Sci Nat (2016) 103: 67
DOI 10.1007/500114-016-1392-x

@ CrossMark

ORIGINAL PAPER

Effects of shading on the photosynthetic characteristics
and mesophyll cell ultrastructure of summer maize

Baizhao Ren' - Haiyan Cui' - James J. Camberato” - Shuting Dong' - Peng Liu" -

Bin Zhao' - Jiwang Zhang'

Received: 17 June 2016 /Revised: 28 June 2016 / Accepted: 1 July 2016 /Published online: 20 July 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract A field experiment was conducted to study the ef-
fects of shading on the photosynthetic characteristics and meso-
phyll cell ultrastructure of two summer maize hybrids
Denghai605 (DH605) and Zhengdan958 (ZD958). The ambient
sunlight treatment was used as control (CK) and shading treat-
ments (40 % of ambient sunlight) were applied at different
growth stages from silking (R1) to physiological maturity (R6)
(S1), from the sixth leaf stage (V6) to R1 (S2), and from seeding
to R6 (S3), respectively. The net photosynthetic rate (P,) was
significantly decreased after shading. The greatest reduction of
P, was found at S3 treatment, followed by S1 and S2 treatments.
P, of S3 was decreased by 59 and 48 % for DH605, and 39 and
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43 % for ZD958 at tasseling and milk-ripe stages, respectively,
compared to that of CK. Additionally, leaf area index (LAI) and
chlorophyll content decreased after shading. In terms of meso-
phyll cell ultrastructure, chloroplast configuration of mesophyll
cells dispersed, and part of chloroplast swelled and became
circular. Meanwhile, the major characteristics of chloroplasts
showed poorly developed thylakoid structure at the early growth
stage, blurry lamellar structure, loose grana, and a large gap
between slices and warping granum. Then, plasmolysis oc-
curred in mesophyll cells and the endomembrane system was
destroyed, which resulted in the dissolution of cell membrane,
karyotheca, mitochondria, and some membrane structures. The
damaged mesophyll cell ultrastructure led to the decrease of
photosynthetic capacity, and thus resulted in significant yield
reduction by 45, 11, and 84 % in S1, S2, and S3 treatments,
respectively, compared to that of CK.

Keywords Leafultrastructure - Mitochondria -
Photosynthetic characteristics - Shading - Summer maize (Zea
mays L.)

Abbreviations

Ch  Chloroplast

G Intracellular CO, concentration
CK  Control

CM  Chloroplast membrane
CW  Cell wall

GL  Grana lamella

Gy Stomatal conductance
LAI Leaf area index

Mi  Mitochondria

N Nucleus

Ne  Nuclear envelope

Nu  Nucleolus
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P Particles

P,  Net photosynthetic rate
R1  Silking stage

R3  Milk-ripe stage

R6  Physiological maturity
S1 Shading from R1 to R6
S2  Shading from V6 to R1
S3 Shading from seedling to R6
SL  Stroma lamella

