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ABSTRACT

The research in this thesis investigates two 
theories of plant response to high temperature« Supporting 
evidence for the theory that toxic substances are produced 
at high temperature is that heat treatment at one site will 
cause the expression of heat damage at a non-treated site? 
due presumably to the translocation of a toxic substance. 
The author using primary opposite leaves of bean seedlings 
was able to demonstrate this phenomenon as was reported by 
Yarwood. In an attempt to characterize the biochemical 
changes following heat treatment? the author attempted to 
isolate a substance present in the heated bean leaves that 
when incubated with barley segments would reduce the 
chlorophyll content; however? the author found no signifi- 
cant difference between the heated and unheated extracts.

The second theory concerns the possibility that 
plants may adapt to high temperatures if pre-conditioned 
by prior exposure to above normal temperatures. The author 
was able to increase heat resistance in pea seedlings as 
measured by fresh weight and respiration parameters. The 
plants were exposed to 40 C for 30 min.? 48 hrs. prior to
the lethal exposure. This "induction exposure" does not 
cause any measurable damage to the plant yet is sufficient 
to stimulate increased heat hardiness. The author also

vii



demonstrated that the induced heat resistance reaches a 
maximum at 48 hours after the induction exposure, then 
declines.

Protein synthesis inhibitors were used in an attempt 
to characterize the induction process. It was observed 
that actidione could block the induction of increased heat 
resistance, but it must be applied within the first 6 hrs. 
following the induction exposurd,



INTRODUCTION

The response of plants to high temperature has 
stirred the imagination of researchers for over 100 years, 
but recently has become an area of greater investigation.

Two hypotheses are investigated through research in this 

thesis. Yarwood (1961b) demonstrated for the first time 

that heat damage was translocatable. The author became 

interested in further investigation of Y a r w o o d fs work, 

particularly, to determine if the translocated damage was 
reproducible using beans as Yarwood reported. In addition 

to determine if translocated heat damage could be demon

strated with peas and finally to determine if the results 
were produced by a toxic inhibitor.

Early work with bacteria and later with higher 

plants indicated that perhaps enzymes could adapt to the 

ambient temperature of the organism. Information from the 

literature suggests that cold resistance can be increased 

by pre-exposure to low temperatures. These observations 

lead the author to speculate that heat resistance could be 
induced by pre-exposure to high temperature. Attempts were 

made to induce beat resistance by pre-exposure to high 

temperature and further characterize the adaptive mechanism.

1



REVIEW OF LITERATURE

Theories of High Temperature Injury
The early observation that some plants could with

stand considerably higher temperatures than others led 
researchers as far back as i860 to study the phenomenon of 
thermal inactivation of plant growth. The temperature 
above which life cannot exist has become known as the heat- 
killing temperature and5 as might be expected ̂ the killing 
point varies, not only between speciesv but also within the 
same species (McNaughtonr 1966) . In addition to the geneti 
capacity inherent to the species, many factors, such as age 
nutritional status, water content, light, etc., affect the 
tolerance of the plant (Levitt, 1956).

Heat injury is first visually apparent as a change 
in color and the increasing appearance of flaccid tissue. 
The appearance of flaccid tissue alone does not necessarily 
indicate death, however, since recovery is possible, but 
onee the chloroplast membranes are disrupted, heat damage 
is no longer reversible by incubation at lower temperatures 
(Uevitt, 1956). The temperature necessary to reach 
irreversible heat injury varies inversely with the exposure 
time. Belehradek (1935) discusses additional cytological 
changes that occur with higher temperatures, which include 
an increase in protoplasmic streaming, vacuolization, and



contraction of the cytoplasm resembling drought damage, 
Schroeder (196?) discusses the merits of these changes for 
determining the extent of heat damage and concludes that 
cell division is the only valid criterion, Alexandrov
(1964) disagrees and believes cytoplasmic streaming to be 
the most sensitive criterion for heat damage.

As is the case with most unsolved mysteries of 
biological systems, many theories have been presented to 
account for these observations. Langridge (1963) in a 
review article, discusses five such theories, among which 
are: lack of gas availability (CO^ and 0^) as temperature
increases; rate imbalance due to increased metabolism; 
accelerated breakdown of metabolites and enzymes; adaptive 
synthesis of new enzymes; and build up of toxic inhibitors.
It is beyond the purpose of this review to discuss all the 
hypotheses of thermal inactivation of growth, but the last 
two of the above mentioned theories are of particular 
interest, and it is these two theories to which the following 
research pertains.

It is known that as temperature rises metabolic 
processes accelerate in accordance with classical chemical 
laws o A point is soon reached where growth ceases and any 
further increase in temperature results in death. Leitsch 
(1916) found that growth rate of excised pea roots in
creased with temperature between 0 and 28 C. Initially the 
curve was exponential and small increases in temperature



above 0 C resulted in rapid increases in growth, The 
growth rate was constant between l8 C and 28 C during the 
time of the experiment. At 30 C the growth rate fell t 
during the first half hour, but recovered after about 2 
hrso and then fell uniformly down to about 50% after 8 hrs. 
At 35 0 the same curve developed, but the rise and fall 
were steeper. At 40 C the decline in growth was immediate 
and uniform with no recovery. At 45 C growth no longer 
occurred.

