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Abstract  
 
Different parameters that vary during leaf development may be affected by light intensity. To study the influence of 
different light intensities on primary leaf senescence, sunflower (Helianthus annuus L.) plants were grown for 50 days 
under two photon flux density (PFD) conditions, namely high irradiance (HI) at 350 mol(photon) m–2 s–1 and low 
irradiance (LI) at 125 mol(photon) m–2 s–1. Plants grown under HI exhibited greater specific leaf mass referred to dry 
mass, leaf area and soluble protein at the beginning of the leaf development. This might have resulted from the increased 
CO2 fixation rate observed in HI plants, during early development of primary leaves. Chlorophyll a and b contents in HI 
plants were lower than in LI plants in young leaves. By contrast, the carotenoid content was significantly higher in HI 
plants. Glucose concentration increased with the leaf age in both treatments (HI and LI), while the starch content 
decreased sharply in HI plants, but only slightly in LI plants. Glucose contents were higher in HI plants than in LI plants; 
the differences were statistically significant (p<0.05) mainly at the beginning of the leaf senescence. On the other hand, 
starch contents were higher in HI plants than in LI plants, throughout the whole leaf development period. Nitrate 
reductase (NR) activity decreased with leaf ageing in both treatments. However, the NR activation state was higher 
during early leaf development and decreased more markedly in senescent leaves in plants grown under HI. GS activity 
also decreased during sunflower leaf ageing under both PFD conditions, but HI plants showed higher GS activities than 
LI plants. Aminating and deaminating activities of glutamate dehydrogenase (GDH) peaked at 50 days (senescent 
leaves). GDH deaminating activity increased 5-fold during the leaf development in HI plants, but only 2-fold in LI 
plants. The plants grown under HI exhibited considerable oxidative stress in vivo during the leaf senescence, as revealed 
by the substantial H2O2 accumulation and the sharply decrease in the antioxidant enzymes, catalase and ascorbate 
peroxidase, in comparison with LI plants. Probably, systemic signals triggered by a high PFD caused early senescence 
and diminished oxidative protection in primary leaves of sunflower plants as a result. 
 
Additional key words: antioxidant enzymes; ascorbate peroxidase; catalase; glutamate dehydrogenase; glutamine synthetase; hexose; 
nitrite reductase; irradiance; nitrate reductase; plant; reactive oxygen species; senescence; sunflower; superoxide dismutase.  
 
Introduction 
 
Leaf senescence is a highly regulated and programmed 
degeneration process that is controlled by multiple deve-
lopmental and environmental signals (Lim et al. 2003). 
Senescence is not only a degenerative process, but also a 
recycling process whereby nutrients are translocated from 

senescing cells to young leaves, developing seeds or 
storage tissues (Gan and Amasino 1997). Senescence is 
characterized mainly by cessation of photosynthesis, 
degeneration of cellular structures, intensive losses of 
chlorophylls (Chls), carotenoids (Car) and proteins, and  
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dramatically increased lipid peroxidation (Srivalli and 
Khanna-Chopra 2004, Agüera et al. 2010). This process 
can start prematurely by effect of plant exposure to 
environmental stress or nutrient deprivation (Quirino et 
al. 2000, Lim et al. 2003, Lim et al. 2007, Wingler et al. 
2009, Agüera et al. 2010).  

