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(Caruso, 2020). The microfouling stage is

Introduction developed by the rapidly production of

Biofouling in  marine environments is a extracellular polymeric substances (EPS) after
progressive process initiated by microfouling and biofilm bacteria attach to underwater surfaces
subsequently progressing to macrofouling (Adnan (Abdulrahman et al., 2022). a-, y-Proteobacteria,
et al., 2018). The initial phase of microfouling is and Cytophaga-Flavobacterium-Bacteroides

defined as the development of microbial biofilm
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bacteria are dominant groups in marine
environments. Members of y-proteobacteria such
as Pseudoalteromonas and Alteromonas are most
frequently isolated from seawater, and there are
also studies focused on their EPS production and
biofilm formation mechanisms (Nichols et al.,
2004; Nandakumar et al., 2004).

Bacterial EPS attach to underwater structures and
living organism surfaces, colonize their
environment, and provide a background for the
main fouling marine organisms (Patil and Anil,
2005; Khandeparker et al., 2006; Cavalcanti et al.,
2020). These extracellular polymeric structures
from bacteria facilitate their access to underwater
surfaces and preserve them from unfavorable
conditions and detrimental risks (Zeng et al,
2020). The physical properties and morphology of
bacteria as colloidal particles, such as their
dimensions, range of growth ratios, and common
negative charge, simplify their incursion into
diverse habitats (De Carvalho, 2018; Patra et al.,
2022).

The negative impacts of marine fouling and its
economic penalties on marine transport and
industries are notable (Bekiari et al., 2015; Dang
and Lovell, 2016). Additionally, it is well-known
that biofouling is the reason for the destruction of
metallic structures by significant corrosion. Many
attempts have been made to reduce fouling with
the use of physical, chemical, and biological
substances. However, the greatest success has
been achieved with the use of marine coatings
(Adnan et al.,2018; Cao et al., 2011; lorhemen et
al., 2016; Lade et al., 2014). Repressing prior
surface colonizers of marine biofilm bacteria is an
effective strategy for controlling biofouling on
underwater surfaces (Abdulrahman et al., 2022).
The application of damaging antifoulants and their
relations with environmental situations have
increased the progress of environmentally friendly
choices (Callow and Callow, 2011; Nurioglu et
al., 2015). From this point of view, research
concerning marine bacteria's chemical defenses in
the prevention of biofouling has significant
expectations. A great deal of research has been
carried out to shed light on antifoulants derived
from bioactive molecules as replacements for
environmentally unfriendly marine coatings
(Ciriminna et al., 2015; Omae, 2003; Qian et al.,
2009; Wang et al.,, 2017). The application of
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ecologically friendly biocides as replacements for
synthetic chemicals has recently appeared because
the only aim of chemistry is to produce or discover
novel and effective chemical products that are
reliable for use with expanded prolificacy (Adnan
et al.,2018). Therefore, recently developed
technologies with alternative resolutions are being
discovered to inhibit this marine biofilm (Patra et
al., 2022).

The extreme conditions of marine environments
have caused microorganisms to synthesize
different biomolecules to adjust to the conditions
for survival (De Carvalho and Fernandes, 2010).
Over the past five decades, researchers have
identified over 20,000 naturally occurring marine
biomolecules with potential biotechnological
significance (Gallimore, 2017). New
biomolecules capable of preventing biofouling
were also explored by extraction from marine
bacteria because of their secondary metabolism
(antibiofilm,  antibacterial, antilarval, and
antialgal) (Aguila-Ramirez et al., 2014; Vimala,
2016). The secondary metabolites in the marine
environment  control  the attachment of
microfouling organisms to any surface, which is
the cause of antifouling surfaces (Engel et al.,
2002; Sjogren et al., 2004). The various molecules
with notable antibiofilm activity may prohibit
biofouling formation based on the role of the
biofilm bacteria (Abdulrahman et al., 2022). As a
matter of course, biomolecules produced by
marine bacteria can induce deterioration in
biofilm formation (Ganapiriya et al., 2012), so
they can be functional in improving ecologically
friendly metabolites to prevent biofouling
(Holmstro'm and Kjelleberg, 1999). When
compared with the bioactive antibiofilm
molecules from macro-organisms (polychetes,
tunicates, bryozoans, molluscs, sponges, etc.),
scarce data are present from marine bacteria
(Fusetani, 2004; Adnan et al.,2018).

