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Summary

Changes of leaf pigments, ribulose-1,5-bisphosphate

carboxylase (Rubisco), nitrate reductase and photosynthetic

efficiency were determined in leaves of Vitis vinifera L. cv.

Pinot noir plants grown at full sunlight (2000 µmol m-2 s-1)

and 40 % of sunlight (800 µmol m-2 s-1). The contents of

chlorophyll and carotenoids per fresh mass were higher in

40 % sunlight than in full sunlight-grown leaves. In con-

trast, Rubisco activity, in vivo nitrate reductase activity

(indicator of nitrate utilisation) and soluble proteins were

significantly reduced in 40 % sunlight-grown leaves. In

isolated thylakoids, a marked inhibition of whole chain

(PSI+PSII) and PSII activity were observed in 40 % sun-

light-grown leaves. Smaller inhibition of PSI activity was

also observed in 40 % sunlight-grown leaves. The artifi-

cial exogenous electron donors, DPC and NH
2
OH, signifi-

cantly restored the loss of PSII activity in 40 % sunlight-

grown leaves. The same results were obtained when Fv/Fm

was evaluated by chlorophyll fluorescence measurements.

The marked loss of PSII activity in 40 % sunlight-grown

leaves was due to the loss of 47, 33, 28-25 and 23 kDa

polypeptides. This conclusion was confirmed by immuno-

logical studies showing that the content of the 33 kDa pro-

tein of the water-splitting complex was diminished signifi-

cantly in 40 % sunlight-grown leaves.

K e y    w o r d s : chlorophyll fluorescence, electron trans-
port, donor side, nitrate reductase, photosystem.

A b b r e v i a t i o n s : Car = carotenoids, Chl = chlorophyll,
DCBQ = 2,6-dichloro-p-benzoquinone, DCPIP = 2,6-dichloro-
phenol indophenol, DPC = diphenyl carbazide, Fo = minimal fluo-
rescence, Fm = maximum fluorescence, Fv = variable fluorescence,
MV = methyl viologen, PS = photosystem; Rubisco = ribulose-
1,5-bisphosphate carboxylase, SDS-PAGE = sodium dodecylsul-
phate - polyacrylamide gel electrophoresis, SiMo = silicomolyb-
date.

Introduction

To attain light saturation sun leaves generally require a
higher photon flux density and have a higher maximum pho-
tosynthetic rate and light compensation point than corre-
sponding shade leaves. However, the basis (CHARLES-
EDWARDS and LUDWIG 1975) on which the photosynthetic
rate is expressed is important, because in general sun leaves

are thicker than shade leaves (BJÖRKMAN et al. 1973,
MCCLENDEN and MCMILLEN 1982).

Plants growing under high light conditions absorb large
amounts of light energy and can sustain high photosyn-
thetic rates. Chloroplasts of sun leaves contain less chloro-
phyll in their antennae, but relatively more reaction centers
and components of the electron transport chain than
chloroplasts of shade leaves (ANDERSON 1986). For plants
growing in the shade, light energy is a limiting factor; in
order to maximize photon absorption, they produce leaves
with larger areas and higher chlorophyll content per
chloroplast. Their chloroplasts are characterized by large
grana stacks, with most of the chlorophyll in the outer an-
tenna, the light-harvesting complex. Other parts of the pho-
tosynthetic apparatus are relatively small (EVANS 1988).

Extensive research on sun-to-shade adaptation in leaves
has demonstrated that low light-grown plants adapt to light-
limited growth conditions by increasing the light harvesting
ability and alter chloroplast anatomy by increasing the
amount of appressed regions in thylakoid membranes
(ANDERSON 1986). In shade-adapted leaves adjustment of
the level of Chl b, light harvesting complex proteins, and
additional changes in Rubisco and QB protein levels are
mostly regulated by changes in gene expression at the tran-
scriptional or post transcriptional level (SENGER and BAUER

1987).
Grapevine canopies consist of leaves of different ages,

which are subjected to variable light intensities during the
growing season (HUNTER and VISSER 1988). According to
BOARDMAN (1977) a leaf’s photosynthetic productivity is
primarily governed by its position in the plant canopy. There-
fore, it would be of interest to determine the changes in
chlorophyll concentration of the leaves as well as the rela-
tionship, if any, with different photosynthetic activities. This
was studied by HUNTER and VISSER (1988), especially with
respect to partial defoliation. In the present paper, we report
the effect of different irradiance intensities on changes in
leaf pigments, ribulose-1,5-bisphosphate carboxylase, nitrate
reductase and photosynthetic efficiency of grapevine
(cv. Pinot noir) grown under field conditions.