V6  The sixth leaf stage
VT  Tasseling stage

Introduction

For half a century, global solar radiation has decreased by an
average of 1.4-2.7 % per decade (Stanhill and Cohen 2001;
Ramanathan and Feng 2009). The effective sunlight duration
decreased by 1.28 % per decade in China (Chen et al. 2005).
According to the light requirement characteristics of summer
maize, optimum grain yield is achieved when sunlight dura-
tion reaches 600-850 h per growing season. In Tai’an city,
Shandong province, China (where we conducted our re-
search), sunlight duration averaged only 489 h per summer
maize growing season (from July to September) in 2009 to
2011, which was reduced by 117 h compared to the same time
period in 2000 to 2002 due to increased precipitation and
cloud cover (Cui et al. 2012). Periods of rain occurred fre-
quently during the maize growing season resulting in insuffi-
cient solar radiation and yield reduction of summer maize.
Light intensity is only 10-20 % of ambient sunlight with rainy
or cloudy conditions (Cui et al. 2012; Ren et al. 2014).
Maize is highly sensitive to low-light intensities because of
specific anatomical, biochemical, and energetic complexities
associated with C4 metabolism (Ubierna et al. 2011).
Although up to 50 % of C,4 crop canopy photosynthesis may
be carried out by shaded leaves (Baker and Long 1988), light
limitations play an important role in limiting canopy produc-
tivity and severe effects on net canopy photosynthetic uptake
have been reported (Kromdijk et al. 2008). The most direct
impacts of reduced sunlight on plant growth are about photo-
synthesis which provides primary energy for assimilation
(Burkey and Wells 1991). Thus, it is vital to investigate low-
light stress effects on the photosynthetic characteristics of
summer maize. Recently, there are some reports focused on
the efficiency of C, photosynthesis under low-light conditions
(Ubierna et al. 2013; Bellasio and Griffiths 2014). Under low
light, the activity of the carbon-concentrating mechanism gen-
erally decreases, associated with an increase in leakiness (@),
the ratio of CO, retrodiffusing from the bundle sheath relative
to C4 carboxylation. The increase of @ was theoretically as-
sociated with a decrease in biochemical operating efficiency
because a proportion of canopy photosynthesis is carried out
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by shaded leaves, leading to potential productivity losses at
field scale (Bellasio and Griffiths 2014). It was demonstrated
that under low light, neglecting respiratory fractionation and
assuming that CO, concentration in the bundle sheath cells is
much larger than that in mesophyll cells lead to overestimation
of @ (Ubierna et al. 2013). Currently, there is no complete
understanding of how C, photosynthetic efficiency responds
to low light, yet it is an important implication to select traits in
C,4 plants for enhanced photosynthetic efficiency under vari-
ous light environments (Sun et al. 2012; Ubierna et al. 2013;
Bellasio and Griffiths 2014). The improvement of C4 photo-
synthesis efficiency is helpful to explain that shading at any
stage reduced biomass of corn. Furthermore, Di Benedetto
and Garcia (1992) and Nyitrai et al. (1994) reported that more
chlorophyll and light-harvesting complex (LHCII) were syn-
thesized in plants grown under weak illumination. Others re-
ported that chlorophyll synthesis and photosynthetic capacity
were reduced in the seedling stage under low light (Zhang
et al. 2007; Li et al. 2010; Mu et al. 2010), which was attrib-
uted mainly to the damaged chloroplast morphology and
destroyed ultrastructure of functional leaves (Li et al. 2010).
The morphology and internal structure of mesophyll cells, a
fundamental component of photosynthesis, play an important
role in photosynthetic capacity. Under different light condi-
tions, leaf cell structure and physiological and biochemical
metabolism of arabidopsis and watermelon (Citrullus lanatus)
have been found to change significantly (Pan 2008; Duan
et al. 2014). When subjected to various environmental chang-
es, chloroplasts and mitochondria of all organelles in meso-
phyll cells were the most sensitive to low light (Weston et al.
2000; Pessarakli 2005; Xu et al. 2008). Chloroplast number in
ginseng and ginger was reduced after shading (Xu et al. 1994;
Zhang et al. 1999). Thus, the investigation of low-light effect
on the cellular level characteristics is important. Previous stud-
ies have more comprehensively analyzed the effects of shad-
ing on growth and development of summer maize (Zhang
et al. 2007; Li et al. 2010; Mu et al. 2010). However, very
little attention has been given to study the effect of shading on
leaf photosynthesis characteristic at the cellular level. In the
work we presented here, changes in mesophyll cell ultrastruc-
ture of summer maize were studied under long-term low-light
conditions to better understand the effects of shading from
silking (R1) to physiological maturity (R6), from the sixth leaf
stage (V6) to R1, and from seeding to R6 on the physiological
characteristics and yield of summer maize.

Materials and methods

Experimental site

The field experiment was conducted during 2010 and 2011 at
the State Key Laboratory of Crop Biology and the
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experimental farm of Shandong Agricultural University,
China (36° 10’ N, 117° 04’ E; 151 m.a.s.l.). The region is
characterized by alfisols and has a temperate continental mon-
soon climate.

Experimental design

Summer maize hybrid Zhengdan958 (ZD958) was used for
experimental material in 2010 and a second hybrid
Denghai605 (DH605) was included in 2011, which were
widely planted in Shandong Province, China. Maize was
sown on June 16 in both years with a plant density of
67,500 plants per hectare. Every experimental treatment unit
was 27 m” (3 m wide x 9 m long) in size and consisted of five
rows of maize spaced 0.6 m apart, which was the recommend-
ed spacing for summer maize in our region. Four treatments
were arranged in a randomized complete block design with
three replicates: the ambient sunlight treatment was used as
the control (CK) and three shading treatments (40 % of ambi-
ent light intensity) were applied during the following growth
periods: silking stage (R1) to physiological maturity stage
(R6) (S1), from the sixth leaf stage (V6) to R1 (S2), and from
seeding to R6 (S3). Shade cloth (Hongda Shade Cloth
Company, Shouguang City, China) supported with scaffold-
ing allowed almost 40 % of ambient light intensity to pass
through, which were measured by a TES-1332 digital lux
meter (TES, Taiwan) at different hours for 5 days under shad-
ing and natural ambient conditions. A distance of 2 m between
the shade cloth and the top of maize canopy was maintained to
keep the microclimate under the cloth consistent with the con-
trol. Shade cloth had no effect (P > 0.05) on soil temperature,
relative humidity, air speed, or CO, concentration when mea-
sured by a TNHY-11-G handheld weather tester (Top instru-
ment co., LTD, China) in 2010 and 2011. There was also no
difference in light quality between shading and naturally
cloudy conditions at ten wavelengths between 460 and
870 nm, but slight differences at 950 and 1100 nm for light
quality.

