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Abstract

In this study, bacteria were isolated from mangrove sediments of Vellar estuary and
screened for extracellular enzyme production. Among the twenty bacterial isolates
obtained, Pseudomonas aeruginosa RGTO01 isolate exhibited the highest proteolytic activity
and was selected for further optimization. The highest proteolytic activity was observed
at 1.5% NaCl concentration, pH 8, 35°C and 48 h incubation period, with lactose serving
as the most suitable carbon source. Under optimized conditions, the isolate produced a
maximum zone of clearance of 9.7 + 0.4 mm on skim milk agar plates. The crude extract
obtained from Pseudomonas aeruginosa RGT01 exhibited broad-spectrum antimicrobial
activity against several clinical bacterial and fungal pathogens. The highest antibacterial
activity was observed against Streptococcus sp. (23 mm), while the strongest antifungal
activity was recorded against Aspergillus fumigatus (31 mm). Fourier Transform Infrared
(FTIR) analysis revealed the presence of various functional groups, including alcohols,
phenols, alkanes, carbonyl compounds and aromatic derivatives, indicating the presence
of bioactive metabolites. The findings of this study demonstrate that mangrove-
associated Pseudomonas aeruginosa RGT01 is a promising source of extracellular protease
and antimicrobial compounds with potential industrial and pharmaceutical applications.

Keywords: Marine Bacteria; Pseudomonas aeruginosa; Mangrove Sediment; Enzyme
Optimization; Antimicrobial Activity; FTIR Analysis

Introduction

Proteases, also known as peptidases or proteinases, constitute one of the most important
groups of industrial enzymes because of their extensive applications in diverse industrial
sectors. Owing to their versatility and catalytic efficiency, proteases account for nearly
60-75% of the global enzyme market and are widely utilized in detergent, food

processing, pharmaceutical, leather, brewing, photography and waste treatment industries [1,2]. Among them, alkaline proteases
are of industrial significance due to their high stability and activity under alkaline conditions, making them highly suitable for
applications in detergents and leather processing industries [2,3].

Microorganisms, especially bacteria, are extensively exploited for protease production because of their rapid growth and their
ability to secrete extracellular enzymes directly into the culture medium, thereby simplifying downstream processing. Bacterial
genera such as Bacillus and Pseudomonas are recognized as efficient producers of industrially important proteases [4,5].

In recent years, increasing attention has been focused on halophilic and marine microorganisms as potential sources of industrial
enzymes. Enzymes derived from these microorganisms often exhibit optimal activity at high salt concentrations and remarkable
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stability under extreme environmental conditions, where conventional enzymes frequently lose their functionality [6].
Furthermore, several studies have demonstrated that protease-producing bacteria possess antimicrobial properties through the
degradation of structural proteins in pathogenic microorganisms, thereby broadening their potential applications in
biotechnology and medicine [7].

Mangrove sediments are rich in organic detritus and harbour diverse microbial communities, particularly proteolytic
microorganisms that play a crucial role in nutrient recycling, ecosystem productivity and ecological balance [8]. With the rapid
advancement of biotechnology and the growing demand for eco-friendly and efficient industrial processes, there is an increasing
need to explore novel microorganisms capable of producing enzymes with unique and improved characteristics. In this context,
bacterial isolates obtained from mangrove sediments of the Vellar estuary were screened for extracellular enzyme production.
Among the isolates, Pseudomonas aeruginosa exhibited significant proteolytic enzyme production along with antimicrobial activity
against various human pathogens. The present study highlights the potential of mangrove-associated bacteria as promising
sources of industrial enzymes and bioactive compounds with potential biotechnological applications.

Materials and Methods

Isolation Of Bacteria

Approximately 100 g of sediment samples were collected from a dense mangrove region of the Vellar estuary, Parangipettai,
Tamil Nadu, India (11.491134°N, 79.765664°E). The samples were aseptically transferred to the Microbiology Laboratory, Centre
of Advanced Study (CAS) in Marine Biology, Annamalai University, for further processing.

1g of sediment sample was serially diluted from 10! to 10-¢ using sterile saline solution. Aliquots from appropriate dilutions
were inoculated onto nutrient agar plates by the spread plate method and incubated at 37°C for 48 h. Distinct bacterial colonies
obtained after incubation were selected and purified through repeated streaking on fresh agar plates.

Identification of Bacterial Isolates

Preliminary identification of the bacterial isolates was carried out based on colony morphology and Gram staining characteristics
following the guidelines provided in Bergey’s Manual of Systematic Bacteriology [9]. A total of 20 morphologically distinct
bacterial colonies were selected for further screening.

