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ABSTRACT

To investigate the abscisic acid (ABA) production of tomato (Mill.)
plants in response to diurnal stressful temperatures, five-week old seedlings
were exposed to day/night temperatures of 10/5, 15/10, 25/15, 35/25, or

45/35 C. The daylength was 16 hours with a light intensity of approximately
400 microeinsteins per meter per second. Plant tops were sampled at 12,
24, 48, and 72 hours. Free, alkaline-hydrolyzable (conjugated), and total
ABA quantities were measured using standard gas chromatographic tech-
niques. AU temperature regimes significantly increased both free and
conjugated ABA levels over concentrations in control plants (25/15 C).
The highest ABA levels were observed in plants exposed to the coolest
temperature of 10/5 C. Since normal water potentials were obtained in
plants of al treatments, the observed ABA response was not due to
temperature-induced water stress. Therefore, temperature stress, like sev-

eral other environmental stresses, induces the plant to produce high levels
ofABA. Because of the similar involvement ofABA in temperature-induced
and other environmental stresses, ABA may be a common mediator for all

plant stresses.

ABA is a naturally occurring compound of major importance
in regulating plant growth and development. It has been impli-
cated in a variety of physiological processes (1, 11, 13, 15) and is
found in elevated levels under several stressful conditions (3, 4, 7,
8, 16, 18, 23).
The term "thermoperiodism" describes plants that grow better

with variations in their day/night temperature regimes (24). For
such plants, a constant temperature could be a stress. For example,
tomato plants exhibit a profound reduction in growth at constant
temperature (11). An alternating temperature regime is not only
required for optimal vegetative growth but for other physiological
processes like fruit set.
When tomato plants were exposed to constant stressful temper-

atures, an increase in their ABA levels was observed (2). The
results did not indicate whether the increase was due to the
stressful temperatures per se or to the fact that the plants were

exposed to constant temperature. Here, an attempt was made to
separate these two effects, namely, to determine whether tomato
plants would respond in terms of ABA production when exposed
to a stressful but a more natural diumal temperature regime.

'Contribution from the Plant Science Department, Utah State Univer-
sity Agricultural Experiment Station as Paper No. 2488.

2 Present address to whom reprint requests should be addressed: Crops
Research Laboratory, UMC 63, Utah State University-Logan, Utah 84322.

MATERIALS AND METHODS

Seeds of tomato (Lycopersicon esculentum Mill.) cv. Venus were
sown in vermiculite3 and germinated at 25 C. They then were
transferred to a growth chamber set at 25 C day/15 C night. The
photoperiod was 16 h (06:00-22:00 h), and the light intensity was
approximately 400 ILE m-2 s-'. The seedlings were watered with
one-quarter-strength Hoagland solution for the first week. When
the plants were about 5.1 cm high, they were thinned to two
plants/pot and, thereafter, were watered with full-strength Hoag-
land solution.
When the plants were 5 weeks old, they were exposed to day/

night temperatures of 10/5, 15/10, 25/15, 35/25, or 45/35 C. The
light period was maintained at the same duration and intensity.
To minimize water stress from high temperature-induced dehy-
dration, pots of every treatment were transferred to plastic trays
containing full-strength Hoagland solution, and the solution was
absorbed through holes in the bottom of the pots. The plants were
allowed to absorb water for 2 h at 25 C before exposure to the
experimental treatments. The leaf water potential of three plants
from the 10/5, 25/15, and 45/35 C treatments was measured with
a pressure bomb at regular intervals during the first 24 h.

Samples for ABA determination were harvested at 0, 12, 24, 48,
and 72 h. Zero sampling time (09:00 h) was 3 h after the lights
came on; therefore, all samples, except those at 12 h, were har-
vested 3 h after the lights came on. The 12-h samples were taken
1 h before the end of the light period (2 1:00 h). At each harvest,
three single plant replicates (exclusive of the root system) were
immediately frozen on dry ice and stored in a freezer at - 18 C
until analyzed. A representative sample (1-3 g) of each frozen and
crushed plant was weighed, homogenized in ice-cold 90% metha-
nol (10 ml/g fresh tissue), and filtered. ABA was analyzed accord-
ing to the method described by Seeley and Powell (21). The
alkaline-hydrolyzable ABA (conjugated ABA) was determined by
adjusting the pH of the remaining aqueous phase to 11.0 with
KOH, heating it at 60 C for 45 min, and re-extracting with
methylene chloride. Acidic fractions were derivatized by ethereal
diazomethane. ABA was quantified with a Tracor 222 Gas Chro-
matograph equipped with a Ni3 electron capture detector. Col-
umn packing was 3% OV-25 on Gas Chrom Q (100 to 200 mesh
support). Purified N2 at a flow rate of 80 ml/min was used as the
carrier gas. The temperature of the injection port, column oven,
and detector were isothermally maintained at 250, 225, and 295
C, respectively. Authentic (+)-ABA and racemic ABA were used
as standards. Sample ABA peaks were identified by comparison
with the retention time of authentic ABA.

