
1.Introduction

Phytoplanktonareprimaryproducersinthe

oceanandusemanykindsofpigmentsforpho-

tosynthesis.Pigment profiles vary among

phytoplanktonclasses.Analysisofpigment

profilesinseawaterhasbeenusedtoinvesti-

gateseasonalchangesinphytoplanktondomi-

nance（METAXATOS and IGNATIADES 2002,

RODRIGUEZetal.2003,HASHIHAMAetal.2008）,

enabling higher throughput than can be

achievedbycellcountingunderamicroscope.

Phytoplanktonpigmentsareanalyzedbyusing

high-performance liquid chromatography

（HPLC）;theproportionalconcentrationof

eachphytoplanktonclassiscalculatedstatisti-

callyby,forexample,factoranalysisusinga

steepest descent algorithm （CHEMTAX;

MACKEY etal.1996）ormultipleregression

analysis using ordinary least squares

（BUSTILLOS-GUZMAN etal.1995,SUZUKIetal.

1997,2002）.CHEMTAXsoftware（MACKEYet

al.1996,1997）isfrequentlyusedforthecalcu-

lations（SUZUKIetal.2002,RODRIGUEZetal.

2003,HASHIHAMAetal.2008）andCHEMTAX

v.1isanexcellentfreesoftwarepackage,butit

functionsonlywithinacommercialprogram-

minglanguage.

Chemicalmassbalance（CMB）softwareis

usedtosolvemassbalanceequationsbyanef-

fectivevarianceleast-squaresmethod.Itwas

developedbyDr.TOM COULTERoftheU.S.En-

vironmental Protection Agency and was
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configuredbyHAYAKARIandHANAISHI（2001）

tooperatewithadd-inMicrosoftExcelsoft-

ware（Microsoft,U.S.A.）.BecauseMicrosoft

Excelistheworld・smostpopularspreadsheet

software,CMBhastheadvantageofeaseofuse

becauseitdoesnotneedaspecialprogramming

language.Moreover,CMB isdifferentfrom

previous multiple regression analyses of

phytoplanktonpigments,asitisbasedona

massbalanceequationwithaweightedleast-

squaresregressionanalysis（HOPKE2002）.The

CMBreceptormodelisusedinenvironmental

studiestoinvestigatesourcesofpollutants,

such asairborneparticulatematterin the

atmosphere （HOPKE 2002） and dioxins

（KASHIWAGIetal.2006,OKUMURAetal.2008）.

Ifthedatasetsofmassconcentrationsofpar-

ticulatemattercomponentsarereplacedby

pigmentprofiles,CMB,likeCHEMTAX,canbe

usedtoestimatephytoplanktoncompositionby

apigmentratioapproach.AsCMBsoftware

（ver.8J0612）canbeusedwhenonlyfewdata

areavailable,weexpectedittobesuitablefor

monitoring phytoplankton communities in

coastalareasincaseswherethereareonlya

fewsamplingpoints.Here,weusedtheCMB

receptormodeltoestimatephytoplanktoncom-

munitycompositionfrom pigmentprofilesin

seawater.Wethencomparedtheresultsof

CMBanalysiswiththoseofCHEMTAX and

DNAsequencing,bothofwhichhaverecently

beenusedtoinvestigateplanktondiversity

（SAVINetal.2004,ZEIDNERandBEJA2004,ZHU

etal.2005,JINGetal.2010）.

2.Materialsandmethods

2.1.SamplingandHPLCanalysisofpigments

InMay2007,aseawatersamplewascollected

from theocean surfaceoffOginohama in

SendaiBay,Japan（lat38�23・N,long141�24・E）.

ThisareacontainsfertilegroundsusedforPa-

cificoyster（Crassostreagigas）aquaculture.

