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Abstract 
 
Fatty acid content and composition of chloroplast membranes, ethylene production associated with thylakoid lipids 
degradation as well as photosynthetic electron transport involving photosystems 1 and 2 were used to determine the 
effects of increasing Cd concentrations in the growth medium [0, 14, 28, and 42 mg(Cd) kg-1(sand)] on the 
photosynthetic performance of barley plants (H. vulgare L., cv. CE9704). High concentrations of Cd triggered serious 
disturbances of the chloroplast membranes. Ethylene production increased whereas a drop of 18:3 fatty acid content 
occurred, indicating that Cd mediates lipid peroxidation in the thylakoids. The enhanced ethylene production could be 
used as an early indicator of Cd-induced membrane degradation, yet at very high concentration (42 mg kg-1) Cd 
decreased ethylene production. 
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⎯⎯⎯⎯ 
 
Cd is toxic for photosynthesis (for review, see Clijsters 
and Van Assche 1985, Krupa and Baszynski 1995). The 
mechanism of Cd-induced degradation of the chloroplast 
membrane may be a consequence of 1) lipoxygenase 
induction resulting in the oxidation of polyunsaturated 
fatty acids (Somashekariah et al. 1992), 2) increased 
galactolipase activity leading to hydrolysis of mono-
galactolipid and premature senescence (Krupa and 
Baszynski 1995), or 3) oxidative stress (Chien et al. 
2001, Sandalio et al. 2001, Hendry et al. 1992) as  
a consequence of depletion of antioxidative defences 
(Schützendübel and Polle 2002) that stimulates lipid 
peroxidation. The degradation of thylakoids mediated by 
Cd strongly retards electron transport activities of both 
photosystems (PS) PS2 and PS1 (Baszynski et al. 1980, 
Siedleska and Baszynski 1993).  
 Cd-induced lipid peroxidation at leaf level has been 
often detected by the high content of thiobarbituric 

reactive species (Chien et al. 2001, Shah et al. 2001), but 
the available information at thylakoid level is insufficient 
and controversial. Using chlorophyll (Chl) thermolumi-
nescence techniques, Baryla et al. (2001) did not find 
higher content of lipid hydroperoxides in chloroplasts of 
oilseed rape plants grown on strongly Cd-polluted soil. 
Moreover, El-Shintinawy (1999) suggested an enhanced 
thylakoidal lipid peroxidation of Cd-exposed soybean 
seedlings on the base of both high ratio of (C18:0 + C18:1 + 
C18:2)/C18:3 fatty acids and several times higher ethylene 
production of whole seedlings as compared to the control 
plants. On the contrary, the opposite effect concerning 
ethylene evolution was observed by Bhattacharjee 
(1997/98) in Cd-exposed Amaranthus seedlings.  
 Ethylene production associated with thylakoid 
membrane degradation and mediated by oxy-radicals and 
H2O2 is a final product of acyl lipid peroxidation 
(Rabinowitch and Fridovich 1983, Lidon and Henriques  
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1993). Increasing ethylene production and the specific 
inhibition of C18:3 fatty acid by plants under environ-
mental stress are regarded as a monitor of lipid 
peroxidation (El-Shintinawy and El-Shourbady 1997), yet 
the coupled metabolism of ethylene synthesis at the 
thylakoids is still poorly known.  
 In a previous study we found that Cd retards 
photosynthetic rate of barley plants due to both stomata 
and non-stomata limiting factors (Vassilev et al. 2002). In 
order to clarify Cd-induced disorders at thylakoid level 
we further measured: 1) ethylene production associated 
with chloroplast membranes, 2) their fatty acids content 
and composition, and 3) photosynthetic electron transport 
activities involving PS2 and PS1. 
 Barley (Hordeum vulgare L. cv. CE9704) plants were 
grown in sand, in a greenhouse under natural irradiation, 
temperature, and humidity (Vassilev et al. 2002). 
Twenty-day-old plants were exposed for 10 d to Cd 
treatments through supplying an adequate volume of 
water Cd solution to final concentrations 0, 14, 28, and 
42 mg(Cd) kg-1(sand).  
 Chloroplast membranes were isolated using 2 g (f.m.) 
leaf tissue, according to Droppa et al. (1987), with minor 
modifications described by Lidon and Henriques (1992). 
The lipid fraction was then extracted from the pellet of 
chloroplast membranes according to Allen et al. (1966), 
in a mixture of chloroform/methanol/water (1:1:1, v/v/v). 
After evaporation of the chloroform layer, the dry residue 
was resuspended in 1 cm3 of a mixture of ethanol/toluene 
(1:4, v/v) and stored at -20 °C until analysis. After 
saponification with 0.5 M NaOH in methanol, the fatty 
acids of lipid extracts were methylated with BF3 (Merck, 
Darmstadt, Germany) according to Metcalfe et al. (1966) 
and analyzed by gas liquid chromatography (UNICAM 
610 gas chromatograph, Unicam, Cambridge, UK) (for 
details, see Ramalho et al. 1998). 

