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Biologicalcharacteristicsandalgicidalsubstanceagainstthebiofouling

corallinealgae

Ji-YoungKang

DepartmentofBiotechnology,TheGraduateSchool,

PukyongNationalUniversity

Abstract

Weplan tosearch antifouling materialsfrom thecorallinealgaeto

preventbiofoulingdamagetoshipormarinestructure.Bio-mimicmaterials

wouldbecomeanenvironmental-friendlyandnoharmfulsourcetothemarine

application.Thecorallinealgaeshowsoneofmainreasonsofalgalwhitening

inbarrengroundwherehasnoseaweedgrowth,andalsoshowsallelopathic

effectagainstattachmentand germination ofseaweed spores.Bio-mimic

materialsofthecorallineagaemightbeusableasantifoulingagentsagainst

seaweed atleast.Geneanalysis,viability assay,treatmentofcalcification

inhibitors,andrelatedresearcheswillbedoneinthisstudy.

Thedisappearanceofseaweedflorainsomerockyareas,knownas

algal whitening,barren ground,coralline flats,or deforested areas,is

associatedwithsomespeciesofcorallinealgae.Todeterminethebiological

characteristics ofa representative species ofcrustose coralline alga,18S

rDNA gene was sequenced to identify the genus Lithophyllum. By

morphologicalanddistributionalcharacteristics,itisdeducedtoL.yessoense.

Measuring viability using triphenyl tetrazolium chloride showed highly

viabilityfrom DecembertoFebruary.Culturalconditionsof16°C,a16hr

light:8 hrdark cycle,and 30 µE m-2s-1 lightintensity wereoptimalfor

maintaining theviability ofthealgaforup to 5 days.Thefatty acids

included9.7% ω-3eicosapentaenoicacid.Scanningelectronmicroscopyofthe

surfacestructurerevealedroundcratersabout3.6µm indiameter,covered

withroughirregularandangularpolygon-shapedstructuresabout1.0to3.7

µm insize.Biomimeticcorallinealgabasedonthecompositionandstructure
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mightbecomean environmentally friendly antifouling materialagainstthe

attachmentofsoftfoulants.

Thedecreaseintheseaweedflorainsomerockyareas,knownasalgal

whitening orbarren ground,isassociated with somespeciesofcoralline

algae.Todeterminethebiologicalcharacteristicsofarepresentativespecies

ofbranchedcorallinealga,thenumberofmedullarytierswascountedand

rangedfrom 12to16.The18SrDNA,psbA,andrbcLgeneswereusedto

confirm theidentification ofCorallina pilulifera.Measuring viability using

triphenyltetrazolium chloride showed highly viability from December to

January.Culturalconditionsof16°C,a16hlight:8hdarkcycle,and40µE

m-2s-1 lightintensity were optimalfor maintaining the viability ofthe

coralline alga for up to 3 days.The fatty acids included 31.4% ω-3

eicosapentaenoicacid.Scanningelectronmicroscopyofthesurfacestructure

revealeduniqueroundwellsabout7.9±1.3µm indiameter.

The addition ofcalcification inhibitors was found to regulate the

viability of cultures of the coralline alga Lithophyllum yessoense and

Corallinapilulifera.Theviabilitywasquantitatedusingatriphenyltetrazolium

chlorideassay,andtheeightofdifferentcalcificationinhibitorsweretested.

Fe-citrateandFeCl2inhibitedviability,anddichloromethylenediphosphonicacid

increasedviability.TheFe-citrate,whichhadthestrongestinhibitoryactivity,

decreasedviabilityto74and12% thatofthecontrolfollowingadditionof1

mM or10 mM ofculturemediaofL.yessoense,respectively.Even C.

piluliferaculturemedia,Fe-citrateinhibitedviabilityto63and44% thatof

thecontrolfollowingadditionof1mM or10mM.TheFe-citratesuppressed

L.yessoenseandC.piluliferaviabilitythemost.

A study was made to investigate possible formation by the

periostracum ofthemusselMytilusedulisofantifoulingsubstancesagainst

thesettlementandgerminationofsporesofPorphyrasuborbiculata.Theshell

coatingknownastheperiostracum,isindicatedasapossiblephysicaland

chemicalantifoulingdefensecomponent.Theperiostracum wasseparatedfrom

theshellandextractsoftheperiostracum obtainedbyextractionwiththree

solvents.Considerableactivitygainstmonosporeswasshownbyethylacetate

anddichloromethaneextract.Themicrotopographyoftheshellsurfacewas

measured using scanning electron microscopy (SEM) which revealed

homogeneousandridgedsurfaceofperiostracum.Theperiostracum surface
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hasalsoshownconsiderableactivityagainstmonospores.Thisindicatesthat

in mussels P. suborbiculata the periostracum possesses a generic

anti-settlementproperty,atleastagainstsporessettlementandgermination.
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ChapterI

GeneralIntroduction
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Fouling is the accumulation of unwanted materialon solid

surfacestothedetrimentoffunction.Thefoulingmaterialcanconsist

ofeither living organisms (biofouling)or a non-living substance

(inorganic ororganic).Fouling is usually distinguished from other

surface-growth phenomena in that it occurs on a surface of a

component,system orplantperformingadefinedandusefulfunction,

andthatthefoulingprocessimpedesorinterfereswiththisfunction.

Barnacles

Barnaclesarethemostcommonly encountered fouling animal.

Barnaclelarvaeareselectiveintheirsiteforsettlementandappearto

recogniseotherbarnacles.Thisresultsinbarnaclessettlingcloseto

other members of the species which aids in cross fertilisation.

Barnacleslivewithinhardcalcareousshellswhichcan adherevery

tightly and can be difficult to remove.On ships,removalby

underwaterscrubbing ormechanicalscraping typically resultsin a

barnacle residue being left behind. This can promote further

colonisation,increasingthefoulingproblem.GooseneckbarnaclesThese

animalsareespecially adapted forlifeattached to moving objects.

Gooseneckbarnaclesareunusualinthatthey arenotacoastalor

shorelinefoulingproblem butcansettleonmovingships’hullsinthe

openocean.

Hydroids

Plantlikeinappearance,hydroidsliveincoloniesandareoften

foundontheflatbottom ofvesselswheretheyareoftenmistakenfor

algae.Duetothelow lightlevelsonflatbottom areas,however,itis
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asafeassumptionthatfilamentalgrowthontheflatbottom islikely

tobeatypeofhydroidandnotalgae.

Molluscs

Theseareanimalswithhard,pairedshellssuchasmusselsand

oysters.Adhesiontosubmergedstructuresisrelativelyweakandthis

tendstolimitsettlementtostationarystructuresratherthanonactive

vesselse.g.oilplatforms.

Tubeworms

These organisms live in easily recognisable calcareous tubes

whichprotecttheirsoftbodies.Tubeworm larvaecanrecognisetheir

ownspeciesresultinginlargecoloniesbeingestablished.Theytendto

settle on stationary structures or on vessels which spend a

comparatively longertimein port.Animalfouling doesnotrequire

lighttogrow andcanproliferateonanyareaofanunderwaterhull,

includingtheflatbottom.

Seaweed

Themostcommon plantfouling on shipsisthebrown algae

Ectocarpusspp.andthegreenalgaeEnteromorphaspp.,oftenreferred

toasseagrassduetoitssimilarappearanceandcolour.Polycellular

algaebeginswiththesettlementofmicroscopicspores.Thesespores

cansettleinsecondsandcoloniseasubmergedsurfacewithinhours.

Plantfouling usually occurs where there is available sunlight,i.e.

aroundthewaterlineandafew metresbelow.Itisnotusuallyfound

ontheflatbottom ofvessels.
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Slime

Slimeonsubmergedsurfacesisattributabletotheaccumulation

ofdiatoms.Difficulttocontrol,slimehasaverylow surfaceprofile

andcanremainadherentonships’hullsatspeedsinexcessof30

knots.SlimefoulingSlimeonsubmergedsurfacesisattributabletothe

accumulation ofdiatoms.Difficulttocontrol,slimehasavery low

surfaceprofileandcanremainadherentonships’hullsatspeedsin

excessof30knots.

Fouling organismscauseconsiderabledamagetotheimmersed

surfaces of man-made structures such ad ships, fishnets, and

aquaculturefacilities.Itcanseriouslyimpairtheoperationalefficiency

ofaship.Fuelrepresentsaround50% oftheoperatingcostsofthe

MarineTransportIndustry.Annualconsumptionofbunkerfuelofthe

world'sfleetisestimated at180 million tonnes,which atcurrent

prices(approx.$150/tonne)isworth$23billion.A veryroughfouled

hullcanincreasefuelusagebyasmuchas40%,althoughtypicallya

100% weedfouledhullwouldresultinafuelpenaltyof10%.Ifthe

world'sfleetdidn'thaveeffectiveantifoulingprotectionanestimated

extra 72 million tonnes offuelwould beburned each year.This

increasedfuelconsumptionwouldleadtotheproductionandrelease

into the environmentofan estimated extra 210 million tonnes of

carbon dioxide(greenhousegas)and 5.6 million tonnesofsulphur

dioxide(acidrain).

Mostantifouling techniques rely in a coating containig such
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antifoulantsas Irgarol,chlorothalonil,and diuron (Voulvoulis etal.

2000).Howeevertheses antifoulants are toxic (Yamada 2007),and

manystudieshaverepprteddetectingtheseantifoulantsinwaterand

sedimentssamplesinvariousaquaticenvironments(Voulvoulis2006;

Dafform etal.2011;Matthaietal.2009).Todevelopenvironmentally

sustainableantifoulingagents,recentresearchhasbeenfocusedonthe

behavior of microorganisms, biofilm formation and metabolite

productionwhichcaninhibitmarineinvertebratelarvalsettlementand

theattachmentofalgalspores(Choetal.2012).

Biomimeticsisdefinedasthestudyofthestructureandfunction

ofbiologicalsystemsandprocessesasmodelsorinspirationforthe

sustainabledesignandengineeringofmaterialsandmachines(Saltaet

al.2010).Oneoftheinterestingdevelopmentsintheareaofgreen

tribologyoverthepast10yearsistherecognitionthatnaturehas

developed many highly optimized tribologicalsurfaces thatare:(i)

typicallymultifunctional,(ii)reactivetotheirenvironment,and(iii)use

acombinationofphysicalandbiologicaldesignstrategies.Thethalliof

manymarinealgaeandthesurfacesofinvertebratesarecoveredin

mucilageorslime,whichcouldrendertheattachmentoffoulingspores

difficultoreffecttheremovalofepibiontsbycontinuousorperiodic

surfacerenewal(Wahl1989).Theroleofsurfacesloughing in the

removalofbacterialfouling inChondruscrispushasbeenobserved

(Sieburth andTootle1981),and thecolonialascidian Polysyncraton

lacazeihasbeenfoundtoshedathinsurfacecuticlewithitsattached
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epibiontsatirregularintervals(Wahl& Banaigs1991).Thestrategies

evolvedby marineorganismstoresistepibiosisrely on fourmain

mechanisms thatcan be broadly classified as employing chemical,

physical,mechanicalorbehaviouraleffects(RalstonandSwain2009).

