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Abstract: Lower sunlight caused by overcast skies from June to July in Southern China is one of
the main environmental stresses that frequently occur and affect the post-silking growth and grain
development of spring maize. In this study, a field trial involving four maize hybrids as materials
was conducted to investigate the effects of post-silking shading stress (30% and 50% light deprivation)
on leaf nitrogen metabolism and biomass accumulation during maize growing seasons in 2016 and
2017. Results indicated that 30% and 50% shading stress caused the grain yield to decrease by 47.3%
and 69.6%, respectively. Plant post-silking biomass accumulation was decreased by shading, whereas
the translocation from pre-silking assimilates in the vegetative organs was increased by shading.
This change was sharply observed when the plants were deprived of more sunlight intensity. The leaf
relative chlorophyll (soil and plant analyzer development (SPAD) value) and soluble protein contents
were considerably decreased by shading under 50% light deprivation condition. The activities
of nitrate reductase, glutamine synthetase and glutamate synthase that are involved in nitrogen
metabolism were downregulated by shading stresses. In conclusion, nitrogen metabolism was
disturbed by shading, which induced the decrease in post-silking dry matter accumulation, ultimately
resulting in grain yield loss.
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1. Introduction

Maize (Zea mays L.), a C4 crop, is the leading grain production cereal in the world, and its growth
requires a high sunlight intensity [1]. In many regions in China, maize-growing regions are overcast
in their later growth stages [2]. Shading during the whole growing season causes a decrease in the
leaf area index, plant height and weights of stalk, cob and grain of maize [3]. Shading also decreases
maize plant growth and delays development, causes tassel and ear infertility, reduces pollen vitality
and silk differentiation and lowers kernel set percentage and grain dry matter accumulation, resulting
in a reduced yield [4]. Shading at the flowering stage inhibits photosynthesis and diminishes kernel
size, weight, glucose and starch contents [5]. Post-silking shading reduces the number of maize
grains because of a limited source capacity [6], and a decreased kernel set is primarily in apical ear
regions because of the decreased photosynthesis, the increased abscisic acid level and the nearly halted
accumulation of nonstructural carbohydrate [7]. Plants suffering from a low sunlight intensity at
the post-silking stage experience a dissolution of their cell membrane, karyotheca, mitochondria and
some membrane structures, leading to a decreased photosynthetic capacity [8]. Root physiological
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properties (dry weight, root/shoot ratio, absorption area) are deteriorated by shading [9]. Additionally,
leaf relative chlorophyll content and plant dry matter accumulation are reduced [10], resulting in
grain yield loss. Under low light conditions, the activity of the carbon-concentrating mechanism
generally decreases [1]. Shading at the kernel formation stage changes the maize leaf photosynthesis
and chlorophyll fluorescence properties; it decreases the net photosynthetic and electron transport
rates and increases the maximum and actual photochemical efficiency of Photosystem II (PSII) [11].
The decreased photosynthetic capacity may be due to the downregulated phosphoenolpyruvate
carboxylase activity relative to Rubisco activity and to the lesser inhibition of nicotinamide adenine
dinucleotide phosphate-malic enzyme relative to phosphoenolpyruvate carboxykinase, which perturbs
the balance between the C3 and C4 cycles during photosynthesis in maize [12]. Post-silking low
light after pollination decreases the volume of grain endosperm transfer cells and results in thin and
short cell wall extensions of basal transfer cells, which leads to a decrease in maize grain weight [13].
The expression of microRNAs that regulate hormones, homeostasis, metabolism, development and
flowering timing in maize ears is different between ambient light and shading treatments, resulting in
the decreased maize yield [2].

