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Treatment of cells at 230C with ethylene gas or ACC had 

no significant effect on frost tolerance, with the exception 

of the highest ACC treatment (10 mM) , which resulted in 

reduced frost tolerance and growth of cells. Likewise, 

addition of ethylene to the culture flasks of either ABA or 

low temperature (9°) treated cells did not affect the cells' 

ability to frost acclimate. The removal of ethylene, via 

AVG/Purafil, did however result in a small but significant 

increase in tolerance of non-ABA cells at 23°, but not in 

those at 9°. At times, ethylene removal also increased 

frost tolerance of ABA treated cells. Exogenous ACC 

effectively raised the ethylene concentration in AVG treated 

flasks, yet did not remove the AVG-induced enhancement in 

frost tolerance. Thus, the AVG/Purafil effect appears to be 

due to some factor other than the removal of flask ethylene. 

A negative relationship existed between ethylene 

production and frost tolerance of the bromegrass cells. 



Ethylene production was lower during frost acclimation, via 

ABA or low temperature treatment, than during normal growth 

of cells at 230C. During deacclimation of ABA-hardened 

cells, ethylene production remained relatively low and 

comparable to that found in cells during ABA acclimation. 

The rate of deacclimation was slow, and was not affected by 

the addition of ethylene. However, the removal of flask 

ethylene throughout the 11 day treatment period prevented 

any deacclimation from occurring. 

The TTC viability assay was determined to be a good 

indicator of killing temperature (KT) in non-ABA treated 

bromegrass cell suspension cultures. However, TTC greatly 

overestimated the KT of ABA-hardened cells. A linear 

regression model, based on regrowth LT50, was developed to 

predict a more accurate KT from TTC data. 
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THE ROLE OF ETHYLENE IN FROST TOLERANCE 
OF Bromus inermis CELL SUSPENSION CULTURES 

CHAPTER 1 

INTRODUCTION 

Stress-induced ethylene production is a widespread, if 

not ubiquitous response of plants to unusual growing 

conditions.  These include freezing (54,131), chilling 

(182), wounding (127,197), water (82,97), salt (68), and 

mineral stress (61,119), as well as disease and insect 

attack (194), and exposure to air pollutants (28,43), toxic 

chemicals (129) or herbicides (174).  The fact that ethylene 

biosynthesis is stimulated by such a wide variety of plant 

stresses, suggests an important role for ethylene in the 

plant's attempt to cope with diverse conditions.  Although 

much is known about stress ethylene biosynthesis, relatively 

little is known about the protective role which ethylene 

might play. 

The understanding of why stress-ethylene is produced 

could benefit breeders in the selection of stress-resistant 

varieties.  Currently, the application of laboratory 

measurements to field conditions is an important problem in 

the selection of plant materials.  Ethylene production has 

been suggested as a selection criteria in the breeding of 

stress resistant varieties.  Generally, the more tolerant 



varieties produce less ethylene than the sensitive 

varieties, at a given level of stress (36,41).  However, 

exceptions to this have been reported.  In one case, the 

more resistant variety produced more stress ethylene (159), 

and in another, no relationship between the level of stress 

resistance and ethylene production was found (94).  Greater 

knowledge of the mechanics involved might suggest a 

selection criteria of increased accuracy and success than 

those being used presently. Ultimately, cultural practices 

may also be developed which would beneficially alter a 

plant's stress-response, regardless of genotype. 

The objective of this study was to determine if 

ethylene plays a role in the acquisition and/or maintenance 

of frost tolerance in Bromus inermis cell suspension 

cultures.  Although field trials are the ultimate test in 

determining the effectiveness of a growth regulator 

treatment, the lack of environmental and treatment control 

may make it difficult to meaningfully evaluate the data.  A 

cell suspension system allows for greater environmental 

control and provides a convenient arrangement for regulation 

and monitoring of ethylene levels.  The bromegrass system 

was chosen for study because of the cells' ability to frost 

acclimate in response to either low temperature or abscisic 

acid (32). 

A secondary objective was to develop a more accurate 

method of determining killing temperatures from the standard 

viability assay, TTC reduction.  Bromegrass cells, which 



have been treated with abscisic acid, have an unusual 

response to TTC following a freezing stress.  TTC reduction 

increases with decreasing temperature.  This is contrary to 

the typical stress-induced decline in TTC reduction.  A 

linear regresssion model was developed for prediction of 

killing temperatures. 



CHAPTER 2 

REVIEW OF LITERATURE 

Ethvlene/Stress Resistance 

A.  Disease Resistance 

Some of the earliest data suggesting ethylene as being 

involved in stress resistance comes from pathological 

studies.  Its role in disease resistance has been studied 

for several years, and has been reviewed by Boiler (22). 

Back in the mid-19601s, Clare, et al. (37) observed that 

volatile materials from diseased roots caused an increase in 

disease resistance of proximal, non-infected roots. 

Stahmann, et al. (168), subsequently showed that the 

material responsible for this transferal of resistance was 

ethylene.  It was further demonstrated that an exogenous 

ethylene gas treatment (8 ppm) for 2 days, resulted in 

increased resistance of sweet potato to infection by 

Ceratocystis. 

Two main hypotheses were proposed for the mechanism of 

this ethylene response.  These included the stimulation of 

peroxidase activity, and the stimulation of phytoalexin 

production (166).  The former hypothesis is partially 

supported by the fact that ethylene treatment did result in 

an increase in peroxidase activity.  However, a concommitant 

increase in disease resistance was lacking (45). 

Conversely, phytoalexins are known to build up in diseased 

plants, and to subsequently afford localized protection to 



the plant in the specific area of infection (184). 

Phytoalexin production is also stimulated by ethylene gas 

treatments (30,31).  Some key enzymes involved in 

phytoalexin synthesis, such as phenylalanine ammonia lyase 

(PAL), have been shown to be stimulated following the 

application of ethylene (153).  However, ethylene had less 

of a stimulatory effect than many other compounds tested 

(166).  Paradies, et al. (133) have shown ethylene 

production to be closely correlated with, but not an inducer 

of phytoalexin production.  As summarized by Yang and Pratt 

(194), ethylene in some cases does stimulate wound healing, 

phytoalexin production or disease resistance, but this is 

not a general phenomenon. 

A third alternative for ethylene's involvement in 

disease resistance is the induction of cell wall associated, 

hydroxyproline-rich glycoprotein synthesis.  These 

glycoproteins were positively correlated with pathogen 

resistance and increased following ethylene application 

(55).  Inhibitors of ethylene biosynthesis were also shown 

to prevent the incorporation of 14C-proline into these cell 

wall glycoproteins (175). Also, exogenous ACC was found to 

trigger the synthesis of hydroxyproline-rich glycoproteins 

(136) . 

B.  Mechanical Stress Resistance 

Ethylene is also implicated in the acquisition of 

resistance to mechanical perturbation (89).  A common 

response of plants to mechanical stress is a decrease in 



stem height and an increase in stem diameter (19,79,89). 

These are also typical plant responses to ethylene gas 

(52,138,156).  The relationship between ethylene and the 

thigmomorphogenetic response is strengthened by the 

observation that inhibition of ethylene biosynthesis 

prevents the increase in stem thickness following a 

mechanical stimulus (89).  Furthermore, there is evidence 

that thigmomorphogenesis is important for the plant's 

survival under a subsequent and more severe mechanical 

stress, such as that encountered in a wind storm.  For 

example, a lodging resistant variety of wheat was found to 

respond to a mechanical stimulus by decreasing its growth, 

while a lodging susceptible variety showed no response 

(171).  It has also been shown that when plants are 

pretreated with a mechanical stress, they are subsequently 

more resistant to drought or freezing stress (89). 

Inhibition of ethylene biosynthesis prevented this 

mechanically-induced hardening to drought, whereas non- 

stimulated plants treated with ethephon showed an increase 

in resistance to drought-induced pithiness in tomato plants 

(89), but not in celery (139).  In contrast to these 

reports, Biddington and Dearman (20) found mechanically 

stressed lettuce seedlings to be less drought tolerant than 

the controls. 

C.  Water Stress Resistance 

The possibility of ethylene playing a role in a plant's 

acclimation to water stress has been alluded to several 



times in the literature (53,108,194), yet relatively little 

research has been conducted which specifically addresses 

this question.  El-Beltagy and Hall (53), hypothesized that 

water stress-induced ethylene may play an adaptive role in 

the plant's response to stress by accelerating senescence 

and abscission of its transpiring leaves, thus reducing 

water loss.  Abeles et al. (5) have found that ethylene 

accelerates abscission of aged leaves more readily than 

younger leaves.  Under drought conditions, it may be 

especially advantageous to abscise these older leaves on 

which the stomata may be insensitive to changes in the 

plant's water relations (53). 

Exogenous ethylene has also been shown to increase the 

osmolality of cell sap (51,78), thus suggesting ethylene's 

role in osmotic adjustment, which is an important mechanism 

of drought resistance (27).  In contrast, ethylene may also 

benefit the waterlogged plant by an entirely different 

mechanism.  Ethylene treatments are known to stimulate both 

hypertrophied lenticel and adventitious root formation 

(3,49,188), which are adaptations for survival in response 

to flooding (171). 

Further evidence for ethylene's role in water stress 

acclimation may be found in the comparison of drought- 

induced ethylene production from resistant and sensitive 

varieties.  Rose (159) found that a drought resistant 

variety of wheat produced more drought-induced stress- 

ethylene than did a sensitive variety.  Also, mildly 



stressed plants of both varieties increased in stomatal 

resistance following ethylene treatments.  It is tempting to 

hypothesize that the increased ethylene production in the 

resistant variety was responsible for its greater drought 

resistance.  This relationship, however, is contrary to 

other reports which have shown that the more stress 

sensitive varieties produced more stress-ethylene (36,41). 

These opposing results may be due simply to differences in 

severity of the stress imposed.  For example, a minimal 

stress, which is sufficient to induce increased ethylene 

production in a sensitive variety, may not even be perceived 

as a stress by the more resistant variety, hence resulting 

in a smaller increase in ethylene evolution.  However, it 

must also be considered that the absolute amount of ethylene 

production may not be the most important factor in 

determining a plant's response to stress.  Kapuya and Hall 

(94) have shown that relative ethylene concentrations of 

droughted vs. waterlogged plants are not necessarily 

indicative of resistance in either the xerophyte or the 

hydrophyte tested.  Therefore, a plant's sensitivity to a 

given level of ethylene must also be taken into account. 

D.  Freezing Stress Resistance 

There is a small amount of evidence linking ethylene 

with the acquisition of cold hardiness in some plants.  The 

existing evidence consists mainly of the monitoring of frost 

tolerance following exogenous ethylene application. 

Proebsting and Mills (140) found that spring and summer 



applications of ethephon increased cherry and prune flower 

bud hardiness to an early winter freeze.  Also, mid-October 

applications of ethephon increased apple-shoot cold 

hardiness during November (141), and peach flower bud 

hardiness throughout the winter season (44).  Yet, ethephon 

had no effect on the cold hardiness of citrus seedlings 

(196).  Ethephon treatment has also been shown to enhance 

frost tolerance of tomato transplants (111) . 

E.  Cross-Adaptation 

Exposure to one type of stressful environment will 

often confer resistance not only to the given stress, but to 

other types of stress as well.  Frost tolerance may be 

induced by a wide variety of conditions in addition to the 

typical low temperature acclimation.  Desiccation treatments 

are reported to result in increased frost tolerance in 

several species, including winter wheat and barley (38), 

dogwood (34), tobacco (26,148,149), alfalfa (172) and 

Brassica oleracea (158).  Saline conditions also increased 

frost tolerance of spinach (164) and tobacco (26,149).  In 

addition, mineral deficiency and boron toxicity (26), as 

well as mechanical perturbation (89) have also been reported 

to increase a plant's subsequent resistance to frost. 

Stress Ethylene Biosynthesis 

Stress-ethylene is known to be produced via the same 

biosynthetic pathway as ethylene involved in fruit ripening 

(194,195).  The biosynthetic pathway of ethylene in plants 
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is as follows: methionine S-adenosyl-methionine (SAM)  

1-aminocyclopropane-l-carboxylic acid (ACC) ethylene (6). 

The step involved in the conversion of SAM to ACC, utilizing 

ACC synthase, has been shown to be the regulatory point in 

wounding and chilling induced stress ethylene biosynthesis 

(23,95,99).  Stress ethylene production normally has a lag 

period of 3 to 6 hrs (61), suggesting de novo synthesis of 

the enzymes involved.  In fact, Wang and Adams (182), using 

various inhibitors of protein synthesis, have shown that the 

chilling induced increase in ACC synthase activity is due to 

its de novo synthesis. 

The enzyme(s) involved in the conversion of ACC to 

ethylene has not yet been isolated, thus is referred to 

merely as the ethylene forming enzyme system (EFE).  The 

difficulty in its isolation is due to its association with 

and requirement for intact membranes (85,132).  EFE is a 

constitutive enzyme, as evidenced by the increase in 

ethylene synthesis following ACC application (100). 

However, its activity has also been shown to be enhanced 

following stress (124).  A stress severe enough to 

sufficiently alter a cell's membranes will, however, result 

in no ethylene formation (57,97,200).  Typically, ethylene 

production increases with severity of the stress imposed, up 

to the point of 50% tissue damage (54).  As the percentage 

of tissue damage increases over 50%, ethylene production 

decreases. This is presumably because ethylene formation 
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occurs in living cells, with intact membranes, adjacent to 

those which are damaged. 

A.  N-malonyl-ACC 

The conjugated form of ACC, N-malonyl-ACC, has been 

found in a number of plant systems (10,62,81,96).  The 

enzyme responsible for the malonylation of ACC (ACC 

malonyltransferase) is believed to be primarily constitutive 

(11,195), although exceptions do exist.  Preclimacteric 

tomato fruit have an inherently low capability to conjugate 

ACC (113).  However, conjugation is increasingly promoted 

with exogenous ethylene treatments in the range of 0.1 to 

100 ppm.  Also, norbornadiene, a competitive inhibitor of 

ethylene action, removed this promotive effect. 

N-malonyl-ACC (MACC) is considered to be a stable end 

product, rather than a storage form of ACC (11,80).  Under 

normal conditions, relatively little MACC is converted to 

ethylene (82) .  However, unusually high levels of MACC, 

attained via exogenous application, have been shown to 

stimulate the conversion back to ACC in some tissues tested 

(90).  The physiological significance of this is 

questionable however, since endogenous MACC levels are 

normally well below the enzyme's (MACC hydrolase) apparent 

Km (0.45 mM). 

The production of MACC is increased under stress 

conditions (82).  In fact, because of its relative 

stability, MACC has been suggested as an indicator of stress 

history in detached wheat leaves (82).  However, Fuhrer and 
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Fuhrer-Fries (62) have shown that wound-induced MACC in pea 

stems was translocated to the roots.  Thus, knowledge of the 

storage site is necessary prior to the widespread use of 

such a measurement. 

Existing evidence suggests the malonylation of ACC is 

regulated by the level of ACC in the tissue (82). 

Exogenously applied ACC is converted to MACC under non- 

stressful conditions (81).  Stress is known to enhance ACC 

synthesis, resulting in a build up of ACC, which would in 

turn enhance ACC malonyltransferase activity (82).  The role 

of ACC malonylation is thought to be the removal of 

potentially toxic D-amino acids (113).  Liu et al. (113) 

have suggested that a possible explanation for any adaptive 

response to stress ethylene is in the stimulation of 

malonyltransferase activity.  These plants would then be 

better able to rid themselves of toxic D-amino acids which 

might accumulate during stress. 

B.  Free Radicals 

A role for free radicals in the production of ethylene 

was suggested by studies which reported that free radical 

scavengers inhibit ethylene production and delay senescence 

in cut flowers (8,17,134) and broccoli (181).  Free radical 

involvement in ethylene biosynthesis has been further 

clarified as to being involved in the release of ethylene 

from ACC.  Several authors have shown the inhibition of ACC 

— ethylene in vivo, with various free radical scavengers, 

including salicylic acid (106), n-propyl gallate 
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(14,100,118), sodium benzoate (18), and 3,4,5- 

trichlorophenol (14).  Konze and Kende (98) have also 

inhibited ethylene production with n-propyl gallate in 

homogenates of etiolated pea shoots.  Spin trap studies have 

determined the hydroxyl radical (OH~) to be necessary for 

ACC — ethylene in a strictly chemical system, although 

conversion was less efficient than in vivo (104).  In a 

microsomal membrane fraction from etiolated peas, the less 

reactive superoxide anion (02~) was found to be the 

important species in facilitating the ACC to ethylene 

conversion (126).  As suggested by Legge et al. (104), the 

reaction in vivo may utilize a substrate-specific enzyme, 

which would explain the greater efficiency in conversion of 

ACC to ethylene.  Also, less reactive species, such as 02~, 

may play a greater role in such a system. 

C.  Lipoxygenase 

Lipoxygenases (lox) convert unsaturated fatty acids, 

containing one or more l,4-cis,cis-pentadiene groups, into 

their respective hydroperoxides (179).  These hydroperoxides 

are an important source of free radicals (167,185), which as 

discussed above, are involved in the final step of ethylene 

biosynthesis.  It must also be noted, however, that the 

hydroperoxides might also facilitate the ACC to ethylene 

conversion without the production of free radicals (169). 

There are several reports which have correlated lipid 

oxidation with ethylene formation.  An increase in 

lipoxidase activity (189) and a breakdown of linolenate (63) 
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during the ripening of pome fruits, led to the suggestion 

that the products of lox from linolenate would lead directly 

to ethylene formation (65,146).  In fact, it was later shown 

that an apple peel extract was capable of converting 

linolenate directly into ethylene (64).  However, Mapson et 

al. (117) have shown linolenate to not be directly converted 

to ethylene in discs of apple peel, tomato fruit and 

cauliflower florets.  Linolenate did however enhance 

ethylene production from methionine in apple tissue, but 

decreased it in both tomato and cauliflower.  Thus, it 

appeared that linolenate was acting in a secondary role for 

ethylene biosynthesis.  The necessity for lox activity has 

since been shown in in vivo and in vitro studies. 

