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Abstract  

Themechanismtosuppressthegrowthoficecrystalsduetothes11garStOredinplantcellsatlow  
temperaturewasexperimentallyinvestigated．Bypreciselyobservingthemorphologicalchangeofice  
CryStals，itwasfoundthatthereexistedthreemechanismstosuppressthegrowthrateoficecrystals  
growinginsucrosesolution，dependingonsupercoolingandsucroseconcentration．  

1．lntroduction  

Itiswellknownthattheplantcellsareprotected  
たomfreezingby也estlgarStOredintbeceilsvheiltbe  
plant tissue cells were eIICO11ntered atlow tempera－  
ture（Levitt，1971）．There are some experimental  
Studiesonthemechanismtosuppressthegrowthrate  
Oficecrystalsduetothesugarstoredinplantcellsat  
low temperature（Muhr and Blanshard，1986）．How－  
ever，there are oI巾・a few studies on the m（一r－  
phological change ofice crystals withincreaslng  
SuperCOOling and sucrose concentration．Mackenzie  
andRapatz（1968）foundthatfacetedicecrystalsgrew  
inanaqueoussucrosesolution，Whichwasalsoformed  
inanantifI●eezePrOtein（AFGP）solution（Knight and  
DeⅥ・ies，1994）．  
Ontheotherhand，therearemanystudiesonthe  

growth ofice crystalfrom pure water，Which are  
concerned with the pattern formation of ice crystai 
and the growth mechanism（Tirmiziand Gill，1987；  
1989；Sbimadaandダumkawa，1997）．  
Thepurposeofthisstudyistoclarifythechange  

in the growth rate ofice crystals withincreaslng  
SuperCOOling and sucrose concentration from the  
Standpointofcrystalgrowth．   

2．Experirnentalapparatusarld procedures  

Figurelshows the schematic diagram of the  
growth chamber ofice crystals usedin this study．  
Beforecoolingtbe鮮・OWtbcbamber，adropofaqueous  
StlCrOSeSOlutioll（E）wasputintoateflonringof5mm  
ininnerdiameterand8．5mmindepthattachedata  
glassplate（D）．Aftercirculatedthecoolantof－20OC  
intotheupperandlowerhollowcoolingplates（A），an  
electric current of4A was flowedin forward direc－  
tiし）ntOupPerandloヽlでIlthermoelectricmodulビS（Bl．In   

Fig．1．Schematicdiagram ofthegrowthchamberofice  
CryStais．くA）：bo1lowcoo王ingplate，（B）：thermoelectric  
mod11王e，（C）：insulator，（D）：glasspiate，（E）：aqueOuS  
SuCrOSe SOlution，（F）：glasswindow，（G，H）：COpper  
plate，（I）：0－ring，（J）：microscope（P）：Cu－CO ther－  
mocouple．   

thistime，aqueOuSStlCrOSeSOlutiotlWaSCOOleddowll  
to about －15 0C and therea食erなozen．Next，in  
Ordertomeltthefrozenspecimen，anelectriccurrent  
OfO．5Awasflowedinoppositedirectiontoupperand  
lowerthermoelectricmodules（B）aftercirculatedthe  
COOlant of－IO OCinto the upper andlower hollow  
COOlingplates（Aラ．The frozenspecimen wasmelted  
untilonly one singieice crystalis formedwithin a  
microscopefieldofview．Afterthat，thetemperature  
Ofuppercopperplate（G）waskeptatlOChigherthan  
meltingpointwithrespecttosucrosesolutionandthat  
Oflowercopperplate（H）waskeptatlOCiowerthan  
meltingpointwithrespect tosuerosesolution．MoreT  
OVer，theicecrystalwas meltedvery slowlyuntila  
Smallcirculardiscisformed，Carefullyregulatingan  
electric currentwhichflowsto the upper andlower  
thermoelectricmodules（B）．Afterthat，aSmallcircu・  
1ardiscvasgroⅥmatVariousconsとantsupercoolings   
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Sbapeoftheicecrystalremainedcirct血rdiscl坤tO  
thesizeofabし一ut3uu／Lmindiamcter．However．＼ヽ・hen  
tbeicecrystaiwas餅OWnaboveabotit300〆m，facet－  
e（トIikeicet cr）▼Stal＼＼，こIS formed．After thaし many  
pertuぬatio‡lWi血circtぬrtipoccurredattheperiph－  
eryof七飯eicecrysね1attbesizeaも0Veaわ0㍊も650ガm．   

