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ABSTRACT 

Inactivation of plant growth by high temperature was studied 

using a heat resistant and a heat susceptible cultivar of Pi sum 

sativum L. In plants grown under controlled temperatures of 20, 25 

30, 35, and 40 C, fresh weight of shoots and roots was reduced on 

exposure to high temperature, the reduction being proportional to 

exposure time. Reduction in fresh weight of the two cultivars and 

of shoots and roots of each cultivar was not the same. Exposure to 

high temperature caused a greater reduction in fresh weight in 

cultivar Alaska than in Wando and a greater reduction in fresh weight 

of shoots than roots in both cultivars. 

Chlorophyll content of shoots was sharply reduced on exposure 

to high temperature. Content of RNA, DNA, protein, and cytokinins 

was also reduced in shoots and roots following exposure to high 

temperature. Nucleic acid and protein metabolism were among the 

most sensitive factors examined, generally showing lability at temper

atures lower than other constituents. 

Respiration rates of shoots and roots were also sharply 

reduced following exposure to high temperature, with the reduction 

again being proportional to exposure time. Loss of chlorophyll 

from leaf disks incubated in the dark was greatly accelerated by 

high temperature. Mitochondria from etiolated seedlings of the two 

cultivars yielded sharply reduced respiratory control values and 
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ADP:0 ratios on aging, the reduction closely paralleling the reduction 

in chlorophyll of the two cultivars and the reduction in respiration on 
/ 

heating. The cultivar Alaska, which is affected to a greater extent 

by high temperature, also ages more rapidly. 

Differential shoot/root temperature studies ir ,'icate that 

root temperature dramatically affects shoot metabolism with optimal 

root temperature enabling the plant to overcome or avoid a portion of 

the effects of high temperature injury to the shoots. 

It seems that the biochemical effects of high temperature 

injury in plants are the result of the perception of this stimulus 

by the roots, specifically in the decreased formation and/or trans

location of cytokinins to shoots where they are intimately involved 

in a variety of metabolic functions. 



INTRODUCTION 

Heat resistance and thermal inactivation of plant growth has been 

a subject of interest to various workers for more than a hundred years 

(Sachs, 1864). Ideas and techniques formulated at that time, such as 

Sachs' techniques for assaying heat damage in plants, have scarcely been 

improved upon since 1956 (Levitt, 1956). 

How do high temperatures kill a plant? Why are certain plants 

more resistant to high temperatures than others? These questions have 

often been asked but never completely answered. Several theories have 

been proposed to explain thermal inactivation of plant growth and there 

are excellent reviews on the subject (Belehradek, 1935; Levitt, 1956; 

Langridge, 1963). However, it is difficult to establish a cause and 

effect relationship for thermal inactivation of plant growth from the 

work that has appeared in the literature. 

A portion of the existing confusion must arise from the fact 

that a multitude of parameters have been considered. These parameters 

classified by Belehradek (1935) include the following: structural changes 

induced by heat, vacuolation, formation of granules, ultra-microscopic 

changes, protoplasmic contraction, changes of cellular size and shape, 

cytolysis, changes in lipoid constituents, nuclear changes, and changes 

in mitosis. Other parameters that may be included are changes in proto

plasmic viscosity, changes in permeability, chemical changes, and changes 
j 

in bioelectric potential. Some workers have considered multiple 
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parameters in an attempt to find a suitable means of evaluating heat 

resistance (Alexandrov, 1964). 

Because certain plants are more heat resistant than others and 

because characterization of this resistance may serve to elucidate the 

mechanism of thermal inactivation of plant growth, comparative studies 

of high temperatures on heat resistant and heat susceptible cultivars 

within the same species may yield information concerning thermal death 

in plants. Plant material used in this study included two cultivars 

of Pisum sativum L.: Alaska, considered heat susceptible, and Wando, 

considered heat resistant. Lability of certain metabolic processes was 

monitored in an effort to characterize the mechanism of thermal death. 

Respiration rates of shoots and roots, protein content, nucleic acid 

content, and chlorophyll and cytokinin content were measured in both 

varieties exposed to a wide range of temperatures. 

An attempt was also made to establish the level of organization 

within a plant at which high temperatures are perceived. The possibility 

exists that the stimulus ultimately manifested as or resulting in thermal 

inactivation of growth may be perceived by an organ, organelle, or even 

an enzyme or enzyme system in another site in the plant. For example, 

it may be that an environmental stimulus manifested as heat su- epti-

bility in the shoots is perceived by the roots of a plant. 



LITERATURE REVIEW 

A large volume of literature on the effects of high temperature 

on plant growth has accumulated since Sachs (1864) formulated the 

hypothesis that heat injury probably involved denaturation of certain 

protein components of cells. Effects of high temperature on plants have 

been reviewed by Belehradek (1935), Went (1953), Levitt (1956), 

Langridge (1963), and more recently by Langridge and Mc William (1967). 

General Symptoms of High Temperature Injury 

One obvious effect of high temperature on plants is reduction 

in growth (Karr, Linck, and Swanson, 1959), measured as fresh weight or 

dry weight. Some increases in growth may be noted with slight increases 

in temperature but increasing temperature has been shown to ultimately 

limit growth of Pisum sativum L., (Stanfield, Ormrod, and Fletcher, 1966) 

as measured by number of pods per plant. They found that pea yield 

decreased as temperatures increased above 16 C day/10 C night, due mainly 

to a reduction in the number of pods per plant. In an earlier study on 

temperature effects on yield of peas, Lambert and Linck (1958), using the 

cultivar Alaska, found that treatment of peas with high temperature 

during a period from five days before full bloom to 15 days after full 

bloom reduced fresh weight, and the number of peas which were classed as 

canning size. They also found that fresh weight of peas was reduced 

more with increasing temperature from 27 C to 29 C to 32 C and with 

increasing duration from one to three to five days. Within each 

3 
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temperature, the longer the treatment, the less the yield and for each 

of the durations, the higher the temperature, the lower the yield. 

In a study of the response of four perennial grasses to controlled 

temperatures, Baker and Jung (1968) found that the optimal temperatures 

for top growth of timothy (Phleum pratense L.), orchard-grass (Dactylis 

glomerata L.), and bluegrass (Poa pratensis L.) was between 18.3 and 

21.6 C while the optimal temperature for bromegrass (Bromus inermis 

Leyss.) was between 18.3 and 24.9 C. When the day temperature was 

increased from these optimal ranges to 34.8 C, all of the species 

decreased in yield, measured as dry weight, but the decrease in brome

grass was less than in the other species. 

Using another grass, Setaria italica Beauv., cv. White wonder 

millet, Dotzenko et al. (1967) found that temperature stress of 35 C 

applied to plants during anther emergence for periods of 0, 4, 8, 16, 

and 24 hours resulted in reduced height. They also found that stressed 

plants matured 10 to 12 days earlier than control plants. 

In a study on the reaction to high temperatures of various 

cultivars of a wide range of species, Oleinikova (1963) found differences 

in heat resistance in cultivars of wheat, lentils, bean, pea, and chick

pea. He concluded that the degree of cytoplasmic heat-resistance 

differs with the various cultivars of crops. Oleinikova further stated 

that exudation of electrolytes and soluble substances may be used as 

a basis for observing differences in heat resistance. 
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Biochemical Aspects of High Temperature Injury 

Protein Content 

Protein content of plants, as affected by high temperatures, 

has been considered by a number of workers since Sachs (1864). Alex-

androv (1964) felt thermostability of plant cells was due to the 

resistance of their proteins to denaturation and resistance to injurious 

metabolic changes. Alexandrov based this hypothesis on the fact that 

Q]0 values for protoplasmic streaming, of the magnitude he observed 

on heating certain plants, could only be duplicated or observed in 

vitro in the denaturation of proteins by heat. He observed a Q10 value 

of 2150 for protoplasmic streaming in Dactyl is glomerata, orchard-grass. 

Beard (1969), in discussing the effects of temperature stress 

on Poa annua L., an annual bluegrass, pointed out that if temperatures 

are increased to quite high levels, direct temperature injury, manifested 

as denaturation of proteins contained in the protoplasm of living cells, 

may occur. 

Although Belehradek (1935) showed clearly that the killing-

curve for Elodea .sp. was a two step process, Brock (1967), in a paper 

discussing evolutionary, ecological, and biochemical significance of 

organisms living in hot springs, stated that there is no evidence that 

organisms are killed by heat because of inactivation of proteins or 

other macromolecules. He based his argument on the fact that analyses 

of thermal-death curves of certain organisms indicate that thermal-death 

is a first-order process, at least in bacteria. Brock further stated 

that the thermo-stability of protein-synthesizing machinery was more 
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important than the stability of individual proteins because there is 

nothing to replace protein-synthesizing machinery once it is destroyed. 

Mothes and Engelbrecht (1963) excised leaves from Nicotiana 

rustica, heated the apical half for a short period of time and determined 

that the heated area yellowed sooner due to an efflux of amino acids. 

They also cut disks from heated and unheated areas of a leaf and noted 

that both disks yellowed in about the same time, but more slowly than 

the heated area of a whole leaf. From this they concluded that.protein 

synthesis was not severely affected by high temperature. They further 

concluded that rapid yellowing of the leaf was caused by the efflux 

of metabolites, while in the heated disks, the amino acid pool is relative

ly constant, making possible resynthesis of proteins. 