Material and Methods

P l a n t   g r o w t h : Investigations were carried out with
13-year-old grapevines (Vitis vinifera L. cv. Pinot noir, grafted
to 3309 C) grown under field conditions in San Michele



all'Adige, Italy (46 °12' North, 11° 08' East). Vines were trained
to a permanent cordon at 1.80 m x 0.8 m spacing, with upright
growing shoots and pruned to 10 buds. Shoots were trimmed
to 14 leaves when the 17th leaf appeared. Only 5 lateral shoots
were selected for each principal shoot they were trimmed to
4 leaves. The plants were classified according to the light
intensity at the leaf surface. One group of plants was grown
at full sunlight (maximal 2000 µmol m-2 s-1, 'full sunlight-grown
plants'), while the other was grown at 40 % of sunlight (maxi-
mal 800 µmol m-2 s-1, '40 % sunlight-grown plants'). Reduced
irradiance was obtained by screening full sunlight through
appropriate green nylon meshes (1 m above the canopy).
Fully expanded basal leaves (40 d old), inserted opposite to
the 1st grape, were used as experimental leaves on 8th June.
Leaves were sampled early in the morning before they had
experienced direct sunlight. From leaf appearance (1st May)
to leaf sampling (8th June) the average daily maximum air
temperature was 25.6 °C (SD 3.7 °C), the highest air tempera-
ture was 33.5 °C (29th May). The average daily minimum
temperature was 12.0 °C (SD 2.9 °C), the lowest air tempera-
ture was 4.2 °C (4th June). The maximal leaf temperature (29th

May) on full sunlight-grown plants was 36 °C and 30 °C on
40 % sunlight-grown plants.

P i g m e n t   d e t e r m i n a t i o n :  Chl was extracted
with 100 % acetone from leaves frozen in liquid N2 and stored
at -20 °C. Chl and Car were analyzed spectrophotometrically
according to LICHTENTHALER (1987).

C h l   f l u o r e s c e n c e   i n   l e a v e s   a n d
t h y l a k o i d   m e m b r a n e s :  Chl fluorescence was
measured on leaf discs using a PAM 2000 chlorophyll fluo-
rescence meter (H. Walz, Effeltrich, Germany). Fo was meas-
ured by switching on the modulated light to 0.6 kHz; PPFD
was less than 0.1 µmol m-2 s-1 at the leaf surface. Fm was
measured at 20 kHz with a 1s pulse of 6000 µmol m-2 s-1 of
white light.

Modulated Chl fluorescence of isolated thylakoid mem-
branes at room temperature was also measured with a PAM
2000. Measurements were performed in 0.7 ml reaction mix-
ture containing 50 mM Tris-HCl (pH 7.5), 2 mM MgCl2, 10 mM
NaCl, 100 mM sucrose and 10 µg Chl equivalent thylakoid
membranes. The integrated intensity of measuring light
(480 nm) was 0.15 µmol m-2 s-1 with a red actinic light (650 nm)
intensity of 100 µmol m-2 s-1 .

E l e c t r o n   t r a n s p o r t   m e a s u r e m e n t s :
Thylakoid membranes were isolated from the leaves as de-
scribed by BERTHHOLD et al. (1981). Whole chain electron
transport (H2O MV) and partial reactions of photosyn-
thetic electron transport mediated by PSII (H2O DCBQ;
H2O SiMo) and PSI (DCPIPH2 MV) were measured
as described by NEDUNCHEZHIAN et al. (1997). Thylakoid
membranes were suspended at 10 µg Chl ml-1 in the assay
medium containing 20 mM Tris-HCl, pH 7.5, 10 mM NaCl,
5 mM MgCl2, 5 mM NH4Cl and 100 mM sucrose supple-
mented with 500 µM DCBQ and 200 µM SiMo.