Screening for Extracellular Enzyme Production
All 20 bacterial isolates were screened for extracellular enzyme production, including amylase, protease and lipase activities,
using starch agar, skim milk agar and tributyrin agar media, respectively. The inoculated plates were incubated at 37°C for 24 h.

Amylase activity was detected by flooding starch agar plates with 1% iodine solution, where the formation of clear halos around
colonies indicated starch hydrolysis. Protease and lipase activities were determined by the appearance of clear zones
surrounding the bacterial colonies on skim milk agar and tributyrin agar plates, respectively. Based on the zone clearance, the
present study concentrated only on protease optimization.

Molecular Identification of Isolate RGTO01

Among the 20 isolates screened, isolate RGT01 exhibited the highest protease-producing ability and was therefore selected for
molecular characterization. Genomic DNA of isolate RGT01 was extracted from an overnight-grown culture following the
method described by [10]. The extracted DNA was used as a template for amplification of the 165 rRNA gene using the primers
533F (5-GTGCCAGCAGCCGCGGTAA-3") and 1100R (5-AGGGTTGCGCTCGTTG-3'). Polymerase Chain Reaction (PCR)
amplification was performed with an initial denaturation at 94°C for 2 min, followed by 35 cycles of denaturation at 94°C for 30
s, annealing at 62°C for 30 s and extension at 72°C for 40 s, with a final extension at 72°C for 10 min. The amplified PCR products
were purified and subjected to bidirectional Sanger sequencing at the Rajiv Gandhi Centre for Aquaculture (RGCA), Sirkazhi.

Optimization of Protease Production

The protease-producing isolate, Pseudomonas aeruginosa RGT01, was subjected to optimization studies to determine the
conditions for maximum protease production. The effect of salinity was evaluated at different NaCl concentrations (0.5%, 1%,
1.5%, 2% and 2.5%). The influence of incubation time was studied at intervals of 12, 24, 36 and 48 h. Different carbon sources,
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including dextrose, sucrose, maltose, lactose, glucose and fructose, were individually supplemented into the medium at a
concentration of 0.2 g per plate to assess their effect on enzyme production. The effect of pH was evaluated by adjusting the
medium to pH values ranging from 5 to 9. Similarly, the influence of temperature was studied by incubating the cultures at 20°C,
25°C, 30°C, 35°C and 40°C. Following incubation, protease production was assessed by measuring the diameter of the clear zone
formed on skim milk agar plates, which indicated casein hydrolysis and proteolytic activity.

Estimation of Protease Activity

Under optimized conditions (1.5% salinity, pH 8, 1.0% lactose, 35°C, 48 h), protease activity was evaluated on skim milk agar by
comparing clearance zones to those produced by a Proteinase K standard (Hi-Media). A 10 pL aliquot of the Proteinase K
standard was added to agar wells; plates were incubated at 35°C for 48 hours and the zones of clearance were measured.

Extraction of Bioactive Compounds

The cultured broth of Pseudomonas aeruginosa RGT01 was mixed with an equal volume of ethyl acetate (1:1, v/v) and agitated at
100 rpm for 1 h in a shaking incubator to facilitate extraction of bioactive compounds. The mixture was subsequently transferred
to a separating funnel and the organic phase was collected. The collected extract was filtered through Whatman No. 1 filter paper
to remove impurities and concentrated using a rotary evaporator (IKA® RV10) to obtain crude extracts. The dried residues were
dissolved in the respective solvent and stored at 4°C for further analysis.

Antimicrobial Activity Assay

The antimicrobial activity of the crude extracts was evaluated against selected bacterial pathogens, namely Bacillus subtilis,
Escherichia coli, Proteus sp., Pseudomonas sp., Salmonella paratyphi, Salmonella typhi, Shigella sp. and Vibrio harveyi, as well as fungal
pathogens including Aspergillus flavus, Aspergillus fumigatus, Aspergillus niger, Candida albicans and Rhizopus sp. Mueller-Hinton
Agar (MHA) plates were prepared and the test pathogens were uniformly swabbed onto the agar surface using sterile cotton
swabs. Wells were aseptically made in the agar plates and 100 uL of crude extract was added into each well. The plates were
incubated at 37°C for 24 h, after which the zones of inhibition were measured in millimetres (mm). All experiments were carried
out in triplicate.

