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Abstract

Thestainingofabio-aerosol,orairbornebiologicalparticlesthataresuspendedintheatmospherein

thefbrmofanaerosol,representsatoolthatcanbeusedtoevaluatethedetailedcharacteristics,andthe

concentration,ofsuchsubstances.ThiscanbedoneonlineusingavailabletechnologysuchasHow

cytometry(AerosoIFIowCytometry).Suchanonlinetoolcouldbeusefillfbrexaminingemissionsources

andthetransportofbio-aerosols.Mixingabio-aerosolandamistcontainingnuorescencedyesolution
couldbeutilizedasapossibleGGaerosoldyingprocess''.Thisisaprocessinwhichthetimerequiredtostain
microbeswiththedyesolutionwouldbeakeyfactorbothfbrstainingefficiencyandfbrthesizeofthe
instrumenttobedesigned.Inthissmdy>thetimedependencyofthestainingprocesswasexammedin
relationtoacombinationofatypicallypeofmicrobe,oIWeast(StJcc〃αγり"りﾉC鄙Ce形v航αe)suspendedin
waterandaDAPIsolutionusinganuorescencespectrophotometerinconiunctionwithadyeconcentration
ofO.1-1011gml~!andayeastconcentrationO.1-100ILgml~'.Thesmdyshowedthatthenuorescence
intensityofamixedsolution(comparedtothatofthefiFeedye)increasedinstantaneouslyaftermixing
underselectedconditionsandthat50%ofthemaximumamountofstainedyeastcouldbeobservedwithin
lessthanlOseconds.DAPIwasconfinnedtostainyeastcellsintheorderofsecondsinthenuorescence

spectrumandthiscouldbeobservedasaredshiftintheexcitationandemissionwavelengthsofamixed
solution.Byadjustingsuitableconditions(e.g.,DAPI3ILgmr!andyeastZIOILgml~!inthepresentcase),
thestainingprocesses(<IOsec､50%staining)wasrapidandtheproductremainedstable.Thissuggests
thattheaerosolstainingprocesshasthepotentialfbruseinthisarea.
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l.INTRODUCTION

Theairbomebiologicalparticles,so-called

bio-aerosoIs,includebacteria,viruses,fUngi,plantand

animaldebrisetc.,whichmayexertvarioushuman

healtheffects,includingallergiesandinfectiousdiseases

suchastuberculosis(Ryanαα/.,2014),influenza

(O'Brienaaﾉ.,2016),legionellosis(Diederen,2008;

Langerαα/.,2012;Wunderlichαα/.,2016)andfbod

poisoning.Bio-aerosolsandcontaminatedwatercanbe

distributed,suspendedandtransportedlong-rangesinthe

atmospherebywindandstonns.Somemicrobescanbe
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combinedwithdustparticlesandclouddroplets

(Creameanαα/.,2013)thatcanaffecttheecosystemand

resultindynamicandunnoticeablehumanhealthrisks.

Bio-aerosolsstudieshavebeenreportedbyaerosoland

microbialresearchers(Ghoshaaj.,2015;Yao,2017).

Nevertheless,theevaluationofbio-aerosolsrequires

complicatedprocedures,extensiveskillsandtime;

moreoverjthereal-timeofemissionsourcescannotbe

analyzed.

AirbornemicrobecommunitiesovertheSeaofJapan

wereinvestigatedintermsoftheirtransportoveralong

distanceovertheSeaofJapanviaAsiandust(KOSA)

廿omtheGobiandTaklamakandesertregionsofnorthern

China・SomencrobesfiomKOSA,aretolerantto

extremeenvironmentalsimations,remainphysiologically

activeandviableoverlongperiodsoftimeandcanreach

landmassesinJapaneseterritorieswhichmayaffectthe

microbialdiversityandtheecosystem(Yamaguchiαα/,，

2012,2014),andhumanhealthrisk(Kobayashiαα/､，

2016).Itisalsonoteworthythatsomemicrobescanbe

transportedhomJapanmarineareastolocallandmasses

(Makiaaﾉ.,2015)andalsoairbornemicrobesviaKOSA

canbetransportedtoNorthAmerica(Smithemﾉ.,2012).

