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Biological characteristics and algicidal substance against the biofouling

coralline algae

Ji-Young Kang

Department of Biotechnology, The Graduate School,

Pukyong National University

Abstract

We plan to search antifouling materials from the coralline algae to
prevent biofouling damage to ship or marine structure. Bio—mimic materials
would become an environmental=friendly and no harmful source to the marine
application. The coralline algae shows one of main reasons of algal whitening
in barren ground where has no seaweed growth, and also shows allelopathic
effect against attachment and germination of seaweed spores. Bio—mimic
materials of' the coralline’ agae might be usable as antifouling agents against
seaweed at least. Gene analysis, viability assay, treatment of calcification
inhibitors, and related researches will be done in this study.

The disappearanceof seaweed flora in some rocky  areas, known as
algal whitening, barren ground, coralline’ flats, or.- deforested areas, is
associated with some species—of coralline algae: To determine the biological
characteristics of a representative species of crustose coralline alga, 18S
rDNA gene was sequenced to identify the genus Lithophyllum. By
morphological and distributional characteristics, it is deduced to L. yessoense.
Measuring viability wusing triphenyl tetrazolium chloride showed highly
viability from December to February. Cultural conditions of 16 °C, a 16 hr
light:8 hr dark cycle, and 30 yE m“s' light intensity were optimal for
maintaining the wviability of the alga for up to 5 days. The fatty acids
included 9.7% -3 eicosapentaenoic acid. Scanning electron microscopy of the
surface structure revealed round craters about 3.6 uym in diameter, covered
with rough irregular and angular polygon-shaped structures about 1.0 to 3.7

um in size. Biomimetic coralline alga based on the composition and structure
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might become an environmentally friendly antifouling material against the
attachment of soft foulants.

The decrease in the seaweed flora in some rocky areas, known as algal
whitening or barren ground, is associated with some species of coralline
algae. To determine the biological characteristics of a representative species
of branched coralline alga, the number of medullary tiers was counted and
ranged from 12 to 16. The 18S rDNA, psbA, and rbcL genes were used to
confirm the identification of Corallina pilulifera. Measuring viability using
triphenyl tetrazolium chloride showed highly viability from December to
January. Cultural conditions of 16 °C, a 16 h light:8 h dark cycle, and 40 uE
m s light intensity were optimal for maintaining the viability of the
coralline alga for up to .3 days. The fatty-acids included 31.4% -3
eicosapentaenoic acid.~Scanning electron microscopy of-the surface structure
revealed unique round wells-about 7.9 * 1.3 ym in diameter.

The addition of - calcification inhibitors was found te regulate the
viability of /cultures of the coralline alga. Lithophyllum yessoense and
Corallina pilulifera. The wiability was quantitated using a 'triphenyltetrazolium
chloride assay, and the leight of different calcification inhibitors were tested.
Fe-citrate and FeCl, inhibited viability, and dichloromethylenediphosphonic acid
increased viability. The Fe=citrate, which had the strongest inhibitory activity,
decreased viability to 74 and 122 that of the control following addition of 1
mM or 10 mM- of culture media of L. vyessoense, respectively. Even C.
pilulifera culture media, Fe-citrate inhibited wviability to-63 and 44% that of
the control following addition of 1 mM. or 10 mM. The Fe-citrate suppressed
L. yessoense and C. pilulifera viability the most.

A study was made to investigate possible formation by the
periostracum of the mussel Mytilus edulis of antifouling substances against
the settlement and germination of spores of Porphyra suborbiculata. The shell
coating known as the periostracum, is indicated as a possible physical and
chemical antifouling defense component. The periostracum was separated from
the shell and extracts of the periostracum obtained by extraction with three
solvents. Considerable activity gainst monospores was shown by ethyl acetate
and dichloromethane extract. The microtopography of the shell surface was
measured using scanning electron microscopy (SEM) which revealed

homogeneous and ridged surface of periostracum. The periostracum surface

= Vil -



has also shown considerable activity against monospores. This indicates that
in mussels P. suborbiculata the periostracum possesses a generic

anti-settlement property, at least against spores settlement and germination.
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Chapter 1

General Introduction




Fouling is the accumulation of unwanted material on solid
surfaces to the detriment of function. The fouling material can consist
of either living organisms (biofouling) or a non-living substance
(inorganic or organic). Fouling is usually distinguished from other
surface-growth phenomena in that it occurs on a surface of a
component, system or plant performing a defined and useful function,
and that the fouling process impedes or interferes with this function.
Barnacles

Barnacles are the most commonly encountered fouling animal.
Barnacle larvae are selective in their site for settlement and appear to
recognise other barnacles. This results in barnacles settling close to
other members of the' species which aids in ‘cross ' fertilisation.
Barnacles live within 'hard calcareous shells which can adhere very
tightly and  can be 'difficult to remove. On ships, removal by
underwater ‘scrubbing or mechanical scraping typically results in a
barnacle residue being left behind. This ~can promote further
colonisation, increasing the fouling problem: '‘Gooseneck barnacles These
animals are especially adapted for life -attached to moving objects.
Gooseneck barnacles are unusual in that they are not a coastal or
shoreline fouling problem but can settle on moving ships’ hulls in the
open ocean.

Hydroids

Plant like in appearance, hydroids live in colonies and are often

found on the flat bottom of vessels where they are often mistaken for

algae. Due to the low light levels on flat bottom areas, however, it is



a safe assumption that filamental growth on the flat bottom is likely
to be a type of hydroid and not algae.
Molluscs

These are animals with hard, paired shells such as mussels and
oysters. Adhesion to submerged structures is relatively weak and this
tends to limit settlement to stationary structures rather than on active
vessels e.g. oil platforms.
Tube worms

These organisms live iIn easily recognisable calcareous tubes
which protect their soft bodies.  Tube worm larvae can recognise their
own species resulting in large colonies being established: They tend to
settle on /stationary structures or on. vessels' which spend a
comparatively longer time in port. Animal fouling does not require
light to grow and can proliferate on any area of an underwater hull,
including the flat bottom.
Seaweed

The most common plant fouling .on "ships is the brown algae
FEctocarpus spp. and the green-algae Enteromorpha spp., often referred
to as sea grass due to its similar appearance and colour. Polycellular
algae begins with the settlement of microscopic spores. These spores
can settle in seconds and colonise a submerged surface within hours.
Plant fouling usually occurs where there is available sunlight, i.e.
around the water line and a few metres below. It is not usually found

on the flat bottom of vessels.



Slime

Slime on submerged surfaces is attributable to the accumulation
of diatoms. Difficult to control, slime has a very low surface profile
and can remain adherent on ships’ hulls at speeds in excess of 30
knots. Slime fouling Slime on submerged surfaces is attributable to the
accumulation of diatoms. Difficult to control, slime has a very low
surface profile and can remain adherent on ships’ hulls at speeds in

excess of 30 knots.

Fouling organisms cause considerable damage-.to the immersed
surfaces of man-made structures such ad - ships, “fishnets, and
aquaculture ‘facilities. It .can seriously impair the operational efficiency
of a ship.  Fuel represents around 50% of the operating costs of the
Marine Transport Industry. Annual consumption of bunker fuel of the
world’'s fleet is estimated at 180 million tonnes, which at current
prices (approx.. $150/+tonne) is worth $23 billion..A very rough fouled
hull can increase fuel usage'by as muchras 40%, although typically a
100% weed fouled hull would result 'in-afuel penalty of 10%. If the
world’s fleet didn't have effective antifouling protection an estimated
extra 72 million tonnes of fuel would be burned each year. This
increased fuel consumption would lead to the production and release
into the environment of an estimated extra 210 million tonnes of
carbon dioxide (greenhouse gas) and 5.6 million tonnes of sulphur
dioxide (acid rain).

Most antifouling techniques rely in a coating containig such



antifoulants as Irgarol, chlorothalonil, and diuron (Voulvoulis et al.
2000). Howeever theses antifoulants are toxic (Yamada 2007), and
many studies have repprted detecting these antifoulants in water and
sediments samples in various aquatic environments (Voulvoulis 2006;
Dafform et al. 2011, Matthai et al. 2009). To develop environmentally
sustainable antifouling agents, recent research has been focused on the
behavior of microorganisms, biofilm formation and metabolite
production which can inhibit marine invertebrate larval settlement and

the attachment of algal spores (Cho et al. 2012).

Biomimetics is defined as the study of the“structure and function
of biological systems and processes '‘as models or inspiration for the
sustainable, design and| engineering of materials and machines (Salta et
al. 2010). One of the interesting developments in the area of green
tribology over the" past 10 years is the recognition that nature has
developed many highly optimized |tribological ~surfaces” that are: (1)
typically multifunctional, (i) reactive to their environment, and (iii) use
a combination of physical and-biological design strategies. The thalli of
many marine algae and the surfaces of invertebrates are covered in
mucilage or slime, which could render the attachment of fouling spores
difficult or effect the removal of epibionts by continuous or periodic
surface renewal (Wahl 1989). The role of surface sloughing in the
removal of bacterial fouling in Chondrus crispus has been observed
(Sieburth and Tootle 1981), and the colonial ascidian Polysyncraton

lacazei has been found to shed a thin surface cuticle with its attached



epibionts at irregular intervals (Wahl & Banaigs 1991). The strategies
evolved by marine organisms to resist epibiosis rely on four main
mechanisms that can be broadly classified as employing chemical,
physical, mechanical or behavioural effects (Ralston and Swain 2009).
This exciting new branch of antifouling research is truly
multi—disciplinary, drawing from expertise in microbiology, engineering
and materials science, in order to establish modern biomimetic
antifouling technologies. The design of novel antifouling coatings has
broadened to encompass.-natural products research, surface chemistry
modulation and biomimetic surface development (Salta et al. 2010).
However, as -others have remarked, it is probable that any future
broad-spectrum fouling-resistant surface will draw on several, if not
all, of these diverse research areas to facilitate its efficacy.|Ideally, an
effective biomimetic ‘antifouling coating will have the following
properties: at least 5 years biofouling life-cycle control, ‘durable and
resistant to damage; repairable, low maintenance, easy to apply,
hydraulically smooth, compatible with existing " anticorrosion coatings,
cost effective, non-toxic to-non-target -species and effective in port

and at sea (Ralson & Swain 2009).
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Chapter II

Biological characteristics and tissue structure of a

crustose coralline

Abstract

The disappearance of seaweed flora in- some rocky areas, known as
algal whitening, barren ground, coralline flats, or deforested areas, is
associated with some species of coralline algae. To determine ‘the biological
characteristics of a representative species of crustose coralline alga, 18S
rDNA gene was sequenced to identify the genus @ Lithophyllum. By
morphological and distributional characteristics, it is deduced to L. yessoense.
Measuring viability using triphenyl @ tetrazolium chloride showed highly
viability from Deeember “to February. 'Cultural conditions of 16 °C, a 16 hr
light:8 hr dark cycle,~and 30 uE m?“"' light intensity were optimal for
maintaining the wviability of the alga for up to 5 days. The fatty acids
included 9.7% -3 eicosapentaenoic acid. Scanning electron microscopy of the
surface structure revealed round craters about 3.6 uym in diameter, covered
with rough irregular and angular polygon-shaped structures about 1.0 to 3.7
um in size. Biomimetic coralline alga based on the composition and structure
might become an environmentally friendly antifouling material against the

attachment of soft foulants.