This exciting new branch of antifouling research is truly

multi-disciplinary,drawingfrom expertiseinmicrobiology,engineering

and materials science,in order to establish modern biomimetic

antifoulingtechnologies.Thedesignofnovelantifoulingcoatingshas

broadenedtoencompassnaturalproductsresearch,surfacechemistry

modulation and biomimeticsurfacedevelopment(Salta etal.2010).

However,asothershaveremarked,itisprobablethatany future

broad-spectrum fouling-resistantsurfacewilldraw onseveral,ifnot

all,ofthesediverseresearchareastofacilitateitsefficacy.Ideally,an

effective biomimetic antifouling coating will have the following

properties:atleast5yearsbiofoulinglife-cyclecontrol,durableand

resistant to damage,repairable,low maintenance,easy to apply,

hydraulicallysmooth,compatiblewithexisting anticorrosioncoatings,

costeffective,non-toxictonon-targetspeciesandeffectiveinport

andatsea(Ralson& Swain2009).
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ChapterII

Biologicalcharacteristicsandtissuestructureofa

crustosecoralline

Abstract

Thedisappearanceofseaweedflorain somerocky areas,known as

algal whitening,barren ground,coralline flats,or deforested areas,is

associatedwithsomespeciesofcorallinealgae.Todeterminethebiological

characteristics ofa representative species ofcrustose coralline alga,18S

rDNA gene was sequenced to identify the genus Lithophyllum. By

morphologicalanddistributionalcharacteristics,itisdeducedtoL.yessoense.

Measuring viability using triphenyl tetrazolium chloride showed highly

viabilityfrom DecembertoFebruary.Culturalconditionsof16°C,a16hr

light:8 hrdark cycle,and 30 µE m-2s-1 lightintensity wereoptimalfor

maintaining theviability ofthealgaforup to 5 days.Thefatty acids

included9.7% ω-3eicosapentaenoicacid.Scanningelectronmicroscopyofthe

surfacestructurerevealedroundcratersabout3.6µm indiameter,covered

withroughirregularandangularpolygon-shapedstructuresabout1.0to3.7

µm insize.Biomimeticcorallinealgabasedonthecompositionandstructure

mightbecomean environmentally friendly antifouling materialagainstthe

attachmentofsoftfoulants.

Keywords:Crustosealga,fattyacid,Lithophyllum,tissuestructure,viability.
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Introduction

Seaweedsplayamajorroleinmarineecosystems.Theyprovide

nutrientsforanimals– eitherdirectly when frondsareeaten,or

indirectlywhendecomposingpartsbreakdownintofineparticlesand

are taken up by filter-feeding animals.Beds ofseaweed provide

shelterandhabitatforscoresofcoastalanimalsforallorpartoftheir

lives. Coralline red algae,both of crustose (nongeniculate) and

articulated corallines,abound in intertidalrocky shore areas and

stronglyinfluencethebenthiccommunity.Crustosecorallinealgaeare

amajorcalcifyingcomponentofthemarinebenthosfrom tropicalto

polaroceansatalldepthswithinthephoticzone(Steneck1986).When

thecorallinealgaearegrowing,therocksurfacesappearpink,while

thefleshyseaweedfloradisappearsfrom therockyareas.Inmarine

environments,this phenomenon is generally called algalwhitening,

barrenground(Tokudaetal.1994),corallineflats,ordeforestedareas.

Itisnow recognizedasanaturalhazardadverselyaffectingmarine

ecosystems and damaging commercial fishing areas. Although

biological(Agateumaetal.1997;Kitamuraetal.1993;Whalanetal.

2012)and physical(Johnson and Mann 1986;Masakietal.1984)

factors may be sufficient to prevent the recruitment of fleshy

seaweeds,allelopathicbromoform (Ohsawaetal.2001)andfattyacid

(Kim etal.2004;Luyenetal.2009)substancesmayalsoinhibitthe

settlementorgerminationofseaweedspores.Consequently,coralline

algae may prevent fouling by fleshy seaweeds. Alternatively,
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biomimeticcorallinealgamaterialmightbecomean environmentally

friendlyantifoulingmaterial.Innature,mostcorallinealgaearepink

andhavealmostindistinguishableshapes,thosecausesconfusionin

theiridentification.Therefore,in an attemptto makea biomimetic

corallinealgamaterial,wehavetoidentifythespecies,selectthebest

conditioned tissues as standard material,analyze the fatty acid

composition,andobservethefinesurfacestructure.

MaterialsandMethods

Plantmaterial

Crustosecorallinealgaewerecollectedmonthlyfrom therocky

intertidalareaatCheongsapo(35°09'28"N,129°11'47"E),ontheeast

coastofBusan,Korea.Thesamplesweretransportedinacontainer

withseawatertothelaboratory.Afterrinsing wellwithautoclaved

seawatertoremoveepiphytesanddebris,theencrustedtissueswere

sonicated threetimeswith 30-spulsesofan ultrasonicwaterbath

(low-intensityfrequencyof90kHz)toremoveothermicroepiphytes.

Molecularidentification

Approximately0.2gofthecorallinealgawaschoppedintovery
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tinypiecesandplacedinamicrotube.DNA wasextractedusingLiCl,

following Hong etal.(1995).The 18S rDNA gene,encoding the

ribosomal RNA in the small subunit of eukaryotic cytoplasmic

ribosome,wasamplifiedbypolymerasechainreaction(PCR)withthe

universal primers 18sF (5'‑CAACCTGGTTGATCCTGCCAGT‑3')

and18sR(5'‑GATCCTTCTGCAGGTTCACCTACGGAA‑3')(Birdet

al.1992).ThePCRcyclingparametersconsistedof94°Cfor5min,30

cyclesof94°Cfor30s,57°Cfor30s,72°Cfor1.5min,andafinal

72°Cfor10min.Theamplificationproductsweresequencedusingthe

sameprimers(SolGent,Daejeon,Korea).Thesequencswereedited

andmanipulatedusingMEGA3(Kumaretal.2004).Phylogenetictrees

wereinferredusingtheneighbor-joiningalgorithm (SaitoandNei,1987)

inMEGA3withbootstrapanalysisof1,000bootstrapreplications.

Viabilityassay

Tomeasuretheviabilityofthecorallinetissue,theassayofPark

etal.(2006)wasused.Briefly,1mlof0.8% 2,3,5-triphenyltetrazolium

chloride(TTC)inseawatercontaining50mM Tris-HClbuffer(pH

8.0)wasaddedto0.1goftissueina1.5-mlmicrotubeandincubated

in darknessfor1.5 hrat20 °C undermineraloil.Thetriphenyl

formazanthatformedinthetissuewasextractedwith0.6mlof0.2N

NaOH in75% ethanolbyheatingfor15minat60°C.Thetriphenyl

formazanwasquantifiedbymeasuringtheabsorbanceat475nm.To

determinetheoptimalconditionsformaintainingviability,0.25gofthe
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tissuewasculturedin50mlofseawaterunder30µE m-2s-1 light

intensityona16hlight:8hdarkcycleat16°C for5daysasthe

standardconditions.

Scanningelectronmicroscopy

HealthytissuecollectedonFebruary9,2012waswashedwith

Milli-Qwater(Millipore,Billerica,MA)anddriedundervacuum before

scanning electron microscopy (SEM) analysis.For SEM images,

tissuesweremountedonconductivecarbontabsofaSEM post(Ted

Pella,Inc.,Redding,CA),sputter-coated using a Desk-II coater

equippedwithagoldtarget(AlfaAesar,WardHill,MA),andimaged

inascanning-electronmicroscope(JSM-6700F;JEOL,Tokyo,Japan).

Todeterminetheelementalcompositionofpartsofthetissues,the

tissues were analyzed using energy-dispersive X-ray spectroscopy.

Thestandardsforcarbon,oxygen,sodium,chlorine,andcalcium were

calcium carbonate,silicon dioxide,albite,potassium chloride,and

wollastonite,respectively.

Fattyacidanalysis

Fatty acids were determined by gas chromatographic

quantificationoftheirmethylesters(FAMEs),whichwereprepared

usingslightlymodifiedmethodfrom theAOAC(2000).Totallipidwas

extracted from thedried samplesusing a Soxhletextractor.Then,
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FAMEswerepreparedwith5mlofmethylationsolution(1H2SO4:20

CH3OH:10toluene)andheatedat100°Cfor1h.Gaschromatography-

massspectroscopy (GC-MS)analysiswasconducted using a 6890

network GC system with a5973N MassSelectiveDetector(MSD)

(AgilentTechnologies,PaloAlto,CA).Theovenwasstartedat50°C

andheldfor1min,andthenrampedupto320°Cat5°Cmin-1.The

MSDwasoperatedbasedonelectronionization.

Results

The group's internaltaxonomy is stillin a state offlux;

molecularstudiesareprovingmorereliablethanmorphologicalmethods

inapproximatingrelationshipswithinthegroup(Bittneretal.2011).

To ascertain the species identification,we determined partial18S

rDNA genesequence(Fig.2-1).Theywerethenalignedandanalyzed

using theneighbor-joining method toconstructadendrogram.The

1,391-bp18SrDNA sequencefrom base274to1,664wascomparedto

thesequencesof13speciesofcorallinealgaeobtainedfrom theNCBI

databasetoinferthephylogeneticrelationship (Fig.2-2).The18S

rDNA sequenceshowedtheclosesttothesequenceofLithophyllum

incrustans.The sequence matched 99% homology with 15 base

difference from the L.incrustans sequence (GenBank accession #

AF093410.1).Meanwhile,theL.incrustansisdescribedasthick,dull
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chalky,yellowish,pinkorlavendercalcareouscrustsformingirregular

concretions,to40mm thick,marginsridgedwherecrustsmeet,inthe

AlgaeBase(GuiryandGuiry,2013).Thealgausedinthisstudyhas

typicallynomarginsridgedwherecrustsmeet,andisnotmuchthick,

dullchalky and yellowish.Thus,the alga was identified to be

belongingtothecrustosecorallineLithophyllum genususingthe18S

rDNA sequence,butnotabletoconfirm thespecieslevel.By the

morphologicalshape,thecrustaceousthallispread irregularly likea

pinky patch,non-verrucose on surface.Itis distributed in warm

currentseaalong thecoastsofJeju and Busan,Korea.From the

morphologicalanddistributionalcharacteristics,itmaybededucedtoL.

yessoense(Tokudaetal.1994).UsingtheTTCmethod,wemeasured

theviabilityofcrustosecorallinetissuescollectedatthesamesite

throughout the year (Fig.2-3) and quantified viability as the

absorbanceat475 nm.The tissuescollected in February had the

greatestviability,whichthendecreasedgraduallyinthespring and

summer.Sometissuesremained pinky crust,and somedisappeared

from therocksurface.Inautumn,they startedtogrow,andmost

tissuesrecoveredtheirviability.InDecemberandFebruary,thetissues

again had the healthiest pink structure and greatest viability.

