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Abstract—The influence of an air temperature increase by 4°C and nutrient solution cooling down to 5 + 1°C
on stomatal conductance and hormone level of seven-day-old wheat (Triticum durum L., cv. Bezenchukskaya
139) seedlings was studied. An elevated air temperature resulted in a rapid rise of stomatal conductance pre-
ceded by the increase in the level of cytokinins in leaves. Cooling of the nutrient solution induced gradual sto-
matal closure along with a decreasing cytokinin level in leaves. Hormone concentration in the xylem sap of
wheat seedlings was determined, and the rate of hormone transport from the roots to shoots was calculated. The
role of cytokinins in the regulation of stomatal conductance under conditions of local thermal treatments is dis-

cussed.
DOI: 10.1134/S1021443706060057
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INTRODUCTION

Stomata play an important role in the control of
water evaporation and gas exchange in plant leaves.
Transpiration and photosynthesis are regulated by
changing the size of stomatal pores. The operation of
the stomatal apparatus can be influenced by plant envi-
ronment [1], and therefore stomatal regulation of tran-
spiration is exerted by both internal and external fac-
tors. Ambient temperature is one of the most important
external factors in the regulation of transpiration. Evi-
dence exists that, in a warm and moist environment,
stomata are widely open [2] to enhance cooling of the
plant due to more intense transpiration and to maintain
photosynthesis, while at low air temperatures, they tend
to close [3]. Low soil temperature seems to have the
same effect on plants, reducing the transpiration rate
and stomatal conductance [4]. However, the exact
mechanism of stomatal conductance regulation under
conditions of thermal stress is still unclear.

Hormones are known to play an important role in
environmental adaptation of the plant [5, 6]. The hor-
monal regulation mechanism of stomatal conductance
is well studied; however, major focus was made on the
role of ABA [7, 8]. Very limited data are available about
the role of endogenous cytokinins, although the latter
were long ago reported to be able to keep stomata open
[9] to balance the stomata closure signal from ABA
[10].

Abbreviation: BA—benzyladenine.

In a number of studies, it was shown that, when soil
was getting dry, stomata closed, the water status of
leaves remaining the same [11]. At the same time, the
concentration of ABA in the xylem increased [7, 8].
This means that the ABA signal from leaves can regu-
late stomatal conductance independently of the water
status of leaves. The question is whether cytokinins can
be such a signal to control the stomatal state under con-
ditions of fast changing ambient temperature. Cytoki-
nins are known to be produced in roots and transported
along the xylem to shoots [12, 13]. For this reason, they
are sometimes regarded as signals being sent from the
roots to shoots to regulate the operation and activity of
the above-ground organs of the plant [14].

The objective of this study was to try to understand
whether an abruptly changing level of cytokinins in the
leaves and xylem sap was related to the regulation of
stomatal conductance in response to abruptly changing
temperature.

MATERIALS AND METHODS

Plant material and growth conditions. Spring durum
wheat (Triticum durum L., cv. Bezenchukskaya 139)
seven-day-old seedlings cultivated under laboratory
conditions were used for the study. Seeds were germi-
nated in darkness in distilled water containing 5 X 10° M
CaCl, during 3 days at 24°C. The three-day-old seed-
lings were transferred to 10% Hoagland—Arnon
medium and cultivated at an illuminance of 18 klx and
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Fig. 1. A device for collection of the xylem sap built at the Prof. W. Hartung Laboratory (University of Wiirtzburg, Germany).

a 14-h photoperiod. The daytime air temperature was
maintained at 20 to 24°C.

Air temperature increase. To imitate the effect of
elevated air temperature, a fan heater was used to raise
the air temperature in the cultivation chamber by 4 +
1°C within a few minutes and to maintain it at the new
level for 1.5 h. The air movement in plant growth area
of the room was insignificant.

Cooling of plant roots. The nutrient medium was
rapidly cooled from the initial 24°C to 5 £ 1°C by add-
ing pieces of frozen medium.

Pretreatment with a synthetic cytokinin benzylade-
nine (BA). This was done by leaf immersion into the
100 uM BA solution with 0.05% Tween 60 added. The
control plants were immersed in the 0.05% Tween 60
solution for the same period of time.

