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The increase of planting density is a dominant approach for the higher yield of
maize. However, the stalks of some varieties are prone to lodging under high
density conditions. Much research has been done on the evaluation of maize
lodging resistance. But there are few comprehensive reports on the
determination of maize lodging resistance in situ without injury under field
conditions. This study introduces a non-destructive in situ tester to determine
the lodging resistance of the different maize varieties in the field. The force
value can be obtained by pulling the stalk to different angles with this
instrument, which is used to evaluate the lodging resistance of maize
varieties. From 2018 to 2020, a total of 1,172 sample plants from 113 maize
varieties were tested for the lodging resistance of plants. The statistical results
show that the values of force on maize plants at 45° inclination angles (F45) are
appropriate to characterize maize lodging resistance in situ by nondestructive
testing in the field. According to the F45 value, the maximum lodging resistance
Fmax can be inferred. The formula is: Finax =1.1354 F45 — 0.3358. The evaluation
results of lodging resistance of different varieties of this study are basically
consistent with the test results of three-point bending method, moving wind
tunnel and other methods. Therefore, the F45 value is the optimal index for
nondestructive evaluation of maize stalk-lodging resistance under the field-
planting conditions.

KEYWORDS

maize, lodging resistance, tester, nondestructive evaluation, in situ, actual measured
value, presumptive value
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1 Introduction

Maize is the most widespread global food and feed crop.
Reasonable densing planting can make full use of natural
resources and is the most effective way to achieve high-yield and
high-efficiency maize cultivation (Li et al,, 2017). Increased maize
planting density increases harvest ears and grain yield. However,
when the planting density increases beyond a certain extent, lodging
is prone to occur (Sun et al, 2021). Maize lodging is extremely
harmful to production, not only affecting the stalk character of maize
and greatly reducing yield and quality, but also bringing difficulties to
field management and harvesting (Deng et al., 2017; Zhang et al,,
2018; Sun and Wang, 2020). Therefore, the accurate evaluation of
maize stalk lodging resistance has important practical significance
for realizing high-yield and high-efficiency cultivation of maize.

Maize lodging generally occurs after the jointing stage, and can
be caused by storms, cultivation measures, diseases, insect pests,
etc., and especially by strong wind, which causes the maize plants
to tilt or fall to the ground after rain (Kamara et al., 2003; Sun and
Wang, 2020). The lodging of maize plants can occur in three ways:
(1) the bending strength of the stalk is not sufficient to resist the
external wind pressure and the stalk is broken (the phenomenon of
“stem breaking”); (2) the rigidity of the stalk may be sufficient to
resist the external wind force, but the root system has insufficient
grip to resist the external wind pressure (the phenomenon of “root
collapse”); or (3) the root system has a strong grip and can resist
the external wind pressure, and the stalk has poor rigidity and is
sufficiently tough that it does not break under the external wind
pressure (Robertson et al., 2017), but the inclination exceeds 45°
(the phenomenon of “stem lodging”). The lodging degree of maize
plants can be divided into mild (tilting 0°-30°), moderate (tilting
30°-60°), and severe (above 85°). Different degrees of lodging have
different effects on maize yield. Generally, light lodging reduces
yield by 10%-20%, moderate lodging reduces yield by 30%-45%,
heavy lodging reduces yield by more than 50%, and even more
severe lodging can result in a 100% reduction in yield (Huang and
Zhang., 2007; Cheng et al., 2011; Li, 2012). Much research has been
done on the evaluation of maize lodging resistance. Laboratory
methods of testing stem lodging resistance mainly include the
crush test (Zuber and Grogan, 1961; Thompson, 1963), the peel
penetration test (Peiffer et al., 2013; Li et al,, 2014), and the bending
test (Kokubo et al., 1989; Ennos et al., 1993; Li et al,, 2003; Gou
et al,, 2008; Hu et al., 2013; Robertson et al., 2014). In addition, if a
correlation between various chemical or morphological factors of
plants (e.g., stem diameter, stem lignin content, and stem bark
thickness) and the lodging resistance of stems is established, it
could be used to predict the lodging resistance of plants. However,
these methods usually require a great deal of labor and time, and
cannot directly determine the lodging resistance in situ of plants in
the field. Sibale et al. (1992) measured the puncture resistance of
the rind using a modified electronic penetrometer to aid in the
selection of plants with higher maize stalk strength. Zhang et al.
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(2018) evaluated the crushing strength of stems by measuring the
force required to break the stems using a hydraulic press. Wen et al.
(2019) used a mobile wind turbine to conduct an in situ assessment
of the stalk lodging resistance of different maize varieties; this
research has shown that a new cumulative lodging index (CLI) is
more reliable than mechanical properties, failure wind speed
(FWS), and wind speed reduction index (RI) when evaluating
lodging resistance in terms of reliability and resolution. Cook et al.
(2019) invented a maize lodging resistance tester called Darling
that breaks the maize stalk by giving it a thrust at a fixed height to
obtain the maximum lodging resistance and bending moment,
which can evaluate the lodging resistance of maize stalks in the
field. Darling is a device capable of inducing a natural destruction
and, as such, the device was destructive in assessing maize lodging
resistance. Although methods of measuring maize stem strength
are becoming convenient and efficient, they are all performed
under controlled conditions and can cause some damage to the
plant. There are few comprehensive reports on the determination
of maize lodging resistance in situ without damage under field
conditions. When testing the lodging resistance of maize plants
from jointing stage to mature stages, it is best to use a non-
destructive method and the same population (sample); this can not
only objectively evaluate the differences of lodging resistance
among different genotypes, but effectively reduce the workload
and error caused by different populations (samples). Maize
researchers urgently need a technology for the evaluation of
maize lodging resistance that can achieve non-destructive in situ
determination in the field.

Therefore, a simple lodging resistance evaluation method
was developed in situ for maize plants in the field, which showed
simple, fast, efficient and accurate determination of maize
lodging resistance. The instrument used the lever principle to
pull the maize plants to different angles and measure the real-
time pulling force at different angles, which performed the
synchronous acquisition of the three parameters of angle, force
and displacement (i.e., distance between the main machine and
the rotating shaft of the tester). The testing instrument is used to
determine the maize lodging resistance using non-destructive
measurement in situ. The goals of the current study were (1) to
establish a simple method for evaluating lodging resistance in
the field and (2) to quantify the plant lodging resistance of
different maize varieties.