Therefore,thisperiodwouldbethebestseasontouseasamodel

structureofabiomimeticantifoulingmaterial.Tokeephealthytissues,

we optimized the maintenance conditions using the TTC viability

assay(Fig.2-4).Theoptimaltemperatureforincubationwas16°C,

theoptimallightintensitywas30µE m-2s-1 withwhitefluorescent
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light,andtheoptimallightperiodwasa16hlight:8hdarkcycle.

Undertheseconditions,thetissuesmaintainedthebestviabilityforup

to5daysinastandingflaskcontainingnaturalseawater.Therefore,

thetissueswerekeptattheoptimizedconditionsandusedwithin5

days.We determined the majorfatty acid composition ofhealthy

corallinetissue(Table2-1).Ofthefattyacids,23.4% werePUFAs,

withω-3eicosapentaenoicacid(EPA;C20:5)comprising9.7% andω-6

arachidonicacid(AA;C20:4)comprising5.1%;theω-6:ω-3ratiowas

1.42.Inthepreviousstudy(Luyenetal.2009),EPA andAA showed

stronglyticactivityagainstalgalsporewithLC50=2.1and1.8µg/ml,

respectively.Therefore,thepreparationofbiomimeticcalcium carbonate

nanoparticleswithEPAand/orAA willhavepotentantifoulingactivity

asanenvironmentally friendly bio-control.Thesurfacestructureof

thecrustosecorallinetissuewasexaminedusing SEM.Thetissue

surface was covered with round craters about2.5 to 5.0 µm in

diameteratthe surface (Fig.2-5A).Mostofthese crater-shaped

structureswereirregularcirclesofaverage3.6µm indiameter.The

upper rough tissue was covered with irregular and angular

polygon-shapedstructuresabout1.0to3.7µm insize(Fig.2-5B).The

averageisabout2.1µm insize.SEM-basedenergy-dispersiveX-ray

spectroscopyshowedthattherelativeelementalcompositionwas50%

carbon,39% oxygen,3% sodium,2% chlorine,and6% calcium by

atomic percentage,or37% carbon,38% oxygen,5% sodium,5%

chlorine,and15% calcium byweight.
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Discussion

A dominantcrustose coralline alga from barren grounds was

pinkish to reddish and generally characterized by their encrusted

calcareouscomposition.Theytypicallycolonizedrockysubstratesand

formedsmoothandflatcrustintheintertidalareaexposedtowaves.

ItisknownthatmanyareasoftherockyshorelinesofKoreaand

JapanaredominatedbycrustosecorallinealgaesuchasLithophyllum

yessoenseFoslie(Kim 2000;Suzukietal.1998).Thegroup'sinternal

taxonomy isstillin astateofflux;molecularstudiesareproving

more reliable than morphological methods in approximating

relationshipswithinthegroup(Bittneretal.2011).Amongthefactors

preventingthesettlementorgerminationoffleshyseaweedspores,we

found thatpolyunsaturated fatty acids (PUFAs)have potentlytic

activity againstalgalspores (Luyen etal.2009).When preparing

biomimeticcorallinealgamaterial,theantifouling activity mightbe

enhancedbyaddingbioactivePUFAs.Ofthefattyacidsfrom healthy

corallinetissue,9.7% wereω-3eicosapentaenoicacid(EPA;C20:5)and

13.7% were the otherPUFAs.In a previous study,EPA showed

stronglyticactivityagainstalgalsporewithLC50=2.1µgml
-1(Luyenet

al.2009).Therefore,thepreparationofbiomimeticcalcium carbonate

nanoparticleswithEPA mighthavepotentantifoulingactivityasan

environmentally friendly biocontrol.Some corallines slough off a

surfacelayerofepithallialcells,whichin afew casesmay bean

antifoulingmechanism whichservesthesamefunctionasenhancing
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herbivorerecruitment(JohnsonandMann1986;Madakietal.1984).

Thisalsoaffectsthecommunity,asmanyalgaerecruitonthesurface

ofasloughingcoralline,andarethenlostwiththesurfacelayerof

cells.This can also generate patchiness within the community.

Sloughing in this case is probably a means of eliminating old

reproductivestructuresandgrazer-damagedsurfacecells,andreducing

thelikelihoodofsurfacepenetrationbyburrowingorganisms.

Themajormineralcontentwascalcium carbonate.Calcification

bycrustosecorallinealgaeiscrucialtotheformationandmaintenance

ofcoralreefs(Littler1972).Corallinealgaebindadjacentsubstrataand

provideacalcifiedtissuebarrieragainsterosion.Theyalsoserveas

foodforgrazers- notably parrotfish,urchins,and starfish (Adey

1998).Coralline algae provide hard substrata for settlement and

metamorphosis in a large diversity ofmarine invertebrate larvae,

includingabalone(Robertsetal.2004)Wefoundthatallelopathicfatty

acid substances prevented the settlementorgermination offleshy

seaweedspores(Kim etal.2004;Luyenetal.2009).Bromomethane

released by the articulated coralline alga can eliminate epiphytic

organisms,especiallymicroalgaeonthesurface,andmightinducethe

continuationofcorallineflatsinmarineenvironments(Ohsawaetal.

2001).Crustosecorallinealgaearethuscapableoflimitingthelocal

abundance of fleshy seaweed by reducing recruitment success.

Furthermore,biomimeticmaterialsderivedfrom thecrustosecoralline

algae,containingantifoulingsubstances,mightbedevelopedtoprotect

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

Calcificationbycrustosecorallinealgaeiscrucialtotheformation

and maintenance ofcoralreefs (Littler1972).Coralline algae bind

adjacent substrata and provide a calcified tissue barrier against

erosion.Theyalsoserveasfoodforgrazers-notablyparrotfish,

urchins,and starfish (Adey 1998).Coralline algae provide hard

substrataforsettlementand metamorphosisin alargediversity of

marineinvertebratelarvae,includingabalone(Robertsetal.2004)We

foundthatallelopathicfattyacidsubstancespreventedthesettlement

orgerminationoffleshyseaweedspores(Kim etal.2004;Luyenetal.

2009).Bromomethanereleased by thearticulated corallinealga can

eliminateepiphyticorganisms,especiallymicroalgaeonthesurface,and

mightinducethecontinuationofcorallineflatsinmarineenvironments

(Ohsawaetal.2001).Crustosecorallinealgaearethuscapableof

limitingthelocalabundanceoffleshyseaweedbyreducingrecruitment

success.Furthermore,biomimeticmaterialsderivedfrom thecrustose

corallinealgae,containingantifoulingsubstances,mightbedeveloped

toprotectagainsttheattachmentofsoftfoulants,especiallymicro-

andmacroalgae.
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5’GTTCAAATTTCTGACCTATCAACTTTCGATGGTAAGGTAGTGTCTTACCATGGTGGTAAC

GGGTAACGGACCGTGGGTGCGGGACTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCA

AGGAAGGCAGCAGGCGCGCAACTTACCCAATCCAGACTCTGGGAGGTAGTGACAAGAAATAT

CAATAGGGGAGCCTATGGTTCTTCTAATTGGAATGAGATCGAGCTAAACAGCCATATCGAGA

ATCCAGCAGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCTGTAAGCGTATAC

CAAAGTTGTTGCAGTTAAAACGCTCGTAGTCGGACTTTGGCAGTTCCGGGAGTGTGCGCGTC

GTGTGCACGCTTTGCGGGGACTGCTTTTGTGGTATTGCGTGGGATGAAGCATTTTTATTAAT

GAACGTCCCTCCGCAACCACTTTTTACTGTGAGAAAATCAGAGTGCTCAAAGCAGGCATTTG

CCGTGAATGTATTAGCATGGAATAATAGAATAGGACTTGTTTCTATTTTGTTGGTTTGTTGG

GAATGAGTAATGATTAAGAGGGACAGTTGGGGGGTATTTGTATTTCGGCGCTAGAGGTGAAA

TTCTTAGATTGCCGAAAGACAAACTGCTGCGAAAGCGTCTACCAAGGATGTTTTCATTGATC

AAGAACGAAAGTAAGGGGATCGAAGACGATCAGATACCGTCGTAGTCTTTACTATAAACGAT

GAGGACTGGGGATCGGGCGAGGCATTACGATGACCCGCCCGGCACCCTTCGAGAAATCAAAG

TGTTTGCTTTCTGGGGGGAGTATGGTCGCAAGTCTGAAACTTAAAGGAATTGACGGAAGGGC

ATCACCGGGTGTGGAGCCTGCGGCTTAATTTGACTCAACACGGGAAAACTTACCAGGTCAGG

ACATAGTGAGGATTGACAGATTGAGAGCTCTTTCTTGATTCTATGGTTGGTGGTGCATGGCC

GTTCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAGCGAGACCTGGGCGTGC

TAACTAGGGGGTACTACCATTTTGGTAGTATACTTCCCTTCTTAGACGGACTGTGGGCGTCT

AGCCCACGGAAGCTCCAGGCAATAACAGGTCTGAGATGCCCTTAGATGTTCTGGGCCGCACG

CGTGCTACACTGAGTGGATCAGCGGGTTAGGTAACGCGAAAGTGTGTCCTAATCTTCAAATC

CGCTCGTGATGGGGATTGACGGTTGCAATTTTCCGTCATGAACGAGGAATACCTTGTAGGCG

CGTTTCATCATAACGCGCCGAATACGTCCCTGCCCTTTGTACACACCGCCCGTCGCTCCTAC

CGATTGAGTGGTCCGGTGAGGCTTTGGGA3’

Figure 2-1.18S rDNA sequence (1391 base)ofthe crustose

coralline alga. Different parts of sequence from the

Lithophyllum incrustans(GenBankaccession#AF093410.1)are

initalicletters.



- 21 -

Figure2-2.Phylogeneticdendrogramsofthecrustosecorallinealga

based on 18S rDNA sequence,and constructed using the

neighbor-joiningmethod.Numbersatnodesindicatethelevel

ofbootstrapsupport(1,000replicates).
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Figure 2-3.Seasonalvariation in the viability ofthe crustose

coralline tissue. The viability was quantified using the

absorbanceat475nm,andthevaluesarethemean±SDof

atleastfiveindependentassays.
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Figure2-4.Effectofvariousparametersontheoptimalmaintenance

ofthecrustosecorallinetissue:(A)incubationtemperature,(B)

amountoflightperday,(C)lightintensity,and(D)incubation

period under the optimized conditions. The viability was

measuredusingtheabsorbanceat475nm,andthevaluesare

expressed as the mean ± SD ofatleastfive independent

assays.
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Figure 2-5. Tissue of the articulated coralline alga. Scanning

electron micrograph ofthecoralline tissue by1,000(A)and

5,000(B)magnitude.ThebarsinAandBindicate10μm and

2μm,respectively.
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Table2-1.Profileofthemajorfattyacids(% oftotalfattyacids)in

thecrustosecorallinetissuecollectedonFebruary9,2012.

