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ABSTRACT Heavy metals can disrupt plant metabolism, including photosynthesis, in a number
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of different ways. One common mechanism in acclimation of plants to abiotic stresses is the ac-

cumulation of compatible solutes. In these study we analysed the effect of exogenously added
phosphonomethyl-sarcosine, a derivative of a synthesis intermedier of glycinebetaine, on leaf
development in poplar under Cu and Cd stress. While growth was more strongly reduced by Cu
treatment, Cd preferably inhibited photosynthesis. These effects were connected to the disturbed
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water (Cu stress) and ion balance (Cd stress) of plants. The symptoms of Cu and Cd stress were
totally and partially abolished by exogenously added phosphonomethyl-sarcosine, respectively.
Its protective effect might be based on the complexation of heavy metals (Cu stress), but gly-
cinebetaine-like macromolecule/membrane protecting effects (Cd stress) are also possible.
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Heavy metals can inhibit the activity of enzymes directly by
binding to protein sulphydryl groups, by producing deficiency
of essential ions and eventually by substituting essential ions
(Van Assche and Clijsters 1990). Due to their interaction with
water and ion balance heavy metals reduce growth both in
roots and shoots (Titov et al. 1995; Fodor 2002), elicit oxida-
tive damage of membranes (Alscher 1989), and consequently
inhibit physiological processes and primarily decrease the
bio-production by inhibiting photosynthesis (Krupa and
Baszynski 1995; Mishliwa-Kurdziel et al. 2002).

Cell protection against toxic metals involves many pro-
cesses, such as immobilization, exclusion, chelation, com-
partmentalization, and (6) synthesis of stress proteins (Hall
2002). One common mechanism to cope with various abiotic
stresses is the accumulation of compatible solutes including
betaines (Chen and Murata 2002). The supposed effects of
glycinebetaine include protection of membranes, as well as
stabilization of the quaternary structures of enzymes and com-
plex proteins (Johvet et al. 1982; Sakamoto and Murata 2001).
Moreover, exogenous application of GB improves the growth
and survival of a wide variety of plants under various stresses
(for example, see Hayashi et al.1998; Chen et al. 2000). The
exact functions of these substances within the living organ-
ism, however, are still unclear, and their effect has not been
investigated in connection with heavy metal toxicity.

In the present paper we investigated the possible protect-
ing effects of phosphonomethyl-sarcosine (PmeS) on leaf
development under Cd and Cu stress. PmeS is a derivative of
N,N-dimethyl-glycine, which is an intermedier of the glycine-
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betaine biosynthetic pathway via N-methylation of glycine
found in some halobacteria (Chen and Murata 2002).

Materials and Methods

Poplar plants (Populus glauca L. var. Kopeczky) were used in
the experiments. Micropropagated seedlings were transferred
to a modified Hoagland solution with Fe-citrate as an iron
source (Fodor et al. 1998). Treatments started four weeks
after replanting, when the acclimated plants had developed
3-4 leaves of normal size. Plants were grown thereafter in the
presence or absence of 1 or 10 uM Cd(NO,), (Cdl, Cd10)
or 10 uM CuSO4 (Cul0), and, in addition, 100 uM PmeS
was added or not. Two weeks later, samples were taken from
leaves developed before the treatment (lower leaves) or grown
during the treatment (upper leaves).

Chlorophyll (Chl) concentration was determined
photometrically in 80% acetone extracts (Porra et al. 1989).

The rate of light-induced CO, fixation was studied in de-
tached leaves according to the method of Lang et al. (1985).
The radioactivity of the samples was determined by means of
the liquid scintillation technique (Beckman LS5000TD).

Metal concentrations were measured by means of total
reflection X-ray fluorescence spectrometry (TXRF; Varga
etal. 1997).

Results

The fresh weight of poplar plants moderately and strongly
decreased under CulO and Cd10 treatments, respectively
(Table 1). Growth inhibition was the strongest in the upper
leaves emerging during the treatment. Dry weight percentage
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Figure 1. Surface area (A) and total Chl content (B) of Cd and Cu treated upper leaves in poplar. Values are given as the percentage of the cor-
responding control values. The average size of control leaves was 110.5 cm?. and their Chl content was 2709.3 pg. S — PmeS treatment.

significantly increased only in Cu treated plants both in roots
(from 8.5 to 13.5%) and in upper and lower leaves (from 16.5
to around 29.0%). PmeS eliminated the growth inhibition
and elevation of dry weight percentage caused by Cul0, but
it was not protective against the growth inhibition produced
by Cdl10 stress.