The200-mlsamplewasfilteredthroughaglass

fiberfilter（25-mm Whatman GF/F filter,

WhatmanPLC,SpringfieldMill,U.K.）.The

pigmentswereextractedfromthefilterfor24

hin1mlmethanol,andtheextractwascentri-

fugedat10000×gfor10min.Afterdilutionof

thesupernatantto80％ withdistilledwaterin

an HPLC auto-sampler（Shimadzu,Kyoto,

Japan）,thepigmentswereanalyzedbythe

methodofZAPATAetal.（2000）,withaslight

modificationwherebyaguardcolumnwasat-

tachedbetweentheinjectionvalveandtheana-

lyticalcolumn.

Each pigment was identified from the

retentiontimesofpigmentstandards,andthe

concentrationwascalculatedfrom thepeak

areaonthechromatographfrom theHPLC

diodearraydetector.Weusedeightpigment

standards:19・-butanoyloxyfucoxanthin（But-

fuco）, 19・-hexanoyloxyfucoxanthin （Hex-

fuco）,chlorophylla（Chl-a）,chlorophyllb

（Chl-b）, fucoxanthin （Fuco）, neoxanthin

（Neo）,andperidinin（Perid）werepurchased

fromWakoChemicals（Osaka,Japan）andDHI

Laboratory （H�rsholm, Denmark）, and

alloxanthin（Allo）wasrefinedbyHPLCfrom

pigment extracts of unialgalcultures of

RhodomonassalinaCS-174（Cryptophyceae）,

purchased from CSIRO Marine Research

（Hobart,Tasmania,Australia）.Theconcentra-

tionsofstandardpigmentsdissolvedinacetone

orethanolwerecalculatedfromtheextinction

coefficients（E1cm;Lg－1cm－1）,asmeasuredby

spectrophotometer（GEHealthcareUltrospec

3000）overa1-cmcuvettepathlength.TheE1cm
andmeasurementwavelength,andthesolvent

usedforeachpigment,wereobtainedfrom

publisheddata（JGOFS1994,JEFFREY etal.

1997）.Theconcentrationsofpigmentstan-

dardswerecalculatedasfollows（JGOFS1994）：

Cs＝（Amax－A750nm）/E×1000［mg/g］ （1）

whereCs isthepigmentconcentration（mg

L－1）,Amaxistheabsorbancemaximum,A750nm is

theabsorbanceat750nm tocorrectforlight

scattering,andEistheextinctioncoefficient

（Lg－1cm－1）.

2.2.AnalysisbyCMBandCHEMTAX

Thepigmentconcentrationsdeterminedby

HPLCwereinputintoaCMBspreadsheetin

MicrosoftExcel.Dataforthetypicalpigment

ratiosofeachclassofphytoplanktonwerealso

input（Table1）.Weselectedsixphytoplankton

― Phaeodactylum tricornutum （Bacillario-

phyceae）, Pelagococcus subviridis（Pelago-

phyceae）,Pycnococcus provasolii（Prasino-
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phyceae）, Amphidinium carterae （Dino-

phyceae）,Emilianiahuxleyi（Haptophyceae）,

andChroomonassalina（Cryptophyceae）and

calculatedtheirpigmentratiosfrom thepub-

lisheddata（JEFFREY andWRIGHT1997）used

fortheinitialratiomatrixintheCHEMTAX

user・smanual（MACKEYetal.1997）.Afterin-

putting alldata,weanalyzed thephyto-

planktonprofilesintheenvironmentalsample

byCMBaccordingtotheCMBuser・smanual

（HAYAKARIandHANAISHI2006）.

Themassenvironmentalconcentration of

pigmenti（Ci）isshowninEquation（2）：（in

theoriginalequation,Ciisthemassconcentra-

tionofcomponentiofparticulatematter）;

Ci・ ・
p

j=1

aijSj i＝1,.....,n （2）

whereaijisthefractionalconcentrationofpig-

mentiofclassj（intheoriginalequation,aijis

thedensityofparticulatemattercontaining

componentiinemissionsfromsourcejtothe

receptor）;Sjisthetotalmassconcentration

contributedbyclassj（originallythetotal

massconcentrationcontributedbysourcej）;p

isthenumberofclassesandnisthenumberof

pigments,withn・ p（originally,pwasthe

numberofsourcesandnwasthenumberof

components）.Ciandaijareknown,andSjis

foundfromtheeffectivevarianceleast-squares

solutionofanover-determinedsystemofequa-

tions.

