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Abstract - Copper (Cu) and manganese (Mn) are essential micronutrients for plants, but toxic 
at high concentrations. Responses of rice (Oryza sativa L.) and sunflower (Helianthus annuus L.) to 
toxic concentrations of Mn and Cu (up to 100 µM) were studied under three light intensities 
including low (LL, PPFD=100), intermediate (IL, PPFD=500) and high (HL, PPFD=800) light 
intensities in hydroponic medium. Rice plants showed higher susceptibility than sunflower to both 
heavy metals concerning dry matter of shoot and root. Growing under higher light intensity 
strengthened the effect of Cu toxicity while ameliorated that of Mn, the latter was attributed to the 
lower Mn accumulation of HL plants in both shoot and root. Chlorophyll content of leaves was 
influenced negatively only by Cu treatment and that at the highest concentration in the medium (100 
µM). Similar with growth results, reduction of net assimilation rate (A) was higher in HL than LL 
plants treated by excess Cu, but in contrast to growth response, reduction was more prominent in 
sunflower than rice. Excess Mn-induced reduction of A was similar between LL and HL plants and 
was greater in sunflower than rice. Reduction of A was partly attributable to stomatal limitation, but 
non-stomatal mechanisms were also involved in this reduction. Copper and Mn treatment did not 
change the optimal quantum efficiency of PSII in dark-adapted chloroplasts (Fv/Fm ratio), but Fv/F0 
was influenced particularly by Cu treatment, the reduction was higher in rice than sunflower and in 
HL compared to LL plants. Regarding excess Cu and Mn-mediated alterations in chlorophyll 
concentration, Fv/F0 and Tm values, it was suggested that, Cu and Mn toxicity depress the leaf 
photosynthetic capacity primarily by causing a significant alteration of the composition and 
functional competence of the photosynthetic units rather a reduction in the number of photosynthetic 
units (PSUs) per unit leaf area. 
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Heavy metals are present in trace concentrations 
in terrestrial ecosystems, however, agricultural and 
industrial activities are important factors producing 
phytotoxic amounts of metals in soils. Plants grown 
on heavy metal contaminated soils, may take up an 
excess of these elements, which affect different 
physiological processes. 

Usual causes of high levels of copper (Cu) in the 
soil are mining activities or the prolonged application 
of Cu-based fungicides. Plants in general are very 
sensitive to copper toxicity, displaying metabolic 
disturbances and growth inhibition at Cu contents in 
the tissues only slightly higher than normal levels. 
Toxic concentrations of Cu inhibit metabolic 
activity, which leads to suppressed growth and slow 
development (Fernandes and Henriques, 1991).  

Although manganese (Mn) is not a common 
pollutant in soils, various soil conditions often 
present in acid and volcanic soils or submergence 
can lead to Mn reduction and create Mn toxicity in 
many natural and agricultural systems (Foy et al., 
1978). The deleterious effect of Mn toxicity is often 
observed in the shoot as stunted growth, chlorosis, 
crinkled leaves and brown lesions (Marschner, 
1995).  

Toxic trace pollutants can induce many 
alterations in plant cells (Woolhouse, 1983), but it is 
difficult to draw a general mechanism about the 
physiology of stress, since metal toxicity results from 
complex interaction of metal ions with several 
metabolic pathways. However, one of the underlying 
causes of tissues injury following exposure of plants 
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to Cu (Weckx and Clijsters, 1997) and Mn (González 
et al., 1998) is the increased accumulation of reactive 
oxygen species mediated-oxidative stress (De Vos 
and Schat, 1991).  

One of the most important effects of reactive 
oxygen species is the loss of membrane integrity 
(Vichnevetskaia and Roy, 1999). Thylakoid lipids 
are susceptible to oxidation due to predominance of 
polyunsaturated fatty acids (Gounaries et al., 1986) 
and the availability of oxygen producing free radicals 
around functional PSII (Kyle, 1987). Therefore, 
photosynthetic membranes in chloroplasts are the 
most susceptible structures in plants grown under 
conditions of oxidative stresses. Reactive oxygen 
species not only are produced in response to heavy 
metal stress in shoot and root, but also higher light 
intensity alone or in combination with heavy metal 
toxicity could led to a severe oxidative damage of 
leaves in stressed plants. 

It was reported that, response of plants to excess 
Mn is affected by light intensity (González et al., 
1998). However, reports on the effect of high light 
intensity on Mn toxicity are contradictory, including 
increasing (Nable et al., 1988; Horiguchi 1988) or 
lessening toxicity symptoms (Wisssemeier and 
Horst, 1992). A factor that complicates the 
interpretation of previous studies of the effect of 
light intensity on Mn-toxicity symptoms is the fact 
that plants grown in low light usually accumulate 
less foliar Mn than those grown at a higher light 
intensity (Mc Cain and Markley, 1989). In contrast 
to Mn, there is no report on the effect of growth 
under various light intensities on Cu tolerance of 
plants. 

