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ABSTRACT

Use of a highly sensitive method (accuracy 0.07 um) — laser interference auxanometry — made it possible to study rapid (min) and slower
(h) response reactions of shoots of buckwheat plants (Fagopyrun esculentum Moench) under changing conditions of mineral nutrition
(increase in NaCl concentration at the root zone and blockage of calcium channels). Addition of NaCl in increasing concentrations to the
root zone of plants caused a rapid decrease in the growth rate of shoots. High NaCl concentration (100 mM) caused the growth of shoots
to cease and caused their tissues to shrink as a result of dehydration. There were oscillations of plant stem elongation and shrinkage.
When the calcium channel blocker verapamil was added at a mild concentration (6 mM) to the root zone it decreased the growth rate of
shoots, first decreasing the shoot growth rate followed by its partial restoration. The growth of shoots was retarded and finally stopped
after the addition of verapamil at a high concentration (12 mM). Verapamil not only slowed down the growth of plants, but also their
development. Buckwheat plants from long-term experiments (10 days) with verapamil formed fewer leaves. They had shorter stems than
control plants. Verapamil also induced a decrease in the turgor of stems. The root system of verapamil-treated plants developed poorly

compared to non-treated plants.
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INTRODUCTION

Saline soils occupy big territories around the world. These
territories cause certain difficulties in crop production since
most crop plants are glycophytes with low salt tolerance
(Pitman et al. 2002). Plants grown under salinization
subjected to functional disturbances, mainly related to water
exchange and growth, result in decreased productivity
(Vose 1983; Azaizeh et al. 2002; Gebauer et al. 2003).
Plants grown on saline substrates also suffer from calcium
deficiency due to inhibition of its uptake and transport
(Lynch et al. 1985), which may cause disturbances con-
nected with signaling and functional responses. Under natu-
ral conditions the level of salinization can change during
vegetation as a result of alternation of dry and wet periods.
Rain or watering of plants can decrease NaCl concentration
at the root zone. Evaporation of soil moisture results in an
increase of salt concentration (Armstrong ef al. 1996). In
the present work conditions of short-term salinization were
created in experiments.

Use of a highly sensitive and non-destructive method —
laser interference auxanometry — made it possible to study
poorly known rapid (min) and slower (h) response reactions
of whole plants to changes in mineral nutrition. This tech-
nique makes it possible to register the growth rate of plants
under a continuous regime before and after changes in the
concentration of mineral elements are made at the root zone
or the introduction of biologically active compounds, and to
investigate the transition of plants from one functional state
to another (Budagovskaya and Guliaev 2001a; Budagov-
skaya et al. 2001b; Budagovskaya and Guliaecv 2004; Buda-
govskaya 2007).

Previously changes in the functional state of buckwheat
plants caused by the disturbance of mineral nutrition under
low pH conditions and iron deficiency were studied (Buda-
govskaya 1998). The present paper deals with the study of

the effect of an increase in sodium chloride (NaCl) concen-
tration at the root zone on the growth rate of shoots of buck-
wheat plants. Growth dynamics of shoots reflects changes
in the functional state of plants with increased NaCl concen-
tration in the environment. In addition, experimental con-
ditions for the disturbance of calcium transport in plants
caused by the treatment with a calcium channel blocker —
verapamil — were created, and the effect of this compound
on the growth and development of buckwheat plants has
also been studied.

MATERIALS AND METHODS

Plant growth rate was measured by a laser interference auxano-
meter (LINA-EM3D, Russia), equipped with a helium-neon laser
(632.8 nm). Sensitivity of the auxanometer was 0.07 um. Growth
parameters, and air and substrate temperature at the root zone were
registered every 10 sec. Buckwheat (Fagopyrun esculentum
Moench) cv. ‘Molva’ plants were used in the experiments. Plants
were grown in washed sand in 9.5 cm diameter Petri dishes. Three
days before the start of the experiments solitary plants were placed
in 5 cm diameter Petri dishes filled with sand. Plants were watered
daily with tap water (10 ml per 9.5 cm diameter Petri dishes, 3 ml
per 5 cm diameter Petri dishes). NaCl solution (800 mM starting
concentration) was introduced in 0.5 and 1.0 ml portions to the
substrate at the root zone. Verapamil (ICN Biomedicals, Germany)
was added at 30 mM (0.8 ml; starting solution) to the substrate at
the root zone. Measurements of the growth rate of shoots were
performed by an auxanometer at an air and substrate temperature
of 22°C and air humidity of 64%. Experiments were carried out
with 7-14 day-old plants. In long-term experiments 10 day-old
plants were transferred to a solution of verapamil (0.9 mM) and to
distilled water (control variant) for 10 days. Each experimental
treatment was repeated 3-5 times. Five-10 plants were used per
treatment.
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RESULTS AND DISCUSSION