Thecalculationsareaccompaniedbyanerror

inthefractionalconcentrationofthepigment

fromeachclass（or,intheAirPollutionCon-

trol Technology Manual［ENVIRONMENT

AGENCY,GOVERNMENT ofJAPAN 1997］,the

emissionsourceprofiledata）andbyanerror

intheestablisheddataontheenvironmental

concentration ofthe pigment（or,in the

abovementionedmanual,theconcentrationof

thecomponentonenvironmentalparticles）.

Bothoftheseerrorsmustbeconsidered.The

effective variance least-squares method is

solvedinEquation（2）bymultiplyingthecon-

centrationofeachpigment（or,inthemanual,

theconcentrationofeachchemical）byaper-

centageweightthatisproportionaltothefrac-

tionalconcentrationofthepigmentfromeach

class（or,inthemanual,theprecisionofthe

emissionsourceprofiledata）andthemeasured

environmentalconcentrationofeachpigment

（or,inthemanual,theenvironmentalconcen-

trationofeachchemicalcomponent）.Repeat

computationsareconductedtoseekSj,which

minimizesthefunctionx2inEquation（3）：

x2・ ・
n

j=1

・Ci－ ・
p

j=1

aijSj・2

Vi （3）

InEquation（4）Viistheeffectivevariance：

Vi・・ci2・ ・
p

j=1

・aij
2Sj

2 （4）

where・Ciistheerrorthataccompaniescompo-

nenti,and・aijistheerrorthataccompanies

themeasurementofaij.

Toevaluatewhetherthecalculatedvalues

wereappropriate,theχ2,R2,andpercentmass

valueswerealsocalculatedbyCMB.Inthe

CMBmanual,theχ2valueistheweightedsum-

of-squaresofthedifferencesbetweenthecalcu-

latedandmeasuredfitting speciesconcent-

rations;avaluelessthan1indicatesavery

goodfittothedata,andvaluesbetween1and

2areacceptable.TheR2valueisthefractionof

thevarianceinthemeasuredconcentrations
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Table1.Typicalpigment/chlorophyllaratiosofeachclassofphytoplanktonusedinthisstudy

Perid But�fuco Fuco Neo Hex�fuco Allo Chlb Chla

Prasinophyceae

Bacillariophyceae

Dinophyceae

Haptophyceae

Pelagophyceae

Cryptophyceae

1.063

0.368

0.755

0.974

0.151

1.706

0.229

0.945 1.000

1.000

1.000

1.000

1.000

1.000



thatisexplainedbythevarianceinthecalcu-

latedspeciesconcentrations.R2rangesfrom 0

to1.0;thecloserthevalueisto1.0,thebetter

thesourcecontributionestimatesexplainthe

measuredconcentrations.Percentmassisthe

ratioofthemodel-calculatedsourcecontribu-

tiontothemeasuredmassconcentrations,ex-

pressedasapercentage.Thisratioshouldequal

100％,althoughvaluesrangingfrom 80％ to

120％ areacceptable（COULTER2004,HAYAKARI

andHANAISHI2006）.

Afterthedataforthetypicalpigmentratios

of each phytoplankton class were input

（Table1）,wealsousedCHEMTAXtoanalyze

thephytoplanktoncommunityprofileinthe

sameenvironmentalsampleaccordingtothe

CHEMTAX user・smanual（MACKEY etal.

1997）.

2.3.DNAsequencingandBLASTsimilarity

search

ForDNAsequencing,a500-mlseawatersam-

plewasfilteredthroughaDuraporemembrane

filter（diameter,47mm;poresize,0.45μm;Mil-

lipore,MerckKGaA,Darmstadt,Germany）.

