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Abstract. The Tongkaina waters in North Sulawesi Indonesia are home to various seaweed species,
such as Gracilaria sp. Seaweed-associated bacteria had the ability to degrade chitin and form chitosan.
Transformation of chitin to chitosan by bacteria is environmentally friendly and economical. This study
detailed seaweed-associated bacteria potentials in chitin degradation and chitosan formation. The
bacteria were isolated from seaweed Gracilaria sp. from Tongkaina waters, North Sulawesi Indonesia.
Chitin media was utilized to screen the chitinase activity of the bacteria. Chitin to chitosan
transformation was evaluated using chitinase degrading activity media. 16S rRNA gene sequences were
the basis for the molecular identification. This research discovered four seaweed-associated chtinolytic
bacteria, and from those four, SG3 and SG4 contained the highest chitinolytic index values with the
range of 3.04-3.52. The bacteria have the ability to form chitosan based on the existence of chitosan in
the precipitation formation in the bacteria fermented broth. SG3 has been identified as Staphylococcus
equorum and the SG4 as Bacillus tropicus. The bacteria can be utilized to exploit the biotransformation
process of chitin into chitosan, which is an environmentally friendly and economical process.
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Introduction. Seaweeds, or macroalgae, are aquatic organisms that carry out
photosynthesis. They belong to the domain Eukaryota, kingdoms Plantae (red and green
algae), and Chromista (brown algae) (Pereira 2017), and mostly live in the intertidal
zone. Therefore, they are exposed to diverse chronic stresses such as intense irradiance,
salinity, radiation of ultraviolet, desiccation, and submergence caused by periodic tidal
rhythms (Kumar & Ralph 2017). Seaweeds thrive on rocky shores, seabeds, and various
substrates. This represents multilayered, perennial vegetation that grows
photosynthetically (Singh et al 2015).

Various kinds of microorganisms live in association with seaweed. The surface of
the seaweed allows for an appropriate substrate that microorganisms need to survive and
to release varying organic substances which may be used as sustenance for the
multiplication of microbes and the creation of microbial biofilms (Singh & Reddy 2014).

The microbial community that lives on the superficies of seaweed is very complex,
and contains a pool of microorganisms, which include bacteria, diatoms, fungi, protozoa,
marine invertebrates’ larvae, and spores (Burke et al 2011; Lachnit et al 2011). The
existence of this consortium of microorganisms, such as bacteria, greatly determines the
various stages of life cycle states of the host eukaryotic organisms, including seaweed.
Seaweed-associated bacteria can be considered as a potential source for active
compounds and specific enzymes (Satheesh et al 2016), like chitinase.

Chitinases (EC 3.2.1.14) are enzymes that hydrolyze the B-1,4-glycoside bond of
chitin and other compounds of N-acetylglucosamine. The majority appertain to families
18 of glycosyl hydrolases (classes III and V) and 19 (classes I, II, and IV), with
molecular size of 20 to 90 kDa. The enzymes are constructed by a variety of organisms,
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ranging from plants to microorganisms, to fungi and bacteria. They are involved in
processes of symbiosis, pathogenicity, morphogenesis, and nutrition (Kumar et al 2018).
Microbial chitinases, such as chitinolytic bacteria, have garnered worldwide attention in
fundamental research and industrial applications. These enzymes offer a wide spectrum
of applications in human and plant health, biochemistry, agriculture, food industries, and
biofuel production (Hartl et al 2012).

Chitin deacetylase (CDA) can be produced by chitinolytic bacteria, which is an
enzyme that causes the chitin to chitosan conversion by deacetylating residues of N-
acetyl-D-glucosamine (Harmsen et al 2019). Nowadays, chitosan is created from chitin
using the NaOH chemical method. Drawbacks of this method include environmental
pollution, the chitosan poor quality, and high prices. The presence of CDA can
theoretically overcome this problem by using it to produce chitosan (Schmitz et al 2019).

Chitosan has great potential in biotechnology, pharmaceutical industries and
biomedical applications such as in drug delivery, cancer treatment, and wound healing
(Baharlouei & Rahman 2022). Its non-toxic properties, biocompatibility, and
biodegradability fared well in medical applications (Yang 2011). Chitosan may also be
applied to plants as protection from bacteria, viruses, and fungi, and may be further used
as plant growth regulator and fertilizer additive (Malerba & Cerana 2018). In wastewater
treatment, the chelating potential and fat-binding of chitosan functions as fat, dye, and
heavy metals removal in the wastewater (Badawi et al 2017). However, current chitin to
chitosan conversion uses chitin deacetylase, which is produced by fungi through
complicated fermentation. With several improvements, the chitin-chitosan
biotransformation from bacteria can be used as an ecological, and economical alternative
for chitosan production (Schmitz et al 2019). The seaweed-associated bacteria possess
the potential in producing chitinase and forming chitosan through the function of the
chitin deacetylase.