After years of intense research on terrestrial
bacteria, the focus has shifted to marine
ecosystems (WHO, 2015; Bohringer et al., 2017;
Choudhary et al., 2017). Antibiofilm contents that
are secondary metabolites of marine bacteria
fascinate many researchers due to their superior
antibacterial potential. These metabolites are
exposed to broad research conducted on the
chemistry of marine microbial biomolecules,
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which has been intensively developing recently.
Due to their unique possessions, they have
become one of the precedents for marine
biotechnology (Andryukov et al., 2019). Marine
bacteria are a plentiful source of various
categories of protein derivatives of secondary
metabolites (Andryukov et al, 2019). For
example, hydrolase enzymes (Chen et al., 2013;
Aykin et al.,, 2019) and biomolecules such as
alkaloids, terpenoids, polyketides, peptides, etc.
(Satheesh et al., 2016; Chen et al., 2018) from
marine bacteria exhibit important antibiofilm
activity. Many of the isolated antimicrobial-based
secondary metabolites are capable of rapidly
killing biofilm bacteria (Andryukov et al., 2019).
With the increasing interest in discovering
marine-derived biomolecules, the
biotechnological potential of marine alkaloids has
arisen as a rising class of bioactive metabolites.
The number of these bioactive metabolites that
can be isolated is very limited. Researchers should
consider studying the pure and complex chemical
structures of these biomolecules and the various
biological activities of marine alkaloid molecules.
These alkaloids are natural biomolecules that
contain nitrogen and have important activities
(Rodrigues et al., 2016; Zhou and Huang, 2020).

The main objective of present research was to
understand the antibiofilm and antibacterial
activity of marine sediment bacteria. It is
hypothesized that the biomolecule extracts of
bacteria isolated from marine sediments were a
feature in antibiofilm activity. Based on
experimental analysis and our previous research,
the study was designed to understand the
differences in antibiofilm activity of pure and
complex biomolecule extracts obtained from
sediment bacteria.

Materials and Methods

Pure and Complex Biomolecule Extracts from
Marine Sediment Bacteria

The seven complex extracts were obtained from
Turkish marine sediment bacteria, including
Bacillus simplex KJ161411, Alkalihalobacillus
macyae MW559742, Kocuria rosea MW559735,

Lacisediminihabitans profunda MW559737,
Bacillus safensis MW559602, Bacillus
viethamensis MW559607, and Bacillus

baekryungensis KJ161399, using methanol with
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ion exchange chromatography (Diaion-HP20)
(Omuzbuken et al., 2022). On the other hand,
Silica gel SiliaFlash column resin was used for the
purification process of complex extracts of
Kocuria rosea, Alkalihalobacillus macyae, and
Bacillus simplex. 61 : 32 : 7 chloroform : methanol
- water, 64 : 50 : 10 chloroform : methanol : water,
methanol, 40 : 10 : 50 butanol : acetic acid : water
and water were passed through the columns,
respectively. After the purification process, three
pure extracts were obtained.

The Biofilm Bacteria Tested

The biofilm bacteria  Pseudoalteromonas
agarivorans FJ040188, Vibrio lentus FJ200649,
Alteromonas  genoviensis  FJ040186, and
Exiguobacterium homiense FJ200653 were
isolated from Izmir Bay (Eastern Aegean Sea,
Turkey) (Kacar et al., 2009). The biofilm bacteria
were grown overnight on Zobell Marine Broth
(HiMedia) at 26 °C (OD600 value of 2).

Testing Biomolecule Extracts for Antibacterial
Activity: Minimum Inhibitory Concentration

The minimum inhibitory concentration (MIC) was
determined by the microdilution method
described by Zgoda and Porter (2001), with some
modifications against V. lentus, P. agarivorans, A.
genoviensis and E. homiense (Kacar et al., 2018).
Briefly, a series of dilutions of the pure and
complex biomolecule extracts was provided,
ranging from 0.78 mg/mL to 25 mg/mL. This was
followed by a series of dilutions of biomolecule
extracts transferred to the broth in transparent 96—
well microtiter plates. The transparent 96—well
microtiter plates were incubated for 24 h at 26 °C.
The results were obtained using 1% triphenyl
tetrazolium chloride (Sigma USA), which may be
bacterial growth positive when a red color,
indicating the formation of triphenyl formazan,
was recorded. The biofilm bacteria without
biomolecule extracts were tested as a positive
control in the analyses. The minimum inhibitory
concentration experiments on the antibacterial
activity of biomolecule extracts were performed in
duplicate.

