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Abstract

Seedlings of winter rape were cultured in vitro on media containing 24-epibrassinolide, EBR (100 nM) and cadmium
(300 uM). After 14 d of growth, fast fluorescence kinetics of chlorophyll (Chl) a and contents of photosynthetic pig-
ments and Cd in cotyledons were measured. Cd was strongly accumulated but its content in cotyledons was 14.7 %
smaller in the presence of EBR. Neither Cd nor EBR influenced the contents of Chl a and b and carotenoids. Cd lowered
the specific energy fluxes per excited cross section (CS) of cotyledon. The number of active reaction centres (RC) of
photosystem 2 (RC/CS) decreased by about 21.0 % and the transport of photosynthetic electrons (ET,/CS) by about
17.1 %. Simultaneously, under the influence of Cd, the activity of O, evolving centres (OEC) diminished by about
19.5 % and energy dissipation (Dlo/CS) increased by about 14.6 %. In the cotyledons of seedlings grown on media with-
out Cd, EBR induced only a small increase in the activity of most photochemical reactions per CS. However, EBR
strongly affected seedlings cultured with cadmium. Specific energy fluxes TRy/CS and ET,/CS of the cotyledons of
plants Cd+EBR media were about 10.9 and 20.9 % higher, respectively, than values obtained for plants grown with Cd
only. EBR also limited the increase of DI/CS induced by Cd and simultaneously protected the complex of OEC against
a decrease of activity. Hence EBR reduces the toxic effect of Cd on photochemical processes by diminishing the damage
of photochemical RCs and OECs as well as maintaining efficient photosynthetic electron transport.
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Brassinosteroids (BR) were found in rape pollen by
Grove et al. (1979). These compounds, such as brassino-
lide or 24-epibrassinolide (EBR) are a new class of phy-
tohormones (e.g. Khripach et al. 2000). BR exhibit a
multitude of physiological activities but mainly influence
plant growth and crop (Braun and Wild 1984, Ramraj
et al. 1997, Vardhini and Rao 1998) and increase re-
sistance to some stresses, among others, to heavy metals
(Anuradha and Rao 2003, Bilkisu et al. 2003, Krishna
2003, Vardhini and Rao 2003). BR also stimulate photo-
synthetic pigment production in leaves (Krizek and
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Mandava 1983, Braun and Wild 1984, Fariduddin et al.
2003). Up to now, no more exact studies concerning the
influence of these compounds on photosynthetic path-
ways in plants grown under stress have been carried out.
In this work, the effect of EBR on photosystem 2 (PS2)
of rape plants under Cd stress was examined.

Seeds of winter rape cv. Gorczanski were disinfected
in ethanol for 5 min and rinsed with sterile water. Next,
the seeds were inundated with Domestos preparation
(Unilever, Bydgoszcz, Poland), diluted with distilled
water (1 :5, v/v) and after 20 min the seeds were again

Abbreviations: ABS — absorption; BR — brassinosteroids; Car — carotenoids; Cd — cadmium ion (Cd?*); Chl — chlorophyll; CS — cross
section of the sample; Dly — energy dissipation; EBR — 24-epibrassinolide; ET — energy flux for electron transport; OEC — oxygen
evolving complexes (centres); Qa — primary bound plastoquinone; PS2 — photosystem 2; RC — reaction centre; Try — energy flux for
trapping; ¢p, — maximum quantum yield of primary photochemistry; yg — efficiency with a trapped exciton can move an electron into
the electron transport chain further than Q4.
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rinsed with sterile water. The rape was sowed on MS
media including mineral components according to
Murashige and Skoog (1962), 3 % sucrose, 0.6 % agar
(pH 5.8). 3-d-old seedlings were transferred to sterile
Magenta vessels on the following media: (&) MS (con-
trol), (b) MS+EBR (100 nM), (c) MS+CdSO, (300 pM),
and (d) MS+EBR (100 nM)+CdSO, (300 puM) (Sigma-
Aldrich, Poznan, Poland). 24-epibrassinolide (EBR) was
dissolved in 96 % ethanol in order to obtain a stock so-
lution with the concentration of 0.1 mg EBR per 1 cm®.
To 1000 cm? of in vitro culture media 408.7 mm?® of the
stock solution EBR was added, whereas to all other
media the same amount of 96 % ethanol was added. After
2 weeks of seedling growth at 20 °C with an 8 h photo-
period [150 pmol(quantum) m?s™], the fast fluorescence
kinetics of Chl a and contents of Cd and photosynthetic
pigments in cotyledons were determined. The contents of
chlorophylls and carotenoids (Car) were measured ac-
cording to method described by Lichtenthaler and
Wellburn (1983). The lyophilized plant material was
homogenized in a mortar with 3 cm® of acetone : water
mixture (4 : 1, v/v). Homogenates, filled to a final volume
of 10 cm?, were then centrifuged for 20 min at 1 100xg.
The contents of pigments in the supernatant (10-11 repe-
titions) were estimated by measurements of absorption at
662, 645, and 470 nm using a Biochrom Ultrospec Il
spectrophotometer (LKB, Sweden).

