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Abstract

Extracellular polymeric substances (EPS) are present externally to the microorganisms and play an important role
in attachment and biofilm formation. These polymers possess antibacterial and antifouling activities. In this
study, the antifouling activity of EPS produced by an epibiotic bacterium associated with macroalga Ulva lactuca
was assessed against fouling bacteria and barnacle larvae. Results indicate that the EPS isolated from the epibiotic
bacterium inhibits the biofilm formation of the bacteria without much antibacterial activity. Also, the EPS reduced
the settlement of barnacle larvae on the hard substrate under laboratory conditions. The epibiotic bacterium was
identified as Kocuria flava based on 16S rRNA gene sequencing. The EPS was further analysed using Fourier
transform infrared (FT-IR), nuclear magnetic resonance (NMR) and X-ray diffraction (XRD) to understand the
biochemical composition. NMR analysis revealed the presence of polysaccharides, proteins, acetyl amine and
succinyl groups. Scanning electron microscope analysis indicated that the EPS consisted of aggregated and

irregular sphere-shaped particles.
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1 Introduction

Many microorganisms are reported to produce extracellular
polysaccharides or extracellular polymeric substances (EPS) (Lee
et al., 2015; Solmaz et al., 2018). The synthesis of EPS is generally
enhanced by environmental stress (Solmaz et al., 2018). Also,
during settlement on surfaces, the microorganisms secrete the
polymeric substances which enables the attachment process
(Costerton et al., 1995) and provides structural framework for the
biofilms (Flemming et al., 2007). The EPS secreted by bacteria
mainly consists of sugars, proteins, lipids and nucleic acids
(Sutherland, 2001; Gu et al., 2017; Powell et al., 2018). Further,
the EPS produced by microbial communities play an important
role in antimicrobial defence and formation of protective barrier
to prevent the desiccation of the cells (Sutherland, 2001; Tian,
2008). The other functions of the EPS include sorption of metals,
and organic compounds and enzymatic reactions (Decho, 1990).
The EPSs from different microbial sources are widely used in
many industrial sectors such as food, textile and pharmaceutical
and medical fields (Casillo et al., 2018; Yildiz and Karatas, 2018).

Biofouling is an ongoing problem for marine sectors which
incurs economic costs to the shipping, aquaculture and coastal
power plants (Schultz et al., 2011; Satheesh et al., 2012). Due to
the economic significance associated with this problem, many
antifouling measures are currently used by maritime sectors
(Satheesh et al., 2016). Previously, antifouling paints containing
tributyltin (TBT) as active ingredients were extensively used in all

marine installations and maritime sectors. However, TBT is not
only affecting the fouling organisms, but also other non-target or-
ganisms and the use of TBT based antifouling paints for marine
applications was banned by International Maritime Organiza-
tion in 2008 (Satheesh et al., 2016). Various alternative antifoul-
ing formulations are suggested after the TBT restrictions, but
most of them are based on herbicides or fungicides (Maréchal
and Hellio, 2009). These compounds also pose environmental
threats in many parts of the world (Thomas and Brooks, 2010).
Natural products mainly from marine organisms are extensively
screened for antifouling activities and few successful formula-
tions are developed (Qian et al., 2013; Satheesh et al., 2016). The
natural products are generally considered as non-toxic or less
toxic and hence can be used as ecofriendly antifoulant (Almeida
etal., 2017). Bioprospecting of marine microbes for antifouling
compounds is preferred over other marine organisms due to
biodiversity concern for getting raw materials for compound ex-
traction (Yang et al., 2007).