Copper is a potent inhibitor of chlorophyll 
synthesis (Fernandes and Henriques 1991, Pätsikkä 
et al., 1998; Quartacci et al., 2000) in some plants 
such as wheat, barley and spinach. However, no 
significant effect of Cu toxicity on chlorophyll 
synthesis in maize was reported (Stiborová et al., 
1986). Similarly, reports on the effect of Mn toxicity 
on chlorophyll content of plants, is contradictory, 
from no change (Wisssemeier and Horst, 1992) to 
severe chlorosis (Nable et al., 1988; Horiguchi 1988) 
depending on plant species.   

Copper has been shown to increase susceptibility 
to photo-inhibition particularly in intact leaves 
(Pätsikkä et al., 1998) but the underlying mechanism 
has remained unclear. It has been known that high 
concentrations of copper when added to the 
incubation medium of isolated thylakoids, inhibit 
PSII electron transfer activity on the acceptor side 
(Yruela et al., 1996) and finally cause the release of 
the external polypeptides of the oxygen-evolving 
complex on the donor side of PSII (Pätsikkä et al., 
2001). Some authors suggested that excess copper in 
the growth medium did not cause loss of 
photoprotection, but reduced chlorophyll content 
causes the high photosensitivity of PSII in copper 
treated plants (Pätsikkä et al., 2002). Very limited 

data are available concerning photochemistry of 
leaves under Mn toxicity.   

A considerable part of the radiation absorbed by 
leaf pigments is reemitted back as fluorescence. It 
has been known that changes in chlorophyll 
fluorescence emissions are indications of changes in 
photosynthetic activity (Kautsky et al 1960). 
Chlorophyll fluorescence gives information about 
the state of Photosystem II and about the extent to 
which PSII is using the energy absorbed by 
chlorophyll and the extent to which it is being 
damaged by excess light (Maxwell and Johnson, 
2000). The flow of electrons through PSII is 
indicative of the overall rate of photosynthesis and is 
an estimation of photosynthetic performance. To our 
knowledge, this is the first study of the potential 
impact of Cu and Mn toxicity in combination with 
high light intensity on photosynthesis.  

There are only limited data available concerning 
response of photosynthesis capacity of plants to 
heavy metal toxicity. It is still an open question as to 
whether stomatal closure is the main factor inhibiting 
photosynthesis and biomass production under heavy 
metal stress.  

In this work we studied the response of two 
important crop species as influenced by dual effect 
of metal toxicity and high light intensity. The main 
objective of this work was the evaluation of the 
importance of various physiological traits of 
photosynthesis in growth and biomass production 
under heavy metal toxicity.. 

MATERIALS AND METHODS  
Two crop species were used in this study 

including rice (Oryza sativa L. cv. Amol 3) and 
sunflower (Helianthus annuus L. cv. Azarghol). 
Seeds were provided by the Rice Research Institute 
(Guilan, Iran) and Seed and Plant Improvement 
Institute (SPII) (Karaj, Iran) respectively.  

 Plants culture and treatments 
The experiments were conducted in a growth 

chamber with a temperature regime of 25°/18°C 
day/night, 14/10 h light/dark period and relative 
humidity of 70/80%. Surface-sterilized seeds were 
germinated in the dark on sand, moistened with 
distilled water and CaSO4 at 0.05 mM. The 7-days-
old seedlings with uniform size were transferred to 
hydroponic culture in plastic container with 2L of 
nutrient solution (50%) and pre-cultured for 3 days. 
Copper and Mn treatments were started for 10-days-
old plants, consisted of three levels of CuSO4 or 
MnSO4 at 0 (control), 50 and 100 µM. Composition 
of the nutrient solutions (pH=6.5) were used 
according to Yoshida et al (1972) for rice and Dannel 
et al (1995) for sunflower plants. Nutrient solutions 
were changed every 3 days and the pH was adjusted 
every day.  

For study of the effect of different light 
intensities, plants were grown simultaneously under 
three light intensities: low light (LL=100 µmol m-2s-1 
PPFD), intermediate light (IL=500 µmol m-2s-1 
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PPFD) and high light (HL=800 µmol m-2s-1 PPFD) 
intensities. The incident photosynthetic photon flux 
density (PPFD) was measured by a quantum sensor 
attached to the leaf chamber of the gas exchange 
unit. 

After 14 days treatment, plants were harvested. 
After drying at 70°C for 2 days and determining 
plants dry weight, samples were ashed in a muffle 
furnace at 550°C for 8h and concentration of Cu and 
Mn were determined by atomic absorption 
spectrophotometry (Shimadzu, AA 6500).  

For determination of chlorophyll concentration, 
third leaves (pair of leaves in sunflower) 
immediately after harvest were used to extract of 
chlorophyll by N,N dimethylformamide according to 
Moran (1982). For determination of root length, 
fresh roots were used according to the method of 
Tennant (1975).  

