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ABSTRACI

Stout, Darryl Glen, !f.Sc., The University of Manitoba, February

Lg72. Frost hardiness of spring rape: exotherm and lipid studies.

I'fajor Professor: Dr. L. J. LaCroix, Department of Plant Science.

Duríng a five week hardening period, the freezíng poinË of

spring rape decreased and remained lower than the nonhardened value,

in both cotyledons and leaves. The cotyledons reached their minimum

value in one week, whereas the leaves required two weeks. The suPer-

cool-ing point and Lxeezing point were independent of the Percent

moisture of cotyledons, whereas they were posiËively correlated to

the percent moisture of leaves.

c,ermination of planEs in the coldroom as oPposed to in the

greenhouse, resulted in the cotyl-edons and íncompletely expanded

leaves having lower freezing points, which were equivalenË Ëo those

found for cotyledons and leaves directly hardened. The supercoolíng

point of completely expanded leaves of plants germinated in the cold-

room vras constant duríng maturation, whereas it decreased in plants

germinated in the greenhouse showing that the cold Ëreatment had an

effect which exËended throughout the gror¡7th period. The amounË of

supercooling was negatively correlated to Èhe weighË of T¡Iater per

leaf disc in both the plants germinated in the coldroom and those

germinated in Èhe greenhouse.

Nugget cotyledons had a lower freezíng point' suPercooling

point and less supercooling than Target cotyledons, suggesting

genetic control,
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The quantity of complex lipid and lipid phosphorus of leaves

increased during a 35 day hardening treatment, indicaËing that the

quantity of membrane peï ce11 increased. The mole percent unsaturation

of fatty acids of the neuËral and complex lipid decreased during the

hardening Ëreatment, which was a change opposite to reports in the

l-iterature.
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INTRODUCTION

Spring rape production in lrlestern Canada has increased from two

million acres to four rnillion acres in the last two years. Spring rape

crops are often killed or severely danaged by late spring frosts. This

necessítates reseeding or results in a lower yield due to inadequate

densiËy of stand. This ranks frosÈ resistance as an importanE production

problen in maxímizing the economic returns.

During a late spring frost in 1969, it was observed that plants from

coated seed planËed the previous fall survived while plants from seed

planted that spring vrere ki1led. This observaËíon and reports by farmers

that early seeded crops are more resistant to spring frost Ëhan later

seeded rape suggested that the 1ow temperatures experienced during germin-

ation induce hardening of the rape planËs.

Exotherm measurements which indicate Ëhe supercoolÍng point and

freezing point of Ëhe tissue were performed'on the leaves of the spring

rape plants. AlËhough the freezing point values of grapefruit leaves Ì^7ere

not directly related to the frost hardiness of the leaves, they did change

as a resulË of hardening (Young and Pelmado, 1965). Therefore even if Ëhe

exotherm values do not measure the degree of frosË hardiness of Ëhe rape

leaves, it was considered advant.ageous to use this urethod in the prelimin-

ary exPeriments, because of Ëhe large number of measurements that could

be made in a relatively short time. Thus an approach with quite a wide

sCOPe I'7as possible.

Membranes have been implicated in the mechanism of frosÈ hardiness.

They have been identified as the site of'frost injury (Heber , L967;

Greenham, L966; Lovelock, 1957; Persidsky, L970). Changes in celI mem-



(2)

branes during hardening have been observed (Siminovitch, et al. 1968;

Pomeroy and SimÍnovitch, L97L; Gerloff, L966) and Ëhese changes are be-

lieved responsible for Ëhe increase in frost hardiness. Complex 1ipid,

1Ípid phosphorus, lipid hexose and complex lipid f.atty acid measurements

v¡ere used as a aeasure of the membrane properties of cel1s in spring rape

leaves .

The objectives of Ëhese sËudies !'rere Ëo establish if spring rape

plants could develop frost resístance and if the frost resí-stance had a

genetic basis, thus rnaking a plant breeding program feasíble. It was

also hoped ËhaË the chemical sËudies would reveal some information on the

mechanism of frost resisËance operative in the spring rape plant.
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LITERATURE REVIEW

Some Current Ideas In The General Area Of Frost Hardiness

Low temperature as an environmental factor affecting plant grovrth.

Clirnate is generally considered the most limiting factor in distribu-

tion, succession and migration of planËs (Alden and Hermann, L97l). Sub-

freezing temperatures however, may not limit natural altitude and polar

migration of plants in cold climates (Dauberunire, 1959). Daubenmire (1959)

beLieves, for example, that inadequate heat during Ëhe growing season ís

more limiting to plant distribuËion. Dunbar (1968) suggests thaË large

seasonal oscillation of food supply, low productiviËy and Ëhe youth of Ëhe

ecosystem in polar climates are more limiting to adapËation of plants.

Parker (1963) agrees Ëhat many factors lfunit plant distribution buÈ rates

low temperature extremes and drought as very important. tr{eiser (1970)

cites Parker and suggests that cold is one of the major facËors limiËing

cultivation to 7.6 percent of the earËhrs land surface

An experÍment by Sakai (1965) using willow suggests ËhaË subfreezing

temperaËures may noË be the limiting facËor. He found that !üillow from

warm climates have an ínherenË mechanism for cold adaptation that is never

full-y developed because the plants are noË exposed to hardening temperatures

in their natural habitat

I,Ieíser (1970) indicates thaË clones of dogwood from different latí-

Ëudes have Ëhe potential to develop a high degree of tolerance Ëo freezing

under favorable hardening Ëemperatures, but they must be timed Ëo Ëhe en-

vironment for maximum expression Ëo occur. Thus factors controlLing the
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tÍming or induction of hardening rnay be

than the potenËí41 minimun temperature,

Some Definitions.

important or more important

v¡hich Ëhe plants can harden.

AS

Ëo

Plants ín a subfreezing environment may suffer winter in'iurv, whích

can be due t.o ice formation in Ëhe planË, excessive T¡rater loss, low tem-

perature diseases, mechanical pruning, etc. (LevitË, L966). I^Ihen damage

is due Ëo ice formation in the plant iË is referred to as frosË or cold

damage (LeviËË , L966). Some tJpes of pLants are damaged by low tempera-

tures without ice formation, ËhÍs is referred Ëo as chilling injury (LeviËt,

L966) " Chilling injury can be divided into thermal shock which is due Ëo

rapid chilling and resulËs ín irnmedÍate deaËh or suboptimal tenperaËure

r¡hich is lethal only after hours or days of exposure (Mazur, L969). Plant

species vary in their abil-íty Ëo resist these t¡rpes of ínjury. Simon (L969)

refers to the temporaL characterisËics which are acquired after exposure

to a coLd environment as cold acclimation and to the inherited traits thaË

determine the ability and exËent Ëo which an animal can cold acclimaËe and

undergo cold stress as cold adaptaËÍon. I believe this terminology ís aLso

appropriate when referring to plants. Col-d hardening is ofËen used in plant

science and is s)monymous wiËh cold accLimation.

Ice formation in planËs

WinËer hardiness levels as established by field observations are very

close1-y correlated wiËh results from controlled freezing studies, which

suggests that ice formation ín Ëhe plant is the main factor conËrol-ling

vrinter survival (LeviËË, L966).

Freezing can be defined as solidification of a liquid (Luyet, L966).
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It rnay be solidification involving an orderly arrangement of molecules

or atoms, which is crystaLlLzation or solidification v¡ithout such orderly

arrangement which is amorphization or viËrification. These two phases

may be mixed in various proportions. The primary factors controLling

crystal formation and growËh are Ëemperature, duraËion of exposure to

this temperature, rate of heat t.ransfer (cooling, warming, freezing and

thawing velocities) and Ëhe nature and concenËraËion of the solute. A

study of crysËalline formation of 15 solutions of crystalloids and colliods

f.rozen in thin layers at various concentrations and temperatures led to

classificatíon ínËo four types of crystaLLízatíon. At sLow cooling rates

well ordered hexagonal units occur. AÉ higher coolíng rates some of the

el-ements of hexagonal syrrnetry are lost and irregular dentrites occur.

At still higher rates of cooling coarse spherulítes occur in which speaïs

deprived of branches radiate ín all directions from centers of crysËalli-

zation. At very high cooling raËes, the process of crysËalLization is

incørplete and the products formed are referred to as evanescent spheru-

f.ites. The presence of bÍrefringence showed that ice (solid water) once

thought amorphous is actually crystalline. However, the lack of bire-

fríngence, after freezing concentrated solutions, does noË necessariLy

Prove Ëhat there are no crystals formed. An example of the difficulty in

obtaining vitrificaËion is Ëhe ímpossibility of preventing the formation

of evanescent spherulites in a solution of about 20 percent gelatin cooled

at a raËe estimated to be 1001000 oC per second. On sl6$r hTarming of ice,

!ùater molecules may move from smalI ice crystals t,o form larger ones

¡vhich have a lower surface energy, thís is calLed recrysËallizaËion (Mazur,

L970). RecrystallizaËion can occur in pure eTater at temperatures as low
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as -1O0oC and is an example of a reactíon that occurs in the solid staËe

(lulazur, L970) .

Ice formatíon within plants may be modified from Ëhat formed in pure

qlater. InËerference with freezing as evaluated thermodynamically is made

up of tI.Io components (01ien, L967) . One componenË involves the effect

of Ëhe solute on organizatíon of the liquid water moLecules. Nonpolar

solutes increase Ëhe structure of hrater and polar soluËes decrease Ëhe

structure of water. This cmrponenL ís determined by the equillibrium re-

Lationship and ís affected by changes in concentration during freezing.

The second componenË involves inhibítion of crystal growth by interaction

at the ice-líquÍd interface. IË ís a kinetic factor. For example, large

poLymers extracted from hardy plants, act as competitive inhibitors of

freezing, resultíng in an exËremely imperfect ice mass. Hydrophilic poly-

mers in plant celLs may cause r,¡ater to viËrify (Sterling, 1969) " Sterling

found, using X-ray difraction, thaÈ concentrated geLs f.rozen at rates

from Loc per minuËe Ëo 50oc per minute conËained amorphous ice. Luyet

(L966) however, reported that solutions containing organic solutes cannot

be converted Ëo a compLetely amorphous state by rapid cooling. Conplete

vitrificatÍon of bioLogical- materials, with rapid freezing¡ Day be ímposs-

íb1e because nucleation cannot be prevented (Alden and Hermann, l97L).

In plant cells, vitrificaËion may be based on a temporary delay of ice

formation (supercooling) ín cells, promoËed by either an accumulation of

proËecËive substances in the protoplast that hampers ice crystall-ization

or dehydration of the cellu1ar contents by extracellular freezing at the

critical temperature (approximat.ely -30oC) and then rapid freezing to

-8OoC or below (Alden and Hermannr 197l)'. The critical Ëemperature is in
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a zorLe where \.rater l,Jas found to be most rapidly converted to ice

(Tumanov and Krasavtzsev, L966, cited by Alden and Hermann, L97l). The

criËica1 Ëemperature is very close to Sakaits prefreezLng temperature

(A1den and Hermann, 1971). Sakai (1965) froze twígs of several woody

planËs Ëo temperaËuïes beËween -15o and -30oC. Thís produced varíng

amounts of dehydration. The twigs rn'ere Ëhen ímmersed in liquid nitrogen.

The amount of dehyd.ration required to survive immersion ín liquid nitrogen

decreased with increasing hardiness. Sakai proposes Ëhat if any freez-

able water remains in a cell following pteÍ.teezLng, the intracellular

crystallizatíon nucleí originally forrned when cooled in liquid nitrogen

(20oC/sec) will recrystallize forming large crystals during the subsequent

sLow rewarming and will damage the cells.

A glycoprotein (polymer of a uniË containing alaníne, Ëhreonine, N-

acetylgalacËosamine and galactose) which has an antíf.reeze effect has been

isolated from the blood serum of antartic físh (DeVries , L|TL). On a

weight basis it is as efficient as sodium chloride in lowering the freez-

ing poínt. DeVries hypothesizes thaË it acts by being adsorbed on Ëhe

surface of ice crystals and prevents waËer molecules from settling into

the ice laËtice of the crystal unit until a much lor¿er ternperature is

reached.

Ice formation in plants occurs in three basic patterns (Olien, L967).

The first is typical of tender tissue. Ice crystals grow wíthin Ëhe proto-

plasts destroyíng them and releasing their conËenËs. The other tI,Jo paË-

terns involve redisËribution of water molecules and are characteristic

of hardy tissue. The firsË, an equilibriu¡n process, ínvolves a continuous

exponenËia1 decrease of hraËer in inËercellular spaces as the temperaËure
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decreases. The second, a nonequilibrirmr freezíng, involves a sudden drop

in content of inËercellular r,Tater during which the amount. frozen is noË

a function of temperature. All of these patterns may occur simultaneously

in dÍfferenË regions of a single plant. Each may cause hístological dís-

ruption. However, histological disrupËion rarely occurs in hardy Ëissue

which tends to have a 1or¿ moisture contenË (which favors equilibritrm

freezing) ¡ Bas filled spaces (which provide room for crystal growËh) and

Less rigidly sËructured cell walls. Thus injury Ëo hardy tissue is re-

LaËed to desiccaËion of Ëhe proËopLast. The proËoplast is desiccaËed be-

cause supercool-ed water has a hígher vapor pressure than ice at the same

temperaËure, Lhus energy is availabl-e for transfer of waËer from the f-iquid

of the proËoplasË to inËercel-lular ice crystals. These inËercell-ular ice

crystals are not histologically disruptive and only become deleteríous at

Low temperatures when Ëhe criticaL size of a stable ice nucleus decreases

to a size that can penetraËe the cell membrane. Mazur (1970) sËaËes Ëhat

membranes may contain waËer filled pores. Ice crystals small enough Ëo pass

Ëhrough such pores are unsËabl-e above -10 Ëo -20oC because of the high water

activiËy produced by a smaL1 radius of curvature.

Intraprotoplasmic ice crystals ordinariLy kil-l plant ce1Ls (Parker,

1963). However, large cells of Ëhe fat body and LabiaL gland of some in-

sects survived intraceLlular ice (Salt, L962). Insects that survive rapid

freezing Ëo extremel-y i.ow ËemperaËures also toLeraËe intracellular ice

(Losina-Losinsky, L967 , cited by Alden and Hermann, 1971).

Idle (1968) suggests that intercellular ice is not deleterious to

hardy p1-anËs because it forms in only a few locaËions and away from vital
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tissues. Ile found that ice forms near the ouËside of the stem and leaf

stock or just beneath the epidermis of the leaves, buË not in vitaL Ëíssues

such as the vascular system or the palisade layer whích is responsibLe for

photosynthesis. In non hardy Ëissue ice first nucl-eates in the vascular

sysËeÐ resul-ting in the growth of large ice crystals which cause eracks in

the tissue. This is cal-l-ed g1-acier formaËion. Hardy planËs escape this

type of damage due to the presence of other sites of nucLeation. IdLe staËes

Ëhat a patch of exËra l-eaky celLs may cause enough of a local íncrease in

r,IaËer to form a site of nucleation or Ëhe death of a cell due to super-

cooling could provide a siËe of nucleation. Thus he hypoËhesizes, thaË

hardy plants owe Ëheir success to the imperfections of a small minoríty of

celLs.

' Cells are characterízed by an optímr:rn fteezíng rate aË whích maximun

survívaL occurs on freezing (Mazur, L97O) " Bel-ow this rate death increases

due to the increased period of Ëime ceLl-s are exposed to soLutíon effects

duríng dehydration. Faster raËes increase deaËh due Ëo formation of intra-

ceL1u1ar ice" ltÍazur ts hypothesis was deveLoped for yeast and red blood

ceLLs, but he belÍeves it also applies to nucleated mar¡nalian celLs and

ceLls fron hígher p1-ants.

Sakai and Yoshida (1967) obËained survival curves of cortical paren-

chyrnaL cells of mulberry Ërees q¡hich differ from Mazurrs. Their curve had

a maximun survivaL at a moderate freezing raËe and a second maxÍrnun at

freezing rates that produce vitreous ice, provided that rewarming is also

rapid" I belíeve thaË Ëheir curves would agree if Sakai and Yoshida

had used slower cooling rates r^rhich would produce Èhe solute effecË demon-

strated by Mazur and if lurazur had used coolíng rates great enough to
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produce vitreous ice. Rowe (L966) presents a survival curve as a func-

tion of coolíng rate for biological specimens which would support this.

At moderate fleezLng rates ËhaË provide maximum survival of plants

ce1Ls, survival is higher at slower rewarming rates (Sakai and Yoshida,

L967) .

Moore, et g!. (1970) studied movement of water out of cell-s at cool-

íng rates from 0 to L0r000oc per minuËe. AË low freezíng raËes they

found thaË Ëhe raËe of water leaving Ëhe ceLl- is at first moderate, Ëhen

twice as fasË and then drops to zero. The cell shrinks to a sLze at

which there is little free water left even though the membrane Perme-

abil-ity decreases with temperature. AË Ëhe highest cooling rates, the

permeabiliËy of Ëhe membranes decrease so rapidly thaË waËer ËransPort

is prevenËed and the volume of free rvater in the cel-L after cool-ing is

f.ittLe different from the íníËial volume.

Not only is ice formation affected by the cell constiËuents, buË

even the structure and properËies of water are believed to be affected.

Ling (1970) has evidence that supporËs Ëhe associaËion-índuction hypo-

thesís according Ëo which ceLi- water exisËs as a polarLzed multil-ayer

on Èhe surface of celi- proteins and membranes. Olíen (1967) beLieves

r,trater close to a surface has an ordered sËrucËure. The degree of order

decreases to thaË of buLk Ì.7aËeï as the distance from the surface in-

creases.

In bÍological materials, ÌJater has been found to maínËain its

liquid 1-ike properties at Ëemperatures well below freezing" Dehl (1970),

using nuclear magnetic resonance, found thaË when the water of hydration

of the fibrous protein coLlagen is relatívely high (0.45 g of waLerfg

of collagen) water remains unfrozen aË temperaËures as low as -30oC.
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Essentially all the water that does not f.teeze remains in a state of

hígh rnobiliËy (liquid-1ike) even at -50oC. The unfreezable water

ámounËs to approximately 2.6 molecules per arníno acid residue, based

on an average amino acid molecular weight of 90. Krasavtsev (1967),

found that intercellular ice continued to form from inËracelluLar water

down to -60oC in woody plants.

PossibLe siËes of freeze-Ëhaw inÍurv.

The fact that Mazur (1970) found an optimum cooling velociËy for

maximum survival, suggests that f.reezing sËress consisËs of Ëwo comPon-

enËs oppositely dependenË on coolíng raËe. One component is intra-

celLular ice formation and the other is related to protoplast dehy-

dration due to exËracellular ice formation.

As sËaËed previously, intracellular ice is normally faLal. The ease

with which ice can be induced to form within Ëhe proËoplast is .an index

of the transition beËween Ëhe Ëender and hardy sËate (Olien, L967). llow-

ever, even hardy plants can develop inËracell-ular ice if cooled rapidl-y

enough (Olien, L967).

I,lhen onLy extracel-Lular ice is formed injury may result from histo-

Logical disruption or dehydration of the proËopl-asË (O1ien , 1967). Hardy

plants can withstand extracellular ice and because natural cool-ing rates

usually are noË sufficient Ëo cause intracellular ice their criticaL

freezing temperature is related to Ëhe amount of dehydration they can

withstand (O1-ien, L967) .

Evidence ËhaË dehydraËion is imporËant is shorm in an experiment of
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IrliLliarrs and Merynan (L970). They found that spinach grana are ínjured

when their vol-r:me decreases to a criLical rninímurn of abouË 25 percen

granum volune. Grana from hardy plants or artificiaLly proËected grana

survive by allowing a reversíb1e influx of soluËe which forestalls excess-

ive dehydraËion and shrinkage. Irrilliams (L970) believes this leak mechan-

.ism wil-L aLso operate in inËact ceLLs, provided sufficient extracel-Lular

solute is avaílabLe.

Injury during cell- dehydraÈion may be due Ëo physical stresses, which

deform cell consËiËuents, Éhus destroyíng Ëhelr function or due to chemicaL

changes such as pH or íoníc changes, which denature cell components, Lhus

destroying their funcËion. MosË of Ëhe ËheorÍ-es explaining injury suggesË

that denaturation of macromolecules such as enz)¡mes or lipid membranes are

Èhe ul-timaËe cause of injury"

Johansson and IGu1L (1970) measured cell eontracËion at the frost

kiL1-ing tenperature of two winter wheat eultivars, CeLl- conËraction is

measured as Ëhe raËio of cell voh¡ne in an unfrozen plant to ËhaË in the

frozen state. Levitt (L956) used iË as a measure of the sËresses p1-aced on

the plant protopLasm. The degree of celJ- contraction aË ki1Ling tempera-

ture expresses Ëhe greatest stresses Ehe planË proËoplasm can endure" They

forxrd that the degree of cell- conËraction !+as inversely correlated to the

frost hardiness of Ëhe pLant " The degree of cell cqntraction at a given

killing temPerature T4Ias the sa¡ne for boËh eulËivars, thus they concLude

that protoplasmíc changes during hardeníng were not important in explaining

the differences in Ëhe frosË hardiness bet\,,reen the two cultivars.

Johansson (L970) extended the sÈudy Ëo rye, wheat and turnip rape,
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using several cuLtivars of each. In Ëhis experiment he no longer found

the absolute correLation between cell contracËion and frost hardiness ËhaË

was previously reported" The correlaËion is affected by exËernal condi-

tions such as temperaËure. However all culËivars show the same correl--

ation when exposed to identicaL external condiËions. He aLso found thaË

hardened and nonhardened material are nohr represented by tvTo curves in-

sËead of one. The relaËive conËenË of unfrozen water (mg of unfrozen

water per 1000 mg ËoËal water) calculated fron percent tissue moisËure and

cal-orimeËric deËerminatíons at the killing tempeïature (tlc) gave a beËËer

measure of Ëhe protopl-asmic factor of the planË frosË hardíness. For

example, in the series of rye culËivars all plants rvere killed when beËween

L2.2 and 14.8 percenË of Ëheir original rÀ74Ëer remaíned unfrozen. Pl-ants

t^rith the higher relative conËent of unfrozen T¡raËeï having lower ki1-ling

têmperatures.

Levítt (L966) suggests that dehydration resulËs in a decrease of in-

termoLecular distances, so thaË SH groups of differenÈ proteins can be

oxidized Ëo S-S bonds. Then, on rehydration, Ëhe proteins cannoË separ-

ate at the S-S bond resulting ín protein denaturation. Evidence for thís

is; the SII contenË of cabbage proËein decreases during hardening, so that

Less S-S bonds can form t,o cause denaËuration and the SH content of cabbage

proËein decreases as a result of frost death suggesting formation of S-S

bonds.

Lovelock (L957) shoured that l-ipoproËeins can be denatured by high

salt concentration, rtnfavorable pH or removal of water to the euËectic

point. I,Ihen a solution is frozen, water crystallizes as ice. A temper-

ature (the eutecËic Ëemperature) exÍsts where all the water Èhat can
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crystal-l-ize freezes leaving only the soLuLe and iËs ÍIaËer of hydration.

FurËher tenperaËure decreases resulË in solidificaËion of the solute and

rúater of hydration (Meryman, L966). Any one tlpe of lipoprotein has a

different degree of resisËance to each of these factors and differenË

f.ipoproteins shor¿ differenË resistances to any one of Lhese factors.

Lovelock attributes the sensitivity of these Lípoproteins Ëo denaËuration,

to the weak assocíation forces r¿hich hold them Ëogether 
"

Físhbein and Griffin (1969) hypothesíze t.l:,aL freeze-Lhaw damage is

due Ëo macromolecul-ar dissociation during freezitng foLLowed by abnormal-

reassembl-y during Ëhawing.

