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Abstract

In a field experiment, two winter wheat (Triticum aestivum L.) cultivars, Tainong 18 (a large-spike cultivar) and Jinan
17 (a multiple-spike cultivar), were treated with 78% (S1), 50% (S2), and 10% (S3) of full sunshine (S0, control) from
anthesis to maturity to determine the responses of photosynthetic characteristics and antioxidative enzyme activities in a
flag leaf. Compared with SO treatment, the chlorophyll (Chl) content and maximal efficiency of photosystem II (PSII)
photochemistry (F,/F,,) of flag leaves were enhanced in treatments S1 and S2. From 0 to 7 d post flowering, the Chl
content and F,/F, in S3 were also higher than those in S0, but significantly lower than those in controls, respectively.
With the increase of shading intensity, the effective quantum yield of PSII (®pg) was promoted; whereas, the ratio of
Chl a/b declined. Compared with SO, treatments S2 and S3 significantly suppressed the activities of superoxide
dismutase (SOD) and peroxidase (POD), net photosynthetic rate (Py), and contents of total soluble sugar, nevertheless,
S1 treatment showed positive effects on the above parameters. Under the same shading condition, Jinan 17 had larger
Chl content and higher activities of PSII and antioxidative enzymes, but lower malondialdehyde (MDA) content than
Tainong 18. The results indicated that multiple-spike cultivar was more advantageous for the Huang-Huai-Hai Plain,
where shading problem occurs later during the growth period, than the large-spike cultivar, because of the lesser damage
in a flag leaf and better photosynthetic function of the former one. Wheat plants under S1 shading condition had
relatively high activities of antioxidative enzymes and a low degree of membrane lipid peroxidation, which was in favor
of stress resistance, maintaining high Py duration, and accumulation of photosynthates in wheat plants.
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Introduction

Grain yield in wheat is dependent on photosynthate
production and allocation. Light intensity is one of the
main factors affecting it. Huang-Huai-Hai plain is one of
the main wheat production areas in China. Shading after
flowering, which is caused by cloudy weather and by
surrounding protective trees, often occurs on this plain.

As the data show, solar radiation and sunshine duration
have been declining continuously in the downstream
plain of the Yellow River during last 50 years (Yan ef al.
2003, Xu and Zhao 2005, Yang ef al. 2005). The down-
trend, which mainly happens in summer and winter, is
still going on (Xu and Zhao 2005, Yang et al. 2005).
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In addition, this plain is also the most important fruit
and industrial tree production area. Thus, various
intercropping systems of trees and wheat are developed to
ensure simultaneously the production of wheat, fruit, and
industrial trees. Poplar-wheat is one of the most impor-
tant intercropping systems in this plain (Fang et al. 1999).
Light intensity of canopy in this intercropping system is
only 30.8-80.2% of a single culture field (Burgess et al.
2005, Yu et al. 2007).

Photosynthesis is the basis of a crop production and
higher photosynthesis product accumulation is the
premise of the crop yield (Arisnabarreta and Miralles
2008). Photosynthates of functional leaves, physiological
activity of which directly influences the dry matter
accumulation and allocation, contribute over 80% of dry
matter to grain yield during grain filling in winter wheat
(Murchie et al. 1999). Light intensity is an important
factor affecting crop photosynthetic production (Guo
et al. 2010). Changes in radiation influence both photo-
synthetic light- and carbon-use efficiency, and this
ultimately affects the total grain yield (Bell et al. 2000,
Jiang et al. 2002, Greenwald et al. 2006, Zhang et al.
2007). Most researchers studied the effect of light
intensity on the growth and development of crops through
shading (Bell et al. 2000, Jiang et al. 2002, Zhang et al.
2007, Guo et al. 2010). Both pre-anthesis and post-
anthesis shading winter wheat caused a decrease in both
dry matter accumulation and allocation to grain and then
reduced the grain yield (Wang et al. 2003). Shading
winter wheat from booting stages reduced the dry matter
of the ears (Demotes-Mainard and Jeuffroy 2004).
Shading also significantly impaired Py via changes in the
photosystem II (PSII) functioning (Burkey and Wells