In freeze-stressed winter rape leaves, both lox 

activity and ethylene production increased up to the point 

where 50% tissue death occured, and decreased with greater 

stress (92).  Legge and Thompson (103) have also shown that 

lox and linolenic acid stimulate ethylene production in a 

microsomal membrane system and that the removal of 

hydroperoxides via GSH and GSH peroxidase, almost completely 

inhibited ethylene production.  Bousquet and Thimann (25) 

have shown ACC to be converted to ethylene in a model system 

containing linoleic acid, pyridoxal phosphate, manganese and 

lox.  A microsomal membrane enzyme system from pea seedling 

shoots, had the same properties as did the model enzyme 

system, with both being inhibited by n-propyl gallate, 

C0CI2, DTT, chelating agents, etc.  However, Wang and Yang 
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(182) have determined this system to be different from the 

in vivo EFE system. 

Lipoxygenase activity is often associated with tissue 

senescence (72,105), but has also been correlated with 

growth (102).  Thus, lox activity itself may not be damaging 

to the cell, but rather the resulting hydroperoxides and 

free radicals, if not scavenged, may contribute to senescing 

functions. 

Various sugars are known to increase lox activity, with 

sucrose being the most stimulatory of those tested (114). 

Sugars increase membrane permeability and speed up 

senescence in the light, yet have exactly the opposite 

effect in the dark.  It was suggested that since respiration 

increased in the dark, there would be more energy available 

to repair the damage caused by the lox induced 

hydroperoxides. 

D.  Effect of Temperature 

Ethylene biosynthesis is known to decrease in response 

to temperatures above or below critical values.  The 

temperature optimum for most species is 30 to 350C (60). 

Only a few degrees increase over the optimum temperature is 

sufficient to sharply reduce ethylene production (57,163). 

This lack of ethylene production above 40oC is thought to be 

due to membrane disruption, resulting in the inactivation of 

EFE.  Field (57) has shown a corresponding increase in 

electrolyte leakage with the high temperature-induced 

cessation in ethylene biosynthesis.  Evidence for EFE as the 
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limiting factor is found in the measurement of both ACC and 

ethylene over a range of temperatures.  In apple plugs, ACC 

levels continued to increase with temperature, while 

ethylene production decreased (198).  This suggests that EFE 

is losing activity, while ACC synthase remains active.  To 

the contrary. Biggs et al. (21) have shown ACC synthase 

activity to decrease more quickly than EFE activity in heat 

stressed tomato fruit. 

Chilling temperatures also result in reduced ethylene 

biosynthesis.  Chilling sensitive species, such as the dwarf 

bean (58) and the tomato (120), show a break in Arrhenius 

plots of temperature vs. ethylene, at temperatures similar 

to those responsible for chilling injury (10 to 150C). 

Discontinuous Arrhenius plots are thought to be the result 

of a temperature-induced membrane phase transition, which 

affects a rate limiting membrane protein (142).  This 

suggests the inactivation of EFE, which is known to be 

dependent on intact cell membranes for its activity (85). 

However, the role of membrane phase changes in the 

discontinuity of Arrhenius plots is still questionable (16). 

For example, some chilling insensitive species, in which a 

membrane phase change would not be expected, also have 

transition points in the range of 10 to 15° (120,163). 

Apelbaum et al. (13) have found apple fruit tissue to have a 

change in slope at 13°, with or without exogenous ACC.  The 

increase in ethylene production as a result of the ACC 

treatment is of a consistent magnitude, at all test 
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10% of that found in the gas phase. At 0°, the ethylene 

concentration in water is increased to approximately 25% of 

the gas phase concentration.  The corresponding absorption 

coefficients are 0.266 at 0° and 0.108 at 25° (2,154). 

E.  Effect of Sugars 

Simple carbohydrates may have either a stimulatory or 

an inhibitory effect on ethylene biosynthesis.  The effect 

varies depending on the type of sugar, the plant system 

being studied, and the physiological status of the tissue. 

Of the sugars tested, 10 to 100 mM solutions of galactose, 

mannitol, sucrose, lactose and glucose have been shown to 

stimulate ethylene production in at least one, but not 

necessarily all plant systems tested (40,128,136,150). 

Important physiological factors include tissue age and the 

presence of IAA, both of which will affect the extent and 

duration of sugar-stimulated ethylene production in tobacco 

leaf discs (128).  IAA is known to promote ethylene 

synthesis (86), and Meir et al. (128) have provided evidence 

that sucrose stimulates the hydrolysis of lAA-conjugates, 

thereby increasing the amount of free IAA, and the duration 

of ethylene stimulation. 

The mechanism of sugar-induced ethylene biosynthesis is 

still unknown.  However, sugars are known to enhance both 

the synthesis of ACC, and the activity of the ethylene 

forming enzyme system (136,150). Riov and Yang (150) tested 

the hypothesis that a sugar-induced osmotic stress was 

responsible for the enhanced ethylene production.  Several 
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temperatures above and below the transition temperature. 

This suggests that the EFE is equally functional over the 

range of test temperatures (4 to 35°).  The transition point 

has since been shown to be due to a change in ACC synthase 

activity rather than EFE (24). 

Further evidence that ACC synthesis is the rate 

limiting step in ethylene biosynthesis at chilling 

temperatures, is provided by the report that both ACC and 

ACC synthase were at reduced levels in cucumber fruit tissue 

held at 2.5° C (182).  Also, the addition of ACC to bean 

leaf tissue held at 5° resulted in increased ethylene 

production (59), thus EFE was functional. 

There is no data to indicate that ethylene production 

may occur in frozen tissue.  However, Hansen (74) reported 

that ethylene production occured in some apple varieties at 

0oC. 

The measurement of ethylene production at low 

temperatures is a complicated task.  The reduced enzyme 

activity results in such a small amount of ethylene, that it 

often approaches the limits in sensitivity of the available 

instrumentation.  A further complication is that the 

solubility of ethylene is greater at reduced temperatures. 

Thus, a greater percentage of the ethylene produced would 

remain in the tissue rather than in the air space 

surrounding the tissue.  Ethylene is fairly soluble in water 

(approximately 5 times that of oxygen). At 250C, the 

concentration of ethylene in water would be approximately 
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sugars, as well as polyethylene glycol, were tested, yet 

mannitol was the only substance to significantly enhance 

ethylene synthesis in citrus leaf discs.  It therefore does 

not appear to be strictly an osmotic response. A partial 

explanation is found in the sucrose enhanced respiratory CO2 

levels (136).  CO2 is required for EFE activity, and will 

stimulate ethylene production when the level is artificially 

raised (93,136).  However, even at saturated CO2 levels 

(15%), sucrose (1 to 50 mM) further enhanced ethylene 

production (136).  Another alternative is that the sugars 

may serve as an energy source for ethylene biosynthesis. 

There is evidence that ethylene biosynthesis is accompanied 

by increased ATP levels (115,116,162). 

Contrary to other sugars, galactose appears to exert 

its effect as a toxic, stress-ethylene inducing substance 

(135).  Incubation of tobacco leaf discs in 50 mM galactose 

resulted in ethylene stimulation for the first two days, 

followed by a sharp decline on day 3.  EFE activity 

decreased while ACC synthesis continued, thus resulting in 

high tissue ACC levels.  The addition of sucrose, glucose or 

CO2 (10%) during the inciabation period prevented the loss of 

EFE activity.  It was suggested that the build up of ACC may 

be responsible for the toxic effects of galactose. 

Osmotic stress is also known to reduce EFE activity, 

presumably through its effect on the membranes (13).  Mayak 

and Borochov (121) further tested the effect of sugars on 

EFE activity in carnation petal microsomal membranes.  By 
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comparing solubilized to membrane bound EFE activity, it was 

determined that the sugars interact with the enzyme 

directly, rather than through osmotically induced 

alterations in membrane characteristics.  It was suggested 

that the sugars may be acting as free radical scavengers 

(15), free radicals being necessary for the conversion of 

ACC to ethylene (see section B).  However, there is some 

doubt as to whether the solubilized EFE is identical to that 

which is active in vivo. 

In addition to the effect of sucrose on ethylene 

production, ethylene may also exert an effect on sucrose 

uptake.  Ethylene treatments enhanced sucrose uptake in 

sugar beet root discs (160).  Both IAA and ABA made the 

tissue insensitive to further ethylene stimulation of 

sucrose uptake.  IAA reduced the uptake rate, while ABA 

enhanced it over that of ethylene alone. 

F.  Autocatalysis/Autoinhibition 

Exogenous ethylene is known to both stimulate and 

inhibit further ethylene production in fruit and vegetative 

tissue (112,151,178a).  Autocatalysis and autoinhibition are 

induced by physiologically active ethylene concentrations, 

in the range of 0.1 to 100 ppm (152).  This corresponds with 

the levels required to elicit the majority of ethylene 

responses, from a half maximal (0.1 ppm) to a maximal (10.0 

ppm) effect (4).  The fact that ethylene, at similar levels 

known to invoke physiological responses, may also exert a 

regulatory effect on further ethylene production, suggests 
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some interesting possibilities.  Not only does this 

highlight the possible importance of ethylene regulation to 

the physiological and developmental status of a plant, but 

also suggests that ethylene production itself may play an 

important role in determining a plant's response to ethylene 

treatment. 

Autocatalysis of ethylene production is an important 

phenomena in ripening climacteric fruit (112,125) and other 

senescing tissue (122).  The autocatalytic effect is 

responsible for the climacteric rise in ethylene production, 

which is known to occur during ripening of climacteric 

fruits.  Once the ethylene climacteric is initiated, 

autocatalytic ethylene production will continue without any 

further ethylene treatment (145).  Ethylene treatment has 

been shown to enhance EFE activity even in pre-climacteric 

or non-climacteric fruits, where the availability of ACC was 

limiting ethylene production (29,112).  The ethylene 

activity inhibitor, norbornadiene, eliminates this 

stimulation of EFE activity (112).  Contrary to the response 

in fruit, vegetative tissues require a rather long ethylene 

treatment period (24+ hrs) for elicitation of autocatalytic 

ethylene production (151).  In addition, a constant external 

supply of ethylene is required to maintain this response, 

which works via both increased ACC production and EFE 

activity (151). 

Autoinhibition of ethylene production has been shown to 

occur in banana fruit (178a), citrus peel (152), and various 
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vegetative tissues (137,151,163).  Exogenous ethylene was 

shown to inhibit wound (152,163) and mannitol induced 

ethylene production (151), as well as sucrose and IAA 

stimulated ethylene (7,137).  Riov and Yang (152) reported 

that autoinhibition in citrus peel occured by reduced 

synthesis of ACC synthase and inhibition of its activity. 

In tobacco leaf discs, ACC availability was decreased by 

both reduced synthesis and increased conjugation (137).  As 

is the case for autocatalysis, ethylene activity inhibitors 

(Ag+) will relieve autoinhibition (7,137). 

G. Abscisic Acid Interactions 

Stressful conditions are also known to stimulate the 

accumulation of abscisic acid in plant tissues (193).  ABA 

content typically increases chronologically later or at a 

greater intensity of stress than does stress-induced 

ethylene (180,190).  This time relationship has lead to the 

speculation that stress-induced ethylene may be responsible 

for the subsequent increase in ABA synthesis.  In fact, 

exogenous ethylene has been shown to induce a rise in ABA- 

like activity in senescing rose petals (123).  However, 

Wright (190) has shown that under a sudden, severe water 

stress, ABA increases more rapidly than does ethylene 

production.  Thus, ethylene is probably not directly 

responsible for the increase in ABA synthesis.  In addition, 

there is evidence that ethylene actually promotes ABA 

degradation (199)• 
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The inverse relationship, that of ABA on ethylene, has 

also been studied.  ABA has been shown to stimulate ethylene 

production in several systems (1,42,69,88), yet inhibit it 

in others (66,124,191,192).  These contradictory responses 

may be the result of ABA concentration and sensitivity of 

the tissue studied.  Witztum and Keren (187) have shown that 

low levels of ABA (0.1 ppm) stimulate ethylene production in 

Spirodela oliqorhiza fronds, while higher concentrations (1 

& 10 ppm) slightly reduce ethylene production. Also, 

Gertman and Fuchs (69) found no effect on ethylene 

production resulting from ABA treatments of 10~8 M or lower. 

Higher treatment levels initiated increasingly greater 

levels of ethylene production in orange peel discs, yet 

increasingly lower levels in pea seedlings.  The ABA-induced 

reduction in ethylene synthesis is known to occur via a 

reduction in ACC synthesis (124). 

There is some evidence to support the contention that 

at least some ABA effects are mediated via ethylene.  Goren 

et al. (71) have shown ABA-induced callus formation in 

citrus bud cultures to be dependent upon enhanced ethylene 

production.  Also, the ABA-induced abscission of citrus leaf 

explants requires ethylene (161).  As mentioned above 

however, there are also many reports which state that 

ethylene production is not even stimulated by ABA treatment 

(48,77). 
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Stress-Induced Ethane 

Another hydrocarbon, ethane, is also commonly produced 

by plant tissues under stress.  Ethane production is 

associated with increased membrane permeability, thus is 

highly correlated with cell damage/death (57,97,200). 

Typically, ethane emission increases concurrent with the 

decrease in ethylene production, as the degree of tissue 

injury, and loss of membrane integrity increases.  The 

stimulation of ethane production has been suggested as a 

means of screening for toxic chemicals (165) and as a 

viability test for stressed plant tissues (75,97). 

Despite the similarity in structure to ethylene, ethane 

is produced via a quite different mechanism. While ethylene 

is actively biosynthesized from methionine, ethane is merely 

one of the by-products of membrane lipid peroxidation (147). 

Ethane production in plant tissue was shown to require 

unsaturated fatty acids (109) and linolenic acid was later 

identified as the specific precursor in homogenized 

Phaseolus vulaaris L. (91).  Peroxidation of fatty acids 

occurs via a free radical mechanism (39).  Thus, the 

presence of free radical scavengers is believed to play an 

important role in determining the extent of stress-induced 

membrane damage (186). 
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CHAPTER 3 

PREDICTION OF KILLING TEMPERATURE FROM TTC DATA IN 
ABA-HARDENED Bromus inermis Leyss CELL CULTURES. 

ABSTRACT 

The reduction of 2,3,5-triphenyltetrazolium chloride 

(TTC) was determined to be a good indicator of killing 

temperature in non-ABA treated Bromus inermis (bromegrass) 

cell suspension cultures.  However, an LT50 based on TTC 

reduction greatly overestimated the killing temperature of 

ABA-hardened cells.  This was due to a freeze-induced 

increase in TTC reduction of ABA treated cells, which is 

contrary to the typical decline in TTC reduction with 

increasing stress.  A series of linear regression models 

were developed based on regrowth LT50 as the dependent 

variable and temperature values, based on various 

percentages of the base TTC reduction level (LT90, LT80, 

etc.), as the independent variable. All models tested were 

significant at the 0.05 level.  Thus, all were capable of 

accurately predicting a true killing temperature (regrowth 

LT50) from TTC data collected on ABA-hardened cells. 

INTRODUCTION 

Reduction of 2,3,5-Triphenyltetrazolium Chloride (TTC) 

into red formazan is a commonly used assay in determining 
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the viability of seeds (1), whole plant organs (6,12), and 

cell suspension cultures (2,10,13).  It is a relatively 

simple and rapid technique, requiring approximately 3 days 

for completion.  For this reason, TTC reduction is generally 

prefered as a viability test over regrowth or germination, 

which may take from several days to several weeks. 

TTC reduction is dependent upon dehydrogenase activity 

(11,12), which is indicative of living material (8). 

However, TTC may also be reduced by other compounds, such as 

reducing sugars (9), and sulphydryl compounds, when at pH 

values above 9.0 (4).  Reduction of TTC by these compounds 

does not require viable tissues, and thus, may result in 

•false positive' viability determinations.  Evidence for 

such misinterpretation has been reported by Gunz (5), 

through the demonstration that tetrazolium salts can be 

reduced by non-viable yeast cells and cell free extracts. 

In Bromus inermis (bromegrass) cell suspension 

cultures, an LT50 based on TTC reduction is often used to 

predict the killing temperature.  This prediction is thought 

to be relatively accurate, as it compares favorably with the 

killing temperature as determined by analysis of regrowth 

potential (Gusta, personal communication).  However, 

contrary to the typical freeze stress-induced decline in TTC 

reduction, which is found in non-ABA treated cells, a mild 

freeze stress reportedly stimulates formazan production in 

ABA-hardened cells. This unique response in TTC reduction 

of ABA-hardened cells may result in incorrect estimations of 
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killing temperatures..  Therefore, the objectives of this 

study were to determine if TTC reduction is a precise method 

of determining the frost tolerance level of ABA treated 

cells, and to develop a method of more accurately predicting 

the true killing temperature from TTC data. 

MATERIALS & METHODS 

Culture Conditions;  L.V. Gusta, from the University of 

Saskatchewan, provided the bromegrass suspension culture. 

Cells were maintained in 50 ml modified Ericksson's media 

(3) within aluminum foil covered 250 ml Erlenmeyer flasks, 

and were transfered weekly to fresh media.  The flasks were 

held on a reciprocating shaker (104 rpm), at 230C under dark 

conditions. 

Media containing 7.5xl0~5 M ABA (Calbiochem) was 

prepared by adding ABA to 1 ml d.HjO, followed by IN NaOH 

dropwise, until dissolved.  This solution was subsequently 

combined with the nutrient media and autoclaved according to 

standard procedures.  Treatment began with the inoculation 

of approximately 2 g. (F.W.) cells into the fresh media. 

Determination of Frost Tolerance:  Frost tolerance was 

determined on non-ABA and ABA treated cells after 3, 6, and 

9 days of culture at 230C.  Freezing test preparation 

consisted of filtering off the media through a Kimwipe, 

followed by rinsing of the cells with approximately 100 ml 
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d.HjO.  Cells were blotted dry, then 60 mg (F.W.) subsamples 

were placed into 4 ml culture tubes along with 50 ul d.I^O. 

The tubes were placed directly into a -10C ethylene glycol 

bath.  Cells were nucleated with ice crystals, and held at 

this temperature overnight.  The temperature was then 

lowered at a rate of 2-30C/hr down to -16°, 4-50C/hr to 

-30°, and 10oC/hr to -40°.  Cells were held at each test 

temperature for 1 hr, thawed for 24 hrs at +4°, then removed 

to room temperature (+230C) and tested for viability. 

The TTC assay consisted of adding a solution of 0.08 % 

TTC in 0.05 M NaP04 buffer (pH 7.5) to cells at 23
0C (2), 

and incubating in the dark for 20 to 24 hr.  The TTC 

solution was then removed and the reduced red formazan was 

extracted from cells with 3 ml 95 % ethanol.  Extraction 

proceeded in the dark for a minimum of 2 days.  Absorbance 

of the solution was determined at 490 nm. 