Fattyacids Relativeamount(%)

C16:0 36.9

C18:0 11.6

C18:1 ω-9 1.2

C18:2 ω-6 3.2

C18:3 ω-6 1.5

C20:0 1.7

C20:4 ω-6 5.1

C20:5 ω-3 9.7

C22:0 11.4

C22:2 ω-6 3.2

C24:0 3.3

Saturated fattyacids 74.0

MUFAs 2.6

PUFAs 23.4
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ChapterIII

Biologicalcharacteristicsandtissuestructureof

thebranchedcorallinealgaCorallinapilulifera

Abstract

Thedecreaseintheseaweedflorainsomerockyareas,knownasalgal

whitening orbarren ground,isassociated with somespeciesofcoralline

algae.Todeterminethebiologicalcharacteristicsofarepresentativespecies

ofbranchedcorallinealga,thenumberofmedullarytierswascountedand

rangedfrom 12to16.The18SrDNA,psbA,andrbcLgeneswereusedto

confirm theidentification ofCorallina pilulifera.Measuring viability using

triphenyltetrazolium chloride showed highly viability from December to

January.Culturalconditionsof16°C,a16hlight:8hdarkcycle,and40µE

m-2s-1 lightintensity were optimalfor maintaining the viability ofthe

coralline alga for up to 3 days.The fatty acids included 31.4% ω-3

eicosapentaenoicacid.Scanningelectronmicroscopyofthesurfacestructure

revealeduniqueroundwellsabout7.9±1.3µm indiameter.

Keywords:Corallinapilulifera,fattyacid,tissuestructure,viability.
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Introduction

Seaweedisanimportantsourceoffoodandshelter;itsbiomass

takes up carbon in marine environments,and itis a source of

chemicals forcommercialapplications (Thomas2002).Coralline red

algaeaboundin nearshoreareasandstrongly influencethebenthic

community.When coralline algae are growing,the rock surfaces

appearpink,whilethefleshyseaweedfloradisappearsfrom therocky

areas.In marineenvironments,thisphenomenon isgenerally called

algalwhitening,barrenground(Tokudaetal.1994),corallineflats,or

deforestedareas.Itisnow recognizedasanaturalhazardadversely

affectingmarineecosystemsanddamagingcommercialfishingareas.

Althoughbiological(Kitamuraetal.1993;Agateumaetal.1997)and

physical(Masakietal.1984;JohnsonandMann1986)factorsmaybe

sufficienttopreventtherecruitmentoffleshyseaweeds,allelopathic

bromoform (Ohsawaetal.2001)and fatty acid (Kim etal.2004;

Luyen etal.2009)substances may also inhibitthe settlementor

germinationofseaweedspores.Consequently,corallinealgaemayalso

preventfoulingbyfleshyseaweeds.Alternatively,biomimeticcoralline

alga materialmightbecome an environmentally friendly antifouling

material.In nature,mostcorallinealgaearepink and havealmost

indistinguishableshapes.Seasonalchangesinarticulatedcorallinealgae

can also cause confusion in their identification.Therefore,in an

attempttomakeabiomimeticcorallinealgamaterial,wefirsthadto

identify thespecies,selectthebestconditionedtissuesasstandard
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material,analyze the fatty acid composition,and observe the fine

surfacestructure.

MaterialsandMethods

Plantmaterial

Corallinealgaewerecollectedmonthlyfrom therockyintertidal

areaatCheongsapo(35°09'28"N,129°11'47"E),ontheeastcoastof

Busan,Korea.The samples were transported in a containerwith

seawatertothelaboratory.Afterrinsingwellwithautoclavedseawater

toremoveepiphytesanddebris,thetissuesweresonicatedthreetimes

with30-spulsesofanultrasonicwaterbath(low-intensityfrequency

of90kHz)toremoveothermicroepiphytes.

Medullarytier

ThecorallinealgaewerefixedinSUSA solution(4.5gHgCl2,

0.5gNaCl,20ml40% formalin,4mltrichloroaceticacid,and80ml

distilledwater)for12handthentransferredtoformalinsolutionfor

24h.Thefrondswerefixedforanother24hin10% neutralbuffered

formalinsolution(100ml40% formaldehyde,800mldistilledwater,

4.0g NaH2PO4,and 6.5g anhydrous Na2HPO4).The tissues were
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dehydratedthroughanalcoholseriesfrom 70% to100% andcleaned

withthreechangesofxylene.Specimensembeddedinparaffinwax

were cut at 5µm thickness with a rotary type microtome

(Reichert-Jung 820; Leica, Wetzlar, Germany) and stained with

hematoxylinandeosin(Clark1981).

Molecularidentification

Approximately0.2gofthecorallinealgawaschoppedintovery

tinypiecesandplacedinamicrotube.DNA wasextractedusingLiCl,

following Hong etal.(1995).The 18S rDNA gene,encoding the

ribosomal RNA in the small subunit of eukaryotic cytoplasmic

ribosome,wasamplifiedbypolymerasechainreaction(PCR)withthe

universal primers 18sF (5'‑CAACCTGGTTGATCCTGCCAGT‑3')

and18sR(5'‑GATCCTTCTGCAGGTTCACCTACGGAA‑3')(Birdet

al.1992).ThepsbA geneencodingtheD1proteinofthephotosystem

IIreactioncentercomplexinthephotosyntheticorganwasamplified

byPCRwiththeprimerspsbAF(5'‑ATTGCATTCGTTGCTGCTCCTC‑3')

andpsbAR(5'‑GTGAACCAGATTCCTACTACAGGC‑3')(Kim etal.

2006).TherbcLgene,knownasRuBisCOorribulose-1,5-bisphosphate

carboxylase/oxygenaseinphotosynthesizingchloroplasts,wasamplified

byPCRwiththeprimersrbcLF(5'‑GCAGGTGAATCATCTACAGCAAC‑3')

and rbcLR (5'‑GCTTGAATACCGTCTGGATGACC‑3')(Freshwater

etal.1994).ThePCRcyclingparametersconsistedof94°Cfor5min,

30cyclesof94°Cfor30s,57°Cfor30s,72°Cfor1.5min,anda
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final72°C for10min.Theamplificationproductsweresequenced

using the same primers (SolGent,Daejeon,Korea).The sequences

were edited and manipulated using MEGA3 (Kumaretal.2004).

Phylogenetictreeswereinferredusingtheneighbor-joiningalgorithm

(Saito and Nei1987)in MEGA3 with bootstrap analysis of1,000

bootstrapreplications.

Viabilityassay

Tomeasuretheviabilityofthecorallinetissue,theassayofPark

etal.(2006)wasused.Briefly,1mlof0.8% 2,3,5-triphenyltetrazolium

chloride(TTC)inseawatercontaining50mM Tris-HClbuffer(pH

8.0)wasaddedto0.05goftissueina1.5-mlmicrotubeandincubated

in darkness for1.5 h at20 °C undermineraloil.The triphenyl

formazanthatformedinthetissuewasextractedwith0.6mlof0.2N

NaOH in75% ethanolbyheatingfor15minat60°C.Thetriphenyl

formazanwasquantifiedbymeasuringtheabsorbanceat475nm.To

determinetheoptimalconditionsformaintainingviability,0.25gofthe

tissuewasculturedin50mlofseawaterunder40µE m-2s-1 light

intensityona16hlight:8hdarkcycleat16°C for3daysasthe

standardconditions.

Scanningelectronmicroscopy

HealthytissuecollectedonJanuary11,2012waswashedwith
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Milli-Qwater(Millipore,Billerica,MA)anddriedundervacuum before

scanning electron microscopy (SEM) analysis.For SEM images,

tissuesweremountedonconductivecarbontabsofaSEM post(Ted

Pella,Inc.,Redding,CA),sputter-coated using a Desk-II coater

equippedwithagoldtarget(AlfaAesar,WardHill,MA),andimaged

inascanning-electronmicroscope(JSM-6700F;JEOL,Tokyo,Japan).

Todeterminetheelementalcompositionofpartsofthetissues,the

tissues were analyzed using energy-dispersive X-ray spectroscopy.

The standards for carbon, oxygen, and calcium were calcium

carbonate,silicondioxide,andwollastonite,respectively.

Fattyacidanalysis

Fatty acids were determined by gas chromatographic

quantificationoftheirmethylesters(FAMEs),whichwereprepared

usingslightlymodifiedmethodfrom theAOAC(2000).Totallipidwas

extracted from thedried samplesusing a Soxhletextractor.Then,

FAMEswerepreparedwith5mlofmethylationsolution(1H2SO4:20

CH3OH:10toluene)andheatedat100°Cfor1h.Gaschromatography-

massspectroscopy (GC-MS)an aysis was conducted using a 6890

network GC system with a5973N MassSelectiveDetector(MSD)

(AgilentTechnologies,PaloAlto,CA).Theovenwasstartedat50°C

andheldfor1min,andthenrampedupto320°Cat5°Cmin-1.The

MSDwasoperatedbasedonelectronionization.
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Results

Eightsamplesofdominantcorallinealgaefrom differentbarren

groundsanddifferentseasonswerecollected.Theywerepinkishto

reddishwithawhitishapexandweregenerallycharacterizedbytheir

calcareouscomposition(Figure3-1A).Theytypicallycolonizedrocky

substratesandformedturfsintheintertidalareaexposedtowaves.

Thenumberofmedullarytiersperintergeniculum andothercharacters

were observed afterstaining with hematoxylin and eosin (Figure

3-1B).Thenumberoftiersofmedullarycellsperintergeniculum was

between12and16.Theintergenicularlengthwasapproximately1.0–

1.4mm.Thealgahadpinnatefusingbranchesthatweresomewhat

fan-shaped,withbroadintergenicula,andweretruncatedattheends.

Themainbaseofthebranchwasalmostaswideasitwaslongand

thebranchesweresomewhatsubspherical.Thefrondheightranged

from 3to7cm.Toascertainthespeciesidentification,wedetermined

partial18S rDNA,psbA,andrbcL genesequences.Theywerethen

alignedandanalyzedusingtheneighbor-joiningmethodtoconstructa

dendrogram.The1,156-bp18SrDNA sequencefrom base412to1,567

was compared to the sequences of20 species ofcoralline algae

obtained from the NCBI database to infer the phylogenetic

relationships (Figure 3-2A).The 18S rDNA sequence had 99%

homology with the Corallina sp.sequence (GenBank accession #

FM180100.1).Similarly,the881-bppsbA plastidgenesequencefrom

base31to911wascomparedwiththesequencesof14speciesof
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corallinealgaeobtainedfrom theNCBIdatabase(Figure3-2B).The

psbA genesequenceshared 100% homology with theC.pilulifera

sequence (GenBank accession # DQ787634.1).Likewise,the 943-bp

rbcL plastid genesequencefrom base226to 1,168(Figure3-2C)

shared 100% homology with the C.pilulifera sequence (GenBank

accession#DQ787558.1).Therefore,thespecieswasidentifiedasthe

articulatedcorallinealgaC.piluliferausing18SrDNA,psbA,andrbcL

geneidentification.UsingtheTTCmethod,wemeasuredtheviability

ofC.piluliferatissuescollectedatthesamesitethroughouttheyear

(Figure3-3)andquantifiedviabilityastheabsorbanceat475nm.The

tissuescollected in January had the greatestviability,which then

decreasedgraduallyinthespring.Sometissuesremainedshortoras

unbranchedfronds,andsomedisappearedfrom therocksurface.In

latespringandsummer,new budsappearedonepilithicbasalcrusts.