．－∴り．1トヤ・∴・、・ミこ ‥－－J・－′、＼．∴ ご‥・√・－1．■∴Jト・J、  
ざJ′りノ（）ゴ【，∫（イ7〟畠JJ  
Fi郡re2sbowsanicecrystalgrowninaq㍊eOuS  

sucrose soltltion of L11．5＼＼▼【？ムat O．1℃SuperCOOling  
witbrespecもtosucroseso王u員on．‡王ere，払ef主rstp圭ま0ね－  
grapbo宮地e軸ureisdefinedasOsec・Wbenacirc㍑iar  
icediscoぎabot王t15メJmindiametergreⅥr（a），ahexago－  
nalicecrysta王ofabouも18βmW漁pr主＄maticねcets  
酢eW（軋Thecrystalsbaperemairledsimilarshape叩  
電otぬes主zeofabouも50〆m（姐王tvasわund汰at洩e  
ぬceted酢OWもhoficecrystalgroⅥ7ninsucrosesoまひ  
tionocctlrredinconsiderablysmail＄izetban蝕aとi托  
plll■e＼Vatel－・  

Fig㍊re3洩owsanicecrysta！grown主naqueo－ユS  
s㍊CrOSe SO重u最0王10f姐wも％at O．3℃supercooiing．  
職enac主rcularicediscofabotit15βmindiametぼ  
酢eWくa），aCircuまariced主scoぎabく）Ⅵt26刃mWiぬtbe  
in＄tabi批yat血eperip壬1ery（払A珪ertぬt，ぬex喝Ona呈  
幻ower－Sぬapeicecr閃もaま許eWWをぬもimeelapsed（b）．  

Fi那re4sboⅥrSaIlicecrystalgroⅥ職inaql把0ⅥS  
sLICrOSe SOlution of50wt㌔at O．j、’C supen：（）Oling．  

a王1dwasobservedinsituusingamicroscope（J），Here，  
班eとempera餌reofsucrosesoiutionwasdetermined  
bymeas㍊ringtbeもemperatureofaposition（㌘）ont娘  
がassplate（G）．Moreover，t圭1emeiti喝pOintsofeac壬1  
stlCrOSe COllCentration were determined by deteilting  
tbetemperaturewbicbasmalicircuiaricediscぎまoa忠一  
ingin s㍊CrOSe SO呈Ⅵtion neむぬer grew nor me既ed．  
Tberea毎㌻，thest王perCOOlingwasaisodeterminedby  
tぬedepressま淵たom tbetemperaモ∬eWhicbasi製aまi  
circuはricediscbegantomeltineacbsucroseconcen－  
tration．Tbe stlperCOO王i王1g血r主ng tbe growth ofice  
crystalswasheまdconstantbyre卵1ati喝preCiselytbe  
te王苅perattireOft壬IeCOpperplate（G）andtheg王assplate  
（1））．   

3．Experimentalresults   

∴／廿｛・∴・㌧、．、ト′J‥ ～′・－・′・●＼ご′・・′－■ご ご‥′一′．い′′・  
〃・〟／（リ・  

Åccordingtot壬iepaperbySeiandGonぬ（1992），  
whenasmallicediscvas許0Ⅵ㌢nfrompurewaterat  
O．1QC supercooli喝，t王ie Sbape of tbeice crystai  
remainedcirc㍑iardiscⅦptOthesizeofabo血200βm  
主ndiame絶r．Ånd，tbeprismatic£ac洩SWereねme8aも  
洩e s重盗e above abol虎200ガm．Å鮎r tぬt，unStabie  
growぬoccurredatぬesizeaboveab8u七500〆m・  

On the othcr hand．whe11a Smallicビdisc＼＼・aS  
grovn鉦om pure water aも軋4◇C s叩erCOOiing，tbe  

Fig．2－‡cecⅣSt毯l許OWnin aqueoussucroseso主ution of   
軋5Ⅵ托％aも011DCsupercooii喝．（a）0，㈲織（c）80，くd）   
100．し（！）1汎（f）1・lい、Ig）16（），（1111削1sビC．  

Fig．3．Ⅰし、eCrrStaIgroTulinこIqu冊ISSuCrO＄eSOlutionofll．5“▼t？〔、；：lt（lr3て「sup（lrCOOL   
li11g．（a川．1bl乱（ぐ13（），（dト肌（e）5い．tfl帆（ど1甜」≠l州sビし、・   
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Figure 6 shows the relationship between the  
growth rate of ice crystals grown under constant 
StlperCOOling（0．40C〉andthesucroseconcentration．It  
is seen that the growth rate of ice crystals rapidly 
decreaseswithincreasingsucroseconcentrationunder  
a constant supercooling 