Regrowth analysis was determined on duplicate sets of 

frozen cells, which were handled under sterile conditions 

throughout the freezing and culturing treatment.  The 

regrowth procedure was a modification of that described by 

Horsch & Jones (7) .  Cells were spread onto a d.I^O 

moistened Whatman No. 1 filter paper (4.25 cm diameter), the 

weight of which had been previously determined.  The filter 

paper with cells was weighed again, then placed into a 60 X 

15 mm petri dish containing solid Ericksson's media (0.9 % 

agar, w/v). Plates were held in the dark at 250C, and total 

weight of the filter paper/cells was determined again after 
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3 weeks.  Growth is expressed as the change in fresh weight 

from initial to final determination.  LT50 is the 

temperature at which the increase in fresh weight was 50 % 

of the respective treatment's non-frozen control. 

Statistical Analysis;  For each ABA treatment 

replication, a linear regression line was constructed from 

the linear portion of the TTC absorbance x freezing 

temperature response curve, with temperature as the 

independent variable and TTC absorbance as the dependent 

variable.  From the regression lines, the temperatures 

corresponding to 90, 80, 70, 60, and 50 % of the base TTC 

absorbance level were determined. The base (100 %) TTC 

absorbance level, upon which the LT90, etc. were based, was 

defined three different ways 1) +40C, 2) maximum measured 

TTC absorbance, or 3) predicted maximum TTC absorbance at 

the temperature of the measured maximum.  For example, a 

+40C LT50 is the temperature where TTC reduction was 50% of 

the level at +40C, a max.LTSO is the temperature where TTC 

absorbance was 50% of the maximum measured value, and 

pred.LT90 is the temperature where TTC absorbance was 90% of 

the predicted maximum.  These temperature values wfere then 

regressed against the corresponding regrowth LT50, with 

regrowth LT50 as the dependent variable, in order to 

formulate regression models capable of predicting the 

regrowth LT50 from TTC values. Correlation coefficients (R) 

were compared by X2 analysis. 
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RESULTS & DISCUSSION 

The amount of TTC reduction in non-acclimated (control) 

bromegrass cells decreased steadily following exposure to 

successively lower freezing temperatures (Figure 3.1A). 

Regrowth of frozen/thawed cells followed a similar pattern, 

thus confirming the use of TTC in estimating the killing 

temperature of non-acclimated cells. 

In contrast to non-acclimated cells, TTC reduction in 

cells acclimated by ABA treatment increased with decreasing 

temperature to a peak (-130C), then declined with further 

lowering of temperature (Figure 3.IB).  This increase in TTC 

reduction is typical of ABA treated cells (Gusta, personal 

communication).  The minimum level of TTC reduction (-40oC) 

was often greater than or equal to the initial level found 

in non-frozen (+40C) cells.  This may lead to considerable 

overestimations in killing temperatures, or even to the 

erroneous conclusion that the cells are still alive after a 

-40° freeze (Table 3.1).  In the example in figure 3.IB, a 

+40C LT50, based on TTC reduction, would indicate the cells 

to be viable at -40°, when the actual killing temperature, 

as determined by regrowth, was -18.5°.  Furthermore, due to 

the large freeze-induced stimulation in TTC reduction, a 

max.LTSO, based on the maximum absorbance at -13° would 

still overestimate the killing temperature by 6° (Table 

3.1).  Thus, the standard methods of determining an LT50 
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from TTC data are inaccurate in estimating the true killing 

temperature of ABA-hardened cells. 

Comparison of the curves from TTC and regrowth assays 

(Figure 3.IB) shows that the actual killing temperature 

(-18.50C), based on regrowth LT50, is close to the 

temperature corresponding to 70 % of maximum TTC reduction. 

However, the percentage of maximum TTC reduction that 

corresponds to the regrowth LT50 varies considerably between 

samples.  This variability makes the use of a standard LT70, 

LT80, etc., also inappropriate for viability reporting. 

Due to the speed and convenience of this viability 

method, a procedure for predicting the true killing 

temperatures from TTC data would be desireable.  With this 

goal, a series of linear regression models were developed, 

based on regrowth LT50 and temperature values based on 

various percentages of the base TTC reduction level. All 

models tested had R2 values that were significant at the 

0.05 or 0.01 level (Table 3.2).  Correlation coefficients 

were tested for homogeneity and determined to be not 

significantly different from each other at the 0.05 level 

(X2tab(.05)=18.3, with 10 d.f).  Thus, any of the models 

would provide a similar degree of accuracy in the prediction 

of true killing (regrowth LT50) temperatures of ABA treated 

bromegrass cells. 

To further evaluate some of these models, killing 

temperatures were predicted from the models and compared 

with regrowth killing temperatures (Table 3.3).  As 
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expected, all five models came reasonably close in 

predicting the regrowth LT50.  However, among the models 

tested, the pred.LT90 model was slightly more precise. 

As a precaution, it is important to note that this 

regression model, although useful under the stated treatment 

conditions, may not be satisfactory in another environment 

with different cell culture and treatment conditions. 
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Figure 3.1.  Percent regrowth and TTC eibsorbance of 
bromegrass cells following a freeze stress. A) non- 
acclimated control, B) abscisic acid treatment for 6 days. 
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Table 3.1.  Killing Temperatures of ABA-Hardened 
Bromegrass Cells as Determined by Regrowth and TTC. 
Controlled freezing tests were conducted after 3, 6, and 
9 days of treatment in 7.5xl0~5 M ABA media. 

KILLING 
TEMPERATURE f0C) 

. Day 3 Day 6 Day 9 

Regrowth LT50  -13.7  -14.9   -18.5  -20.0   -13.0  -16.8 

TTC... 
+40C LT50   <-20   <-20     <-40   <-40     -24.8  <-40 

max.LTSO    -19.0  -18.3    -24.6  -36.5    -19.8  -26.0 

pred.LT50   -18.5  -18.1    -25.0  -36.5    -18.6  -25.8 
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Table 3.2.  Regression Models Based on Regrowth LT50 
and Various TTC Data Points from ABA-hardened bromegrass 
cells.  Temperature based on TTC reduction is the 
independent variable (x) and regrowth LT50 is the dependent 
variable (y), (n=6). 

Regrowth Model R R2 
LT50 vs. 

44° C LT50 y = -8.97 + 0.23x .86* .74* 
max. LT90 y = -1.70 + 1.03x .91* .83** 
max. LT80 y = -3.88 + 0.74x .91* .83** 
max. LI/O y = -5.66 + 0.55x .90* .81** 
max. LT60 y = -6.81 + 0.43x .89* .79* 
max. LT50 y = -7.64 + 0.35x .88* .77* 
pred. LT90 y = -4.67 + 0.85x .96** .92** 
pred. LT80 y = -5.45 + 0.66x .96** .92** 
pred. LT70 y = -6.48 + 0.52x .94** .89** 
pred. LT60 y = -7.?? + 0.42x .93** .86** 
pred. LT50 y = -7.79 + 0.35x .91* .82** 

X2=0.13 

significant at *.05 and *\01 level. 
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Table 3.3 Comparison of Regression-Model-Predicted 
LT50 Values vs. Regrowth LT50, of freeze stressed ABA- 
hardened bromegrass cells. 

KILLING 
TEMPERATURE <0Q) 

 Day 3 Day 6 Day 9 
Regrowth 
LT50 vs.       -13.0  -14.9   -18.5  -20.0   -13.7  -16.8 

+40C LT50 -14.8 -13.6 -18.3 -18.3 -13.6 -18.3 

max.LT90 -13.4 -14.1 -16.7 -19.9 -14.7 -18.0 

max.LTSO -14.6 -14.1 -16.3 -20.6 -14.4 -16.8 

pred.LT90 -12.6 -14.5 -17.7 -19.6 -14.6 -17.9 

pred.LTSO -14.3 -14.2 -16.6 -20.6 -14.3 -16.9 
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CHAPTER 4 

EXOGENOUS ETHYLENE WITH RESPECT TO FREEZING TOLERANCE 
IN Bromus inermis Leyss CELL SUSPENSION CULTURES 

ABSTRACT 

The effect of exogenous ethylene on frost tolerance of 

Bromus inermis (bromegrass) cell suspension cultures was 

tested by treating cells at 230C with ethylene gas (0.1 to 

2400 ul/1) or 1-aminocyclopropane-l-carboxylic acid (0.5 to 

10.0 mM) for 2 or 5 days.  Neither treatment affected frost 

tolerance at 2 days, however, the highest ACC treatment (10 

mM) lessened the age-related increase in tolerance observed 

between day 2 and day 5 in non-ACC treated control cells. 

This may have been due to cytotoxicity of ACC, rather than 

to an effect of ethylene, since ethylene production and 

flask ethylene content were not increased over the level 

found in 1 mM ACC treated cells. ACC-induced ethylene 

production was less in cells incubated in 0.25 m sucrose 

than in d.^O incubated cells.  Also, ACC-induced ethylene 

production was higher in 5 day than in 2 day old cells. 

INTRODUCTION 

Stress-induced ethylene production is a widespread, if 

not universal response of plants to stressful conditions. 

These include freezing, chilling, wounding, water, salt, and 
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mineral stress, as well as disease and insect attack, and 

exposure to air pollutants, toxic chemicals or herbicides 

(19).  Stress-induced resistance to stress is also a common 

occurence in plants.  For example, a mild freeze, although 

not requisite for, does significantly accelerate the process 

of frost acclimation (17, 18).  Plants exposed to a given 

stress may demonstrate increased resistance to other types 

of stressful conditions (1, 2, 4, 11), as well as to 

subsequent similar stresses (16, 18).  This phenomenon of 

cross-adaptivity, together with the fact that ethylene 

biosynthesis is stimulated by such a wide variety of plant 

stresses, suggests an important role for ethylene in the 

plant's attempt to cope with diverse conditions. 

In fact, several researchers have attempted to 

correlate ethylene production with increased stress 

resistance.  These studies have met with varying degrees of 

success (see review, Ref 9).  In the case of freezing stress 

resistance, existing evidence has accrued primarily through 

the monitoring of frost tolerance following exogenous 

ethylene application under field conditions.  Proebsting and 

Mills (14) found that spring and summer applications of 

ethephon increased cherry and prune flower bud hardiness to 

an early winter freeze.  Furthermore, mid-October 

applications of ethephon increased apple-shoot cold 

hardiness during November (15), and peach flower bud 

hardiness throughout the winter season (5, 7). Yet, it had 

no effect on the cold hardiness of citrus seedlings (20). 
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Ethephon has also been shown to enhance frost tolerance of 

tomato transplants (12).  The effect of ethylene on the 

development of frost tolerance in cell cultures has not yet 

been determined. 

This project was undertaken to study the effect of 

ethylene on frost tolerance in bromegrass cell suspension 

cultures.  Although field trials are the ultimate test in 

determining the effectiveness of a growth regulator 

treatment, the lack of environmental and treatment control 

may make it difficult to meaningfully evaluate the data. A 

cell suspension system allows for greater environmental 

control and provides a convenient arrangement for regulation 

and monitoring of ethylene levels.  The bromegrass system 

was chosen for study because of the cells' ability to frost 

acclimate in response to either low temperature or ABA (3). 

MATERIALS & METHODS 

Culture Conditions:  L.V. Gusta, from the University of 

Saskatchewan, provided the bromegrass suspension culture. 

Cells were maintained in 50 ml modified Erickson's media 

(8), within aluminum foil-covered 250 ml Erlenmyer flasks, 

and were transfered weekly to fresh media.  The flasks were 

held on a reciprocating shaker (104 rpm), at 230C under dark 

conditions.  In all cases, treatments began at the time of 



42 

cell transfer to fresh media, with inoculum size equal to 

approximately 2 g F.W.. 

Ethvlene Treatment System;  The treatment vessel 

consisted of a 250 ml Erlenmyer flask (wide mouth), covered 

with a rubber stopper, which had a piece of glass tubing 

inserted through its center.  The external end of the glass 

tubing was plugged with a serum stopper, which permitted 

standard ethylene injection and removal of flask ethylene 

samples.  To ensure that COj levels within the flask 

remained near ambient levels, glass dram vials filled with 

saturated KOH were hung inside the flask.  Known volumes of 

standard ethylene mixtures (Scott Specialty Gases) were 

filter sterilized into sealed flasks, to obtain desired 

atmospheric concentrations.  The two highest ethylene 

treatments (1400 & 2400 ul/1)  were prepared by mixing pure 

ethylene and air.  The gas standards used in other 

treatments were:  10 ul/l= 984 ul/1 Cjl^ in nitrogen; 

1 ul/l= 106 ul/1 C2H4 in helium;  0.1 ul/l= 9.8 ul/1 C2H4 

in hydrocarbon free air. Monitoring of ethylene levels 

within flasks took place approximately 10 minutes after 

treatment.  Flasks remained completely sealed throughout the 

two day treatment period. 

ACC Treatment System:  The treatment system was 

identical to the ethylene system described above, except 

that sealing of flasks occurred by means of a piece of 

aluminum foil rather than rubber stopper.  1-aminocyclo- 

propane-l-carboxylic acid (ACC) solutions were filter 
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sterilized into media to result in the desired 

concentrations.  Ethylene sample removal from the flasks 

took place by puncturing the foil cap with a sterile needle 

and removing 1 ml of air. A new piece of sterile foil was 

then placed on top of the original. 

Ethylene Production;  Cells were rinsed with d.I^O, 

blotted dry and 150 mg (F.W.) was placed into 4 ml culture 

tubes.  One hundred microliters of either d.I^O or 0.25 m 

sucrose was added to each tube to prevent cells from 

dehydrating.  Serum stoppered tubes were incubated in the 

dark for 2 hrs at 230C.  Subsequently, one milliliter 

airspace samples were analyzed for ethylene content on a 

Carle gas chromatograph equipped with an alumina column and 

flame ionization detector. 

Determination of Frost Tolerance;  Cell preparation for 

freezing tests took place by filtering off the media through 

a Kimwipe, followed by rinsing of the cells with 

approximately 100 ml d.HjO.  Cells were blotted dry and 60 

mg (F.W.) was placed into 4 ml culture tubes along with 

50 ul of either d.HjO or 0.25 m sucrose.  The tubes were 

placed directly into a -10C ethylene glycol bath.  Cells 

were then nucleated with ice crystals and held at this 

temperature overnight.  The temperature was then lowered at 

an initial rate of 20C/hr, down to -70C.  Thereafter, a 3 to 

40C/hr freezing rate was used.  Cells were held at each test 

temperature for 1 hr prior to removal of samples. Samples 

were then thawed for 24 hrs at +40C, removed to room 
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temperature (+230C) and tested for viability.  A solution of 

0.08 % 2,3,5-triphenyltetrazolium chloride (TTC) in 0.05 M 

NaP04 buffer (pH=7.5) was added to the cells and allowed to 

incubate in the dark (3).  After a 20 to 24 hr incubation 

period, TTC solution was removed and the reduced red 

formazan was extracted from cells with 3 ml 95% ethanol. 

Extraction proceeded in the dark at 230C for a minimum of 2 

days.  Solution absorbance was determined at 490 nm.  LT50 

values, estimated as 50% of the maximum TTC reduction, were 

derived from linear regression lines with temperature as the 

independent variable and TTC absorbance as the dependent 

variable.  These values were compared statistically via 

ANOVA and Fischer's protected LSD procedures.  All 

experiments were replicated at least twice. 

RESULTS 

Exogenous Ethylene.  Cells were frozen in 0.25 m 

sucrose as well as d.t^O in order to generate two levels of 

freezing tolerance.  The sucrose-frozen cells were several 

degrees more frost tolerant than those frozen in d.I^O. 

Ethylene treatments of bromegrass suspension cultures at 

230C did not significantly affect frost tolerance when the 

cells were frozen in either d.I^O or sucrose (Table 4.1). 



45 

Ethylene treatment levels refer to initial atmospheric 

ethylene concentrations within each flask, following 

injection of standard ethylene gas.  After 2 days, these 

levels had declined to between 20 and 90 % of the initial 

ethylene concentration (Table 4.1). 

Gas samples, taken from the sealed flasks after 2 days 

of treatment, revealed that little alteration in CO2/O2 

levels had occurred.  Furthermore, ethylene treatments did 

not significantly affect the increase in fresh weight after 

2 days of treatment (Figure 4.1). 

Exogenous ACC:  ACC treatment provided a means of 

directly increasing the cellular ethylene concentration. 

Ethylene production was increased by ACC treatments on both 

day 2 and day 5, although the maximum stimulation on day 5 

was approximately twice that occuring on day 2 (Figure 4.2). 

The ethylene forming enzyme (EFE) capacity of cells 

incubated in d.I^O was saturated at 1 mM ACC on both days. 

In comparison, ACC-induced ethylene production, from cells 

incubated in 0.25 m sucrose, was saturated at the lowest ACC 

treatment concentration of 0.5 mM. 

Flask ethylene levels reflected the ACC-induced 

increase in ethylene production (Figure 4.3).  However, 

there were no differences among the ACC treatments.  Flask 

ethylene levels were generally higher at the onset of the 

treatment period, and gradually declined thereafter. 
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Increased flask ethylene content, via ACC treatments, 

did not result in significant differences in frost tolerance 

after 2 days of treatment (Table 4.2).  Cells frozen in 

sucrose were again more frost tolerant than d.HjO frozen 

cells, yet the effect of ACC was non-existent in both 

solutions.  After 5 days of treatment, all cells had gained 

a few degrees in hardiness.  Of interest is the declining 

magnitude of increase in frost tolerance associated with 

higher ACC treatment level.  A 3.60C increase in hardiness 

of d.H20-frozen control cells was paralleled by a 10C 

increase in 10 mM ACC treated cells. A similar, although 

statistically nonsignificant, trend was also observed in 

sucrose-frozen cells. 

Growth was not significantly affected by ACC treatment 

(Table 4.4).  However, on day 5, there was a sizeable 

reduction in fresh weight gain in 10 mM ACC cells relative 

to the control. 