The Sulawesi Sea located in Indonesia, specifically the Tongkaina waters in North
Sulawesi, is home to a variety of seaweed. There were 15 species of seaweed identified
in this habitat, consisting of 7 green algae species, 4 brown algae species, and 4 red
algae species (Kepel et al 2018). One of the red algae is Gracilaria sp. and there are not
a lot of studies regarding bacteria associated with Gracilaria sp. Their abilities to produce
chitinase and form chitosan are not studied yet. The study of seaweed associated
bacteria may help in finding new sources of bacteria that produce chitin deacetylase
which could be developed in a chitosan production through a more economical and eco-
friendly process. This current study screens and identifies seaweed-associated chitinolytic
bacteria that sourced from Tongkaina waters and their ability to form chitosan. This
finding could be useful to build a coastal protection program in relation with conserving
the seagrass ecosystem as an important habitat of the microbial hosts.

Materials and Methods

Preparation of colloidal chitin. The study was conducted from April to October 2023,
starting with the preparation of materials. To screen chitin-active enzymes (chitinases
and CDA), we used colloidal chitin as a substrate. The preparation of substrate was done
by mixing about 5 g of chitin in 30 mL of concentrated hydrochloric acid (35.5% -
MERCK, Germany) and the mix was incubated for 24 hours at 4°C. A volume of 250 mL
of chilled ethanol (50% - Merck, Germany) was added slowly, with constant stirring at
4°C, and left overnight for precipitated the colloidal chitin. The colloidal chitin was then
centrifuged at 10,000 g for 20 minutes, and the pellets were rinsed with sterile distilled
water to adjust the pH to 7 (Subramanian et al 2020). The colloidal chitin achieved was
then autoclaved and stored at 4°C until further use as a substrate.

Seaweed collection. Gracilaria sp. was collected from Tongkaina water, North Sulawesi
(Figure 1). The sample is presented in Figure 2. The identification of the sample was
referred to AlgaeBase (https://www.algaebase.org/). Approximately 10 g of alive and
healthy seaweed thalli, still submerged in seawater during low tide, were picked up
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aseptically and put in aseptic poly bags containing 1/4 seawater. Then, the poly bags were
placed in a cool box and immediately brought to the laboratory for bacterial isolation.
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Figure 1. Sampling location of Gracilaria sp., Tongkaina waters, North Sulawesi, Indonesia.

A

igure 2. The sample'of Gacilaria sp.

Isolation and screening of chitin degrading bacteria. Serial tube dilution and plating
methods were used in isolating the bacteria. A fresh thallus of seaweed weighing 1.0 g
was homogenized, and the volume was arranged to 10 mL using sterile seawater under
aseptic conditions. Furthermore, the homogenate thallus of seaweed was diluted serially
using sterile seawater and plated on nutrient agar (Merck, Germany), which was then
incubated at 28°C for 24 hours to obtain colonies. The individual colonies were elected
based on their morphological characteristics, such as color, shape, edge, and elevation.
The colonies were subjected to repeated streaking on nutrient agar plates. The seaweed-
associated bacterial isolates obtained were stored at 4°C for further studies.

To select chitinolytic isolates, each single colony of bacterium was picked up and
subsequently spotted on medium of chitin (nutrient agar containing 2% of colloidal
chitin), followed by 24 hours of incubation at 28°C. After the incubation period, clear
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zones forming around the colony showed the bacteria ability to produce chitinase and
may be identified as a chitinolytic index. The chitinolytic index was identified by dividing
the clear zone’s diameter by the bacterial colony’s diameter (Korany et al 2019).

Formation of chitosan by bacteria. Chitinase degrading activity media (CDA media)
consist of 1 g of yeast extract, 0.15 g of potassium dihydrogen phosphate, 0.4 g of
ammonium sulfate, and 50 mg of substrate (colloidal chitin). This was used to examine
the chitin-chitosan degradation ability of the bacteria. Fifty (50) mL of CDA media were
sterilized and filled into flasks with 250 mL capacity. Suspensions containing 1 mL of each
bacterial isolate (0.1 0.D.600) were inoculated onto the CDA medium. The CDA medium
that was not inoculated with bacteria may act as a control. The flasks were put on a
rotary shaker at 28°C for 48 hours for incubation of the bacteria. The cultured CDA
medium broth was then centrifuged for 15 minutes at 12,000 rpm. The pellets,
comprising a mixture of chitin, chitosan, and bacteria, were obtained, and subsequently
transferred to a tube.