Enzpre denaËuration ís anoËher source of injury. Ereezing inacËi-

vates 1acËic dehydrogenase, caËalase, lipoxy dehydrogenase, etc. (LevitË,

L966). However, membrane bound enzpres appear to be much more suscepËibl-e

than most solubl-e enzJ¡mes (Mazur, L969) " SanËarius and Heber (1970) using

the l-oss of ATP synËhesis as an indicaËor of membrane inactívation, for:nd

that freeze-thaw injury depends on ËemperaËure, exËenË of dehydration and

the time during which 1ow temperaËure and increased el-ectrolyËe concen-

tration act on the meulbrane"

DNA has also been suggesËed as a site of injury. Ilenderson (Savard,

L969) hypothesizes that dehydration damages Ëhe double proËein sheath Ëhat

surror:nds chromosomal DNA. llis hypothesis is as follows " During the earLy

stages of. fteezing and thawing Ëhe elecÈrochemicalLy active radicals H*

and OH- exÍsË for a longer than normal period of Ëime. These radicals re-

act with protein frcrn Ëhe damaged sheath and bond it unnaturally to the DNA.

He believes Ëhat if a cell is noL too severeLy damaged (one in which pro-
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tected or repaired DNA can funcËion) it can repair Ëhe nucleus and mito-

chondria and then carry on normal cell function. Gusta (Lg7O, ciËed by

trIeiser, L970) found rapid desËrucLion of nucleic acid componenËs by ribon-

ucleases after f.reezing and during freeze drying.

Freeze-thaw damage could aLso be due to an imbaLance of metabol-ism.

Sme soLuble enz5mes aïe inacËivaËed by f.reezi,ng (Mazur , 1969) which would

impair normal metabol-ic funct.ionÍng. Korovin and Bakumenko (1968) for.rnd

that freezing corn or wheaË for Ëwo hours resuLted in an increase of in-

organic phosphorus and a, decrease in organic phosphorus. Organic phosphorus

of the acid soLubLe fracËion and RNA-P decreased, while phosphorus of lipid

and DNA changed insignificantly. Thus they concl-ude that freezing inhibits

assimil-aËion into organic compounds " Levitt (1956) posËu1aÉed thaË Ëoxíc

cøtpounds acct¡nulate at low Ëemperatures due Ëo a change ín meËabolism

and are the cause of chilLing injury.

Lyons and Raison (L970) provide an interesting example of how low

t,qtPerature can change meËabolism. They found Ëhat in chíll-ing sensiËive

plant tissue and homeoËhermíc animals, Ëhe activatÍon energy of the respir-

atory enzymes increase below a transiËion ËemperaËure, possibly due to a

configuraËional change of the membrane associaËed enz5me proËeins, induced

by a phase change of Ëhe msnbrane lipids. This increase in activaËion

energy did noË occur in chilling resÍstanË planËs or poikiloËhermic animaLs.

Persidsky (L970) has evidence thaË Lysosome membranes are a targeÈ of

Ínjury during freezing, resulting in the release of hydrolytic enzytres.

There are al-so some physicaL processes associated with injury. Exo-

Ëheta studies demonsËraËe a distínct exotherm at the time of injury (Weiser,
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L970) " Tumanov and KrasavEsev (1959, cited by trleiser, 1970) attríbute it

to restricËed water movement through the membrane which results in tem-

porary undercooLing and then íntracellu1ar nucleation. Weíser (1970), on

Ëhe oËher hand, hypothesízes that a critical (viËal) level of waËer is

reached, then when furËher v¡ater ís removed to extracelLular ice a chain

reactíon results consisËing of denaturatíon, additíonal viËal water release

and death. I,rlaËer serves both a structural- and functíonal roLe in nucleo-

proteins and lipoproteins (hreiser, L97O) 
"

A theory of chilLing injury suggested by Lyons and Asmundson (1965)

aLso has a physical basis. They showed ËhaË the mo1-e percent unsaturaËed

fatËy acids has an important effect on the solÍdificaËíon temperature of a

fatty acid mixture in the concentration range found in p1-ants. ChilLing

sensiËive pLants Ëended Ëo have a lower mole percent unsaturated fatty

acid content than chil1-ing resistant plants. They suggesË thaË injury is

due Ëo crystallizatíon of Ëhe hydrocarbon chaíns thus blocking some physio-

logical activiËy of the lipid membranes.

IË ís f.ike1-y thaË mosË of these mechanisms can be the cause of freeze

thaw damage, but Ëhat the critical one depends on the particular tissue and

its particular physiologicaL condition. The tíme of injury may be during

freezing, on Ëhawing or during posË Ëhavling (LevitË, 1956) "

There ís also evidence thaË cerËain types of injury can be repaired

rnder the proper condiËions. Chí1-líng corn at O.3t 0"3oC for up to 60 hours

produced visual- injury as well as increased oxygen upËake and increased ion

leakage (Greencia and Brarnlage, L97L) " Transfer to 2loC resulted in recovery

of these symptoms. However after 72 hours of chilling the plants woui-d not
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recoveï. Robinson (1970) for¡nd that

freeze-thaw induced damage if placed

í-mnediateLy att er thawing "

man¡nalian cel1s can recover from

in a properly conditioned medir¡n

Chemícal changes during acclimaËion

Plants naËive to temperaËe regions can develop varying degrees of

resisËance Ëo these t)pes of ínjuryl Many chemical and physiological

changes have been observed duríng hardening. AËËempts to correl-ate

these changes to the degree of resístance have also been made. Since

Ëhe exact siËe of damage is not knor¿n, it is difficulË to find if the

changes actually contribute to hardiness or if Ëhey are only the resulË

of a change in growth habít. Ilowever, many hypoËheses exist suggesting

hov¡ these changes may contrÍbute to hardiness "

Changes in carbohydraËes ofËen accompany acclimat.ion. Large polymers

in the ceLL wall-s (mainly xyLans) are believed to represent a class of

natural protecËíve agenËs (Olien, 1967). These polymers may interfere

with the structure of ice crysËals growing aLong cell- wal-ls. Olien ob-

served that resistanË winËer cereals develop more imperfecË crysËals Ëhan

less resistant tissues

O1-igosaccharides such as sucrose and raffinose also accumulate.

Sergeev (L964, cited by Alden and Hermann, 1-971) suggests their function

may be to prevent bud break during periods of warm weather in the winter

after the cold requirement of Ëhe plant is satisfied since Ëhey are known

Ëo be growth inhibitors.

SÍmple sugars accunuLaËe during hardening due to hydrolysis of starch.

It is postulaËed that they may funcËion by holding vrater of hydration more

fírrnly through hydrogen bonding or by substiËuting for water of hydration
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in sËructures sensitive to dehydration (U1lrich and Heber, L957 and 1961,

ciËed by Alden and Hermann, L97L).

SËeponkus (Lg|l) foi¡nd Ëhat cold acclimatíon of English ivy takes

place in two stages. The firsË requires 1ow temperaËures and allows Ëhe

planË to respond to the presence of sucrose. BoËh sËages musË be com-

pleted for developemenË of cold hardiness. SËeponkus suggests that the

second phase may involve alËeratíon of Ëhe proteín complemenË of Ëhe ce1L,

enabling frosË sensiËive proteins Ëo bind Ëhe sugar. He bases this on Ëhe

facË Ëhat a protein fracËion from acclimated planËs has a hígher l4a-",r"to"u

binding capacity than protein from non acclimated plants.

Sugars probably also play an important role as an energy source for

acclimation (Alden and Hermann, L97L) " In Ëender planËs, such as ciËrus,

the osmotic effect of sugars is believed Ëo be importanË to frost hardiness

(Surkova, 1961) since a direct relationshíp was observed between osmoËi-

call-y bound waLeï in the leaves and frost hardiness '

Lack of a dírecË correlaËion beËween frost hardiness and simple sugar

conËent of many plants, led many ínvesËígators to consider simple sugars

relaËively insignificanË (Alden and Hermann, 1971). Siminovítch, eF al'

(1967), suggested that Ëhe removal of Ëhe sËarch graíns may be the im-

porËant function and not the accumulaLion of sugars '

An increase in soluble proteins on hardening has been well documented

with many pl-ants (Alden and l{ermann, L97L). Heber (1959, cited by Alden

and llermann, 1971-) attributed it to a change in extracËabiliËy of protein

influenced by seasonal changes in pH. However, Siminovitch, eË al' (L967)

found that hardened tissue of black locust bark had an increased proËein

synthetic capacity. Hardy tissue incubated at 25oC for four hours incor-

porated more leucirre-1-14C than did non-hardened tissue' This suggesËs
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that an actual increase in protein synËhesís is envolved.

This increase in soluble protein could be an increase in the proËein

complement of the cel1 or a shíft.to different Ëypes of proËein varyíng

in sLabílity or acËiviËy aË low temperatures " A change in qualiËy is

shown in an experimenË by McCcwn,et aL.(L970). They found that exËra

peroxidase isoenz5rmes and fewer acid phosphatase and esterase isozymes

were formed during hardening.

Bolduc, et al-. (L970) observed that IAA oxidase activity increased

tenfoLd during 40 days of cold Lreatment of wínter wheat seedlings. They

claim ËhaË virtually aLL work has confírmed that frosË resisËant pLants

have higher enz5¡matic activity than non-resísËanË plants and Ëherefore

the rates of enzSrmaËically cataLyzed reacËions do not decrease as rapidly

when the Ëemperature fal-Ls.

Resul-ts relating amino acid metabol-ism Ëo frosË resistance are noË

consisËenË, thus changes in amino acids may on1-y indicaËe something abouË

proËein metabolisn (Alden and Hermann, L97L). Ilowever, scrne hypoËheses

relating amino acids to hardiness have been suggested. Proline accunuLates

in cold resistant trees and líke o1-igosaccharides, íË is an inhibiËor of

growth and respiration (Sergeev, L964, cited by Al-den and Hermann, L97L) 
"

IË is aLso known Ëhat ãnino acids cat.alyze various pïocesses and so may

function as catalysts in frost hardiness (Alden and llermann, 1-971-).

Changes in f.ipid metabolism during hardeníng are also weLL docr¡nenËed.

The most consistent changes observed have been an increase in unsaturated

fatty acids and an increase ín phosphoLipids. The l-arger amount of phos-

pholipids is believed to represent an íncrease in tot,al membranes and

possibly a change in quaLity of membranes (Siminovitch, et al. 1968).
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Changes in nucleÍc acids have also been observed during acclimation.

Chuvashína (L962) found ËhaË nuclei fron bark cells of hardy apple cuLtivars

became increasingly methylophilic from AugusË to mid-winter, but nuclei of

non-hardy apple cul-Ëivars reurained pyronenophilic even in winËer, indicat-

ing that they conËinue Ëo be physiologically acËive. The procambial- tissue

of fruit tree buds and even the developed vascular br.mdl-es maintaíned a

high contenË of nucleic acids which is believed Ëo be a defence mechanism

against frost injury in Ëhe spring (Barskaya and Oknina, L959, ciËed by

ALden and llermann, L97L) o No increase in DNA occurred during accLimaËion

of bLack locust (Siminovitch, et al. 1968) or dogr.rood (ti and laleiser,

L967). In contrast, DNA of crowns and roots of alfalfa (Jung, et al. L967)

and excÍsed twigs of appLe (Li and trIeiser, L969) increased during harden-

ing. However, aLL the above workers found an íncrease in RNA before,

during, or both, the devel-opment of coLd hardiness of pLanËs. Kessler and

Frank-Tishel (L962) posËul-ated that a high guanine and cytosine content

Ín RNA is related to cold and drought resis.Ëance in pl-anËs and the ability

to synthesize RNA Ëhat is rich in guanine and cytosíne is a basic parË of

the cold and droughË-hardening processes in pLants. However, in some species

there is evidence ËhaË nucleic acids, unlike sone proteins, are not altered

by sub-freezíng temperatures. Freezing calf thynus DNA to -L92oC did not

denature it (Shikama, 1-965).

Induction of these chemical changes during hardening appears Ëo be

controlled by a transLocatable factor (!Íeiser, L97O). AccLimation Ëakes

pLace in Ëhree stages. The first sËage involves the transl-ocatabLe factor

a¡rd is iniËiated by a short photoperiod and \.¡arm ËemperaËures. The Leaves

are the site of percepËion and Ëhe promoter moves fron Lhem through the

bark. Only a small increase in hardiness resulËs fron this sËage. The
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second sËage is iniËiaËed by low temperature and in some cases, frosË. The

maximr:rn increase in hardiness occurs during Ëhis stage. A third sËage in-

duced at Ëemperatures between -30 C and -50 C also exists, but it. may not be

ímportant in nature. Ful1 hardiness will eventually develop under long

photoperiods and low temperatures. Plants exposed to shorË photoperiods and

T4/arm ËemperaËure will only reach the first stage of acclimaËion. The trans-

locaËable factor may be a growth retardant hormone, a sugar or, as Ï^leiser be-

l-ieves, a hormone Ëhat is specific to Ëhe initiation oL changes required for

hardening.

Membranes

Analysis of thermal deaËh curves of various organisms shows it to be a

firsË order process (Brock, L967). A firsË order reacticn is concenËraËíon

dependent for one materíal-. Brock suggests that the heat effect is on a

l-arge single structure such as membranes and not on heat sensitive enz¡¡mes or

ribosomes of which there are many copies in Ëhe cel1.

Mohr and SËein (L969) studied the effec,t of various freeze-thaw regimes

on the uLtrastructure of t.omato fruit cells usíng electron microscopy. They

found Ëhat rupËure and disorganizatíon of membranous components r¡zas a conmon

denominator throughout. They found that the plasmalemma r'ras more resistanË

than Ëhe tonoplasË and several other membranous components. The endoplasmic

reticulum, ribosome, goLgi bodies, osmiophilic globules and miËochondria were

absent or unrecognizable following any of the freeze-thaw combinations they

tried, excepË where special prefreezing plasmolysis treaÈment was used.

SËudies of senescing bean leaves (BarËon, L966, cited by Mohr and

SËein, 1969) and senescing v¡heat leaves (Shaw and Manocha, 1965) als.o re-

vealed that the plasmaLenura vras nearly always Ëhe lasL sËrucËure of the

cytopl-asm to disappear, the tonopLasË havíng ruptured at a relativel-y
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earLy sËage. However, Charnbers and Hale (L932, ciËed by Mohr and Stein,

L969) found the tonoplasË of onion epíderrnal- cel-l-s more resistanË Ëhan Ëhe

lrprotoplasËrt.

Pomeroy and SiminoviËch (L97L) studied cytoLogical- changes of black

LocusË ph1-oem parenchp,a cells with Ëhe elecËron microscope. They found

thaË toËa1- protopLasm, including miËochondria, lipid bodies and membrane-

bound vesicles derived from invaginaËions and folding of Lhe plasmaleruna

increased with increasing frosË resistance. The endoplasmíc reticul-r¡n

also changed from Long cisternae-Like units in the surnmer Ëo a vesicular

form in the wínËer. Using chemical techniques, SíminoviËch, eË al. (L963)

fotnd an increase in f.ipíd phosphorus and f.ipoprotein during hardening of

black locusË bark. This agrees wiÉh Ëhe cyËoLogica1 evidence thaË Ëotal

membranes increase during hardening. There may aLso be a qualiËative

change of menbranes sÍnce total f.ipid phosphorus also increased in sËarved

Ëissue where ËoËal protopLasmic augmenËaËíon díd not occur.

Heber (1967) showed ËhaË txeezing chloroplast membranes uncouples

photophosphoryl-ation from electron transport and inactivates proËon uptake

and f.ighË-dependenË shrinkage of chloroplasË Lamel-Lae" MiËchel1rs theory

of phosphorylation requires a pH gradient across the vesicle mernbrane.

Heber proposes that frost dehydraËion alters the membrane permeabil-ity,

thus preventÍng a pH gradíent. Sucrose can protect the chloroplast from

damage and salt interferes with this protection. ChLoroplast membrane

ÍnËegrity may be maintained by macromolecules such as the one isolaËed by

lleber (1968, cited by Mazur, 1970).

Possible ftmctions of membianes in frosË resistance and the suscepti-

bility of membranes to frost damage have been discussed in the first sec-
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tíon of the literature review 
"

Electrical resisLance of

measured using an applied 1ow

obtained appear to be relaËed

(Greenham, L966). Using this

alfaIfa, Greenham showed that

ín the f.rozen state or during

plant tissue in the Í.rozen state can be

frequency or dírect current. The values

Ëo Ëhe intactness of cell- membranes

prínciple and studying four cul-tivars of

injury can occur either during fteezLng,

thaning.

Electrolytíc measurements have been used to measure the amount of

injury to plants caused by freezing. They are based on the loss of

sel-ecËive permeability of Ëhe plasmalermna. This Ëype of test along with

the water soaked appearance of planËs killed by frosË suggest Ëhat injury

is to the membranes (l[eiser, 1970)

However, I{eiser (1970) presents three arguments againsË injury being

to the plasma membrane" First EverË (1970, cited by i{eiser, L97O) found

that stem secËions kil-led by freezing showed no immediaËe change in ad-

miËËance (current passing Èhrough a sample divided by applied voltage)

Ëo Low frequency current upon thawíng. Secondly, evidence Ëhat lysosomes

are injured suggesËs damage may be to membranes of cell- constíËuents.

Thirdl-y, Gusta (1970, cited by l^Ieiser, L}TO) found a rapid destruction of

nucleic acid components by ribonucleases afËer freezing and during f.teeze-

dryÍng

LipÍds

Two important functions of lipids in plants are as a carbon and

energy storage form and as a structural component of membranes. An ex-

ampl-e of a typical- composition of plant l-ipids is provided by Tremolieres

and Lepage (1971). They found thaË neutral lipids of young Pea leaves



(24)

compose not more than ten percent of the toËal lípid. The f.ree f.atty

acids of the neutral f-ipids are much more saturated Ëhan the triglycerides

or diglycerides. Phosphatidyl- choline is Ëhe mosË abundanË phosopho-

f.ipid in the young pea leaves, Phosphatidyl ethanolamine is about haLf

as abundant. Other phospholipids detected in pea leaves lrere phosphatidyl-

ínositol, -gLycero1-, diphosphatidyL glyceroL and phosphaËidic acid, Lino-

Leic acid is Ëhe mosË abundant faËty acid of phospholipids. They aLso

poinË ouË thaË, rralËhough the lipid compositÍon of green algae and higher

p1-anËs have cormnon characteristics such as high level-s of ga1-actolipids

with polyunsaËuraËed fatËy acids and the presence of phosphaLídyl-gi-ycerol

wÍËh Ërans-3-hexadecenoic acid (James and Níchols, L966), apprecíab1e

differences are encounËered between Ëhem: (a) in algae, the galacto-

lípid poLyunsaturated faËËy acid consisËs of 16 and 18 carbon chain fatty

acid, whereas ín hígher pLants - linolenic acid alone accounts for eighty

percenË of the gaLacËoLipid faËty acid (James and Nichols, L966); (b) in

higher plants, the turnover of Ëhe fatty acid portion of galactoLipids is

very low whiLe thel4CO2 incorporation into the galactose portion is very

rapid (Tretnolieres, 1970) r'. A ratio of monogaLactolipid to digaLocËo-

lipid of Ëwo, ís characterisËic of mature chloropl-asts (Tremolieres and

Lepage, L97L).

Ch1-oroplast membranes are characËer Lzed by a large amount of galacËo-

lipid and extrachloropLasËic membTanes are rich in phospholipíd (Tremolieres

and Lepage, L97L). Chloroplasts of Ëobacco leaves, for example, contain

83 percent of the Ëotal cellular monogal-actosyl diglyceride, 88 percenË

of the digalactosyl diglyceride, 76 percent of the sulfolipid and 74 per-

cent of Ëhe phosphotidyL-glycerol (Ongun, eË 31", L96B).
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The fatty acid content of different tissues may differ. For example,

after seven days of germinaLion in the darkr peâ cotyledons contained 5.0 mg

of fatËy acid per gram fresh weight, sËems contained 0.7 rng per gram fresh

weight and leaves contained 2 "7 mg per gram fresh weight (Tremolieres and

Lepage, 1-97L) "

Many experimentors have observed changes in 1-ipids during col-d ac-

climaËion. For exampl-e, f-ipids and tannins of fruit trees have been ob-

served to increase as starch decreases in the r,rinter and to decrease as

starch accumulaÈes in the spring (Genkel and OknÍna, L966, ciËed by Alden

and llermann, L97L). Pomeroy and Siminovítch (1971) using el-ectron micro-

scopy found that f.ipid bodies increased in the bark ce1ls of bLack locust

during hardening in the fa11. Experimentors have aLso correl-ated f.ipid

content to frost hardiness. For example, both Durmanov (1957) and Eljseev

(L964) found that buds and shoots of hardy appLe cultivars accurnul-ated more

faË and lipid on hardening Ëhan less resistanË cul-tivars. Ilowever no evi-

dence of fat and lipid accumulation during hardening rrtas found in wheaË

(ChÍen and tr{u, 1965, ciËed by Alden and Hermann, L97L).

Changes in lipids aË elevated and reduced temperatures have been

sËudied in animaLs, microorganisms and plants. Changes in lipíds of poikiLo-

thermíc animals, microorganisms and chiLling sensiËive plants presrmrabl-y

aLLow the organism Ëo fr:¡rction at a reduced Ëemperature above Ëhe freezing

point. Changes in homeoËhermic animals are thought to be rel-aËed to the

anímaLsf ability Ëo mainËain at Least a mini:nr¡n body temperature. In

frost hardy planËs, Ëhe changes must function, by aiding the plant to

withstand intercel-lular freezíng and/or avoid íntracellular freezirng"

Símon (1969) grew native arctíc mice at L8oC (controL) and 5oC for
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eíghË to ten weeks. He then exposed those gro!ün at 5oC to -40oC for two

hours. Anirnals that could maintain an annal temperature of 36oC or greaËer

rvere considered cold resístanË (CR) and Ëhose that could not, cold sensi-

tive (CS). Animals vrere sacrificed and analysed twelve hours and fourteen

days after stressing. Two species, MícroËus oeconomus and Clethrinomus

rutilus were used. The cont.rol and CR animals of both species had equal

quantities of lipid expressecl on a dry weight basis, whereas the CS animals

had a lower quanÈity. MosË of the decrease appears Ëo be due to a de-

crease in the neutraL lipid fraction. M. oeconomus, CR animals also

showed a decrease of neutral lipid, but it was offset by a corresponding

ríse in phospholipid. trrlith the exception of diphosphoglycerol raËios in

C. rutilus there are no differences beËween the phospholipid classes ex-

pressed on a ratio basis twelve hours afËer the stress in eiËher species.

Animals sacrificed fourËeen days afËer stress shovr thaË in CS of

C. rutilus the percenË total f-ipid of mouse dry weight reËurns to normal

but the percent phospholipid of mouse dry weighË remaíns at a lower level.

Lipid content of M. oeconomus does not return to normal. The phospho-

1-ipid ratios (weight of individual phospholipid over toÈaL phospholipid)

of stressed M. oeconomus srere not dífferenË from the conËrol fourËeen days

after sËressing " However C. rutilus did modify its phospholipid ratios

as a resulË of stress.

The one consisËent, change in boËh species r.7as a two to three fold in-

crease in diphosphoglycerol expressed on a dry weight basis of the CR

animals over Ëhe CS animals, Ëwelve hours afËer the sËress . Phospholipids

are essentially a membrane component with the exception of blood. Dipho-

sphogLycerol is locaËed only ín miËochondria of most Ëissues. Thus Simon
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predicËed Ëhat the íncrease in díphosphoglycerol represented an increase

in miËochondria. Cytochrome oxidase activity, which is a measure of the

quanËity of mitochondria, should fo1low the same pattern as the dipho-

sphoglycerol ratios . That is, the CR should have the highesË values, the

CS the lowest, and Ëhe controls an intermediate value. Simon found that

this ín fact occurred. He also measured the area of mitochondria on

electron micrographs and found that iË followed the same trend. He con-

cl-uded that the ability to wiËhstand acute cold stress is an ínherited

characterisËic and is a function of the quanËity of the muscle thaË is

mitochondria.