D C P I P   p h o t o r e d u c t i o n   m e a s u r e m e n t s :
DCPIP reduction was determined as the decrease in absorb-
ance at 590 nm using a Hitachi 557 spectrophotometer. The
reaction mixture (3 ml) contained 20 mM Tris-HCl, pH 7.5,
5 mM MgCl2, 10 mM NaCl, 100 mM sucrose, 100 mM DCPIP
and thylakoids equivalent to 20 µg of Chl. Where mentioned,

the concentrations of MnCl2, DPC and NH2OH were 5,
0.5 and 5 mM, respectively.

S D S - PA G E : Thylakoid membranes were separated
using the polyacrylamide gel system of LAEMMLI (1970), with
the following modifications. Gels consisted of a 12-18 %
gradient of polyacrylamide containing 4 M urea. Samples of
thylakoid membrane preparations were solubilized at 20 °C
for 5 min in 2 % (w/v) SDS and 60 mM DTT and 8 % sucrose
using SDS/Chl ratio of 20:1. Electrophoresis was performed
at 20 °C with constant current of 5 mA. Gels were stained in
methanol/acetic acid/water (4:1:5, v/v/v) containing 0.1 %
(w/v) coomassie brilliant blue R and destained in methanol/
acetic acid/water (4:1:5, v/v/v). The thylakoid membrane pro-
tein was estimated according to LOWRY et al. (1951).

I m m u n o l o g i c a l   d e t e r m i n a t i o n   o f
t h y l a k o i d   m e m b r a n e   p r o t e i n s : The relative
content of certain thylakoid proteins per mg chlorophyll was
determined immunologically by western blotting. Thylakoids
were solublized in 5 % SDS, 15 % glycerine, 50 mM Tris-HCl
(pH 6.8) and 2 % mercaptoethanol at room temperature for
30 min. The polypeptides were separated by SDS-PAGE as
described above and proteins were then transferred to ni-
trocellulose by electroblotting for 3 h at 0.4 A, after satura-
tion with 10 % milk powder in TBS buffer (pH 7.5). The first
antibody in 1 % gelatine was allowed to react overnight at
room temperature. After washing with TBS containing 0.05 %
Tween-20, the secondary antibody [Anti-Rabbit IgG (whole
molecule) Biotin Conjugate, Sigma] was allowed to react in
1 % gelatine for 2 h. For detection of D1 protein a polyclonal
antiserum against spinach D1 protein was used (kindly pro-
vided by Prof. I. OHAD, Jerusalem, Israel); the antibody
against the 33 kDa protein of the water-splitting system was
a gift from Dr. BARBATO, Padova, Italy. The densitometry
analysis of western blots was performed with a Bio-Image
analyser (Millipore Corporation, Michigan, USA).

D e t e r m i n a t i o n   o f   s o l u b l e   p r o t e i n s : Soluble
protein was extracted by grinding leaves (0.3-0.5 g fresh
mass) in a mortar with 6 ml of 100 mM Tris-HCl, pH 7.8 con-
taining 15 mM MgCl2, 1 mM EDTA, 10 mM 2-mercapto-
ethanol, 10 mM PMSF in the presence of liquid nitrogen.
Homogenates were fitered through a nylon cloth. After cen-
trifugation at 11,000 g for 10 min, the concentration of solu-
ble proteins was determined in the supernatant according to
BRADFORD (1976).

E x t r a c t s   a n d   a s s a y   o f   R u b i s c o a c t i v i t y :
Leaves were cut into small pieces and homogenized in a
grinding medium consisting of 50 mM Tris-HCl, pH 7.8,
10 mM MgCl2, 5 mM DTT and 0.25 mM EDTA. The extract
was clarified by centrifugation at 10,000 g for 10 min. The
clear supernatant was decanted slowly and used as Rubisco.
Rubisco activity was measured as described by NEDUN-
CHEZHIAN and KULANDAIVELU (1991).

N i t r a t e   r e d u c t a s e   a c t i v i t y : Leaves (100 mg)
were suspended in a glass vial containing 5 ml of the assay
medium consisting of 100 mM KH2PO4-KOH, pH 7.0, 100 mM
KNO3, 1 % (v/v) n-propanol. The vial was sealed and incu-
bated in the dark at room temperature at 27 °C for 60 min.
Suitable aliquots of the assay medium were removed for
nitrate analysis. The amount of nitrate formed was expressed
as µmol NO2

- formed g-1 tissue h-1 (JAWORSKI 1971).
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Results

L e a f   p i g m e n t s : A fresh mass basis, Chl and Car
values of 40 % sunlight-grown leaves were increased by
23 and 28 %, respectively, as compared to full sunlight-grown
leaves. The changes in total Chl content could be attributed
to the changes in Chl a and Chl b, the Chl a/b ratio being
markedly decreased in 40 % sunlight-grown leaves (Tab. 1).