Another group of plants were used for 
measurement of gas exchange parameters and 
chlorophyll fluorescence.  

Determination of gas exchange parameters 
CO2 assimilation and transpiration rates of 

attached leaves were measured with a calibrated 
portable gas exchange system (LCA-4, ADC 
Bioscientific Ltd., UK) always between 9:00 A.M. 
and 15:00 P.M. Measurements were carried out on 
one mature, fully expanded and attached leaf from 4 
plants per treatment illuminated with the treatment 
specific light intensity (LL, IL or HL). With the 
exception of PPFD, no microenvironmental variable 
inside the chamber was controlled.  

The net photosynthesis rate by unit of leaf area 
(A) and the stomatal conductance to water vapor (gs) 
were calculated using the values of CO2 and 
humidity variation inside the chamber, both 
measured by the infrared gas analyzer of the portable 
photosynthesis system. Other parameters calculated 
were the ratio of intercellular air space and 
atmospheric CO2 molar fraction (Ci/Ca) and 
photosynthetic water use efficiency (WUE) was 
determined by the ratio of net photosynthesis rate (A) 
to transpiration rate (E) (WUE=A/E). 

Determination of chlorophyll fluorescence 
Chlorophyll fluorescence parameters were 

recorded in parallel for gas exchange measurements 
in the same leaf, using a portable fluorometer (FIM, 
ADC Bioscientific Ltd., UK). Leaves were 
acclimated to dark for 30 min before measurements 
were taken. Initial (F0), maximum (Fm), variable 
(Fv=Fm-F0) and the Fv:Fm ratio were recorded. 

Experiments were under taken in complete 
randomized blocj design with 4 replications. 
Statistical analyses were carried out using sigma stat 
(3.02) with Tukey test (p<0.05). 

 

RESULTS 

Effect of metal toxicity and various light intensities 
on plants growth 

Cu toxicity: Shoot and root dry weight decreased 
in response to Cu toxicity. Shoot growth of rice was 
inhibited up to 60-73%, while growth of sunflower 
diminished only 11-49%. Reduction of root growth 
was also different in Cu-treated rice and sunflower 
plants, in rice the reduction was 58-82% and in 
sunflower was 35-64%. A clear effect of light 
conditions on the extent of growth inhibition by Cu 
toxicity was observed. Growth under higher light 
intensity caused an increased susceptibility of plants 
to Cu toxicity. This effect was more prominent in 
sunflower, in which both of shoot and root growth 
responded much more negatively to Cu toxicity 
when grown under higher light intensity e.g. up to 
49% reduction in HL compared to only 11% 
reduction in LL plants. However, dry matter of shoot 
and root in plants grown at higher light intensity was 
higher than plant at lower light conditions at similar 
Cu treatments (Table 1).  

Root length was also affected by both light 
conditions of growth and Cu toxicity. Higher light 
intensity per se increased significantly root length 
and, in contrast to its effect on shoot and root 
growth, when applied together with Cu toxicity 
alleviated partly the inhibitory effect of Cu toxicity. 
Reduction of root length for LL plants by 100 µM 
Cu was 40% and 51%, but for HL plants the 
corresponding values were only 30% and 42% for 
rice and sunflower respectively. Another difference 
between response of dry matter and length of root 
was higher susceptibility of sunflower than rice to 
Cu toxicity when root growth was expressed on 
length basis (Fig. 1). 

Mn toxicity: Mn toxicity inhibited shoot and root 
growth with different extent than Cu toxicity, and the 
reverse effect of light intensity on the expression of 
Mn toxicity was observed. The response of shoot 
growth was different from 63% reduction for LL 
plants to 10% inhibition in HL plants for rice and 
from 57% reduction in LL to 79% increase in HL 
sunflower plants. Similar trend was observed for root 
growth, with the exception of no growth 
improvement in response to Mn toxicity in HL 
plants. Such as Cu, susceptibility to Mn toxicity was 
higher in rice than sunflower, regarding both shoot 
and root growth (Table 1).  

Similar with dry matter production, root length 
responded positively to light intensity, and Mn 
treatments affected root length differently depending 
on plant species e.g. reduction in rice and stimulation 
in sunflower. Therefore, sunflower plants treated by 
100 µM Mn and grown under HL conditions, have 
the highest root length (Fig. 1). 

Shoot and root concentration of Cu and Mn  
As it is obvious from Fig. 2, majority of Cu in 

rice was accumulated in roots while in sunflower 
shoot and root accumulated Cu with similar extent. 
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In contrast to Cu, rice plants accumulated high 
amounts of Mn in shoots. Copper concentration of 
shoot and particularly root was increased in rice 
plants treated by higher light intensity but in 
sunflower HL plants have lower Cu concentration in 
shoot. The effect of higher light intensity on Mn 
concentration was similar between rice and 
sunflower, HL conditions reduced drastically Mn 
accumulation in shoot and root. 