Key words: Crustose alga, fatty acid, Lithophyllum, tissue structure, viability.



Introduction

Seaweeds play a major role in marine ecosystems. They provide
nutrients for animals - either directly when fronds are eaten, or
indirectly when decomposing parts break down into fine particles and
are taken up by filter-feeding animals. Beds of seaweed provide
shelter and habitat for scores of coastal animals for all or part of their
lives. Coralline red algae, both of crustose (nongeniculate) and
articulated corallines, -abound in intertidal rocky shore areas and
strongly influence the benthic community. Crustose coralline algae are
a major calcifying component of the-marine benthos from tropical to
polar oceans at all depths within the photic zone (Steneck 1986). When
the coralline algae are growing, the rock surfaces appear pink, while
the fleshy 'seaweed flora disappears from the rocky areas., In marine
environments, this phenomenon is generally called algal whitening,
barren ground (Tokuda et al. 1994), coralline flats, or deforested areas.
It is now recognized. as a natural hazard adversely affecting marine
ecosystems and damaging commercial fishing areas. Although
biological (Agateuma et al. 1997; Kitamura et al. 1993; Whalan et al.
2012) and physical (Johnson and Mann 1986; Masaki et al. 1984)
factors may be sufficient to prevent the recruitment of fleshy
seaweeds, allelopathic bromoform (Ohsawa et al. 2001) and fatty acid
(Kim et al. 2004, Luyen et al. 2009) substances may also inhibit the
settlement or germination of seaweed spores. Consequently, coralline

algae may prevent fouling by fleshy seaweeds. Alternatively,
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biomimetic coralline alga material might become an environmentally
friendly antifouling material. In nature, most coralline algae are pink
and have almost indistinguishable shapes, those causes confusion in
their identification. Therefore, in an attempt to make a biomimetic
coralline alga material, we have to identify the species, select the best
conditioned tissues as standard material, analyze the fatty acid

composition, and observe the fine surface structure.

Materials and Methods

Plant material

Crustose coralline algae were collected monthly from the rocky
intertidal area “at Cheongsapo (35°09'28" N, 129°11'47" E), on the east
coast of Busan, Korea.r The samples_ were transported in a container
with seawater to the laboratory. After-rinsing well with autoclaved
seawater to remove epiphytes and debris, the encrusted tissues were
sonicated three times with 30-spulses of an ultrasonic water bath

(low-intensity frequency of 90kHz) to remove other microepiphytes.

Molecular identification

Approximately 0.2 g of the coralline alga was chopped into very

_11_



tiny pieces and placed in a microtube. DNA was extracted using LiCl,
following Hong et al. (1995). The 18S rDNA gene, encoding the
ribosomal RNA in the small subunit of eukaryotic cytoplasmic
ribosome, was amplified by polymerase chain reaction (PCR) with the
universal primers 18sF (5 CAACCTGGTTGATCCTGCCAGT 3)
and 18sR (5" GATCCTTCTGCAGGTTCACCTACGGAA 3') (Bird et
al. 1992). The PCR cycling parameters consisted of 94°C for 5 min, 30
cycles of 94°C for 30 s, 57°C for 30 s, 72°C for 1.5 min, and a final
72°C for 10 min. The amplification products-were sequenced using the
same primers (SolGent, Daejeon, Korea). The sequencs were edited
and manipulated using MEGA3 (Kumar et al. 2004). Phylogenetic trees
were inferredusing the neighbor—joining algorithm (Saito and Nei, 1987)

in MEGA3| with bootstrap analysis of 1,000 bootstrap replications.

Viability assay

To measure the. viability of the coralline tissue, the assay of Park
et al. (2006) was used. Briefly, 1-mlof 0.8% 2,3,5-triphenyltetrazolium
chloride (TTC) in seawater containing 50 mM Tris-HCl buffer (pH
8.0) was added to 0.1 g of tissue in a 1.5-ml microtube and incubated
in darkness for 15 hr at 20 °C under mineral oil. The triphenyl
formazan that formed in the tissue was extracted with 0.6 ml of 0.2 N
NaOH in 75% ethanol by heating for 15 min at 60 °C. The triphenyl
formazan was quantified by measuring the absorbance at 475 nm. To

determine the optimal conditions for maintaining viability, 0.25 g of the
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tissue was cultured in 50 ml of seawater under 30 uE m%s' light
intensity on a 16 h light:8 h dark cycle at 16 °C for 5 days as the

standard conditions.

Scanning electron microscopy

Healthy tissue collected on February 9, 2012 was washed with
Milli-Q water (Millipore, Billerica, MA) and dried under vacuum before
scanning electron microscopy (SEM) analysis. For SEM images,
tissues were mounted on conductive carbon tabs of a. SEM post (Ted
Pella, Inc., Redding, CA), _sputter=coated using a Desk-II coater
equipped with a gold target (Alfa Aesar, Ward Hill,, MA), 'and imaged
in a scanning-electron microscope (JSM-6700F; JEOL, Tokyo, Japan).
To determine the elemental composition of parts of the tissues, the
tissues were analyzed using energy-dispersive X-ray spectroscopy.
The standards for carbon, oxygen, sodium, chlorine, and calcium were
calcium carbonate, “silicon* dioxide; palbite, potassium chloride, and

wollastonite, respectively.

Fatty acid analysis

Fatty acids were determined by gas chromatographic
quantification of their methyl esters (FAMEs), which were prepared
using slightly modified method from the AOAC (2000). Total lipid was

extracted from the dried samples using a Soxhlet extractor. Then,
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FAMEs were prepared with 5 ml of methylation solution (1 H>SO4:20
CH30H:10 toluene) and heated at 100 °C for 1 h. Gas chromatography -
mass spectroscopy (GC-MS) analysis was conducted using a 6890
network GC system with a 5973N Mass Selective Detector (MSD)
(Agilent Technologies, Palo Alto, CA). The oven was started at 50 °C
and held for 1 min, and then ramped up to 320 °C at 5 °C min . The

MSD was operated based on electron ionization.

Results

The group’s internal taxonomy 1s still in a state of flux;
molecular studies are proving more reliable than morphological methods
in approximating relationships within the group (Bittner et al. 2011).
To ascertain “the species identification, we determined partial 18S
rDNA gene sequence (Fig."2-1). They were then aligned and analyzed
using the neighbor—joining—method to construct a dendrogram. The
1,391-bp 18S rDNA sequence from base 274 to 1,664 was compared to
the sequences of 13 species of coralline algae obtained from the NCBI
database to infer the phylogenetic relationship (Fig. 2-2). The 18S
rDNA sequence showed the closest to the sequence of Lithophyllum
incrustans. The sequence matched 99% homology with 15 base
difference from the L. incrustans sequence (GenBank accession #

AF093410.1). Meanwhile, the L. incrustans is described as thick, dull
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chalky, yellowish, pink or lavender calcareous crusts forming irregular
concretions, to 40 mm thick, margins ridged where crusts meet, in the
AlgaeBase (Guiry and Guiry, 2013). The alga used in this study has
typically no margins ridged where crusts meet, and is not much thick,
dull chalky and yellowish. Thus, the alga was identified to be
belonging to the crustose coralline Lithophyllum genus using the 18S
rDNA sequence, but not able to confirm the species level. By the
morphological shape, the crustaceous thalli spread irregularly like a
pinky patch, non-verrucoese on surface. Tt-.is distributed in warm
current sea along the coasts of Jeju and Busan,~Korea. From the
morphological and distributional characteristics, it. maybe*deduced to L.
yvessoense (Tokuda et ali 1994). Using the TTC method, we measured
the wviability of crustose coralline tissues collected at the same site
throughout' the year ' (Fig. 2-3)  and quantified viability as the
absorbance ‘at 475 nm. The tissues collected in . February had the
greatest viability, which then decreased gradually in the spring and
summer. Some tissues* remained, pinky.-erust, “and” some disappeared
from the rock surface. Inautumn, they -started to grow, and most
tissues recovered their viability. In December and February, the tissues
again had the healthiest pink structure and greatest viability.
Therefore, this period would be the best season to use as a model
structure of a biomimetic antifouling material. To keep healthy tissues,
we optimized the maintenance conditions using the TTC wviability
assay (Fig. 2-4). The optimal temperature for incubation was 16 °C,

the optimal light intensity was 30 yuE m“s—! with white fluorescent
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light, and the optimal light period was a 16 h light:8 h dark cycle.
Under these conditions, the tissues maintained the best viability for up
to 5 days in a standing flask containing natural seawater. Therefore,
the tissues were kept at the optimized conditions and used with in 5
days. We determined the major fatty acid composition of healthy
coralline tissue (Table 2-1). Of the fatty acids, 23.4% were PUFAs,
with ©-3 eicosapentaenoic acid (EPA; C20:5) comprising 9.7% and o6
arachidonic acid (AA; C20:4) comprising 5.1%; the w-6:0-3 ratio was
1.42. In the previous study (Luyen et al. 2009), EPA and AA showed
strong lytic activity against algal spore with LCs=2.1 and 1.8 ug/ml,
respectively. Therefore, the preparation of biomimetic calcium carbonate
nanoparticles with EPA and/or AA will have potent antifouling activity
as an environmentally’ friendly bio—control. The surface structure of
the crustose coralline 'tissue was examined using SEM. The tissue
surface was covered with round craters about 25 to/ 50 um in
diameter at the surface (Fig. 2-3A). Most of. these’ crater-shaped
structures were irregular circles of average 3.6 um in diameter. The
upper rough tissue was—covered with irregular and angular
polygon-shaped structures about 1.0 to 3.7 um in size (Fig. 2-5B). The
average is about 2.1 uym in size. SEM-based energy-dispersive X-ray
spectroscopy showed that the relative elemental composition was 50%
carbon, 39% oxygen, 3% sodium, 2% chlorine, and 6% calcium by

atomic percentage, or 37% carbon, 38% oxygen, 5% sodium, 5%

chlorine, and 15% calcium by weight.
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Discussion