The Cd contents were measured using atomic absorp-
tion spectrometry (Varian 220FS, Australia) and graphite
furnace (GTA 96). The cotyledons were dried at 105 °C
for 24 h. Dry samples (about 0.2 g) were mineralized in
hot mixture of nitric and perchloric acids (4:1, viv).
When the emitting fumes were white and the solution was
clear, the cooled solution was filled up to the volume of
10 cm® with de-ionized water. Samples of acids were
used as blank. Spinach leaves (cv. SRM 1570a) were
used as standard reference material. Measurements were
taken with 3 repetitions.

Chl a fluorescence was measured by a Plant Effi-
ciency Analyzer (PEA; Hansatech, King’s Lynn,
Norfolk, England) with excitation irradiance of 3 mmol
m?s? (peak 650 nm). Measurements on cotyledons were
taken after 30 min of adaptation to darkness (clips with
a 4 mm diameter hole), at a temperature of 20 °C. Fluo-
rescence intensity was measured with a PIN-photodiode
after being passed through a long-pass filter. Changes in
fluorescence were registered during irradiation of 10 ps
to 1s. During the initial 2 ms, data was collected every
10 us with 12 bit resolution. After this period, the fre-
quency of measurements was reduced automatically.
Measurements were taken with 25-30 repetitions. The re-
gistered data was analyzed with the use of a JIP test
(Tsimili-Michael et al. 1988, Strasser and Strasser 1995,
Lazar 1999, Lazar and PospiSil 1999, Srivastava et al.
1999, Strasser et al. 1999, 2000). In the calculations, the
following were used: fluorescence intensity in 50 ps (Fq)
[it is assumed that, at that time, all reaction centres of PS2

294

(RCs) are open], maximal fluorescence (F) (when all
RCs are closed), and fluorescence intensity after 300 s
(point K), 2 ms (point J), and 30 ms (point 1). The fol-
lowing parameters were calculated:

(a) The specific energy fluxes (per RC), for absorp-
tion (ABS/RC), trapping (TR¢/RC), electron transport
(ETo/RC), and dissipation (DI¢/RC). All energy fluxes
were also related to active cross section (CS), with the
assumption that ABS/CS=Fy, ABS/RC = (My/V,)/
[1-(Fo/Fm)], ETo/RC = (Mo/Vy)I(1-V;), TRJ/RC =
(Mo/V3y), DIo/RC = ABS/RC — TRy/RC. My is the initial
slope, which is a measure of Q4 reduction in first 250 ps:
Mo = 4 (Faous — Fo)/(Fm — Fo). The multiplication by 4
gives the value for 1 ps. V; corresponds to relative vari-
able fluorescence at step J: V; = (Fams — Fo)/(Fm — Fo).

(b) Flux ratios or yields: the maximum quantum yield
of primary photochemistry (op,), the efficiency with
which a trapped exciton can move an electron into the
electron transport chain further than Qa™ (wo), ®po =
(TRo/RC)/ABS/RC, yo = (1 - V3) = (ETo/RC)/(TR/RC) =
ETo/TR,.

(¢) The amount of active RCs per excited CS
(RCICS), RC/CS = (ABS/CS) (TRy/ABS) (RC/ITRy) = Fy
Qpo VJ/MO.