2 Lodging resistance tester and
testing method

2.1 Field experiment design
2.1.1 Experimental design

Field experiments were conducted at the location in Test Site
16, Shandong Denghai Seed Industry Co., Ltd. (E: 119°56.6", N:
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37°20.7"), and Hanting District, Weifang City (E: 119°4.8', N: 36°
53.3'), in Shandong Province, and arranged in 3 years with 113
varieties. The lodging resistance of plants at different planting
densities was determined during the flowering period, at the milk
ripening stage, and at maturity. The design was shown in Table 1.
Three replicates were designed for each variety in a location.

2.1.2 Meteorological factors
The meteorological factors for 2018-2020 were given
in Figure 1.

2.1.3 Agronomy strategy managements

In this study, fertilization was applied according to the yield
standard of 11.25 mg ha™!, the total fertilization ratio of N:P:K
was 3:1:2, and top dressing was applied four times: at the bottom
fertilizer stage, at the jointing stage, at the large trumpet stage,
and at the male pumping stage. The bottom fertilizer had a N:P:
K ratio of 6:6:6, and the remaining phosphate fertilizer and
potassium fertilizer were applied once at the jointing stage.
Nitrogen fertilizer was applied such that 40% of the total N
required was provided at the jointing stage and 50% of the total
N required was provided at the large trumpet stage; the
remaining nitrogen fertilizer was applied once at the male
pumping stage.

2.2 Test method

2.2.1 Placement of lodging resistance tester

A sample of maize plants in the field were selected for testing.
Plants with similar plant height, ear height and stalk thickness
were selected within the population to eliminate the marginal
effect on the experiment. The lodging resistance tester was placed
in parallel wit the target maize plant and at a fixed distance away
from the tester. The pedal was pressed to insert the fork head into
the soil for fixation and the fixing nut of the main machine
loosened to slide it along the vertical rod to the ear height. The
fixing nut again was then tightened again and the stalk of the
maize clamped to test (Figures 2A, B).

2.2.2 Determination of lodging resistance
2.2.2.1 Maximum lodging resistance determination

The test key was pressed to start the test procedure, the
upper part of the tester was manually pulled evenly, and the
vertical rod slowly turned, until the plant snapped or pulled to
90°. During the test, the main machine automatically recorded
the angle, tension, and displacement. The maximum tension
reflected the maximum lodging resistance of the plant.
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2.2.2.2 Measurement of lodging resistance non-
destructive

The test button was pressed to start the test, the upper part of
the tester was pulled by hand, trn the vertical rod was turned at a
constant speed to pull the plant until it was tilted at a 45° angle,
then the main machine was loosened, and the plant returned to
its normal growth state. During the test, the main machine
automatically recorded the angle, tension, and displacement
(Figure 2C) for the determination of lodging resistance.

2.2.2.3 Calculation of expected values

Fonax and Fys were fitted, y = ax + b (a and b are constants, x
was the bending force of the stalk when the stalk was bent 45°
(F45), and the expected value (y) is calculated by the
fitted equation.

2.3 Field non-destructive in situ maize
lodging resistance tester

2.3.1 Design principle

In the absence of external wind, the maize plant was
supported only by gravity mg and ground support T, and the
two forces reach balance (Figure 3A).

Assuming that the wind was horizontal, the wind pressure
was P, and the windward area of the maize was S. If point A was
the concentrated stress point on the windward side of the maize,
the wind force received by the maize plants at point A was PS.
When subjected to wind, the plant’s swaying motion can be
resolved as a series of motions on the vertical plane with the root
system as the origin. Under the combined action of wind PS and
gravity, mg, the plant would be inclined and bent, and the
resistance moment Mo was produced by the anchoring of the
root system. If maize plants are divided into two independent
parts, stalk and ear, the mass of the stalk was m; and the mass of
ear was m, Maize plants reached a force equilibrium state under
the action of wind, gravity, and self-resistance (Figure 3B). At
this time, the torque produced by wind and gravity was equal to
the bending torque produced by maize plants. The equilibrium
equation of its force (Liu, 2017) was as follows:

PS-F, =0 (1)
mg + myg _Foy =0 (2)
Mo =PS-Ly+myg-Ly,+myg-Ls 3)

In the absence of wind, we use the instrument to pull the
maize plant to tilt and bent it (Figure 3C). The balance equation
of its force (Liu, 2017) is as follows:
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TABLE 1 Test varieties in three years.

Years Locations Varieties Test Planting
periods density

2018 Test Site 16, | Denghai661 (DH661)a, Tasseling 4.5,6.0,75, | The
Shandong Denghai 605(DH605)b, Denghai618(DH618)a, Denghai3622(DH3622)c, Xianyu335 stage, milk 9.0, 10.5 comparisons
Denghai (XY335)b, Zhengdan958(ZD958)c stage and of lodging
Seed physiological resistance at
Industry maturity different
Co., Ltd., stage. developmental
Laizhou, stages (a: low-
Shandong ear varieties; b:
Province mid-ear
varieties; c:
high-ear
varieties)
2020 Test Site 16, Denghai605(DH605)b, Denghai618(DH618)a, Xianyu335(XY335)b, Zhengdan958 Tasseling 45,6.0,75 | The
Shandong (ZD958)c, Xundan18(XD18)c, Xundan20(XD20)c stage, milk 9.0 comparisons
Denghai stage and of lodging
Seed physiological resistance at
Industry maturity different
Co., Ltd,, stage. developmental
Laizhou stages test
City,
Shandong
Province
2019 Test Site 16, 45501, 45502, 45503, 45504, 45505, 45506, 45507, 45508, 45509, 45510, 45511, 45512, Physiological 6.75 Regional
Shandong 45513, 45514, 45815, 45516, 45517, 45518, 45SCK1, 45SCK2, 45SCK3, Zhengdan958, maturity experimental
Denghai 1Y3541, MC588, MC876, NK809, WH1288, ZY303, Chengyu826, Chuangyul88, stage. varieties of
Seed Dahual870, Deke501, Denghail25, Guanyul62, Heyu337, Hongsuo899, Huayu688, maize in
Industry Jiyu338, Jiyu39, Jidan958, Jinlai318, Jingke9297, Jinnongke445, Jinnongke738, Shandong
Co., Ltd., Jiuheyul, Liyuan296, Luxing617, Mingyu815, Qinliang505, Ruiyou288, Shandan650, Province
Laizhou Shandan660, Shiyul502, Tiancil898, Weiyul91, Wugu654, Xianyul867, Xianyul871,
City, Xiandai567, Xiandai978, Xundan528, Xianyunuo046, Xianyunuo335, Xiangnongl6,
Shandong Yefeng168, Yongyou988, Yudan188, Yuhong987, Zhaoyu610, Kongfeng191,
Province Zhongbo919, Zhongdan182, Zhongjinyu303.
2019 Test Site 16, 50801, 50502, 50503, 50504, 50S05, 50506, 50507, 50508, 50509, 50510, 50512, 50513, Physiological 7.5 Regional
Shandong 50514, 50815, 50516, 50517, 50SCK, 50SCK2, 50CK3, Z50S01, Z50S02, Z50S03, maturity experimental
Denghai 750804, 750805, Z50SCK1. stage. varieties of
Seed maize in
Industry Shandong
Co., Ltd., Province
Laizhou
City,
Shandong
Province
2020 Hanting JNK728, DK517, SD650, FK159, FK139, XY047, LP638. Physiological 7.5 Variety
District, maturity screening test
Weifang stage.
City,
Shandong
Province