In autumn,they started togrow,andmosttissuesrecoveredtheir

viability.In December and January,the tissues again had the

healthiestpinkstructureandgreatestviability.Therefore,thisperiod

wouldbethebestseasontouseasamodelstructureofabiomimetic

antifouling material.To keep healthy tissues,we optimized the

maintenanceconditionsusing theTTC viability assay (Figure3-4).

Theoptimaltemperatureforincubationwas16°C,theoptimallight

intensity was 40 µE m-2s-1 with white fluorescentlight,and the

optimallightperiodwasa16h light:8h darkcycle.Underthese

conditions,thetissuesmaintainedthebestviabilityforupto3daysin

astanding flask containing naturalseawater.Therefore,thetissues
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werekeptattheoptimizedconditionsandusedwithin3days.We

determinedthemajorfatty acidcompositionofhealthyC.pilulifera

tissue(Table3-1).Ofthefattyacids,45.4% werePUFAs,withω-3

eicosapentaenoic acid (EPA;C20:5)comprising 31.4%;the ω-6:ω-3

ratio was 0.45.The surface structure ofthe coralline tissue was

examinedusing SEM.Thetissuesurfacewascoveredwithunique

roundwellsabout7.9± 1.3µm indiameteratthesurface(Figure

3-5).Mostofthese well-shaped structures were irregularcircles,

forming cones vertically. SEM-based energy-dispersive X-ray

spectroscopyshowedthattherelativeelementalcompositionwas33%

carbon,56% oxygen,and11% calcium byatomicpercentage,or23%

carbon,53% oxygen,and24% calcium byweight.

Discussion

ThespeciesCorallinapiluliferawasidentifiedusing anatomical

characters,suchasthetiernumberperintergeniculum (12–16)and

intergenicularlength (0.9–1.2mm;Babaetal.1988;Akiokaetal.

1999).Alleightsamplesofthecorallinealgaecollectedhadthesame

rangeoftiernumbers,whichisakeycharacterofC.pilulifera.Slight

differencesin theintergenicularlength,width,frond height,branch,

conceptacle,and intergenicularshapeswereseen.Guiry and Guiry

(2012)included fourvarietiesofC.piluliferaand 29entriesofC.

officinalisinAlgaeBasethatwereclassifiedasuncertain.Morphological
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studiesalonenolongersufficetoidentifyspecies,asdemonstratedby

theapparentduplicationofdescriptionsduetogeographical,seasonal,

andenvironmentaldifferences.Differencesin microhabitatconditions,

suchasdesiccation,epiphyteloading,andtheabundanceofherbivores,

canalsoalterthemorphology(Akiokaetal.1999).Therefore,weused

molecularinformationtocomplementthephysicalvariation.Molecular

analysisbasedon18SrDNA hasbeenusedtoelucidatethedivision

ofCorallinoideae(Walkeretal.2009),theclassificationoftheorder

Corallinaleswith35speciesofcorallinealgae(BaileyandChapman,

1998),andtherelationshipswithinthetribeJanieae(Kim etal.2007).

Theevolutionary history oftheCorallinaleshasalsobeen inferred

from nuclear,plastidial,and mitochondrialgenomes (Bittneretal.

2011).Amongthefactorspreventingthesettlementorgerminationof

fleshy seaweed spores,we found thatpolyunsaturated fatty acids

(PUFAs)havepotentlyticactivityagainstalgalspores(Luyenetal.

2009). When preparing biomimetic coralline alga material, the

antifoulingactivitymightbeenhancedbyaddingbioactivePUFAs.Of

the fatty acids from healthy C.pilulifera tissue,31.4% were ω-3

eicosapentaenoicacid(EPA;C20:5)and14% weretheotherPUFAs.In

apreviousstudy,EPA showedstronglyticactivityagainstalgalspore

withLC50=2.1µgml
-1(Luyenetal.2009).Therefore,thepreparationof

biomimetic calcium carbonate nanoparticles with EPA mighthave

potentantifouling activity asan environmentally friendly biocontrol.

ThemineralcontentofC.piluliferawas0.13% sodium,1.75% chloride,

4.37% magnesium,18.4% calcium,0.31% iron,and 28.5% carbonate
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(Yan 1999). These high levels of essential minerals, especially

magnesium,calcium,andiron,coupledwiththelow sodium,chloride,

andpotassium contents,makethisspeciesapotentialmineralsource

forlivestock.

Corallinapiluliferaisanarticulatedcorallinealgawithahard,

abrasivecalcareousskeleton.Itdominatestheintertidalzoneonrocky

substratewherestrongwavesoccur.Itproducesabromoperoxidase

thatactsonbromideandiodide,andispotentiallyusefulasacatalyst

forbiotransformation(Itohetal.1985).Theallelopathicbromomethane

released by the alga can eliminate epiphytic organisms,especially

microalgae on the surface,and mightinduce the continuation of

coralline flats in marine environments (Ohsawa etal.2001).The

growth ofthe red tide microalga Prorocentrum donghaiense was

inhibitedbyaqueousandmethanolicextractsofC.pilulifera(Wanget

al.2007).Themethanolicextractalsohadanantioxidantprotective

effectonUVA-inducedoxidativestressinhumanfibroblasts(Ryuet

al.2009).TheethanolextractinhibitedthegrowthoftheHeLacancer

celllineandinducedapoptosisinadose-dependentmanner(Kwonet

al.2007).Itcanbeusedasasourceofessentialmineralsforlivestock

or agriculture (Yan 1999).Furthermore,antifouling substances or

biomimeticmaterialsderivedfrom C.piluliferamightbedevelopedto

protectagainsttheattachmentofsoftfoulants,especiallymicro-and

macroalgae.
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Figure3-1.Tissueofthearticulatedcorallinealga(A)andmedullary

tiersin longitudinalsectionsthrough the axialintergeniculum

(B).ThebarsinAandBindicate2and0.8mm,respectively.
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(A) (B) (C)

Figure 3-2.Phylogenetic dendrograms ofthe coralline alga (CP)

basedon18S rDNA (A),psbA (B),andrbcL(C)sequences,

andconstructedusingtheneighbor-joiningmethod.Numbersat

nodesindicatethelevelofbootstrapsupport(1,000replicates).
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tissue.Theviabilitywasquantifiedusingtheabsorbanceat475

nm,and the values are the mean ± s.d.ofatleastfive

independentassays.
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Figure3-4.Effectofvariousparametersontheoptimalmaintenance

ofCorallina pilulifera tissue:(A)incubation temperature,(B)

amountoflightperday,(C)lightintensity,and(D)incubation

period under the optimized conditions. The viability was

measuredusingtheabsorbanceat475nm,andthevaluesare

expressed as the mean ± SD ofatleastfive independent

assays.
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Figure 3-5.Scanning electron micrograph ofCorallina pilulifera

tissue.Bar=10µm.
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Table3-1.Profileofthemajorfattyacids(% oftotalfattyacids)in

CorallinapiluliferatissuecollectedonDecember22,2012.

Fattyacids Relativeamount(%)

C14:0 1.9

C16:0 28.8

C18:0 6.3

C18:1ω-9 1.7

C18:2ω-6 3.8

C18:3ω-6 1.5

C20:4ω-6 5.3

C20:5ω-3 31.4

C22:0 4.5

C22:2ω-6 2.3

C24:0 1.5

Saturatedfattyacids 50.7

PUFAs 45.4
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ChapterIV

Effectofcalcificationinhibitorsontheviabilityof

thecorallinealgae

Abstract

The addition ofcalcification inhibitors was found to regulate the

viability of cultures of the coralline alga Lithophyllum yessoense and

Corallinapilulifera.Theviabilitywasquantitatedusingatriphenyltetrazolium

chlorideassay,andtheeightofdifferentcalcificationinhibitorsweretested.

Fe-citrateandFeCl2inhibitedviability,anddichloromethylenediphosphonicacid

increasedviability.TheFe-citrate,whichhadthestrongestinhibitoryactivity,

decreasedviabilityto74and12% thatofthecontrolfollowingadditionof1

mM or10 mM ofculturemediaofL.yessoense,respectively.Even C.

piluliferaculturemedia,Fe-citrateinhibitedviabilityto63and44% thatof

thecontrolfollowingadditionof1mM or10mM.TheFe-citratesuppressed

L.yessoenseandC.piluliferaviabilitythemost.

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

Anti-fouling
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Introduction

Many areas oftherocky shorelinesofKorea and Japan are

currentlydominatedbycrustosecorallinealgaesuchasLithophyllum

yessoenseFoslie(Suzukietal.1998;Kim 2000).Thesenon-articulated

(non-geniculate)calcareousalgaecoverthesurfacesofrocksinapink

orwhite-coloredcrust.Thedecreaseintheseaweedfloraofsome

rockyareas,knownasalgawhiteningorbarrenground,isassociated

withsomespeciesofcrustosealgae(Tokudaetal.1994).Since1990,

thealgalwhiteningareahasexpandedfrom southChejuIslandtothe

middleEastSea (Chung etal.1998).In theseareas,mostfleshy

seaweed has disappeared from rocks because ofalgalwhitening,

diminishinganddevastatingthefoodsourcesandspawningplacesof

fish and shellfish.Algalwhitening isnow recognized asanatural

hazard that adversely affects marine ecosystems and damages

commercialfisheries(Kim 2002).Whencorallinealgaearegrowing,the

rocksurfacesappearpink,whilethefleshyseaweedfloradisappears

from therocky areas.In marineenvironments,thisphenomenon is

generallycalledalgalwhitening,barrenground(Tokudaetal.1994),

corallineflats,ordeforestedareas.Itisnow recognizedasanatural

hazard adversely affecting marine ecosystems and damaging

commercialfishing areas.Although biological(Kitamuraetal.1993;

Agateumaetal.1997)andphysical(Masakietal.1984;Johnsonand

Mann1986)factorsmaybesufficienttopreventtherecruitmentof

fleshyseaweeds,allelopathicbromoform (Ohsawaetal.2001)andfatty
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acid(Kim etal.2004;Luyenetal.2009)substancesmayalsoinhibit

the settlement or germination of seaweed spores.Consequently,

coralline algae may also prevent fouling by fleshy seaweeds.

Alternatively,biomimetic coralline alga materialmightbecome an

environmentally friendly antifouling material.Biomimetic materials

derived from the crustose coralline algae, containing antifouling

substances,mightbedevelopedtoprotectagainsttheattachmentof

softfoulants,especiallymicro-andmacroalgae.

Calcium andinorganiccarbonarethetwomajorsubstratesof

photosynthesisandcalcification.Calcium chemistryisrelativelysimple

because there is only one primary ionic species ofthis element,

althoughvariousneutralandchargedcomplexesofthedivalentionare

known toexistin seawater(Kennish,1994).In contrast,carbonate

chemistryismuchmorecomplexbecauseitinvolvesagaseousform

andbothionicandneutralspeciesaswellascomplexedformsin

seawater(Gattusoetal.1999).

Dissolvedinorganiccarbon(DIC)comprises3species:dissolved

CO2(CO2+H2CO3)aswellasbicarbonate(HCO3
-)andcarbonateions

(CO3
2-)

CO2+H2O⇔ H2CO3⇔ HCO3
-+H+⇔ CO3

2-+2H+

Dissolvedinorganiccarbonisusedbytheanimalhosttodeposit

skeletalCaCO3 and by the endosymbiont for its photosynthesis.