3Mention of the trademark of proprietary product does not constitute
a guarantee or warranty of the product by Utah State University and does
not imply its approval to the exclusion of other products that may also be
suitable.
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RESULTS

Any experiment dealing with temperature stress may be con-

founded by a temperature-induced change in the water status of
the plant which would also affect ABA levels. The water potential
of the plants in the experiment here was monitored during the
first 24 h ofthe experiment (Table I). Since there was no difference
in water potential of plants under different treatments during the
initial 24-h period, no further measurements were made thereafter.
The lowest free ABA concentration was observed in control

plants subjected to the optimal temperature of 25/15 C (Fig. 1).
With the exception of the 12-h sampling, these values were

significantly lower than the free ABA content of plants exposed to
other temperatures. At 12 h, the free ABA contents of plants at
25/15 C or 15/10 C were not different.

After 12 h treatment, plants exposed to 10/5, 35/25, or 45/35 C
exhibited a 1.5-fold increase in free ABA content as compared to
the concentration at zero sampling time (to) but, at 15/10 C, it
required 24 h for the plants to reach their highest free ABA levels.
Free ABA concentrations of plants of all treatments showed a

decreasing trend after 24 h exposure to different temperatures.
However, plants subjected to the most stressful temperatures of
45/35 and 10/5 C showed a sharp and significant increase in their
free ABA content at the 72-h sampling time. Although there was

a decreasing trend in free ABA contents of plants subjected to 35/
25 and 15/10 C throughout the experiment, the concentrations
never returned to the initial values.

Results of the effect of temperature on conjugated ABA are

presented in Figure 2. As with free ABA, lowest conjugated ABA
levels were observed at 25/15 C. Conjugated ABA levels in plants
subjected to 15/10 and 10/5 C continued to increase during the
course of the experiment, the maximum being a 2-fold increase at

Table I. Water Potentials of Tomato Plants under D/f3erent Temperatures

//4alues were obtained using a pressure bomb.

Water Potentials at
Time

45C 25C lOC

h atm

0 -5.3 -5.3 -5.3
0.5 -6.5 -6.0
2 -6 -6.5
3 -5.5 -5.5 -6.5
6 -7 -7
12 -7 -6
24 -6 -7 -7
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FIG. 1. Free ABA levels of tomato plants after 12, 24, 48, and 72 h
exposure to different temperatures. to is the zero sampling time. The
vertical bar is the least significant difference at 5% level.
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FIG. 2. Conjugated ABA levels of tomato plants after 12, 24, 48, and
72 h exposure to different temperatures. to is the zero sampling time. The
vertical bar is the least significant difference at 5% level.

280

26C

240/

' 22O X ' -
45\

220-U- 35 ~ ~ ~ ~

40C 25-_._ _

0 24 48 72

Hours

FIG. 3. Total ABA levels of tomato plants after 12, 24, 48, and 72 h
exposure to different temperatures. to is the zero sampling time. The
vertical bar is the least significant difference at 5% level.