maize plant resisting the pulling force, when we used the
Fy-cosO-F,, =0 (4) instrument to pull the maize plant to tilt to the same degree as

Fo - sin@ + myg + myg _Foy -0 (5) when exposed to the wind. Therefore, in the horizontal

Mo —Fe L+ Ly L ©) direction, the moment PS-L; of wind was equal to the moment
= . m . m .

© 0 18752 285 Fg-L of instrument tension in the horizontal direction of the stem

The moment Mo of the maize plant resisting the resultant and, in the vertical direction, the moment of gravity
force of wind and gravity was equal to the moment Mo’ of the “myg-Ly + myg-L;” was constant.
Frontiers in Plant Science frontiersin.org
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FIGURE 1
The meteorological factors for 2018—-2020.

For the same variety, the center of gravity of the stalk part
was the same, and the weight moment m;g-L, of the stem was
constant. However, the difference in L; was caused by the
difference in the height of the ear position. The higher the ear
position, the greater the moment m,g-L; of the ear weight.
Because Fg-L was equivalent to PS-L;, the windward area S is
roughly the same, and L; was positively correlated with L, so P
was positively correlated with F.

The maximum bending moment was fixed as the same
variety. When the critical bending moment M, was reached,
according to formula (3), the height of ear leads to an increase in
myg-Ls, the corresponding wind power PS decreases, and the
wind resistance of the maize decreases.

Different varieties had different ear height and their tensile
force varies. This change was reflected in the fact that when Mo’

was the same, the larger L; was, the smaller Fy was at the same

angle. Because the height of the maize ear was the main influencing
factor, the Fg produced by the instrument pulling at the ear
position could be used to evaluate the wind resistance of maize.

When the wind was low, the maize plants swing back and
forth with the root system as the origin. With the increase in
wind force, the resultant moment of wind force PS and gravity
will also increase. At this time, if the anchoring force of root
system was weak, root fall would occur. If the anchoring force of
the root system was strong but the quality of the stem was poor,
plastic deformation would occur, which will cause the stem to
break. Mo’ at the inclination angle of the plant was the
maximum lodging resistance moment of the plant when the
root falls or the stem breaks, and Fy was the critical lodging
resistance force.

The stalk material of the same maize plant was the same, the
center of gravity and ear position are the same in the same

FIGURE 2

Test process of lodging resistance tester. (A) Schematic diagram of instrument placement during a test process. (B) Place the instrument parallel
to the plant at the beginning of the test. (C) Pull the instrument vertical rod by hand for testing.
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FIGURE 3

Analysis of maize plant force. (A) Stress analysis of maize plants under windless conditions. T, ground support force; mg, gravity of maize plant.
(B) Stress analysis of maize plants under the influence of external wind. (A), the concentrated stress point on the windward side of a maize plant;
B, the center of gravity of stalk part of maize plant; (C), the center of gravity of ear part of maize plant. PS, wind force exerted on maize plant;
mag, gravity of stalk part of maize plant; m,g, gravity of ear part of maize plant; Fo,, horizontal force on maize root; F,, vertical force on maize
root; Ly, arm of force of PS; L,, arm of force of myg; L, arm of force of m,g; O, stem base; M,, resistance moment of maize plant. (C) Pulling
force given to the maize plant by the apparatus during the resistance to overturning test. 6, inclination angle of vertical shaft of instrument, Fg,
tension at inclination angle 0; L, the arm of Fy, Fo,, horizontal force on maize root, F., vertical force on maize root; M, resistance moment of

maize plant

growth period, and the arm of force L is the same. As long as Fg
was measured, the lodging resistance of the maize stalk can be
evaluated. If Fy was measured before lodging or folding, the
evaluation can be realized without damaging maize
plants (Figure 3C).

2.3.2 Non-destructive maize lodging resistance
tester

Based on the above idea, Shuangyuan Yang invented the
field non-destructive in situ lodging resistance tester (NDT) for
maize plants, which was commercially produced by Laizhou
Kaitian Instrument Co., Ltd. The instrument model was KTDF-1
(Figure 4). At present, three patents had been granted, namely, a
Chinese invention patent (patent no. ZL201510176119.9), a
Chinese utility model patent (patent no. ZL201720355104.3),
and a German utility model patent (patent no. 202017106298).

The field non-destructive in situ lodging resistance tester for
maize (Figure 4A) could be used to determine the force and
dynamic displacement at different angles, until the maximum
bending force that leads to the breaking of maize stalk is found.
The tester could be automatically adjusted for displacement
measurement. The displacement is produced by the force
vector of the plant at different angles. By using the tester, the
dynamic determination of pull forces and the changes of angles
could be achieved. The main engine of the instrument is
controlled by a microcontroller (Figure 4B) and operated
through the user interface (Figure 4C). The force and stalk
position obtained at different angles during the test could replace
Fy (the wind force PS). According to Equations (4) and (5), the
lodging resistance of maize plants under the force of wind could

Frontiers in Plant Science

be evaluated. Data from the test can be imported into a computer
for analysis (Figure 4D).