Theevaluationofairbornemicrobesbasedon

culturemethodsreqUiresspecialskillsandisquitelabor

intensive,althoughthemajorityofmicrobescannotbe

detectedduetotheincompatibleofmediumorthefact

thattheyadifficultorimpossibletoculmre(Fabianαα/､，

2005;Heoaaﾉ.,2017).Tbaddressthisissue,technologies

thatareculture-independentsuchasnuorescence

microscope,liquidnowcytometry(FCM),geneanalysis

andrelatedmethodshavebeendeveloped・Thedetection

sensitivityandaccuracyofthesetechnologieshavebeen

dramaticallyimproved.InJapan,connnunitiesof

airbornemicrobesduringKOSAandnonKOSAevents

wereinvestigatedby;fbrexample,epinuorescence

microscope(HaraandZhang,2012;MurataandZhang,

2014),PCR-DGGE(Makiaaﾉ.,2010,2011)and

real-timePCR(Yamaguchiaaﾉ.,2012,2014;Kobayashi

ejα/.,2016).InNorthAmerica(Smithαα/､,2012)and

Korea(Jeonem/.,2013)theinnuenceofthesemicrobes

duringaKOSAeventwereexaminedusinga

combinationofculmremethodsandPCRtoevaluate

characteristicsandsources・Nevertheless,suchanalytical

methodsrequiredtocollectortransferairbomemicrobes

intoliquidbefbreanalysis.Existingmethodsfbr

detectingairbornemicrobesutilizetheautofluorescence

ofmicrobesthatdirectlydetectthenuorescenceemitted

byairbornemicrobes(Hillααﾉ.,1999;Stanleyαα/.,

2011;Bhangarαα/.,2014).Falsepositive/falsenegative

ofautofluorescencewasratherlargeduetothefactthat

somemicrobescouldnotbedetectedandclassified

(Healyaα/.,2014;O℃onnore/aﾉ.,2015;Saariaaﾉ.，

2015);however,thefluorescentstainingofairborne

microbeshasnotbeenexamined・Ontheotherhand,

techniquesfbrdetectingscatteredlightofaerosol

particlesintheairhavebeenreported(Anselmeja/.,

1987;Quintene/Q/.,2000;SniderandPetters,2007).

Theintensityofscatteredlightdependsonthesize,

shapeandrefiactiveindexofindividualsingleparticles.

Howeverlbecausesomesuchparticlesderived廿om

microbesarenonsphericalinshape,itismoredifficultto

accuratelydetectthem,sincethescatteredlightof

nonsphericalparticlesisdifferent廿omthatofspheres.In

addition,thefluorescentstainingofcellsinaliquidfbr

useinfluorescencemicroscopyobservationsandina

pretreatmentfbrFCMhasnotbeenyetperfbrmedinthe

alr・

SinceFCMtechnologyispracticalisusedasacell

measurementdeviceinliqUidsduetoitscapabilitiesof

rapidcellcountingandcharacteristicevaluation,itcan

beusedtodetectnotonlyscatteredbutalsoabsorbedand

nuorescenceemittedlightfifomsinglestainedcells

(Caronaaﾉ.,1998;Gafbrioαα/.,2002;Raithathaand

Smart,2009).FCMhashadalargeimpactinmedical

engineeringandhasbeenwidelyusedfbrthe

environmentalanalysisofmicroorganismsrecently

(Porterαα/・,1997;Langeaa/.,1997;ChenandLi,

2005,2007;Galesaaﾉ.,2015).Ontheotherhand,

methodsfbrthedetectionandevaluationofmicrobesin

anaerosolstate,somewhatlackingandour

understandingofthebehaviorofairbornemicrobesis

lessthaninliquid.Stainingofairbomemicrobesin

aerosoIstatecanprovideatoolfbrevaluatingthe

detailedcharacteristicsandconcentrationonlineby

applyingFCMtechnologyasAerosolFlowCytometry.
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Suchanonlinetoolwouldbeusefillfbrexamining

emissionsourcesandtransportationbehaviorsof

bio-aerosols.Therefbre,themixingofairbomemicrobes

andamistofanuorescencedyesolutionmaybea

possibleGGaerosolstainingprocess''.Ifaerosolmicrobial

nuorescencestainingtechnologycouldbeachieved,a

rapidandaccuratein-simmeasurementwhichhasnot

existedsofarwillberealized・Accordingly)itwillhavea

greatbenefiton6eldssuchasinfectionriskinmedical

instimtions,workplaceenvironmentalmanagement,

environmentalmonitoring,andreal-timeevaluationof

bio-aerosols.