Irradiance and duration of exposure to light are major 
factors influencing plant growth and development. A very 
high intensity (about 500–5,000 mol m–2 s–1) applied for 
an extended period leads to irreversible damage of PSII. 
This phenomenon inhibits photosynthesis and diminishes 
plant growth (Prasil et al. 1992, Melis 1999, Schansker 
and van Rensen 1999). To avoid photooxidative damage, 
plants possess highly efficient photoprotective systems 
that operate via two primary mechanisms. The first one 
involves dissipation of excess excitation energy as heat in 
the antenna pigment complexes of PSII. This process is 
related to the xanthophyll cycle, by which violaxanthin is 
de-epoxidized to antheraxanthin and zeaxanthin in the so-
called “violaxanthin cycle” or “xanthophyll cycle”. The 
second photoprotective mechanism involves antioxidant 
enzymes such as superoxide dismutase (SOD), which 
converts superoxide anions into H2O2, and catalase and 
APX, which detoxify the resulting peroxide (Asada 1999, 
Logan et al. 2006). Plant ageing increases oxidative stress 
and ROS levels, but this may also reduce antioxidant 
protection (Buchanan-Wollaston et al. 2003a, Zimmer-
mann and Zentgraf 2005, Vanacker et al. 2006). High 
PFD exposure has been deemed one major cause of 
oxidative stress in plants (Dat et al. 2000). Some reports 
describe changes in activity and expression of antioxidant 
enzymes in response to high PFD stress, albeit to a 
varying extent depending on the particular plant material 
and treatment conditions (Hernández et al. 2006, Ariz et 
al. 2010). The equilibrium between ROS production and 
scavenging may be altered under different stress  
 

conditions (Srivalli and Khanna-Chopra 2009). 
Almost all plant stress situations studied to date have 

similar effects to natural senescence, and reduce NR, 
NiR, GOGAT, total GS, and GS2, but increase GDH and 
GS1 transcripts, proteins, and activity levels (Masclaux et 
al. 2000, Masclaux-Daubresse et al. 2005, Pageau et al. 
2006). NR activity in leaves is rapidly modulated by 
reversible phosphorylation of NR protein in response to 
light/dark transitions (Agüera et al. 1999, de la Haba et 
al. 2001). NR activity decreases under low irradiance in 
coffee plants (Carelli et al. 2006). According to Cabello 
et al. (2006), ageing induces oxidative stress in sunflower 
leaves, having an adverse impact on chloroplastic GS2 
and photosynthetic pigments. Ever since GOGAT was 
discovered, the GS/GOGAT pathway has proved to be 
the most important process for ammonia assimilation into 
amino acids (Miflin and Lea 1980). Because of its low 
affinity for ammonia, GDH is assumed to act as a 
catabolic enzyme in the deamination of glutamate 
(Pahlich 1996, Lehmann and Ratajczak 2008). Masclaux-
Daubresse et al. (2002) ascribed age-related induction of 
GDH in a range of plant tissues to either an increase in 
ammonia content or depletion of carbohydrates, both of 
which are usually observed during senescence. 

The purpose of this work was to study the effect of 
two PFDs [125 and 350 mol(photon) m–2 s–1], with 
special emphasis on growth, sugar levels, regulation of 
nitrogen metabolism, enzyme activities, and photo-
protection mechanisms during development in primary 
sunflower (H. annuus L.) leaves. Sunflower has a great 
agronomical and economical value since it is one of the 
five most important sources of edible oil in the world 
(Cantamutto and Poverene 2007). Sunflower oil is also a 
source of biodiesel (Arzamendi et al. 2008), sunflower 
plants have an ornamental value and are used for 
phytoremediation (Mani et al. 2007).  

Materials and methods 
 

Plant material and growth: Seeds of sunflower (H. an-
nuus L.) from the isogenic cultivar HA-89 (Semillas 
Cargill SA, Sevilla, Spain) were surface-sterilized in 1% 
(v/v) hypochlorite solution for 15 min. After rinsing in 
distilled water, the seeds were imbibed for 3 h and then 
sown in plastic trays containing a mixture of perlite and 
vermiculite (1:1, v/v). All seeds were germinated and 
plants were incubated in a chamber under a 16/8 h 
light/dark cycle and a day/night regime of 25/19ºC 
temperature and 70/80% relative humidity. Plants were 
irrigated daily with a nutrient solution containing 10 mM 
KNO3 (Hewitt 1966). 