Prior to seeding, P and K were applied at 52 kg P per
hectare as calcium dihydrogen phosphate (7.4 % P) and
165 kg K per hectare as muriate of potash (50 % K).
Nitrogen was applied as urea (46 % N) at V6 at 96 kg N per
hectare and at the twelfth leaf stage (V12) at 144 kg N per
hectare. Disease, weeds, and pests were well-controlled in
each treatment. The 10 % difenoconazole were diluted 1000
times by water and sprayed by 750 L/ha at the third leaf stage
(V3) to control Physoderma maydis. The herbicide of 90 %
atrazine acetochlor was diluted 20003000 times and sprayed
on the whole field surface by 600 L/ha before germinating to
control weeds; the pesticides of 50 % phoxim emulsifiable
concentrate were diluted 1000 times by water and sprayed
by 750 L/ha at the ninth leaf stage (V9) to control corn borers.

Leaf area index

At the tasseling stage (VT) and milk stage (R3), 15 represen-
tative plants were obtained from each plot to measure leaf
length (L) and maximum leaf width (W) for the largest leaf
on the individual tagged plants, and then leaf area and leaf area
index (LAI) were calculated according to the method of Qi
etal. (2012).

Leafarea= L x W x 0.75
LAI = (leafareaperplant x plantnumberperplot) /plotarea

Gas exchange parameters

Net photosynthetic rate (P,), stomatal conductance (G;), and
intercellular CO, concentration (C;) were measured on the ear
leaf of five representative plants on clear days between
10:00 AM and 12:00 PM with a portable infrared gas analyzer
(CIRAS 11, PP System, Pentney, UK) at VT and R3 stages.

Chlorophyll concentration

Ten 0.7-cm-diameter leaf disks were obtained for chlorophyll
extraction from fresh ear leaves of five plants from the center
of'each plot at VT and R3. Leaf disks were soaked in 15 ml of
95 % ethanol for 48 h. Chlorophyll a and b concentrations in
the supernatant were determined by measuring light absor-
bance at 663 and 645 nm, respectively, with an ultraviolet
spectrophotometer (UV-2450, SHIMADZU, Japan).
Chlorophyll concentrations were calculated according to the
method of Li (2000).

Chl a = 12.72 A(,63_ 2.59 A645
Chl b = 2288 Aws— 4.67 Ags
Chla + b = Chla + Chlb = 20.29A445 + 8.05A463

Where A is the absorption at the referenced wavelength,
Chl a is concentration of chlorophyll a, Chl b is concentration
of chlorophyll b, and Chl a + b is the total chlorophyll
concentration.

Leaf tissue preparation and microscopy

In 2011, the illuminated sides of five ear leaves were obtained
from the center of each plot at VT and R3 stages. A square
section of a leaf (0.5 x 0.5 cm) near the center vein of each leaf
was removed with a blade. After fixation with 2.5 % glutaral-
dehyde for 4 h, leaf cells were post-fixed with osmic acid at
4 °C for 4 h and then dehydrated with ethanol. When embed-
ded in Spurr resin at 70 °C for 8 h, thin sections were cut from
leaf samples with an LKB-V ultramicrotome and placed upon
250 mesh grids. Samples were double stained using stem ura-
nyl acetate and lead citrate and then observed and randomly

@ Springer



67 Page4 of 12

Sci Nat (2016) 103: 67

photographed using a Hitachi-600 transmission electron mi-
croscope (Xu et al. 2008).

Grain yield

At R6, 30 ears harvested from three rows at the center of each
plot were used to determine yield and ear traits including length,
width, weight, row number, kernels per row, barren tip length,
cob weight, and cob width. All the kernels were air-dried and
grain yield was calculated at 14 % moisture, the standard for
maize storage or sale in China (GB/T 29890-2013).

Grainyield (kgha™') = Harvestear (earsha ')
x kernelnumberperear
x 1000-grainweight(g1000grains ') /10°
X (1-samplemoisturecontent% )/ (1-14%)

Statistical analysis

Data was analyzed with SPSS 17.0 (SPSS Institute Inc.). Date
was subjected to two-factor (i.e., shading and hybrid) analyses
of variance (ANOVA) in a randomized complete block de-
sign. Comparisons among the various treatments were based
on Duncan’s test at the 0.05 probability level (P < 0.05).

Fig. 1 Mesophyll cell and chloroplast ultrastructure changes in ear leaf
of maize hybrid DH605 at tasseling. The leftmost column (a, d, g) shows
the chlorophyll mesophyll cells and topography (x2500). Shown in the
middle column (b, e, h) and the 3rd column (¢, f, i) is the ultrastructure
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Results
Chloroplasts configuration

