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Elongation growth rate of stem cells of Impatiens balsamina was inhibited by the heavy metals Pb**, Cd** and
Zn*~ due to their suppression on cell wall extensibility. Effective turgor was also inhibited by Ph>* and Cd**
but it played a secondary role in reducing the stem cell elongation growth rate. The major rate-limiting factor
for cell elongation growth was the cell wall extensibility. Furthermore, Cd** was found to be more toxic than

Pb?', while Pb** was more toxic than Zn>",
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Introduction

Heavy metals such as lead, cadmium and zinc have
received considerable attention during recent years
as a result of increased environmental burdens from
industrial, agricultural, energy and municipal
sources. Although some metals, e.g. copper, zinc
and magnesium, are essential for plant growth, they
are generally toxic and able to interfere and inhibit
plant development. They can ultimately cause the
death of some plants when present at elevated levels
in soils (Kabata-Pendias & Pendias 1984).

Inhibitory effects of heavy metals on plant growth
have been demonstrated by many investigators
through the measurement of growth parameters like
root elongation (Trivedi & Erdei 1992, Symeonidis
& Karataglis 1992), protein concentration {Sharma
& Bisen 1992) and fresh weight change (Greger et al.
1991).

Plant cell enlargement is due to the irreversible
expansion of the plant cell which results from two
interdependent physical processcs: water absorption
and cell wall yielding. As first formulated by
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Lockhart (1965), plant cell enlargement, elongation
or relative growth rate is a linear function of turgor
pressure P in excess of a critical turgor Y {the vield
threshold) and cell wall extensibility. In view of this,
inhibitory effects on plant growth by heavy metals
can be demonstrated by studying the responses of
the cell elongation. the effective turgor pressure
(P — Y) and the cell wall extensibility of the stem
cells of Inpatiens balsamina when subjected to lead,
cadmium or zine treatments.

Materials and methods

Growth conditions

Seeds of 1. balsamina (balsam) were soaked for about 8 h
in a medium containing 0.5mM  CaSO,, washed
thoroughly with tap water and sown in wet vermiculate in
porcelain pot. After 30 days of growth in 12 h dark and
12 h light at 28°C in a growth chamber, segments of
20mm long were cut from the stems of the balsam
seedlings and used as experimental materials. The upper
cut end of the scgment was always 5 mm below the
cotyledonary node of the seedling.

Measurement of growth parameers

The segment was mounted in a perfusion chamber and
filtered standard cxperimental solution that contained
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10 mm KCl, 0.1 mm CaCly, 30 mM sucrose and (.01 mm
indole acetic acid (IAA), pH 5.7, was forced into the
xvlem of the stem segment at room conditions by the
application of a constant pressure. The details of the
perfusion chamber and the perfusion technique have been
described by Okamoto et al. (1978). The elongation
grawth of the segment was monitored with a displacement
transducer and the growth rate would normally attain a
steady value after 4h of perfusion with the standard
experimental medium at constant pressurc. The cell wall
extensibility was measured by the pressure-jump method
which had been reported previously by Okamoto er al.
{1989). The values of the wall extensibility were measured
after the elongation growth rate of the segment had
reached a steady level. Any segment with a steady
elongation growth rate lower than 15 umh~* after perfu-
sion for 4 h with the standard experimental medium was
normally discarded and replaced with a new segment.

To measure the extensibility of cell wall based on the
pressure-jump method, a small increase in pressure was
applied to the xylem vessel via the perfusion device. A ncw
steady rate of clongation V; was obtained when this
increased pressure was introduced for a period of time
(3 min). This increase in pressure was known as pressure
jump AP’ The cell wall extensibility ¢ was calculated
from V,, AP’ and the elongation rate V), just prior to the
application of the pressure jump, as follows:
o= (V,~ V))/AP'. Then the effective turgor (P — Y)
was calculated from Vi/¢ based on Lockhart growth
equations (1965). The values of ¢ were examined at
30 min intervals.

The effects of Pb?+, Cd?* and Zn?* on these growth
parameters were studied by perfusing the system with
experimental solutions containing the composition of the
standard solution with added appropriate concentration of
the metal under study.