Two different PFDs (provided by Sylvania F72T12/ 
CW/VHO, 160 W fluorescent lamps supplemented with 
Mazda 60 W incandescent bulbs and measured using a 
model CRS068 portable infrared gas analyser governed 

via the software CIRAS), HI and LI, were applied over a 
period of 50 d. At different times (16, 22, 32, 42, and 

50 d), primary leaf samples were collected 2 h after the 
photoperiod start. Entire leaves were excised and pooled 
in two groups: one was used to measure leaf area and 
specific leaf mass (SLM) referred to DM, and the other 
was frozen immediately in liquid nitrogen and stored at –
80C. The frozen plant material was ground in a mortar 
precooled with liquid N2 and the powder distributed into 
small vials that were stored at –80C until enzyme 
activity and metabolite determinations. 

Net CO2 fixation and stomatal conductance were 
measured on attached leaves, 2 h after the photoperiod 
start, using a model CRS068 portable infrared gas ana-
lyser (MA, USA), governed via the software CIRAS. The 
instrument was adjusted to have inside the leaf chamber 
constant conditions of CO2 concentration (360 μl l–1), 
flow (150 cm3 min–1), leaf temperature (25ºC), relative 
humidity (80%) and the light intensities used in each 
treatment (HI and LI). Measurements were made on 
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primary leaf samples after the stabilization period, using 
several plants per treatment. Leaf samples were 
acclimated in the leaf chamber for 5–10 min and 
measurements were carried out during 3–5 min.  

 
Extraction and activity measurement of NR, GS, and 
GDH: Frozen material was homogenized with cold 
extraction medium (4 ml g–1) consisting of 100 mM 
Hepes-KOH (pH 7.5), 10% (v/v) glycerol, 1% (w/v) 
polyvinylpolypyrrolidone (PVPP), 0.1% (v/v) Triton, 
6 mM DTT, 1 mM EDTA, 0.5 mM phenylmethylsul-
phonyl fluoride (PMSF), 25 µM leupeptin, 20 µM flavin 
adenine dinucleotide (FAD) and 5 µM Na2MoO4. The 
homogenate was centrifuged at 8,000 × g at 4ºC for 
2 min, and enzyme activity measured immediately in the 
clear extract. 

NR (EC 1.6.6.1) activity was determined in the 
presence and absence of Mg2+. The activation state of NR 
was calculated as the ratio of its activity in the presence 
and absence of Mg2+, and expressed as a percentage, as 
described by Agüera et al. (2006). GS (EC 6.3.1.2) 
activity was measured with the transferase assay of de la 
Haba et al. (1992). Finally, GDH (EC 1.4.1.2) aminating 
and deaminating activities were determined spectrophoto-
metrically at 340 nm according to Loyola-Vargas and 
Sánchez de Jiménez (1984). 

 
Enzyme antioxidant activity: Enzyme extracts for deter-
mination of catalase (CAT, EC 1.11.1.6) and APX (EC 
1.11.1.11) were prepared by freezing a weighed amount 
of leaf samples (g) in liquid nitrogen to prevent 
proteolytic activity, followed by grinding in 10 ml 
extraction buffer (0.1 M phosphate buffer, pH 7.5, 
containing 0.5 mM EDTA and 1 mM ascorbic acid). The 
resulting homogenate was passed through 4 layers of 
gauze and the filtrate centrifuged at 15,000 × g for 
20 min, the supernatant being used as enzyme source. 

CAT activity was estimated according to Aebi (1983). 
The reaction mixture contained 50 mM potassium 
phosphate (pH 7) and 10 mM H2O2. After enzyme addi-

tion, H2O2 decomposition was monitored spectrophoto-
metrically at 240 nm (ε = 43.6 mM–1 cm–1). 

APX activity was measured according to Nakano and 
Asada (1981). The reaction mixture contained 50 mM 
phosphate buffer (pH 7), 1 mM sodium ascorbate and 
25 mM H2O2. After adding of ascorbate to the mixture, 
the reaction was monitored at 290 nm (ε = 2.8 mM–1

 cm–1). 
 

Carbohydrates were extracted from the powdered frozen 
tissue in successive steps with ethanol/water mixtures in 
different proportions according to Agüera et al. (2006). 
The supernatants from each centrifugation were collected 
and combined to determine soluble sugars, whereas the 
pellets were used to quantify starch. Sucrose, glucose, 
and fructose were determined according to Outlaw and 
Tarczynski (1984), Kunst et al. (1984) and Beutler (1984), 
respectively. The pellets were resuspended in water and 
incubated at 100ºC for 5 h. Glucose was then released by 
incubation with -amylase and amyloglucosidase, and 
assayed enzymatically as described above. 