Ethylene production was measured in 500 mm3 of the 
obtained chloroplast membranes incubated at an 
irradiance of 500-600 µmol m-2 s-1, provided by a 
Björkman lamp in 2 cm3 flasks. After 2 h of incubation a 
1 cm3 gas sample was withdrawn from the headspace gas 
of the incubating flask using a gas-tight syringe. Ethylene 
concentration in this gas sample was assayed by a 
Pye Unicam 204 gas chromatograph equipped with a 
Porapak Q (Waters Millipore Corporation, Milford, 
USA) column and a flame ionization detector (FID). 
Nitrogen, at a flow rate of 0.5 cm3 s-1 was the carrier gas. 
The temperatures were set to 90 ºC for the oven, room 
temperature for the injection port, and 150 ºC for the 
detector. Ethylene was identified and quantified by 
comparison with the peak area from the gas samples 
containing a known concentration (29 µmol mol-1) of 
ethylene standard. 
 Photosynthetic activities of the chloroplast 
membranes coupled to PS 2 and PS 1 were measured in a 
Clark-type oxygen electrode (LW2, Hansatech, Kings 
Lynn, UK). The electron transport rates were determined 

according to Droppa et al. (1987) in 1 cm3 of reaction 
mixture containing 100 - 150 µg chlorophyll, at 25 °C 
and irradiance of 3 000 µmol m-2 s-1, given by a 
Björkman lamp (Hansatech). 
 Statistical analysis was performed using a one way 
ANOVA (for P < 0.05). 
 Increasing Cd concentrations, applied for 10 d, 
retarded photosynthetic capacity (oxygen evolution under 
saturating irradiance and CO2) of barley plants up to 
20 % (Vassilev et al. 2002). At the same time, Cd 
decreased the total fatty acids (TFA) content of the 
chloroplast membranes by 23 - 25 % at 14 and 
28 mg(Cd) kg-1 and by 42 % at 42 mg(Cd) kg-1 treatments 
(Table 1). At 42 mg(Cd) kg-1 treatment the content of the 
major unsaturated fatty acid - linolenic acid (C18:3) 
decreased by 48 % and that of palmitic acid (C16:0) by 
45 %, but the strongest Cd effect was observed on 
trans-3-hexadecenoic acid (C16:1t) - its content was 
diminished by 66 %. Cd treatment did not cause 
significant changes in fatty acids percentage, but the level 
of fatty acid unsaturation tended to decrease as indicated 
by the double bond index (DBI) although it was not 
significantly different. 
 