(d) The fraction of O, evolving centre (OEC). Using
this information, one can calculate the fraction of OEC in
comparison with the control sample (seedlings on media
without Cd and EBR). OEC = [(1 - (Vk/Vi)weated/[1 —
(Vi/V3)eontrot]X100. Vi is the relative variable fluorescen-
ce at Step K, VK = (F300“5 - FO)/(FM - Fo)

In preliminary experiments, the influence of different
concentrations of Cd (10, 100, and 300 uM) and EBR
(1, 10, 100, and 1 000 nM) on rape seedling growth was
visually estimated. Cd in lower concentrations (10 and
100 uM) did not visibly influence growth, but at 300 uM
inhibited plant growth by about 27 %. 1000 nM EBR
also inhibited rape growth. For the next experiments,
100 nM EBR and 300 uM Cd were used. Seedlings grow-
ing on media without Cd and EBR were taken as the con-
trol. After two weeks of growth, the seedlings had de-
veloped cotyledons and first leaf. The second leaf was in
germ form. Cd inhibited the growth of seedlings and was
strongly accumulated. The average content of Cd in coty-
ledons was 582 mg kg™(DM) but depended on the pre-
sence of EBR in the medium (Table 1). EBR lowered the
Cd content in tissues by about 14.7 %. Cd and EBR did
not influence the contents of Chl and Car in cotyledons.
When the cotyledons of rape seedlings were exposed to
saturating “actinic light” the Chl a fluorescence curves
increased from F; to a peak (P or Fy). When the curves
were plotted on logarithmic scale, two intermediate steps
F; and F, were seen between Fyand Fy. Fluorescence sig-
nal curves for all treatments were running similar, but Cd
induced decrease of fluorescence in seedlings growing on
EBR-free medium. In plants growing on media con-
taining EBR and Cd, EBR caused significant increase of
value Fy and simultaneously decrease of parameters F,



Mo, and V; (Table 1).

PROTECTION OF WINTER RAPE PHOTOSYSTEM 2 BY 24-EPIBRASSINOLIDE

Table 1. The interaction of cadmium (Cd) and 24-epibrassinolide (EBR) treatments on content of Cd [mg kg?(DM)] and
photosynthetic pigments [g kg™X(DM)], chlorophyll (Chl) fluorescence parameters, and JIP test parameters in cotyledons of rape after
14 d growth in vitro on media containing these chemicals. In parentheses are changes of values of parameters [%)] under influence of
24-epibrassinolide. V, — the relative variable fluorescence at K step. Values marked with the same letters (within parameters) are not
significantly different (0<0.05) according to the multiple Duncan test.

EBR [nM] Cd [uM]
0 300

cd 0 - 628.1 2

100 - 535.9°
Chla 0 16.62 15.82

100 16.6%  (0) 16.32 (+3.2)
Chlb 0 5.62 5.1°2

100 5.6 2 (0) 49° (-3.9)
carotenoids 0 4.4% 462

100 422 (-4.5) 49° (+6.5)
Fo 0 1033° 11842

100 1183° (+14.5)  1012° (-17.2)
Mo 0 1.038° 1.259%

100 1.105°  (+6.4) 0.981°  (-28.3)
Vv, 0 0.423° 0.458 2

100 0.426° (+0.7) 0.410°  (-11.7)
Vv, 0 0.793 2 0.8242

100 0.794%  (+0.1) 0.792%  (-4.0)
ABS/CS 0 3541° 3391°¢

100 3778° (+6.7) 3461 ¢ (+2.1)
TR,/CS 0 2508 @ 2208 ¢

100 2594 ° (+3.4) 2449 ¢ (+10.9)
DI,/CS 0 1033° 11842

100 1183° (+14.5)  1012° (-14.5)
ET,/CS 0 14492 1201°

100 14912 (+2.9) 14522 (+20.9)
RC/CS 0 10382 820°

100 10132 (-2.4) 10532 (+28.4)
ABS/RC 0 350 43°

100 38° (+8.6) 34° (-20.9)
TR,/RC 0 2.4° 27%

100 26%®  (+8.3) 2.4° (-11.1)
DI,/RC 0 1.0° 162

100 1.2° (+20.0) 1.0° (-37.5)
ET./RC 0 1.4° 15°2

100 15°% (+7.1) 1.4°2 (-6.7)
Pro 0 0.709 * 0.645°

100 0.687°% (-3.1) 0.707%  (+9.6)
Vo 0 0.577° 0.542°

100 0574% (-0.5) 0590%  (+8.9)
OEC 0 100.0 ® 80.5°¢

100 90.4° (-9.6) 104.22 (+29.4)