 
Protein, pigment, and H2O2: Soluble protein was ex-
tracted in 50 mM Hepes-KOH (pH 7), 5 mM MgCl2 and 
1 mM EDTA, and determined with the Bio-Rad protein 
assay according to Bradford (1976). Pigments were 
determined by HPLC in the plant extracts according to 
Cabello et al. (1998). For H2O2 determination, 1 g of leaf 
material was ground with 10 ml of cooled acetone in  
a cold room, and filtered through Whatman filter paper. 
H2O2 was determined by formation of a titanium-
hydroperoxide complex according to Mukherjee and 
Choudhuri (1983).

 
Statistical analysis: Values are given as the means  SD 
of three separate experiments with duplicate determi-
nations. All results were statistically analyzed in a 
bifactorial model, which considers the effect of the PFD 
and the cultivation time on the variables using the 
ANOVA and Tukey’s test and they were conducted at a 
significance level of 5% (p<0.05). 

 
Results 
 
Some growth parameters such as SLM referred to DM, 
leaf area and soluble protein were determined in primary 
leaves of sunflower plants grown for 50 d under two PFD 
regimes, LI and HI (Fig. 1). SLM referred to DM peaked 
at 22 d in plants grown under both regimes and then 
decreased by effect of ageing. HI plants exhibited higher 
SLM referred to DM values than LI plants at the 
beginning of the growth period (16 and 22 d, Fig. 1A). 
With both treatments (HI and LI), leaf area increased 
until day 32, but the values were 24% higher at the 
beginning of the growth period (16 d) in HI plants 
(Fig. 1B). In general, HI plants showed greater deve-
lopment than LI plants (data not shown). The soluble 

protein content exhibited a similar variation pattern in 
both HI and LI plants, decreasing about 50% during 
sunflower primary leaf ageing, but the protein levels were 
about 11% higher in HI plants than in LI plants at 22 and 
32 d (Fig. 1C). 

Leaf development had a negative effect on photo-
synthetic pigment content in both treatments. The chloro-
phylls (Chls) a and b contents were lower in HI plants 
than in LI plants throughout leaf development, with up to 
30% decrease in young leaves (Fig. 2A,B). On the 
contrary, the carotenoid content in HI plants was 
statistically significantly higher than in LI plants during 
leaf development period (Fig. 2C).  
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Fig. 1. Changes in specific leaf mass (SLM) referred to dry 
mass (DM), leaf area and soluble protein during sunflower 
primary leaf development under LI (■) and HI (□). Data are 
means  SD of 3 separate experiments with duplicate deter-
minations. * – statistically significant differences among the 
PFD treatments and the cultivation time according to the 
ANOVA and Tukey’s test (p<0.05). 
 
The CO2 fixation rate was negatively affected by leaf 
ageing in both treatments, but the loss of photosynthetic 
activity was more marked and occurred earlier in HI 
plants than in LI plants. Thus, under HI the CO2 fixation 
rate decreased by about 90% between 22 and 50 d, 
whereas in LI plants it decreased only about 64% in the 
same period. Stomatal conductance decreased consider-
ably after 22 d, but no statistically significantly diffe-
rences were observed between both treatments (Table 1).  

We also examined the changes in carbohydrate 
contents in sunflower primary leaves during ageing in 
order to identify a potential role as metabolic signals for 
senescence (Fig. 3). With both treatments (HI and LI), the 
concentrations of soluble sugars (glucose, fructose and 
sucrose) increased with the leaf age up to 42 d. By 
contrast, the starch content decreased very sharply in HI 
plants during leaf development, but only slightly in LI 
plants (Fig. 3). Glucose contents were higher in HI plants 
than in LI plants, these differences were statistically 
significant (p<0.05), mainly at the beginning of the leaf 
senescence (32 d) (Fig. 3A). On the other hand, starch 