With ambient sunlight, leaf mesophyll cells of summer maize
were well-formed and close to the cell wall, appearing long-
oval or spindle shaped at VT and R3 for both hybrids (VT-
DH605 (Fig. 1a); VT-ZD958 (Fig. 2a); R3-DH605 (Fig. 3j);
R3-ZD958 (Fig. 4j)). Normal configuration and well-formed
structure of chloroplasts in the mesophyll cells are fundamen-
tal for normal photosynthesis of maize leaves. However, the
number of chloroplast per mesophyll cell was significantly
reduced after shading (Table 1). The greatest reduction
(19 %) occurred in the S3 treatment, followed by S2 treatment
(7 %) at VT. At R3, chloroplast number of S3 treatment was
decreased by 15 % compared to that of CK, while there were
no significant difference among S1, S2, and CK. Chloroplast
morphology was most affected by shading when shading oc-
curred from seeding to R6 (S3), followed by shading from R1
to R6 (S1) and V6 to R1 (S2). An “edema” was evident in
parts of the chloroplasts after shading; they were shorter and
wider and changed in external form from long and oval to
elliptical or nearly circular (VI-DH605 (Fig. 1d, g); VT-
7ZD958 (Fig. 2d, g); R3-DH605 (Fig. 3m-s); R3-ZD958
(Fig. 4m-s)). Shading reduced the length of chloroplasts, but
increased their width (Table 1). The greatest reduction of

(%25,000) of mesophyll cells. Micrographs in rows a—¢, d—f, and g,
respectively, were from plants receiving ambient light or 40 % of
ambient sunlight from the sixth leaf stage (V6) to R1 (S2) and from
seeding to R6 (S3)
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Fig. 2 Mesophyll cell and chloroplast ultrastructure changes in ear leaf
of maize hybrid ZD958 at tasseling. The leftmost column (a, d, g) shows
the chlorophyll mesophyll cells and topography (x2500). Shown in the
middle column (b, e, h) and the 3rd column (¢, f, i) is the ultrastructure

chloroplast length was found in S3, followed by S1 and S3.
The chloroplast length of S3 at VT and R3 were decreased by
16 and 15 % compared to CK, respectively. However, chloro-
plast width was increased after shading. The greatest increase
in chloroplast width, compared to CK, occurred with the S3
treatment by 25 and 26 % for DH605 at VT and R3, respec-
tively. ZD958 decreased by 11 and 33 % compared to that of
CK, respectively.

Chloroplasts ultrastructure

As for the CK plants, chloroplasts had a complete external enve-
lope and clear boundaries, and the thylakoid systems were well-
developed. Lamella structure pile folds were in order; grana and
stroma lamella were compact and clear (VT-DH605 (Fig. 1b);
VT-ZD958 (Fig. 2b); R3-DH605 (Fig. 3k); R3-ZD958
(Fig. 4k)). However, the chloroplast internal structure became
poor, and the numbers of grana and grana lamella were reduced
to varying degrees after shading. The most significant reductions
of grana and grana lamella number were found in S3 with de-
creases of 17and 31 %at VTand 12 and 19 % at R3, respectively,
for DH605, compared with CK while the corresponding values
forZD958 decreased by 10and 37 %at VTand 25 and 33 %atR3,
respectively (Table 1). For S3, most chloroplasts were similarly
round and showed external envelope degradation; the differenti-
ated structures of stroma lamella and grana lamella were damaged

(%25,000) of mesophyll cells. Micrographs in rows a—¢, d—f, and g,
respectively, were from plants receiving ambient light or 40 % of
ambient sunlight from the sixth leaf stage (V6) to R1 (S2) and from
seeding to R6 (S3)

and difficult to recognize (VT-DH605 (Fig. 1h); VT-ZD958
(Fig. 2g, h)), and few chloroplasts were clearly differentiated per
unit of mesophyll cells at VT; the lamellar structure was clearly
visible at R3, showing the adaptability of plants to low-light en-
vironments in the long-term. However, swollen thylakoids, dis-
orderly arranged grana lamellae, and large cracks among lamellae
led to severely dissipated external envelopes, a fine-grained
exosmotic substance, and partially disintegrated chloroplasts
(R3-DH605 (Fig. 3t); R3-ZD958 (Fig. 4t)). The chloroplast grana
and stroma lamella of S1 and S2 were well-developed and exhib-
ited only partial adventitia fractures. However, lamellar structure
was loosely placed and cracks among lamellae were apparent,
such that the grana gradually became twisted (R3-DH605
(Fig. 3n, q); R3-ZD958 (Fig. 4q, t)).

Mitochondria

Mitochondria are the “motive power processing factory” of
plants. Shading influenced mitochondrial structures to varying
degrees. Under natural illumination, mitochondria were scattered
in the cytoplasm and most were circular or elliptical (VT-DH605
(Fig. Ic); VT-ZD958 (Fig. 2¢)). After exposure to shading, mito-
chondria were in a clustered arrangement in the chloroplast (VT-
ZD958 (Fig. 2f, i); R3-DH605 (Fig. 3t); R3-ZD958 (Fig. 4r)),
which would reduce the energy loss due to mitochondrial respi-
ration when energy was in the transport process. After shading,