Cadmium caused also reductions in the specific en-
ergy fluxes calculated per CS in comparison to control.
Under the influence of Cd, the number of active RCs of
PS2 (capable of Qa  reduction) decreased by about
21.0 % and photosynthetic electron transport by about
17.1 %. Simultaneously, Cd lowered OEC by about
19.5% and increased this part of excitation energy
which is dissipated by cotyledons as heat (Dig/CS) by
about 14.6 %. This was accompanied by a decrease in the

efficiency of the quantum vyield of primary photoche-
mistry (¢po) by about 9.0 % and the efficiency with which
a trapped exciton can move an electron into the electron
transport chain further than Q™ (o) by about 6.0 %. Due
to significant damage in some PS2 RCs of cotyledons
caused by Cd, and a small reduction of photon absorption
by the antenna system (ABS) per CS, the absorption of
photons by the antenna system (ABS/RC), trapping
(TRo/RC), and dissipation (DIo/RC) in relation to single
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active RC all increased. In the cotyledons of seedlings
grown on media without Cd, EBR induced a small increa-
se in the activity of most photochemical reactions in rela-
tion to CS, but did not significantly influence the specific
energy fluxes per RC. A stronger effect of EBR occurred
in seedlings cultured on media with Cd. This depended
on reducing the effects of inhibition of photochemical
processes caused by Cd. The cotyledons of seedlings
grown with Cd+EBR had higher values of TRy/CS and
Eto/CS, 10.9 and 20.9 %, respectively, and op, increased
by 9.6 %, whereas the efficiency with which a trapped
exciton moves an electron into electron transport chain
(yo) increased by 8.9 % in relation to the value obtained
for the cotyledons of seedlings growing on media with
Cd but without EBR. EBR limited the increase of
dissipation (DIy/CS) induced by Cd by about 14.5 %, as
well as protected OECs from a decrease in their activity.
The protective effect of EBR on photochemical reactions
was sometimes so effective that the values of selected
JIP-test parameters for plants growing on media with Cd
and EBR and control plants (media without Cd and EBR)
did not significantly differ. This concerned DIy/CS,
ET,/CS, the flux ratios or yields (@p,, Vo), OEC activity,
and also the number of RCs on CS. Our results indicate
that the EBR added to plant growth media can completely
or partially limit the toxic effect of Cd on photochemical
processes in rape cotyledons.

As described, EBR (100 nM) lowered the content of
Cd in plant tissue by about 15 %. Similar results were ob-
tained by other authors. In experiments on Brassica cam-
pestris L., EBR (10, 107, and 10° M) applied with Cu,
Ni, and Co limited the uptake of these metals into plant
tissue (Kaur and Bhardwaj 2003). According to Bajguz
(2000), in the presence of EBR (10 M) the amounts of
Cu, Cd, and Zn accumulated by the cells of Chlorella vul-
garis Beijerinck decreased by about 50 %.