 
 
Fig. 2. Changes in the pigment contents during sunflower 
primary leaf development under LI (■) and HI (□). Data are 
means  SD of 3 separate experiments with duplicate deter-
minations. * – statistically significant differences among the 
PFD treatments and the cultivation time according to the 
ANOVA and Tukey’s test (p<0.05). DM – dry mass; Chl – 
chlorophyll; Car – carotenoids. 
 
contents were higher in HI plants than in LI plants, 
throughout the whole leaf development period (Fig. 3D). 
NR activity was determined in the presence and absence 
of Mg2+ in sunflower primary leaves, and the NR 
activation state was also estimated. As shown in Table 2, 
NR activity decreased during leaf development, both in 
the presence and absence of Mg2+. The decrease was 
more evident under LI, while under HI it was noted only 
from 22 day. The NR activation state diminished in 
senescent leaves with both treatments. However, in the 
HI plants the NR activation state was higher, and it also 
decreased more sharply during leaf ageing, than in LI 
plants (Table 2).  

GS activity also declined during leaf ageing, and it 
showed higher values in HI plants (Fig. 4). On the 
contrary, GDH aminating and deaminating activities 
(Table 3) peaked in senescent leaves (50 d) and higher 
values were noted in LI compared with HI. However, the 
GDH deaminating activity increased 5-fold during leaf 
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Table 1. Net photosynthetic rate (PN) and stomatal conductance (gs) during sunflower primary leaf development under LI and HI. 
Data are means  SD of 3 separate experiments with duplicate determinations. * – statistically significant differences among the PFD 
treatments and the cultivation time according to the ANOVA and Tukey’s test (p<0.05). 
 

Time [d] PN [µmol(CO2) m
–2 s–1] gs [mmol(H2O) m–2 s–1] 

LI HI LI HI 

16 2.63 ± 0.25 5.06 ± 0.76* 570.25 ± 24.24 550.46 ± 28.87 
22 3.40 ± 0.37 5.76 ± 0.80* 620.67 ± 2.42 615.50 ± 5.10 
32 3.37 ± 0.30 2.00 ± 0.02* 351.67 ± 2.21 355.30 ± 0.25 
42 1.43 ± 0.12 0.66 ± 0.06    30.67 ± 2.03   10.94 ± 0.20 
50 1.23 ± 0.12 0.60 ± 0.36   16.56 ± 0.54     6.67 ± 0.77  

 
development in HI plants, but only 2-fold in LI plants.  

We also studied H2O2 production and the activity of 
CAT and APX in sunflower leaves. As shown in Fig. 5A, 
the production of H2O2 increased considerably with leaf 
ageing. After 22 d, the H2O2 levels in HI plants were 
higher than in LI plants, these differences were statis-

tically significant (p<0.05). CAT and APX activities rose 
during early leaf development and decreased in senescent 
leaves (42 and 50 d). This decline in the activity of the 
antioxidant enzymes was more marked, about 40%, in HI 
plants (Fig. 5B,C).  

 
Discussion 
 
Our results showed that in primary leaves of sunflower 
(H. annuus L.) plants some metabolic processes, like 
carbon and nitrogen metabolism and susceptibility to 
oxidative stress, were sensitive to irradiance. In fact, we 
found HI to increase significantly leaf area, SLM referred 
to DM, and soluble protein content at the beginning of 
the leaf development (Fig. 1). This might be a result of 
the increased photosynthetic capacity observed in HI 
plants during early development of primary leaves. At 
later stages, the photosynthetic rate decreased faster in HI 
plants than in LI plants (Table 1). We have also found a 
decrease in soluble protein content during leaf develop-
ment (Fig. 1C) that could be caused by strong degra-
dation of chloroplast proteins during senescence, as 
reported by Martínez et al. (2008). On the other hand, 
changes in the protein content can reflect alterations in 
the distribution of N and C compounds as a consequence 
of more efficient N mobilization during senescence (Díaz 
et al. 2008). 

