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Effect of benzyladenine and hydroxybenzyladenosine
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Abstract

Using bean seedlings, the effects of benzyladenine (BA) on stomatal conductance (g;), transpiration rate (E), and net
photosynthetic rate (Py) were examined in order to find out dose and time responses. In bean seedlings, BA applied to
roots in concentrations of 1, 5, 10, and 20 uM increased g and Py of leaves already 1 h after application. E was not
markedly affected and water use efficiency (WUE) was increased. However, the effects were mostly transient and after
24 h Py only at 1 and 5 pM BA was increased, and other parameters were not affected or even decreased. In sugar beet
seedlings, the effects of hydroxybenzyladenosine (HBA) in addition to those of BA on the same parameters were
determined. The both cytokinins were applied in 1, 5, 10, and 20 uM concentrations either to roots or sprayed on leaves.
However, the effects were inconsistent and the positive effect was observed only after 24 h on Py in plants with roots
immersed in 5 and 10 uM BA, or 10 uM HBA, and on E in plants sprayed with 5 pM BA or 10 uM HBA. Thus the -
stimulation of gas exchange by exogenously applied cytokinins is rather exceptional than general.

Additional key words: Beta vulgaris, cytokinins, net photosynthetic rate, Phaseolus vulgaris, stomatal conductance, transpiration rate,
water use efficiency.

Introduction

Cytokinins (CKs), acting both in synergy and antagonism
with other plant hormones, influence a wide range of
events during plant growth. Plant hormones including
CKs are also main signals in root-to-shoot
communication and vice versa (for reviews see, e.g.,
Schulze 1986, Davies and Zhang 1991, Tardieu and
Davies 1993, Davies 1995, Naqvi 1995). The major
portion of CKs is produced in meristematic regions of the
roots and transported via xylem to the shoot. These CKs,
along with the locally synthesized CKs, control
development and senescence of the whole plant. CKs
promote leaf expansion, accumulation of chlorophyll,
conversion of etioplasts into chloroplasts, and delay leaf
senescence (for reviews see Synkova ef al. 1997, Naqvi
1999). In addition, they can alleviate negative effect of
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water stress on chlorophyll and carotenoid contents,
photochemical activities of photosystems 1 and 2, and
content and activity of Rubisco (Chernyad’'ev 1997,
Metwally et al. 1997, Chernyad’'ev and Monakhova 1998,
Singh ef al. 2001) and on chloroplast ultrastructure
(Stoyanova and Yordanov 1999).

Both synthetic and naturally occurring CKs, when
added exogenously, increased transpiration rate (E) and
stomatal aperture, and/or delayed stomatal closure
induced by abscisic acid, e.g. in Anthephora, Commelina,
Kalanchoe, Tradescantia, Tridax, Vicia, Vitis, and Zea
(Incoll and Jewer 1987, Incoll er al. 1990, Morsucci ef al.
1991, Pharmawati et al. 1998, Stoll et al. 2000). Thus the
reduction in CK concentration and activity in xylem sap
(Bano et al. 1993, Naqvi 1995, 1999, Shashidhar et al.

Abbreviations: ABA - abscisic acid; BA - N%-benzyladenine; CK - cytokinin; E - transpiration rate, g - stomatal conductance; HBA -
Né-(m-hydroxybenzyl)adenosine; Py - net photosynthetic rate, WUE - water use efficiency.
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1996) in leaves of water stressed plants might amplify
leaf responses to an increasing concentration of ABA
(Davies and Zhang 1991). However, in water stressed
cotton and sunflower, the ABA/CKs ratio increased in
apoplastic solution but the CK concentration was not
significantly changed (Hartung ef al. 1992, Masia et al.
1994). The mechanism of CK action on guard cell might
involve direct induction of membrane hyperpolarization
by stimulation of electrogenic H'-pump, stimulation of
adenylate cyclase activity which could lead to an increase
in intracellular adenosine 3’,5'-cyclic monophosphate
content, stimulation of guanylate cyclase activity, or
interaction with calcium-calmodulin system, and with
ABA regulation of ion channel permeabilities (Incoll et
al. 1990, Morsucci ef al. 1991, Pharmawati et al. 1998).
The antagonism between CKs and ABA may be the result
of metabolic interactions: CKs share, at least in part, a
common biosynthetic origin with ABA (Cowan et al.
1999).