@ Springer
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Fig. 3 Mesophyll cell and chloroplast ultrastructure changes in ear leaf
of maize hybrid DH605 at milk stage. The leftmost column (m, p, s)
shows the chlorophyll mesophyll cells and topography (*2500). Shown
in the middle column (m, q, t) and the 3rd column (o, r, u) is the
ultrastructure (x25,000) of mesophyll cells. Micrographs in rows j-1,

mitochondrial outer membrane dimmed, and the fine-grained
substance exosmosed and diluted (VT-ZD958 (Fig. 2f); R3-
DHO605 (Fig. 3t)). Moreover, mitochondrial longitudinal diameter
became long and thread-like, while the internal ridges were out of
shape, dissolved gradually, and would lose their physiological
function. Shading had the greatest influence in S3 (VT-ZD958
(Fig. 2h); R3-DH605 (Fig. 3t)), resulting in the mitochondrial
disintegration. Mitochondria in S2 were damaged by shading,
but function gradually recovered with the removal of shading
(VT-ZD958 (Fig. 2f); R3-ZD958 (Fig. 4r)). Therefore, mitochon-
dria were less susceptible to damage from reduced illumination
than chloroplast.

Membrane structure
Regular membrane structure plays an important role in normal

physiological function of cells. However, cell wall structure
was incomplete and exhibited indistinct gradation, lower

@ Springer

m-o, p-r, and s—u, respectively, were from plants receiving ambient
light or 40 % of ambient sunlight from silking (R1) to physiological
maturity (R6) (S1), from the sixth leaf stage (V6) to R1 (S2), and from
seeding to R6 (S3)

density, and a loose edge after shading (VI-DH605 (Fig. 11);
VT-ZD958 (Fig. 2h)). Plasmolysis and degradation in part of
the cell membrane were also evident. The damage to mito-
chondria and chloroplast membranes was more serious than
that to the cell membrane. There were not any complete and
defined membrane structure in both mitochondria and chloro-
plasts after shading. However, complete membrane structures
of mitochondria and chloroplasts were present after shading
was removed for S2, although the structure was seriously
damaged. Therefore, the membrane systems of mitochondria
and chloroplasts were more susceptible to reduced illumina-
tion than other membrane structures, which may be related to
their physical function.

Leaf area index and net photosynthetic rate

Leaf area index (LAI) of DH605 and ZD958 decreased
significantly with shading (Table 2). LAI was reduced
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Fig. 4 Mesophyll cell and chloroplast ultrastructure changes in ear leaf
of maize hybrid ZD958 at milk stage. The leftmost column (m, p, s)
shows the chlorophyll mesophyll cells and topography (x2500). Shown
in the middle column (n, q, t) and the 3rd column (o, r, u) is the
ultrastructure (x25,000) of mesophyll cells. Micrographs in rows j-1,

most when shading occurred from seeding to R6 (S3),
followed by shading from R1 to R6 (S1), and least with
shading from V6 to R1 (S2). There were no significant
hybrid x shading treatment interaction effects on LAIL
At VT in 2011, the greatest reduction (23 %) was found
at S3 treatment, followed by S2 (19 %) across hybrids,
while the greatest reduction (18 %) was found at S3
treatment, followed by S2 treatment (15 %) and Sl
treatment (9 %) across hybrids at R3. In 2010, the
greatest reduction was also found at S3 treatment with
33 and 27 % for ZD958, respectively, compared to that
of CK. Net photosynthetic rate (P,) was significantly
reduced by shading (Table 2). There were significant
hybrid x shading treatment interaction effects on P,.
The greatest reduction was found at S3 treatment with
59 and 48 % for DH605, and 39 and 43 % for
ZD958 at VT and R3, respectively, compared to that
in CK (averaged over in 2010 and 2011).

m-o, p-r, and s—u, respectively, were from plants receiving ambient
light or 40 % of ambient sunlight from silking (R1) to physiological
maturity (R6) (S1), from the sixth leaf stage (V6) to R1 (S2), and from
seeding to R6 (S3)

Chlorophyll content

Chlorophyll is the key pigment for luminous energy absorp-
tion and photosynthetic transformation. Chlorophyll content
of leaves is an important indicator of abnormal chloroplast
changes. Chlorophyll a and b contents of ZD958 and
DH605 were lower with shading than with the CK treatment
(Table 3). Chlorophyll contents were most susceptible to dam-
age when shading occurred from seeding to R6 (S3), followed
by shading from R1 to R6 (S1) and V6 to R1 (S2). There were
no significant hybrid x shading treatment interaction effects
on chlorophyll contents. At VT in 2011, Chl a + b contents of
S2 and S3 were 26 and 39 % across hybrids, respectively,
lower than those of CK. At R3, the most reduction of Chl
a+ b contents (around 27 %) was also found in S3 treatment,
followed by S2 treatment (around 15 %) and S1 treatment
(around 12 %) across hybrids. Similar results were found in
both 2010 and 2011 (Table 3).