Nitrogen (N) metabolism is an important substrate for energy metabolism that determines the
yield and quality of crops. Plant photosynthetic capacity is closely associated with the leaf N status,
such as leaf N content and N assimilatory enzyme activities [14]. The enzymes involved in assimilating
intracellular ammonium into organic compounds are nitrate reductase (NR), glutamine synthetase
(GS) and glutamate synthase (GOGAT). N metabolism is affected by reduced light in wheat, and a low
GS and a high NR activity under low light conditions lead to photosynthesis and nitrate reduction [15].
Studies on cotton [16], grapevines [17] and tomatoes [18] observed that the activities of NR, GS and
GOGAT in leaf tissues are reduced by shading. A study on strawberries [19] reported that the activity
of NR in leaf tissues in response to shading was different among different NO3:NH4 ratios. However,
limited studies have been performed to clarify the influence of light deprivation on leaf N metabolism
in maize. In southern China, the climate from mid-June to mid-July is a plum rain season, and it
induces a low sunlight intensity. That generates a detrimental effect on plant growth and development
as it overlaps the grain filling stages of spring maize. Our former studies indicated that the volume and
weight of grains and the starch deposition are suppressed [20,21], and starch quality is changed [22] by
shading during grain filling. We hypothesized that downregulating the activities of leaf N metabolic
enzymes may affect maize plant growth and grain development. In the present study, plants of four
maize hybrids grown under ambient light, 30% and 50% light deprivation conditions were harvested,
and the influence of shading on leaf N metabolism was clarified to help explain the causes of reduction
in spring maize yield.

2. Materials and Methods

2.1. Plant Growth and Experimental Design

Four maize hybrids, namely, Zhengdan958 (ZD958), Jiangyu877 (JY877), Suyu30 (SY30) and Suyu29
(SY29), widely distributed in southeast China, were planted at Yangzhou University (32◦39′74”N,
119◦42′71”E), Yangzhou, China, in 2016 and 2017. The experimental soil was sandy loam with pH
6.8. The average contents of organic matter, alkali hydrolyzable N, Olsen-P, and exchangeable K
in the plow layer (0–20 cm) were 13.2 g kg−1, 82.3 mg kg−1, 8.7 mg kg−1 and 73.9 mg kg−1 in 2016,
and 14.7 g kg−1, 85.3 mg kg−1, 10.3 mg kg−1 and 82.2 mg kg−1 in 2017, respectively. The seeds were
sown on 15 March and transplanted to the field on 28 March with a density of 75,000 plants ha−1

(60.0 cm × 22.2 cm) [22]. The plot size was 24 m2 (4 m × 6 m) with three replicates prepared in a
randomized complete block design. The plants were initially treated with 600 kg ha−1 compound
fertilizer (N/P2O5/K2O = 15%/15%/15%) at transplantation and followed by 500 kg ha−1 urea (N = 46%)
at the eight-leaf stage.
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At the silking stage, ears of 20 plants with similar progression levels were labeled, bagged and
pollinated on the same day to reduce variation among plants. After manual pollination was completed,
the plants were covered with a layer of black polyethylene nets that blocked approximately 30%
(moderate shading, MS) and 50% (severe shading, SS) of solar radiation. The plants without shading
were set as the control group (CK). The nets were placed at 450 cm above the ground to allow a good
ventilation condition. The microclimate was determined by using a portable photosynthetic apparatus
(LI-6400, LI-COR, Lincoln, Nebraska, USA) with a red–blue light source utilized to measure the related
physiological parameters of each plant. The measurements were performed under the following
conditions: an air temperature of 31 ◦C to 39 ◦C, a vapor pressure deficit of 0.5 to 1.0 kPa and an actinic
light intensity of 1200 µmol m−2 s−1. Each measurement was performed at the center of the ear leaf
and lasted approximately 2 min. The average light intensity, CO2, humidity and temperature at 10, 20,
30 and 40 days after pollination (DAP) were measured in each block.

2.2. Yield Determination

Two central lines were harvested to determine grain yield at maturity (harvest on 5 August and 6
August in 2016 and 2017, respectively), and the number of grains per ear was counted. The grains were
manually stripped from the cobs and air dried, and the yield was calculated (kg ha−1). The harvested
grain yield was determined at 14% moisture content [23].

2.3. Dry Matter Accumulation

Maize plants were sampled and separated into leaves, stems, sheaths and tassels once they reached
the silking stage. At maturity, they were sampled and separated into leaves, stems, sheaths, tassels,
cobs, husks and ears. The accumulation of dry matter and nutrients was limited to above ground
because the root system was excluded [24]. All of the samples were oven dried at 80 ◦C to a constant
weight after de-enzyming was conducted at 105 ◦C for 30 min.

The following equations were used for calculations: Post-silking dry matter accumulation (kg ha−1)
= whole plant dry weight at maturity – whole plant dry weight at silking; Post-silking dry matter
translocation (kg ha−1) = whole plant dry weight at silking – dry weight of vegetative organs (leaves,
stems, sheaths and tassels) at maturity [25].