A dominant crustose coralline alga from barren grounds was
pinkish to reddish and generally characterized by their encrusted
calcareous composition. They typically colonized rocky substrates and
formed smooth and flat crust in the intertidal area exposed to waves.
It is known that many areas of the rocky shorelines of Korea and
Japan are dominated by crustose coralline algae such as Lithophyllum
yessoense Foslie (Kim 2000; Suzuki et al. 1998).-The group’s internal
taxonomy is still in a state of flux; molecular studies are proving
more reliable  than  morphological ~ methods “ in  approximating
relationships within the group (Bittner et al. 2011). Among the factors
preventing the settlement or germination of fleshy seaweed spores, we
found that' polyunsaturated fatty acids (PUFAs) have potent lytic
activity against algal spores (Luyen et al. 2009). When preparing
biomimetic coralline™alga material,’ the antifouling. activity might be
enhanced by adding bioactive PUFAs. Of the fatty acids from healthy
coralline tissue, 9.7% were n-3 eicosapentacnoic acid (EPA; C20:5) and
13.7% were the other PUFAs. In a previous study, EPA showed
strong lytic activity against algal spore with LCs=2.1 ug ml '(Luyen et
al. 2009). Therefore, the preparation of biomimetic calcium carbonate
nanoparticles with EPA might have potent antifouling activity as an
environmentally friendly biocontrol. Some corallines slough off a
surface layer of epithallial cells, which in a few cases may be an

antifouling mechanism which serves the same function as enhancing
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herbivore recruitment (Johnson and Mann 1986; Madaki et al. 1984).
This also affects the community, as many algae recruit on the surface
of a sloughing coralline, and are then lost with the surface layer of
cells. This can also generate patchiness within the community.
Sloughing in this case is probably a means of eliminating old
reproductive structures and grazer—damaged surface cells, and reducing
the likelihood of surface penetration by burrowing organisms.

The major mineral content was calcium carbonate. Calcification
by crustose coralline algaeis crucial to the-formation and maintenance
of coral reefs (Littler 1972). Coralline algae bind adjacent substrata and
provide a calcified tissue barrier against erosion. They “also serve as
food for grazers - notably parrot fish, urchins, and starfish (Adey
1998). Coralline algae provide hard substrata for settlement and
metamorphosis in a large diversity of marine invertebrate larvae,
including abalone (Roberts et al. 2004) We found that allelopathic fatty
acid substances prevented the settlement or -germination of fleshy
seaweed spores (Kim ‘et al.2004; Luyenvét al. 2009). Bromomethane
released by the articulated-coralline -alga can eliminate epiphytic
organisms, especially microalgae on the surface, and might induce the
continuation of coralline flats in marine environments (Ohsawa et al.
2001). Crustose coralline algae are thus capable of limiting the local
abundance of fleshy seaweed by reducing recruitment success.
Furthermore, biomimetic materials derived from the crustose coralline
algae, containing antifouling substances, might be developed to protect

against the attachment of soft foulants, especially micro- and
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macroalgae.

Calcification by crustose coralline algae is crucial to the formation
and maintenance of coral reefs (Littler 1972). Coralline algae bind
adjacent substrata and provide a calcified tissue barrier against
erosion. They also serve as food for grazers - notably parrot fish,
urchins, and starfish (Adey 1998). Coralline algae provide hard
substrata for settlement and metamorphosis in a large diversity of
marine invertebrate larvae, including abalone (Roberts et al. 2004) We
found that allelopathic fatty acid substances-prevented the settlement
or germination of fleshy seaweed spores (Kim et al.~2004; Luyen et al.
2009). Bromomethane “released by the articulated coralline alga can
eliminate epiphytic organisms, especially microalgae on the ‘surface, and
might induce the continuation of coralline flats in marine environments
(Ohsawa et al. 2001). Crustose coralline algae are thus /capable of
limiting the 'local abundance of fleshy seaweed by reducing recruitment
success. Furthermore; biomimetic materials derived from the crustose
coralline algae, containing. antifouling  substances, might be developed
to protect against the attachment of soft foulants, especially micro-

and macroalgae.
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5’ GTTCAAATTTCTGACCTATCAACTTTCGATGGTAAGGTAGTGTCTTACCATGGTGGTAAC
GGGTAACGGACCGTGGGTGCGGGACTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCA
AGGAAGGCAGCAGGCGCGCAACTTACCCAATCCAGACTCTGGGAGGTAGTGACAAGAAATAT
CAATAGGGGAGCCTATGGTTCTTCTAATTGGAATGAGATCGAGCTAAACAGCCATATCGAGA
ATCCAGCAGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCTGTAAGCGTATAC
CAAAGTTGTTGCAGTTAAAACGCTCGTAGTCGGACTTTGGCAGTTCCGGGAGTGTGCGCGTC
GTGTGCACGCTTTGCGGGGACTGCTTTTGTGGTATTGCGTGGGATGAAGCATTTTTATTAAT
GAACGTCCCTCCGCAACCACTTTTTACTGTGAGAAAATCAGAGTGCTCAAAGCAGGCATTTG
CCGTGAATGTATTAGCATGGAATAATAGAATAGGACTTGTTTCTATTTTGTTGGTTTGTTGG
GAATGAGTAATGATTAAGAGGGACAGTTGGGGGGTATTTGTATTTCGGCGCTAGAGGTGAAA
TTCTTAGATTGCCGAAAGACAAACTGCTGCGAAAGCGTCTACCAAGGATGTTTTCATTGATC
AAGAACGAAAGTAAGGGGATCGAAGACGATCAGATACCGTCGTAGTCTTTACTATAAACGAT
GAGGACTGGGGATCGGGCGAGGCATTACGATGACCCGCCCGGCACCCTTCGAGAAATCAAAG
TGTTTGCTTTCTGGGGGGAGTATGGTCGCAAGTCTGAAACTTAAAGGAATTGACGGAAGGGC
ATCACCGGGTGTGGAGCCTGCGGCTTAATTTGACTCAACACGGGAAAACTTACCAGGTCAGG
ACATAGTGAGGATTGACAGATTGAGAGCTICTTTCTTGATTCTATGGTTGGTGGTGCATGGCC
GTTCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAGCGAGACCTGGGCGTGC
TAACTAGGGGGTACTACCATTTTGGTAGTATACTTCCCTTCTTAGACGGACTGTGGGCGTCT
AGCCCACGGAAGCTECAGGCAATAACAGGTCTGAGATGCCCTTAGATGTTCTGGGCCGCACG
CGTGCTACACTGAGTGGATCAGCGGGTTAGGTAACGCGAAAGTGTGTCCTAATCTTCAAATC
CGCTCGTGATGGGGATTGACGGTTGCAATTTTCCGTCATGAACGAGGAATACCTTGTAGGCG
CGTTTCATCATAACGCGCCGAATACGTCCCTGCCCTTTGTACACACCGCCCGTCGCTCCTAC
CGATTGAGTGGTCCGGTGAGGCTTTGGGA3’

Figure 2-1. 18S rDNA sequence (1391 base) of the crustose
coralline alga. Different parts of sequence from the
Lithophyllum incrustans (GenBank accession # AF093410.1) are
in italic letters.
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95— Lithophyllum insipidum
Lithophyllum kotschyanum
Lithophyllum incrustans
LY 18S rDNA
Lithophyllum stictaeforme
Lithothrix aspergillum
Titanoderma pustulatum
100 r—— Amphiroa tribulus

1 00‘— Amphiroa fragilissima

78 Hydrolithon samoense
E&eaphyl/um conicum
56 Hydrolithon murakoshii

Spongites yendoi
Corallina elongata

64 80

Gelidium amansii

Figure 2-2. Phylogenetic dendrograms of the crustose coralline alga
based on 18S rDNA sequence, -and constructed using the
neighbor-joining method. Numbers at nodes indicate the level
of bootstrap support (1,000 replicates).
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Figure 2-3. Seasonal variation in the viability of the crustose
coralline tissue. " The viability was quantified ‘using the
absorbance at 475 nm, and the values are the mean + SD of

at least five independent assays.
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Figure 2-4. Effect of.various parameters.on the -optimal maintenance
of the crustose coralline-tissue: (A) incubation temperature, (B)
amount of light per day, (C) light intensity, and (D) incubation
period under the optimized conditions. The viability was
measured using the absorbance at 475 nm, and the values are
expressed as the mean * SD of at least five independent
assays.
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Figure 2-5. Tissue of the articulated coralline alga. Scanning
electron micrograph of the coralline tissue by 1,000 (A) and
5,000 (B) magnitude. The bars in A and B indicate 10 um and
2 um, respectively.
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Table 2-1. Profile of the major fatty acids (% of total fatty acids) in
the crustose coralline tissue collected on February 9, 2012.