Bonner (1957) advanced the proposal that at extreme 
temperatures, the rate of growth may be limited by the 
velocity of a single reaction and that there is a 
temperature-induced shortage of an essential metabolite. 
These temperature-induced shortages have been termed 
"thermal lesions" by Bonner (1957) * Gals ton and Hand 
(1949), Bonner ( 1957 ) } Ket el Tapper (196 3 and others have 
shown that as temperature increases above the optimum, 
growth ceases (hence the term inactivation of growth), but 
can be restored by a single substance (i.e., adenine, 
biotin, etc.). If the temperature is raised an additional 
degree a. further substance becomes necessary, and the 
requirements become more numerous at higher temperatures. 
This indicates a loss of catalytic activity of a single 
enzyme (weak link) in a chain of reactions necessary for 
plant growth and development to occur.



Induction of High Temperature Resistance
It can be demonstrated with drought and cold 

stresses that resistance can be induced by pre-exposure to 
that stressc Recently^ it has been proposed that perhaps 
the heat stability of enzymes ̂ to an extent, depends on the 
temperature at which they are synthesized. Thompson et al. 
(1957) drew these conclusions from research conducted with 
bacterial cells. Five generations were necessary for 
acquisition of maximum heat resistance in cells transferred 
from 40 C to 65 C . It also took approximately five genera
tions for the cells to lose their heat resistance when 
transferred from 65 C to 40 C. This indicated that the 
enzyme measured, malic dehydrogenase, became adapted to the 
ambient temperature of the organism. Campbell (1954) and 
Brown, Mili.tzer, and Georgi (1957) ? working with amylase 
and pyrophosphatase, respectively, demonstrated essentially 
the same.results as with malic dehydrogenase (Thompson et 
al., 1957) • This research, using lower plant type's , has 
been criticized on the basis of natural selection rather 
than an adaptive mechanism occurring during the time 
interval, from transfer to activity measurement. McNaughton
(1965) demonstrated the natural adaptive mechanism of 
enzymes of higher plants to the environment. Typha 
latifolia from two ecotypic populations, Beaverton (cool 
summers with 25 C day and 15 C night) and Redmond (hot 
summers with 35 C day and 10 C night) were grown in a



greenhouseo Glycolic acid oxidase activity from cool- 
adapted plants was significantly decreased at 37 C, while 
GAO activity from warm-adapted plants was similar at all 
temperatures tested (17 C , 27 C, and 37 ^ ).

Several methods have been reported in the litera
ture to induce heat resistance in plant tissue. Alexandrov 
(1964) induced heat resistance in Tradescantia fluminensis. 
Half of a leaf was placed in water at the control tempera
ture while the other half was removed and placed at a 
predetermined heat-hardening temperature. Heat hardening 
was determined by the temperature necessary to stop proto
plasmic streaming after 5 min. He demonstrated that heat 
hardening increased up to 36 hrs. following exposure then 
declined.

An alternate method«, known as thermal shock, has 
been used by researchers to induce heat resistance. Thermal 
shock is essentially the pre-exposure of the plant to sub- 
lethal temperatures for short periods of time. Yarwood 
(196la) used this method to induce heat resistance in 
numerous species, but primarily bean seedlings. ' He exposed 
bean plants to 50 C for 25 sec. and found this pretreatment 
sufficiently adapted the plants to withstand temperatures 
and exposure times that would kill non-treated plants. He 
also observed that heat tolerance increased with the 
incubation period (the time between sub-lethal shock treat
ment and the exposure to challenge or lethal temperatures)
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and reached a maximum at 2 4 hrs o This last observation 
allows for the possibility that new enzymes may be synthe
sized during the incubation period* Schroeder (1963) 
essentially repeated Yarwood’s work in vitro using avocado 
fruit pericarp.

Kinbacher and Sullivan (1967) induced heat resist
ance in three varieties of beans by exposing the plants to 
4-5 C for 2 hrs. on four consecutive days prior to measure
ment of respiration. Heat hardening resulted in about a 
2 degree increase in the temperature that caused 50% injury 
to the tissue. Heat hardening reduced the decline in 
respiration rate which was measured for 7 hrs. at 45 0.

Toxic Inhibitors
Another proposal concerning the thermal inactivation 

of growth which merits consideration is that with increased 
temperatures and increased metabolism a rate imbalance, may 
result in accumulation of toxic substances in plant 
tissues. This toxic factor may be an.excess of an inter
mediary compound or metabolite at optimum temperature, or 
it may be a new compound resulting from the alteration of 
an enzyme-substrate complex. . The possibility of this 
concept made it an early hypothesis, but supporting evi
dence came considerably later, when Yarwood (1961b) found 
that heat injury was translocatable. He worked primarily 
with opposite leaves of beans, cowpeas, pigweed, and others.
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When one of a pair of leaves was heated sufficiently 9 
indirect heat damage appeared on the opposite leaf. The 
indirect damage is first apparent as flaccid, light green 
tissue between the veins. Recovery from translocated 
injury is manifested as bands of turgid tissue along the 
veins in formerly flaccid tissue. These bands increase in 
width as recovery progresses. Recovery is not always 
complete and extensive areas of intervenal necrosis often 
remain. He also noted that indirect damage increased when 
the area of the heated to the unheated leaf increased.
These observations by Yarwood strongly suggest a trans
missible substance capable of producing heat damage in 
unheated tissue.



MATERIALS AND METHODS

General Culture 
Pisum sativum L « Cv Alaska was used in all experi

ments with peas and Phas eolus vulgarus L , Cv Green Crop was 
used in the translocation experiments. The seed was 
furnished by F erry-Mors e Seed Co.

