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1.0 INTRODUCTION

The induction of freezing and chilling tolerance in

temperate plant species requires a sensory mechanism for

detecting environmental cues. The cue may be a stress or an

environmental change, e.g. photoperiod. In response to the

cues, metabolism switches from growth promotion to growth

cessation. Short days at warm temperatures or low

temperatures alone are known to induce cold acclimation in

some temperate species (Weiser, 1970). Leaves perceive

photoperiodic changes but the sensory mechanism is unknown

(Fuchigami et al., 1971) although phytochrome may be

involved (Kacperska-Palacz et al., 1975). There is

considerable evidence that environmentally-controlled,

endogenous growth regulators such as abscisic acid (ABA)

and gibberellic acid (GA) are also involved in the adaptive

response.

Ultimately, the goal of research in plant cold

hardiness is to develop a model that describes the sensory

mechanisms of the plant, the transduction of the signal

into a meaningful response, the nature of plant adaptation

that prevents injury and the mechanism of injury. Some

aspects of acclimation are difficult to study in

multicellular organisms such as whole plants. Due to

differentiation, not all of the cells achieve the same

level of cold hardiness (Tanino and McKersie, 1985). Cell

suspension cultures offer certain advantages over

differentiated tissue in studying cold hardiness. Cultures
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are more homogeneous than whole plants. Cultures acclimate

to the same level as plants and culture acclimation is more

rapid and more uniform. Cell viability of cultures can be

determined hours after a freeze test, in contrast to weeks

as required for winter wheat crowns. Cultures are grown in

a well defined medium which can be readily manipulated.

When studying metabolic changes, it is advantageous to

complete the study in a short period of time in order to

demonstrate which events are causal. Since cultures are

grown at 2SoC events associated with low temperature growth

are avoided. Furthermore, hardening of plants at 20C

induces vernalization and acclimation of the photosynthetic

apparatus to low temperatures. These adaptations are

associated with low temperature acclimation and may

influence the level of hardiness but are not directly

responsible for low temperature survival. Thus, it is

difficult to separate the events associated with hardening

with those of vernalization and low temperature growth.

Bromegrass (Bromus inermis Leyss. £y Manchar) cell

suspension cultures grow very rapidly, acclimate to

freezing in response to ABA at 2SoC (Chen and Gusta, 1983),

and cold harden in response to low temperatures (Chen and

Gusta, 1982). It is for these reasons that bromegrass cell

suspension cultures were selected to study both regulation

of low temperature acclimation and physical changes

occurring during acclimation.

The first objective of this study was to determine the
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role of growth regulators obtained from biological sources

in regulating cold hardiness. The role of ABA, ABA

metabolites, gibberellins and kinetin in ABA-induced

acclimation were investigated. The second objective was to

compare and contrast the mechanism of freezing and responses

to freezing of ABA acclimated cultures and control cultures.

Freezing induces injury in part by the removal of water from

plant tissues. Methods were designed to study water release

from bromegrass cells in environments with low water

potentials. Data obtained using these methods were combined

with the previously reported observations to design a model

of cell responses to freezing and freezing induced

dehydration. The final objective was to determine the

mechanism of the adaptive response of ABA-treated

bromegrass cultures to extreme freezing.

"
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2.0. LITERATURE REVIEW

2.1. Rol� of growth regulators in colg acclimation

2.1.1. Evidence for trans locatable hardiness

promoters and inhibitors

The leaves of woody plants produce both trans locatable

hardiness inhibitors and translocatable hardiness promoters

(Fuchigami et al., 1971; Irving and Lanphear, 1967a, b)

depending upon the environmental cues. Irving and Lamphear

(1967 a b) demonstrated that leaves of Acer negundo exposed

to long days produced cold hardiness inhibitors which had

GA-like activity, whereas extracts from leaves of plants

exposed to short days had ABA-like activity. Plants

exposed to natural short days in the fall cold hardened,

but plants receiving a photoperiod extension of six hours

did not harden until the leaves were killed by a frost.

Fuchigami et al., (1971) reported leaves of Cornus

sericea growing at 15 to 200C produced trans locatable

inhibitors of hardiness under long days and translocatable

promoters of hardiness under short days. Removal of leaves

I

from � sericea exposed to long days enhanced acclimation,

whereas removal of leaves from plants exposed to short days

inhibited acclimation. A single defoliated branch of �

sericea hardened to the same level as the plant's remaining

branches exposed to short days and low temperatures.

However, the defoliated branch failed to acclimate when

girdled at the base. In a continuing study (Fuchigami et

al., 1971), two climatic clones of � sericea, differing in

time and rate of acclimation, were side grafted and pruned
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to two leaders. The grafted branches acclimated at the

same rate as the parent clones. If the branch of the slow

acclimating clone was defoliated, its acclimation rate

increased, but it did not harden as rapidly or to the same

extent as foliated branches from the fast acclimating

clone. If the foliated, fast acclimating branch was girdled

at the base, the rate and degree of acclimation of the

defoliated, slow acclimating branch was reduced. In a

reciprocal study, branches of the fast acclimating clone

were defoliated, resulting in a decreased rate of

acclimation. These results suggest that translocatable

hardiness promoter(s) were produced in leaves exposed to

short days, and translocatable hardiness inhibitor(s) are

produced in leaves exposed to long days. The balance of

promoters and inhibitors may be more critical for hardening

than their concentrations.

Wheat leaves exposed to light at 20C produced a cold

hardiness promoter which was translocated to underground

tillers of winter wheat (Triticum aestivum) (Tumanov et al.

1976). Plants exposed to light for as little as 15 min at

20C hardened, whereas plants kept in total darkness did

not. Tillers maintained in the dark hardened if the

remainder of the plant was kept in the light at 2oC. In

contrast, Shayakhmetova et al. (1983) found that

illuminated wheat leaves did not confer hardiness to leaves

maintained in the dark. Limin and Fowler (1985) reported

that winter wheat leaves and crowns held at warm, non-
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hardening temperatures cold-hardened if the roots were

exposed to cool temperatures. However if the leaves were

maintained at low temperatures and the roots at warm

temperatures, the leaves hardened but the crowns did not.

Fayyaz et al. (1978) found that a combination of short

photoperiod and low air and soil temperature induced

maximum cold hardiness in Chrysanthemum morifolium

rhizomes. A long photoperiod, warm aerial temperature and

low soil temperature did not induce rhizome hardening. Some

hardening did occur in cool soils with either short

photoperiods or low aerial temperatures. Therefore the

induction of rhizome hardening is dependent, in part, upon

a stimulus translocated from the aerial to the below-ground

parts.

The translocatable hardiness promoters and inhibitors

were not identified by the above authors. Several authors

have suggested that ABA and GA may be the endogenous

hardiness promoter and inhibitor, respectively.

2.1.2. Endogenous ABA and ABA metabolites

Abscisic acid is commonly referred to as the "stress

hormone". Increased levels of ABA are associated with every

form of plant stress (Addicott, 1984) and exogenous ABA

induces tolerance to most forms of plant stress (Reaney et

al., 1989). ABA-induced changes are traditionally divided

into fast and slow effects (Milborrow, 1980). Studies with

ABA analogs have shown that the ABA receptor for fast ABA

responses has different structure-activity relationships

than observed for slow responses to ABA. Slow effects of
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ABA, including the control of protein synthesis, also

involve receptor molecules but the receptor may be for ABA

metabolites and not ABA. For example, Lin and Ho (1986)

added phaseic acid (PA), a major metabolite of ABA, to

barley aleurone tissue and found that it inhibited the

production of alpha-amylase but did not stimulate the

synthesis of proteins induced by ABA. Prior to this

experiment ABA was assumed to regulate alpha-amylase

production. It is unlikely that PA was converted to ABA, so

PA and/or its metabolites deserve consideration as

potentially active plant growth regulators. The biological

activity of ABA metabolites is only now being explored

(Zeevaart and Creelman, 1988).

Unfortunately, there are currently no convenient

sources of PA and other ABA metabolites. ABA metabolites

are commonly isolated from plant sources where they occur

in low concentrations. Obtaining ABA metabolites from

plant sources is laborious and often yields only a few

milligrams of an impure final product (Sharkey and Raschke,

1980). Sharkey and Raschke (1980) attempted to repeat work

by Kriedeman et ale (1975) showing PA inhibition of

photosynthesis. Their initial extract inhibited

photosynthesis but after recrystallization the PA lost its

apparent biological activity. The photosynthesis-inhibiting

compounds were shown to come from solvents used during the

extraction of PA. A process was developed to synthesize PA

chemically but the method produced many by-products, and
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the yield of racemic PA was low (Takahashi et ale 1986).

2.1.2.1. Regulation of abscisic acid levels.

ABA activity is regulated in plant tissues by control

ot its metabolism and compartmentation. Water deficits are

known to increase the level of ABA, but the molecular

trigger for production and the mechanism of action are

unknown.

ABA is a terpenoid product and is formed from a common

terpenoid precursor (Milborrow, 1983). However, there are

no known intermediates in the synthesis of ABA by plants

that are not common to the synthesis of all terpenoids. It

has been suggested that ABA might arise from either

farnesyl pyrophosphate or phytoene, but no conclusive

evidence is available to determine which of these two

pathways (if either) is operative. The ABA biosynthetic

pathway is reviewed elsewhere (Creelman et al., 1987).

Subcellular compartmentation of ABA determines both the

rate of ABA turnover (Creelman et al., 1987) and the access

of ABA to its receptors. In turgid broad bean <Yicea faba)

leaves, 97 percent of the ABA is cont ined to the

chloroplasts (Loveys, 1977). Harrison and Walton (1975) fed

bean leaves with S-[14C]-ABA and within four hours, less

than 50% of the labelled ABA remained in the free acid

form. After 30 hours, 70 percent of the label was found in

dihydrophaseic acid (DPA) and PA and none in free ABA. ABA

turnover and PA production in turgid leaves of Xanthium

strumarium was determined by incubating in 1802 and

measuring the rate of 180 incorporation into ABA
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metabolites. Slow incorporation rates of 180 demonstrated

that the half-life of ABA in turgid leaves exceeds 72 h

(Creelman et al., 1987). In the same system, all

exogenously added [14C]-raCemic-ABA was catabolized in less

than 48 h (Creelman et al., 1987). Thus it appears that ABA

is sequestered in chloroplasts and only slowly metabolized

in turgid tissue, although the catabolic enzymes for ABA

degradation are present and active in unstressed tissues.

ABA compartmentation (Loveys, 1977), synthesis rate and

levels are altered in stressed tissues (Creelman et al.,

1987). In wilted broad bean tissues Loveys (1977) found an

increase of ABA concentration and that only 15 percent of

the ABA remained in the plastids. Production of ABA during

stress is inhibited by cycloheximide (Quarrie and Lister,

1984) indicating that protein synthesis is required for

enhanced ABA synthesis. In Xanthium strumarium, the haIt-

I ife of endogenous ABA decreases trom more than 72 h in the

turgid condition to 15.5 h in water stressed plants.

ABA levels are also'regulated by product and substrate

control of metabolic pathways. Milborrow (1972) added

racemic-[14C]-ABA-diOls to excised tomato shoots and after

wilting the shoots for four hours, the diols were converted

to ABA and degradation products. There was no de nOY2 ABA

production by the tissues exposed to diols during the four

hour period, while control shoots produced 360 ug/kg of ABA

under the same treatment if the diols were not added.

Addition of ABA to barley (Hordeum Y�lgare) aleurone layers
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pretreated with 10-5 M racemic-ABA for 2 hours, produced an

increase in the rate of racemic-[3H]-ABA metabolism (Uknes

and Ho, 1984). Although contradicting the work of Milborrow

(1972) and Loveys (1977), the phenomenon only occurred in

cereal grain aleurone layers (Uknes and Ho, 1984).

ABA does not appear to be a single active product.

Addition of ABA to plants and cell cultures has revealed

the production of at least 15 well-defined metabolites and

by-products (Milborrow, 1983). These products have been

identified and quantified, but data is insufficient to

ascertain their activity and regulation of their metabolism.

2.1.2.2. Abscisic acid levels during low temperature
acclimation.

Irving and Lanphear (1967 a, b) were among the first to

suggest that ABA was the trans locatable hardiness promoter.

Higher levels of ABA were extracted from short-day induced

Acer negundo plants than from long day grown plants.

Similarly, Mielke and Dennis (1978) demonstrated that ABA

levels increased in Prunus cerasus L. in the autumn. If

trees were mechanically defoliated prior to the onset of

leaf abscission, no measurable increase in ABA was

detected. Intracellular levels of ABA in the very hardy

winter wheat cultivar Kharkov were three-fold higher than

in the less hardy Cappelle (Wightman, 1979). Exposure of

winter rape seedlings to cold-hardening conditions produced

an increase in ABA (Kacperska-Palacz, 1978). However,

Waldman et ala (1975) found no difference in the ABA-like
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activity in fully hardened and non-hardened alfalfa

(Medicago sati�). Daie et ale (1981) measured an increase

in ABA, hydrolysable ABA and dihydrophaseic acid (DPA) in

five warm season crops, but not in five coo I season crops

grown initially at 250C and then exposed to 10oC. In

potato, ABA increased only in hardy species (Solanum

commersoni) and only during the initial stages of hardening

(Chen and Li, 1982). This may explain why some researchers

have not detected increases in endogenous ABA during

hardening.

2.1.2.3. Abscisic acid level increased by other treatmen"

2.1.2.3.1. Abscisic acid level in stressed tissue a:

its role in cross adaptation.

The development of tolerance to one stress may also

increase the plant's tolerance to other stresses. For

example, a drought stress at nonhardening temperatures

increased the frost tolerance of Brassica oleracea (Rosa,

1921), winter wheat (Whiteside, 1941), and Cornus sericea

(Chen and Li, 1977). Cross-adaptation has also been noted

in other combinations of stressful environments. Boussiba

et ale (1975) subjected tobacco (Nicotiana tabacum) plants

to salinization, dehydration, mineral deficiency and boron

toxicity. All four treatments decreased transpiration,

increased freezing tolerance and increased ABA levels more

than two-fold. Rikin and Richmond (1979) found that

cucumber seedlings were more chilling-tolerant after
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exposure to ABA, NaCl and dehydration. Misrahi et ale

(1971) reported increased ABA levels in tobacco tissue

exposed to NaCl or to a relative humidity of less than 90

percent. Induced nitrogen deficiency increased the winter

hardiness of Pinus �lvestris (Christersson, 1975), Festuca

arundinaceae (Cook and Duff, 1976) Forsythia intermedia

(Beattie and Flint, 1973), Cynodon dactylon (Mathias et

al., 1973) and Juniperus chinensis (Pellet, 1973).

Withholding nitrogen increases the level of ABA in plants

(Boussiba et al., 1975).

Although a stress may confer some freezing resistance,

the level of resistance does not approach that attained due

to cold hardening conditions. For example, Tyler et ale

(1981) hardened winter wheat crowns to -90C by exposing

plants to drought and salinity at 200C. These cultivars can

also be cold hardened to -20oC by exposure to 20C for three

weeks.

2 • 1 • 3. g�Q.g�!l.Q.:!!§' ��!

ABA is an optically active molecule and has two forms:

the naturally occurring S-ABA and its antipode R-ABA.

Unfortunately, most research on ABA activity has used a

racemic mixture of ABA. Both enantiomers have biological

activity (Milborrow, 1980). The unnatural R-ABA is as

effective as S-ABA in the inhibition of wheat embryo growth

(Milborrow, 1968) but shows little activity when assayed on

stomatal responses (Milborrow, 1980; Hornberg and Weiler,

1984). Failure to recognize the effects of optical activity

of ABA may compromise the interpretation of any study. An
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abundant and pure source of the naturalS-ABA is required.

Published methods for the synthesis of S-ABA have low

yields and require many synthetic steps (e.g. Kienzle et

al., 1918). Furthermore, many plant researchers lack the

facilities and/or expertise to carry out these difficult

syntheses. Assante et al. (1911) observed the fungus

Cercospora rosicola produced large quantities of optically

active S-ABA. A number of media were subsequently evaluated

for the synthesis of S-ABA. Maximum yields reported were 60

mg/L {Assante et al., 1911),40 mg/L (Norman et al., 1981),

45 mg/L (Griffin and Walton, 1982) and 320 mg/L (Takayama et

al., 1983). ABA obtained from these sources was easily

extractable from the cell medium. Thus the fungus �

rosicola and other fungi producing S-ABA (Cercospora cruenta

- Oritani et al., 1982; Botrytis cinerea - Marumo et al.,

1982) provide an excellent source of naturalS-ABA.

Exogenous application of racemic-ABA to induce cold

acclimation or chilling resistance has resulted in either

no response (Gusta et al., 1982), partial enhancement

(Irving and Lanphear, 1968), or a dramatic increase (Chen

and Gusta, 1982; Reaney and Gusta, 1981). Irving and

Lamphear (1968) hardened twigs of Acer negundo from -150 to

-21.40C by inserting leaves into vials containing a high

concentration of racemic-ABA (lOO mg/L). Fuchigami et al.

(1911), using a similar method, found no racemic-ABA

enhancement of hardiness in Cornus sericea. Fayyaz et al.

(1918) could not induce hardening with racemic-ABA in
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Chrysanthemum morifolium rhizomes either at warm or cool

temperatures. Gusta et al. (1982) found that racemic-ABA

inhibited growth but had little or no effect on freezing

resistance of winter wheat crowns, when applied as a foliar

spray or in the nutrient hydroponic solution to the roots.

Plants exposed to 20C hardened slightly faster in the

presence of racemic-ABA compared to the controls, but the

ultimate level of hardiness attained was similar. Racemic

ABA prevented chilling injury in cotton, (Gossypium

hirsutum) (Rikin et al., 1981) and cucumber (Cucumis

satiyus L.) (Rikin and Richmond, 1976) when added to plants

in the light 18 h prior to the chilling stress. The light

requirement could be replaced by soaking the tissue in a

sucrose solution containing racemic-ABA.

The most dramatic increases in freezing tolerance by

exogenous racemic-ABA have been observed in potato leaf

discs (Chen and Li, 1982) and cell suspension cultures

(Chen and Gusta, 1983; Reaney and Gusta, 1987). Hardiness

of Solanum commersonii leaf discs increased 60C when

floated on racemic-ABA solutions of 25 mg/L at 250C (Chen

and Li, 1982). Chen and Gusta (1983) reported that cell

suspension cultures of winter wheat, winter rye (Secal�

cereale) and bromegrass (Bromus inermis) treated with 20

mg/L racemic-ABA for four days at 200C could tolerate

-30oC, whereas the control cultures tolerated only -7 to

-8oC. Of ten cell-cultured species tested, racemic-ABA was

effective in enhancing hardiness only in those species

capable of cold hardening at low temperatures. Reaney and
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Gusta (1987) optimized culture conditions for racemic-ABA

induction of hardening and increased the freezing tolerance

of bromegrass suspension cultures to -1960C. Racemic-ABA

also induced similar responses in cell suspension cultures

of alfalfa (Orr et al., 1985) and callus cultures of

birdsfoot trefoil (Lotus corniculatus L.) (Kieth and

McKersie, 1986) .

Recently, McKersie (1988) has demonstrated that

alfalfa embryo cultures treated with racemic ABA have

increased resistance to freezing and desiccation. Seeds

often have extreme desiccation and freezing tolerance, even

in species that are unable to cold acclimate (Juntilla and

Stushnoff, 1977). The acclimation response to ABA in cell

cultures reported by Chen and Gusta (1983) may be similar

to ABA-induced embryo formation rather than the triggering

of genes normally responsible for cold acclimation in whole

plants. Although Chen and Gusta (1983) only found

acclimation in species that had the inherent ability to do

so, rice, which is freezing-sensitive, can be acclimated to

freezing conditions with ABA (Shibata, 1988). Furthermore,

Reaney and Gusta (1987) found that several culture

parameters could mask hardening in bromegrass cultures. The

correlation between plants that acclimate to low

temperature and those that can acclimate to low

temperatures in culture may therefore be spurious depending

on culture conditions rather than the genetic potential to

acclimate.
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Racemic-ABA is more effective in inducing freezing

resistance in tissue cultures than in intact plants.

Tissue cultures are grown under sterile conditions in a

defined medium, and are exposed to a high level of ABA. In

contrast, naturally grown plants are given temporary foliar

applications of racemic-ABA which may be degraded by

intense light (Wilmar and Doornbos, 1971) and microbes

(Milborrow and Vaughn, 1979).

Experiments demonstrating the relative activities of R

ABA, racemic-ABA or any ABA metabolites on freezing

tolerance have not been published to date.

2.1.4. Gibberellins.

The relationship between GA and cold hardiness is

complex. Most reports indicate a negative relationship

between cold hardiness and endogenous GA levels (Kacperska

Palacz, 1978; Irving and Lanphear, 1967a,b, 1968). Several

researchers have shown that GA levels in plants decreased

during hardening (Irving and Lanphear 1967 a; Waldman et

al., 1975; Reid et al., 1974), while others have found GA

applications increased hardiness (Edgerton, 1967; Andrews,

1960). Waldman et al. (1975) suggested that the ratio of

GA to ABA controls the hardening process.

Irving and Lamphear (1967a,b) found higher levels of

gibberellin-like compounds in long-day grown Acer negundo

than in short day grown plants. Extracts from a hardy

alfalfa cultivar had nearly no GA-like activity whereas the

GA activity was unchanged in a non-acclimating cultivar

.
i
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(Kacperska-Palacz, 1978). A significant decrease in GA

activity was detected in fully hardened 'Kharkov' winter

wheat grown at 20C as compared to plants grown at 200C

(Reid et al., 1974). Andrews (1960) found winter wheat

seeds germinated in the light at 3.50C were more hardy than

seeds germinated in the dark; high levels of GA are

produced in wheat plants germinated in the dark (Hedden et

al., 1978). Lack of photosynthesis in the .dark was not

responsible for the decrease in cold hardening as the

seedlings were still autotrophic. In similar experiments,

wheat seedlings grown at hardening temperatures required

only a 15 min light exposure each day to achieve hardiness

levels similar to those of plants grown in full light

(Tumanov et al., 1976). Phytochrome is involved in the

hardening of winter rape (Brassica napus) (Kacperska-Palacz

et al., 1975). Red or white light supplied for intervals as

short as 3 h were sufficient to inhibit dark-induced

etiolation and to increase plant cold hardiness. Far red

light and GA3 counteracted the red light,effect. These

studies suggest that control of hardiness by light is under

the control of phytochrome and GA levels rather than strict

energy requirements.

Applying GA to plants either decreases freezing

tolerance, has no effect or slightly enhances freezing

resistance. A foliar application of GA3 (1000 mg/L)

reduced the freezing tolerance of short day grown ��

negundo by SoC (Irving and Lanphear, 1967a). Similarly,

.

. i ' ";�,
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Fuchigami et al. (1971) measured a 60C reduction in the

cold hardiness of Cornus sericea after a foliar application

of GA3. Alfalfa seedlings sprayed with 2 mM GA3 every

third day had elongated internodes (Waldman et al., 1975)

and reduced freezing tolerance (Rikin et al. 1975) even

when grown under short days and low temperatures. The

hardiness of Kharkov winter wheat was reduced when plants

were grown in a nutrient solution containing GA3 or GA7
(Vasil'yev, 1961).

In contrast to these findings, other researchers have

reported an enhancement of cold hardiness by exogenous

application of GA (Proebsting and Mills, 1964; Edgerton,

1967). However, the positive effect of GA was only

observed when GA was applied during an active growth

period. The differences observed may relate to the stage of

plant development when GA was applied.

Several growth regulators e.g. cycocel (2-chloroethyl

trimethylaminosuccinamic acid), B-9 (Succinic aCid(2.2-

dimethylhydrazide» terpal, triazoles, etc. are known to

inhibit GA biosynthesis. For a detailed description on

growth retardants, the reader is referred to the review by

Carter and Brenner ( 1985) .

Kaperska-Palacz et al. (1969) reported that cycocel and

B-9 enhanced the hardiness of cabbage at low temperatures,

but not at warm temperatures. Holubowitz et al. (1982)

found cycocel to be effective in enhancing acclimation only

when applied as a foliar spray in late July. Gusta et al.,

(1989) applied several anti-GA compounds to winter wheat
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seedlings in the fall. Although the growth regulators did

not enhance the ultimate level of hardiness, treated plants

retained their cold hardiness longer during the winter

months than the controls.

Mef 1 uidide, (N- (2, 4-dimethy 1-5- « (trif 1uoromethy 1)

sulfonyl)amino)phenyl)acetamide) increased the cold

hardiness of � tuberosum and induced chilling protection

in ��� m�Y§. whe n a pp 1 i e d 6 to 1 2 hour s be for est res s

induction (Tseng and Li, 1984). Subsequently, Zhang et al.

(1986) discovered that mefluidide increased endogenous ABA

of corn plants grown in a non-stressful environment.

2.1.5. Cytokinins.

Cytokinins, a group of compounds responsible for cell

division, inhibited ABA-induced hardening of alfalfa cultures

(Orr et al. 1985). In contrast, kinetin did not inhibit the

hardening of Solanum acaul� leaf calli at 30C in the dark

(Chen and Li, 1982). Other reports have shown a positive

effect of cytokinins on the cold hardiness of tomatoes

(Lycopersicon esculentum) (Titov et al. 1986), barley (Hordeum

y�lgare) and peas (Pisum satiyum) (Kuraishi et al., 1966).

When cytokinins were applied to winter wheat grown in nutrient

solution, crown water content dropped two-fold but the effect

on hardiness was negligible, except for a small increase when

ABA was also added (Gusta et al. 1982).

2.1.6. Auxins

Vasil'yev (1961) cites several studies showing that auxins

reduce cold hardiness. Although auxins are known to stimulate

11__
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growth and cell division, there are reports that auxins

enhance cold hardiness. Holubowitz et al. (1982) reported

that NAA sprays were beneficial for the development of cold

hardiness and in subsequent cold injury repair. Sugawara and

Sakai (1982) observed that Jerusalem artichoke (Helianthus

tuberosus L.) callus hardened slightly in response to 2,4-0 at

26oC. Under hardening conditions, 2,4-0 at an optimum

concentration of 5 x 10-5 M stimulated the development of

freezing tolerance. Poplar calli grown in a medium containing

3 mg/L NAA were cold hardened to -196oC (Sakai and Sugawara,

1973). Chen and Gusta (1983) hardened cultures by both low

temperature and ABA treatment in media containing 1 mg/L of

2,4-0. Therefore, the presence of auxins in the growth medium

did not interfere with the hardening process in either

culture system.

2.1.7. Abscisic acid metabolites.

As mentioned previously, ABA produces a number of

metabolites which have as yet undefined biological activity.

An extensive discussion of these compounds is not warranted

here as none of these compounds has been tested for their

efficacy in inducing cold hardiness.

2.1.7. Physiological changes associated with ABA treatments.

A large number of physiological changes are associated with

cold hardening, none of which has yet been shown to be the

major factor associated with low temperature survival. The

absence of a link between low temperature survival and a

single physiological change reflects the complexity of low
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temperature acclimation. Proposing a protective mechanism in a

plant requires the identification of a mechanism of injury. No

single injury mechanism hypothesized has passed close

scrutiny. In addition, cold hardiness and presumably

mechanisms of injury vary not only between species and within

species but also between tissues and within tissues during

development.

2.2. Developing a sequential model of freezing responses of

cells.

It has not been established how ABA actuates acclimation.