2.4 Statistical analysis and processing

IBM SPSS Statistics 26 (IBM Corporation, Armonk, NY,
USA) was used for data statistics and analysis. Maize varieties
were clustered according to the squared Euclidean distance
method. Origin 2021 (Origin Lab, Northampton, MA, USA)
was used for data processing and plotting. Comparisons among
groups were tested by one-way analysis of variance and the least
significant difference test, and differences between the means
were considered significant at p<0.05.

3 Results

3.1 Evaluation for the criteria of maize
lodging resistance by F,,,x values

From 2018 to 2020, 1,172 maize plants were tested in
Laizhou and Weifang Region, Shandong Province, at the
flowering, milk ripening, and maturity period. As the plant
tilted angle increases, the pull trajectory of the plant
determined by a tester complies with the equation y =-
0.0028x> + 0.3989x+2.4187 (R* = 0.9991, n = 1172), where x
represents the tilted angle, and y represents the pull value at the
angle (Figure 5A).

The Fi,ax values of the above maize plants were clustered by
Euclidean distance and divided into four categories (Figure 5B)
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The physical appearance, major components and export data format of lodging resistance tester in situ for maize. (A) Tester structure: it
consists of the main engine, vertical shaft, rotating shaft, pedal and fork head. The vertical shaft is connected to the fork head through the
rotating shaft, and the pedal is located at the lower part of the vertical shaft. The test host can slide up and down along the vertical bar. (B)
Electronic system: the main engine integrates the angle, tension, and height sensors, which is controlled by microcontroller. The angle sensor
uses a single-axial gyroscope, output to MCU through 12C port, with accuracy of 0.1°; the tensile sensor adopts an S-type tension integrated
weighing sensor, output voltage signal into digital signal to MCU through AD conversion, with accuracy of 0.1 N; the height sensor adopts a
displacement encoder, transmitted to MCU, measuring reference to the bottom end of vertical rod rotating shaft, with accuracy of 0.1 cm.
Other types of sensors can also be connected to this device. The power supply device comes from the charging lithium battery, which can
power the device for more than six hours. (C) User interface: consists of a 3.5-inch LCD screen and five selection buttons at the bottom of the
device. These five buttons integrate the two functions of preparation mode and query mode. The user interface is written in the C programming
language. (D) Export data format: each set of data has three group values: angle, force, and displacement (distance between vertical line and the
rod of the tester). After the test ends, import the data into the U disk in a XLS file format.
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FIGURE 5

The data analysis of lodging resistance from maize plants at different locations in three years. (A) Stress values of maize plants at different angles.
(B) Clustered lodging level of maize plants according to the tested Fax. (C) The survival rate of maize plants under different tilted angles.
(D) The ratio of F to Fnax under different tilted angles. (E) Correlation between F45 and Frax.
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with a mean of 9.25 N, 14.53 N, 20.61 N, and 31.33 N, which
consisted of 32.25%, 37.88%, 22.70%, and 7.17% in the total
number of varieties. Accordingly, the lodging resistance levels of
maize was divided into four levels: poor lodging resistance
(cluster 3, Fyax <11.8 N), low lodging resistance (cluster 2,
Fiax > 11.8 N but <17.5 N), medium lodging resistance
(cluster 1, Fyax >17.5 N but <25.8 N), and high lodging
resistance (cluster 4, F,x >25.8 N) (Table 2).

3.2 A correlation between F45 and Fax

As shown in Figure 5E, Fy5 and F,.x are strongly correlated,
and Fp,,x predicted by F,s can be used to assess the lodging
resistance of maize plants according to the correlation.
Simulation results agree well with measurements.

As the tilt angle of the maize plant increased, the breaking
ratio of the plants gradually increased. When the tilt angle was
below 45°, the breaking ratio was relatively low. When tilt angle
was between 5° and 40° the cumulative proportion of breaking
plants was 10.41%; at 45° the proportion was 4.27%, and at 50°
the proportion was 11.60%, indicating that a plant tilt angle of
45° was the critical point for a significant decrease in the survival
rate of plants. The proportion of plants breaking increases slowly
as tilt angle increases up to<45°, and the survival rate of plants
has a curve slope of -0.3527; when the tilt angle goes beyond 45°,
the survival rate of plants decreases quickly, accompanied by a
curve slope of -1.8749 (Figure 5C).

In the process of the test, as the tilted angle 6 of the plant
increases, the pull force of the F value (expressed as Fp) increases
until the plant breaks or does not break at a 90° angle.
Subsequently,the maximum F value (expressed as Fy,,x) can be
determined. As the results, the larger the tilt angle, the closer to
Finax is Fo. A map was made by using Fo/Fy,.x values and tilted
angles (Figure 5D). It wis interesting that, at tilt angles in the 15-

TABLE 2 The F,,ax clustering by the Euclidean distance method.

Fmean
cluster 1 31.33
cluster 2 20.61
cluster 3 14.53
cluster 4 9.25

10.3389/fpls.2022.1087652

55° range, th Fo/Fy,.x increases proportionally, and Fo/Fy,ayx is
about 0.9 at a 45° tilt angle (Figure 5D), which could characterize
the lodge resistance of maize plants.

Out of 1,172 tested maize plants, 1,000 tilted by 45° without
the stalk breaking and were selected to determine F45 values
and Fp.x and comparing F,s with its corresponding Fpax
developed the equation y = 1.1354x - 0.3358 (R*> = 0.9112),
indicating that a strong correlation exists between F,s and Fy,.x
(Figure 5E). By measuring F45s and applying the formula,
expected values for maximum stalk resistance can be
obtained. The maize plants under a 45° tilt angle maintained
a 85.32% survival rate in a large complex population; therefore,
F,5 can be used to evaluate the lodging resistance of maize
plants with a simple method.

3.3 Evaluation of lodging resistance for
the different varieties of maize

The F,,,.x was predicted by F,5 and the lodging resistance of
plants were evaluated under non-damaged conditions.
Comparing the measured and expected values in pairs, the
results are shown in Table 3. In the low-resistance group the
accuracy reached 97.28%; in the high-resistance group the
accuracy was 88.57%, which was the lowest accuracy (Table 3).
It was concluded that the two tests produced similar results for
the lodging resistance of plants.

