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Summary

Seedlings of cucumber (Cucumis sativus L., cv. Sharp I) were grown in hydroponic cul-
ture at root-zone temperatures of 25, 35, and 38 °C for 10 days. Cytokinins in the leaves
and roots were quantified at day 5 and 10. Zeatin and its riboside were the main cytokinins
in the leaves, while the roots contained a considerable amount of isopentenyladenosine
besides the above two cytokinins. High root-zone temperatures caused a marked decrease
in cytokinin concentrations. The change was gradual at 35 °C but very rapid at 38°C,
and fluctuated more in the roots than in the leaves. In plants grown at 38°C, cytokinin
concentrations in the roots were very low already at day 5; at day 10 both the roots and
leaves contained only negligible concentrations of cytokinins. Zeatin riboside was more
sensitive to high root-zone temperatures than the other cytokinins in the leaves.

Cucumber plants were grown at 38°C for 10 days and treated with 0, 107%, 1078 and
107* M benzylaminopurine (BAP) to leaves in combination with 0, 10 s and 10 M
abscisic acid (ABA) treatments to roots. Treatment of roots with 10 M ABA promoted
slightly growth of BAP-untreated plants; but 10> M ABA was inhibitory, irresepective

. of BAP treatments. On the other hand, foliar sprays of BAP at 10™* M caused a marked

increase in the growth rate of ABA-untreated plants. Lower BAP concentrations had no
significant effects. This growth-promoting effect of 10™* M BAP sprays to leaves was not

observed when the roots were supplied with ABA at either concentrations.

The results strongly suggest that inhibition of cytokinin synthesis in the roots and the
resultant decrease in endogenous cytokinin concentrations in the leaves are the bases for
growth inhibition of cucumber plants at supraoptimal root-zone temperature.

Introduction

Cucumber is a thermophilic plant whose optimal
root-zone temperature lies around 25 °C in the ma-
ture growth stage (Sasaki and Itagi, 1989). Young
cucumber plants can grow normally at 32 °C, but
its growth rate is inhibited above 35°C; at 37 to
38 °C they develop very small, chlorotic leaves
and poor roots with thick, bent tips (Du and
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Tachibana, 1994a; Wang and Tachibana, 1995).

We previously studied the physiological causes
of growth inhibition in cucumber plants at sup-
raoptimal root-zone temperatures, with reépect to-
water relations, mineral nutrition, root respiration,
photosynthesis, sugar metabolism in roots, and .
abscisic acid concentrations in leaves and roots
(Du and Tachibana, 1994a, 1994b, 1995; Wang
and Tachibana, 1995). However, changes in cyto-
kinin concentrations in cucumber plants in re-
sponse to elevated root-zone temperatures have not
been elucidated.

Since cytokinins are mainly synthesized in roots
(Skene, 1975), environmental stresses to roots

may cause a decrease in cytokinin synthesis in the

roots, which in turn may lead to a shortage of this
hormone in the shoot. Root-zone environments
such as drought (Itai and Vaadia, 1965), waterlog-
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ging (Burrows and Carr, 1969), salinity (Itai,

1978) and low temperature (Tachibana, 1988) are
known to inhibit cytokinin production in the roots.

Information on cytokinin concentrations in plant
tissues as influenced by supraoptimal root-zone
temperature is limited. Itai et al. (1973) found that
bean roots exposed to a short-term heat stress
treatment had a dramatic decrease in cytokinin

~concentrations in the root =xylem exudate.

Kuroyanagi and Paulsen (1988) conjectured that
wheat plants grown at 35 °C root-zone tempera-

ture contained a deficient level of cytokinin in the.

leaves, based on an increase in protease activity
and a decrease in protein content. However, they
did not determine the endogenous cytokinin con-

_centrations in the plant tissues. Thus, the objec-

tive of our present study was to investigate the
effect of supraoptimal root-zone temperature on
endogenous cytokinin concentrations in cucumber
plants and whether those changes are causally re-
lated to their growth inhibition.

Materials and Methods

1. Effect of voot-zone temperature on cytokinin concen-
trations in roots and leaves (Exp. 1)

Seedlings of cucumber (Cucumis salivusL., cv.
Sharp I) were raised in a glasshouse on gravel cul-
ture. Twenty plants each were then transplanted
at ‘the first true leaf stage to three hydroponic
beds, containing 250 liters of 1/2 strength Hoag-
land solution. The solution was controlled at 25
°C, circulated continuously with a small pump, and
aerated intermittently for 15 min every hour. Af-
ter the plants were acclimated to the water culture
conditions for 3 days, the solutions in two beds
were raised to 35 and 38°C. Ten plants were sam-
pled from each treatment 5 and 10 days after the
onset of the treatments and 100-g portions of
roots and leaf blades were immediately frozen
separately, in liquid nitrogen and stored at — 30
°C for cytokinin analysis.