However, positive effect of CKs on stomatal opening
and E was not observed in all cases (for review see
PospiSilova er al. 2000). In cotton, flax, maize, and sugar
beet CKs did not significantly affect stomatal opening, E,
or Py (Radin er al. 1982, Blackman and Davies 1983,

Materials and methods

Seedlings of French bean (Phaseolus vulgaris 1.
cv. Jantar) and sugar beet (Beta vulgaris L. ssp. vulgaris
var. altissima Doll, cv. Elan) were grown in pots with
coarse sand or fine Perlite sufficiently moistened with
Hewitt nutrient solution. Both plant species were
cultivated in growth chambers at 16-h photoperiod,
irradiance (400 - 700 nm) of 350 pmol m” s™, day/night
temperature of 25/20 °C, and relative humidity of about
50 %. Air temperature and humidity were measured with
the JUMO Humitherm TDAc-70 (M.K. Juchheim, Fulda,
Germany). Irradiance was measured with the L/ /858
radiometer with a quantum sensor (Li-COR, Lincoln,
USA).

Py, E, and g; were measured on attached leaves using
commercial gas exchange system LCA-4 (ADC Bio
Scientific, Hoddesdon, UK) with leaf chamber
LC4/PLC4BT-1/E at a temperature of 25 °C, irradiance of
750 umol(photon) m™ 5™, relative humidity of 50 %, and
CO, concentration of 350 pmol mol'. WUE was
calculated as Py/E ratio. Mature leaves with Py, E and g
at or near maximum were usually used. '

In previous experiments N°®-benzyladenine (BA) in
two concentrations (1 and 10 uM) was used, and it was
applied either added to the substrate (sand + nutrient
‘solution) or sprayed on primary leaves of plants
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Radin and Hendrix 1988, Driige and Schonbeck 1992,
Catsky et al. 1996), but in maize and flax decreased
stomatal response to ABA. In Commelina epidermal
strips or leaf fragments, zeatin or kinetin even decreased
stomatal opening and had no effect on ABA-induced
stomatal closure (Blackman and Davies 1983). In the root
hemiparasite Melampyrum arvense, application of CKs
increased stomatal opening only in preparasitic stage
(Lechowski 1997). E of tobacco plants and stomatal
aperture of Digitalis were increased when grown in vitro
on medium with CKs but the effect was concentration
dependent (Diettrich er al. 1992, Pospiilova ef al. 1993).
Similarly in our previous experiments, slight positive
effect of 1 pM benzyladenine (BA) on g, and Py of water
stressed and rehydrated bean plants was found but 10 pM
BA had negative effect (Rulcova 2000, Rulcovd and
Pospisilova 2001).

The above mentioned contradictory results provoke a
question whether the stimulation of stomatal opening, and
in consequence of E and Py by CKs, is of general or
exceptional charactér. Therefore, the aim of these
experiments was to determine whether the effects of CKs
on gas exchange parameters depend on CK type and
concentration, way of application, and plant species used.

sufficiently supplied with water, or of water-stressed
plants. Photosynthetic characteristics were measured 72 h
after application. In contrast, in these experiments BA
was used in a wider range of concentrations (1, 5, 10, and
20 uM), under different way of application (immersion of
roots directly into BA solution), and measurements were
done already 1 and 24 h after application. The first pair of
secondary leaves was also used as these leaves in bean
plants morphologically differ from primary leaves.

In sugar beet plants two synthetic CKs, BA and
N°-(m-hydroxybenzyl)adenosine (HBA), were applied in
concentrations 0, 1, 5, 10, and 20 pM. Two ways of
application were used: /) the roots of intact plants were
immersed in the CK solutions, and 2) the CK solutions
were sprayed on the leaves. Py, E, and g, were measured
1, 4, and 24 h after application. The immersion of petioles
of detached sugar beet leaves in the CK solutions was
also tested but the values of measured parameters in these
leaves were always (even when immersed in water) lower
than those of intact plants; therefore this application was
not used in further experiments.

For each parameter a mean and standard error of
mean were calculated and the statistical significance of
differences between control and treated plants were
evaluated by Student’s 7-test.



Results and discussion

The effects of BA in different concentrations (0, 1,5, 10,
and 20 uM) on Py, E and g, of primary leaves of 12-d-old
bean plants sufficiently supplied with water were
determined 1 and 24 h after application. Py and g of
plants with roots immersed in 1, 5, 10, or 20 uM BA
solutions were higher that those of control plants with
roots immersed in water when measured 1 h after
application. At the same time E was not markedly
affected. Therefore WUE was increased by BA
treatments. When measured 24 h after application, values
of Py were slightly increased only at lower BA
concentrations (1 and 5 pM). E and g; of BA ftreated
plants were not affected or were lower than those in
control plants (Fig. 1). WUE was increased at 1 pM BA.