Seeds were selected for uniformity of size, then 
scarified and soaked in distilled water for about 1 hr. 
prior to planting. Seeds were planted in vefmiculite in 
4 inch cups provided with drainage holes. The cups were 
placed in a growth chamber at 1? 2 C with l6-hr. photo
period. The plants were used for treatment 14 days after 
planting. '

Measurement of Thermal Injury 
Following exposure to high temperature and a period 

of recovery at optimal temperatures (17 +_ 2 C ), fresh weight 
was used as an index of thermal injury. The plants were 
inverted in a circulating water bath at the desired 
temperatures (25 to 45 C ). The control plants were 
inverted in a 1000 ml beaker of distilled water at room 
temperature (24 +_ 2 C ). The plants were returned immedi
ately to the growth chamber at 17 2 C . After one week

9



10
the plants were removed, severed at the cotyledonary node, 
and the shoots weighed to the nearest m g »

Measurement of Induced Heat Resistance 
Induction of heat resistance was attempted through 

pre-exposure to high temperature prior to exposure to an 
injurious temperature, The data on thermal injury to 
shoots (Figure 1) were utilized to determine two distinct 
high temperature exposures„ The first exposure is referred 
to as the induction exposure and is defined as the exposure 
which does not produce any damage to the plant tissue 
itself, hut evokes a physiological response capable of 
increasing the heat resistance of the plant. The induction 
exposure chosen was 30 min. at 40 C . Figure 1 illustrates 
that this induction exposure does not produce any damage as 
measured by fresh weight, yet it is the maximum exposure 
the plants can endure before visible and fresh weight 
damage are manifested. The second exposure is referred to 
as the challenge exposure and is defined as the exposure 
which will produce 50% reduction in fresh weight when the 
exposure is followed by one week incubation at 17 0. The 
challenge exposure chosen was 75 min. at 40 C (Figure l). 
The induction exposure was given on the 12th day following 
planting, immediately after which the plants were returned 
to the growth chamber (17 0) for a 48 hr. incubation 
period. Following the 48 hr. incubation period the plants
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were given the challenge exposure and again returned to the 
growth chamber (1? C ) for one week. After one week the 
plants were photographed and then severed at cotyledonary 
node and weighed.

Stability or maintenance of a constant respiration 
rate was also used as an index of increased heat resist
ance. It was reported by Kinbacher and Sullivan (1967) . 
that a decline in respiration rate at high temperature is a 
parameter for measurement of thermal injury. Therefore«, 
stability or maintenance of a constant respiration rate may 
be utilized as an index of increased heat resistance. The 
plants were induced as discussed above when fresh weight 
was used as the parameter (30 min. at 40 C ) and following 
the induction exposure the plants were returned to the 
growth chamber (17 0) for 48 hr. After the incubation 
period at 17 C , the respiration of both control and induced 
treatments was measured at 4$ G .

A Gilson,model GRP-20 differential respirometer was 
used to measure respiration during exposure to high tempera
tures. Leaf disks 0.5 cm. in diameter were cut from the 
third pair of leaves above the cotyledonary node. The 
disks were not cut from the mid-vein area. All the disks 
possible were cut from a given treated leaf and placed in 
ice water. From these disks with the least amount of 
peripheral damage were selected. , Twenty disks were placed 
into each reaction vessel. The reaction mixture was
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composed of.3*0 ml of *01 M ammonium citrate buffer (pH
5*0) containing 8 « 33 x 10  ̂M sucrose* The center well was
filled with 0*2 ml of 10% K0H (w/v)* An accordion-folded 

filter paper wick was also placed in the center well to 
absorb any CO * The flasks were allowed to equilibrate 10 

m i n . before measurements of respiration commenced. The

water bath was maintained at 45 _+ 0 »5 C or 40 ^  0*5 C .
Readings were made every 15 min * and data recorded directly 
in microliters of 0 ^. Two hundred fifty units of penicil
lin were added to the reaction mixture of all flasks when 

measurements were made for 2 h r s * or longer*

Inhibitor Studies

Chloramphenicol
In order to determine if protein synthesis during

the induction period was a requisite for induction of heat
—  2resistance, chloramphenicol (6.6 x 10 M , Cal-Biochem, B 

grade), an inhibitor of protein synthesis at the ribosomal 

level, was sprayed on the plant foliage with an atomizer * 

One drop of Tween 20 was added as a surfactant to each 

100 ml of inhibitor stock solution. Plants were grown for 

12 days at 17 _+ 2 C in a growth chamber and on the twelfth 
day the plants were sprayed until run-off * Ten plants in a 

plastic cup composed a treatment and each treatment 

received approximately 10 ml of inhibitor solution.* The 

plants were returned to the growth chamber at 17 C for an
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additional 48 hrs <> 9 at which time respiration rate was 
measured. The control plants were sprayed with distilled 
water plus Tween 20 with the same procedure as above.

Actidione
Actidione (Nutritional Biochemicals) is also an 

inhibitor of protein synthesis9 but unlike chloramphenicol^ 
it inhibits peptide elongation. The plants were grown for
12 days in a growth chamber at 17 _+ 2 C 0 On the twelfth
day the induced plants received the induction exposure, 
while control plants were soaked in distilled H^O. Plants 
were returned to the growth chamber for 48 hrs. prior to 
measurement of respiration rate at 4$ C . Actidione was 
applied to the induced plants at various times following 
the induction exposure, including immediately following 
induction, at 12 hr., at 24 hr., and at 48 hr. after 
induction (Figure.9). After considerable experimenting, it 
was determined that 250 |~lg/ml actidione would prevent the 
maintenance of the respiration rate at 45 C characteristic 
of induced plants. The actidione is water soluble and
treated plants were inverted in a 1000 ml beaker containing
about 700 ml of 250 [ig/ml actidione solution. The control 
plants were inverted in 1000 ml beakers of distilled water.