It is known that cells are not injured by minimum temperature

of exposure as supercooling does not cause catastrophic injury

as seen in frozen tissues. Therefore, cellular injury is due

either to the interaction of ice and cells or to dehydration

induced by the ice. The interaction of ice with various

materials has been extensively studied and many thermodynamic

and kinetic laws of crysyallization have been elucidated

(Fletcher, 1970).

Studies of freezing dehydration and ice crystal growth in

plant and animal systems is primarily directed to the

formation of a model or mechanism of injury. Lovelock (1953)

proposed a series of injurious effects of solute concentration

that might occur in freezing red blood cells. Meryman (1968)

extended this model to include effects on the membrane.

Steponkus (1984) proposed that a series of plasma membrane

lesions could occur in protoplasts of puma rye that were

related to thermodynamic and kinetic events of freezing and

thawing. Steponkus then further compared these events between
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protoplasts from hardened and non-hardened plants. Levitt

(1980) proposed the formation of sulfhydral linkages between

proteins as a potential injurious process. The literature has

many similar reports of mechanisms of freezing injury.

However, plants are complex and many of the reported

mechanisms of injury may occur. ABA-induced acclimation of

cell cultures alters protein expression (Robertson et al.,

1987), cell physiology (Reaney et al., 1989), and morphology

(Waldman et al., 1975). The effect of all of these cellular

changes on dehydration and ice effects may allow the

development of a model to describe how these cells acclimate

to freezing injury.
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Abstract

The effects of kinetin, GA3, GA4, GA7, GAg and a mix

ture of GA4,7,9 on ABA-induced cold hardening, dehardening

and growth in a suspension culture of smooth bromegrass

(Bromus inermis Leyss. £� Manchar) were determined. Brome

grass cells treated with 75 uM racemic ABA for 7 days at

250C tolerated -37°C, whereas cells treated with both rac

emic ABA (75 uM) and a mixture of GA4, GA7 and GAg (total

GA concentration 100 uM) were similar in hardiness to the

controls (LT50 -10°C). GA4,7,9 at concentrations greater

than 10 uM inhibited the growth of cells. Although 400 uM

GA4,7,9 was lethal to cells 75 uM ABA overcame the lethal

effect but not growth inhibition. The two-fold reduction in

cell water content due to 75 uM ABA treatment for 7 days

was partially overcome by GA4,7,9 at concentrations greater

than 400 uM. GA4, GA7 and GAg were equally effective at

limiting growth and inhibiting ABA-induced freezing

tolerance whereas, GA3:had little effect on cold

hardiness, growth and water content. During the first 4 d,

kinetin at concentrations greater than 100 uM, inhibited

ABA-induced freezing tolerance and growth of both control

and ABA-treated cells, but had no effect after 8 d.

Bromegrass cells treated with 75 uM ABA for 7 d were

hardened to -37°C, but dehardened to -12oC upon transfer to

fresh medium minus ABA after 12 d at 10oC. GA4,7,9 (40 uM)

had no effect on the rate of dehardening, whereas kinetin

increased the rate of dehardening.
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Introduction:

Racemic abscisic acid (ABA) has been demonstrated to

substitute for the low temperature requirement for hardening

of plants (Irving and Lanphear, 1968; Rikin et �l., 1975) and

cell suspension cultures (Chen and Gusta, 1983; Orr et �1.,

1985; Reaney and Gusta, 1987). The cold hardiness of cell

suspension cultures of bromegrass (Bromus inermis Leyss)

increased from -7oC to -28oC after 7 days treatment with 75

uM racemic ABA at 230C (Chen and Gusta, 1983). Increases in

hardiness due to racemic ABA were measured only in cell

cultures derived from parent plants which had the capacity to

cold harden (Chen and Gusta, 1983). These results suggest

that ABA triggers the genetic system(s} responsible for

inducing the hardening process.

Gibberellic acids (GAx) are a complex group of plant

growth regulators which have a variety of biological act-

ivities in plants (Hedden et �1., 1978). During cold hard-

ening of wheat (Triticum aestivum) plants, gibberellic acid

levels declined (Reid et �1., 1974) and ABA levels increased

(Lalk and Dorffling, 1985). Previous studies have found that

foliar applications of GA3 reduce the development of cold

hardiness of Triticum aestivum (Roberts, 1971) and Cornus

sericea (Fuchigami et �l., 1971). Application of gibberellin

synthesis inhibitors have been reported to enhance cold hard-

ening (Carter and Brenner, 1985). In contrast, gibberellins

have also been demonstrated to enhance low temperature

tolerance (Proebsting and Mills, 1964; Edgerton, 1967).

Orr et �l. (1985) reported that cytokinins inhibited

L
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ABA induced hardening of alfalfa cultures at low temper

atures. However, Chen and Li (1982) found no effect of

kinetin on the hardening of Solanum �l� leaf calli in the

dark at 30C. Cytokinins (benzyladenine and zeatin at 100 to

0.1 uM) enhanced the freezing tolerance of tobacco, wheat and

barley plants (Dror et �l., 1976). Other reports have shown

that cytokinins increased the cold hardiness of tomatoes

(Lycopersicon esculentum), barley (Hordeum yulgare) and peas

(Pisum satiyum) (Titov et �l., 1986; Kurashi et �l., 1966).

Cytokinins had no effect on the cold hardiness of winter

wheat except for a small increase in hardiness if kinetin was

added in combination with ABA (Gusta et �l., 1982).

This study presents the effects of GA3, GA4, GA7, GA9,

GA4,7,9 and kinetin on the cold hardiness, growth and

relative water content of bromegrass cell suspension cultures

induced to harden with ABA.

Materials and Methods:

Source of Culture

Bromegrass cell suspension cultures, originally obtained

from the Plant Biotechnology Institute (National Research

Council of Canada, Saskatoon), were maintained as previously

outlined (Reaney and Gusta, 1987).

ABA and GA Application to Cultures

ABA and GA3 (potassium salt) were obtained from

Calbiochem. A mixture of gibberellins, GA4, GA7 and GAg

(ICI), was donated by Dr. R. Pharis, Dept. of Biology,

University of Calgary, Canada. A sample of pure GA9 was a

f_
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gift from Dr. O. Juntilla, Institute of Biology and Geology,

University of Tromso, Tromso, Norway. Kinetin was obtained

from Sigma (cat. no. K-2751). ABA and gibberellin solutions

were prepared as described previously (Reaney and Gusta,

1987), and kinetin was dissolved in 0.01 M HCl. All growth

regulator solutions were adjusted to pH 5.5, and sterilized

using a millex-gs filter, pore size 0.22 um (Millipore). The

ABA and gibberellin solutions were added either alone or in

combination to a 1 g inoculum of bromegrass cell suspension

cultures maintained at 250C in the dark.

Determination of Freezing Tolerance

Freezing conditions were similar to those described by

Chen and Gusta (1983), except the tissue was frozen in

capped 30 ml glass vials. Approximately 0.1 g of culture was

added to each vial and placed in a temperature-controlled

freezer maintained at -30C (Gusta et al., 1977). The samples

were nucleated with ice crystals after 1 h of equilibration.

After 12 h at -30C, the temperature was reduced by 50C/h to �

200C and then by 10oC/h to -40oC. The vials were stored at

40C for 12 h pr ior to assay ing for v iabi 1 i ty by TTC

reduction; both the freeze test and TTC assay for viability

were performed in the same vial. Conditions of TTC assays

were as described previously (Chen and Gusta, 1983), except

the TTC solution was aspirated from the vials using a pipette

tip covered with a square (3 mm x 3 mm ) of Miracloth

(Calbiochem) to prevent loss of cells. The formazan formed by

living cells was extracted with 5 mL of 95 percent ethanol

for 4 d at 22oC. Absorbance of each extract was determined at
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485 nm using a Beckmann DU 65 spectrophotometer. The frost

tolerance of the cells is expressed as LT50, the temperature

at which extract absorbance was 50 percent of unfrozen

controls.

Relative Dry Matter Content

The relative water content was determined after the cells

were centrifuged at 2,000 x g for 5 min to remove loosely-

bound extracellular water. A 5 mm Miracloth disk was

inserted into the base of a 5 cc plastic syringe (Becton-

Dickenson) after removing the plunger. The syringe and

Miracloth disk were weighed and 2 to 3 ml of water were added

to wet the disk. The syringe was inserted into a 15 ml

centrifuge tube (Corex -8441, Corning) in a swinging bucket

centrifuge rotor (HS-4 Sorvall)i the syringe tabs suspended

the tip of the syringe 3 cm above the bottom of the

centrifuge tube. This apparatus was centrifuged at 2,000 x g

(calculated at the Miracloth disk) for 5 min and then

reweighed to determine the quantity of water retained by the

Miracloth disk. Bromegrass suspension cultures were then

added to the syringes and centrifuged at 2,000 x g for 5 min.

Syringes with tissue were weighed and dried at 700C for 48 h

to determine the relative dry matter content. The

coefficient of variation of the relative dry matter content

was less than 1 percent.

Preparative separation of gibberellins

Preparative separation of the commercial mixture of

GA4,7,9 into pure compounds was performed by HPLC using

_1-
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reverse phase (C18 column, Altex ODS-Ultrasphere, 25 x 1 cm)

with a mobile phase of methanol:water:acetic acid (60:40:1).

Eluting compounds were detected with an Altex model 156

refractive index detector. Fractions containing the separated

gibberellins were pooled, methanol was removed under reduced

pressure and each fraction was freeze dried. Separation of

100 mg of GA4,7,9 afforded 27.3 mg in the first fraction

which gave a single peak by analytical HPLC (rt = 10.3 min)

and 34.8 mg in'the second fraction which gave 2 peaks by

analytical HPLC a minor peak (rt = 10.3) and a major peak

(rt = 12.0 min).

For mass spectral analysis, samples were dissolved in

chloroform and methylated with diazomethane in ether and then

subsequently treated with N,O-bis-trimethylsilyl-acetamide

(Pierce) to produce the silylether-methylester. Samples of

silylether-methylesters were injected at 500C on a 60 m x

0.32 mm i.d. DB-5 (0.25 m coating) capillary column (3 Or: W

Scientific) in a Finnigan model 4000 gas chromatograph mass

spectrophotometer. The flow rate of helium carrier gas was

40 cm/sec at an oven temperature of 150°C. The oven

temperature was increased to 150°C following injection and

then increased at 4oC/min to 270oC. Samples were scanned

from 43-650 mass units at 1 e c an z s and the results obtained

were analyzed with a Super Incos data system. The first

fraction obtained from the HPLC (retention time 10.3 min)

gave a single peak at 1346 seconds in the reconstructed ion

chromatogram. The characteristic ions in the mass spectrum
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[416 (1), 384 (5), 356 (7), 326 «1), 282 (8), 281 (5), 223

(13), 222 (49) and 73 (100)] are similar to those reported by

Binks et �1. (1969) for GA7. The second fraction from the

HPLC (retention time 12.0 min) gave a major peak

(approximately 95 percent) at 1308 s and two minor peaks at

1346 sand 1360 s in the reconstructed ion chromatogram. The

characteristic ions in the mass spectrum of the major peak

[418 (2), 386 (3), 328 (3) 289 (9), 284 (23), 225 (46), 223

(8) and 73 (100)] are similar to those reported by Binks �!

�1. (1969) for GA4. A contaminating compound with a retention

time of 1346 s was identified as GA7. A second contaminating

compound with a retention time of 1360 s was not identified

but had an apparent molecular ion at 314. The final fraction

which had a peak with a retention time of 20.8 min was likely

GA9 which is a constituent of the gibberellin mixture. A mass

spectrum was not performed on the peak with a retention time

of 20.8 min and .this peak was not used in the biological

assays.

A total of 27.3 mg of GA7 and 34.8 mg of GA4 were

collected by preparative HPLC. Fractions of HPLC solvents

were collected during chromatography to determine their

biological activity. All solvents were prepared as described

above to yield 0.24 mg of material which was found to be

inactive in all biological assays described.
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Results:

The Effect of GA on ABA Induced Freezing Tolerance

Bromegrass cells treated with 75 uM ABA for 7 days at

25°C tolerated -37.50C (LT50) versus -10.8oC for the controls

(Figure 1). In cells treated with 75 uM ABA and GA3 from 40

to 400 uM, the maximum cold hardiness attained by the cells

was -30oC (Figure 1). However, cells treated with both ABA

and 4 uM GA4,7,9 for 7 days could only tolerate -20°C, a 17°C

difference in freezing tolerance compared to ABA alone. With

increasing concentration of GA4,7,9' there was a decrease in

the freezing tolerance of ABA-treated cells; GA4,7,9 at 100

uM completely inhibited the induction of cold hardiness by

ABA (Figure 1). The individual gibberellins, GA4, GA7 and GAg
were as effective as the mixture of GA4,7,9 in reducing the

freezing tolerance of ABA-treated cells (Table I). In this

experiment, the LT50 of cells treated with ABA for 7 days was

-32oC. Cells treated with ABA in combination with either

GA4, GA7 and GAg, at 50 uM for 7 d, tolerated only -14°C

(LT50). A higher concentration of GA4 did not further reduce

the ABA-induced frost tolerance, but GA7 at 500 uM reduced

the frost tolerance of the cells to levels equivalent to the

controls (-6°C).

The Effect of Kinetin on ABA-induced Freezing Tolerance

During the first 4 d of culture, kinetin at

concentrations greater than 100 uM inhibited the ABA induced

hardening of bromegrass cells (Figure 2). ABA-treated cells,

in the absence of kinetin, had an LT50 of -26oC. Cells

treated with ABA plus 10 and 100 uM kinetin had LT50s of -
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22°C and -16°C, respectively. However, after a d of culture,

kinetin had no effect on the ABA-induced cold hardening and

cells had an LTso of -3SoC (data not shown). Kinetin alone at

100 uM reduced the freezing tolerance of cells to -7°C

compared to -10°C for the controls (Figure 2). After a d of

culture, kinetin had no effect on the freezing tolerance of

cells grown in the absence of ABA (data not shown).

The Effect of ABA, Kinetin and GA on the Freezing Tolerance

of ABA Hardened Cells.

Prior to all treatments, bromegrass cells were hardened

to -37°C by 7 d treatment in 7S uM ABA at 2SoC. Freezing

tolerant cells were transferred to fresh media at 10°C that

contained either no growth regulators (other than 2,4 -

dichlorophenoxyacetic acid) or 7S uM ABA or 100 uM kinetin or

100 uM GA4, 7,9 or combinations of 7S uM ABA with 100 uM

GA4,7,9 or 100 uM kinetin. Upon transfer to 10°C, the cold

hardiness of the cu I tures in the presence of ABA for 4 d

decreased to -22°C and remained relatively constant for 12 d

(Table II). Cells transferred to a medium minus ABA at 10°C

had an LTSO of -laoc after 4 d and a LTso of -l2oC after 12

d. The addition of kinetin to the medium containing ABA did

not affect the hardiness of cells until day 12. At this time,

cells treated with ABA plus kinetin had an LTSO of -12°C

verses an LTSO of -23°C for the ABA treated cells. Cells

dehardened in media that contained kinetin for 6 d had a LTSO
of -11°C while cells treated with both kinetin and ABA had a

LTSO of -23°C.

-----
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The Effect of ABA and GA on Growth and Cell Viability

The fresh weight of bromegrass cells treated with 15 uM

ABA was 67 percent less than the controls after 10 days of

subculture (Figure 3). The GA4,7,9 mixture at 40 uM

suppressed growth 20 percent compared to the controls and

completely inhibited growth at 400 and 1,000 uM. Cells

treated with a combination of 40 uM GA4,1,9 and 75 uM ABA had

an equivalent growth rate to cells treated with 15 uM ABA

alone; however, 400 uM and 1000 uM of GA4,1,9 completely

inhibited growth of the ABA treated cells. GA4,7,9 at 400

uM, and GA4, and GA1 at 500 uM were lethal to the cells in

the absence of ABA (Table I).

GA3 did not affect growth as dramatically as GA4,7,9
(Figure 3). At all concentrations tested, except 400 uM

which had no effect, GA3 inhibited growth by approximately

40%. In the presence of ABA, GA3 had no effect on cell

growth.

The Effect of Kinetin on Growth.

Concentrations of kinetin greater than 10 uM decreased

the growth of cells in both ABA treated and control cultures

(Figure 4). After 4 d of subculture, cells treated with

kinetin but not with 75 uM ABA were inhibited in growth by

17, 43 and 65 percent by 10, 100 and 1000 uM kinetin,

respectively, when compared to control cells. After ad,

kinetin at 100 and 1000 uM inhibited growth by 20 and 44

percent, respectively compared to control cells (Fig. 4).

Cells treated with ABA (75 uM) and kinetin at 100 and 1000 uM
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for 4 d and cells treated with 75 uM ABA and 1000 uM kinetin

for 8 d had decreased growth with respect to controls (30, 49

and 27 percent, respectively) (Fig. 4).

The Effect of ABA and GA on the Relative Water Content

Bromegrass ce 11 s grown in the presence of 75 uM ABA for 7

d averaged 2.25 g H20/9 dry wt. compared to 4.4 g H20/g dry

wt for the controls (Fig. 5). The addition of either GA3, 10

to 1000 uM, or GA4,7,9' 10 to 100 uM, to the cells in the

absence of ABA, reduced the relative water content by

approximately 15 percent as compared to the controls. Cells

treated with GA4,7,9 at 400 uM had a water content equivalent

to the controls and higher concentrations of GA4,7,9 were

lethal to the cells. At all concentrations tested, GA3 did

not affect the cell relative water content of ABA-treated

cells. At 400 uM, GA4,7,9 increased the cell relative water

content of ABA-treated cells by 40 percent. Cells treated

with 1,000 uM GA4,7,9 had a relative water content

equivalent to that of the controls (Figure 5). Upon removal

of the the cells from ABA medium, neither GA4, GA7 or GA9
alone or in combination, or GA3 had any effect on the

relative water content of cells at either 100C or 250C (data

not shown).

The Effect of ABA and Kinetin on Relative Water Content.

The effect of kinetin on relative water content was

dependent upon concentration and ABA treatment. After 8 days

of culture, with 0.01 and 1 uM kinetin the cell relative

water content decreased 3-7 percent over controls (Figure 6).

Kinetin at 10 and 100 uM reduced the relative water content 9
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and 7 percent, respectively, of cells in the absence of ABA.

After 8 d, kinetin had no effect on the relative water

content of the ABA treated cells (Data not shown).

Discussion:

In this study, evidence is presented that the

gibberellins GA4, GA7 and GA9 inhibit ABA-induced cold

hardening of bromegrass cells, and that kinetin in an ABA

free medium accelerates dehardening of ABA hardened

bromegrass cells. Gibberellins and ABA have a postulated role

in the induction and maintenance of cold hardiness. In Acer

negundo L., the induction of cold hardiness was related more

to an increase in ABA-I ike compounds than to a reduct ion in

concentration of GA (Irving, 1969), but in winter wheat, cold

hardiness was associated with a decrease in GA content (Reid

et al. 1974). Rikin et al. (1975) concluded that the ABA/GA

ratio has more effect on hardening than did the concentration

of hormones.

ABA at 75 uM increased the freezing tolerance of cell

suspension cultures of bromegrass to -37oC. GA4, GA7, and

GAg at 50 uM, alone (Table I) or in combination (Figure 1),

reduced the level of ABA-induced cold hardiness by lSoC.

High concentrations of GA4 and GA7 (500 uM) were lethal to

the cells in the absence of ABA (Table I). The toxic effect

of GA4 and GA7 on growth and cell viability was unexpected

and the possibility that toxicity was from contaminants and

not gibberellins was investigated. HPLC solvents collected

during the preparative separation of GA4 and GA7 were
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prepared in the same manner as the peaks that contained

gibberellins. No biological effects could be detected in

cultures grown in the presence of the HPLC solvent extracts.

GA is generally considered to enhance growth through cell

elongation (Hedden et �l., 1978), whereas ABA is considered

to decrease growth (Addicott and Lyon, 1969).

In species which cold acclimate, the relative water

content decreases with cold hardening and is inversely

proportional to freezing tolerance (Fowler et �l., 1981).

ABA (75 uM) reduced the relative water content of the cells

two-fold with respect to controls (Figure 5). GA4,7,9
concentrations higher than 400 uM increased the relative cell

water content of ABA treated cells, whereas at 4 uM, GA4,7,9
decreased the ABA-induced freezing tolerance (Figure 1) but

had no effect on the water content (Figure 5). Therefore,

the effect of GA4,7,9 on reducing ABA-induced hardiness is

not directly associated with increased water content. GA3 was

less effective than GA4, GA7, and GA9, alone or in

combination, in reducing ABA-induced freezing tolerance

(Figure 1).

Gibberellins did not affect dehardening at 100C possibly

due to GA compartmentation, metabolism or unknown factors.

Alternatively, it is possible that the rate of dehardening is

not affected by gibberellins in cell suspension cultures.

Orr et �!. (1985) reported an inhibitory effect of

cytokinins on hardening of alfalfa cultures at low

temperatures. Cytokinins applied to the roots of winter wheat

plants under non-hardening conditions had no effect on
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hardiness, although, kinetin in combination with ABA

increased hardiness by 20C (Gusta et �!., 1982). In a study

on the hardening of poplar callus cultures, cytokinins added

to the medium did not inhibit hardening. (Sakai and Sugawara,

1913).

The present study indicates that kinetin inhibits ABA-

induced freezing tolerance in bromegrass cell suspension

cultures. Although both gibberellins and cytokinins inhibited

ABA-induced freezing tolerance, factors such as toxicity and

cell differentiation may also affect the freezing tolerance

of the cells. Gibberellin or cytokinin toxicity could act

synergistically with low temperatures to lower the freezing

survival of cells. However, since,' neither gibberellin nor

kinetin were directly toxic to frozen cells (Table II day 0),

inhibition of hardiness must occur over time. Kinetin and

GA4,1,9 are potent regulators of cell cycle and cell

differentiation (Hedden et ��, 1918). Cells vary in

hardiness with changes in cell size (Levitt, 1980), stage of

the growth cycle (Tepfer et �1., 1981)· and differentiation

(Tanino and McKersie, 1985). Such factors may curtail the

full expression of hardiness in cells treated with growth

regulators. Recent work by McKersie (1988) has demonstrated

that alfalfa embryos from cell cultures became desiccation

and freezing tolerant after treatment with ABA. In seeds the

embryo is tolerant of extreme desiccation and freezing

conditions even in non-hardy plants. Cold hardiness expressed

in ABA-treated bromegrass cell suspension cultures may follow

a similar pattern.

"
\
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Table I. The effect of GA4, GA7 and GAg, on the development of

ABA-induced freezing tolerance in bromegrass suspension

culture cells. Conditions were as described in

Materials and Methods. The least significant difference

at p = 0.05 for this data is 4oC. The experiment was

performed twice giving similar results each time.

Concen- LT50 (oC)

tration

of GAx GA4 GA7 GAg

(uM)

-ABA +ABA -ABA +ABA -ABA +ABA

0 -6 -32 -6 -32 -6 -32

2 1 -8 -36

5 -4 -16

20 -6 -13 -6 -12 -4 -15

50 -6 -14 -6 -14 -8 -13

200 -8 -13 -8 -11

500 02 -13 02 -6

1Data not available.

2 Treatment was lethal to the cells.
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Table II. The effect of ABA (75 uM), GA4,7,9 (100 uM) and kin

etin (100 uM) at 100C on the loss of freezing tolerance

in bromegrass suspension cultures hardened to -370C

with ABA. Stock cultures were incubated with ABA (75

uM) for 7 d at 250C prior to treatments. Treatments

were arranged in a 2 x 3 factorial design with two

levels of ABA (water or 75 uM ABA) and three growth

regulator treatments ( GA4,7,9 [100 uM], kinetin [100

uM], and water). Conditions are described in Materials

and Metpods. These results represent three experiments.

No ABA ABA (75 uM)

days at

100C Kinetin GA4, 7 , 9 Kinetin

0 -37 -37 -37 -37 -37

4 -18 -21 -22 -22 -18

6 -18 -11* -17 -18 -23

12 -12 -12 -7 -23 -12*

GA4,7,9

-37

-26

-23

-26

* Comparisons were made only between treatments on the same day

with the same ABA level. Symbol denotes a significant

difference at p = 0.05 based on a comparison of means {LSD =
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Figure 1. The effect of gibberellic acid on the freezing

tolerance of bromegrass suspension cultured cells

grown in the presence and absence of ABA (75 uM).

cultures were maintained as described by Reaney

and Gusta (1987). Cells were frozen according to

Chen and Gusta (1983). Freezing, viability

assessment, were performed in 30 ml glass vials.

Cells were nucleated at -30C. After twelve hours

more hours at -30C the temperature was reduced by

Viability by quantifying TTC reduction by cells

over a 24 h period as described by Chen and Gusta

(1983).

Figure 2. The effect of kinetin on the freezing tolerance

of bromegrass cell suspension cultures grown in

the presence and absence of 75 uM ABA after 4 d.

Culture conditions, freezing conditions and

viability assessment were performed as described

in Fig. 1.

Figure 3. The effect of gibberellic acid on the growth

(fresh weight) of bromegrass suspension cultured

cells in the presence and absence of 75 uM ABA

for 10 d. Culture conditions are described in

Fig. 1. Growth is reported as the percent

increase in fresh weight of a 1 g inoculum on day

o. The error bar represents the least significant

difference at p = 0.05 based on a pooled standard

deviation, n = 2.
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Figure 4. The effect of kinetin on the growth (fresh

weight) of bromegrass suspension cultured cells

in the presence and absence of 75 uM ABA for 4 d

and 8 d. Culture conditions are described in Fig.

1. Growth is reported as the percent increase in

fresh weight of a 1 g inoculum on day o. The

error bar represents the least significant

difference at p = 0.05 based on a pooled standard

deviation, n = 2.

Figure 5. The effect of gibberellic acid on the relative

water content of bromegrass suspension cultured

cells grown in the presence and absence of ABA

(75 uM). Culture conditions are described in

Fig. 1. The relative water content was determined

after centrifugal removal of water from the cell

culture at 2,000 x g for 5 min. Grams water was

the difference between the weight of the tissue

immediately after centrifugation and the weight

after drying at 700C for 48 h. The dry weight was

determined from the difference between weight of

the centrifugation aparatus and the weight of the

apparatus with dry cells.
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Figure 6. The effect of kinetin on the relative water

content of bromegrass suspension cultured cells

grown in the presence and absence of ABA (75 uM)

for 8 d. Culture conditions are described in

Fig. 1. The relative water content was determined

after centrifugal removal of water from the cell

culture at 2,000 x g for 5 min. Grams water was

the difference between the weight of the tissue

immediately after centrifugation and the weight

after drying at 700C for 48 h. The dry weight was

determined from the difference between weight of

the centrifugation aparatus and the weight of the

apparatus with dry cells.

I 'l!1n�
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Abstract:

The test-tube method of Takayama et �l. (Biotech. Lett.

Y2� � No. 1 � 59-62) for the production of S-abscisic

acid (S-ABA) from Cercospora rosicola cell cultures was

modified to use flasks for increased production of S-ABA. A

yield of 210 mg/L S-ABA was obtained in 250 - 1,000 mL

Erlenmeyer flasks covered with a porous paper cap (Kimwipes

4 layers). Cultures maintained in 250 mL flasks capped with

aluminum foil produced less than 100 mg/L of S-ABA.