DISCUSSION 

Neither ethylene gas nor ACC treatment resulted in 

increased frost tolerance of bromegrass cells (Table 4.1 & 

4.2).  In fact, ACC treatment partially suppressed the age- 

related increase in tolerance from day 2 to day 5 (Table 

4.2). These cultures typically decrease in hardiness 

immediately following transfer to fresh media, then 
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gradually increase in tolerance during the subsequent 

logarithmic growth phase (unpublished data). Although it is 

uncertain how growth itself affects the hardening process, 

the ACC-induced reduction in growth (Table 4.4) may account 

for the observed lack of hardening. ACC-induced growth 

reduction can not be a hormonal response to excessive 

ethylene levels, since both flask ethylene concentration and 

ethylene production plateaued with 1 mM ACC (Table 4.3, Fig 

4.2), yet growth was increasingly suppressed by higher ACC 

treatment level (Table 4.4). ACC, as well as other D-amino 

acids, is known to be cytotoxic (10, 12, 13).  Thus, the 

continued presence of high amounts of ACC in the culture 

media may have been toxic to the cells. 

The lack of an ethylene effect in this monocot culture 

system does not completely rule out a possible role of 

ethylene in acclimation of whole plants under natural 

growing conditions.  There is some evidence that ethylene 

gas treatment accelerates frost acclimation in winter wheat 

seedlings (see appendix), and several studies have shown 

ethephon applications to improve frost tolerance under field 

conditions (5,7,12,14,15).  However, there is little control 

in the amount and timing of ethylene release from ethephon, 

especially under field conditions, thus raising the question 

of ethylene's direct involvement. 

The bromegrass cell suspension culture system has the 

advantage of being grown in a controlled laboratory 

environment.  The culture system allowed for direct 
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treatment with known amounts of ethylene gas.  Furthermore, 

flask ethylene level as well as ethylene production was 

easily monitored over time.  There are, however, some 

inherent difficulties with this system which should be 

considered.  Cells growing in liquid media will not be 

directly exposed to the level of ethylene measured in the 

flask atmosphere.  Ethylene gas is fairly soluble in 

solution, with an absorption coefficient (^ of 0.114 in 

d.H20 at 230C (6).  Ethylene solubility would at least 

partially account for the noted loss in atmospheric flask 

ethylene content over the treatment period (Table 4.1). 

However, knowledge of atmospheric ethylene concentration 

provides a fairly reliable estimation of media content, 

since an equilibrium between the two should be maintained. 

Approximately 11% of the atmospheric ethylene concentration 

would be found in the media.  This treatment limitation was 

overcome by raising the initial treatment level to result in 

a media concentration of approximately 270 ul/1, which also 

was determined to have no positive effect on frost 

tolerance. 

Addition of ACC to the media provides a more direct 

means of increasing cellular ethylene content.  However, 

since ACC must be converted to ethylene within the cells, 

other factors, such as uptake rates and EFE activity, may 

limit ethylene concentration.  If pretreatments result in- 

variations in EFE activity, inconsistent levels of cellular 

ethylene may be obtained.  The presence of sucrose in the 
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incubation media did reduce EFE activity in bromegrass cells 

(Figure 4.2). 

An additional benefit of ACC vs. ethylene gas treatment 

is the continued renewal of ethylene via ACC within the 

cells. While ethylene treatment required tightly stoppered 

flasks to maintain high ethylene concentrations, ACC treated 

cells continually replenished the supply, thus negating the 

need for rubber stoppers. Aluminum foil covers on ACC 

treated flasks allowed for gas exchange between air inside 

and outside the flask.  Hence, there is less concern with 

altering flask CO2/O2 levels, and as a result treatments may 

be continued for longer periods of time. 
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Figure 4.1. Effect of ethylene gas treatment on 
bromegrass cell culture growth.  Growth is expressed as the 
change in fresh weight (g), from the time of transfer to the 
time of sampling.  Bars indicate s.d. (n=2). 
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Figure 4.2.  Ethylene production from ACC treated 
bromegrass cells after A) 2 days of treatment and B) 5 days 
of treatment.  Bars indicate +s.d. (n=3). 
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concentration within the culture flask.  Values are means 
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Table 4.1.  Effect of Ethylene Gas Treatment on Frost 
Tolerance.  Bromegrass cells were exposed to ethylene for 2 
days at 2 30C prior to being frozen in either d.I^O or 0.25 m 
sucrose.  Values are means +s.d. (n=3). 

Control 

^4 

LT50(oC) ^H4 

dHp Sucrose 0   %- ■     a Remaining ^ 

-7.8 + 3.1A -16.6+ 0.9A 

0.1    ul/l -5.7+1.0A -13.9+  0.8A 90 

1.0   ul/l -6.2+1.8A -13.6+ 3.4A 20 

10.0   ul/l -7.4+3.0A -14.8+   1.3A 27 

1400   ul/l -8.0+3.9A -15.7+ 4.1A 55 

2400   ul/l -6.6+ 1.3A -12.0+ 3.9A 62 

LSD(.05)=        3.0 5.1 

a 
% of initial treatment level remaining in flask atmosphere 
after 2 days of treatment. 
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Table 4.2.  Effect of ACC Treatment on Frost Tolerance. 
Bromegrass cells were sampled after 2 and 5 days of 
treatment for determination of frost tolerance, by freezing 
in d.H20 or 0.25 m sucrose.  Values are means +s.d. (n=3). 

LT 50 

DAY 2 DAYS 

-5.5 ±1.9 A 

sucrose 
- 

dHp sucrose 

Control -13.8±1.1A -9.1± 2.6* -19.2±5.5A 

ACC 0.5mM -5.6 ±1.6 A -13.9±1.8A -8.2*3.3^ -18.^5.6* 

I.OmM -6.1 ±1.8 A -14.3±1.0A -S.StS.?^ -18.9±5.9* 

5.0mM -6.3 ±2.0 A -14.7±1.9A -8.8t3.1A -18^4.0* 

lO.OmM -6.6 ±1.8 A -13.4±1.7A -7.7±3.1B -^^±2.2* 

LSD(.05) - 1.6 1.5 1.1 3.1 
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Table 4.3.     Effect  of ACC Treatment  on Cell Growth. 
Growth  is expressed as the change  in fresh weight   (g)   from 
the time of transfer to time of sampling.     Values given are 
means  +s.d.    (n=3). 

Fresh Weight (g.) 

DAY2a DAY5a 

Control 0.86 ±0.6 4.03 ±1.7 

ACC    0.5 mM 0.57 ±0.4 3.65 ±2.0 

1.0 mM 0.76 ±0.6 3.57 ±1.7 

5.0 mM 0.68 ±0.3 3.55 ±1.5 

10.0 mM 0.53 ±0.4 2.89 ±0.9 

a 
Treatments are not significantly different at 0.05 level. 
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CHAPTER 5 

A ROLE FOR ETHYLENE IN ABSCISIC ACID-INDUCED FROST 
ACCLIMATION OF Bromus inermis Leyss 

CELL SUSPENSION CULTURES? 

ABSTRACT 

Abscisic acid (7.5x10-5 M) treatment of Bromus inermis 

(bromegrass) cell suspension cultures at 230C/ resulted in a 

significant increase in frost tolerance after only 1 day of 

treatment.  Frost tolerance of ABA-treated cells continued 

to increase over the 4 day treatment peiod, while non-ABA 

control cells decreased slightly in tolerance from 1 to 4 

days.  Ethylene production of ABA-treated cells remained at 

a consistently low level throughout the 4 day period, while 

control cells increased in ethylene production from time of 

transfer to 2.5 days after transfer, and steadily declined 

thereafter. 

Addition of ethylene to the culture flasks of ABA or 

non-ABA cells did not affect their ability to frost 

acclimate. However, removal of ethylene for 2 days, via 

AVG/Purafil, caused a small but significant increase in 

tolerance of non-ABA cells and at times also of ABA-treated 

cells.  Exogenous ACC raised the ethylene concentration in 

AVG treated flasks, yet did not remove the AVG-induced 

enhancement in frost tolerance. Thus, the AVG/Purafil 

effect appears to be due to some factor other than removal 

of flask ethylene. 
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Ethylene production during deacclimation of ABA- 

hardened cells remained relatively low and comparable to 

that found in cells during ABA acclimation.  The rate of 

deacclimation was not affected by the addition of ethylene, 

but deacclimation was prevented by removal of ethylene from 

the culture flask. 

INTRODUCTION 

There is evidence that an interrelationship exists 

between abscisic acid and ethylene in affecting various 

plant responses.  For example, both ABA and ethylene 

production are stimulated by similar environmental and 

developmental conditions, such as stress (21) or abscission 

(5,15), and in general, are classified as growth inhibitory. 

In addition, exogenous ABA has been shown to stimulate 

ethylene production in several systems (4,10,14).  For 

example, Goren et al. (11) have shown ABA-induced callus 

formation in citrus bud cultures to be dependent upon 

enhanced ethylene production.  Increased ethylene production 

is also a requirement for ABA-induced abscission of citrus 

leaf explants (20).  Conversely, there are also reports that 

ABA-induced abscission is not mediated via ethylene (6,13). 

In fact, ABA inhibits ethylene production in some systems, 

including senescing rose petals (16) , water stressed wheat 

leaves (17,22) and suspension cultures of rose and Ruta (8). 
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Abscisic acid is known to induce frost tolerance in 

both whole plant (3) and tissue culture systems (2) which 

are inherently capable of undergoing low temperature 

acclimation.  Bromegrass cell suspension cultures can be 

effectively hardened with ABA at both acclimating (+20C) and 

non-acclimating (+20oC) temperatures (2).  However, warmer 

incubation temperatures (25 to 30oC) are more effective than 

cooler (19).  The effect of ABA at 25° on bromegrass cell 

hardiness is rapid, resulting in significant hardiness 

enhancement after only 1 day of treatment.  The maximum 

effect is attained within 1 week (18). 

This rapid and strong response to ABA provides a good 

opportunity to determine the role of ethylene during 

acclimation to freezing stress.  Thus, the objective of this 

study was to determine the effect of ABA on ethylene 

production in bromegrass suspension cultures, and also to 

determine whether ABA-induced frost tolerance is dependent 

upon its effect on ethylene production. 

MATERIALS & METHODS 

Culture Conditions;  L.V. Gusta, from the University of 

Saskatchewan, provided the Bromus inermis cell suspension 

culture.  Cells were maintained in 50 ml modified 

Ericksson's media (9) within aluminum foil covered 250 ml 

Erlenmyer flasks, and were transfered weekly to fresh media. 
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The flasks were held on a reciprocating shaker (104 rpm), at 

2 30C under dark conditions. 

Treatment Application:  In all cases, treatments began 

at the time of cell transfer to fresh media (inoculum size = 

approximately 2g F.W.).  Media containing 7.5xl0~5 M ABA 

(Calbiochem) was prepared by adding ABA to 1 ml d.I^O, 

followed by IN NaOH dropwise, until dissolved.  This 

solution was subsequently combined with the nutrient media 

and autoclaved according to standard procedures. 

Flask ethylene levels were altered by adding 

concentrated solutions of AVG  (J.P. Scannell, Hoffman La- 

Roche) and/or ACC  (Sigma) to sterile media, through 

sterile millipore filters (0.2 um), to result in the final 

concentration of 100 uM AVG and ImM ACC.  Further removal of 

flask ethylene content was accomplished by the addition of 

Purafil, an 'ethylene scrubber•, into the flasks. 

Approximately 3 g. Purafil was placed into sterile 6 ml 

glass vials which had been suspended in the neck of the 

culture flasks. These were left in place throughout the 

treatment period.  Ethylene gas treatment consisted of 

injecting 2.5 ml of a 984 ul/1 standard into foil covered 

flasks, which resulted in an initial atmospheric 

concentration of 10 ul/1.  This system was not air-tight, 

and, as a result, gas exchange could occur, accompanied by a 

*Aminoethoxyvinylglycine 
**l-aminocyclopropane-l-carboxylic acid 



62 

gradual lowering of ethylene concentration. This treatment 

was administered daily, in order to maintain a high flask 

ethylene level. 

Ethylene Production:  Cells were rinsed with d.HjO, 

blotted dry and 150 mg (F.W.) was placed into 4 ml culture 

tubes.  One hundred microliters of d.I^O was added to each 

tube to prevent cells from dehydrating.  Serum stoppered 

tubes were incubated in the dark for 2 hrs at 230C.  One ml 

airspace samples were subsequently analyzed for ethylene 

content on a Carle gas chromatograph equipped with an 

alumina column and flame ionization detector. 

Determination of Frost Tolerance;  Freezing test 

preparation consisted of filtering off the media through a 

Kimwipe, followed by rinsing of the cells with approximately 

100 ml d.H20.  Cells were blotted dry then a 60 mg (F.W.) 

subsample was placed into 4 ml culture tubes along with 

50 ul d.H20.  The tubes were placed directly into a -10C 

ethylene glycol bath.  Cells were nucleated with ice 

crystals, and held at this temperature overnight.  The 

temperature was then lowered at a rate of 2-30C/hr down to 

-16°, 4-50C/hr to -30°, and 10oC/hr to -40°. Cells were 

held at each test temperature for 1 hr prior to removal of 

samples.  Samples were then thawed for 24 hrs at +4°, 

removed to room temperature (+23°) and tested for viability. 

A solution of 0.08 % 2,3,5-triphenyltetrazolium chloride 

(TTC) in 0.05 M NaP04 buffer (pH=7.5) was added to the cells 

and allowed to incubate in the dark (2).  After a 20 to 24 
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hr incubation period, TTC solution was removed and the 

reduced red formazan was extracted from cells with 3 ml 95% 

ethanol.  Extraction proceeded in the dark at 23° for a 

minumum of 2 days.  Solution absorbance was determined at 

490 nm.  LT5Q values were determined according to Harber 

(12), and analyzed statistically via ANOVA and Fischers 

protected LSD procedures. All experiments were replicated 

at least twice. 

RESULTS & DISCUSSION 

Ethvlene Production During ABA-induced Acclimation. 

Ethylene production from bromegrass cells during ABA-induced 

acclimation, was significantly curtailed in comparison to 

that of cells maintained in ABA-free media (Figure 5.1). 

Ethylene production in ABA treated cells remained at a 

consistently low level throughout the 4 day acclimation 

period.  Conversely, non-ABA control cells exhibited a 

steady increase in ethylene production from the time of 

transfer to 2.5 days after transfer, and steadily declined 

thereafter.  However, ethylene production was not directly 

correlated with changes in frost tolerance (Figure 5.1 & 

5.2).  While ABA cells increased dramatically in tolerance 

over the 4 day treatment period, ethylene production 

remained consistently low.  In contrast, non-ABA control 

cells, which remained at approximately the same level of 



64 

hardiness throughout the 4 day treatment period, varied 

widely in ethylene production over time. 

This lack of direct correlation between relative 

changes in ethylene production and frost tolerance suggests 

a lack of ethylene involvement, either positively or 

negatively, in ABA induced frost acclimation.  However, it 

could be argued that the ABA-induced reduction in ethylene 

production was necessary over the entire treatment period in 

order to result in the ultimate level of tolerance.  Yet, 

there was a significant enhancement in tolerance after only 

1 day of ABA treatment. Moreover, ethylene production of 

ABA treated cells was not significantly different from that 

of non-ABA control cells throughout the first day of ABA 

treatment.  If a reduction in ethylene biosynthesis were 

necessary for ABA-induced acclimation to occur, then a 

significant increase in tolerance by day 1 would not be 

found. 

Effect of Ethylene on ABA-induced Acclimation. ABA 

treated cells were more frost tolerant than non-ABA controls 

after both 2 and 4 days of treatment (Figure 5.3).  Non-ABA 

control cells declined in frost tolerance from day 2 to day 

4, regardless of the level of exogenous ethylene present. 

This loss in hardiness during the first few days of growth 

is characteristic of the bromegrass culture (unpublished 

data) . 

Non-ethylene treated flasks had similarly low ethylene 

concentrations in both non-ABA control and ABA flasks 
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(Table 5.1). Ethylene levels were lowered further by the 

addition of AVG which inhibits ethylene biosynthesis and 

Purafil which removes atmospheric ethylene. Addition of 

ethylene resulted in significantly higher flask ethylene 

levels on day 2. However, these levels were drastically 

reduced by day 4, even though each flask was retreated daily 

with 10 ul/1 ethylene. 

The addition of ethylene to either cells growing in ABA 

supplemented media (+ABA) or non-ABA control cells had no 

significant effect on hardiness throughout the 4 day 

treatment period (Figure 5.3).  However, the removal of 

ethylene from the culture system for 2 days, via 

AVG/Purafil, resulted in a small but significant increase in 

hardiness of non-ABA control cells (Figure 5.3), yet had no 

effect on ABA treated cells.  The lack of a noticeable 

effect on ABA treated cells may be due to the magnitude of 

increase in hardiness even in non-ethylene treated cells. 

The AVG/Purafil effect on hardiness was minor in comparison. 

After 4 days, the AVG/Purafil induced enhancement of 

tolerance was no longer significant in non-ABA control 

cells. 

In order to determine if AVG/Purafil-induced frost 

tolerance (Figure 5.3) was due to ethylene removal, ACC was 

applied in conjunction with AVG.  Although ACC was effective 

in raising the level of ethylene in the flasks (Table 5.3), 

it did not remove the AVG effect on frost tolerance (Figure 

5.4).  In this case, there was a small AVG enhancement of 
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tolerance in both non-ABA control and ABA treated cells. 

The removal of flask ethylene thus, does not appear to be 

directly responsible for the AVG/Purafil-induced increase in 

frost tolerance. 

Growth was not significantly affected by the ethylene 

treatments in non-ABA treated cells (Table 5.2 & 5.3). 

Thus, AVG/Purafil did not simply postpone the growth induced 

decrease in frost tolerance which is typical of the 

bromegrass culture. However, AVG/Purafil did significantly 

decrease the amount of growth observed after 2 days in ABA 

media.  There is no clear relationship between the decrease 

in growth and hardiness though, since in one study (Figure 

5.3) there was no AVG-induced enhancement in ABA-hardened 

cells, and in the other there was a slight enhancement 

(Figure 5.4).  It is interesting that ABA treatment resulted 

in significantly greater increase in fresh weight than that 

observed in non-ABA control.  This is contrary to that 

reported by Reany and Gusta (18). 

Ethylene During Deacclimation.  Deacclimation of ABA- 

hardened cells occured rather slowly, with a loss of only 

.30C in frost tolerance after 11 days of culture in non-ABA 

media (Table 5.4).  Addition of ethylene, via ACC, did not 

significantly affect the rate of deacclimation.  However, 

removal of ethylene, via inhibition of biosynthesis (AVG) 

and atmospheric scrubbing (Purafil), prevented this loss in 

tolerance over the 11 day period. 
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ACC remained effective in raising flask ethylene 

content throughout the treatment period, and likewise, 

AVG/Purafil remained effective in lowering flask ethylene 

content (Figure 5.5).  Ethylene production was also 

monitored during the deacclimation period, and was found to 

increase slightly over time in non-ethylene treated cells 

(Figure 5.6).  However, levels remained relatively low and 

comparable to that found in cells during ABA treatment 

(Figure 5.1). 

