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ABSTRACT

Ji Y.-H., Zhou G.-S., Ma X.-Y,, Wang Q.-L., Liu T. (2017): Variable photosynthetic sensitivity of maize (Zea mays L.)
to sunlight and temperature during drought development process. Plant Soil Environ., 63: 505-511.

The complex interaction process of the abiotic factors (sunlight, air temperature and soil water) in regulating maize
(Zea mays L.) photosynthesis has not been fully understood. Our field experiment explored the changed sensitivity
(or role) of the abiotic factors in regulating maize photosynthesis under a drought development process. The exper-
iment established a scenario with a long-term drought and an instantaneous cloud cover. The results revealed that
long-term drought stress causes the sensitivity (or role) of sunlight and temperature exchanged in regulating maize
photosynthesis. The maize photosynthesis was more sensitive to instantaneous sunlight rather than temperature in
the absence of drought. However, a diminishing photosynthetic sensitivity to sunlight but an increasing photosyn-
thetic sensitivity to temperature was observed with drought development process. The variable photosynthetic sen-
sitivity indicated that the roles of temperature and sunlight in regulating maize photosynthesis were exchanged, so
it is expected that higher photosynthetic rate could be achieved by adjusting temperature rather than sunlight after
severe drought. Nevertheless, further studies are needed to provide more evidence and mechanism explanations.
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The photosynthetic capacity of maize (Zea maysL.)
is subject to a wide range of external abiotic fac-
tors (water, temperature, sunlight, etc.) and in-
ternal biotic (photosynthetic enzymes, genotype,
molecular mechanism, etc.) factors (Kakani et
al. 2003, Arena et al. 2011, Pengelly et al. 2011,
Benesova et al. 2012, Sharwood et al. 2014). The
abiotic factors are the initial drivers in controlling
maize photosynthetic process; water, sunlight and
temperature are the three main abiotic factors.

It is recognised that photosynthetic inhibition
(significant decline in photosynthesis) often oc-
curs due to drought stress because of stomatal
closure and damage to the photosynthetic ap-

paratus (Lawlor and Uprety 1993, Flexas et al.
2012). Lack of sunlight (solar radiation) usually
causes photoinhibition (light-induced decline in
photochemical activity) (Aro et al. 1993, Terashima
et al. 1994, Sharwood et al. 2014). It is reported
that photosynthesis is significantly inhibited at
both low and high temperatures, which usually
resulted in an impaired photosynthetic apparatus
and a depressed photosynthetic capacity (Janda
et al. 1998, Crafts-Brandner and Salvucci 2002,
Naidu and Long 2004, Ben-Asher et al. 2008, Suwa
et al. 2010).

Although the single effects of sunlight, tem-
perature and water on maize photosynthesis are
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fairly well understood, the complex interaction
process of multiple abiotic factors in regulating
photosynthesis has not been understood fully,
especially under natural conditions. The main
aims of the paper are to (1) clarify the interaction
process of abiotic factors (sunlight, temperature
and water) in regulating maize photosynthesis
by a field experiment; (2) identify the variable
photosynthetic sensitivity (or role) of sunlight and
temperature during drought development process,
so as to select a way to enhance photosynthesis
when there is no way to avoid drought.

MATERIAL AND METHODS

Experimental site. The experimental site
was located at the Gucheng Ecological and
Agrometeorological Experiment Station (115°48'E,
39°08'N), North China, where wheat (Triticum
aestivum L.)-maize rotations are typically prac-
ticed. The maize is often sown in late June, and
grain is harvested in late September. Annual mean
temperature is 12.2°C. Soil texture is loam, and
the average field water capacity is 23.4%. The total
nitrogen, total phosphorus and total potassium at
0-30 cm soil depth are 0.9753 g/kg, 1.0196 g/kg
and 17.2624 g/kg, respectively. Annual precipita-
tion is sufficient for maize growth in normal years,
because annual mean precipitation is 475.4 mm
and 70% of the precipitation occurs during the
growing season (July—September) (Ren et al. 2010).
However, severe drought disasters often occur in
some years due to the unstable monsoon climate
(Xue et al. 2014).