Fatty acids Relative amount (%)
C16:0 36.9
C18:0 116
Cil81 -9 1.2
Cl82 o6 3.2
C183 -6 15
C20:0 1%
C20:4 | o6 Bl
C20:5 " w-3 9.7
C22:0 11.4
C22:2 -6 3.2
C24:0 3.3
Saturated fatty acids 74.0
MUFAs 2.6
PUFAs 23.4
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Chapter III

Biological characteristics and tissue structure of

the branched coralline alga Corallina pilulifera

Abstract

The decrease in the seaweed-flora-in-some rocky areas, known as algal
whitening or barren .ground, is associated with some species of coralline
algae. To determine the biological characteristics-of a representative species
of branched coralline alga, the"number of medullary tiers was counted and
ranged from 12 to 16. The 18S rDNA, psbA, and rbcl genes were used to
confirm the identification of Corallina pilulifera. Measuring viability using
triphenyl tetrazolium chloride showed highly viability from December to
January. Cultural conditions of 16 °C, a 16 h light:8 h dark cycle, and 40 uE
m2s! light intensity .were optimal for maintaining the wiability of the
coralline alga for “up: to 3=days. The fattye acids  included 31.4% -3
eicosapentaenoic acid. Scanning- electron microscopy of the surface structure

revealed unique round wells about 7.9 + 1.3 um in diameter.

Key words: Corallina pilulifera, fatty acid, tissue structure, viability.
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Introduction

Seaweed 1s an important source of food and shelter; its biomass
takes up carbon in marine environments, and it is a source of
chemicals for commercial applications (Thomas 2002). Coralline red
algae abound in nearshore areas and strongly influence the benthic
community. When coralline algae are growing, the rock surfaces
appear pink, while the fleshy seaweed flora disappears from the rocky
areas. In marine environments, this phenomenon is generally called
algal whitening, barren ground (Tokuda et -al. 1994), “coralline flats, or
deforested areas. It is now.recognized as a natural hazard adversely
affecting marine ecosystems and damaging commercial fishing areas.
Although biological (Kitamura et al. 1993; Agateuma et al. 1997) and
physical (Masaki et al. 1984; Johnson and Mann 1986) factors may be
sufficient to" prevent the recruitment of fleshy seaweeds, allelopathic
bromoform (Ohsawa et al. 2001) and fatty aeid (Kim et al. 2004,
Luyen et al. 2009)-substances may also inhibit the settlement or
germination of seaweed spores. Consequently, coralline algae may also
prevent fouling by fleshy seaweeds. Alternatively, biomimetic coralline
alga material might become an environmentally friendly antifouling
material. In nature, most coralline algae are pink and have almost
indistinguishable shapes. Seasonal changes in articulated coralline algae
can also cause confusion in their identification. Therefore, in an
attempt to make a biomimetic coralline alga material, we first had to

identify the species, select the best conditioned tissues as standard
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material, analyze the fatty acid composition, and observe the fine

surface structure.

Materials and Methods

Plant material

Coralline algae were collected monthly from the rocky intertidal
area at Cheongsapo (35°09'28” N, 129°11'47" E), on the east coast of
Busan, Korea. The samples were transported in' a container with
seawater to the laboratory. After rinsing well with autoclaved seawater
to remove epiphytes and debris, the tissues were sonicated three times
with 30-s pulses of an ultrasonic water bath (low-intensity frequency

of 90 kHz) to remove other microepiphytes.

Medullary tier

The coralline algae were fixed in SUSA solution (4.5 g HgCl,,
0.5g NaCl, 20 ml 40% formalin, 4 ml trichloroacetic acid, and 80 ml
distilled water) for 12h and then transferred to formalin solution for
24h. The fronds were fixed for another 24h in 10% neutral buffered
formalin solution (100 ml 40% formaldehyde, 800 ml distilled water,
4.0g Nall,POs4 and 6.5g anhydrous NaHPO,). The tissues were
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dehydrated through an alcohol series from 70% to 100% and cleaned
with three changes of xylene. Specimens embedded in paraffin wax
were cut at bum thickness with a rotary type microtome
(Reichert-Jung 820; Leica, Wetzlar, Germany) and stained with

hematoxylin and eosin (Clark 1981).

Molecular identification

Approximately 0.2-g of the coralline alga-was chopped into very
tiny pieces and placed in a microtube. DNA was extracted using LiCl,
following Hong et al. (1995). The. 185 rDNA" gene, “encoding the
ribosomal RNA in the small subunit of eukaryotic 'cytoplasmic
ribosome, was amplified by polymerase chain reaction (PCR) with the
universal primers 18sF (5' CAACCTGGTTGATCCTGCCAGT 3)
and 18sR (5! GATCCTTCTGCAGGTTCACCTACGGAA /3') (Bird et
al. 1992). The psbA ‘gene encoding the D1 protein of the photosystem
II reaction center complex—in the photosynthetic -organ was amplified
by PCR with the primers psbAF (" ATTGCATTCGTTGCTGCTCCTC 3')
and psbAR (5" GTGAACCAGATTCCTACTACAGGC 3') (Kim et al.
2006). The rbcL gene, known as RuBisCO or ribulose-1,5-bisphosphate
carboxylase/oxygenase in photosynthesizing chloroplasts, was amplified
by PCR with the primers rbcLF (5 GCAGGTGAATCATCTACAGCAAC 3')
and rbcLR (5" GCTTGAATACCGTCTGGATGACC 3') (Freshwater
et al. 1994). The PCR cycling parameters consisted of 94 °C for 5 min,
30 cycles of 94 °C for 30 s, 57 °C for 30 s, 72 °C for 1.5 min, and a
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final 72 °C for 10 min. The amplification products were sequenced
using the same primers (SolGent, Daejeon, Korea). The sequences
were edited and manipulated using MEGA3 (Kumar et al. 2004).
Phylogenetic trees were inferred using the neighbor—joining algorithm
(Saito and Nei 1987) in MEGA3 with bootstrap analysis of 1,000

bootstrap replications.

Viability assay

To measure-the viability of the coralline tissue, the assay of Park
et al. (2006) was used. Briefly, 1 ml of 0.8% 2,3,5-triphenyltetrazolium
chloride (TTC) in seawater containing 50 mM Tris-HCl buffer (pH
8.0) was added to 0.05 g of tissue in a 1.5-ml microtube and incubated
in darkness for 1.5 h at 20 °C under mineral oil. The triphenyl
formazan that formed in the tissue was extracted with 0.6/ ml of 0.2 N
NaOH in 75% “ethanol. by heating for 15 min at760 °C. The triphenyl
formazan was quantified by measuring the absorbance at 475 nm. To
determine the optimal conditionsfor-maintaining viability, 0.25 g of the
tissue was cultured in 50 ml of seawater under 40 yE m %' light
intensity on a 16 h light:8 h dark cycle at 16 °C for 3 days as the

standard conditions.

Scanning electron microscopy

Healthy tissue collected on January 11, 2012 was washed with
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Milli-Q water (Millipore, Billerica, MA) and dried under vacuum before
scanning electron microscopy (SEM) analysis. For SEM images,
tissues were mounted on conductive carbon tabs of a SEM post (Ted
Pella, Inc., Redding, CA), sputter-coated using a Desk-II coater
equipped with a gold target (Alfa Aesar, Ward Hill, MA), and imaged
in a scanning-electron microscope (JSM-6700F; JEOL, Tokyo, Japan).
To determine the elemental composition of parts of the tissues, the
tissues were analyzed using energy-dispersive X-ray spectroscopy.
The standards for carbon, oxygen, and-. calcium were calcium

carbonate, silicon dioxide, and wollastonite, respectively.

Fatty acid analysis

Fatty | acids were determined by gas & chromatographic
quantification of their methyl esters (FAMEs), which were prepared
using slightly modified method from the AOAC (2000). Total lipid was
extracted from the*dried=samples using a Soxhlet extractor. Then,
FAMEs were prepared with 5 ml of methylation solution (1 H>SO4:20
CH30H:10 toluene) and heated at 100 °C for 1 h. Gas chromatography -
massspectroscopy (GC-MS) an aysis was conducted using a 6890
network GC system with a 5973N Mass Selective Detector (MSD)
(Agilent Technologies, Palo Alto, CA). The oven was started at 50 °C
and held for 1 min, and then ramped up to 320 °C at 5 °C min ! The

MSD was operated based on electron ionization.
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Results

Eight samples of dominant coralline algae from different barren
grounds and different seasons were collected. They were pinkish to
reddish with a whitish apex and were generally characterized by their
calcareous composition (Figure 3-1A). They typically colonized rocky
substrates and formed turfs in the intertidal area exposed to waves.
The number of medullary tiers per intergeniculum and other characters
were observed after -staining with hematoxylin and eosin (Figure
3-1B). The number of tiers of medullary cells per intergeniculum was
between 12 and 16. The intergenicular length was. approximately 1.0 -
14 mm. The alga had’ pinnate fusing branches that were somewhat
fan—shaped, with broad intergenicula, and were truncated at the ends.
The main base of the branch was almost as wide as it was long and
the branches, were “somewhat subspherical. The frond height ranged
from 3 to 7 cm:. Tolascertain the species identification, we determined
partial 18S rDNA, psbA, :and rbel gene- sequences. They were then
aligned and analyzed using the neighbor-joining method to construct a
dendrogram. The 1,156-bp 18S rDNA sequence from base 412 to 1,567
was compared to the sequences of 20 species of coralline algae
obtained from the NCBI database to infer the phylogenetic
relationships (Figure 3-2A). The 185 rDNA sequence had 99%
homology with the Corallina sp. sequence (GenBank accession #
FM180100.1). Similarly, the 831-bp psbA plastid gene sequence from