Chlorophyll Content 

Another obvious effect of high temperature on plants, although 

seldom used as a parameter of high temperature injury, is a reduction 

in chlorophyll. Yellowing (chlorosis) was considered by Mothes and 

Engelbrecht (1963) as an indication of high temperature injury but there 

was no indication of quantitative measurements in their work. 

An extremely critical dependence of chlorophyll accumulation 

on temperature has been shown by Friend, Helson and Fisher (1962). They 

found that in Marquis wheat, a rise of about 0.5 C at a temperature of 

34 C could change the pattern of normal chlorophyll accumulation and 

subsequent growth to failure of accumulation and early death. 
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Photosynthesis 

Photosynthesis involves a combination of photo-chemical and 

biochemical reactions either or both of which may be affected by temp

erature (Langridge and Mc William, 1967). Biochemical reactions are 

probably more directly affected by high temperatures than the photo

chemical reaction, due to their enzymatic nature (Leopold, 1964). Went 

(1953) stated that temperature affects a chemical process at high 

light intensities and a diffusion process when the photo-chemical 

process becomes limiting. 

In a study on the heat-susceptibility of orchardgrass seedlings, 

Dactyl is glomerata L., Dotzenko, et al. (1967) found that-photosynthetic 

rates were markedly reduced a few hours following heat stress. Seedlings 

recovered their photosynthetic capacity rapidly, however, after a few 

days. One week following stress there was no difference in photosynthetic 

rates of stressed and non-stressed plants. 

Ketellapper (1963) found that Pisum sativum L., cv. Unica, grown 

under conditions of 17 and 23 C had significantly different rates of 

photosynthesis. Photosynthesis was greatly reduced in plants grown at 

23 C for about 10 days compared with plants grown at the cooler temper

ature. Ketellapper was unable to explain the nature of this photosynthetic 

lesion. 

Respiration 

In a study on respiration and oxidative phosphorylation of pea 

seedlings, cv. Green early, Semichatova, Bushuyeva, and Nikulina (1963) 

found that P/0 ratios of isolated mitochondria decreased with increased 
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temperature until at 35 C there was a complete uncoupling of respiration 

and phosphorylation. In contrast, when intact plants were subjected to 

various temperatures and mitochondria then isolated, a change in P/0 

ratio was not evident until 46 C. This is in general agreement with the 

findings of Geronimo and Beevers (1964) who considered the effects of 

temperature and aging on respiratory metabolism of green leaves of 

Pisum sativum L., cv. Alaska. As pea leaves aged there was a decline 

in their respiratory ability. There was also a decline in the ability 

of isolated mitochondria to oxidize Kreb cycle intermediates and to 

carry out oxidative phosphorylation. They found that during growth of 

peas at an optimal temperature of 20 C, oxidative and phosphorylative 

abilities of isolated mitochondria declined more rapidly than respir

ation rates of intact tissue. They also found that low temperature 

(10 C) slowed and high temperature (30 C) accelerated changes that 

occurred at 20 C. They clearly stated that high temperatures accel

erate maturity and low temperatures slow down maturity. 

Comparing oxidative phosphorylation by shoot and root mito

chondria, Beevers and Hanson (1964) stated that root mitochondria 

appeared to be more senstive to high temperatures than did shoot mito

chondria. They concluded that phosphorylative efficiency was not 

materially affected by increasing temperature until respiration rates 

approached the maximum. Beyond this maximum, phosphorylation declines 

rapidly, and some deficiency of high-energy phosphate can be expected. 

The decline in respiration rate during exposure to high 

temperature has been used as an assay for heat-tolerance (Kinbacher and 

Sullivan, 1967). It was found that although heat hardening reduced 
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the decline in respiration rate under the conditions tested, rate of 

decline of respiration rate under those conditions could not be used 

as a criterion for heat tolerance since the decline was not correlated 

with the known heat tolerance of the cultivars tested. 

Petinov and Molotkovsky (1957) considered that the reparative 

capacity of heat-resistant plants was based on metabolic reactions 

inherent in any plant, and did not represent a qualitative distinction. 

They stated that resistant plants are capable of sharply intensifying 

those processes which determine resistance to high temperature, while 

non-heat-resistant plants do not possess such capacity. They stated 

further that heat-resistance is effected through synthesis of additional 

organic acids by respiratory enzymes as a result of organic acid con

sumption which is increased by heat. 

In a later study, Petinov and Molotkovsky (1961) reasserted 

that heat-resistant plants possess a protective mechanism based on the 

respiration process. They stated that heat intensifies certain pro

cesses that overcome heat injury. They observed that respiratory 

quotients fell and new organic acids produced by an enhanced respiration, 

were rapidly incorporated into amino acids and amides. 

Biochemical Basis for High Temperature Injury 

A number of biochemical bases for high temperature injury have 

been proposed. Perhaps Belehradek's pluralistic hypothesis is the most 

inclusive (Belehradek, 1963). He stated that no single product of 

protoplasmic disintegration can explain the mechanism of damage by, and 

the resistance to extreme temperatures. Belehradek acknowledged that 



factors must be studied individually in order to establish their 

relative importance. 

The possible "chemical cure of climatic lesions" was proposed 

by Bonner (1957). This proposal was based on several assumptions: 

(1) biochemical reactions contributing to growth may be adversely 

affected by non-optimal climatic conditions causing a shortage of one 

or more essential metabolites, and (2) the shortage of these reaction 

products or metabolites may be overcome by their addition from exogenous 

sources. 

The chemical cure of climatic lesions has been applied to 

microorganisms as well as higher plants. Brockwell and Phillips 

(1965) reported that death rates of Rhizobium meliloti, expressed as 

the mean logarithmic decline per hour, were lowest at 40 C and increased 

markedly with each 10 degree rise in storage temperature. Addition of 

sucrose to the broth culture reduced mortality, while the use of peat 

inoculant instead of broth, reduced mortality further, especially at 

the highest temperatures. 

The maximum temperature at which Bacillus stearothermophilus 

would grow was found to be decreased if a medium free of cofactors 

was used (Bubela, 1968). This increased thermosensitivity was considered 

to be caused by an imbalance of the cellular system or a shortage of 

essential components which the organisms cannot produce from the medium 

at all or at the rate required, or by both of these factors. 

Bonner's (1957) proposal that at extreme temperatures, rate of 

growth may be limited by the velocity of a single reaction and that 
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there could be 9 temperature-induced shortage of an essential metabolite 

had been demonstrated earlier (Bonner, 1943). Bonner found that the 

addition of thiamine, a co-enzyme in aerobic respiration, effected 

chemical control of a temperature disease in Cosmos. Galston and Hand 

(1949) were also able to demonstrate chemical control of growth in 

sections of etiolated pea stems. They showed that a decrease in growth 

at high temperatures was due to thermal inactivation of an adenosine-

containing system. Highkin (1957) reported that the amount of adenine 

in a heat-resistant strain of Pi sum sativum increased with high tempera

ture while adenine content of a heat-susceptible strain remained unchanged. 

Ketellapper and Bonner (1961) have shown that if peas were 

grown at a day temperature of 23 C and a night temperature of 17 C, and 

treated with 10% sucrose, it was possible to demonstrate a 56% increase 

in dry weight over control-piants grown at a constant temperature of 17 

C. Vitamin-B complex- or riboside-treated plants grown at 30 C day and 

23 C night temperatures showed as much as a 40% increase in dry weight 

over control plants. 

In a later study, Ketellapper (1963) found that the dry weight 

of peas, cv. Unica, was reduced after exposure to 23 C, but this reduction 

could be overcome with a spray of 10% sucrose. At 26 C, sucrose was 

no longer effective and other metabolites such as vitamine-B complexes 

and ribosides were needed to restore dry weight production. 

The protective action of sugars against high temperature 

injury was noted by Molotkovsky and Zhestkova (1964). The sugars were 

thought to act in stabilizing respiration and protecting the surface 
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of mitochondria against heat injury. This is in general agreement with 

the work of Feldman et al. (1963) who stated that the protective mech

anism of sugars and other denaturants is in stablizing protein molecular 

macrostructure. 

An additional substance has been shown to be of some importance 

at high temperatures. Langridge (1965) isolated two heat-sensitive, 

mutants of Arabidopsis thaliana (L.) Heynh., requiring biotin for 

growth at high temperatures. 

Senescence 

Since some of the visual symptoms of high temperature injury, 

such as chlorophyll breakdown and the concomitant loss of protein, 

resemble those of senescence, consideration of certain aspects of 

senescence would be appropriate. 

Cytokinins and senescence. The ability of adenine derivatives 

and cytokinins to retard senescence is well documented (Kulaeva, 1962; 

Parthier, 1964; Anderson and Rowan, 1966; and Kuraishi, 1968). Richmond 

and Lang (1957) found that kinetin was capable of reducing or prevent

ing the accelerated protein loss that is typical of detached leaves. 

They also found that kinetin delayed the loss of chlorophyll and extend

ed the life-span of detached leaves. 