Eybel and Simon (1970) studied three species of arctic míce and

cl-assified them into CS and CR as above. They analysed the fatty acid

compositíon of the phospholipid and neuËral lipid fractions. The onl-y con-

sisËent result in all Ëhree species ü7as a marked elevation in 14:0 of the

phosphatidic acid fracËion of the CS mice.

Climatic temperature is one of the main facte¡s deternlÍníng the rela-

Ëive saturaËion of seed faLs (Hilditch and l^Iilliams, 1964). Production of

fats soLid at the prevailing temperature is unlikely to occur. This does

noË mean thaË fat produced in the tropics is more saturated than fat pro-

duced in temperaËe regions. Many of Ëhe most unsaturated fats are syn-

thesized in the fruit of tropical species. However, fat of plants growing

in one cl-imatic region will be more unsaturaËed under cooler conditions.

PaËËerson (f970) studied the fatty acid composition of Chlorella

so-rokiniana at six growing temperatures between 14 and 3BoC. He found

that the total lipid remained constant at ten- percent of tissue dry weight

at al-l temperatures. The fatty acids were aL a minimum concenËraËion

(L37" of. total- lipid) at 26oC and increased towards both extremes (50-60%
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of Ëoç41 lipid). The maximum degree of unsaturation of fatËy acid was

eËteifred a! ??oC vith less unsaturation of fatty acid at lower or higher

temperaËures. However, Ëhe proportion of total unsaturated fat.ty acid

WAS Ah,Tays í-ncreased aË lower temperatures. Chain length of fatty acids

always decreased wiËh increasing temperature.

lhg li.pid composítion of the algae Cyanídir¡n coldarium was studied at

Ëw9 te¡npeiaËgres , ?}oC and 55oC (Klienschmidt and McMahon, L970a). IË was

fSgfid ËhAç Ëqt41 lipid in terms of mg/g dry weight sTas greater in cells

gfqÃrrn at 20oC " The tota1 lipid was then separated into f ive fractions.

E$pfgSSed as a percenË of total f.ipid, these fractions showed no gross

diffefefrçe belween the lipid of cells grovTn aË 20oC or 55oC. Thus it is

þelieved !ha! a nonlípid constituent increases at 55oC. They have unpub-

lighed dale ËhaË the cell wall increases. The ratio of unsaturated Ëo

FeËUfAËed fa!!y acid in Ëhe total, as well as ín each of the five fractions,

deefeaSeé a! lhe higher temperature. Linolenic acid composed 30 percent of

Ëhe fêËËy egid a! ?0oC but was noË detectable at 55oC.

KliefrqehmidË and McMahon (1970b) then analysed the fractions that con-

Ëeited lhe glyçoLipids and phospholipids. IË was found thaË mono- and di-

galaeË99y1 diglyceride and sulfolipid are higher in cells grorÀ7n aË 20oc

a4d lewef iF Sells gro\rn at 55oC, while an unidenLified glycolipid is very

1${ in Sell.g gf 9T,üi1 a! 20oC but much higher in ceLls grovln aL 55oC. Glyco-

lipidS gn{ sglfolipids are associated wíth'Ëhe photosynthetic apparaËus

(Srneh 4nd Prive!Ë, 1970; Ongun, et al., 1968). Mono- and di-ga1-actosyLl- --.t/.' -...

digiyeefide ef g9-11F gfordn at 2OoC contain no detectable amounts of stearic

eeíd And Ëhe dlgl,yçq¡ldes of cells gro\¡ün at 55oC contain no deËectabl-e

ênouriËs of l-inolenic acid. The fatty aiid composiËion of mono- and di-

galaeËe5yl dielyÇçqide were essentially Ëhe same in cells grol¡rn at the
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sane temperature" Phosphotidyl choline and ethanolamine ccrnprise about

80 percent of the total phospholipid of cell-s gro!,ãr at both temperatures.

Phosphotidyl choline is noË greatly affected by temperature but phospho-

tidyl ethanolamine is narkedly decreased in celLs gror'rn at the higher tem-

Perature. No linolenic acid was deËectable in phosphotídes of ceLls groürrl

at 55 C" Oleic acid composed 50 percent of the fatty acid of phosphaËidy1-

ethanolamine aË boËh temperatures. Thermostability of Ëhe cell membranes

may be related to fatËy acid saturation since celLs gro!ùn at 55oC were

thermostable at a tenperature 15oC higher than cells groT/ün at 20oC.

KlienschmidË and McMahon postulate that the decrease in glyco1-ipíds and

phospholipids in cells grol^rn at higher temperaËures may be due to a de-

crease in carbon dioxide solubílity causing normal autotropic cel1s Ëo

grow heteroËropica1Ly.

Okuyamo (L969) studied phosphoLipid rnetabolísm in E. coli. during a

five hour lag period of growth, which results when Ëhe temperature is

changed from 37oC to 10oC. The phospholipid content increased 20 percent.

This information, along wiÈh data fto* 32P incorporation experiments, in-

dÍcated Ëhat 33 percenÈ of Ëhe exisÉing phosphodiester moiety of phospho-

LÍpids was degraded to vlater soluble products and about 54 percent more

phosphodiester moiety was synthesized from inorganic phosphorus derived

from the medium and phosphorus containing conponents of Ëhe cell. The

fatty acid moiety of lipids Ì¡ras not degraded but was maintained as fatty

acids or fatty acyl esËers " It was also shown that the fatty acyl moiety

of the neutral lipid fraction, including free fatty acids, qras actively

reuËil-ized for phospholipid synthesis. There was turnover of phosphatidyl

eËhanolamine and phosphaËidyl glycerol v¡hich are known to be very sËable
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in normall-y growing cells of E. coli. The amount of vaccenic acid in-

creased tr¿o-fold while the amount of oËher faËty acids in the phospholipid

fracËion changed relatively little"

The ability of mitochondrial membranes to swell- in hypotonic solu-

tÍons is correlaËed to the unsaËuraËion of faËty acids (Richardson and

Tappel , Lg62, cited by Lyons, et a1 . Lg64). Richardson and Tappel showed

a difference in fl-exibÍl-ity of mitochondríal membranes from warm blooded

(rat liver) and cold blooded (fish liver) anímals. Lyons, et al- " (L964)

demonstrated that mitochondria from chilLing sensiËíve sr,reet potato roots

and tomaËo fruit showed l-ittle abílity to swell-" Chilling resistant pea

seedLings, turnip rooË and caul-iflower buds had mitochondria wiËh a sËrik-

íng abÍliËy to sv¡el-1. Mitochondria frour chillíng sensitive corn and bean

seedlings could swell to the same extent as Ëhose from chilling resisËanË

plants" However, analysis of the shape of Èhe swelling curves of corn and

bean seedlings showed that the shapes were different than those of chiLl-

ing resístanË species, suggesËíng Èhat they may have different properties

related to Ëheir chilling cl-assificaËion. The doubLe bond index (a mea-

sure of unsaturaËion) of the fatty acids was highest in cauliflower buds

and turnip rooËs, intermediate in pea seedLings, bean shoots and tomato

fruit and LowesË in sweeË potaËo root and corn seedlings " Swelling rate

of plant mitochondria ís essentially temperature independent, whereas in

aniroals it is affected by temperaËure, suggesËing a met,abolíc control of

swelling in animals.

Lyons and Asmundson (1965) measured the freezing point of a range

of mixtures containing different concenËrations of linoleic, linolenic

and ol-eic acid wiËh palmitic acÍd. They f ound that a small incremenË in
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mole percent unsaturated fatty acid between 60-80 percent resulËed in a

relatively large drop in the freezing point " Linoleic and linolenic acid

with palmitic acid. behaved ídentically down to the eutecËic poinË. For

the mixture of ol-eíc and paknitic acid Ëhere was less of an effect on the

fteezíng point for a given change in mole percent. unsaËuraËed fatty acid.

Several species of planËs were analysed and found Ëo have a mole percent

unsaËuration in Ëhe critical range of 60-80 mole percent " The chilling

resistant plants Ëended to have a higher mole percent ur:rsaturatíon, buË

there was considerable overlap " Because linolenic and linoleic acid have

simiLar effects on the f.reezirng point, Lyons and Asmundson beLieve Ëhat the

mo1-e percent unsaturated fatty acid is more meaningfuL Ëhan the doubl-e

bond index for planËs because Ëhese two fatty acids make up approximateLy

90 percent of the unsaturated fatËy acid of plants " The double bond index

may be more meaningful- for animals which have a more complex fatty acid

composítion.

Cotton planËs are chill-ing sensitive (injured at 5oC) but can be

hardened by exposing to 15oC days and 10oC nights (Guinn, L97L). Lipid

soluble phosphorus decreases duríng Ëhis hardening process.

Gerloff, eË al. (1966) studied the fatty acid composition of al-fal-fa

roots of a frost hardy cultivar (Vernal) and a less hardy cultivar

(Caliverde). TotaL fatty acid contenË increased during hardening in both

culËivars. The Ëotal- saËurated fatËy acid content of the rooË tissue in-

creased r.riËh hardening all- three years in the nonhardy cultivar, but de-

creased Ëwo ouË of three years in the hardy cultivar. Unsaturated fatty

acid, on the oËher hand, increased during hardening in both cultivars al-l

three years primaríLy due to increases ín L8z2 and 18:3. The most consist-

ent cultivar differences r¿ere that monounsaturated fatty acid increased
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during hardeníng tr.Io out of three years ín Êhe nonhardy cultivar while

the hardy cultivar showed decreases all Ëhree years. The hardy cultivar

accr¡mulated more polyunsaturated fatty acid than the less hardy cuLtivar

t!ilo out of three years. It üras suggested that sínce both cultivars can

harden to some exÈent, the hardening treatment may noË have been severe

enough Ëo differenËiate beËr,reen the hardy and nonhardy cultivars.

Kuiper (1-969) found thaË two frost suscepËible citrus cultivars,

March grapefruiË and Eureka lemon, had a hígher neuËral lipid and a lower

phosphol-ipíd composiËion Ëhan the more resisËant Dancy and Satsuma Ëanger-

ine ciËrus cultivars. There T¡ras no consístenË difference in the glyco-

f.ipid fracËion. IIe also found that decenylsucciníc acid protected flowers

of peach, pear and apple during a frosË of. -6.0oC for Ëwo hours and in-

crea'sed ce11 permeability. He suggesËed Ëhat charged lipids occurring in

Ëhe plasro¡membrane may contribuËe in the same way to the perneability

characterisËics and increase frosË hardiness.

Green, et al. (1-970) found that decenylsucciníc acid (DSA) did not

increase the hardiness of winËer wheat or barley ín a nonhardening environ-

ment. They found Ëhat it fail-ed to increar" 32P uptake buË instead. caused
10

leakage to "P previousl-y Ëaken up. They concluded that the increased

perneability results from injury to the root,s 
"

Kuiper (1970) studied Ëhe lipid compositíon of two aLfalfa cultívars

(Vernal and Caliverde) gro$m at 15oC, 2OoC and 30oC. The contenË of acidic

phosphoLipids phosphatidyl-glycerol and -inositol and sulfolipid was directly

reLated to Ëhe growíng temperature, while an inverse relation was observed

for the less acidic phospholipids, phosphaËidyl-choline and-ethanolamine

and the neuËral g1-yco1-ipids mono- and di-galactosyl diglyceride. There was
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also a difference beËween the hardy and nonhardy cultivar" At corres-

ponding growËh ËemperaËure the hardy Vernal plants showed a higher per-

centage of mono- and di-gaLactosyl diglyceride and of phosphaËidyl-choline

and-ethanol¡mine than Ëhe Caliverde plants, whil-e the opposiËe was true

for the sulfolipid and phosphatidyL-gLycerol- and-inositol. FatËy acid com-

posiËion of the l-ipid cl-asses was quite consËant. For example, monogaL-

actosyl diglyceríde was predominantly esterified v¡ith 18:3 fatty acid.

This was al-so Ërue for phosphaËidyl ethanolamine (76% 1-8:3). The other

f.ipids characteristíc of hardy planËs, digaLactosyl diglyceride and phos-

phatidyl ethanolamine showed smaller amounts of linolenic (34 anð, 24 per-

cent resPecËively) but in addition conËained 30 and 28 percent linoleic

acid. Thus, 1ipíds reLated to hardiness had predominantly polyunsaturated

fatty acids. Phosphatidyl inositol characteristic of cold sensiËive plants

showed a large percent of saturaËed faËty acid and long chain saturated

fatty acids such as arachidÍc acid (20:0) and beheníc (22:0), which were

only observed in this f.ipid fraction. 0n1y two lipid fractions ¡ rtrons-

galactosyL diglyceride and phosphaËidyL choline showed a minor buË signi-

ficant relatíon beËween cold hardiness and Ëhe content of poLyunsaturated

fatty acid.

SÍminovitch, g! Ê!. (1968) found a greaËer anount of lipid phosphorus

and f.ipoprotein in winter cells of black locust bark compared to its su¡n-

mer cel-ls. They found Ëhat Ëhe nonpolar lipids decreased as the po1-ar

lipids increased. The phospholipids of black locust ürere composed mainly

of phosphatidyl--inosiËoL, -cholíne and-ethanol-amine. Each of Ëhese in-

creased during hardening. The non-phosphorus polar lipids also increased

during hardening. Hardening of black locusË bark cells usually involves
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totaL protoplasmic augmentaËion along wíth Ëhe increase in membranes in-

dicated by Ëhe increase in phospholipid and l-ipoproteín. However when

Siminovitch, et al. (1968) sËarved Ëhe cells by using the double girdl-ing

technique, they found Ëhat lipid phosphorus sËil-L increased as did hardi-

ness, but withouË total protoplasmíc augmentation. Thus they suggest that

qualÍtative as well as quantitative changes in the membrane may be involved.

GerLoff (L966) found thaË crude lipid of alfalfa roots increased

during hardening in all cul-tivars. He also found a ninhydrin-positive,

trnsaturated, U.V. absorbing phospholípid ËhaË was only present in fully

hardened roots of all culËivars.

In the frosË resisËanË grape culËivar, Concord, Ëhe quantíËy of tri-

gLycerides and phosphol-ipids remains consËanË during Ëhe críticaL winËer

period (Marutyan and Petrosyan, 1968). In the non-resisËant cultivar

Spitak arakensí these compounds were hydrolyzed and the amotmt of free

fatty acid increased" Marutyan and PeËrozan postulate ËhaË the ability to

sJmËhesize Ëriglycerides may be reLated to frosË hardiness"

Lyons and Asmundson (1965) hypothesize thaË chil-ling injury is due

to physical changes in membrane lipids. It has been indicated that the

physical- condition of a lipoprotein complex such as a cell- membrane is on

a borderLine of a phase transition from a liquíd-crystalline structure to

a coageL (Luzzots and llusson L962, cited by Lyons and Asmtndson, 1965).

tyons and Asmr:ndson propose thaË when Ëhe temperature is lowered Éhe hydro-

carbon chains crystall-ize, thus blocking some physiological acËivíËy of

the membrane. For exa.nple, cytoplasmic streamÍng stops when the tempera-

ture falls below 10oC in chilling sensitive plant celLs, but conËinues in
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ïesistant pLanË ce1ls (Lyons, et al" L964). There is al-so a close cor-

relation between oxidative phosphoryLation and mitochondrial- swell-ing and

csntracËion (Lyons, eE al" L964). The other hypothesis of Lyons and

Asmundson (1965) is that chil1-ing injury involves the ËhermostabiliËy of

f-ipid protein ccrnplexes as a function of both cornpl-exing substances.

Lovelock (L957) provides evidence Ëhat l-ipoproËeins are easil-y dan-

aged by conditions thaË are bel-íeved Ëo exist in celLs dehydrated by

freezing " He proposes Ëhat Ëhese molecules are especíally susceptible be-

cause of the weak forces binding them togeËher" He found that hrman red

bl-ood cel1 mernbranes are increasingly darnaged (measured by Ëhe release of

phosphoLipid) as Ëhe ioníc concenËratíon (he used NaCl) of the suspension

medir¡n is increased. Next he shorved thaÉ lipovitellin, an egg yolk lipo-

protein, is not damaged (measured by loss of solubility in physiologicaL

saLÍne) by high ionic sËrength, buË is damaged íf the ptl fa1-1-s below 5.2.

Lastly, he studiea p fipoproËein of human plasma. He found thaË íonic or

pH changes r¡rere noË sufficient Lo account for the damage (measured by loss

of solubiLity in physiologícal salíne) when iË is f.rozen By using differ-

ent saLts with differenË eutectic poinËs he was able to show thaL fl fipo-

protein is damaged when al-l- of the waËer ís removed. He concludes ËhaË

damage during freeze-Ëhawing will be caused by the factor which Ëhe par-

tÍcul-ar lipoprotein is most susceptible Ëo.

Ingmar and Bertíl (L969) measured 1-ipid changes in Ëhe muscl-e of

Baltíc herring stored at -15oC for Ëwelve weeks. They found that free

fatty acÍds increased in both dark and white muscle. The free faËty acids

increased due to the hydrolysis of the phosphoLipids leciËhin and
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cephalin and trigLycerides. In dark musc1-e 45 percenË of the hydrolysed

f.atEy acids carne from phospholipíd and in whíte muscle 75 percenË came

from phosphoLipid. The enzymic hydrolysis of the phospholipids was noË

tatty acid specific buË leciËhin was hydroLyzed fasËer than cephalin"

Harris and

acid synthesis:

James (1969) provide Ëhe folLowing scheme for faËËy

A2 A3 A4

acetaËe- - -Ð C C C C

A1

16: 0 _,
Lipid

18:0-18:1r18:2
Lipíd Lipid Lipid

They say Ëhat any resËraint in A3 or A,4 r¿ill resul-t in a change of f aËty

acid composition, provided there is no feedback inhibítion, resuLting in

an increase of stearic acid (L8:0). They define Ëhe following Ëerms:

L4c
a desaturation = 18:L and 18:2

t4.rr, 
o

! reLaËive desaturaËion = desaturation of ËïeatmenË (toC)

"c¡

It is apparent Ëhat if the relative desaËuraËion is greater than one, t is

synthesizing unsaËuraËed fatty acids more rapidly than Ëhe control-. Thus

its 1-ipiCs will be more unsaturated. I{hen they incubaËed non phoËosynthe-

Ëic buLk tissue (narcissus bu1bs.) for five hours, the relative desatur-

ation decreased with increasing temperature. However, if Ëhey arËifi-

cially increased the oxygen concenËration this was reversed. Thus it

aPpears thaË oxygen is Ëhe raËe limiting facËor of desaturaËíon of fatty

acids" In photosyntheËic tissue such as Chl-oreLla oxygen \¡ras noË found

to be 1-imiting, but in the leaf tissue of spinach it appeared Ëo be

slightly 1-imiËing below 25oC because the relative desaturation below 25oC

Iùas greater than one. The controL samples r¡rere incubaËed at 30oC . The
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reason oxygen is not as liniting in photosynthetic Ëissue as bulk Ëissue,

is that photosynËhetic tissue produces oxygen during photosynthesis 
"

Because the soLubility of oxygen increases in an aqueous phase as tem-

perature decreases, Ëhey suggest Ëhis is a símple and self-regulating

conËrol of desaturation. Thus when the pi-ant requires more unsaturated

fatty acids at loqrer Ëemperatures, the avaiLabiliËy of oxygen is increased

due to increased solubílity which increases desaËuration províding Ëhe

unsaturated fatËy acids.

A higher cont,enË of chlorophylL was characterisËic of hardened

cucr¡rnber pl-ants and frost-resisËant cultivars of winter wheaË (Shapoval-ov,

1965, cited by Alden and Hermann, L97L). The chlorophyll conËent of both

frost-resistant and non-resisËant cultivars of winËer wheat declined dur-

ing the autumn, increased slightly during earLy r'rinËer and declined again

in Late winÈer on exPosure to subfreezing telnperatures. Godnev, eË aL.

(1969, ciËed by A1-den and Hermann, 1971) found that Èhe chlorophyll and

carotenoid content in needles of Picea pungens and Picea excelsa r¡rere re-

tained during the winter. McGregor and Kramer (1963) found that chloro-

phyL1 increased Ëo a maxi.mum in September and then declined sl-ightly dur-

ing the winter in boËh white pine and 1ob1o1-1-y pine. The bonds between

chlorophyll and the chLoroplast-lipid-proËein compLex were more stable

for frost resisËanË culËivars of wheat (Shnat rko and Ostaplysuk ,L964) anð.

frost resistant cultivars of apple (Protsenko and Chikalenko, L962) than

for less resistant cultivars.

Chloroplasts of cucrmber leaves at 2oC lost Èheir photosynËheËic

and fluorescence abilities, swe,l-led and beca¡ne round and the swolLen

stroma became transparent (Kislyuk, Lg67, cited by Alden and Hermann,

1971)" These effects were reversibLe rrntil after 25 hours. LighË is
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partícularly <iamaging duríng coolÍng, probably reI-ated to the sensitive

photo-oxidative consËiËuenËs of the chloroplasts.

Juwenile Tíssue

Plants are excepËíonaLly susceptibLe Ëo frosË damage during rapid

growËh in the spring. For example, maxímum resistance Ëo co1d can be

índuced in red-osier dogwood in seven weeks aË any sËage during iËs

annual cycle of development except for one to Ëwo months after growËh

resumes in Ëhe spring (Van HuysËee,eË aL", L967)" Clauson (L964, ciËed,

by Alden and Hermann, L|TL) examíned 50 species of hepatica (liverworts)

and found ËhaË freezing Ëo -10oC for four days destroyed undevei.oped

cel1s ín young shooËs but fully developed ce1ls survived Ëhe same treat-

ment.

It is t¡ell esËablished Ëhat cold hardiness in woody pl-ants is in-

verseLy reLated to growËh rate (Levittr1966). On the other hand, Cox

and LevitË (1969) reported that Ëhe leaves of cabbage hardened most when

growth was rapid, presumabLy because proËeins Ëhat promote both hardi-

ness and growËh were synthesized at low temperatures. However, the very

youngest Leaves ürere excepËions Ëo this.

Dantuna and Andrews (1960) found thaË seedlings of v¡inter wheaË and

barley germinated and gromr at l-.5oC deveLoped maximum hardiness at ËT^ro

stages. The first stage was during the first week afËer germinaËion and

the second stage r¡zas around the sixËh week afËer germinaËíon. Spring

cultivars and sone l-ess hardy West European wheats showed the first maxi-

mr¡m in hardiness but not the second. An additíonaL hardeníng for one week
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at -4oC produced a significanË increase in hardiness. Barley responded

Ëo the additional hardening during all stages. trIheaË, on the other hand,

showed the largest response to the additionaL hardening only during the

youngest stages of germination. For example, attet five weeks at 1.5oC

onLy the l-ess hardy wheat cul-tivars showed much response to hardenÍng

at -4oC. The spring culËivars of boËh wheat and barley responded to the

additional hardening at -4oC. Andrews (1960) found simiLar resulËs usíng

wínËer rye. Maximr¡n hardiness occurred afËer germination when the coleop-

tile was one millimeËer or less and Ëhe rooËs less than five to Ëen milli-

meters in 1-engËh, and agafn afËer fíve to six weeks of growth at 1.5oC

when the first l-eaf was breaking through the coLeoptile. AddiËionaL

hardening at -4oC for one week was only effective for very young seedl-ings,

but did not affecË seedlings thaË had reached maximr¡n hardiness aË 1.5oC

(approximately five weeks o1-d) .

I,Iinter wheat has maximum resisËance to temperatures between -LOoc

and -L5oC aË tr,ro stages of developmenË (Roiertson, 1970). The first

stage is Éhe dry or freshLy moisËened seed and Ëhe second stage is during

the fourËh and fifËh leaf stage. Robertson gives Ëhe following critical

Lotr temperature for development and suggests that Ëhere is a corrnon gene-

tic reason for the peak in col-d hardiness at Ëhe four and five 1-eaf stage

and the low ËhreshoLd ternperature of development between emergence and

jointing:

planting to emergence

emergence Ëo jointing

jointing to heading

heading tó soft dough

soft dough to ripe

6.90c

-4.7oc

5.9oc

5 .7oc

3 "zoc
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Evidence that frost hardíness is conËrolled geneticalLy is provided

by Muehlbauer, eË al. (1970) who found significanË differences in the F3

popul-ation of reciprocaL crosses in oats. They aLso found that spring oats

ate a good source of genetic diversity for winter hardiness.