base 31 to 911 was compared with the sequences of 14 species of
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coralline algae obtained from the NCBI database (Figure 3-2B). The
psbA gene sequence shared 100% homology with the C. pilulifera
sequence (GenBank accession # DQ787634.1). Likewise, the 943-bp
rbecL plastid gene sequence from base 226 to 1,168 (Figure 3-2C)
shared 100% homology with the C. pilulifera sequence (GenBank
accession # DQ787558.1). Therefore, the species was identified as the
articulated coralline alga C. pilulifera using 185 rDNA, psbA, and rbcl
gene identification. Using the TTC method, we measured the viability
of C. pilulifera tissues collected at the same-site throughout the year
(Figure 3-3) and quantified viability as the absorbance at 475 nm. The
tissues collected in January had the greatest- viability, which then
decreased gradually in the spring. Some tissues remained 'short or as
unbranched fronds, and some disappeared from the rock surface. In
late spring| and summer, new buds appeared on epilithic basal crusts.
In autumn, ‘they started to grow, and most tissues recovered their
viability. In December and January, the tissues again had the
healthiest pink structure and- greatest wviability.” Therefore, this period
would be the best season to-use as a model structure of a biomimetic
antifouling material. To Kkeep healthy tissues, we optimized the
maintenance conditions using the TTC viability assay (Figure 3-4).
The optimal temperature for incubation was 16 °C, the optimal light
intensity was 40 yE m' with white fluorescent light, and the
optimal light period was a 16 h light:8 h dark cycle. Under these
conditions, the tissues maintained the best viability for up to 3 days in

a standing flask containing natural seawater. Therefore, the tissues
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were kept at the optimized conditions and used with in 3 days. We
determined the major fatty acid composition of healthy C. pilulifera
tissue (Table 3-1). Of the fatty acids, 45.4% were PUFAs, with »-3
eicosapentaenoic acid (EPA; C20:5) comprising 31.4%; the ow-6:w-3
ratio was 0.45. The surface structure of the coralline tissue was
examined using SEM. The tissue surface was covered with unique
round wells about 7.9 * 1.3 um in diameter at the surface (Figure
3-5). Most of these well-shaped structures were irregular circles,
forming cones vertically.  SEM-based —energy-dispersive X-ray
spectroscopy showed that the relative elemental composition was 33%
carbon, 56% oxygen, and 11% calcium by atomic percentage, or 23%

carbon, 53% oxygen, and 24% calcium by weight.

Discussion

The species Corallina_pilulifera’ was identified using anatomical
characters, such as the tier number per intergeniculum (12 -16) and
intergenicular length (0.9 -1.2 mm; Baba et al. 1988; Akioka et al.
1999). All eight samples of the coralline algae collected had the same
range of tier numbers, which is a key character of C. pilulifera. Slight
differences in the intergenicular length, width, frond height, branch,
conceptacle, and intergenicular shapes were seen. Guiry and Guiry
(2012) included four wvarieties of C. pilulifera and 29 entries of C.

officinalis in AlgaeBase that were classified as uncertain. Morphological
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studies alone no longer suffice to identify species, as demonstrated by
the apparent duplication of descriptions due to geographical, seasonal,
and environmental differences. Differences in microhabitat conditions,
such as desiccation, epiphyte loading, and the abundance of herbivores,
can also alter the morphology (Akioka et al. 1999). Therefore, we used
molecular information to complement the physical variation. Molecular
analysis based on 18S rDNA has been used to elucidate the division
of Corallinoideaec (Walker et al. 2009), the classification of the order
Corallinales with 35 species of coralline algae (Bailey and Chapman,
1998), and the relationships within the tribe Janieae-(Kim et al. 2007).
The evolutionary history of the Corallinales has also* been inferred
from nuclear, plastidial,” and mitochondrial genomes (Bittner et al.
2011). Among the factors preventing the settlement or germination of
fleshy seaweed spores, we found that polyunsaturated fatty acids
(PUFAs) have potent lytic activity against algal spores (Luyen et al.
2009). When “ preparing biomimetic coralline .. alga . material, the
antifouling activity “might be enhanced by adding bioactive PUFAs. Of
the fatty acids from healthy C. pilulifera tissue, 31.4% were -3
eicosapentaenoic acid (EPA; C20:5) and 14% were the other PUFAs. In
a previous study, EPA showed strong lytic activity against algal spore
with LCs0=2.1 ug ml '(Luyen et al. 2009). Therefore, the preparation of
biomimetic calcium carbonate nanoparticles with EPA might have
potent antifouling activity as an environmentally friendly biocontrol.
The mineral content of C. pilulifera was 0.13% sodium, 1.75% chloride,

4.37% magnesium, 184% calcium, 0.31% iron, and 28.5% carbonate
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(Yan 1999). These high levels of essential minerals, especially
magnesium, calcium, and iron, coupled with the low sodium, chloride,
and potassium contents, make this species a potential mineral source
for livestock.

Corallina pilulifera is an articulated coralline alga with a hard,
abrasive calcareous skeleton. It dominates the intertidal zone on rocky
substrate where strong waves occur. It produces a bromoperoxidase
that acts on bromide and iodide, and is potentially useful as a catalyst
for biotransformation (Itoh-et al. 1985). The-allelopathic bromomethane
released by the -alga can eliminate epiphytic organisms, especially
microalgae on the surface, and might induce the continuation of
coralline flats in ‘marine environments (Ohsawa et al.  2001). The
growth of the red tide microalga Prorocentrum donghaiense was
inhibited by aqueous and methanoli¢c extracts of C. pilulifera (Wang et
al. 2007). The methanolic extract also had an antioxidant protective
effect on UVA-induced. oxidative stress in human fibroblasts (Ryu et
al. 2009). The ethanol extract-inhibited the growth of the Hela cancer
cell line and induced apoptosis-in_a dose-dependent manner (Kwon et
al. 2007). It can be used as a source of essential minerals for livestock
or agriculture (Yan 1999). Furthermore, antifouling substances or
biomimetic materials derived from C. pilulifera might be developed to
protect against the attachment of soft foulants, especially micro- and

macroalgae.

_40_



Figure 3—-1. Tissue of the articulated coralline alga (A) and medullary
tiers iny longitudinal sections| through the -axial intergeniculum
(B). The bars in-A and B indicate 2 and 0.8 mm, respectively.
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(A) | (B) ©

Figure 3-2. Phylogenetic dendrograms of the coralline alga (CP)
based . on 18S rDNA (A), psbA (B), and rbcL (C) sequences,
and constructed using the neighbor-joining method. Numbers at
nodes indicate the level of bootstrap suppeort. (1,000 replicates).
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Figure 3-3. Seasonal! variation in_the viability of Corallina pilulifera
tissue. The viability was quantified using the absorbance at 475
nm, and the values are the mean * s.d. of at least five
independent assays.
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Figure 3-4. Effect of-various parameters-on the optimal maintenance
of Corallina pilulifera tissue: (A) incubation temperature, (B)
amount of light per day, (C) light intensity, and (D) incubation
period under the optimized conditions. The viability was
measured using the absorbance at 475 nm, and the values are
expressed as the mean * SD of at least five independent
assays.
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Table 3-1. Profile of the major fatty acids (% of total fatty acids) in

Corallina pilulifera tissue collected on December 22, 2012.

Fatty acids Relative amount (%)
C14:0 1%
C16:0 28.8
C18:0 6.3
C181 o-9 1%
Cl182 w6 3.8
C18:3 w6 1.5
C20:4 w-6 D)
C20:5 0-3 314
C22:0 4.5
C22:2 w6 2.3
C24:0 15
Saturated fatty acids 50.7
PUFAs 45.4
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Chapter IV

Effect of calcification inhibitors on the viability of

the coralline algae

Abstract

The addition of calcification —inhibitors was found to regulate the
viability of cultures -of the coralline alga Lithophyllum yessoense and
Corallina pilulifera. The wviability was quantitated-using a triphenyltetrazolium
chloride assay, and the eight of different=calcification “inhibitors were tested.
Fe-citrate and FeCl; inhibited viability, and dichloromethylenediphosphonic acid
increased viability. The Fe-citrate, which had the strongest inhibitory activity,
decreased viability to 74 and 12% that of the control following addition of 1
mM or 10 mM of" culture media of L. yessoense, respectively. Even C.
pilulifera culture media, ~Fe—citrate inhibited viability  to 63 and 44% that of
the control following. addition*ef 1 mM or 10.mM. The Fe-citrate suppressed

L. yessoense and C. pilulifera viability.-the most.

Key words: Crustose alga, Calcification, Lithophyllum, Corallina pilulifera,

Anti—fouling
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Introduction

Many areas of the rocky shorelines of Korea and Japan are
currently dominated by crustose coralline algae such as Lithophyllum
yessoense Foslie (Suzuki et al. 1998; Kim 2000). These non-articulated
(non—geniculate) calcareous algae cover the surfaces of rocks in a pink
or white—colored crust. The decrease in the seaweed flora of some
rocky areas, known as alga whitening or barren ground, is associated
with some species of crustose algae (Tokudaet al. 1994). Since 1990,
the algal whitening area has expanded from south Cheju Island to the
middle East Sea (Chung et al. 1998). In these areas, most fleshy
seaweed has disappeared from rocks because of algal, whitening,
diminishing and devastating the food 'sources and spawning places of
fish and shellfish. Algal whitening iS now recognized as a natural
hazard that —adversely affects marine ecosystems and damages
commercial fisheries (Kim 2002). When coralline algae are growing, the
rock surfaces appear pink, Wwhile the fleshy seaweed flora disappears
from the rocky areas. In marine environments, this phenomenon is
generally called algal whitening, barren ground (Tokuda et al. 1994),
coralline flats, or deforested areas. It is now recognized as a natural
hazard adversely affecting marine ecosystems and damaging
commercial fishing areas. Although biological (Kitamura et al. 1993;
Agateuma et al. 1997) and physical (Masaki et al. 1984; Johnson and
Mann 1986) factors may be sufficient to prevent the recruitment of

fleshy seaweeds, allelopathic bromoform (Ohsawa et al. 2001) and fatty
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acid (Kim et al. 2004, Luyen et al. 2009) substances may also inhibit
the settlement or germination of seaweed spores. Consequently,
coralline algae may also prevent fouling by fleshy seaweeds.
Alternatively, biomimetic coralline alga material might become an
environmentally friendly antifouling material. Biomimetic materials
derived from the crustose coralline algae, containing antifouling
substances, might be developed to protect against the attachment of
soft foulants, especially micro- and macroalgae.