Dedolph, Wittwer, and Tuli (1961) noted that respiration as 

measured by C02 evolution, dessication as measured by weight loss, and 

growth as measured by elongation were all proportionally inhibited in 

harvested asparagus spears following postharvest application of N6-

benzyladenine. They suggested that many of the phenomena observed by 
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others, such as chlorophyll retention, changes in nitrogen metabolism, 

and general inhibition of senescence in green plant tissues subsequent 

to treatment with kinetin and related compounds, may be a consequence 

of respiration. 

Sitton, Itai, and Kende (1967) have suggested that a reduced 

supply of cytokinins from the root to the shoot is one of the factors 

bringing about senescence. 

Cytokinins in relation to high temperature injury. Itai and 

Vaadia (1965) have shown that there was less kinetin-like activity 

per unit volume in root exudate of previously water-stressed sunflower 

plants than in the exudate of control plants. They suggested that 

modification of leaf metabolism in stressed plants may be the reflection 

of a decreased supply of regulatory root factors to the shoot. 

Mothes and Engelbrecht (1963) have shown that heating rooted 

leaves and unrooted leaves treated with kinetin did not cause yellow

ing. Thus, roots as well as kinetin imparted an increased degree of 

heat resistance to the leaves. 

It is reasonable to assume that adenine and related compounds 

may be involved in thermal inactivation of plar'; growth. Evidence has 

been presented that cytokinins are synthesized in the roots (Bollard, 

1956; Kende, 1964, 1965; Loeffler and van Overbeek, 1964) and that 

factors formed in the roots are required for maintenance of chloroplast 

integrity (Shakov and Golubkova, 1960; Kulaeva, 1962). The possibility 

emerges from this work that the root is the site at which the biochemical 
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effects of high temperature are perceived and the shoot manifests the 

visible symptoms resulting from the deficiency of a metabolite 

synthesized in the root. 



MATERIALS AND METHODS 

Plant Materials 

Two cultivars of Pisum sativum, L., were used as experimental 

material in this study: cultivar Alaska, considered heat susceptible, 

and cultivar Wando, considered heat resistant. Seed of both cultivars 

were obtained from the Ferry-Morse Seed Company. 

Seed were selected for uniform size, mechanically scarified 

opposite the hilum, soaked for one hour in a 0.52% solution of sodium 

hypochlorite and planted in vermiculite in 11 cm plastic containers. 

Uniform emergence was achieved by orienting the seed in the same direction 

at a uniform planting depth of approximately 2 cm. 

Peas were grown in a Sherer-Gillet growth chamber, model CEL 

37-14, programmed for a 16-hour photoperiod and a light intensity of 

approximately 3000 fc, and day/night temperatures of 20/17 - 2 C. 

Peas were grown to the desired age and tranferred to small growth 

cabinets for exposure to various temperature regimes. Light intensity 

within these cabinets was approximately 1000 fc. In order to reduce 

variations in temperature, plants were grown under constant light. 

4. 
Temperatures within the cabinets were 20, 25, 30, 35, or 40 - 2 C. An 

attempt was made to control humidity by using open containers of water 

within the cabinets. This technique produced humidities of approximately 

90-95%. 

Peas were watered daily with distilled water and showed good 

growth. Peas were generally harvested by 24 days and frozen for 

15 
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subsequent analyses. No differences were noted between frozen and 

unfrozen plant material in any of the assays. 

The differential shoot/root temperatures to which the plants 

were exposed were attained in the small growth chambers. Shoots of 

the plants were maintained at the ambient temperature of the growth 

chamber while different root temperatures were attained by immersing 

the 11 cm pots in which the plants were grown in water in an insulated 

container. Temperature of the water in the container was maintained 

by circulating a coolant (ethylene glycol) or hot water through copper 

tubing in the water. The pump circulating the coolant or hot water 

was controlled by a Thermocap relay connected to a long-stemmed 

mercurial thermometer inserted into the vermiculite in which the plants 

were growing. In this manner root temperature was controlled to within 

- 0.1 C. 

Methods 

Chlorophyll 

Both cultivars of peas were used in studying the effects of 

temperature on chlorophyll content. Twelve-day old plants were exposed 

to temperatures of 20, 25, 30, 35, or 40 C for 0, 2, 4, 6, 8, or 10 

days. Shoots were chopped thoroughly and 0.5 g samples taken for 

chlorophyll assay. Samples were ground in a mortar and pestle using 

absolute anhydrous methanol for extraction. Absorbancies of the extracts 

were determined at a final concentration of 240:1, using a Gilford 

spectrophotometer at a wavelength of 665 nm. 
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Chloroplast Proteins 

Chloroplast proteins were extracted in a sucrose-phosphate 

buffer, pH 7.2, (0.5 M sucrose, 0,067 M potassium phosphate , and 0.005 

M EDTA) and separated by centrifugation at 8,000 x g for 10 minutes. 

The chloropl ast pell et was resuspended in the same buffer and qualitative

ly separated using disc electrophoresis on polyacrylamide gels. The 

electrophoresis apparatus consisted of a Canalco bath assembly and 

either a Cana lco or Buchler power supply. Gels were run and destained 

with 5 and 10 rnA per tube respectively. Amido Schwarz , l g/100 ml 

of 7% glacial acetic acid, was used to stain the proteins. Upper and 

lower bath assemblies con tained a tris-glyci ne buffer, pH 8.3, (0.0049 M 

tris and 0.0384 M glycine) during el ectro : ~ s is and 7% glacial acetic 

acid during destaining. Extraction was carl ied out at 0 to 4 C and 

electrophoresis at 10 C. 

Protein Content 

Proteins were extracted from shoots and roots in a citrate

phosphate buffer, pH 7.2, (0.18 M) and estimated calorimetri cally 

after the procedure of Lowry et al. (1951). A 0.5 g sample was 

precipitated with l ml of cold 10% (w/v) trichloroacetic acid. The 

precipitate was collected by centrifugation and suspended in 5 ml 

of 0.1 N NaOH. A 0.1 ml aliquot of the NaOH suspensi on was mixed 

with 5 ml of 100:1:1 (v/v/v) of 4% Na2co3 in 0.1 N NaOH, 4% sodium 

tartrate, and 2% Cuso4-5H2o and incubated at 45 C for 15 minutes. 

A 0.5 ml of phenol reagent (Folin-Ciocalteau), diluted l:l (v/v) 

with distilled water , was added to the above mixture , mixed thoroughly, 
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and allowed to incubate for 30 minutes at room temperature. Absorbancy 

of protein material was determined at a wavelength of 750 nm and compared 

to a standard curve prepared using bovine serum albumin, fraction V 

(Sylvana, Mi 11 burn, N.J.). 

Shoot and root proteins were subjected to disc electrophoresis, 

using a technique similar to that used for separating chloroplast proteins 

except plant material was extracted in a citrate-phosphate buffer, pH 7.2, 

(0.18 M) and was not subjected to centrifugation. All densitometric 

tracings were made with a Photovolt desitometer with a 0.1 mm slit and 

a modified gel carrier. 

Nucleic Acid Content 

Colorimetric determinations of DNA and RNA of shoots and roots 

of both cultivars were made at periodic intervals after exposure to 

the various temperatures. A 0.5 g sample of tissue was homogenized 

in cold methanol using a mortar and pestle at 0 to 4 C. The homogenate 

was centrifuged at 1100 x g for 15 minutes and the pellet was washed 

three times with cold methanol, twice with 0.2 M HCIO^, and once with 

absolute ethanol. Lipids in the pellet were removed with ethanol-ether 

(2:1, v/v) by heating in a water bath at 50 C for 30 minutes, centri-

fuging, and discarding the supernatant (Smillie and Krotkov, 1960). 

Nucleic acids in the resulting pellet were hydrolyzed in 5 ml 

of 5% HCIO^ at 70 C for 40 minutes. The nucleotide solution was 

adjusted to approximately pH 7.0 with concentrated K0H and taken to a 

volume of 10 ml with distilled water. Insoluble KCIO^ was removed by 
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centrifligation at 0 to 4 C. Nucleotides in the resulting supernatant 

were estimated by reading the absorbancies at 260 and 290 nm, subtracting 

the second reading from the first, and multiplying by a factor of 57 

(Cherry, 1962). 

DNA content was determined from an aliquot of the same extract 

used for the determination of total nucleic acids. The diphenyl amine 

(DPA) test for deoxyribose was used for the determination (Burton, 1956). 

One ml of neutralized acid extract was mixed with 2 ml of the DPA 

reagent. The nucleotide solution and diphenylamine mixture were incubated 

overnight in the dark. Absorbancy of the solution was read at 600 nm. 

A standard curve was prepared with DNA (Nutritional Biochemicals Corp., 

Cleveland) and used to determine DNA content of the samples. The 

difference between total nucleic acid content and DNA content gave RNA 

content. DNA used for the standard curve was not highly polymerized 

and contained 13.7% N and 8% P, with 7% moisture. 

Cytokinin Content 

Shoots and roots were extracted in a citrate-phosphate buffer, 

pH 7.2, (0.18 M) 1:2 (w/v), and the pH adjusted to approximately 2.5 

with 1 N HC1. The.extract was added to a cation exchange resin, Dowex 

50W-X8, 100-200 mesh, which had been acidified with 10% HC1 and washed 

to neutrality with distilled water. The liquid phase of the mixture 

was discarded and the material bound to the resin was eluted with 10 

ml of 10% NH^OH followed by 10 ml of deionized water. The resultant 

20 ml of solution was lyophilized on a Thermovac freeze drier and 
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extracts stored frozen until used in a bioassay. All extractions with 

the Dowex resin were made using the batch process. 