The results obtained are mostly in agreement with
previous experiments where 1 or 10 uM BA solutions
either added to the substrate or sprayed on primary
leaves, and photosynthetic parameters were measured
72h after application (Rulcovd 2000, Rulcova and
Pospisilova 2001). In these plants 1 pM BA slightly
increased Py, but g, was not significantly affected.
However, 10 uM BA had negative effects on the
parameters measured. '

1h 24h

*

E [mmol m?s"] Py [umolm?s™]

g, [moi m?s7]

BA [uM]

Fig. 1. Effects of root immersion in BA solutions of different
concentrations ( 0, 1, 5, 10, and 20 pM) on Py, E, and g, of bean
leaves. All parameters were measured 1 and 24 h after
application. Means + SE, n =9, * - values significantly different
at P < 0.05 from corresponding ones measured on plants with
roots immersed in water.

The results showed, that the effect of BA on bean
plants was dependent on concentration and time: 1 h after
application the positive effect on Py was observed at all
concentrations used, but later (24 and 72 h after
application) only at lower concentrations. The way of
application was not decisive: similar effects were found

EFFECT OF CYTOKININS ON LEAF GAS EXCHANGE

when BA solutions were sprayed on leaves, added to the
substrate, or when roots were directly immersed in BA
solutions. Similarly, the effect of plant age was also not
decisive: the effects of BA on secondary leaves (the first
pair) of 28-d-old bean plants which are morphologically
different from primary leaves were not significantly
different from the effects of BA on primary leaves (data
not shown).

In previous experiments, BA in concentrations was
0, 1, and 10 uM was also added to the substrate or
sprayed on leaves of water-stressed bean plants and
photosynthetic parameters were measured after complete
rehydrations (after 72 h; relative water content higher
than 90 %). Application of 1 uM BA slightly improved
recovery of plants in terms of increased Py and g
(parameters which were markedly decreased by mild
water stress). Higher concentration of BA (10 uM BA)
had again negative effects on the parameters measured
(Rulcova 2000, Rulcovd and Pospifilova 2001).
However, immersion of bean roots into 1 or 5 pM BA did
not stimulate recovery of primary leaves during the first
day of rehydration. The values of Py, E, and g, measured
4 or 24 h after application were similar or even slightly -
lower in plants with roots immersed in BA solution than
those in plants with roots immersed in water (unpublished
data).

Promotion of stomatal opening in bean leaves induced
by 1 uM BA was in accordance with the reviews of Incoll
and Jewer (1987) and Incoll et al. (1990), and results of
Meinzer et al (1991), Morsucci etal. (1991), and
Pharmawati e al. (1998). In addition, spraying of potted

Table 1. Effects of root immersion in H,O or BA solutions of
different concentrations on Py [pmol m? s7'], E [mmol m™ s7']
and g, [mol m? s'] of sugar beet leaves. All parameters were
measured 1, 4, and 24 h after application. Means + SE, n = 10;
* - statistically significant (P < 0.05) decrease in respective
parameter in comparison with corresponding one in leaves
treated with H,O (Py, E and g, in intact plants in pots before
experiment were 10.61 pmol m? s, 3.01 mmol m? s, and
0.26 mol m? s, respectively).

Time [h] BA [uM] Py E g
10 .980+047 ~320%034 0.18%0.03
10 9.82+0.81 260+0.32 0.14+0.03
20 7.98+£0.26° 2.39+0.37 021+0.04
4 0 10.80+0.40 3.02+0.18 0.24+0.03
10 1035+059 2.84+0.21 0.17+0.02
20 . 7.75+£0.16° 2.41+0.19* 0.24+0.02
24 0 11.17+£040 293+0.15 0.23+0.02
10 9.25+022* 1.67+0.22° 0.08 £ 0.02°
20 8.68+0.51° 3.47+£0.33 027+£0.04
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grapevines by BA alleviate negative effect of water stress
on stomatal conductance (Stoll ef al. 2000). Increased g
already 1 h after BAP application is in agreement with
the results of Vogelmann ef al. (1984) who found that BA
was readily taken up by plants.

While in bean plants E was usually not significantly
increased after BA application, CKs supplied to leaves
via xylem increased transpiration rate in wheat and oak
(Badenoch-Jones ef al. 1996). Increased transpiration rate
in rehydrated plants treated by CK before water stress
was observed by Todorov et al. (1998).