Thefiltercontainingthesamplewassuspended

in 1mloflysisbuffer（20mM Tris・HCl

［pH8.0］,5mM EDTA,0.3％（wt：vol）SDS,

200μg/mlproteinaseK）.Thesuspensionwas

vortexedfor30sandthenincubatedat55℃ for

1handat95℃ for5min.Thefilterwasthen

removedfrom thelysisbufferandtheliquid

phasecontainingnucleicacidswasseparated

bycentrifugationat10,000×gfor10min.The

supernatantdilutedwithdistilledwaterwas

usedasatemplateforpolymerasechainreac-

tion（PCR）analysis.

ThepsbAgene,whichencodespolypeptideD1

ofthephotosystemIIreactioncentercomplex,

wasamplifiedbyPCR withthedegenerate

primersPsbAF（5・-TTCGGTCAAGAAGAA

GAGACTTA－3・）andPsbAMR（5・-YTCRTG

CATHACYTCVAW RCC－3・）,whichhave

specificityformanyalgae.Primerswerese-

lectedbyusingPrimer3software（ROZEN and

SKALETSKY 2000）.PCRwasperformedunder

thefollowingconditions:94℃for10min;40cy-

clesof94℃for30s,55℃for1min,and72℃for

1min;andafinalstepat72℃ for7min.

AfterPCRamplification,thePCRproducts

werepurifiedwithaHighPurePCRCleanup

MicroKit（ROCHE DIAGNOSTICS,Germany）.

ThepurifiedproductswereclonedbyDYNA-

EXPRESSTA PCRCloningKit（BIODYNAMICS

LABORATORY INC.,Tokyo,Japan）.Aftercol-

ony-directPCR（30cyclesof98℃ for10s,then

annealingandextensionat68℃ for1min）

with theuniversalprimersM13P7（5・-CGC

CAGGGTTTTCCCAGTCACGAC－3・）and

M13P8（5・-AGCGGA TAA CAA TTT CAC

ACAGGAAAC－3・）,coloniescontainingin-

sertswereidentifiedbyagarosegelelectropho-

resis.AfterpurificationofthePCRproductsof

theinsertcoloniesusing ExoSAP-IT（GE

HEALTHCARE,England）,DNAsequencingwas

performedwithaDYEnamicETTerminator

CycleSequencingKit（GEHEALTHCARE）byus-

ingtheprimerM13P8onanautomatedABI

3100 DNA sequencer（APPLIED BIOSYSTEMS

USA）.Sequenceswerethenalignedbyusing

phred/phrap/consedsoftware（EWING etal.

1998,GORDON etal.1998,SAITO 2009）and

phytoplanktonspecieswereidentifiedfromse-

quencesalignedbyusingBLAST.

3.Resultsanddiscussion

3.1.Measuredpigmentconcentrationsand

concentrationscalculated by theCMB

model

Wecomparedmeasuredandcalculatedpig-

mentconcentrations（Fig.1）.Measuredpig-

mentconcentrationswereintheorderChl-a＞
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Fig.1.Comparisonofmeasuredandcalculatedpig-
mentconcentrationsinaseawatersamplefrom
SendaiBay,Japan.Errorbarswerecalculated
byassuminga5％errorinthemeasuredconcen-
trations.



Fuco＞Chl-b.Hex-fuco,Perid,Allo,But-fuco,

andNeowereatthesamelowlevelasChl-b.

Thecalculatedconcentrationofeachpigment

wasconsistentwiththemeasuredconcentra-

tion.The・2,R2,andpercentmassvaluescalcu-

latedbyCMB were0.62,0.99,and101.6％,

respectively.Weconsiderthatthesethreeval-

uesindicatethevalidityoftheclasscontribu-

tionestimates.

Chl-a,whichisinallphytoplankton,usually

hasthehighestconcentrationofallpigments

detectedinenvironmentalsamples（WRIGHTet

al.1991,ZAPATAetal.2000）,asitdidinthis

study.Fucoxanthin,which isfoundin the

BacillariophyceaeandPelagophyceae（JEFFREY

andWRIGHT1997）,wasalsodetectedathigh

concentrations.Ourpigmentprofilesarethere-

fore similar to those reported elsewhere

（WRIGHTetal.1991,ZAPATAetal.2000）.