Cytokinin activity was measured as the ability of the extracts 

to maintain chlorophyll content in barley leaf segments (Carr and 

Burrows, 1966). Barley, Hordeum vulgare, L., of a specially selected 

pure line (Arivat), was supplied by Dr. R. T. Ramage, Department of 

Agronomy, University of Arizona. Barley seed were cleaned and selected 

for size and planted in galvanized steel flats. Barley was grown in 

a Sherer-Gillet growth chamber, model CEL 37-14, programmed for a 16-

hour photoperiod and a light intensity of approximately 3000 fc, and 

+ 
day/night temperatures of 20/17 - 2 C. Plants were harvested after 

12 days for use in the bioassay. A 1 cm segment, 3 cm from the tip, 

was excised from leaf blades which had been harvested and selected 

for uniform length and width. Four segments were incubated with each 

extract which was suspended in citrate-phosphate buffer, pH 7.2, 

(0.18 M) and 250 units of penicillin G (Calbiochem, Los Angeles). 

All treatments were replicated three times. A control of buffer and 

penicillin was run with each bioassay. 

Chlorophyll was extracted from barley leaf segments in hot 

80% ethanol. Extracts of chlorophyll were taken to 10 ml and 

absorbance determined at 665 nm. Chlorophyll retention of segments 

incubated with extracts was compared with that of controls. An increase 

in chlorophyll retention was taken as an indication of cytokinin 

activity. 
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Thin-Layer Chromatography of Cytokinin Extracts 

Cytokinin-containing fractions from Alaska and Wando shoots 

and roots were spotted as 0.5 cm bands at the origin of 20 x 20 cm 

silica gel G thin-layer plates which were about 250 JJ thick. Plates 

were developed to 15 cm in a mixture of tertiary amy! alcohol:formic 

acidrwater (3:2:1, v/v/v) as the solvent (Carr and Burrows, 1966). 

Chromatograms were divided into ten equal zones and the silica gel 

scraped off. Each one was divided into three equal sections to provide 

replication and show variation in movement on the plates. Silica 

gel containing the dried solute was incubated with barley segments, 

using silica gel that had not been spotted as a control. All treat

ments were incubated in a citrate-phosphate buffer, pH 7.2, (0.18 M) 

and 250 units of penicillin G. 

Respiration Measurements 

Leaf Disks and Root Tips 

Respiration rates of leaf disks and root tips were measured 

on a Gilson Differential Respirometer. Temperature was controlled to 

- 0.1 C in all experiments. Manometer flasks contained 3.0 ml of 

ammonium citrate, pH 5.5, (0.0001 M) with 1% sucrose. Center wells 

of the flasks contained 0.2 ml concentrated KOH with a wick of 

absorbant paper. One-half cm disks were cut from the laminar portion 

of the leaf and 13.5 mm segments were cut from secondary roots. All 

plant material was kept on ice until placed on the respirometer. An 

equilibration time of ten minutes was used in all experiments prior to 

measurement. 
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Etiolated seedling Mitochondria 

Mitochondria from two to four day-old etiolated seedlings of 

Alaska and Wando were extracted using a modification of several methods 

(McDaniel and Sarkissian, 1968; Sarkissian and Srivastava, 1968). All. 

procedures were carried out at 0 to 4 C. Oxygen uptake was measured 

in a Biological Oxygen Monitor, Yellow Springs Instrument Company. The 

reaction mixture used in the chamber consisted of 0.3 M mannitol, 0.01 

M tris-HCl, 0.01 M KHgPO^,bovine serum albumin 0.75 mg/ml, 0.005 M MgCl2» 

and thiamine pyrophosphate, 0.5 mg/reaction. The pH was adjusted to 

7.20 and the reaction mixture taken to 20 ml with double-deionized 

water. The substrate used in all reactions was « keto-glutarate with 

additions of adenosine diphosphate (150 JJM) made using a syringe. Final 

volume of the reaction was 3.0 ml with a pH of 7.20. 

The reaction mixture was added to the chamber and aerated for 

two minutes. A 0.5 ml aliquot of the mitochondrial suspension was 

added and the mixture was allowed to equilibrate for an additional 

minute. The oxygen probe was inserted in the chamber and measurement 

of the reaction was initiated. 

Respiratory control ratios were calculated as ratios of 

state 3 rates of mitochondrial respiration to state 4 rates of 

respiration. States of mitochondrial respiration are, according to 

Chance and Williams (1955): 

Steady state 1: Initial endogenous respiration 

state 2: ADP stimulated endogenous respiration 
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state 3: ADP stimulated respiration, substrate 
present 

state 4: Substrate present, ADP absent, respiration 
depressed 

state 5: ADP and substrate present, anaerobic 
condition 

ADP:0 ratios were calculated as the ratio of >iM ADP added to 

JLIM Og uptake per 3.0 ml reaction from the point of ADP addition to 

initiation of subsequent state 4. 



RESULTS 

Characterization of High Temperature Injury 

Fresh Weight 

Growth of shoots and roots of 12-day old plants, measured as 

fresh weight per plant, was recorded at two-day intervals for plants 

grown at 20, 25, 30, 35, and 40 C for 10 days (Table 1). Growth 

curves of shoots and roots at each temperature illustrate the effect 

of increased temperature on plant growth (Figure 1). At 20 C, growth 

plotted as weight per plant, showed a general exponential increase 

with time. With each 5 degree increment, a change in growth rate was 

readily apparent. Plants grown at 25 and 30 C showed the same general 

rate of growth as those grown at 20 C but with a slight decrease in 

fresh weight during the last two days. Plants grown at 35 C or above 

gave a different response. At 35 C there was an immediate decline in 

weight per plant, and at 40 C this same reduction in weight was much 

more pronounced. 

Shoots and roots of the two cultivars did not respond equally to 

elevated temperatures. After 10 days, shoots from the cultivar Alaska 

grown at 20 C weighed almost eight times as much as those grown at 40 C. 

Roots from the same plants grown at 20 C weighed approximately seven times 

as much as those grown at 40 C. After 10 days, shoots from the cultivar 

Wando, grown at 20 C, weighed almost five times as much as those 

grown at 40 C, while roots from this cultivar, grown at 20 C, weighed 

24 



Table 1. Effect of temperature on fresh weight of Alaska and Wando 
roots and shoots at 2-day intervals at various temperatures. 
Values are in grams/plant. 

Temperature 

Time 20C 25C 30C 35C 40C Isd .05 

shoots 0 .50 .50 .39 .35 .48 ? .08 
2 .55 .62 .47 .36 .26 
4 .51 .66 .52 .48 .16 
6 .60 .83 .53 .38 .16 
8 .70 .75 .50 .37 .14 
10 .75 .70 .45 .28 .10 

X .60 .68 .48 .37 .22 

Wando shoots 0 .40 .26 .32 .20 .40 
2 .35 .40 .45 .40 .38 
4 .42 .64 .40 .40 .18 
6 .40 .48 .54 .35 .36 
8 .70 .65 .50 .26 .15 
10 .76 .58 .48 .27 .16 

.51 .50 .45 .31 .27 

Alaska roots 0 .40 .45 .63 .61 .72 .15 0 .40 .45 .63 .61 .72 
2 .55 .70 .55 .45 .40 
4 .42 .62 .85 .52 .36 
6 .55 .57 .61 .43 .26 
8 .65 .85 .78 .42 .40 
10 .90 .70 .60 .48 .13 

.58 .65 .67 .49 •
 

CO
 

CO
 

Wando roots 0 .90 .75 1.11 .65 1.12 
2 .75 .68 .85 .85 .63 
4 1.25 1.11 1.08 .95 .72 
6 1.10 .87 1.10 .74 .15 
8 1.20 1.10 1.25 .73 .57 
10 1.03 .80 1.05 .74 .44 

1.04 .89 1.07 .78 .61 
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Figure 1. The effect of temperature on fresh weight of 
Alaska and Wando shoots and roots after 10 
days at the indicated temperature. 
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more than twice as much as those grown at 40 C. Shoot growth of both 

cultivars decreased at temperatures above 25 C while root growth 

decreased at temperatures above 30 C. 

There was a difference between cultivars in response to the 

elevated temperatures, but the difference was somewhat less pronounced 

than the difference between shoots and roots. Shoot growth of cultivar 

Alaska showed a sharp decline at temperatures above 25 C but shoot 

growth of cultivar Wando did not exhibit this sharp decline until 

temperatures exceeded 30 C. 

Chlorophyll Content 

Chlorophyll content of 12-day old Alaska and Wando shoots was 

measured as the Agg^ value of methanol extracts and showed a general 

decline with increasing temperature (Figure 2). There was a tendency 

for Wando chlorophyll values to be slightly higher than corresponding 

Alaska chlorophyll values. There was also a tendency for chlorophyll 

content of Alaska shoots to decline at a slightly lower temperature 

than chlorophyll content of Wando shoots. 