C h l   f l u o r e s c e n c e   i n   l e a v e s :  To obtain
information on PSII activity, Fv/Fm, which reflects the po-
tential quantum yield of PSII photochemistry (KRAUSE and
WEIS 1991), was determined in vivo using leaves which had
been dark-adapted for 30 min. The effect of 40 % sunlight
was prominent on the variable part of fluorescence without
changing in Fo. Fm and Fv/Fm were much lower in 40 %
sunlight-grown leaves than in full sunlight-grown leaves
(Fig. 1). The value of Fv/Fm in full sunlight-grown leaves
was 0.797 and the ratio was decreased to about 0.714 in 40 %
sunlight-grown leaves.

P h o t o s y n t h e t i c   e l e c t r o n   t r a n s p o r t
a c t i v i t i e s : When photosynthetic electron transport
was studied using isolated thylakoids from full and 40 %
sunlight-grown leaves, the rate of DCPIPH2 MV (PSI)
was about 8 % lower in 40 % sunlight-grown leaves as com-
pared to full sunlight-grown leaves (Fig. 2). The PSII activi-
ties measured as H2O DCBQ and H2O SiMo were
about 16 % and 52 % lower in 40 % sunlight-grown leaves in
comparison with full sunlight- grown leaves (Fig. 2). Asimi-
lar trend was also noticed for whole chain (H2O MV)
electron transport (Fig. 2).

To locate the possible site of inhibition in the PSII reac-
tion, we followed the DCPIP reduction supported by MnCl2,
DPC and NH2OH, that donate electrons in the PSII reaction
(WYDRZYNSKI and GOVINDJEE 1975) in thylakoids of full and
40 % sunlight-grown leaves (Fig. 3). In 40 % sunlight-grown
leaves the PSII activity was reduced to about 50 % of that in
full sunlight-grown leaves if water or MnCl2 served as elec-

T a b l e  1

Leaf pigments, soluble proteins, Rubisco activity, and nitrate reductase activities (in relation to various reference units or with and
without KNO

3 
fertilization) of leaves collected from full and 40 % sunlight-grown plants. Figures in parentheses are relative reductions

or increases with reference to full sunlight-grown leaves. Values are means ± SD (n=5)

Parameters Full sunlight 40 % sunlight

Chl a [mg.g-1 (f.m.)] 1.49 ±0.06 1.70 ±0.07 (+14)
Chl b [mg.g-1 (f.m.)] 0.53 ±0.02 0.78 ±0.03 (+48)
Total Chl [mg.g-1 (f.m.)] 2.02 ±0.10 2.48 ±0.11 (+23)
Car [mg.g-1 (f.m.)] 0.81 ±0.03 1.05 ±0.04 (+28)
Chl a/b [mg.g-1 (f.m.)] 2.80 ±0.13 2.20 ±0.10
Soluble proteins [mg.g-1 (f.m.)] 41.20 ±1.80 30.50 ± 1.50 (-26)
Soluble protein/Chl ratio 20.40 ±0.90 12.30 ±0.5
Rubisco [µmol (CO

2
) mg-1 (protein) h-1] 48.60 ±2.40 34.00 ± 1.50 (-30)

Nitrate reductase [µmol (NO
2
-) mg-1 (f.m.) h-1] 64.22 ±3.10 29.54 ± 1.30 (-54)

Nitrate reductase [µmol (NO
2

-) mg-1 (Chl) h-1] 42.44 ±2.00 14.85 ± 1.10 (-65)
Nitrate reductase [µmol (NO

2
-) mg-1 (f.m.) h-1] -15 mM KNO

3
42.14 ±1.90 29.00 ± 1.40 (-31)

Nitrate reductase [µmol (NO
2
-) mg-1 (f.m.) h-1] +15 mM KNO

3
78.62 ±3.50 36.24 ± 1.70 (-54)

Fig. 1: The relative levels of chlorophyll fluorescence emitted as
Fo, Fm and Fv/Fm in the leaves from full and 40 % sunlight-grown
leaves. Mean values of five independent experiments, bars denote

confidence limits at the 5 % level.