2.4. Relative Chlorophyll Content

The ear leaf relative chlorophyll content (SPAD value) was measured at 10, 20, 30 and 40 DAP
in 10 randomly selected plants per treatment by using a portable chlorophyll meter (SPAD-502 Plus,
Konica Minolta Inc., Tokyo, Japan).

2.5. Leaf Soluble Protein Content

After the midrib was removed, three ear leaves of each treatment at 10, 20, 30 and 40 DAP were
cut in fragments, immediately frozen in liquid N2 and stored at −75 ◦C until the soluble protein content
and the N metabolic enzyme activity were analyzed.

The soluble protein content in the ear leaves was estimated using the method proposed by
Bradford [26], and bovine serum albumin was used as the standard.

2.6. Assay of NR, GS and GOGAT Activities

NR (E.C. 1.6.6.1) activity was determined in accordance with the method proposed by Majlath et
al. [15]. GS (EC 6.3.1.2) and GOGAT (EC 1.4.1.13) activities were examined in accordance with the
method developed by Liang et al. [27].
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2.7. Statistical Analysis

Data reported in all figures and tables were expressed as the average of three repeated observations.
Data were subjected to ANOVA with a least significant difference test at 5% probability level by using
Data Processing System (7.05) [28].

3. Results

3.1. Post-Silking Weather

In Table 1, the temperatures and CO2 concentrations among the CK, MS and SS in both years were
similar. The light intensity gradually decreased as the shading severity increased. The average values
(means of 10, 20, 30 and 40 DAP) under CK, MS and SS were 1084.8, 704.0 and 458.5 µmol m−2 s−1 in
2016 and 1161.0, 762.8 and 632.5 µmol m−2 s−1 in 2017, respectively. The low light intensity in 2016
was due to intermittent rainfall during grain filling.

Table 1. Environmental conditions during grain filling under different treatments.

Treatment
Air Temperature

(◦C)
Relative Humidity

(%)
CO2 Concentration

(µmol mol−1)
Light Intensity
(µmol m−2 s−1)

2016 2017 2016 2017 2016 2017 2016 2017

CK 34.3 36.0 58.2 60.0 382.8 384.5 1084.8 a 1161.0 a
MS 34.2 35.9 58.2 59.3 390.0 386.3 704.0 b 762.8 b
SS 34.3 35.9 57.2 59.6 392.8 391.8 458.5 c 632.5 c

Within column, numbers followed by different letters indicate significant differences (p < 0.05). CK, control; MS,
moderate shading; SS, severe shading.

3.2. Grain Yield

Post-silking shading decreased the ear size and grain numbers, leading to grain yield loss (Figures 1
and 2), and the decrease was severe under SS. The average grain yields under MS and SS conditions
were generally decreased by 45.9% and 73.4% in 2016 and by 48.8% and 65.8% in 2017, respectively.
Amongst the four hybrids, SY30 had the highest grain yield under each condition (The average grain
yields were 12,148, 7606 and 3900 kg ha−1 under CK, MS and SS treatments, respectively). This indicated
that the grain yield potential of SY30 was higher than those of the three other hybrids.
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3.3. Post-Silking Dry Matter Accumulation and Translocation

The post-silking dry matter accumulation was the direct source of yield formation. Post-silking
shading reduced dry matter accumulation (Figure 3). The biomass was reduced by 82.6% and 75.9% by
MS in 2016 and 2017, respectively. Under the SS condition, the post-silking dry matter accumulation
decreased by 91.5% in 2017, and the value was negative for all of the hybrids except SY30 in 2016,
indicating that yield source was mainly dependent on the translocation of pre-silking assimilates stored
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in the vegetative organs. The dry matter translocation under MS and SS increased by 129.2% and 172.0%
in 2016 and by 98.4% and 109.1% in 2017, respectively (Figure 4). Among the four hybrids, the average
values of increase in the amount of translocation under MS and SS were 74.6% and 89.7% in ZD958,
271.6% and 368.9% in JY877, 75.9% and 84.9% in SY29 and 133.2% and 157.9% in SY30, respectively.
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3.4. Leaf SPAD Value

The leaf relative chlorophyll content (SPAD value) of the four hybrids increased initially, peaked
at 20 DAP and decreased afterwards in both years. The SPAD value was decreased by shading, and
the decrease was severe under SS in all hybrids in 2016 (Figure 5). In 2017, the SPAD value at 10
DAP only decreased in ZD958 and was unaffected in the other hybrids. The SPAD value at 20 DAP
was unaffected in JY877, but the other three hybrids was decreased by shading, and the decrease was
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similar between MS and SS. At 30 and 40 DAP, the SPAD value was decreased by shading, and the
decrease was severe under SS in all of the hybrids. In general, the average values under MS and SS
were decreased by 14.5% and 23.8% in 2016 and by 6.5% and 12.7% in 2017, respectively. The following
decreased values of the four hybrids under MS and SS were observed: 11.1% and 16.0% in ZD958,
11.7% and 18.2% in JY877, 10.1% and 20.9% in SY29 and 9.2% and 17.0% in SY30, respectively.