Protein Content 

Concomitant with a reduction in chlorophyll content, protein 

content of both cultivars declined with time. On a per plant basis, 

22-day old plants grown at 20 C contained approximately 75% of the 

protein of that contained by 12-day old plants, probably due to a 

depletion of cotyledonary reserves and no added nutrients. Effects 

of increased temperature on protein content were more pronounced. 
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Figure 2. The effect of temperature on chlorophyll content 
of Alaska and Wando shoots; Values are means of 
six determinations taken at two-day intervals during 
a ten-day period. Chlorophyll content measured 
as absorbance' of a methanol extract at 665 nm. 
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Twelve-day old plants grown at 40 C for ten days possessed approximately 

50% of the amount of protein of plants of the same age grown at 20 C 

for ten days (Figure 3). 

A general comparison of shoots and roots grown at 40 C indicated 

that they contained approximately 45% of the amount of protein contained 

by shoots and roots grown at 20 C. A specific comparison of cultivars 

and organs revealed marked differences. Shoot protein content of both 

cultivars began to decline at temperatures above 25 C but protein 

content of roots of both cultivars did not begin to decline until temp

eratures exceeded 30 C. The decline in protein content at high 

temperatures was much more pronounced in shoots than in roots. (Figure 3). 

Protein content of Alaska shoots declined more rapidly at high 

temperatures than protein content of Wando shoots. Protein content of 

Alaska roots began to decline at temperatures above 30 C but protein 

content of Wando roots did not begin to decline until temperatures 

exceeded 35 C. 

Nucleic Acid Content 

Ribonucleic acid. Content of ribonucleic acid (RNA) of Alaska 

and Wando showed a slight decrease with time at 20 C. Elevated temper

atures markedly reduced RNA content of both cultivars, compared to RNA 

content of plants grown at 20 C. RNA content of plants grown at 40 C 

was approximately 25% of RNA content of 20 C plants (Figure 4). 

RNA content of shoots and roots was not similarily influenced 

by elevated temperatures. RNA content of shoots from plants grown at 
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Figure 3. The effect of temperature on protein content of 
Alaska and Wando shoots and roots. Values are 
means of six determinations taken at two-day 
intervals during a ten-day period. 
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Figure 4. The effect of temperature on ribonucleic acid 
content of Alaska and Wando shoots and roots. 
Values are means of six determinations taken at 
two-day intervals during a ten-day period. 



40 C was approximately 15% of the RNA content from 20 C plants. RNA 

content of roots from the same, plants at 40 C was about 48% of those grown 

at 20 C (Figure 4). Root RNA content of both cultivars was generally 

unaffected until temperatures exceeded 35 C but Alaska shoot RNA content 

was reduced by temperatures above 25 C and Wando shoot RNA by temperatures 

above 30 C. 

Alaska and Wando cultivars displayed an additional disparity 

in RNA content in response to high temperatures. At 40 C, cultivar 

Alaska possessed approximately 18% of the amount of RNA that was present 

at 20 C. In comparison, cultivar Wando grown at 40 C, contained almost 

35% of those grown at 20 C. Thus, RNA metabolism in the cultivar Alaska 

was apparently more sensitive to high temperatures than RNA metabolism 

in the cultivar Wando at the same temperatures. 

Deoxyribonucleic acid. Colorimetric determinations of DNA 

indicated a striking effect of temperature (Figure 5). From a base

line content of DNA at 20 C, there was almost a two-fold increase in 

DNA with an increase in temperature to 25 C. An additional increase 

in temperature to 30 C, however, effected a slight reduction in DNA 

content, with each subsequent five degree increase resulting in less 

DNA per plant until at 40 C there was approximately 70% of the amount 

of DNA per plant when compared to DNA content of plants grown at 20 C. 

There was a difference between organs in response to elevated 

temperatures. Shoot DNA in both cultivars was reduced at temperatures 

above 25 C while DNA in the roots did not decline until temperatures 

exceeded 30 C. 
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Cytokinin Content 

Cytokinin-like activity of extracts from Alaska and Wando 

cultivars responded strikingly to increased temperatures, with the 

greatest reduction in activity occurring between 30 and 35 C. (Figure 6). 

Between 30 and 35 C there was an approximate 40% reduction in activity 

compared to activity of cytokinin extracts from plants grown at 20 C. 

There was an additional reduction in activity of about 15% between 35 

and 40 C. Thus, cytokinin-like activity of extracts from plants grown 

at 40 C was reduced approximately 55% from that of plants grown at 

20 C. 

Comparison of cytokinin activity between cultivars indicated 

that activity of Wando extracts was almost 10% greater than activity 

of Alaska extracts. Apparently, this difference in activities was 

due to Wando root extract activity, as on a per plant basis, Wando 

shoot extracts exhibited less activity than Alaska shoot extracts. 

Generally, root cytokinin activity was almost one-third 

greater than cytokinin activity of shoots. On a per plant basis, 

Wando roots possessed almost twice the amount of cytokinin activity 

as Alaska roots. 

Cytokinin activity of extracts from Alaska and Wando shoots 

and roots was not similar. There was an immediate decline in activity 

of extracts from Alaska and Wando shoots, and activity was not similarily 

Influenced by high temperatures. 
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Respiration Rates 

Respiration rates of leaf disks at various temperatures were 

measured manometrically to find a means of evaluating a cultivar's 

response to different temperatures. Respiration rates of leaf disks 

and secondary root segments were also measured following exposure to 

elevated temperatures for various time periods in an effort to point 

out possible differences. 

Respiration rates of shoots and roots were measured as percent 

of control (no exposure at 50 C) per time exposed at 50 C (Figures 

7 and 8). After seven minutes exposure to 50 C, both Alaska and Wando 

root respiration was reduced to 50% of the control with approximately 

35% of the control rate remaining in both cultivars after 30 minutes 

exposure. 

Respiration of leaf disks after exposure to 50 C presented a 

different picture. Both Alaska and Wando disks were still respiring 

at 50% of the control rate after 12-15 minutes exposure. There was 

a rapid initial drop in respiration of Alaska disks which was not 

evident in Wando disks. 

Apparently the systems of 0g uptake in shoots and roots are 

different. That is, although 0^ uptake may be a function of mito-

condrial activity in the shoots and roots, the two systems are not 

equally stable at high temperatures. Root respiration is apparently 

more stable than shoot (leaf disk) respiration. 
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Perception and Manifestation of High Temperature Injury 

Differential Temperature Study 

The effects of differential shoot/root temperatures were 

studied. Six, nine, or twelve-day old plants of Alaska and Wando 

cultivars were subjected to several shoot/root temperature combinations 

for six, nine, or twelve days. Temperature combinations included 

20 C shoot/20 C root, 40 C shoot/40 C root, 40 C shoot/ 20 C root, 

and 20 C shoot/40 C root. Root temperatures were monitored with a 

long-stemmed mercurial thermometer and shoot temperatures were measured 

with a Barnes Infrared Sensing Thermometer, Model IT-2. Factors 

measured in the shoots and roots of plants subjected to these conditions 

included fresh weight, protein content, and cytokinin activity. 

Chlorophyll content of shoots was also measured. 

Plants subjected to 40 C shoot/20 C root temperatures showed 

effects of the differential temperature compared with plants subjected 

to 40 C shoot/40 C root temperatures. Both cultivars survived and 

grew at an air temperature of 40 C, providing root temperature was 

maintained at 20 C (Figure 9). Growth of plants subjected to 40 C 

shoot temperatures and 20 C root temperatures was greater in some 

cases than growth of plants subjected to shoot/root temperatures of 

20 C (Figure 10). 

Maintaining plants from both cultivars at a differential 

shoot/root temperature of 20 C shoot/40 C root produced a sharp 

reduction in growth, measured as fresh weight, compared to plants 



Figure 9. Photograph of Alaska (top) and Wando (bottom) cultivars 
after exposure to differential temperatures. Nine-day 
old plants were treated as indicated for nine days. 
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Figure 10. The effect differential temperatures on fresh 
weight of Alaska and Wando shoots and roots. 
Nine-day old plants were treated as indicated 
for nine days. 
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grown under conditions of 20 C shoot/20 C root temperatures. Since 

the shoots of both cultivars were able to tolerate normally lethal 

temperatures when the roots were maintained at optimal temperatures, 

further work on the perception and manifestation of high temperature 

injury was done using 40/40, 40/20, and 20/20 shoot/root temperature 

combinations. 

Biochemical Studies. Chlorophyll content of the cultivars 

Alaska and Wando, measured as of methanol extracts, was influenced 

by the differential temperature regimes (Table 2). The cultivar 

Alaska possessed approximately 72% of the chlorophyll at 40 C, based 

on a value for chlorophyll obtained for the same cultivar at 20 C. 

The cultivar Wando possessed approximately 55% of the chlorophyll, 

when grown at a temperature of 40 C, compared to the chlorophyll value 

for this cultivar when grown at 20 C. Maintaining root temperatures 

of 20 C on the cultivars Alaska and Wando, with shoot temperatures of 

40 C, yeilded chlorphyll values of 90% and 73% respectively. Thus, 

the cool root temperatures prevented a large decrease in chlorophyll 

content in both cultivars. 

Cytokinin activity of extracts from shoots and roots of plants 

subjected to the differential temperature regime of 40 C shoot and 20 C 

root was generally intermediate to activity of shoot and root extracts 

from plants grown at 20 C and plants grown at 40 C (Table 3). 