Screening of Biomolecule Extracts for

Antibiofilm Activity

The prevention of bacterial attachment testing for
a change in the percentage of bacterial adhesion
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(intense biofilm producer isolates; P. agarivorans
and E. homiense) on the surface of black
polystyrene  microplates (Greiner Bio-One,
Austria) in seawater was performed with sterile
conditions at 20 °C, as described and modified by
Aykin et al. 2019 and Leroy et al. (2008). Briefly,
the biomolecule extracts were analyzed for
inhibition of bacterial attachment. The
biomolecule extracts were diluted at different
concentrations (0.15 to 25 mg/ml) and spotted 1 h
before introducing the bacterial suspension. After
the incubation at 20 °C for 24 h using orbital
shaking (120 rpm), three washes, and fixing for
1.5 hat4 °C with 2.5% formaldehyde, the samples
were stained with 200 uL. DAPI (4 g/ml) for 20
min. Microplates were measured using a Synergy
HTX multimode reader (Biotek, USA) at 350 nm
light excitation and 510 nm light emission
wavelengths. Sterile seawater was used as a
control with the bacterial suspension. All
experiments on the antibiofilm activity of
biomolecule extracts were performed in duplicate.

The change in bacterial attachment was measured
as the percentage reduction (CR) by comparing
the fluorescence of the blank (FB: without
bacteria, negative control), the fluorescence of the
control (FC: bacteria without biomolecule
extracts, positive control), and the fluorescence of
the sample (FS: bacteria with biomolecule
extracts).

CR = {[(FC-FB) — (FS-FB)]/ (FC-FB)} x 100
Chemical Profiles of Biomolecule Extracts

The chemical profiles of biomolecule extracts
were determined using spectrophotometric
methods (Omuzbuken et al.,, 2022). The total
phenolic (as gallic acid equivalents), alkaloid (as
boldine equivalents), and flavonoid substances (as
quercetin equivalents) were determined as
follows.

Total phenolics: The total phenolics of the
bacterial biomolecule extracts were determined
with the spectrophotometric method (Rohaeti et
al., 2017). Gallic acid (0.9 mL) was used as a
standard solution. Folin-Ciocalteu solution (4.5
mL) was used as the reagent. The sample solution
was spiked with 3.6 mL of 7.5% Na2CO3 and
incubated for 1 h. The samples were measured at
765 nm. The total phenolic concentration was
calculated based on three replicates.
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Total alkaloids: The total alkaloid content of the
bacterial biomolecule extracts was detected with
the spectrophotometric method (Shamsa et al.,
2008; Patel et al., 2015). The boldine standard
solution was used as a standard solution. The
bromocresol green solution was prepared with 2 N
NaOH. The samples were measured at 470 nm.
The total alkaloid concentration was calculated
based on three replicates.

Total flavonoids: The total flavonoids of the
bacterial biomolecule extracts were measured
with the spectrophotometric method (Rohaeti et
al., 2017). The quercetin equivalent solution was
used as a standard solution. Samples were spiked
with 1 M potassium acetate, ethanol, and 10%
aluminium chloride and incubated for 30 min at
room temperature. Absorbance was measured at
415 nm, and the total flavonoid concentration was
calculated based on three replicates.

Statistical Analysis

The statistical data analysis was performed using
STATISTICA (v11.0 software). Pearson’s
correlation test was applied to detect correlations
between variables (chemical profiles of extract).