72 h. Plants exposed to 45/35 and 35/25 exhibited increased
conjugated ABA levels during the first 12 h, a decrease back to
initial levels at 24 h, and an increase during the latter part of the
experiment. Plants subjected to 10/5, 15/10, or 45/35 C produced
the highest levels of conjugated ABA. Regardless of sampling
time, the plants followed a general pattern of lowest conjugated
ABA at the optimal temperature and higher levels under stressful
temperatures. After the initial increase at 45/35 C, the conjugated
ABA levels declined to a minimum after 24 h and then gradually
increased to near the 12-h level after 72 h. In contrast, the 35/25
C plants declined to a stable level after 48 h. At all times,
conjugated ABA constituted the smaller fraction of the total ABA
in tomato.
Minimal and constant total ABA levels were also observed in

plants exposed to 25/15 C for all sampling times (Fig. 3). The
highest total ABA levels were associated with the coolest temper-
ature of 10/5 C for nearly all sampling times (but note the 12-h
samples). At most times, total ABA levels of plants subjected to
45/35 C were higher than those exposed to 25/15 C, but lower
than in plants growing at 10/5 C temperature regime. At 72 h,
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total ABA contents of plants exposed to 10/5, 15/10, 35/25, or
45/35 C temperature regimes were significantly higher than the
initial total ABA present in the tissue. The maximum increase was
observed after 72 h at the coolest temperature of 10/5 C and was
double the initial level. Plants subjected to 10/5 or 15/10 C
showed an increasing trend of their total ABA during the entire
course of the experiment. There was a sharp increase in the total
ABA of plants subjected to 45/35 or 35/25 C during the first 12
h.
A peak too small to be quantified, identified as trans-ABA, was

observed in plants from all treatments. It occurred in both the free
and conjugated forms. Milborrow (15) and Shaybany and Martin
(22) have suggested that the presence of trans-ABA is due to
photoisomerization of ABA in bright sunlight. The reason that a
large ABA peak was not observed in the study here is probably
because the tomato seedlings were grown in growth chambers
under artificial lights, which not only have lower intensities than
sunlight but also have a different spectral composition.

DISCUSSION

One mechanism for plants to dispose of harmful high levels of
any compound is to metabolize and degrade the compound.
Gillard and Walton (5) suggested that the most probable pathway
for ABA metabolism is: ABA -- 6'-hydroxymethyl ABA -.
phaseic acid -- dihydrophaseic acid. Another method of inacti-
vation would be to bind it to large molecules such as sugars (17).
A binding mechanism for ABA definitely exists and operates
throughout the plant (the presence of an alkaline hydrolyzable
form of ABA attests to it). Although there is evidence for inter-
conversion ofABA between free and conjugated forms, the results
are only correlative and not conclusive (28) and several investi-
gators have been unable to observe the proposed interconversion
under various experimental conditions (1, 12, 14, 15).

Since the increase in free ABA observed at 10/5 and 45/35 C
(between 12 and 48 h) was correlated to a simultaneous decrease
in conjugated ABA, this initial increase may be the result of an
interconversion from bound or conjugated ABA. However, the
increase at 72 h seems to be the result of a de novo synthesis since
there was no change in conjugated ABA.

Total ABA content of plants subjected to a diurnal temperature
of 10/5, 15/10, 35/25, or 45/35 C were significantly higher than
those of plants grown at the optimal diurnal temperature (25/15
C). This not only supports de novo synthesis of ABA but also
suggests that although a binding and/or metabolic mechanism is
involved, it is operating at a slower rate than the rates of synthesis.
The presence of a binding mechanism is evident from the increased
conjugated ABA levels under low and high temperature treat-
ments (Fig. 2). The decline of temperature-induced elevated ABA
levels to levels close to initial values further supports the involve-
ment of a metabolic mechanism.

In most plant tissues, conjugated ABA concentrations are much
lower than free ABA and, therefore, could not account for a
significant change in the free ABA concentrations. Milborrow and
Robinson (14), working with avocado plants subjected to wilting,
concluded that the extra ABA present in wilted leaves arises by
synthesis rather than by release from conjugated ABA. The data
presented here suggest that, although both mechanisms are pres-
ent, they may be operating in response to different environmental
stimuli; however, the increase in ABA observed was apparently a
result of synthesis.
Under acute stress conditions, ABA is known to increase up to

40-fold (11, 14). In the study here, the maximum increase observed
was a 1.5- to 3-fold increase in the ABA level of plants exposed to
10/5 C; nevertheless, the increase under high or low temperature
regimes is consistent and significant.