3.5. Leaf Soluble Protein Content

The leaf soluble protein content gradually decreased with grain growth. It was reduced by
shading, but the reduction was dependent on year and hybrid (Figure 6). The value in ZD958 in 2016
was higher under MS than under SS before 30 DAP and lower under MS than under SS at 40 DAP.
Conversely, the value in 2017 was higher under MS than under SS throughout the grain filling stage
except at 20 DAP, and it was similar to that under SS. The value in JY877 was higher under MS than
under SS at 30 DAP and was similar between the two shading treatments at the other stages. The value
in SY29 in 2017 was higher under MS than under SS throughout the grain filling stage. Conversely,
in 2016, the value was higher under MS before 20 DAP, and the difference disappeared thereafter.
The value in SY30 in 2016 was higher under MS than under SS at 10 DAP and was similar between the
two shading conditions thereafter. By contrast, the value in 2017 was similar between MS and SS at 10
DAP and higher under MS than under SS thereafter. In general, the soluble protein contents of ZD958,
JY877, SY29 and SY30 decreased by 18.7%, 26.9%, 22.4% and 15.8% under MS and by 25.2%, 28.8%,
33.5% and 23.3% under SS, respectively.
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Figure 6. Ear leaf soluble protein contents of four maize hybrids under post-silking shading. CK,
control; MS, moderate shading; SS, severe shading. ZD958: Zhengdan958; JY877: Jiangyu877; SY29:
Suyu29; SY30: Suyu30. * means that the values at the same stage are significantly different (p < 0.05)
among three treatments.

3.6. GOGAT, GS and NR Activities

With plant development, the activities of GS and GOGAT gradually decreased, whereas the activity
of NR increased initially, peaked at 20 DAP, and decreased afterwards (Figures 7–9). The activities of
GOGAT, GS and NR were decreased by shading, but the decrease was dependent on hybrid, stage and
year. Compared with the control, the GOGAT activities of ZD958, JY877, SY29 and SY30 were decreased
by 15.6%, 10.9%, 20.7% and 15.3% under MS and decreased by 20.8%, 22.1%, 28.4% and 21.1% under SS,
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respectively (Figure 7). Compared with the control, the GS activities of ZD958, JY877, SY29 and SY30
were decreased by 13.6%, 20.3%, 19.0% and 12.9% under MS and decreased by 22.8%, 19.9%, 22.3%
and 24.0% under SS, respectively (Figure 8). Compared with the control, the NR activities of ZD958,
JY877, SY29 and SY30 were decreased by 13.1%, 4.7%, 10.7% and 11.4% under MS and decreased by
24.7%, 23.2%, 19.3% and 21.0% under SS, respectively (Figure 9). Generally, compared with the control,
the activities of GOGAT, GS and NR (mean of four hybrids at different stages) were decreased by 13.3%
and 23.0%, 16.5% and 21.4%, and 12.2% and 24.5% under MS and SS in 2016 and decreased by 18.2%
and 23.2%, 16.6% and 23.0%, and 8.0% and 19.7% in 2017, respectively.Plants 2020, 9, 210 10 of 15 
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different (p < 0.05) among three treatments.



Plants 2020, 9, 210 11 of 15
Plants 2020, 9, 210 11 of 15 

 

 

Figure 8. Ear leaf glutamine synthetase (GS) activities of four maize hybrids under post-silking 
shading. CK, control; MS, moderate shading; SS, severe shading. ZD958: Zhengdan958; JY877: 
Jiangyu877; SY29: Suyu29; SY30: Suyu30. * means that the values at the same stage are significantly 
different (p < 0.05) among three treatments. 