Plant growth rate was measured by an auxanometer for
several hours in a continuous regime. The addition of NaCl
(1.0 ml, 800 mM) to the root zone of buckwheat plants
caused a progressive decrease in stem growth rate close to
zero (Fig. 1). After that stem growth stopped and tissues
shrank (negative values on the curve). Decrease in stem
growth rate started after a small lag-period and proceeded,
first rapidly, and later slowly. Further changes in the func-
tional state of the plant are of special interest. The applied
technique makes it possible to follow the character and time
intervals of these changes. Five stationary states (5 time
intervals) with different rates of elongation (plus) and shrin-
kage (minus) of tissues can be distinguished on the curve in
82-180 min interval: 1.26 pm/min for 12 min, 0.84 pm/min
for 63 min, 0.42 pm/min for 7 min, -0.84 pum/min for 10
min and -1.26 pm/min for 7 min (mirror symmetry of the
curve in positive and negative regions of coordinates). Fig.
2 demonstrates the final time-frame of Fig. 1. There were
oscillations in the studied processes of a period of 0.8-1.7
min. The transition from extension to shrinkage of tissues is
step-wise: there is a change in the oscillation regime (2
positive and 2 negative regions). Transitions of the curve
from the positive region through zero values to the negative
region first close to zero and further to higher negative val-
ues indicate changes in the functional state of a buckwheat
plant (i.e., transitions are triggered from one stationary state
to another). Earlier similar transitional oscillation processes
from extension to shrinkage of leaf tissues of cereal plants
(oat, barley, rice) were revealed, caused by the introduction
of NaCl to the root zone (Budagovskaya 2007). These oscil-
lations were connected with water transport from roots to
shoots and back (Budagovskaya 2007). According to Zyala-
lov (1981) oscillations in turgor pressure of parenchyma
cells and diameter of the stem took place in the course of
water transportation in plants indicating pulsations of cell
volume. The work of Sherif (1977), Ushakova and Koltu-
nova (1982) and Zholkevich (1991) demonstrated that ab-
sorbance, transport and transpiration of water by plants
occur as an oscillation process within a period of a few min-
utes.

NaCl, introduced in high concentrations to the root zone
of oat, barley and rice plants caused an efflux of water from
leaves and shrinkage of their tissues (Budagovskaya 2007).
Water transport was also reverted in isolated maize roots
placed in NaCl solutions (Budagovskaya 2009). The rate of
reversed water transport in roots was proportional to NaCl
concentration in the environment. The shrinkage of stem
tissues of buckwheat plants shown in Figs. 1 and 2 may
also point to a partial loss of water caused by the introduc-
tion of NaCl to the root zone. The dynamics of this process
is demonstrated in Fig. 2. The rate of elongation of the stem
first decreased, then elongation stopped and shrinkage of
tissues proceeded at an increased rate. The addition of NaCl
in lower concentrations (50 mM) to the root zone resulted
in a decrease in buckwheat stem growth rate, but it did not
fall to zero and was partially restored as was observed with
leaves of barley and oat plants (Budagovskaya 2007).

Salinization caused a decrease in calcium uptake by
plant roots and its transport, which could induce calcium
deficiency and affect the functional activity of plants
(Lynch et al. 1985). In the present work disturbance of cal-
cium transport in buckwheat plants was also caused by the
introduction of a calcium channel blocker — verapamil — to
the root zone. Earlier, it was demonstrated in long- and short-
term experiments that verapamil caused retardation of the
growth of shoots and roots, slowed down the uptake of CO,,
O, evolution and transpiration in leaves in light and induced
calcium deficiency in pea, maize, rice, wheat, sugar cane
and pelargonium plants (Budagovskaya 1997; Budagov-
skaya and Guliaev 2001a; Budagovskaya et al. 2001b). In
this work the effect of verapamil on the growth rate of
buckwheat plants was studied.