@ Springer
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Table 1  Effects of shading at 40 % of ambient sunlight from silking
(R1) to physiological maturity (R6) (S1), the sixth leaf stage (V6) to R1
(S2), and seeding to R6 (S3) and ambient light conditions (CK) on

chloroplast ultrastructure characteristics of mesophyll cells of ear leaves
at tasseling (VT) and milk stage (R3) (2011)

Hybrid (H) Treatment (T) The number of Chloroplast size Number Number of
chloroplast/ of grana grana lamellae
mesophyll cell Length (um) Width (pm)

2011—VT

DH605 CK 89a 174 a 79b 24.6 a 20.6 a
S2 82b 172 a 93a 23.1b 18.5Db
S3 8.1b 1400 99a 20.4 ¢ 143 ¢

ZD958 CK 10.0 a 172 a 730 240a 21.1a
S2 94a 15.8b 7.8 ab 22.5b 17.0b
S3 710 15.0b 8.1a 21.6¢ 133¢

ANOVA H NS NS NS NS NS
T % * £ £ £
HxT NS NS NS NS NS

2011—R3

DH605 CK 104 a 173 a 72¢ 235a 194 a
S1 8.7b 14.6 ¢ 8.6b 20.6 ¢ 15.0¢
S2 95a 15.4 be 8.1b 2240 1820
S3 83b 143 ¢ 9.1a 20.6 ¢ 158 ¢

ZD958 CK 85a 174a 69c¢ 259a 230a
S1 87a 15.6b 8.1b 228 ¢ 179¢
S2 85a 172a 92a 2450 1950
S3 7.7b 153b 92a 19.4d 155d

ANOVA H NS NS NS NS NS
T * * * * %
HxT NS NS NS NS NS

S1 treatment was not applied at VT. Means within a column for each hybrid and growth stage followed by the same letter did not differ at 5 % probability

level. The values are means of three replicate blocks

NS not significant

*Significant at the 0.05 probability level; **significant at the 0.01 probability level

Yield and yield components

Rows per ear and kernels per row were affected by shading
treatments (Table 4). The number of rows per ear was mini-
mally affected by shading—typically a reduction of only 1 to
2 rows per ear with S3 and 0 to 1 row per ear with S1 or S2, in
comparison to CK. Kernels per row decreased significantly
with respect to the control after shading at different stages.
The most yield reduction (around 84 %) was found in S3
treatment, followed by S1 treatment (around 45 %) and S2
treatment (around 11 %) across hybrids and years. Kernel
weight was most affected by S1 than by S2 or S3. Ear number
per hectare was reduced more by S3 than by S2 or S1
(Table 4). The changes of yield components, inducing by
shading, resulted in yield reduction of summer maize. There
were no significant hybrid x shading treatment interaction
effects on grain yield. Grain yields decreased significantly
with respect to the control after shading at different stages.

@ Springer

The most yield reduction (around 92 %) was found in S3
treatment, followed by S1 treatment (around 55 %) and S2
treatment (around 19 %) across hybrids in 2011. In addition,
biomass was significantly reduced by shading. The most re-
duction of biomass was found in S3 treatment by 52 %,
followed by S1 treatment (around 35 %) and S2 treatment
(around 28 %) in 2011. Similar results were found in both
2010 and 2011 (Table 4).

Discussion

Leaves are the most important organs by which plants utilize
light energy and conduct photosynthesis. The size of leaf area
generally reflects photosynthesis capacity. LAI plays an im-
portant role in crop production. However, our study indicated
that the significant decreases in LAI occurred due to shading,
which accelerated the senescence process, and negatively
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Table 2 Effects of shading at

40 % of ambient sunlight from Hybrid (H) Treatment (T) VT R3
silking (R1) to physiological ma- o o
turity (R6) (S1), the sixth leaf LAI P, (umolm>s™)  LAI Py (umol m 257
stage (V6) to R1 (S2), and
seeding to R6 (S3) and ambient 2010
light conditions (CK) on leaf area 7ZD958 CK 448 a 275a 3.09a 28.4a
mde?x (LAI) and net photosynj S1 _ _ 287b 229¢
thetic rate (P,) of summer maize
at tasseling (VT) and milk stage 82 328¢ 19.6b 242¢ 253b
(R3) S3 298d 169 ¢ 233¢ 20.8d
2011
DH605 CK 370a 29.1a 338a 332a
S1 - - 315a 27.0¢
S2 3.16 b 17.0b 290b 32.0b
S3 299b 12.0¢ 2.66 ¢ 22.5d
ZD958 CK 429 a 255a 339a 254 a
S1 - - 3.02b 199¢
S2 3300 17.6b 2.86 ¢ 233b
S3 3.18b 154c¢ 2.88¢ 17.1d
ANOVA H NS NS NS *
T * * * ksk
HxT NS NS NS *

S1 treatment was not applied at VT. Means within a column for each year, hybrid, and growth stage followed by
the same letter did not differ at 5 % probability level. The values are means of three replicate blocks