Experimental design. Field experiment was
designed to simulate natural environments. To

Figure 1. 2 m x 4 m pools cultivating maize, and the
electric movable shelter shielding the maize from natu-
ral precipitation
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create a continuous drought, a large electric mov-
able shelter was used to shield the maize from
natural precipitation. The electric movable shelter
would be used to cover the maize if it is rainy,
and then the electric movable shelter would be
moved away for the maize to receive sunlight
if there is not rain. Twelve rectangular pools of
2 x 4 m were established with cement walls of
3 m depth to stop soil water flow (Figure 1). Prior
to cultivating maize, all the pools ensure the same
soil moisture and nutrient conditions. Maize was
sown on 24 June, 2014. Three pools were assigned
to no drought (rain-fed condition), and nine pools
were assigned to a continuous drought by shielding
from natural rainfall after seedling establishment.

To establish the scenario with instantaneous
cloud cover, an artificial shading experiment was
conducted between 8:00 and 16:00 on sunny days
at three growing stages (8 August at jointing stage,
21 August at silking stage, 4 September at grain-
filling stage) in 2014. White mesh fabric (allowing
some sunlight transmission) was used to obtain
different levels of sunlight. After one layer of the
mesh fabric was added over the crop, measure-
ment with portable gas exchange system (LI-6400,
Li-cor, Lincoln, USA) was taken immediately to
obtain photosynthetic active radiation (PAR)), air
temperature (T, ) and net photosynthetic rate
(P,) values of the fully expanded maize leaves
(Figure 2). Adding another layer of the mesh fabric,
measurement was taken immediately again. This
process was continued until eight measurements
were obtained with eight layers of the mesh fabric
over the crop. The eight measurements make up a

Figure 2. Shading experiment to establish an instantane-
ous cloud cover scenario with white mesh fabric on sunny
days. Photosynthetic active radiation, air temperature
and net photosynthetic rate were measured by LI-6400
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round of measurement. Another round was taken
after approximately a half an hour interval for the
same maize leaf.

RESULTS

The variable photosynthetic sensitivity of
maize to sunlight and temperature. In the absence
of drought, it was observed that the correlation
between maize photosynthesis (net photosynthetic
rate) and sunlight (photosynthetic active radia-
tion) was significant, with Pearson’s correlation
coefficients of 0.787 (P < 0.01), 0.683 (P < 0.01)
and 0.778 (P < 0.01) at the stages of jointing, silk-
ing and grain-filling, respectively. The significant
correlations suggested that maize photosynthesis
is highly sensitive to sunlight for the normal maize
without drought stress. However, in the case of
drought stress, the Pearson’s correlation coeffi-
cients between maize photosynthesis and sunlight
were 0.359 (P < 0.01), 0.276 (P < 0.01) and 0.239
(P < 0.05) at the stages of jointing, silking and grain-
filling, respectively (Table 1). The less significant
correlations indicated a lower photosynthetic
sensitivity to sunlight under drought stress.

In the absence of drought, only a slightly signifi-
cant correlation between maize photosynthesis and
air temperature was observed in the early growing
season (jointing stage), with a Pearson’s correla-
tion coefficient of 0.429 (P < 0.01). No significant
correlation was observed during the later growing
season (silking and grain-filling stages). Therefore,
the maize photosynthesis has no significant sensi-
tivity to air temperature in the absence of drought,
generally. However, in the case of drought stress,

doi: 10.17221/664/2017-PSE

the maize photosynthesis became sensitive to air
temperature with the development of drought.
Under a slight drought stress (0-30 cm topsoil
moisture 9.5%), a slight correlation between maize
photosynthesis and air temperature was observed,
with a Pearson’s correlation coefficient of 0.387
(P < 0.01) in the early growing season (jointing
stage). After a severe drought (0-30 cm topsoil
moisture 6.2%), the Pearson’s correlation coef-
ficient increased to 0.665 (P < 0.01) at the silking
stage, and then increased to 0.707 (P < 0.01) at the
grain-filling stage after the worst drought (0-30 cm
topsoil moisture 5.4%) (Table 1).