Production was reduced in flasks filled over 50 percent

while maximum production was obtained with flasks filled 25

to 40 percent. The cultures produced 200 mg/L but an

additional 50 mg/L of S-ABA could be extracted from culture

solids using dilute HCI. Extraction of S-ABA from culture

medium was simplified to allow purification with a minimum

of equipment and solvents.

Cells maintained in double distilled water for 14 d to

exhaust nutrient reserves resumed S-ABA production when fed

glucose (850 percent of unfed cultures) or glycerol (320

percent of unfed cultures). Other carbon sources (e.g.

ethanol, farnesol, glutamic acid and acetic acid) were

ineffective in stimulating further S-ABA production.

A rapid analytical method for determining ABA content

is described.
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Introduction

Abscisic acid (S-ABA), a natural plant growth

regulator, is involved in many aspects of plant growth and

development (1). Except for a brief time after the

discovery of S-ABA, only natural S-ABA was available for

studies (2). With the chemical synthesis of less expensive

racemic R,S-ABA, most studies on ABA have used this source.

S-ABA is a natural product of plants and fungi, whereas R-

ABA is an artefact of chemical synthesis and has not been

identified from natural sources. S-ABA has been shown to

close stomata (4), inhibit the growth of bean axis and

barley shoots (9), inhibit barley aleurone alpha-amylase

production (9) and stimulate cotton abscision (9). Although

R-ABA is a 1 so act i ve in most of these assays, it does not

close stomata (4). Research performed with the racemic

mixture does not discern between responses mediated by 5-

ABA, R-ABA or both enantiomers.

S-ABA is expensive ($100 US/mg, Sigma) and is difficult

to purify from plants. Since milligram quantities of S-ABA

are required to characterize its metabolism and effects on

stress tolerance, an alternate source of S-ABA was sought

using the fungus Cercospora rosicola which synthesizes and

excretes S-ABA (1).

Several published methods are available for the

production of S-ABA by � rosicola. Assante et al. (3)

outlined a procedure using solid potato-agar medium at pH
'"

6.5-6.8, at 240C in the light which produced 60 mg/L of S-

1. (7) developed a defined liquid culture

�I
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medium for the growth of � rosicola which allowed

subsequent analysis of the nutritional requirements for the

production of S-ABA. Although light doubled S-ABA

production, the C2-C3 double bond was isomerized by light

to produce S-[trans C2]-ABA (8). Thiamine and the source of

organic nitrogen were found to regulate S-ABA production

(8). Mixed amino acids, particularly a combination of

aspartic acid and glutamic acid, increased production of S

ABA to 27 mg/L in the defined medium (8). Griffin and

Walton (5) found that an excess of phosphate, supplied

early in the culture period, inhibited production of S-ABA.

Production was maximized to 50 mg/L S-ABA if the culture

was initiated in 0.1 mM phosphate, and after 5 d phosphate

was increased to 5 mM. An extract from Narcissus enhanced

S-ABA production from � rosicola cultures grown on potato

dextrose medium (10). The addition of corn steep liquor to

a medium supplemented with calcium carbonate resulted in

production of 125 mg/L of S-ABA (11). If the medium was

enriched by the addition of fresh potato dextrose broth 3

and 4 d after inoculation of the culture vessel, 319 mg/L

of S-ABA was produced. This method was devised for test

tube scale production of S-ABA (11).

Fungal production of S-ABA by � rosicola is variable

due to the variety of fungal forms. In this study, we

compared media and principles proposed in the literature

for large scale production of fungal S-ABA. Our facilities

demanded that we achieve maximum production of S-ABA
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without the use of complicated extraction equipment or

fermentors. Procedures described herein have consistently

produced yields over 200 mg/L of S-ABA from �!'.9.�'!Q.Q1.� in

culture vessels with as much as 100 times the volume used

by Takayama et �l. (11). Purification methods are outlined

for obtaining virtually pure S-ABA from the culture medium.

Results and Discussion:

Comparison of reported culture media and methods.

Using described procedures (3,5,7,8) � rosicola

cultured in flasks grew slowly and produced very low levels

of S-ABA (5-20 mg/L, data not shown) in all media except

potato dextrose agar and Takamaya's medium (potato dextrose

broth - 2.4 percent, corn steep liquor - 0.1 percent and

calcium carbonate - 2 percent). Investigations were

continued using Takayama's medium as it gave the highest

yield.

The effects of culture conditions on S-ABA production.

The S-ABA production by � rosicola reached a maximum

of 230 mg/L in 250 mL Erlenmeyer flasks filled 40 percent

full while minimum production occurred in flasks filled 60

percent full (Figure 1).

A similar experiment performed with varying flask

volumes revealed that flasks filled to 25 percent of their

total volume conSistently yielded more S-ABA than flasks

filled to 50 percent of their total volume. Furthermore, a

1 L flask filled 25 percent full yielded 100 mg/L more S

ABA than 500 mL and smaller flasks (Figure 2). However,

smaller flasks showed more variability in S-ABA production,
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with some flasks having yields as high as those in 1 L

flasks.

� rosicola cultures grown in culture medium diluted 5

fold and cells grown in full strength medium in culture

flasks that were filled 50 percent filled produced 80-120

mg/L of S-ABA (data not shown).

The effect of media components on S-ABA production.

Cultures were grown in a potato dextrose broth medium

(24 gIL) and the amount of calcium carbonate or

concentration of corn steep liquor was varied. Although

calcium carbonate was required for very high levels of s

ABA production as little as 1 gram calcium carbonate per

flask sufficed for maximum S-ABA production (Figure 3).

Since the amount of S-ABA trapped in calcium carbonate was

not determined for each treatment total S-ABA production

may have increased with in�reased levels of calcium

carbonate. Corn steep liquor concentration did not affect

S-ABA production (data not shown).

Stimulation of S-ABA production with precursors.

Cells grown for 30 d in media and then transferred to

double distilled water for 12 d were placed in solutions of

double distilled water plus a carbon source for the further

production of S-ABA. All carbon sources were added to a

total of 40 mg C/L. Higher concentrations of carbon source

were avoided due to stimulation of bacterial growth. After

7 d, glucose produced the highest level of S-ABA (14

mg/L), followed by cells supplied with glycerol (5.2 mg/L)
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(Figure 4). All other carbon sources were ineffective.

During the development of optimal conditions for S-ABA

production, over 300 mg of S-ABA were obtained. For

production of ABA on a laboratory scale, � �2�lcol� was

cultured in 1 and 2 liter flasks filled one third full with

Takamaya's medium. A total of 450 mg of crude crystalline

S-ABA was obtained by an extraction procedure which

involved; precipitation of protein with saturated ammonium

sulphate and extraction of water-soluble organic acids with

a step to remove neutral compounds. Fifty mg of the crude

crystalline extract afforded 46 mg of highly pure product

after sublimation at reduced pressure. The sublimated

product was contaminated with 6 percent trans-ABA as

determined by gas chromatography. The optical rotation of

S-ABA in acidic ethanol was [�]D 372, which compares with

the rotation obtained for S-ABA obtained from Botrytis

cinerea ( [�]D 346, 6). The NMR spectrum was identical to

reported spectra (3,6) with no apparent contaminants. The

melting point of 157 - 1590C also indicated that the

compound was relatively pure.

Experimental

The Cercospora rosicola Passerini culture was obtained

from Dr. Shirley Norman, USDA, Science and Education

Administration, Agriculture Research, Pasadena, California.

Stock cultures were grown on sterilized potato dextrose

agar (Difco) in 45 mm plastic Petri plates (Figure 5).

Cultures were prepared for inoculation by first

cu 1 tures and agar for 5 min in aster i 1 e
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metal blending cup on a Waring blender. After thorough

homogenization (4 min), water was added to the cup and

mixed in by an additional minute of blending to give a

slurry that could be accurately dispensed ( coefficient of

variation = 5 percent) with a Pipetman (P 1000 pipet,

Gilson). Tips of the pipet were widened by removing the

last three millimeters to allow transfer of the culture.

All culture medium was sterilized by autoclaving at 1210C

for 20 min. Stock cultures maintained on agar were

inoculated with 0.1 ml of culture spread with a flame

sterilized metal loop. These cultures were grown for 20 to

30 days at 200C and then chilled to 40C for up to 6 months.

Cultures tested for S-ABA production were grown in the dark

at 200C in I iquid cu I ture medium on a rotary shaker (100

rpm). No attempt was made to correlate between inocula made

on different days as growth of the C. rosicola was

irregular and the coefficient of variation of S-ABA

production within similar treatments was 44 percent.

However, within inocula from a single source, the

coefficient of variation of S-ABA production was 15

percent. In the later stages of culture, most of the

culture material was attached to the flask. Cells were

filtered over Miracloth (Calbiochem) and washed once with

double distilled water. The total volume was brought to

twice that of medium prior to the start of the culture

period and a sample of 10 mL was used for analytical HPLC

(figure 6). The culture filtrate and rinses were combined
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and used for bulk S-ABA extractions (figure 1).

Thirty day old �'!:Q.!!'!.£Q.l.2. cells from 500 mL of culture

medium were added to 500 mL of double disti lIed water in a

1 L flask and shaken at 100 rpm on a rotary shaker. The

cells were filtered over Miracloth every 4 days, for a

total of twe I ve days, and then resuspended in 500 mL of

fresh double-distilled water. Filtrate S-ABA levels were

determined and the remaining filtrate was used for bulk S

ABA extractions. The remaining cells were extracted with 1

N HCI to liberate S-ABA trapped in the culture solids. The

S-ABA levels of the acid extract were determined and the

remaining solution used for bulk S-ABA extraction.

Determination of medium S-ABA content.

The contents (cells and medium) of the culture flask

were diluted to twice the volume of added medium

(determined for each flask at the initiation of the

culture). After 2 h shaking on a rotary shaker, a 10 ml

sample of the diluted culture medium was removed for S-ABA

analysis. The remainder of the medium was included for bulk

extraction of S-ABA.

Sample preparation for ABA analysis is outlined in

figure 6. The 5 ml sample of diluted filtrate was

centrifuged in 13 x 100 mm capped disposable borosilicate

glass centrifuge tubes at 2,500 x g in a GSA (Sorvall)

fixed angle rotor. The supernatant was collected and placed

in a Centricon 3 (Amicon) molecular filtration unit and

centrifuged at 5,100 x g for 120 min in a GSA (Sorvall)

--:·
.. ·-1 to remove high molecular weight material
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without changing the culture volume. The filtrate was

transferred to a tared 13 x 100 mm borosilicate glass test

tube and weighed. The filtrate (pH 7.5) was extracted three

times with 1 mL of ethyl acetate to remove neutral and

basic organic compounds. If the culture was grown without

CaC03, 3 drops of 1 percent NaHC03 were added to the

culture filtrate prior to ethyl acetate extraction to

increase the pH to 8.5. The aqueous solution remaining in

the test tube was acidif ied to pH 2 wi th 1 N HC 1 and

extracted 3 times with 1 ml of ethyl acetate. The acid

ethyl acetate extracts were pooled and dried over saturated

NaCl. Glass wool plugs were inserted into borosilicate

glass pipettes and anhydrous sodium sulfate was added using

a 5 ml Pipetman plastic pipet tip as a funnel. The brine

washed ethyl acetate solution was passed through the sodium

sulfate plug to remove traces of water. The brine solution

was washed twice more with ethyl acetate and the rinses

were pooled with the,acid extract after drying. Test tubes

with dried ethyl acetate were fitted directly onto a rotary

evaporator using a rubber septum fitted over the end of a

ground glass jOint. The septum was pierced with a 17 gauge

syringe needle to connect the test tube with the vacuum

chamber. Ethyl acetate was removed under reduced pressure.

For analytical HPLC, each sample was dissolved in 1 mL of

25 percent acetonitrile in water.

The isocratic solvent system of acetonitrile, water and

acetic acid (25:75:1, v:v:v) was delivered at 1.5 mL/min by
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a modular Gilson solvent delivery system. Compounds were

separa ted by reverse phase us ing a 3 x 3 LC-18 co I umn

(Supelco) with a Supelguard LC-18 guard column (Supelco).

Eluting compounds were detected with a Gilson Holochrome

variable wavelength detector at 262 nm and integrated using

a Varian 4270 integrator. The retention time of S-ABA was

1. 8 min.

Preparative scale extraction and purification of S-ABA.

The preparative scale isolation of S-ABA is outlined in

Figure � All large scale extractions were preceded by

freeze-drying the spent culture medium. The medium was then

brought to 10 percent of initial volume with double

distilled water. The stirred culture filtrate was saturated

with ammonium sulfate (0.77 g/mL), stirred for 2 h at room

temperature and held at 40C for 2 d. Within 2 - 3 h, dark

solids formed and floated to the surface leaving a

transparent yellow solution. Over the next two days a clear

gelatinous solid precipitated to the bottom of the

solution. Without this step, partitioning of solutes was

difficult due to the formation of emulsions.

The yellow solution was filtered through celite (20 g,

prewashed with 100 mL double distilled water) in a 7 cm

Buchner funnel under suction. The beaker and funnel were

rinsed with a saturated solution of ammonium sulfate at

room temperature. If the filter became blocked, gently

scraping the surface of the celite with a stainless steel

spatula restored flow. The filtrate and washings were

.
-- -_.� """ trate was brought to pH 2.5 by the
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dropwise addition of concentrated HCI.

An aqueous mixture of 1.4 L was extracted five times

with 100 mL of ethyl acetate. To avoid the formation of a

stable emulsion the separatory funnel was gently swirled.

The combined organic phases were washed 4 times with 50 mL

of saturated sodium bicarbonate, and the aqueous phases

were combined, retained and acidified to pH 2.5 with

concentrated HCI. To prevent losses from excessive

bubbling, due to the release of CO2, the solution was

vigorously stirred throughout the dropwise addition of

acid. The aqueous phase was extracted 5 times with 50 mL of

ethyl acetate, and the combined organic phases were washed

with saturated sodium chloride solution and dried over

sodium sulfate. Filtration over glass wool and evaporation

of the solvent at reduced pressures produced a yellow

crystalline residue of S-ABA. The S-ABA was either

recrystallized from benzene at room temperature (mp 157-

159) or sublimed at 1400C under 0.05 mm Hg vacuum in a

glass Kugelrohr oven (mp 157-159).

Determination of the purity of S-ABA.

Sublimated ABA was methylated with diazomethane and gas

chromatography of the ABA methyl ester was performed on a

Varian GLC at 2200C on a DB 1701 column. ABA obtained from

the cu I ture medium was 94 percent pure wi th a 6 percent

contamination of C2-trans-ABA, as determined by gas

chromatography. The optical rotation of sublimated ABA [�1D
in 0.005 N H2S04 was 3720. IH-NMR (360 MHz) spectra were
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recorded with a Bruker 360 WB spectrometer in CDC13 with

residual CHC13 as an internal standard. S-ABA methyl ester

1H-NMR (CDC13) : 1.01 (3H, s), 1.11 (3H, s), 1.92 (3H, d,

J=18 Hz), 2.01 (3H, d, J=1.0 Hz), 2.28 (lH, d, J=18 Hz),

2.47 (lH, d, J=18 Hz), 3.71 (3H, s), 5.76 (lH, s), 5.94

(lH, s), 6.15 (lH, d, J=16 Hz), 7.88 (lH, d, J=16 Hz).
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Figures:

Figure 1. The effect of medium volume on ABA production.

Cultures were inoculated with 0.2 mL Cercospora

rosicola homogenate/50 mL medium. The medium

contained 2.4 percent potato dextrose broth, 0.1

percent corn steep liquor and 2.0 percent calcium

carbonate. The cultures were grown in 250 mL

Erlenmeyer flasks (100 rpm) at 200C in the dark

for 30 d. Cultures were established for 10 d with

aluminum caps and then recapped under sterile

conditions with porous paper caps (Kimwipe 4

layers). Error bar represents the least

significant difference (p = 0.05, n = 3) for 1

experiment. Absolute values of ABA production

varied between experiments but trends were

consistant over 3 separate experiments.

Figure 2 The effect of flask volume on ABA production.

Cultures were inoculated and maintained as

described in Figure 1. Statistics and replication

are also described in Figure 1.

Figure 3 The effect of calcium carbonate on ABA

production. Cultures were inoculated and

maintained as described in Figure 1 except that

the total amount of calcium carbonate was varied.

The inoculum was 0.2 mL/50 mL stock medium.

Statistics and replication are described in
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Figure 4 The effect of carbon source on S-ABA production.

Cultures were inoculated and maintained as

described in Figure 1. After 30 d, cultures were

maintained as previously described in double

distilled water for an additional 12 d with 3

changes of water to remove residualS-ABA. All

carbon sources were added to a final

concentration of 40 mg/L. The treatments were no

carbon source.(cont.), ethanol (eth.), glycerol

(gly.), farnesol (farn.), glucose (glu.),

glutamic acid (glu. a.) and acetic acid (acet.

a.}, After 7 d in the presence of the carbon

source, S-ABA concentration was determined.

Statistics and replication are described in

Figure 1.

Figure 5. Culture sources for analytical and preparative

extractions of S-ABA. Cultures were grown,

prepared and extracted as depicted and according

to Materials and Methods.

Figure 6. Preparation of samples for analytical HPLC.

Culture material was obtained as described in

Materials and Methods and depicted in Figure 5.

Extraction is depicted as described in the

Materials and Methods.

Figure 7. Bulk Extraction of S-ABA. Culture material was

obtained as described in Materials and Methods

and depicted in Figure 5. Extraction is depicted

as described in the Materials and Methods.
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Abstract:

S-Abscisic acid (S-ABA) and racemic ABA were equally

effective, between 1 and 100 uM, in enhancing the freezing

tolerance of cell suspension cultures of bromegrass (Bromus

inermis Leyss £y Manchar) after 4 and 8 days of culture.

Freezing tolerance in cultures treated with 100 uM S-ABA or

100 uM racemic ABA increased from -7.50C on day 0, to

-12.50C on day 2, to -24°C on day 4, and to less than -40oC

on day 6 and 8 of the culture period. The limits of error

were not sufficient to determine if S-ABA was more (or

less) effective than racemic ABA in inducing freezing

tolerance. S-ABA (80 uM) and racemic ABA (80 uM) treated

cell cultures grew 31 percent less in fresh weight and had

a 30 percent lower relative water .content (RWC) than

controls after 8 d in culture. The increase in dry weight

was similar in both ABA treated cultures and control

cultures. [3,2H, 4,2H2, 7,2H3]-(S)-ABA (S-ABA d6, 20 uM and

40 uM) and racemic [312H, 412H2, 712H3]-ABA (R.S-ABA d6, 40

uM and 80 uM) also induced freezing tolerance.

The ABA metabolite, phaseic acid (PA, 40 uM), did not

increase freezing tolerance or decrease growth after 3.5 d

of culture. During this period, racemic ABA increased the

freezing tolerance of cells by 300C and decreased growth by

35 percent with respect to controls. Both PA and

dihydrophaseic acid (DPA) levels of the culture medium from

cells treated with PA were in excess of the levels of cells

treated with either S-ABA or racemic ABA during the culture

period.
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Introduction:

Most studies of plant responses to exogenous ABA have

been performed with a racemic mixture. R-ABA has not been

isolated from natural sources but has biological activity

that resembles the activity of S-ABA (19). The biological

activity of ABA is divided into fast reactions (eg.

stomatal ciosure) and slow reactions (eg. wheat �mbryo

growth inhibition) (16). Both S-ABA and R-ABA have similar

activity in slow reactions, whereas only S-ABA is active in

fast reactions.

Two S-ABA receptor sites are presumed to account for

the differential response to the two antipodes of ABA (19).

Metabolism and uptake also differ specifically between S

ABA and R-ABA (15, 2). Root segments of Phaseolus coccineus

have a specific carrier for S-ABA but not for R-ABA (21).

Plants and cell cultures synthesize 81-hydroxymethyl ABA

preferentially from S-ABA, which can spontaneously form

phaseic acid (PA) (17, 28, 29) (although an enz�matic role

in PA formation has been inferred (20». The racemic ABA

metabolites 71-hydroxy-ABA (5) and ABA glucose ester (28)

are predominantly, but not necessarily exclusively (24,

28), synthesized from R-ABA. The apparent preferential

synthesis of metabolic products from either S-ABA or R-ABA

could arise from specificity of metabolic enzymes or could

be due to differences in the compartmentation of ABA

antipodes by stereospecific transport mechanisms.

Furthermore, the longer half-life of exogenously added R

ABA in plants (15) could produce an apparent
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stereoselective inclusion of R-ABA into 7'OH-ABA and ABA

glucose ester. ABA uptake is stereoselective, whereas ABA

catabolic pathways are both stereoselective and non

selective (28).

The biological activity of ABA metabolites has not been

thoroughly investigated as sufficient quantities of ABA

metabolites for biological assays are not readily

available. Kreideman et �1. (10) reported that 75 uM PA

decreased photosynthesis in yitis vinifera leaves. Sharkey

and Raschke (26) repeated these results in Xanthium

strumarium with a crude extract of PA but the perceived

activity was lost when PA was purified by

recrystallization. PA accelerated petiolar abscission in

cotton plants, but was only one tenth as active as racemic

ABA (8). PA derived from shoots of Lycopersicon esculentum

was 200 times less effective than S-ABA in inhibiting wheat

embryo germination (17). However, Lin and Ho (13) found that

PA was a potent inhibitor of barley aleurone alpha-amylase

production. PA, dihydrophaseic acid methyl ester and epi

dihydrophaseic acid methyl ester, isolated from bean

embryos, inhibited GA3-stimulated alpha-amylase activity in

barley aleurone layers (7).

The relative activities of S-ABA, PA and racemic ABA

and the hexadeuterated products of S-ABA and racemic-ABA on

growth, RWC and freezing tolerance of bromegrass cell

suspension cultures are reported here.
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Materials and Methods:

The bromegrass culture was obtained from the Plant

Biotechnology Institute, National Research Council of

Canada, Saskatoon Saskatchewan. Stock cultures were

maintained in the dark on modified Erickson's medium (23).

All cultures were shaken at 100 rpm in 250 mL Erlenmeyer

flasks in a Conviron controlled environment chamber

(Pembina, ND, USA) at 250C, unless stated otherwise. Stock

cultures were pooled 6-8 days after the previous subculture

and were f i I tered over a ny I on mesh (100 urn) to remove

excess culture medium. Each flask was inoculated with 1 g of

cells weighed to the nearest 0.01 g, unless stated

otherwise.

Source of compounds.

Racemic ABA was obtained from Calbiochem (LaJolla, CA,

USA). S-ABA was the natural product of Cercospora rosicola

recrystallized from benzene (24). Deuterated ABA was

produced by base exchange of protons in deuterated water

(4). S-ABA from Cercospora rosicola or racemic ABA was

stirred under argon with NaOH in D20 for 3 d at 60oC. The

resulting red solution was acidified with dilute HCI and

extracted 3 times with ether. The combined ethereal extracts

were washed with NaCI solution and dried over Na2S04'
Removal of the ether afforded a pale brown solid. The solid

was recrystallized from CHCl3/hexane according to the Merck

Index (14). The melting point of deuterated racemic ABA was

188-191oC. Gas-chromatography mass spectrophotemetry and NMR

deuteria were incorporated per molecule as
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descr ibed by Bonnafous et �.!. ( 4) .

Dihydrophaseic acid (DPA) was obtained from the culture

medium of bromegrass cells fed 30 to 80 mg/L racemic ABA for

8 to 12 d. Proteins were precipitated from culture medium by

the addition of 770 giL of (NH4)2S04 at 40C. After 2 d at

40C the mixture was filtered through double distilled water

washed 'Celite' (22179-1, Aldrich, Milwaukee, WI, USA). The

filtrate was brought to pH 2.5 by the addition of

concentrated HCl and extracted 5 times with ethyl acetate.

The combined ethyl acetate extracts were washed four times

with saturated sodium bicarbonate solution. The aqueous

sodium bicarbonate extract was stirred vigorously during

acidification to pH 2.5 by the dropwise addition of

concentrated HCI. The acidified mixture was extracted 5

times with ethyl acetate, washed twice with saturated NaCI

and dried over Na2S04. The ethyl acetate fraction was

evaporated at 300C and the acidic fraction taken up in 25

percent acetonitrile in water for separation by preparative

scale reverse phase HPLC column (Whatman M9 - 25 cm Partisil

10, ODS - 2 column with a Whatman CSK1, Co:Pell ODS guard

column, Clifton, NJ, USA). The HPLC gradient was supplied at

2 mL/min by a modular Gilson solvent delivery system

(Villiers, LE, BEL, France). The gradient was initiated at

25 percent acetonitrile (A) in water:acetic acid (99:1, B).

Over 5 min, percent so 1 vent A increased to 35 percent and

over the next 5 min the so 1 vent A increased an addi t ional 5

percent and was held constant for 6 min at 40 percent A. The
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first UV absorbing peak (fraction 1) was collected 6 to 7.3

min after injection.

Fraction 1 peaks from the HPLC were pooled and

acetonitrile and acetic acid were partially removed under

reduced pressure at less than 30oC. The aqueous fraction was

acidified to pH 2.5, extracted 5 times with ethyl acetate,

washed twice with saturated NaCl and dried over Na2S04'

Evaporation of the ethyl acetate under reduced pressure at

less than 300C produced a crystalline solid. The solid was

methylated in ethereal diazomethane to give DPA methyl ester

(MeDPA) with some contamination from trans-MeDPA (as

determined by NMR). The MeDPA was taken up in 1 mL of

reagent grade acetone and stirred. Two drops of Jone's

reagent (3) was added to the stirring solution resulting in

a brown colour. Then two drops of 2-propanol were added

after 3 min followed by the addition of 5 mL of water. The

aqueous mixture was extracted 5 times with ethyl acetate.

The combined organic extracts were washed once with

saturated NaHC03 followed by washing once with saturated

NaCl. The organic extract was then dried over Na2S04 then

evaporated at 300C to leave the MePA. The NMR spectrum was

in agreement with Milborrow (17). MePA was hydrolysed in 2 N

NaOH for 15 min. The mixture was adjusted to pH 2.0 with 1 N

HCl and then extracted 5 times with ethyl acetate. The

combined organic phases were washed with saturated NaCl and

dried over Na2S04' Drying of the residue left a mixture of

PA and trans-PA.
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Determination of fresh weight and dry weight growth.

Cell cultures were filtered over nylon under sterile

conditions and washed with 250 mL sterile double distilled

water. A 0.3 g sample of the tissue was placed into a

preweighed microcentrifuge tube (Cole-Parmer, Cat No. 6332-

10, Niles, IL, USA) with a glass wool plug (Owens-Corning

Cat. No. 3950, Corning, NY, USA) in the bottom. The tube was

tared after tissue was added and capped to prevent

evaporation. The bottom of each tube was pierced with a

dissecting needle and centrifuged at 1,840 x g for 5 min in

a HS-4 swing out rotor in a RC-2B centrifuge (Sorvall,

Newtown, Conn., USA).

After the culture period, the culture was filtered over

nylon as described above and washed thoroughly with 250 mL

of double distilled water. The culture was weighed and then

approximately 0.3 g of cells were added to a microcentrifuge

tube.

The fresh weight of the cells was determined as

described in equation 1.

( 1 ) FWT *
= WT samp (WT *

- WT e) / (WT 1
- WT e) .