Results

The elongation growth rate of the stem segment
perfused with the standard experimental solution,
i.e. the control, reached a steady value after 4 h of
perfusion and this value remained constant through-
out the course of the experiment (Figure 1A). The
measured values of cell wall extensibility ¢ for the
control estimated by the pressure-jump method
reached a steady value of (3.8+04)x
1072 kPa 'h™!, 5 h after excision. This value is the
mean * standard error from five measurements
(Figure 1B). As seen from Figure 1(B) the values of
¢ decreased slowly with the passage of time. The
values of the effective turgor (P — Y) for the control
were calculated from the data in Figure 1 (A and B)
for the control, and are shown in Figure 1 (C). The
valuc of (P — ¥) was 33.3 £ 5.0 kPa for the control,
5 h after excision. The change in the effective turgor
of the control was the opposite of that of the cell wall
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Figure 1. Control { ) and effect of 1.0 mM Pb2+ {@) on
(A) the cell elongation growth rate, (B) the cell wall
extensibility and (C) the effective turgor. Arrows with
positive signs indicate lead addition to standard experi-
mental medium and arrows with negative signs indicate
lead removal from the standard experimental medium. For
simplicity the mean data points + standard errors bars for
cell elengation, cell wall extensibility and effective turgor
for all the control data are not shown. Each control data
presented is averaged from five control experiments and
¢ach data point presented for cach treatment is also the
average of five similarly treated conditions.

extensibility, it became gradually large with the
passage of time. For simplicity the mean data
points + standard error bars of cell elongation
growth rate, cell wall extensibility and cffective
turgor, averaged from five control experiments, are
not shown in all the figures presented as control.
When Pb?* of 1.0 mym was added to the perfusion
medium the elongation growth rate, cell wall exten-
sibility and effective turgor were greatly reduced
(Figure 1) but the inhibitory effect on these growth
parameters by 1.0 mm Pb>* was partially abolished



after 5 h of perfusion without Pb**. Pb** at concen-
trations lower than 0.2 mm had no significant effect
on the stem cell elongation growth rate or the cell
wall extensibility nor the effective turgor when the
balsam stem segment was perfused for more than4 h
with perfusion medium containing such low concen-
tration of Pb** (data not shown).

Cd?*, at a concentration of 0.1 mm, exhibited an
inhibitory effect on the elongation growth rate and
the cell wall extensibility after a time lag of about
1 h. The inhibition of the effective turgor was less
pronounced (Figure 2). When 1.0mm Cd*t was
introduced into the standard perfusion solution an
inhibitory effect occured immediately and the elon-
gation growth rate together with the cell wall
extensibility were reduced nearly to zero. At such a
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Figure 2. Effect of (1.1 mm Cd®* on (A} the cell elongation
growth rate, (B) the cell wall extensibility and (C) the
effective turgor. The data for the control are similar to
those in Figure 1. All symbols convey similar meanings as
in Figure 1.
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concentration of Cd*", significant inhibition of the
effective turgor was noted. No recovery in the
clongation growth ratc and cell wail extensibility was
noticed when Cd** was removed from the system
{Figure 3}.

Low concentrations of Zn>* did not show any
inhibitory effect on the growth parameters of the
balsam stem (results not shown). However, when
the Zn>* concentration was raised to as high as
1.0 mm the inhibitory effect on the cell elongation
growth rate and cell wall extensibility became
apparent. The effective turgor was not significantly
affected. The inhibitory effect was reversible when
Zn*" was removed from the system but it could not
be abolished completely during the course of the
experiment (Figure 4).
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Figure 3. Effect of 1.0 my Cd2* on (A) the cell clongation
growth rate, (B) the cell wall extensibility and (C) the
effective turgor. The data for the control are similar to
those in Figure 1. All symbols convey similar meanings as
in Figure 1.
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Figure 4. Effect of 1.0 mm Zn2* on (A) the cell elongation
growth rate, (B) the cell wall extensibility and (C) the
effective turgor. The data for the control are similar to
those in Figure 1. All symbols convey similar meanings as
in Figure 1.