The traits of plants from different varieties, planting density,
and development period were principal factors for the lodging
resistance of maize plants. The planting density usually is
negatively associated with F,,,, that is, higher planting density
usually led to a lower F,,,. Under low-density conditions, the
differences of varieties are significant, that is, the data of lodging
resistance from a population consisting of different varieties
show great heterogeneity, while at high density, the differences

[Friers Samples in each cluster
55.8 ‘ 84
25.8 ‘ 266
17.5 ‘ 444
11.8 ‘ 378

TABLE 3 Comparing of the lodging resistance levels of plants by measured and inferred values.

Levels of lodging resistance

Lodge-prone

Low resistance

Moderate resistance High resistance

Individual distribution from expected values 258
Individual distribution from measured values 248 ‘
Accuracy (%) 96.0 ‘
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278 ‘ 70 1000
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Measurement of lodging resistance of six varieties in different densities of maize plants. I: inferior lodging resistance, Il: medium lodging
resistance, Ill: high lodging resistance range, IV: strong lodging resistance. VT, flowering period; R3, grain filling period; R6, maturation period;
AV, actual measured value Fpa value; PV, presumptive value. The missing value of the force indicates that the angle at which the plant breaks is

less than 45°.

between varieties become smaller. Maize plants at different
developmental stages or in different reproductive periods show
obvious differences in lodging resistance. From Figure 6, it is
obvious that the F,, estimation and F,,, measurement
produced consistent results.

The eight varieties of maize were rated according to their
lodging resistance in different planting densities in 2018 and
2020. Based on Fy,.,, DH661, DH618, and DH605 were high
lodging-resistant varieties, with inferior lodging resistance
detected in only 2.6%, 10.7% and 11.5% of total plants in two
years. DH3622, ZD958, XY335, XD20, and XD18 had poor
lodging resistance, with 22.7%, 37.1%, 36.1%, 40.0%, and 63.0%
of plants having inferior lodging resistance (Figures 7A, C). The
same conclusion was obtained by using the F45 measurement
method (Figures 7B, D).

4 Discussion

4.1 Advantages of non-destructive
testing in the field

In 2019, Cook published a paper in which a lodging
resistance tester, Darling, was developed. Darling was the
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first instrument for the lodging resistance measurement of
crops in the field. The Darling tester produces a thrust at a
fixed height to assess the lodging resistance of maize and
sorghum, but actually evaluates the strength and toughness
of the plant stalk. The Darling uses a destructive test for
maximum lodging resistance.

The purpose of our test is to assess the lodging resistance of
plants in a non-destructive way, which is important for the
selection of commercial cultivars and cultivation of crops. For
the lack of appropriate tools and test methods, the maximum
lodging resistance of plants was determined and used to
evaluate the maize lodging resistance, which is based on the
stalk-breaking of plants and tensile strength from different
angles, and inevitably causes the breaking of plants, resulting in
maize plants that could not grow normally after the test. In
order to evaluate maize lodging resistance in maize without
injuring the plant, the maize stalk breaking rate and tensile
value at different angles were determined. F,5 gave an index of
maize lodging resistance with a very low breaking rate, and
from the correspondence between F,,,, and Fy5 (Figure 5E), the
lodging resistance of plant was determined with Fys. It is
concluded that F;s can represent maize lodging resistance,
which can be obtained by an NDT method in the fields. In
this study, the Fys values were determined by a lodging
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(A) In 2018, the actual measured value (AV) of all plants was rated for lodging resistance and the proportion of different grades of plants was
determined. (B) In 2018, all plants were rated for lodging resistance based on presumptive value (PV) and the proportion of different grades of
plants was determined. (C) In 2020, the AV of all plants was rated for lodging resistance and the proportion of different grades of plants was
determined. (D) In 2018, all plants were rated for lodging resistance based on EV and the proportion of different grades of plants was

determined.

resistance tester in the field and the lodging resistance of plants
was calculated to predict the maximum lodging resistance,
which achieved the in situ non-destructive testing of lodging
resistance in maize.

4.2 Accuracy of non-destructive
evaluation of maize lodging resistance in
the field

This field non-destructive testing method can evaluate
lodging resistance under different conditions. In 2018 and
2020, six varieties were selected to experiment on different
densities, and the results show (1) among the varieties there
existed significant differences in lodging resistance (DH661 >
DH618 > DH605 > DH3622 > ZD958 > XY 335 > XD 20 >
XD18); (2) the lodging resistances of plants from one variety
were determined by differences in planting density, and higher
planting density led to lower lodging resistance in all varieties;
and (3) when the plants of one variety were tested for lodging
resistance in different developmental periods, conclusions were
usually consistent.
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4.3 Reliability of the non-destructive in
situ lodging resistance tester method in
the field

At present the determination of maize lodging resistance
usually uses the three-point bending method or the moving wind
tunnel method. There are multiple instruments for the three-
point bending method evaluation; the most popular tester is the
YYD-1 lodging resistance tester produced by Zhejiang Topu
Yunnong Technology Co., Ltd. With this instrument, DH661
(Ren et al.,, 2016) and DH618 showed strong lodging resistance
(Ren et al,, 2016; Gu et al., 2017; Yang et al., 2022), and XY335,
ZD958, and XD20 showed weaker lodging resistance (Gu et al.,
2017; Xue et al.,, 2020; Yang et al., 2022). By using digital detector
FGJ-5, the stem breaking resistance of different varieties of maize
was rated as XY335 > ZD958 > XD20, and the bending resistance
of plant was ZD958 > XD20 (Cheng, 2010). By using a mobile
wind tunnel to detect lodging resistance, Wen rated the wind
resistance performance of different varieties as XY335 > ZD958
> XD20 (Wen et al., 2019). The results from non-destructive
testing used in this study were nearly identical.
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5 Conclusion

This non-destructive in situ method can test the lodging
resistance of a maize stem by determining the angle values of
bending plant in constant pull force, or reading the values of pull
force on a plant that is inclined 45°, based on the force strength on
the plants in the field, composed of gravity and wind force. Non-
destructive determination for maize lodging resistance in the field
by using the lodging resistance tester can be successfully performed.
The accuracy of the method was examined with different plants of
113 varieties for 3 years under different planting densities and
developmental periods. F,5 on maize plants at a 45° inclination was
suitable to characterize maize lodging resistance in the field, and was
the best index for the evaluation of maize lodging resistance in this
study. According to the F,s value, the maximum lodging resistance
Frax can be inferred, and the formula is F,,,, = 1.1354F,5 — 0.3358.
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Introduction: Extreme weather has occurred more frequently in recent decades,
which results in more frequent drought disasters in the maize growing season.
Severe drought often decreases remarkably plant growth and yield of maize, and
even reduces significantly the quality of maize production, especially for waxy
maize.

