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Abstract

The responses of a density-tolerant (ZD909) and a density-intolerant (DY405) maize cultivar to weak
light stress and light recovery were compared. Photosynthetic characteristics and chlorophyll fluorescence
parameters were analyzed under three light treatments: natural light (control), 44% shading and 66% shading.
The light-saturation point and light-compensation point of both the maize cultivars decreased, whereas the
apparent quantum efficiency increased during the shade period and the decreasing degree of light-saturation
point and light-compensation point and the increasing degree of apparent quantum efficiency of the ZD909
were both higher than those of DY405. The weak light stress in the spike stage had a greater influence on the
photosynthetic characteristics and chlorophyll fluorescence parameters of DY405, which indicated DY405
was less able to adapt to a weak light environment compared with ZD909.

Introduction

With the population growth and changes in the environment, the arable land available per
capita has gradually reduced and the adverse environmental factors that affect plant growth have
increased, challenging food security (Rozendaal et al. 2006, Pires et al. 2011). The shade tolerance
of maize is determined by genetic characteristics and external environmental changes which
influenced the maize yields (Wang et al. 2009, Liang et al. 2010).

The content of chlorophyll and its fluorescence kinetic parameters can be sensitive to reflect
the change of photosynthesis. This parameter is an internal probe to study the relationships between
plant photosynthesis and the environment (Lichtenthaler 1988, Olaf and Snel 1990). The influence
of weak light stress on maize growth and development has been well documented globally (Bell
et al. 2000, Jiang et al. 2002, Zhang et al. 2007). Weak light stress increases the content of
chlorophyll a and chlorophyll b but decreases the chlorophyll a/b value (Singh et al. 1988, Viji et al.
1997, Dai et al. 2009,). Shade affects photosynthesis parameters, decreasing the maximum net
photosynthetic rate, light-compensation point and dark respiration rate (Feng et al. 2004, Craine
and Reich 2005, Joesting et al. 2009, Du et al. 2011, Wang et al. 2015). In wheat, different
density-tolerant cultivars had higher chlorophyll content and Fv/Fm under moderate shade
compared with a control. In these plants, the content of chlorophyll and Fv/Fm decreased and the ®
PSII increased in high-shade treatments (Praba et al. 2004). Decreases in maximum quantum yield
of PSIl (Fv/Fm) have not been observed at any stages of leaf development under low light
conditions, but actual PSII efficiency under irradiance (®ps,) is lower and accompanied by an
increase in non-photochemical quenching (NPQ) (Lv et al. 2012).

It is revealed that, compared to the chlorophyll content, chlorophyll fluorescence parameters
and photosynthetic characteristics of two maize cultivars, eg. DY405 and ZD909. DY405 were less
able to adapt to a weak light environment as against ZD909 under weak light stress and during a
light recovery period. This study provides a theoretical basis for breeding maize with improved
photosynthetic ability under typical cultivation conditions.
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Materials and Methods

The field experiment was carried out in Shenyang Agricultural University, China. Two maize
cultivars currently used in a local maize production, Zhongdan909 (density-tolerant, ZD909)
(Zheng58 x HD586) and Danyu405 (density-intolerant, DY405) (Dan299 x DanM9-2) were used.

The top of the maize canopy was covered by layers of black net screens starting from the
jointing stage (20 June, 2015) to the tasseling stage (30 July, 2015) to provide shading treatments.
The 44% shading treatment blocked approximately 44% of the light and the 66% shading treatment
blocked approximately 66% sun light.

Irradiance was measured with an LP-80 plant canopy digital image analyzer (CID Company,
Camas, WA, USA) 50 cm above the maize canopy. Canopy CO, concentration, relative humidity
and air temperature were measured with a LI-6400XT Portable Photosynthesis System (LI-COR,
Inc, Lincoln, NE, USA). Soil temperatures were determined with a geothermometer in the upper
0 - 5 cm of soil. All measurements were made daily at 11:00 a.m. for seven consecutive days (4 July,
2015 to 10 July, 2015). Table 1 shows the microclimate data of shading treatments in the
experimental plots.

Table 1. Effects of shading treatments on microclimate in experimental plots.