Fortheaboveproposedtechnology,timedependency

fbrthemicrobestainingprocessintheorderofseconds

iscriticallyimportantsinceitwouldbeakeyfactorboth

fbrstainmgefficiencyandsizeoftheinstrumenttobe

designed,therefbre,thetimedependencyofthestaining

processwasdiscussedonacombinationofatypicalsort

ofmicrobes,oI;yeast(SMce花蛎"e)suspendedmwaterand

aDAPIsolutionusingafluorescencespectrophotometer

whichmayproposealargeplausibilityoftheaerosol

stainingprocess.

thetimedependencywasinvestigatedintheorderof

seconds,DAPIwasusedtopreparedyesolutioninpure

waterwithoutfilrtherpurification.Adyesolutionwas

preparedina5mmmicrocuvettewhichwasused,since

itwasnecessarytomixthesolutioninsidethecuvette

extensivelyandreducethepathlengthtominimizeinner

filteringeffectsofsolution.Dyewaspreparedmthe

microcuvetteandplacedinsidespectrofluorometer

(JascoFP8200,JascolnternationalCo.,Ltd.,Japan)

befbremixingwithyeastsolution.Commercialbaker's

yeastpowder(&ce花畑me)fiomNipponFlourMills

Co.,Ltd.,Japanwassuspendedinpurewaterwithout

filrtherpurificationtoprepareyeastsolution・Forawell

suspendedmixtureofyeastanddyesolutionand

instantaneousmeasurementaftermixingwasneeded,the

yeastsolutionwasinjecteddirectlybymeansofamicro

syringe(Hamiltonl750RN,USA)fifomoutside

spectronuorometerthroughthemjectionholeabovethe

closingcoverintothecuvettethatdyesolutionwas

alreadypreparedandplacedinsidethespectrofluorometerb

Thetotalvolumeofthesolutionswere"ustedtolml.

DAPIatafinalconcentrationofO.landlllgmr'were

mixedwiththeyeastsuspensionwhichwasaqustedtoa

finalconcentrationofl-100ILgml~'toexaminethe

consequencesofyeastconcentration・Yeastatafinal

concentrationoflOOILgml~'weremixedwithadye

solutionatafinalconcentrationofO.1-10トLgml-'to

smdyconsequenceofdyeconcentrationonthestaining

process(Tablel).

ll.MATERIALSANDMETHODS

DAPI(4',6-diamidino-2-phenylindole)(Nacalai

Tbsque,Inc.,Japan)isgenerallyknownasaDNA

bindingnuorescencedyefbrDNAassaysinHow

cytometry.SinceDAPIisastablenuorescencedyeand

TablelConditionsfOrtheexperiments

Consequenceofyeastconcentration

DAPIconcentration

(ugml-')

Yeastconcentration

(ILgml･')

0.1

1

100

lOO

１
１

５
５

lO

lO

50

50

Consequenceofdyeconcentration

Yeastconcentration

(ILgml･')

DAPIconcentration

(ILgml-')

10100 0.1 1 3 5
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decreased,sincetheconcentrationofdyewaslimited.

Ontheotherhand,Tijssenaaﾉ.(1982)reportedan

instantaneousdecreaseofnuorescenceintensityafier

addingyeast(StIcc加'り"りﾉc鄙次Mgj"s)toaDAPI

solutionataconcentrationofO.2ILgml~'in3mM

Tris-maleateatanemissionwavelength456nmwhile

theincreasewasinstantaneousat525nmduetoDAPI

boundtoperipherally-localizedpolyphosphatesonthe

surfaceofyeastcellswhichcouldnotobservedin

commercialbaker'syeastintheirsmdyandafier

prolongedincubationthenuorescenceintensityat456

nmgraduallyincreasedsincetheDAPIwasboundtoand

takenupbytheyeastcells・Therefbreourresultssuggest

thattheproperamountofyeast(SIcerev航αe)fbr

stainingshouldbeZ10ILgml~Isincethestainingoflive

cellsrequiresaplasmamembranethatispermeableto

nuorochromethatstoichiometricallystainsDNAand

dependsoncelltypewhichsomeofwhichtakeup

fluorochromeatdifferentrates(Darzynkiewicz,2011)

thus,yeasttypeandconcentrationareimportantfactors

intheoverallstainingprocess.