Results: To study the changes in plant growth, fresh ear yield, and fresh grain
quality of waxy maize under water deficits occurring at different growth stages, and
further strengthen the field water management of waxy maize, water deficit
experiments were carried out under a rain shelter in 2019 and 2020. Water
deficit treatments were imposed respectively at the V6-VT (Dyg_vt), VT-R2
(Dyt_r2), and R2—R3 (Dgr»_r3) stages of waxy maize, and treatment with non-
water deficit in the whole growing season was taken as the control (CK). The lower
limit of soil water content was 50% of field capacity for a water deficit period and
65% of field capacity for a non-water deficit period.

Results: In this study, water deficits imposed at V6-VT and VT-R2 stages
decreased plant growth rate and leaf gas exchange parameters, accelerated leaf
senescence, and limited ear growth of waxy maize, which resulted in 11.6% and
23.1% decreases in grains per ear, 19.4% and 7.3% declines in 100-grain weight,
20.3% and 14.2% losses in fresh ear yield in 2019 and 2020 growing seasons,
respectively, while water deficit at R2—R3 stage had no significant effect on ear
traits and fresh ear yield, but the fresh ear yield with husk of DR2—-R3 decreased by
9.1% (P<0.05). The obvious water deficit imposed at the V6-VT and VT—-R2 stages
also lowered grain quality. Water deficits at the V6-VT and VT-R2 stages led to
accelerated maturity, resulting in increased total protein, starch, and lysine content
in grains at the R3 stage and decreased soluble sugar content. Principal
component analysis revealed that when water deficits occurred in the waxy
maize growing season, they firstly altered maize physiological processes, then
affected ear characteristics and yield, and finally resulted in significant grain quality
changes. In conclusion, a water deficit during V6-VT and VT-R2 not only reduced
fresh ear yield but also adversely affected grain quality. However, water deficit
during R2—-R3 had little effect on total protein, starch, and soluble sugar content,
but increased obviously lysine content.
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Discussion: The above results suggested that avoiding serious water deficits at the
V6-VT and VT-R2 stages of waxy maize while imposing a slight water deficit at the
R2—-R3 stage has not only little effects on fresh ear yield but also a remarkable
improvement in grain quality.

KEYWORDS

waxy maize, water deficit, leaf physiological characteristic, fresh ear yields, grain quality

Introduction

Drought is one of the main disasters affecting agricultural
production around the world. Climate change has led to the
aggravation of drought in many regions and significantly increased
the frequency of extreme drought (IPCC, 2014). Since 1950, the land
area affected by drought in China’s agricultural production has shown
a gradual upward trend, and the loss of food due to drought is about
25-30 x 10° t, accounting for 60% of the total loss from natural
disasters (Hao and Singh, 2015; Song et al., 2018).

Water deficit can lead to a large number of physiological stress
reactions in plants, thus changing the physiological characteristics of
plants, thereby affecting the growth of plants, and the yield and
quality of final products (Wang and Frei, 2011). Under conditions of
water deficit, plant cells will produce reactive oxygen species (ROS)
due to oxidative damage and synthesize a large amount of
malondialdehyde (MDA). Meanwhile, the enhanced activities of
catalase (CAT), superoxide dismutase (SOD), and peroxidase
(POD) prevent severe damage (Ye et al., 2020a). At the same time,
soluble sugar, soluble protein, and proline content in plant cells will
gradually increase to maintain normal cell osmotic pressure (Liu et al.,
2015). Drought stress also significantly reduced the photosynthetic
rate of maize leaves. On the one hand, stomatal opening would
decrease under drought stress, leading to a decrease in CO, supply
and a decrease in the photosynthetic rate of maize leaves (Yao et al.,
2012). On the other hand, peroxidation can reduce the activity of leaf
photosynthetic enzymes (ribulose-1, 5-diphosphate carboxylase, and
phosphoenolpyruvate carboxylase), resulting in a lower
photosynthetic rate and final yield reduction of maize (Markelz
et al, 2011; Ye et al.,, 2020a).

Water deficits can also affect the quality of crop products. Studies
have shown that drought can reduce grain starch content and increase
protein content in many crops (Wang and Frei, 2011; Thitisaksakul
et al., 2012). Drought was shown to lower starch concentration in
cassava tubers (Santisopasri et al., 2001), and water deficit during the
flowering stage caused the process of starch accumulation in advance,
and reduced the total starch accumulation (Yi et al., 2014). Some
studies also showed that water deficit during the whole growth stage
increased starch accumulation, starch accumulation rate, and the
activities of key enzymes for starch synthesis (AGPase (glucose-1-
ATP transferase), SS (starch synthase), and SBE (1,4-glucan
branching enzyme)) at early filling stage in wheat, but decreased
starch accumulation and amylose content at late filling stage (Dai
etal,, 2008; Singh et al., 2008). Studies also showed that drought stress
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increased total protein concentrations but decreased the contents of
alcohol-soluble protein, glutenin, and oat protein contents in wheat
grains (Begcy and Walia, 2015; Flagella et al., 2010; Ozturk and
Aydin, 2004).

It was also reported that a water deficit reduced lysine content and
increased protein content in maize grains and changed maize grain
quality by increasing nitrogen, magnesium, zinc, and alcohol-soluble
protein concentrations and reducing potassium and glutenin
concentrations (Erbs et al., 2015). However, some studies suggested
that drought at different growing stages had different effects on the
grain quality of maize. Compared with normal irrigation, a drought at
the whole growth stage was shown to decrease starch content by 3%
and increase protein content in normal maize (Liu et al., 2013a).
Sandhya et al. (2010) reported that drought stress at the seedling stage
reduced the content of protein and starch in grains, while Ma et al.
(2006) found that the content of protein and lysine in grains would be
increased under moderate drought but decreased under excessive
drought at the maize seedling stage. Drought imposed at the silking
stage decreased starch content and increased protein content in maize
grains (Wang and Frei, 2011; Thitisaksakul et al., 2012; Beckles and
Thitisaksakul, 2014; Wang et al, 2021a). Drought stress at the
flowering and post-anthesis stages both decreased grain protein
content and fresh ear yield (decreased by 16.2%), but increased
grain starch content in waxy maize (Zhao, 2017; Shi et al., 2018;
Wang et al., 2021a). However, drought stress at the filling stage had no
significant effects on the starch content but increased the protein
content in the grains of fresh waxy maize. (Lu et al.,, 2015). In the
process of grain formation, drought stress reduced the final starch
content but increased the protein content (Wang et al., 2021b).