Ten (10) mL of 0.1 N NaOH were added, mixed, and autoclaved at 121°C for 60
minutes. The centrifuge process was repeated at 12,000 rpm for 15 minutes, and then
the pellets were taken and combined with 10 mL of 2% acetic acid in a new tube.
Incubation on a rotary shaker at 28°C for 12 hours was applied to the tubes. Afterward,
the tubes were centrifuged at 12,000 rpm for a period of 15 minutes. The pellet was then
removed, and 10 mL of the supernatant was nullified using 1 N NaOH. After adding 1 N
NaOH, a white precipitate formed, indicating the creation of chitosan (Kaur et al 2012).

Qualitive chitosan estimation. The tubes containing the white precipitates were
centrifuged for 15 minutes at 5000 rpm. The white precipitates were collected and
neutralized to pH 7 using distilled water. The neutral precipitates were re-suspended in
0.5 mL of distilled water and dried at 55°C for 2-4 hours. Around twenty-tree drops of
potassium iodide were mixed to the dry precipitate. Three to four drops of solution
containing 1% H,SO, were then dropped in the mix. After the addition of
iodine/potassium iodide, the color of the precipitate turned to dark brown, and after the
addition of 1% H,S0O,, the precipitate changed color to dark purple. The coloring
indicated the formation of chitosan (Kaur et al 2012; Korany et al 2019).

Identification of bacteria. Identification of the bacteria was performed using a
molecular method. The genomic DNA of the bacterium was isolated using the Miniprep kit
from QIAprep (Qiagen Hilden, Germany). The DNA genomic was used as the template for
PCR amplification of the 16S rRNA gene region employing the pair of universal primer
(Integrated DNA Technologies-IDT, Singapore) 8F (5'-AGAGTTTGATCCTGGCTCAG-3") and
1492R (5'-TACCTTGTTACGACT-3"). The PCR conditions started at initial denaturation at
95°C for 6 minutes, followed by 35 cycles of 95°C for 30 seconds, 52°C for 30 seconds,
72°C for 30 seconds, and a last extension at 72°C for 10 minutes. Electrophoresis on an
agarose gel (1%) with a marker (1 kb DNA ladder - Solis BioDyne, Estonia) was used to
observe the size of the PCR products. After that, it was sent to First-Base Co., Selangor,
Malaysia for the sequencing of the DNA. The quality assessment of the 16S rRNA gene
DNA sequences was performed using Sequence Scanner version 2.0 Software from
Applied Biosystems, USA. Furthermore, the traces of sequence were trimmed,
constructed, and manually adjusted wusing Geneious Prime version 2020
(http://www.geneious.com) before being subjected to BLAST analysis for the 16S rRNA
sequence at The National Center for Biotechnology Information (NCBI,
https://www.ncbi.nlm.nih.gov/). Finally, the phylogenetic tree was constructed in
Geneious using the method of neighbor-joining in MEGA 11.

Results and Discussion. Thirteen different bacterial colonies were isolated from
seaweed samples based on the colony’s morphological characteristics on nutrient agar
medium. All thirteen bacterial isolates showed different morphological characteristics for
their colonies.
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Bacteria living in association with seaweed will compete to obtain space and
nutrients from the seaweed as their host (Suvega & Arunkumar 2019). Therefore, these
bacteria will synthesize various enzymes/compounds to absorb nutrients from the
seaweed/host. Moreover, bacteria living as endophytes can reside inside the
seaweed/host at every phase of growth, supplying additional resources to the host
through the production of nutrients, secondary metabolites, and enzymes. These
compounds can be utilized by the host to shield itself from abiotic and biotic stresses.
Many of the enzymes produced by the bacteria are extracellular enzymes, which means
their activity occurs thereout cell of the bacteria and has direct implications for the
surrounding environment, including the host (Khan et al 2017).