I{inter Rape

TorssalL (1959) reviewed the winter hardiness studies of rape (Þrassica

napus L.) and Ëurnip rape @.assica campestris t.). Rape has a killing

ternperature of around -9oC. Rape is more cold hardy than turnip rape as

a species. The Ëermínal bud is more hardy than the epicoËyl which is

more hardy than the root. The vascular tissue is more hardy than Ëhe píth.

These morphoLogical and anatomical relationships are more pronounced in

Tape than in turnip rapeo

The fieLd hardiness $Ias greater for turnip rape Ëhan rape when the

stand r,Ias unProtected by snow or by a snorí cover of onLy 10 centimeËers

(Torssall, 1959). This was because turnip rape developed an enËirely sub-

terranean hypocotyl and an epicotyL situaËed at, or beLow, the ground sur-

facerwith.very short internodes. Rape, on the oËher hand, developed a

hypocotyl- the upper part of which, as a ru1-e, reached above the ground

surface causing the epicoËyl to be entirely above the ground surface and

Ëhe inËernodes of Ëhe epicoLyl \,lere more or l-ess elongated. At higher

snow levels, Ëhe species relaËionships to winter hardiness could be changed

due Ëo thermal- properËies and depth of snow.

In turnip rape and rape, starch contenË decreased and total sugars

increased in al-L cases during hardening (IlellsËrom, 1954). There was
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evidence Ëhat starch was not converted quantiËatively inËo a simple car-

bohydrate. HeLlsËrom bel-ieves Ëhat cerËain celL wall constituents such as

pectin, cellulose and hemicellulose are aLso involved. Torssall (1959)

also stated that changes in frost hardiness was parallel r¿ith changes in

total- sugaï conËent and ligníficatíon of the secondary xylem.

Starzychi, et al . (Lg64) used the ratio of 32p uptake I-2oC as an
Lg-200c

an index of frost hardiness. ResisËant cultivars of winËer rape had a

higher raËio than less resistant, culÈivars.

EvaLuation of Frost Hardiness

General- "

Frost hardiness is generally measured

parts to a Ëest temperaËure and Lhen using

damage or lack of damage" Some tests have

actual freezÍng"

by f.reezLng Ëhe plants or plant

some meËhod to esËimaËe the

been used which do not involve

lltren actual fteezíng is done the fteezing rate, tÍme frozen, Ëhawing

rate, and posË thawÍng conditions musË all be controlled (LevitË , L956).

The amounË of damage is then estimated. A visual estimate of damage was

found satisfactory for red-osier dogwood stem sections (Fuchigami, et al.

1971). Ilot¡ever, quanËiËative chemical estimaËes are generally consídered

less biased. The refined triphenyl tetrazoliu¡n chloride (TTC) method of

measuring cold injury is based on the quanËiËy of ce1ls that survive

freezing and Ëhus are able Ëo reduce TTC producing a red color r¿hich can

be measured colorimetrically (Stephonkus and Lanphear, L967). Some methods

measure the death of cell-s " These methods are generally based on the loss

of selective permeability of the membranes" For example, hlilner 1960 used

the reLease of electrolytes from the cell as a measure of death and
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Síminovitch, et al. (L964) used the release of amino acíds and other ninhy-

drin-reacting subsËances as a measure of deaËh after thawing. Greenham

(L966) believes that freezing injury is Ëo Ëhe plasmamembrane. He belíeves

that a decrease of electrical resistance to low frequency current measures

damage to the plasmamembrane and he used this prínciple to ídenËify the

tÍme of injury during freezing, to aLfaLf.a.

Some meËhods of estimating frost hardiness have been used or proposed

which do not require actual freezing of the tissue. A correlation of pero-

xidase in young tissue of carnatÍon and wi11ow and hardiness has led to the

suggesËion Ëhat peroxidase be measured to estimate hardiness (McCown, L969).

As already menËioned, Ëhe ratio of 32p uptake _I-2oC was used as an index
19 -200c

of frost hardiness of winËer rape (Starzychl, et al " 1964) ,

ExoËherms .

Plots of tissue temperaËure duríng cooling vs. time produce curves

which are deflected by heaË of water crystallízaËion at points where plant

tissue freezes (Mcleester, et aL. L969). The lowest temperature reached

before the deflection is considered the supercooling point and the highest

temperature reached after a deflect.ion is considered to be a freezíng

point (Appendix page 154). Living planËs exhibit two or more deflections

while dead plants exhíbiË only one (Mcleester, et al. L969). The third exo-

ùherrn occurs at the moment of deaÉh (Weiser, lgTO). The hypothesis involv-

ing the Ëhird exotherm has been staËed in Ëhe general section. Most workers

agree that the firsË exotherm is due Ëo freezing of extracellular waËer.

Luyet and Gehenio (1937, cited by Mcleester, et aL. L969) suggested that the

second exotherm was due either to freezing of íntracellular fluid after its

extraction from the cell by rapid osmosis or freezing of vascular sap. Hudson

and Idle (L962, cited by Mcleester, et aL. 1969) suggested that the second
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fteezing point lvas caused by a sudden leakage of inorganic solutes from the

ce1ls after the firsË freezing point had been reached. They postulaËe that

the released sol-utes cause extracellular thawing by lowering the freezíng

point and that subsequent f.reezLng poinËs resuLt from refreezing of Ëhav¡ed

extracellular water. Blockret al. (L963, ciËed by Mcleester, et al. L969)

suggested that the second freezLng point represents a depressed freezíng

polnt of water structurally bound in a gel network. Theír work was based

on studies wíth non livíng rnodel systems, which also show double fteezíng

polnts " the first freezíng cycLe of these geLs destroys their ability to

blnd water and eliminates the second f.reezíng point in subsequenË freezing

cycl-es. Sal-t and Kaku (L967) after sÈudying freezing curves of spruce

needLes suggested that the two freezing poinËs represented ice crystalli-

zaÈion in two different major tissues such as stele and spongy mesophyll.

Salt and Kaku believed the deflections should be called rebounds because

they say that the deflections do not represent the Ërue freezing poinËs of

the tissue. Red-osier dogwood twigs r,riËh al-l bark removed and homogeneous

tfssue from storage organs show two distinct exoËherms (McleesËer, et al-. L969).

Mcleester, eË aL. (1969) developed a viabil-iËy test of sËem sections

of several genera of pLants, based on Ëhe fact Ëhat dead tissue does not

have a second exotherm. They found that Ëhe results which were inrnediately

avalLable, T¡tere identical to those of regrowth tests which took up to tr,Tenty

days.

Mcleester, ÊÈ al. (1-969) found that dormant twigs allowed Ëo imbibe

water shor.red an increase in lengËh of the first freezing point pLaËeau,

whtch Ìùas correLated with the increase in moisture content. Iühen the r4Tater
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conËent reached 70 percent, the first f.reezíng point plateau masked the

second f.reezíng point. They observed that if the stem secËions were not

wrapped in saran, the stem sections lost moisËure during the firsË f.reezing

cycl-e and on a second treezing cycle, t.he second Í.reezíng point vlas more

distinct due to the l-oss of moisËure. They a1-so found that twíg lengËh had

f.ittl-e effect on the freezing curves buË Ëhat Ëwig diameËer did. Samples

of smaller diameter Ëvrigs showed a depression of Ëhe freezing point, due

to excessive heaË loss in relaËion to Ëhe laËenË heat produced. Placement

of Ëhe thermocouple in Ëhe pith gave beËËer resol-ution of freezíng point

two, than if iË hras pressed tightly against the bark. Slow raËes of cooling

gave Ëhe best resoluÈion of the second f.reezLng poinË for samples with 1ow

moisËure contenË, while rapid fteezíng was best for more hydraLed samples.

LastLy, they found a wide and unpredíctable variation in the supercooling

of uniform samples f.rozen under Èhe same conditions. Sampl-es with only

slight supercooling had f.reezLng point one plaËeaus, which t¡ere proporËíon-

ateLy longer Ëhan Ëhose for samples which supercooled more.

Salt and Kaku (1-967) found ËhaË needles of Coi.orado b1-ue spruce have

a freezing curve wíth a single rebound vrhen Ëhe needles have sufficient

ürater and a double rebound when water is deficient. The first rebound is

smaLL represenËing a small amount of waËer freezing " VÍsual observations

under Ëhe microscope lead them to believe, Ëhat ice first freezes in Ëhe

stele and Ëhen in the bu1-ky mesophyLl tissue " Because Èhe second rebound

occurs even if Ëhe temperature is noË lowered beyond the temperaËure that

causes Ëhe first rebound, they believe that it is caused by impeded propa-

gation of ice and not a second nucleation. They aLso found that freezing

appears to occur in Ëhe intrawal-l- area with ínterior ice accretion and no

intraprotoplasmic freezing.
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Young (1966) measured tlne f.reezing poinË of citrus leaves by record-

ing the leaf tønperature every 20 seconds v¡hen they were placed in a growth

cabinet aË a given constant temperature. Freezing points of leaves attached

to the pLant did not differ sígnificanËly from those of detached leaves when

exposed to a chamber Ëempeïature of 19oF. Hor¿ever, the attached leaves

generally froze sooner " FreezLng poinËs of pi.ants f.rozen at faster rates

(lower chamber temperaËure) were depressed because a lower minimun ËemPer-

ature is reached before f.reezing occurs and Ëhus more heat is removed during

Ëhe cooling process. Thus, on freezíng, the heat released from ice forma-

tion is noË sufficienË Ëo offset the heaË removed during Ëhe extra cooling

and so Ëhe freezing point is depressed. He found ËhaË the LT 50 of citrus

pl-ants is lower than the treezing points observed. He states that if Ëhe

true freezing point is obtained by prolonged exposure to moderate freezíng,

the LT 50 and the freezing point should approach each oËher buË Ëhe freezing

poínt will alv¡ays be sLightly higher. He found that as the time the plants

erere exposed to the low ternperaËure increased from two to 24 hours, the LT

50 increased "

Supercooling and frosË hardíness.

Supercooled water is water at a temperature below that required for

ice formaËíon but sËil1 in the liquid state. It offers Ëhe plant a method

of avoiding frost. However, it is a very unsËable state. Many insecLs sur-

vÍve winter in the supercooled state, but even in them it is not stable and

freezing occurs aË irregular inËervals over Long periods of time (Levitt,

L966). Supercooling is probabl-y only imporËanË to plants exposed to moder-

ate freezes of short duratisn (Levitt, 1966) .

A rapid decl-íne in Ëemperature increases the chances for supercooling
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and greater supercooLing increases Ëhe probability of intraceLlular freezing

(lulazur, L970) .

Salt (L966) lists Ëemperature, time and chance as facËors infl-uencing

nucleation in supercool-ed insects. A sËudy of supercoolíng of Cephus

cinctus Nort. showed that the time for intracelluLar ice formation doubled

¡¡ith every 0.53oC rise in temperaËure" For exampLe, fteezing Ëime increased

fron 1.2 seconds aË -30oC to moïe than a year aË -L7oC. No substance has

been identified as a prímary nucleating agent, but a variety of tíssue sub-

stances and sËructures are believed to possess nucLeatíng abiliËy" NucleaË-

ing agents vTere associated with the cell wall-s of blue spruce and not Ëhe

extracellular water (Kaku and Salt, 1968) because nucLeaËíon \¡Ias a function

of the lengLh of the sËele and noË of weighË of Ëissue or !,rater. I'Con-

sistent supercooling .after repeated f.reezíng and thawing is attribuËed to

the action of Ëhe same nucleating agents" Erratic supercooling, ho\øever,

appears to invoLve inhibition, destruction, 
.substiËution 

and reactivaËion

of nucleating agenËs, although the nature of Ëhese actions is unknowntr

(Alden and Hermann, L97L).

Internal and exËernal moisture deficiencies more Ëhan any other factors

favored the supercooLing of tender fruiË bl-ossoms and leaves (Modl-ibowska,

L962).

The increase in killing Ëemperature when frost lras present on leaves

of grapefruit seedlings, indícaËed that supercooling was a factor in resis-

tance Ëo freezing injury i¡r citrus species (YoungrL969). Leaves of citrus

speeies that are not cold resisËant do noË recover frcrn ice formation in

their Èíssues (Young, 1968)



(47)

CeLls of innnature Leaves , in contrast to cel-Ls of mature leaves r,lhich

have a larger vol-ume of inËercellular space, ttoze rapidly and almosË all

were killed before fleezíng was complete (Kaku, L964, ciËed by Alden and

Ilermann, L97L). SaturaËion of intercelluLar spaces with r¡rater caused a

decrease in supercooling ability of mature leaf tissue and less difference

in supercoolíng abiLity between mature and irnrnature leaves. Thus Kaku

concl-uded that supercooling abílity ís not an index of frost tolerance be-

cause it depends on interceLlular water content and leaf maturÍLy, which

vary within the same planË and beËween different pLants. Yelenosky and

Horanic (1969, cíËed by Alden and Hermann, L97L) sËated Ëhat the abiLity of

r¡nhardened ciËrus to suPercool was noË a satisfactory índex of cold hardi-

ness o

Increased osmotic val-ues and decreased water contents wiËh maturation

díd not affect supercool-ing points (Kaku Lg66, ciËed by Alden and llermann,

l97L). The hypothesis is that rapid cooling rate lowers the supercooled

point below which spontaneous freezing occurs, because the probabiliËy of

ice nucl-eatÍon increases as the duration of undercool-ing is lengthened

(Alden and Hermann, L7TL) 
"
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METHODS AND },ÍATERIALS

Environmental Growíng CondiËíons

Greenhouse.

The minimum nighË Ëemperature T^ras lBoC, during both sr:rnmer and wint.er.

Three hundred fooË candles of supplemental light aË plant 1evel was suppLied

by fluorescent and incande,scent lights during both the srrrnmer and winter.

ExperimenËs performed during the winter had'a L6 hour photoperiod and Ëhose

during the summer an 18 hour photoperÍod.

Cold room"

The temperature was maintained at 4.4!L.0oC. Three hundred fooË

candles of light at planË level was supplied by fluorescenË light bul-bs.

The photoperiod was nine hours

Groi.oing of Plants and Experímental Design

ExoËherm experiments.

Hardening experiments. Four flats (1 x L.5 ft.) containing a loam

soil were broadcast seeded with Target rape seed and placed in the green-

house. Germination occurred five days afËer planting"

Five days after germinaËion, exotherm measuremenËs were begun on Ëhe

cotyledons" Two flats selected randomly rnrere transferred to the cold room.

irleekly exotherm measurements were made on the cotyledons, Ëhroughout a fíve

week hardening treatment "

Nineteen days afËer germination, greenhouse gror^7n plants were in Ëhe

rosette stage of growth with fulLy expanded leaves. At this time exotherm

measurements of the leaves l¡Iere begun and two flats r^/ere Lransferred to the

cold room" I,feekly exotherm measurements of the true leaves were performed

during a five week hardening treatment. The plants remained in the rosette
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form Ëhroughout this period.

Life cvcle experiments. Four flaËs (1 x 1.5 ft") containing a Loam

soÍl- were broadcasË seeded with TargeË rape seed. Two of these flats were

placed in the greenhouse and two in the coLd room.

Seeds ín the greenhouse germinated in five days. Five days afËer

germination, exotherm measuremenËs were begun on Ëhe cotyledons. The nexË

week exoËherm measurements were performed on the true leaves " Weekly exo-

t,herm measuremenËs Í7ere conËinued on the true l-eaves throughout Ëhe lífe

cycle of the plants.

Seeds ín the cold room germinated 21- days afËer planting and after a

fr¡rther seven days were moved Ëo the greenhouse. At this time the seed-

f.ings I¡lere aPproximaËei.y Ëhree inches high and Ëheir cotyledons vrere snal1

and yeL1ow. Then afËer seven days in Ëhe greenhouse exoËherm measuremenËs

vere begun. The cotyledons vrere anaLyzed the first ¡¿eek. At this time

they were green but srnaller Ëhan the cotyLedons from plants germinaËed in

the greenhouse. lleekly exotherm measurements were then performed on the

true Leaves throughout the f.ife cycle of the pl_ants.

Cultivar comparison experiment. Two smal-l flats (o.5 x 1 ft") con-

taining a l-oam soiL were broadcast seeded with Nugget rape seed and two v¡ith

Target rape seed and placed in the greenhouse.

The Nugget seed germinated ín seven days. The cotyledons $rere anaLyzed

L1 and 16 days after germination 
"

The Target seed germinated .in four days. One flat of Target was placed

in the col-d room eight days afËer germination. It was analyzed 12 days afËer
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germination. The flaË of Target in the greenhouse vlas analyzed five and

tv¡elve days after germinaËion.

General . The above experiments \^rere performed in the surmner " The

plarrts were ferËíLi-zed v¡ith B:16:0 every seven to Ëen days. Watering r'ras

carried out when required and the day proceedíng exotherm analysis " Each

exotherm analysis consisted of measuring one exoËherm curve of one Leaf of

seventeen differenË p1-anËs, chosen randonly,from the Ëwo flaËs. Moisture

determinations T¡/ere carried ouË each Ëime exotherm measurements were made.

The Target seed used was produced in 1965 and Ëhe NuggeË seed in L96L"

Lípid experimenËs

Lipid composiËion of seedlings of Ëwo rape cultivars before and

afteï a shgrt hardening treatmenË" Nine flats (1 x L.5 ft.) conËaining a

Loam soil were broadcasË seeded wiËh Target Tape seed and ËweLve with Nugget

rape seed. The flaËs were then placed in Ëhe greenhouse. The larget seed

ge::ninated three days afËer planting and the Nugget seed four days after

planting.

Two days afËer germination three flats of Target seedlings chosen

randonnl-y T,lere transferred Ëo the coLd room and three were harvested. Five

days after germination the Ëhree flats of Target seedlings in the cold rocnn

¡sere harvested. On Ëhe third day after gerninaËion the three flats of

Target seedLings still in the greenhouse r{ere harvested. Each fLat was har-

vesËed as one sampl-e. The toËal shooË of the seedling was harvesËed. Each

sample was then fumnediaËeLy f.tozen"

Five days afËer the Nugget seeds germinaËed, six flats chosen randoml"y
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r¡rere transferred to Ëhe cold room and six were harvested. Eight days afËer

germinaEíon the six flats in the cold room r¿ere harvested. Two flats vrere

harvested as one sample because of the lower percent germination of NuggeL.

The samples vrere ir¡rnediateLy Í.rozen. This experimenË rnTas performed in Ëhe

f.aL]-.

Lipid composition of leaves from Ëhe rosette growth stage before and

afËer a 35 day hardening treatment and of leaves from the nonhardeneÉ

bolËed growth st.age. Nine flaËs containing a Loam soil were broadcast

seeded wiËh Target rape seed and put into Ëhe greentrouse. Germination

occurred in eight days.

Twenty-eight days after germinatíon, Ëhe plants were in the roseËte

sËage of growth and the leaves were ful1y expanded. The leaves of all the

plants from three f lats, chosen randomly, were harvested as one sampl-e

and inrnediaËely frozen. A bulk sampLe was made to reduce variaËion in Ëhe

lipid values due to microenvironmental influences. For lipid anaLysis, the

l-eaves were divided inËo four sampl-es after f.reeze dryíng" I,Ihen possible

Ëhe data for the three samples showing closesË agreement were used to de-

crease the experimenËal error of each estimate.

At the same Ëime (28 days after germinaËion) three flaËs chosen ran-

dornly were transferred to the cold room. AfËer Ëhirty-five days of harden-

ing, Ëhe leaves of these plants were harvesËed and treaËed as above. The

hardened plants were still in the rosette stage of growth.

Forty-nine days after germination, the l-eaves of the p1-ants sËill in

the greenhouse were harvested and Ëreated as above. These pLants had bolted
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and were f loweríng. This experíment l,ras done in the winter 
"

General. These plants were ferti-1-ízed and watered ín the same man-

as those plants groidn for the exotherm experiments. The seed source

also the same"

MeËhod of Measuring Exotherms

The ËemperaËure of a leaf disc (LL n¡n in diameter) during cool-ing,

hTas measured and recorded wíth a Honeywell dual pen recorder (ElecËronic

L94) . The thermocoupLe lras copper constantan (gauge No. 30) with weLded

junction (campbell, eL al. 196s). A reference Ëhermocouple at o.6oc (ice

vüaËer baËh) was used. The leaf dísc, covered by a piece of synthetic

sponge (80 x 25 x L5 rmn) was folded over the Ëhermocouple juncËion. ' This

v¡as then placed inËo a weighing bottle (60 x 40 nrn), the sides of which

prevented Ëhe sponge from unfol-ding and forced Lhe sponge to hold the Leaf

disc firmly against the thermocouple junction" The bottle r¡ras then covered

with a rubber sËopper, which had a hole in the cenËer to allow the Ëhermo-

coupl-e wires to pass through" The weíghing bottle was then placed t,o a

specific depth into a meËhanol bath (one litre) cooLed to some Ëemperature

beLow -35oc by a bath cooler (pBC - 4 Neslab rnstrunents rnc"). This re-

suLted in a leaf disc cooling rate of approxímaËely l2oOoc/rnínuËe.

The recorder span \^7as one mi1li volt, which gave a fuLl scale read-

íng of approxímately 30oC. The chart paper was scaled from 0 to 100. Zero

degrees centigrade kras set at a chart reading of 50. A sËandard curve Ìüas

prepared and temperatures read from it. A charË speed of one inch per min-

uËe r¡ras used.
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Method of Measuring Moisture Content

Leaves r^rere removed from the plants and thirty leaf discs were im-

mediately taken, placed inËo tarred tins and weighed" They were Ëhen dríed

at 105oC for 18 hours. Tins were then removed from the oven, covered and

aLl-ovred to cool for Ëen minutes before weighing. For cotyledons the whole

coËyl-edon v¡as used and not díscs. Two replicaËions l^7ere used for each

determinatÍon. These moisture determinations \¡rere carried out at the same

Ëime thaË the exoËherm measurements were being made.

Conduct ivity Meas urements

Detached leaves r,rere Ì¡rashed with disËilLed water, dried wiËh paper

Ëoweling, ro1-Led into a cylíndrical- shape and hel-d líke this with a smalL

piece of masking tape. Care was Ëaken not to ro11 the leaves so tightLy

Ëhat injury occurred. The leaves \^rere then put into a test tube (25 x

150 mn) . If exoËherm measurements r¡rere to be carried out, unr^Tashed leaves

were used and the Ëhermocouple was placed insíde the leaf cylinder. The

test tube was Ëhen put inËo a stoppered thermos bottle which was then pLaced

in the fteezer for the cold treaËment. AfËer Ëhe cold treatment, Ëhe Ëhermos

r,ras removed from the freezer and allowed to .t,rarm to ïoom temperature.

Twenty-five ml of dionized water was added. This was suffícient to com-

pLetely cover the leaf. The leaf r¿as left in Ëhe water for 24 hours, at

which time the conductivity was measured wiËh a Radiometer conductivity

meËer (Type CDM 2d). The leaves were then kil-led after pouring the water

into a 50 ml beaker, by pLacing Ëhe test tube containing the leaf inËo

i.iquid nitrogen for 1.5 minutes. The water was then poured back inËo the

test tube. It was al-l-orved to come to equilibriun for another 24 hours be-

fore agaÍn measuring the conductivity. The conducLiviLy change afËer the

cold treatment as a percentage of the ËoËal conductiviEy change caused by
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kílling with f-iquid nitrogen v/as then used as an estimate of the arnount

of damage caused by the coLd treatment.