As a fresh-eating food, waxy maize places a high value on grain
quality. Higher quality can bring better edible value and economic
value (Wang et al., 2020). With the rapid improvement of citizen
living standards, the planting area of fresh waxy maize increased
significantly in the last decade in China. It can be expected that waxy
maize will have a better market prospect and that the plantation area
will continue to develop in the future. Although about 70% of the
average annual rainfall of 582 mm occurred in the period of June to
October in the Huang-Huai-Hai Plain (Si et al., 2020), most of the
rainfall was given in several heavy rainstorms (Ma et al., 2016), which
usually results in long periods without any effective rainfall and severe
droughts during the maize growing season. The use of appropriate
measurements and techniques is vital for high-yield, good-quality,
and sustainable waxy maize production in the region. For the effects
of water deficits on grain quality of waxy maize, most of the previous
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studies-imposed water deficits after flowering. They mainly explored
the changes in grain quality of waxy maize at complete maturity
under different water-deficit treatments. However, few studies have
focused on the effects of water deficits occurring in the vegetative
growth stage, especially on grain quality in the fresh stage. Therefore,
the main objectives of this experiment were focused on: (1) clarifying
the changes in plant growth, physiological characteristics, fresh ear
yield, and fresh grain quality of waxy maize under water deficit at the
jointing stage, flowering stage, and filling stage; and (2) revealing in
detail the tolerance of waxy maize to water deficit at different growing
stages for determining suitable water management during the waxy
maize growing period. This research contributes to the rapid
development of waxy maize production in the Huang-Huai-
Hai Plain.

Materials and methods
Site description

The experiment was carried out in lysimeters under a large-scale
rain shelter at the Xinxiang Comprehensive Experimental Station of
the Chinese Academy of Agricultural Sciences located in Qiliying
Town, Xinxiang, Henan, China (35°18'N, 113°54'E, 75 m a.s.l.) with
temperate monsoon weather in the 2019 and 2020 maize growing
seasons. All lysimeters are non-weighing with well-equipped
irrigation and drainage systems. The dimensions of each lysimeter
were 2.0 m wide x 3.33 m length x 2.0 m in depth. The top side of the
steel outer frame of the lysimeter is 10 cm higher than the soil surface
in the lysimeter to prevent runoff during rain or irrigation events. A
total of 24 lysimeters were arranged in two rows under a rain shelter.
There was a 2 m space between the rows and 20 cm between
lysimeters in the same row. The physical and chemical properties of
the top 40 cm of the soil layer are shown in Table 1. A mobile rain
shelter was installed above the two rows of lysimeters and closed
before a rainfall and opened after the rainfall. This was done to avoid
the severe effects of natural rainfall on the experiment of signed water
deficit at different stages in maize growing seasons. An automatic
weather station (YM-HJ03, Handan Chuangmeng Electronic
Technology Co., Ltd., Hebei, China) was set on the edge of the
lysimeter area. The average daily temperature and accumulated
precipitation during the whole growing season of waxy maize in the
two experiment seasons are shown in Figure 1.

TABLE 1 Basic parameters of topsoil of 0—40 cm in lysimeters.

Soil gl field
Location Soil H dbrlljlt(t capacity
ocation exture P e(gs Y (cm3

cm™)

Organic
matter
(9kg™)

cm™)

Total
nitrogen
(9 kg™

10.3389/fpls.2023.1069551

Experimental design

The experimental waxy maize variety was “Shenkenuo 1,” bred by
the Shanghai Academy of Agricultural Sciences. The variety is a
multi-resistant waxy maize variety with high taste quality and great
planting promotion value (Wang et al., 2014). A total of 40 plants of
waxy maize were maintained in each lysimeter, with row spacing of
60 cm and plant spacing of 30 cm. The experiment arranged only one
factor (water deficit stage) with four treatment levels, i.e., water deficit
occurred at V6-VT, VT-R2, and R2-R3 stages, and no water deficit
in the whole waxy maize growing season (as CK), respectively.
Following the soil water content arrangement shown in Xiao et al.
(2011), no irrigation was carried out when the soil water contents
were higher than 50% of field capacity during the process of water
deficit treatment at the V6-VT, VT-R2, and R2-R3 stages of waxy
maize, and irrigation was performed when the soil water content was
reduced to or less than 50% of field capacity, or at the end of a growing
stage with water deficit treatment. During the periods without
arranging water deficit treatment, the soil water contents were
maintained at more than 65% of field capacity, so the soil water
contents in CK treatment were maintained at higher than 65% of field
capacity in whole growing seasons. All four treatments were
replicated three times. The planned soil water lower limits for all
four treatments are shown in Table 2. The beginning date of each
growth stage is shown in Table 3.

Measurement set-up

Measurements of soil water content

Soil water content (SWS, cm™ cm™) in the 0-100 cm soil layer
was measured in real time with Insentek sensors (Oriental Zhigan
Technology Ltd., Zhejiang, China) with a 10 cm increment. The
sensor parameters were shown in Qin et al. (2019).

Measurements of plant height and leaf area index

At the six-leaf stage of waxy maize, three representative waxy
maize plants with similar growth status were selected and marked in
each lysimeter. The plant height and the leaf length and largest leaf
width of all leaves on the three marked plants were measured at the
end of each water deficit period of V6-VT, VT-R2, and R2-R3 in
2019 and 2020, and the leaf area index of each lysimeter was
calculated by using Eq. (1) (Huang et al., 2022).