FluorescenceintensityofO.1-1011gml~'DAPI

concentrationmixedwithlOOILgml~'yeast

concentrationincreasedinstantaneouslyfifomfiFeeDAPI.

ThemixturesofO.llLgml~'DAPIrequiredalongest

timetoreachequilibriumandthetimerequired

decreasedwithincreasingdyeconcentrationasshoWnin

Fig.2;howeverjuorescenceintensityofthemixtureof

Z3ILgml~'DAPItrendedtodecreasegraduallywith

Thechangeinnuorescenceintensitywithtimeand

theexcitationandemissionspectrumofeachcondition

weremeasuredinstantaneouslyaftermixingatroom

temperamreinthreereplications.Anexcitation

wavelengthof360nm,anemissionwavelengthof456

nm,excitationandemissionbandwidthsof5nmwere

usedinthemeasurement・Timedependencyofeach

mixmrewasmeasuredateachsecondafierthemixing.

Ⅲ．RESULTSANDDISCUSSION

Fluorescenceemissionintensityatanexcitation

wavelength360nm,emissionwavelength456nmoffifee

DAPIandmixmresofDAPIandyeastareshowninFig.1,

theintensityofmixmresofO.landlllgml~IDAPI

concentrationwithl-100ILgml-'yeastconcentration

increasedinstantaneouslyandgraduallyreached

equilibriumexceptfbramixmreofO.1トlgml~'DAPI

withlllgml~'yeast.MixmresofO.1ILgml~'DAPIwith

50-100トLgml~'yeastandllLgml~IDAPIwithZlOllg

ml-'yeastresultedagreaterincreaseinintensityぅahigher

stabilityandalowerstainingtimeduetothedecreasein

thetimetoreachequilibriumwhenyeastconcentration

wasincreased,andconcentrationsofyeast≦lllgml-1

yeastresultedininconsistentdata・Furthennorethe

mixturesofO．lllgml~'DAPIneededlongertimeto

reachequilibriumcomparedwiththemixturesoflトlg

ml-lDAPI・Whentheyeastconcentrationwasincreased

thetotalintensitychangeinO.lllgml~'DAPIwas
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time.TheproperDAPIconcentrationfbryeast(&

Ce花v航αe)stainingshouldbe<10ILgml~'.Aclear

histogramfifomcellscountedbynuorescentmicroscopy

ingliomacelllineU87wasdemonstratedusingthe

optimalDAPIconcentrationatDAPIO.4-0.611gml-l

(Sunααﾉ.,2017).ADAPIconcentrationat>2-10mg

L~'couldeasilydistinguishedbacteriabymicroscopy

whenDAPIwasused(Yuαα/.,1995).Athighdye

concentration,thecontributionthenuorescencespectrum

ofDAPIboundtodifferentpolynucleotidescouldnotbe

observed(Biancardiaaﾉ.,2013),therefbrethedye

concentrationwasalsoafactorinthecharacteristicsand

stabilityofmicrobesinthestainingprocess.

Tbachievestabilityinstainingfbcusingontime

dependencyat50%ofthemaximumamountofstained

yeast,theproportionofmicrobes(ncrobe:dyeratio)is

animportantfactorthatcanaffectthestainingresults

(Darzynkiewicz,2011),whilestainingtimeisimportant

fbrstainingefficiencyandthesizeoftheinstrumentto

bedesigned(Fig.3).AstainingtimeofO.lllgml~',a

DAPIconcentrationof50%ofthemaximumofstained

yeastatl,5,10,50andlOOl,gml-'yeastconcentration

were60,40,40,10and7sec,respectively.Alllgml~'