Calcium and inorganic carbon are the-two major substrates of
photosynthesis and calcification. Calcium chemistry is relatively simple
because there’ is only one primary ionic species of* this element,
although various neutral and charged complexes of the divalent ion are
known to exist in seawater (Kennish, 1994). In contrast, carbonate
chemistry is much more complex because it involves a gaseous form
and both 1onic and neutral species as well as complexed forms in
seawater (Gattuso etsal. 1999).

Dissolved inorganic carbon (DIC) comprises 3 species: dissolved
CO,; (COy + HoCOs3) as well~as bicarbonate (HHCOs3 ) and carbonate ions
(COs™)

CO, + H,0 © H,CO; & HCO;y + H & CO4 + 2H'

Dissolved inorganic carbon is used by the animal host to deposit

skeletal CaCOs and by the endosymbiont for its photosynthesis.

Photosynthesis, respiration (of the animal and algal components) and
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calcification can take place simultaneously according to the following

simplified equations:

CO; + H20 — CHO + O» (photosynthesis)
CHO + Oy, — CO; + H0O (respiration)
Ca®" + 2HCO; — CaCOs + CO, + H,0 (calcification)

Photosynthesis and calcification both consume inorganic carbon
but the combined processes can also be viewed as mutually supporting
because CO; generated by calcification can be used-for photosynthetic
carbon fixation.

Biological mineralization 1is a | complex phenomenon Wwhereby
calcium phosphate salts are transformed to hydroxypatite, a process
that may be influenced by natural inhibitors in the microenvironment.
Certain chelating reagents are used to prevent the precipitation of
minerals andare theactive constituents in anti-scaling’ reagents and
certain  industrial - cleaners;- corrosion = inhibitors and household
detergents (Nancollas& Sawada, 1982;Fischer, 1993). For determining
inhibition of coralline algae, we have used calcification inhibitors. The
tissue viability of the coralline algae were quantitatively measured

using a triphenyltetrazolium chloride assay.
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Materials and Methods

Preparation of tissue

Coralline algae were collected from the rocky intertidal area at
Cheongsapo (35°09'28” N, 129°11'47" E), on the east coast of Busan,
Korea. The samples were transported in a container with seawater to
the laboratory. After rinsing well with autoclaved seawater to remove
epiphytes and debris,the encrusted tissues were-sonicated three times
with 30-spulses of an ultrasonic water bath (low-intensity frequency
of 90kHz) to remove other~microepiphytes. Non— articulated coralline
tissue was /then scraped off the stones using the saw. The! tissue was
thoroughly | washed at least six times by centrifugation at 1000 x g for
30 sec (Kang et al. 2009). Articulated coralline tissues were cleaned by
brushing thoroughly and senicating (47 KkHz) twice for 1 min in
autoclavedseawater, “-and -~ immersed in 1% ~Betadine for 2 min
toeliminate epiphytes (Jin et-al. 1997). They were then rehabilitated at
18 °C in PES (Provasoli 1968) for a day before use.

Inhibitors

For calcification inhibitory agents, alendronate sodium trihydrate,
dichloromethylenediphosphonic acid, etidronic acid, Fe-citrate, FeCls,
AlCls, an inhibitor of hydroxyapatite, was dissolved on distilled water

and added to a concentration of 10 mM and 1 mM, respectively. The
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bicarbonate channel blocker, 4,4°-diisothiocyanatostilbene-2,2"-disulfonic
acid was prepared the same way. The impermeable carbonic anhydrase

inhibitor, acetozolamide was dissolved in dimethylsulfoxide.

Experimental set-up

To measure the viability of the tissue, 25 pL of each inhibitor
was added to 5-mL PES medium containing 0.1 g of L. yessoense and
0.05 g of C pilulifera, and the mix was cultured for 5 d at 16 °C with
rotation at 130 rpm, under a photon flux density (fluorescent light) of
40 pmol m”Zsec’!, and on a light cycle of 16=h light/8-h dark. A
reference culture ‘'was prepared by 'mixing 25ul ‘distilled water or
DMSO in the same medium. After harvesting the tissues by
centrifugation at 3000" X g for 30 sec, the wviability was measured
using the TTC assay. The relative wviability (%) was calculated as:
(S/C) x 100, where 'S equals the absorbance ofitissue with seaweed

extract and C equals-the abserbance of the reference culture.

Viability assay

To measure the viability of the coralline tissue, the assay of Park
et al. (2006) was used. Briefly, 1 ml of 0.8% 2,3,5-triphenyltetrazolium
chloride (TTC) in seawater containing 50 mM Tris-HCl buffer (pH
8.0) was added to the tissue in a 1.7-ml microtube and incubated in

darkness for 1.5 hr at 20 °C under mineral oil. The triphenyl formazan
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that formed in the tissue was extracted with 0.6 ml of 0.2 N NaOH in
75% ethanol by heating for 15 min at 60 °C. The triphenyl formazan

was quantified by measuring the absorbance at 475 nm.

Results

The effects of the -ealcification inhibitors on the viability of
Lithophyllum yessoense were determined using the “I'TC assay after 5
d of culture. A reference culture lacking calcification inhibitors reached
an absorbance of 1.27 +.0.26. To estimate the effects of the inhibitors
on the wviability of the coralline alga, we were determined 8 of
calcification inhibitor ~samples. The inhibitors were added to L.
yessoense culture medium to each |concentration. Fe—citrate and FeCly
inhibited wviability to. 12 and 53% that of the control, respectively,
whereas the dichloromethylenediphosphonice-acid “wasshow the viability
to 1009 at 10 mM (Table4-1). At 1"mM, Fe-citrate inhibited viability
to 74% that of the reference culture.

The effects of the calcification inhibitors on the viability of
Corallina pilulifera were determined using the TTC assay after 5 d of
culture. A reference culture lacking calcification inhibitors reached an
absorbance of 1.10 = 0.17. Among determined -calcification inhibitor
samples, Fe-citrate and FeCls inhibited viability to 44 and 35% that of

the control, respectively at 10 mM (Table 4-2). At 1 mM, 44’

_58_



~diisothiocyanatostilbene-2,2 ~ —disulfonic acid, Fe-citrate and ethidronic
acid inhibited wviability to 63%, 67% and 68% that of the control,
respectively. The Fe-citrate suppressed L. yessoense and C. pilulifera
viability the most. The Fe-citrate concentrations producing ICsy were

35 mM, 3.8 mM for L. yessoense and C. pilulifera, respectively

(Figure 4-1, 4-2).

Discussion

In reef-building corals, = photosynthesis by endosymbiotic algae
enhances calcification; this rate of calcification is reduced' by shading
and by inhibitors of photosynthesis such ad DCMU  (dichlorophenyl
dimethyl urea) and Diamox and by some uncouplers of oxidative
phosphorylation (Kawaguti & Sakumoto, 1948; Goreau, 1959; Goreau &
Goreau, 19959; “Yamazato, 1966, Yamashiro, 1995): These works show
that the light-enhanced calcification .can be reduced by inhibition of
metabolic processes as a reduced -supply of oxygen and organic
materials which could enhance the calcification of the host coral
Calcification can also be reduced by compounds which prevent mineral
deposition rather than affecting the metabolic processes. Also,
Pentecost (1978) showed that -calcification in the coralline alga
Corallina officinalis 1s directly related to the photosynthetic rate, and
Smith and Roth (1979) showed that the calcification rate is related to

the inorganic carbon concentration in the medium.
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Bisphosphonates, a group of synthetic chelating reagents
containing a P-C-P bond, retard both formation (Francis et al. 1969)
and dissolution(Fleisch et al., 1969) of calcium phosphates in vivo and
in vitro. Bisphosphonates have been used in studies of calcification in
calcareous algae (Okazaki et al. 1993) and mammals (Shinoda et al.
1983; Ohyaet al. 1991) where they strongly inhibited mineral deposition.
According to Yamashiro (1995), treatment by 1-hydroxyethylidene-1,
1-bisphosphonic acid is able to block only -calcification without a
reduction of photosynthetically produced oxygen and organic materials
supplied by the symbiotic algae.

Phosphocitrate and its analogue N-sulpho—2-amino: tricarballylate
were compared with ethane-1-hydroxy—1,1-diphosphonate for inhibition
of calcium| phosphate ecrystallization in hydroxyapatite induced crystal
growth and ®Ca uptake by matrix vesicles. Phosphocitrate (1 pM) was
the most ' potent. inhibitor followed by ethane-1-hydroxy-1,1-
diphosphonate “. and » N-sulpho—-2-amino tricarballylate, the latter
requiring a high concentration. (100 M) to" be ‘equally effective as an
inhibitor (Shankar et al. 1983).

According to Suzuki et al. (1995), a medium enriched with iron
promotes the growth of Laminaria and Undaria. In contrast,
Lithophyllum grew even in an iron-limited medium (< 1 nM Fe). In

this study
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Table 4-1. Effect of calcification inhibitors on viability of the coralline
Lithophyllum yessoense‘.

10 mM 1 mM

Calcification Inhibitor Absorbance Relative Absorbance Relative

at 475nm  viability (%) at 475nm  viability (%)

Hydroxyapatite  inhibitor

Alendronate 0.86+£0.18 = 70 1.58+0.10 129
AlCl; 0.83£0.18 70 1.33+0.15 108
Dichloromethylene
. 4 . 1.27+0.35 103 1.50£0.06 " 122
diphosphonic acid
Etidronic acid 091+042 74 1.22+0.29 100
Fe-citrate 0.15+£0.06 | 12 094+044 = 76
FeCls 0.67+0.15 55 1.14+0.38 93

Bicarbonate channel blocker

4,4"-Diisothiocyanatostilbéene—

] ) ND ND 1.771+0.31 139
2,2 —disulfonic acid
Carbonic anhydrase inhibitor
Acetozolamide 0.89+0.40 72 1.18+0.19 96

'Reference culture without any calcification inhibitor reached absorbance of
1.27+0.26. Data are the mean * SD (n>3). ND; not determined.
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Table 4-2. Effect of calcification inhibitors on viability of the coralline
Corallina pilulifera’.