Figure 8. Ear leaf glutamine synthetase (GS) activities of four maize hybrids under post-silking shading.
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4. Discussion

Maize grain yield is dependent on the post-silking photosynthate accumulation and the
translocation of the reserved carbohydrates in vegetative organs, such as stems and leaves [29].
Post-silking direct assimilation is vital to grain development [30,31]. In the present study, shading
decreased the post-silking direct dry matter accumulation, resulting in grain yield loss. The grain yield
under shading was mainly dependent on the translocation of pre-silking reserved carbohydrate in
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stems and leaves. However, translocation could not compensate for the decreased post-silking biomass.
The negative post-silking dry matter accumulation of ZD958, JY877 and SY29 in 2016 was possibly
because of leaf and stem rotting caused by intermittent rainfall during grain filling. The reduced
post-silking dry matter accumulation may be due to the decreased photosynthetic capacity attributed
to light deprivation, which limits the source capacity for grain development [5,6,8,11]. The low SPAD
value and photosynthetic rate (unpublished data) under shading indicated that the photosynthetic
function deteriorated, and the leaf photoprotection mechanism was probably damaged, thereby
decreasing photosynthesis and dry matter accumulation [10]. Nevertheless, studies on rice [32,33] and
wheat [34] have found that leaf chlorophyll content is increased by shading, thereby improving the
light harvesting potential to enhance light-use efficiency and reducing the dissipation of light energy.
This discrepancy may be due to the difference between C3 and C4 crops. Xu et al. [35] also reported
that slight shading delays wheat leaf senescence, enhances photosynthesis and grain filling and results
in high grain yield, whereas mild and severe shading negatively affect grain yield.

The leaf N content and activity are closely associated with plant photosynthetic capacity. A high
N content in leaves enhances photosynthesis and delays leaf senescence [36]. In the present study,
the content of leaf soluble protein and the activities of NR, GS and GOGAT were reduced by shading,
especially under severe shading treatments. A similar result is observed in cotton [16]. The leaf protein
and chlorophyll contents under shading decrease as the photosynthetic rate and PSII photochemistry
decrease and the peroxidation activity increases in wheat [37]. Setien et al. [38] observed that wheat
behaves as a species sensitive to ammonium nutrition at a low light intensity, and the low GS activity is
insufficient for ammonium assimilation. However, a study on wheat has observed that the activity of
NR is unaffected by shading at ambient temperatures, and its value increases at low temperatures [15].
Thus, the increased activity of NR at a low temperature might help sustain nitrate reduction.

5. Conclusions

The leaf relative chlorophyll content, soluble protein content and NR, GS and GOGAT activities
were reduced by post-silking light stress. These results indicated that the leaf pigments and N
metabolism were affected by shading, and the translocation of pre-silking assimilates that stored in
vegetative organs could not compensate for the reduction of post-silking biomass accumulation, leading
to grain yield loss. Therefore, in southern China spring maize production, selecting low-sunlight
tolerant hybrids, adjusting nitrogen applications or spraying exogenous hormones to enhance leaf
nitrogen metabolism and keep a high chlorophyll content could increase the dry matter accumulation
and alleviate the negative influence of weak-light stress.

Author Contributions: Conceptualization, W.L. and D.L.; methodology, D.L.; software, D.L.; validation, D.L.;
formal analysis, J.W.; investigation, J.W. and K.S.; resources, D.L.; data curation, J.W.; writing—original draft
preparation, J.W.; writing—review and editing, J.W. and K.S.; visualization, D.L.; supervision, W.L. and D.L.;
project administration, D.L.; funding acquisition, W.L. and D.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by the National Key Research and Development Program of China
(2016YFD0300109), the National Natural Science Foundation of China (Grant No. 31771709, 31471436), the
Earmarked Fund for Jiangsu Agricultural Industry Technology System (JATS[2019]458) and the Priority Academic
Program Development of Jiangsu Higher Education Institutions.

Conflicts of Interest: The authors have declared no conflict of interest.