Materials and methods

Field design: The field experiment was carried out from
October 2010 to June 2011 (growing season) at Tai'an
Experimental Station (36°09'N, 117°09'E) of Shandong
Agricultural University, Tai'an, Shandong Province,
China. The soil type was a loam containing 13.5 g kg’
organic matter, 0.89 g kg available N, 26.6 mg kg
available phosphate, and 75.2 mg kg ' available K. Maize
(Zea mays L.) was the previous crop and the straw was
returned to the field. Fig. 1 shows the climate data from
March to June in 2011.

Two high-yield winter wheat (Triticum aestivum L.)
cultivars currently used in a local wheat production,
Tainong 18 and Jinan 17, were used. Before sowing,
120kg(N) ha™', 105 kg(P,0s) ha ', and 105 kg(K,0) ha'
were applied as a basal fertilizer and another 120 kg(N)
ha”' was top-dressed at the jointing stage. Seeds were
sown on 12 October 2010 to produce a density of
180 plants m > with a row space of 0.25 m.

The top of wheat canopy was covered by different
layers of black net screens starting from anthesis (12 May
2011) to maturity (14 June 2011) to provide three shading
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1991, Mitchell et al. 1996, Mu et al. 2010), and it had
been found that the Chl content of flag leaves increased
and Chl a/b ratio decreased under such conditions (Dai et
al. 2009). Meanwhile, the light intensity could
significantly impair antioxidative metabolism in the plant
(Schoner and Krause 1990). It was found that shading not
only increased the throughput rate of O, and the content
of H,0O,, but it also enhanced the activity of SOD, POD,
and catalase (Huang et al. 2008). It should be noted that
the activity and a cooperative relationship of
antioxidative enzymes determined the stress resistance of
crops (Ge et al. 2005). However, no evidence was given
to indicate the relationship between photosynthetic
characteristics and antioxidative metabolism in flag
leaves of wheat under shading.

To date, most research studies have focused on the
grain yield and a quality influenced by shading (Wang
etal. 2003, Demotes-Mainard and Jeuffroy 2004,
Estrada-Campuzano et al. 2008). However, the impact of
shading on photosynthetic characteristics, antioxidative
metabolism, and the relationship between both has not
been documented in flag leaves of winter wheat.
Therefore, our experiment was done in a field with two
winter wheat (Triticum aestivum L.) cultivars of a
different spike and kernel type. The objectives of the
present study were: (/) to test the photosynthetic per-
formance, total soluble sugar content and antioxidative
metabolism under shading, and (2) to examine the
response to shading in flag leaf of wheat cultivars with a
different genotype, grown in the field, which might
provide a theoretical basis for a selection of suitable
cultivars for higher grain yield of winter wheat in the
Huang-Huai-Hai plain of China.

treatments, i.e. shading with 1, 2, and 3 layers of the
screen, which blocked about 22% (S1), 50% (S2), and
90% (S3) of the full radiation above the canopy,
respectively. No shading was set as the control (S0). The
screens were more than 180 cm above the ground to
ensure good ventilation and they were large enough to
fully cover the corresponding shaded plots. The
experiment was a split-plot design with shading as the
main plot and wheat cultivar as subplot and 3 replicates
for each. The size of each plot was 3 m x 5 m.