Photosynthesis,respiration(oftheanimalandalgalcomponents)and



- 55 -

calcificationcantakeplacesimultaneouslyaccordingtothefollowing

simplifiedequations:

CO2+H2O→ CH2O+O2 (photosynthesis)

CH2O+O2→ CO2+H2O (respiration)

Ca2++2HCO3
-→ CaCO3+CO2+H2O(calcification)

Photosynthesisandcalcification both consumeinorganiccarbon

butthecombinedprocessescanalsobeviewedasmutuallysupporting

becauseCO2generatedbycalcificationcanbeusedforphotosynthetic

carbonfixation.

Biological mineralization is a complex phenomenon whereby

calcium phosphatesaltsaretransformedtohydroxypatite,aprocess

thatmaybeinfluencedbynaturalinhibitorsinthemicroenvironment.

Certain chelating reagentsareused to preventtheprecipitation of

mineralsandaretheactiveconstituentsinanti-scaling reagentsand

certain industrial cleaners, corrosion inhibitors and household

detergents(Nancollas& Sawada,1982;Fischer,1993).Fordetermining

inhibitionofcorallinealgae,wehaveusedcalcificationinhibitors.The

tissue viability ofthecoralline algae werequantitatively measured

usingatriphenyltetrazolium chlorideassay.



- 56 -

MaterialsandMethods

Preparationoftissue

Corallinealgaewerecollectedfrom therockyintertidalareaat

Cheongsapo(35°09'28"N,129°11'47"E),ontheeastcoastofBusan,

Korea.Thesamplesweretransportedinacontainerwithseawaterto

thelaboratory.Afterrinsingwellwithautoclavedseawatertoremove

epiphytesanddebris,theencrustedtissuesweresonicatedthreetimes

with30-spulsesofanultrasonicwaterbath(low-intensityfrequency

of90kHz)toremoveothermicroepiphytes.Non-articulatedcoralline

tissuewasthenscrapedoffthestonesusingthesaw.Thetissuewas

thoroughlywashedatleastsixtimesbycentrifugationat1000×gfor

30sec(Kangetal.2005).Articulatedcorallinetissueswerecleanedby

brushing thoroughly and sonicating (47 kHz)twice for1 min in

autoclavedseawater, and immersed in 1% Betadine for 2 min

toeliminateepiphytes(Jinetal.1997).Theywerethenrehabilitatedat

18°CinPES(Provasoli1968)foradaybeforeuse.

Inhibitors

Forcalcificationinhibitoryagents,alendronatesodium trihydrate,

dichloromethylenediphosphonic acid,etidronic acid,Fe-citrate,FeCl3,

AlCl3,aninhibitorofhydroxyapatite,wasdissolvedondistilledwater

andaddedtoaconcentrationof10mM and1mM,respectively.The
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bicarbonatechannelblocker,4,4́-diisothiocyanatostilbene-2,2́-disulfonic

acidwaspreparedthesameway.Theimpermeablecarbonicanhydrase

inhibitor,acetozolamidewasdissolvedindimethylsulfoxide.

Experimentalset-up

Tomeasuretheviabilityofthetissue,25μL ofeachinhibitor

wasaddedto5-mLPESmedium containing0.1gofL.yessoenseand

0.05gofC.pilulifera,andthemixwasculturedfor5dat16°Cwith

rotationat130rpm,underaphotonfluxdensity(fluorescentlight)of

40 μmolm-2sec-1,and on alightcycleof16-h light/8-h dark.A

reference culture was prepared by mixing 25μL distilled wateror

DMSO in the same medium. After harvesting the tissues by

centrifugation at3000× g for30sec,theviability wasmeasured

usingtheTTC assay.Therelativeviability(%)wascalculatedas:

(S/C)x100,whereSequalstheabsorbanceoftissuewithseaweed

extractandCequalstheabsorbanceofthereferenceculture.

Viabilityassay

Tomeasuretheviabilityofthecorallinetissue,theassayofPark

etal.(2006)wasused.Briefly,1mlof0.8% 2,3,5-triphenyltetrazolium

chloride(TTC)inseawatercontaining50mM Tris-HClbuffer(pH

8.0)wasaddedtothetissueina1.7-mlmicrotubeandincubatedin

darknessfor1.5hrat20°Cundermineraloil.Thetriphenylformazan
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thatformedinthetissuewasextractedwith0.6mlof0.2NNaOHin

75% ethanolbyheatingfor15minat60°C.Thetriphenylformazan

wasquantifiedbymeasuringtheabsorbanceat475nm.

Results

The effects ofthe calcification inhibitors on the viability of

Lithophyllum yessoenseweredeterminedusingtheTTCassayafter5

dofculture.A referenceculturelackingcalcificationinhibitorsreached

anabsorbanceof1.27±0.26.Toestimatetheeffectsoftheinhibitors

on the viability ofthe coralline alga,we were determined 8 of

calcification inhibitor samples.The inhibitors were added to L.

yessoenseculturemedium toeachconcentration.Fe-citrateandFeCl2

inhibited viability to 12and 53% thatofthecontrol,respectively,

whereasthedichloromethylenediphosphonicacidwasshow theviability

to100% at10mM (Table4-1).At1mM,Fe-citrateinhibitedviability

to74% thatofthereferenceculture.

The effects ofthe calcification inhibitors on the viability of

CorallinapiluliferaweredeterminedusingtheTTCassayafter5dof

culture.A referenceculturelackingcalcificationinhibitorsreachedan

absorbanceof1.10± 0.17.Among determined calcification inhibitor

samples,Fe-citrateandFeCl3inhibitedviabilityto44and35% thatof

the control,respectively at10 mM (Table4-2).At1 mM,4,4′
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-diisothiocyanatostilbene-2,2′-disulfonicacid,Fe-citrateandethidronic

acid inhibited viability to 63%,67% and 68% thatofthecontrol,

respectively.TheFe-citratesuppressedL.yessoenseandC.pilulifera

viabilitythemost.TheFe-citrateconcentrationsproducingIC50 were

3.5 mM,3.8 mM forL.yessoense and C.pilulifera,respectively

(Figure4-1,4-2).

Discussion

In reef-building corals,photosynthesis by endosymbiotic algae

enhancescalcification;thisrateofcalcificationisreducedbyshading

and by inhibitorsofphotosynthesissuch ad DCMU (dichlorophenyl

dimethylurea)and Diamox and by some uncouplers ofoxidative

phosphorylation(Kawaguti& Sakumoto,1948;Goreau,1959;Goreau&

Goreau,1959;Yamazato,1966;Yamashiro,1995).Theseworksshow

thatthelight-enhancedcalcificationcanbereducedbyinhibitionof

metabolic processes as a reduced supply ofoxygen and organic

materials which could enhance the calcification ofthe hostcoral.

Calcificationcanalsobereducedbycompoundswhichpreventmineral

deposition rather than affecting the metabolic processes. Also,

Pentecost (1978) showed that calcification in the coralline alga

Corallinaofficinalisisdirectlyrelatedtothephotosyntheticrate,and

SmithandRoth(1979)showedthatthecalcificationrateisrelatedto

theinorganiccarbonconcentrationinthemedium.
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Bisphosphonates, a group of synthetic chelating reagents

containingaP-C-Pbond,retardbothformation(Francisetal.1969)

anddissolution(Fleischetal.,1969)ofcalcium phosphatesinvivoand

invitro.Bisphosphonateshavebeenusedinstudiesofcalcificationin

calcareousalgae(Okazakietal.1993)andmammals(Shinodaetal.

1983;Ohyaetal.1991)wheretheystronglyinhibitedmineraldeposition.

According toYamashiro(1995),treatmentby 1-hydroxyethylidene-1,

1-bisphosphonic acid is able to block only calcification withouta

reductionofphotosyntheticallyproducedoxygenandorganicmaterials

suppliedbythesymbioticalgae.

PhosphocitrateanditsanalogueN-sulpho-2-aminotricarballylate

werecomparedwithethane-1-hydroxy-1,1-diphosphonateforinhibition

ofcalcium phosphatecrystallizationinhydroxyapatiteinducedcrystal

growthand45Cauptakebymatrixvesicles.Phosphocitrate(1μM)was

the most potent inhibitor followed by ethane-1-hydroxy-1,1-

diphosphonate and N-sulpho-2-amino tricarballylate, the latter

requiringahighconcentration(100μM)tobeequallyeffectiveasan

inhibitor(Shankaretal.1983).

AccordingtoSuzukietal.(1995),amedium enrichedwithiron

promotes the growth of Laminaria and Undaria. In contrast,

Lithophyllum grew eveninaniron-limitedmedium (< 1nM Fe).In

thisstudy
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Table4-1.Effectofcalcificationinhibitorsonviabilityofthecoralline

Lithophyllum yessoense1.

CalcificationInhibitor

10mM 1mM

Absorbance

at475nm

Relative

viability(%)

Absorbance

at475nm

Relative

viability(%)

Hydroxyapatite inhibitor

Alendronate 0.86±0.18 70 1.58±0.10 129

AlCl3 0.83±0.18 70 1.33±0.15 108

Dichloromethylene

diphosphonicacid
1.27±0.35 103 1.50±0.06 122

Etidronicacid 0.91±0.42 74 1.22±0.29 100

Fe-citrate 0.15±0.06 12 0.94±0.44 76

FeCl3 0.67±0.15 55 1.14±0.38 93

Bicarbonatechannelblocker

4,4́-Diisothiocyanatostilbene-

2,2́-disulfonicacid
ND ND 1.71±0.31 139

Carbonicanhydraseinhibitor

Acetozolamide 0.89±0.40 72 1.18±0.19 96

1Referenceculturewithoutanycalcificationinhibitorreachedabsorbanceof

1.27±0.26.Dataarethemean±SD(n≥3).ND;notdetermined.
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Table4-2.Effectofcalcificationinhibitorsonviabilityofthecoralline

Corallinapilulifera1.

CalcificationInhibitor

10mM 1mM

Absorbance

at475nm

Relative

viability(%)

Absorbance

at475nm

Relative

viability(%)

Hydroxyapatite inhibitor

Alendronate - - - -

AlCl3 0.22±0.10 18 1.03±0.29 84

Dichloromethylene

diphosphonicacid
0.90±0.24 73 0.81±0.23 66

Etidronicacid 0.64±0.28 54 0.66±0.24 54

Fe-citrate 0.50±0.25 40 0.65±0.22 53

FeCl3 0.39±0.21 31 1.18±0.19 96

Bicarbonatechannelblocker

4,4́-Diisothiocyanatostilbene-

2,2́-disulfonicacid
ND ND 0.61±0.19 50

Carbonicanhydraseinhibitor

Acetozolamide 0.56±0.17 46 0.93±0.23 76

1Referenceculturewithoutanycalcificationinhibitorreachedabsorbanceof

1.11±0.15.Dataarethemean±SD(n≥3).ND;notdetermined.
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Figure 4-1.EffectofFe-citrateon Lithophyllum yessoense tissue.