Culti Treatment Light intensity CO, conc. Relative Air temp. 5cm
uttivar reatmen (lux) (umol-mol™?) humidity (°C) underground
(%) temp. (°C)

ZD909 Noshade  1767.14 +88.50a 368.28+9.52a 36.06 +£3.59a 37.93+ 1.66a 23.81+1.15a
44% shade  996.71+39.99b 367.98+11.06a 38.72+2.8la 35.18+2.17b 23.27 +1.08b

66% " 608.29 £ 46.02c 364.13 £11.51a 37.62+3.82a 31.25+2.38c 22.47 +£1.22c

DY405 Noshade 177857 +£117.43a 363.51 + 10.64a 38.06 + 3.36a 38.10+ 1.66a 25.79 + 1.08a
44% shade  997.00 £41.74b 365.67 £ 11.60a 38.35+2.49a 34.60 £ 1.76b 24.21 +0.99b

66% " 603.71£63.29c 366.66 = 11.20a 38.08 £4.55a 32.54 +1.57c 22.61 +1.32c

Values in a column with different letters are significantly different (p < 0.05).

At 8, 16 and 24 days after starting the shading treatment, and at 8, 16 and 24 days after
returning plots to normal light levels, three leaves from each replicated plant were sampled. A0.1 g
leaf sample was sliced and incubated with 10 ml of an extraction solution containing equal volume
of acetone and anhydrous ethanol and stored in dark for 24 hrs before using the colorimetric
method to determine leaf chlorophyll content. Chlorophyll content and chlorophyll a/b were
analyzed calorimetrically (Arnon 1949).

Chlorophyll fluorescence parameters were measured with a pre-programmed modular
chlorophyll fluorescence monitoring system (FMS-2, Hansatech Instruments, Norfolk, UK), under
partially cloudy or cloudless conditions. The measurements were taken from leaf lamina avoiding
midrib region and major veins from unrolled leaf of penultimate or ear leaf of three randomly
selected plants. The Fy (minimum initial fluorescence) and F,, (maximal fluorescence) of leaves in
the dark for 20 min were measured. The F, (steady state fluorescence) and F' were determined
under the conditions of actinic light and saturation pulse value, respectively. After the actinic light
had been turned off, the Fy’ value was obtained after the far red light was turned on for 3 sec. Leaf
chlorophyll fluorescence parameters, Fo (minimum fluorescence), F./F, (maximum efficiency of
PSII photochemistry under dark-adaption), ®ps;, (quantum vyield of PSII), and the ETR were
calculated (Mu et al. 2010, Li et al. 2007).
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The data were processed with Microsoft Excel 2007 to obtain averages, and standard errors
(SE). All data were statistically analyzed using SPSS v. 20.0 (IBM Co. USA), and the mean values
of each treatment group were subjected to multiple comparisons analysis using a least squares
difference (LSD) test and a significance level of (p < 0.05). Graphs and light-response curve fitting
and related parameter estimation were completed in Origin v. 8.0. All data were means of at least

three replicates with standard deviations.

Results and Discussion

Content of chlorophyll a, chlorophyll b, chlorophyll a + b, and the value of chlorophyll a/b
differed in different shading treatments and over time (Fig. 1). Compared with the control, content
of chlorophyll a of the density-tolerant cultivar ZD909 increased on the day 6 after shading whereas
the density-intolerant cultivar DY405 decreased (Fig. 1a, b). With a greater degree of shading,
chlorophyll content in ZD909 increased on day 6 after shading (Fig. le, f). Substantial shade can
lead to the decline of total chlorophyll content and decreased the ability of plants to adapt to weak

light stress.

Chlorophyll a+b (mg g FW) Chlorophyll b(mg g™ FW) Chlorophyll a (mg g” FW)

Chlorophyll a/b

Fig. 1. Change in the content of chlorophyll in shading and light recovery treatments for maize in
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After shading, the chlorophyll a/b values of the cultivars were lower than that of the control
(Fig. 1g, h), and the chlorophyll a/b value of the ZD909 of 44% shading treatment was the lowest,
whereas the chlorophyll a/b value was the same for DY405 in the 66% shading treatment. After
light recovery, the chlorophyll a/b values of the cultivars were the lowest in the 44% shading
treatment, followed by the 66% shading treatment and the highest in the control treatment.

In the spike stage, the initial fluorescence of both the cultivars increased with the increase of
shade degree (Fig. 2 a, b), which was maximum on day 19 after shading. The ZD909 in the 66%
shading treatment had substantial differences compared with the control, whereas fluorescence in
all three treatments of DY 405 differed greatly. In ZD909, the effect of the 44% shading treatment
was relatively small; differences among the shading treatments for ZD909 were not significant.