The results of this research show that four isolates produced extracellular
enzymes, specifically chitinase. We referred to these isolates as SG1, SG2, SG3, and
SG4. The isolate's activity to produce chitinase was demonstrated by the formation of a
clear zone when they were grown on chitin medium (Figure 3), and it was evaluated as a
chitinolytic index. The chitinolytic indexes of SG1, SG2, SG3 and SG4 were 1.4, 7.5, 10.5
and 10.0, respectively (Table 1). The chitinolytic index indicates the capability of the
bacteria to produce chitinase to break down chitin compounds in the medium. The
activity varied from weak to strong, with SG2, SG3 and SG4 showing strong activity due
to their index being above 2 (Wang et al 2018).

Figure 3. The appearance of a clear zone formed around bacterial colonies grown on chitin media.

Table 1
The chitinolytic index of bacterial isolates associated with seaweed Gracilaria sp.

Isolate Clear zone (cm) Colony bacterium (cm) Chitinolytic index
SG1 2.8 2.0 1.4
SG2 1.5 0.2 7.5
SG3 2.1 0.2 10.5
SG4 2.0 0.2 10.0

The chitinolytic bacteria also had the ability to form chitosan. This ability is indicated by
the formation of precipitation after the fermented broth is incubated for a certain amount
of time. This showed the presence of chitosan. The precipitation of chitosan is
represented by the colorization to a dark purple with the addition of 1% H,S0,, indicating
a reaction (Wang et al 2018). The color binding of the chitin mechanism goes beyond
simple absorption. The pH affects this mechanism (Miliao et al 2022). Under normal
conditions, the amine group of chitins has both a neutral charge (-NH,) and a cationic
charge (-NHs*). However, in acidic conditions, the chitin polymer becomes positively
charged, as the amine group (NH,) gets protonated. The chitin polymer then undergoes
an ion exchange with negative ions from anionic colorants to form an electrostatic
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interaction, maintaining a neutral condition (Wang et al 2018). The chitin smallest unit,
i.e., chitobiose, composed of two molecules of N-acetyl-D-glucosamine, possesses two
hydroxyl groups, one amine group and one carbonyl group. To create a complex color,
these groups create a reactive linkage with iodide (Agrawal & Kotasthane 2012).

The capability to form chitosan of the bacteria shows the potential for chitin
deacetylase (CDA) production (Agrawal & Kotasthane 2012). The CDA enzyme catalyzes
the chitin-chitosan conversion by deacetylating residues of N-acetyl-D-glucosamine.
Therefore, the seaweed-associated bacteria in this research can be categorized as strains
capable of producing CDA.

In chitosan synthesis, the deacetylation step is crucial, as it is essential for the
chitosan quality (Harmsen et al 2019). The process of chitin deacetylation by bacteria
capable of producing CDA can replace the conventional chemical process that uses NaOH
for deacetylation to produce chitosan. The NaOH chemical process has the disadvantage
of polluting the environment (Casadidio et al 2019).

Some insects (Noh et al 2018) and fungi (Philibert et al 2017) have been reported
to have the ability to produce chitin deacetylase (CDA). CDA-producing fungi can also be
used for chitin N-deacetylation, and theoretically, they can also address the chitin-
chitosan degradation problem through chemical processes. However, the majority fungal
strains have limited capacity in CDA production, and their fermentation requirements can
be challenging (Kaur et al 2012). Therefore, the function of fungal strains to produce CDA
can be replaced by bacterial strains, as bacteria grow more easily and rapidly in large-
scale fermentation systems at a lower cost compared to fungi. Modifications and
optimizations of the process using bacterial CDA can be easily implemented without the
need for enzyme purification in its application (Philibert et al 2017). Hence, seaweed-
associated chitinolytic bacteria technique has good potential for degrading chitin and
forming chitosan.

In this research, SG3 and SG4 had the biggest chitinolytic index; therefore, those
bacteria were chosen to be identified. The successful completion of the SG3 and SG4 DNA
gene sequences was achieved, along with the successful amplification of the 16S-rRNA
gene. The 16S rRNA sequences results of SG3 and SG4 were visualized on a 1% agarose
gel, exhibiting a size of approximately 1500 base pairs (Figure 4), which was enough for
informatics analysis.
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Figure 4. Agarose gel electrophoresis (1%) of the 16S-rRNA gene PCR product of the SG3
and SG4 bacterial isolates. One (1) yL PCR products were assessed by electrophoresis
with 0.8% TBE agarose (line 1 = SG3, line 2 = SG4, M = DNA ladder).