2. Effect of BAP and ABA treatments on plant
growth at supraoptimal voot-zone temperatuve (Exp.
2)

Cucumber seedlings cv. Sharp I were raised as
in Experiment 1. Six plants were planted in each
of five hydroponic beds containing 250 liters of
1/2 strength Hoagland solution held at 25°C. Af-

ter 3 days, the temperature of the solution in foy,
beds was raised to 38°C, while that in one heg
was left at 25°C. When the solution temperatyre
reached 38°C, cis, trans- (+) ABA (natural ABj
a gift from Torey Ind. Inc.) was added to the ny.
trient solution at 0, 10™% and 10™° M. Simy.
taneously, all expanded leaves in the 38 °C treat.
ments were sprayed with an aqueous solution of
BAP at 0, 10°°, 107 and 10" M, containing
0.01% Tween 20. This foliar spray was repeateqd
again after 6 days. Plants grown at 25°C receiveq
no hormone treatments and served as the contro,
Plants were harvested after 10 days of root-zone
temperature treatments, and their leaves, siem
plus petioles, and roots weighed.

3. Quantitation of cytokinins

The method described by Horgan (1978) was
followed for extraction and purification of cytoki-
nins in roots and leaf blades. Briefly, 100-g of
frozen tissues were immersed in Bielski solution
(Bielski, 1964) and left at — 30 °C for 24 hr in
the dark. The solution was then removed by filira.
tion and the tissues were homogenized in acidic
methanotl (methanol: water: formic acid =6: 4: 1,
by volume). After standing at — 30 °C for 24 hr,
the homogenates were filtered through filter paper
under suction. The filtrates were combined with
the previous Bielski extracts and evaporated to
dryness at 40 °C in vacuo. The residues were dis-
solved in 30mM acet}c acid and passed through a
PVPP column to remove phenolics and pigments.
The eluate was adjusted to pH 8.2 and partitioned
four times against water-saturated n-butanol. Buta-
nol extracts were then dried and redissolved in a

.minimum volume of 35% ethanol. Cytokinins in the

35% ethanol eluates were further purified and
separated by gel filtration with a Sephadex LH-20
gels. Cytokinins in the eluates were quantified by
soybean callus test using 6 callus pieces of cv.
Acme and 25ml of Miller’s media without replica-
tion (Tachibana, 1988).

Results
1. Effect of root-zome temperature on cytbkinm concen-
trations in roots and leaves (Exp.1)

The effects of high root-zone temperatures on
plant growth was essentially the same as those re-
ported previously (Du and Tachibana, 1994a).
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Shoot and root growths were significantly inhi-
bited at 38°C at day 5; the upper leaves became
chlorotic at days 6 to 7. At 35°C, plant growth
was slightly inhibited at day 5, and remained
small until day 10, as compared to those grown at
25 °C, particularly the roots. Leaf chlorosis did
not occur at 35°C.

Cytokinin concentrations in roots of cucumber
plants grown at 25, 35 and 38°C for 5 and 10
days are shown in Fig. 1. Cucumber roots con-
tained a considerable amount of isopentenyladeno-
sine (2iPA) besides zeatin (Z) and zeatin riboside
(ZR). Cytokinin concentrations in roots grown at
35 °C were almost the same as those grown at
95°C at day 5, but ZR and Z at the higher temper-
ature decreased to less than a half at day 10,
whereas 2iPA changed little. However, the roots
grown at 38 °C had much lower concentrations of
all three cytokinins at day 5, and only negligible
concentrations existed at day 10.
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Fig. 2 shows the cytokinin concentrations in
leaves of plants grown at different root-zone
temperatures for 5 and 10 days. Z and ZR were
the main cytokinins in the leaves of plants grown
at 25°C; 2iPA was barely detectable. The effects
of high root-zone temperature on cytokinin concen-
trations in leaves were relatively small as com-
pared to those in roots. Plants grown at 35 °C
showed a slight decrease in both ZR and Z concen-
trations in leaves at day 5. Concentrations of these
two cytokinins particularly ZR were further de-
creased after. 10 days at 35°C. On the contrary,
2iPA concentrations in leaves were much higher
in plants grown at 35 °C than were those grown at
25°C. Plants grown at 38 °C showed a marked de-
crease in ZR in leaves at day 5, but the decrease
in Z was relatively small. At day 10, however, the
concentrations of both ZR and Z decreased to very
low levels; 2iPA was not detectable.
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Fig. 1. Histograms of cytokinin concentrations in the roots of cucumber plants grown at 25°C (A), 35°C (B} and
38 °C (C) root-zone temperatures for 5 days (left) and 10 days (right). Cytokinins were extracted from
100g of fresh roots, fractionated on Sephadex LH-20 with 35% ethanol as eluting solvent, and assayed for
cytokinin activity by soybean callus test. Abbreviations: ZR; zeatin riboside, Z; zeatin, 2iPA; isopenteny-