References

1. Bellasio, C.; Griffiths, H. Acclimation of C4 metabolism to low light in mature maize leaves could limit
energetic losses during progressive shading in a crop canopy. J. Exp. Bot. 2014, 65, 3725–3736. [CrossRef]

2. Yuan, L.Z.; Tang, J.H.; Liu, J.Y.; Song, H.; Zhang, M.B.; Li, H.P.; Li, C.H. Differential miRNA expression in
maize ear subjected to shading tolerance. Acta Physiol. Plant 2016, 38. [CrossRef]

3. Yuan, F.H.; Guan, D.X.; Wang, A.Z.; Wu, J.B.; Jin, C.J. Effects of long-term shade on maize (Zea mays L.)
growth and yield in west of Liaoning province, Northeastern China. J. Food Agric. Environ. 2012, 10, 357–361.

http://dx.doi.org/10.1093/jxb/eru052
http://dx.doi.org/10.1007/s11738-016-2094-x


Plants 2020, 9, 210 14 of 15

4. Cui, H.Y.; Camberato, J.J.; Jin, L.B.; Zhang, J.W. Effects of shading on spike differentiation and grain yield
formation of summer maize in the field. Int. J. Biometeorol. 2015, 59, 1189–1200. [CrossRef]

5. Hiyane, R.; Hiyane, S.; Tang, A.C.; Boyer, J.S. Sucrose feeding reverses shade-induced kernel losses in maize.
Ann. Bot. Lond. 2010, 106, 395–403. [CrossRef]

6. Cerrudo, A.; Di Matteo, J.; Fernandez, E.; Robles, M.; Pico, L.O.; Andrade, F.H. Yield components of maize as
affected by short shading periods and thinning. Crop Pasture Sci. 2013, 64, 580–587. [CrossRef]

7. Setter, T.L.; Flannigan, B.A.; Melkonian, J. Loss of kernel set due to water deficit and shade in maize:
Carbohydrate supplies, abscisic acid, and cytokinins. Crop Sci. 2001, 41, 1530–1540. [CrossRef]

8. Ren, B.Z.; Cui, H.Y.; Camberato, J.J.; Dong, S.T.; Liu, P.; Zhao, B.; Zhang, J.W. Effects of shading on the
photosynthetic characteristics and mesophyll cell ultrastructure of summer maize. Sci. Nat. Heidelb. 2016,
103, 67. [CrossRef]

9. Gao, J.; Shi, J.; Dong, S.; Liu, P.; Zhao, B.; Zhang, J. Grain yield and root characteristics of summer maize (Zea
mays L.) under shade stress conditions. J. Agron. Crop Sci. 2017, 203, 562–573. [CrossRef]

10. Gao, J.; Zhao, B.; Dong, S.T.; Liu, P.; Ren, B.Z.; Zhang, J.W. Response of summer maize photosynthate
accumulation and distribution to shading stress assessed by using (CO2)C13 stable isotope tracer in the field.
Front. Plant Sci. 2017, 8, 1821. [CrossRef]

11. Zhong, X.M.; Shi, Z.S.; Li, F.H.; Huang, H.J. Photosynthesis and chlorophyll fluorescence of infertile and
fertile stalks of paired near-isogenic lines in maize (Zea mays L.) under shade conditions. Photosynthetica
2014, 52, 597–603. [CrossRef]

12. Sharwood, R.E.; Sonawane, B.V.; Ghannoum, O. Photosynthetic flexibility in maize exposed to salinity and
shade. J. Exp. Bot. 2014, 65, 3715–3724. [CrossRef]

13. Jia, S.F.; Li, C.F.; Dong, S.T.; Zhang, J.W. Effects of shading at different stages after anthesis on maize grain
weight and quality at cytology level. Agric. Sci. China 2011, 10, 58–69. [CrossRef]

14. Prasad, P.V.V.; Staggenborg, S.A.; Ristic, Z. Impacts of drought and/or heat stress on physiological,
developmental, growth, and yield processes of crop plants. Adv. Agric. Syst. Model 2008, 1, 301–355.
[CrossRef]

15. Majlath, I.; Darko, E.; Palla, B.; Nagy, Z.; Janda, T.; Szalai, G. Reduced light and moderate water deficiency
sustain nitrogen assimilation and sucrose degradation at low temperature in durum wheat. J. Plant Physiol.
2016, 191, 149–158. [CrossRef]

16. Yu, S.; Wang, Y.; Zhou, Z.; Lv, F.; Liu, J.; Ma, Y.; Chen, J.; Abudukeyoumu, A. Effect of shade on nitrogen
metabolism and its mechanism in cotton plant at flowering andboll-forming stage. Acta Agron. Sin. 2011, 37,
1879–1887. [CrossRef]

17. Bertamini, M.; Nedunchezhian, N. Decline of photosynthetic pigments, ribulose-1,5-bisphosphate carboxylase
and soluble protein contents, nitrate reductase and photosynthetic activities, and changes in thylakoid
membrane protein pattern in canopy shade grapevine (Vitis vinifera L. cv. Moscato giallo) leaves. Photosynthetica
2001, 39, 529–537. [CrossRef]