An additional experiment was designed to demon
strate the effect of actidione on non-induced plants, to 
demonstrate no effect of actidione on respiration rate
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per se» Pea seedlings were grown 12 days at 17 2 C at
which time they were soaked in 250 (Ig/ml actidione for 15 
mine while control plants were soaked in distilled water. 
Plants were returned to growth chambers for 48 hrs = After 
the incubation period respiration.rate was measured at 45 C .

Gel Electrophoresis Studies 
Plant material (Pisum sativum seedlings) was grown 

for 12 days at 17 ^ 2 0  in a growth chamber, then removed 
and divided into two groups: control and induced. The 
control group was merely inverted in a beaker of distilled 
water at room temperature (24 4̂ 2 C for 30 mine), while the 
induced plants were inverted in a water bath at 40 4̂ 1 C 
for 30 min. The plants were returned to the growth chamber 
until they were l4 days old. The shoots were harvested at 
the cotyledonary node and 20 gm of tissue (fresh weight) 
was collected from control and induced treatments. The 
tissue was diced, then macerated in a Sorvall omnimixer, to 
which was added 0.01 M phosphate buffer (pH 7*0) in a ratio 
of 2:1 (buffer:tissue). The speed of the omnimixer was 
alternated between full speed and one-half speed every 30 
sec. for 3 min. The homogenate was filtered through 4 
layers of cheesecloth and centrifuged for 20 min. at 12,000 
x g . The volume of the supernatant was measured and 
ammonium sulfate was added to a final concentration of 25% 
(w/v) at 5 0 in a cold room. The supernatant was stirred



continuously with a magnetic stirrer while the ammonium 

sulfate was added very slowly (approximately 10 m i n .). The 

mixture was stirred slowly for one additional hour in a 

cold room at 5 C « The solution was centrifuged for 10 m i n » 
at 3300 x g . The pellet was dissolved in 5 ml of 0.001 M 
phosphate buffer (pH 7 «0 ) 9 labeled 9 and stored in a 

freezer. The supernatant was measured and the same pro
cedure used to adjust the ammonium sulfate concentration 
to 50% . After centrifugation at 3300 x g for 10 min,. the 

pellet was again dissolved in 5 ml of phosphate buffer and 

stored in the freezer. The supernatant was adjusted to 

75% ammonium sulfate again using the above procedure. The 

75% pellet was taken up in 5 ml of phosphate b u f f e r a n d  

the supernatant was discarded. All pellet fractions were 

dialyzed against cold distilled water in sacks of seamless 

regenerated cellulose with a pore radius of 24 angstroms. 
This process was accomplished in a cold room at approxi

mately 5 C for 48 h o u r s ; the distilled water was circulated 

by a magnetic stirrer. The distilled water was decanted 
off and replaced by fresh cold distilled water every 12 

hours for 48 hours. The fresh weight of both control and 

induced groups was the same prior to extraction and t h e . 

above procedure was used identically for both groups.
The stock electrophoresis solutions were prepared 

in accordance with Davis (1964)r and the procedure for 

polymerizing and separation were similar to that outlined



in his alternate method. Sucrose was added to the samples 
(made up to 30% w/v) to increase the viscosity and prevent 
contamination of the upper buffer. Approximately 0.25 ml 
of the sample in sucrose solution was layered on top of the 
spacer gel after the upper buffer was added. The current 
was adjusted to 3 ma/tube for separation and 6 ma/tube for 
destaining. The gels were stained in Amido Schwartz 
(1 g/100 ml of 7% acetic acid) for approximately 12 hrs.
The procedure for destaining was the same as outlined by 
Davis (1964). The gels were stored in 7% acetic acid until 
photographed. z

Malic dehydrogenase activity was analyzed in both 
control and induced treatments using gel electrophoresis. 
Plants were grown <, harvest ed «> and extracted for protein as 
above. The extracts were filtered through cheesecloth and 
centrifuged for 20 min. at 125000 x g . Approximately 
0.25 ml of supernatant mixed with sucrose (made up to 30% 
w/v) was layered on the gel surface; no ammonium sulfate 
fractions were prepared. The gels were rinsed in cold
0.014 M tris-HCl buffer (pH-8 .3) and then stained in a 
mixture composed of 21 ml of 0.0T4 M tris-HCl buffer 
(pH 8 .3)? 9 ml of 0.1 M malic acid adjusted to pH 8 .3 ?
24 mg of p-nitro blue tetrazdlium chloride, 9 mg NAD 
(Coenzyme 1), and 4.2 mg phenazine methosulfate for 20 min. 
at 37 2. 1 C . The gels were stored in 7% acetic acid until 
dr awn.



Translocation Studies '
Phaseolus vulgatus To Cv* Green Crop was grown for 

21 days in the growth chamber at 1? - 1 C «, The Targe 
primary leaves, referred to as the twin leaves in the 
literature, were utilized» The treated leaf was submerged 
in 65 _+ 1 C water for 15 sec. The opposite or control leaf 
received no exposure to hot water. The plants were returned 
to the growth chamber and photographed after one week. The 
experiment was duplicated using peas. The peas were grown 
at I? +_ 1 C for l4 days, at which time the second leaf 
above the cotyledonary node was exposed to 65 _+ 1 C for 
15 sec. Results were recorded after one week incubation 
at I? + T C.



RESULTS AND DISCUSSION

Determination of Growth Response at High Temperature 
At the outset of this study it was necessary to 

determine a predictable growth response to high temperatures 
for this specific cultivar of peas (Alaska) and for the 
specific cultural conditions which would be used throughout 
the remainder of this study. Fresh weight was used as the 
parameter of heat damage due to its greater sensitivity to 
changes in moisture content and reduction of growth asso
ciated with heat damage.