ladenosine, 2iP; isopentenyladenine.
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Fig. 2. Histograms of cytokinin concentrations in the leaves of cucumber plants grown at 25 °C (A), 35 °C (B) and
38 °C (C) root-zone temperatures for 5 days (left) and 10 days (right). Cytokinins were extracted from 100 g
fresh leaves. For the abbreviations see the legend of Fig. 1.

2. Effect of BAP and ABA‘treatments on plant
growth at supraoptimal voot-zone temperature (Exp.
2)

Figs. 3 and 4 show the effect of BAP and ABA
treatments on the dry weight of the whole plants,
and leaves and roots of cucumber plants grown at
38°C for 10 days, respectively. The corresponding
dry weights of the control plants grown at 25°C
without hormone treatments are given in the figure
legends. Plants grown at 38°C without any hor-
mone treatment accumulated less dry matter, com-
pared to the control plants grown at 25°C: specifi-
cally 56% (whole plant), 43% (leaves) and 34%
(roots).

When ABA was not supplied to roots, plant
growth at 38 °C was promoted by foliar sprays of
BAP. The growth-promoting effect of BAP was
greater as its concentrations were increased; at
107* M, the whole plant dry weight increased to
83% of the control plants grown at 25 °C without
any hormone treatments. The growth-promoting

Control

Wholeplantdry weight (g-plant™)

107°

Concentrations of ABA (M)

Fig. 3. Bar graphs depicting the effects of foliar sprays of
benzylaminopurine (BAP) in combination with root
treatment with abscisic acid (ABA) on the dry weight
of whole cucumber plants grown at 38 °C root-zone
temperature for 10 days. The whole plant dry
weight of plants grown at 25°C without hormone
treatments (Control) was 14.56g. BAP concentra
tions: [; O M; E5; 10 M, B2: 10° M, I, 10°* M.
Bars with the same letter are not significantly diffe-
rent at P =0.05.
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Fig. 4. Bar graphs showing the effects of foliar sprays of benzylaminopurine (BAP) in combination with root treat-
ment with abscisic acid (ABA) on the dry weight of leaves (A) and the roots (B).The plants were grown at 38
°C root-zone temperature for 10 days. The leaf and root dry weights of plants grown at 25 °C without hormone
treatments (Control) were 10.57 g and 1.62 g, respectively. BAP concentrations: [J; 0 M, &; 10 M, i, 10°°
M, B 10 M. Bars with the same letter are not significantly different atP =0.05.

effect of BAP was achieved mainly by the increase
in leaf areas but not in leaf number. Upper leaves
of plants grown at 38°C without hormone treat-
ments became chlorotic but this condition was re-
versed by BAP application. /

When plants were not sprayed with BAP, ABA
treatment to roots at 10™® M caused slight, insigni-
ficant increases in root and leaf dry weight accu-
mulations. However, ABA at 10™° M was inhibi-
tory to growth, particﬁlarly to leaf growth. Furth-
ermore, the growth-promoting effect of BAP was
completely negrected by simultaneous application
with 10® M ABA to roots. At 107 M ABA, root
growth was inhibited more as the concentration of
BAP was increased. In this case, water content of
leaves was 77 and 79% at 107 and 10°° M BAP,
respectively, in contrast to 82% at 10°® and 0 M
BAP. Leaf chlorosis in plants grown at 38 °C
without any hormone treatment was partially
alleviated by ABA treatments.