Discussion

The enlargement of plant cells is considered to be
due to the irreversible yielding of the cell wall to the
stress produced by cell turgor. As such, two simul-
taneous processes are required for cell enlargement:
(i) water uptake and (ii) irreversible expansion of
the cell wall as predicted by Lockhart growth
equations (Lockhart 1965). Okamoto er al. (1978)
have designed a pressurized intra-organ perfusion
system where the two proton pumps (an outer
electrogenic ion pump located on the cell membrane
of the organ surface and an inner electrogenic ion
pump located on the boundary membrane between
the parenchyma symplast and the xylem vessel)
could be measured and studied separately. From
their studies water and solute uptake for the
generation of turgor or osmotic pressure have been
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found to correlate with the activity of the xylem
proton pump operating at the xylem/symplast inter-
face (De Boer er al. 1985, Okamoto & Katou 1988)
and membrane permeability; whereas the proton
pump operating at the organ surface was found to be
responsible for the loosening of the cell wall
(Mizuno er al. 1980).

This study showed that the inhibitory effect on
elongation growth rate of balsam stem cells by
1.0 mm Pb** was due to the decrease in cell wall
extensibility and the effective turgor (Figure 1).
Aidid & Okamoto {1992} found that low concentra-
tions of Pb** (0.2 mm) depolarized the respiration-
dependent component of the xylem/symplast mem-
brane potential or the xylem proton pump without
any significant inhibition of the elongation growth
rate and inhibition on the elongation growth rate
became significant when 0.5 mm Pb?* was used. This
could mean that the inhibitory effects of Pb** on the
elongation growth rate could be due to the damage
at the sites responsible for the active component of
the surface membrane potential which plays an
important role in the operation of the surface proton
pump, which is responsible for the loosening of the
cell wall for ceil wall extensibility. However, the
change in membrane permeability and the suppres-
sion on the electrogenic component of the xylem/
symplast membrane potential or in other words the
xylem proton pump which are responsible for the
uptake of water and nutrients for the generation of
turgor pressure, might play secondary roles in cell
elongation.

Cd?* inhibited growth at much lower concentra-
tions than Pb>* and Zn*" (Figures 1, 2 and 4). The
inhibition was irreversible even at low concentra-
tions of Cd?*. Although at such low concentrations
of Cd>* the effective turgor was not significantly
inhibited, the ¢longation growth showed significant
mhibition (Figure 2). This indicated that cell wall
extensibility might be the growth parameter that had
more control on the elongation growth rate of the
stem cells of balsam plants.

In this study the cell wall extensibility was greatly
reduced by 1.0mwm Zn?" without showing any
significant reduction in the effective turgor and yet
the elongation growth rate was greatly reduced
(Figure 4). Similar high concentrations of Zn**
{1.5 mm) were found to decrease the elongation
growth rate of stem cells of the balsam plant without
depolarizing the xylem/symplast membrane poten-
tial, i.e. without inhibiting the proton pump opcrat-
ing at the xylem/symplast membrane responsible for
the turgor or osmotic pressure, as demonstrated by
Aidid & Okamoto (1992). Hence the results of this



study arc consistent with the findings of Aidid &
Okamoto (1992).

Stunted growth in plants caused by heavy metals
could be due to inhibition of cell elongation growth.
Cell elongation growth could be controlled mainly
by cetl wall extensibility, although cell turgor plays
an important role. All of the three heavy metals
studied here showed an inhibitory effect on cell
elongation by suppressing cell wall extensibility. In
other words, heavy metals might be extremely
detrimental to the proton pump operating at the
surface responsible for cell wall extensibility.
Sharma & Bisen (1992) also found thar heavy metals
like Hg?* and Cd** induced inhibition of light-
induced proton efflux in Anabaena flos-aquae.

Many heavy metals are toxic to plant growth;
however, the degree of toxicity of each metal to a
particular species of plant is quite different. In the
present study it was demonstrated that the degree of
toxicity by the three metals towards the stem cell
elongation growth of I balsamina was Cd** >
Pb’* > Zn™*
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