Leaf development had a negative effect on photo-
synthetic pigment content of sunflower plants, in both 
treatments. The content of Chls a and b was lower in HI 
plants than in LI plants throughout leaf development, 
with up to 30% decrease in young leaves (Fig. 2A,B). 
Plants can avoid excessive light absorption by, e.g., 
reducing Chl production, adopting a steep inclination or 
reflecting incident light (Adams et al. 2004, Baig et al. 
2005, Demmig-Adams and Adams 2006). The loss of 
Chls is typical of leaf senescence and may be used as an 
indicator of this phenomenon (Yoo et al. 2003, Guo and 
Gan 2005, Ougham et al. 2008). Astolfi et al. (2001) also 
observed a decrease in Chls content and suggested that 
high PFD induces premature senescence and increases the 
senescence rate. The CO2 fixation rate in HI plants might 
have no correlation with Chl content. The higher net 

photosynthetic rate (PN) observed in young leaves (16 
and 22 d) in HI plants (Table 1), could be explained by a 
greater Rubisco content (Ariz et al. 2010) and also as a 
consequence of more efficient penetration of incident 
radiation into the leaves with lower Chls content 
(Radochová and Tichá 2008). The Car content of primary 
leaves in sunflower plants grown under both PFD used in 
this work revealed that HI plants contained more Car than 
LI plants (Fig. 2C). This suggests that plants can 
synthesize large amounts of Car as an adaptative strategy 
to protect their photosynthetic machinery when subjected 
to high PFD (Behera and Choudhury 2001, 2003; 
Lichtenthaler 2007). 

The concentration of soluble sugars increased up to 
42 d in both treatments, with a slight decrease in glucose 
and sucrose contents in more senescent leaves (50 d). On 
the other hand, the starch content decreased, especially in 
HI plants (Fig. 3). Interestingly, our results show a 
significant accumulation of glucose and starch in HI 
plants in comparison with LI plants. Glucose contents 
were statistically significant mainly at the beginning of 
the leaf senescence (Fig. 3A). The accumulation of 
glucose could not be directly related to photosynthetic 
activity because pigment contents and CO2 fixation rates 
decreased during leaf ageing (Figs. 2, 3; Table 1). It could 
be rather due to starch hydrolysis, especially in HI plants 
(Fig. 3D). The increase in soluble sugars, especially 
glucose, might also be the result of senescence promoting 
a decline in the functional and structural integrity of cell 
membranes, thereby accelerating the membrane lipid 
catabolism which produces sugars by gluconeogenesis 
(Buchanan-Wollaston et al. 2003b, Lim et al. 2007). 
Accumulation of soluble sugars at the beginning of 
senescence has been described in various plants, but 
changes are not clearly associated with leaf development  
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Fig. 3. Changes in the contents of glucose, fructose, sucrose and 
starch during sunflower primary leaf development under LI (■) 
and HI (□). Data are means  SD of 3 separate experiments with 
duplicate determinations. * – statistically significant differences 
among the PFD treatments and the cultivation time according to 
the ANOVA and Tukey’s test (p<0.05). DM – dry mass. 
 

and may vary depending on the plants lines (Díaz et al. 
2005, Wingler et al. 2006, Agüera et al. 2010). In fact, 
leaf senescence is a plastic process that can be triggered 
by a variety of external and internal factors (Buchanan-
Wollaston et al. 2003a, Wingler et al. 2006, Masclaux-
Daubresse et al. 2007,Wingler et al. 2009). Ono et al. 
(2001) have shown that shading leaves of sunflower or 
bean reduces their sugar contents and delays senescence, 
which suggests that the carbohydrate accumulation 
induces leaf senescence. It has been suggested a role of 
hexose accumulation in ageing leaves as a signal for 
either senescence initiation or acceleration in annual 
plants (Masclaux et al. 2000, Moore et al. 2003, Díaz et 
al. 2005, Masclaux-Daubresse et al. 2005, Parrot et al. 
2005, Pourtau et al. 2006, van Doorn 2008, Wingler and 
Roitsch 2008, Agüera et al. 2010). 