Results

Minimum Inhibition Concentrations of the
Biomolecule Extracts as Antibacterial Activity

Results of the antibacterial activity of the complex
and their pure biomolecule extracts against the
four marine biofilm bacteria are presented in
tables 1 and 2, which show that all biomolecule
extracts from sediment bacteria have minimum
inhibitory activity against the tested biofilm
bacteria (V.lentus, A. genoviensis, P. alteromonas,
E. homiense). The range of activity varies from
0.78 mg/ml to 25 mg/ml, whereas some are
without activity. The strongest minimum
inhibitory activity of pure extract (0.78 mg/mL)
from Bacillus simplex was recorded against
Alteromonas genoviensis, followed by the pure
extract of Kocuria rosea with 6.25 mg/ml
inhibiting  Alteromonas  genoviensis.  Also,
complex extracts of Kocuria rosea and Bacillus
simplex were effective in inhibiting Alteromonas
genoviensis at 6.25 mg/ml. The complex extracts
of Kocuria rosea, Alkalihalobacillus macyae, and
the complex and pure extracts of Bacillus simplex
were determined to be ineffective at the minimum



Kazan et al 2025

Sustainable Aquatic Research (2025) 4(1):51-65

inhibition concentration against the tested strain,
Exiguobacterium homiense. Dimethylsulfoxide

(> 99.5%) (Carl Roth) was used as a negative
control.

Table 1. The minimum inhibition concentrations (mg/ml) of pure biomolecule extracts against marine biofilm bacteria

Isolates of Biofilm Bacteria

Minimum Inhibition Concentration of Pure Biomolecule Extracts from

Sediment Bacteria (mg/mL)

Kocuria rosea

Alkalihalobacillus macyae Bacillus simplex

Vibrio lentus 125 25 25
Alteromonas genoviensis 6.25 12.5 0.78

Pseudoalteromonas agarivorans 12.5 25 25

Exiguobacterium homiense 25 25 ()

() not determined MIC values
Antibiofilm Activity of Biomolecule Extracts

Antibiofilm analyses of the biomolecule extracts,
whose antibacterial activities were determined by
the MIC test, evaluated each of the extracts for
antibiofilm activity against Pseudoalteromonas
agarivorans and Exiguobacterium homiense from
marine biofilm bacteria. During the experiments,
these two biofilm-forming bacterial species
demonstrated more notable biofilm production
activity, so they were selected for further analysis.
The range of maximum activities of pure and
complex molecule extracts in the prevention of
bacterial attachment varied from 68.59% to
91.84% for P. agarivorans and from 15% to
65.68% for E. homiense, as shown in Figure 1.
The pure molecule extract of Kocuria rosea
showed the highest prevention of bacterial
attachment activity at 85.19% against P.
agarivorans. In contrast, the pure biomolecule

extract of B. simplex didn't prevent bacterial
attachment activity against E. homiense. The
complex biomolecule extract of B. viethamensis
showed the highest prevention activity of 91.83%
against P. agarivorans, followed by the complex
biomolecule extract of B. baekryungensis. For the
prevention of attachment by E. homiense, the most
effective complex biomolecule extract was
determined to be K. rosea. Some of the
biomolecule extracts demonstrated strong activity
against both antibacterial activity and biofilm
formation, while others were better against
antibiofilm activity and vice versa (Figures 2-3).
It can be stated that the decrease in EPS
components has the potential to disrupt the
structure of biofilms (Viju et al. 2020).
Consequently, it is postulated that the antibiofilm
effect of the extracts disrupts the structure-activity
against biofilm formation. It can result from the
antibiofilm activity.

Table 2. The minimum inhibition concentrations (mg/ml) of complex biomolecule extracts against marine biofilm bacteria

Minimum Inhibition Concentration of Complex Biomolecule Extracts from Sediment Bacteria
Isolates of Biofilm (mg/mL)
Bacteria Kocuria Bacillus Lacisediminihabitans Alkalihalobacillus Bacillus Bacillus Bacillus
rosea safensis profunda macyae vietnamensis simplex baekryungensis
Vibrio lentus 25 25 25 25 25 25 25
Alteromonas genoviensis 6.25 125 125 125 125 6.25 12.5
Pseudoalteromonas
agarivorans 25 125 25 25 25 25 25
Exiguobacterium
ghomiense () 25 25 () 25 () 25

(-) not determined MIC values
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B. baekryungensis, L. profunda, B. vietnamensis and B. safensis (CE: Complex biomolecule extract)

Table 3. The results of chemical profile analyses of bacterial biomolecule extracts (PE: Pure biomolecule extract, CE: Complex
biomolecule extract)