43 

Table 2. The effect of differential shoot/root temperature on 
chlorophyll content of Alaska and Wando. Chlorophyll 
content measured as absorbance at 665 nm. 

Chlorophyll Content 
A 

Temperature Alaska 665 wanc|0 

20 C 0.584 0.853 
20 C 

0.523 0.636 

40 C 0.421 0.483 
40 C 

Values are means of two measurements on nine-day old plants treated as 
indicated for nine days. 
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Table 3. The effect of several temperature regimes on cytokinin 
activity of extracts from Alaska and Wando roots and shoots. 

Cytokinin Activity 
per plant 

Temperature Alaska Wando 

shoot root shoot root 

20 C 55.6 65.3 46.7 73.1 
20 C 

40 C 36.1 42.7 31.6 58.2 
20 C 

40 C 14.7 16.4 12.1 9.9 
40 C 

Values are means of three determinations of chlorophyll retention using 
a-standard3bioassay. Values are expressed as mean Agg5 reading per 
plant X 10 . Nine-day old plants were treated as inBicated for nine days. 
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The decline in protein content in shoots and roots of plants grown 

under high temperatures was prevented by the differential temperature 

regimes in a manner similar to that of fresh weight and cytokinin activity 

(Figure 11). 

Qualitative determinations of proteins by disc electrophoresis 

indicated that some proteins were absent in the shoots and roots of 

Alaska and Wando cultivars grown at 40 C that were present in the shoots 

and roots of the two cultivars grown at 20 C. Some proteins absent in 

the shoots of plants grown at 40 C were not missing from plants grown 

under conditions of 40 C shoot and 20 C root temperatures (Figure 12). 

In both instances, there appeared to be an influence of shoot/root 

temperatures on protein content of both cultivars. 

Bases for differences between cultivars and organs. Thin-layer 

chromatography of cytokinin extracts from shoots and roots of both 

cultivars and subsequent analysis by bioassay indicated differences 

in activity between the cultivars Alaska and Wando and between shoots 

and roots of each cultivar. The ten eluates, corresponding to the 

ten Rf values from each thin-layer plate varied in activity. Zones 

of activity were not similar between cultivars or between organs within 

a cultivar, indicating that cytokinin extracts differ between organs 

and between cultivars. The majority of activity of the extracts from 

shoots and roots of the cultivar Alaska was in eluates from Rf 0.8 

to 1.0 and 0.3 to 0.6 respectively. Extracts from shoots and roots 

of the cultivar Wando exhibited the greatest activity in eluates from 

0.5 to 0.8 and 0.2 to 0.4 respectively. (Figure 13). 
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Figure 11. The effect of differential temperatures 
on protein content of Alaska and Wando 
shoots and roots. Nine-day old plants 
were treated as indicated for nine days. 
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Quantitative differences in activity of cytokinin extracts 

from shoots and roots of Alaska and Wando cultivars also indicated 

that these extracts were not similar (Table 4). This dissimilarity 

is based on the failure of extracts from different sources to exhibit 

similar degrees of activity in a standard bioassay. 

In vitro exposure to cytokinin extracts from roots of Alaska 

and Wando cultivars to high temperatures indicated a differential 

response to temperature. After exposure of cytokinin extracts to 

temperatures of 40 C and 90 C for one hour, Alaska root extracts 

retained 94% and 75% of the original level of activity respectively, 

while root extracts from the cultivar Wando retained 98% and 95% of 

the original level of activity respectively. 

Leaf disks from Alaska and Wando, incubated in the dark at 

25 C and 30 C and extracted for chlorophyll at various intervals, 

showed a differential response to aging (Figures 14 and 15). Alaska 

leaf disks lost chlorophyll more rapidly than those from Wando. The 

increase in temperature from 25 C to 30 C accelerated the process of 

senescence. 

Qualitative determination by disc electrophoresis indicated 

differences between chloroplast proteins from Alaska and Wando (Figure 16). 

Proteins from lysed mitochrondria from the two cultivars showed even 

greater differences, when compared by the same method (Figure 17). 

Oxygen uptake by mitochondria, isolated from etiolated seedlings 

of Alaska and Wando, and corresponding respiratory control values (RC) 
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Table 4. Comparison of cytokinin activity of roots and shoots of 
Alaska and Wando cultivars; 

Cytokinin Activity 

Organ Alaska Per PlantWando Isd .05 

Shoots 9.2 6.7 0.78 

Roots 9.7 14.7 0.91 

Values are means of ninety determinations of chlorophyll retention 
using a standard bioassay. Values are expressed as mean reading 
per plant x 10^. 
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Figure 14. The effect of aging on chlorophyll content of leaf 
disks from Alaska and Wando. Leaf disks were 
incubated in the dark at 25 C for the time indicated. 
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Figure 15. The effect of aging on chlorophyll content of leaf 
disks from Alaska and Wando. Leaf disks were 
incubated in the dark at 30 C for the time indicated. 



Alaska Wando 

Figure 16. Densitometric tracings of chloroplast 
proteins from Alaska and Wando. Gels 
were stained with Amido Schwarz. 
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Alaska Wando 

Figure 17. Densitometric tracings of lysed mitochondrial 
proteins from Alaska and Wando. Gels were 
stained with Amido Schwarz. 
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and ADP:0 ratios, indicated biochemical differences between mitochondria 

from the two cultivars (Table 5). Mitochondrial respiration of Alaska 

and Wando yielded respiratory control values of 4.1 and 3.1 respectively 

and corresponding ADP:0 values of 2.7 and 2.3. On aging for two days, 

RC values for Alaska and Wando were reduced approximately 60% and 25% 

respectively, while corresponding ADP:0 values were reduced 65% and 45%. 

Fractions of soluble and mitochondrial protein from etiolated 

seedlings of Alaska were subjected to a temperature of 50 C for 30 min

utes and malic dehydrogenase activity compared by disk electrophoresis. 

The reaction mixture for malic dehydrogenase activity included 8 mg 

nitro-blue tetrazolium, 3 mg diphosphopyridine nucleotide, 1.4 mg phena-

zine methosulfate, 3 ml 0.1 M malic acid, and 7 ml 0.014 M tris-HCl at 

pH 8.3. Comparison of densitometric tracings of malic dehydrogenase 

isozymes indicated that mitochondrial MDH isozymes may be more ther-

molabile than MDH isozymes from the soluble fraction (Figure 18 and 19). 

Attempts at Prevention of High Temperature Injury 

Alaska and Wando cultivars were watered daily with three 

concentrations of three organic acids; aspartic acid, malic acid, or 

oxalacetic acid at 10, 100, 1000 mg/1, and were subjected to tempera

ture during this period of 35 to 40 C. No significant differences 

were noted in growth between treatments when compared to controls 

watered with deionized water. 

Nine-day old plants of the cultivar Alaska were sprayed with 

either of two cytokinins or a control of deionized water and subjected 

to a temperature of 40 C. No significant differences in growth were 
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Table 5. Respiratory control values and ADP:0 ratios of mitochondria 
of two ages from etiolated seedlings of Alaska and Wando. 

Mitochondrial Activity 

Respiratory Control ADP:0 

Alaska 
2 day old 4.14 2.72 

4 day old V71 0.92 

Loss-with 
aging 59% 66% 

Wando 

2 day old 3.14 2.32 

4 day old 2.31 1.2 

Loss with 
aging 26% 46% 



Control Heated 

Figure 18. Densitometry tracings of MDH isozymes 
from the soluble fraction of etiolated 
seedlings of Alaska. Gels were stained 
to indicate malic dehydrogenase activity. 



Control Heated 

19. Densitometric tracings of MDH isozymes 
from the mitochondrial fraction of etiolated 
seedlings of Alaska. Gels were stained 
to indicate malic dehydrogenase activity. 



noted between plants treated with the synthetic cytokinins, SD 8339, 

50 mg/1, or SD 4901, 50 mg/1, (supplied by Shell Development Co., 

Modesto, California) and those treated with deionized water. 

In another experiment, plants of the cultivar Alaska were 

sprayed for four consecutive days with either deionized water, N -

benzyladenine, malic acid, oxalacetic acid, aspartic acid, kinetin, or 

a cytokinin extract from Alaska roots. Plants were then subjected to 

a challenge temperature of 38 C for six hours and returned to a growth 

chamber at a temperature of about 20 C. After seven days, growth 

measured as fresh weight was recorded. Results were inconclusive, 

possibly due to the technique of spraying. 



DISCUSSION 

Alaska and Wando cultivars, exposed to high temperatures, 

showed a decline in growth measured as fresh weight, but the response 

of the two cultivars to high temperatures was not the same (Figure 1). 

In addition, there was a difference between shoots and roots in response 

to high temperatures. Shoot growth of Alaska and Wando at 40 C was 

reduced 87% and 80% respectively, from that of 20 C, while root growth 

of the two cultivars was reduced 85% and 57% respectively. From this, 

it would appear that shoots of Wando are more susceptible than roots 

to high temperature injury based on weight loss, while there was little 

difference in Alaska shoots and roots exposed to high temperatures. 