Fourier Transform Infrared (FTIR) Analysis

Fourier Transform Infrared (FTIR) spectroscopy was performed to characterize the functional groups present in the crude
extracts [11,12]. The spectra were recorded over the range of 650-4000 cm™ using an Agilent Cary 630 FTIR spectrometer at the
Department of Chemistry, Annamalai University. All samples were analysed in triplicate to ensure reproducibility and accuracy
of the results.

Results

Identification of the Bacterial Isolate

The obtained 16S rRNA gene sequence of the bacterial isolate was analysed using the BLASTn in the NCBI database. The analysis
revealed 100% sequence similarity with Pseudomonas aeruginosa. Based on this high sequence identity, the isolate was confirmed
as Pseudomonas aeruginosa RGT01(Fig. 1). The nucleotide sequence of the isolate was subsequently submitted to the NCBI
GenBank database and assigned the accession number (PX954249).

Optimization of Protease Production

The protease-producing bacterial isolate was subjected to optimization studies to determine the conditions for maximum enzyme
production. The 1.5% NaCl medium revealed the highest zone of clearance (8.4 + 0.7mm) in skim milk agar plate (Fig. 2). Protease
activity increased with incubation time, showing the highest zone of clearance (8.0 + 0.9 mm) at 48 hours (Fig. 2), indicating
enhanced enzyme production with prolonged incubation. Among the tested carbon sources, lactose supported the highest
protease activity with a zone of clearance of (7.6 + 0.3 mm) (Fig. 2), followed by maltose and glucose, while dextrose showed
comparatively lower activity. The effect of pH revealed that protease production increased from pH 5 to pH 8, with maximum
activity observed at pH 8 (8.9 + 0.3 mm) (Fig. 2), after which it declined at pH 9. Temperature also significantly influenced enzyme
production, where the highest proteolytic activity was recorded at 35°C (9.5 + 0.7 mm) (Fig. 2), followed by a slight decrease at
higher temperatures. These results indicate that 48 hours incubation, lactose as the carbon source, pH 8 and 35°C temperature
are the optimal conditions for maximum protease production by the bacterial isolate.
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Estimation of Protease Activity Under Optimized Conditions

Under optimized culture conditions (1.5% NaCl, pH 8, 1% lactose, 35°C for 48 h), the RGTO1 isolate exhibited its highest
proteolytic activity, producing a clearance zone of 9.7 + 0.4 mm on skim milk agar. This activity was evaluated against the
standard enzyme control, Proteinase K (Table 1).

Antimicrobial Activity

The antimicrobial activity of the crude extract obtained from Pseudomonas aeruginosa RGT01 was evaluated against selected
clinical bacterial and fungal pathogens and the results are given, the crude extract exhibited considerable antibacterial activity
against all tested bacterial pathogens (Fig. 3). Among them, the highest zone of inhibition was observed against Streptococcus sp.
(23.4 = 0.5 mm), followed by Pseudomonas sp. (17.8 £ 0.mm) and Proteus sp. (16.8 = 0.5 mm). Moderate inhibition was recorded
against Escherichia coli (16.5 + 0.mm) and Salmonella paratyphi (15.4 + 0.4 mm), whereas comparatively lower activity was observed
against Staphylococcus sp. (14.1 + 0.4 mm), Salmonella typhi (12.6 + 0.7 mm) and Klebsiella sp. (12.4 £ 0.2 mm).

Similarly, the crude extract of Pseudomonas aeruginosa RGT01 also showed significant antifungal activity against the tested clinical
fungal pathogens (Fig. 3). The highest antifungal activity was observed against Aspergillus fumigatus with a zone of inhibition of
31.1 £ 0.6 mm, followed by Candida sp. (17.6 + 0.6 mm), A. niger (14.7 £ 0.9 mm) and A. flavus (14.1 + 0.7 mm). These results indicate
that the crude extract of Pseudomonas aeruginosa possesses strong broad-spectrum antimicrobial activity against both bacterial
and fungal clinical pathogens.

FTIR Analysis

The FTIR spectrum of the crude extract of Pseudomonas aeruginosa RGT01 revealed the presence of several functional groups
corresponding to different bioactive compounds (Fig. 4). A broad absorption peak observed at 3296 cm™ indicates the presence
of O-H stretching vibrations, which are typically associated with alcohols or phenolic compounds. The strong peaks at 2922 cm™!
and 2855 cm™ correspond to C-H stretching vibrations of alkanes, suggesting the presence of aliphatic compounds.