Where,

FWT* = the estimated fresh weight of the sample with cell

water removed at 1840 x g,

WTsamp � the weight of the total culture mass either

for inoculum or after the culture period,

WTe = the weight of the microcentrifug� tube,

WT* = the weight of the microcentrifuge tube after

centrifugation at 2,000 g.
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WT1 = the weight of the microcentrifuge tube with the

tissue sample before centrifugation.

Fresh weights were determined as described above and

growth was calculated as the ratio of the weight of the

grown culture to the weight of the inoculum multiplied by

100 percent.

Determination of the relative water content (RWC)
of cultures.

Cells were filtered and washed as described above. A 0.3

gram sample of washed cells was transferred to

microcentrifuge tubes and centrifuged at 1,840 x g for 5 min

to remove loosely-bound extracellular water. The

microcentrifuge tube and samples were weighed and dried at

800C for 48 h. The RWC was calculated according to equation

2 .

Where,

RWC = the estimated relative water content of the

sample,

WTdry = the weight of the microcentrifuge tube and dried

cells.

Analytical HPLC.

The liquid chromatography gradient was delivered at 1.5

mL/min by a modular Gilson solvent delivery system

(Villiers, LE, BEL, France). Compounds were separated using

a 3 x 3 C-18 reverse phase column with a Supelguard C-18

guard column (Supelco, Bellefonte, PA, USA). The gradient

�. • ,:','. .' .' � 1"
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started at 10 percent acetonitrile in water:acetic acid

(99:1) and was increased to 60 percent acetonitrile in 6

min. Eluting compounds were detected with a Gilson

Holochrome variable wavelength UV detector at 262 nm and

peaks integrated using a Varian 4270 integrator.

Combined gas chromatography mass spectrophotometry (GC-MS).

Gas chromatography separations were performed on a 50 m

by 0.32 mm capillary column packed with 5 percent phenyl

methyl silicone (Ultra 2, Hewlett Packard, Palo, Alto, CA,

USA). The gas chromatogaph system was a Finnigan MAT 4,500

GC-MS interfaced with a Superlncos data acquisition system

(San Jose, CA, USA). The carrier gas He was delivered with a

linear flow rate of 40 cm/s measured at 1500C oven

temperature. The injector temperature was less than 600C for

on column injections of 1.5 uL. The oven temperature was

initially 600C and was ballistically ramped to 1750C. Then

oven temperature was increased linearly from 1750C to 3000C

at 4 °C/min. The ionization was performed with isobutane

with-an electron energy of 100 electron volts. The mass scan

was from 118 to 510 daltons at 1 scan/so

Nuclear Magnetic Resonance.

1H-NMR (360 MHz) spectra were recorded with a Bruker 360

WB spectrometer (Bruker-Physik AG, Silberstreifen, FRG) in

CDC13 with residual CHC13 as an internal standard .

. 1
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Results:

The effects of abscisins and phaseic acid on growth.

The effect of a 100-fold difference in ABA

concentration on the growth of bromegrass cells was

determined over 8 d (Figure 1). After 4 d, S-ABA (1-100 uM)

and racemic ABA (l-lOO uM) had no effect on either the

fresh weight or dry weight of the cells. However after 8 d,

the cultures treated with 4 to 100 uM ABA accumulated less

fresh weight than the 0 uM ABA controls (Figure 1). There

was no significant difference between racemic ABA and S-ABA

on the growth of the cells.

The effect of 20, 40 and 80 uM S-ABA, and 20 and 40 uM

deuterated S-ABA, alone or as a component of a racemic

mixture, on growth is shown in Table 1. The fresh weight

was increased over controls by treatment with 80 uM racemic

ABA after 5 d. However, all other treatments had either no

effect on growth or decreased growth. All treatments with

20 uM S-ABA inhibited growth with respect to controls at

both 5 and 8 d of the culture period (Table I).

After 1.5 and 3.5 d, 40 uM phaseic acid had no effect

on growth with respect to controls. ABA (80 uM) decreased

the rate of growth of cells by 13 percent after 1.5 d and

35 percent after 3.5 d with respect to controls (Table II).

The effects of abscisins on RWC.

Bromegrass cells treated with 1 to 100 uM S-ABA and

racemic ABA had a lower RWC as compared to the controls

(Fig. 2). At 1 uM, S-ABA treated cultures had significantly

higher RWC's than cells treated with racemic ABA (Fig. 2).

1
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After 4 and 8 d there were no other significant differences

in the RWC of S-ABA treatments and racemic ABA treatments

where the same total concentration of ABA was applied.

All ABA treatments from 20 to 80 uM S-ABA had lower RWC

than control cells (Table I). Cells treated with 20 uM s

ABA for 5 d and 8 d had 10 percent lower RWC's than cells

treated with higher concentrations of S-ABA.

The effects of abscisins and phaseic acid on

freezing tolerance.

Bromegrass cells treated with 1 to 100 uM ABA, had a

higher degree of freezing tolerance than the controls after

4 and 8 d. There was no difference in the effect of 10 to

100 uM ABA on the hardening of cells for up to 8 d.

Concentrations of ABA less than 4 uM were less effective in

hardening cells compared to concentrations greater than 10

uM. After 8 d cells treated with 4 uM S-ABA were gOC more

hardy than cells treated with 4 uM racemic ABA (Figure 3).

Cells treated with the various abscisins were more

freezing tolerant than controls (Table I). After 5 d,

freezing tolerance was maximal with 20 uM S-ABA (-280C),

and minimal with deuterated racemic ABA (-160C). After 8 d,

cells treated with 20 uM S-ABA, 160 uM racemic ABA or 40 uM

racemic deuterated ABA had the greatest freezing tolerance

(-350C). Cells treated with 20 uM S-ABA had the least

freezing tolerance (-240C).

Due to the limited availability and unknown stability

of phaseic acid, effects on freezing tolerance were tested

, ...__. /"
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after 1.5 and 3.5 d of culture. Small differences in

freezing tolerances could be detected if the excess

extracellular water was removed by centrifugation at 1,840

x g for 5 min according to the procedure 0 f Reaney (25).

This system more closely represents the conditions under

which a plant would freeze and thaw, with a low volume of

water outside the cell wall. After 1.5 d of culture, cells

grown in the presence of racemic ABA tolerated -17oC versus

-90C for PA and the controls (Table II). After 3.5 d of

culture, cells treated with racemic ABA could tolerate -

40oC, whereas controls and PA treated cells could only

tolerate -a i>c.

HPLC and GC-MS data revealed that PA was present in the

culture medium throughout the 3.5 d experiment (data not

shown). Addition of PA caused accumulation of DPA in the

cell culture medium.

Discussion:

The plant growth regulator S-ABA has a large number of

proposed biological roles (1). However, the biological role

of the S-ABA molecule has only been proven in stomatal

closure (6). The wealth of information on the biological

activity of the racemic mixture of ABA necessitates a

comparison of the activities of S-ABA to R-ABA. Slow ABA

responses to R-ABA are similar to those of S-ABA (19).

Therefore, results obtained with racemic ABA are subject to

artefacts induced by the unnatural R-ABA. S-ABA and racemic

ABA are available but R-ABA is more difficult to obtain for
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biological testing. If R-ABA is inactive in an assay then,

S-ABA should have equal activity as racemic ABA at twice

the concentration. However, if R-ABA interacts with S-ABA

yet has no activity when added alone a simple effect of

concentration might not occur. Thus comparison of

biological responses to S-ABA and racemic ABA could reveal

interactions of R-ABA with S-ABA as well as activity of R

ABA in the racemic mixture.

Bromegrass cell growth was inhibited by 20 uM S-ABA

after 5 d in culture, regardless of the form in which the

S-ABA was supplied. Cultures treated with 40 uM S-ABA grew

at the same rate as controls regardless of the form of

added ABA. At concentrations less than 40 uM S-ABA, no

artefactual responses to racemic ABA were noted.

Furthermore, equivalent growth inhibition by deuterated ABA

indicated that the label did not interfere with the effects

of S-ABA on cell growth.

Decreased RWC is highly correlated with freezing

tolerance in fall-acclimated winter wheat cultivars (9).

The RWC of bromegrass cell suspension cultures was

decreased by all forms of ABA (Table I). The decrease in

RWC in cells treated with 20 uM S-ABA was equivalent to the

decrease in RWC of cells treated with 40 uM racemic ABA.

When the total amount of S-ABA in both of these treatments

was doubled, the RWC increased 10 percent in both

treatments. Therefore, at concentrations less than 40 uM S

ABA, changes in RWC could be attributed to S-ABA alone.

However, the RWC of cultures treated with 160 uM racemic
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ABA was lower than the RWC of cultures treated with 80 uM

S-ABA. This may indicate that an artefactual response to R

ABA occurs at this concentration.

The RWC of cells treated with deuterated S-ABA and

racemic ABA was reduced in a simi lar fashion, except 80 uM

deuterated-racemic ABA reduced the water content more than

80 uM racemic ABA. Whether this was due to slight

impurities in the deuterated ABA or to an isotope effect of

the deuterated compound is unknown.

All forms of applied ABA were effective at inducing

freezing tolerance. Although statistically significant

differences occurred in the levels of freezing tolerance

expressed in this experiment, we are reluctant to interpret

these results as other factors interact with freezing

tolerance. For example, the synchrony of cell division can

be affected by cultural practices and hormone treatments.

Cells vary in hardiness with cell size (12) and the stage of

the cell cycle (27). If the majority of cells in a treated

culture are in a frost sensitive phase of the cell cycle

they may appear less hardy than cells in a frost hardy

phase of the cell cycle. We have not investigated the

possibility of interaction of cell cycle with hardiness. s

ABA, deuterated S-ABA, racemic ABA and deuterated racemic

ABA all induce freezing tolerance in bromegrass cell

cultures.

The ABA metabolite, phaseic acid (40 uM) had no effect

on freezing tolerance although it was present throughout
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the 3.5 d culture period. DPA, a metabolite of PA, was also

present throughout the culture period in PA-treated

cultures. This experiment suggests that both PA and DPA are

ineffective in inducing freezing tolerance to cell

suspension cultures of bromegrass. Activity of PA and DPA

in the ce 11 interior or in conjunction wi th ABA cannot be

ruled out.

'"'1"""''-
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Table I. The effects of S-ABA, racemic ABA and their deuterated

analogs on growth, relative water content (RWC) and

freezing tolerance of cell suspension cultures of

bromegrass. Culture conditions, measurement of percent

increase in fresh weight (FWT %), the determination of

RWC, freezing conditions and vital staining are

described in the Materials and Methods. Values followed

by the same letter are not significantly different at p

= 0.05 by Duncan's multiple range test. Each value is

the mean of two replicates.

--------------------------------------------------------------------

5 d S d
----------------------- ----------------------

RWC FWT% LT50 RWC FWT% LT50
-----------------------------------------------------

Control 6.S1a 521b -Sd 6.2Sa 1060a -2d

S-ABA:

20 uM 4.44d 454d -2Sa 4.01d 720b -40a
40 uM 4.S6b 55Sab -19bc
80 uM 4.S4b 570a -lSbc 4.40b 733b -33b

Racemic ABA

40 uM 4.39d 449d -23b 4.05d 692bc -34b
80 uM 4.94b 562a -21b
160 uM 4.69c 496bc -19bc 4.19c 676c -35ab

[2H] -S-ABA:

20 uM 4.36d 443d -22b 4.0Sd 702bc -24c
40 uM 4 .. 74bc 556ab -22b

racemic [2H]-ABA:
40 uM
80 uM

4.34d
4.69c

447d
532b

-16c
-16c

4.11cd 69Sbc -37a
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Table II. The effects of racemic ABA and PA on freezing tolerance

and percent increase in fresh weight (FWT %) of cell

suspension cultures of bromegrass. Cultural practices,

growth determination and killing temperature (LT50)
were determined as described in Table 1.

1.5 d 3.5 d

LT50 �T% LT50 FWT %

Control -9 33 -11 196

ABA -17** 16** -40** 91**

PA -9 32 -11 193

* Significantly different than the control at p = 0.01

based on the LSD for n = 2.



101

Figure Legends:

Figure 1. The effect of S-ABA and racemic ABA on growth of

bromegrass cell suspension cultures. Cell culture

conditions and growth were determined as

described in Materials and Methods.

Figure 2. The effect of S-ABA and racemic ABA on the RWC of

bromegrass cultures. Cell culture maintainance,

ABA addition and removal of loosely bound water

were performed as described in Materials and

Methods.

Figure 3. The effect of S-ABA and racemic ABA on the

freezing tolerance of bromegrass cells. Cell

culture maintenance ABA. addition, and viability

assays were performed as described in Materials

and Methods.

'0.
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Abstract:

A centrifugation method is described for the removal of

loosely-bound water from cell suspension cultures. The

major factors affecting water release during centrifugation

were: the time of centrifugation; the depth of the cells;

the density of the cells; and the relative centrifugal

acceleration. A time constant of 0.93 min was determined

for the release of loosely-bound water during

centrifugation (17,000 x g). Centrifugation at centripetal

forces between 0.02 and 0.23 MPa afforded a linear

relationship between force and relative water content

(RWC). The slope of the RWC versus force was proportional

to the cell wall modulus of elasticity (E), which was

determined as 0.9 MPa. The intercept was interpreted to be

the mass of the cells at full turgor without loosely-bound

apoplastic water (RWC = 1). Removal of loosly-bound

apoplastic water allowed the accurate determination of

growth, cell density, RWC, E and osmotic potential by

vapour pressure osmometry. Cells behaved like osmometers if

glass beads were added to the top of the cells during

centrifugation. The cell non-osmotic volume and the cell

osmotic potential were calculated to be 55.3 ± 0.2 percent

(x ± LSD) and 0.24 MPa, respectively using this method.
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Introduction:

The pressure chamber and the thermocouple psychrometer

have been widely used to measure osmotic potential, turgor,

water potential and bulk modulus of elasticity in intact

plants or plant parts (14). Plant cell cultures have

recently been used as model systems for the study of stress

physiology (3,6). Unfortunately, few methods are available

for the measurement of water relations in cell suspension

cultures during an imposed stress and during stress

acclimation.

The pressure chamber is limited to plants with an

organized xylem (12). The thermocouple psychrometer is often

used for determination of osmotic potential but it is

subject to error if there is dilution of symplastic

solution with solute-free apoplastic water after freezing

and thawing the tissue (8). Furthermore, hydrolytic

proteins released by freezing and thawing can change the

osmotic potential of plant tissues by digesting polymeric

cell components (1).

Cell cultures have large quantities of extracellular

water held in the cell wall and between cells. A

centrifugation method is described that removes loosely-

bound water. This method permits more accurate

determinations of cell growth (CV = 0.02), density (CV =

0.02) and RWC (CV = 0.02). Centrifugal pressures between 0

and -4.8 MPa were obtained by varying rotor speed and by

placing weights (glass beads) on top of the cells. Analysis

water r=le&:� _nd applied centrifugal force were used to
--:;:"9f1lII'lI1Jlllr' r 'I

I '\
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determine the bulk modulus of elasticity and the osmotic

potential of the cells.

Materials and Methods:

Source of Culture

Bromegrass cell suspension cultures, originally

obtained from the Plant Biotechnology Institute (National

Research Council of Canada, Saskatoon) were maintained in

modified Erickson's medium as previously outlined (9). In

all experiments cultures were initiated with a 1 g

inoculum then grown for 7 d in 50 mL of medium at 250C in

the dark.

Centrifugation

Unless stated otherwise, cells were centrifuged in 1.5

mL polypropylene microcentrifuge tubes (Eppendorf - see

Fig. 1a). A glass wool plug (Owens-Corning Cat. no. 3950)

was inserted in the bottom of each tube to prevent loss of

cells (Fig. 1a). The total mass of cells added to the

centrifuge tube was recorded to the nearest 0.1 mg. The

tubes were capped to minimize evaporation. The bottom of

each tube was pierced with a dissecting needle « 0.5 mm)

to allow water removal during centrifugation. Tubes were

suspended in a Sorvall RC-2B centrifuge as depicted in

Figure 1a and centrifuged at the relative centrifugal

acceleration indicated in a swing out rotor (either HS-4 or

HB-4, Sorvall). Rotor speed was recorded from the

centrifuge meter.

H ",r,
'. -
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Relative Water Content

Relative water content { RWC } is defined as the ratio

of the difference between the fresh mass of a treatment

(Mt ) and its dry mass { Md } to the difference between the

mass of the cells in double distilled water ( Mo) and Md.

RWC = (1)

Methods of estimating Mo will be discussed in more

detail below.

osmometry

The osmotic potential of cell solutes was determined

using a vapour pressure osmometer {Model No. 5130, Wescor

Inc.}. Cell solutes were prepared for vapour pressure

osmometry by immersing cells in a polypropylene

microcentrifuge tube with a glass wool filter directly into

liquid N2 for 10 min. The centrifuge tubes were then held

in water at 220C for 2 minutes to thaw the cells. The

centrifuge tubes were pierced in the bottom to allow the

release of cell solutes during centrifugation. The narrow

end of the micro-centrifuge tube was placed into an open

micro-centrifuge tube as shown in Figure lb. Both tubes

were placed into a centrifuge tube holder (Corex 8441,

Corning Glass Works) and centrifuged together at 1,000 x g

for 2 min in a Sorvall RC2-B centrifuge equipped with a HS-

4 rotor.
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The effect of centrifugation duration and speed on RWC

Bromegrass cell suspension cultures were filtered over

nylon mesh (100 uM) and washed with 250 mL double distilled

water. Approximately, 200 mg of double distilled water-

washed cells were placed into 1.5 mL microcentrifuge tubes

(Cat no. 6332-10, Cole Parmer Instrument Co.). The tubes

Centra-M (IEC) centrifuge equipped with a fixed angle rotor

were pierced as described previously and centrifuged in a

(Cat. no. 5706, Fig. 2). This centrifuge was selected

because its low rotor mass allowed rapid acceleration and

decceleration (0 - 13,300 - 0 RPM in 18 s). In a separate

experiment, approximately 300 mg of double distilled water-

washed bromegrass cells were centrifuged in pierced 1.5 mL

microcentrifuge tubes in a Sorvall HB-4 rotor. Cells were

centrifuged at a series of rotor speeds to determine the

effect of centrifuge speed on RWC.

Growth

Cell cultures were filtered over nylon in a sterile

funnel, washed and a small sample (0.3 g) of the tissue was

placed into a preweighed microcentrifuge tube as described

previously. The cells remaining in the funnel were used for

inoculating culture flasks (1.00 ± 0.02 g/flask). The tared

microcentrifuge tubes were pierced in the bottom with a

dissecting needle and centrifuged at 1,840 x g for 5 min as

shown in Figure lao The microcentrifuge tube was reweighed,

opened and held at 800C for 48 h. The fresh and dry mass of

the 1 9 inoculum (MF* and Mo respectively) were estimated

as described in equations 2 and 3 respectively.

(
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MF* = MI (M. - Me)/(M1 - Me)·

MD = MI (Mdry
- Me)/ (M1 - Me>·

Where,

MI = the mass of the inoculum,

Me = the mass of the microcentrifuge tube without

(2)

(3)

any cells,

= the mass of the microcentrifuge tube after

centrifugation at 2,000 g, and

= the mass of the microcentrifuge tube with the

wet sample before centrifugation.

= the mass of the centrifuge tube and the dried

cells.

After a given incubation period, cells were collected

on a nylon filter and washed as described previously. The

cells were scraped from the nylon filter and weighed to the

nearest milligram. The fresh mass and dry mass of the grown

culture cells were determined as described previously by

subst i tu t ing the mass 0 f the cu I tures f or the mass 0 f the

inoculum (M1) into equations 2 and 3. Growth was determined

as the ratio of the corrected mass of the grown cu I ture to

the corrected mass of the inoculum.

Density by volume displacement

Cell suspension cultures were centrifuged at 1,840 x g

in a Sorvall HS-4 swingout rotor, as described previously,

to remove loosely-bound water. Cells were rapidly

U�Lc�teQ �o a Dreweighed 10 mL volumetric flask. The
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flask was reweighed and half filled with double distilled

water taken from a 10 mL burette. Air bubbles trapped by

the tissue were removed by placing the volumetric flask

into a side-arm flask and reducing the air pressure with a

vacuum aspirator. The vacuum was released and the

volumetric flask was filled to the 10 mL mark with the

burette. Density is reported as the ratio of cell mass to

volume.

The effect of cell depth on RWC

Approximately 200 mg of distilled water washed cells

were added to a 400 uL Eppendorf polypropylene microtest

tube (Fig. 1c) prepared as previously described. Cells were

centrifuged at 17,000 x g for 15 minutes in a Centra-M

centrifuge and weighed. Glass beads (0.5 mm Glasperlen - B.

Braun Melsungen AG) were placed on top of a glass wool plug

which was on top of the cells. The microtest tube was

weighed, centrifuged for an additional 15 minutes at 17,000

x g, weighed and more glass beads were added and the tube

was reweighed. This process was repeated 3 times to

determine the effect of increasing force on cell RWC. The

microtest tubes were pierced several times in the side

prior to drying as described above.

Calculations and Results:

Calculation of the time constant for eguilibration

Cells centrifuged for 1 min intervals at approximately

16,000-17,000 x g lost water exponentially (Fig. 2). The

masses of the cells at time 0 (Mo> and at time t (Mt> were
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subtracted from the cell mass at eq:uilibrium (M;�) and the

subtracted weights (Mt - M�) are plotted versus time (t) in

Figure 2a.

A first order decay process can be described by the

eq:uation:

d x

= - k x (4 )
d t

where t = time in seconds,

x = the amount of solution that may be removed

by centrifugation, and

k = a constant.

Rearranging and integrating (4) between the limits of

Xo (the original amount of water) and x (the amount of

water at any other time) and between the limits of zero

time and any other time gives:

x = x e
-k t

o (5 )

Plotting In x Y�!:�1!� t gives a straight line with a

slope of -k. Under the centrifugation conditions indicated,

k was determined to be 0.927 min (Fig. 2b).

The effect of centrifugation speed on RWC

Cells were then centrifuged at a series of ascending

relative centrifugal forces in an HB-4 (Sorvall) swing-out

rotor. The RWC is:

RWC = (6)
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where

= the mass of the sample,

= the mass of the cells in double distilled

water, and

= the mass of the dried cells.

In tissue culture, the mass of cells at zero water

potential (Mo) is dependent on the amount of water held by

the capillary action of the cell clumps. This water may be

removed by centrifugal acceleration. The magnitude of

centrifugal acceleration (a, x g) is obtained from the

square of the angular velocity (W, rad s-1) and the

distance from the center of rotation (r, cm).

a =

1 x g
w2 r ----------

980 cm s-2
( 7 )

Where, g = the earth's gravitational field (980 cm s-

When cells are centrifuged at low centrifugal

accelerations (a = 0 - 1,840 X g), RWC has a non-linear

response to centripetal acceleration (Fig. 3a). However, at

accelerations between 1,840 x g and 11,500 x g, there is a

linear relationship between RWC and increased centrifugal

acceleration (r2 = 0.99). The RWC in double distilled water

was taken by the extrapolation of the linear portion of the

graph of water content versus centrifugal acceleration

(Figure 3a) to zero acceleration.

The ::Coree eXDerienced by cells in the centrifuge tube
--...,-,--

.• l'�"

\
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is created by the acceleration of cells into cells below

them. The force experienced from the depth of water in a

single cell which may be 30 uM across is insignificant in

comparison with the depth of the tissue in the centrifuge

tube (3,000 uM). Therefore, the force is proportional to

the centrifugal acceleration (Eqn. 7), the density of the

cell mass and the height of the cells being accelerated to

generate that force. The height of the cells in a

centrifuge tube is:

hvcells =
Mvcells
--------

i1' R2 6cells
(8)

where, hvcells

Mvcells

= the height of cells at velocity v,

= the mass of cells (M) at velocity v,

R = the radius of the centrifuge tube, and

= the density of the cells at velocity v.

Assuming that the cells have uniform density throughout

the length of the centrifuge tube, the value of r, the

distance from the center of rotation may be estimated:

rvcells = (hvcells/2) (9 )

where, rvcells = the distance of the center of mass

of the ce 11 s from the center of

rotation at velocity v,

= the distance from the bottom of

the sample to the center of

rotation,

The force on the cells is written in the simplified

(
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form,

= (hvcells/2) w2 rvcells/980. (10)

where, Fv is the force on the cells at velocity V,

In this form the units of force are Pa. Plotting force

rather than angular acceleration versus RWC revealed that

cell mass differences will not allow the accurate

determination of the RWC at zero water potential (Figure

3a, 3b). The value of the bulk modulus of elasticity (E)

was determined from the linear portion of the graph.

E = RWCo(d F/d RWC) ( 11 )

where RWC =

o
the relative water content of cells at

zero water potential without loosely-

bound water, and

d F/d RWC = the s lope of the l'inear region of

equation 10.

The effect of cell depth on RWC

Depth was increased by placing glass beads on top of

the cells. All centrifugation was performed in Eppendorf

microtest tubes placed in a fixed angle rotor (lEC, Cat.

No.5106). The force applied to the cells was calculated as

the sum of the forces from the centrifugal acceleration of

the mass of cells and the force from the centrifugal

acceleration of the glass beads.

Fv = ('mcells (hmcells/2) W2 rmcells/980 +

�lass (hmglass) w2 rmglass/980)COS (71/2 rad) (12)

where �cells = the density of the cells under glass

\

IL_
'''' '.-,i
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form,

= (hvcells/2) W2 rvcells/980. ( 10)

where, Fv is the force on the cells at velocity V,

In this form the units of force are Pa. Plotting force

rather than angular acceleration versus RWC revealed that

cell mass differences will not allow the accurate

determination of the RWC at zero water potential (Figure

3a, 3b). The value of the bulk modulus of elasticity (E)

was determined from the linear portion of the graph.

E = RWCo(d F/d RWC) ( 11 )

where RWC =

a
the relative water content of cells at

zero water potential without loosely-

bound water, and

d F/d RWC = the s lope of the 1'inear reg ion of

equation 10.

The effect of cell depth on RWC

Depth was increased by placing glass beads on top of

the cells. All centrifugation was performed in Eppendorf

microtest tubes placed in a fixed angle rotor (IEC, Cat.

No.5706). The force applied to the cells was calculated as

the sum of the forces from the centrifugal acceleration of

the mass of cells and the force from the centrifugal

acceleration of the glass beads.

Fv = ('mcells (hmcells/2) W2 rmcells/980 +

�lass (hmglass) w2 rmglass/980)COS (11/2 rad) (12)

where �cells = the density of the cells under glass
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beads of mass m, g cm-3,

hmcells = the height of cells under glass beads

of mass m, cm,

rmcells = the distance from the center of mass of

the cells under glass beads of mass m

to the center of rotation.

�lass = the density of the glass beads, g cm-3,

hmglass = the height of glass beads of mass m, cm,

rmglass = the distance from the center of mass of

the glass to the center of rotation.

cos (1'(/2) = 0.70711 (a correction factor added

to compensate for the ang I e of the rotor

decreasing the depth of the cells).

Centrifugation speed was constant at 13,300 RPM in

these experiments. Therefore, at 8.6 cm from the center of

rotation (the bottom of the centrifuge tube), the

centrifugal acceleration was 17,000 x g. The acceleration

at any depth at 13,300 RPM was determined by equation 13.

ar = 17,000 (r/8.6) (13)

where, the centrifugal acceleration at any any=

distance r from the center of rotat ion,and

r = the distance from the center of rotation.