NS not significant

*Significant at the 0.05 probability level; **significant at the 0.01 probability level

affected the photosynthetic properties. Chlorophyll plays an
important role in photon absorption, transmission, and trans-
portation and is closely related to P, in leaves (Baig et al.
2005). Bell and Danneberger (1999) stated that weakened
illumination due to short-term shading accelerated chlorophyll
synthesis, by avoiding the damage to chloroplasts. However,
under long-term shading, the chlorophyll content decreased
and the green color of leaves faded. In our study, summer
maize chlorophyll content at VT and R3 under shaded condi-
tions was significantly lower than that of the control, which is
consistent with the result of Zhang et al. (2007). The signifi-
cant reduction in chlorophyll content induced by shading in-
dicated that shading affected leaf photosynthesis of summer
maize and weakened the photosynthetic assimilation capacity,
resulting in a reduction in grain yield. The negative effects of
shading on LAI and chlorophyll content resulted in a decline
in leaf photosynthetic performance of summer maize, and thus
led to the decrease of light-contracting product. Our study also
showed leaf photosynthesis of summer maize was most sus-
ceptible to damage when shading occurred from seeding to R6
(S3), followed by shading from R1 to R6 (S1) and V6 to R1
(S2). However, at R3, P, increased to near control levels upon
removal of shading from V6 to VT, which indicated that sum-
mer maize could display a certain acclimation for long-term
low-light conditions.

Chloroplasts are the main organelles for photosynthe-
sis, of which ultrastructure is correlated with photosyn-
thetic performance (Anderson 1982). Zhang and Li
(2005) reported photosynthetic capacity was enhanced
due to increased granum and grana lamella number
and a more dense grana lamella arrangement. The integ-
rity and arrangement of thylakoid structures play an
important role in effective light energy conversion for
photosynthesis (Bertamini et al. 2006). However, our
study showed that chloroplasts were found to be dam-
aged after shading; granum and grana lamella numbers
per unit granum were reduced in response to the hypo-
plasia or disintegration in a portion of the granum.
Some chloroplasts swelled to become round, and thyla-
koid structures swelled and were arranged in a disorder-
ly manner. These damages of chloroplast indicated that
the chloroplast has gradually lost the function of photo-
synthesis after shading, leading to the decrease of pho-
tosynthetic assimilation capacity, and thus resulted in a
reduction in grain yield. Our results also indicated that
most of chloroplast grana were poorly developed at VT,
while the grana lamella was well-developed. However,
some chloroplast internal structures were disordered and
were dissolving gradually at R3. The grana lamellae in
S1 and S2 were clear, but inattentive degrees were

@ Springer



67 Page 10 of 12

Sci Nat (2016) 103: 67

Table 3 Effects of shading at

40 % of ambient sunlight from R~ Hybrid (H) Treatment (T) VT R3
silking (R1) to physiological ma-
turity (R6) (S1), the sixth leaf Chl a Chl b Chla+b Chl a Chlb Chla+b
stage (V6) to R1 (S2), and
seeding to R6 (S3) and ambient 2010
light conditions (CK) on chloro- ZD958 CK 51.0a 193a  703a 549a 1752  724a
phyll conceg&atlon of ear leaves S _ _ _ 507b 16.1 a 66.8 b
(ng Fw cm ©) at tasseling (VT)
and milk stage (R3) S2 46.3 be 143 b 60.6b 47.0c 142b 612c¢
S3 42.6¢ 132b 55.8¢ 46.8 ¢ 13.8¢ 60.6 ¢
2011
DH605 CK 533a 14.8 a 68.1a 553a 16.3a 715 a
S1 - - - 53.1a 159a 69.1a
S2 36.8b 10.0b 46.8b 512b 139b 652b
S3 289c¢ 84b 373¢ 46.6 c 132b 59.8¢
ZD958 CK 524 a 15.1a 67.5a 64.8 a 19.0a 83.8a
S1 - - - 51.6b 15.0b 66.6 b
S2 409D 12.0b 529b 51.7b 14.5b 66.2b
S3 355¢ 99¢ 454 ¢ 46.2 ¢ 13.4¢ 59.6 ¢
ANOVA H NS NS NS NS NS NS
T * * * * & £
HxT NS NS NS NS NS NS

S1 treatment was not applied at VT. Means within a column for each year, hybrid, and growth stage followed by
the same letter did not differ at 5 % probability level. The values are means of three replicate blocks

NS not significant

*Significant at the 0.05 probability level; **significant at the 0.01 probability level

higher, while the granum became twisted and gaps
among lamellas increased. Illumination is necessary for
the normal development of grana lamella. The asynchro-
nous development of chloroplasts could make sure it
that plants were able to conduct photosynthesis and
form assimilation products under shaded conditions
(Mitsuya et al. 2000).