A peak at 2124 cm™ is attributed to C=C stretching vibrations, indicating the presence of alkyne groups. The absorption band at
1714 cm™ corresponds to C=0O stretching vibrations, which are characteristic of carbonyl compounds such as ketones, aldehydes
or carboxylic acids. The peak observed at 1461 cm™ is associated with C-H bending vibrations of alkanes. Further peaks at 1269
cm™ and 1043 cm! indicate C-O stretching vibrations, suggesting the presence of alcohols, esters or ethers. Additional absorption
bands at 916 cm™, 797 cm™ and 700 cm™ correspond to C-H bending vibrations of aromatic or alkene groups. These functional
groups indicate that the crude extract contains various bioactive compounds such as alcohols, phenols, alkanes, carbonyl
compounds and aromatic derivatives, which may contribute to its antimicrobial activity.

Standard / Sample Concentration (mg/ml) Zone of clearance (mm)
Standard Proteinase K (Hi-media) 0.10 11
Pseudomonas aeruginosa RGT01 0.909 10

Table 1: Comparison of standard Proteinase K and protease produced by Pseudomonas aeruginosa RGTO01.

Figure 1: Pure culture of Pseudomonas aeruginosa RGTO01.

https://doi.org/10.46889/JCIM.2026.7302 https://athenaeumpub.com/journal-of-clinical-immunology-microbiology/


https://doi.org/10.46889/JCIM.2026.7302
https://athenaeumpub.com/journal-of-clinical-immunology-microbiology/

_ 10 -
B
E 5.
-1
= J
E 6
= 44
S
= 24
S L

0

0.5 1 1.5 2 2.5
NaCl concentration %

10 4
£ B
E°]
2
£ 6 -
g
w 4 4
s
=
2,
ﬁ I

0

12 24 36 48

Incubation (Hours)

s

C

nin

Dextrose sucrose Maltose Lactose Glucose Fructose

Carbon source
8 9

'Y =] -]

Zone of clearance (mm)
[

10 +

g 4
6 4
4 4
2
]
5 6

Zone of clearance (mm)

.
pH

E 10
Ell}
2 8 4
:
£ 97
[}
S 41
=)
52- i

0

20 25 30 35 40

Temperature (°C)

Figure 2: Protease activity of Pseudomonas aeruginosa RGT01 at various culture conditions.
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Figure 4: FTIR spectrum of ethyl acetate extract of Pseudomonas aeruginosa RGTO01.
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Discussion

Marine microorganisms have recently emerged as an important source for the isolation of industrial enzymes [13]. Marine
bacterial enzymes offer several advantages for industrial utilisation [14]. In the present study, Pseudomonas aeruginosa RGTO01,
isolated from mangrove sediment, exhibited marked extracellular protease activity. The appearance of well-defined clear zones
of proteolysis during primary screening confirmed the isolate's ability to synthesize and secrete extracellular protease enzymes.
Similar observations have been reported that proteolytic bacteria isolated from soil samples approximately 40% of the isolates
showed significant proteolytic activity, exhibiting clearance zones greater than 3 mm on skim milk agar plates after incubation
for 20-30 hours at 37°C [15]. The current findings are also consistent with earlier studies reported that protease-producing bacteria
are commonly distributed in environmental samples and play an important role in organic matter degradation [16,17]. Likewise,
Bacillus firmus LE02 and CytoBacillus firmus LEO3, isolated from the ponyfish Leiognathus equula, exhibited considerable
extracellular protease production [18]. Similarly, Bacillus subtilis produced a maximum proteolytic zone of clearance measuring
22 mm, indicating strong protease activity [19]. In addition, Bacillus cereus MSU, isolated from Sardinella longiceps, exhibited
protease production, as evidenced by the formation of a 17 mm zone of hydrolysis [20].

Optimization of culture conditions is an essential step to enhance enzyme production. Salinity is a factor which can increase or
supress the protease production. Being mangrove ecosystem as a euryhaline area the strain may have salinity adaptations. The
study demonstrated that 3% NaCl has highest production [21]. In contrast our study had 8.4 + 0.7 mm in 1.5%. Similarly, a
haloalkaliphilic Bacillus sp. which produce maximum protease production at 2% NaCl concentration [22]. Other than Bacillus sp.,
maximum protease production at 2% NaCl concentration by Salinivibrio sp. [23]. In the present study, protease production
increased with incubation time and reached maximum activity after 48 hours, producing a zone of clearance of 8.1 + 0.9 mm. The
increase in enzyme production with incubation time may be attributed to the gradual increase in bacterial biomass and metabolic
activity during the exponential growth phase.