The height of the cells and glass beads in a centrifuge

tube held at 'Ii 12 rad is given by equations 14 and 16

respectively.

�cells ( 14)cos (1'( 12)=

_ c

I

'''11
"

= the height of cells under glass
.�.�-t

11
,

\



118

beads of mass m,

Mmcells = the mass of cells (M) under glass

beads of mass m,

Assuming that the cells have a uniform density

throughout, the length of the centrifuge tube, the value r,

the distance of the center of mass of the cells from the

center of rotation may be estimated:

rmcells = 8.6 (hmcells/2) cos ('If /2 rad) (15)

where rmcells = the distance of the center of mass

of the ce 11 s from the center of

rotation under glass beads of mass m,

The height of the glass beads in a column-shaped

centrifuge tube held at 7( 12 rad is

=
Mmglass
-------- X

;( R2 6g1aSS
cos (1"( 12) ( 16)

where, hmglass

Mmglass

= the height of glass beads of mass m,

= the mass of glass beads,

= the density of the glass beads.

Since the glass beads are above the ce 11 mass, it is

necessary to subtract the height of the cell mass from the

base of the centrifuge tube as well as half of the height

of the g lass beads from the ce 11 mass to find the center of

mass of the glass beads.

rmglass = 8.6 - (hmcel1s + hmglaSs/2) cos (7t/2rad)

(17)

where rmglass = the distance from the center of mass for

111 I
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the glass beads and the center of

rotation.

The results of the calculation of RWC and force are

plotted against each other in Figure 4a. The magnitude of

force was sufficient to exceed the turgor potential of the

cells. The direct plot in Figure 4a is non-linear, whereas

a plot of l/F versus RWC (Fig. 4b) was linear with a

correlation coefficient of 0.99 indicating that the cells

were behaving as ideal osmometers.

Discussion:

The literature on the mechanical and thermodynamic

properties of whole plants is extensive. However, there are

few if any studies on the water relations of cell cultures.

Here we present a simple method by which water relations of

cell cultures can be readily determined using equipment

found in most research laboratories.

Conditions that modify water removal under centrifugation.

The first step in deve loping a method for the study of

plant water relations is the determination of the time

required for cells to reach equilibrium with the applied

force.

The loss of water from the cell wall at 17,000 x g in a

Centra-M fixed angle rotor was very rapid, as demonstrated

in Figure 2 a. Thermodynamic equilibration with centripetal

force required only 4 min. In experiments with a larger

centrifuge rotor mass, it was not possible to perform a

similar experiment as acceleration and decceleration

ill �"f.(
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required a substantial portion of the equilibration time.

Nevertheless, the time constant of equilibration at

accelerations of 1,840 x g must be similar or less than at

17,000 x g as cells equilibrated within 5 min at 1,840 x g.

However, cells that were compressed severely by the glass

beads equilibrated more slowly (data not shown). The slower

equilibration time of cells that had lost turgor may have

been due to deformation and the consequent packing of cell

clumps and/or to the impedance of the cell membranes to the

outflow of water. An investigation of this area has

potential in determining the relative and absolute levels

of hydraulic conductivity of the cell wall and the plasma

membrane.

The use of centrifugal force or any other directional

force to remove cell water is not analogous to the use of a

pressure chamber. The cells in the centrifuge tubes contact

each other at various pOints and cell wall material will

only experience pressure at sites of contact. To test

several elastic constitutive properties, Gates et �1. (5)

described the uniaxial compression of a theoretical system

of rod and sphere shaped cells. This model determined that

the initial contact area between cells must be incorporated

into the model to attain realistic predictions of elastic

parameters. Cell wall compression at the contact points

will remove water from the cell wall at those sites

depending on the compressibility of the cell wall. The

compressibility of the cell wall is unknown for this tissue

and the range of moduli of elasticity reported for isolated
-

r�

Il

I'll r,"'!;

�.
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cell wall fractions (4,7,13) makes prediction of this

parameter from previous data impossible. In chapters 7 and

8 results are shown that demonstrate that walls of cell

suspension cultures of bromegrass are compressible.

Comparison of centrifugal acceleration and centrifugal

force for applied water potentials

Centrifugal acceleration was inappropriate to establish

a relative water potential because of the influence of mass

on the relative force on the cells. The mass of the cells

was a function of centrifugal force and therefore the force

varied with acceleration. In Figure 3a, at accelerations

between 1,300 x g and 5,200 x g, there was a loss of 14

percent of the cell mass. This means that force applied to

the cells was underestimated by 14 percent more at 1,300 x

g than at 5,200 x g. The plot of acceleration versus mass

may be linear but the intercept is a poor estimate of RWCo
since it will always be greater than RWCo estimated from

plots of force versus RWC.

The coefficient of variation decreased with increasing

centrifugal acceleration (Figure 5). This result is

predictable from Figures 3A and 3B. Small errors in the

determination of centrifugal acceleration have a greater

influence on RWC at low centrifuge speeds than at high

centrifuge speeds.

Uses of the centrifugation method in the study of plant

cell cultures

Two goals may be achieved if the relationship between

•
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time, centrifugal force and water release are known. In

cell cultures, rapid analysis of growth and development

parameters and determination of the effects of treatments

on water relations are both possible.

(1) Analysis of plant culture growth and development

The growth of cell cultures can only be determined if

there is a reliable method to determine cell mass. For the

determination of growth and RWC multiple centrifuge speeds

are not required as long as equilibration time" fresh mass

of added tissue and centrifugation conditions are kept

constant.

The osmotic potential of the cell solute may be

ascertained using the method described, although problems

may arise if cell wall volume is altered by treatments and

growth (11). Cell density is also readily measured (1.07 g

cm-3), but large amounts of cells are required.

(2) Analysis of plant cell culture water relations

The analysis of cell water relations was investigated

at low (0 to -0.14 MPa) and high (-0.5 to -6 MPa) applied

centrifugal forces. At low centrifugal forces, water

release was linear between 0 and -0.02 MPa. At this rate of

centrifugal force, cells lose water from large

'capillaries' formed by the packing of cells and cell

clusters. Some' water may be lost by compression of the cell

wall and by compression of the apoplast. However, the

osmotic potential of the whole cell mass is -0.44 MPa (as

measured by vapour pressure osmometry), so it is highly

improbable that large amounts of symplastic water are

�( \
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expressed. Furthermore, in studies using PEG 8,000 this

centrifugation technique was capable of removing added PEG

8,000 from cells (10). PEG 8,000 does not enter the cell

wall because of its molecular diameter (2). Therefore, the

loss of water at high water potentials is primarily

apoplastic water and is readily removed by centrifugation.

At water potentials between -0.02 and -0.14 MPa, water

release was linear and elastic with increasing force. E is

determined by multiplying the slope of this region by RWCo.

The intercept at 0 centrifugal force of the linear portion

of Figure 3b is used as an approximation of RWCo. The

measurement of E was repeated four times from the same

culture source and a value of 0.900 ± .003 MPa was

obtained. This method is �eproducible within treatments but

varies between treatments such as ABA (11). Cells that were

centrifuged under glass beads were exposed to water

potentials between -0.5 and -5 MPa. The induced water

potential overcame cell turgor and the cells behaved as

osmometers (Figure 4a and b). Occasionally, cells were

forced through the hole in bottom of the tube. In these

cases, the cells still behaved as osmometers but the dry

weight could not be established.

The intercept at RWC of 1 (Figure 4) estimates the

osmotic potential as -0.36 MPa. However, the RWC at 0 water

potential overestimates the osmotic potential due to

capillary bound water. At 17,000 x g even cells without

added glass beads had lost turgor. Thus it was on I y

'"
I
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possible to estimate the upper limit of osmotic potential

of -0.61 MPa. The measured osmotic potential for cells

frozen in liquid nitrogen was determined by vapour pressure

osmometry to be -0.44 MPa. The osmotic potential determined

by vapour pressure osmometry is subject to two known

errors. First an error is introduced through dilution of

cell solutes by cell wall water (8). For these cells, the

estimated volume of cell wall water was 15 percent (10).

Secondly, the osmotic potential may be underesti�ated if

there is substantial hydrolysis of large molecular weight

solutes (1). Hydrolysis was not estimated in these

experiments. The determined osmotic potential appears

reasonable, but a more extensive analysis will be required

to establish the validity of the new method.

Extrapolation of Figure 4 to the Fv
-1 axis (the x

intercept), gave the non-osmotic water content as 42

percent of the RWC of the fresh weight or 51 percent of the

RWC of the cells centrifuged at -0.6 MPa. Cell cultures

lose large amounts of water from the apoplast during

cytorhysis in PEG 8,000 (10), which causes an underestimate

of the non-osmotic volume (15). The non-osmotic volume is

probably underestimated in these cells as well.

Cells in culture have large amounts of loosely-bound

apoplastic solution which interferes with both the study of

cell growth and rheology. The methods described here

demonstrate that removal of loosely-bound water lowered the

coeffient of variation for the fresh weight and RWC which

alloweri_��tt�r determination of growth, RWC and density of

.----�r- , .
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cell cultures. Centrifugal acceleration produces a force

that is readily manipulated. Water released from cells

under force was lost from the bottom of the centrifuge

tube. The rate of water release was exponential during

equilibration, linear at low centrifugal forces and

hyperbolic at high centrifugal forces. This behaviour is

analogous to that described in most water release curves,

yet it differs in that the symmetry of the applied force is

uniaxial and that not all cells experience the same force.

These methods are very rapid and allow the comparison of

various treatments. These methods may be adaptable to

analysis of some plant tissues as well.

"
I
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Pigure Legends

Figure 1. (A) Apparatus for centrifugation at variable

centrifugal accelerations. A glass wool plug was

placed into the bottom of the Eppendorf

microcentrifuge tube. Cells were added as

described in Materials and Methods. The

microcentrifuge tube was placed into an empty 5

cc syringe casing which in turn was placed into a

centrifuge tube. The whole apparatus was placed

into a Sorvall swing out rotor (either a HS-4 or

a HB-4 ) which was spun in a Sorvall RC2-B

centrifuge. Rotor speed was recorded from the

centrifuge meter.

(B) Apparatus for extracting cell solutes from

bromegrass cells frozen 1n liquid nitrogen. Cells

were placed into a microcentrifuge tube and the

cells were either frozen directly or centrifuged

and frozen in liquid nitrogen. Tubes were thawed

and cell solutes were expressed as described in

Materials and Methods. The two microcentrifuge

tubes were placed inside a large (Corex 8442)

centrifuge tube holder and the apparatus was

centrifuged as described in Materials and

Methods.

(c) Apparatus for increasing centrifugal force by

addition of mass above the cells. Centrifugation

conditions and addition of glass beads and cells

,
<

�re d:scribed in Materials and Methods.

1
,
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Figure 2 The effect of duration of centrifugation on water

release from cell suspension cultures of

bromegrass. Bromegrass suspension culture cells

were cultured, washed, centrifuged and dried as

described in Materials and Methods. (A) Direct

plot of relative water content (RWC) versus time

for a single sample of cells.

(B) The data from four microtest tubes each

containing similar amounts of bromegrass cells

was plotted after converting the data using

equation 6. The error bar represents the least

significant difference at p = 0.05 (n = 4). The

r2 value was determined on the means of all

replicates.

Figure 3 The effect of centrifugal acceleration (A) and

centrifugal force (B) on water release by cell

suspension cultures of bromegrass. Cell cultures

were grown and prepared as described in Materials

and Methods. Cells were then placed into a

polypropylene microcentrifuge tube as described

in Figure 1 (A). Cells equilibrated with the

applied centrifugal force in 10 min. A RWC of 1

was assigned to cells centrifuged at 5 x g. (A)

Data shown here is a representative sample.

Relative centrifugal acceleration was calculated

according to equation 8 (angular velocity was

calculated by equation 9 and the distance from
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the center of the ce 11 mass to the center of

rotation was given by equation 11.

(B) The data for Figure 3A were replotted with

centrifugal force instead of centrifugal

acceleration by using equation 12.

Figure 4 The effect of cell depth on water release by

centrifuged cells of bromegrass. Bromegrass cell

suspension cultures were grown and prepared as

described in Materials and Methods. Cells were

placed into a microtest tube (Figure 1C) and

centrifuged at 13,300 RPM for 10 min. Addition of

glass beads and further centrifugation steps are

described in Materials and Methods. (A) Part A is

a direct plot of centrifugal force (as calculated

by equation 14) versus the RWC. Data given is from

two separate experiments. (B) Part B is a plot of

the reciprocal of the centrifugal force versus

RWC.

Figure 5 The effect of increasing centrifugal acceleration

on the coefficient of variation of water content

of centrifuged bromegrass cells. All culture

conditions and centrifugations were identical to

those described for Figure 3. The coefficient of

variation was determined on 8 different samples

of bromegrass cells.
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7.0.

The measurement of physiological parameters of

cell suspension cultures: relative water content,

cell osmotic potential, non-osmotic volume,

turgor, and cell wall modulus of elasticity.

Martin J.T. Reaney,

Crop Development Center,

University of Saskatchewan,

Saskatoon, Saskatchewan,

Canada, S7N OWO.
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Abstract:

A solute immersion method was combined with

centrifugation techniques to determine the cell wall

modulus of elasticity (E), osmotic potential of cell

solutes (lVosm) and the non-osmotic volume (Vo for cell

suspension cultures of bromegrass (Bromus inermis Leyss. cv

Manchar). Solutions of polyethylene glycol (PEG M.W. 8,000)

were used to apply osmotic potentials from 0 to -1.1 MPa

outside of the cell wall of cultures. Solutions of sorbitol

(M.W. 182) were used to apply osmotic potentials from 0 to

-1.3 MPa on the protoplast plasma membrane. The water

release curve developed for cells immersed in a series of

PEG 8,000 solutions was comparable to reported water

release curves developed with the pressure chamber on whoie

leaves. However, water release curves of cells immersed in

sorbitol solutions differed from those generated with PEG.

In sorbitol-treated cells, water release only ·occurred at

solute concentrations that plasmolysed the cells and,

thereafter, bore a linear relationship to osmotic

potential. Comparison of the water release curves in

sorbitol and PEG revealed that water release methods that

remove cell wall water overestimate the change in

symplastic volume in response to water potential. Erroneous

values of E, Y
osm

and Vo occur due to the release of cell

wall water. The effects of cell wall water on the

parameters of water relations are discussed.
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Introduction:

The study of water relations in plants depends on the

measurement of equilibrium water content after the application

of a physical force (22). The pressure chamber (18) and the

vapour pressure equilibration (10) methods remove water by

applying a force external to the cell wall. The pressure probe

measures the restriction of the protoplast volume by the cell

wall (26).

None of these methods has been adapted to cell cultures,

which are rapidly dividing and differ from more mature and

slowly dividing tissues used in water relations studies. The

absence of organized xylem tissues in cell cultures prevents

the use of the pressure chamber. The small ce 11 size of rapid

ly dividing cells prevents the use of the pressure probe (9).

There are no reports of the use of the vapour pressure

equilibration method on cell cultures. Although solute

immersion methods have been used to measure water potential

and water release in leaf disks (1), solute transfer may occur

between the apoplast and symplast. Reaney (16) developed a

method based on centrifugal force to investigate water

release from cell suspension cultures. Unfortunately, this

method could not be compared wi th other methods as no other

methods exist.

This study describes a method for the removal of loosely

bound osmotic solutions from cell cultures exposed to sorbitol

or PEG 8,000. The bulk modulus of elasticity (E), osmotic

concentration of cell solutes (�osm) and the non-osmotic

volume (vo) suspensions can be calculated using this method.

•

•
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Materials and Methods:

Source of Culture

Bromegrass cell suspension cultures, originally obtained

from the Plant Biotechnology Institute (National Research

Council of Canada, Saskatoon), were maintained as previously

outlined (15).

Osmotic solutions.

PEG 8,000 (Sigma, Cat. No. P-2139) solutions up to -1.1

MPa and sorbitol (Aldrich - Gold Label) solutions up to

-1.4 MPa were made up in 100 mL of double distilled water.

High concentrations of PEG were dissolved by placing the

flasks on a rotary shaker overnight.

Immersion of cells in osmotica

Bromegrass cultures were filtered over nylon (pore size

100 um) and washed with 500 mL of double distilled water.

Microcentrifuge tubes (1.5 mL) fitted with a glass wool plug

at the base were pierced at the base with a dissecting needle

and 0.30 g of washed cells were added to each tube. The tubes

were centrifuged at 1,000 x g for 5 minutes and weighed.

Double distilled water, PEG solutions or sorbitol solutions

were added to each tube and the ce 11 s were suspended by

tapping the tube repeatedly with a glass rod. Each

microcentrifuge tube was then placed into a second

microcentrifuge tube and the tubes were centrifuged together

at 1,840 x g for 2 min. The solute collected in the second

centrifuge tube was used to determine the osmotic potential

of the extracellular solution and the ratio of the mass of

solute to the mass of the total solution.

,



140

Measurements made on equilibration solutions

(1) Vapour pressure osmometry

Osmotic potentials of solutions and cell sap were

measured with a vapour pressure osmometer (Wescor, Logan,

Utah). PEG 8,000 solutions (10 uL) were placed directly in

the osmometer chamber, whereas, cell solutes, cell culture

medium and sorbitol solutions were used to saturate filter

paper disks used for osmometry. Cell solutes were prepared

for vapour pressure osmometry as described by Reaney (16).

(2) The effect of low and high molecular weight solutes on

cell relative water content

The ratio of dry mass to the solution mass and the

solution density of the osmoticum were determined by

pipetting 100 uL of each solution into a preweighed

microcentrifuge tube. The tube was reweighed and held at

800C for 4 d to remove most of the water. PEG 8,000

solutions remained liquid at 80 °C, but crystallized when

cooled to room temperature.

Centrifugation

Cells were centrifuged in tared 1.5 mL polypropylene

microcentrifuge tubes as described by Reaney (16). The tubes

were capped to reduce evaporation. The bottom of each tube

was then pierced with a dissecting needle. Each tube was

then suspended in a HS-4 swing-out rotor in a RC-2B

centrifuge (Sorvall) and centrifuged as described below.

Determination of residual solute.

Before osmotic treatment, distilled water-washed cells

".'1; i
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were centrifuged·at 1,840 x g and weighed. This treatment

yielded a constant ratio of water to dry matter (equation

1 ) .

= ( 1 )

Where, Rd* = the measured ratio of fresh mass to dry mass

for cells washed in distilled water,

centrifuged at 1,840 x g and then dried for 48

h at 80oC.

Mc* = the mass of distilled water washed cells after

centrifugation at 1,840 x g.

Mcdry = the mass of the cells after drying at 800C

for 48 h.

Centrifugal accelerations greater than 1,840 x g were

assumed to removal the same pool of loosely-bound

apoplastic water (16). The dry weights of cells immersed in

sorbitol and PEG 8,000, included residual solute.

Consequently, the solute retained by the cells decreased

the ratiO of the dry mass of distilled water washed cells

to the dry mass of solute immersed cells after

centrifugation (equation 2).

= ---------------- ( 2 )

Where, Rs*

(Mcdry + MSdry)
= the measured ratio of fresh mass to dry

mass for cells washed in distilled water,

centrifuged at 1,840 x g, treated with

either sorbitol or PEG 8,000 and then dried
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for 48 h at 80oC.

Msdry = the mass of the dry solute from solution

that was not removed by centrifugation.

Equations 1 and 2 can be combined and rearranged to

determine Msdry·
Mc* Mc*

(3 )Msdry ==

Rs* Rd*

Mc* and Rs* were experimentally determined for cells

from all treatments. Rd* 1s obtained as a constant ratio

only from distilled water washed cells. The determination

of the amount of residual dry mass of solute was readily

converted to fresh mass using the relationship developed

with the dried solutions (Fig. 1 a b).

Staining during dehydration in PEG 8,000 or sorbitol with

fluorexon

Fluorexon, a water-soluble fluorescent stain that does

not cross biological membranes at pH 7 (19), was used as an

indicator of membrane integrity as well as endocytosis

(17,19). Solutions of PEG 8,000 (-1.1 MPa) or sorbitol

(-1.1 MPa) at pH = 7.0 were prepared with and without

fluorexon (5 mM, American Cyanamid Co., Bound Brook, N.J.).

Cells, washed in double distilled water, were placed in 100

times their volume of osmotica with and without fluorexon.

Cells dehydrated in the absence of fluorexon were

transferred to iso-osmotic media with fluorexon to

differentiate between staining during dehydration and after
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dehydration. Following staining, extracellular fluorexon

was removed by sediment ing the ce 11 s at 17,000 x g for 1

min in a Centra-M centrifuge and pipetting off the excess

solution. Cells were rinsed and sedimented twice more with

an iso-osmotic solution without fluorexon. Fluorescence was

observed with an epi-fluorescent microscope (Standard 14,

epi-Fluorescence Microscope, Cat. No. 41-115, Zeiss)

equipped with a high pressure mercury light source (HBO 50

W, Zeiss).

Results:

The relationship between the mass ratio of solute to

�lution and the osmotic potential.

The osmotic strength and mass ratio of PEG 8,000 and

sorbitol solutions were determined after equilibration to

remove the error introduced from the release of water from

cells during equilibration (11). A plot of the ratio of dry

mass to fresh mass versus the osmotic potential of the

equilibrated solutions (measured at 250C) was linear for

sorbitol solutions (r2 = 0.99) and parabolic for PEG 8,000

solutions (figure la).

The determination of residual solute and solutions after

centrifugation.

Following immersion in sorbitol and PEG 8,000 the dry

mass of cells increased due to retention of sorbitol only.

In dilute solutions, the primary limitation on residual

solute determination was the systematic error of the

balance (± 0.1 mg). The balance was used twice to determine
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Mdry' typically 20 mg, giving a systematic error of 1

percent for Mdry' The mass ratio of PEG 8,000 solutions

ranged from. 0.11 to 0.28 mg PEG/mg solution (Figure la). It

was possible to detect 0.9 mg and 0.4 mg of residual

solution mass from cells immersed in 11 and 28 percent PEG

8,000 if PEG was retained. The estimated ratio of fresh

mass to dry mass of cultures centrifuged at 1,840 x g to

remove loosely-bound apoplastic water was 11.3 ± 0.2 g

water/ g dwt for controls and 11.5 ± 0.4 g water/g dwt for

PEG 8,000 immersed tissues. Therefore, there was no

detectable increase in the dry mass of PEG-treated cells

due to residual solutes. The variation in centrifugal force

due to cell mass was not significant as cell mass was

standardized (16).

Sorbitol solutions had a higher solution to dried

solute mass ratio than PEG solutions due to the lower

molecular weight of sorbitol (Figure 1). Detectable levels

of sorbitol were retained in the apoplast and/or the

symplast (Figure 2). From 0 to -0.7 MPa, there was

insufficient sorbitol uptake for reliable determination of

residual sorbitol, because the amount of dried sorbitol was

consistently less than the systematic error introduced by

the balance. Below -0.7 MPa, retained sorbitol represented

11 ± 2 percent of the cell fresh weight.

Water release of PEG 8000 treated cultures.

The general pattern of water release is typified by the

cu r v e in F i gu r e 3. At reI at i vel y hi 9h wa t e r pot en t i a 1 s (�S'
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greater than -0.4 MPa), there was a gradual linear initial

loss of water with decreasing �
s.

Below -0.4 MPa, the

amount of water lost per decrement of water potential

increased and the cells behaved as osmometers (Figure 3).

If the data from 0 to -0.36 MPa is fitted to a straight

line, the regression equation is,

y = -0.1311x + 1.003 (r2 = 0.87).

For PEG solutions below -0.36 MPa a plot of the RWC

.Y:�.!.!!� the reciprocal of V
s was linear (Figure 4) with the

following regression equation:

y = 0.343x + 0.28 (r2 = 0.996).

Water release from sorbitol treated cells.

The sorbitol-treated cells did not lose water between 0

and -0.36 MPa (Figure 5). Below -0.36 MPa, RWC decreased

linearly with decreasing �s.
y = -0.46x + 1.35 (r2 = 0.97).

Fluorexon staining during dehydration

Cells were dehydrated in 100 times their volume of

either -1.1 MPa sorbitol or -1.1 MPa PEG 8,000, with or

without fluorexon. Cells dehydrated by immersion in

solutions of sorbitol with fluorexon and subsequently

washed with sorbitol without fluorexon, were plasmolysed

and typically contained many fluorescent endocytotic

vesicles. Less than 5 percent of the cells had no visible

endocytotic vesicles. Cells dehydrated in sorbitol without

fluorexon and then stained with fluorexon were plasmolysed

but did not have fluorescent endocytotic vesicles.

Cells dehydrated by immersion in solutions of PEG 8,000
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were highly deformed presumably due to cytorhysis (13). No

fluorescent staining was visible in PEG dehydrated cells

regardless of when fluorexon was added.

Discussion:

Immersion of suspension culture cells in solutions

allows rapid equilibration to the imposed solute potential.

This is advantageous for the investigation of plant water

relations but immersion methods are not used because

solutes are transferred from the bathing solution to the

cells (1). Extracellular solutes interact with plant cells

according to simple physical laws. Carpita et �l. (2)

demonstrated that plant cell walls from 5 sources had pore

diameters of less than 5 nm. Polyethylene glycol (8,000

M.W.), which has a molecular diameter of 5.2 nm, is too

large to penetrate the cell walls of most tissues.

Sorbitol, which has a molecular diameter of 0.8 nm can

readily enter the cell wall and plasmolyse the cell. The

plasma membrane of protoplasts are impermeable to sorbitol

as demonstrated by stability in sorbitol solutions (e.g.

1,22,23). In contrast, protoplasts collapse then re-expand

in the presence of penetrating osmotica such as ethylene

glycol (4).

In protoplasts, the plasma membrane is in thermodynamic

equilibrium with lipid pools and membranes within the

protoplast (25). Lipid material can move from the plasma

membrane to cytoplasmic pools via endocytosis (8,11),

monomeric desorption (12), coated vesicles (21) and

. . -.
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'blebbing' (12). A small tension is induced in the plasma

membrane through loss of membrane material to cytoplasmic

pools during thermodynamic equilibration which induces the

protoplast to form a sphere (25). During plasmolysis, water

leaves the protoplast and the plasma membrane loses tension

(12,24). The membrane is easily folded and can withstand

considerable shearing (6). The membrane reorganizes to

attain thermodynamic equilibrium with internal lipid pools

and membranes restoring the membrane tension. Plasmolytic

endocytosis has been demonstrated as one mechanism of

equilibration for cell culture protoplasts of Catharanthus

roseus plasmolysed in PEG (17) and protoplasts from the

leaves of Secal� cereale plasmolysed in sorbitol (8).

The removal of extracellular solutes and membrane behaviour

of cells dehydrated in sorbitol

The centrifugation method is effective in removing

loosely-bound apoplastic water. After centrifugation at

1,840 x g for 5 min there was no detectable PEG 8,000

remaining on cells immersed in solutions of up to 28

percent (m/v). The limits of error for detecting residual

PEG were less than 0.8 percent for the most concentrated

PEG solution and less than 2.4 percent for the least

concentrated PEG solution. The cells retained a constant

ratio of dry weight to fresh weight prior to dehydration

and thus there was no substantial leakage of apoplastic

solutes.

Following centrifugation sorbitol was retained in
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either the cytoplasm from endocytosis or in the cell wall.