In our experiment, Cd did not significantly affect the
contents of Chl and Car in cotyledons, although it is a ty-
pical reaction of many plant species to stress caused by
Cd and other heavy metals (Clijsters and van Assche
1985, Padmaja et al. 1990, Baszynski 1994, Larsson et al.
1998, Ducsay and Kovéacik 2001, Sandalio et al. 2001).
One of the possible reasons is the different morphological
structure and physiological function of cotyledons in
comparison to leaves. Measurements of fluorescence con-
firm the toxic effect of Cd on the photosynthetic activity
of plants (e.g. Weigel 1985, Sheoran et al. 1990, Krupa
et al. 1993a, Moya et al. 1993, Skoérzynska and
Baszynski 1993, Siedlecka and Krupa 1996, Krupa and
Moniak 1998). Cadmium inhibits both the “light” and
“dark” reactions of photosynthesis, but the Calvin cycle is
more sensitive to its activity (Weigel 1985, Siedlecka and
Krupa 1996, Krupa and Moniak 1998). The inhibition of
photochemical processes by Cd may result from the limi-
tation in the use of ATP and NADPH by the Calvin cycle
and accompanying increase of pH gradient across the thy-
lakoid membranes (Krupa et al. 1993a,b).
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In our experiments, cotyledons were adapted to the
dark for 30 min before fluorescence measurements.
During this period, in photosystems intensive relaxation
processes, accompanied by energy-dependent quenching
(ge) and protective sub-components of photoinhibitory
quenching (q;p) occurred (Ting and Owens 1994). qg re-
laxes within seconds to minutes and q,, relaxes within
tens of minutes (Mdiller et al. 2001). Simultaneously, in
the dark relaxation of damaged sub-components of g,
did not occur. ¢, is irreversible in the dark, requiring
light-dependent chloroplast protein synthesis to repair da-
maged PS2 RC complexes (Krause and Weis 1991,
Leitsch et al. 1994). For this reason, calculated JIP test
parameters reflect primarily photochemical changes ac-
companied by damages brought about by Cd in photoche-
mical RCs. Cd damaged the centres of photochemical re-
actions, lowered the activity of OEC and transport of
electron per CS of cotyledons (Table 1). The above men-
tioned data is compatible with the results of the JIP test
performed on Spirodela polyrhiza, which grew in the
presence of chrome (Appenroth et al. 2001). Cd induced
a reduction in the absorption of photons by the antenna
system of cotyledons of seedlings cultured without EBR
by about 4 %. This was consistent with the lack of
changes in pigment contents under Cd stress (Table 1).
Simultaneously, the absorption of photons per RC
(ABS/RC) or the antenna size in these plants increased.
This indicated that the number of active RCs per ab-
sorption decreased (Kriger et al. 1997). Due to a reduc-
tion in the efficiency of energy flow through PS2 caused
by Cd there had to be a strong increase of dissipation with
reference to a single, active RC. EBR lowered the toxic
effects of Cd on photochemical reactions. EBR action de-
pended primarily on the prevention of RC damage and
maintaining TRy/CS and ET(/CS. The described decrease
of Cd accumulation in tissue by about 15 % would
probably not cause the observed limitation of Cd toxicity
symptoms for photochemical processes (Table 1).
Lowering this disorder resembles the abilities of BR to
lower stress effects in other physiological processes. Ac-
cording to Bilkisu et al. (2003) brassinolide during Al-
related stress stimulated growth in Phaseolus aureus.
However, growth stimulation did not occur when only
brassinolide was present in the medium (Bilkisu et al.
2003). The molecular mechanism for the protection of
photosynthetic reactions by EBR might exist in the ability
of BR to increase activity of antioxidant enzymes (per-
oxidase, superoxide dismutase, catalase) (Mazorra et al.
2002). In this way, the extent of oxidative stress and the
inhibition of the antioxidant systems induced by Cd
(Sandalio et al. 2001) might be limited.

Heavy metals’ contamination or thermal stress caused
the increase in content of heat shock proteins, HSPs
(Tseng et al. 1993, Neumann et al. 1994, 1995). Their
role relies, among others, on protecting some proteins
against denaturation and the renaturation of proteins
which were partly denaturated. In seedlings of tomato and



PROTECTION OF WINTER RAPE PHOTOSYSTEM 2 BY 24-EPIBRASSINOLIDE

Brassica napus, EBR increased accumulation of HSPs
under thermal stress which directly affected the growth of
tolerance to the stress agent (Dhaubhadel et al. 1999,
2002). Thus, it cannot be ruled out that EBR increases via
HSPs the efficiency of reparation of the structural and
functional PS2 proteins, which have been damaged by
Cd. On the other hand, we confirmed that EBR stimulates
photochemical reactions in the cotyledons of seedlings
untreated by Cd. Our measurements do not give data to
explain this phenomenon. According to other authors, BR
can increase the intensity of CO,-fixation (Braun and
Wild 1984, Hayat et al. 2000). Higher efficiency of these
processes favours better use of absorbed photon energy to
photochemical pathways, preventing in this way the for-
mation of potentially damaging reactive oxygen species
(Baker 1994). The protective effect of EBR on plants
under Cd stress may appear only in older rape tissue.