Method of Determining the tr{eight of Plant Material and Lipid

InrnediaËely afËer harvesting, the plant maËerial was frozen at -20oC,

Ëhen Lyophil-ized in a Virtis model 1O-¡,ÍR-TR freeze dríer and stored at

-20oC. Before analysis each sample was plac,ed into tarred tins and brought

Ëo constanË weíght in a vacuu¡n desíccator (conËaining drierite and KOH

pelleËs). The Ëins T,rere removed from the vacuun desiccator, immediately

covered and weighed to one ten Ëhousandth of a grarn with a Mettler gram-

atíc balance. The sample r¡/as then extracËed for lipids (see below).

The lipid extracË was Ëransferred to tarred 50 ml beakers with 40 mL

of chloroform. The chloroform üIas evaporated under a sËream of nitrogen.

The beakers üIere placed in a vacuurn desíccator containing drierite, KOH

peLlets and paraffin wax for 24 hours and dried to consËanË weight " The

beakers r{7ere removed from Ëhe vacuum desiceaÈor and irunediaËeLy weighed.

AfËer exËracting Ëhe lipid from the beaker with a totaL of 15 ml of chloro-

form in three aliquoËs, the beakers rdere put back into the vacuum desic-

cator for eight hours. The beaker was again weighed to allow for any non

f.ipid material.

Weight of the f-ipid fractions and fatËy acids were determined in a

similar manner using the appropríate sol-venËs.

MeËhod of Lipid Extraction and Purification

Lipid extraction r{as carríed out according Ëo Bligh and Dyer (1959),
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on one to Ëhree gran samples of dried planË maËerial. The solvent voLumes

used for aL1 sarnples, I¿rere Ëhose reconunended by B1-ígh and Dyer for samples

of 25 gráms fresh weight at 80% moisËure conÉent. Blending r¡ras carried out

in a homogenízer (modeL }{IMI manufactured by Lourdes rnsË. corp.) for

Periods of ËÍme twíce Ëhose recormrended. NaCl in vrater (0 .9% If/V) was used

instead of distilLed water to prevent emulsion forrnation during partition-

Íng (Kuiper, 1968) . Partitioning of the chloroform phase from Ëhe methanol-

waËer phase was carried out in a 500 ml sepraËory funnel. The meËhanol

waËer phase r¡tas re-extracted twice with chl-oroform to prevent loss of gaL-

actosyL diglycerides (Kuiper, 1970).

The combined chloroform exËracËs were purified of !,raËer and nonlipid

components according Ëo trtilLíams and MerriLees (1970) " Two grams of sephadex

G-25 and 5 ml of distilLed water trere added to each sample. The míxËure r,ras

poured into a glass coLrmrr (1.0 cm I.D.) and the chloroform solubles were

eLuted by the additÍon of 200 ml of chloroform. The chloroform was removed

by vacuum evaporation at 40oC" The lipid was then weighed.

Method of Fractionating Ëhe Lipíd

The toËal lipíd exËract \À7as separated inËo neutral and conplex lipids

by the nethod of DitËmer and Wells (L969). Sílicic acid was suspended.

several Ëimes in distil-Led waËer and the fines were decanted. ït was then

!ùashed with acetone to renove Ëhe waËer, air dried overnighË and activated

at LlOoC for one haLf hour. This gave a sol-venË flow rate of one to L.5 nL

per minute. The col-rmn r"ras prepared by suspendíng the siLicic acid in

chloroform and pouring it ínto a glass cohmm (1-.5 cm r.D.) pl-ugged with
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absorbent cotton. The cokmn was v¡ashed with l-50 nl of chloroform, then

the lipid sample lras Ëransferred to Èhe coLuurn as three 10 ur1 aliquots.

The neuËra1- lipids vrere eluted with 200 mI of chloroform and the conplex

lipids r,rith 200 ml of meËhanol. After fractionaËion, Ëhe soLvents T¡Iere

removed by vacuum evaporaËion and the símple and cønplex lipids weighed.

Method of SaponificaËion of Lipids and MethylaËion of Fatty Acids

The l-ipid fractions were diluËed to 25 mL wiËh chl-oroform. Ten ml

sanples were used for fatty acid analysis" Saponification r,ras carried out

by a rnodification of the method of GerLoff, et al. (L966) using eËhanolic

KOH" Skelly F (10 ml) was added to Ëhe ethanol-ic KOH Ëo increase lipid

soLubiliËy. The combined skel-Ly F exËracts, conËaíning the fatty acids

were washed twice wiËh distilled r¡raËer to remove noilípid material. trrlaËer

îras removed from the cornbined skel-ly F extracts wiËh Na2SO4. The skeLLy F

nas removed by vacuum evaporation at 25oC a¡rd the weight of the fatty acids

was determined.

The fatty acids were meËhylated by refLuxing under nitrogen in 60 nI-

of methanolic 2N HCI (rneËhanol-concentrated HCL, 5:1-, V/V) for three hours

(Kates , Lg64). Ten ml of skelly F was used to íncrease the l-ipid sol-u-

bilÍty durÍng refluxÍng. After refluxing, 40 ml- of distill-ed r,¡ater was

added and the faËty acid esÊers vrere extracted four times with 40 mL of

skell-y F. The conbined skelly F exËracts vrere washed twice with 40 ml- of

wateÌ and dried with Na2S04. The skelly F was removed by vacur-un evapora-

tion at 25oC. The meËhy1 esters dissolved in skeL1y F r¿ere then transferred

Èo smaLL screr.r cap vials and stored at -20oC untÍL ana1-ysed. The scre$r caps
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r¡ere lined wiËh aluminum foil.

Method of Fatty Acid Analysis

The fatty acids vrere analysed on a Varian aerograph series 1200 gas

chromatograph. The col-r¡mn used was 1/g in. x I ft copper tubing packed

v¡iÈh 1-0% diethylene glyco1 succinate on a stationary phase of chromosorb

l.t (60-80 mesh). The injector temperature r¡ras 240oC and the detector tem-

perature 255oC. The hydrogen flame detecËor was supplied wiËh 200 nL/

minute of air and 20 ml-/minute of hydrogen. The carrieï gas was nitrogen

at a flow rate of 12 rnl-/minute room temperature. Temperature programing

t¡as used between B0 and 180oC at 4oc/mlnute. SensitiviËy as measured by

Èhe product of attenuation and range r¡ras general-ly between 16 and 64.

The area of each peak was measured by triangulaËion (height x widËh at one

half height) . Peak area $7as presented as a percent of total. The mean

Percent from Èhree injections was used for each sample. FaËty acids were

identified by co-injection of sampl-e plus a'standard mixture of fatty acid

esters. The 16:0, 18:0, 18:L, L8:2, L8:3 and 20:0 fatËy acids were identi-

fied this way. The L6:1 fatty acid was identified by eo-injecrion of

sample and a 16:1 fatty acid standard. The samples were also hydrogenated

(Eybel and Simon, 1970) Ëo identify the unsaturated fatty acids, L6:2 and

16:3.

Method of Phosphorus Determination

Total phosphorus of the cærplex lipid was dete:¡rined in triplicate by

the modified Fiske and Subba Row method given by DitÈmer and Wells (1969).

Heating during r¡eÈ ashing qras carried ouÈ in a sand bath. OptÍcal density

!ùas measured r¿ith a Zeiss spectrophotometer (PMQll) as rrere Ëhe opËical
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densities for sugar and chlorophyll determinaËions.

Method of Sugar Determination

the complex f-ipid was hydrolyzed vrith five ml of 3N H2SO4in a 150 x

l.0 nrn test tube (covered wíth a marble) for 2.5 hours, in a boilíng waËer

bath. It was then extracted four times wiËh five ml of skelly F Ëo remove

the l-ipid material, heated to drive off any remaining skelly F and made up

to 10 ml- l¡ith v,rater. One ml of this was anaLyzed quantiËaËiveLy for sugar.

thts hydrol-ysis procedure ís a rnodification of thaË used by DiËtmer and

T,IeIIs (1969).

The quantiËy of sugar r¡ras measured by the phenol method given by Dubois,

et al" (1956) " It \^ras assumed that galactose was the only sugar Present.

A qualitatÍve analysís of the sugar from one lipid sample, by ion exchange

chromatography (Kesler, L967) gave only one peak wiËh an R¡ sirnilar Ëo galac-

tose. Three hydrolysis vrere performed for each sample and Ëhree col-or de-

velopments ürere performed for each hydrolysis. Thus the value for each

sample was Èhe mean of these níne values.

Method of Chlorophyll- DetermÍnation

the quanËity of chLorophyll was deËermined according to the method of

Maekinney (1941-) " IË was determined after the lipid extract was purified

with sephadex G-25. Three url of the 200 ml'was used for analysis, one ml

for each replication.

ChemlcaLs

Organic solvents were technical grade, supplied by Baker Chemical Co.
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The chloroform and meËhanol were redistilled before use.

The silicic acid vras 100 mesh analytical reagent manufactured by

MalLinckrodt Chemical Ï,Iorks .

The sephadex G25-80 had a parËicle size of 20-80¡r and was supplÍed

by Sigma ChemicaL l^Iorks

Chromosorb W was acid washed, DMCS treated, 60-80 mesh and produced

by Johns-ManvilLe Products Corp., Celite Dívision.

Diethylene glyco1 succinate Ëype LAC-728 was supplied by Varian aero-

graph.

The air, nítrogen and hydrogen vTere supplied by Union Carbide Canada

Lrd.

The míxture of fatty acid standards and the 16:1 sËandard were pro-

duced by Applied Science Laboratories Inc.

All- other chemicals used r,rere reagent grade and supplied by either

Baker Chemical Co. or Fisher ScienÈific Co.

Statístical Analysis

The statistical values (mean, standard deviation and standard error)

were calcul-aËed for each treaËment. The means of similar measurements for

the differenË treaËments were ËesËed for significant differences using the

SËudentf s Ë test. Significant differences at the l-evels p=0.L0, 0.05 and

0.01 were recorded" I accepË the level p=0.05 as indicating a significant

difference, however because of the small sampLe size for Ëhe lipid work
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(three or four) and Ëhe Latge variation in some measurements, I indicate

when a significant difference at the level p={.L0 exists and accept iË as

a potential difference. All calculaËions (statistical values, correl-ations,

Studentrs t ËesË and percent fatty acid composition) were performed on an

OLiveËti Underwood programma 101.
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RESIILTS AI{D DISCUSSION

ExoÈherm Studies

Effect of a hardening treatment on exotherm values.

Cotvledons. AfËer a late spring frost ín L969, it was observed Ëhat

some spring rape seedlings survived while others were kil-led. This ap-

parent range in frost hardiness of spring rape and Ëhe growing economíc

Ímportance of rape, suggesËed that frost hardíness studies of spring rape

may be fruitful. The f irst ob jective !'7as Ëo see if the cotyledons could

harden, as a result of the proper envirorunental stímulus.

Seeds of the cuLËivar Target were planted and germÍnated in the

greenhouse. trIhen Ëhe coËyledons sTere fully developed, the seedlings

were transferred to Ëhe cold room. ![eekly exotherm measurements, which

may be relaËed to frost hardiness, qrere performed on the coËyLedons.

The hardening treatmenË lasËed five r¿eeks " The exotherm measuremenËs

are defined in Ëhe appendix (Page 154).

The supercooling point of the cotyledons decreased from -6.1l0.3oC

(nonhardened) to a minimt¡rn value of -8.2-l{.loC during the first Ëwo weeks

of hardening (Figr:re 1). It then increased to Ëhe value of Ëhe nonhard-

ened pLants (zero week hardening) during Ëhe Ëhird week of hardening and

renained at this level for the remairider of the five week hardening Ëreat-

ment.

The amount of supercooling of the nonhardened cotyLedons was

4.21Ð.2oC çfigure 1). It remained constanË duríng the first week of

hardening and then increased slightl-y during the second week. The amount



Figure 1 . The effect of hardening on Ëhe exotherm

values of Target leaves and coËyledons.

Each val-ue is represenËed by Éhe mean

and standard deviation of 17 determina-

tÍons.
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of supercooling Ëhen decreased continuousl-y from the second week high of

4.8-l{.loc to a minimum of 3.3-r0.2oC reached after four weeks of hardening.

IË remained consËanË duríng Ëhe fifth week of hardening. The Íncrease in

the amount of supercooling during Ëhe second week accounted for the de-

crease in the supercooling point during the second week.

The freezing poinË decreased from the nonhardened maximum of -1 "g$.zo!,
to its minimum value of -3.3-¡0.2oC r¡iËhin one week of hardening (Figure 1).

It remained consËanË during the second week of hardening, then increased

to -2.7r{.1oC during the third week" The freezing point remained at Ëhis

vaLue during the fourth week, Ëhen during Ëhe fifËh week ít again de-

creased Ëo a value not significantly different from that reached after

one week of hardening. The decrease of the freezing poinË during the

first week of hardening accounËed for Èhe decrease of the supercooling

point during thaÉ week. It should also be noted thaË during the harden-

ing treatmenË the f.reezing point was always signifícantly lower than for

nonhardened cotyledons (zero week hardening) .

The observed developmenË of a minimun freezing point during the first

and fifth week of hardening is sirnilar to results obtained from seedlings

of urinter wheat and barl-ey (Dantuma and Andrews, 1-960) . llith these

species, it was found thaË maximum frost hardiness occurred during Ëhe

first and sixth week after germinaËion, when the pLants vrere germÍnaËed

and grown at 1.5oC. These species had minimrmr frosË hardiness at two Ëo

three weeks after germination. The increase in the freezing point of the

rape cotyledons during the Ëhird week corresponds with Ëhis. These re-

Lationships are unexpected because DanÈuma and Andrews (1960) found that

spring cul-tivars and winter wheaËs with low winter -hardíness did noË show
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the second maximum hardiness at six v¡eeks after germination.

The moisture conËent of t.he cotyledons T¡7as measured each week to see

if it was related Ëo any of the exotherm values " The percent moísture

remained almost consLanL during the hardening treaËment. Thus no correl-

aËion between percenL moisture and exotherm values exísËed (nigure 2).

True leaves. The next objective after studying the effect of hard-

Ëo study the effecL of hardening on Ërue leaves.

are structurally more complícated Èhan coËyle-

to a hardeníng Ëreatment differently.

eníng on coËyledons vlas

Because the true Leaves

dons, they rnay respond

Seeds of the cultivar Target, were planted and gror¡rrl in the green-

house. Plants with fu1ly expanded leaves in the roseËte stage were Ërans-

feried to the cold room. Weekly exotherm measuïements r¡rere performed

during a five week hardening treatmenË "

The supercooling point of the Ërue l-eaves did not change signifí-

cantly during Ëhe entire five week hardening period (Fígure L). It

varied from -6.A1O.Soc to -7.010.4oc. ThÍs represenËs a maximum range

of. 2oC. Significant differences could noË be deËecËed vTithin Ëhis range

due to Ëhe large variaËíon of each estimate " The maximum coefficient of

variation for an estimaËe was 25 percent. This r.,ras not unexpected because

of the involvement of chance in supercool-ing

It can be concluded from Figure 1, that the numerical value of Ëhe

supercooling point of the leaves and cotyledons are not significantly

different during the first four weeks of hardening. However during the

fifth week the coËyledons have a higher value. The qualitative response
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to the hardening treaËment was different. During the hardening treatment,

the supercooling poinË of the cotyledons changed signíficantly whereas

it díd not for tho Ërue leaves. Figure 1 also shows that the standard

errors for measuremenËs of cotyledons are less Ëhan those for the leaves.

It is interesËing Ëo specuLate if Ëhere is a cause for this. For ex-

arnple, could the nucleaËing agents of the coËyledons induce more consist-

ent freezing?

The amount of supercooling for the nonhardened leaves vras 4.1-l{.3oC

(Figure 1). After one week of hardeníng it decreased to 3.2-F0.2oC and

then remained consÈant for the duration of Ëhe hardening treatment.

I.Ihen Ëhe amount of supercooling of the nonhardened leaves (zero week

hardening) was compared Ëo Ëhe nonhardened cotyledons (zero week hardening)

no significant difference existed. However during the first Ëhree weeks

of hardening Ëhe arnount of supercooling of the coËyledons r^7as signifi-

c'antly greater than for the leaves. During Ëhe fourËh and fifth week of

hardening no significanË difference exísted.

The freezing point of nonhardened leaves (zero r,reek hardening) was

.2.9J0.2oC lfigure 1-). During the first two weeks of hardening it de-

creased to a minimum of -4.3t0.2oC" IË then may have increased a small

ámorxrt during the fourth week of hardening as indicated by the inflecËion.

It Ëhen decreased to the original minimum during the fifth week. AfËer

Èwo weeks of hardening the freezíng poinË of the hardened leaves a1-ways

was significantly lor,¡er than the freezing poinË of the nonhardened leaves.

The freezing poinË of the nonhardened leaves was lower than the

freezing point of the nonhardened cotyledons (-2.91O.2oC compared to
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-1.9J{.2oC). The minimr¡l freezíng poinË of Ëhe leaves during hardening

t'¡as lower than Ëhe minimr¡n fteezírng poínt of the cotyledons during

hardening (-4.6)4.loc compared to -3.6J0.2oC). The dífference between

the nonhardened sËaËes produced the difference between the leaves and

coËyLedons, because the freezing point of both decreased approximately

L.7oC as a ïesult of hardening. In fact the f.reezíng point of the hard-

ened cotyledons was not significantly different from the freezing point

of the nonhardened leaves. However there r¡ras a quaLitative dif ference

in response Ëo hardeníng " The cotyledons reached Ëheir minimum f.reez-

Íng poinË in one week, whereas the leaves required two weeks. The leaves

l-íke the cotyl-edons showed two stages of decreasing treezíng poinË.

The moisture contenË of the leaves r{as determíned to see if Ëhe exo-

therm measurements rnrere relaËed to it. This was done by weighing leaf

dÍscs before and afËer dryíng at 105oC. From this one could also cal-cu-

late dry weight per dísc and weight of waËer per disc. The leaves were

full-y expanded aË the beginning of Ëhe experiment " Thus further cel-l-

divisíon and expansion r,rere not likely Ëo occur. After ceL1 expansion

onl-y cell divisions ËhaË increase leaf thickness, could change the nurnber

of cel-l-s per leaf disc. This is unlikely to occur because the nr:mber of

mesophyll layers is characËeristic of a species (Esau , L966). Therefore

dry weighË per disc and weight of water per disc would be directly rel-a-

Ëed to dry weight per ceLl- and weight of waËer per cel-l. If a reLation-

ship between an exotherm va1ue and percent moisture r¡ras found it could

be deËermíned Íf it was a change in the dry matËer, Ëhe r,Tater or the

ratio of Ëhese (percent moisture) which was imporËant"
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Figure 3 showed that percent moisture decreased and dry matter per

disc íncreased throughouL the hardening period. No change in water per

disc occurred. A similar increase in dry matter per cell was found by

Siminovitch, et al. (1968). They found a significanË íncrease in proto-

plasmÍc consËitutents of a hardened cell as compared to a nonhardened

celL.

Correlations beËween the exotherm measuremenËs and Ëhe percent mois-

ture, dry weight per disc and weight of water per dísc l,Jere calculated

(Fígures 4 and 5). These correlaËions musË be considered wíth caution due

to Ëhe small sample size. However it is considered useful to present

them, if only to raise questions

Figure 4 indicaËed ËhaË Ëhe supercooling point and freezing point

were posiËively correlaËed to the percent moisËure. Figure 5 showed

Ëhat this was due to the change ín dry weight and not the weíght of water,

because both the supercoolíng point and fteezing point \dere negativeLy

correlated to the dry weight per disc buË noË to Ëhe weight of vrater per

disc. The supercooLing point appears to be affecËed more by factors other

than dry weight because Ëhe correlation onLy accounts for 38 percenË of

the variation. The correlation between freezing point and dry weight ac-

counts for 69 percent of the variaËíon. This suggested that an increase

in Iow molecular weight molecules with coLlígaËive properties occurred.

Leaf exotherm values throughout the life cvcle of the plant.

Total life cvcle in the greenhouse. Spring rape has three distinct

morphological forrns which reflect changing meËabolic function. They are
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( 73)

Ëhe seedling, the rosetËe and the bolted forms. In nature the seedLing

a¡rd bolted forrn may be exposed to 1aËe spring or early fal-l- frosts re-

spectively. A study r¿as undertaken Ëo see if the changing metabolism

r¡ould result in changing exotherm values and if so, whaË the exotherm

vaLues r¿ould be when Ëhe pLants may be exposed to frost. trrreekly exoËherm

measurements r,lere performed on leaves ¡ throughouË the life cycle of the

p1-ants.

The supercooling poinËs of Ëhe coËyledons and young partiall-y ex-

panded leaves (L2 days afËer germination) were equal (Figure 6). The

supercooling poínË of the l-eaves decreased from this value as the p1-ants

matured to an age of 40 days. IË Ëhen increased the following week.

Thís increase may have been related to senescence, sÍnce the leaves began

to lose color during thaË week.

The f.reezLng poinË of the cotyledons r,ras higher than the freezíng

point of the leaves, regardi-ess of leaf maturity (Figure 6) . In general,

the freezing poinË of the l-eaves also decreased as the planËs matured.

In contrast to the supercooling point Ëhe freezing poínt did not change

significanËly during the week Èhe leaves T¡/ere senescing.

Figure 6 shor¿ed that Ëhe anor¡nt of supercooling of the cotyledons

rùas greater than that of Ëhe incompletely expanded leaves (12 days afËer

germination). The amount of supercooling of the fully expanded leaves

.was equival-enË to thaË of the coËyledons untiL the leaves began Ëo

senesce. IË Ëhen decreased to the value of the unexpanded leaves.

As in the hardeníng experimenËs, drl weight per disc, weight of water

per disc and percent moisture qrere measured, to see if Ëhey are related

to the exotherm measurements. Leaf expansion appeared to be corpleted



Fígure 6 Change in exotherm vaLues of leaves

during the plant's Life cyc1e.

A, cotyledons;

B, rosette stage;

C, bolting stage;

D, boLted stage.

Germinatíon in the greenhouse - -

Germination in the cold room
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v¡hile the plants are in the rosetËe stage. Therefore leaf discs fron

pIants at all more advanced stages should have approximately the same

nunber of cells. In this experiment it was not valid Ëo equate weight

per dÍsc Ëo weight per ce11- when comparing the incompleËely expanded

Leaves (12 days after gerainaËion) to the compleËely expanded leaves "

After nineteen days from germination the leaves are fu1ly expanded. Pre-

liminary calculaËions, indicated that Ëhe correlation coeffícíents were not

significantl-y affected by including Ëhe daËr.ur from the incompleËely ex-

panded leaves. Therefore the daËr:m was included to increase the confi-

dence of Ëhe correlation,

. 
Figure 7 showed ËhaË the percent moisture of the leaves decreased

duríng maturaËion. The dry weight per disc and weighË of water per disc

increased with maËuration" However, the weíght of waËer íncreased aË a

slower raËe than Ëhe dry weight, thus accountíng for the decrease in Ëhe

percent moisËure.

The supercooling point and fteezing point of the Leaves were posi-

tÍveLy correlaËed to the percent moisture at a significance l-evel- of

P=0.10 (Figure 8). This is noË in agreemenË wiËh Kakurs (L966, ciËed

by Alden and Hermann, L97L) results. He found that Ëhe supercooling

point was not affected by Ëhe increasing osmotíc values and decreasing

rùater conËenË i^lhich accompanied maturation.

The freezing poinË hTas negatively correlat,ed to Ëhe dry weight per

dísc (Figure 9). Forty-eighË percent of iËs variation is accounted for

by the dry weight per disc. From theory iË is expected that if some of

the increase in dry weight is due to molecules with colÍgatÍve properties
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tlre freezing poinË wÍl-L decrease. The decreasing freezLng point indicates

an Lncrease in such cønponenËs.

The anount of supercooling was negatívely correlated Eo the weighË

of waEer per disc (Figure 9). This agrees with results found by Modlibowski

(Lg62), He found Ëhat rnoisture defÍciencies favored supercooLing of tender

f.ttJLt blossoms and Leaves.