The residual sorbitol could not be measured in cells

immersed in solutions of more than -0.1 MPa. However, the

relatively constant volume of dissolved sorbitol retained

from solutions between -0.7 and -1.3 MPa indicates that the

quantity of sorbitol retained through plasmolytic

endocytosis is either too small to measure, or a constant

volume of solution was retained. If sorbitol is only in the

apoplast, then the predicted volume of the apoplast is 11 ±

2 percent of the cell water.

The linear relationship between RWC and �
s

in

sorbitol-dehydrated cells at water potentials less than

-0.4 .MPa is not expected for osmometers. It is possible

that a relatively large negative turgor occurs in cells

with expanded cell walls and not in cells with compressed

cell walls (14). During centrifugation cells of all osmotic

treatments are exposed to the same force. Therefore, cell

wall negative turgor can not explain the continuous decline

in water content as negative turgor would not be related to

the extent of plasmolysis. An alternative explanation is

plasmolytic endocytosis. If large amounts of extracellular

solution are internalized in vesicles, the vesicles will

form osmometers within the cell. The internalized volume

will be large during the region of greatest volume change

(-0.5 to -0.8 MPa). At lower 1Vosm the newly formed

vesicles will contract and have less effect on volume. This

phenomenon would produce the linearity observed in the
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water release curves of sorbitol-treated cells as well as

the apparent insensitivity of residual sorbitol solution

volume to sorbitol uptake between -0.7 and -1.3 MPa.

Endocytotic vesicles would decline in volume as the surface

area available for their formation also declined. A model

of the effect of plasmolytic endocytosis on water release

requires certain assumptions about the behaviour of whole

cells.

(1) A protoplast with a relaxed plasma membrane will form

endocytotic vesicles even if the protoplast is in a

plasmolysed cell. This assumption is supported by the

observation of fluorexon stained vesicles in cells

dehydrated in -1.1 MPa sorbitol with 5 mM fluorexon.

(2) The vesicles must be several microns in diameter upon

formation to include a substantial volume of external

solutes. The surface area to volume ratio of sub-

micrometer vesicles will allow the vesicles to remove

excess plasma membrane material after dehydration

without a substantial increase in volume. For example,

a spherical cell with a radius of 15 um dehydrated to

30 percent of its original volume will release 1,560 um

of surface area during dehydration. If vesicles

produced during dehydration are 1 um in radius, 124

vesicles with a total volume of 3.7 percent of the cell

volume can occur at a RWC of one. 5,000 vesicles with a

radius of 0.25 um would be required to incorporate the

same surface area while incorporating only 2.3 percent

of the cell volume at a RWC of 1-

-Jr-,
1
,
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(3) Exocytotic vesiculation is not the favoured mode of

vesiculation. Exocytotic vesicles were not observed

with fluorescent staining during dehydration in

sorbitol.

(4) Finally, we must assume that all membrane material was

removed from the plasma membrane through plasmolytic

endocytosis. This assumption however is weak and cannot

be supported without further investigation of the fate

of the plasma membrane during dehydration.

As assumption 4 has not been investigated fully the

development of a discrete model is not yet appropriate.

Membrane behaviour of cells dehydrated in PEG 8,000

Plasmolytic endocytosis would be limited if the plasma

membrane was firmly affixed to the cell wall. In turgid

cells, the plasma membrane is forced against the cell wall

by an induced pressure of -0.36 MPa (Fig. 4). In strong PEG

solutions this pressure may approach -1.1 MPa. Rye

protoplasts are easily deformed by forces as small as 10 Pa

(calculated from data of Wolfe (24». Clearly the behaviour

of the plasma membrane observed in free protoplasts cannot

be extended to predict behaviour under pressures that are 4

to 5 orders of magnitude greater. McGrath (12) predicted

under high surface pressures that lipid bilayers would lose

surface area by several mechanisms of desorption that did

not involve endocytosis. Furthermore, membrane removal at

I
,
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high pressures (or tensions) could be facilitated through

coated vessicles which are too small to see with a light

microscope. Fluorescent endocytotic vesicles were not

observed in cells dehydrated in PEG 8,000 with fluorexon.

Water release during cytorhysis or plasmolysis

The difference in water release between sorbitol

treated cells and PEG 8,000-treated cells at ;Vs greater

than -0.4 MPa is not consistent with the assumption that

the cell wall is incompressible (23). At -0.4 MPa, cells

plasmolysed in sorbitol had a relative water content of

0.99, whereas, PEG 8,000 treated cells at the same water

potential, had a relative water content of 0.96. Thus the 4

percent of the water removed by PEG 8,000 was extracted

from a compressible domain that was permeable to sorbitol.

E derived from the slope of the line between 0 and

-0.36 MPa, was calculated to be 8 MPa. However, water

released at high water potentials is mainly from

compressible apoplastic domains.

As the majority of water released in the region of

elastic cell behaviour is primarily apoplastic then a major

reVision of plant water relations is in order. For example

Cosgrove (3) claimed that E was a significant factor in the

measurement of symplastic capacitance. As E is related to

the compressibility of the cell wall the ratio of

apoplastic water to symplastic water will have a large

effect on the measurement of E. This phenomenon has been

described repeatedly (5,20,22) and often used to infer

." .. .,.;".� .. -)r--" �
-
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relationships of cell size to cell water potentials.

As shown in Figure 4, the hyperbolic relationship

between relative water content and osmotic potential below

-0.4 MPa PEG 8,000 indicates that the cells are behaving as

osmometers. The Vo of the cells (28 percent) can be

calculated by extrapolation to infinite osmotic potential.

The osmotic potential at full turgor can be calculated from

the reciprocal of the value obtained by extrapolation to

RWC = 1.0. However, apoplastic water released from a

compressible cell wall alters the parameters derived from

water release curves (23). The �osm determination remains

reliable while the Vo is underestimated. The inner surface

of the cell wall is compressed in turgid cells and remains

under compression throughout dehydration in PEG, 8,000.

Thus the elastic modulus of the inner cell wall would be

difficult to measure if the change of compression was

small. The apoplastic water behaves as an ideal osmometer

inferring that negative turgor is relatively small (14).

Conclusions:

(1) Centrifugation of bromegrass cells treated with PEG

8,000 is an effective method for the removal of almost all

of the PEG. Thus, the centrifugation method removes all but

a small portion of the loosely-bound extracellular

solution.

(2) Sorbitol is retained in measurable quantities by

bromegrass cell cultures. The absorbed sorbitol is located

both in the cell wall water and in endocytotic vesicles

formed through plasmolytic endocytosis and can not be

',.'1' °'11'

""I
i.



153

removed by centrifugation.

(3) Results suggest that water lost from cells immersed

in PEG 8,000 is from a compression generated by PEG at the

cell surface. Since the cells are not plasmolysed by PEG

8,000 cell wall water must be lost due to cytorhysis. The

change from elastic behaviour to osmometric behaviour in

Figure 3 is the point of insipient cytorhysis and not

insipient plasmolysis.

(4) PEG 8,000-treated cells behaved as ideal osmometers

at applied osmotic potentials of less than -0.4 MPa.

However, plasmolysed cells displayed unusual behaviour

explicable by the formation of endocytotic vesicle which

contain sorbitol;

(5) Osmotic solutions of low molecular weight are not

useful for studying traditional water relations parameters.

However, the use of these solutions does reveal possible

errors in assumptions of the nature of water relations

parameters.



154

References:

(1) Barrs HD 1968 Determination of water deficits in plant
tissues, In Water deficits and plant growth, Vol. 1,
ed TT Kozlowski, Academic Press, New York, pp. 235-368

(2) Carpita N, D Sabularse, D Montezinos, DP Delmer 1979
Determination of pore size of cell walls of living
plant cells Science 205:1144-1147

(3) Cosgrove DJ 1988 In defence of the cell volumetric
elastic modulus, Plant Cell and Env 11:67-69

(4) Creelman RA, JAD Zeevaart 1985 Abscisic acid
accumulation in spinach leaf slices in the presence of

penetrating and nonpenetrating solutes. Plant Physiol
77:25-28

(5) Cutler JM, DW Rains, RS Loomis 1977 The importance of
cell size in the water relations of plants Physiol
Plant 40:255-260

(6) Evans EA, R Skalak 1980 Mechanics and thermodynamics
of biomembranes CRC Press Boca Raton, Florida

(7) Gaff DF, DJ Carr 1961 The quantity of water in the
cell wall and its significance. Aust J BioI Sci
14:299-311

(8) Gordon-Kamm WJ, PL Steponkus 1984 The behaviour of the

plasma membrane following osmotic contraction of
isolated protoplasts: Implications in freezing injury,
Protoplasma 123:83-94

(9) Husken D, E Steudle, U Zimmerman 1978 Pressure probe
technique for measuring water relations of cells in

higher plants. Plant Physiol 61:158-163

(10) Livingston NJ, E de Jong 1988 The use of unsaturated
salt solutions to generate leaf tissue water-release
curves. Agron J 80:815-818

(11) Markhart AH, N Sionit, IN Seidow 1981 Cell wall
dilution: an explanation of apparent negative turgor
potentials, Can J Bot 59:1722-1725

(12) McGrath JJ 1981 Thermodynamic modelling of membrane

damage In Effects of low temperature on biological
membranes, Morris GJ, A Clarke eds, Academic Press,
London, pp.35-77

(13) Oertli JJ 1985 The response of plant cells to
different forms of moisture stress. J. Plant Physiol
121:295-300

I
1



155

(14) Oertli, JJ 1986 The effect of cell size on cell

collapse under negative turgor pressure, J Plant

Physiol 124:365-370

(15) Reaney, MJT, LV Gusta 1987 Factors influencing the
induction of freezing tolerance by abscisic acid in
cell suspension cultures of Bromus inermis Leyss and

Medicago satiy� L. Plant Physiol, 83:423-427

(16) Reaney, MJT 1989 Measurement of physiological
parameters of plant cultures using centrifuge-induced
water potentials: Growth, cell density, relative water

content, cell osmotic potential, non-osmotic volume,
turgor potential and cell wall modulus of elasticity.
Univ. Saskatchewan Ph.D. Thesis, Section 6.0.

(17) Saleem M, AJ Cutler 1985 Preparation and
characterization of chemically and osmotically
permeabilized soybean [Glycine max. (L.) Merr.]
Protoplasts. J Plant Physiol 124:11-21

(18) Scholander PF, HT Hammel, ED Bradstreet, EA Hemingson
1965 Sap pressure in vascular plants. Science 148:339-
345

(19) Straubinger RM, K Hong, D Friend, D Papahadjopoulos
1983 Endocytosis of liposomes and intracellular fate
of encapsulated molecules: Encounter with a low pH
compartment after internalization in coated vesicles.
Cell 32:1069-1079

(20) Steudle E, U Zimmermann 1977 Effect of turgor
pressure and cell size on the wall elasticity of plant
cells. Plant Physiol 59:285-289

(21) Tanchak MA, LR Griffing, BG Mersey, LC Fowke 1984

Endocytosis of cat ionized ferritin by coated vesicles
of soybean protoplasts. Planta 162:481-486

(22) Tyree MT, PG Jarvis 1982 Water in tissues and cells.
In Pirson A, MH Zimmermann, eds, Physiological plant
ecology. II. Water relations and carbon assimilation,
Encyclopedia of plant physiology, New Series, Vol.

12B, Springer-Verlag, Berlin, pp 36-77

(23) Tyree MT, H Richter 1982 Alternate methods of

analysing water potential isotherms: some cautions and
clarifications. II. Curvilinearity in water potential
isotherms. Can J Bot 60:911-916

(24) Wolfe J, PL Steponkus 1983 Mechanical properties of
the plasma membrane of isolated plant protoplasts.
Plant Physiol. 71:276-285

l



156

(25) Wolfe 3, PL Steponkus 1983 Tension in the plasma
membrane during osmotic contraction. Cryo-Ietters
71:276-285

(26) Zimmermann U, E Steudle 1978 Physical aspects of water
relations of plant cells. Adv Bot Res 6:45-117

, ".1

-



151

Figure legends:

Figure 1. The mass ratio of PEG 8,000 (a) and sorbitol (b)

solutions as a function of osmotic potential.

Bromegrass cell suspension were cultured,

prepared and centrifuged as described in

Materials and Methods. The osmotic potential and

mass ratio of solutions were measured on

solutions that were equilibrated with cells as

described in Materials and Methods. Each value of

osmotic potential is the mean of 3 readings. The

mass ratio was determined twice for each

solution. Error bar indicates the least

significant difference at p = 0.05.

Figure 2. The relationship of sorbitol concentration to the

amount of sorbitol retained by the cells after

centrifugation. Cells were treated with sorbitol,

centrifuged and dried as described in Materials

and Methods. The ratio of fresh weight to dry

weight of cells not treated with PEG was

multiplied by the dry weight of each sample.

Figure 3. Water release of PEG-treated cells in response to

applied osmotic potentials. Cells were cultured,

inoculated and centrifuged as described in

Materials and Methods. The mass of the cells at

zero centrifugal force without loosely-bound

apoplastic water was determined as described by

" __ .�'_�n'·""""···-

I
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Reaney (16). The systematic error is 2 percent of

the value of each point.

Figure 4. The relationship of relative water content (RWC)

to the reciprocal of osmotic potential for PEG

8,OOO-treated cells. Data is replotted from

Figure 3. The non-osmotic RWC and the osmotic

potential at full turgor were derived from the

intercepts indicated.

Figure 5. Water release curve for cells in sorbitol. All

data was obtained as described in Figure 3,

except that sorbitol was used as the osmoticum.
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Abstract:

The water relations of cell suspension cultures of

smooth bromegrass (Bromus inermis Leyss) grown in medium

supplemented with 75 uM ABA at 250C for 7 days was

compared with control cells. The cell sap of ABA treated

cells was -0.41 MPa as compared to -0.31 MPa for contro 1

cells. The non-osmotic volume (Vo) of control cells and

ABA-treated cells were 28 and 19 percent, respectively, as

determined by the PEG 8,000 dehydration method. The modulus

of elasticity (E), determined from water release profiles

in PEG 8,000, was 3.4 MPa for ABA-treated cells and 6.7 MPa

for control cells. In contrast, E measured by centrifugation

indicated that the cell walls of ABA treated cells (E =

1.12 + 0.10 MPa) were more rigid than control cells (E =

0.92 + 0.04 MPa). Control cells equilibrated with fluorexon

and sorbitol (-1.1 MPa) developed fluorescent endocytotic

vesicles while ABA treated cells did not.
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Introduction:

Plants have adapted mechanisms that allow not only the

survival of steep gradients of water potential, solute

concentration and gas composition but also allow responses

to changes in these gradients. Plants respond to changes in

environmental gradients through alterations of cell solutes

(2), cell wall composition (4) and cell membrane

permeability (6). Abscisic acid (ABA) is a plant growth

regulator thought to be involved in adaptive responses of

plants to their environment (1). ABA stimulates osmotic

adjustment in Nicotiana tabacum cell cultures (8) and

proline accumulation in excised barley leaves (17), induces

suberization in cut Solanum tuberosum tubers (16) and

decreases the extensibility of cell walls in Brassica napu�

(15) embryo and Phaseolus vulgaris (21) leaves. ABA acts

partly through the control of gene expression (10).

Plant cell culture systems are being used increasingly

as model systems in the analysis of stress acclimation

(3,8). Analysis of plant water relations is used to define

plant responses to environmental gradients (2,18). The

pressure chamber, which has been the most useful tool in

analysis of plant water relations, cannot be used on cell

cultures. Two techniques were developed for the analysis of

cell culture water relations (12,13).

The study of the thermodynamics of plant water

relations enables the integration of complex biochemical

and biophysical plant properties (18). Water release of

plants under controlled water potentials yields information
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on the gross properties of the cell wall and apoplastic

osmotica {18}. In this paper, we describe the thermodynamic

water relations of bromegrass cell cultures treated with

ABA using the methods developed by Reaney {12,13}.

Materials and Methods:

Cell cultures of bromegrass obtained from the Plant

Biotechnology Institute {National Research Council of

Canada, Saskatoon, Saskatchewan, Canada} were inoculated

and maintained as described by Reaney and Gusta (11).

The effect of ABA (75 uM) on water release from bromegrass

cell cultures as determined by centrifugation

Bromegrass cells were cultured for 7 d on a rotary

shaker (100 rpm) at 25°C in the dark. The cells were

filtered over nylon 100 uM mesh and washed with 250 mL

double distilled water. Washed cells (0.30 g) were placed

in tared polypropylene microcentrifuge tubes (Cat. No.

6332-10, Cole-Parmer) with a glass wool plug in the bottom.

The tube with wet cells was weighed and pierced at the base

with a dissecting needle (d = 0.05 mm). Each tube was

placed into a 5 cc syringe (Becton-Dickinson), which was

suspended by its tabs in a glass centrifuge tube (Corex -

8441) and centrifuged in a HB-4 swing-out rotor (Sorvall).

After each centrifugation, the tube was removed and

reweighed. The force applied to the cells by centrifugation

was calculated as described previously (12). The graphs

were normalized to the intercept of the linear portion of
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water release. Previous studies had shown that

centrifugation at 1,840 x g removed 50 percent of the

cu J ture water (12).

The effect of ABA (75 uM) on water release from

bromegrass cell cultures in osmotic solutions

To determine the cell mass, washed cells were

centrifuged at 1,840 x g as described above prior to the

addition of osmotica. Two samples were removed and held at

800C for 48 h to determine the water content-and to

estimate the water content of cells at equilibrium with

double distilled water. The pellet of cells in each

microcentrifuge tube was dispersed in -solutions of PEG

8,000 (13-46 grams in 100 mL of double distilled water pH

6) or sorbitol (1-12 grams in 100 mL of double distilled

water pH 6) added to each tube. After equilibration, the

osmotic potential (¥'osm) of a sample of each solution was

determined by vapour pressure osmometery (Wescor) on filter

paper discs soaked in the solutions.

Microcentrifuge tubes were centrifuged initially at

1,840 x g and then at successively higher speeds. After

each centrifugation step, the tubes were weighed. Previous

research established that centrifugal accelerations

exceeding 1,840 x g bore a linear relationship to relative

water content (RWC, 12). Extrapolation of the linear

portion of the curve to zero centrifugal force gave a value

assumed to be the RWC without extracellular water or

applied centrifugal force. The initial mass of each sample
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equilibrated to double distilled water and centrifuged at

1,840 x g was directly proportional to the mass estimated

by linear extrapolation. Thus the RWC of cells prior to

immersion in solutions of PEG 8,000 or sorbitol could be

estimated from the mass after centrifugation at 1,840 x g.

Extraction of cell sap and osmotic potential determination

Washed bromegrass cells, in 1.5 mL pierced

polypropylene centrifuge tubes with glass wool plugs, were

centrifuged at 1,840 x g for 5 min, as described above. The

bottoms of the microcentrifuge tubes were quickly sealed

with a hot spatula and plunged into liquid nitrogen for 15

min. The microcentrifuge tubes were warmed in water at 21 +

20C for 2 min, pierced and placed into an open 1.5 mL

polypropylene microcentrifuge tube. The two tubes were

centrifuged together at 1,000 x g for 2 min in an HS-4

swing-out rotor with the lower tube being sealed by the

upper tube ..The 1.f/
osm

of the expressed cell sap was

measured by vapour pressure osmometry as described above.

Measurement of cell density

Cells were placed into 10 polypropylene microcentrifuge

tubes without glass wool plugs. The tubes were pierced,

suspended in Corex 8441 glass centrifuge tubes and

centrifuged at 1,840 x g for 5 min, as described above. The

cells were rapidly transferred to a preweighed 10 mL

volumetric flask which was then reweighed. Water was added

to the volumetric flask with a 10 mL burette. Air bubbles

trapped in the cell mass were removed by vacuum (less than
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1 min). No measurable evaporation occurred in the

volumetric flask while under vacuum. The mass of the cells

added to the volumetric flask divided by their displacement

was determined as the cell density.

Endocytotic vesiculation during dehydration

Solutions of either PEG 8,000 (-1.1 MPa) or sorbitol

(-1.1 MPa) at pH = 7.0 were prepared both with and without

the fluorescent stain fluorexon (5 mM, American Cyanamid

Co.). To detect the uptake or mixing of extracellular

solutes with the cytoplasm. Cells washed in double

distilled water, were placed into 100 times their volume of

either fluorescent osmoticum or osmotica without fluorexon

and then transferred to an iso-osmotic medium with

fluorexon. Background staining from extracellular fluorexon

was minimized by sedimenting the cells by centrifugation

for 1 min at 17,000 x g in a Centra-M centrifuge and

pipetting off excess solution. Cells were rinsed and

sedimented twice more with an iso-osmotic solution without

fluorexon. Fluorescence was observed under an epi

fluorescence microscope (standard 14 epi-fluorescence

microscope, Cat. No. 41-115, Zeiss) equipped with a high

pressure mercury source (HBO 50 w, Zeiss).

Results:

The relative water content and cell density

Bromegrass cell suspension cultures treated with 75 uM

ABA for seven days had 2.3 ± 0.1 g H20/g dry weight while

control cells had 3.7 + 0.01 g H20/g dry weight (Table I).
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Both ABA-treated cells and control cells had a density

of 1.07 ± 0.01 g/mL after centrifugation at 1,840 x g

(Table I).

Bulk modulus of elasticity of control and ABA-treated cells

The bulk modulus of elasticity (E) as determined by the

centrifugation method was 0.92 MPa for control cells and

1.12 MPa for ABA-treated cells (Fig. 1). ABA treatment did

not alter the point where centrifugal force and water

release became linearly related (Fig. 1).

The water release curves derived from PEG 8,000

dehydrated cells were used to determine E at water

potentials above -0.4 MPa (Fig. 2). For ABA-treated cells,

this region was linear (r2 = 0.99) and the estimated E was

3.4 MPa. For control cells, the correlation coefficient was

smaller (r2 = 0.87) giving a less reliable estimate of 6.7

MPa for the modulus of elasticity.

Sorbitol treatment between 0 and -0.5 MPa did not

produce measurable dehydration in either control or ABA-

treated cells. Thus a E could not be predicted.

Osmotic potential of ABA treated and control cells

The cell 1f
osm

at full turgor was determined from PEG

8,000-derived water release curves, by extrapolating the

plot of the reciprocal of the �osm against the RWC (Fig.

3). The �osm for control and ABA-treated cells at full

turgor were -0.34 MPa and -0.41 MPa respectively (Table I).

The osmotic strength of cells dehydrated in sorbitol

was determined from the break point in the relationship of
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lfYosm and RWC, which was the point of incipient plasmolysis

(Fig. 4). The Y'" osm
of control cells was between -0.36 and

-0.49 MPa. Two populations were evident in ABA-treated

cells dehydrated in sorbitol. The ¥'
osm

at the point of

incipient plasmolysis for these populations were between -

0.73 and -0.82 MPa and between -1.14 and -1.25 MPa (Table

1). For control cells, (//
osm obtained by PEG dehydration

and by sorbitol dehydration were similar (-0.34 and -0.4

MPa respectively).

Non-osmotic volume of control and ABA-treated cells

The non-osmotic volume (Va) of the cell cultures was

determined by extrapolating the linear portion of the plot

for the reciprocal of �osm versus RWC in PEG

8,000 solutions (Fig. 2). The water content at infinite

-�osm' the reciprocal of which is zero, is taken as the

water content in the absence of osmotic volume, assuming an

ideal solute. For ABA-treated cells dehydrated in PEG

8,000, the Va was 19 percent of the water content at a

�osm of zero. For control cells the Va was 28 percent.

Va could not be accurately determined from sorbitol

derived water release curves of control cells. Control

cells did not show a linear relationship between the

reciprocal of �osm versus water content in cells without

turgor (data not shown). For ABA-treated cells, two linear

regions were found in the plot. Rather than determining Va

of all cells, we determined the osmotic volume of both of

the linear portions. The volumes of these two partitions
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were greater than 18 percent and greater than 14 percent of

the volume of water in cells equilibrated with double

distilled water.

Staining of endocytotic vesicles

Cells were dehydrated in 100 times their volume in

either -1.1 MPa sorbitol or -1.1 MPa PEG 8,000, with or

without fluorexon. Control cells dehydrated by immersion in

solutions of sorbitol and fluorexon, then washed with iso-

osmotic sorbitol without fluorexon, typically contained

many endocytotic vesicles. Less than 5 percent of the cells

had no endocytotic vesicles. ABA-treated cells showed no

endocytotic vesiculation under the same conditions.

No fluorescent endocytotic vesicles occurred in

dehydration treatments with PEG-treated cells.

Discussion:

ABA reportedly regulates osmotic adjustment (8,17),

protein synthesis (8,9) and cell wall properties (15,16,21)

in plants and cell cultures. Nicotiana tabacum cells

exposed to NaCI and ABA accumulated proline and sugars but

not ionic solutes (8). An increase in cell solute

concentration is difficult to determine accurately by

vapour pressure osmometry because the cell wall water

dilutes the sap (10). Furthermore, the hydrolysis of

proteins in control cells may decrease the �osm measured

by vapour pressure osmometry. In ABA-treated cells, protein

is more resistant to proteases than in control cells (14).
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Sap v'osm of ABA-treated and control cells could not be

compared with vapour pressure osmometry.

As determined by water release in PEG 8,000 solutions,

1Vosm of ABA-treated cells exceeded that of control cells

by 20 percent. A mathematical model proposed by Tyree and

Richter (18) demonstrated that water released from the

symplast at�osm less than the potential at incipient

plasmolysis (-0.4 MPa in this study), would cause

underestimation of 1Vosm (18). In the analysis by Gaff and

Carr (5) demonstrated in Eucalyptus g!obul� that half of

the cell wall water was lost between -0.5 and -2.6 MPa.

�osm of bromegrass cells would be underestimated if the

cell wall released water between -0.4 and -1.1 MPa as

described by Gaff and Carr (5). Turgid cells lost water

between 0 and -0.5 MPa when dehydrated in PEG 8,000 (Fig.

2), but not when dehydrated from 0 to -0.5 MPa in sorbitol

(Fig. 4). Thus sorbitol solutions did not compress the cell

wall in the region of turgor and no water movement was

measured. This phenomenon may be related to the structure

of cell walls of ABA-treated cells or to their greater cell

wall volume (Table I, 13).

ABA treatment increases the ratio of dry matter to

fresh weight (Table I). The increase in dry matter

corresponds to an increase in osmotic concentration and

cell wall yolume (Table I). Paradoxically, Vo of ABA

treated cells as determined by PEG 8,000 dehydration was

less than that of control cells. An explanation lies in the
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model of Tyree and Richter (19) which predicts that Va
would be severely underestimated if the cell wall lost

water across a wide·range of potentials. In this study,

underestimation of Va is greater in ABA-treated cells than

control cells because the cell wall volume of ABA-treated

cells is greater (Table I).

The extent of the error introduced by compression of

the ce 11 wa 11 is best seen by compar ing figures 2 and 3. In

the region of turgor (less than - 0.5 MPa ), water was not

released from ABA-treated cells dehydrated in sorbitol

whereas cells dehydrated in PEG 8,000 lost 5 percent of

their cell solution. Solution removal by PEG 8,000 was

squeezed from the cell wall of turgid cells (13). There is

no reason to believe that the cell wall suddenly becomes

incompressible when turgor is overcome. ABA-treated cells

dehydrated in sorbitol lost only 15 percent of their volume

between 0 and -1.1 MPa (Fig. 4) compared to 55 percent for

PEG 8,000 treated cells (Fig. 2).