References

Anuradha, S., Rao, S.S.R.: Application of brassinosteroids to
rice seeds (Oryza sativa L.) reduced the impact of salt stress
on growth, prevented photosynthetic pigment loss and increa-
sed nitrate reductase activity. — Plant Growth Regul. 40: 29-
32, 2003.

Appenroth, K.J., Stickel, J., Srivastava, A., Strasser, R.J.: Mul-
tiple effects of chromate on the photosynthetic apparatus of
Spirodela polyrhiza as probed by OJIP chlorophyll a fluores-
cence measurements. — Environ. Pollut. 115: 49-64, 2001.

Bajguz, A.: Blockade of heavy metals accumulation in Chlo-
rella vulgaris cells by 24-epibrassinolide. — Plant Physiol.
Biochem. 38: 797-801, 2000.

Baker, N.R.: Chilling stress and photosynthesis. — In: Foyer,
C.H., Mullineaux, P.M. (ed.): Causes of Photooxidative Stress
and Amelioration of Defense System in Plants. Pp. 127-154.
CRC Press, Boca Raton 1994.

Baszynski, T.: [Sensitivity of the photosynthetic apparatus to
heavy metals at different stages of plant growth.] — In: Grzesiak,
S., Miszalski, Z. (ed.): Fizjologiczne Aspekty Reakcji Roslin na
Dziatanie Abiotycznych Czynnikéw Stresowych. Pp. 483-495.
ZFR PAN, Krakow 1994. [In Polish.]

Bilkisu, A.A., Xiao-Gang, G., Qing-Lei, G., Yong-Hua, Y.:
Brassinolide amelioration of aluminum toxicity in mungbean
seedling growth. — J. Plant Nutrit. 26: 1725-1734, 2003.

Braun, P., Wild, A.: The influence of brassinosteroid on growth
and parameters of photosynthesis of wheat and mustard
plants. — J. Plant Physiol. 116: 189-196, 1984.

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

Dhaubhadel, S., Browning, K.S., Gallie, D.R., Krishna, P.:
Brassinosteroid functions to protect the translational
machinery and heat-shock protein synthesis following thermal
stress. — Plant J. 29: 681-691, 2002.

Dhaubhadel, S., Chaudhary, S., Dobinson, K.F., Krishna, P.:
Treatment with 24-epibrassinolide, a brassinosteroid, in-
creases the basic thermotolerance of Brassica napus and
tomato seedlings. — Plant mol. Biol. 40: 333-342, 1999.

Ducsay, L., Kovagik, P.: Phytotoxic effects of rising doses of
chosen elements in initial phases of wheat growth. — Acta
fytotechn. zootechn. 4: 241-244, 2001.

Fariduddin, Q., Ahmad, A., Hayat, S.: Photosynthetic response

Fluorescence measurements of the first rape leaves,
which accumulated Cd on a level similar to cotyledons
(measurements taken on the same day, data not shown)
did not show significant disorder of photochemical acti-
vity. This phenomenon may result from the correlation
between increasing Cd toxicity and the age of tissue
(Krupa and Moniak 1998). Older tissues and tissues ex-
posed to heavy metal action for longer time are the most
sensitive (Krupa and Moniak 1998). Our results show the
toxic activity of Cd on many photochemical pathways in
rape cotyledons. EBR totally or partially eliminates the
toxic effect of Cd, mainly by diminishing the damage in
RCs and OEC as well as maintaining efficient photo-
synthetic electron transport. Probably, the effectiveness
of the protective action of EBR increases in older tissue,
which is more susceptible to damage by cadmium.

of Vigna radiata to pre-sowing seed treatment with 28-homo-
brassinolide. — Photosynthetica 41: 307-310, 2003.

Grove, M.D., Spencer, G.F., Rohwedder, W.K., Mandawa, N.,
Worley, J.F., Warthen, J.D., Steffens, G.L., Flippen-
Anderson, J.L., Cook, J.C.: Brassinolide, a plant growth-
promoting steroid isolated from Brassica napus pollen. —
Nature 281: 216-217, 1979.

Hayat, S., Ahmad, A., Mobin, M., Hussain, A., Fariduddin, Q.:
Photosynthetic rate, growth, and yield of mustard plants
sprayed with 28-homobrassinolide. — Photosynthetica 38:
469-471, 2000.