Chlorophyll concentration  
In general, leaf chlorophyll a and b concentration 

decreased under high light conditions, but Cu and 
Mn treatment did not reduce it in both studied plants. 
In some treatment combinations rather an increase in 
chlorophyll a and b concentration was observed. 
However, chlorophyll b content responded 
differently in rice plants. Chlorophyll b content of 
Mn treated rice plants did not change significantly in 
response to higher light intensity (data not shown). 
The ratio of chlorophyll a/b in plants treated by toxic 
concentrations of Cu and Mn, was influenced by 
both light conditions and the level of Cu and Mn in 
the medium. Higher light intensity reduced 
chlorophyll a/b ratio in control and Mn treated rice 
plants, but did not change it in Cu treated rice, which 
was the result of concomitant reduction of 
chlorophyll a and b (data not shown). In sunflower, 
in contrast to rice, chlorophyll a/b ratio did not 
change significantly in response to higher light 
intensity and Mn treatment did not change the 
response of chlorophyll a/b ratio to light intensity. 
Additionally this ratio increased in response to Cu 
treatment in sunflower in contrast to rice (Fig. 3).  

The sum of chlorophyll a and b content 
(chlorophyll a+b) was influenced in response to 
higher light intensity in rice and sunflower and under 
control as well as Cu and Mn treated plants. 
However, the effect of metal toxicity was different 
depending on plant species. Manganese treatment did 
not affect chlorophyll a+b content in rice, but 
induced an increase in sunflower. The chlorophyll 
a+b content of rice plants treated by 50 µM Cu 
increased compared to control plants but decreased 
with increasing Cu treatment at 100 µM. In contrast, 
chlorophyll a+b content was continuously increased 
in response to Cu treatment up to 100 µM in 
sunflower. Generally, higher light conditions caused 
a reduction of chlorophyll a+b content, this effect 
was similar at Cu- and Mn-treatments and observed 
in both rice and sunflower plants (Fig. 3).  

Gas exchange parameters 
A significant effect of light intensity on the net 

photosynthesis rate (A) was observed only in control 
plants.  

Cu toxicity: Assimilation of CO2 (A) was 
inhibited by 44% in LL and 58% in HL rice plants. 
Reduction of assimilation rate due to Cu toxicity in 
sunflower was 57% and 80% in LL and HL plants 
respectively. Transpiration rate (E) did not change 
significantly in response to Cu treatment either in 

rice or sunflower, but as expected, higher light 
intensity increased significantly the water lost via 
transpiration. The ratio of Ci/Ca did not change in 
response to Cu treatment, but decreased in response 
to higher light conditions and that was observed only 
in rice. Stomatal conductance (gs) decreased in 
response to Cu treatment particularly in rice plants, 
however, such reduction was not statistically 
significant. As expected, stomatal conductance 
increased significantly in IL and HL plants compared 
to LL plants. Though an increased assimilation rate 
(A) in HL compared to LL plants, the water use 
efficiency (WUE) diminished significantly in the 
latter than former plants (statistical analysis among 
values for light treatments was not shown) because 
of concomitant induction of stomatal conductance 
(gs) and increase in transpiration rate (E) (Table 2).  

Mn toxicity: Mn treatment reduced slightly the 
net assimilation rate (A), which was more prominent 
in sunflower than rice. This reduction was similar 
(50-56%) in LL than HL plants. Similar with Cu 
treatment, transpiration rate (E) was affected only 
slightly by Mn treatment, but light intensity 
increased stomatal conductance (gs) significantly. 
The ratio of Ci/Ca decreased slightly in response to 
higher light intensity and that was observed only in 
rice. Water use efficiency (WUE) changed in 
response to Mn treatment particularly in sunflower, it 
was diminished up to 55% in LL and 40% in HL 
sunflower plants. This ratio decreased as the result of 
more prominent reduction of CO2 assimilation (A) 
than that of transpiration (E) in Mn treated plants 
(Table 3).  
 

Chlorophyll fluorescence 
Photosynthetic activity was also characterized in 

terms of photochemical efficiency using 
measurements of chlorophyll fluorescence. For each 
treatment combination, chlorophyll fluorescence was 
measured in dark-adapted tissues. F0 value of dark 
adapted tissues (fluorescence emissions when all 
reaction centers are open for photochemistry) was 
influenced by light conditions. In rice IL and HL 
intensities decreased F0 value, but in sunflower, only 
HL caused such reduction. In response to Cu 
treatment, F0 values increased in rice but not in 
sunflower. The Fm values of dark adapted tissues 
(fluorescence emissions when all the reaction centers 
are closed) increased continuously in response to 
increasing light intensity in both species.  Fm values 
increased in Cu treated plants in comparison to 
control plants, in sunflower, however, Fm values 
decreased significantly in sunflower under similar 
treatments. Higher light intensity results in increase 
of Fv values in both species, it was reduced in 
response to Cu treatment, which was significant only 
in sunflower. Tm values decreased in response to Cu 
treatment in both studied species mainly in plants 
grown under higher light intensities. In HL rice and 
sunflower, Tm values diminished significantly up to 
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18%, but the reduction for LL plants was in tendency 
and as low as 5% (Table 4). 