Table 1. Total fatty acid (TFA) and selected fatty acids contents, 
fatty acid composition and unsaturation (DBI) of thylakoid 
membrane lipids in barley plants treated with 0 (control), 14, 28 
and 42 mg(Cd) kg-1. The determined fatty acids were palmitic 
(C16:0), cis and trans hexadecenoic (C16:1), stearic (C18:0), oleic 
(C18:1), linoleic (C18:2), and linolenic (C18:3). Double bond index 
(DBI) = [(C16:1c + C16:1t + C18:1 + 2C18:2 + 3C18:3)/(<C16:0 + C16:0 
+ C18:0)]. The values represent the means of triplicates. Within 
each row, data followed with the same letters are not 
statistically different (P < 0.05).  
 

Parameter 0 14 28 42 

[g kg-1 (DM)]     
TFA 164.2a 123.3ab 126.5ab 95.2b

C18:3   36.8a   24.7b   27.8 b 19.2 b

C16:1t     2.5a     1.2 b     1.6 ab   0.8 b

C16:0   12.1a   10.1a     9.5 a   6.7 b

[mol %] 
    

< C16:0   10.20a   14.87a   11.24a 15.08a

C16:0   18.36a   21.45a   19.35a 17.62a

C16:1c     3.97a     5.40a     3.61a   4.20a

C16:1t     3.74a     2.42a     3.27a   2.19a

C18:0     0.65a     0.70a     0.64a   1.26a

C18:1     0.74a     0.83a     0.73a   1.60a

C18:2     6.22a     6.92a     6.44a   7.87a

C18:3   56.13a   47.43a   54.74a 50.19a

DBI     6.68a     5.08a     5.99a   5.17a

 
 Ethylene production associated with chloroplast 
membranes was [mg (C2H4) kg-1(Chl) s-1]: 16.2 ± 1.0  
[0 mg(Cd) kg-1], 20.9 ± 1.7 [14 mg(Cd) kg-1], 23.4 ± 1.9 
[28 mg(Cd) kg-1] and 11.5 ± 0.9 [42 mg(Cd) kg-1]. Hence, 
Cd increased significantly ethylene production by 29 and 
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44 % at the 14 and 28 mg(Cd) kg-1 treatments and 
significantly decreased it by 29 % at the 42 mg(Cd) kg-1 
treatment. The rise of ethylene production was 
accompanied by a significant decrease in linolenic acid 
(C18:3) content (Table 1), trend that El-Shintinawy and  
El-Shourbady (1997) regarded as a monitor of lipid 
peroxidation. The decrease of ethylene production in the 
42 mg Cd kg-1 variant was probably due to disruption of 
the chloroplast membrane, leading to a loss of the 
ethylene forming enzyme activity, as was suggested by 
Bhattacharjee and Mukherjee (1996) for salt-damaged 
leaf tissues of Amaranthus seedlings. 
 The activity of thylakoid electron transport (both PS2 
and PS1) was strongly lowered by Cd (Fig. 1). The  
 

 
Fig. 1. Rates of photosynthetic electron transport between: 1) 
H2O and 2,6-dichlorophenolindo-phenol (DCPIP) (PS2 + OEC,
oxygen evolving complex), 2) 1,5-diphenyl-carbohydrazide
(DPC) and DCPIP (PS2 - OEC), and 3) reduced DCPIPH2 and 
methyl viologen MV (PS1) in thylakoid membranes isolated
from leaves of barley plants grown for 10 d in Cd-contaminated 
sand. Control values (representing 100 %) were 17.7, 14.6 and
67.1 mmol(O2) kg(Chl-1) s-1 for PS2 + OEC, PS2 - OEC and 
PS1, respectively. Means ± SE (n = 3). Within the same
parameter, values followed by the same letters are not
significantly different (P < 0.05). 
 