Total Alkaloid
concentration®

Total Phenolic
concentration®

Total Flavonoid

L concentration®
Bacterial biomolecule

extracts (mg equivalent boldin/g  (mg equivalent quarcetin/  (mg equivalent gallic acid

biomolecule extract) g biomolecule extract) / g biomolecule extract)

PE of Bacillus simplex 21.57+1.08 Nd? Nd?
PE of Kocuria rosea 56.33 +0.54 Nd? Nd?
PE of Alkalihalobacillus 36.83+1.19 Nd? Nd?
macyae
CE of Bacillus viethamensis 14.06 £0.51 101.57 £0.10 5.65+0.18
CE of Bacillus safensis 12.77+0.16 73.91+0.77 6.65+£0.40
CE of Lacisediminihabitans 16.29 +0.29 84.92+0 4.12+0
profunda
CE of Bacillus baekryungensis 3.61+£0.17 51.39+£0.16 4.51£0.08
CE of Alkalihalobacillus 123.51 +26.01 71.37 +9.46 11.74 +£0.29
macyae
CE of Bacillus simplex 22.59+14.48 86.28 £ 18.57 20.08 £3.41
CE of Kocuria rosea 142.16 +10.38 92.58 +£22.52 12.03 +£0.57

mean of 3 replicates + standard deviation, 2 Nd: not detected
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Chemical Profiles of Biomolecule Extracts

The chemical profiles of pure and complex
biomolecule extracts were analyzed by
spectrophotometric methods. Analyzing
biomolecule extracts can provide important data
about the chemical profiles of sediment bacteria.
The research also focused on the chemical
evaluation of types of biomolecule extracts,
alkaloids, phenolics, and flavonoids, whose
antibiofilm activities were determined (Figure 4).
As seen in Table 3, all of the pure molecule
extracts were found to be alkaloids. The highest
number of alkaloids (142.16 + 10.38 mg
equivalent boldine/g biomolecule extract) was
observed in K. rosea and the lowest one (3.61 +

0.17 mg equivalent boldine/g biomolecule
extract) in B. baekryungensis. The phenolic
substance ranged from 51.39 = 0.16 to 101.57 +
0.10 mg equivalent gallic acid/g biomolecule
extract and was highest in B. vietnamensis. The
highest flavonoid substance (20.08 = 3.41 mg
equivalent quercetin/g biomolecule extract) was
noticed for B. simplex, whereas the lowest
flavonoid  substance  was  found  for
Lacisediminihabitans profunda, with 4.12 + 0 mg
equivalent quercetin/g biomolecule extract.
Additionally, Pearson’s correlation test was not
detected significant positive or negative
relationship between the chemical compounds
(alkaloids, phenolics, flavonoids).
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* Total Flavanoid

Figure 4. Total alkaloid (mg equivalent boldine/ g biomolecul

e extract), total phenolic (mg equivalent gallic acid/ g biomolecule

extract), total flavonoid (mg equivalent quercetin/ g biomolecule extract) profiles of bacterial complex biomolecule extract (CE:

Complex biomolecule extract)
Discussion

In recent years, researchers investigating marine
biomolecules have expanded the scope of their
studies from macro-organisms, such as ascidians,
sponges, soft corals, and algae, to marine
microorganisms (Habbu et al., 2016). According
to our results, the complex and pure biomolecules
were obtained from marine sediment bacteria
widely prevented marine biofilm bacteria. It is
well known that bacterial initial colonization is the