Theviabilitywasmeasuredusingtheabsorbanceat475nm,

andthevaluesareexpressedasthemean± SD ofatleast

fiveindependentassays.
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Figure 4-2.EffectofFe-citrate on Corallina pilulifera tissue.The

viabilitywasmeasuredusingtheabsorbanceat475nm,and

thevaluesareexpressedasthemean± SD ofatleastfive

independentassays.
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ChapterV

Antifoulingactivityofextractsoftheperiostracum

ofthemusselMytilusedulis

Abstract

A study was made to investigate possible formation by the

periostracum ofthemusselMytilusedulisofantifoulingsubstancesagainst

thesettlementandgerminationofsporesofPorphyrasuborbiculata.Theshell

coatingknownastheperiostracum,isindicatedasapossiblephysicaland

chemicalantifoulingdefensecomponent.Theperiostracum wasseparatedfrom

theshellandextractsoftheperiostracum obtainedbyextractionwiththree

solvents.Considerable activity againstmonospores was shown by ethyl

acetateanddichloromethaneextract.Themicrotopographyoftheshellsurface

wasmeasured using scanning electron microscopy (SEM)which revealed

homogeneousandridgedsurfaceofperiostracum.Theperiostracum surface

hasalsoshownconsiderableactivityagainstmonospores.Thisindicatesthat

in mussels P. suborbiculata the periostracum possesses a generic

anti-settlementproperty,atleastagainstsporessettlementandgermination.

Keywords:antifouling,periostracum,Mytilusedulis,Porphyrasuborbiculata
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Introduction

Biofoulingisanaturalprocessofmarineecosystem causedby

thesurfacecolonizationanddevelopmentofmicroandmacrofoulerson

submerged natural/man-made marine structures, leading to huge

economicandenvironmentallossesworldwide.Theannualgloballoss

ofmaritimedomainismorethan6.5milliondollars(Bhaduryetal.

2004).Foulingofshiphullsandnicheareasrepresentsasignificant

costforthemaritimeindustry.Highermaintenancecosts,increased

fuelrequirementsduetogreaterlevelsofhulldrag,lostproductivity

duetomorefrequentdry-dockingforremovaloffoulingorganisms,

andthecostofcompliancewith environmentalregulationscreatea

significantburden formaritimeoperators,whetherprivateorpublic

(Callow etal.2003;Statzetal.2006;Yebraetal.,2004).Previously

utilizedantifoulingagents,suchaswidelyusedvesselbiocidalcoatings

containing the organotin ‘Tributyltin’(TBT),although efficacious

againstfouling,havelimitationsrelatingtotheirtoxicity(Andersonet

al.2003;Statz etal.2006).The toxicity ofTBT in the marine

environmenthasbeenextensivelyresearched,withevidenceofoyster

deformities,imposexindogwhelks,adverseeffectsonmarinebenthic

organisms and concentration and accumulation in the marine food

chain (Callow et al.2002;Sonak 2008).As a result of these

environmentalimpacts,TBT is the subjectofa relatively recent

worldwidebanbytheInternationalMaritimeOrganisation(IMO).As

ofJanuary2008,vesselsofcountriespartytotheconventionandthose
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engaged in activitiesatportsofconvention parties,arenolonger

permittedtohaveTBT containing coatingson vesselsofany size

(IMO 2001).Due to these limitations with conventionalcoatings,

researchinto‘biomimetics’-surfacesandcompoundsinspiredbynatural

systems – capable ofresisting fouling pressure whilstreducing

impactsonthelocalandextendedenvironmentshasgrownimportance

(Scardinoetal.2009;Rolstonetal.2009;Scardinoetal.2011).Ithas

beenobservedthatsomemarinespeciessuchasmusselsareableto

resistfouling when in good physiologicalcondition (Abarzuaetal.

1995;Wahl1998;Scardinoetal.2003;Scardinoetal.2004;Bersetal.

2006a).Musselshaveatough,yetpliable,proteinaceousshellcovering

secretedbythemantle,whichisknownasthe‘periostracum’(Harper

etal.1993,Scardinoetal.2003).Scardinoetal.(2003)andBersetal.

(2006b)notedthatfoulingorganismsshowedsomepreferencetoward

compromisedareasoftheperiostracum forinitialattachmentandthat

musselswithanintactperiostracum showedagreaterresistanceto

fouling pressure.Severalstudies have recorded the influence ofa

physicalfoulingdeterrentintheform ofmicrotopographyonmussel

shells(Wahletal.1998;Bersetal.2004;Scardinoetal.2004).Bers

etal.(2006b)suggested thatin conjunction with the recognized

physicalantifoulingdefensesofmarinemussels(suchas‘weeping’of

theshellbythefoot),thereappearsalsotobeachemicalelementto

the defence.Bers etal.(2006b)were able to demonstrate some

antifouling activity toward a variety ofcommon fouling organisms

from the extracts take from the periostracum ofthe marine blue
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mussels,Mytiluseduliswithoutseparatingperiostracum from therest

ofthemusselshell.

Theaim ofthisstudywastoinvestigateantifoulingactivityof

periostracum extractsofM.edulis.When separatedfrom theshell,

against alga Porphyra suborbiculata monospores settlement and

germinationandtoattempttoisolateandidentityextractsresponsible

fortheantifoulinginhibition.

MaterialsandMethods

Monosporeculture

JuvenilebladesofPorphyrasuborbiculatawerecollectedfrom the

rockyintertidalareaatCheongsapo(35°09'28"N,129°11'47"E),onthe

eastcoastofBusan,Korea.Ttefreshbladeswererinsed,sonicated

(low-intensity frequency of90kHz)twicefor1min in autoclaved

seawater,and immersed in 1% Betadine solution with 2% Triton

X-100for1mintoeliminateepiphyte.Toliberatethemonospores,

bladeswerecultured in Provasolienriched seawater(PES)medium

(Provasoli1968)under40μmolm-2s-1lightintensity(10L:14D)at20

°C.Monosporeswerethengrowntojuvenilebladesunderthesame

conditions.
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Musselshells

Musselshells (62.5 ± 3.3 mm length) were collected from

Namcheon fish market.Shells which were covered by fouling or

damagewerediscarded.Shellswithobviousexistingfouling,severely

damagedshellsornoticeablyabradedperiostracum werealsorejected.

Specimensweregently cleaned ofassociated detritus(mud,debris,

byssalthreads etc)and any obvious microfouling films,prior to

submersioninthevinegarsolution.

Periostracum extract

Whole shells were submerged in a vinegar and seawater

‘pickling’solutiontoaidremovaloftheperiostracum.A 1:2vinegar:

seawatermixture(approximately 2% aceticacid),wasfound tobe

mosteffectivetoloosentheperiostracum.Sampleswereretainedin

thepicklingsolutionforapproximately24hours,afterwhichtimethe

periostracum waspeeledfrom theshellwithforcepsandstoredin

seawater.Theperiostracum peelswerewashedwithdistilledwaterto

removeexcessassociatedsaltsandaceticacidandthenonepartof

peelswerefrozento–20°Cpriortofreeze-dryand,otherpeelstobe

useforfoulingtestandsporesculture.

Freezedriedperiostracum weregroundtoapowderfor5min

usinghandmortar.20mgofperiostracum powderwaseachextracted

with1mLofoneofthefollowingslovents:dichloromethane(DCM),



- 73 -

ethylacetate(EA),methanol(MeOH)anddimethylsulfoxide(DMSO).

Extractionwitheachsolventwasrepeatedthreetimesfor1hby

pulsesofanultrasonicwaterbath(low-intensityfrequencyof90kHz)

andthecombinedextractsweredriedundernitrogen.A stocksolution

ofeachextractionwaspreparedbytheadditionof1mL dimethyl

sulfoxide(DMSO)toeach40mgofdriedextract.Thepreparedstocks

werefilterdthrougha0.45μm syringefilterbeforeuse.

Sporesbioassay

Forassayofsporesettlement,aliquotsof100μLseawaterwere

atfirstdistributedina96-wellplate.1μLofseaweedextract(40mg

mL−1),4 μL PES stock and approximately 100–200 spores were

added,andthefinalvolumemadeimmediatelyto200 μL.Foralgal

conditionedseawater,approximately100–200sporeswerecentrifuged

and200μLaliquotoftheconditionedwaterwasadded.Theresulting

sporesuspensionswereplacedinthedarkfor1dayat18°Ctoallow

for even settlementon the bottom.Atthe end of this period,

non-settledsporeswereremovedfrom thebottom bycentrifugationin

aninvertedpositionat1500×gfor15min.Thenumberofsettled

sporeswascountedunderamicroscopeafterreplacingwithnew PES

solution.Sporesettlementwasexpressed asthepercentageofthe

referencevalue.Thereferencematerialforeach testwasprepared

using thesameprocedureapartfrom theabsenceofextract.The

minimum detectableinhibitionofsporesettlementbyDMSO occurred
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at0.5% (datanotshown).ThereforethefinalconcentrationofDMSO

waskeptbelow 0.5% inalltests.

Forassay ofsporegermination,approximately 100–200spores

wereaddedtoa200μLaliquotofPESina96-wellplate,andplaced

inthedarkfor1dayat18°C tosettlesporesonthebottom.After

non-settledsporeswereremovedfrom thebottom bycentrifugationin

aninvertedposition,andfresh200μLPESwasadded,then1μLof

eachextract(40mgmL−1)wasimmediatelyaddedtoeach200 μL

culture. Theresultinggermlingcultureswereplacedat18°Cand80

μmolm−2s−1 lightintensityona12L:12D cyclefor1wktopermit

development. The number of germling was counted under the

microscopeandexpressedasapercentageofthereferenceculture.

Theminimum DMSOconcentrationleadingtodetectableinhibitionwas

0.5% (datanotshown).Thereforethesolventextractsandreference

solutions were always added to the medium to provide a DMSO

concentration in the assay cultures <0.5%.The experiments were

repeatedatleastthreetimeswitheachindependent

Results

Approximately 200monosporesofPorphyrasuborbiculatawere

allowed toa96-wellplate,whilesporescould notsettled wellat

periostracum ofMytilusedulis(Fig.5-1).Theperiostracum ofM.
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edulisshowedsignificantgerminationinhibition(86%)comparedtothe

reference.

M.edulis had a microtopography with a regular corrugated

ridging pattern underSEM (Figure 5-1).Theperiostracum ofM.

edulisiscoveredbymicroripples,1-1.5μm wide,runningparallelto

eachotherandorthogonaltothegrowthringsofthemusselshell.

They stretched across the entire shell, without branching or

broadeninginanyareaoftheshell.

Antifouling activities ofthe periostracum extracts ofMytilus

edulis were examined on spore settlement and germling of the

Porphyrasuborbiculata.Dichloromethane(DCM),ethylacetate(EA),

methanol (MeOH)-soluble fraction were isolated from fresh and

acidifiedperiostracum toconfirm theactivity.When200 μgmL-1 of

each extractswereaddedtosporesin thesettlementassay,DCM

extractofthefreshperiostracum showedsettlementinhibitionof11%

againstthe reference (Table 5-1).The study was continued by

investigating possible effects on spore germination (Table 5-2).