To eompare the avel;age exoÈherm vaLue for each stage of growth the

data wete otganized inËo TabLe l-, The seedl.ing sËage r¡ras represented by

the values for the cotyS-edons. The roseËËe stage Íras represented by the

average of the values from L2 and L9 days afËer germínaËíon and the bolted

stage by Ëhe average of the values from 33 and 40 days after germination.

These averages were statistically valid for the supercoolíng point and

treezing point.

Table 1 showed that Ëhe supercooling point of Ëhe seedLÍng and roseËte

Etages were egual and greater than the supercoolÍng poinË of the bolted

stage. The difference between the rosette and bolËed stage was signifi-

canË only at a oignificance level of P=0.10.

The f.reezing point decreased sígnificanËly from the seedling to the

rosetËe to the bol-ted sËage (Table 1).

The amount of supercoolíng was equal for the rosette and boLted stages

(TabLe 1) " The amount of supercooling of Ëhe seedi.ing stage was greater

Ëhan for Ëhe other tr,ro sEages "

Frcsr Èhese results ft was concluded that different morphologíca1

stages had dÍfferenË exotherm values. Therefore a chemical- anaLysÍs
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TABLE 1-. Effect of stage of growth and temperaËure treatment on exot.herm
values of Target rape leaves.

Stage of Treatment Supercooling Ereezing Amount of Percent
growËh (days hardened) Point (oC) Point (oC) Supercooling (oC) Moisture

Seedling 0 -6 .4+L .7 -2 .2!0 .4 4 .2tL.2 94.2

RoseËËe O -6 "5f2.6 -3.010.9 3 .4+7.7 gO 
"6

RoseËre 35 -7 .g+I "6 -4.614 .5 3 "4+L.5 go .o-
Bol-red 0 -7 "8+3 "4 -4.4+L.6 3.5+1.3 gg.2

Values indicate mean and sËandard devÍation. sample size was 34 f.ot
nonhardened plants and L7 for Ëhe hardened plants.

TABLE l-a. Comparison of the means in Table 1, using the Studentrs t test.

Comparíson Supercooling Freezing Amount of
Point Point Supercooling

Seedling to rosette nonhardened NS

Seedl-ing io bolted

4.7ffi 2.2**

5.5dll** 2.3**

Seedlíng to rosette hardened 3.0**r':k 15.0*ikk 2.0**

Rosette to bolted L "7* 4 "4i"k* NS

Rosette nonhardened to hardened 2.0ir* 6.7d,ìk* NS

BolËed to rosette hardened NSNS

Values l-isted are t values .
*, ** and *;** indicate significance aË P equal to
0.10, 0.05 and 0.01, respectively.
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of Ëhe stages wouLd be jusËified.

It was also seen ËhaÉ the plants had maximr¡n hardiness in the bolted

stage, which may indicaËe a natural survival mechanísm, to withstand late

sumrner frosts. However, the seedling stage had a minímum frost hardiness

and ís the stage susceptible to late sPring frosËs. The seedlíng is

smalL and close Ëo Ëhe soil, therefore, it is subject Ëo a l-ovrer tenper-

aËure fl-uctuaËion due Ëo conducËion of heaË' from the soíl. Thus the seedL-

ing may noË need as much frost hardiness as more aerial plant parËs to

survive frosts of short duraËion.

Life cvcle in Ëhe greenhouse after germinaËion ín the cold room. Seed

coatíng experiments have been underrlay at the University of ManiËoba for

severaL years (Schreiber and LaCroíx, L967). The objective of these ex-

periments is Ëo find a coaËing, which will prevent the seed of spring

crops from imbibing water during the faLL when they are planted, but which

is destroyed by frosË heaving or microorganisms in the spring all-owing

Írnbibitíon and germination. The advantage of this is Ëhat growth wi11

begin before the fields are dry enough to support the heavy equípmenË used

for pLanting. After a laËe frost in Ëhe spring of L969, it was observed

that plants from coaLed seed planted the previous fal-L survived, while

plants from noncoated seed planted that spring were kil-Led.

[.le wanted to see if this increased hardiness was due to a col-d treat-

ment duríng germination. To do Èhis, flats of Target seed were pl-anted

and put directly ínto the cold room for treatment. The seed germinated

in three weeks as cønpared to three Ëo four days when in the greenhouse.

The seedl-ings were left.in the coldroom for a further nine days and Ëhen

transferred Ëo the greenhouse. At this time the seedlings were approxi-



(83)

mately three ínches hígh and Ëheir cotyLedons r¡rere small and yellow.

I,Ieekly exoËherm measurements vrere performed Ëhfgughqut the life cycle of

these pl-anLs. However ín this experiment analysis was ter¡ninated before

the leaves began to senesce.

The supercool-ing point of the coËytgdons r47ê$ n9È significantly dif-
ferent from that of cotyledons of the nontreaËed pl-angs (Figure 6). The

supercoolÍng point of Ëhe íncompletely e¡Ba¡rded lrue leaves (14 days

af.Eer transferring to the greenhouse) was signifisanËl-y l-ower for Ëhe cold

treated pLants (Figure 6), The eompl.eËely expanded true leaves of rhe

treated plants had a constant supercoollng point regardless of maturity.

Thís was dífferenE from the nontreaËed pL4ngs r¡hish had a lower super-

cooling point in the bolted stage. Thiç indiçaÊed ËhaË the cold Ëreat-

ment duríng gerrnínation had an effecË ËhroughsuË Ëhe life eycle of Ëhe

plant,

The freezÍng point of fhe eoËyledons af, Ëhe ËreaËed planËs was sig-

nificantly Lower than for the nsnËreaËed planËs (glgure 6). !t was egual

to the mínimum tteezíng point of eoÊyledons in Ëhe hardenlng experiment

(Fígure 1). The inccmpletely e¡panded leeves alsq had a significanrLy

loç¡er freezLng point than the eorresperldlng leaves ef, Ëhe nonËreaËed

plants (Figure 6) ' It was also equal Ëo ehe ¡nlninrqÊ freçz!-ng point of

the leaves in Ëhe hardening experirnenË (Figure l-)., The deçrease in

freezLng point of fulLy expanded leaves with maËsriËy, found for planrs

gerurfnaËed ín the greenhouse llras also fpued fqr planËs gerninated in the

coldroom (Figure 6),

The patËern of change and magniËude of Ëhe amounË of supercooLing

was not signiflcantly dffferenË fron EhaË foued fsr Ëhe plants germinared
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ín the greenhouse (Figure 6).

Percent moisËure, dry weíghË per disc and weight of r¿aËer per disc

were deterrnined as for the nonLreaËed plants. Correlatíon coefficienËs

gf Ëhese Eo Ëhe various exotherm measurernenËs rnTere calculated. The

moí6ture content of cotyLedons from treated and nonËreaËed plants was

the sane, The percent moísËure decreased and the dry weight per disc

and veíghE of rvaËer per disc íncreased as r¡ras found for the true Leaves

of the nonÈreaËed pl-ants (Figure 10) .

The supercooling poínË of the leaves r^ras negatively correlaËed to

the pereent moisËure (FÍgure 11). This was opposite to results fron boËh

the unËreated planËs (gerrnínated Ín Ëhe greenhouse) and the hardening ex-

perlmenË (Table 2).

In Ehe hardeníng experimenE it was concluded that the exotherm vaLues

of Ëhe eotyledons \¡Iere independent of the percent moisture. A similar

conclusion can be drar,¡n from the data of Ëhe l-Ífe cycle experimenËs.

The freezing polnt of the l-eaves vras noË correlaËed to the percent

molsËure (Figure 11). In boüh the non-treated plants and Ëhe hardening

elçPcrlmenË a positíve correlation v¡as found (Table 2). Calculation of the

eorreletion coefficient, including values for Íncompletely expanded leaves

ga.ve a posltive csrrel.ation at a significance level of P=0.10. IË appeared

that the percent moisture had littl-e Ínfluence on the freezing poinË of

the fneonpleEely expanded leaves of the treated plants.

The amounE of supercooLing was positively correlaËed to the percent

nolsture (Flgure Ll). Thfs correlation was noË detecËed in Ëhe non-

treeted plants (getminated in Ëhe greenhouse) although the trend of boËh
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TASLE 2. Comparison of correlation coefficients from all- exotherm
experiments.

Measurement

Percent moisture

Dry weight/leaf disc

I,feight of water f
leaf disc

GroqTth time

Experiment MeasuremenË

Supercooling Freezing
poinË point

AmounË of
supercooling

NS
NS

NS

NS

NS

NS

1a
1b
2a
2b

1b
2a
2b

1b
2a
2b

NS

+(*r.<)
+(*)
- (+;lk)

-(**)
NS

+(*)

NS

+(*k)
+(*)
NS

- (*.k*)
- (*"k)
NS

NS
NS

NS

+(*hk)

-(*)
NS

- (c.k*)

NS

-(*.k*)
- ( *.Y.)

PercenË
moisture

Dry weight/disc I^Ieight of
water/disc

1b
2a
2b

- (i-k*)
- (*.kk)
- (ir*ãL)

+(*nt'*¡
+(*rìk*)
+(*nr*¡

NS

+(:t*¡
+(**)

Experiment la, tbr 2a and 2b refer to Ëhe experimenËs; hardening of cotyledons,
hardening of Lrue leaves, 1-ife cycle (gerrnination in the greenhouse) and life
cycle (germination in Ëhe cold room), ïespecËively

* and - indicaËe a posiËive or negative correlation.

*, ** ¿¡d *cÈfc indicaËe signifícance aË 1eve1s P = 0.10, 0.05 and 0.01,
respecËive1y.



(88)

appeared to be similar when one inspects Figure 6. This again indicaËed

thaË the results from the correlatíons must be evaluaËed cautiously.

The supercool-ing point was positively correlated with dry weight per

disc aË a sígnificance level of P=0.10 (Figure L2). This correlation did

not exisË in the nontreated plants (Table 2). In the hardeníng experi-

ment a negative correlaËion exisËed.

The amounË of supercooling r"ras negatively correlaËed to the dry weight

per dÍsc (Figure 12) " Again this correlaËion was not found in Ëhe non-

treated plants (Table 2). However, Ín the hardening experíment a negaËive

correlaËion exisËed.

The amount of supercooling was also negaËively correlated wiËh the

weight of water per dÍsc (Figure 11). A negative correlation between

the amount of supercooling and the weíghË of water per disc, was also

observed for the plants germinated ín the greenhouse (Table 2). IË v¡as

poinËed out in the discussion of the planËs germinaËed in Ëhe greenhouse,

that this negative correLation agrees wíth the negative correlation re-

ported in the literature.

Genetic influence on Ëhe exotherm values of cotvledons of spring rape.

It was desired to see if there is any genetic influence on the exo-

therrn values of seedlings of spring rape o To do this a comparison of the

exoËherm values for cotyl-edons of the two cultivars Nugget and TargeË

were made. Nugget geræinated more s1-owly than Target, therefore a chrono-

logical comparison may not have been valid. Thus an experiment to observe

Ëhe effect of chronological age $ras first perforrned.

Tables 3 and 3A indicated that for both cuLtivars, chronological age

did not effect Lhe supercool-ing or f.reezíng points at a significance level-
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TABLE 3. Effect of age, culËivar and Ëemperature ËreatmenË on exotherm
values of rape coËyledons.

CuLtivar Age frorn Supercooling Freezing Amount of Percent TreaËment
Germination PoinË Poínt Supercool- Moisture (Days hard-

(days) (oc) (oc) ine (oc) ened)

NuggeË
11 -7 .5+L.2 -4.6+L "7 2 "9+L "0 92.5 0

16 -8.2+1.0 -4.0+{.6 4.2+L "O 92.4 0

Average 7 .8+2 "L -4.3J1 i8 3 .6J1 .0 92.4

TargeË
5 -6 .1+1 .L -1.9!0 .7 4.L!0 .9 94.5 0

L2 -6 "8lo.e -2.4!0.8 4.4+0.7 93.8 0

Average -6.4!L.7 -2.2!ð.4 4.2 j:L.2 94.2

L2 -7 .2+O "5 -3.214 .6 4.0r{.5 94.0 4

VaLues indicaËe mean and standard deviaËion. Sample size was L7 fot
each age and 34 for the averages.

TABLE 3a. Comparison of Ëhe means in Table 3 using the SËudentrs t test.

Comparison Supercooling Freezing Amount of
PoinË PoinË Supercoolins

Effect of age of cotyledon

Nugget 1.8* NS 3.7dl:ffi
Target 2.0* 1.9* NS

Cul-tivar (averages) 3.9*** 6.5*** 2 "2*'*
Hardening of Target (to average) 1.9* 6.9*ik* NS

Values l-isËed are Ë values. *, Jç?.Lr r¡lk* indicate significance at P equal
to 0.1, 0.05 and 0.01-, respectively
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of P=0.05. Significant differences between cultivars exisËed aË P=0.10,

Ëhus putting doubt on conclusive staËements. The amount of supercooLing

in Nugget was significantly different for each chronological age. But

because the value of the absoluËe supercoolÍng point was equal to the sum

of the absolute freezíng poinË and the amor¿nË of supercooling and because

the supercooling point and freezing poínt were not differenË, the amounË

of supercooling should noË be differenË. It was concluded that chrono-

logical age did noË effect Ëhe exoËherm val-ues of coËyledons.

The data from boËh daLes were averaged to increase the sample si-ze

and thus províde a more accurate estimaËe for each cultivar. The average

values show significant differences between culËivars (Tab1e 3) " The

supercooling poinË, freezing point and amounË of supercooling were alL

greaËer for Target than for Nugget.

TabLe 3 also shor¿ed Ëhat a shorË hardening period of four days was

sufficienË Ëo decrease Ëhe freezing point of Target cotyledons.

Relationship between the exotherm values and frost hardiness.

Ice formaËion in tender tissue results in death (01íen , Lg67). There-

fore if one measures Ëhe exotherm curve (which indicates ice formation)

for a tender p1-ant the lor,¡esË temperature reached (the supercooling point)

should be related to frost hardiness. This is only true for freezes of

short duraËion since teurperaLure, time and chance influence nucleation in

supercooling (Salt , Lg66). Thus the greaËer the amount of supercooling

and the longer Ëhe exposure time the more Líke1y it is that freezing will

occur, causing death. The highesË temperaËure at which ice formation can

occur Ís the freezing poinË. Supercooling allows the Ëemperature to de-
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crease below the freezing point v¡iËhout ice formation. However during

long freezes the chance of the plant remaining ín the supercooled con-

dition are slight. Therefore the f.reezi-ng point of tender tissue would

índicaËe its hardiness during a long f.teeze.

Some prelíminary work with a method of evaluaËing hardiness, similar

to the method used by Fuchigami, eË al- " (L97L) was performed. Five de-

Ëached leaves each in a separaËe ËesË tube were cooled in a stoppered

Ëhermos boËËle, in a deep freezer at -25oC. This resulted in a cooling

rate of 7 .soC per hour. The temperaËure withín Ëhe Ëhermos r¡ras measured

wiËh a copper constantan thermocouple and recorded wiËh a HoneyweLL multi-

poinË recorder. The thermos botËles (five per experiment) were removed

from the f:reezet at 2oC intervals, within the temperaLure range where in-

jury occurred. A slow rewarming rate (6.OoC/hr.) was acquired by letting

Ëhe Ëhermos botËles ú/arm to room ËemperaËure. lwenËy five ml of deíonized

Ítater was added to each test tube conËaíning a single leaf and injury was

rated by measuring conductivity before and afËer killing the leaf with

f.iquid nitrogen "

Injury vras related to the ratio, conductivity of leachate before

kill-ing with liquid niËrogen/conductívity of leachate after killing wiËh

f.iquíd nitrogen X100. In these preliminary experiments nonhardened TargeË

leaves were used. An example of the Ëype of results found is given in

Table 4.

These resulËs r,rere ínterpreted as fol-l-ows. The leaves cooled to Lhe

test temperature -12.OoC \¡iere completely killed. Ice formation in each

I-eaf was indicated by the five exotherms " The leaves cooled to Ëhe test

temperaËure -B"OoC were either not injured or completely killed. Two of
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the leaves cooled to -B.OoC v¡ere completely kil1-ed and the Ëwo exotherms

indicated Ëhat two leaves had frozen. This suggested that when Í:reezlrng

occurred death result.ed " The differentíal response at -B.Ooc may have

been due to the randomness of nucleation" It ís believed Ëhat these re-

sults provide evídence Ëhat nonhardened rape leaves die vrhen freezing

occurs .

TabLe 4. Percent conductivity of individual leaves cooled slowly to a
test Ëemperature.

TreaËment (test temperature)

control (not frozen) -B.OoC -12.0oC

Leaf treatment

Nr¡nber of exotherms per Ëhermos

Next, an experimenË to determine if hardened leaves of rape die as

a result of freezi-ng r.,/as performed. The exotherm curve of a single de-

tached Leaf was measured with a copper constantan thermocouple and re-

corded wÍth a Honeywell contínuous recorder" A sLow freezíng raËe of

6.Ooc per hour was achieved by putting Ëhe leaf in a stopperd Ëhermos

boËtle in a deep freezer at -20oc. The temperaËure decreased to the

supercooLing point then rose due to the heat of crystall-ization. trrlhen

Ëhe temperature again decreased to the value equivalent to the supercool-

ing point, the thermos $7as removed from Lhe freezer and allowed Ëo rer^7arm

Ëo room temperature. Injury to the leaf was measured by the conducËivity

method. Eight leaves were frozen and none T¡rere injured (Table 5). This

of
1
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4
5
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5
3
6
4
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93
BB

B5
93
97

5

86
7
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is evidence that hardened leaves can withsËand freezíng.

Table 5. Effect of freezing on the survival of hardened Target leaves .

Plant

Injury
(PercenË conduct iviËy)

Control Leaf Frozen Leaf

1

2
3

4
5
7

I
Average

7.3
6"2

23.2
. 4.8

6.4
4.8
4.9
8.0

6.8
6.4
3.6
3.6
7,5
3.L
9.2
5.8

If fast f.reezíng raËes are used during exoËherm analysis, Ëhe

tissue is killed. Hov¡ever when fast freezing was conpared to sLow

freèzLng (L200oC/hr to 6oC/hr) iË was found that the exotherm measure-

ments were not significantly different (Tab1e 6). This justified using

a fast f.teeze so that more samples could be anaLyzed in a shorter Ëime.

Table 6. Comparison of fast and slor¿ freezing rates on the exoËherm
measurements .

Tissue
Exotherm
Measurement

Slow Freezing
(6.0oc/hr)

ësdn

Fast Freezing
( 1200oc/hr)

Esdn

Hardened
Target
Leaves

Hardened
Nugget
Leaves

Supercooling
PoinË

Freezing
Point
Supercooling
PoÍnË
Freezíng
Point

-s.4

-1.8

-9 "1

-4.6

L.2

0.6

1.8

L.2

L0

10

6

6

3

3

-4.2 1.8

-2.6 0.7

-7 .2 L.7

-4"6 0.9
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Because nonhardened leaves are killed if freezing occurs, the exo-

Ëherur measurements should be related Ëo frost hardiness. The super-

cooling point would be related to frosË hardiness during moderate freezes

of short duration and the freezíng poínt during freezes of long duraËion.

Because the hardened Ëissue r^7as not kilLed by exËracellular freezLng

(índicated by the exotherm), the exotherm val-ues would not be a direct

indícator of frost hardiness. However the ,facts that during hardening

the leaves changed so that they could withstand extracellular f.reezíng

and that their f.reezí-ng poinË decreased indicated thaË there may be a

relatiqnship, probably indirect, between hardiness and freezíng point.

For example, Young and Peynado (1965) found thaË Ëhe freezing point de-

creased at a slower raËe than hardiness increased during hardening of

leaves of grapefruiË seedlings. They found no correlation between fteez-

ing point of leaves and hardiness of leaves.

Lipid Stuclies

-E-ffegt of a Ëhree day hardening treaËment on the lipíd composition of
_s_e_edLíngs of two spring rape cultivars .

Preliminary sËudies indicated that the hardiness of Target and Nugget

Seedlings increased after only one day aË a hardening temperature. In

Êhese studies hardiness was determined by exposing seedlings growing in

'flats to -4.0oC for eight hours, Ëhen visually rating plant injury. Addi-

EionaL studies using exoËherm measurements as a measure of hardiness

showed that the freezing point of Target cotyledons increased r.rith four

days of hardening (Table 3).

Lipid changes, accompanying frost hardiness changes, have been re-
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ported in the literature. Theories of frost hardiness based on these

llpld changes have also been reported. Thus a study was undertaken Ëo

determine whether lipid changes rvere associated with the apparent increase

ln hardiness and decrease ín freezíng poinË of rape seedlings, wiËh a

short hardening treatment. A three day hardening treatment was used and

tlssue from two culËivars, Nugget and TargeË, vras anaLyzed.

Comparison of the lipid data for Nugge! indicated no significant

differences (Tables 7 and 8). Each estimate conËained a large variation

and so this rnay have masked any differences thaË existed. The data for

Èhe larget cultivar úrere less varied (Tables 9 and 10). The large vari-

âtÍon of the estimaËes of the Nugget cultivar may have been due Ëo the

experimentor, since during these analyses he was just becoming famil-iar

wlth the methodology. Another possibility ís Ëhat the Nugget seed used

may have had more genetic variabiliËy'Ëhan the Target seed or Ëhe genetic

composition of Ëhe NuggeË may have made it more responsive Ëo micro-

ênvironmental changes. It could also have been related Ëo seed ageing,

slncè the Nugget seed was older than Ëhe TargeË seed.

Only a few esËimates of lipid quantiËies are available for the TargeË

cultivar " This was due to a series of silicic acid columns on r¿hich the

seParation of complex lipid from neutral 1ipÍd failed to occur. The totaL

Lfpid htas separated inËo neutral and complex lipid since complex lipid is

considered to be one of the beËter indicators of extent of cell membranes

(TtemoLieres ard Lepage, I97l). The esËimates available indicated that

smè changes in lipid composítion occurred (Tables 9 and 10). The quan-

ÈIty of chlorophyll expressed on both the basis of plant tissue and toËal

t Ípid decreased during hardening. Total f.ipid also decreased but only

at a significance level of P=9.19. These resuLËs with Target rape indi-



TABLE 7. The lipid compositíon of
Nugget, before and after

(e7)

seedlings of the spring rape cultivar
a hardening treatment.

ComponenË
Hardening tíme

(days )
Signíficance

of the
StudenË rs L Test

Concentration (g per 1009 Ëissue dry weight)

TL

NL

CL

ch1

TL minus chl

NL minus chl

NL fatty acids

CL faËty acids

Total fatËy acíds

ConcenËration ( ¿ Moles'/

Lipid phosphorus

L0.5113.24

4.36+1.22

6 .L7+2.25

. 1.12-10.09

9 .4L!3.20

3.24+L "23

L.L4+4.20

2.73+O.83

3.87+1 .03

per g tíssue dry weight)

28.9+7 .7

8.251{.97

3.L2fl.39

5 .1310 . 79

L.04+o .r4

7 "2L!0.84

2 "0810.38

0 .70-f0 .16

2 .28+{ .7 6

2.98+O.BB

25.L+3.8

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

vaLues represent mean and sËandard devíation of three samples.

*, ** and',c** índicate signifieance at p equal to 0.101 0.05 and 0.01,
respect ively .

The abbreviations are TL, toËal lipid; NL, neutral lipid; cL, complex
lipid; Chl , ch1orophyl1.

In thís and subsequent Ëables, differences (for example TL minus Chl-)

were calculated for each sample. Means and standard deviaËions were Ëhen

determined from the sample values.



IABIE 8. Composition of lipid
spring rape culËivar
nênt.