Fig. 2: The rates of whole chain (H2O MV), PSII (H2O 

DCBQ; H2O SiMo) and PSI (DCPIPH2 MV) electron trans-
port activities in thylakoids isolated from full and 40 % sunlight-
grown leaves. Mean values of five independent experiments, bars

denote confidence limits at the 5 % level.
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D 1   a n d   3 3   k D a   p r o t e i n s   b y i m m u n o b l o t :
The 40 % sunlight induced inhibition of PSII activity in grape-
vine thylakoids was compared with changes in the relative
contents of D1 protein of the PSII reaction center and 33 kDa
protein of the water-splitting complex as determined by west-
ern blotting followed by quantification by the Bio-Image
apparatus (Fig. 5). The relative content of D1 and 33 kDa
proteins decreased to 12 and 48 % in 40 % sunlight thyla-
koids, respectively.

Fig. 3: Effect of various exogenous electron donors on PSII activity
(H2O DCPIP) in thylakoids isolated from full and 40 % sun-
light-grown leaves. Mean values of five independent experiments,

bars denote confidence limits at the 5 % level.

tron donor. In contrast, a significant restoration of PSII-me-
diated DCPIP reduction was observed if NH2OH and DPC
were used as electron donors in 40 % sunlight-grown leaves
(Fig. 3).

These results agree with measurements obtained by
modulated Chl fluorescence with various exogenous elec-
tron donors used in thylakoids of full and 40 % sunlight-
grown leaves (Tab. 2). The addition of DPC and NH2OH to
thylakoids of 40 % sunlight-grown leaves induced a signifi-
cant increase of variable fluorescence (Fv). The Fv/Fm ratio
also increased from 0.595 to 0.698. In this experiment, the
level of Fo was not changed (Tab. 2).

T a b l e  2

Changes in the relative levels of chlorophyll fluorescence emitted
as minimal fluorescence (Fo), variable fluorescence (Fv) and the
ratio of variable to maximum fluorescence (Fv/Fm) in thylakoids
isolated from full sunlight and 40 % sunlight-grown leaves with or
without exogenous electron donors. Concentrations of MnCl

2
, DPC

and NH
2
OH were 5, 0.5 and 5 mM, respectively. Values are the

means ± SD (n=5).

Addition Fo Fv Fv/Fm

Full sunlight
None 1.9 ± 0.07 5.0 ±0.19 0.724 ±0.03
DPC 1.9 ± 0.08 5.4 ±0.20 0.739 ±0.04

   NH
2
OH 1.9 ± 0.07 5.3 ±0.18 0.736 ±0.04

MnCl
2

1.9 ± 0.06 5.0 ±0.20 0.724 ±0.02
40 % sunlight

None 1.9 ± 0.07 2.8 ±0.08 0.595 ±0.02
DPC 1.9 ± 0.05 4.4 ±0.14 0.698 ±0.03

   NH
2
OH 1.9 ± 0.06 4.2 ±0.10 0.688 ±0.04

MnCl
2

1.9 ± 0.06 3.0 ±0.06 0.612 ±0.02

T h y l a k o i d   m e m b r a n e   p r o t e i n s :  Since
the changes in photosynthetic electron transport activities
could be caused primarily by the changes or reorganization
of thylakoid components, the polypeptide profiles of full
and 40 % sunlight thylakoid membranes were analyzed by
SDS-PAGE. Acomparison of 40 % sunlight thylakoid mem-
brane polypeptide with those of full sunlight thylakoids in-
dicated a specific loss in the levels of 47, 33, 28-25 and 23
kDa polypeptides (Fig. 4).

Fig. 4. Coomassie Brilliant-stained polypeptide profiles of
thylakoid membranes (A) and crude leaf extracts (B) isolated from
full and 40 % sunlight-grown leaves. Lane a, full sunlight; lane b,
40 % sunlight. Gel lanes were loaded with equal amount of protein

(100 µg).

Fig. 5: Degradation of the D1 and 33 kDa proteins in full and 40 %
sunlight-grown leaves. Each lane was loaded in equal amounts of
Chl (5 µg). Histogram: BioImage densitometrical evaluation. Inset:

Western-blot.

