangrove 
soil. tlsr 30: 123–147.



69

Journal of Ecological Engineering 2024, 25(11), 55–69

35.	Reinke RA, Quach-Cu J, Allison N, Lynch B, 
Crisostomo C, Padilla M. 2020. A method to quan-
tify viable carbapenem resistant gram-negative bac-
teria in treated and untreated wastewater. Journal of 
Microbiological Methods 179: 106070.

36.	Wang X, Liang L, Shao H, Ye X, Yang X, Chen 
X, Shi Y, Zhang L, Xu L, Wang J. 2022. Isolation 
of the novel strain bacillus amyloliquefaciens F9 
and identification of lipopeptide extract components 
responsible for activity against xanthomonas citri 
subsp. citri. Plants 11: 457.

37.	Aktayeva S, Baltin K, Kiribayeva A, Akishev Z, 
Silayev D, Ramankulov Y, Khassenov B. 2022. Iso-
lation of Bacillus sp. A5.3 Strain with Keratinolytic 
Activity. Biology 11: 244.

38.	Nascimento APA, de Farias BO, Gonçalves-Brito 
AS, Magaldi M, Flores C, Quidorne CS, Montenegro 
KS, Bianco K, Clementino MM. 2023. Phylogenom-
ics analysis of multidrug-resistant Elizabethkingia 
anophelis in industrial wastewater treatment plant. 
Journal of Applied Microbiology 134: lxad215.

39.	Tandi Ruba Y, Nuraida L, Iswantini D, Prangdimur 
E. 2020. Proteolytic activity of indigenous lactic 
acid bacteria and angiotensin-i-converting enzyme 
(ACE) inhibitory activity in fermented soy milk. 
Pakistan J. of Nutrition 19: 295–302.

40.	Mkilima T. 2023. Groundwater salinity and irriga-
tion suitability in low-lying coastal areas. A case of 
Dar es Salaam, Tanzania. Watershed Ecology and 
the Environment 5: 173–185.

41.	Robertson GP, Hamilton SK, Barham BL, Dale 
BE, Izaurralde RC, Jackson RD, Landis DA, Swin-
ton SM, Thelen KD, Tiedjeet JM. 2017. Cellulosic 
biofuel contributions to a sustainable energy future: 
Choices and outcomes. Science 356: eaal2324.

42.	Maghraby YR, El-Shabasy RM, Ibrahim AH, Azzazy 
HME-S. 2023. Enzyme immobilization technologies 
and industrial applications. ACS Omega 8: 5184–5196.

43.	Rana Chhetri B, Silwal P, Jyapu P, Maharjan Y, 
Lamsal T, Basnet A. 2022. Biodegradation of or-
ganic waste using bacillus species isolated from soil. 
Int J Appl Sci Biotechnol 10: 104–111.

44.	Waqas M, Haris M, Asim N, Islam HU, Abdullah A, 
Khan A, Khattak H, Waqas M, Ali S. 2021. Biodegrad-
able potential of bacillus amyloliquefaciens and bacil-
lus safensis using low density polyethylene thermoplas-
tic (LDPE) substrate. European J Env Publi 5: em0069.

45.	The optimization of fermentation condi-
tions for€producing cellulase of Bacillus 

amyloliquefaciens and its application to goose€feed.
46.	Buckel W. 2021. Energy conservation in fermentations 

of anaerobic bacteria. Front. Microbiol. 12: 703525.
47.	Shin H-S, Song Y-C. 1995. A model for evaluation 

of anaerobic degradation characteristics of organic 
waste: focusing on kinetics, rate-limiting step. En-
vironmental Technology 16: 775–784.

48.	Peng Y, Zhang S, Zeng W, Zheng S, Mino T, Sa-
toh H. 2008. Organic removal by denitritation and 
methanogenesis and nitrogen removal by nitritation 
from landfill leachate. Water Research 42: 883–892.

49.	Zdanowicz M, Mudryk ZJ, Perliński P. 2020. Abun-
dance and antibiotic resistance of Aeromonas iso-
lated from the water of three carp ponds. Vet Res 
Commun 44: 9–18.

50.	Mudryk ZJ, Perliński P, Gackowska J. Antibiotic 
resistance of Aeromonas spp. Isolated from sea-
water and sand of marine recreation beach in the 
southern Baltic sea.

51.	Cao H, He S, Wei R, Diong M, Lu L. 2011. Bacil-
lus amyloliquefaciens G1: A potential antagonis-
tic bacterium against eel‐pathogenic Aeromonas 
hydrophila. Evidence-Based Complementary and 
Alternative Medicine 2011: 824104.

52.	Giri SS, Sukumaran V, Sen SS, Vinumonia J, Banu 
BN, Jena PK. 2011. Antagonistic Activity of Cel-
lular Components of Potential Probiotic Bacteria, 
Isolated from the Gut of Labeo rohita, Against 
Aeromonas hydrophila. Probiotics & Antimicro. 
Prot. 3: 214–222.

53.	Anjur N, Sabran SF, Daud HM, Othman NZ. 2021. 
An update on the ornamental fish industry in Malay-
sia: Aeromonas hydrophila-associated disease and 
its treatment control. Vet World 1143–1152.

54.	Tang RY, Wu ZL, Wang GZ, Liu WC. 2018. The 
effect of Bacillus amyloliquefaciens on productive 
performance of laying hens. Italian Journal of Ani-
mal Science 17: 436–441.

55.	Wróbel M, Śliwakowski W, Kowalczyk P, Kramkowski 
K, Dobrzyński J. 2023. Bioremediation of heavy metals 
by the genus bacillus. IJERPH 20: 4964.

56.	Dutta D, Arya S, Kumar S. 2021. Industrial waste-
water treatment: Current trends, bottlenecks, and 
best practices. Chemosphere 285: 131245.

57.	Du H, Yao W, Kulyar MF-A, Ding Y, Zhu H, Pan 
H, et al. 2022. Effects of Bacillus amyloliquefaciens 
TL106 Isolated from Tibetan Pigs on Probiotic Po-
tential and Intestinal Microbes in Weaned Piglets. 
Microbiol Spectr 10: e01205-21.