The EPS produced by microorganisms are known to have an-
tibiofilm and antifouling properties (Sayem et al., 2011; Rajasree
et al., 2014; Viju et al., 2016; Wu et al., 2016). These biopolymers
have some unique properties such as biodegradability, nontoxic
and absence of secondary pollution product formation (More et
al.,, 2014; Caruso et al., 2018). Due to these properties, microbial
EPS may work as an effective environment-friendly antifouling
compound. While antifouling activities of marine microorgan-
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isms are studied by many researchers (Wang et al., 2017), the an-
tifouling defence role of EPS produced by the epibiotic bacterial
communities received little attention (Camacho-Chab et al.,
2016). Hence in this study, the antifouling activities of EPSs pro-
duced by an epibiotic bacterium associated with the macroalgae
Ulva lactuca were assessed to find eco-friendly antifouling com-
pounds from marine microorganisms. Also, the isolated EPS was
characterized to understand the biochemical composition. Res-
ults obtained in this study will improve our knowledge on the
EPS producing bacterial strains associated with marine macroor-
ganisms and provide insights into their biotechnological poten-
tials.

2 Materials and methods

2.1 Collection of macroalgae and isolation of epibiotic bacteria
The green macroalgal species U. lactuca Linnaeus was collec-
ted from the Obhur Creek (21°42.551'N, 39°5.763'E) of the central
Red Sea, Saudi Arabia. The alga sample was kept in a sterile con-
tainer with filtered seawater and brought to the laboratory. In the
laboratory, the alga sample was rinsed with filtered (Millipore,
0.47 pm) and sterilized (autoclaved) seawater to remove the
debris and other epifauna. After that, the bacterial communities
associated with the algal surface were isolated by a cotton swab.
The cotton swab was put in filtered and sterilized seawater in a
test tube, whirled for 5 min and serially diluted. An aliquot of di-
lution (106 dilutions) was spread on marine agar (difco) plates.
The plates were maintained at 37°C for 24-48 h and the colonies
developed on the plates were purified by the streak plate method.
One yellow coloured bacteria colony was dominant in the cul-
ture plate and selected for EPS isolation. The purified colony of
this strain was maintained on agar slant at 4°C for further studies.

2.2 Identification of the bacterial strain

The genomic DNA was isolated using InstaGene™ kit accord-
ing to the protocol supplied by the company. The isolated DNA
was amplified in a thermocycler (M] Research Peltier) using uni-
versal 16S rRNA gene primers for bacteria, 27F: AGAGTTTG-
ATCMTGGCTCAG and 1492R: TACGGYTACCTTGTTACGACTT.
The polymerase chain reaction (PCR) conditions and sequen-
cing reactions were reported previously (Balqadi et al., 2018). The
resulting sequences were aligned and analysed using the basic
local alignment search tool of National Center for Biotechnology
Information (NCBI BLAST) for the identification of bacteria.

2.3 Isolation of EPS from the bacterial strain

The EPS was extracted from the epibiotic bacteria culture ac-
cording to the methods described by Zhang et al. (2013) with
little modifications. In brief, the bacteria strain was cultured in
marine nutrient broth (difco) at 25°C for 3 d in a shaker. The EPS
was extracted through centrifugation of bacterial culture at
15 000 times gravity at 4°C for 30 min. The supernatant was col-
lected after discarding the pellets. The collected supernatant was
filtered using cellulose nitrate filters (0.2 pm). After that, the EPS
was precipitated from the filtrate by adding an equal volume of
cold ethanol and kept in a refrigerator at 4°C for 48 h. The precip-
itated crude EPS was collected from the medium and washed
with double distilled water and freeze-dried for further character-
ization and bioassay. Before antifouling assays, the salt content of
the EPS was removed by dissolving the EPS in distilled water
(double distilled) and dialysed (membrane size 0.1 MDa) against
distilled water for 48 h. After dialyzing, the water content of the
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EPS was removed under vacuum evaporation (rotary evaporator)
and lyophilized. This lyophilized EPS was used for antifouling as-
says against fouling bacteria and barnacle larva. The stock solu-
tion of EPS for the experiments was prepared in filtered (0.47 pm)
and sterilized seawater at a concentration of 1 mg/mL.

