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Changes of photosynthetic parameters in cucumber leaves
under Cu, Cd, and Pb stress
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Abstract

The effects of Cu, Cd, and Pb toxicity on photosynthesis in cucumber leaves (Cucumis sativus L.) were studied by the
measurements of gas exchange characteristics, chlorophyll (Chl) fluorescence parameters, and Chl content. Concentra-
tions of metals in sequence of 20 pM Cu, 20 and 50 uM Cd, and 1 000 uM Pb decreased the plant dry mass to 50-60 %
after 10 d of treatment whereas 50 pM of Cu decreased it to 30 %. The content of Cd in leaves of plants treated with
50 uM Cd was three times higher than the contents of Cu and Pb after plant treatment with 50 uM Cu or 1 000 uM Pb.
Hence Cd was transported to leaves much better than Cu and Pb. Nevertheless, the net photosynthetic rate and stomatal
conductance in leaves treated with 50 uM Cu or Cd were similarly reduced. Thus, Cu was more toxic than Cd and Pb for
photosynthesis in cucumber leaves. None of the investigated metals decreased internal CO, concentrations. Also the
effect of metals on potential efficiency of photosystem 2, PS2 (F,/F,,) was negligible. The metal dependent reduction of
PS2 quantum efficiency (®ps;) after plant adaptation in actinic irradiation was more noticeable. This could imply that re-
duced demand for ATP and NADPH in a dark phase of photosynthesis caused a down-regulation of PS2 photoche-
mistry. Furthermore, in leaves of metal-treated plants the decrease in water percentage as well as lower contents of Chl
and Fe were observed. Thus photosynthesis is not the main limiting factor for cucumber growth under Cu, Cd, or Pb
stress.

Additional key words: chlorophyll content and fluorescence; Fe; growth; heavy metals; internal CO, concentration; net photosynthetic

rate; stomatal conductance; water relations.
Introduction

Plant exposition to heavy metals has always resulted in
a strong reduction of plant growth as a consequence of
significant alterations in many metabolic pathways.
Among the processes limiting plant growth and producti-
vity, the most significant is photosynthesis. Several
studies have shown that photosynthetic efficiency of
many plants is affected by heavy metals (Krupa and
Baszynski 1995). Metals have multidirectional effect on
photosynthesis (for reviews see Krupa and Baszynski
1995 and Prasad and Strzatka 1999). The excess of Cu,
Cd, or Pb inhibits directly the photosynthetic electron
transport (Krupa and Baszynski 1995, Mysliwa-Kurdziel
2002) as well as the activities of Calvin-Benson cycle en-
zymes or net assimilation of CO, (Prasad and Strzatka
1999 and references therein). In addition, metals can also
alter the photosynthetic activity indirectly, decreasing the
content of photosynthetic pigments or damaging the
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photosynthetic apparatus on every level of its organi-
sation, structure of chloroplasts (Molas 2002), or lipid
and protein composition of thylakoids (Skorzynska-Polit
and Baszynski 1997).

Heavy metals affect two distinct parameters which are
crucial for both photosynthetic activity and plant growth,
i.e. water relations and ionic relations. During the expo-
sure to metals the water status of leaves (water potential,
transpiration rate, and relative water content) is distorted,
resulting in reduction of leaf expansion (Poschenrieder
and Barcelo 1999). Furthermore, disturbances in the up-
take of ions and in their tissue distribution can lead to
premature senescence of adult leaves, and in consequence
to the reduction of the total photosynthetic area (Krupa
et al. 2002). Additionally, changes of these parameters
depend on the severity and duration of metal stress and
on plant species.

Abbreviations: C; = internal CO, concentration; DM = dry mass; Fo, = minimal level of chlorophyll fluorescence; Fp,, F;,,' = maximum
fluorescence of dark- and light-adapted leaves, respectively; F,, F,' = variable fluorescence of dark- and light-adapted state, re-
spectively; F./F, = potential efficiency of PS2; g, = stomatal conductance; Py = net photosynthetic rate; PS = photosystem;
Q4 — plastoquinone; ®pg, = light-adapted PS2 quantum efficiency.
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Although the effects of heavy metals on the separate
elements, such as the light or dark phase of photosyn-
thesis, chlorophyll (Chl) content, or water relations, were
intensively examined in the past, there is still lack of
complex and parallel analysis of those parameters. There-
fore, we simultaneously examined Chl content, efficiency
of photosystem 2 (PS2) photochemistry, photosynthetic

Materials and methods

Cucumber (Cucumis sativus L.) seeds germinated in
darkness at 25 °C were transferred to the modified
Hoagland solution 3 times diluted (Burzynski 2001).
After 7 d (at the second leaf stage) Pb, Cd, or Cu in the
form of chlorides were added to the nutrient solutions.
Plants were grown hydroponically under a 16 h photo-
period (180 umol m™ s™) at 25 °C during the day and
22 °C during the night. After the next 10 d of growth,
plants were harvested and the second, fully expanded leaf
was used for the analyses. At this time the control plants
as well as the plants treated with 20 uM Cu or Cd or
1 000 uM Pb have developed three leaves, whereas the
plants treated with 50 uM Cu or Cd have formed only
two leaves.