Carbon source acts as a regulator in enzyme production by microorganisms. Among the different carbon sources tested in this
study, lactose supported the highest protease production (7.6 + 0.3 mm) compared with other carbon sources such as glucose,
maltose and dextrose which is similar to 1% lactose as the most effective carbon source for maximum protease production by
Bacillus firmus LEO2 [18]. Likewise, lactose was the most suitable carbon source for enhanced protease production [24]. In
contrast, glucose as the optimal carbon source for protease production by Bacillus subtilis [25]. Similarly, glucose to be the most
favourable carbon source for protease production by Pseudomonas aeruginosa [21]. Furthermore, glucose and maltose supported
maximum protease production in Pseudomonas fluorescens [26,27].

The factors such as pH influences microbial growth and enzyme activity. In this study, the maximum protease production of 8.9
+ 0.3 was observed at pH 8, while enzyme activity declined at higher pH levels. This indicates that the protease produced by the
bacterial isolate functions optimally under slightly alkaline conditions. Similar observations were reported that protease
produced by Bacillus species showed optimum activity around neutral to slightly alkaline pH [22,28]. Likewise, pH 9 as the
favourable condition for protease production by Pseudomonas fluorescens [26,27]. Maximum protease production at pH 9.0 by
Bacillus firmus TAP5, Bacillus sp. [30]. Bacillus macerans IKBM-11, B. licheniformis IKBL-17 and B. subtilis IKBS-10 [29,31].

Temperature is an essential parameter in enzyme production and microbial metabolism. In the present study, the highest
proteolytic activity of 9.6 + 0.7 was recorded at 35°C, after which enzyme production gradually declined at higher temperatures.
The decrease in activity at elevated temperatures may be associated with thermal denaturation of enzymes and disruption of
bacterial metabolic processes. Several studies reported that the optimum temperature for protease production by Pseudomonas
aeruginosa was 36°C and 37°C. The temperature affects bacterial growth in two ways. Moderate temperature increases enzymatic
reactions and microbial growth rate, whereas higher temperatures may damage cellular proteins [32].

The antimicrobial activity observed in the present study was comparable with previous reports on Pseudomonas species. In the
present study, inhibition zones against bacterial pathogens ranged from about 12-23 mm, which is similar to the results observed
by the zones between 15.0 +1.41 and 21.5 + 0.70 mm against pathogens such as Escherichia coli, Staphylococcus aureus and Klebsiella
pneumoniae [33]. Previous reports indicate that marine bacteria produce antifungal metabolites that contribute to microbial
balance and disease prevention in aquatic systems [34,35]. Pseudomonas aeruginosa RGT01 displayed slightly higher activity
against A. fumigatus and Candida sp., suggesting more potent antifungal metabolite production. The experiment proved that the
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Bacillus sp. has the probiotic potential against the pathogens [36]. Earlier study has demonstrated that probiotic Bacillus and Vibrio
strains can suppress pathogenic bacteria through competitive exclusion, production of antimicrobial compounds and
modulation of host immune responses [37]. Previously moderate inhibition (9.5-15.2 mm) against several bacterial species and
fungi such as Aspergillus flavus and A. niger was observed by the same species [38]. Comparatively higher inhibition zones (26.6-
36.1 mm) against E. coli and S. aureus and moderate antibacterial activity of Pseudomonas fluorescens against Escherichia coli (16.33
mm), Klebsiella pneumoniae (18.67 mm) and Staphylococcus aureus (11.33 mm) [39,40].

Conclusion

The bacterial isolate, Pseudomonas aeruginosa RGT01 exhibited a remarkable extracellular protease production along with broad-
spectrum antimicrobial activity against several clinical bacterial and fungal pathogens. Optimization studies revealed that
maximum protease production was achieved under moderately saline and slightly alkaline conditions, specifically at 1.5% NaCl,
pH 8, 35°C and 48 h incubation period with lactose as the preferred carbon source. The crude extract of Pseudomonas aeruginosa
RGTO01 showed considerable antibacterial and antifungal activities, indicating the presence of potent bioactive metabolites. FTIR
analysis further confirmed the occurrence of various functional groups associated with biologically active compounds, including
alcohols, phenols, carbonyl compounds and aromatic derivatives. Further purification and characterization of the enzyme and
bioactive metabolites are recommended to explore their commercial and pharmaceutical applications.
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