(e8)

and lipid fractions
Nugget, before and

of seedlings of the
after a hardening treat-

eomponent
llardening Ëime

( davs )
Signifícance

of the
StudenË rs t Test

Pereent of TL
¡IL
CL
chL
NL minus chl
lotal fatty acid

PetcenË of TL minus chl
Total fatty acid

¡rr Moles /e TL
Lipíd phosphorus

Petcent of NL
eh1
NL fatty acids

Pereent of NL minus chl
l{t fatty acids

PetcenÈ of CL
CL fatty acids

p Moles /e CL
Lipid phosphorus

41"8Js.s
59 .2t5.5
LL.4+2.2
30.4!6 .6
11.t!L .9

42.2!6 .3

277 .0+r5.8

LL.4+3 "7
27 .r!s.4

38.5+L2 "9

44.9!2.9

478.6-1r+7 .5

38.0-¡4 "1
62.O+4.r
t2.6fl "6
25.41t+ "B
8.6!2.2

41.019.1

303.4J1s.4

L2.6fl .6
22.3+3.5

33.5!2,4

44.sï12.4

489 .8J11.3

NS

NS
NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

Values represent mean and sËandard deviaËion of

*, *, and *i;* indicaËe significance at P equal
rèspecËiveLy 

"

three sampLes.

to 0.10,0.05 and 0.01,
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TABI,E 10. Composition of lipid and 1ipíd fractions of seedlings of the
spring rape culËivar Target, before and after a treatmenË of
three days in Ëhe coldroom or one day in Ëhe greenhouse.

Component TreaËmentA
Greenhouse

(before Ëreatment)
Coldroom
(3 days)

Greenhouse
(1 day)

Percent of TL
NL
CL
ch1
NL minus chl
Total fatty acid

PercenË of TL minus chL
Total faËËy acid

¡r Moles/g TL
Lipid phosphorus

Percent of NL
ch1
N! fatty acíds

Percent of NL minus chl-
NL fatty acids

Percent of CL
CL fatty acids

¡r Moles /e CL
Lipid phosphorus

3s.4(1)
64.6(L)

L2.2!0.6(3)A
22 "6(L)
8.e(1)

36.2(L)

274.s118.3(3)A

33.4(1)
2s.1(1)

3e.2(L)

3s "2(L)

4s7 "4(L)

1o.7-+0.3(3)B

270.8

3e .2!0.26(3)
60.81o .26(3) .

L3.2$.9 (3)A
26.9fl.7 (3)
10.8J1.e (3)

3s.6+L0.0(3)

276.4tL2.S(3)A

33.6!2.1 (3)
27 .71,+.9 (3)

4L.s!6.7 (3)

33.0+1L .4(3)

4s4 "3!22.s(3)

A Seedlings growr. ín the greenhouse vTere anaLyzed before and after a temper-
afure treaËment. One tTeaLrnent was three days in the coldroom and Ëhe
other one day in Ëhe greenhouse.
Values rePresent mean, sËandard deviation and sample size, respectively.

' Means with different superscripËs are significantly different aÊ the
l-eveL P = 0.05.
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caËed that lipid changes can occur r¿iËhín a short hardening period suffi-

cient to increase the freezing poinË.

Experiments involving analyses of planLs grovrn for a constant t.ime

period at differenË temperatures have been reported in the liËeraËure.

The lipid differences found may represent adaptive changes which caused

an increase in hardiness; or the lípid dífference may be due Ëo Ëhe dif-

ferent physíological age of the plants caused by the different rates of

growth at different temperaLures " Thus the corresponding changes in

hardiness and lipids may not indícate a casual relationship. To try and

determíne wheËher a causal relationship exists, TargeË seedlings grown in

the greenhouse for one extra day were anaLyzed. This gave a comparison

between lipid change during one day in Èhe greenhouse and lipid change

duríng three days in the cold Toom. If the Q10 was two (ury assumption)

and r¡íËh a 20oC ËemperaËure differentiaL, thèn changes occurring during

Ëhree days in the cold room should be equivalenË to changes during one

day in the greenhouse. If Ëhe applicaËion'of QIO does not hold then the

change in Ëhe lipid measurement.s should represent an adaptive change in

response t.o the lohr Ëemperature. To allow for misinterpreËation due to

choosing the wrong QIO the trends musË be considered and not the absolute

changes. The weight of toËal lipid and totaL Lipid minus chlorophyLl- per

gram dry weíghË of tissue decreased significantly during Ëhe one day Ëreat-

ment in the greenhouse (Table 9) " Neither decreased sígnificantly during

the three day cold Ëreatment at P=0.05. In contrast the quantity of

chlorophylL per gram of Èíssue decreased significanËly during the coLd

treatment, but not during the. greenhouse treatmenË. It appeared that the
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Plants under the tvro condítions had different synthetic or degradation

rates noË due símply to Ëhe thermodynamic influence of temperaËure.

The fact that Ëhe .response for chlorophyll is opposite Ëo that for Ëotal

f.ipid eliminaËed negation of Ëhis conclusíon due Ëo the choice of a

wrong QIO. Thus the change in lipid metaboLism aË lower ternperatures

may be related to the decrease ín freezíng point. The change in lipid

after only one day in the greenhouse apparenËl-y does noË affect Ëhe

freezing poinË since the freezing poinË díd not change with time for

pl-ants aË consËanË temperature (Table 3) .

The weíght of total lipid and total lipid minus chlorophylL per gram

of tissue (dry weight) decreased significanËly wiËhin one day at green-

house temperatures, showing that Ëhe lipid composition is in a very dyna-

mic state. Thus, a single anarysis, say of the seedling, mây noË be re-

PresenËative of the seedLing stage of growËh.

The lipid composítion of seedli s of two sprín rape cultivars wiËh
differenË exotherm values.

NuggeË cotyledons have a lower supercooling point, fleezíng point

and degree of supercooling than Target cotyledons (Table 3) . Thus, if

l-ipids are involved in controllíng any of these, f.ipid differences shouLd

exist between the two cultivars. Data frcm Tables 7,819 and 10 were

used for the comparison. Since there vTere no significant difference be-

tween the tq¡o seËs of daËa for, NuggeË (Tables 7 and 8) they were cqnbined

Ëo increase the sampl-e size. This combíned average was compared to the

Target whÍch had received a one day treatment in the greenhouse (Tables

9 and 10). This r¿as considered a valid ccmparison because Nugget germin-

ates slovler than Target thus invalidating a chronologicaL comparison.
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No significant differences between cultivars were found.

Changes in fatty acid composition of alfalfa roots have been ob-

served during hardening (Gerloff, et al. Lg66). Therefore the fatty

acid composition of each lipid fracËion was deËermined by gas liquid

chromaËography of faËty acid methyl esters. Peak area r^7as determined

by the triangulation meËhod. The relaËive quantiËy of each component

(based on peak area) T¡ras expressed as a percent of total fatty acids 
"

The degree of unsaturatíon r¡las expressed as mole percent unsaturaËed

fatty acid or as Ëhe doubLe bond index. The double bond index is, "the

srmtation of weighË percent of each acid in a mixËure mulËipLied by Ëhe

number of double bonds iË conËains per molecuLe, divided by L00,"

(Lyons and Asmundson, L965) "

Comparison of the fatty acid data did

cuLtivars. The complex f.ipid fracËion of

L6:0 and less 16:3 fatty acids than Target

in the mole percent unsaËurated faÈty acid

compl-ex 1-ipid fractions were found (Table

show differences beËween the

the Nugget seedlings had more

(Tab1e 11). No differences

or double bond index of the

L2).

-There also were differences in the neutral lipid fraction" The fatty

acids of the neutral f.ipid fraction of Nugget had less 16:3, 1B:0 and 18:3

and more 20:0 Ëhan TargeË (Table 13) . The Nugget sample had an unidenti-

fíed peak with a retention time very símiLar Ëo Ëhe 18:3 component (2,

Table L3) . This component may be present in the 18:3 peak of Target and

if it is, then the amount of l-8:3 in the tr.ro cultivars would not be differ-

ent. There uas no significant difference in Ëhe moLe percent unsaturated

fatty acid of the neutral lipid fraction between the Ëwo cultivars. Target



ÎABLE 11. Fatty acid
seedlings
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composition of Ëhe
of Ër¿o culËivars of

complex lipid fracËion of
spring rape.

Fatty acid Cultivar Significance
of the

Student rs t TesËTarget Nugget

16: 0

L6:L

16z2

16: 3

x

1-8:0

L8:1

L9z2

l-8:3

Ls.7!L.2

2.8!0 .2

4.0!0.4

2.9-+4 .3

2.4!J.9

9 .L!2 "2

5.931.8

L4"5+L.6

42.6+3.5

20 .o!2.3

2.8!J.9

4.3!ð .7

1 .41O.6

2 "310.8

7 .2+1.8

6 .0t2.3

14.sí.8

41"s16.0

NS

NS

NS

NS

NS

NS

NS

Values indícate the mean percent fatty acid composiËion and standard
deviation.

The sample size f or Target T¡ras three and for NuggeË four.

*, ** and **k indicate significance at P equal to 0.10,
0.05 and 0.01, respectiveLy.
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TABLE 12. The unsaturatíon sËatus of the complex lipid fatty acids
of two cultivars of spring rape.

Measurement Cultivar Significance of the
Target Nugget StudenËrs Ë test

Mole percenË
unsaturation 74.5tL.6 72.010.8

Double bond
index 1.8JO.0 l.BJO.l

Ratio of fatty acids
mono-unsaturated /

saturated 0 "410 .1 0 .3lO .1-

di'unsaËurated/
saturated 0.8-t{.1 0.7$.1

tri-unsaË urateð.f
saturated 1.810.L L.6+O.2

Values are the mean and standard deviation. The sanple size for Target
¡¡as Ëhree and for Nugget four.

*, #, and:-L*:k indisate signíficance at P equal to 0.101 0.05, and 0.0L,
respectively.

NS

NS
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TA3LE 13. FattY acid
seedlings

comPosicíon of the

of two cultivars of
neutral- liPid fraction of

spring raPe'

Cultivar
Target SËudentrs Ë Test

Significance
of the

FattY acid

14:0

16: 0

L6:1

16:3

x

l-8:0

18:1

L9z2

l-8:3

z

20:0

L;2t4 "3

8.L!..0

2.7+0 .0

l-.4J0.3

2.4!J .5

L2.7+2.6

L3 "7!2.s

L0.2+0.9

42 "L+4 'o

0"0

4.7+2 .0

1.u0.4

7.0J0.9

2.611J.4

0.0

3.Li0 "8

6.7Jl-.0

L3.2++"7

1r..sí-.4

31.5J4.1

8.5J0.6

L4.5+:2.6

NS

NS

NS

il:þk

NS

*t':ålß

NS

NS

*r*iÈ

Values indicate Ëhe mean Percent fatËy acid

deviation.

the sampl e size for Target r^7as three and

* *c'& and *¡r* indicate significance aË P

o]or, resPectivelY'

comPosition and standard

for Nugget five'

equal- to 0.1-0, 0'05 and
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however, had a significanËly higher double bond index than Nugget (Table

L4) . This also may be due to the unidentified peak Z.

The effect of ípid composiÈion of leavesot Earget spring rape.

Mernbranes are considered by many to be the site of frost injury.
SÍminovitch, gE aL. (L968) used lipid phosphorus as a quantitative measure

of membranes. They compared Ëhe lipid composition of bark of black 1o-

cust trees harvesËed in winter and sunmer. They found thaË total lipid

expressed on a dryweight basis changêd very Lítt1e from suruner Lo winter.

However, the polar lipids and lipid phosphorus expressed on a vret weighË

basis were significantly greater in the winËer. The íncrease in polar

lÍpids úras accompanied by a decrease in nonpolar lipids. Lipid phos-

phorus also increased when expressed on a dry weight basis.

Kuiper (1969) found that leaves of frost resistanË citrus cultivars

had more phospholipid and less neutral lipid expressed as a percent of

toËa1 lipid than susceptibLe culËivars. He found no consistent relatíon-

ship of Percent glycolipids to frosË resistance. Ilowever, sËudying alfaLfa

leaves, Kuiper (1970) found that Leaves groÌ^rn at l-ower temperaËures had

more mono- and dÍ-gal-actosyl diglyceride.

An experiment was performed to see if hardening had the same effect

on the f.ipid composiËion of l-eaves of Target spring rape. plants were

grcñrn in the greenhouse for four weeks. At Ëhis time Ëhey were in the

rosette stage of growth. Samples r,rere taken for lipid anaLysis and the

rest of the plants ürere transferred to the cold room. Sarnpling for f-ipÍd

ar,ra1-ysis was carried out after 35 days of hardeníng.
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TABTE 14. The unsaturation status of the neuÉral lipid f.atty acids of
tvJo culËivars of spring rape.

Measurement Cultivar Signifícance of the
larget N"gg.È Student rs Ë test

Mole percent' unsaturation 72.2!0.0 69 .5!2.8

DoubLe bond
index 1.6r{.2 I.2-14.2

Ratio of fatty acids
mono -unsaÈurated /
saturated 0.6{.1 0.510.1
di-unsaÈuraEed/
saturated 0.4+0.0 0.410.1
trÍ -unsaturated/
saturated 1.6+0.2 L"410.2

Values are the mean and standard devíatíon. The sample size for
Target r'¡as three and for Nugget f ive.

*, *¡1, snd rrcit indicate significance aË p equal to 0.10, 0.05, and
0.01, respectively.

NS
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Complex lipids and lipid phosphorus expressed on a dry weight basis

srere greater in the hardened leaves (Table 15). Neutral lipid minus

chlorophyll of the hardened plants ú7as less at a significance level- of

P=0.10. If thís is a true decrease iË âgrees with the decrease in neutral

lipid found by SiminoviÈch, et al. (1968). During hardeníng there r¡/as a

significant decrease of f.ipid hexose (a measure of glycolipids) expressed

on a dry weight basis (Table 15). This is opposiËe Ëo resulËs found by

Kuiper (1970) for alfal-fa leaves

Accordíng to Tremolieres and Lepage (L971) chloroplast membranes are

characterized by large amounts of glycolipid whereas exËrachlorophlasËic

menbranes are characterLzed by large amounËs of phospholipid. Thus the

decrease in lipid hexose and Ëhe increase in lipid phosphorus (Table 15)

nay'indicate that the membranes associaËed with the photosynthetic appara-

tus decreased while Êhose associated with Ëhe nonphotosynthetic apparatus

increased on hardening. In Ëhis experimenË the decrease in photosynthetic

membranes could be a resul-t of Ëhe low light intensiËy in the col-d room.

Kuiper (1970) r¿ho found an increase of glycolipid in alfalfa leaves dur-

íng hardening, maintained a constant light intensity at all growing tem-

perafures

There qrere no differences in chlorophyl-l content of hardened and non-

hardened leaves (Table 15). The change in lipid hexose and lipid phos-

phorus in the absence of chlorophyll changes, suggested that the type of

photosynthetic membranes may have changed and noË the quantity. Godnev,

et aL. (L969, cited by Alden and Hermann, 1971) found that the chloro-

phyLL content was retained during Ëhe r¡inËer, in Èwo varieties of Picea.

Neutral lipid, expressed as a percent of total lipid, decreased and
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the complex lipid íncreased duríng hardening (Table 16). The mo1ar phos-

phorus content of the total lípid also increased (Table 16). These changes

agree wiËh Kuiperrs (L969) results on cíËrus leaves. A decrease in the

molar hexose conËent of total lipid r¿as found (Table 16) contrary to

Kuiperrs (1970) findings for alfalfa leaves.

Changes in the composition of Ëhe complex lipid fraction¡ âs ê re-

sult of the hardening treaËmenË, r¡lere observed (Table L6) . The molar

concentration of phosphorus remained the same in this fracËion, but the

mol-ar concenËration of hexose decreased. An increase in some other com-

ponent may have compensated for the decrease of glycolipid. The decrease

of hexose cou1d indicate a change from digaLactosyl Ëo monogol-asËosyl

digLyceride, a change conËrary to the resulËs reported by Kuiper (1970).

The quanËity of unsaËurated f.atiuy acids generally increases at Lower

growing temperatures (Gerloff, eË al. L966; Harris and James , L969; Kuiper,

L970). Lyons and Asmundson (1965), suggest how a greater mo1-e percent

r¡rsaturation may cause chil-ling resistance. The metabolism of chilling

sensitive planËs , at temperaËures beËween OoC and L2.so}, usual1-y re-

sulËs in 1ethal physiological changes (Greencia and Bramlage, L97L)

Chillíng resistance involves being able Ëo metabol-ize withouË leËhaL con-

sequences at ËemperaLures between OoC and L2.soc. Plants Ëhat can wíËh-

stand frost, harden rrrithin this temperature range " Therefore Ëhe increase

in unsaturation of faËty acids of plants capable of hardening may funcËion

similarLy to chilling resistance. That is the increase Ín unsaturated

fatty acids may allow the celL to function between OoC and 12.5oC and

thus undergo the chemical changes required to withstand extracellular
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freezing. On Ëhe other hand, the unsaturaËion of the f.atty acids may

aid the cell directly in withsËandíng frost, possibly by al.f.ecËíng the

physical properties of the membranes, enabling them Ëo wiËhstand Ëhe

forces developed during extracellular freezirng"

Analyses of the fatty acid composiËion of the neutral and complex

f.ipid fraction of spring rape r{ere performed in an attempt to reLaËe these

to exotherm measurements. The lipid fractions were analyzed separateLy

because the complex lipid fraction is considered more índicaËive of the

menbranes (Tremolíeres and Lepage, L97L) and thus should be a more sensí-

tive measurement of membrane changes.

Ihe. compLex f.ipid fraction of the hardened leaves had more 16:0,

18:1 and 18:2 and less 16:2, L6:3 and 18:3 fatty acid than the nonhard-

ened leaves (Table 17). The neuËral lipid fracËíon of the hardened leaves

had more 16:0, 18:0 and 1B:1 and less !6:2, x and y fatty acíd Ëhan the

nonhardened leaves (Table 18). X and y r¡7ere unidenËified peaks on the

chromatogrem.

Contrary to the observaËions reporËed, a reducËion in the mole per-

cent unsaturated fatty acid occurred in both the neutral and complex lipid

fractions during hardening (Tab1-es 19 and 20). The doubl-e bond index was

the same for both fractions. In the neutral lipid fraction Ëhe presence

of unidentified peaks may make the comparison meaningLess. However in

the conplex l-ipid fraction Ëhe unidentified fatty acÍds accounted for less

than one percent of the total composition. Therefore a meaningfuL com-

parison should be possible for the complex lipíd fraction. The mo1-e per-

cent unsaturated fatty acid contenË of boËh f-ipid fracÈions of the hardened

plants remaíned wiËhin the critical range (60-80%) found for chil-Ling
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TABLE 17" FaËËy acid compositíon of the complex lipid fraction of
hardened and nonhardened leaves of Target ïape.

FaËty acid Hardening Ëime (days)
Comparison (Studentrs Ë tesi)

Nonhardened Hardened Hardened

35

to
hardened

Ëo

seedlingA
to

boltedA

1-6: 0

L6:L

L6:2

L6:3

x

l-8: 0

L8:1

L8z2

18:3

7.310.3

0.0

2 "010.1

0. s10 .0

0.3JO.l-

L9.gIL "6

L "zfl.2
6 .7fl.4

62 "2+L.L

1_0.4i{.6

0.0

1.4iO "1

0.0

0.610.0

1.9 .0J0.3

1.s10.1

7.8{{.3

59 .2+L.0

&J-

NS

ù&

NS

NS

&

.ú&

NS

NS

NS

NS

NS

NS

A See Table 2L for data used in these

Values indicate mean percent fatty
deviation. The sample size for Ëhe
for Ëhe hardened planÈs four.

*, #, and **.& indícaËe significance
0 .01- , respectively.

comparisons.

acid composiËion and standard
nonhardened plants was three and

at P equaL to 0"10, 0.05, and
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TABLE L8" Fatty acid ccnnposiËion of
hardened and nonhardened

the neutral lípid fraction of
leaves of Target rape.

Fatty acid
Hardening time (days)

Comparison (Student rs

Nonhardened Hardened
Ëo Ëo

t tesr)
Ilardened

Ëo
ros etteA35 hardened seedlingA

L4:0

16: 0

1-6: 1

L6:2

16: 3

x

18:0

L8: 1

v

L8:2

18: 3

20.0

L "6!0.2

10 .710 .9

1 .s10.2

s.ryo "6

0.0

3.6fl.4

14.8fl.8

4.5!ð .2

1 .6¡0.3

9.310.s

46 "4I1.2

0.0

1.6J0.3

L2.3+Ð.8

1.6J0.s

3.6fl.7

0.0

0.0

L9.6!0 "2

6.0J1.1

0.0

9 .2fl.6

46 "2+2.5

0.0

NS

NS

NS

@

¿Ð

&

NS

NS

NS

NS

&J-

**rìk

¿J4

¿¿¿

NS

NS

NS

&¿

NS

&¿

NS

NS

NS

NS

*¿

NS

A See Table 22 f.or data used in these

Vaiues indicate mean percenË faËty
deviation. The sample size for the
and for the hardened planËs four.

*, *nk, and c** índicate significance
0.0L, respecËiveLy.

comparisons.

acid conposition and standard
nonhardened p1-ants vras three

at P equaL to 0.10, 0.05, and
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TABLE 19. Effect of sËage of growËh
degree of unsaturation of
lipid fraction.

hardening treaËment on Ëhe
f.atty acids of the neutral

and
the

Growth
SËage

Mole percent
unsaturation

Double
bond index

Ratío of. f.atty acids
mono -uns aturat ed/s aturat ed

di -unsaturaË ed/saturat ed
Eri -uns aturat ed / s aturaË ed

L. Seedling 72.21î.0

2. Rosette 7t_.lJl.3

3. Bolted 68 "3t2 "6

66.61L "6

L.6!0.2

r.8J0.1

1.91O.1

1.71O.1

0 .610 .1
0.41o.0
r.6!0.2

0.21o.0
0.51o.0
r..7l0.1

0 .Llo.0
0.310.0
1 .81O.2

0.31o.0
0.4.l{.0
1.4-t{.1-

4. Rosette
hardened

Comparison
(Student rs t

1vs2
Lvs3
Lvs4
2vs3
2vs4
3vs4

test)

NS
¿
&

NS
&

NS

NS

NS

NS

NS

NS

Values indicate mean and standard deviation. Sample size was three
for al-l stages excepË the hardened roseËte stage irhich was four.

*, **, and *¡bå indicate significance aË P equal- to 0.10, 0.05, and

0 .01 , respectivel-y.
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TABLE 20. EffecË of stage of growth and hardening ËreaËmenË on the
degree of unsaËuration of the fatty acids of the complex
lipid fraction.

Growth Mole percent
SÉage unsaturation

Ratio of fatËy acids
Doub 1e mono -uns aturat ed /saturat ed

bond index di-unsaËuraËed/saturaËed
tri -uns aturat ed /s aturat ed

1. Seedling 74.5+L.6

2. RoseËËe 72.6+L.0

3. BoLted 70.5+2.0

4. RoseËte
hardened 70.51{l..7

Conparison
(StudenË fs t test)

NS

NS

NS

1.8r{.0

2.0J{.0

2 .0{o.0

2.0+{.0

0.310 .0
0.7lo.1
1-.9J0.1

0.0
0.31o "0
2.3!J.r

0.0
0.4-t{.0
2.Ofl.2

0.0
0.3Jo.0
2.01o.1

Lvs2
1-vs3
Lvs4
2vs3
2vs4
3vs4

&

NS
NS

NS

vaLues indicaÈe mean and standard devíation. sanple size of the
seedling and nonhardened rosette was three and of the bolted and
hardened rosette four.

*, **, and *¡t'cfr indicate significance at P equal to 0.10, 0.05,
and 0.01, respectively
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resistant species, Lyons and Asmundson (1965) . Thus the decrease of

mole percent unsaturated fatty acid may not adversely affect the membrane

funcËions.

In conclusion, these results agree with Ëhe theory invol-ving an in-

crease in cell- membranes during hardening.

Leaf lipíd composition of three morphologícal growth stages of spring
rape as related to exotherm measurements.