Burkey and Wells (1991) and Kusaba et al. (2007) pointed
out that a portion of cell membranes would be damaged by
shading stress, causing apoptosis and loss of photosynthetic
capacity. Our data also showed that plasmolysis in mesophyll
cells of summer maize was obvious, and that endomembrane
systems were destroyed, and other membrane structures that
surrounding cell, mitochondria, and nucleus were dissolved
gradually under shading conditions. The cause of membrane
damage and destruction was most likely to increased free-
radical levels under environmental stress (Yu et al. 2011).
Additionally, respiration was influenced by the dissolved mi-
tochondrial membrane structures and mitochondria appeared
as “empty bubbles.” These changes would counteract normal
photosynthesis, which depends on respiration, and vice versa.
Therefore, damage to mitochondria further reduced photosyn-
thesis in plants. Visibly, the damaged mesophyll cell ultra-
structure of functional leaf induced by shading would lead to

@ Springer

the decline of photosynthetic ability, and thus resulted in a
significant yield reduction of summer maize.

The intensity and duration of sunlight is important to obtain
high and stable yields of maize. Increased shading during the
reproductive period of corn development decreased more
grain yield than during the vegetative growth stages (Earley
et al. 1967; Zhang et al. 2007). In our study, yield reduction
decreased in the order: season-long shading > shading from
R1to R6 > shading from V6 to R1. Thus the effects of shading
after silking on yield were more significant than those before
silking. Dry matter accumulation is the basis of grain yield
formation. However, summer maize biomass was significant-
ly reduced by shading, resulting in a significant yield reduc-
tion of summer maize. Assimilate supply to the developing ear
of'maize is an important determinant of grain yield (Reed et al.
1988; Zhang et al. 2007). Under limiting light, the activity of
biochemical carbon-concentrating mechanism generally de-
creased, causing an increase in leakiness (@), the ratio of
CO, retrodiffusing from the bundle sheath relative to C, car-
boxylation processes (Bellasio and Griffiths 2014). Our study
indicated that effects of shading on photosynthetic character-
istics and mesophyll cell ultrastructure of summer maize sig-
nificantly affected dry matter accumulation and distribution,
and then influenced the formation of grain yield. On the other
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Table4  Effects of shading at 40 % of ambient sunlight from silking (R1) to physiological maturity (R6) (S1), the sixth leaf stage (V6) to R1 (S2) and
seeding to R6 (S3) and ambient light conditions (CK) on biomass, grain yield and yield components of summer maize

Hybrid (H) Treatment (T) No. of rows No. of kernels per row Kernel weight Ears per hectare Grain yield Biomass
per ear (1000 g per kernel) (kgha ™ (kgha™
2010
ZD958 CK 15.0a 37.1a 332a 58,065 a 10,728 a 22,250 a
S1 139¢ 213 ¢ 252¢ 39,392 ¢ 2939 ¢ 14,777 ¢
S2 1430 30.5b 295b 50,504 b 6498 b 17,462 b
S3 13.7¢ 42d 303b 19,272 d 336d 10,579 d
2011
DH605 CK 16.1a 322a 321b 60,735 a 10,107 a 19,087 a
S1 1550 146 ¢ 307 ¢ 59,072 b 4104 c 13,105 b
S2 1540 283D 329b 59,992 ¢ 8602 b 13,302 b
S3 144c¢ 48d 336a 27,600 d 641d 8162 ¢
ZD958 CK 149a 328a 335a 60,951 a 9979 a 21,372 a
S1 147 a 20.5b 289 b 55471 b 4831 ¢ 13,268 b
S2 145a 320a 324 a 51,638 ¢ 7763 b 15,725 b
S3 132b 73¢ 343 a 30,861 d 1020 d 7409 ¢
ANOVA H * NS NS NS NS NS
T * k3 * kek *ok &3k
HxT * NS NS NS NS NS

Means within a column for each year, hybrid, and growth stage followed by the same letter did not differ at 5 % probability level. The values are means of

three replicate blocks
NS not significant

*Significant at the 0.05 probability level; **significant at the 0.01 probability level

hand, shading from V6 to VT and from VT to R6 decreased
significantly ear number and kernel weight, the effect of shad-
ing from VT to R6 on kernel weight was much higher than
that of shading from V6 to VT. Ear number reduction should
be owing to the effects of shading on tassel and ear differen-
tiation, fertilization, and kernel set rate. Decreased kernel
weight may be caused by the effects of shading on grain yield
formation and accumulation and distribution of dry matter. In
further, the effects of shading on spike differentiation and
grain yield formation of summer maize would be examined.

Conclusions

After shading, chloroplast arrangement dispersed in meso-
phyll cells and thylakoid structure was destroyed, causing re-
duced chlorophyll synthesis per unit leaf area. The damaged
membrane systems and mitochondria were primarily respon-
sible for the decreased photosynthetic capacity. The decline of
photosynthetic capacity induced by shading resulted in a sig-
nificant reduction of grain yield of summer maize. Summer
maize was most susceptible to damage when shading occurred
from seeding to physiological maturity stage, followed by

shading from silking stage to physiological maturity stage,
and shading from the sixth leaf stage to silking stage.
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