The PSII photochemical efficiency (Fv/Fm) of two cultivars of 44% shading treatment
increased whereas it decreased in the 66% shading treatment (Fig. 2c, d). The PSII actual
photochemical efficiency (f PSII) of the two cultivars decreased with the increase in shading and
light recovery (Fig. 2e, f). Differences between the shading treatments and the control were found
on days 14 and 19 after shading. Shading and light recovery all lead to the reduction of electron
transfer efficiency (ETR) (Fig. 2g, h) and thus this value reduced significantly with increased
degree of shading.
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Fig. 2. Dynamic change in chlorophyll fluorescence parameters of shading and light recovery
in spike stage.
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The experimental results showed that the content of chlorophyll a in the 44% shading increased
whereas it decreased in the 66% shading. The degree of increase in the content of chlorophyll b in
the density-tolerant maize cultivar ZD909 was higher than the increase found in the
density-intolerant maize cultivar DY405. Higher chlorophyll content is beneficial to the
accumulation of photosynthetic products and differs from the linear reduction in chlorophyll
content was observed with, the increase in the degree of shading (Mauro et al. 2011). Cultivar
ZD909 maintained a high level of the depleting pigment (chlorophyll b) by decreasing the value of
chlorophyll a/b; when light was insufficient, it regulated the content of pigments dynamically to

adapt to different light conditions and thus improve its ability to capture light energy.
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Analysis of chlorophyll fluorescence is the most widely used technology to monitor plant
photosynthesis because it is convenient, highly sensitive and does not damage the plant (among
other characteristics). Chlorophyll fluorescence can accurately reflect changes in photosynthesis
under shade conditions (Dai et al. 2009, Rascher et al. 2000). An increase in F, indicates that the
PSII reaction center is damaged; it is measured when all the reaction centers are open and the
plastoquinone is fully oxidized. This study showed that the F, increased with the increase in degree
of shade during the spike stage. Values indicated that the leaf thylakoid membrane was damaged,
which caused the damage of the PSII reaction center, DY 405 had a greater decrease than ZD909,
which illustrated that leaves of DY405 obtained less light energy and the photosynthetic electron
transport was blocked under shade conditions, leading to a decline in ®n line g to light reduction in
the ratio of light energy absorbed by leaves used for photosynthetic electron transport. The value of
maximal photochemical efficiency (Fv/Fm) is close to 0.83 under no stress (Kalaji et al. 2012). The
value of Fv/Fm of this test was between 0.79 and 0.84, which showed that the leaves in the 44%
shading treatment still had higher light energy conversion efficiency, which suggests that shade can
increase the potential of PSII photochemical to improve the utilization rate of light energy and thus
compensate the influence of weak light on photosynthesis - a reaction mechanism to adapt to weak
light stress as reported by Li et al. (2005) and Mu et al. (2008), Mauro et al. (2011). In contrast, the
Fv/Fm in the 66% shading treatment decreased. This decrease may be caused by the shade
tolerance of different cultivars and different shade durations; the Fv/Fm of both the maize cultivars
after illumination recovery was lower in the high-shade treatments. The reduction in the Fv/Fm of
DY405 in the 66% shading treatment was higher later in illumination recovery, which indicated
that the high degree of shade resulted in a lower energy potential in PSII, a decrease in PSII
potential activity and photochemical efficiency, and lower efficiency in the PSII light energy
conversion, ultimately resulting in a negative effect on photosynthesis.

When the photosynthetic active radiation was in 0 - 200 umol/m?/s, the net photosynthetic rate
of each treatment took on linear increase trend with the increase of the photosynthetic active
radiation and then flattened. The density-tolerant and density-intolerant maize cultivars differed in
their responses to changes in light intensity after shading treatment and light recovery. During the
shade treatments, the dark respiration rate of the density-intolerant maize cultivar decreased
slightly than that of the density-tolerant maize cultivar. Compared with the density-tolerant maize
cultivar, the dark respiration rate of the density-intolerant maize cultivar increased highly; in the
44% shading and 66% shading treatments respiration rates were 90.20 and 88.24% higher than that
of the control treatment (Fig. 3). The change in dark respiration rate in the density-tolerant maize
cultivar was not substantial.
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