CONCLUSION 

In general, reduced levels of ethylene production are 

indicative of, but not necessarily causally related to, 

increased frost tolerance.  Although ABA reduced ethylene 

production during acclimation, the addition of exogenous 

ethylene to the system did not prevent ABA-induced hardening 

(Figure 5.3).  Furthermore, while the removal of ethylene 

from the flasks, via AVG/Purafil, resulted in increased 

frost tolerance, the addition of ethylene back into the 

system, via ACC, did not remove this effect (Figure 5.4). 

Hence, the AVG/Purafil effect on frost tolerance may be due 

more to a reduction in ACC synthesis than ethylene 

concentration per se.  Inhibition of ACC synthesis would 

possibly reduce competition for S-adenosyl-methionine (SAM), 

thus allowing more SAM to be channeled into the synthesis of 

other compounds such as polyamines (7), which are known to 



68 

be important in stress resistance (1).  It is also possible 

that AVG inhibited another pyridoxal phosphate requiring 

enzyme which is more directly related to the increase in 

frost tolerance. 
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Figure 5.1.  Effect of ABA (7.5xl0~5 M) on ethylene 
production of bromegrass cells.  Cells were incubated in 4 
ml culture tubes at 230C in the dark for 2 hrs.  One ml of 
the airspace was then analyzed for ethylene content. Values 
are means (n=4). 
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Figure 5.2.  Effect of ABA (7.5xl0"5 M) on frost 
tolerance of bromegrass cells.  Viability of cells was 
determined by TTC reduction. Values are means +s.d. (n=2) 
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CONTROL       +ABA        CONTROL       +ABA 

DAY  2* DAY  4* 

Figure 5.3. Effect of the addition or removal of 
ethylene on ABA-induced frost tolerance of bromegrass cells. 
Treatments were: Control (Q), 100 uM AVG + Purafil (■), and 
10 ul/1 ethylene (0).  Frost tolerance was determined after 
2 and 4 days, yalues are means of 3 replications, and bars 
indicate s.d.  Significant differences at the 0.05 level 
are denoted by different letters. 
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Figure 5.4. Effect of ethylene on AVG-induced frost 
tolerance of bromegrass cells. Treatments were: Control (□), 
100 uM AVG + Puraf il (■), and 100 uM AVG + 1 mM ACC (0) • 
Values are means of 4 replications, and bars indicate s.d. 
Significant differences at the 0.05 level are denoted by 
different letters. 
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Figure 5.5.  Effect of ethylene treatments on flask 
ethylene levels during deacclimation of ABA-hardened cells. 
Values are means (n=2). 
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Figure 5.6.  Effect of ethylene treatments on ethylene 
production during deacclimation of ABA-hardened cells. 
Values are means (n=2). 



75 

Table 5.1.     Effect of Ethylene Treatments  on  Flask 
Ethylene  Levels.     Treatments were control,   100  uM AVG + 
Purafil   and  10  ul/1   ethylene.     Values  are means  +s.d. 
(n= 3  to  6). 

FLASK ETHYLENE LEVELS ful/l) 

DAY 2 DAY 4 

-ABA +ABA -ABA +ABA 

Control .07+.02a     .04+.02a       .05+.04a     .04+.01a 

AVG/Purafil    .02+.01a     .02+.01a       .03+.01a     .02+.02a 

Ethylene .43+.16b     .51+.32b       .09+.07ab   .14+.04b 

LSD(.05)=.16 LSD(.05)=.07 
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Table 5.2.  Effect of Ethylene Treatments on Bromegrass 
Culture Growth.  Growth is expressed as the change in fresh 
weight from the time of initial inoculation to the time of 
sampling.  Values are means +s.d. (n=2 to 5). 

GROWTH fa. F.V\M 

DAY 2        DAY 4 

-ABA    +ABA     -ABA    +ABA 

Control 0.43+.1ab     0.81+.3c 1.05+.4a       1.51+.3a 

AVG/Purafil     0.42+.2ab     0.31+.1 a 1.00+.3a       0.70+.2a 

Ethylene 0.36+.2a       0.64+.3bc 0.96+.4a       1.17+.4a 
LSD(.05)=0.23 LSD{.05)=0.92 
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Table 5.3.  Effect of Ethylene Treatments on Bromegrass 
Culture Growth, and flask ethylene content. -Growth is 
expressed as the change in fresh weight from the time of 
initial inoculation to the time of sampling.  Values are 
means ±s.d. (n=4 to 6).  Significant differences at the 
0.05 level are denoted by different letters. 

•Fresh 
Weight 

•Flask 
Ethylene 
dm 

Control 0.59+.3b 0.08+.02b 

AVG/Purafil 0.57+.1bc 0.01+.01 c 

AVG+ACC 0.42+.1bc 0.24+.06a 

-ABA  i-ABA 
Fresh Flask 

Weight Ethylene 
(q) m 

1.00+.3a     0.05+.02b 

0.54+.2bc    0.02+.02bc 

0.36+.2C     0.27+.09a 
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Table 5.4.     Effect of Ethylene Treatments  on 
Deacclimation of ABA-Hardened Cells.     Values are means +s.d. 
(n=2). 

LT50(oC) Purina Deacclimation of ABA Hardened Ceils 

DAYO DAY 3 DAY 11 

Control            -18.9+.0 -18.2+.4 -15.8+.2 

ACC                       -- -18.6+.2 -15.7+.4 

AVG/Purafil           — -19.2+.0 -19.2+.3 

LSD(.05)=0.57 
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CHAPTER 6 

ETHYLENE IN LOW TEMPERATURE-INDUCED 
FROST ACCLIMATION OF Bromus inermis Leyss 

CELL SUSPENSION CULTURES 

ABSTRACT 

Low temperature (90C) induction of frost tolerance in 

Bromus inermis (bromegrass) cell suspension cultures 

resulted in a reduction in ethylene production, as compared 

to 23° control cells.  However, there does not appear to be 

a causal relationship between ethylene production and frost 

tolerance level.  Ethylene production of 23° cells at time 

zero was as low or lower than that of low temperature 

hardened cells at 72 hrs, yet the low temperature cells were 

more frost tolerant.  Neither addition nor removal of 

ethylene to the culture flasks affected the ability of the 

cells to acclimate in response to low temperature.  Both 

treatments however, did significantly reduce frost tolerance 

between day 7 and day 14, when cells are deacclimating at 

low temperature.  Since both the addition and removal of 

flask ethylene had the same effect on frost tolerance, this 

provides additional evidence that frost tolerance of 

bromegrass cells can not be directly related to ethylene 

concentration. 
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INTRODUCTION 

Alteration of plant frost tolerance level by means of 

exogenous ethylene application has met with varying degrees 

of success.  Ethephon application resulted in increased 

frost tolerance of cherry, prune and peach flower buds 

(3,4,10), as well as apple shoots (11) and tomato seedlings 

(9).  Yet, ethephon had no effect on frost tolerance of 

citrus seedlings (13).  Furthermore, exogenous ethylene gas 

or 1-aminocyclopropane-l-carboxylic acid (ACC) treatment did 

not affect frost tolerance of bromegrass cell suspension 

cultures at 230C (7).  In fact, existing evidence from 

studies on the involvement of ethylene in ABA-induced frost 

acclimation of bromegrass cells, suggests that a negative 

relationship exists between ethylene and frost tolerance 

(8). 

In addition to ABA induction of frost tolerance, 

bromegrass cells may also be induced to frost acclimate by 

exposure to low temperatures (1,12).  Low temperatures which 

induce frost tolerance also may inhibit ethylene production, 

since the temperature optimum for ethylene production in 

most plant species is between 30 and 350C (5).  Low 

temperature is the natural means by which plants are induced 

to frost acclimate.  Yet, the relationship between ethylene 

and low temperature-induced frost tolerance of cells has not 

been studied. Thus, the objective of this study was to 

determine the relationship between low temperature 
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acclimation and ethylene production in the bromegrass cell 

culture. 

MATERIALS & METHODS 

Culture Conditions:  L.V. Gusta, from the University of 

Saskatchewan, provided the Bromus inermis cell suspension 

culture.  Cells were maintained in 50 ml modified 

Ericksson's media (6) within aluminum foil covered 250 ml 

Erlenmeyer flasks, and were transfered weekly to fresh 

media.  The flasks were held on a reciprocating shaker (104 

rpm), at 230C under dark conditions.  Low temperature 

acclimating conditions were identical to that described 

above, except flasks were held on a rotary shaker at 90C. 

Treatment Application:  In all cases, treatment began 

at the time of cell transfer to fresh media (inoculum size = 

approximately 2 g F.W.).  Flask ethylene levels were lowered 

by adding concentrated aminoethoxyvinylglycine (AVG) (J.P. 

Scannell, Hoffman La-Roche) to sterile media, through 

sterile millipore filters (0.2 um), to result in the final 

concentration of 100 uM AVG.  Further removal of flask 

ethylene content was accomplished by the addition of 

Purafil, an 'ethylene scrubber', into the flasks. 

Approximately 3 g Purafil was placed into sterile 6 ml glass 

vials which had been suspended in the neck of the culture 

flasks. These were left in place throughout the treatment 

period.  Ethylene gas treatment consisted of injecting 2.5 
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ml of a 984 ul/1 standard into foil covered flasks, which 

resulted in an initial atmospheric concentration of 10 ul/1. 

This system was not air-tight, and, as a result, gas 

exchange could occur, accompanied by a gradual lowering of 

ethylene concentration.  This treatment was administered 

daily, in order to maintain a high flask ethylene level. 

Ethylene Production:  Cells were rinsed with d.I^O, 

blotted dry and 150 mg (F.W.) was placed into 4 ml culture 

tubes.  One hundred microliters of d.I^O was added to each 

tube to prevent cells from dehydrating.  Serum stoppered 

tubes were incubated in the dark for 2 hrs at 230C.  One ml 

airspace samples were subsequently analyzed for ethylene 

content on a Carle gas chromatograph equipped with an 

alumina column and flame ionization detector. 

Determination of Frost Tolerance:  Frost tolerance of 

cells was determined after 3, 7 and 14 days of culture. 

Freezing test preparation consisted of filtering off the 

media through a Kimwipe, followed by rinsing of the cells 

with approximately 100 ml d.I^O.  Cells were blotted dry 

then 60 mg (F.W.) subsamples were placed into 4 ml culture 

tubes along with 50 ul d.I^O.  The tubes were placed 

directly into a -10C ethylene glycol bath.  Cells were 

nucleated with ice crystals, and held at this temperature 

overnight.  The temperature was then lowered at a rate of 2- 

30C/hr down to -16°, 4-50C/hr to -30°, and 10oC/hr to -40°. 

Cells were held at each test temperature for 1 hr, thawed 

for 24 hrs at +4°, then removed to room temperature (+23°) 
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and tested for viability with 2,3,5-triphenyltetrazolium 

chloride (TTC). 

The TTC assay consisted of adding a solution of 0.08 % 

TTC in 0.05 M NaP04 buffer (pH 7.5) to cells at 23
0C (2), 

and incubating in the dark for 20 to 24 hr.  The TTC 

solution was then removed and the reduced red formazan was 

extracted from cells with 3 ml 95 % ethanol.  Extraction 

proceeded in the dark for a minimum of 2 days.  Absorbance 

of the solution was determined at 490 nm. 

RESULTS & DISCUSSION 

Ethylene Production During Low Temperature Acclimation. 

In general, ethylene production by bromegrass cells grown at 

low temperature (90C) was significantly lower than by 

control cells grown at 230C (Figure 6.1).  Ethylene 

production from both the low temperature and control cells 

was similar throughout the first 24 hrs of treatment. 

Thereafter, control cells (230C) increased in ethylene 

production, while the amount of ethylene production in low 

temperature treated cells remained at approximately the same 

level.  The effect of low temperature acclimation on 

ethylene production was consistent with other studies where 

ethylene production was shown to decrease in response to low 

(suboptimal) temperatures (5).  Despite the observed 

differences in ethylene production, there was little 

difference between the control and low temperature treatment 
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in flask ethylene concentration throughout the treatment 

period (Figure 6.2).  This observation is difficult to 

explain, but may be due to a higher rate of ethylene 

diffusion out of the flask at the warmer temperature. 

There was a negative relationship between the amount of 

ethylene production and the level of frost tolerance in the 

bromegrass cells (Figure 6.1 & Table 6.1). While ethylene 

production by cells at 230C increased from the time of 

transfer to 72 hrs after transfer, frost tolerance levels 

declined by approximately 50C (Figure 6.1 & Table 6.1). 

Conversely, while ethylene production by low temperature 

treated cells remained comparatively low, the frost 

tolerance level of these cells increased during the 72 hr 

period.  This does not appear to be a causal relationship 

however, since ethylene production of 23° cells at time zero 

was as low or lower than that of low temperature hardened 

cells at 72 hrs, yet the low temperature cells were more 

frost tolerant. A negative, although non-causal, 

relationship between ethylene production and frost tolerance 

was previously observed in ABA-hardened cells (8). 

Effect of Ethylene on Low Temperature Acclimation.  Low 

temperature (90C) cells were significantly more frost 

tolerant than control (230C) cells after 3 days of culture 

(Figure 6.3).  The tolerance level of low temperature 

acclimated cells was maintained through day 7, but had 

declined approximately 2° by day 14.  Chen and Gusta (1) 

have also observed a reduction in tolerance of bromegrass 
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cells between 8 and 10 days of low temperature (2°) 

treatment.  In contrast, control cells, increased in 

tolerance from day 3 to day 14, eventually surpassing the 

tolerance level of the low temperature treated cells.  This 

age induced increase in frost tolerance is typical of the 

bromegrass cells when grown at 23° (unpublished data). 

The relationship between flask ethylene content and low 

temperature-induced frost acclimation was studied by 

artificially altering the level of ethylene within the 

culture flasks at low temperature.  At 3 and 7 days after 

treatment, neither raising the flask ethylene level with 

exogenous ethylene, nor reducing it with a combination of 

ethylene biosynthesis inhibition (AVG) and atmospheric 

•scrubbing' (Purafil) affected the frost tolerance of low 

temperature treated cells (Figure 6.3).  These results from 

exogenous ethylene application support previous observations 

that exogenous ethylene has no effect on ABA or non-ABA 

treated cells at 230C (7,8).  However, contrary to its 

effect at low temperature, AVG/Purafil did enhance frost 

tolerance of ABA or non-ABA treated cells at 230C (8). 

After 14 days of exposure to low temperature, both 

ethylene, and AVG/Purafil treated cells were significantly 

less frost tolerant than the non-ethylene control cells 

(Figure 6.3).  Since both the addition and removal of flask 

ethylene had the same effect on frost tolerance, this 

provides additional evidence that frost tolerance of 

bromegrass cells can not be directly related to ethylene 
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concentration.  A similar conclusion was reached in a study 

on the effect of ethylene in ABA-induced frost tolerance 

(8).  This was based on the inability of exogenous ethylene 

(ACC) to remove the AVG/Purafil effect on frost tolerance. 

Although low temperature acclimation decreased ethylene 

production, the removal of ethylene from culture flasks 

during low temperature acclimation eventually reduced frost 

tolerance.  Also, there was no direct relationship between 

level of ethylene production and level of frost tolerance. 

Thus, there appears to be no direct relationship between 

ethylene and low temperature-induced frost acclimation of 

bromegrass cells. 
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Figure 6.1.  Effect of low temperature acclimation on 
ethylene production in bromegrass cells.  Cells were 
incubated in 4 ml culture tvibes at 230C in the dark for 2 
hrs.  One ml of the airspace was then analyzed for ethylene 
content.  Values are means +s.d. (n=2). 
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Figure 6.2. Effect of low temperature on flask 
ethylene concentration. Values are means ±s.d. (n=2) 
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Figure 6.3.  Effect of the addition or removal of 
ethylene on low temperature acclimation.  Treatments were 
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ethylene (■). Values are means +s.d. (n=2). 
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Table 6.1.  Low Temperature-Induced Frost Acclimation 
of Bromegrass Cell Cultures.  Values are means (n=2). 

LT50 CO 

Time (hrs)    250C    90C 

0       -9.6 

72       -4.8     -13.0 
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CHAPTER 7 

CONCLUSION 

The validity of the following three statements was 

determined, in order to test the hypothesis that ethylene is 

involved in frost acclimation of Bromus inermis cell 

suspension cultures.  If ethylene is involved in the 

induction of frost acclimation, then each of these 

statements should be true.  1)  There is a positive 

relationship between the level of ethylene production and 

the level of frost tolerance.  2)  The addition of ethylene 

to cells under non-acclimating conditions results in 

enhanced frost tolerance.  3)  The removal of ethylene from 

cells under acclimating conditions reduces/prevents frost 

acclimation. 

The first statement, concerning a positive relationship 

between ethylene production and frost tolerance, was 

determined to be false.  In general, reduced rather than 

enhanced levels of ethylene production were indicative of, 

but not necessarily causally related to, increased frost 

tolerance of bromegrass cells.  Both abscisic acid and low 

temperature-induced frost acclimation resulted in reduced 

levels of ethylene production.  However, there was no 

apparent relationship between the absolute level of ethylene 

production and the level of frost tolerance. 

The second statement was also determined to be false. 

Addition of ethylene, in the form of ethylene gas or ACC, 
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under non-acclimating conditions (230C), did not enhance 

frost tolerance of the bromegrass cells.  Furthermore, 

exogenous ethylene treatments during either ABA or low 

temperature-induced acclimation did not affect the ability 

of the cells to acclimate.  However, ethylene treatment did 

result in a greater loss in frost tolerance after 2 weeks of 

low temperature treatment, as compared to the non-treated 

control.  Curiously, the removal of ethylene (AVG/Purafil) 

also resulted in a similar loss in tolerance.  The fact that 

both the addition and removal of ethylene from low 

temperature treated cells eventually resulted in reduced 

frost tolerance strongly suggests that the responsible 

factor is something other than flask ethylene concentration. 

The removal of ethylene from cells under acclimating 

conditions, in general, did not reduce frost acclimation, 

thus the third statement was also determined to be false. 