The 16S rRNA partial gene sequence data were deposited with Accession Numbers of
OR304223 (strain SG3) and OR304266 (strain SG4). Based on the 16S rRNA gene
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sequences, which were compared to the BLASTN program sequence databases, SG3
indicated similarity (100% identity) to Staphylococcus equorum, and SG4 to Bacillus
tropicus. A similar result was shown in the analysis of phylogeny, as shown in the
phylogenetic tree (Figure 5). It showed that SG3 and S. equorum were in the same
group, while SG4 and B. tropicus were in the same group. Hence, SG3 is named S.
equorum strain SG3, and SG4 is named B. tropicus strain SG4.
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Figure 5. Neighbor-joining phylogenetic tree from analysis of 16S rRNA gene sequence of
bacterial strains SG3 and SG4. To assess the reliability of phylogenetic tree reconstruction, a
resampling method with bootstrapping values from 1000 replicates was applied to the branch.
Escherichia coli was utilized as the 'outgroup'.

The endophytic bacteria genera, such as Bacillus, Enterobacter, Burkholderia,
Stenotrophomonas, Streptomyces and Micromonospora have been reported to exhibit
chitinase activities and effectiveness when opposed to fungal phytopathogens (Tabli et al
2018). Staphylococcus sp. has been found to be capable of producing chitinase.
Staphylococcus is a Gram-positive cocci bacterium, positive for the tube coagulase test,
catalase, DNAse, and nitrate reduction test (Oluduro et al 2023). This bacterium has
been found in marine water and sand of intertidal beaches (Thapaliya et al 2017; Das et
al 2019).

Staphylococcus sp. were found associated with marine sponges and seaweed. S.
aureus ATCC 25923 and S. mutans FNCC 0405 were associated with Eucheuma cottonii
seaweed and showed antibacterial activity (Purnami et al 2022). On the other hand, S.
equorum was associated with a marine sponge that exhibited antibacterial activity
against Bacillus subtilis. Additionally, seaweed-associated S. haemolyticus MSM was a
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bacteriocin producer (Suresh et al 2014). Bacteriocins are ribosomally synthesized
antimicrobial peptides which are not lethal to producer cells. These peptides are usually
active when opposed to species closely related to microorganism production (Maughan &
Van der Auwera 2011). However, based on our knowledge, there is no information about
S. equarium being a chitinolytic bacteria and having the ability to form chitosan through
CDA production.

Bacillus are rod-shaped bacteria, comprising a heterogeneous collection of Gram-
variable or Gram-positive, phenotypically large, capable of spore formation, aerobic or
anaerobic facultative bacteria (Maughan & Van der Auwera 2011). Some species of
Bacillus are found in marine and coastal environments (Liu et al 2017). Bacillus species
have been identified in various habitats, including in marine and shrimp waste. B.
tropicus was isolated from a marine environment. The marine bacterium B. cereus TK19
was found to have activity in producing chitinase and chitin deacetylase (Ravikumar &
Perinbam 2016). Additionally, Bacillus is known to have the highest chitinolytic activity
(Setia & Suharjono 2015), but there is no information about the ability of B. tropicus to
form chitosan through CDA production. However, B. tropicus was reported to have
keratinase activity (Liya et al 2023).

B. tropicus can live while being associated with other organisms. B. tropicus was
successfully isolated from Acaudina molpadioides sea cucumber’s intestine (Lambuk et al
2023). However, B. tropicus has not been isolated from seaweed, especially Gracilaria
sp., and to our knowledge, there is no information about B. tropicus as a chitinolytic
bacterium and its ability to form chitosan through CDA production. On the other hand, B.
subtilis has been reported to be associated with sponges and has chitinase enzyme that
can convert chitin to chitosan through CDA. B. subtilis produces chitinase that is superior
to commercial chitinase derived from Streptomyces griseus and Serratia marcescens
(Wang et al 2018).

The results of this research demonstrate the capability of bacterial strains isolated
from Gracilaria sp., from Tongkaina water, North Sulawesi, which is the S. equorum
strain SG3 and B. tropicus strain SG4, in producing chitinase and forming chitosan. This
finding can provide significant value in which these bacteria can be utilized for chitosan
production through an economical and environmentally friendly process without
damaging the seaweed ecosystem.

Conclusions. The present research confirmed that S. equoum strain SG3 and B. tropicus
strain SG4 were isolated from Gracilaria sp. from Tongkaina waters, North Sulawesi. The
bacteria had the ability to produce chitinase and were able to degrade chitin that will
then form chitosan. The bacteria could act as a CDA producer in forming chitosan,
meaning that it could be a promising candidate for an economical and eco-friendly
process of chitosan production. This process can replace the usage of NaOH chemical
method which is not environmentally and economically friendly for chitosan production
from chitin.
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