In contrast to Cu, Mn treatment did not alter 
significantly the F0 and Fm values in rice. In 
sunflower, similar with Cu treated sunflower plants 
and in contrast to rice, F0 and Fm values decreased in 
response to Mn treatment slightly or significant. Tm 
values decreased in both studied plants, but in 
contrast to Cu treated plants, reductions were 
significant only in LL and IL Mn treated plants 
(Table 5). 

Growing under higher light intensity, increased 
the optimal quantum efficiency of PSII in dark-
adapted chloroplasts (Fv/Fm ratio), but Cu and Mn 
treatment did not change Fv/Fm significantly. In 
contrast, Fv/F0 was influenced by both light intensity 
and Cu treatment, and with a less extent by Mn 
treatment.  Reduction of Fv/F0 ratio in response to Cu 
treatment was lower in LL than HL plants in both 
species, and the reduction was higher in rice 
compared to sunflower, e.g. 22% and 10 % in LL 
rice and sunflower compared to 39% and 19% in HL 
rice and sunflower respectively (Table 4 and 5). 

 
 
 

 
Fig. 1. Root length (mg plant-1) of rice and sunflower treated with Cu or Mn and 
grown under three light conditions. 
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Fig. 2. Changes in the leaf chlorophyll a/b ratio and chlorophyll a+b amounts in 
rice and sunflower treated with Cu or Mn and grown under three light conditions. 
 

 

Fig. 3. Shoot and root concentration of Cu and Mn in rice and sunflower treated 
with Cu or Mn and grown under three light conditions 

10



EFFECT OF Cu AND Mn TOXICITY … 

JOURNAL OF STRESS PHYSIOLOGY & BIOCHEMISTRY Vol. 3 No. 1 2007 

 

 
Table 1. Shoot and root dry weight (mg plant-1) of rice and sunflower treated with 50 and 100 µM of Cu or Mn and 
grown under three light conditions including low (LL=100 µmol m-2s-1 PPFD), intermediate (IL=500 µmol m-2s-1 
PPFD) or high (HL=800 µmol m-2s-1 PPFD) intensity for 14 days in hydroponic medium. Data in each column 
within each plant species followed by the same letter are not significantly different (p<0.05). 
 

 
 
 
 
 
Table 2. Gas exchange parameters including net photosynthetic rate (A), transpiration (E), the ratio of intercellular 
air space and atmospheric CO2 molar fractions (Ci/Ca), stomatal conductance to water vapor (gs) and instantaneous 
water use efficiency (WUE) in attached leaves of rice and sunflower treated with 50 and 100 µM of Cu and grown 
under three light conditions. Data in each column within each measured parameters followed by the same letter are 
not significantly different (p<0.05). 
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Table 3. Gas exchange parameters including net photosynthetic rate (A), transpiration (E), the ratio of intercellular 
air space and atmospheric CO2 molar fractions (Ci/Ca), stomatal conductance to water vapor (gs) and instantaneous 
water use efficiency (WUE) in attached leaves of rice and sunflower treated with 50 and 100 µM of Mn and grown 
under three light conditions. Data in each column within each measured parameters followed by the same letter are 
not significantly different (p<0.05). 
 

 
 
 
 
 
Table 4. Chlorophyll fluorescence parameters including F0 , Fm , Fv and Tm and calculated Fv/Fm and Fv/F0 in 
attached leaves of rice and sunflower treated with 50 and 100 µM of Cu and grown under three light conditions. 
Data in each column within each measured parameters followed by the same letter are not significantly different 
(p<0.05). 
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Table 5. Chlorophyll fluorescence parameters including F0 , Fm , Fv and Tm and calculated Fv/Fm and Fv/F0 in 
attached leaves of rice and sunflower treated with 50 and 100 µM of Mn and grown under three light conditions. 
Data in each column within each measured parameters followed by the same letter are not significantly different 
(p<0.05). 
 