Similar increases in free ABA levels were observed in the leaves
and crown tissue of wheat plants subjected to gradually decreasing

diurnal temperature regimes (25). Therefore, it seems that tem-
perature stress, per se, causes an increase in ABA levels of plants.
These elevated ABA levels under temperature stress may have
important physiological implications (18-20, 25, 26). Wightman
(25) reported that, when wheat plants were subjected to decreasing
diurnal temperature conditions over a 5-week period, ABA levels
were increased to 3- and 10-fold, depending on the variety. Itai et
al. (10) presented evidence that heat treatment increased the ABA
levels in the xylem exudate of bean plants. In that experiment,
ABA levels were higher 24 h after the plants had been "topped"
and their roots dipped for 2 min in deionized H20 of different
temperatures. Roots exposed to 40 C had the same ABA levels as
those subjected to 24 C. Only plants receiving 47.5 C treatment
showed a 100%o increase in their ABA levels (from 1.5-3.0 pg/ml)
as compared to the controls (24 C). Although their report supports
the hypothesis that ABA levels are modified by temperature, the
results were obtained in a "physiologically disturbed" system,
namely, after topping the plants. Here, evidence on the effect of
temperature on ABA levels in an "intact" vegetative system is
presented. Based on our data and the work of Wightman (25) and
Itai et al. (10), it is conceivable that the plants respond to stressful
temperatures by producing higher quantities of ABA. Although
ABA production is very sensitive to the water status of the plant
and although temperature changes may alter the internal water
status, other factors beside temperature may be involved. No
significant change in leaf water potential was observed here, and,
therefore, it is concluded that the increased ABA was in response
to temperature per se and not temperature-induced water stress.
The mechanism of action of ABA is clear in the case of water

stress, namely, closure of stomates to prevent further water loss.
ABA further improves the water balance of plants by increasing
hydrolytic conductance (6, 19, 27). The mechanisms of action of
ABA relative to other types of stresses, however, are not so clearly
defined. Nevertheless, ABA levels have been elevated under sev-
eral different environmental stresses, which seems to provide the
plant with more "tolerance" (8, 9, 22). These findings suggest that
ABA may be involved in a syndrome of responses, all of which
may contribute to adaptation to environmental stress. In the case
oftemperature stress, ABA may enhance the plant's cold hardiness
(20, 25) or may indirectly improve a plant's chilling sensitivity or
heat tolerance by modifying its water balance. Support for this
contention comes from the observation that chilling injuries are
far less severe under conditions of high RH (19, 26, 27). The
observation that the highest level of free, conjugated, or total ABA
was observed in plants exposed to the coolest and the warmest
temperatures respectively seems to be the result of the magnitude
of the stress to the plant, lending itself to the speculation for a role
of ABA in increasing the cold or heat tolerance of plants. The
response of plants exposed to cold or heat stress conditions is
similar to those subjected to drought stress. The full implication
of these observations remains to be clarified.

Total ABA levels remained relatively stable throughout the
experiment in plants held at the optimal temperature of 25/15 C.
This fact illustrates the separation of the effects of constant
stressful temperatures on ABA and those of stressful temperatures
per se on ABA (Figs. 1-3). The main objective of this study, to
prove or disprove this separation, was achieved; stressful temper-
atures, whether constant (2) or diurnal, caused an increase in ABA
levels of tomato plants.
The change in ABA content caused by suboptimal or supraop-

timal temperatures is similar to the involvement of ABA in other
forms of stress. This supports a reasonable hypothesis: ABA is a
common mediator for many different stresses.

LITERATURE CITED

I.BONAMY PA, FG DENNIS JR 1977 Abscisic acid levels in seeds of peach. II. Effect
of stratification temperature. J Am Soc HortSci 102: 2628

28 Plant Physiol. Vol. 67, 1981

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/67/1/26/6080106 by guest on 21 August 2022



STRESSFUL TEMPERATURES AND ABSCISIC ACID

2. DAIE, J 1980 Determination of the temperature response curves for abscisic acid
and its derivatives in economically important horticultural crops, PhD thesis,
Utah State University, Logan

3. DAIE J, SD SFnLEY, WF CAMPBELL 1979 Nitrogen deficiency influence on ABA
in tomato. Hortscience 14: 261-262

4. DEGANI N, C ITAI 1978 The effect of radiation on growth and abscisic acid in
wheat seedlings. Env Exp Bot 18: 113-115

5. GniARD DF, DC WALTON 1976 Abscisic acid metabolism by a cell-free prepa-
ration from Echinocystis lobata liquid endosperm. Plant Physiol 58: 790-795