Sampling: During the anthesis, ears, flowered on the
same day, were labeled for an uniformity in size and
developmental stage. Flag leaves of the labelled plants in
each treatment were sampled at 7-d intervals from the
anthesis to 28 d after the anthesis (DAA). A part of the
flag leaves was frozen immediately in liquid N, for
at least 30 min and then stored at —40°C for Chl content,
antioxidative enzyme activity, and MDA content assays.
The second part was sterilized at 105°C, then oven-dried
at 70°C and ground into powder for total soluble sugar
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Fig. 1. Climate data (4, temperature; B, rainfall; and C, sunshine hours) from March to June 2011.
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Fig. 2. Microclimate (4, temperature at canopy and B, relative humidity) in wheat canopy under shading at 20 DAA from March to
June 2011. SO refers to no shading (control); S1, S2, and S3 refer to shading treatments (78%, 50%, and 10% of full sunshine,
respectively).

content measurement. The third part was left intact for measured with a HOBO HS datalogger (MicroDAQ,

detecting photosynthetic parameters and Chl fluores- Contoocook, NH, USA). All the data were monitored

cence. every 30 min from 8:00 to 18:00 at 20 DAA. The data
were shown in Fig. 2.

Microclimate in the field: The temperature at the canopy

level and relative humidity under net screens were Chl content: Leaves (0.1 g) were sliced and incubated
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with 25 ml of an extraction solution containing equal
volumes of acetone and anhydrous ethanol. After com-
plete extraction in the dark, Chl content and Chl a/b were
colorimetrically analyzed according to Arnon (1949).

Photosynthetic parameters and Chl fluorescence para-
meters: Py, stomatal conductance (g;), and intercellular
CO, concentration (C;) of the flag leaf were measured
with a portable photosynthesis system (CIRAS-II,
PP systems, Hitchin, UK). The chamber was equipped
with a red/blue LED light source. The PAR was set at
1,200 pmol m~ s™'. The measurements were carried out
with an open system.

Chl fluorescence parameters of the flag leaves were
measured with a pulse-modulated fluorometer (FMS-2,
Hansatech, UK). The minimal and maximal fluorescence
(Fo and F,,) were determined after full-dark adaptation for
20 min. The steady-state fluorescence (F;) and the maxi-
mum fluorescence in a light-adapted state (F,') were
determined under actinic light of 1,200 pmol m* s for
10 min and an 1-s pulse of saturating radiation of 4,000
pmol m s’l, respectively. The F,/F,, ®psy, and the
electron transport rate (ETR) were calculated according
to Li et al. (2007).

Total soluble sugar content: 0.05 g of powder, consist-
ing of grounded flag leaves, was dispersed and mixed
with 5 ml of deionized water, and then the extract was
heated for 30 min at 100°C. After centrifugation for 5 min
at 4,000 x g and a removal of the supernatant, the pellets
were resuspended and reextracted twice. Three super-
natants were combined in 25 ml volumetric flask and
added to the volume by deionized water. Then, 1 ml of
solution was taken into a glass tube, and 3 ml of anthrone
reagent (4.5 mg anthrone in 88% sulfuric acid) were
added. The sample was mixed and heated for 10 min at
100°C. The absorbance at 620 nm was measured after the
sample was cooled down.

Results

Chl content: The Chl contents in the flag leaf of S1 and
S2 were higher than that in SO, and increased with
increasing shading intensity. Before 7 DAA, the content
of Chl was higher in the flag leaf of S3 than of SO, while
it was lower after 14 DAA. At 28 DAA, the Chl content
increased in the flag leaf of S1 and S2 by 10.3 and 24.7%
in Tainong 18, and by 9.1 and 20.8% in Jinan 17,
respectively. In addition, the Chl content decreased in the
flag leaf in both Tainong 18 and Jinan 17 in S3 by 14.0
and 6.4%, respectively (Fig. 34,B). However, the ratio of
Chl a/b was lower under S2 and S3 compared with SO,
and decreased with increasing shading intensity. The
Chl a/b decreased in the flag leaf of Tainong 18 at Sl
between 0 and 14 DAA, and in Jinan 17 between 0 and 7
DAA (Fig. 3C,D).
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Antioxidative enzyme activity and MDA content: 0.5 g
of leaves was homogenized in 5 cm’ of a respective
extraction buffer (50 mM phosphate buffered saline
(PBS) + 0.4% polyvinylpyrrolidone (PVP), pH 7.0) in
a prechilled mortar and pestle on ice. The homogenate
was centrifuged at 10,000 x g for 30 min at 4°C and the
supernatant was collected as a crude enzyme extract.