Chl fluorescence was measured with a pulse ampli-
tude modulated system (model FMS2, Hansatech Instru-
ments, UK). Prior to the measurements, the leaves were
dark adapted for 20 min in order to obtain the potential
fluorescence (F,/F,). After the dark period, all centres of
PS2 were "open", i.e. their electron acceptors Qa were
oxidised. The minimum Chl fluorescence (F,) was mea-
sured using a 594 nm amber modulating beam whereas
the maximum fluorescence (F,,) corresponding to all PS2
centres in the "close state" was induced by a 1-s pulse of
saturating “white light” (10 800 pmol m™ s'). The
variable fluorescence (F,) was calculated from the diffe-

Results

Experiments were performed with leaves of cucumbers
growing at 20 and 50 uM of Cu or Cd and 1 000 uM of
Pb. Although these metal concentrations significantly re-
duced the fresh mass of plants, they were not lethal. The
DM of cucumber treated for 10 d with 20 pM Cu and 20
and 50 pM Cd similarly as with 1 000 pM Pb was re-
duced to 50-60 % (Fig. 1). When plants were grown in
nutrient solution with 50 uM Cu, their DM was decreased
up to 30 %. Among the steams, leaves, and roots, the
highest reduction of biomass was found in roots.

The highest metal accumulation in plant leaves treated
with Cd, Cu, or Pb was observed for cadmium (Table 1).
At 20 uM, Cd tissue accumulation was 1.12 mmol com-
pared with 0.75 mmol of Cu per kg of dry matter. Pb
achieved comparable leaf content at 1 000 uM concentra-
tion in nutrient solution. Interestingly, elevation of ex-
ternal Cd from 20 to 50 uM almost tripled its content in
leaves, whereas similar raise of external Cu increased
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electron transport chain, and net photosynthetic rate (Py),
as well as water content under heavy metal stresses. Ad-
ditionally, the yield (dry mass) of plants after metal treat-
ment was measured to estimate whether the negative
action of heavy metals on photosynthetic apparatus was
the main reason for plant growth reduction.

rence between F,, and F,. The actual quantum efficiency
of PS2 [®ps, = (Fu' — Fy)/Fy'] was determined after adap-
tation of leaves to an actinic “white light” (600 umol m
s1), when "steady state" of the fluorescence yield (F;)
was reached. In order to achieve the F,', the saturating
pulse was given to "close" all the PS2 reaction centres.

Py, stomata conductance (g;), and internal CO, con-
centration (C;) were measured with portable photosyn-
thesis measuring system CIRAS-1 (PPSystems, Hitchin,
UK.) fitted with broad leaf cuvette, at irradiance of
300 umol m™ s, 350 cm® m™ CO, in air, and leaf tempe-
rature of 25 °C.

Leaves used for photosynthesis and Chl fluorescence
measurements were then removed from plants and dried
at 70 °C for 2 d. Then each leaf was digested with
HCIO4#/HNO; mixture in the microwave system and con-
tents of Cu, Cd, and Pb were determined by an atomic ab-
sorption spectrophotometer (Perkin-Elmer 3300).

Chl amount was determined in 80 % acetone solution,
according to the procedure of Arnon (1949). The values
of dry mass (DM), Chl a and b contents, and contents of
metals were analysed and the standard deviations (SE)
were calculated for twelve replications from four inde-
pendent experiments. Gas exchange and fluorescence
parameter measurements were performed on ten to
twenty individual plants per treatment.

only slightly (about 20 %) the metal content in leaves.
Our results clearly indicate that the relative toxicity
profile of investigated metals for plant growth was
Cu>Cd>Pb.

The ratio of variable fluorescence to maximum fluo-
rescence (F,/F,), independently of Cu and Cd concen-
trations, was reduced only slightly (a few percent) as
compared to the control (Table 1). Over the same range
of Cu and Cd concentrations, the actual PS2 quantum ef-
ficiency (®ps,; Chl fluorescence measured without dark
adaptation) was more markedly altered (greater than
10 %). However, its reduction was still relatively small.
Pb effect on the ratio of F,/F,, and ®pg, was negligible.