Nitrogen metabolism in old source leaves is charac-
terized by progressive hydrolysis of stromal proteins and 
degradation of chloroplasts (Masclaux et al. 2000, 
Hörtensteiner and Feller 2002). We found that NR 
activity in the presence or absence of Mg2+, as well as the 
activation state of NR, decreased during leaf ageing for 
both HI and LI plants. However, in HI plants, activation 
state of NR increased during early leaf development, and 
then decreased drastically during senescence (Table 2). 
De la Haba et al. (2001) previously found that both 
activity and activation state of NR in cucumber plants 
raise with high light intensity and diminish with darkness, 
and they ascribed this NR regulation effect to a potential 
phosphorylation/dephosphorylation mechanism. Since the 
main metabolic process in leaf senescence involves 
nutrient remobilization, ammonium should be rapidly 
assimilated into amino acids via GS/GOGAT to avoid 
deleterious effects and to supply nitrogenous forms 
suitable for source–sink transport (Masclaux-Daubresse 
et al. 2006). Our results revealed that GS activity 
decreased during sunflower leaf ageing under both irradi-
ance regimes, and that HI plants showed the highest GS 
activities (Fig. 4). The effects of light on the expression 
of genes coding for chloroplastic isoform GS2 have been 
tested by Oliveira and Coruzzi (1999). They found that 
chloroplastic isoform GS2 is induced by light or by 
carbon metabolites such as sucrose. GS activity is known 

Table 2. NR activity (assayed without and with Mg2+) and activation state of NR during sunflower primary leaf development under LI 
and HI. Data are means  SD of 3 separate experiments with duplicate determinations. * – statistically significant differences among 
the PFD treatments and the cultivation time according to the ANOVA and Tukey’s test (p<0.05). 
 

 LI HI 
Time [d] NR activity [μmol(NO2

–) h–1 g–1(DM)] NR activation NR activity [μmol(NO2
–) h–1 g–1(DM)] NR activation 

Assay - Mg2+ Assay + Mg2+ state [%] Assay - Mg2+ Assay + Mg2+ state [%] 

16 64.98 ± 0.21  24.88 ± 0.21  38.0 52.57 ± 2.82* 34.95 ± 0.88* 66.5 
22 54.94 ± 1.04  18.05 ± 0.26  32.9 58.59 ± 0.67  38.76 ± 0.83* 66.2 
32 47.29 ± 0.36  13.03 ± 0.36  27.5 23.88 ± 0.15*   6.60 ± 0.26* 27.7 
42 14.17 ± 0.1    4.65 ± 0.05  32.8 21.45 ± 0.15*   5.53 ± 0.15* 24.9 
50 11.18 ± 0.57    2.06 ± 0.11  18.5   4.02 ± 0.36*   0.55 ± 0.05* 13.7 
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Table 3. Glutamate dehydrogenase (GDH) aminating and deaminating activities during sunflower primary leaf development under LI 
and HI. Data are means  SD of 3 separate experiments with duplicate determinations. * – statistically significant differences among 
the PFD treatments and the cultivation time according to the ANOVA and Tukey’s test (p<0.05). 
 

Time [d] GDH activity [μmol h–1 g–1(DM)] 
 Aminating Deaminating 

LI HI LI HI 

16   85.0 ± 4.6   48.5 ± 3.4*   99.5 ± 3.4   38.8 ± 3.7* 
22 233.0 ± 15.5   80.1 ± 7.1* 128.6 ± 14.0   67.9 ± 3.7* 
32 250.0 ± 37.8 135.9 ± 14.2* 182.0 ± 10.3   89.8 ± 3.8* 
42 276.7 ± 14.3 240.2 ± 14.0 196.6 ± 3.4 169.9 ± 10.0* 
50 327.7 ± 44.6 235.4 ± 15.2* 216.0 ± 10.3 194.1 ± 7.4 

 

 
 
Fig. 4. Changes in the glutamine synthetase (GS) activity during 
sunflower primary leaf development under LI (■) and HI (□). 
Data are means  SD of 3 separate experiments with duplicate 
determinations. * – statistically significant differences among 
the PFD treatments and the cultivation time according to the 
ANOVA and Tukey’s test (p<0.05). DM – dry mass. 
 