10 mM 1 mM

Calcification Inhibitor Absorbance Relative Absorbance Relative

at 475nm  viability (%) at 475nm  viability (%)

Hydroxyapatite  inhibitor

Alendronate i 3 = -
AlCl; 0.22£0.10 18 1.03£0.29 &4
Dichloromethylene

] ] . 0.90£0.24 73 0.81+0.23 " 66
diphosphonic acid
Etidronic acid 0.64+0.28 54 0.66+0.24 b4
Fe-citrate 0.50£0.25 40 0.65+0.22 53
FeCls 0.39+0.21 31 1.18+0.19 96
Bicarbonate channel blocker
4,4"-Diisothiocyanatostilbéene—

] ] ) ND ND 061+0.19 50

2,2 —disulfonic acid
Carbonic anhydrase inhibitor
Acetozolamide 0.56+0.17 46 0.93+0.23 76

'Reference culture without any calcification inhibitor reached absorbance of
1.11+0.15. Data are the mean + SD (n>3). ND; not determined.
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Figure 4-1. Effect .of. Fe-citrate on Lithophyllum yessoense tissue.
The viability ‘was measured -using the absorbance at 475 nm,
and the values are expressed as the mean * SD of at least
five independent assays.
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Figure 4-2.. Effect. of Fe-citrate on Corallina pilulifera /tissue. The
viability ‘'was measured using the absorbance at 475 nm, and
the values -are expressed as the mean * SD of at least five
independent assays.
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Chapter V

Antifouling activity of extracts of the periostracum

of the mussel Mytilus edulis

Abstract

A  study was made to -investigate possible formation by the
periostracum of the mussel Mytilus edulis of antifouling substances against
the settlement and germination of spores of Porphyra suborbiculata. The shell
coating known as the periostracum, is 'indicated as a possible physical and
chemical antifouling defense component. The periostracum was separated from
the shell and extracts of the periostracum obtained by extraction with three
solvents. Considerable activity against monospores was shown by ethyl
acetate and dichloromethane extract. The microtopography of the shell surface
was measured “using scanning electron microscopy” (SEM) “which revealed
homogeneous and ridged- surface of periostracum. The periostracum surface
has also shown considerable activity against monospores. This indicates that
in mussels P. suborbiculata the periostracum possesses a generic

anti—settlement property, at least against spores settlement and germination.

Key words: antifouling, periostracum, Mytilus edulis, Porphyra suborbiculata
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Introduction

Biofouling is a natural process of marine ecosystem caused by
the surface colonization and development of micro and macrofoulers on
submerged natural/man-made marine structures, leading to huge
economic and environmental losses worldwide. The annual global loss
of maritime domain is more than 6.5 million dollars (Bhadury et al.
2004). Fouling of ship hulls and niche areas represents a significant
cost for the maritime industry. Higher maintenance costs, increased
fuel requirements.-due to greater levels-of hull drag, lost productivity
due to more Afrequent dry-docking for removal“of fouling organisms,
and the cost of compliance with environmental regulations create a
significant  burden for maritime operators, whether private or public
(Callow et al. 2003; Statz et al. 2006, Yebra et al., 2004)./ Previously
utilized antifouling ‘agents, such as widely used vessel biocidal coatings
containing the. organotin ‘Tributyltin' (TBT), .although efficacious
against fouling, have limitations relating to ‘their toxicity (Anderson et
al. 2003; Statz et al. 2006).- The toxicity of TBT in the marine
environment has been extensively researched, with evidence of oyster
deformities, imposex in dog whelks, adverse effects on marine benthic
organisms and concentration and accumulation in the marine food
chain (Callow et al. 2002; Sonak 2008). As a result of these
environmental impacts, TBT is the subject of a relatively recent
worldwide ban by the International Maritime Organisation (IMO). As

of January 2008, vessels of countries party to the convention and those
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engaged In activities at ports of convention parties, are no longer
permitted to have TBT containing coatings on vessels of any size
(IMO 2001). Due to these limitations with conventional coatings,
research into ‘biomimetics —surfaces and compounds inspired by natural
systems - capable of resisting fouling pressure whilst reducing
impacts on the local and extended environments has grown importance
(Scardino et al. 2009; Rolston et al. 2009; Scardino et al. 2011). It has
been observed that some marine species such as mussels are able to
resist fouling when in good physiological ~condition (Abarzua et al.
1995; Wahl 1998; Scardino et -al. 2003; Scardino et al. 2004; Bers et al.
2006a). Mussels have a tough, yet pliable, proteinaceous*shell covering
secreted by the mantle, which is known as the ‘periostracum’ (Harper
et al. 1993, Scardino et al. 2003). Scardino et al. (2003) and Bers et al.
(2006b) noted that fouling organisms showed some preference toward
compromised areas"of the periostracum for initial attachment and that
mussels with “an intact periostracum showed a _greater resistance to
fouling pressure. Several _studies have rrecorded the influence of a
physical fouling deterrent in-the form of-microtopography on mussel
shells (Wahl et al. 1998; Bers et al. 2004; Scardino et al. 2004). Bers
et al. (2006b) suggested that in conjunction with the recognized
physical antifouling defenses of marine mussels (such as ‘weeping’ of
the shell by the foot), there appears also to be a chemical element to
the defence. Bers et al. (2006b) were able to demonstrate some
antifouling activity toward a variety of common fouling organisms

from the extracts take from the periostracum of the marine blue
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mussels, Mytilus edulis without separating periostracum from the rest
of the mussel shell.

The aim of this study was to investigate antifouling activity of
periostracum extracts of M. edulis. When separated from the shell,
against alga Porphyra suborbiculata monospores settlement and
germination and to attempt to isolate and identity extracts responsible

for the antifouling inhibition.

Materials and Methods

Monospore culture

Juvenile blades of Porphyra suborbiculata were collected from the
rocky intertidal. area at Cheongsapo (35°09'28” N, .129°1147" E), on the
east coast of Busan, Korea:Tte fresh. blades “were rinsed, sonicated
(low-intensity frequency of-90. kHz) twice for 1 min in autoclaved
seawater, and Immersed in 1% Betadine solution with 2% Triton
X-100 for 1 min to eliminate epiphyte. To liberate the monospores,
blades were cultured in Provasoli enriched seawater (PES) medium
(Provasoli 1968) under 40 pmol m %s™' light intensity (10L:14D) at 20
°C. Monospores were then grown to juvenile blades under the same

conditions.

_71_



Mussel shells

Mussel shells (625 = 3.3 mm length) were collected from
Namcheon fish market. Shells which were covered by fouling or
damage were discarded. Shells with obvious existing fouling, severely
damaged shells or noticeably abraded periostracum were also rejected.
Specimens were gently cleaned of associated detritus (mud, debris,
byssal threads etc) and any obvious microfouling films, prior to

submersion in the vinegar solution.

Periostracum extract

Whole shells were submerged! in a vinegar and seawater
‘pickling’ solution' to aid removal of the periostracum. A 1:2 vinegar:
seawater mixture (approximately 2% acetic acid), was found to be
most effective "to loosen- the periostracum. Samples were retained in
the pickling solution~for approximately 24 hours, after which time the
periostracum was peeled from the shell with forceps and stored in
seawater. The periostracum peels were washed with distilled water to
remove excess associated salts and acetic acid and then one part of
peels were frozen to -20 °C prior to freeze-dry and, other peels to be
use for fouling test and spores culture.

Freeze dried periostracum were ground to a powder for 5 min
using hand mortar. 20 mg of periostracum powder was each extracted

with 1 mL of one of the following slovents: dichloromethane (DCM),
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ethyl acetate (EA), methanol (MeOH) and dimethyl sulfoxide (DMSO).
Extraction with each solvent was repeated three times for 1 h by
pulses of an ultrasonic water bath (low-intensity frequency of 90 kHz)
and the combined extracts were dried under nitrogen. A stock solution
of each extraction was prepared by the addition of 1 mlL dimethyl
sulfoxide (DMSO) to each 40 mg of dried extract. The prepared stocks

were filterd through a 0.45 pm syringe filter before use.

Spores bioassay

For assay of spore settlement, aliquots of 100 plL seawater were
at first distributed in a /96-well plate. 1 pL of seaweed extract (40 mg
mL '), 4 uL PES stock and approximately 100 - 200 spores were
added, and the final volume made immediately to 200 pl. For algal
conditioned seawater, approximately 100 - 200 spores were centrifuged
and 200 pL aliquot -of“the conditioned water was added. The resulting
spore suspensions were placed in the dark for 1 day at 18 °C to allow
for even settlement on the bottom. At the end of this period,
non-settled spores were removed from the bottom by centrifugation in
an inverted position at 1500 x g for 15 min. The number of settled
spores was counted under a microscope after replacing with new PES
solution. Spore settlement was expressed as the percentage of the
reference value. The reference material for each test was prepared
using the same procedure apart from the absence of extract. The

minimum detectable inhibition of spore settlement by DMSO occurred
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at 0.5% (data not shown). Therefore the final concentration of DMSO
was kept below 0.5% in all tests.

For assay of spore germination, approximately 100 - 200 spores
were added to a 200 pL aliquot of PES in a 96-well plate, and placed
in the dark for 1 day at 18°C to settle spores on the bottom. After
non-settled spores were removed from the bottom by centrifugation in
an inverted position, and fresh 200 plL PES was added, then 1 pL of
each extract (40 mg mlL ') was immediately added to each 200 uL
culture. The resulting germling cultures were placed at 18 °C and 80
pmol m %! light intensity on a 12L:12D cycle for 1 wk to permit
development. ~The number of germling was. counted under the
microscope jand expressed as a percentage of the. reference -culture.
The minimum DMSO concentration leading to detectable inhibition was
0.5% (data not shown). Therefore the solvent extracts and reference
solutions were always ‘added to the medium to provide a DMSO
concentration in thes assay cultures <0.5%. The experiments were

repeated at least three times ' with each independent

Results

Approximately 200 monospores of Porphyra suborbiculata were
allowed to a 96-well plate, while spores could not settled well at

periostracum of Mytilus edulis (Fig. 5-1). The periostracum of M.
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edulis showed significant germination inhibition (86%) compared to the
reference.