 
 

DISCUSSION 

Effect of Cu and Mn toxicity at different light 
intensities on plants growth and metal accumulation 

Cu toxicity inhibited growth of plants much 
more than similar concentrations of Mn in the 
medium. A high susceptibility of plants to Cu 
toxicity compared to other heavy metals such as Mn 
and Zn was reported by other authors (Marschner, 
1995). Rice expressed higher susceptibility to both 
Cu and Mn toxicity than sunflower independent from 
light conditions. At all heavy metals treatments, light 
conditions influenced drastically growth and 
response of plants to Cu and Mn toxicity. In both rice 
and sunflower, growth was significantly improved 
due to higher light intensity, indicated that even at 
HL intensity the light conditions was not higher than 
photosynthetic demand of plants and could not be 
considered as a stress factor. Interestingly, though 
stimulation of growth by higher light intensity in 
both Cu and Mn treated plants, the inhibitory effect 
of Cu and Mn toxicity was affected differently. 
Higher light intensity strengthened the effect of 
toxicity of Cu while ameliorated that of Mn. 
Sunflower plants grown under HL conditions 
demonstrated even a significant growth stimulation 
of shoot and root by Mn concentrations as high as 
100 µM in the medium which was reached for shoot 
to 94% at 50 µM and 74% at 100µM Mn. 

A significant growth stimulation by Mn 
concentration up to 100 µM in HL sunflower plants 
implies that sunflower could be used as a model 
plant for study of mechanisms for Mn tolerance. 

Growth stimulation by Mn treatments could be most 
likely attributed to an improved water balance. 
Transpiration of plants increased due to higher light 
intensity, but with different extent in control and 
Mn-treated plants. Increase of transpiration in HL 
compared to LL conditions was 2.76 folds in control 
plants, while it was 2.29 in plants treated with 50 µM 
Mn and was only 1.89 fold in the presence of 100 
µM Mn. Such an effect of Mn treatment on reduction 
of transpiration rate was not observed in rice, the 
transpiration rate of HL control rice plants was 2.84 
folds higher than LL plants, and for 50 µM and 100 
µM Mn treatments were 2.86 and 3.0 folds. Positive 
effect of Mn treatment on water balance of sunflower 
plants was observed neither in Cu treated rice nor 
sunflower. Differential effect of Mn treatment on 
transpiration in rice and sunflower could be 
attributed to broader leaves and larger transpiration 
surface in sunflower than in rice.  

Surprisingly, lower transpiration of sunflower 
plants treated by Mn and grown under higher light 
intensities was not associated by lower stomatal 
conductance. The latter parameter increased with 
similar extent e.g. 1.57 fold in control and 1.60 fold 
in Mn (100 µM) treated plants when grown under 
higher light intensity. It implies that lower 
transpiration was not due to stomatal closure, but to a 
lower evaporation from leaf cells surfaces and lower 
water vapor pressure in stomatal chamber most 
likely because of a lower water potential of leaf cells. 
The possible effect of Mn on water potential of leaf 
cells should be further investigated.  
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The most important effect of light intensity was 
observed on the Cu and Mn concentration of shoot 
and root. Interestingly, in rice high light intensity 
decreased Mn concentration of shoot and root but 
increased that of Cu. In sunflower, high light 
intensity decreased concentration of both heavy 
metals. Therefore, effect of light on alleviation of 
growth inhibition by Mn treatment at least in part 
was due to Mn dilution. Our previous work 
demonstrated that light intensity alters Cu and Mn 
accumulation via affecting Cu uptake and transport 
(Hajiboland and Boniadi, 2005). However, the exact 
mechanism of the effect of light intensity on uptake 
and transport of Mn is not clear but most likely could 
be explained as a consequence of lower transpiration 
of Mn treated leaves. Manganese accumulation in 
leaves of common bean increased by higher light 
intensity (Gonzalez et al., 1998) but remained 
unchanged in rice because of no change in the 
transpiration rate (Lidon, 2001)   

Cu and Mn distribution between shoot and root 
was different particularly in rice, roots accumulated 
high amounts of Cu than shoot, in contrast, Mn 
accumulated mainly in shoot. Our previous study 
showed that, root apoplasm is the main compartment 
of Cu accumulation particularly in rice (Hajiboland 
and Boniadi, 2005). For Mn, different 
compartmentation in shoots of rice and sunflower 
plants is the cause of higher Mn sensitivity in rice 
than sunflower. In rice, majority of Mn in shoot is 
found in readily re-translocable, symplasmic 
compartment, while in sunflower, Mn accumulates in 
the bases of leaf trichoms and thus remained out of 
symplasm and therefore caused no damage to the 
cells in shoot (Hajiboland and Boniadi, 2005). 

Effect of Cu and Mn toxicity at different light 
intensities on chlorophyll and photosynthesis 

Chlorophyll:  The light-induced reduction of 
chlorophyll a+b concentration under all treatment 
combinations could be well explained by the 
induction of chlorophyll degradation by active 
oxygen species produced under higher light intensity 
in leaves (Asada, 1999, Behera and Choudhury, 
2002). In contrast, chlorophyll a+b concentration of 
leaves was not substantially influenced by Cu 
toxicity likely because of reduction of leaf growth 
simultaneous with chlorophyll degradation. 
However, a significant increase in chlorophyll 
concentration of Mn treated sunflower plants, which 
was not associated by reduction of leaf dry weight 
and area is not clear and should be studied further. 