In general, drought caused a diminishing photo-
synthetic sensitivity to sunlight but an increasing
photosynthetic sensitivity to temperature with the
development of drought.

Changed process of maize photosynthetic
sensitivity to sunlight with increased drought
stress. To reveal the changed process of maize
photosynthetic sensitivity to sunlight, non-linear
regression between photosynthesis and sunlight
was examined. The regression curves described a
clearly increasing photosynthesis with increasing
sunlight in the absence of drought stress. Moreover,
the higher fitting accuracy (R? = 0.617, R? = 0.6305
and R? = 0.6188 at the jointing, silking and grain-
filling stages, respectively) showed a clear func-
tional relationship between photosynthesis and
sunlight (Figure 3). The results confirmed the
significant photosynthetic sensitivity to sunlight,
indicating the important role of sunlight in con-
trolling maize photosynthesis in the absence of
drought.

Under drought stress (0-30 ¢cm topsoil mois-
ture 0.54-9.5%), no significant correlations be-

Table 1. Pearson’s correlation between net photosynthetic rate (P ) and air temperature (T . ) and photosynthetic

n air

active radiation (PAR,) under drought and no drought conditions at the three growing stages of the maize. Top-

soil (0-30 cm) moisture was 9.5, 6.2 and 5.4% at jointing stage, silking stage and grain-filling stage, respectively

Jointing stage (2014-8-8)

Silking stage (2014-8-21)

Grain-filling stage (2014-9-4)

Pearson’s sig. Pearson’s sig. Pearson’s sig. N
correlation (2-tailed) correlation (2-tailed) correlation (2-tailed)
T.. 0.429** P <0.01 99 -0.094 P =0.296 126 0.127 P =0.202 103
No drought _ "
PARi 0.787%* P <0.01 99 0.683** P <0.01 126 0.778** P<0.01 103
D ht Tair -0.387** P <0.01 99 -0.665** P <0.01 127 -0.707** P <0.01 103
rou
& PARi -0.359** P <0.01 99 0.276** P <0.01 127 -0.239*% P <0.05 103

**P < 0.01; *P < 0.05; N — sampling number
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Figure 3. In the absence of drought, regression curves between photosynthesis (net photosynthetic rate, P ) and sun-

light (photosynthetic active radiation, PAR) revealed the higher fitting accuracy (R* > 0.6118), indicating a significant

photosynthetic sensitivity to sunlight at the three growing stages of the maize

tween photosynthesis and sunlight were observed
by the lower fitting accuracy of the regression curves
(R?=0.2302, R? = 0.155 and R? = 0.2058 at the jointing,
silking and grain-filling stages, respectively) (Figure 4).
Therefore, the maize photosynthesis became less
sensitive to sunlight under drought stress.

Generally, a clearly increasing photosynthesis
was observed with increasing sunlight, indicating
significant photosynthetic sensitivity to sunlight in
the absence of drought. However, the significant
photosynthetic sensitivity was no longer apparent
in the case of severe drought.

Changed process of maize photosynthetic sen-
sitivity to temperature with increased drought
stress. In the absence of drought, the non-linear
regression curves showed lower fitting accuracy
(R2 = 0.177, R? = 0.0234 and R? = 0.1538 at the
jointing, silking and grain-filling stages, respec-
tively) between photosynthesis and air temperature
(Figure 5). No significant functional relationship

Jointing phase (Agu. 8t)

Silking phase (Agu. 21t%)

between photosynthesis and air temperature was
observed in the absence of drought.

It is interesting that significant functional re-
lationship between photosynthesis and air tem-
perature was observed evidently under severe
drought stress, because the non-linear regression
curves exhibited higher fitting accuracy (slight
drought R? = 0.2814, severe drought R? = 0.5422 and
R? = 0.5154 at the jointing, silking and grain-filling
stages, respectively) (Figure 6). The results indi-
cated that the maize photosynthesis became more
sensitive to temperature due to drought.

In summary, there was no significant functional
relationship between photosynthesis and tempera-
ture in the absence of drought, but a significant
functional relationship between photosynthesis and
temperature was observed in the case of drought.
Therefore, the photosynthetic sensitivity (role) of
temperature was enhanced with the development
of drought.