inhibiting effect of Cd increased gradually with the Cd 
concentration applied. PS2 was more affected by Cd than 
PS1. Similar finding has been reported by Tůmová and 
Sofrová (2002) in experiments with Cd-exposed cyano-
bacterial cells. After a 10 d exposure to 42 mg(Cd) kg-1, 
the decrease in PS2 activity with oxygen evolving 
complex (OEC) was about 80 % and without OEC 69 %, 
whereas PS1 activity decreased by ca. 41 %. Except for 
14 mg(Cd) kg-1 treatment, the inhibition of PS2 activity 
with OEC shows that Cd preferably interacts with the 
donor side of this photosystem. The inhibiting effect of 
Cd on photosynthetic electron transport confirmed the 
results of Baszynski et al. (1980) and Siedleska and 
Baszynski (1993) showing that it is linked to the 
ultrastructural disorders of the thylakoids. Hence we 
support the hypothesis of Krupa and Baszynski (1995) on 
the indirect effect of Cd on photosynthetic electron 
transport: the level of C16:1t fatty acid is positively 
correlated with light-harvesting complex 2 (LHC2) 
oligomerization, due to its specifically binding in sn-2 
position in the chloroplastic phosphatidylglycerol. 
Decreased C16:1t content may diminish the content of 
LHC2 oligomer that means less efficient energy 
collection and distribution between photosystems, finally 
resulting in decreased rate of photosynthetic electron 
transport.   
 The 10-d exposure of barley plants to Cd probably 
provoked serious disturbances of the chloroplast 
membranes. The observed increase of ethylene 
production associated with the thylakoids together with a 
drop of C18:3 fatty acid content gives more precise 
evidence for Cd-induced lipid peroxidation processes. 
The 42 mg(Cd) kg-1 treatment strongly diminished the 
total fatty acids content of chloroplast membrane leading 
probably to its disruption and loss of ethylene forming 
enzyme activity. Thus, the enhanced ethylene production 
associated with the thylakoids should be used as an early 
indicator of Cd-induced membrane degradation.  

 
References 
 
Allen, C.F., Good, P., Davis, H.S., Chisum, P., Fowler, S.D.: 

Methodology for separation of plant lipids and application 
to spinach leaf and chloroplast lamellae. - J. amer. Oil 
Chem. Soc. 43: 223-230, 1966. 

Baryla, A., Carrier, P., Franck, F., Coulomb, C., Sahut, C., 
Havaux, M.: Leaf chlorosis in oilseed rape plants (Brassica 
napus) grown on cadmium-polluted soil: causes and 
consequences for photosynthesis and growth. - Planta 212: 
696-709, 2001. 

Baszynski, T., Wajda, L., Krol, M., Wolinska, D., Krupa, Z., 
Tukendorf, A.: Photosynthetic activities of cadmium-treated 
tomato plants. - Physiol. Plant. 48: 365-370, 1980. 

Bhattacharjee, S.: Membrane lipid peroxidation, free radicals 
scavengers and ethylene evolution in Amaranthus as 
affected by lead and cadmium. - Biol. Plant. 40: 131-135, 
1997/98. 

Bhattacharjee, S., Mukherjee, A.K.: Ethylene evolution and 
membrane lipid peroxidation as indicators of salt injury in 
leaf tissues of Amaranthus lividus seedlings. - Indian J. exp. 
Biol. 34: 279-291, 1996.   

Chien, H.-F., Wang, J.-W., Lin, C.C.C., Kao, C.H.: Cadmium 
toxicity of rice leaves is mediated through lipid 
peroxidation. - Plant Growth Regul. 33: 205-213, 2001. 

Clijsters, H., Van Assche, F.: Inhibition of photosynthesis by 
heavy metals. - Photosynth. Res. 7: 31-40, 1985. 

Droppa, M., Masojidek, J., Rosza, Z., Wolak, A., Horvath, L., 
Farkas, I., Horvath, E.: Characteristics of Cu deficiency-
induced inhibition of photosynthetic electron transport in 
spinach chloroplasts. - Biochim. biophys. Acta 891: 75-84, 
1987. 