DAPIconcentrationresultedinstainingtimesof50,5,6,

4and4secfbr50%ofthemaximumofstainedyeast

concentrationsofl,5,10,50andlOOトLgml-l

respectively.0．1トLgml~IDAPIwithZ50ILgml~'yeast

andlトLgml~IDAPIwith≧5ILgml-lyeastrequireda

stainingtimelessthanlOsecwhilealongertimewas

requiredfbrtheotherconcentrations・Thesedataindicate

thathalfoftheyeastfiactioncouldbestainedwithinlO

secusingO.landllLgml~IDAPIconcentrationswitha

yeastconcentrationofusing≧10ILgml-l・ForlOOllg

ml~'yeastconcentration,50%ofthemaximumstaining

ofyeastwasachievedbyusingO．1,1,3and5ILgml-1

DAPIconcentrationsat7,4,1andlsec,respectivelyb

Thus,≧10ﾄLgml~'yeastwithDAPI3-10ILgml~'should

beusedinstainingairbornemicrobesinanaerosolstate

inordertoachieveahighstabilityandlowertotal

imensitychangeinstainingbecauseashortertimefbr

yeaststainingisrequiredusingthiscondition.

ExcitationandemissionspectraofO.landlllgml~'

DAPIconcentrationandmixmresofl-100ILgml~'yeast

concentrationwereobtainedimmediatelyaftermixing.

Theexcitationnuorescenceintensitycouldbeenhanced

１

０

（
巳
ぢ
ｚ
）
８
宮
８
＄
ぢ
室
匡

綴

■DAPIO.ll

｡DAPI311g
KDApI10Il

0 30

Time(s)

60

Fig.2 TimedependencyfOrnuorescenceemission

職i%;:昌鴨i鮮照W比'椚基I
concentration,excitationwavelength360nm
andemissionwavelength456nm.

A B

100

1

（
巴
の
〔
昌
停

10

1 I 且UーーU

10l

DAPI(ILg/mL)

1000.110

Yeast(ILg/mL)

1

鵬繍謄照h蔑獺i::柵語g鴨,燗雛撫:s¥:剛淵r:(,獄ド
0.1-10I｣gml~',excitationWavelength360nmandemissioriwavelength456nm.

Fig.3

－5－

■
。
■
ｑ
■

几U

利

Ｐ
Ｑ
Ｄ
ｐ
■

■
■
Ｌ
■
Ｆ
■

@YeastlOOUg/mL

一一



Ｌ蜘
皿
皿

仏
‐
図
辺

０
１
５

ｌ
似
ｕ

ＧＩ
ｔ
ｔ

Ｐ
鐇
妬

Ａ
ｅ
ｅ

Ｄ
Ｙ
Ｙ

一
一
一

A B

eastSilg/mL

eastlOllg/mL

east5011g/mL

eastlOOMg/mL

l.21.2（
巳
ぢ
ｚ
）
⑪
。
口
８
＄
ぢ
こ
匡

0.60.6

00

24 03 40 440380480s80

Wavelength(nm)Wavelengtb(nm)

FluorescencespectrumoffreeDAPlatconcentrationsofO.111gml~'andmixingwithyeastat
concentrationOfl-1001｣gml~'.(A)excitationspectrum(eiT1issionat456~nm)and(B)

Fig.4

emissionspectrum(excitationat360nm)

byusingO.landlllgml~IDAPImixedwith5-100トLg

ml~'yeastcomparedwithDAPImixedwith<511gml~'

yeastorfifeeDAPI(Fig.4).Whentheyeast

concentrationwasincreased,themaximumexcitation

spectrumofO.landlllgml~'fifeeDAPIwasshifted

fom344and344to351and350nmrespectivelybThe

abovedataareconsistentwiththeabsorbanceredshifi

reportedfbrDAPIboundtocalfthymusDNA(Linαα/.,

1977),polyd(G-C)2(Wilsonαα/.,1989),poly(A)

(Kapuscinski,1990),poly(A)-poly(U)(Taniouse/q/.,

1992),single-anddouble-strandedDNA(Kapuscinski,

1995;Cosaaa/.,2001;Biancardiaα/.,2013).