The higher the temperature the shorter the exposure 
time necessary to produce a fixed amount of heat damage. 
Preliminary experiments showed that it required considerable 
time at 35 C to reduce the fresh weight to 50% of the con
trol and for convenience this temperature was eliminated 
from further consideration. Figure 1 shows the fresh weight 
response at 4-0 C and 45 C when exposure was followed by one 
week incubation at 17 0. At 45 C there is a very abrupt 
change in fresh weight with even short exposures. It should 
be noted that the leveling off of the drop in fresh weight 
(Figure l) after 15 min« at 45 0 can be interpreted as a dis
advantage of using fresh weight as a parameter of heat 
damage. The young leaves and growing tip are damaged by 
very short exposures (4-5 min.) to 45 C while the stem and

18
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Figure 1. The fresh weight response of pea seedlings to 
increasing time exposures at 40 C and 49 C .
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usually some lower leaves remain succulent„ The loss of 
moisture in the young leaves and growing tip result in the 
rapid decline in fresh weight «, but additional reduction in 
fresh weight is not proportional to the additional exposure 
time and as a result the rate of decline in fresh weight 
slows o After about 4$ min * you are essentially measuring 
the dry weight of the control plants. If you interpret this 
graph (Figure 1 ) with this in mind then after 15 min. at 
45 C the plants are severely damaged and appear practically 
dry when weighed one week later following incubation at 
optimum temperature (17 C).

The 40 C curve (Figure 1 ) is the most desirable for 
the induction and challenge exposures necessary to determine 
induced heat resistance: both exposures will be discussed
under induction of heat resistance. With a 15 min. exposure
at 40 C there is nb reduction in fresh weight and even with

<r .a 30 min. exposure the resuction is very slight. It should
be noted that the decline in rate of fresh weight loss
effect discussed above begins to occur after 60 min. at
40 C rather than 15 min. at 4-5 C .

Induction of Heat Resistance 
Induced heat resistance was accomplished through 

the pre-exposure of the plants to high temperature prior to 
exposure to the lethal or challenge temperature. The ideal 
pre-exposure should not damage the plants visually or
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reduce fresh weight «> yet stimulate a physiological response 
which could increase heat resistance. The pre-exposure 
selected was 30 min. at 40 C and is referred to as the in
duction exposure (see Figure 1 as to how this was arrived).

Figure 2 illustrates the response of control and 
induced treatments when respiration is measured at 40 C or 
45 C . It should be noted that the induced treatment 
exhibits the same maintenance or stability of respiration 
rate at both 40 C and 4$ C . The time necessary to demon
strate a difference between control and induced at 4-0 C is 
approximately 4 hrs . while only 1 hr. 45 min. is necessary 
at 45 Co The data presented in this thesis were collected 
at either of these temperatures, but where respiration rate 
was measured at 4-0 C and the run lasted over 2 hrs . penicil
lin was added to the reaction mixture to prevent micro- 
organism contamination.

Plants induced for 30 min. at 40 C followed by a 
48 hr o incubation period at 17 C show a maintenance of 
respiration rate as compared to control plants when respira
tion of both is, measured at 45 C (Figure 3)- Kinbacher and 
Sullivan (1967) demonstrated similar results by increasing 
heat resistance through pre-exposure to high temperature 
and 9 likewise, demonstrated that plants with acquired 
resistance showed a maintenance of respiration rate at high 
temperature, when compared to control plants. The mainte
nance of respiration rate or stability of respiration rate



Up
ta

ke

22

Induced 40 C

180

Control 40 C

Ind. 45 C( ’̂ Control 45 C

60

2 40l8060 120
Time (min.)

Figure 2. Measurement of respiration rate on control and
induced plants at 40 C and 45 C, 48 hrs. follow
ing the induction exposure (30 min. at 40 C) -- 
The induced treatment exhibits the same mainte
nance of respiration rate at both 40 and 45 C . 
The difference between control and induced 
treatments at both temperatures is statistically 
significant at .01 1eve].
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Figure 3* Respiration rate of control and induced plants 
(30 min. at 40 C ) at 45 C, measured 2 days 
following incubation at 17 C -- The difference 
between control and induced treatments is 
statistically significant at .01 level.



2 4
at high temperature demonstrated by pre-treated plants may 
thus be interpreted as an index of increased heat resist
ance. Petinov and Molotkovsky (1961) demonstrated that 
heat resistant plants were able to withstand greater 
temperatures due to their ability to maintain respiration 
rate at temperatures above the optimum»

Is the stability of respiration rate demonstrated 
by the research in this thesis a° true increase in heat 
resistance? The results might be explained as a stimula
tion of respiration due to mitochondrial uncoupling rather 
than a true physiological process due to the pre-exposure 
to high temperature » A careful examination of the curves, 
Figure 3? indicates that the control treatment exhibits a 
decrease with time of exposure to 4$ C while the slope of 
the induced treatment indicates a maintenance rather than a 
stimulation, which is reasonable since both treatments are 
initially the same and remain the same even after 30 mint 
at 4$ Co Measurement of respiration on plants immediately 
following the induction exposure shows no deviation from 
that of the control; no stimulation or depression (Figure 4). 
The heated treatment (Figure 4) received a 30 min» at 40 C 
exposure, identical to the induction exposure, immediately 
before respiration rate was measured. Semichatova,
Bushuyeva, and Nikulina (1963) found no reduction in 
respiration rates or mitochondrial oxidation with pea 
plants at 46 C following a 10 min. exposure. Beevers and



Figure k « Respiration rate of control and induced plants 
immediately following the induction exposure -- 
The heated treatment received a 30 min« exposure 
to 40 C g identical to the induction exposure, 
immediately prior to measurement of respiration 
at 45 Co The difference between treated and 
control treatments is non-significant at ,01 
levele
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Figure 4. Respiration rate of control and induced plants 
immediately following the induction exposure.