2.4 Analysis protein and carbohydrate contents of the EPS

The protein content of the EPS was measured after adding
12% trichloroacetic acid according to the method described by
Jiao et al. (2010). The carbohydrate concentration of the EPS was
quantified by phenol-sulphuric acid method using glucose as
standard (Dubois et al., 1951).

2.5 Fourier transform infrared spectroscopy (FT-IR) analysis

There was 3 mg lyophilized EPS sample pressed in KBr pel-
lets and the spectrum was recorded in the wavelength range of 400-
4 000 cm-! with a resolution of 4 cm-! using FT-IR spectrometer
(Perkin Elmer, USA) (Kavita et al., 2014).

2.6 1H NMR proton nuclear magnetic resonance analysis

There was 20 mg lyophilized EPS sample dissolved in 750 pL
of deuterium oxide (D,0) and kept in 5 mm outer diameter NMR
tube. The NMR spectrum was recorded at 330 K using a JEOL
NMR 500 spectrometer. The 'H NMR spectrum was obtained by
recording 1 000 scans with a recycle delay time of 3 s. The recor-
ded chemical shifts of the EPS was expressed in relation to the in-
ternal standard, 4, 4-dimethyl-4-silapentane-1-sulfonic acid
(Gonzalez-Gil et al., 2015).

2.7 X-Ray diffraction (XRD) analysis of EPS

The EPS was analysed by a multipurpose X-ray diffraction
(XRD) apparatus (Rigaku Ultima IV XRD) using 26 ranging from
2°to 80° at 25°C. The operating conditions described by Dogan et
al. (2015) was used for the XRD analysis of the EPS. The lyophil-
ized EPS sample from the epibiotic bacterial strain was fixed on a
quartz substrate, and the instrument was operated on continu-
ous scan step time of 1 s. The intensity peaks of diffracted X-rays
from the sample were recorded, and the d-spacings correspond-
ing to the diffracted X-rays at each ¢ value were calculated using
the Bragg’s law:

d=1/2sin0, (1)

where d is the interplanar distance, 1 is the incident wavelength,
0 is the scattering angle measured from the incident beam.

The crystallinity index (Clygp,) of the EPS was calculated from
the ratio of the crystalline phases of the peak areas to the sum of
the crystalline peaks areas and the amorphous profiles (Ricou et
al., 2005):

CIXRD = EAcrystal / (EAcrystal + ZAamorphous)~ (2)

2.8 Scanning electron microscopy analysis (SEM)

The surface morphology of EPS was analysed using scanning
electron microscopy (VEGA3 TESCAN) with an accelerating
voltage of 20 kV and 10 mm working distance. The lyophilised
EPS sample was mounted on the metal and gold sputtered prior
to the imaging. SEM micrographs were captured at a higher mag-
nification of 500%, 2 000x and 5 000x (Kanamarlapudi and Mud-
dada, 2017).



Ba-akdah Mohammad Abdulaziz et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 4, P. 107-115

2.9 Antifouling activity assays

2.9.1 Bacteria growth inhibition assay—turbidity measurement
method using spectrophotometer

Three biofilm-forming bacterial strains, such as Pseudoal-
teromonas shioyasakiensis (NCBI GenBank accession number:
KY224086), Vibrio harveyi (NCBI GenBank accession number:
KY266820) and Planomicrobium sp. (NCBI GenBank accession
number: KY224087), were used as target microorganisms to test
the growth inhibiting and antibiofilm activity of the EPS. These
biofilm-forming bacteria were isolated from the nylon nets sub-
merged in the Obhur Creek (Balqgadi et al., 2018). The overnight
grown biofilm-forming bacteria cultures were adjusted to an op-
tical density of 0.4 at 600 nm for maintaining the equal number of
bacteria. About 3 mL of bacterial culture was taken in test tubes and
different concentrations (10 pg/mL, 25 pg/mL, 50 ug/mL, 75 pg/mL,
100 pg/mL, 125 pg/mL and 150 pg/mL) of EPS was added. Con-
trol tubes (without EPS treatment) were maintained without EPS
treatment. The optical density of the bacteria culture was meas-
ured immediately after the addition of EPS at 670 nm in a spec-
trophotometer. The tubes were kept at 29°C in an incubator for 5 h.
After 5 h, the optical density of the cultures was measured again.
The percentage of bacterial growth inhibition was calculated us-
ing the following formula:

R=

x 100%, 3)

where R is growth rate, L is final optical density value, I is initial
optical density value.