18. Shu, S.; Tang, Y.Y.; Yuan, Y.H.; Sun, J.; Zhong, M.; Guo, S.R. The role of 24-epibrassinolide in the regulation
of photosynthetic characteristics and nitrogen metabolism of tomato seedlings under a combined low
temperature and weak light stress. Plant Physiol. Biochem. 2016, 107, 344–353. [CrossRef]

19. Tabatabaei, S.J.; Yusefi, M.; Hajiloo, J. Effects of shading and NO3: NH4 ratio on the yield, quality and N
metabolism in strawberry. Sci. Hortic. Amst. 2008, 116, 264–272. [CrossRef]

20. Lu, D.L.; Sun, X.L.; Wang, X.; Yan, F.B.; Lu, W.P. Effect of shading during grain filling on the physicochemical
properties of fresh waxy maize. J. Integr. Agric. 2013, 12, 1560–1567. [CrossRef]

21. Yang, H.; Shi, Y.L.; Xu, R.C.; Lu, D.L.; Lu, W.P. Effects of shading after pollination on kernel filling and
physicochemical quality traits of waxy maize. Crop J. 2016, 4, 235–245. [CrossRef]

22. Shi, K.; Gu, X.T.; Lu, W.P.; Lu, D.L. Effects of weak-light stress during grain filling on the physicochemical
properties of normal maize starch. Carbohydr. Polym. 2018, 202, 47–55. [CrossRef]

23. Chen, Y.L.; Xiao, C.X.; Wu, D.L.; Xia, T.T.; Chen, Q.W.; Chen, F.J.; Yuan, L.X.; Mi, G.H. Effects of nitrogen
application rate on grain yield and grain nitrogen concentration in two maize hybrids with contrasting
nitrogen remobilization efficiency. Eur. J. Agron. 2015, 62, 79–89. [CrossRef]

24. Ciampitti, I.A.; Vyn, T.J. Physiological perspectives of changes over time in maize yield dependency on
nitrogen uptake and associated nitrogen efficiencies: A review. Field Crop Res. 2012, 133, 48–67. [CrossRef]

http://dx.doi.org/10.1007/s00484-014-0930-5
http://dx.doi.org/10.1093/aob/mcq132
http://dx.doi.org/10.1071/CP13201
http://dx.doi.org/10.2135/cropsci2001.4151530x
http://dx.doi.org/10.1007/s00114-016-1392-x
http://dx.doi.org/10.1111/jac.12210
http://dx.doi.org/10.3389/fpls.2017.01821
http://dx.doi.org/10.1007/s11099-014-0071-4
http://dx.doi.org/10.1093/jxb/eru130
http://dx.doi.org/10.1016/S1671-2927(11)60307-6
http://dx.doi.org/10.2134/advagricsystmodel1.c11
http://dx.doi.org/10.1016/j.jplph.2015.12.004
http://dx.doi.org/10.3724/SP.J.1006.2011.01879
http://dx.doi.org/10.1023/a:1015647811085
http://dx.doi.org/10.1016/j.plaphy.2016.06.021
http://dx.doi.org/10.1016/j.scienta.2007.12.008
http://dx.doi.org/10.1016/S2095-3119(13)60560-2
http://dx.doi.org/10.1016/j.cj.2015.12.004
http://dx.doi.org/10.1016/j.carbpol.2018.08.114
http://dx.doi.org/10.1016/j.eja.2014.09.008
http://dx.doi.org/10.1016/j.fcr.2012.03.008


Plants 2020, 9, 210 15 of 15

25. Yang, H.; Huang, T.Q.; Ding, M.Q.; Lu, D.L.; Lu, W.P. High temperature during grain filling impacts on leaf
senescence in waxy maize. Agron. J. 2017, 109, 906–916. [CrossRef]

26. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

27. Liang, C.G.; Chen, L.P.; Wang, Y.X.; Liu, J.; Xu, G.L.; Li, T. High temperature at grain filling stage affects
nitrogen metabolism enzyme acivities in grains and grain nutritional quality in rice. Rice Sci. 2011, 18,
210–216. [CrossRef]

28. Tang, Q.Y.; Feng, M.G. Data Processing System: Experimental Design, Statistical Analysis and Data Mining;
Science Press: Beijing, China, 2007.