Grain-filling phase (Sept. 4th)
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Figure 4. Under drought stress, regressions curves between photosynthesis (net photosynthetic rate, P ) and

sunlight (photosynthetic active radiation, PAR,) revealed the lower fitting accuracy (R* < 0.2302), indicating no

significant photosynthetic sensitivity to sunlight at the three growing stages of the maize
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Figure 5. In the absence of drought, regression curves between photosynthesis (net photosynthetic rate, P ) and

temperature (air temperature, T, )

revealed the lower fitting accuracy (R? < 0.1659), indicating no significant

photosynthetic sensitivity to temperature at the three growing stages of the maize

DISCUSSION

Our experimental conditions ensured a real
diurnal course of the interdependent abiotic fac-
tors (temperature, solar radiation, etc.). The con-
tinuous drought process was established using a
large electric movable shelter. The real-time air
temperature between 8:00 and 16:00 was obtained
at the experimental sites. The instantaneous cloud
cover was established by shading the maize with a
white mesh fabric that represented a rapid change
in photon flux density. Therefore, the experimental
conditions ensured a realistic interaction between
abiotic factors.

Long-term drought caused a declined photosyn-
thetic sensitivity to sunlight in our experiment.
The declined photosynthetic sensitivity may be

Jointing phase (Agu. 8t)

Silking phase (Agu. 21th)

attributed to the damaged photosynthetic appara-
tus. It was reported that drought usually leads to a
reduction of important photosynthetic pigments,
particularly chlorophyll (Ashraf and Harris 2013),
and damages the photosystem II reaction centre
(Zhang et al. 2011). Generally, it is relatively easy to
understand the declined photosynthetic sensitivity
to sunlight (Bai et al. 2006, Saglam et al. 2014).
The increased photosynthetic sensitivity to tem-
perature is interesting after a long-term drought. In
the absence of drought, it is likely that the natural
temperature is just within the optimal favourable
temperature range for the maize photosynthesis,
as indicated by previous studies that maize pre-
fers an optimal temperature range of 10 ~ 32°C
(Crafts-Brandner and Salvucci 2002, Ben-Asher
et al. 2008, Suwa et al. 2010, Wen et al. 2014), so

Grain-filling phase (Sept. 4t)
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Figure 6. Under drought stress, regression curves between photosynthesis (net photosynthetic rate, P ) and
temperature (air temperature, T, ) revealed the increasing fitting accuracy (slight drought R* =0.2814 to severe
drought R? =0.5422), indicating an increasing photosynthetic sensitivity to temperature at the three growing
stages of the maize
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Figure 7. Maize canopy temperature (at 13:30~14:30) measured by the infrared camera (FLIR systems, Therma
CAM, P65), revealing higher canopy temperature under drought stress

the maize photosynthesis is not constrained by
temperature, resulting in a lower photosynthetic
sensitivity to temperature.

To explain why the maize photosynthetic sen-
sitivity to temperature was strengthened after a
long-term drought, the maize canopy temperature
was examined in our experiment. It was discovered
that the canopy temperature was usually higher
than 35°C for the maize under drought stress, but
less than 35°C for the normal maize (Figure 7). The
drought resulted in a higher canopy temperature,
which might go beyond the optimal temperature
range for the arid maize. Another possibility is
that the optimum temperature range might have
been changed by drought stress, and then led to
a stronger constraint (inhibition effect) on maize
photosynthesis. Consequently, the sensitivity (or
role) of temperature in regulating maize photosyn-
thesis was boosted due to the stronger constraint.

Our results confirm that sunlight became less
important, while temperature became more and
more important in regulating maize photosyn-
thesis after a long time drought. Therefore, the
results provide a theoretical possibility that higher
photosynthetic rate will be achieved by adjusting
temperature to the optimal temperature range, but
it is unhelpful to improve maize photosynthesis by
regulating sunlight in the case of drought. However,
more evidence and mechanism explanations are
necessary. Further studies are needed to iden-
tify the physiological, biochemical and molecular
mechanisms under the complexed interdependent
environment conditions (Bene$ova et al. 2012,
Saglam et al. 2014).
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