Hanson (1964) established that isolated mitochondria from 
corn seedlings were not uncoupled by short term exposures 
to temperatures as high as 4$ C . Figure 5 illustrates the 
similarity between control and induced treatment when 
respiration rates are measured at 25 C . If the mitochon
dria were uncoupled by the induction exposure a difference 
would also exist between control and induced plants when 
respiration was measured at 25 C°. The data presented in 
this study along with substantiating evidence from the 
literature indicate that the induction exposure does not 
damage the mitochondria and furthermore, the induction 
exposure does not stimulate or depress respiration rate of 
induced plants when respiration is measured at 25 or 45 C.

It would seem reasonable that the induction exposure 
does not influence respiration itself immediately, but 
rather a protective mechanism is initiated which builds up 
resistance and increases with time after exposure, then 
decreases after a period of maximum resistance. Evidence 
to support this is illustrated in Figure 6 . It is evident 
after 24 hrs. incubation (17 C ) following the induction 
exposure there is maintenance of the respiration rate above 
the control. The increased resistance is evident after 
48 hrs., but by 72 hrs. after the induction exposure the 
resistance begins to decline. Schroeder (1963) demon
strated similar results using avocado fruit tissue in 
vitro. He observed the greatest acquired resistance 4 days
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Figure 5* Respiration of control and induced (30 min. at
40 C) plants measured at 25 C when the induction 
exposure is followed by 48 hr. incubation at 
17 C -- The difference between control and 
induced treatments is non-significant at .01 
level.
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40 C) plants 24 hr., 48 hr., and 72 hr. follow
ing the induction exposure.
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following the pretreatment«, after which the resistance 
began to decline»

The next question that arises is at what time after 
induction is the increased resistance apparent. At least 
24 hrs. must elapse before the protective mechanism is 
produced. This observation supports the working theory of 
the research in that a time lapse should occur after the 
induction exposure to allow the adaptive mechanism time to 
develop. The observation also opposes the possible criti
cism that the induction exposure uncouples the mitochondria 
since any damage and resulting stimulation of respiration 
should be apparent shortly after exposure.

The mechanism of protection is not known, but if it 
is a result of a synthesis of new proteins or enzymes, then 
an inhibitor of protein synthesis should stop the process. 
This assumption has been demonstrated with an inhibitor of 
protein synthesis at the peptide level--actidione. 
Chloramphenicol was also tried, but due to the insolubility 
of chloramphenicol in water, there were difficulties in 
applying the inhibitor and no conclusive results were 
obtained. Figure 7 illustrates that if actidione is 
applied at the time of induction, the maintenance of the 
respiration rate at 4$ C is not manifested. In other words 
the induction process has been blocked. If the actidione 
is applied 6 hrs. or longer after the induction exposure 
(Figure 7) the induction process cannot be halted. Thus,
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Figure 7• Respiration of control and induced (30 min. at 
kO C ) plants at 43 C illustrating the effect of 
actidione when it is applied at 0 hr., 6 hr.,
12 hr., and 48 hr., following the induction 
exposure -- The standard deviation for control, 
induced, 0 actidione, 6 actidione, 12 actidione,
48 actidione are 4.9? 4.4, 5*8, 3*2, 4.0, 4.3? respectively.
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immediately following the induction exposure processes are 
initiated to confer stability on the respiration rate at 
high temperatures but are terminated within 6 hrs« and are 
no longer susceptible to actidione. (The slightly higher 
rates exhibited by the 6 h r « test may be due in part to 
the fact that this was a separate experiment run at a 
different time,) It should also be noted that the acti
dione does not itself affect respiration as shown in Figure 
8 . The actidione treated plants were exposed to the 
inhibitor (250 (Ig/ml) for 15 min., returned to the growth 
chamber and after 48 hrs . «, respiration rate was measured.

These observations point to a reasonable assumption 
that a pre-exposure to high temperature initiates a pro
tective mechanism which following an incubation period will 
maintain the rate of respiration above that of the untreated 
control when both are measured at high temperature. This 
mechanism of resistance"is associated with the production 
of new proteins possibly earmarked, as new«, more stable 
isozymes of labile respiratory enzymes. ,

The information gained from the respiration experi
ments was. used to design an experiment to demonstrate the 
induced heat tolerance in intact plants using fresh weight 
as a criterion. Fresh weight was reasoned to be a more 
sensitive indicator of heat damage than dry weight.
Moderate heat damage is manifested by the drying of upper 
leaves and stems and fresh weight is sensitive to the
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Figure 8 . Respiration of control plants and plants treated 
with act idione (2^0 |ig/ml for 15 min.) at 45 C 
when measured following 48 hr. incubation at 
17 C —  The difference between control and 
actidione treatments is non-significant at .01 
1evel.
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difference in water content as well as the decline in 
growth between damaged and unheated tissue»

The induction exposure was 30 min«, at 40 C followed 
by 48 hr o incubation at optimum temperature (17 C ) . This 
exposure proved to be the best when the increased resist
ance was measured as maintenance of respiration rates at 
high temperatureso The 40 C response curve (Figure 1) was 
used to determine an exposure that would test or challenge 
the plants for induced heat resistance. This exposure is 
referred to as the challenge temperature and defined as the 
exposure which produced 50% reduction if fresh weight in 
non-induced control plants when the challenge temperature 
is followed by one week at optimum temperature (1? 0 ) 
before weighing. The challenge exposure chosen was 75 min. 
at 40 C.