Except for the above noted loss in tolerance after prolonged 

low temperature treatment, the removal of ethylene either 

resulted in no effect or a positive effect on frost 

tolerance.  The removal of ethylene had no effect on frost 

tolerance throughout the first week at low temperature, at 

which time the cells were actually increasing in tolerance. 

In comparison, removal of ethylene from flasks at 230C 

resulted in increased frost tolerance of both non-ABA and 

ABA treated cells.  However, the addition of ethylene back 

to the AVG treated cells, via ACC, did not remove this 

effect.  Hence, the AVG/Purafil effect on frost tolerance 
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may be due more to a reduction in ACC synthesis than 

ethylene concentration per se.  Inhibition of ACC synthesis 

would possibly reduce competition for S-adenosyl-methionine 

(SAM), thus allowing more SAM to be channelled into the 

synthesis of other compounds such as polyamines (4). 

Polyamines are known to be important in stress resistance 

(1).  It is also possible that AVG inhibited another 

pyridoxal phosphate requiring enzyme which is more directly 

related to the increase in frost tolerance. 

The relationship between ethylene and deacclimation of 

ABA-hardened cells was also determined.  Control cells 

deacclimated rather slowly, losing only approximately 30C in 

frost tolerance after 11 days in minus ABA media. Ethylene 

production of these cells remained consistently low and 

comparable to levels found in cells during ABA acclimation. 

Raising the level of ethylene production and flask ethylene 

content, via ACC, did not affect the rate of deacclimation. 

However, removal of ethylene, via AVG/Purafil, again had a 

positive effect on frost tolerance.  This treatment 

prevented any loss in tolerance from occurring during the 11 

day treatment period. 

Although the evidence fairly conclusively determines 

that ethylene has no role in frost acclimation of this 

bromegrass cell culture, this does not necessarily preclude 

a role for ethylene in other culture or whole plant systems. 

Ethylene does appear to be capable of enhancing frost 

tolerance in some whole plant systems.  Other researchers 
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have shown ethephon treatments to result in enhanced frost 

tolerance of various woody stems and flower buds, as well as 

tomato seedlings (2,3,5,6,7).  These experiments were 

conducted under field conditions, often without adequate 

treatment control, thus raising the question that the 

observed ethephon effect may have been due to something 

other than the increase in ethylene concentration.  However, 

direct ethylene gas treatments have also been shown to 

enhance low temperature-induced acclimation of winter wheat 

seedlings (see appendix). 

One possible explaination for the lack of an ethylene 

effect in the bromegrass cell culture is related to the age 

of the culture.  This particular cell culture is rather old, 

having been initiated from mesocotyl tissue approximately 15 

years ago.  The continuous culturing in a semi-closed 

system, may have regularly exposed cells to higher levels of 

ethylene than that found in the open air. This may have 

resulted in the inadvertent selection of cells which were 

less sensitive to ethylene, which may then be responsible 

for the observed lack of an ethylene effect on frost 

tolerance. 

It is also possible that the observed differences in 

the effect of ethylene on frost tolerance of bromegrass 

cells vs. the whole plant systems is due to the inherent 

nature of a cell culture system.  Cells in suspension grow 

via cell division, however, they do not undergo 

cytodifferentiation.  It is possible that ethylene may be 
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affecting frost tolerance of whole plant systems by altering 

cellular differentiation and secondary growth processes 

which would not occur in cell culture.  Zobel and Roberts 

(8) have previously suggested a role for ethylene in the 

cytodifferentiation of lettuce explants. 

There were a few very interesting questions raised 

during this research project which deserve to be studied in 

more detail.  I did not have the opportunity to conduct this 

research myself, so it is my intention to stimulate interest 

in other cold hardiness researchers who may have the 

opportunity to do so.  First, it would be of primary 

importance to determine the mechanism by which AVG is 

affecting frost tolerance.  The enhancement in frost 

tolerance due to AVG treatment is a 'real' effect, based on 

regrowth analysis as well as TTC reduction, yet it does not 

appear to be due to the removal of ethylene.  The 

understanding of how AVG is functioning may help to 

establish the importance of another physiological process in 

frost acclimation.  The second and third questions relate to 

the mechanism of ABA-induced frost tolerance.  Since ABA 

results both in a rapid increase in frost tolerance, and in 

a stimulation of TTC reduction following a mild freeze 

stress, knowledge of how ABA stimulates TTC reduction may 

lead to a better understanding of how ABA enhances the frost 

tolerance of these cells. Also, the slow rate of 

deacclimation in ABA-hardened cells is of interest, since it 
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suggests that ABA-induced frost tolerance is passed on 

during cell division. 



101 

LITERATURE CITED 

1. Altman, A., R. Friedman, D. Amir and N. Levin. 1982. 
Polyamine effects and metabolism in plants under stress 
conditions. IN:  Plant Growth Substances (ed., P.F. 
Wareing). Academic Press, New York, p. 482-494. 

2. Crisosto, C.H., P.B. Lombard, K.K. Tanino and R.M. 
Harber. 1988. Effect of fall ethephon application on bud 
and stem hardiness and bloom delay of 'Redhaven' peach 
trees. HortSci. (in press). 

3. Durner, E.F. and T.J. Gianfagna. 1988. Fall ethephon 
application increases peach flower bud resistance to low 
temperature stress. J. Amer. Soc. Hort. Sci. 113:404-406. 

4. Even-Chen, Z., A.K. Mattoo and R. Goren. 1982. Inhibition 
of ethylene biosynthesis by aminoethoxyvinylglycine and 
by polyamines shunts label from 3,4-[14C] methionine into 
spermidine in aged orange peel discs. Plant Physiol. 
69:385-388. 

5. Liptay, A., S.C. Phatak and C.A. Jaworski. 1982. Ethephon 
treatment of tomato transplants improves frost tolerance. 
HortSci. 17:400-401. 

6. Proebsting, E.L. JR. and H.H. Mills. 1969. Effects of 
growth regulators on fruit bud hardiness in Prunus. 
HortSci. 4:254-255. 

7. Raese, J.T. 1977. Induction of cold hardiness in apple 
tree shoots with ethephon, NAA, and growth retardants. J. 
Amer. Soc. Hort. Sci. 102:789-792. 

8. Zobel, R.W. and L.W. Roberts. 1978. Effects of low 
concentrations of ethylene on cell division and 
cytodifferentiation in lettuce pith explants. Can. J. 
Bot. 56:987-990. 



102 

BIBLIOGRAPHY 

1. Abeles, F.B. 1967. Mechanism of action of abscission 
accelerators Physiol. Plant. 20:442-454. 

2. Abeles, F.B. 1973. Ethylene in Plant Biology. Academic 
Press, Inc. New York. Chapter 2. p'. 10-29. 

3. Abeles, F.B. 1973. Ethylene in Plant Biology- Academic 
Press, Inc. New York. Chapter 6. p.103-152. 

4„  Abeles, F.B. 1973. Ethylene in Plant Biology. Academic 
Press, Inc. New York. Chapter 9. p.220-236. 

5. Abeles, F.B., R.E. Holm, and H.E. Gahagan. 1967. 
Abscission: the role of ageing. Plant Physiol. 42:1351- 
1356. 

6. Adams, D.O. and S.F. Yang. 1979. Ethylene biosynthesis: 
Identification of 1-aminocyclopropane-l-carboxylic acid 
as an intermediate in the conversion of methionine to 
ethylene. Proc. Nat. Acad. Sci. USA. 76:170-174. 

7. Aharoni, N. 1985. Effect of silver ions and ethylene on 
auxin metabloism and auxin-induced ethylene production 
in tobacco leaf discs. Physiol. Plant. 63:438-444. 

8. Akamine, E.K. and T. Goo. 1975. Vase life extension of 
an-thurium flowers with commercial floral preservatives, 
chemical compounds and other materials. Florists Rev. 
155:14-15 & 56-60. 

9. Altman, A., R. Friedman, D. Amir and N. Levin. 1982. 
Polyamine effects and metabolism in plants under stress 
conditions. IN:  Plant Growth Substances (ed. P.F. 
Wareing). Academic Press, New York, p.482-494. 

10. Amrhein, N., D. Schneebeck, H. Skorupka,S. Tophof and J. 
Stockigt. 1981. Identification of a major metabolite of 
the ethylene precursor 1-aminocyclopropane-l-carboxylic 
acid in higher plants.  Naturwissenschaften 68:619-620. 

11. Amrhein, N., F. Breving, J. Eberle, H. Skorupka and S. 
Tophof. 1982. The metabolism of 1-aminocyclopropeane-l- 
carboxylic acid. IN: -Plant Growth Substances (ed. 
Wareing, P.F.). Academic Press, London, p.249-258. 

12. AOSA Handbook No. 29. 1970.  Tetrazolium Testing Handbook 
for Agricultural Seeds. 

13. Apelbaum, A., A.C. Burgoon, J.D. Anderson, T. Solomos 
and M. Lieberman.1981. Some characteristics of the system 



103 

converting 1-aminocyclopropane-l-carboxylic acid to 
ethylene. Plant Physiol. 67:80-84. 

14. Apelbaum, A., S.Y. Wang, A.C. Burgoon, J.E. Baker and.M. 
Lieberman. 1981. Inhibition of the conversion of 1- 
aminocyclopropane-1-carboxylic acid to ethylene by 
structural analogs, inhibitors of electron transfer, 
uncouplers of oxidative phosphorylation, and free radical 
scavengers. Plant Physiol. 67:74-79. 

15. Asada, K. and K. Kiso. 1973. Initiation of aerobic 
oxidation of sulphite by illuminated spinach 
chloroplasts. Eur. J. Biochem. 33:253-257. 

16. Bagnall, D.J. and J.A. Wolfe. 1978. Chilling sensitivity 
in plants:  Do the activation energies of growth 
processes show an abrupt change at a critical 
temperature. J. of Exp. Bot. 29:1231-1242. 

17. Baker, J.E., C.Y. Wang, M. Lieberman and R. Hardenburg. 
1977. Delay of senescence in carnations by a 
rhizobitoxine analog and sodium benzoate. HortSci. 12:38- 
39. 

18. Baker, J.E., M. Lieberman and J.D. Anderson. 1978. 
Inibition of ethylene production in fruit slices by a 
rhizobitoxine analog and free radical scavengers. Plant 
Physiol. 61:886-888. 

19. Biddington, N.L. 1986. The effects of mechanically- 
induced stress in plants - a review. Plant Growth Reg. 
4:103-123. 

20. Biddington, N.L. and A.S. Dearman. 1985. The effects of 
mechanically-induced stress on water loss and drought 
resistance in lettuce, cauliflower and celery seedlings. 
Ann. Bot. 56:795-802. 

21. Biggs, M.S., W.R. Woodson and A.K. Handa. 1988. 
Biochemical basis of high-temperature inhibition of 
ethylene biosynthesis in ripening tomato fruits. Physiol. 
Plant. 72:572-578. 

22. Boiler, T. 1982. Ethylene-induced biochemical defenses 
against pathogens. IN:  Plant Growth Substances (Wareing, 
P.F., Ed.) Academic Press, New York. p.303-312. 

23. Boiler, T. and H. Kende. 1980. Regulation of wound 
ethylene synthesis in plants. Nature. 286:259-260. 

24. Borochov, A., J. Itzhaki and H. Spiegelstein. 1985. 
Effect of temperature on ethylene bioxynthesis in 
carnation petals. Plant Growth Reg. 3:159-166. 



104 

25. Bousquet, J.F. and K.V. Thimann. 1984. Lipid peroxidation 
forms ethylene from 1-aminocyclopropane-l-carboxylic acid 
and may operate in leaf senescence. Proc. Natl. Acad. 
Sci. USA. 81:1724-1727. 

26. Boussiba, S., A. Rikin and A.E. Richmond. 1975. The role 
of abscisic acid in cross-adaptation of tobacco plants. 
Plant Physiol. 56:337-339. 

27. Boyer, J.S. 1982. Plant productivity and environment. 
Science, 218:443-448. 

28. Bressan, R.A., L. LeCureux, L.G. Wilson, and P. Filner. 
1979. Emission of ethylene and ethane by leaf tissue 
exposed to injurious concentrations of sulfur dioxide or 
bisulfite ion. Plant Physiol. 63:924-930. 

29. Bufler, G. 1986. Ethylene-promoted conversion of 1-amino- 
cyclopropane-1-carboxylic acid to ethylene in peel of 
apple at various stages of fruit development. Plant 
Physiol. 80:539-543. 

30. Chalutz, E. and M.A. Stahmann. 1969. Induction of pisatin 
by ethylene. Phytopath. 59:1972-1973. 

31. Chalutz, E., J.E. DeVay and E.C. Maxie. 1969. Ethylene- 
induced isocoumarin formation in carrot root tissue. 
Plant Physiol. 44:235-241. 

32. Chen, T.H.H. and L.V. Gusta. 1983. Abscisic acid-induced 
freezing resistance in cultured plant cells. Plant 
Physiol. 73:71-75. 

33. Chen, T.H.H., P.H. Li and M.L. Brenner. 1983. Involvement 
of abscisic acid in potato cold acclimation. Plant 
Physiol. 71:362-365. 

34. Chen, P.M., P.H. Li and M.J. Burke. 1977. Induction of 
frost hardiness in stem cortical tissues of Cornus 
stolonifera Michs. by water stress. I. Unfrozen water in 
cortical tissues and water status in plants and soil. 
Plant Physiol. 59:236-239. 

35. Chen, P.M. and L.V. Gusta. 1982. Cold acclimation of 
wheat and smooth bromegrass cell suspensions. Can. J. 
Bot. 60:1207-1211. 

36. Chen, Y.Z. and B.D. Patterson. 1985. Ethylene and 1- 
aminocyclopropane-1-carboxylic acid as indicators of 
chilling sensitivity in various plant species. Aust. J. 
Plant Physiol. 12:377-385. 



105 

37. Clare, B., D.J. Weber, and M.A. Stahmann. 1966. 
Peroxidase and resistance to Ceratocystis in sweet potato 
increased by volatile materials. Science 153:62-63. 

38. Cloutier, Y. and C.J. Andrews. 1984. Efficiency of cold 
hardiness induction by desiccation stress in four winter 
cereals. Plant Physiol. 76:595-598. 

39. Cohen, G. 1979. Lipid peroxidation:  detection in vivo 
and in vitro through the formation of saturated 
hydrocarbon gases. IN:  Oxygen Free Radicals and Tissue 
Damage. Ciba Foundation Symposium 65, Excerpta Medica, 
Amsterdam, p.177-185. 

40. Colclasure, G.C. and J.H. Yopp. 1976. Galactose induced 
ethylene evolution in mung bean hypocotyls: A possible 
mechanism for galactose retardation of plant growth. 
Physiol. Plant. 37:298-302. 

41. Corey, K.A., A.V. Barker and L.E. Craker. 1986. Ethylene 
evolution by tomato plants under stress of ammonium 
toxicity. Amer. Soc. Agron. Abstracts p.196. 

42. Cracker, L.E., F.B. Abeles. 1969. Abscission: role of 
abscisic acid. Plant Physiol. 44:1144-1149. 

43. Craker, L.E. 1982. Development of a test tube stress- 
ethylene bioassay for detecting phytotoxic gases. Env. 
Pollut. 28:265-272. 

44. Crisosto, C.H., P.B. Lombard, K.K. Tanino and R.M. 
Harber. 1988. Effect of fall ethephon application on bud 
and stem hardiness and bloom delay of 'Redhaven1 peach 
trees. HortSci. (in press). 

45. Daly, J.M., P.M. Seevers and P. Ludden. 1970. Studies on 
wheat stem rust resistance controlled at the Sr6 locus 
III. Ethylene and disease reaction. Phytopath. 60:1648- 
1652. 

46. Davis, L.A. and F.T. Addicott. 1972. Abscisic acid: 
correlations with abscission and with development in the 
cotton fruit. Plant Physiol. 49:644-648. 

47. Dean, J.A. 1985. Lange's Handbook of Chemistry. 13th 
Edition. McGraw-Hill Book Co., USA. p.10-4. 

48. Dorfling, K., M. Bottger, D. Martin, V. Schmidt and D. 
Borowski. 1978. Physiology and chemistry of substances 
accelerating abscission in senescent petioles and fruit 
stalks. Physiol. Plant. 43:292-296. 

49. Doubt, S.L. 1917. The response of plants to illuminating 
gas. Bot. Gaz. 63:209-224. 



106 

50. Durner, E.F. and T.J. Gianfagna. 1988. Fall ethephon 
application increases peach flower bud resistance to low 
temperature stress. J. Amer. Soc. Hort. Sci. 113:404-406. 

51. Eisinger, W., L.J. Croner and L. Taiz. 1983. Ethylene- 
induced. lateral expansion in etiolated pea stems. 
Kinetics, cell wall synthesis, and osmotic potential. 
Plant Physiol. 73:407-412. 

52. Eisinger, W.R. and S.P. Burg. 1972. Ethylene-induced pea 
internode swelling. Its relation to ribonucleic acid 
metabolism, wall protein synthesis, and cell wall 
structure. Plant Physiol. 50:510-517. 

53. El-Beltagy, A.S. and M.S. Hall. 1974. Effect of water 
stress upon endogenous ethylene levels in Vicia faba. New 
Phytol. 73:47-60. 

54. Elstner, E.F. and J.R. Konze. 1976. Effect of point 
freezing on ethylene and ethane production by sugar beet 
leaf disks. Nature. 263:351-352. 

55. Esquerre-Tugaye, M.T., C. Lafitte, D. Mazau, A. Toppan, 
and A. Touze. 1979. Cell surfaces in plant-microorganism 
interactions. II. Evidence for the accumulation of 
hydroxyproline-rich glycoproteins in the cell wall of 
diseased plants as a defense mechanism. Plant Physiol. 
64:320-326. 

56. Even-Chen, Z., A.K. Mattoo and R. Goren. 1982. Inhibition 
of ethylene biosynthesis by aminoethoxyvinylglycine and 
by polyamines shunts label from 3,4-[14C] methionine into 
spermidine in aged orange peel discs. Plant Physiol. 
69:385-388. 

57. Field, R.J. 1981. A relationship between membrane 
permeability and ethylene production at high temperatures 
in leaf tissue of Phaseolus vulgaris L. Ann. Bot. 48:33- 
39. 

58. Field, R.J. 1981a. The effect of low temperature on 
ethylene by leaf tissue of Phaseolus vulgaris L. Ann. 
Bot. 47: 215-223. 