2.9.2 Antibiofilm activity of the EPS

The antibiofilm activity of EPS extracted from the bacteria as-
sociated with macroalgae was tested against the fouling bacterial
strains maintained in the marine laboratory of King Abdulaziz
University (KAU) at Obhur. The microtitre plate assay described
by Coffey and Anderson (2014) was used for the antibiofilm activ-
ity test. In brief, 96 well microtitre plates were filled with
overnight grown biofilm bacterial culture (100 uL) and different
concentrations (10 pg/mL, 25 pg/mL, 50 pg/mL, 75 pg/mL,
100 pg/mL, 125 pg/mL and 150 pg/mL) of EPS were added to the
plates. Controls were maintained without EPS treatment. The mi-
crotitre plates were maintained at 37°C for 24 h in dark condi-
tions. After 24 h, the fouling bacterial culture was decanted from
the plates and rinsed with sterile water (Millipore filtered and
autoclaved). After that, 150 pL of 1% crystal violet was added to
each well and kept for 10 min. The stain was removed by invert-
ing the plates and washed with sterile water. Finally, glacial acet-
ic acid (150 pL) was added to the wells and the optical density
was measured at 630 nm.

2.9.3 Barnacle larval settlement assay

Adults of barnacle Amphibalanus amphitrite were collected
from the Obhur Creek and maintained in glass tanks in the labor-
atory. A mixed diet containing Artemia nauplii and microalga
(Tetraselmis sp.) was given to the barnacles. The nauplii released
by the adults were collected using a net and light source and
transferred to small jars. The nauplii were given microalgal diet
(Tetraselmis sp.) and maintained in 16 h:8 h light-dark cycle un-
der mild aeration. The nauplii were reared up to cypris (settle-
ment stage) for anti-settlement assays and stage I1I for toxicity
studies. To assess the toxicity of EPS against the barnacle larva,
the stage Il nauplii were transferred to 6 well plates (10 individu-
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als in each well) containing filtered seawater. After that, the EPS
was added to the wells and maintained at 28°C under dark condi-
tions. Four different concentrations of EPS (250 pg/L,
500 pg/L, 750 pg/L and 1 000 pg/L) were used in this study to test
the larval toxicity. The control was maintained without EPS treat-
ment. The mortality of nauplii in each well was checked after
every 12 h. This experiment was continued up to 96 h (in replic-
ates, n=6) with the exchange of water and EPS in every 24 h.

For the anti-settlement assay, Petri dishes (polystyrene) were
used as substratum. The Petri dishes were filled with filtered sea-
water (5 mL), cyprids (10 in each dish) were transferred to the
dish and four different concentrations of EPS (250 pg/L,
500 pg/L, 750 pg/L and 1 000 pg/L) were added. The control
dishes were maintained without EPS addition. The Petri dishes
were maintained at 28°C under dark conditions. The number of
larvae settled on each dish was counted after every 12 h by pla-
cing the dish under a stereomicroscope (Leica S6E). This experi-
ment was also continued up to 96 h (in replicates, n=6), and the
mean percentage of the settlement for each concentration was
calculated.