29. Barnabas, B.; Jager, K.; Feher, A. The effect of drought and heat stress on reproductive processes in cereals.
Plant Cell Environ. 2008, 31, 11–38. [CrossRef]

30. Farooq, M.; Bramley, H.; Palta, J.A.; Siddique, K.H.M. Heat stress in wheat during reproductive and
grain-filling phases. Crit. Rev. Plant Sci. 2011, 30, 491–507. [CrossRef]

31. Tollenaar, M.; Daynard, T.B. Effect of source-sink ratio on dry matter accumulation and leaf senescence of
maize. Can. J. Plant Sci. 1982, 62, 855–860. [CrossRef]

32. Wang, L.; Deng, F.; Ren, W.J. Shading tolerance in rice is related to better light harvesting and use efficiency
and grain filling rate during grain filling period. Field Crop Res. 2015, 180, 54–62. [CrossRef]

33. Pan, S.G.; Liu, H.D.; Mo, Z.W.; Patterson, B.; Duan, M.Y.; Tian, H.; Hu, S.J.; Tang, X.R. Effects of nitrogen
and shading on root morphologies, nutrient accumulation, and photosynthetic parameters in different rice
genotypes. Sci. Rep. UK 2016, 6, 32148. [CrossRef] [PubMed]

34. Li, H.W.; Jiang, D.; Wollenweber, B.; Dai, T.B.; Cao, W.X. Effects of shading on morphology, physiology and
grain yield of winter wheat. Eur. J. Agron. 2010, 33, 267–275. [CrossRef]

35. Xu, C.L.; Tao, H.B.; Wang, P.; Wang, Z.L. Slight shading after anthesis increases photosynthetic productivity
and grain yield of winter wheat (Triticum aestivum L.) due to the delaying of leaf senescence. J. Integr. Agric.
2016, 15, 63–75. [CrossRef]

36. Sinclair, T.R.; Pinter, P.J.; Kimball, B.A.; Adamsen, F.J.; LaMorte, R.L.; Wall, G.W.; Hunsaker, D.J.; Adam, N.;
Brooks, T.J.; Garcia, R.L.; et al. Leaf nitrogen concentration of wheat subjected to elevated CO2 and either
water or N deficits. Agric. Ecosyst. Environ. 2000, 79, 53–60. [CrossRef]

37. Spundova, M.; Sloukova, K.; Hunkova, M.; Naus, J. Plant shading increases lipid peroxidation and intensifies
senescence-induced changes in photosynthesis and activities of ascorbate peroxidase and glutathione
reductase in wheat. Photosynthetica 2005, 43, 403–409. [CrossRef]

38. Setien, I.; Fuertes-Mendizabal, T.; Gonzalez, A.; Aparicio-Tejo, P.M.; Gonzalez-Murua, C.;
Gonzalez-Moro, M.B.; Estavillo, J.M. High irradiance improves ammonium tolerance in wheat plants
by increasing N assimilation. J. Plant Physiol. 2013, 170, 758–771. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.2134/agronj2016.08.0452
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://dx.doi.org/10.1016/S1672-6308(11)60029-2
http://dx.doi.org/10.1111/j.1365-3040.2007.01727.x
http://dx.doi.org/10.1080/07352689.2011.615687
http://dx.doi.org/10.4141/cjps82-128
http://dx.doi.org/10.1016/j.fcr.2015.05.010
http://dx.doi.org/10.1038/srep32148
http://www.ncbi.nlm.nih.gov/pubmed/27557779
http://dx.doi.org/10.1016/j.eja.2010.07.002
http://dx.doi.org/10.1016/S2095-3119(15)61047-4
http://dx.doi.org/10.1016/S0167-8809(99)00146-2
http://dx.doi.org/10.1007/s11099-005-0064-4
http://dx.doi.org/10.1016/j.jplph.2012.12.015
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Plant Growth and Experimental Design 
	Yield Determination 
	Dry Matter Accumulation 
	Relative Chlorophyll Content 
	Leaf Soluble Protein Content 
	Assay of NR, GS and GOGAT Activities 
	Statistical Analysis 

	Results 
	Post-Silking Weather 
	Grain Yield 
	Post-Silking Dry Matter Accumulation and Translocation 
	Leaf SPAD Value 
	Leaf Soluble Protein Content 
	GOGAT, GS and NR Activities 

	Discussion 
	Conclusions 
	References