Stomatal conductance was determined using the
formula:

C=1/r, ey

where C is stomatal conductance (cm/s) and r is leaf
resistance to vapor diffusion (s/cm). Stomatal conduc-
tance was measured using an MK porometer (Delta T
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Devices, United Kingdom). This device measures and
registers the time during which humidity in the leaf
chamber increases by a given value. The stomatal resis-
tance r value was defined by comparison of the above
time against measured time values for a set calibration
of plates with known diffusion resistance values. Thus
obtained value of stomatal conductance in cm/s was
converted into that in mol/(m? s) using formulae and
factors provided in [15].

The cytokinin level in plant material was determined
using the immunoassay test carried out according to
modified protocol described in [16]. The xylem exudate
was collected using the device shown in Fig. 1, which
was built in the Prof. Hartung laboratory (Wiirtzburg
University, Germany). The above-ground part of the
plant was cut off and the remaining 15- to 20-mm shoot
segment together with the root system was connected to
the device. In experiments with increasing air tempera-
ture, the above-ground parts of plants were cut at differ-
ent times (15, 30, and 30 min) after the start of the
experiment. When analyzing the root cooling effect, the
cooling medium was cooled after the plants had been
cut off and their underground parts were connected
with the device. The vacuum created by a vacuum
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Table 1. Stomatal conductance of wheat leaves after treat-
ment with a synthetic cytokinin BA and cooling of the nutri-
ent solution from 24°C down to 5 % 1°C, mol/(m? s)

Cooling time, min
Treatment
0 30 60
Control 121 £19 109 £ 11 59+10
BA, 100 uM 169+ 11 148 £ 22 114 £ 17

pump made xylem sap to rise through the capillary
tube. Every 15 min, the xylem sap was collected into
weighed Eppendorf-type containers for freezing. The
cytokinin concentration in the xylem sap [C] was deter-
mined, and the transport rate of cytokinins from the
roots to shoots D was calculated as follows:

D =[Clv, ()

where D is the hormone transport rate in ng/h, [C] is the
concentration of cytokinins in xylem sap (in ng/ml),
and Jv is the xylem exudate flow rate in ml/h.

Mean values of stomatal conductance and standard
errors were calculated in 10 replicates. The phytohor-
mone levels were calculated based on 9 measurements.
Standard software was used for the statistic processing
of results. In the figures and in tables, mean values and
standard errors are shown.

RESULTS

The stomata quickly responded to both elevated air
temperature and cooling of the roots. In the case of ele-
vated air temperate, the stomatal conductance remained
unchanged for 5 min and then started to increase to
reach approximately 3 times the initial level within
about 30 min (Fig. 2). Cooling of the roots resulted in a
slow decrease in stomatal conductance (see Table 1).
The really significant decrease (by a factor of 2) was
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Fig. 2. Changes in stomatal conductance of wheat leaves in
response to the elevation of air temperature by 4°C.

n=10.
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observed only towards the end of the first hour of cool-
ing. Treatment of wheat leaves with BA under control
conditions resulted in a 40% increase in stomatal con-
ductance (Table 1). A 30-min root cooling of BA-pre-
treated plants resulted in a higher conductance level
compared to that in control plants (no BA treatment and
no cooling). After one hour of cooling, the conductance
was back to the control level (i.e., that before cooling
(Table 1)).

Both types of thermal impact on plants led to signif-
icant changes in the cytokinin level in leaves. When the
air temperature increased, the cytokinin level in leaves
rose rapidly (Fig. 3a) to remain at a high level for the
rest of the experiment. Conversely, cooling of the roots
rapidly decreased the cytokinin level in leaves (Fig. 3b).

The cytokinin level in the xylem was also found to
be changing fast (Table 2). In the case of elevating air
temperature. the concentration and transport rate of
zeatin to shoots rose. Under conditions of cooling of
growth medium, the transport rates of zeatin and zeatin
riboside dropped (Table 2), their concentrations in the
xylem remaining the same.
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Fig. 3. Changes in cytokinin (zeatin + zeatin riboside) level
in leaves of wheat in response to (a) increasing air tempera-
ture and (b) cooling of nutrient solution.

n=9.
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Table 2. Effect of temperature on the cytokinin concentration in the xylem sap and their transpiration-driven transport rates

Zeatin Zeatin ribozide
Exposure time, min
[C] D [C] D
Air temperature increase from 24°C by 4 + 1°C
0 56+0.6 0.37 £0.06 148+ 1.5 0.98 £0.12
15 6.7+0.8 0.68 £ 0.09 12+0.8 1.22+0.21
30 10.7£1.2 0.90 + 0.08 10+1.3 0.84+0.11
60 94+13 0.79 £0.10 104+ 1 0.87£0.12
Cooling of nutrient solution from 24°C down to 5 + 1°C
0 54+0.2 0.35+0.01 19+2.4 1.16 £ 0.08
15 49107 0.25£0.01 16.3+2 0.85£0.09
30 63104 0.15£0.02 17£23 0.41£0.05
60 605 0.10£0.01 204£1.8 0.33£0.05

Note: [C]—hormone concentration in the xylem sap, ng/ml; D—hormone delivery rate, ng/h. n = 9.