2.9.4 Statistical analysis

One-way ANOVA (P<0.05 was considered as significant) was
used to understand the variation in biofilm reduction due to EPS
treatment using different concentrations of EPS as a factor. One-
way ANOVA was also used to find the difference in survival and
settlement of barnacle larvae due to the treatment of EPS. Post-
hoc Tukey Test was conducted for the antibiofilm assay and cyp-
rid settlement assay. LC,, (the concentration at which 50% of
mortality was observed) value for the EPS against barnacle
nauplii was calculated using the probit analysis. Also, EC,, (ef-
fective concentration for 50% of settlement inhibition) value was
calculated from the cyprid settlement data using the regression
line (Salama et al., 2018).

3 Results and discussion

3.1 Identification of the bacterium

The bacterium isolated from the alga U. lactuca was identi-
fied as Kocuria flava based on the phylogenetic analysis. This
strain was designated as K. flava KAU-MB are the 16S rRNA gene
sequence was submitted to NCBI GenBank (accession number:
MN381105). The genus Kocuria is coming under the class Actin-
obacteria, which is one of the important bacterial groups as
nearly 50% of the bioactive metabolites from the microbial origin
are reported from this group (Bérdy, 2005). Further, Kocuria is
considered as a source of novel thiazolyl peptide antibiotic ko-
curin (Palomo et al., 2013). While many studies highlighted the
bioactivity of Kocuria strains isolated from different sources
(Shiyamala et al., 2014; Bibi et al., 2018; Elbendary et al., 2018),
the biotechnological potentials of the EPS are not studied in de-
tail. In a previous study, Mallick et al. (2018) reported that K.
flava could produce a large amount of EPS under salt stress. Res-
ults obtained in this study further widened the bioactivity of the
EPS produced by the bacteria K. flava.

3.2 FT-IR analysis

The EPS isolated from the K. flava was completely soluble in
seawater under laboratory temperature conditions (28-30°C).
Biochemical composition of the EPS isolated from K. flava re-
vealed that carbohydrates and proteins were the major compon-
ents. The total protein and carbohydrate contents of the EPS are
56 pg/mg and 120 pg/mg, respectively. The FT-IR spectrum of
the EPS was presented in Fig. 1. The FT-IR spectrum of the EPS
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revealed the presence of a prominent absorption peak (broad ab-
sorption peak) at 3 409 cm~! which indicated the presence of O-H
stretching vibration peak (Wang et al., 2018). Peaks were also ob-
served around 2 927 cm!, 1 629 cm™!, 1 149 cm! and 615 cm™.
The peak at 2 927 cm™! indicated the presence of the CH, group
(Wang et al., 2018). The FT-IR peak observed at 1 629 cm™! indic-
ated the presence of alkene group (C=C stretch). The peak ob-
served around 1 149 cm! revealed the presence of monosacchar-
ides in the EPS (Badireddy et al., 2008; Wang et al., 2018). Spe-
cifically, peaks around 1 100 cm™! in FT-IR spectrum of the EPS
might indicate the presence of monosaccharides in pyran form
(Wang et al., 2018). The peak around 615 cm™! could be assigned
to the presence of glycosidic linkage groups between the glycosyl
groups (Rani et al., 2017).
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Fig. 1. Fourier transform infrared spectrum of the extracellular
polymeric substances isolated from the bacterial strain K. flava.

3.3 1H NMR analysis

The 'H NMR spectrum of exopolysaccharides in DMSO was
shown in Fig. 2. The 'H NMR spectral peaks of EPS were ob-
served at 1.21x10-6, 2.06x10-, 2.48x10-6, 2.49x10-6, 2.94x10-6,
3.20x1076, 3.27x1076, 3.40x1076 - 3.64x1076, 4.47x10-6. The peaks
around 2.48x10-6 - 2.49 x10-6 were attributed to alkyl region. The
proton shift at 3.40x10-6 - 3.64x10-6 revealed the presence of sug-
ar ring resonances. The peak at 4.47x10-% was ascribed to the
anomeric proton region. Additionally, the peaks below
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Fig. 2. The proton NMR ('H NMR) spectrum of the extracellular
polymeric substances.