3.2.ComparisonbetweenCMBandCHEMTAX

Wecomparedtherelativecontributionsof

sixphytoplanktonclassestototalchlorophyll

acalculatedbyCMBandCHEMTAX（Fig.2）.

Bothapproachesindicatedthattherelative

abundanceoftheBacillariophyceaewashigh-

est, followed in descending order by

Prasinophyceae≧ Cryptophyceae≧ Hapto-

phyceae≧Pelagophyceae≧Dinophyceae.The

resultsoftheCMBandCHEMTAXanalyses

weresimilar.TheBacillariophyceaeaccounted

forabout65％（CMB）or64％（CHEMTAX）

ofallphytoplankton（Fig.2）.Theproportions

of Prasinophyceae,Cryptophyceae,Hapto-

phyceae,Pelagophyceae,andDinophyceaewere

about11％,8％,6％,5％,and5％（bothCMB

andCHEMTAX）,respectively.InSendaiBay,

theBacillariophyceaeoutnumbertheDino-

phyceaeinallseasons（IIJIMA etal.2004）;

therefore,webelievethatthephytoplankton

community composition determined in this

studyischaracteristicofthatinSendaiBay.

Thepigmentconcentrationsinphytoplank-

tonareknowntovarywithenvironmentalcon-

ditionssuchaslightandnutrientconditions,

andamongspeciesorstrainswithinthesame

class（MACKEYetal.1998,SCHLUTERetal.2000,

LIONARDetal.2008）.Asthechangeofthepig-

ment:chlorophyllaratiosofphytoplankton

accompanying environmentalconditionsare

reflectedintheCMBanalyses,weanticipate

thatCMBisausefultoolforinvestigating

phytoplankton composition in theenviron-

ment.

3.3.DNAsequencingandBLASTsimilarity

search

TheBLASTsearchshowedthatmanyofthe

psbAgeneDNAsequenceswerehighlysimilar

tothoseoftheBacillariophyceae（Table2）.
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Fig.2.Relativecontributionsofsixphytoplanktonclassestototalchlorophyllainasampleofseawater
fromSendaiBay,Japan,ascalculatedbyCMBandCHEMTAX.



Bacillariophyceae sequences accounted for

about64％ ofallphytoplankton.Thispropor-

tionisclosetothevaluesobtainedbyCMB

（65％）and CHEMTAX（64％）.Within the

Bacillariophyceae,Odontellasinensiswassig-

nificantlyalignedbyBLAST.Odontellaspp.

arefrequentlyobservedinthecoastalzonesof

theTohokuregionofHonshu,Japan（TAKANO

1990）;ourresultsareconsistentwiththeseob-

servations.TheresultsoftheBLASTsearch

forsimilarDNA sequencessuggestthatthe

Haptophyte species were Isochrysis sp.,

EmilianiahuxleyiandPhaeocystisantarctica,

andthePrasinophyteswereOstreococcussp.,

MicromonaspusillaandRhizariawasPaul-

inellachromatophora.Althoughwedidnotde-

tectany Cryptophyceae,Pelagophyceae or

DinophyceaeDNA sequences,thepigments

characteristicofthesephylogeneticgroupsin-

dicatethattheyaccountedfor5.0％ to8.4％ of

thetotalphytoplankton,asdetermined by

CMBandCHEMTAX.IfmoreDNAsequences

areavailable,itshouldbepossibletodetectthe

DNAsequencesoftheseclasses.Althoughthe

biasofPCRfrequentlyaddsuncertaintytothe

quantificationoforganisms（DIEZ2001）,our

DNAsequencingresultswereroughlysimilar

tothoseofCMBandCHEMTAX.Asmorere-

sultsofCMBanalysisaccumulate,CMBwill

becomeaneasy-to-usetoolforinvestigating

naturalphytoplankton community composi-

tion.
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