R u b i s c o   a c t i v i t y   a n d   s o l u b l e
p r o t e i n s : When the enzyme activity in crude leaf ex-
tracts was expressed on a protein basis, significantly less
Rubisco activity was observed in 40 % sunlight-grown
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leaves than in full sunlight-grown leaves (Tab. 1). A similar
trend was also noticed for soluble proteins (Tab. 1). The
contents of 55 (large subunit-LSU) and 15 kDa (small
subunit-SSU) polypeptides of Rubisco was marginally re-
duced in 40 % sunlight-grown leaves (Fig. 4).

N i t r a t e   r e d u c t a s e   a c t i v i t y : In vivo nitrate
reductase activity expressed on a fresh mass basis was de-
creased by 54 % in 40 % sunlight-grown leaves. When ex-
pressed on a Chl unit, the enzyme activities were reduced by
65 % (Tab. 1). The full sunlight-grown leaves incubated with
15 mM KNO3 tended to have more induced nitrate reduct-
ase activity than the 40 % sunlight-grown leaves.

Discussion

Plants acclimated to high irradiance develop alterations
at the molecular level when exposed to reduced growth irra-
diance (ANDERSON and ANDERSSON 1988). They acclimate by
changing their thylakoid membrane composition, the light-
harvesting complex, chloroplast ultrastructure and conduct-
ances for gas exchange (BOARDMAN 1977, MELIS and HARVEY

1981, CHOW and HOPE 1987, EVANS 1993, KOESMARYONO et al.
1998). Higher Chl content and decrease in Chl a/b ratio ob-
served in the 40 % sunlight-grown plants of the present
findings agree with those of BJÖRKMAN et al. (1972), MARINI

and MARINI (1983), andANDERSON et al. (1988). The increase
in the Chl content was accompanied by relative increases in
the accessory pigment Chl b over that of Chl a as depicted
by a decrease of the Chl a/b ratio (BOARDMAN 1977,
LEWANDOWSKA and JARVIS 1977, MASAROVICOVA and ELIAS

1981). The Car content showed a similar trend. Total and
relative contents of Car remained higher in all leaves under
40 % sunlight compared to full sunlight. Relative increase in
the accessory pigments like Chl b and Car are adaptive re-
sponses of plants to variable PFD (ANDERSON et al. 1988,
MISRA 1995). Chl b is a pigment associated with distal anten-
nae of LHCP II, the relative change in this pigment could
indicate a change in the distal antenna size (MISRA 1995).
The increase in the distal antenna size under 40 % sunlight-
grown leaves possibly increases the relative radius of solar
energy interception in a chloroplast.

Chlorophyll fluorescence induction curves, reflecting
photosynthesis and electron transport have characteristic
patterns, which undergo changes when the photosynthetic
system becomes impaired. They can therefore be used as
indicators of damage (GOVINDJEE and PAPAGEORGIOU 1971).
Full sunlight-grown leaves showed a high PSII activity, meas-
ured as the Fv/Fm ratio, while 40 % sunlight-grown leaves
showed the lowest Fv/Fm ratio. Fv was reduced markedly in
40 % sunlight-grown leaves while the Fo level was not af-
fected. Reduction of the Fv yield, as shown by many work-
ers, indicates impairment of PSII activity, particularly at the
donor site (KLIMOV et al. 1977, ALLAKHVERDIEV et al. 1987,
SETLIK et al. 1990).

Analysis of various electron transport activities meas-
ured by using electron acceptors in thylakoids isolated from
full and 40 % sunlight-grown leaves, showed an inhibition
of the whole chain of electron transport activity by >60 % in
40 % sunlight-grown leaves; only a marginal effect on PSI-

mediated reactions was noticed. Thus 40 % sunlight has an
action site(s) in the PSII reaction. Similar large reductions of
PSII activity have been reported for low-light-grown plants
of Atriplex (BOARDMAN et al. 1975) and Picea (LEWANDOWSKA

et al. 1976). Analysis of electron transport in thylakoids iso-
lated from 40 % sunlight-grown leaves showed that O2 evo-
lution was significantly inhibited if the electron acceptor
used was SiMo, but was not significantly inhibited if the
electron acceptor was DCBQ. Since DCBQ is known to ac-
cept the electrons directly from QA

- (CAO and GOVINDJEE 1990),
the rates measured represent the true rate of photochemis-
try by PSII, not influenced by the PQ pool.