AnalogoustomixingDAPIwithcalfthymusDNA,

double-strandedDNA,poly(A)orpoly(A)-poly(U),

mixingDAPIwithyeastwasalsofbundtoenhancethe

fluorescenceintensityinourstudy・Whentheyeast

concentrationwasincreased,thenuorescenceintensity

wasalsoincreasedsubstantially・Themaximumemission

spectrumofO・landllLgml-'廿eeDAPIwereshified

fifom455and457to470and477nmrespectivelywhen

yeastataconcentrationof5-100ILgml~'wasadded・The

enhancementinnuorescenceintensityandthemaximum

emissionspectrumredshiftfbrthemixtureofO.landl

ILgml~IDAPIwith5-100ILgml~'yeastgaveresultsthat

werethesameasthatfbrwhenDAPIboundtopoly(A)

andpoly(A)-poly(U).Tijssenαα/.(1982)observeda

rapidredshiftintheemissionspectrum廿om456nmfbr

廿eeDAPIto525nmfbrDAPIstainedyeast(＆戸tg"な）

sinceareactionofDAPIwithperipherally-localized

polyphosphatesonthesurfaceofyeastcellscouldnot

observedincommercialbaker'syeast,indicatingthe

absenceoforalowconcentrationofperipherally-

localizedpolyphosphates.

IVLCONCLUSION

Thetimedependencyandspectraoftheyeast

stainingprocessindicatethattheyeastSIc"ev耐aewere

stainedinstantaneouslybyDAPIinpurewateratdye

concentrationsofO.1-10ILgml~'and50%ofthe

maximumamountofstainedyeastcouldbeobservedin

lessthanlOseconds,whileusingoptimalmicrobeand

dyeratiosresultedinaninstantaneousincreaseof

fluorescenceintensitywhenyeastcellswereaddedtoa

dyesolutionandspectralshiftsdemonstratedthatthe

Huorescenceintensitywasincreasedandthatspectral

shifiswereobservedwhenDAPIbecameboundtoand

fbrmedanintercalationcomplexinG-CregionsinDNA,

A-UregionsinRNAorpolynucleicacidinsidethecells.

Theproportionofyeastanddyeconcentrationeffected

bothstainingefficiencyandtimedependencyland,by

adjustingtheconditions(e.g.,DAPI3ILgml~!andyeast

ZIOILgml~!fbrthepresentcase),stableandrapid

stainingprocesses(<10seconds50%staining)couldbe

obtained.Theabovefindingssuggestthattheuseofan

aerosolstainingprocessrepresentsaplausibleapproach

tosoIvingthisproblem.
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微生物染色特性の時間依存性に関する検討：

バイオエアロゾルオンライン計測のための基礎特性

PIRIYAKARNSAKULSuthida1・寶田馨!・畑光彦2．古内正美2＊
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要旨

気中に浮遊する微生物（バイオエアロゾル）のDNAを浮遊状態で気中染色できれば，既存の

フローサイトメトリー等の計測技術をエアロゾルに応用して（エアロゾルフローサイトメトリ

ー)，微生物の種類・濃度などの詳細な情報をオンライン計測できる可能性がある。こうしたオ

ンライン計測の実現は，バイオエアロゾル発生源の特定や輸送変動を議論する上で有用なツー

ルとなる。バイオエアロゾルと蛍光染料ミストとの混合は気中染色法の候補の一つであるが，

染色液と接した菌のDNA染色に要する時間がエアロゾル保持時間・方法，装置寸法を決定する

重要なファクターとなる。本研究では，イースト菌と代表的な蛍光物質であるDAPI溶液の組み

合わせを例として，様々な菌・蛍光物質濃度で菌分散液とDAPI溶液の混合直後からの秒単位の

DNA蛍光強度の変化特性を蛍光分光光度計で計測し，混合条件と染色時間の関係に検討を加え

た。この結果，適切な濃度条件（例えばDAPI311gml~',イースト菌lOl,gml-')を設定すること

で再現性のある安定した時間特性が得られること,10秒以下の極めて短時間にDNAの50%以上

が染色されることを示し，気中染色法の実現可能性を示した。

キーワード：バイオエアロゾル,DAPI,蛍光染色，時間依存性，イースト菌
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