DISCUSSION

Both elevated air temperature and cooling of nutri-
ent medium influenced the stomatal conductance. The
elevated air temperature increased (Fig. 2), while root
cooling reduce it (Table 1), and in both cases, some
time was required for stomata to open or close. In the
case of elevated air temperature, 15 min was required
for stomatal conductance to double (Fig. 2). When
roots were cooled, the stomatal conductance decreased
by half in about 60 min (Table 1). Cytokinins, known to
be able to influence the stomatal apparatus, could be
signals causing these changes. They are already known
to regulate stomatal opening and enhancement of tran-
spiration [9]. Kinetin applied to isolated epidermis was
causing stomatal opening [17]. Few studies witness for
the correlation between changes in the endogenous
cytokinin and stomatal conductance levels [18]. In
addition, as was earlier shown by us, the ABA level in
shoots fell rather than increased both when roots were
cooled [19] or air temperature increased [20]. This
means that ABA could neither cause stomatal closure
when roots were cooled nor stop them from opening
when the air temperature rose.

These data suggest that it is the cytokinin level in
leaves to induce changes in stomatal conductance under
the conditions of thermal stress. Zeatin is an active form
of cytokinin [21] known to influence the activity of the
stomatal apparatus [22]. We have found that elevated
air temperature leads to the abrupt growth of the zeatin
level in leaves (triples within 5 min after heating starts
(Fig. 3a)). Cooling of the roots leads to the reduction in
the zeatin level in leaves by a factor of 4 after 15 min
and almost by a factor of 10 within 60 min. In both
cases, changing the zeatin level preceded correspond-
ing changes in stomatal conductance. The suggested
role of cytokinins in the regulation of stomatal conduc-
tance was confirmed in the course of experiments with
BA-treated plants. Thus, BA pretreatment of plants
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subject to cold stress prevented the stomatal conduc-
tance from falling below the control level (i.e., that of
plants with no cytokinin treatment and no cooling
(Table 1)).

It was very important to find out the exact mecha-
nisms beyond such rapid changes in the cytokinin lev-
els in leaves. Cytokinins are known to be mainly pro-
duced in the root tips [23] to be further transported
along the xylem to the above-ground organs of the
plant. Our findings showed that the accumulation of
zeatin in leaves in response to elevated air temperature
was a result of its higher export rate from the roots
(Table 2).

The cytokinin export from chilled roots decreased
less than the cytokinin level in leaves (Table 2). Thus,
about one third of the amount of cytokinins found in
control plants was transported from roots within the
first hour of cooling (Table 2), and their level in shoots
dropped almost tenfold (Fig. 3b). These results con-
firmed our earlier suggestion that a fast decrease in the
cytokinin level in leaves was mainly due to their degra-
dation by cytokinin oxidase [24] rather than by the
lower export rate from the chilled roots.

Therefore, rapid changes in the hormone levels in
response to thermal impact can be caused by changing
rates of both transport and metabolism of hormones.
The question is what is the initial signal to induce these
fast changes in the hormone levels of the wheat leaves
in response to thermal impact? Apparently, cold was
irritating roots to send a signal to shoots and heat was
irritating shoots to send a signal to roots, and this might
be a system to activate a fast hormone regulation. No
consensus exists as regards the origin of this signaling.
It might be an action potential caused by heating or
cooling being further transmitted to the other parts of
the plant [25]. For example, bioelectric response to root
cooling could be observed within 10 to 15 s in leaves
[26]. The electric pulse can induce changes in ion trans-
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port and consequently in the osmotic pressure [27].
These phenomena are examples of some unspecific
effects induced in a part of the plant being caused by
environmental factors affecting the other part.

The accumulation of cytokinins in leaves increased
the stomatal conductance in response to elevated air
temperature while the reduction in the cytokinin level
in leaves due to cooling of roots led to a decrease in the
stomatal conductance. These are clear examples of
active mechanisms involving hormones to help plants
quickly adapt to environmental changes.
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