Figure 9 shows four groups of plants exposed to the 
following four treatments: A--control-challenged ̂ B--
induc ed-challenged ̂ C--induced, and D--control. The 
induction exposure was 40 C for 30 min. followed by 48 hr. 
incubation at 17 0. The challenge exposure was 40 C for 
75 min. . Figure 10 shows close-up photographs of induced-
challenged. and control-challenged treatments (same plants 
as treatment C and D , respectively, in Figure 9). The 
control-challenged, (top photo) plants show considerably 
more visible damage; however, some damage is evident in the 
induced-challenged plants.



Figure 9· Photograph of plants receiving the following 
four treatments: A--control-challenged, B-
induced-challenged, C--induced, and D--control 
-- The induction exposure was 40 C for 30 min. 
followed by 48 hr. incubation at 17 C. The 
challenge exposure was 75 min. at 40 C. 



gure 10. Close-up photographs of plants receiving an 
induction exposure prior to the challenge 
exposure (top photo) and control plants 
receiving only the challenge exposure.
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There was no significant difference between control 

and induced treatments at .05 level of significance 
(analysis of variance in accordance with Steel and Torrie? 
i9 6 0 ) indicating that the induction exposure does not 
damage the plants as measured by fresh weight; this is 
similar to that shown in Figure 1. There is a significant 
difference between the induced-challenged and the control- 
challenged treatments. However «>0 the induction exposure 
does not prevent all the damage resulting from the challenge 
exposure, since there was a significant difference between 
the control and the induced-challenged treatments.

Electrophones is Studies 
The use of gel electrophoresis in the separation of 

plant proteins has become a popular technique in the last 
few years. This technique was used in an attempt to deter
mine if there was a difference between control and induced 
plants as the induction process could change certain pro
tein and enzyme constituents enough to be detected by gel 
electrophoresis■

Since the induction of heat resistance was blocked 
by an inhibitor of protein synthesis, actidione, new 
protein synthesis appears to be involved with the induction 
period. These observations suggest two possible explana
tions for the induction of heat resistance. First, the 
induction stimulus might initiate a process whereby a more



stable enzyme or enzymes or a more stable form of a, heat- 
labile enzyme is produced* Different enzymes within the 
same plant cell vary in their heat stability (McN aught on 9 
1966)0 It seems quite reasonable to suggest that a very 
heat labile enzyme (a weak link in a chain of enzymes) 
could be reinforced by increased production of the same 
enzyme which would give a greater reserve of labile enzyme 
should a portion of it be destroyed by heat. Isozymes of 
an enzyme also vary in their resistance to high tempera
ture (McNaughton«, 1966) and the increased heat resistance
may be due to synthesis of a more stable isozyme as a 
result of the induction stimulus. Second, a protein other 
than an enzyme may be the factor responsible for increased 
resistance to heat. This protein may function to protect 
an enzyme or increase the stability of an enzyme complex. 
Figure 11 shows photographs of gels from protein fractions . 
that precipitated in $0/4 and 75% ammonium sulfate. There 
is no dotectible difference between control and induced 
treatments c This could well be because of the minute 
quantities of proteins responsible are too small to detect.

Gel electrophoresis can also be used to determine 
the amount or activity of certain enzymes in the presence 
of the proper reaction medium. The technique involved is 
discussed under materials and methods.

Malic dehydrogenase has been shown to be a pivitol 
point or key enzyme in the process which may produce



Figure 11. Photographs of electrophoresis gels of 50o/o (top 
photo) and 75% ammonium sulfate protein frac
tions -- The gels labelled P were produced from 
induced plants (JO min. at 40 C) where the 
induction exposure was followed by 48 hr. 
incubation at 17 C. The C or control gels were 
produced from control plants which at the time 
of induction received only a 30 min. exposure 
to water at room temperature (24 C). 



compounds such as cytokinin 9 shown to increase heat resist
ance and has been shown to-vary in stability in various 
ecotypes of Typha. Therefore., the author decided to 
investigate the activity of MDH in both control and induced 
protein gels. The results, after careful observation of 
color density of gels, indicate no significant difference 
between control and induced plants.

Translocated Heat Damage
The observation that heat damage could be trans

located brought about new insights into the investigation 
of the physiological response of plants to high tempera
ture. A portion of the research for this thesis attempted 
to duplicate Yarwood1s (l^Glb) work with beans and further 
investigate the chemical stimulus responsible for the 
translocated damage.

It was determined that 15 sec. at 65 C was the 
exposure which caused translocated damage and this was also 
the exposure reported by Yarwood. It was also noted that 
longer exposures to lower temperatures would not give any 
translocated damage. The damage was apparent on about 33% 
of the plants. Figure 12 shows photographs of two plants 
used for this experiment; note the interveinal necrosis 
present on the living leaf. The dried or missing leaf was 
the heat-treated leaf.



Figure 12. Photographs of bean seedlings demonstrating 
translocated heat damage -- The dried or 
missing leaf received a 15 sec. exposure to 
65 C ; photographs were taken one week follow
ing this exposure.
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This same procedure was duplicated on peas with no 