Dehydration of control cells with sorbitol gave a curve

atypical of an osmotic body. Previous work demonstrated

that sorbitol-induced dehydration causes endocytotic

vesiculation and non-ideal dehydration behaviour in control

cells (13) but not in ABA-treated cells (Fig. 4).

Two cell populations, with considerably different

�/
osm

were observed when ABA-treated cells were dehydrated

in sorbitol. ABA-treated cells behaved as osmometers when

dehydrated in sorbitol and did not form fluorescent

endocytotic vesicles when dehydrated in -1.1 MPa sorbitol



176

with fluorexon. Thus, endocytotic vesiculation did not

occur in ABA-treated cells or endocytotic vesicles were too

small to observe or affect cell mass. This conclusion

agrees with the observation that rye protoplasts isolated

from acclimated leaves did not form endocytotic vesicles

while non-acclimated protoplasts did (7).

In conclusion, the behaviour of the cell wall is an

important variable in the cells apparent responses to a

dehydrating environment. Release of water from the cell

wall due to dehydrative forces interferes with the

measurement of 9Vosm, E and Vo. Results here demonstrate

the weakness of individual methods of determining water

relations. The pressure chamber method cannot reliably

measure cell wall parameters and is susceptible to

interpretive errors when used to compare tissues with

significantly different properties.
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Tables:

Table I. Water release and cell wall characteristics of control

cells and cells treated with 75 uM ABA for 7 d at 250C

in the dark. Error terms are the least significant

differences at p = 0.05

Control, 7 d ABA (75 uM), 7 d

Growth (percent) 3.39 + 0.03 2.43 + 0.06

9 H20/g DWT 3.7 + 0.1 2.3 + 0.1

DensitY(9 cells/ml) 1.07 + 0.01 1.07 + 0.01

E (MPa):

by PEG 8,000 6.7

immersion

1.120± 0.10

3.4

by centrifugation 0.92 + 0.04

by sorbitol > 10
immersion

> 10

Cell solute
concentration (MPa):

by vapour 0.46 + 0.05

pressure osmometer

0.42 + 0.06

by PEG immersion 0.36 to 0.48 0.42 to 0.51

by sorbitol 0.36 to 0.49
immersion

0.73 to 0.82
1.14 to 1.25

Non-osmotic volume (percent):

by PEG immersion 28 + 1 19 + 2

Symplastic volume: 12 + 3

( ov"erestimated)
24 + 3
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Figure Legends:

Figure 1. The effect of ABA treatment � uM) Qn water

rel� of bromegrass �ll suspension cultures

under centrifugation. Bromegrass cells were

cultured, prepared and centrifuged as described

in Materials and Methods. The force applied to

the cells by centrifugation was calculated as

described previously (12). Graphs were normalized

to the intercept of the I inear portion of water

release as previously described (12).

Figure 2. The effect of ABA treatment � �Ml 2n water

�!� � �!.! cuI tures of bromegrass dehydrated

in PEG 8,000. Cells were cultured, prepared,

equilibrated with PEG 8,000 and centrifuged as

described in Materials and Methods. Linear

extrapolation of the water content to a

centrifugal force of 0 was taken as the RWC

without extracellular water or applied

centrifugal force (see Fig. 1). The RWC was

calculated according to Reaney (12). The �
osm

of

each solution was determined after equilibration

with cells using a vapour pressure osmometer

(Wescor).
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Figure 3. The effect of ABA treatment (75 �Ml 2n water

release BY �!! cultures of bromegrass dehydrated

..!n �!§ �.QQ. Da t a is r e - exp res sed from Fig. 2.

The intercept on the RWC axis is the non-osmotic

volume while the intercept on the l/Force axis is

1/ Yosm.
Figure 4. The effect of ABA treatment (75 uM) on water

release by cell cultures of bromegrass dehydrated

in sorbitol. Cells were cultured, washed,

prepared, equilibrated with sorbitol and

centrifuged as described in Materials and

Methods. Linear extrapolation of the water

content to a centrifugal force of 0 was taken as

the RWC without extracellular water or applied

centrifugal force (see Fig. 1). The RWC of each

sample was determined as described by Reaney

(12). The1Posm of each solution was determined

after equilibration with the cells by vapour

pressure osmometry.
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effects of extracellular solution volume, extracellular

solutes and abscisic acid induced acclimation on cell

responses to a freezing treatment.
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Summary:

The effects of extracellular solutes and extracellular

volume on freezing survival of smooth bromegrass (Bromus

inermis Leyss) cell suspension cultures were investigated.

Freezing tolerance of ABA-treated (75 uM) cultures

increased from -10 to -40oC in 7 d. ABA treatment (75 uM)

enhanced freezing tolerance by 30C with respect to controls

after 12 h if cells were frozen in 10 percent sucrose or

centrifuged at 1840 x g for 5 min just prior to freezing.

After 2 d in medium containing ABA, cultures frozen in

double distilled water had a freezing tolerance of -17oC,

whereas cultures that were frozen in 10 percent sucrose or

centrifuged could withstand freezing to -40oC. Cells

washed in double distilled water and then centrifuged had a

cell wall osmotic potential similar to double distilled

water (greater than -0.1 MPa). In control cells, the

osmotic potential of the cell wall decreased as cellular

injury increased. While ABA-treated cells also showed a

decrease in water potential with freezing, injury and cell

wall osmotic potential were not correlated. The freezing

rate of cells supercooled to -50C (decay constant = 366

sec was faster than the freezing rate of cells frozen to

-l.SoC (decay constant = 654 s I. Frozen cells thawed at

40C under centrifugation had lower relative water content

than unfrozen cells. The large effect of extracellular

volume on freezing tolerance, and variations in decay of

freezing rate and of freezing with the change in

temperature cannot be explained by previous models of
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freezing injury. Models are proposed to describe

differences in freezing events between cells with a large

extracellular volume and those with a small extracellular

volume.

Introduction:

During freezing of dilute solutions, ice formation

causes freeze-induced dehydration (Fletcher, 1970). In

plants, the extent of dehydration has been described by

Gusta, Burke, « Kapoor (1973). Rate of freezing, depth of

freezing, solute composition and rate of thawing influence

freezing injury (Levitt, 1980). Plants responded to low

temperature through molecular interaction (Crowe, Crowe «

Mouradian, 1983) and thermodynamic and kinetic processes

(Steponkus, 1984). A model of the events that occur during

freezing has been proposed for protoplasts of Puma rye

during rapid freezing and thawing in dilute neutral and

ionic solutions (Steponkus, 1984). Although, the events

outlined for protoplasts may occur in whole cells, the

freezing tolerance of whole cells differs from the freezing

tolerance of their protoplasts (Tao, Li « Carter, 1983).

The protoplast model, falls short of describing freezing

injury of whole cells, but provides information useful for

developing a model of freezing-associated responses in a

cellular system. This paper identifies the responses of

cells with walls to freezing, and models the effects of

extracellular water and solutes on these responses.
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Materials and Methods:

Culture source

Cell cultures of bromegrass were obtained from the

Plant Biotechnology Institute, Saskatoon, Canada. Cultures

were maintained as described by Reaney & Gusta (1987) in

modified Erickson's medium.

Removal of loosely bound water

Seven day old bromegrass cell suspension cultures were

f i I tered over ny Ion mesh (pore size, 100 uM) and washed with

500 mL of double distilled water. Cells (0.300 g) were

added to 1.5 mL Eppendorf microcentrifuge tubes (Cole

Parmer). The bottom of each tube was pierced (d = 0.5 mm)

with a dissecting needle to 'allow water to escape. The

tubes were suspended in a HS-4 swinging bucket rotor

(Sorvall) and centrifuged at 1,840 x g for 5 min as

described previously (Reaney, 1989). The tubes were capped

throughout to prevent desiccation of the cells.

Equilibration time with extracellular ice

Washed and centrifuged (1,840 x g) bromegrass cells

(0.100 g) were added to a 4 mm glass NMR tube. The tubes were

placed into the sample chamber of a modified 20 MHz NMR and

allowed to equilibrate to either -1.8 °c or -5.0oC. The

samples were nucleated by the addition of an ice crystal.

The amount of unfrozen water was determined according to

the method of Gusta, Burke & Kapoor (1975). The experiment

was repeated for cells prepared as described above to which

50 uL of double distilled water had been added to the cells

in the NMR tube.
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In a separate experiment, cells were frozen in the

sample chamber of an NMR as described above at -20C, -30C

and -4°C. The temperature was lowered rapidly by 2°C (from

-2 to -4°C, from -3 to -50C and from -4 to -60C) and the

amount of unfrozen water was recorded. After allowing time

for equilibration, the temperature was raised by 20C and

the rate of thawing was recorded.

Modification of extracellular environment

In studies of the effect of solutions on the freezing

survival of bromegrass cells, 200 uL of either water or 10

percent sucrose were added to the cells after

centrifugation, as described previously. Some cells were

frozen with only a centrifugation treatment (no added

solution) .

Osmotic potential after freeze test

The osmotic potential of the cell walls of cells frozen

after centrifugation was determined by placing the cells

directly into a vapour pressure osmometer (Wescor, Logan,

Utah) after thawing the cells for the period described.

Relative water content after freeze test

Bromegrass cells centrifuged as described above, were

frozen in a low temperature bath after seal ing the bo ttom

of the tube with a hot spatula. The temperature was

maintained at -20C for 30 min prior to nucleation with ice

crystals. The cells were allowed to equilibrate for 1 h

wi th the ice and then the samp les were frozen at 2°C h-1 to
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In a separate experiment, cells were frozen in the

sample chamber of an NMR as described above at -2oC, -30C

and -4oC. The temperature was lowered rapidly by 20C (from

-2 to -4oC, from -3 to -50C and from -4 to -6oC) and the

amount of unfrozen water was recorded. After allowing time

for equilibration, the temperature was raised by 20C and

the rate of thawing was recorded.

Modification of extracellular environment

In studies of the effect of solutions on the freezing

survival of bromegrass cells, 200 uL of either water or 10

percent sucrose were added to the cells after

centrifugation, as described previously. Some cells were

frozen with only a centrifugation treatment (no added

solution) .

Osmotic potential after freeze test

The osmotic potential of the cell walls of cells frozen

after centrifugation was determined by placing the cells

directly into a vapour pressure osmometer (Wescor, Logan,

Utah) after thawing the cells for the period described.

Relative water content after freeze test

Bromegrass cells centrifuged as described above, were

frozen in a low temperature bath after sealing the bot�om

of the tube with a hot spatula. The temperature was

maintained at -2oC for 30 min prior to nucleation with ice

crystals. The cells were allowed to equilibrate for 1 h

with the ice and then the samples were frozen at 20C h-1 to
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a series of test temperatures. The centrifuge tubes were

pierced with a pin as described previously, placed into a

cooled centrifuge rotor (OoC) and thawed at 1,840 x g.

Relative water content was determined as described

previously (Reaney, 1989) and cell viability was determined

by the 2,3,5 triphenyltetrazolium (TTC) assay (Reaney and

Gusta, 1987).

Sorbitol cryoprotection

Cell cultures were frozen in glass vials in a

controlled temperature freezer (Gusta, Boychek & Fowler,

1977). After thawing at 40C (time intervals are specified

in Fig. 4), chilled (4°C) sorbitol solution was added to

the cells. The vials were shaken for 2 h on a rotary

shaker (100 rpm) and the conductivity of the sorbitol

solution was measured with a conductivity meter

(Radiometer, Copenhagen). Solutions and cells were then

frozen at -80oC for 1 h by placing in a ultra-low freezer,

thawed at room temperature for 20 min and shaken as

described above for another 2 h. Conductivity was

determined on the sorbitol solutions again after the second

freezing treatment. Data was expressed as the leakage ratio

of cells frozen to the test temperature to the same sample

of cells frozen to -80oC. Viability of sorbitol-treated

cells was determined after sorbitol treatment with the TTC

test (Reaney & Gusta, 1987).
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Results:

Effect of centrifugation and sucrose on freezing survival

Prior to centrifugation, bromegrass cells contained

approximately 10 to 14 g H20/ g dry weight (DWT). After

centrifugation at 1,840 x g for 5 min, the cells contained

approximately 3.5 to 5 g H20/ g DWT. The water removed by

centrifugation is considered to be primarily apoplastic

water as determined by 1H-NMR (Gusta, unpublished).

Removal of loosely-bound water by centrifugation increased

the freezing tolerance of 7 d old control cultures by 40C

(Fig. 1). Adding 200 uL of 10 percent sucrose to the

centrifuged cells did not change the freezing tolerance

whereas adding 200 uL of double distilled water decreased

freezing tolerance to the same levels as uncentrifuged

controls.

The effects of both water removal by centrifugation and

sucrose treatment on freezing tolerance of control and ABA

treated bromegrass cells over a 6 d period is shown in

Table I. After 12 h of culture,centrifuged control cells

had an LT50 of -10oC compared to -7oC for non-centrifuged

cells or cells with added water. After 4 d of culture, the

uncentrifuged control cells had an LT50 of -50C in contrast

to -7oC for the centrifuged control cells. Centrifugation

or sucrose treatment enhanced the freezing tolerance by a

maximum of 40C over the 6 d period.

Cells treated with 75 uM ABA for 12 h had an LT50 of -

7oC. However, following centrifugation these cells had an
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LT50 of -130e. The effect of removing loosely-bound cell

water by centrifugation was most apparent after 2 d of 7S

uM ABA treatment. The ABA-treated cells had an LTSO of -

17°C versus -400e for the centrifuged cells. The effect of

centrifugation on survival past -40°C was not tested.

Control and ABA-treated cells, centrifuged for S min at

1,840 x g and with 200 uL of 10 percent sucrose added just

prior to freezing had freezing tolerance similar to

centrifuged cells (Table I). Although there was no apparent

difference in freezing tolerance between the sucrose and

centrifugation treatment, the sucrose-treated cells reduced

TTC more rapidly than either control or centrifuged cells

(data not shown).

Equilibration time

The decay constants for water loss from cells nucleated

at -1.80C or -5.00C were 654 and 366 s respectively (Fig.

2). Water from bromegrass cells thus equilibrated more

rapidly when frozen to -5°C than -1.80C. When the

temperature was rapidly increased from -S to -0.5 °C, the

time constant of thawing was determined to be 340 s . If

the same sample was refrozen to -SoC, the time constant for

freezing decreased from the initial value of 366 &

s (Fig. 3).

Centrifuged bromegrass cells were nucleated at -2°C and

to 228

held at a constant -20e, -30e or -4°C in the sample chamber

of a 20 MHz 1H-NMR. The samples were allowed to equilibrate

with ice for at least 60 min. The temperature was reduced
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from -2 to -4, -3 to -5 or -4 to -60C in less than 5 sand

the disappearance of the water signal was monitored. The

time constant of freezing was equal for cells frozen from

-2 to -40C (data not s"hown) and from -3 to -SoC (190 s ),

whereas the time constant of freezing from -4 to -6 was 140

s (Fig. 4).

The time constant of centrifuged bromegrass cells was

compared with that of centrifuged cells to which 50 uL of

double distilled water had been added. The time constant

for centrifuged cells, 654 s , was larger than for

centrifuged cells with added water, 516 s (Fig. 5),

meaning that cells with added water froze faster than cells

without added water.

Frost-induced plasmolysis

Both control and ABA-treated cells frozen to a series of test

temperatures, then thawed at OOC while being centrifuged at

1,840 x g, had lower relative water content with lower

temperatures (Fig. 6). Control cells frozen to -30C had a

relative water content of 0.43 compared to 0.73 for the

non-frozen controls. Further decline in water content was

not significant. In contrast to control cells, there was no

change in the relative water content of ABA-treated cells

frozen to -3 and -SoC. However, at lower temperatures the

relative water content decreased from 0.85 to approximately

0.4 in cells frozen to -90e and to lower temperatures.

In control cells, the loss of water content

corresponded to the loss of viability, as determined by
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microscopic examination and by TTO reduction (data not

shown). The loss of water content in ABA-treated cells,

however, occurred at temperatures that induced no visible

injury (as determined by microscopic investigation and TTC

reduction). In frozen and thawed cells, TTC reduction was

enhanced by 50 percent in ABA-treated cells, but not in

control cells, frozen between -1 and -3500 (results not

shown) .

The cell wall osmotic potential after thawing was

measured by placing thawed cells directly into the sample

chamber of the vapour pressure osmometer. The osmotic

potential of the cell wall decreased as samples were

exposed to lower freezing temperatures (fig. 1). From 4 to

-1100, there was a decreasing osmotic potential but at

temperatures below -lloC the osmotic potential remained

constant.

ABA-treated cells frozen below -50C displayed

intensified TTC staining and TTC reduction was visible

within two minutes while the appearance of TTO staining

often took more than 10 min in unfrozen ABA-treated and all

control cells (data not shown). The rapid staining response

occurred in cells where the osmotic potential of the TTC

solution (0.2 MPa) exceeded the osmotic potential of the

cells.

The effect of adding sorbitol after thawing

Leakage (as determined by ionic conductivity) revealed

that ion loss was affected by both the osmot ic strength of
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the sorbitol solution and the time at which sorbitol was

added to the thawing cells (Fig. 8). Sorbitol solutions and

double distilled water were injurious when added to cells

during thawing. However, 0.2 to 0.5 M sorbitol solutions

protected the cells from ion leakage if added 15 min after

thawing. After 30 min, 0.1 M sorbitol also inhibited ion

leakage. The injury caused by the addition of solution

after thawing decreased with time.

Discussion:

Ice formation and the physical' consequences of ice

interactions with collOids, surfaces, living cells and

organisms have been investigated (Fletcher, 1970).

Sequential models have been developed to explain events

occurring in soils (Miller, Baker & Kolaian, 1960), red

blood cells (Meryman, 1968) and plant protoplasts

(Steponkus, 1984). A sequential model that describes events

occuring during the freezing of plant cells must consider

all cell structures, gradients in water and solute

potential and kinetic processes.

The sequential model described here is based upon

observations of the bromegrass culture system under defined

experimental protocols. In these protocols, cells are

supercooled to a temperature above or below the freezing

point depression of the cell wall water. After nucleation,

the cells are equilibrated at a given temperature (usually

-2 to -30C) and the temperature is then lowered at 20C/h.

After freezing, cells are thawed at 40C. In each stage of
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the freezing protocol, events that occur depend on whether

the cell wall or loosely-bound water are present. The model

describes the behaviour of a cell with a small apoplastic

volume, a cell with a large apoplastic volume and a

protoplast during nucleation, equilibration with ice and

thawing. A comparison of the behaviour of the cell wall,

solute gradients and membranes during each of these phases

is discussed.

Equilibration with ice at -20g

(1) Water movement and ice crystal growth.

a) Cells frozen to -2oC after the removal of loosely

bound water lose symplastic and apoplastic water through

the cell wall and the vapour phase (Fig. 9a). The circuit

diagram in Fig. 9a identifies the sources of resistance to

water flow during the equilibration of the cell with ice at

-2oC. The driving force for water movement is the

difference in chemical potential of ice and water at -2oC

(-2.7 MPa). The plasma membrane provides little resistance

to water flow, but it has been suggested that the cell wall

has a much greater hydraulic conductivity (Stout, 1979).

However, the cell wall water does not freeze at -l.SoC due

to the porous nature of the cell wall matrix (inferred from

data' of Carpita, Sabularse, Montezinos & Delmer, 1979 and

Fletcher, 1970). Thus water must travel to the growing ice

crystal through the vapour phase. Water movement in the

equilibrating tissue culture system is analogous to water

movement in leaves. Resistance analysis of leaves has
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demonstrated that most water movement through mesophyll

cells is symplastic as the resistance to lateral flow in

the cell wall is higher (Tyree & Cheung, 1977).

The rate of equilibration of the cell water depends on

the amount of extracellular water (Fig. 5). The increased

rate of equilibration seen in cells with added

extracellular water demonstrates that the cell wall is a

limiting barrier to equilibration with ice at -20C. As

shown schematically in Fig. 9a, cell wall hydraulic

conductivity decreases with decreasing cell wall water

potential (Fisher, 1968; Jarvis & Slatyer, 1970).

Furthermore, the resistance of the cell wall to water flow

increases if the path length for water flow increases .. In

studies on soil freezing, a simple model has proposed the

segregation of ice into large crystals (Miller, Baker &

Kolaian, 1960). According to this model, capillary suction

occurs at the ice-water interface. The interface between

the cell wall and ice is shown as having two resistors in

parallel. These resistors represent the transition of water

from liquid to solid and from matric to SOlid.

Unfortunately, the size of these resistances is unknown. As

the temperature falls in a freezing soil, the pressure on

the water phase falls below atmospheric (Miller, Baker &

Kolaian, 1960). The ice front, which may not enter pores

under a minimum diameter, draws water through those ·pores.

More complex models have replaced the simple capillary

model in soils, but these models are not appropriate for
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the bromegrass cell system since they involve long

equilibration times and temperature gradients that are not

,

present in this system. However, these models may

contribute to deeper understanding of freezing processes in

roots and trees.

A second path for water movement involves water

evaporation from cell walls. The vapour phase water

potential is less than the cell wall potential, as ice

draws water from the vapour phase (Fletcher, 1970). Water

is released to the vapour phase from solution in the cell

wall or directly from matric components ego cell wall

fibers. Cell wall fibers, solutes and colloids lower the

vapour pressure below the vapour pressure of pure water and

thus increase the resistance to water loss from the cell

wall (Fig. 9a, Jarvis « Slatyer, 1970).

When water is removed from frozen soils, hydraulic

conductivity rapidly decreases (Williams «Burt, 1974) due

to the formation of ice and the reduction of distance

between particles. In silt frozen to -0.40C, hydraulic

conductivity decreased by four orders of magnitude

(Williams « Burt, 1974). Distance between particles in

bentonite soils decreased by as much as 63 percent when

they were frozen to -100C (Anderson « Hoekstra, 1965).

Resistance of the cell wall to water movement increases in

response to drying (Fisher, 1968; Jarvis «Slatyer, 1970).

Olein « Chao (1973) found that the electrophoretic mobility

of dyes in frozen filter paper was a function of the liquid

water content of the filter paper. This evidence indicates
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that dehydration of cell wall material (or any other

matrix) increases resistance of the cell wall to water (and

solute) flow. Furthermore, dehydration of the cell wall

depresses the vapour pressure of water over the cell wall

by decreasing the surface area of the cell wall and

decreasing the matric and solute potentials. Thus both

pathways for water movement to the ice crystal increase in

resistance as water potential of the cell wall becomes more

negative.

Although the pathway for water movement out of cells is

not known, the data in Figures 2 and 4 indicate that the

rate of freezing is more rapid at lower temperatures. This

phenomenon is attributed to the large resistance of the

cell wall to water loss during mild freezing. When the

temperature falls below the freezing point depression ice

grows rapidly through the cell wall thus reducing the

distance that water must migrate to join the ice crystal.

Ice formation produces a voltage potential that moves

at the ice front (Workman & Reynolds, 1950). The ice front

in bromegrass cells frozen with little apoplastic water

does not move across the cells, and there is no opportunity

for the formation of a Workman-Reynolds potential (Fig.

lOa).

Figure 9a indicates the sources of resistance to water

loss by the cell. The relative resistances of the plasma

membrane, cell wall and vapour phase have not been

determined and involve many factors that influence
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equilibration rate.

b) Whole cells frozen to -2 °c in a large volume of

loosely-bound apoplastic water lose water by a different

pathway than cells frozen after removal of loosely-bound

water. The extracellular double distilled water freezes

rapidly. Ice crystals will grow rapidly (cm S-1) through

the extracellular spaces (Fletcher, 1970). Cell wall

resistance is determined by the hydraulic conductivity and

the thickness of the cell wall as water reaches the ice crystal

by passing across the cell wall (Fig. 9B). The plasma

membrane may initially be a greater source of resistance to

water flow than the cell wall. However, the resistance of

the cell wall will greatly increase as it loses water (see

above). The hydraulic conductivity of highly dehydrated

cell wall material has not been investigated. A Workman

Reynolds potential will occur, but its effect will be

mitigated by the capacitance and ion exchange capacity of

the cell wall. The cells will experience cytorhysis

(Pearce, 1988). The resistance diagram in Fig. 9B

illustrates that the cell wall provides resistance in its

transverse axis and the path of water through the cell wall

is reduced. Furthermore, water will travel directly from

the liquid phase to the ice crystal, eliminating the

resistance term for water passage through the vapour phase.

The rate of equilibration is slower in cells with little

extracellular water compared to those frozen in double

distilled water (Fig. 5). During freezing, resistance at

the cell wall-ice interface increases as the water



.:n", '-'H"MI' .,rj'.WI" t

202

potential of the cell wall decreases.

c) Protoplasts frozen to -20C in a large volume of

extracellular osmoticum have a different environment than

whole cells. Ice crystals grow rapidly through the

supporting osmoticum, leaving solution channels where the

osmoticum is concentrated to the same osmotic potential as

the surrounding ice (Fig. 9c). The hydraulic conductivity

of the plasma membrane will determine the equilibration

time. A Workman-Reynolds potential will occur, and its

intensity and duration will depend on the supporting

osmoticum.

(2)Solute Movement and Pressure Gradients.

The plasma membrane is semi-permeable to solutes and is

able to maintain huge solute concentration gradients of

weakly permeable solutes (Reinhold & Kaplan, 1984). During

mild freezing of hardy rye crowns, solutes move into the

apoplast (Olein, 1984). The concentration gradients across

the plasma membrane for slightly permeable solutes will

increase with freezing. These solutes may diffuse into the

extracellular space in response. The plasma membrane may

experience dielectric breakdown (Zimmerman, 1982), the

formation of transient pores that would temporarily allow

bulk flow of solutes. The direction and rate of bulk flow

is determined by the size and direction of pressure

gradients across the membrane. This,section will describe

the concentration gradients of solutes and pressure

gradients.
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a) Whole cells with little loosely-bound water

experience cytorhysis as water is lost by suction force

(Pearce, 1988) and evaporation. The plasma membrane is

pulled against the cell wall by the suction force. Thus the

plasma membrane surface area will depend on the surface

area of the inner cell wall. Cell wall fibers will compress

(Reaney, 1989) and the plasma membrane will be induced to

compress in response. Lateral compression of the plasma

membrane will increase membrane free energy which may cause

a loss of membrane material by the release of lipids into

the solution phase (McGrath, 1981, Fig. lla). Furthermore,

the membrane may experience dielectric poration during

compression (McGrath, 1981; Fig. 11a). Current data does

not allow for further speculation on the extent of change

in plasma membrane area and composition, but the effects of

poration and loss of membrane surface area are discussed

below.