In order to locate the possible site of 40 % sunlight-
induced inhibition, we measured PSII-mediated DCPIP re-
duction in the presence of various artificial exogenous elec-
tron donors acting at the oxidizing side of PSII. Among the
artificial electron donors tested, DPC and NH2OH were found
to be more effective in restoring the loss of PSII activity in
40 % sunlight-grown leaves. These results were also con-
firmed by measurement of modulated Chl fluorescence. Af-
ter addition of DPC and NH2OH to thylakoids from 40 %
sunlight-grown leaves, Fv increased markedly. These results
also clearly indicate that 40 % sunlight impaired at the donor
side of PSII, perhaps close to the DPC donation side in grape-
vine leaves.

The most likely explanation for the inactivation of elec-
tron transport PSII activity in 40 % sunlight-grown leaves is
that the related protein are affected because they are ex-
posed to the thylakoid surface (SEILDER 1994). Such reduc-
tion of PSII activity in 40 % sunlight-grown leaves was as-
sociated with a marked loss of 33 and 23 kDa polypeptides.
The extrinsic proteins of 33, 23 and 17 kDa associated with
the lumenal surface of the thylakoid membranes are required
for optimal functioning of the oxygen evolving machinary
(MURATA et al. 1984, MILLNER et al. 1987, ENAMI et al. 1994).
Our results indicate that the significant loss of 33 and 23 kDa
polypeptides could be one of the reasons for the significant
loss of O2 evolution capacity in 40 % sunlight-grown leaves.

As shown by the corresponding western blots, a mar-
ginal loss of the D1 protein occurs in 40 % sunlight-grown
leaves which was accompanied by a significant decrease in
the content of 33 kDa protein of the water-splitting system,
showing that the whole PSII rapidly degraded under 40 %
sunlight condition. A similar phenomenon has already been
observed by SCHUSTER et al. (1988) under photoinhibitory
conditions. These data confirm assumptions that PSII is
especially vulnerable to stress conditions (KYLE 1987, BAKER

1991).
The 40 % sunlight-grown leaves induced not only losses

of extrinsic proteins but there was also a loss of 47 and
28-25 kDa polypeptides in thylakoid membranes which may
result from a greater disruption of the PSII complex. This
could be a reason for the observed lowering of PSII activity
in 40 % sunlight-grown leaves.

Plants grown under 40 % sunlight condition have rela-
tively low levels of soluble proteins and soluble protein/
chlorophyll ratios. This concurs with similar reports
(BORDMAN 1977, BJORKMAN 1981, GIVNISH 1988, BURKEY et al.
1997). The low level of soluble proteins in 40 % sunlight-
grown leaves might be due to a decrease of Rubisco synthe-
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sis, the major soluble protein in leaves. A marked loss of
Rubisco activity was observed in 40 % sunlight-grown
leaves. This is mainly due to an inhibition of protein synthe-
sis in grapevine leaves. It is also suggested that the car-
boxylating enzymes are not fully activated at low light inten-
sity and that the degree of activation will regulate the flux of
carbon through the photosynthetic pathway (USUDA et al.
1985). This is supported by SDS-PAGE analysis of crude
leaf extracts of Rubisco proteins showing a marginal loss of
55 (large subunit-LSU) and 15 kDa (small subunit-SSU)
polypeptide in 40 % sunlight-grown leaves. This marginal
loss of 55 kDa and 15 kDa polypeptides is one of the rea-
sons for the loss of Rubisco activity in 40 % sunlight-grown
leaves.

Conclusion

To the best of our knowledge, for the first time the
present results demonstrate that field-grown grapevine
plants grown under full and 40 % sunlight have different
leaf pigment composition, ribulose-1,5-bisphosphate car-
boxylase, soluble proteins, nitrate reductase and photosyn-
thetic activities of the thylakoids. In addition, 40 % sunlight
impaired on the donor side of PSII in grapevine leaves. This
is due to: 1) a marked inhibition of PSII activity if SiMo was
used as electron acceptor, 2) an artificial exogenous donors
DPC and NH

2
OH significantly restored the loss of PSII ac-

tivity, 3) the level of Fo did not changed, 4) the content of
33 and 23 kDa polypeptides are markedly reduced, and 5) the
level of 33 kDa protein was significantly reduced in 40 %
sunlight-grown leaves.
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