3.2x10-% indicated the presence of proteins, acetyl and succinyl
groups. The chemical shift at 3.4x10-6 was attributed to polysac-
charides, proteins, acetyl and succinyl groups (Gonzalez-Gil et
al., 2015). The spectral shift at 2.06x10-6 and 4.47x10-6 showed
the presence of N-acetyl glucosamine and N-acetyl lactosamine
(Vliegenthart et al., 1981; Liu et al., 2011).

3.4 XRD analysis of EPS

The XRD spectrum (Fig. 3) of the EPS with their respective
inter-planar spacings (d-spacings) indicated the crystalline
nature of exopolymers. The XRD spectral patterns of EPS were at-
tributed to the amorphous characteristics, with a crystalline
phase. The crystalline index (Clygp,) of extracted EPS was calcu-
lated for the determination of crystalline and amorphous phase,
and the values were found as 11% and 89%, respectively. XRD
analysis indicated that the EPS produced by the K. flava was
amorphous as it showed less Clyy,. Previous studies also repor-
ted the amorphous structure of bacterial exopolymers (Kavita et
al.,, 2011; Solmaz et al., 2018).

3.5 SEM analysis of EPS
The SEM images of EPS clearly described the compact nature
of exopolymers (Fig. 4). The exopolymer obtained from K. flava
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Fig. 3. X-ray diffraction analysis of the extracellular polymeric substances isolated from the bacterium K. flava. 0 is the scattering
angle measured from the incident beam; CPS represents counts per second.
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Fig. 4. Scanning electron microscope (SEM) analysis of the extracellular polymeric substances. a. SEM image under 500x
magnification; b. SEM image under 2 000x magnification; c. SEM image under 5 000x magnification.

strain KAU-MB consisted of aggregated and irregular sphere-
shaped particles. Upon higher magnification (5 000x), the coarse
surface with irregular lumps of different size was visible (Fig. 4).
Previous studies on the SEM analysis of EPS isolated from the
Lactobacillus indicated highly compact porous web-like struc-
ture (Yadav et al., 2011; Wang et al., 2015). The irregular coarse
shaped structure of the EPS of the bacterium Streptococcus ther-
mophilus isolated from the milk was also previously reported by
Kanamarlapudi and Muddada (2017).

3.6 Antifouling activity of the EPS

Results revealed that the EPS isolated from the strain did not
affect the growth of the biofilm-forming bacteria significantly
(Fig. 5). The growth was considerably reduced on the cultures
treated with a higher concentration of EPS (higher than 100 pg/mL)
particularly against V. harveyi and Planomicrobium sp. The EPS
of the epibiotic bacterium revealed the biofilm inhibition activity
in the microtitre plate assay. Concentration dependent biofilm
growth inhibition was observed against all the three biofilm-
forming bacteria strains used in this study (Fig. 6). One-way AN-
OVA indicated a significant variation in the biofilm reduction
with different concentrations of EPS against P. shioyasakiensis
(when Frepresents F statistic value; df represemts degrees of
freedom; F=59.27; df=7, 16; P<0.05), V. harveyi (F=38.17; df=7, 16;
P<0.05) and Planomicrobium sp. (F=7.31; df=7, 16; P<0.05). Post-
hoc Tukey Test indicated that P. shioyasakiensis culture treated
with 10 pg/mL, 25 pg/mL, 50 pg/mL, 75 pg/mL and 100 pg/mL of
EPS differed significantly with the control (Table 1). However,
higher concentrations (125 pg/mL and 150 pg/mL) of EPS treated
P. shioyasakiensis did not show significant difference from the
control. For V. harveyi, significant variation was observed
between control and groups treated with 10 pg/mlL, 25 pg/mlL, 125 pg/mL
and 150 pg/mL of EPS. Further, significant reduction in biofilm
formation was observed only between the Planomicrobium sp.
treated with 25 pg/mL and control (Table 1).