6. GLINKA Z 1971 Abscisic acid raises the permeability of plant cells to water. Plant
Physiol 48: 103-105

7. GOLDBACH E, G MICHAEL 1976 ABA content of barley grains during ripening as
affected by temperature. Crop Sci 16: 797-799

8. HELAu R, DE KESTER 1979 High temperature-induced bud failure symptoms
in vegetative buds of almond plants in growth chambers. J Am Soc Hort Sci
104: 375-378

9. IRVING RM 1969 Characterization and role of an endogenous inhibitor in the
induction of cold hardiness in Acer negundo. Plant Physiol 44: 801-805

10. ITAI C, A BEN-ZIONI, L ORDEN 1973 Correlative changes in endogenous hormone
levels and shoot growth induced by heat treatment to root. Physiol Plant 29:
355-360

11. LEPooLD AC, PE KRIEDMAN 1975 Plant Growth and Development, Ed 2.
McGraw-Hill Co, New York

12. MIEI E EA, FG DENNIS JR 1978 Hormonal control of flower bud dormancy in
sour cherry (Prunus Cerasus). III. Effect of leaves, defoliation, and temperature
on levels ofABA in flower primordia. J Am Soc Hort Sci 103: 446-449

13. MILBORRoW BV 1970 The metabolism of abscisic acid. J Exp Bot 21: 17-29
14. MILBORROW BV, DR ROBINSON 1973 Factors affecting the biosynthesis of

abscisic acid. J Exp Bot 24: 537-548
15. MILBoRRow BV 1974 The chemistry and physiology of abscisic acid. Annu Rev

Plant Physiol 25: 259-307
16. MizRALI Y, A BLUMENFELD, S BrrrNss, AE RICHMOND 1971 Abscisic acid and

cytokinin content of leaves in relation to salinity and relative humidity. Plant

Physiol 48: 752-755
17. POWELL LE, SD SEELEY 1974 The metabolism of abscisic acid to a water soluble

complex in apple. J Am Soc Hort Sci 99: 439-441
18. RAKHIMBAEV IR, GA SYRTANOVA, VF SALMONINA 1978 Effect of cold treatment

on the level of biological activity of endogenous growth regulators in tulip
bulbs. Soviet Plant Physiol 25: 197-200.

19. RIKIN A, M WALDMAN, AE RICHMOND, A DOVORT 1975 Hormonal regulation
of morphogenesis and cold-resistance. I. Modification by abscisic acid and
gibbereilic acid on alfalfa (Medicago sativa L.) seedlings. J Exp Bot 26: 175-
183

20. RIKIN A, AE RICHMOND 1976 Amelioration of chilling injuries to cucumber
seedlings by abscisic acid. Physiol Plant 38: 95-97

21. SEELEY SD, LE POWELL 1970 Electron capture gas chromatography for sensitive
assay of abscisic acid. Anal Biochem 35: 530-533

22. SHAYBANY B, GC MARTIN 1977 Abscisic acid identification and its quantification
in leaves of Juglans seedlings during waterlogging. J Am Soc Hort Sci 102:
300-302

23. SIMPSON GS, PF SAUNDERS 1972 Abscisic acid associated with wilting and dwarf
and tall Pisum sativum. Planta 102: 272-276

24. WENT FW 1948 Thermoperiodicity. In AE Murneek, RO Whyte, eds, Vernali-
zation and Photoperiodism. Chron Bot, Waltham MA, pp 145-157

25. WIGHTMAN F 1979 Modern chromatographic methods for the identification and
quantification of plant growth regulators and their application to studies of the
changes in hormonal substances in winter wheat during acclimation to cold
stress conditions. In TK Scott, ed, Plant Regulation and World Agriculture.
Plenum Press, New York, pp 327-377

26. WRIGHT STC, EW SIMON 1973 Chilling injuries in cucumber leaves. J Exp Bot
24: 400-411

27. WRIGHT STC 1974 The effect of chilling on ethylene production, membrane
permeability, and water loss of leaves of Phaseolus vulgaris. Planta 120: 63-69

28. WRIGHT STC 1975 Seasonal changes in the level of free and bound ABA in
black current (Ribes nigrum) buds and beech (Fagus sylvatica) buds. J Exp Bot
26: 161-174

29Plant Physiol. Vol. 67, 1981

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/67/1/26/6080106 by guest on 21 August 2022