Water lost from the cell wall transduces the suction to

the symplast. Thus a pressure gradient will occur across

the plasma membrane that would drive bulk flow towards the

cell wall. Cell solutes will move by osmotic forces towards

the more dilute solution in the cell wall. Large molecular

weight solutes released by bulk flow that are too large to

enter the cell wall will be trapped in the periplasmic

space while low molecular weight solutes fill the cell

wall. In contrast to dehydrating protoplasts, endocytotic

vesiculation is not possible when the cell wall and plasma

membrane are held in contact by suction forces (Reaney,
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1989). Cells that were frozen and thawed in an an NMR tube

to non-injurious temperatures were found to freeze more

rapidly during a second freezing treatment than during the

first freezing treatment (Fig. 3). Before the first

freezing the cells appeared dry but had a water soaked

appearance after freezing (data not shown). The second

freezing was probably more rapid due to the presence of

extracellular water. Furthermore, the osmotic potential of

the cell walls of bromegrass cells frozen to non-lethal

temperatures was similar to the osmotic potential of

lethally frozen cells (Fig. 7). Both of these observations

are in agreement with the observation that rye crowns had

large amounts of apoplastic solutes after mild freezing (-

30C) •

b) Solute gradients and membrane behaviour of whole

cells frozen in the presence of a large volume of loosely

bound apoplastic water are similar to those of cells frozen

without large volumes of extracellular water. However, ice

formation may generate pressure on the cell (Miller, Baker

«Kolaian, 1960). Ice formation has been demonstrated to

induce pressures as great as 2.3 MPa in clay soils and 0.5

MPa in silt (Hoekstra, "1969). In these systems, the

pressure was caused by the large mass of soil confining the

forming ice (Penner, 1959). Some ice pressure will be

formed at the cell wall surface, though it will be much

less than that found deep within heaving soils. Ice is

porous and may allow the pressure of the extracellular
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solute in the cell wall to approach atmospheric pressure.

However, ice pressure may be exerted on the ce 11 wa 11. If

this happens the fibers of the cell wall will be compressed

by the ice and this pressure wi 11 be transferred to the

symplast. However, as ice is porous apoplastic water will

experience less pressure than the symplasm (Fig. lOB).

c) Protoplasts frozen at -2oC will not experience

compression of the plasma membrane (Wolfe « Steponkus,

1983). The protoplast will contract in a manner similar to

a vacuole. The protoplast will minimize its surface area.

Endocytotic vesicles may form during plasmolysis, but their

formation is not obligatory as the removal of membrane

material may occur through several mechanisms (McGrath,

1981, Fig. IlB). The extracellular solute is more

concentrated than the cytoplasm and extracellular osmotica

capable of entering the plasma membrane will enter the

cytoplasm. Intracellular solutes have" a gradient in the

opposite direction, and those solutes capable of crossing

the plasma membrane will leave the protoplast. The plasma

membrane will form a resting tension that will pressurize

protoplast contents. Bulk flow will be towards the

extracellular space, though the driving force will only

develop after the cell has ceased to contract. The pressure

gradient induced by the resting tension of the plasma

membrane will be 1 Pa (calculated from data of Wolfe «

Steponkus, 1983), a minor pressure gradient compared with

the suction forces at the cell wall (as large as 2.7 MPa).

The thermodynamic model of membrane behaviour proposed
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by Wolfe & Steponkus (1981), indicates that membranes lose

surface area until a resting tension is achieved. The

mechanism by which membrane material is deleted is

unknown. Formation of vacuolar vesicles is one possibility,

with either the formation of cytoplasmic vesicles in the

vacuole or vacuolar vesicles in the cytoplasm. The

tonoplast will develop a tension after surface area is

deleted (Wolfe and Steponkus, 1983). The tension will

induce bulk flow from the vacoule to the cytoplasm,

although a cytoplasmic vesicle in the vacuole under tension

would have bulk flow towards the vacuole.

3) Cell Wall Effects in Cells Frozen Below -20C.

Cells frozen below -20C will experience a series of

events similar to those described above but peculiar to

cells at lower temperatures. Lower temperature will

eventually result in the freezing of cell wall water. The

freezing temperature of the cell wall is determined by the

concentration of solution in the cell wall, the size of

cell wall pores and the matric potential of the cell wall

(Fletcher, 1980). Although it is reported that the cell

wall may be very rigid (Tyree and Richter, 1982), the cell

wall of bromegrass has been demonstrated to be compressible

(Reaney, 1989). The pore size of the cell wall is probably

variable depending on the extent of compression (Fig. 11A).

The extent to which freezing of the cell wall solution can

be deferred has not been determined.

The behaviour of the plasma membrane while it is
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adjacent to the cell wall is not yet predictable.

Interaction of the plasma membrane with the cell wall in

plasmolysed cells reveals that the radius of curvature of

the plasma membrane is similar to the radius of curvature

of the cell wall. If the plasma membrane were attracted to

the cell wall, the attraction would induce surface tension

in the plasma membrane which would increase the radius of

curvature. Due to their proximity the plasma membrane and the

cell wall of frozen cells might interact yia the formation

of alternate phases of lipids. The nature of this

interaction cannot be ascertained from this study. However,

hexagonal II phase lipids were identified in a freeze etch

study of frozen protoplasts (Gordon-Kamm and Steponkus,

1984), but were not observed in frozen whole cells (Pearce

and Willison, 1985).

4) Effect of the Cell Wall During Hydration.

Events that occur during slow thawing differ from those

that occur during rapid thawing. In slowly thawing cells,

the cell wall is maintained under suction force throughout

thawing provided that the cell wall did not accumulate

solutes during freezing. However, if a sufficient amount of

solute is released during freezing and thawing, the suction

force will disappear when the cell is plasmolysed (Fig.

13A). In a thawing cell, the plasma membrane increases its

surface area in response to the increase in cell volume

(12A). The cell membrane is highly inelastic (Wolfe &

Steponkus, 1983). For example, the plasma membrane of rye

protoplasts is incapable of more than a 2-4 percent surface
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area change by elastic stretching without reaching lytic

tensions (Steponkus, 1984). Thus, expansion of greater than

4 percent of the surface area must be achieved by the

addition of new membrane material. Under tension, membranes

of protoplasts form transient pores that allow the passage

of large molecules (Saleem & Cutler, 1985, Fig. 12B). When

the tension is too large, the plasma membrane will rupture.

a) The hydraulic conductivity of the cell wall is

greater than the plasma membrane (Husken et al., 1978).

Hence, during rapid warming plasmolysis may occur when the

plasma membrane loses contact with the cell wall before the

cytoplasm comes into equilibrium with the dilute

extracellular solution. During this time, plasma membrane

surface area may be lost, increasing the surface area that

must be added to whole cells during thawing. Rapid thawing

is more injurious to tender bromegr.ass cells than slow

thawing (Fig. 8). ABA-treated and control cells thawed in

the centrifuge did not have time to rehydrate before most

of the water was removed (Fig. 6).

The increase in surface area of the plasma membrane in

slowly-thawing whole cells is less than that of protoplasts

(compare Fig. 12A and 12B). The surface area to volume

ratio is also greater in whole cells than in protoplasts.

Membrane material is added to a much larger surface area in

expanding whole cells than in expanding protoplasts.

Whether the cell wall would serve to stabilize or

destabilize the plasma membrane during rehydration is
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unknown.

Sealed vesicular membranes under tension during

rehydration experience poration. The plasma membrane of

frozen whole cells maintains a larger ratio of its pre

freezing surface area than the tonoplast. Thus lysis and

poration will also occur in the tonoplast. Non-lytic

poration injury could occur through mixing of components of

various cellular compartments during and after thawing.

5) The Effect of Extracellular Volume and Membrane Tension

on Cell Responses to Thawing.

The remainder of this discussion will be directed

towards the effects of the cell wall and extracellular

volume on the removal of membrane tension during and after

thawing.

a) A slowly rehydrated cell with a small extracellular

volume will have a high pressure gradient across the

membrane due to the suction forces from the ice. The large

pressure gradient coupled with poration will rapidly

relieve tension by expulsion of cell contents (Fig. 12A).

Cells with loosely-bound water removed can modify their

extracellular environment (Fig. 13A). Solutes from ruptured

cells, injured cells and uninjured (but porated) cells may

plasmolyse living cells after thawing. Poration during

rehydration will allow solutes to leave the cytoplasm and

reduce the eventual cell volume. If rehydrating cells

regain turgor the pressure gradient across the plasma

membrane will be towards the cell wall as the water in the

cell wall is at ambient pressure. Measurements of cells
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frozen after centrifugation at 1,840 x g indicate that the

osmotic potential of the cell wall becomes more negative in

response to freezing (Fig. 7). The cell wall osmotic

strength of control cells could be entirely attributed to

cell injury. In contrast, the osmotic strength of the cell

wall of ABA-treated cells is apparently a non-injurious

response to freezing, as cells were not injured at the

freezing conditions described.

Tension subsequent to freezing could be alleviated by a

plasmolysing treatment. Control cells frozen to non-lethal

temperatures were equally injured if they were thawed

directly in sorbitol solutions of up to 0.5 M or double

distilled water (Fig. 8). However, after thawing for 15

minutes control cells were protected by 0.3 and 0.5 M

sorbitol. After 30 minutes 0.1 M sorbitol was also

protective. Thereafter, the cells were tolerant of washing

in double distilled water. Time dependent protective

behaviour is predictable in slowly thawing tissues.

Membrane tension is injurious causing transient leakiness

in cells after thawing. The tension is removed by solutions

with a lower water potential than the rehydrating

protoplast. Immediately after thawing all washing

treatments increase the tension in the plasma membrane. As

the cell rehydrates, lower concentrations of sorbitol are

required to relieve membrane tension. Eventually membrane

tension falls to a tension at which further injury is not

induced.
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b) Cells with a large volume of loosely-bound water

experience events during thawing similar to cells with

little loosely-bound water. If the cell cannot affect the

concentration of extracellular solutes, the cell will not

be capable of plasmolysis after thawing (Fig. 13B).

Furthermore, the inability of the cell to control the

environment of the cell wall may cause the tonoplast to

rupture (Fig. 13B). In a large extracellular volume, the

cytoplasm will continue to leak solutes until tension is

relieved. During the period of induced leakiness, the

concentration of the cytoplasm will decline and the vacuole

will continuously undergo membrane area increases and lytic

tensions.

c) Protoplasts regain surface area during thawing

(Steponkus, 1984, fig. 12B). Tension will remain in the

membrane until either enough solutes have left the

cytoplasm or enough membrane material is added to the

plasma membrane. Protoplasts experience a larger surface

area increase with thawing than whole cells, due to the

inability of the protoplast to maintain surface area during

contraction. Furthermore, the protoplast must be maintained

in a medium which has a much greater vo I ume than the

protoplast itself. Hence it is impossible for the

protoplast to display any ability to regulate its

environment.

Finally, the resting tension described for protoplasts

in solution is almost certainly an artefact of solute

permeability. A protoplast in an osmoticum may be slowly
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expanding in response to slow uptake of a slightly

permeable solute or contracting in response to the loss of

a permeable solute. A protoplast might not be able to

alleviate membrane tension in a slightly-permeating solute.

The outcome of this analysis of a hypothetical system

is a model which can predict the mechanism of action of

cryoprotectants as well as the forms of cell protection

against injury.

Cryopreservation by permeating solutes.

Permeating solutes may have several actions that are

cryoprotective (Fig. 14). However, in this model only

thermodymanic and kinetic considerations are possible. When

a cell is equilibrating with extracellular ice, permeating

solutes will concentrate and tend to accumulate in the cell

wall and cytoplasm (Fig. 14C). These solutes, as described

previously, will add to the total amount of osmotica

present in the apoplast. When the cell rehydrates, the

plasma membrane will come under tension due to re

expansion. Permeating solutes will be more concentrated in

the cell interior than outside the cell after thawing and

will diffuse to the extracellular space, relaxing tension

on the plasma membrane (Fig. 14 D,E).

Cryopreservation by non-permeating solutes.

Non-permeating solutes that cannot cross the cell wall

are also cryoprotective. Cryoprotect10n could be afforded

if the non-penetrating solute continuously induced cell
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wall compression as well as pulling the plasma membrane

firmly against the cell wall (Fig. 15). This would prevent

rapid surface area changes during freezing and thawing.

Mechanisms of injury

The cell may be injured by a number of mechanisms.

However, poration of the vacuole and of the plasma membrane

could both result in forms of injury that have been

previously described.

In conclusion, the environment of the plasma membrane

of protoplasts is artificial, as it is selected by the

experimenter. Whole cells frozen slowly lose less surface

area than protoplasts during freezing, and may not

experience a Workman-Reynolds potential at the ice front.

During freezing and thawing, whole cells experience much

greater pressure gradients than protoplasts. Finally,

mechanisms of cryoprotection of whole cells may not be

possible in protoplasts. Protoplasts must be maintained in

an osmoticum. The nature of the osmoticum will determine

most protoplast responses during freezing and thawing. With

this understanding, it is apparent that the experimenter

literally selects the mechanism of freezing injury and the

temperature at which that injury occurs when selecting a

solute.

Care must be taken in working with whole cells to avoid

the problems outlined for protoplasts. Freezing and thawing

rate, as well as apoplastic solution volume, are selected

by the experimenter. These factors may also select both the

killing temperature and the mechanism of injury.
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The sequential model described here has allowed the

identification of new injurious processes, potential

mechanisms of cryoprotection and major shortcomings in

previous models of freezing injury. More research is

required to make this model numerical (e.g. the limiting

hydraulic conductivity during freezing must be

established). Other aspects of the model need to be

addressed such as the mechanism of membrane removal under

high pressures. McGrath (1981) identified molecular

desorption, endocytosis and 'blebbing' as possible

mechanisms and Gordon-Kamm « Steponkus (1984) have

identified endocytotic vesicles and lipid bodies in frozen

tissues. However, the amount of material removed from the

plasma membrane by coated vesicles (Tanchak, Griffing,

Mersey « Fowke, 1984) and molecular desorption is unknown.

When this data is complete, it should be possible to

determine the molecular mechanisms of cryoprotection,

acclimation, freezing injury and freezing tolerance.

,
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Table I: The effect of extracellular volume and

extracellular sucrose on the freezing tolerance of

ABA-treated (75 uM) bromegrass cultures. Cells

were cultured, washed and centrifuged as described

in Materials and Methods. The cells were either

not treated or 200 uL of double distilled water or

200 uL of sucrose was added to the centrifuged

cells prior to determining their freezing

tolerance. Viability was determined by TTC

reduction after freezing according to Materials

and Methods. Means separated by more than 20C are

signi f icant at p = 0.05.

Day after subculture

Treatment

0 0.5 1 2 4 6

Control -10 -10 -10 -9 -9 -11

Control +

Sucrose -10 -10 -11 -11 -8 -13

(200 uL)

Control +

Water -7 -7 -8 -6 -5 -8

(200 uL)

ABA -10 -13 -16 -40 -40 -40

ABA +

Sucrose -11 -14 -17 -40 -40 -40

(200 uL)

ABA +

Water -7 -7 -11 -17 -35 -40

(200 uL)
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Figure legends:

Figure 1. The effect of apoplastic volume and apoplastic

solutes on the freezing survival of cell

suspension cultured bromegrass cells. Cultures

were maintained, washed and centrifuged as

described in Materials and Methods. Double

distilled water or solutions of 10 percent sucrose

(200 uL) were added to some of the cells after

centrifugation while other cells were frozen with

only a centrifugation treatment. Cells were

supercooled, nucleated and frozen as described in

Materials and Methods. Viability was determined by

the ability of the cells to reduce TTC. A value of

1 represents total survival, less reduction of TTC

is given as a fraction of 1. The error bar

represents the least significant difference for

the determination of survival (p = 0.05).

Figure 2. The effect of the extent of super coo 1 ing on the

rate of freezing of ce 11 s as determined by NMR.

Cells were maintained, washed and centrifuged as

described in Materials and Methods. A 0.100 gram

sample of cells was placed into the temperature

controlled sample chamber of the NMR, and water

content was determined according to Gusta, Burke &

Kapoor (1975). Cells were supercooled at either -

1.8 or -SoC and then nucleated. The rate of

freezing was determined by logarithmic

transformation of the data.
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Figure 3. The effect of a freezing cycle on the rate of

freezing of cells as determined by NMR. Cells

were maintained, washed and centrifuged as

described in Materials and Methods. A 0.100 gram

sample of cells was placed into the temperature

controlled sample chamber of the NMR and water

content was determined according to Gusta, Burke

and Kapoor (1975). The cells were supercooled to

-SoC and then nucleated. After equilibration, the

cells were thawed to -0.50C. After another period

of equilibration, the cells were thawed

completely, supercooled to -SoC and nucleated.

The rates of freezing were determined by

logarithmic transformation of the data. Error

bars at p = 0.05 are smaller than the data

pOints.

Figure 4. The effect of temperature on equilibration time

of prefrozen samples by NMR. Cells were

maintained, washed and centrifuged as described

in Materials and Methods. A 0.100 gram sample of

cells was placed into the temperature controlled

sample chamber of the NMR and water content was

determined according to Gusta, Burke « Kapoor

(1975). The cells were frozen at -3 and -SoC and

then the temperature was lowered by 2oC. The

rates of freezing were determined by logarithmic

transformation of the data. Error bars for least

significant difference at p = 0.05 are smaller
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than data pOints.

Figure 5. The effect of extracellular water on the freezing

rate of cells determined by NMR. Cells were

maintained, washed and centrifuged as described

in Materials and Methods. A 0.100 gram sample of

cells was placed into the temperature controlled

sample chamber of the NMR and water content was

determined according to Gusta, Burke & Kapoor

(1975). One sample was supercooled to -l.SoC and

nucleated and 50 uL was added to the other sample

prior to nucleation. The rates of freezing were

determined by logarithmic transformation of the

data. Error bars for least significant difference

at p = 0.05 are smaller than data pOints.

Figure 6. The effect of ABA (75 uM) treatment on the water

content of bromegrass cells during thawing.

During thawing the centrifuge tubes were pierced

with a pin as described previously and placed

into a cooled centrifuge rotor (OoC) and thawed

at 1,840 x g. The relative water content is

expressed as the ratio of the water content for

cells thawed in the centrifuge to the water

content for cells prior to thawing. The error bar

represents the least significant difference

(p = 0.05).
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Figure 7. The effect of freezing conditions and ABA (75 uM)

treatment on the osmotic potential of cell walls

of bromegrass cells after thawing. Cells were

maintained, washed and centrifuged prior to

freezing and frozen as described in Materials and

methods. Cells were thawed overnight at 40C as

previously described. The osmotic potential of

the cell walls of cells frozen after

centrifugation was determined by placing the

cells directly into a vapour pressure osmometer

(Wescor). The error bar represents the least

significant difference (p = 0.05).

Figure 8. The effect of adding sorbitol to bromegrass cells

after thawing on ion leakage. Cell cultures were

frozen in 30 mL glass vials as described in

Materials and Methods. After thawing at 40C,

chilled (40C) sorbitol solution was added to the

cells. The ratio of ionic leakage was determined

as described in Materials and Methods. Data was

expressed as the leakage ratio of cells frozen to

the test temperature to the same sample of cells

frozen to -800C. The least significant difference

at p = 0.05 was 3 percent leakage.

Figure 9. Predicted paths of water movement and resistance

to water movement in cells with loosely bound

extracellular water removed by centrifugation

(A). The pathway for water movement to the ice

crystal in centrifuged cells is both through the
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unfrozen cell wall and through the vapour phase.

Several factors contribute to the resistance of

both pathways. Contributing resistances are the

plasma membrane (PM), cell wall (CW) and ice

surface (IS). Three resistances are shown for the

ce 11 wa 11: (1) the res istance from the CW to the

ice crystal, (2) the resistance of the transfer

of CW (1) to (g), and (3) the resistance of the

transfer of CW (m) to (g). Three resistances are

shown for the ice surface: (1) the resistance of

the transition of CW (1) to ice, (2) the

resistance of the transition of CW (m) to ice,

(3) the resistance of the vapour phase. In cells

with a large volume of loosely-bound

extracellular water, (B) resistance is less due

to the proximity of IS to the entire CWo Finally,

in protoplasts frozen at -2oC, resistance is

further reduced and the osmotic solution (OS)

adds another resistance as it forms an unstirred

layer. Abbreviations: (g) - water vapour, (1) -

1 iquid water, (m) - matr ic water, (s) - ice.

Figure 10. Predicted gradients of solute concentration and

pressure in cells with loosely bound

extracellular water removed by centrifugation

(A). In these cells ice draws water by suction

force from the unfrozen wall thus cytoplasmic

pressure exceeds cell wall pressure (P > pl.

,
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Until leakage has occurred cytoplasmic solutes

are' more concentrated in the cytoplasm than the

cell wall ([eS] > reS]). With the cell wall

unfrozen, a Workman-Reynolds potential cannot

form (Q). In cells with a large volume of

loosely-bound extracellular water (B) pressure

and solute gradients are similar in direction to

(A), but a Workman-Reynolds potential may

propagate across the cell wall, although it will

be mitigated by the cell wall ion exchange

capacity and capacitance. In protoplasts (e)

frozen at -20e, solute concentrations are similar

on both sides of the plasma membrane ([Tot. S.] =

[Tot. S.]), but cytoplasmic solutes will be

concentrated inside the cell ([eS] > reS]) and

supporting medium solutes will be more

concentrated outside the cell ([SM] < [SM]).

Other abbreviations are given in Fig. 9.

Figure 11. Predicted behaviour of the plasma membrane and

the cell wall of whole cells in response to

freezing at -20e, and the effect of the cell wall

on the behaviour of the plasma membrane. (A)

Response of the plasma membrane during freezing

induced cytorhysis includes a loss of cell wall

volume (see Reaney, 1989) which may be due to

compression in width (L) or inner dimensions (d).

A loss of surface area of the inner ce 11 wall

will result in plasma membrane compression and
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subsequent loss of membrane surface area through

lipid droplets (ld), 'blebbing'(ld adjacent to

the membrane) or molecular desorption (m). The

plasma membrane of protoplasts during freezing

induced plasmolysis undergoes greater loss of

area than in whole cells (B). Membrane removal

may occur through plasmolytic endocytosis,

forming endocytotic vesicles (V), as well as

mechanisms implied for whole cells. Other

abbreviations are given in Fig. 9.

Figure 12. Predicted behaviour of the plasma membrane during

hydration. Membrane behaviour in whole cells (A)

during hydration may require that some membrane

material is incorporated into the PM. All forms

of lipid discussed in Fig. 11 may be

reincorporated. The plasma membrane may undergo

poration on rehydration (CP). and the cell wall

will accumulate solutes lost from the cytoplasm

(as indicated by density of shading). Rehydrating

protoplasts (B) must reincorporate membrane

material lost during dehydration (abbreviations

given in Fig. 11). Poration of the plasma

membrane will occur with a very small pressure

gradient and bulk flow may occur during

rehydration. The contents of V (VC) will be

expelled to the CW (A) or supporting osmoticum

(B).

,
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Figure 13. Post thawing responses in cells in relation to

freezing injury. Responses of cells with loosely

bound extracellular water removed by

centrifugation (A) and in cells with a large

volume of loosely bound extracellular water (B)

frozen at -20C. This figure depicts solute

concentration with shading densities. Cells with

a small extracellular volume may control cell

wall solute concentration and thus relax the

plasma membrane and vacuole through loss of

solutes and plasmolysis (A). However, if the

extracellular volume is large indicated by the

lack of shading in the extracellular space (B).

The membrane may only relieve tension by

mechanisms that add membrane material to the

plane of the membrane (B). Continual leakage of

cytoplasmic constituents will occur from cells

with a large extracellular volume. The tonoplast

will continue to expand even after the plasma

membrane has ceased expansion (B).

Figure 14.Cryopreservation of cells by a solute capable of

penetrating the plasma membrane slowly. When the

cells are first placed into the solute the cell

undergoes an initial brief plasmolysis (A) until

the solute has equilibrated across all cell

membranes (B). Freezing will concentrate the

solute (C) and the solute will lower the water

potential of the cytoplasm while maintaining cell
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volume. Immediately after thawing the gradients

will be reversed with the highest concentration

of solutes in the vacuole followed by the

cytoplasm and the extracellular spaces (D).

Finally, re-equilibration of the permeable solute

will relax the plasma membrane and the tonoplast

(E) •

Figure 15.Cryopreservation of cells by a large molecular

weight solute that may not cross the cell wall.

The large molecular weight solute induces

cytorhysis and compression in the cell wall (A).

compression of the cell wall is maintained

throughout dehydration and thus the plasma

membrane does not lose surface area (B). Thus

rehydration does not involve membrane area

expansion (C).
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Figure 12: (A) 239 (A)

L



Figure (8)12:

239 (B)



Figure 13 (A)

240 (A)

,



__________�-_-�-�-::.:.-�-_ •••••••• .,....._-::::;:::I,..ir� jill

gure 13: (B)

Cell Wall

Cell Wall

240 (B)



..----------------�---�-�--�--���-- ------------------------

Figure 14: (A) "temporary DMSO plasmolysis
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(8) Deplasmolysis and DMSO equilibration.
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(C) Freezing induced DMSO concentration 241 (B)

(D) Gradients of DMSO Concentration immediately
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10.0 SUMMARY:

Freezing tolerance in temperate plants is not

constitutive but rather requires modification of gene

expression in response to environmental cues. Environmental

cues are converted into transposable signals that have not

been positively identified. The plant growth regulators

GA and ABA are active in the regulation of acclimation to

freezing conditions and may be transposable signals for the

regulation of cold acclimation. However, no receptor has

been identified for either ABA or GA. The biological

responses to any added molecule might be due to the

molecule added to the plant or a by-product or

a metabolite of that molecule. Gibberellic acids GA4, GA7 and

GAg were more active inhibitors of ABA-induced freezing

tolerance than GA3. This implies that there is

heterogeneity of response to gibberellins. Racemic ABA is a

mixture of two compounds that both have biological activity

in other systems. S-ABA was equally active to the racemic

mixture in the induction of freezing tolerance. The ABA

metabolites, phaseic acid and dihydrophaseic acid were both

inactive in a test of their effectiveness on freezing

tolerance. During the course of this research a plentiful

new supply of DPA was developed which acted as a starting

material for PA synthesis. S-ABA production by Cercospora

rosicola was enhanced for the production of hundreds of

milligrams of S-ABA in a plant tissue culture laboratory.

The further study of the nature of the response
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of cell cultures to ABA metabolites and gibberellins is

likely to give insite into the cold acclimation regulation

mechanisms in cell culture systems. The cell culture system

may be acclimating to freezing by a pathway related to the

pathway associated with 'normal' acclimation processes or

it may be acclimating by another pathway. Recent work by

Shibata (personal communication) has shown that rice

seedlings that have no ability to acclimate to freezing can

be induced to increase in freezing tolerance by the

addi tion of ABA.

Freezing tolerance is a tolerance of both low

temperatures and desiccation. In order to study desiccation

under controlled water potentials two new methods were

established. These methods demonstrated that long held

assumptions about plant water relations were invalid (at

least for cell suspension cultures).

The development of methods to control cell water

potential were coupled with methods of controlling freezing

to perform a detailed study of the effects of cell water

content on freezing. The cell wall, extracellular volume

and extracellular solutes were found to profoundly affect

freezing tolerance. Protoplast responses to freezing that

had been previously modeled (Steponkus, 1984) were not

applicable to whole cells. A sequential model was developed

which combined: known laws of ice crystal formation and ice

crystal growth; known properties of the interaction of ice

with porous materials; known behaviour of membrane
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materials, with: measurement of the rate of equilibration;

evidence demonstrating cell injury associated with solutes;

evidence which established that the cells control the

extracellular environment immediately after thawing (which

is difficult if the extracellular volume is very large).

The proposed model has the potential to: (1) delineate

mechanisms of injury during freezing and thawing. (2)

contrast the events that occur depending on extracellular

volume and the presence of the cell wall. (3) Infer

mechanisms of acclimation, (4) infer mechanisms of

cryopreservation.

This model could be extended to the development of

novel cryopreservation protocols and in the long term may

aid in the identification of genes involved in low

temperature survival.
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