59. Field, R.J. 1984. The role of 1-aminocyclopropane-l- 
carboxylic acid in the control of low temperature induced 
ethylene production in leaf tissue of Phaseolus vulgaris 
L. Ann. of Bot. 54:61-67. 

60. Field, R.J. 1985. The effect of temperature on ethylene 
production by plant tissues. IN:  Ethylene and Plant 
Development (eds. Roberts, J.A. and Tucker, G.A.) 
Buttersworth, England, p.47-69. 



107 

61. Fuhrer, J. 1982. Ethylene biosynthesis and cadmium 
toxicity in leaf tissue of beans (Phaseolus vulgaris L.). 
Plant Physiol. 70:162-167. 

62. Fuhrer, J. and C.B. Fuhrer-Fries. 1985. Formation and 
transport of 1-aminocyclopropane-l-carboxylic acid in pea 
plants. Phytochem. 24:19-22. 

63. Galliard, T. 1968. Aspects of lipid metabolism in higher 
plants-II. The analysis of lipids from the pulp of pre- 
and post-climacteric apples. Phytochem. 7:1915-1922. 

64. Galliard, T., A.C. Hulme, M.J.C. Rhodes and L.S.C. 
Wooltorton. 1968B. Enzymic conversion of linolenic acid 
to ethylene by extracts of apple fruits. FEES Lett. 
1:283-286. 

65. Galliard, T., M.J.C. Rhodes, L.S.C. Wooltorton and A.C. 
Hulme. 1968. Metabolic changes in excised fruit tissue- 
Ill. The development of ethylene biosynthesis during the 
ageing of disks of apple peel. Phytochem. 7:1465-1470. 

66. Gamborg, O.L. and T.A.G. LaRue. 1971. Ethylene production 
by plant cell cultures. The effect of auxins, abscisic 
acid, and kinetin on ethylene production in suspension 
cultures of rose and Ruta cells. Plant Physiol. 48:399- 
401. 

67. Gamborg, O.L. and L.R. Wetter. 1975. Plant tissue culture 
methods. National Research Council of Canada, Prairie 
Regional Lab., Saskatoon, Saskatchewan. 

68. Garcia, F.G. and J.W. Einset. 1983. Ethylene and ethane 
production in 2,4-D treated and salt treated tobacco 
tissue cultures. Ann. Bot. 51:287-295. 

69. Gertman, E. and Y. Fuchs. 1972. Effects of abscisic acid 
and its interactions with other plant hormones on 
ethylene production in two plant systems. Plant Physiol. 
50:194-195. 

70. Glenner, G.G. 1977. Formazans and tetrazolium salts. IN: 
Biological Stains (ed., R.D. Lillie). The Williams & 
Wilkins Co., Baltimore, p.225-235. 

71. Goren, R., A. Altman and I. Giladi. 1979. Role of 
ethylene in abscisic acid-induced callus formation in 
citrus bud cultures. Plant Physiol. 63:280-282. 

72. Grossman, S. and Y.Y Lesham. 1978. Lowering of endogenous 
lipoxygenase activity in Pisum sativum foliage by 
cytokinin as related to senescence. Physiol. Plant. 
43:359-362. 



108 

73. Gunz, F.W. 1949. Reduction of tetrazolium salts by some 
biological agents. Nature. 163:98. 

74. Hansen, E. 1945. Quantitative study of ethylene 
production in apple varieties. Plant Physiol. 20:631-635. 

75. Harber, R.M. and L.H. Fuchigami. 1986. The relationship 
of ethylene and ethane production to tissue damage in 
frozen rhododendron leaf discs. J. Amer. Soc. Hort. Sci. 
111:434-436. 

76. Harber, R.M. and L.H. Fuchigami. 1988. Ethylene-induced 
stress resistance. IN:  Low Temperature Stress Physiology 
of Crops (ed.,. P.H. Li). CRC Press, Inc. (In Press). 

77. Hartmann, H.T., A.J. Hislop and J. Whisler. 1968. 
Chemical induction of fruit abscission in olives. Calif. 
Agr. 22:14-16. 

78. Hayashi, T. and G. Maclachlan. 1984. Pea xyloglucan and 
cellulose. III. Metabolism during lateral expansion of 
pea epicotyl cells. Plant Physiol. 76:739-742. 

79. Hiraki, Y. and Y. Ota. 1975. The relationship between 
growth inhibition and ethylene production by mechanical 
stimulation in Lilium longiflorum. Plant and Cell 
Physiol. 16:185-189. 

80. Hoffman, N.E., J. Fu and S.F. Yang. 1983. Identification 
and metabolism of 1-(malonylamino)cyclopropane-l- 
carboxylic acid in germinating peanut seeds. Plant 
Physiol. 71:197-199. 

81. Hoffman, N.E., S.F. Yang and T. McKeon. 1982. 
Identification of 1-(malonylamino)cyclopropane-1- 
carboxylic acid as a major conjugate of 1- 
aminocyclopropane-1-carboxylic acid, an ethylene 
precursor in higher plants.  Biochem. Biophys. Res. 
Commun. 104:765-770. 

82. Hoffman, N.E., Y. Liu and S.F Yang. 1983. Changes in 1- 
(malonylamino)cyclopropane-l-carboxylic acid content in 
wilted wheat leaves in relation to their ethylene 
production rates and 1-aminocyclopropane-l-carboxylic 
acid content. Planta 157:518-523. 

83. Holm, R.E. and F.B. Abeles. 1968. The role of ethylene in 
2,4-D induced growth inhibition. Planta 78:293-304. 

84. Horsch, R.B. and G.E. Jones. 1980. A double filter paper 
technique for plating cultured plant cells. In Vitro. 
16:103-108. 



109 

85. imaseki, H. and A. Watanabe. 1978. Inhibition of ethylene 
production by osmotic shock. Further evidence for control 
of ethylene produciton by membranes. Plant Cell Physiol. 
19:345-348. 

86. Imaseki, H., H. Yoshii and J. Todaka. 1982. Regulation of 
auxin-induced ethylene biosynthesis in plants. IN:  Plant 
Growth Substances (ed. Wareing, P.F.). Academic Press, 
London, p.259-268. 

87. Iwan, J. 1976. Miscellaneous conjugates-acylation and 
alkylation of xenobiotics in physiologically active 
systems. IN:  Bound and Conjugated Pesticide Residues 
(eds., Kaufman, D.D., G.G. Still, G.D. Paulson and S.K. 
Bandal). ACS Symp. Ser. 29:132-152. 

88. Jackson, M.B. and D.J. Osborne. 1972. Abscisic acid, 
auxin, and ethylene in explant abscission. J. Exp. Bot. 
23:849-862. 

89. Jaffe. M.J. 1984. The involvement of callose and 
elicitors in ethylene production caused by mechanical 
perturbation. IN:  Ethylene:  Biochemical, Physiological 
and Applied Aspects (eds., Fuchs, Y. and E, Chalutz). 
Martinus Nijhoff/Dr. W. Jund Pub., The Netherlands p.199- 
215. 

90. Jiao, X.Z., S. Philosoph-Hadas, L.Y. Su and S.F. Yang. 
1986. The converion of l-(malonylamino)cyclopropane-l- 
carboxylic acid to 1-aminocylopropane-l-carboxylic acid 
in plant tissues.  Plant Physiol. 81:637-641. 

91. John, W.W. and R.W. Curtis. 1977. Isolation and 
identification of the precursor of ethane in Phaseolus 
vulgaris L. Plant Physiol. 59:521-522. 

92. Kacperska, A. and M. Kubacka-Zebalska. 1985. Is 
lipoxygenase involved in the formation of ethylene form 
ACC? Physiol. Plant. 64:333-338. 

93. Kao, C.H. and S.F. Yang. 1982. Light inhibition of the 
conversion of 1-aminocyclopropane-l-carboxylic acid to 
ethylene in leaves as mediated through carbon dioxide. 
Planta 155:261-266. 

94. Kapuya, J.A. and M.A. Hall. 1984. Plant sensitivity to 
endogenous ethylene in relation to species 
characteristics. Z. Pflanzenphysiol. 113:461-464. 

95. Kende, H. and T. Boiler. 1981. Wound ethylene and 1- 
aminocyclopropane-1-carboxylate synthase in ripening 
tomato fruit. Planta. 151:476-481. 



110' 

96. Kionka, C. and N. Amrhein. 1984. The enzymatic 
malonylation of 1-aminocyclopropane-l-carboxylic acid in 
homogenates of mungbean hypocotyls. Planta. 162:226-235. 

97. Kobayashi, K., L.H. Fuchigami and K.E. Brainerd. 1981. 
Ethylene and ethane production and electrolyte leakage of 
water-stressed 'Pixy' plum leaves. HortSci. 16:57-59. 

98. Konze, J.R. and H. Kende. 1979. Ethylene formation from 
1-aminocyclopropane-l-carboxylic acid in homogenates of 
etiolated pea seedlings. Planta 46:293-301. 

99. Konze, J.R. and G.M.K. Kwiatkowski. 1981. Rapidly induced 
ethylene formation after wounding is controlled by the 
regulation of 1-aminocyclopropane-l-carboxylic acid 
synthesis. Planta. 151:327-330. 

100. Konze, J.R., J.F. Jones, T. Boiler and H. Kende. 1980. 
Effect of 1-aminocyclopropane-l-carboxylic acid on the 
production of ethylene in senescing flowers of Ipomoea 
tricolor Cav. Plant Physiol. 66:566-571. 

101. Kretovich, V.L. 1946. Akad. Nauk. S.S.S.R., Inst. 
Biokhim., Moscow-Leningrad, p. 136. Comprehensive abs. in 
Chem. Abs., 40:1237. 

102. Kubacka-Zebalska, M. and A. Kacperska-Palacz. 1980. 
Lipoxygenase, an enzyme involved in plant growth? 
Physiol. Veg. 18:339-347. 

103. Legge, R.L. and J.E. Thompson. 1983. Involvement of 
hydroperoxides and an ACC-derived free radical in the 
formation of ethylene. Phytochem. 22:2161-2166. 

10A. Legge, R.L., J.E. Thompson and J.E. Baker. 1982. Free 
radical mediated formation of ethylene from 1-amino- 
cyclopropane-1-carboxylic acid: A spin-trap study. Plant 
& Cell Physiol. 23:171-177. 

105. Leshem, Y.Y. and G. Barness. 1982. Lipoxygenase as 
effected by free radical metabolism:  Senescence 
retardation by the xanthine oxidase inhibitor 
allopurinol. IN:  Biochemistry and Metabolism of Plant 
Lipids. (eds., Wintermans, J.F.G.M. and P.J.C. Kuiper). 
Elsevier Biomedical Press, B.V.  p.275-278. 

106. Leslie, C.A. and R.J. Romani. 1986. Salicylic acid: A new 
inhibitor of ehtylene biosynthesis. Plant Cell Rep. 
5:144-146. 

107.Lieberman, M, J.E. Baker and M. Sloger. 1977. Influence 
of plant hormones on ethylene production in apple, tomato 
and avocado slices during maturation and senescence. 
Plant Physiol. 60:214-217. 



Ill 

108. Lieberman, M. 1979. Biosynthesis and action of ethylene. 
Ann. Rev. Plant Physiol. 30:533-591. 

109. Lieberman, M. and L.W. Mapson. 1962. Fatty acid control 
of ethane production by sub-cellular particles form 
apples and its possible relationship to ethylene 
biosynthesis. Nature. 195:1016-17. 

110. Lipe, J.A. and P.W. Morgan. 1972. Ethylene:  role in 
fruit abscission and dehiscence processes. Plant Physiol. 
50:759-764. 

ill. Liptay, A., S.C. Phatak and C.A. Jaworski. 1982. Ethephon 
treatment of tomato transplants improves frost tolerance. 
HortSci. 17:400-401. 

112. Liu, Y. N.E. Hoffman and S.F. Yang. 1985. Promotion by 
ethylene of the capability to convert 1- 
aminocyclopropane-1-carboxylic acid to ethylene in 
preclimacteric tomato and cantaloupe fruits. Plant 
Physiol. 77:407-411. 

113. Liu, Y., L.Y. Su and S.F. Yang. 1985. Ethylene promotes 
the capability to malonylate 1-aminocyclopropane-l- 
carboxylic acid and D-amino acids in preclimacteric 
tomato fruits. Plant Physiol. 77:891-895. 

114. Luna, CM. and V.S. Trippi. 1986. Membrane permeability- 
regulation by exogenous sugars during senescence of oat 
leaves. Plant Cell Physiol. 27:1051-1061. 

115. Malik, N.S.A. and K.V. Thimann. 1980. Metabolism of oat 
leaves during senescence. VI. Changes in ATP levels. 
Plant Physiol. 65:855-858. 

116. Manicol, P.K. 1976. Rapid metabolic changes in the 
wounding response of leaf discs following excision. Plant 
Physiol. 57:80-84. 

117. Mapson, L.W., J.F. March, M.J.C. Rhodes and L.S.C 
Wooltorton. 1970. Comparative study of the ability of 
methionine or linolenic acid to act as precursors of 
ethylene in plant tissues. Biochem. J. 117:473-479. 

118 Mattoo, A.K., J.E. Baker and H.E. Moline. 1986. Induction 
by copper ions of ethylene production in Spirodela 
oliaorrhiza:  Evidence for a pathway independent of 1- 
aminocyclopropane-1-carboxylic acid. J. Plant Physiol. 
123:193-202. 

119.Mattoo, A.K., J.E. Baker and M. Lieberman. 1983. Copper 
induced ethylene production by Spirodela oligorrhiza is a 



112 

consequence of singlet oxygen mediated membrane damage. 
Plant Physiol. 72(suppl):39. 

120. Mattoo, A.K., J.E. Baker, E. Chalutz, and M. Lieberman. 
1977. Effect of temperature on the ethylene synthesizing 
systems in apple, tomato and Penicillium digitatum. Plant 
& Cell Physiol. 18:715-719. 

121.Mayak, S. and A. Borochov. 1984. Nonosmotic inhibition by 
sugars of the ethylene forming activity associated with 
microsomal membranes from carnation petals. Plant 
Physiol. 76:191-195. 

122. Mayak, S., Y. Vaadia and D.R. Dilley. 1977. Regulation of 
senescence in carnation (Dianthus caryophyllus) by 
ethylene: mode of aciton. Plant Physiol. 59:591-593. 

123. Mayak,S., A.H. Halevy. 1972. Interrelationships of 
ethylene and abscisic acid in the control of rose petal 
senescence. Plant Physiol. 50:341-346. 

124. McKeon, T.A., N.E. Hoffman and S.F. Yang. 1982. The 
effect of plant-hormone pretreatments on ethylene 
production and synthesis of 1-aminocyclopropane-l- 
carboxylic acid in water-stressed wheat leaves. Planta 
155:437-443. 

125. McMurchie, E.J., W.B. McGlasson and I.L. Eaks. 1972. 
Treatment of fruit with propylene gives information about 
the biogenesis of ehtylene. Nature. 237:235-236. 

126. McRae, D.G., J.E. Baker and J.E. Thompson. 1982. Evidence 
for involvement of the superoxide radical in the 
conversion of 1-aminocyclopropane-l-carboxylic acid to 
ethylene by pea microsomal membranes. Plant & Cell 
Physiol. 23:375-383. 

l27.Meigh, D.F., K.H. Norris, C.C. Craft and M. Lieberman. 
1960. Ethylene production by tomato and apple fruits. 
Nature 186:902-903. 

l28.Meir, S., S. Philosoph-Hadas, E. Epstein and N. Aharoni. 
1985. Carbohydrates stimulate ethylene production in 
tobacco leaf discs I. Interaction with auxin and the 
relation to auxin metabolism. Plant Physiol. 78:131-138. 

129. Nee, C.C. 1986. Overcoming bud dormancy with hydrogen 
cyanamide:  timing and mechanism. PhD Thesis, Oregon 
State University, Corvallis, Oregon. 

130. Nineham, A.W. 1955. The chemistry of formazans and 
tetrazolium salts. Chem. Rev. 55:355-483. 



113 

131. Nissila, P.C. 1977. Hardiness-maturity relations in red- 
osier dogwood (Cornus stolonifera Michx.). MS thesis, 
Oregon State University, Corvallis, Oregon. 

132. odawana, S., A. Watanabe and H. Imaseki. 1977. 
Involvement of cellular membranes in regulation of 
ethylene production. Plant Cell Physiol. 18:569-575. 

133. Paradies, I., J.R. Konze, E.F. Elstner and J. Paxton. 
1980. Ethylene: indicator but not inducer of phytoalexin 
synthesis in soybean. Plant Physiol 66:1106-1109. 

134. Paulin, A., M.J. Droillard and J.M. Bureau. 1986. Effect 
of a free redical scavenger, 3,4,5-trichlorophenol, on 
ethylene production and on changes in lipids and membrane 
integrity during senescence of petals of cut carnations 
(Dianthus caryophyllus). Physiol. Plant. 67:465-471. 

135. Philosoph-Hadas, S. and N. Aharoni. 1987. Galactose 
inhibits the conversion of 1-aminocyclopropane-l- 
carboxylic acid to ethylene in aged tobacco leaf discs. 
Plant Physiol. 83:8-11. 

136. Philosoph-Hadas, S., S. Meir and N. Aharoni. 1985. Car- 
bohydrates stimulate ethylene production in tobacco leaf 
discs II. Sites of stimulation in the ethylene 
biosynthesis pathway. Plant Physiol. 78:139-143. 

137. Philosoph-Hadas,S., S. Meir and N. Aharoni. 1985b. Auto- 
inhibition of ethylene production in tobacco leaf discs: 
Enhancement of 1-aminocyclopropane-l-carboxylic acid 
conjugation. Physiol. Plant. 63:431-437. 

138. Poovaiah, B.W. 1974. Promotion of radial growth by 2- 
chloroethylphosphonic acid in bean. Bot. Gaz. 135:289- 
292. 

139. Pressman, E., M. Huberman, B. Aloni and M.J. Jaffe. 1984. 
Pithiness in plants:  I. The effect of mechanical 
perturbation and the involvemant of ethylene in petiole 
pithiness in celery. Plant and Cell Physiol. 25:891-897. 

140. Proebsting, E.L.,Jr., and H.H. Mills. 1969. Effects of 
growth regulators on fruit bud hardiness in Prunus. 
HortSci. 4:254-255. 