M. edulis had a microtopography with a regular corrugated
ridging pattern under SEM (Figure 5-1). The periostracum of M.
edulis is covered by microripples, 1 - 1.5 uym wide, running parallel to
each other and orthogonal to the growth rings of the mussel shell.
They stretched across the entire shell, without branching or
broadening in any area of the shell.

Antifouling activities— of the periostracum extracts of Mytilus
edulis were examined on spore settlement and™.germling of the
Porphyra suborbiculata. Dichloromethane (DCM), ethyl acetate (EA),
methanol (MeOH)-soluble fraction 'were isolated. from' fresh and
acidified periostracum to confirm the activity. When 200 pg mL ! of
each extracts were added to spores in the settlement assay, DCM
extract of the fresh periostracum showed settlement inhibition of 11%
against the reference (Table 5-1). The study. was  continued by
investigating possible “effects. on . spore’ 'germination (Table 5-2).
Against P. suborbiculata, the-200 g mL-*DCM and EA extract of the
acidified periostracum reduced monospore germination to 5 and 7% of
control. The study was continued by investigating possible effects of
periostracum its self on spore germination. When 200 pg mL ! DMSO
extract were added to an acidified inner periostracum and outer
periostracum, the germling rate was showed 14 and 1296, respectively.
10 compounds in the DCM extract identified by GC-MS (Table 5-3).

Of the identified compounds, the major compound was oleamide (19%).
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Discussion

This research has shown antifouling activity of extracts of
marine mussel’'s periostrcum against common fouling organisms. The
results of this research have shown some antifouling activity in
extracts of the periostracum obtained from the Mytilus sp. (Berset.
2006). The spores assay show that antifouling activity is greater in
extracts produced from dichloromethane and ethyl acetate rather than
methanol. This suggests that the compound responsible for activity is
relatively non-polar. Significant difference  was observed between
extracts and control in the spores settlement and germination.

Statistical analysis:of results was unable to be' performed for the
settlement and germination of spores on periostracum tissue for this
study due to 'the '‘number of factors. The ' high | levels of
autofluorescence demonstrated by periostracum  tissue prevented
accurate microscopic’ counting of the spores on-images, and hence no
accurate quantitative.. analysis of = thel settlement and germination
inhibition of the periostracum could be made. The small data set from
the spores assay meant that any statistical interpretation would not be
robust. However it was shown that the periostracum had a deterrent
effect on the settlement and germination of spores. Previous research
into antifouling characteristics of marine mussel shells has shown that
the microtopography of the shell may be a physical deterrent to
barnacle cyprid settlement, and hence, chemical activity toward

barnacle cyprinids may not be as pronounced (Scardino and Nys 2004).
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On the study of fouling organism on the mussel shells, we
observed that the shell of aguaculture mussels had intact periostracum
whiles the periostracum of wild mussels was not intact. Thus the
shells of aquaculture mussels were largely unfouled compare to the
shell of wild mussels which were largely fouled by fouling organisms.
The strong correlation between the presence of an intact periostracum
and a low level of fouling is consistent with its role as an antifouling
mechanism. Studies in which periostracum has been experimentally
removed also indicate as-role for this shell-layer in antifouling. For
example, fouling by algae and barnacles on M. edulis. was significantly
greater on areas of shell where the periostracum had been physically
removed (Wahl et al. 1998). Preference for areas of the 'shell where
the periostracum is abraded or absent, such as on older shell, has been
observed for a diversity of molluses fouled by a range of boring
organisms including endoliithic algae (Kaehler 1999), sponges and other
invertebrates (e.g. Mao Che et al. 1996). The.end result of these
infestations is often. death_of-the host (IMao Che et 1996; Kaehler and
McQuaid 1999).
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Figure 5-1. Periostracum of blue mussel Mytilus edulis.
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Table 5-1. Effects of extracts from periostracum on settlement of
Porphyra suborbiculata monospores.

Solvent Settlement (400 pg mL™")
Acidify outer DCM 3B 8- o T

EA o =

MeOH b5 £ 9
Acidified inner DCM oL -

EA 82 Sl

MeOH 34 £ 6
Fresh inner DCM 35 £ 5

EA 37 £ 9

MeOH 47 £ 8

Notes: Value are expressed-as percentage of control. Data are mean + SD for
at least 3 independent assays. Average percentage of settled spores in

reference 1s 81.0 + 7.8%.
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Table 5-2. Effects of extracts from periostracum on germination of
Porphyra suborbiculata monospores.

Solvent Germination (400 pg mL™)
Acidify outer DCM 5l—£ 198

EA 8.9 + 24

MeOH 10.6 £.5.0
Acidified inner DCM 8.5 (S

EA 5.2 = 2.6

MeOH 10.6 £ 2.4
Fresh inner DCM 3.4 + 5.4

EA 4.5 + 41

MeOH 16.5 + 3.6

Notes: Value are expressed as percentage of control. Data are mean + SD for
at least 3 independent assays. Average percentage of germinated per settled
spores in reference is 83.2 £ 5.9%.
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Table

Composunds identified

from dichloromethane
extracts of periostracum by GC-MS.

RT compounds relative peak area (%)
8.383 Nonanal 1.49
10.933 Pelargonicacid (C7:0) &F 37
17.683 Myristic acid (C14:0) 0.37
21.467 Palmitic acid (C16:0) 0.31
22.833 Phytol 0.28
23.567 STEARIC ACID (C18:0) 0.38
33.3 Oleamide 19.00
37.783 1-Tetracosanol 8.89
38.05 Cholest-5-en=3-ol 3.61
40.4 1-Pentacosanol 3.91
- Unknowncempounds 61.44

_82_



Reference

Agateuma Y, Mateuyama K, Nakata A, Kawai T, Nishikawa N. 1997.
Marine algal succession on coralline flats after removal of sea

urchins in Suttsu bay on the Japan Sea coast of Hokkaido, Japan.

Nippon Suisan Gakkaishi 63: 672-680.

Abarzua S, Jakubowski S. 1995. Biotechnological investigation for the
prevention of biofouling.—I. Biological and biochemical principles
for the prevention of biofouling. Marine Ecology Progress Service

123t 302-312.

Bears AV, Wahl M. 2004. The' Influence of Natural Sufrace

Microtopographies on Fouling. Biofouling 20: 43-51.
Callow ME, Callow JA. 2002. Marine Fouling: A Sticky Problem,
Biologist 49: 1-5.

Callow ME, Callow ~JA.- 2003. Some New .Insights into Marine
Fouling. World super®Yacht 1: 35-39.

Harper EM, Skelton PW. 1993. A Defensive Value of the Thickened
Periostracum in the Mytiloidea. The Veliger 36: 36-42.

Scardino A, de Nys R, Ison O, O'Connor W, Steinberg P. 2003.
Microtopography and antifouling properties of the shell surface of
the bivalve molluscs Mpytilis galloprovincialis and Pinctada

imbricata. Biofouling 19(Suppl.): 223-30.

Scardino A]J, de Nys R. 2004. Fouling deterrence on the bivalve shell

_83_



Mytilus galloprovincialis: a physical phenomenon? Biofouling 20:

249-257.

Scardino A, de Nys R. 2011. Biomimetic Models and Bioinspired

Surfaces for Fouling Control. Biofouling 27: 73-86.

Scardino A]J, Zhang H, Cookson DJ, Lamb RN, de Nys R. 2009. The

role of nano-roughness in antifouling. Biofouling 25: 757 - 767.

Sonak S, 2009. Implications of organotins in the marine environment
and their prohibition. Journal—of Environmental Management

90(Suppl.): S1-S3.

Statz A, Finlay J, Dalsin J, CallowM, Callow- JA, Messersmith PB.
2006. Algal antifouling and fouling-release properties of metal

surfaces coated with a polymer inspired by | marine mussels.

Biofouling 22: 392-399.

Thiyagarajan, V, Nair KVK, Subramoniam T, Venugopalan VP. 2002.
Larval settlement behaviour of| the barnacle.-Balanus reticulatus in

the laboratory,~Journal-of the Marine Biological Association of the

UK 82: 579-582.

_84_



Q oF

2 A7 0MeE MEoL #ifTESo FiEstE 2&dSo st T[lE HAEY] 25t A
e BATIEHC MA ey dges el LS fstof MSERe HX[Q HIZRH HeaME
B st SERACE

Aot AHX[HOA 2T 22| A4 = WM E2 W=SHMR2 MSTFA 2THO| AUCE. O
FHQ PHMSEo| MESIA EME THAStT| 95t0 185 rINA |AAS EME HY S5
(Lithophyllum) =0 &&= g8 20I5t¥a O YEHE EAMS=2 HOl L yessoense £9 Zieo=z
SFEEIC} Triphenyl tetrazolium chloride EA] EHE =&t Z3 1280A 28 AtO[7t 7IE& &
dom, = B2 QA7 ¢slols 16T, 16:8 AlZE ZIFT|, 30 yE/m2/sH T oA SYZH & & A
HE =Ct Rghat =MoAMi= EPA 7 (& U2 DEEXSA[HMOZA 9. 728 AfA[5t2 UCt
FAYHMAIHOF 28t HERE EH HH 3,6 4n AH 2 HE FIF 22E o(FH 1
/ol 1.0 LHA| 3.7 ym 2 H[AY Cl2e 2=EE0| HO{A UL

St WaleAfof H2tElE REMSEF/IF MYSE AHoME REMSERE & MAsta AU
Ct. ol REMS=O Ot HAME M ZHsHS 2H0Ist2| /5l xy FRAMSER Fo
Aeparsdo oiste AT4E sHSIRC. AMAUR MSERE IR ZRES) JMEAE(7 Mg
LIEtAD Aetd AMgde= Ml Moz ASPadMsTel FEHSA S48 IR0, b
medullary tiers = 12-0lA 16 Alo[G oo, Hzte| Zoj= < 1.0 —1.4 mm & LIEIGCH. 188

rDNA, psbA, rbcl gene sequence-8 H|ZF|E Hi, BLFSASY(Corallinag pilulifera)B £&
ZICl KREMSETO HAZAE = Triphenyl tetrazolium chloride EA 2 =F8F A} 12
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MEEFR MEHY SHATY N MSERE 22X &8 X[ 2
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