El-Shintinawy, F.: Glutathione counteracts the inhibitory effect 
induced by cadmium on photosynthetic process in soybean. 

155 



A. VASSILEV et al. 

- Photosynthetica 36: 171-179, 1999. 
El-Shintinawy, F., El-Shourbady, M.N.: Recovery of photo-

system 2 and membrane lipid composition in triazine-
treated soybean seedlings by vitamins. - Biol. Plant. 39: 
633-636, 1997. 

Hendry, G.A.F., Baker, A.J.M., Ewart, C.F.: Cadmium 
tolerance and toxicity, oxygen radical processes and 
molecular damage in cadmium tolerant and cadmium-
sensitive clones of Holcus lanatus L. - Acta bot. neerl. 41: 
271-281, 1992. 

Krupa, Z., Baszynski, T.: Some aspects of heavy metals toxicity 
towards photosynthetic apparatus − direct and indirect 
effects on light and dark reactions. - Acta Physiol. Plant. 7: 
55-64, 1995. 

Lidon, F., Henriques, F.: Effects of copper on the nitrate to 
ammonia reduction mechanisms in rice plants. - 
Photosynthetica 26: 371-380, 1992. 

Lidon, F., Henriques, F.: Oxygen metabolism in higher plant 
chloroplasts. - Photosynthetica 29: 249-279, 1993. 

Metcalfe, L.D., Schemitz, A.A., Pelka, J.R.: Rapid preparation 
of fatty-acid esters from lipids for gas chromatographic 
analysis. - Anal. Chem. 38: 514-515, 1966. 

Rabinowitch, H.D., Fridovich, I.: Superoxide radicals, 
superoxide dismutases, and oxygen toxicity in plants. - 
Photochem. Photobiol. 37: 679-690, 1983. 

Ramalho, J., Campos, P.S., Teixeira, M., Nunes, M.A.: 
Nitrogen dependent changes in antioxidant system and in 
fatty acid composition of chloroplast membranes from  
 

Coffea arabica L. plants submitted to high irradiance. - 
Plant Sci. 135: 115-124, 1998. 

Sandalio, L.M., Dalurzo, H.C., Gomez, M., Romero-Puertas, 
M.C., del Rio, L.A.: Cadmium-induced changes in the 
growth and oxidative metabolism of pea plants. - J. exp. 
Bot. 52: 2115-2126, 2001. 

Schützendübel, A., Polle, A.: Plant responses to abiotic stresses: 
heavy metal-induced oxidative stress and protection by 
mycorrhization. - J. exp. Bot. 53: 1351-1365, 2002. 

Shah, K., Kumar, R.G., Verma, S., Dubey, R.S.: Effect of 
cadmium on lipid peroxidation, superoxide anion generation 
and activities of antioxidant enzymes in growing rice 
seedlings. - Plant Sci. 161: 1135-1144, 2001. 

Siedleska, A., Baszynski, T.: Inhibition of electron transport 
flow around photosystem I in chloroplasts of Cd-treated 
maize plants is due to Cd-induced iron deficiency. - Physiol. 
Plant. 87: 199-202, 1993. 

Somashekaraiah, B., Padmaja, K., Prasad, A.: Phytotoxicity of 
cadmium ions on germinating seedlings of mung beans 
(Phaseolus vulgaris): Involvement of lipid peroxides in 
chlorophyll degradation. - Physiol. Plant. 85: 85-89, 1992. 

Tůmová, E., Sofrová, D.: Response of intact cyanobacterial 
cells and photosynthetic apparatus to Cd2+ ion treatment. - 
Photosynthetica 40: 103-108, 2002. 

Vassilev, A., Lidon, F.C., de Céu Matos, M., Ramalho, J.C., 
Yordanov, I.: Photosynthetic performance and some 
nutrients content in cadmium- and copper-treated barley 
plants. - J. Plant Nutr. 25: 2343-2360, 2002. 

 

156 