141.Raese, J.T. 1977. Induction of cold hardiness in apple 
tree shoots with ethephon, NAA, and growth retardants. J. 
Amer. Soc. Hort. Sci. 102:789-792. 

l42.Raison, J.K. and E.A. Chapman. 1976. Membrane phase 
changes in chilling sensitive Vigna radiata and their 
significance to growth. Aust. J. Plant Physiol. 3:291- 
299. 



114 

143. Reany, M.J.T. and L.V. Gusta. 1987. Factors influencing 
the induction of freezing tolerance by abscisic acid in 
cell suspension cultures of Bromus inermis Leyss and 
Medicaao sativa L. Plant Physiol. 83:423-427. 

144. Reany, M.J.T., M. Ishikawa, A.J. Robertson and L.V. 
Gusta. 1988. The induction of cold acclimation:  The role 
of abscisic acid. IN:  Low Temperature Stress Physiology 
in Crops (ed., P.J. Li). CRC Press, Inc. (In Press). 

145. Rhodes, M.J.C. 1980. The maturation and ripening of 
fruits. IN:  Senescence in Plants (ed., Thimann, K.V.). 
CRC Press, Florida, p.157-205. 

146. Rhodes, M.J.C, L.S.C. Wooltorton, T. Galliard and A.C. 
Hulme. 1970. Production of ethylene by whole apple fruits 
and by tissue slices and cell-free extracts prepared from 
the fruit. J. Exp. Bot. 21:40-48. 

147. Riely, C.A., G. Cohen and M. Lieberman. 1974. Ethane 
evolution:  a new index of lipid peroxidation. Science 
183:208-210. 

148. Rikin, A. and A.E. Richmond. 1975. Abscisic acid as a 
common factor in hormonal regulation of resistance to 
cold and drought in. plants. Isr. J. Bot. 24:54. 

149. Rikin, A., S. Boussiba, Y. Mizraki and A.E. Richmond. 
1973. The role of abscisic acid in the interrelationship 
between plant response and environmental stresses. Isr. 
J. Bot. 22:265-266. 

150. Riov, J. and S.F. Yang. 1982. Stimulation of ethylene 
production in citrus leaf discs by mannitol. Plant 
Physiol. 70:142-146. 

151. Riov, J. and S.F. Yang. 1982a. Effects of exogenous 
ethylene on ethylene production in citrus leaf tissue. 
Plant Physiol. 70:136-141. 

152. Riov, J. and S.F. Yang. 1982b. Autoinhibition of ethylene 
production in cetrus peel discs. Suppression of 1- 
aminocyclopropane-1-carboxylic acid synthesis. Plant 
Physiol. 69:687-690. 

153. Riov, J., S.P. Monselise and R.S. Kahan. 1969. Ethylene- 
controlled induction of phenylalanine ammonia-lyase in 
citrus fruit peel. Plant Physiol. 44:631-635. 

154. Roberts, J.D. and M.C. Caserio, 1967. Modern Organic 
Chem-istry. Benjamin, New York. p.844. 



115 

155. Roberts, L.W. 1951. Survey of factors responsible for 
reduction of 2,3,5-triphenyltetrazolium chloride in plant 
meristems. Science. 113:692-693. 

156. Robitaille, H.A. and A.C. Leopold. 1974. Ethylene and the 
regulation of apple stem growth under stress. Physiol. 
Plant. 32:301-304. 

157. Roby, D., A. Toppan and M.T. Esguerre-Tugaye. 1985. Cell 
surfaces in plant-microorganism interactions V. 
Elicitors of fungal and of plant origin trigger the 
synthesis of ethylene and of cell wall hydroxyproline- 
rich glycoproteins in plants. Plant Physiol. 77:700-704. 

158. Rosa, J.T. 1921. Investigation on the hardening process 
in vegetable plants. MO Agric. Expt. Stn. Res. Bull. 
48:1-97. 

159. Rose, E. 1985. Water relations of winter wheat. PhD 
Thesis, Kansas State University, Manhattan, Kansas. 

160. Saftner, R.A. 1986. Effect of ethylene on sucrose uptake 
in root discs of sugar beet. Plant Cell Physiol. 27:853- 
860. 

161. Sagee, O., R. Goren and J. Riov. 1980. Abscission of 
citrus leaf explants. Interrelationships of abscisic 
acid, ethylene and hydrolytic enzymes. Plant Physiol. 
66:750-753. 

162. Sakai, S. 1982. Effects of the inhibitory protein of 
ethylene synthesis on ATP levels in mung bean hypocotyl 
segments. Plant & Cell Physiol. 23:35-39. 

163. Saltveit, M.E. and D.R. Dilley. 1978. Rapidly induced 
wound ethylene from excised segments of etiolated Pisum 
sativum L., cv. Alaska. II. Oxygen and temperature 
dependency. Plant Physiol. 61:675-679. 

164. Schmidt, J.E., J.M. Schmitt, W.M. Kaiser and D.K. Hincha. 
1986. Salt treatment induces frost hardiness in leaves 
and isolated thylakoids from spinach. Planta. 168:50-55. 

165. Schnabl, H., C. Elbert and R.J. Youngman. 1983. Release 
of ethane from immobilized plant cell protoplasts in 
response to chemical treatment. Physiol. Plant. 59:46-49. 

166. Sequeira, L. 1973. Hormone metabolism in diseased plants. 
Ann. Rev. Plant Physiol. 24:353-380. 

167.Smith, W.L. and W.E.M. Lands. 1972. Oxygenation of 
unsaturated fatty acids by soybean lipoxygenase. J. Biol. 
Chem. 247:1038-1047. 



116 

168. stahmann, M.A., B.G. Clare and W. Woodbury. 1966. 
Increased disease resistance and enzyme activity induced 
by ethylene and ethylene production by black rot infected 
sweet potato tissue. Plant Physiol. 41:1505-1512. 

169. stegink, S.J. and J.N. Siedow. 1986. Ethylene production 
from 1-aminocyclopropane-l-carboxylic acid in vitro: A 
mechanism for explaining ethylene production by a cell- 
free preparation from pea epicotyls. Physiol. Plant. 
66:625-631. 

170. steponkus, P.L. 1971. Effect of freezing on dehydrogenase 
activity and reduction of triphenyltetrazolium chloride. 
Cryobio. 8:570-573. 

171. Steucek, G.L. and L.K. Gordon. 1975. Response of wheat 
(Triticum aestivum) seedlings to mechanical stress. Bot. 
Gaz. 136:17-19. 

172. stout, D.G. 1980. Alfalfa water status and cold hardiness 
as influenced by cold acclimation and water stress. Plant 
Cell & Environ. 3:237-241. 

173. Tang, Z.C. and T.T. Kozlowski. 1982. Physiological, 
morphological and growth responses of Platanus 
occidentalis seedlings to flooding. Plant and Soil 
66:243-255. 

174. Thompson, C.R., G. Kats, P. Dawson and D. Doyle. 1981. 
Development of protocol for testing effects of toxic 
substances on plants, EPA Project Sum., 600/S3-81-006. 

175. Toppan, A., D. Roby and M.T. Esquerre-Tugaye. 1982. Cell 
surfaces in plant-microorganism interactions. III. In 
Vivo effect of ethylene on hydroxyproline-rich 
glycoprotein accumulation in the cell wall of diseased 
plants. Plant Physiol. 70:82-86. 

176. Towill, L.E. and P. Mazur. 1975. Studies on the reduction 
of 2,3,5-triphenyltetrazolium chloride as a viability 
assay for plant tissue cultures. Can. J. Bot. 53:1097- 
1102. 

177. Tumanov, I. and O. Krasavtsev. 1959. Hardening of 
northern woody plants by temperatures below zero. Soviet 
Plant Physiol. 6:663-673. 

178. Van Huystee, R., C.J. Weiser and P. Li. 1967. Cold 
acclimation in Cornus stolonifera under natural and 
controlled photoperiod and temperature. Bot. Gaz. 
128:200-205. 



117 

178a.Vendrel, M. and W.B. McGlasson. 1971. Inhibition of 
ethylene production in banana fruit tissue by ethylene 
treatment. Aust. J. Biol. Sci. 24:885-895. 

179. Vliegenthart, J.F.G., G.A. Veldink, J. Verhagen, S. 
Slappendal and M. Vernooy-Gerritsen. 1982. Lipoxygenases, 
properties and mode of action. IN:  Biochemistry and 
Metabolism of Plant Lipids (eds., Wintermans, J.F.G.M. 
and P.J.C. Kuiper). Elsevier Biomedical Press, B.V. 
p.265-274. 

180. Wadman-van Schravendijk, H. and O.M. van Andel. 1986. 
The role of ethylene during flooding of Phaseolus 
vulgaris. Physiol. Plant. 66:257-264. 

181. Wang, C.Y. 1977. Effect of aminoethoxy analog of rhizo- 
bitoxine and sodium benzoate on senescence of broccoli. 
HortSci. 12:54-56. 

182. Wang, C.Y. and D.O. Adams. 1982. Chilling-induced 
ethylene production in cucumbers (Cucumis sativus L.). 
Plant Physiol. 69:424-427. 

183. Wang, T.T. and S.F. Yang. 1987. The physiological role 
of lipoxygenase in ethylene formation from 1- 
aminocyclopropane-1-carboxylic acid in oat leaves. 
Planta. 170:190-196. 

184. West, C.A. 1981. Fungal elicitors of the phytoalexin 
response in higher plants. Naturwis. 68:447-457. 

185. White, R.E. and M.J. Coon. 1980. Oxygen activation by 
cytochrome P-450. Annu. Rev. Biochem. 49:315-356. 

186. Wise, R.R. and A.W. Naylor. 1987. Chilling-enhanced 
photooxidation:  the peroxidative destruction of lipids 
during chilling injury to photosynthesis and 
ultrastructure. Plant Physiol. 83:272-277. 

187. Witzum, A., O. Keren. 1978. Factors affecting abscission 
in Spirodella oligorhiza (Lemnaceae) II. Sucrose. New 
Phytol. 80:111-115. 

188. Woffenden, L.M. and J.H. Priestley. 1924. The toxic 
action of coal gas upon plants  II. The effect of coal 
gas upon cork and lenticel formation. Ann. Appl. Bot. 
11:42-53. 

189. Wooltorton, L.S.C., J.D. Jones and A.C. Hulme. 1965. 
Genesis of ethylene in apples. Nature 207:999-1000. 

190. Wright, S.T.C. 1977. The relationship between leaf water 
potential and the levels of abscisic acid and ethylene 
in excised wheat leaves. Planta 134:183-189. 



118 

191. Wright, S.T.C. 1980. The effect of plant growth regulator 
treatments on the levels of ethylene emanating from 
excised turgid and wilted wheat leaves. Planta 148:381- 
388. 

192. Wright, S.T.C. 1981. The effect of light and dark periods 
on the production of ethylene from water-stressed wheat 
leaves. Planta 153:172-180. 

193. Wright, S.T.C. and R.W.P. Hiron. 1972. The accumulation 
of abscisic acid in plants during wilting and under other 
stress conditions. IN:  Plant Growth Substances (ed., 
Carr, D.J.) Springer Verlay, Berlin, p.291-298. 

194. Yang, S.F. and H.K. Pratt. 1978. The physiology of 
ethylene in wounded plant tissue. IN:  Biochemistry of 
Wounded Plant Tissues (ed., Kahl, G.). deGruyter, Berlin 
p. 596. 

195. Yang, S.F. and N.E. Hoffman. 1984. Ethylene biosynthesis 
and its regulation in higher plants. Ann. Rev. Plant 
Physiol. 35:155-189. 

196. Young, R. 1971. Effect of growth regulators on citrus 
seedling cold hardiness. J. Amer. Soc. Hort. Sci. 96:708- 
710. 

197. Yu, Y.B. and S.F. Yang. 1980. Biosynthesis of wound 
ethylene. Plant Physiol. 66:281-285. 

198. Yu, Y.B., D.O. Adams and S.F. Yang. 1980. Inhibition of 
ethylene production by 2,4-dinitrophenol and high 
temperature. Plant Physiol. 66:286-290. 

199. Zeevaart, J.A.D. 1983. Metabolism of abscisic acid and 
its regulation in Xanthium leaves during and after water 
stress. Plant Physiol. 71:477-481. 

200. Zhen-guo, L., W. Pei-heng, L. Yu, W. You-mei and Y. Shu- 
wen. 1982. The inverse relationship between the 
production of ethylene and of ethane in plants after 
injury. Acta Phytophysiol. Sin. 8:335-342. 

201.Zobel, R.W. and L.W. Roberts. 1978. Effects of low 
concentrations of ethylene on cell division and 
cytodifferentiation in lettuce pith explants. Can. J. 
Bot. 56:987-990. 



118 

191. Wright, S.T.C. 1980. The effect of plant growth regulator 
treatments on the levels of ethylene emanating from 
excised turgid and wilted wheat leaves. Planta 148:381- 
388. 

192. Wright, S.T.C. 1981. The effect of light and dark periods 
on the production of ethylene from water-stressed wheat 
leaves. Planta 153:172-180. 

193. Wright, S.T.C. and R.W.P. Hiron. 1972. The accumulation 
of abscisic acid in plants during wilting and under other 
stress conditions. IN:  Plant Growth Substances (ed., 
Carr, D.J.) Springer Verlay, Berlin, p.291-298. 

194. Yang, S.F. and H.K. Pratt. 1978. The physiology of 
ethylene in wounded plant tissue. IN:  Biochemistry of 
Wounded Plant Tissues (ed., Kahl, G.). deGruyter, Berlin 
p. 596. 

195. Yang, S.F. and N.E. Hoffman. 1984. Ethylene biosynthesis 
and its regulation in higher plants. Ann. Rev. Plant 
Physiol. 35:155-189. 

196. Young, R. 1971. Effect of growth regulators on citrus 
seedling cold hardiness. J. Amer. Soc. Hort. Sci. 96:708- 
710. 

197. Yu, Y.B. and S.F. Yang. 1980. Biosynthesis of wound 
ethylene. Plant Physiol. 66:281-285. 

198. Yu, Y.B., D.O. Adams and S.F. Yang. 1980. Inhibition of 
ethylene production by 2,4-dinitrophenol and high 
temperature. Plant Physiol. 66:286-290. 

199. Zeevaart, J.A.D. 1983. Metabolism of abscisic acid and 
its regulation in Xanthium leaves during and after water 
stress. Plant Physiol. 71:477-481. 

200. Zhen-guo, L., W. Pei-heng, L. Yu, W. You-mei and Y. Shu- 
wen. 1982. The inverse relationship between the 
production of ethylene and of ethane in plants after 
injury. Acta Phytophysiol. Sin. 8:335-342. 

201.Zobel, R.W. and L.W. Roberts. 1978. Effects of low 
concentrations of ethylene on cell division and 
cytodifferentiation in lettuce pith explants. Can. J. 
Bot. 56:987-990. 



APPENDIX 



119 

ETHYLENE IN FROST ACCLIMATION OF WINTER WHEAT 

Procedure 1:  Twenty-five to thirty winter wheat seeds 

(•Stephens' and 'Kharkov') were planted in Turface clay 

particle media in 1.5 Lx 1.5 Wx 3.0 H inch pots at a depth 

of approximately 1 cm, and allowed to germinate in a 70oC 

greenhouse.  One week old wheat seedlings were then 

acclimated at 4° (16 hr photoperiod) for from 0 to 3 weeks, 

prior to being treated with 5 ul/1 ethylene.  Ethylene gas 

was administered for 48 hrs via a flow through system (50 

ml/min.) at 4°.  This was followed by air flow for an 

additional 5 days at 4°.  Plants were then trimmed to within 

2 cm of the soil surface and subjected to a controlled 

freezing test in a chest freezer.  Plants were nucleated 

with ice crystals at -30C and ice formation was allowed to 

equilibrate overnight.  The temperature was then lowered at 

a rate of 30/hr, with each treatment temperature being 

maintained for 1 hr prior to removal of samples.  Samples 

were thawed slowly at 4° overnight, then placed in a growth 

room at 23° (16 hr photoperiod) for regrowth analysis. 

Percent regrowth was determined after 2 weeks as the number 

of seedlings/total in pot which showed any new growth 

following the freeze treatment.  Results are given in Table 

A.l. 
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Procedure 2:  In the second study, 1 week old 

•Stephens' seedlings were treated with 1 mM 

aminoethyoxyvinylglycine (AVG) via root application (10 ml). 

After approximately 15 hrs, seedlings were placed into a low 

temperature growth chamber (50/20C, day/night), and removed 

periodically for the monitoring of internal ethylene 

concentration and frost tolerance.  Frost tolerance was 

determined as described in the previous paragraph after 0, 

0.5, 1, 2, 3, and 6 days at low temperature.  Internal 

ethylene concentration was determined by completely 

submerging the pot with seedlings into water.  The water was 

allowed to displace the airspaces in the soil media prior to 

the covering of seedlings with a serum-capped funnel.  All 

air was removed from the funnel, then the system was placed 

under vacuum for approximately 15 minutes.  The gas mixture 

which had accumulated at the top of the funnel was then 

measured for ethylene content on a Carle gas chromatograph 

with flame ionization detector.  Results are given in Table 

A.2, Figure A.l and Figure A.2. 
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TMoure A 1.  Effect of the inhibition of ethylene 
biosyntCsIsoi percent regrowth of ?""-*""•* Winter 
wheat seedlings ('Stephens') after 24 hrs at low 
temperature. 
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Figure A.2.  Internal ethylene concentration of 
'Stephens' winter wheat seedlings during low temperature 
acclimation. 
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Table A.l.  Effect of ethylene treatment on low 
temperature acclimation of 'Kharkov' and 'Stephens' winter 
wheat.  Values are means of 2 replications. 

LT50 f0C) 

Total Time 
at 40C 

• Kharkov' 
Air     C2H4 

1 Stephens• 
Air     C2H4 

0 -7.1   -6.6   

1 week -10.3 -9.5 -7.8 -10.0 

2 week -10.3 -9.5 -8.2 -6.8 

3 week -7.4 -8.0 -7.3 -7.8 

4 week -8.1 -7.7 -7.0 -8.5 
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Table A.2. Effect of the inhibition of ethylene 
biosynthesis on low temperature-induced frost acclimation 
of 'Stephens' winter wheat seedlings. 

LT50 r0c) 

Time at 50/20C Control +AVG 

0 -2.0 -2.0 

0.5 days -2.0 -2.0 

1 days -4.7 -3.2 

2 days -6.8 -6.4 

3 days -7.4 -7.6 

6 days -7.4 -7.5 