4．Discussion  

Itis knownthat the freezing of plant cellsis  
protectedby the sugar storedin the cells when the  
plant tissue cells were encountered atlow tempera－  
ture．Oneofthemechanismsoffreezingtoleranceof  
plantcelisistbeproblemsof汰emeltingpointdepres－  
Sion，the freezingpoint depression and the constitu－  
tionalsupercooling，dependingonsugarconcentration．  
However，We do not discuss these problemsin this  
paper．Inthepresentexperiments，itwasfoundthat  
the growth rate ofice crystalsin aqueous sucrose  
SOlutionwassmallbyadigitthanthatinpurewater．  
Moreover，itwasalsofoundthatthegrowthrateof  
icecrystalsrapidlydecreasedwithincreasingsucrose  
COnCentration．Themechanismtosuppressthegrowth  
rateoficecrystalsdue to thesugaris as described  
below．AsshownitlFig．2，Whビnaniceerystalgrows  
inaqueoussucrosesolutionatsmallsupercooling，the  
prismaticfacetswereformedattheperipheryofthe  
icecrystalinthestageofsmallcrystalsize（about18  
pm）．Thisfactmeansthatsucrosemoleculeshydrated  
bymanyvatermolecules（d欝Iamic壬Iydratiorlnumber  
is36．8（Kawaiβgαg．，1992）），giantclustersadbereon  
thecrystalsurface andtheprlSmatic facets are for－  
med．Thatis，under smallsupercooling，the growth  
rateoftheicecrystalgrowlnglnSuCrOSeSOlution享S  
reduced by the adhesion of hydrated sucrose mole－  
eulesontheprismaticsurface．  
Second，aSShowninFig．3，When anice crystal  

growsinaqueoussucrosesolutionofrelativelysmall  
SuperCOOling，the shapeinstability at the periphery  
begantooccurinthestageofsmallcrystalsize（abotlt  
26〆m）．Inthiscase，t王10ugh汰ereexiststberesistance  
Of the surface kinetics，Which depends on hydrated  
SuCrOSemOlecules，Fig．3showsthattheresistanceof  
thevolumediffusionofH20clu＄terSbegantoproduce  
when H,O clusters diffuse among many hydrated 
SuCrOSeInOleclユIes．T壬Iirdly，aSShowninFig．4，W壬1en  
anicecrystalgrowsinsucro＄eSOlutionofhighcon－  
Centration，a dendriticice crystalwith many side  
brancheswasformedinthestageofsmallcrystalsize．  
This fact means that the resistance of the volume  
diffusion of H,O clusters became prominent with 
increasi11g SuCrOSe COnCentration．In order to study  
preciselythemechanismtosuppressthegrowthrate  
Oficecrystalsduetothesugarstoredinplantcells，We  
arenecessarytoclarifythestructureofaqueoussugar  
SOlutionandthesolid－1iquidinterfaceofgrowingice  
CryStaltlSinganotherexperimentaitechnique．   

After a circularice discwithinfinitesimalperturba－  
tion was formed at the size of about700pmin  
diameter，ahexagonaldendriticicecrystalgrew（a）．  
After that，the dendriticice crystalwith many side  
branchesgrewwithtimeelapsed（h）．  
Themorphologyoficecrystalsgrowninsucrose  

SOlutionis considerably different from thatin pure  
Water．Moreover，it was found that the transition  
from a ro11nd shape to a faceted shape depended on  
SuPerCOOling，SuCrOSe COnCentration and crystal  
Size．  

3．3Gタ℃抄gゐ和お〆わg c郡由ね  
ぎigure 5 洩0VS tbe relationsbipl）etWeen t壬Ie  

growthrateoficecrystalsgrowninpurewaterandin  
aqueoussucrosesolutionof41．5％andthesupercoo－  
1ing．Thegrowthrate ofice crystalsgrownin pure  
Waterincreaseslinearlywithincreasingsupercooling．  
Moreover，thegrowtbrate ofice crystals groⅥ7nin  
aqueoussucrosesolutionissma11byadigitthanthat  
inpurewater，andslightlyincreaseswithincreasing  
SuperCOOling．  
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Fig．5．Growthrateoficecrystalsgrownfrompurewater  
andin aqueous sucrose solution of41．5wt％versus  
SuperCOOling．  
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Fig．6．Growth rate ofice crystalsgrown at a constant  
SuperCOOling（0．40C〉versussucroseconcerltration．  
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5．Concludingremarks  

‡nordertostudytbemecbanismtosuppress払e  
主ntracelまularfreezing血etotbesugarstoredi王ユt‡ie  
ceilsatlowtemperature，theexperimentsoficecrys・  
talgrowthinaqueoussucrosesolutionwerecarried  
o11t．Tbegrowthrate oficecrystalsin aqueousst王－  
crose§Oi血onis smaliby a digit tban thatinpure  
water．Tbe 酢0Ⅵrth rate ofice crystals rapidly  
decreaseswithincreasirlgSuCrOSeCOnCentrationata  
constant supercooling．By precisely comparing the  
changeingrowtbratewit壬Ithemorpbologicalchange  
oficecrystals，itwasfotmdthatthereexistedthree  
mecbanismstosuppress払egrow血rateoficecrys・  
tals餅OWinginsucrose801ution，dependingonsuper－  
cooling and sucrose concentration. 
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