AgainstP.suborbiculata,the200μgmL-1DCM andEA extractofthe

acidifiedperiostracum reducedmonosporegerminationto5and7% of

control.Thestudywascontinuedbyinvestigatingpossibleeffectsof

periostracum itsselfonsporegermination.When200μgmL-1DMSO

extractwere added to an acidified inner periostracum and outer

periostracum,thegermlingratewasshowed14and12%,respectively.

10compoundsintheDCM extractidentifiedbyGC-MS(Table5-3).

Oftheidentifiedcompounds,themajorcompoundwasoleamide(19%).
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Discussion

This research has shown antifouling activity ofextracts of

marinemussel’speriostrcum againstcommonfoulingorganisms.The

results ofthis research have shown some antifouling activity in

extractsoftheperiostracum obtainedfrom theMytilussp.(Berset.

2006).Thesporesassayshow thatantifoulingactivityisgreaterin

extractsproducedfrom dichloromethaneandethylacetateratherthan

methanol.Thissuggeststhatthecompoundresponsibleforactivityis

relatively non-polar.Significant difference was observed between

extractsandcontrolinthesporessettlementandgermination.

Statisticalanalysisofresultswasunabletobeperformedforthe

settlementandgerminationofsporesonperiostracum tissueforthis

study due to the number of factors. The high levels of

autofluorescence demonstrated by periostracum tissue prevented

accuratemicroscopiccountingofthesporesonimages,andhenceno

accurate quantitative analysis of the settlement and germination

inhibitionoftheperiostracum couldbemade.Thesmalldatasetfrom

thesporesassaymeantthatanystatisticalinterpretationwouldnotbe

robust.Howeveritwasshownthattheperiostracum hadadeterrent

effectonthesettlementandgerminationofspores.Previousresearch

intoantifoulingcharacteristicsofmarinemusselshellshasshownthat

the microtopography ofthe shellmay be a physicaldeterrentto

barnacle cyprid settlement, and hence, chemical activity toward

barnaclecyprinidsmaynotbeaspronounced(ScardinoandNys2004).
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On the study offouling organism on the musselshells,we

observedthattheshellofaquaculturemusselshadintactperiostracum

whilestheperiostracum ofwildmusselswasnotintact.Thusthe

shellsofaquaculturemusselswerelargelyunfouledcomparetothe

shellofwildmusselswhichwerelargelyfouledbyfoulingorganisms.

Thestrongcorrelationbetweenthepresenceofanintactperiostracum

andalow leveloffoulingisconsistentwithitsroleasanantifouling

mechanism.Studiesin which periostracum hasbeen experimentally

removedalsoindicateasroleforthisshelllayerinantifouling.For

example,foulingbyalgaeandbarnaclesonM.eduliswassignificantly

greateronareasofshellwheretheperiostracum hadbeenphysically

removed(Wahletal.1998).Preferenceforareasoftheshellwhere

theperiostracum isabradedorabsent,suchasonoldershell,hasbeen

observed foradiversity ofmolluscsfouled by a rangeofboring

organismsincludingendoliithicalgae(Kaehler1999),spongesandother

invertebrates(e.g.Mao Cheetal.1996).Theend resultofthese

infestationsisoftendeathofthehost(MaoCheet1996;Kaehlerand

McQuaid1999).
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Figure5-1.Periostracum ofbluemusselMytilusedulis.
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(A) (B)

Figure 5-2.SettlementofPorphyra suborbiculata monospores on

periostracum ofM.edulis.
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Table5-1.Effectsofextractsfrom periostracum onsettlementof

Porphyrasuborbiculatamonospores.

Solvent Settlement (400 μg mL-1)

Acidify outer DCM 35 ± 17

EA 41 ± 7

MeOH 55 ± 9

Acidified inner DCM 31 ± 7

EA 32 ± 1

MeOH 34 ± 6

Fresh inner DCM 35 ± 5

EA 37 ± 9

MeOH 47 ± 8

Notes:Valueareexpressedaspercentageofcontrol.Dataaremean±SDfor

atleast3 independentassays.Average percentage ofsettled spores in

referenceis81.0±7.8%.
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Table5-2.Effectsofextractsfrom periostracum ongerminationof

Porphyrasuborbiculatamonospores.

Solvent Germination (400 μg mL-1)

Acidify outer DCM 5.1 ± 1.8

EA 8.9 ± 2.4

MeOH 10.6 ± 5.0

Acidified inner DCM 3.5 ± 3.2

EA 5.2 ± 2.6

MeOH 10.6 ± 2.4

Fresh inner DCM 3.4 ± 5.4

EA 4.5 ± 4.1

MeOH 16.5 ± 3.6

Notes:Valueareexpressedaspercentageofcontrol.Dataaremean±SDfor

atleast3independentassays.Averagepercentageofgerminatedpersettled

sporesinreferenceis83.2±5.9%.
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Table 5-3. Composunds identified from dichloromethane

extractsofperiostracum byGC-MS.

RT compounds relative peak area (%)

8.383 Nonanal 1.49

10.933 Pelargonic acid (C7:0) 0.32

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

- Unknowncompounds 61.44
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방오소재 개발을 위한 산호조류 및 진주담치 각피의 생물학적 특성

강지영

부경대학교 일반대학원 생물공학과

요약

본 연구에서는 선박이나 해양구조물에 부착하는 오손생물에 의한 피해를 방지하기 위하여 부작용

없는 환경친화적인 생체모방형 방오소재의 개발을 위하여 산호조류와 담치의 각피로부터 방오소재를

탐색하고자 하였다.

연안 암반지역에서 해조류 군락의 소실 즉 백화 혹은 갯녹음현상은 산호조류와 관련성이 있다.대

표적인 무절산호조의 생물학적 특성을 파악하기 위하여 18SrDNA유전자를 분석한 결과 혹돌잎

(Lithophyllum)속에 속하는 것을 확인하였고 그 형태적 특성으로 보아 L.yessoense종인 것으로

유추된다.Triphenyltetrazoliumchloride로서 활력을 측정한 결과 12월에서 2월 사이가 가장 높

았으며,조직 활력을 유지하기 위하여는 16℃,16:8시간 광주기,30µE/m2/s광도에서 5일간 최적상

태를 보였다.지방산 조성에서는 EPA가 가장 많은 고도불포화지방산으로서 9.7%를 차지하고 있다.

주사형전자현미경에 의한 표면구조를 보면 평균 3.6µm직경의 둥근 함몰 분화구 모양을 이루며 그

위에 1.0내지 3.7µm의 비정형 다각형 구조물들이 덮여져 있다.

또한 백화현상에 연관되는 무절산호조류가 서식하는 지역에서는 유절산호조류도 함께 서식하고 있

다.이에 유절산호조에 대한 방오소재로서의 가능성을 확인하기 위하여 대표적 유절산호조류 종인

작은구슬산호말에 대하여 연구를 수행하였다.채집된 산호조류는 가지 끝부분의 가장자리가 흰색을

나타내며 일반적 식물체는 석회질 성분으로 작은구슬산호말의 형태학적 특성을 가지며,절간 당

medullarytiers수는 12에서 16사이였으며,절간의 길이는 약 1.0-1.4mm로 나타났다.18S

rDNA,psbA,rbcLgenesequence를 비교해본 결과,작은구슬산호말 (Corallinapilulifera)로 동정

되었다.유절산호조류의 계절적 활력 Triphenyltetrazoliumchloride로서 활력을 측정한 결과 12

월에서 1월 사이가 가장 높았으며,조직 활력을 유지하기 위하여는 16℃,16:8시간 광주기,40µE

m-2s-1광도에서 3일간 최적상태를 보였다.지방산 조성에서는 EPA가 가장 많은 고도불포화지방산으

로서 31.4%를 차지하고 있다.주사형전자현미경에 의한 표면구조를 보면 평균 7.9±1.3µm직경의

둥근 구멍들로 덮혀져 있으며 이러한 well모양의 구조 대부분은 수직 콘을 형성하며 불규칙적으로

이루어져있다.

산호조류의 생물학적 특성연구와 함께 산호조류의 2차적 오손을 방지하기 위하여 산호조류에 기존

에 알려진 석회화 저해제 (calcificationinhibitor)를 첨가하여 산호조류의 활성억제 내지는 사멸

물질을 탐색하였다. 납작돌잎 (L. yessoense)과 작은구슬산호말 (C. pilulifera)을 대상으로

calcificationinhibitor의 산호조류 활력에 대한 영향을 알아보기 위하여 무균처리한 시료를 PES

배지에서 16℃,40µEm-2s-1광도,16:8시간 광주기 하에 5일 동안 배양하였으며 대조군은 저해제

를 제외한 증류수만 첨가하였다.시료에 대하여 2,3,5-triphenyltetrazoliumchloride에 의하여

viability를 측정하였으며 그 값은 파장 475nm에서 측정하여 사용하였으며,대조군에 대한

relativeinhibition값으로 나타내었다.8종의 저해제 중 납작돌잎에 대하여 dichloromethylene
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diphosphonicacid가 10mM에서 100%를 보인 반면,Fe-citrate는 10mM과 1mM에서 각각 12%,

53%의 활력을 나타내어 가장 높은 사멸활성을 보였다.저해제를 처리하지 않은 작은구슬산호말 조직

의 경우에는 475nm파장에서 1.10±0.17의 흡광도 값을 나타내었다.처리된 저해제 중에서 AlCl3

가 10mM에서 대조군에 대하여 39%의 활력을 나타내어 높은 활성을 보였으나,1mM에서 그 값이

매우 낮게 나타났다.Fe-citrate와 FeCl3는 10mM에서 대조군에 대하여 각각 44%,35%를 보였다.

2종의 산호조류에 대하여 저해능이 높게 나타낸 Fe-citrate가 가장 석회화 저해제로서 적합하다고

사료되어졌으며,작은구슬산호말에 대한 농도별 Fe-citrate의 영향을 조사한 결과,IC50값은 3.8

mM로 나타났다.

산호조류와 함께 생체모방형 소재 후보로서 진주담치 (Mytilusedulis)의 각피 (periostracum)의

해조류 포자에 대한 방오활성을 조사한 결과,박피한 진주김치의 periostracum에 중성포자의 부착

과 발아가 저해됨을 확인하였다.김 중성포자에 대하여 periostracum의 유기용매 (methanol,ethyl

acetate,dichloromethane)추출물들은 대조군에 비하여 32-62%의 부착 저해율을 보였다.또한 김

중성포자의 발아에 대해서도 80-96%의 저해율을 나타냈다.Periostracum의 유기용매 추출물 중

dichloromethane추출물이 중성포자의 부착과 발아에 대하여 대조군에 비하여 62%,96%로 가장 높

은 저해율을 나타냈다.Periostracum의 dichloromethane추출물의 GC-MS분석 결과,지방산 유도체

인 oleamide가 19%로 가장 함유량을 보였다.

상기 연구결과를 통하여 산호조류와 담치 각피의 조성과 구조를 바탕으로 환경친화적 생체모방형

방오소재의 활용 및 방오소재의 2차적인 오손을 방지하기 위한 첨가제로서 활용 가능할 것으로 여겨

진다.
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