According to Leitsch (1916), roots of Pisum sativum are more 

susceptible to high temperatures than shoots. He found that roots left 

at 35 C overnight were killed, but shoots began to grow when returned 

to room temperature, and continued vigorously during a subsequent two-

day period. The disparity between the results of Leitsch and the 

results of this study may be attributed to differences between cultivars. 

Based on the temperatures at which fresh weight of shoots 

declined, Alaska shoots are more susceptible to high temperature injury 

than Wando shoots. Shoot growth of Alaska was significantly reduced 

at temperatures above 25 C but Wando shoot growth did not exhibit this 

decline until temperatures exceeded 30 C. 

60 
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There was a significant difference between the overall mean 

values of chlorophyll content of Alaska and Wando, but comparison of 

the chlorophyll content of the two cultivars at the various temperatures 

showed few differences (Figure 2). There was a tendency for the 

chlorophyll content of Wando to be slightly higher than that of Alaska 

and a tendency for the chlorophyll content of Alaska to decline at a 

slightly lower temperature than Wando. From the results of this study, 

it is difficult to point out any meaningful differences in chlorophyll 

content of the cultivars in response to high temperature. For this 

reason, differences in chlorophyll content after exposure to high 

temperatures may not be an effective parameter for comparing cultivars. 

However, reduction in chlorophyll may be used as an indication of high 

temperature injury of plants within a cultivar. This is in agreement 

with the results of Friend, Helson, and Fisher (1962). 

There was a significant difference in the reduction of shoot 

protein content of the two cultivars at elevated temperatures (Figure 3). 

Protein content of shoots from Alaska and Wando grown at 40 C was 

34% and 62% respectively of that in shoots of the two cultivars grown 

at 20 C. Alaska and Wando roots from plants grown at 40 C contained 

43% and 50% respectively of the root protein of plants grown at 20 C. 

Shoot protein content of Alaska declined more rapidly at high 

temperatures than shoot protein content of Wando. Root protein content 

of Alaska began to decline at temperatures above 30 C while Wando root 

protein content did not begin to decline until temperatures exceeded 

35 C (Figure 3). Results from this portion of the study indicate that 
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shoot protein metabolism of Wando is more stable than that of Alaska 

and that root protein metabolism of Wando is stable at a higher tem

perature than Alaska root protein metabolism. Qualitative differences 

in chloroplast and mitochondrial proteins from Alaska and Wando may 

account for a portion of the differences in thermostability between the 

cultivars' proteins (Figure 16 and 17). Overall protein metabolism of 

roots of the two cultivars seems to be more stable than shoot protein 

metabolism (Figure 3). It would appear from this study that protein 

content of shoots and roots may be an effective measurement of the 

effects of high temperature on plants and may be useful in comparing the 

response of cultivars and species to high temperature. 

Ribonucleic acid (RNA) content of Alaska and Wando shoots and 

roots did not respond equally to high temperatures. RNA content of roots 

from Alaska and Wando was not reduced until temperatures exceeded 35 C 

while temperatures above 25 C and 30 C, respectively, caused a reduction 

in RNA content of Alaska and Wando shoots (Figure 4). Thus, RNA metabo

lism of roots of both cultivars is more stable at high temperatures than 

shoot RNA metabolism. Use of RNA content as a means of comparing plants' 

response to high temperatures may be of some value. 

Comparison of deoxyribonucleic acid (DNA)content of Alaska and 

Wando shoots and roots exposed to various temperatures indicated a differ

ence in response between organs (Figure 5). Both cultivars had reduced 

amounts of DNA in shoots at temperatures above 25 C. A decline in DNA 

content of roots of both cultivars was not apparent until temperatures 

exceeded 30 C. This difference in response between organs may indicate 

that DNA metabolism of roots is more stable at high temperatures 
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than shoot DNA metabolism. Differences in stability of DNA metabolism 

(a reflection of growth) at high temperatures may be used to compare heat 

stability of various organs. 

Elevated temperatures had a pronounced effect on cytokinin-like 

activity of extracts from Alaska and Wando shoots and roots (Figure 6). 

There was a rapid decline in cytokinin-like activity (CKA) of shoot 

extracts of both cultivars with increased temperature but activity of 

root extracts of the two cultivars did not begin to drop until temper

atures exceeded 30 C. The thermostability of CKA metabolism in roots 

is apparently greater than in shoots. Alaska shoot extracts exhibited 

significantly more CKA at lower temperatures than Wando extracts but 

at temperatures above 30 C were not significantly different. This is 

an indication that Wando shoot extracts are relatively more stable at 

high temperatures. Extracts from Wando roots possessed significantly 

more CKA activity than Alaska root extracts at temperatures ranging from 

20 C to 35 C. At 40 C Wando root extracts tended to possess a greater 

amount of CKA but differences between cultivars were not significant. 

From this it appears that cytokinin metabolism of Wando roots is more 

resistant to effects of high temperature than cytokinin metabolism of 

Alaska roots. Differences in CKA of extracts may be an effective 

parameter in assaying effects of high temperature on plants. 

Respiration rates of leaf disks and secondary root segments 

were measured after exposure to 50 C for various times (Figure 7 and 8). 

There was little difference in respiration of Alaska and Wando roots. 

Differences were apparent in respiration of shoots (leaf disks) of the 
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two cultivars. There was a rapid decline in respiration of Alaska 

shoots after exposure to 50 C for three minutes. This decline was not 

evident in disks from Wando shoots until after 15 minutes exposure. 

Thus, respiratory metabolism in Wando shoots is apparent more stable 

at high temperatures than that in Alaska shoots. It would appear from 

these results that differences in decline of respiration rates may be 

useful in comparing relative heat tolerances. This is not in agreement 

with the conclusion of Kinbacher and Sullivan (1967) who stated that 

rate of decline in respiration rate at 45 C cannot be used to rank bean 

cultivars for heat tolerance, since their decline in respiration rate 

was not correlated with their known heat tolerance. A reexamination of 

their results points out an alternate interpretation. In one experiment 

they clearly showed that rate of decline of respiration of the suscepti

ble cultivar was significantly greater than that of the resistant 

cultivar. In another experiment in which two susceptible cultivars and 

one resistant cultivar were used, one heat susceptible cultivar exhib

ited the greatest decline in respiration rate, while the heat-resistant 

cultivar was intermediate to this and another heat susceptible cultivar. 

First, the cultivar chosen for its heat resistance may not be heat 

resistant. Secondly, since two cultivars behaved as expected, it may be 

possible that the failure of the heat resistant cultivar to exhibit heat 

resistance in decline of respiration rate was anomalous. 

A differential shoot/root temperature study indicated that root 

temperature dramatically influenced shoot growth (Figure 10). This is 



in accord with Davis and Lingle (1961) who found that shoot growth 

of tomato was affected by root temperature. In the present study, 

cool root temperatures offset a large portion of the growth retarding 

effects of high temperatures on shoots. 

It has been shown that factors formed in the roots are required 

for maintenance of chlorplast integrity (Shakov and Golubkova, 1960; 

Kulaeva, 1962). The differential shoot/root temperature study revealed 

that maintaining the roots of Alaska and Wando at a temperature of 20 

C while shoots were exposed to 40 C prevented the reduction in chlorphyll 

content normally experienced at a 40 C shoot/root temperature regime 

(Table 2). It appears that cool root temperatures may be responsible for 

the formation and/or translocation of the "root factor" of Shakov and 

Golubkova (1960) and Kulaeva (1962). 

Protein content of Alaska and Wando shoots and roots was also 

affected by the differential shoot/root temperature regime (Figure 11). 

Plants of both cultivars grown under conditions of 40 C shoot/20 C 

root temperatures contained more protein in the shoots and roots than 

plants grown under conditions of 40 C shoot/root temperatures. In 

addition, qualitative determinations of proteins in the shoots of Alaska 

and Wando indicated that shoots of plants grown at 40 C shoot/20 C root 

temperatures possessed proteins that were absent in plants grown at 

a 40 C shoot/root temperature (Figure 12.) Thus, the "root factor" of 

Kulaeva (1962) and others may be identical with the "substance" of 

Mothes and Engelbrecht (1963) that is produced by the root, related 
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to kinetin in its activity, and is transported to the leaves where it 

increases cellular retention and promotes accumulation and resynthesis. 

Cytokinin-like activity of extracts from shoots and roots of 

the two cultivars grown under differential temperature conditions 

closely paralleled chlorophyll and protein content from the same plants 

(Table 3). It has been shown that cytokinins are produced in the 

roots (Weiss and Vaadia, 1965; Kende, 1965). An increase in cytokinins 

in shoots grown at 40 C with roots at 20 C, compared with the entire 

plant at 40 C, may be attributable to optimum root temperatures 

maintaining the formation and/or translocation of cytokinins to the 

shoots. 

In a study of Vicia faba, Mothes and Engelbrecht, (1963) 

concluded that the root factor transported to the shoots must be 

heat-labile or subject to continuous degradation. However, in the present 

study, cytokinin extracts from roots of Alaska and Wando were sub

jected in vitro to temperatures of 40 C and 90 C for one hour. Extracts 

from Alaska roots retained 95% and 75%, respectively, and Wando root 

extracts retained 98% and 95%, respectively, of their original level 

of activity. It appears that cytokinins (cytokinin-like extracts) 

from Alaska and Wando roots are not heat labile, at least in vitro. 