Separation of total chlorophyll into chlorophyll a 
and b and a comparison of the ratio of chlorophyll a 
with chlorophyll b reveals a preferential protection 
against higher light intensity and a higher sensitivity 
to Cu compared to Mn treatment for chlorophyll b. 
Therefore, the relative abundance of this pigment 
increases as light intensity rises and fells as Cu 
concentration in the medium increases.  

On the other hand, Mn treatment makes 
chlorophyll b concentration in rice much resistance 

to the high light intensity, therefore chlorophyll b in 
Mn treated rice plants did not change in IL and HL 
compared to LL plants. In contrast, the sensitivity of 
chlorophyll a and b concentration in sunflower to 
higher light intensity did not change by exposure of 
plants to toxic concentrations of either Cu or Mn.   

Leaves particularly under IL and HL conditions 
showed an increasing trend for chlorophyll a/b 
concentration in response to Cu treatment, which 
implies a differential effect of Cu on chlorophyll a 
and b in both studied plants. An increase in the 
chlorophyll a/b ratio, resulting from faster 
degradation of chlorophyll b, indicated a preferential 
decrease in light harvesting chlorophyll a/b-binding 
proteins (LHC) associated with PSII (LHCII) to 
transfer excitation energy to the PSII core complex 
(Xu et al., 1995).  

Gas exchange  
A concomitant reduction of A and gs under Cu 

and Mn toxicity indicated that inhibition of CO2 
assimilation observed in both studied plants was 
partly attributable to stomatal limitation. The 
limitations to CO2 assimilation imposed by stomatal 
closure may promote an imbalance between 
photochemical activity at photosystem II (PSII) and 
the electron requirement for photosynthesis, leading 
to an overexcitation and subsequent photoinhibitory 
damage of PSII reaction centers (Souza et al., 2004).  

The inhibitory effect of heavy metal treatments 
on stomatal opening was frequently reported. 
Micromolar concentrations of Hg, Pb and Zn have 
been shown to inhibit stomatal movements in broad 
bean because of blocking water channels in guard 
cell membranes (Yang et al., 2004). The inhibitory 
effect of Cd on stomatal opening was attributed to 
the entrance of Cd via Ca channels and affecting 
guard cell regulation in an ABA-independent manner 
(Perfus-Barbeoch et al., 2002).  

However, in this work reduction of stomatal 
conductance was mainly in tendency and not 
significant. Therefore, it could not be the sole reason 
for a lower assimilation rate of Cu and Mn treated 
leaves. It implies that non-stomatal limitations 
involve also in inhibition of photosynthesis. 
Moreover, no significant variations of Ci in response 
to heavy metals particularly in HL plants (Ci data 
were not shown) suggested the existence of a non-
stomatal limitation of photosynthesis in the two 
stressed plants.  

In contrast to the effect of Cu and Mn treatment, 
a significant reduction of Ci/Ca was observed in 
response to light intensity in rice. In addition, Ci/Ca 
values were much higher in rice than sunflower 
under all three light conditions. It is known that, at 
the steady state favorable environmental conditions, 
the Ci/Ca ratio holds constant for a great number of 
plant species (Ehleringer and Cerling, 1995). The 
actual value varies according to the terrestrial biome 
type, with a tendency to be higher in rainforest 
tropical species than xerophytic or tropical dry forest 
tree species (Lloyd and Farghuhar, 1994). The Ci/Ca 
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ratio is considered to be an appropriate indicator for 
the stomatal limitation of photosynthesis (Farghuhar 
and Sharkey, 1982). The smaller the Ci/Ca ratio, the 
greater is the stomatal limitation of photosynthesis 
and the more conservative the plant species is in 
relation to water use. In the present experiment, high 
amounts of Ci/Ca ratios particularly in LL rice plants, 
indicate that rice plants has a tendency to be non-
conservative in relation to water use, in a similar 
manner shown for many other tropical rainforest 
species (Ishida et al., 1996). Difference between rice 
and sunflower in water conservation strategy could 
be well explained regarding that rice particularly 
used cultivar in this work, is a lowland crop species 
of tropical origin.  

Chlorophyll fluorescence  
The biophysical basis underlying changes in the 

photosynthetic characteristics of studied plants was 
assessed using chlorophyll fluorescence.  
Measurement of chlorophyll a fluorescence is a non-
invasive, powerful and reliable method, to assess the 
PSII function of Cu and Mn treated leaves in this 
work.  