As mentioned above, Py was usually more stimulated
by BA than E and therefore WUE was increased. It might
be, in agreement with literature, due to the influence of
BA on photosynthetic apparatus in addition to its effect
on g,. Slightly stimulated contents of chlorophyll (Chl) a4,
and Chl b, and parameters of Chl a fluorescence kinetic
in primary bean leaves by 1 pM BA were found in
previous experiments (Rulcova 2000, Rulcovd and
Pospi¥ilové 2001).

Quite different effects of CK applications were

observed in sugar beet plants. The effects of 10 and 20 uM
BA on Py, E and g of mature leaves of 3-month-old
sugar beet plants were determined 1, 4, and 24 h after
immersion of roots into BA solutions. Immersion in
water served as control. On the contrary to bean plants,
no positive effect of BA application on Py, E, and g, was
observed (Table 1), and 20 pM BA negatively affected
Py. WUE was slightly increased after application of
10 UM BA.

Therefore, in further experiments treatments with
lower BA concentrations (1, 5, and 10 uM) were tested.
In addition to root immersion in the respective solutions,
solutions of BA were used for spraying of leaves. In these
experiments the effects of BA application were
inconsistent and the only statistically significant positive
effects on Py were observed after 24 h in plants with
roots immersed in 5 or 10 pM BA solution, and on E
after 24 h in plants sprayed with 5 uM BA (Table 2). All
the Py, E, and g, values were lower than those presented
in Table 1 because younger seedlings (6- to 8-week-old)
were used in these experiments.

Table 2. Effects of BA and HBA in different concentrations on Py [pmol m? '], E [mmol m™ s'] and g, [x 10" mol m? s'] of sugar
beet leaves. All parameters were measured 1 and 24 h after.application. Roots of plants were immersed in corresponding solutions
(roots) or solutions were sprayed on leaves (leaves). Means + SE, n =15, * _ statistically significant (P < 0.05) increase in respective
parameter in comparison with corresponding one in leaves treated with HyO; a _ statistically significant (P < 0.05) decrease in
respective parameter in comparison with corresponding one in leaves treated with H,0.

H;O BA HBA
0 1 5 10 1 5 10
Py ToOtS 1 3914036 4.13£039 493+041 3.39+021 331+£032 4544027 4742047
24 3.94+036 3.62+048 547+028* 557+023*% 4271042 4.17+052 553x031*
leaves 1 408+045 377+053 484+030 3.95£0.55 387+028 522+058 4721033
24 4814+049 477067 441+045 4.05%040 493:£050 5294049 4991036
E  roots 1 1.16+0.06 084+008 095+0.17 157+029 0.67+0.05 1.00£0.08 1.12+0.09
24 1454013  061£007 1.17+0.15 159£020 084£0.07° 125+009 120+0.10
leaves 1 1114018 1.36+0.19 1274£0.12 094+0.11 0.84+0.06 1.11+0.14 135+0.08
24 1.08+0.05 093+007 13540.12* 127+0.12 116£0.14 129%0.12 1.44 + 0.10%
g, roots 1 0.66+0.08 053+007 075+0.16 047£0.07 027+0.02* 0.61+0.11 0.70+0.08
24 0.77+0.07 046+0.07 053+0.07 068+0.08 037+0.06° 0.59+008 0.73+0.09
leaves 1 057+£0.09 073+£0.12 040+0.06 0.65+0.11 048+0.05 077+0.10 0.61+0.07
24 0.67+0.09 044+005 0.74+0.08 075+0.09 0.80+0.10 083%0.11 0.77£0.10

In addition to BA,

also HBA 'in the

same

cases after BA or HBA application, but not in every case.

concentrations and ways of application was used. Neither
HBA, which more efficiently delayed leaf senescence
than BA in sugar beet plants in field experiments (Catsky
et al. 1996), significantly stimulated gas exchange of
sugar beet leaves. Positive effect on gas exchange
. parameters was only exceptional: 24 h after application,
Py was stimulated in plants with roots immersed in 10
uM HBA solution and E in plants sprayed with 10 uM
HBA solution (Table 2). WUE was increased in many
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The results with sugar beet are in agreement with the
results of Radin et al. (1982), Blackman and Davies
(1983), Radin and Hendrix (1988), and Driige and
Schénbeck (1992).

We conclude that the stimulation of stomatal opening,
E and Py by exogenously applied CKs is rather
exceptional than general. The effects strongly depend on
plant species and concentration but only weakly on way
of application. Nevertheless, these results cannot



definitively reject any role of CKs in regulation of gas
exchange. Rapid response to CK application may suggest
some possibility of involvement of CKs in regulation of
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