A continuous utilization at high temperatures of cytokinins in the 

shoots in the absence of synthesis in the roots and/or translocation 

to the shoots could account for both results. 



Differneces between the cultivars Alaska and Wando and differ

ences between shoots and roots of each cultivar should not be minimized. 

These differences may account for variations between shoots and roots 

and between cultivars in response to high temperatures. 

Thin-layer chromatography of CKA extracts of shoots and roots of 

Alaska and Wando and subsequent bioassay indicated different zones of 

activity for extracts from shoots and roots and differences between 

cultivars (Figure 13). Since cytokinins have been shown to be produced 

in the roots (Weiss and Vaadia, 1965; Kende, 1965) and transported via 

xylem to the shoot, it would follow that shoot extracts should be sim

ilar to root extracts. There are several possible explanations for 

differences. Kende (1965) found two zones on chromatograms of root 

exudate from sunflower that displayed cytokinin-like activity. Kende 

called these factors I and factor II. He found that it was possible to 

convert factor I to factor II by hydrolysis, leading to the suggestion 

that factor I may be a bound form of factor II. It is possible that 

there is a conversion of cytokinins from the root to another form on 

transfer to the shoot. It is also possible that cytokinins that are 

translocated from the root to the shoot form a complex with another com

pound such that their mobility on a chromatogram is altered. 

In addition to differences in mobility on thin layer plates, 

differences in activity remaining'after exposure to high temperatures 

indicate that root extracts from Alaska and Wando are not identical. 



Since many of the symptoms of high temperature injury resemble those 

of senescence then perhaps the ability to deter senescence may be used 

to compare differences between the cultivars Alaska and Wando. Senes

cence, (loss of chlorophyll content) of Alaska and Wando leaf disks at 

25 C and 30 C was monitored for a period of five days (Figure 14 and 

15). It was apparent that high temperature accelerated senescence of 

both cultivars. It was also apparent that rate of senescence of the two 

cultivars was not equal, being more rapid in the cultivar Alaska. 

Senescence (loss of chlorophyll) in the cultivar Alaska was more rapid 

at both temperatures. Alaska is also considered more heat susceptible 

than Wando. Thus, there may be a relationship between heat resistance 

and the ability to delay or resist senescence. 

A comparison of oxygen uptake of mitochondria from two-and four-

day old etiolated seedlings of Alaska and Wando also indicated a differ

ential response to aging. Respiratory control values and ADP:0 ratios 

of mitochondria from four-day old etiolated seedlings from Alaska showed 

a greater reduction with age than did mitochondria from Wando (Appendix). 

Geronimo and Beevers (1964) have previously pointed out the importance of 

aging in decreasing respiratory activity but apparently no work has been 

done comparing cultivars or species. 

Isozymes of malic dehydrogenase from the mitochondrial protein 

and soluble protein fractions of etiolated seedlings of Alaska were com

pared by disc electrophoresis (Figure 18). Extracts were subjected to a 

temperature of 50 C for a period of 30 minutes. Densitometric tracings 

of the gels indicated that mitochondrial MDH may be more thermolabile 
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than MDH from the soluble fraction. In contrast to this Mukerji and 

Ting (1968) found that the mitochondrial isozymes of MDH from Opuntia 

phylloclades stem tissue was apparently more heat stable than the 

soluble or chloroplast form of MDH. It should be pointed out that the 

form of MDH that they found in Opuntia was NADP linked. 

Results in the attempt to overcome or prevent high temperature 

injury in the present study were inconclusive. Since Rameshwar and 

Steponkus (1969) have shown that cytokinins prevent high temperature 

injury in Pisum sativum when applied to the roots, it is possible that 

the technique of foliar spraying used in this study was faulty. 

It is readily apparent that many factors within a plant respond 

differently to high temperatures. It is also apparent that these 

factors may differ in heat susceptibility between organs within a plant 

and between cultivars. 

It was proposed earlier that the stimulus ultimately manisfested 

or resulting in thermal inactivation of growth may be perceived by an 

organ, organelle, or even an enzyme or enzyme system in another site in 

the plant. It was further proposed that an environmental stimulus mani

fested as heat susceptibility in the shoots may be perceived by the 

roots of a plant. 

From the results of the present study, it is clear that the 

root environment modifies shoot metabolism. With the proper shoot/root 

temperature combinations, it is possible to overcome a large portion 



of the effects of high temperature injury to the shoot. This is 

manifested as an increase in fresh weight and an increase in protein, 

chlorophyll, and cytokinin content, compared to plants subjected to 

high shoot/root temperatures. 

It is submitted that the biochemical effects of high temperature 

injury in.plants may be the result of the perception of this stimulus 

by the roots, specifically in the formation and/or translocation of 

cytokinins to the shoots, where they are intimately involved in a 

variety of metabolic functions such as RNA, protein, and chlorophyll 

metabolism. This hypothesis may be resolved into a tentative model 

(Figure 20). 

These studies have shown that roots are more resistant to 

high temperature than shoots. If roots perceive high temperatures, 

how are they more stable than shoots? It is possible that a single 

protein involved in cytokinin production in the roots may drastically 

alter metabolism in the shoots. For example, cytokinins may be required 

for the formation of a key enzyme necessary for chlorophyll production. 

This enzyme would not be a limiting factor for normal root metabolism. 

Of the factors considered in this study, it is apparent that 

nucleic acid and protein metabolism are among the most sensitive to 

high temperature. This sensitivity is visually manifested as chlorosis 

in the shoots and subsequent reduction in growth. 

If the movement of cytokinins from the roots to the shoots is 

reduced or blocked, a hormonal imbalance in favor of the roots will 

result. The well-known mobilizing effect of cytokinins may then result 
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Figure 20. Proposed model of the biochemical effects of high temperature 
injury in plants. High temperatures are perceived by the 
roots and manifested in the shoots. 



in degradation products of nucleic acids and proteins in the shoots 

being transported preferentially to the roots. This would tend to 

maintain nucleic acid and protein synthesis in the root and reduce 

it in the shoot perhaps by feedback or by providing precursors for 

synthesis. Some of the degradation products from the shoot may offset 

a portion of the effects of high temperature on the roots and thus 

account for the observed phenomena. A possible relationship of 

cytokinins to high temperature injury is shown in Figure 21. 

Although this study has answered many questions relative to 

the biochemical effects of high temperature injury, many more questions, 

such as the active site of cytokinins, remain to be answered. 
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Figure 21. Putative representation of the relationship of cytokinins to heat injury. 
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SUMMARY 

The objective of this study was to investigate the effects of 

high temperature on certain metabolic processes in Pisum sativum L. 

including RNA, DNA, protein, chlorophyll, and cytokinin metabolism 

and to correlate these effects with the concomitant reduction in 

growth. 

Growth of plants measured as fresh weight was reduced at 

supraoptimal temperatures, with the reduction proportional to 

temperature and length of exposure. Effects of temperature on 

metabolism of RNA, DNA, protein, chlorophyll, and cytokinins 

generally paralleled the reduction in fresh weight. Respiration 

rates of shoots and roots were sharply reduced with increased 

exposure to temperature, the reduction also being proportional to 

length of exposure. 

Metabolic processes monitored in the heat resistant 

cultivar Wando were generally more stable at high temperature than 

the same processes in the heat susceptible cultivar Alaska. In 

addition, metabolic processes monitored in the roots of both cultivars 

were more stable at high temperature than the corresponding pro

cesses in the shoots. 

Relative rates of chlorophyll loss and decline in respir

ation rates on aging of the two cultivars were similar to their 
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response to increased temperature. .Thus, there was an indication that 

rate of senescence and susceptibility to high temperature injury may 

be related. 

Root temperature was found to influence shoot metabolism. 

By maintaining roots at optimal temperatures, it was possible to 

overcome or avoid a portion of high temperature injury to the shoots. 

This was manifested as an apparent protection of protein, chlorophyll, 

and cytokinin metabolism in the shoots. 

Among the most temperature-sensitive metabolic processes 

monitored were nucleic acid and protein metabolism. This sensitivity 

appeared as a sharp reduction in RNA and protein content. Thermal 

inactivation of RNA and protein metabolism may account for temperature-

induced chlorosis and subsequent reduction in growth of the entire 

plant. 

Cytokinins, which are known to be produced in the roots and 

translocated to the shoots, appeared to be intimately involved in 

the thermal inactivation of plant growth. A continual supply of 

cytokinins from the root appears to be necessary for normal shoot 

metabolism, particularly in avoiding or overcoming the effects of 

high temperature. 



APPENDIX A 

POLAROGRAPHIC TRACINGS 
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ALASKA 
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Figure A. Polarographic traces of oxygen uptake by 
isolated mitochondria from two-day old 
etiolated seedlings of Alaska and Wando. 
Initial oxygen concentration of both reactions 
was 240 JJM and final concentration was 
approximately 0 pM. Numbers along the traces 
represent oxygen uptake in JJM per minute. 
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Figure B. Polarographic traces of oxygen uptake by isolated 
mitochondria from four-day old etiolated seedlings 
Of Alaska and Wando. Initial oxygen concentration 
of both reactions was 240 JJM and final concentration 
was approximately 0 JJM. Numbers along the traces 
represent oxygen uptake in jiM per minute. 
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