most important stage in the microfouling
progression of the fouling process. Prevention of
bacterial formation on a surface is an inhibition
strategy in controlling the whole fouling
formation. Primarily, biomolecules exhibiting
both antibiofilm and antibacterial activities have
been identified to be more effective in reducing
biofouling activity (Viju et al, 2020;
Abdulrahman et al., 2022).
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The results of the MIC tests illustrate the
antimicrobial activity of properties of biomolecule
extracts on marine biofilm bacteria. The strong
antibacterial activity based on MIC results was
attained by the complex biomolecule extract of
Bacillus simplex. In previously similar studies
from other researchers, antibacterial and
antibiofilm activity was also declared strong for
different Bacillus species against marine biofilm
bacteria (Sanchez-Rodriguez et al., 2018; Viju et
al.,2020; Abdulrahman et al., 2022). Also,
Abdulrahman et al. (2022) demonstrated a wide
spectrum of activity by endophytic marine
bacterial biomolecules from similar Bacillus
species; B. subtilis, B. licheniformis, B.
amyloliquefaciens, B. cereus, B. laterosporus, and
B. silvestris (Mondol et al., 2013; Santhi et al.,
2017). Presently, biomolecules, including
peptides, have exhibited antibiofilm, antifouling,
antialgal, insecticidal, and anticancer activities
(Ben Khedher et al., 2011; Hamdache et al., 2011,
Baruzzi et al., 2011). Bacillus species have also
been discovered to generate promising
compounds that exhibit noteworthy effects against
drug-resistant pathogens (Wibowo et al., 2023). In
other research, Coasta et al. (2018) isolated
Bacillus sp. P34, which produced a peptide that
showed strong antibiofilm activity against
Staphylococcus sp. (Viju et al.,2020).

On the other hand, bioactive metabolites derived
from brominated alkaloids have indicated
antagonistic effects on biofilm formation (Peters
et al., 2003). Le-Norcy et al. (2017) studied a
group of alkaloids, and their study has shown
activity on biofilm formation in the marine
bacterial strain Paraccocus sp. Furthermore,
another study documented that the marine-derived
phenethylamine and tyramine alkaloids obtained
from Shewanella aquimarina exhibit antibiofilm
activity in the initial stage of Staphylococcus
aureus biofilm formation (Giugliano et al., 2023).
Our results revealed that pure biomolecules have
chemical profiles consisting predominantly of
alkaloids,  while  complex  biomolecules
predominantly of phenolic compounds. Almost all
concentrations of pure extracts were found to
exhibit significant antibiofilm activity, against
marine biofilm bacteria. Especially, pyrrolo
pyrimidine alkaloids and their synthetic analogs
produced by marine bacteria were effective
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against  various  biofilm-forming  bacteria
(Muzychka et al. 2024). Various alkaloids inhibit
communication system between biofilm forming
bacteria known as quorum sensing and this
process causes deterioration of the biofilm
structure. Thereby, enabling the facile removal of
microbial cells from surfaces (Khalid et al., 2022).

The biomolecules are products of bacterial
secondary metabolism in response to different
marine environmental signals because of the
extreme conditions (De Carvalho and Fernandes,
2010). Besides, the biomolecules are deliberately
extricated from the bacterial cell to preserve it
from defects compared with the other compounds
that are discharged within the bacterial cells (Pinu
et al., 2017). Therefore, it is highly significant to
know the bacterial biomolecules involved and
reveal their bioactive action and knowledge of
metabolites from pure and complex biomolecules
is highly significant (Abdulrahman et al., 2022).

The studies are focused on experimental
approaches where active components were
analyzed in relation to novel biomolecule extracts
from marine bacteria. As mentioned by De Rop et
al. (2022), between the years of 2017 and 2021, 77
novel marine Actinobacteria alkaloid derivatives
were represented, mainly pyrroles, indoles,
glutarimides, indolizidines, and
diketopiperazines. The search for these alkaloids'
antimicrobial activity supports the importance of
biomolecule extracts from marine bacterial
resources. According to Wibowo et al. (2022), the
marine-derived indole alkaloids reported from
various marine organisms including bacteria,
fungi, sponges, algae, and bryozoans were
determined. Although the search for the
bioactivities of these biomolecules has been
revealed, there should be a great amount of
assessment, including their mechanisms, to obtain
lead substances for developing new chemically
active compounds (Wibowo et al., 2022).

Conclusions

The marine environments have a rich microbial
diversity, and these organisms could generate
various biologically active molecules. These
biomolecules, including antibiofilm properties,
have been isolated from marine microorganisms
and could be used in marine coatings as
antifoulant. The present study describes the
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application of bacterial extracts derived from
Turkish marine sediments as an antibiofilm
strategy against marine biofilms. Our findings
suggest that marine bacterial extracts have the
potential to produce chemical compounds since
they could perform antibacterial and strong
antibiofilm activity. So, these novel microbial
bioactive molecules could be used as sources to
produce antibiofilm and antifouling products.
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