The survival of barnacle nauplii was affected by the higher
concentrations of the EPS (750 pg/L and 1 000 pg/L). The control
and other two treatment groups (250 pg/L and 500 pg/L)
showed more than 90% of larval survival after 96 h (Fig. 7). The 96 h
LCj, value for the EPS was calculated as 1 817.46 ug/L. Moreover,
one-way ANOVA indicated a significant difference in the survival
of nauplii treated with different concentrations of EPS (F=13.49,
df=4, 29, P<0.05). The settlement of cyprid larva of barnacle A.
amphitrite was considerably reduced after treated with different
concentrations of EPS. In the control groups, 91% of cyprids
settled on the Petri dishes after 96 h. The cyprids treated with EPS
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Fig. 5. Bacterial growth inhibiting activity of the extracellular
polymeric substances (EPS). The EPS was tested against three
biofilm-forming bacteria isolated from the hard substrates.
a. Activity against Pseudoalteromonas shioyasakiensis; b. activity
against Vibrio harveyi; c. activity against Planomicrobium sp.

showed a reduction in the settlement with 80%, 55%, 50% and
43% for 250 pg/L, 500 pg/L, 750 pg/L and 1 000 pg/L treatment,
respectively (Fig. 7). Results also indicated that the EPS inhibited
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the barnacle larval settlement at a moderate EC;, value of
748.54 pg/L. One-way ANOVA revealed a significant variation in
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Fig. 6. Antibiofilm activity of the extracellular polymeric sub-
stances (EPS) isolated from the epibiotic bacterial strain K. flava.
a. Activity against Pseudoalteromonas shioyasakiensis; b. activity
against Vibrio harveyi; c. activity against Planomicrobium sp. OD
represents optical density.
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the settlement of larvae between the different concentrations of
EPS (F=25.21, df=4.29, P<0.05). Further, the settlement of cyprids
treated with EPS showed significant difference with control
groups except those treated with 250 pg/L (post-hoc Tukey Test,
Table 2).

EPSs from microbial sources are gaining importance over
other biopolymers due to the applications in different fields (An-
gelina and Vijayendra, 2015). Considering the significance of
biofilm formation in later stages of biofouling (Satheesh et al.,
2016), it is important to search compounds which could prevent
or control the biofilm formation on the surfaces. The com-
pounds which interfere with the attachment of biofilm-forming
bacteria may serve as a potential antifoulant (Camacho-Chab et
al., 2016). In this study, the EPS isolated from the strain K. flava
reduced the biofilm formation by three predominant biofilm-
forming bacteria. While the actual mechanism of biofilm reduc-
tion needs to be studied, the EPS affected the attachment of bac-
teria on surfaces. The reduction may be due to the presence of
polysaccharides or proteins. For instance, Hwang et al. (2012) re-
ported that the presence of protein in the EPS might have re-
sponsible for the inhibition of bacterial adhesion on surfaces.
The antibiofilm and antifouling activities of the EPS observed in
this study were in parallel with the results of the previous studies
(Sayem et al., 2011; Pradeepa et al., 2016; Wu et al., 2016). For in-
stance, the EPS isolated from the biofilm-forming bacterium
Pseudoaltermonas ulvae showed antibiofilm activity against mar-
ine bacteria (Brian-Jaisson et al., 2016). Also, the EPS isolated
from the marine bacteria Vibrio sp. showed antibiofilm activity
without antibacterial activity against different bacterial strains
belonging to both Gram-negative and Gram-positive bacteria (Ji-
ang et al.,, 2011). Another study by Kavita et al. (2014) reported
the antibiofilm activity of the EPS isolated from the bacteria
Oceanobacillus iheyensis against the pathogenic strain Staphylo-
COCCUS aureus.