SOD (EC 1.15.1.1.) activity was assayed by moni-
toring the inhibition of the photochemical reduction
of nitroblue tetrazolium (NBT) according to
Giannopolitis and Ries (1977). One unit SOD activity
was defined as the amount of enzyme required to cause
50% inhibition of the reduction of NBT as monitored
spectrophotometrically (UV-2401, Shimadzu Corp.,
Japan) at 560 nm. Activity was expressed as units (U) per
gram of fresh leaf mass (FM).

POD (EC 1.11.1.7) activity was determined using the
guaiacol oxidation method (Klapheck et al. 1990). Guaia-
col oxidation was monitored spectrophotometrically for
60 s at 470 nm. The activity was expressed as units
(guaiacol oxidation product per minute) per gram of FM
of leaf tissue.

CAT (EC 1.11.1.6) activity was measured by moni-
toring the decrease in absorbance at 240 nm for 60 s as
a consequence of H,0, consumption (Aebi 1984).
Activity was expressed as units (H,O, decomposed per
minute) per gram of FM of leaf tissue.

MDA was estimated by measuring the content of
2-thiobarbituric acid-reactive substances in a supernatant,
prepared in 20% trichloracetic acid containing 0.5%
2-thiobarbituric acid, and heated at 95°C for 25 min.
MDA content was then determined spectrophoto-
metrically as the absorbance at 532 nm (As3;) and
corrected for nonspecific turbidity at 600 nm (Aggo)-

Statistical analysis: The one-way analysis of variance
(ANOVA) was used to test the significance among
treatments or between cultivars.

Chl fluorescence: The ®pg; and ETR in both wheat
cultivars increased along with the increasing shading
intensity (Fig. 4C—F). Meanwhile, the F,/F, of flag leaf
increased under shading (except S3 after 14 DAA) in
both cultivars (Fig. 44,B). This indicated that S1 and S2
did not essentially damage the potential light conversion
efficiency of PSII in wheat flag leaf, which could keep
higher photochemical turnover efficiency and make full
use of the absorbed irradiance compared with the control.
However, the adaptability to the heavy shading (S3)
lasted only shortly.

Py and its correlative parameters: Shading after
anthesis showed different effect on g, and C; of the flag
leaf in wheat. The g; decreased significantly under
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Fig. 3. Post-anthesis shading effects on chlorophyll (Chl) content (4,8) and Chl a/b (C,D) in flag leaf of winter wheat cultivars
Tainong 18 and Jinan 17. SO refers to no shading (control); S1, S2, and S3 refer to shading treatments (78%, 50%, and 10% of full

sunshine, respectively). Data represent means + SD of 3 replicates.

shading in both cultivars, while C; increased. The effect
on Py of flag leaf was dependent on the level of shading
applied and the effect was also cultivar-dependent. In
both cultivars, Py was significantly reduced in S2 and S3.
During the grain filling phase, Py decreased in Tainong
18 by 24.4 and 72.6% in S2 and S3, respectively. How-
ever, in Jinan 17, it was decreased by 17.4 and 65.8% in
S2 and S3, respectively. There was no significant
difference in the Py of flag leaf between low-intensity
light (S1) and the non-shading (S0) treatments. However,
the Py was higher in SO than under S1 before 14 DAA,
while it was higher in S1 compared with SO after 21 DAA
(Table 1). This indicated that low-intensity light (S1)
could maintain photosynthesis at a higher level for a
longer time in winter wheat. In addition, Jinan 17 was
found to be more tolerant to shading than Tainong 18.