to decrease during leaf senescence (Masclaux et al. 2000, 
Cabello et al. 2006). The loss of GS activity during leaf 
development must be mainly due to a progressive decline 
in activity and expression of the GS2 isoform since the 
cytosolic isoform GS1 increases during sunflower leaf 
ageing (Cabello et al. 2006). The greatest increase in 
GDH deaminating activity observed in HI plants during 
leaf development (5-fold in HI compared with only 2-fold 
in LI, Table 3) might be explained assuming that GDH 
does not play a role in ammonium assimilation, but rather 
it participates in glutamate catabolism (Miflin and 
Habash 2002, Masclaux-Daubresse et al. 2006). GDH 
activity is also induced in old leaves when nitrogen remo-
bilization is maximal (Masclaux-Daubresse et al. 2006). 

Plants grown under HI exhibited considerable oxida-
tive stress in vivo at final stages of leaf development, as 
revealed by a significant increase in H2O2 accumulation 
and a more marked decrease in antioxidant enzyme 
(catalase and APX) activities, in comparison with LI 
plants (Fig. 5). Leaf senescence is an oxidative process 
that involves degradation of cellular and subcellular 
structures and macromolecules, and mobilization of the 

resulting degradation products to other plant parts 
(Vanacker et al. 2006). Oxidative stress during 
senescence may be caused or increased by the loss of 
antioxidant enzyme activities (Zimmermann and Zentgraf 
2005, Zimmermann et al. 2006, Procházková and 
Wilhelmová 2007, Pompelli et al. 2010). Senescence is 
also accompanied by an increased ROS production, 
 

 
 
Fig. 5. H2O2 accumulation and enzymatic activities of catalase 
(CAT) and ascorbate peroxidase (APX) during sunflower 
primary leaf development under LI (■) and HI (□). Data are 
means  SD of 3 separate experiments with duplicate 
determinations. * – statistically significant differences among 
the PFD treatments and the cultivation time according to the 
ANOVA and Tukey’s test (p<0.05). 
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and one of the reasons for this phenomenon is the 
imbalance between generation and consumption of 
electrons in the photosynthetic electron transport chain 
caused by preferential inhibition of stromal reactions 
relative to photosystem II photochemistry (Špundová et 
al. 2003). Inhibition of stromal reactions increases the 
electron flow to molecular oxygen, thereby causing ROS 
to accumulate and chloroplast components to be damaged 
as a result (Špundová et al. 2005, Couée et al. 2006). 
Susceptibility to oxidative stress depends on the overall 
balance between production of oxidants and the anti-
oxidant capability of cells. High PFD regime was 
previously found to cause reversible photoinhibition of 
photosynthesis in pea chloroplasts and to increase ROS 
potentially regulating the accumulation of mRNA 
encoding antioxidant enzymes (Hernández et al. 2006.). 
Changes in an activity and expression of antioxidant 
enzymes in response to high PFD stress have been 
reported (Yoshimura et al. 2000, Hernández et al. 2004). 
High PFD causes early symptoms of senescence during 

leaf expansion in tobacco plants (Radochová and Tichá 
2008). Our results suggest that HI accelerated senescence 
in the primary leaf of sunflower plants, probably in order 
to preserve the functionality of young leaves, and also 
that one of the reasons for accelerated senescence in HI 
plants might be the strong cellular oxidation and oxida-
tive damage caused by an increased H2O2 accumulation, 
which might be partially due to an earlier decline of 
antioxidant enzyme activities in these plants. 

In conclusion, our results showed that high PFD 
caused early senescence in sunflower (H. annuus L.) 
primary leaves by altering the CO2 fixation rate and the 
Chl and sugar levels, the activity of key enzymes of 
nitrogen metabolism (NR, GS, and GDH), and the 
oxidation status of the plant (accumulation of H2O2 and 
loss of APX and CAT activities). Systemic signals 
triggered by a high PFD probably caused early senes-
cence and diminished oxidative protection in primary 
leaves of sunflower plants as a result. 
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