Py for control plants was about 8.5 umol(CO,) m?s™.
Inclusion of Cu and Cd at concentration of 50 uM to the
nutrient solution drastically decreased Py (up to 10 and
20 %, respectively, Fig. 24). Lower concentrations of
these two metals (20 uM) similarly as 1 000 uM Pb were
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Table 1. The photosynthetic fluorescence parameters in the second leaf of plants treated with 20 or 50 uM Cu or Cd or 1 000 uM Pb.

Means £SE.
Metal content in Fy/Fn % of control  ®pg, % of control
nutrient solution  plant leaves
[uM] [mmol kg''(DM)]
Control 0.839£0.015 0.740 £ 0.022
Cu 20 0.75+0.19 0.829 £0.009 98 0.666 £0.019 90
50 0.90 £ 0.21 0.811£0.012 96 0.629+0.011 85
Cd 20 1.12+0.25 0.825+£0.012 98 0.651£0.012 87
50 3.51+£0.37 0.815+£0.010 97 0.658+0.014 89
Pb 1 000 1.22+0.21 0.832+£0.013 99 0.725+0.019 98
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Fig. 1. Dry mass of whole plants, leaves, stems, and roots after e 40 F
plant treatment with Cu, Cd (20 and 50 uM), or Pb (1 000 uM).
Mean % of control plants = SE. Control values: whole plant
6.18 g, leaves 3.03 g, stem 1.78 g, roots 1.37 g. Y c
less effective and Py values in these combinations were 160 -
decreased only to 80 % of control trials.
g, was also strongly decreased by 50 pM Cu or Cd. In 120 -
leaves of plants treated with 1 000 pM Pb and 20 uM Cu
or Cd, g, was similar as in the control (Fig. 2B) leaves. 80 I
1 000 uM Pb and 20 puM Cu or Cd did not change C;
(Fig. 2C), whereas in plants treated with 50 uM Cu or Cd 40 -
higher C;was found in comparison to the control plants.

Cd, Cu, and Pb only slightly disturbed the water
relations in leaves (Table 2). The most visible effect was
observed in leaves of cucumber treated with 50 uM Cu
(about 10 % lower water content comparing to the
control). The effects of metals on the contents of Chl a
and b were much more obvious. In leaves of plants
growing with 20 uM Cu or Cd as well as with 1 000 pM
Pb the Chl content decreased up to 80 or 90 %. In com-
binations with 50 uM Cu the contents of pigments were
reduced even up to 68 % of control. All studied metals
also lowered the content of Fe in leaves (Table 2). As

control Cu20 Cu50 Cd20 Cd50 Pb 1000

Fig. 2. Net photosynthetic rate, Py (4), stomatal conductance, g
(B), and internal CO, concentration, C; (C) in the second leaves
of cucumber treated with Cu, Cd (20 and 50 uM), or Pb (1 000
uM). Mean % of control plants + SE. Control values: Py 8.5
umol(CO,) m? s, g; 120 mmol(CO,) m?s™, C; 130 cm® m™.

external concentration of Cu and Cd increased, Fe
contents in leaves decreased.
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Discussion

Translocation of Cu, Cd, or Pb from root to stem of diffe-
rent plants is very weak (Burzynski and Buczek 1989,
Ernst et al. 1992, Greger 1999). Especially lead is a metal
largely accumulated in the roots, while Cd, in general, is
more mobile than Pb and Cu (Greger 1999). Our results
confirmed those findings. In almost every concentration,
with the exception of 50 uM Cd, the amounts of metals in
leaves detected after 10 d of treatment were as low as
1 mmol kg'(DM). Translocation of Cd from roots to
leaves was three times higher than the translocation of
Cu, when metal concentration in nutrient solution was
50 uM. Similarly, the movement of Cd from roots to
leaves was three times higher, in comparison to Pb, even
if concentration of lead in nutrient solution was as high as
1 000 uM.

Table 2. Relative contents of chlorophyll (Chl) a+b, water, and
Fe in second leaves of cucumber treated with Cu, Cd, or Pb.
Control values: Chl a+b 4.2 g kg (DM), water 890 g kg™ (fresh
mass), Fe 175 mg kg’l(DM).