The barnacle nauplii survival test of this study indicated that
the EPS did not affect the barnacle larval survival at low concen-
tration. The survival rate was reduced at higher EPS concentra-
tion. However, inhibition of barnacle larval settlement was ob-
served even at low EPS concentrations. The EC;, value observed
in this study confirmed that the EPS isolated from the bacterium
K. flava could inhibit the settlement of bacteria and barnacle lar-
vae at low concentrations without causing much toxicity to the
fouling organisms. Ideally, a good antifoulant should prevent
biofouling growth at low concentration to avoid environmental
concerns or toxicity to non-target organisms (Salama et al., 2018).
While many natural antifouling compounds were reported from
the marine organisms including microbial sources (Qian et al.,
2013; Satheesh et al., 2016), most of these compounds are tested
under laboratory conditions. A previous field study using the EPS
isolated from the cyanobacteria as an auxiliary biocide along with

Table 1. Post-hoc Tukey Test between control and different treatment groups of antibiofilm assay

Treatment group 2

Treatment group 1 EPS concentration/(pg-mL-1) Ppseudoal hioyasakiensi Pribrio harveyi Prianomicrobium sp.
Control 10 0.000 1 0.022 4 0.1145
Control 25 0.000 1 0.0001 0.0171
Control 50 0.000 1 0.2031 0.0929
Control 75 0.000 1 1.0000 0.1295
Control 100 0.000 2 0.3242 0.999 4
Control 125 0.448 7 0.009 2 0.9999
Control 150 0.780 8 0.000 8 0.986 6

Note: EPS, extracelluar polymeric substance. P<0.05 is considered as significant.
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Fig. 7. Antifouling activity of the extracellular polymeric sub-
stances (EPS) against barnacle larvae. a. Toxicity of EPS against
stage III nauplii; b. anti-settlement activity of EPS against cyprids.

Table 2. Results of post-hoc Tukey Test carried out on the
barnacle cyprid settlement between control and different treat-
ment groups

Treatment group 2

Treatment group 1 EPS concentration/(ug-L1) P
Control 250 0.2977
Control 500 0.000 1
Control 750 0.000 1
Control 1000 0.000 1

Note: EPS, extracelluar polymeric substances. P<0.05 is con-
sidered as significant.

copper oxide based paint found promising results which indicate
that these biopolymers could be used as potential biocides for
the control of biofouling (De Siqueira Melo et al., 2016).

The major advantage of the EPS for antifouling coatings is
that they do not have toxic metals or other harmful compounds
to the environment (Camacho-Chab et al., 2016). Natural
product antifoulants from microorganisms also have some ad-
vantages than other marine organisms (Satheesh et al., 2016).
Many bacteria may produce good amount EPS under optimum
laboratory conditions (Delbarre-Ladrat et al., 2014), and that
could negate any product supply constraints for industrial ap-
plications. As like other natural products, the use of EPS as an an-
tifouling biocide is not without challenges. Most of the bacterial
EPSs are soluble in water (Lembre et al., 2012), and the rate of
solubility could affect the stability of the compound for long-term
applications. A suitable coating which is biodegradable and con-
trols the release of the biocides for a reasonable period may solve
this problem for some extend, but more needs to be investigated
under field conditions.

4 Conclusions
To conclude, EPS isolated from the marine epibiotic bacteria

strain K. flava inhibits the settlement of biofilm-forming bacteria
and barnacle larva without antibacterial or antilarval activity at
low concentrations. The EPS produced by the K. flava was
amorphous and consisted of N-acetyl glucosamine and N-acetyl
lactosamine, proteins and succinyl groups. While the EPS isol-
ated from the K. flava decreases the settlement of bacteria and
barnacle larvae, the effect on established biofilms needs to be
analysed to use these exopolymers for biofouling control. Previ-
ous studies indicated that the biological activities of the EPS were
related to the structure and biochemical composition (He et al.,
2014). Hence, the structure-dependent antifouling action of exo-
polysaccharides will also be studied as EPS from many microbial
sources showed varying activities against fouling organisms.
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