After Ëhe seedling stage, spring rape gror¡Is in the roseËte form for

several r¿eeks. The leaves appear to mature during this stage and flower

bud initiation occurs. This is followed by bo1-ting which invol-ves stem

elongation. IndeÈerminate flowering then occurs in the bolted stage.

Young sLrap-shaped leaves gror^7 afËer boLting.

The leaves of these three growËh sËages have different functions,

which may be reflected in different leaf chemical composition. These

chemical differences may be related to the different exoËherm val-ues of

Ëhe growth stages. Table 1, indicated that the freezing point decreased

frqu the seedling to Ëhe rosetËe to Ëhe bolted stage. The supercooling

poínË was equaL for al-L growËh stages and the amount of supercooling was

greatest for Ëhe cotyledon and equal in the other two stages. The lipid .

results are organized into Tables 2L and 22. Data for seedLings may be

of limited val-ue for purposes of comparison because the toËal seedling

was anaLyzed for l-ipids. However, I made the assumption that the com-

position of the seedlings represents the cørposítion of the cotyl-edons.

Total lipid, complex lipid and neutral lipid per gram dry weight of

tÍssue increased from the seedling to the rosette to the bolted sËage

(Table 2L), The leaves of the rosette and bolted stage conËained equaL
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åmounts of lipíd hexose and chlorophyll per gram dry weight of tissue

and significanËly more of these than the seedlings. The lípid molar

phosphorus content of Ëhe tissue was the safne aË all growËh sËages. The

toËaL fatty acid conËent and complex lipid fatty acid conËent (calculated

on a dry weight basis) were lowesË in the bolted sËage and equal in the

other stages.

Complex lipid expressed as a percent of total f.ipid was highest in

the rosette stage and equaL in Ëhe seedling and boLted stages (TabLe 22).

The neutral lipid expressed as a percent of total f-ipid was equal in Ëhe

seedLing and bolted sËage and v¡as lowest in the rosette sËage. Molar

phosphorus composition of ËoËal lipid decreased from the seedling to the

rosette to the bolted stage (TabLe 22) .

The moLar phosphorus compositÍon of Ëhe complex lipid was equal in

the l-eaves of the boLted and rosetËe stage and Ëhis was less than in the

seedl.ings (Table 22) " The hexose content of cornplex lipid (on a molar

basís) was higher in the roseËte stage than Ëhe bolted stage. The complex

Lipid hexose componenË in leaves (cotyledons) of the seedlings did not

differ fron that of the other two sËages.

In concLusion, Ëhe lipid measurements that appeared to be related to

the progressive decrease in the freezíng poinË of each growth sËage dur-

ing maturation, úrere the increase in toËal f.ipid, neutral lipid and com-

plex lipid per gram dry weight of tissue. In addition the decrease in

molar phosphorus content of Ëotal lipid wiËh each more mature growth

stage indicated a direct relaÈionship to the freezing point. The decrease

ln the hexose content of compl-ex lipid (on a molar basis) from rosette Ëo
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bolted stage may have also indicated a trend since the seedling value

too variable to give it an accurate ranking.

The fatty acid ccmposition of the

f.ings was signíficantly different from

(Table 23). The bolted stage differed

ing more 16:0 and L622. No consistent

freezing poinË.

complex lipid fraction of Ëhe seed-

Ëhat of the other tvro grovrËh stages

from Ëhe rosette stage by contain-

trend existed relative to the

The fatty acÍd composition of the neutral- lipid fraction of each

groTrth stage was different (TabLe 24). Changes ín this fractíon indicate

a consistent trend in that 16:1 and 18: L change in the same dírection as

Ëhe freezing point.

The mole percent inrsaturaËed fatty acid content of both lipid frac-

tions from Ëhe bol-ted sËage was lower than that of the seedlings at a sig-

nificance level of P=0.10 (Tables 19 and 20). The double bond indices of

the neutral lipid fraction vrere not significantLy different for any growth

stage (Table 19). The double bond indices of the complex lipid fraction

of the rosette and bolted stages vrere equal and significantly higher than

the value of Ëhe seedlings (Table 20).

GeneraL conclusions "

TabLes 25 and 26 sr¡rurarize the lipid results of Ëhe experimenË study-

ing hardening of Ërue leaves and Ëhe experiment studying growth stages.

They show Ëhe direcËion of change of the quantity of lipid and exotherm

measurements beËween the different possible combinations. The only lipid

quantity that changed consistently as Ëhe freezing poínt changed r¿as the

weight of conplex 1-ipid per gram dry weight of tissue (Table 25). By
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composition of
at dífferent

the complex lipid fraction of
stages of growth.

Fatty acid Groruth staqe
Seed ling Rosette Bolred

Comparison (Student ts t

1vs2 1vs3

test)

2vs3

16: 0

16: 1

16:2

16:3

x

18: 0

18: 1

LB:2

1B:3

7.310.3

0.0

2 .010 .1

0.51o.0

0 "3-+0.1

L9 .gtL.6

L "2!0.2

6.71-0.4

62.2+L "L

11 "B+1 .1

0.0

2 "7!0.2

0.0

0.0

17.810.9

1.6$.3

7 .414.4

58 "6+2.4

15.3+1"8

2 "L!0.2

2.8!C.2

1.610.4

L.7+u.2

9 .5!3.2

6.1J0.7

14.6+L "9

46.0+L.7

.r.u-

&&

J-r-J-

J.J,J.

NS

&^L

.Ù-¿

úL?-

-uJ-

NS

NS

NS

NS

NS

NS

.L

Values indícate mean percent fatty acid composiÈion and
deviaËion. The seedling and rosette stage had a sample
three and Ëhe bolËed stage a sample size of four.

xL, Jr:t ¿nfl:k:l:t indicate significance at P equal to 0.10,
0.01, respectively.

standard
size of

0.05 and
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acid composition of
rape at differenË

the neutral- lipid fracËíon
stages of growth.

6f

Comparison (StudenËrs Ë Ëest)
Fatty acid Growth sËase

I
Seedling

2

Ros ette
3

Bolted 1 vs 2 1vs3 2vs3

14:0

L6:0

1-6: 1

L6:2

16: 3

x

18:0

L8: 1

v

L9z2

l-8:3

2Oz0

L.2!0 .3

I .1,+1 .0

2.7+4.0

0.0

1.4JO.3

2.4$.5

12.7+2.6

ß .7t2.s

0.0

IO "2!C "9

42 "L!4.0

4 "7!2.0

I.6!J .2

10.7l0.e

L.s!0.2

s.7fl.6

0.0

3.6!0.4

14.8J1.8

4.slJ .2

1.6J0.3

9 .3J0.s

46.4+L.2

0.0

t.3!ð .2

7.3J1.3

0.7l0.1

1 .910.4

0.0

0.0

23.2t3.7

2.6fl .3

0.0

6.5J1.0

56 .2tI.6

0.0

NS

**

¿J&

¿¿

NS

¿.æ

NS

NS

NS

NS

.J&

¿g-

.L.&

NS

4

4$

NS

¿¿

Jl¿

.J4¿

NS

UI

æ

&&

il.:lcF

Values indicate mean percent fatty acid composition and standard
deviation. The sample size for each growth stage was three.

*, # and t¡F* indicate significance at P equal to 0.101 0.05 and
0.01, respectively.
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TABLE 25. Relationship between the relaËive quantity of 1-ipid and the
relative exotherm values.

E
o
Ê'úo o oO OrJ +J +J+J O O Êt{+J +r (J$

' rd-d F{ F{
F{ . . f{Ê O A)
OF{F{$Of{fr
t{ O q, -CÉò0 t{ò0 l. .d 'c,ö0oÊ É cJ cio o oÉ
+J .r.l "ú .F{ 'd .L +r r¡ É .(J É .r{
+Jr{ OF{ qJ+J +J O O O-ro'd P'ú ÐO O. €Ð -ú€
q O Fl O F{ øi ØF.{ l-rF{ ! O)oqJooooooGodaJ
$r (, .o o .o ! h tr -C-o -Ê ø

Component

ConcenËration (g per 1009
tissue dry weight)
TL
NL
CL
ch1
TL ninus chl
NL minus chl
NL fatty acids
CL fatty acid
Total- fatËy acíd

Concentration (¡¿ Moles per g
tissue dry weight)
Lipíd phosphorus
Lipid hexose

Ratio lipid hexose

+
+
+
+
+
+
-z
*z
x

x
+

+

x
x
+
x
x

-z
x
x
x

:

-+
-+
x+
x+
-+
-x
xx
+x
+x

+
+
+
x
+
+

:

+
+
+
+
+
+

:
x

+z
+

::::i:
xxxx

x
+

x
x

x

lipíd phosphorus
SupercooLing point
Freezing poinË
Amount of supercooling

+ indicates that the first plant mentioned has a higher value than the
second.

- indicates that Êhe first pLant mentioned has a lower value than the
second.

no significant difference.

significant difference aË P=0.10.
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making a few assumpËions, it can be concluded that this represents an

increased amount of membrane per ce1L, thus agreeing with results re-

ported in the líterature.

In three out of five cases the stage with Ëhe lower tteezLng point

had a higher percent complex lipíd of total f.ipid (Table 26). In one

of the other cases there ú7as no sígnificant difference. This suggested

a possible trend.

If lipid molar phosphorus and hexose content of conplex lipíd are

considered Ëogether, in aLl cases where'the freezing point decreased one

of these lipid components increased and Ëhe oËher remained consËanË

(Tabl-e 26). This could indicate thaË a third component of the complex

l-ipid aLways increases with the decreasing f.reezíng point.

Because the total seedling was anaLyzed tor lipid, it may noË have

been vaLid to compare it Ëo the leaves of the other two stages. There-

fore a comparison of Ëhe lipid measurements of Ëhe leaves may be of more

value. The f.reezing point of the l-eaves of the hardened rosette stage

and the bol-ted stage Ì{ere equal and lower than the freezing point of the

Leaves of the nonhardened rosetËe sËage (Table 1-). Both Ëhe hardened

l-eaves and leaves of the bolted stage had more complex lipid per gram of

tissue than the nonhardened leaves (Table 25). They also both had a Lor¿er

molar hexose contenË in Ëhe Ëotal and conplex lipid (Table 26).

It was concluded in Ëhe hardening experiment of the true l-eaves that

the hardened plants likely had more membranes per cell than the nonhard-

ened plants. The bolted stage, which had a Lower freezing point than the

rosette stage, a1-so had more complex f.ipid (based on dry weight of tíssue)



(L27)

TABLE 26. Rel-aËionship between the
tuients to Ëhe relative

relaËive quantity of lipid consËí-
exotherm values.

.ú
Q)
dtooo

O Orr JJ !)Ð o o ÉI
.a+¡odF{ ÏË t ã

O-{F{$Of{$l
f{ 0J O ,ÉÊö0 hÖO lr € €ö0oÉ É o q)0 0) 0)Ê+Jil €.F{ €+r lJ+J Ë'd É.F{
+J Fl q.) .-.{ (J .lJ .¡r O 0j O Flo€ +J.o u 0J 0J . 'ú.¡J .o'ú
(ll O Fl O Fl Ø (/jF{ trF.l l-{ C)ocJoooooo(Uo$c)
$r úJ .o Ø .o f{ l.{ $r -d,-o .d 0)

ComponenË

Percent of TL
NL
CL
chl-
NL minus chl
Total faËty acid

PercenË of TL minus chl
ToËal fatty acid

p Moles/g TL
' Lipid Pi

Lipid hexose

Percent of NL
ch1
NL fatty acids

Percent of NL minus chl
NL fatËy acids

¡r Moles/g CL
Lipid Pi
Lipid hexose

Percent of CL
CL fatty acid

Supercooling point
Freezing poinË

Amount of supercooling

;
x
x

x

+
x
x

'x
x

x

+

x
x

x

x

x

x

x

-z
x

+
x

-z

-z

x

x

+
x
x

+

+

x+
+

+
+x

x+

+

x
:

x
x
x

X-X

x

indicates that the first plant mentioned has a higher value than the
second.

indicates that the first p1-ant mentioned has a l.ower value than the
second.

no significant difference

sÍgnificant difference at P=0.10
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which suggested more membranes per cel1. However the lipid phosphorus

contenË, which is a beËËer Índícator of membranes than complex lipid was

not significantly differenË. However it is f.ikely that the dry weight of

a cel1 in the bolted stage is greater than in Ëhe rosette stage due to

additional cell- wal1 growth and lignification. It has been mentioned

that iË is believed that ce1l division and elongaËion in leaves is com-

p1-eted by the end of the rosette stage. Thus the bolted stage may acËu-

a1-1-y contain more nembranes per cell Ëhan the roseËËe stage, Ëhus accounË-

ing for the apparenË increase in hardiness.

If one compaïes NuggeÉ to Target; hardened to nonhardened leaves; and

leaves of the bolted stage Ëo the rosette stage; the leaves of Ëhe first
pLant listed in each comparison has a sígnificantly Lower freezing point

(Tables I and 3). They also all have more 1-6:0 in their ccnnplex lipid

fraction (Tables LL, L7 and 23)

Comparison of the fatty acid double bond sËatus of lipid fracËions

Índicated a significant inverse relationshíp beËween hardiness and double

bonds (Tables L4' Lg and 20). This Lras opposite to what was expecËed from

reading the literature. However all the values are !üiËhin the critical range

found by Lyons and Asmundson (f965) for chilling resístant pLants. The

decrease in unsaturated fatty acids of the complex lipid fraction rrras pro-

babl-y due to the decrease in glycolipids (1ipíd hexose) which are especially

rich in unsaturated fatty acids (Kuiper , L|TO).

In the first section of the lipid experimenËs, it was concluded that

low temperatures induce adaptive changes in metabolism. trIhen l-ipid change

from the rosette stage to Ëhe hardened and bolËed stage T¡ras compared, some
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lipid cqtrponenËs change in opposite directions (Tables 25 and 26). For

example, percenË ccnnplex lípid of total lipíd and lipid phosphorus content

changed in opposite directions. Thus the effect of low Ëemperature r¡las on

the rate of specific reactions and noË a general slowing down of all- re-

actions " Thís supports the earlier conclusion that plants growing at a

1ow temperature have differenË synthetic or degradation rates, not due

sÍmply to the Ëhermodynamic influence of temperature.
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SUMMARY

During a five week hardening treatment, the freezing point of cotyle-

dons decreased to a minimum value within one week and remained lower than

tlne freezing point of the nonhardened cotyledons duríng the resË of Ëhe

treaËment. The freezing point of true leaves responded to hardening in

a similar manner except they required two weeks to reach their minimum

f.reezing poinË.

After equal hardening periods, cotyledons had a higher freezíng poínt

than true leaves "

3 " The supercooling point and amount of supercooling of cotyledons

changed significantly during hardening, whereas the supercooling point and

amount of supercooling of true leaves did noË.

The supercooling point and freezing point of leaves from plants germ-

inated and grown in the greenhouse decreased r¿ith maËuriËy.

The coËyledons and incompletely expanded leaves of plants germinated

in the cold room had lower freezing poínts than the cotyledons and i¡com-

pletely expanded leaves of plants gerninated in the greenhouse. The

freezing points T¡7ere equal to those produced by directly hardening the coty-

ledons and leaves.

The supercooling point of fully expanded leaves of plants germinated

ín the cold room remained consËarit during maturation, whereas for plants

germinated in the greenhouse iË decreased " This suggested thaË the cold

treatmenË'during germinaËion had an effect throughout the Ëotal growth of

the pLant.

2.

4.

5.

6.
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7. During hardening the supercooling point and freezíng point of Ëhe

cotyledons vrere independent of the percent moisture. The supercooling

poinË ar.d freezíng point of the true leaves r,rere positÍvely correlated

to Ëhe percent moisture.

For both plants germinated in the coldroom and planËs germinated

Ëhe greenhouse, the amount of supercooling rnras negatívely correlated

the weíght of water per leaf disc

9 . Nugget cotyledons had a lower freezing point, supercooling point

and amount of supercooling than Target cotyledons.

10. Lipid analysis before and after a 35 day hardening treatment,

showed ËhaL the quantiËy of complex lipid and lipid phosphorus increased

during hardening. This suggested that an increase in quantiËy of mem-

branes occurred, whích agreed wiËh theories reported in the literaËure.

11. The mole percent unsaturation of both the neuËral and complex lipid

fractions decreased during the 35 day hardening treatment. However it

remained within the critical range found by Lyons and Asmundson (1965)

. for chilLing resistant species.

L2" Plants wiËh a lower f.reezing point tended to have more 16:0 fatty

acid in their complex lipid fraction.

].N

to
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A?PEìiIDIX

Sample Calculations

Correction factors emploved in calculating the weight of the various lipid
components .

Treatment: nonhardened true leaves of Lhe roseËte stage, sample trvo.

Raw data:

- weight of plant maËerial anaLyzed 2"36L2g"

- weight of various lipid componenËs per sampLe (vaLue for f.ipid in

the weighing boËËle)

TL 0.25L6g
NL 0.08809
CL 0.74999
NL fatËy acids 0.00439
CL fatty acids 0.01819

- other componenËs

Ch1-orophyl-L 0 .0002g/ml
típid phosphorus 2.32 p moles/m1
LipÍd hexose 0.93 p moles/ml

Cal-culations:

i CorrecËion factors due to experimenËa1- procedure.

a Chlorophyll 0 "0002x200 = 0.0401g/sampLe

! MulËiply by 200 Ëo all-ow for sample Lost for chlorophyll
. 'L97.

determination.

TL 200 x 0.25L6 = 0"25549.
197

NL 200 x 0.0880 = 0.08939.
t97

CL 200 x 0.L499 = 0"15219.
L97

c FaËty acids also correct for using only 2 of sample for
anal-ysis. 5

NL faËËy acids 200 x 5 x .0043 = 0.01109.
1-97 2

CL fatty acids 200 x 5 x .0181- = 0.04599"
t97 2
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g Lipid phosphorus analyzed 1 of sampLe for each determination.
25

200 x 25 x 2.32 = 59 .O y moles.
L97

g Lipid hexose - hydrolyzed L of the complex f.ipid and did a

25
color reacËion on 1 of this, thus multiply by 250.

1õ

200 x 250 x 0.93 = 236.0 ¡r moles.
L97

ii The silicic acid colunn yieLded onLy 94.5% of Ëhe applied sample.

llhen you calculate percent NL and CL of TL using the recovered

material you get

7" NL of TL .0893 x l-00 = 37 .O
.0893-f= 1521

% CL of TL "I52L x 100 = 63.0
.0893+.1521

All vaLues can Ëhen be correcËed for Ëhis "

TL remains the same 0.25169,

NL 0.37 x 0.25L6 = 0.0945g.
CL 0.63 x 0.25L6 = 0.016098.

NL fatty acids .0945 x .01L0 = 0.01179.
- .0893

CL fatËy acids .1609 x .0459 = 0.06799
.L52L

Lipid phosphorus .1609 x 59 "0 = 62.4 ¡r moles
.L52L

Lipid hexose "1609 x 236.O = 249.7 ¡r rnol-es
.L52L

Íii All val-ues from íi were Ëhen expressed on the basis of 1009 of

pLant maËeriaL by dividing by 2.36L2g and mui-tÍplyÍng by L00 "

Lipid phosphorus and hexose lJere expressed on the basis of one

g of pLant materíal.

TL 1-0 "82g' Nt 4.009
cL 6.82s
NL fatty acid 0.50g
CL fatty acid 0.679
Chlorophyll 1.70g
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Lipid phosphorus 26 "4 ¡r moles
Lípid hexose 105.8 ¡r moles

AlL other methods of expressing the resul-ts were calculaËed from these
val-ues .

TABLE 27. AdvanËage of correcting values to the sil-icic acid column yields.

Sample DataA
Not correcËed Corrected

1

2

3

g/L00g plant material

6.75 6.88

6.54 6.82

7 .09 7 .IO

SËatisËical resuLts

6.79 6.93

0.28 0 "L4

4.0 2.0

x

s.d.

Coefficient of variaËion

A Complex lipíd of the nonhardened Ërue leaves

The coefficient of variaËion shows thaË Ëhe

decreases the variaËion of the esËimate.

Calculation of Ëhe mole percent unsaturatíon.

TABLE 28. CalcuLation of the mole percent unsaturaËíqr.

TABLE 28 a. Raw data.

from the rosette sËage.

correctíon facËor

Fatty acid
sarnpleA

2

16 :0
!6:2
L6:3
18: 0
L8: 1

18:2
18:3

6.9
1.9
0.5

2L.7
1 .1_

6.3
6L.3

7.4
2"L
0"5

L9.4
L"4
7"O

61 .8

7.5
2.0
0"5

18.6
1.1
6.8

63 "4
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A For the complex lipid fraction of the nonhardened Érue leaves of the
rosette sËage.

TABLE 28b. OrganLze data in Table 2Ba as foLlows:

Fatty acid
Sarnple

2

L6

L8

16

18

6.9

2L.7

2.4

68 "7

saturated

7.4

L9.4

unsaturated

2.6

70.2

7.5

18"6

2"5

7L.3

FLame ionization detecËors give a weíght percenË response. Correctíon

facÈors may have to be applied to Lhe dífferenË components (McNair and Bonelli,

1969). However because the values for the mixture of fatty acid standards

were within Ëhat of experimental error, I assumed that the deËector response

was the same for each fatty acid.

If it i-s assumed that the detecËor response is Ëo moles of naterial and

not weight Ëhe followíng is calculated from TabLe 28b.

TABLE 28c"

Sample
2

Saturated (16 + 18)

Unsaturated (16 + 18)

Total

fÌfole percent unsaturationrl

28 "6

7L "T

99.7

7L.3

26.8

72.8

99 "6

73.L

26.L

73.8

99 "9

73.9



However one

This is done by

weight to give a

Assr:mpËions:

L6: 0, 16: 1,

L8:0, 18:1,

can correct for the

dividíng Ëhe values

rel-ative moLecular

the response is Ëo weight.

2Bb by Ëhe proper molecular

Mo1ecular tr{eight
270

298

(L4e)

fact ËhaË

in Table

conËent.

L6:2,16:3

LB:2r 18:3

TABLE 28d. RelaËive moLecular conËent.

FaËty acid
SarnpLe

2

L6

18

16

18

saturaËed

.0256 .0274 .0278

.0728 .065L .0624

unsaturated

r0089

.2305

.0096 .0093

.2356 .2393

Frm Tabl-e 28d one calculates the following (Table 28e).

TA3T,E 2BC

Sample
2

Saturated (16 + 18)

Unsaturated (16 + l-8)

TotaL

Mole percent, unsaturaËion

.0984

"2394

.3378

70 "9

.0925

.2452

.3377

72.6

.0902

.2486

" 
3398

73.4

The statistical results for Tables 28c and 28e are novr calculaËed"
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TAsLE 28d.

Table 28c Table 28e

;

s.d

n

Coefficient of variation

72.7

. 1.3

3

L"8

72.3

1.3

3

L.7

IË is seen that. Ëhe mol-e percent unsaËuration is noË statísËica1-ly

dÍfferent when calculated by two differenË meËhods. Thus I used Ëhe

former method because iË was the simpl-iest.

TABLE 29 " PercenË yields from sÍlicic acid colurns.

Treatment Sanpl-e Percent yieLd

Nugget cotyledons
nonhardened

Nugget cotyledons
hardened

Target cotyledons
nonhardened

Target true l-eaves
rosette sËage
nonhardened

TargeË true leaves
roseËte stage
hardened

Target true leaves
boLted stage
nonhardened

1

2

3

t_

2

3

1

2
3

1
2
3
t+

1
2
3
4

1

2

3
4

100.6
99.0
97.6

96.8
99 .2
94.3

94.2
91.3
99.3

96 "7
94 "5
98.4

L01.7

84"L
76.2
85.9
85 "4

7L.4
9r.9
98.t+
96 "2
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FIGURE 17. Tissue temperature during a .controlled fast f.reeze of' a
hardened cotyledon of Target rape. The amount of supercool-
ing was equal Ëo the freezing point minus the supercooling poinË.