Total soluble sugar content: The total soluble sugar

content was lower in the flag leaves in S1 than in SO
during the whole grain filling phase in both cultivars
except for 14 to 21 DAA in Jinan 17. The total soluble
sugar content was significantly reduced in both cultivars
under S2 and S3 treatments. Under S2 and S3 treatments
at 21 DAA, the total soluble sugar content significantly
decreased in the flag leaves of Tainong 18 by 35.0 and
52.0%, respectively; in Jinan 17, the total soluble sugar
contents significantly decreased in the flag leaves under
S2 and S3 treatments at 21 DAA by 24.5 and 56.4%,
respectively. Beyond that, the total soluble sugar content
in Tainong 18 decreased by 67.2 and 88.2% at S2 and S3
treatments compared with SO at 28 DAA, while it
decreased by 68.2 and 79.6% in Jinan 17 (Fig. 5). The
results indicated that low-intensity shading improved the
synthesis of total soluble sugar and promoted a
remobilization of photosynthates in Jinan 17 compared
with Tainong 18.
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17 (Fig. 64,B). In both cultivars, the POD activity and the
SOD activity showed a similar trend under shading
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Fig. 5. Post-anthesis shading effects on total soluble sugar content in flag leaf of winter wheat cultivars Tainong 18 (4) and Jinan 17
(B). SO refers to no shading (control); S1, S2, and S3 refer to shading treatments (78%, 50%, and 10% of full sunshine, respectively).

Data represent means + SD of 3 replicates.

MDA content: The MDA content in Tainong 18 in-
creased by 9.4, 34.2, and 45.1% at S1, S2, and S3 treat-
ments, respectively, compared with SO at 28 DAA, while
it increased by 6.2, 33.9, and 44.6% in Jinan 17 (Fig. 7).
We also found the MDA content in the flag leaves
increased sharply at 7 DAA in Tainong 18, while it
increased rapidly at 21 DAA in Jinan 17. Heavy-intensity

Discussion

Effects of shading on photosynthetic characteristics
and antioxidative metabolism of flag leaves: The
structure and function of plant leaves are not only
controlled by genetic factors, but also determined
significantly by environmental factors, including light as
a key element (Bjorkman et al. 1966, Monneveux et al.
2003). Most investigators had found that shading reduced
Py of plant leaves (Wang et al. 2003, Acreche et al. 2009,
Guo et al. 2010, Mu et al. 2010). The present study
indicated that the effect on Py was dependent on the level
of shading applied: heavy shading treatments (S2 and S3)
were found to reduce Py significantly, however, low-
intensity shading (S1) decreased Py between 0 and 14
DAA, but increased it between 21 and 28 DAA (Table 1).
In agreement with the results found by Li ez al. (2010a)
on winter wheat, low-intensity shading improved Py and
the growth of winter wheat. This suggested that light
intensity could change some physiological functions of
plants.

At the same time, there are series of protective means
in wheat plants to remove redundant excitation energy
and to delay aging process of flag leaves after anthesis
(Garnczarska et al. 2004). The antioxidants are com-
pounds capable of quenching reactive oxygen species
(ROS) without undergoing own conversion to destructive
radicals (Igbal er al. 2010). SOD is involved in the
detoxification of O,, however, SOD reactions lead to the
formation of H,0,, which is removed by CAT together
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shading (S2 and S3) increased the degree of membrane
lipid peroxidation of the flag leaves in both cultivars,
however, no significant difference was observed between
S1 and SO during the grain filling phase. These showed
that heavy-intensity shading (S2 and S3) accelerated
aging of winter wheat.