Kaur, S., Bhardwaj, R.: Brassinosteroids regulated heavy metals
uptake in Brassica campestris L. — In: Annual Meeting of the
American Society of Plant Biologists ,,Plant Biology 2003”.
P. 628. Honolulu 2003.

Khripach, V., Zhabinskii, V., Groot, A.: Twenty years of brassi-
nosteroids: steroidal plant hormones warrant better crops for
the XXI century. — Ann. Bot. 86: 441-447, 2000.

Krause, G.H., Weis, E.: Chlorophyll fluorescence and photosyn-
thesis: The basics. — Annu. Rev. Plant Physiol. Plant mol.
Biol. 42: 313-349, 1991.

Krishna, P.: Brassinosteroid-mediated stress responses. — J.
Plant Growth Regul. 22: 289-297, 2003.

Krizek, D.T., Mandava, N.B.: Influence of spectral quality on
the growth response of intact bean plants to brassinosteroid, a
growth-promoting steroidal lactone. Il. Chlorophyll content
and partitioning of photosynthate. — Physiol. Plant. 57: 324-
329, 1983.

Krupa, Z., Moniak, M.: The stage of leaf maturity implicates the
response of the photosynthetic apparatus to cadmium toxity. —
Plant Sci. 138: 149-156, 1998.

Krupa, Z., Oquist, G., Hunter, N.P.A.: The effects of cadmium
on photosynthesis of Phaseolus vulgaris L. — a fluorescence
analysis. — Physiol. Plant. 88: 626-630, 1993a.

Krupa, Z., Siedlecka, A., Maksymiec, W., Baszynski, T.: In vivo
response of photosynthetic apparatus of Phaseolus vulgaris L.
to nickel toxicity. — J. Plant Physiol. 142: 664-668, 1993b.

Kriger, G.H.J., Tsimili-Michael, M., Strasser, R.J.: Light stress
provokes plastic and elastic modifications in structure and
function of photosystem Il in camellia leaves. — Physiol.
Plant. 101: 265-277, 1997.

297



A. JANECZKO et al.

Larsson, E., Bornman, J., Asp, H.: Influence of UV-B radiation
and Cd?* on chlorophyll fluorescence, growth and nutrient
content in Brassica napus. — J. exp. Bot. 49: 1031-1039, 1998.

Lazar, D.: Chlorophyll a fluorescence induction. — Biochim.
biophys. Acta 1412: 1-28, 1999.

Lazar, D., Pospisil, P.: Mathematical simulation of chlorophyll
a fluorescence rise measured with 3-(3’,4’-dichlorophenyl)-
1,1-dimetylurea-treated barley leaves at room and high tem-
peratures. — Eur. biophys. J. 28: 468-477, 1999.

Leitsch, J., Schnettger, B., Critchley, C., Krause, G.H.: Two
mechanisms of recovery from photoinhibition in vivo: Re-
activation of photosystem Il related and unrelated to D1-pro-
tein turnover. — Planta 194: 15-21, 1994.

Lichtenthaler, H.K., Wellburn, A.R.: Determinations of total
carotenoids and chlorophyll a and b of leaf extracts in dif-
ferent solvents. — Biochem. Soc. Trans. 603: 591-592, 1983.

Mazorra, L.M., NUnez, M., Hechavarria, M., Coll, F., Sanchez-
Blanco, M.J.: Influence of brassinosteroids on antioxidant en-
zymes activity in tomato under different temperatures. — Biol.
Plant. 45: 593-596, 2002.

Moya, J.L., Ros, R., Picazo, I.: Influence of cadmium and nickel
on growth, net photosynthesis and carbohydrate distribution
in rice plants. — Photosynth. Res. 36: 75-80, 1993.

Mdiller, P., Li, X.-P., Niyogi, K.K.: Non-photochemical quen-
ching. A response to excess light energy. — Plant Physiol. 125:
1558-1566, 2001.

Murashige, T., Skoog, F.: A revised medium for rapid growth
and bio-essays with tobacco tissue cultures. — Physiol. Plant.
15: 473-497, 1962.

Neumann, D., Lichtenberger, O., Gunther, D., Tschiersch, K.,
Nover, L.: Heat-shock proteins induce heavy-metal tolerance
in higher plants. — Planta 194: 360-367, 1994.