Metal Water Chla+b Fe

[(uM] [%]

Control 100+ 3 100+ 2 1005

Cu 20 95+2 80+2 80+5
50 90 +3 68 +4 65+7

Cd 20 96 £2 88+3 71+4
50 95+2 80+5 63+5

Pb 1 000 95+4 88+ 6 88+ 8

Treatment of plants with Cd, Cu, and Pb decreased
markedly the plant growth (Fig. 1). On the contrary, only
a mild effect of metals was observed on the potential PS2
efficiency (0.811-0.829 for metals compared to 0.839 per
control, Table 1). According to Bjérkman and Demmig
(1987) if F,/F,, is higher than 0.8, the potential efficiency
of PS2 is not affected. Slight change of PS2 efficiency in
excess of Cu was also observed by Ciscato et al. (1997)
in Triticum durum. The concentration of Cu, which, si-
milarly as in our experiments, drastically reduced the
growth of Phaseolus, only slightly decreased the effici-
ency of PS2 photochemistry (Cook et al. 1997). Scardelis
et al. (1994) also did not find changes of PS2 efficiency
in Sonchus spp. or Taraxacum spp. growing on soil con-
taminated with Pb, Zn, and Cu. On the other hand, nu-
merous studies indicate (Maksymiec et al. 1994, Poskuta
and Wactawczyk-Lach 1995, Maksymiec and Baszynski
1996, Krupa and Moniak 1998, Larsson et al. 1998) that
heavy metals alter this photosynthetic parameter more
markedly. Thus, the disturbances in potential efficiency
of PS2 under heavy metals’ stress depend on the plant
genera and age, time of exposure to metals, and their con-
tents in leaf tissues.

®pg, was more noticeably diminished than F,/F, in
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plants treated with Cu and Cd. Nevertheless, we did not
detect such a drop of ®ps; in plant leaves treated with Pb.
Similar relation between F,/F,, and ®pg, was obtained for
plants treated with an excess of Mn (Kitao et al. 1997,
Subrahmanyam and Rathore 2000). Reduction of ®pg,
could be explained by the decreased capacity of the
carbon metabolism and/or by a low utilisation of ATP
and NADPH in a dark phase of photosynthesis (Kitao
et al. 1997, Subrahmanyam and Rathore 2000).

In this study, among determined parameters of photo-
synthesis, Py was most evidently affected by Cu, Cd, and
Pb. This fact confirms the hypothesis that carbon reduc-
tion and its subsequent dark metabolism is more sensitive
to metals than the light phase of photosynthesis. We
found that Py in plants treated with 50 uM Cu and Cd
was drastically reduced (up to 10 and 20 % of control, re-
spectively). Simultaneously, in these plants very low g
(20 % of control) was observed. Nevertheless, significant
reduction of Py in plants after 50 uM Cu or Cd treatment
was not caused by a low g; and low CO, concentration in
chloroplasts, because C; values were even higher in
leaves of those plants than in the control leaves (Fig. 2C).
High C; could be explained by a low Py and/or by an in-
crease in the dark respiration rate, which was often de-
tected in plants treated with heavy metals (Lee et al
1976, Burzynski and Buczek 1994, Romanowska et al.
2002). The elevated rate of dark respiration after metal
treatment of plants was usually connected with the
senescence of leaf tissues. To sum up, high C; observed in
cucumber treated with 50 uM Cu or Cd indicated that
drastic reduction in Py was not due to the direct effect of
metals on the stomata closure. Similar results indicating
that an opening state of stomata had only a minor effect
on CO, assimilation were obtained for leaves of plants
treated with Mn (Sage and Reid 1994, Subrahmanyam
and Rathore 2000). It cannot be excluded that the re-
duction of Py is also due to the effect of Cd and Cu on the
photosynthetic CO, reduction cycle. There are many re-
ports concerning the effect of Cu, Cd, or Pb on the dark
reactions of photosynthesis (for review see Prasad and
Strzatka 1999). A drop in CO, reduction during photo-
synthesis could influence the photochemical efficiency
(lower ®pg, observed in cucumber treated with Cu or Cd,
Table 1) via an imbalance between the absorbed photon
energy and the energy utilised by the carbon metabolism.
Finally, our results have shown that the photosynthetic
electron transport is more tolerant to Cu, Cd, and Pb
stress than CO, reduction.

We also suggest that the influence of metals on the
photosynthetic reactions is rather indirect. The excess of
heavy metals usually decreased the content of Chl, often
by lowering the transport rate of Fe to the leaves
(Table 2). Furthermore, the low Fe content could in-
fluence not only the Chl synthesis but also the structure
of chloroplasts and indirectly the light and dark phases of
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photosynthesis (Siedlecka and Krupa 1999). Heavy
metals usually disturb water relations in plants, which is
widely recognized as the first and very important reason
of metal toxicity (Poschenrieder and Barcelo 1999). It is
consistent with our observations that the Cu and Cd treat-
ment of cucumber reduced the water content in plant
leaves.

Considering the relation of Cu, Cd, and Pb contents in
leaves and in the nutrient solution with their effect on the
photosynthetic parameters, toxicity profile of investigated
metals would follow as Cu>Cd>Pb. As mentioned earlier,
Pb, Cu, and Cd accumulate mainly in roots. In the above-
ground plant parts, metals were predominantly found in
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