resulting translocated heat damage. The fact that no 
translocated damage appeared 9 led to termination of this 
area of research. The author did 9 however ̂ try to deter
mine if there were any toxic substances developed in the 
heated bean leaves which might degrade chlorophyll and 
produce the symptoms associated with translocated heat 
damage. Extracts were prepared from heated and unheated 
bean leaves. The tissue was macerated in a Sorvall 
omnimixer for 3 min« ; 2 ml of .01 M phosphate buffer
(pH 7.0) were added for each gram of fresh weight tissue. 
Arivat barley seedlings were grown for 12 days at 1? C .
One cm. of leaf tip was removed and discarded, then an 
additional 1 cm. segment was removed from each leaf and 
placed in ice water. Five segments were placed into a test 
tube containing 3 ml of bean leaf extract. The tubes were 
incubated in the dark at 24 C for 48 hr. The segments were 
washed with distilled water and 10 ml of 95% ethanol added 
to each tube containing the disks. The test tubes were 
placed in a rack and allowed to come to a boil in a hot 
water bath for 5 min.,- ‘at which time the ethanol in each 
tube was made up to 10 ml. Chlorophyll content was deter
mined at 665 mp, using a Beckman model spectophotometer.
This resulted in no difference in chlorophyll degradation 
in leaf segments treated with extracts of heated and 

unheated leaves. The chemical substances responsible for



the translocated heat damage may be toxic by-products which 
accumulate in excess after normal catabolic enzymes have 
been destroyed by heating* The observation that the 
translocated heat damage is reversible suggests that the 
substances may not be toxic at normal temperatures and 
endogenous concentrations 9 but rather a metabolite which 
accumulates in excess when one enzyme in a chain of enzymes 
is destroyed. The excess is translocated to the opposite 
leaf in such quantities as to be toxic until a portion of 
it may be metabolized or translocated out of the leaf. 
Translocated heat damage appears to be a reproducible 
phenomenon but the mechanism remains to be discovered.



SUMMARY AND CONCLUSIONS

Induction of Heat Resistance .
There are a number of ways to evaluate heat damage 

ranging from visual observation all the way down to sub- 
cellular effects on protoplasmic streaming., vacuolization^ 
etc « The author chose fresh weight as a parameter. It was 
observed that a predictable pattern of response could be 
obtained by plotting the loss in fresh weight as a per cent 
of the control against the exposure time. Maintenance of 
respiration rate at high temperatures was utilized and also 
found to be very effective as a measure of heat resistance.

Heat resistance was induced by pre-exposure to high 
temperature. Plants were induced by pre-exposure to 
AO +. 1 ^ for 30 min. After 48 hrs. at optimum temperature 
(17 C ) they were exposed to a challenge temperature of 75 
m i n „ at 40 C. There was a significantly less reduction in 
fresh weight of induced plants as compared to control 
plants when the challenge temperature is followed by one 
week incubation at optimum temperature (17 C ). The same 
results were obtained using a Gilson differential respirom- 
eter to measure the decrease in respiration rate at 4$ C . 
Plants were induced as above and incubated at optimum 
temperature (17 C ) for 2 4 hr., 48 hr., and 72 hrs. at which 
time both control and induced plants were exposed to 45 C

43
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in a water bath» The induced treatment showed a mainte
nance of the respiration rate for longer periods of time 
than the non-indueed control plants« The increased 
resistance first becomes apparent 24 hrs c after induction 
and begins to decline after 72 hrs« The induced resistance 
may be blocked 9 however«, by the application of actidione--a
protein synthesis inhibitor-. If the inhibitor is applied

-/6 hrs. or longer after the induction exposure«, the induced 
resistance can no longer be blocked.

The above observations lend support to the theory 
that the induction exposure puts into motion a process 
involving synthesis of new proteins which enhance the heat 
resistance of the plant. Gel electrophoresis was utilized 
in an attempt to detect a difference in the number of 
protein bands between induced and control treatments.
There was no significant difference between the treatments 
as evident from gels at 50% and 75% ammonium sulfate 
fractions. There was also no difference in the quantity 
or activity of malic dehydrogenase, a respiratory enzyme, 
between control and induced plants. A change in protein 
levels responsible for the increased resistance could con
ceivably be too small to be detected by gel electrophoresis. 
The only objective conclusion is that there is no dramatic 
change in protein levels due to the induction exposure.
The change could be from the synthesis or a more stable 
isozyme of a labile respiratory enzyme or perhaps an
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accumulation of a labile enzyme to increase the survival 
percentage should a portion be inactivated by heat.

The evidence presented in this thesis demonstrates 
that high temperature resistance can be induced5 but only 
through a process involving protein synthesis. This 
evidence coincides with other research in the literature by 
Bonner (1957)? and others indicating the importance of 
enzymes in thermal inactivation of growth at high tempera
tures . It seems apparent that as temperature rises slowly 
above the maximum«, enzymes become denatured beginning with 
the more labile. The pre-exposure to high temperature 
possibly protects the more labile enzymes and thus elevates 
the maximum temperature which the plant can endure.

Translocation of Heat Injury 
Heat injury is translocatable between paired primary 

leaves of bean seedlings. Exposure to 65 C for 15 sec. is
sufficient to produce the translocated damage on about 33%

"V ' - .of the plants. The translocated heat damage results in dry 
necrotic patches between the veins of the unheated leaf.
The amount of damage varies from plant to plant. These 
results could not be duplicated on peas.

The factor or factors responsible for translocated
heat damage appear to fit into one of two categories:
either it is the production of a new toxic substance or an
excess of a normal metabolite in supra-optimal
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concentration* Exposure to 65 C for 15 sec. is sufficient 
to stop almost instantly all metabolic activity «> degrade 
proteins and enzymes9 as well as rupture membranes. A 
toxic factor could be any one of a multitude of breakdown 
products or perhaps a new substance formed from thermal 
changes in a pre-existing cellular constituent. Leakage 
through membranes could conceivably spew out pools of 
reserve metabolites in such quantities to be toxic when in 
contact with living cells . The mechanism responsible for 
translocation of heat damage remains undiscovered 9 and 
although this research sheds no new light upon the mecha
nism, it does demonstrate that the phenomenon is reproduc
ible.
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