Discussion

Itai et al. (1973) found a rapid decrease in cyto-
kinin concentrations in the xylem exudates of bean
roots exposed to 47.5°C for only 2 min. Cheikh

and Jones (1994) reported that exposure of in

vitro-grown maize kernels to 35°C for 4 or 8 days
resulted in great suppression of dry weight accu-
mulation and increased kernel abortion, accompa-
nied by a marked decrease in cytokinin concentra-

tions.

Since roots are believed to be a main cite of
cytokinin synthesis in plants, our results in Exp. 1
suggest that supraoptimal root-zone temperature
inhibited cytokinin production in cucumber roots
and consequently reduced the amount of cytoki-
nins translocated to the shoot. Very low cytokinin
concentrations in the roots grown at 38°C for 5
days suggest that the response of cytokinin synth-

~esis in the roots to high temperature is very rapid.

In Exp. 2, BAP was sprayed on cucumber
grown at 38 °C root-zone temperature to examine
whether the decrease in cytokinin concentrations
in leaves causes growth inhibition of cucumber
plants. Concurrently, ABA treatment to the roots
was examined, because in our earlier study en-
dogenous ABA was markedly decreased in cucum-
ber roots grown at 38 °C root-zone temperature
(Du and Tachibana, 1995).

In roots untreated with ABA, foliar sprays of
BAP at 38 °C ameliorated growth inhibition signi-
ficantly. This growth-promoting effect of BAP was
greater as the concentration was increased. Cheikh
and Jones (1994) also observed that the inhibition
of in vitro growth of maize kernels by heat treat-
ment at 35 °C was significantly reversed by 107°
M .BAP. We found that foliar sprays of 107° and
107" M BAP to cucumber plants grown at 25°C
root-zone temperature did not promote plant
growth. Therefore, BAP spray to leaves promoted
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plant growth probably by blocking a drastic de-
crease in cytokinin activities which may have
occurred in cucumber plants grown at 38°C root-
zone temperature. Thus, we conclude that the de-
crease in cytokinin concentrations in the leaves is
implicated in growth inhibition of cucumber plants
at supraoptimal root-zone temperatures.

Cytokinins are known to stimulate cell division,
cell enlargement, chloroplast formation, synthesis
of chlorophylls and proteins (Skene, 1975), and in-
hibit de movo synthesis of protease (Martin and
Thimann, 1972). Thus, it seems ' that these
cytokinin-related processes were impaired in the
leaves of cucumber plants grown at supraoptimal
root-zone temperatures. Kuroyanagi and Paulsen
(1988) observed a marked increase in- protease
activity and a decrease in protein content in leaves
of wheat grown at 35°C root-zone temperature. We
also found a significant increase in protease activ-
ity in leaves of cucumber plants grown at 38°C for
10 days over those grown at 25°C (Tachibana and
Du, unpublished). Likewise, leaf chlorosis and
small leaf areas in plants grown at 38 °C may well
be attributable to the deficiency of cytokinins.

Blokhin (1986) observed that inclusion of 4.4 X
10" M BAP to the nutrient solution caused an in-
crease in thickening as well as dry matter accu-
mulation in corn and cucumb'er'roots‘grown at
normal root-zone temperature. We found that root
growth of cucumber at 38°C was also promoted,
although insignificantly, by treating the leaves
with 10" M BAP. However, this promotion is
attributable to the increase in shoot growth and a
resultant increase in the supply of photosynthates
to the roots, since, in our preliminary experiments,
addition of 1077 and 10™® M BAP to nutrient solu-
tion resulted in further growth inhibition of roots
grown at 38°C.

Previously, we found that treating cucumber
roots kept at 38 °C with 3x107° M ABA signifi-

cantly increased plant growth, whereas it was in- -

effective at 25°C (Du and Tachibana, 1995). In
this study, a single treatment of 10 M ABA to
roots-did not significantly alleviate growth inhibi-

tion by high root-zone temperature. Furthermore, .

the simultaneous treatment of ABA to roots and
BAP to leaves resulted in disappearance of growth
promotion by BAP. So it seems that by treating
roots with 10> M ABA and supplying BAP to
leaves. impeded root growth. These interactive

effects of BAP and ABA are difficult to explajy
without information on ABA and cytokinin actjy;.
ties in the plants. It is known that ABA in leaveg
of cucumber plants with roots exposed to 38 °¢
increases to excessively high concentrations after
10 days (Du and Tachibana, 1995). Therefore, j;
seems possible that BAP treatment to leaves coulg
have increased endogenous ABA to an excessive
level in the 38°C-grown plants, probably through
decreasing the water content in the leaves.
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