Neumann, D., Nieden, Z.U., Lichtenberger, O., Leopold, I.:
How does Armenia maritima tolerate high heavy metal con-
centrations? — J. Plant Physiol. 146: 704-717, 1995.

Padmaja, K., Prasad, D.D.K., Prasad, A.R.K.: Inhibition of
chlorophyll synthesis in Phaseolus vulgaris L. seedlings by
cadmium acetate. — Photosynthetica 24: 399-405, 1990.

Ramraj, V.M., Vyas, B.N., Godrej, N.B., Mistry, K.B., Swami,
B.N., Singh, N.: Effects of 28-homobrassinolide on yields of
wheat, rice, groundnut, mustard, potato and cotton. — J. agr.
Sci. 128: 405-413, 1997.

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.

Sheoran, 1.S., Singal, H.R., Singh, R.: Effect of cadmium and
nickel on photosynthesis and the enzymes of the photo-
synthetic carbon reduction cycle in pigeonpea (Cajanus
cajan L.). — Photosynth. Res. 23: 345-351, 1990.

298

Siedlecka, A., Krupa, Z.: Interaction between cadmium and iron
and its effects on photosynthetic capacity of primary leaves of
Phaseolus vulgaris. — Plant Physiol. Biochem. 34: 833-841,
1996.

Skoérzynska, E., Baszynski, T.: The changes in PSII complex
polypeptides under cadmium treatment — are they direct or in-
direct nature? — Acta Physiol. Plant. 15: 263-269, 1993.

Srivastava, A., Strasser, R.J., Govindjee: Greening of peas: par-
allel measurements of 77 K emission spectra, OJIP chloro-
phyll a fluorescence transient, period four oscillation of the
initial fluorescence level, delayed light emission, and P700. —
Photosynthetica 37: 365-392, 1999.

Strasser, B.J., Strasser, R.J.: Measuring fast fluorescence transi-
ents to address environmental quetions: The JIP test. — In:
Mathis, P. (ed.): Photosynthesis: from Light to Biosphere.
Vol. V. Pp. 977-980. Kluwer Academic Publ., Dordrecht —
Boston — London 1995.

Strasser, R.J., Srivastava, A., Tsimilli-Michael, M.: Screening
the vitality and photosynthetic activity of plants by fluores-
cence transient. — In: Behl, R.K., Punia, M.S., Lathel, B.P.S.
(ed.): Crop Improvement for Food Security. Pp. 72-115.
SSARM, Hisar 1999.

Strasser, R.J., Srivastava, A., Tsimilli-Michael, M.: The fluores-
cence transient as a tool to characterize and screen photosyn-
thetic samples. — In: Yunus, M., Pathre, U., Mohanty, P. (ed.):
Probing Photosynthesis: Mechanism, Regulation and Adapt-
ation. Pp. 445-483. Taylor and Francis, London — New York
2000.

Ting, C.S., Owens, T.G.: The effects of excess irradiance of
photosynthesis in the marine diatom Phaeodactylum tri-
cornutum. — Plant Physiol. 106: 763-770, 1994.

Tseng, T.S., Tzeng, S.S., Yeh, C.H., Chang, F.C., Chen, Y.M,,
Lin, C.Y.: The heat-shock response in rice seedlings — isola-
tion and expression of cDNAs that encode class-1 low-mole-
cular weight heat-shock proteins. — Plant Cell Physiol. 34:
165-168, 1993.

Tsimilli-Michael, M., Pecheux, M., Strasser, R.J.: Vitality and
stress adaptation of the symbionts of coral reef and temperate
foraminifers probed in hospite by the fluorescence kinetics
OJIP. — Arch. Sci. Genéve 51: 205-240, 1988.

Vardhini, B.V., Rao, S.S.R.: Effect of brassinosteroids on
growth, metabolite content and yield of Arachis hypogaea. —
Phytochemistry 48: 927-930, 1998.

Vardhini, B.V., Rao, S.S.R.: Amelioration of osmotic stress by
brassinosteroids on seed germination and seedling growth of
three varieties of sorghum. — Plant Growth Regul. 41: 25-31,
2003.

Weigel, H.J.: The effect of Cd®* on photosynthetic reactions of
mesophyll protoplasts. — Physiol. Plant. 63: 192-200, 1985.