Chl accumulation followed the leaf surface changes in
most cases except the Cd10 treatment where it was more
strongly inhibited (Fig. 1). It means that Chl accumulation
significantly decreased in heavy metal treated plants. On a
leaf area basis, however, it was the same in the control, CulQ
and Cdl treated leaves, and only decreased in Cd10 treated
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Figure 2. “CO, fixation of Cd and Cu treated upper leaves in poplar.
Values are given as the percentage of the corresponding control
values. "*CO, fixation of control plants was around 13700 cpm cm. S
— PmeS treatment.
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plants. PmeS slightly elevated the Chl accumulation in Cd10
treated leaves, and the inhibition was totally eliminated on
a leaf area basis. Chl a/b ratio was only lowered in Cd10
treated plants referring to changes of the relative proportion
of Chl-protein complexes.

Carbon dioxide assimilation, representing the overall
photosynthetic capacity, was strongly diminished by both
Cd10 and CulO treatment (Fig. 2). PmeS supply increased
carbon dioxide fixation parallel with the increase in the Chl
content in both cases.

Table 1. Changes in fresh weight of poplar under treatments.
Relative values are given as the percentage of the correspond-
ing control values. C — control.

Treatments root lower leaves upper leaves
Absolute values (g)

C 5.9+2.0 2.7+1.0 5.4+0.3
Relative values (%)

C + PmeS 79.7 43.2+16.2 89.5+5.9

Cu10 20.7 40.6+8.6 7.2+16.2

Cu10 + PmeS 80.3+6.6 72.1£12.9 97.6+5.9

Cd1 106.8+8.5 100.3+8.0 84.7+6.4

Cd1 + PmeS 102.0+9.1 79.0+11.7 92.9+5.3

Cd10 54.5+1.9 47.0£12.8 38.3+8.1

Cd10 + PmeS 63.6 79.3 35.2

Table 2. lon contents of upper leaves. Values are given as the
percentage of the corresponding control. Control (C) values are
calculated in nmol cm? leaf material.

Treatments Ca Fe Mn K

C 1329,5 19,7 12,3 8207,5
C + PmeS 96,1 89,4 117,9 104,2
Cu10 16,0 17,7 23,3 14,6
Cu10 + PmeS 90,6 97,7 106,7 106,7
cd10 64,6 38,4 71,1 120,7
Cd10 + PmeS 82,4 67,1 104,3 89,4



Heavy metal treatment also caused changes in the ion
composition of plants (Table 2). As a result of CulO treat-
ment the quantity of all the examined ions decreased, but the
ratios of the different ions were invariable. Cd10 treatment,
however, resulted significant alteration in the ion ratios,
particularly a marked reduction in the iron content was ob-
served. In PmeS and heavy metal co-treated plants the ion
balance recovered, and the concentration of ions approached
the control level.

Discussion

The results verified the inhibitory effects of Cu and Cd on
plant growth and photosynthesis (Titov et al. 1995; di Toppi
et al. 1999; Fodor 2002). While growth was more strongly
reduced by Cu treatment, Cd preferably inhibited photosyn-
thesis.

The mechanism of growth inhibition was different in the
case of these metals. Cu caused disturbance in water regime
and inhibited the elongation of cells. Water deficiency resulted
from the drop of K* ion concentration in plants under Cu
stress (Bujtas and Cseh 1982). In contrast, Cd is associated
with cell walls and middle lamellae in cells, and it was shown
to increase the cross-linking of pectins in the middle lamellae
(Prasad 1995). This cross-linking might be responsible for the
inhibition of cell expansion.

Our results showed that changes in the ion balance and ion
distribution had much more marked effect on photosynthesis,
than a strong lowering of the ion content.

PmeS totally protected poplar plants against Cu stress.
Its protective action might be based on the complexation of
heavy metals in the nutrient solution. Glycinebetaine-like
macromolecule/membrane protecting effects (Johvet et al.
1982; Chen and Murata 2002) inside and outside of cell
could also contribute to its protective effects particularly in
the case of Cd stress affecting photosynthesis (Sakamoto and
Murata 2001).
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