After the addition of verapamil (0.8 ml, 30 mM solu-
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Fig. 1 Effect of NaCl (100 mM) on the growth rate of stem of 9-day-
old buckwheat plant. - the moment of addition of NaCl (1.0 ml, 800
mM) to the root zone.
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Fig. 2 Effect of NaCl (100 mM) on the growth rate of stem of 9-day-
old buckwheat plant. Fragment of Fig. 1 (130-180 min).
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Fig. 3 Effect of verapamil (6 mM) on the growth rate of stem of 12-
day-old buckwheat plant. 1 - the moment of addition of verapamil (0.8
ml, 30 mM).

tion) the growth rate of the stem of buckwheat plant de-
creased during the first 1.5 h to 15% of the initial rate, re-
mained at this level for 15 min and increased further during
18 min to 53% of the initial rate (Fig. 3). The increase in
growth rate started within 1 h and 48 min after the addition
of verapamil. The growth of the stem was retarded and then
stopped after the addition on the next day of the same
amount of verapamil (0.8 ml, 30 mM solution). Stem growth
rate, similar to that when verapamil was initially added,
could not be restored. In this case, an increase in verapamil
concentration at the second addition caused a decrease in
the growth rate of stem from 5 pm/min to zero for 1 h and
11 min. An analogous decrease in leaf growth rate to zero
without a further increase was demonstrated earlier in expe-
riments with the introduction of verapamil at high concen-
trations to the root zone of wheat and rice plants (Budagov-
skaya and Guliaev 2001a; Budagovskaya et al. 2001b).
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However, at lower verapamil concentrations the fall in
growth rate of leaves of these plants (i.e. wheat and rice)
and the subsequent increase was similar to that observed in
buckwheat plant stems. The rise in the growth rate of leaves
of wheat plants began within 2 h and within 3 h for rice
plants after the addition of verapamil (Budagovskaya and
Guliaev 2001a; Budagovskaya et al. 2001b). For buckwheat
plants stem growth rate began to restore after almost 2 h
after the addition of verapamil. A 2-3 h interval after the ad-
dition of verapamil was necessary for wheat, rice and buck-
wheat plants for the restoration of growth rate. The same
time interval (2-3 h) was necessary for oat and barley plants
for the restoration of growth rate of leaves to begin after the
addition of NaCl in moderate concentrations (50 mM) to the
root zone (Budagovskaya 2007). It is possible that this
period of time is necessary for adaptation of plants (inclu-
ding de novo synthesis of protectors) allowing restoration of
plant growth rate.

Long-term experiments demonstrated that verapamil
slowed down not only the growth of buckwheat plants, but
also their development. Plants placed into verapamil solu-
tion for 10 days not only had shorter stems, but also formed
fewer leaves than control plants (Fig. 4). The stem length of
experimental plants was 80-83% of control plants. Com-
pared to control plants verapamil-treated plants had only
cotyledonary leaves. They did not form first true leaves.
The root system of verapamil-treated plants developed more
poorly than that of non-treated plants (Fig. 4). Besides,
verapamil induced a decrease in the turgor of plants, indi-
cating a disturbance of water exchange. Stems of experi-
mental plants wilted in contrast to those of control plants
(Fig. 5). The effect of verapamil described for buckwheat
plants in the present paper was observed previously for pea,
maize and rice plants treated with verapamil; their shoots
and roots developed poorly (Budagovskaya 1997; Budagov-
skaya and Guliaev 2001a).

The results obtained in this study characterize a rapid
response reaction of buckwheat shoots to increased NaCl
concentration at the root zone and the effect of a calcium
channel blocker. Plant growth is an integral process and the
change in growth rate reflects the change in the functional
state of the plant. A decrease in growth rate under the effect
of the mentioned stress factors to zero and subsequent
shrinkage of shoot tissues as a result of their dehydration is
a critical situation for plants and may lead to their death.
Under moderate salinization (50 mM) and mild verapamil
concentrations (6 mM) plant growth rate, which had de-
creased due to the effect of these stressors, was restored in a
few hours.

The method of laser interference auxanometry can be
used for the study of response reactions of the whole plant
to changes in mineral nutrition and the action of biologic-
ally active compounds as well as for plant diagnostics.
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