with the components of ascorbate-glutathione (AsA-GSH)
cycle (Jiménez et al. 1997). It was reported that the
activity of SOD and ascorbic acid peroxidase (APX,
EC 1.11.1.11) increased in spinach under strong light and
low-temperature treatments (Schoner and Krause 1990).
In addition, the activity of SOD and CAT were also
improved in flag leaves by a transfer of wheat from weak
to high light (Mishra et al. 1995). All of these studies
indicated that high light improves the capability of
antioxidant systems in crops. On the other hand, recent
studies on winter wheat found that the activity of SOD
and POD were higher under shading treatments (Zheng
et al. 2011). In the present study, the results indicated that
the activity of SOD, POD, and CAT increased under 22%
shading treatment, but decreased significantly under 50%
and 90% shading treatments (Fig. 6). Instead, the content
of MDA decreased under 22% shading treatment, but
increased significantly under 50% and 90% shading
treatments (Fig. 7). The activity of antioxidant enzymes
affected directly CO, assimilation in flag leaf (Li et al.
2010b). Based on the present results, it is suggested that
low-intensity shading (S1) improved stress resistance of
winter wheat and helped to remove active oxygen,
enhance physiological activity of leaves, which ensured a
continuation of normal photosynthetic process (in fact,
we found that S1 even increased Py of flag leaf between
21 and 28 DAA).
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Fig. 6. Post-anthesis shading effects on superoxide dismutase (SOD) (4,B), peroxidase (POD) (C,D) and catalase (CAT) (E,F) activity
in flag leaf of winter wheat cultivars Tainong 18 and Jinan 17. SO refers to no shading (control); S1, S2, and S3 refer to shading
treatments (78%, 50%, and 10% of full sunshine, respectively). Data represent means + SD of 3 replicates.

The relationship between Chl and photosynthetic
characteristics under shading: An increase in the
photosynthetic pigment content may contribute to capture
and use light more effectively (Shaver et al. 2008).
A reduction in light intensity had been shown to alter
chloroplast ultrastructure and Chl components (Evans and
Poorter 2001). In addition, changes of light absorption,
electron transport, and of the primary light energy
conversion in PSII have been reported (Van Rensen and

Curwiel 2000, Govindjee 2002, Minagawa and Takahashi
2004). In the present study, Chl contents increased under
all shading treatments except S3 treatment (Fig. 34,B).
The increase in Chl b was faster than that of Chl q,
resulting in reduced Chl a/b ratio (Fig. 3C,D). These
findings were consistent with another report for shaded
wheat (Zheng et al. 2011). Here, reductions in flag leaf
Py under shading were explained by the reduction in the
ratio of Chl a/b. However, the change of Chl a/b was
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Fig. 7. Post-anthesis shading effects on malondialdehyde (MDA) content in flag leaf of winter wheat cultivars Tainong 18 (4) and
Jinan 17 (B). SO refers to no shading (control); S1, S2, and S3 refer to shading treatments (78%, 50%, and 10% of full sunshine,

respectively). Data represent means £ SD of 3 replicates.

small in S1 treatment, while the total Chl content
increased, which might lead to observation that no
difference between SO and S1 treatment was found in Py
of the flag leaves. In addition, the increase of total Chl
content showed the self-regulation of pigment contents in
plants under low-intensity shading treatment.

In the present study, the PSII was not essentially
damaged, and it even became more active in the flag
leaves under shading conditions as explained by
increased F./F, (except S3 treatment between 14 and 28
DAA), ®pg;; and ETR (Fig. 4). The relative quantity of
electrons passing through PSII in the dark-adapted leaves
was higher (Li et al. 2010a). Low nonphotochemical
quenching (NPQ) in shaded leaves indicated that less
light energy absorbed by the antenna pigments in PSII
was dispersed via heat (Guo et al. 2006). This is in
agreement with the observation in this study that flag leaf
Py increased under S1, and that it decreased in S2 and S3
treatments of the heavy shading. This could suggest that
low-intensity shading might contribute to more effective
capture and use of light, which is a self-compensation in
adverse situation in winter wheat.

Different spike and kernel type wheat cultivars in res-
ponses to shading: Protein synthesis in leaves was found
to be controlled by the irradiation as well as soluble sugar
content (Chi et al. 2001). In the present study, it was
found that the total soluble sugar content decreased in the
flag leaves under S2 and S3 treatments in both Tainong
18 and Jinan 17 (Fig. 5), which was consistent with
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