The initial chlorophyll fluorescence yield, F0 
reflects the minimal fluorescence yield when all QA 
are in the oxidized state. According to our results, the 
increase of F0 recorded under Cu and Mn toxicity in 
rice, can be interpreted as a reduction of the rate of 
energy trapping by PSII centers. However, in 
sunflower, Cu and Mn treatment did not change the 
rate of energy trapping by PSII, which was reflected 
in increasing values of F0. Reduction of energy 
trapping could be the result of a physical dissociation 
of light harvesting complex from PSII core, as it has 
been observed under other stresses such as heat 
(Armond et al., 1980). In addition, Cu and Mn 
treated sunflower plants had a significant smaller Fm 
value compared to the control, which in relation to 
the slightly reduced Tm, indicates that an increasing 
fraction of reaction centers (RCs) becomes 
inactivated. It is well known that when Fm is 
attained, all PQ molecules are reduced. Thus, we can 
suggest that Fm depression may reflect also a 
decreased size of antennas and/or a diminished pool 
of PQ (Ouzounidou et al., 1998).  

Copper and Mn toxicity reduced the Fv value in 
both rice and sunflower, indicating that a structural 
and functional disorder of the photosynthetic 
apparatus and damage to the PSII had occurred 
(Osmond, 1994, Pereira et al., 2000, Murkowski, 
2001). Rice had higher reduction of Fv and Fv/F0 
ratios under Cu and Mn stress than sunflower, 
indicating that the photosynthetic apparatus in rice 
was more susceptible to heavy metal stress than in 
sunflower. The reduction of Fv could be attributed to 
a decrease in the rate constant for photochemistry of 
PSII and, to a greater extent, to an increase in the 
non-radiative dissipation rate constant (Ouzounidou 
et al., 1997). 

The negative effect of Cu and Mn toxicity for 
both rice and sunflower focused mainly in the 

decreased proportion of active chlorophyll associated 
with the reaction center of PSII (decreased Fv/F0). 
Also, it might be possible that especially under Cu 
toxicity inactivation of the ferredoxin, an electron 
transmitter due to changes in its chemical structure 
and reduction of the activity of NADP+ photo-
reduction occurred (Ouzounidou et al., 2003). The 
changes in the ratio of Fv/F0 were coincided on 
differential growth response of plants concerning Cu 
and Mn treatment as well as plant species. This 
finding also demonstrates that the measurement of Fv 
and Fv/F0 could be used as an efficient, 
nondestructive method for assaying Cu and Mn 
toxicity.  

The direct effect of increasing F0, is the slight 
decrease of Fv/Fm ratio. The maximal quantum yield 
of PSII (Fv/Fm) ratio declined less than 10% between 
the control and heavy metal treated leaves. The 
preservation of this parameter under Cu and Mn 
toxicity, as indicated by very small changes, 
probably is the consequence of a modification of the 
QA to QB electron transfer (Ouzounidou et al., 1998). 

Light intensity altered the fluorescence rise time 
(Tm) differently depending on heavy metal species. 
Reduction of Tm was more pronounced in LL and IL 
than HL plants when treated by toxic concentrations 
of Cu. In contrast, in Mn treated plants, the 
fluorescence rise time decreased significantly in LL 
and IL but not in HL plants. The fluorescence rise 
time has been shown to be correlated with the size of 
the photosynthetic units (PSU). Its higher reduction 
in HL plants in response to Cu and in LL plants 
under Mn toxicity provides evidence that an 
appreciable change has occurred in the size of PSU 
under these treatment combinations. Interestingly, 
the toxic effect of Cu on plants growth was more 
pronounced in HL compared with LL plants and for 
Mn treated plants the opposite was observed.  

The increasing amount of Fv/Fm in response to 
increasing light intensity and the high amounts of 
0.87-0.80 at HL conditions showed that an enough 
photochemistry occurred only in HL plants in growth 
chamber. Therefore, It is expected no photochemical 
damage occurred even at HL conditions in control 
plants. 

CONCLUSION 
We propose that, Cu and Mn toxicity depresses 

the leaf photosynthetic capacity primarily by causing 
a significant alteration of the composition and 
functional competence of the PSUs. Most likely, 
heavy metal toxicity did not reduce the number of 
PSUs per unit leaf area. Any drastic change in 
chlorophyll content in contrast to reduction of 
photosynthetic rates is consistent with the view that 
the chlorophyll remaining in Cu and Mn treated 
leaves is not associated with active reaction centers, 
integrating functional PSUs. It means that the 
residual chlorophyll were associated with disabled 
PSUs. The observations that the fluorescence rise 
times are lower for the Cu and Mn treatments and 
changes in the Tm are coincided on the different 
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effect of light intensity on the expression of Cu and 
Mn toxicity, confirm also this hypothesis. 

However, the extent of reduction of CO2 
assimilation rate was much higher in sunflower than 
in rice at both Cu and Mn treatment. This effect was 
not reflected in growth response of plants, rice 
responded more negatively than sunflower to both 
Cu and Mn stress. It could be concluded that growth 
and dry matter production is not determined only by 
the assimilation rate but other factors e.g. oxidative 
damage and metabolic disturbances are from another 
important components of plants response to heavy 
metals. 
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