Available
phosphorus
(gkg™)

Available
potassium
(mg kg™")

Total phos-
phorus (g
kg™)

L Silt loam
Xinxiang 8.8 1.51 0.31

. 10.72
soil

138.96 0.94 72.00 18.34 2.54

Soil pH was determined in 1:5, soil to CO,-free water suspension by pH meter (120P-02A, Thermo Fisher Scientific); soil bulk density was measured by ring knife method; soil field capacity was
measured by infiltration method; organic carbon was determined by potassium dichromate volumetric method; total nitrogen was determined by microcalorimetric method; exchangeable potassium
was determined by flame photometric method; total phosphorus was determined by perchloric acid-sulfuric acid method; available phosphorus was determined by sodium hydrogen carbonate
solution-Mo-Sb anti spectrophotometric method; NO3 -N was determined by immerse-UV spectrophotometry method; NH} -N was determined by indophenol blue colorimetry.
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where LAI is the leaf area index (dimensionless), L;; is the leaf
length (cm) of the jth leaf on ith plant, Wj; is the largest width (cm) of
the jth leaf on ith plant, m is the measured number of plants, # is the
number of leaves per plant, N is the plant number on a lysimeter, and
S is the soil surface area of a lysimeter (cm?).

Measurements of gas exchange

A Li-6400 portable photosynthesis analyzer (LI-COR, USA) was
used to measure the gas exchange parameters (including net
photosynthetic rate (P,), stomatal conductance (G;), transpiration
rate (T,), and intercellular CO, concentration (C;)) of the ear leaves
on the marked plants at the end of each water deficit period of V6-
VT, VIT-R2, and R2-R3 in 2019 and 2020. Measurements were
carried out between 9:00 and 11:00 a.m. on a sunny day. A SPAD-
502 portable chlorophyll meter (Konica Minolta Holdings, Inc.,
Japan) was used to measure the SPAD value of the ear leaves on the
marked plants at the end of the three water deficit periods (Huang

etal,, 2022). The leaf water use efficiency (LWUE) was calculated with
Eq. (2) (Huang et al,, 2022).

P,(umol m? sV)

-1y _
mmol ") = T, (ol

LWUE(umol (2)

m? sh)

Determination of enzyme activities and osmotic
adjustment substances in waxy maize leaves

Five ear leaves of waxy maize in each lysimeter were sampled at
the R3 stage in 2019 for determining the soluble protein content
(determined with the BCA protein method), soluble sugar content
(with the anthrone colorimetry method), proline content (with the
ninhydrin method), and malondialdehyde (MDA, determined with
the thiobarbituric acid method) contents of ear leaves of waxy maize.
The methods of determining the activities of antioxidant enzymes
such as superoxide dismutase (SOD, NBT method), peroxidase (POD,
guaiacol method), and catalase (CAT, ammonium molybdate
method) also were consistent with those described by Huang
et al. (2022).

TABLE 2 Designed low limit of soil water content for different treatments at different waxy maize growing stages.

Water deficit treatment

Lower limit of soil moisture content

V1-V6 stage V6-VT stage VT-R2 stage R2-R3 stage
CK ‘ 65 65 ‘ 65 65
Dye vt ‘ 65 ‘ 50 ‘ 65 65
Dyr.ri ‘ 65 ‘ 65 ‘ 50 65
Dri-rs ‘ 65 65 ‘ 65 50

The values in the table are the lower limit controlled of soil water content, and presented as percentage of field capacity. V1, first leaf; V6, sixth leaf; VT, tasseling; R2, blister stage; R3, milk stage.
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TABLE 3 Beginning date of each growth stage of waxy maize in two growing seasons.

Sowing Second leaf Sixth leaf
2019 10.6.2019 17.6.2019 10.7.2019
2020 11.6.2020 18.6.2020 9.7.2020

Fresh ear grain yield and ear characters

Fresh ears with husks were taken on all lysimeters (the harvest
date is shown in Table 2) at the end of the R3 stage in the 2019 and
2020 seasons. A total of 20 representative ears were sampled on each
lysimeter to measure the yield of fresh ears with husks and the yield of
fresh ears without husks. Ear characters such as ear length, ear
diameter, bald tip length, grain rows per ear, grains per row, and
grains per ear were also determined simultaneously by averaging the
relevant values of the 20 sample ears. After threshing, three groups of
100 grains were randomly sampled to determine the 100-grain weight
for each experimental lysimeter.

Grain quality

The waxy maize grains were collected at late R3 stages for
determining fresh grain quality using the method described by
Huang et al. (2022) in the 2019 and 2020 seasons. The soluble
sugar content (determined with the anthrone colorimetric method),
starch content (with the anthrone-sulfuric acid method), total protein
content (with the total nitrogen content method, total protein content
= total nitrogen content x 6.25), and lysine content (with the
ninhydrin chromogenic method) of waxy maize grains were
measured for each sample. The contents of amylopectin, amylose,
gliadin, gluten, albumin, and globulin were measured by the Sanshu
Bio-Tech company in China. The amylose content of starch was
determined using a colorimetric amylose content assay (Knutson and
Grove, 1994). The amylose content was analyzed using the GPC-RI-
MALLs system developed by Park et al. (2007). Glutenins and gliadins
were extracted and quantitated subsequently from two biological
replicates by reverse-phase ultra-performance liquid
chromatography (RP-UPLC) according to a method described by
Han et al. (2015), and the sample size was modified in minor ways
according to the protein concentration of waxy maize grain. The
albumin and globulin content was analyzed using an automatic
microplate reader (Multiskan GO, Thermo, USA).

Statistical analysis

The effects of water deficits imposed at different stages on the
waxy maize growth index, grain yield, yield components, and grain
quality were analyzed by analysis of variance using the General
Linear Model procedure (GLM) in SPSS 19.0 (IBM Inc., Chicago,
IL, USA). Duncan’s new multiple range difference method was used to
test the significance of the difference at the P<0.05 level. Figures were
drawn with Origin 2017 (OriginLab, USA). Principal component
analysis was used to determine the comprehensive impact of the
water deficit.
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Tasseling Blister stage Milk stage Harvest

29.7.2019 12.8.2019 24.8.2019 ‘ 27.8.2019
29.7.2020 14.8.2020 25.8.2020 ‘ 4.9.2020
Results

Effects of water deficits on plant height and
leaf area index

Plant height and leaf area index (LAI) of waxy maize varied
significantly with growing stages and growing seasons (P<0.01;
Table 4). The results of the two growing seasons showed that plant
height and LAI decreased most significantly under the water deficit
imposed at the V6-VT and VT-R2 stages (Table 4), and the change
trends in the two growing seasons were basically the same (Figure 2).
At the end of the water deficit period of V6-VT and VT-R2, all plant
heights and LAI values of Dyg_yr and Dyr_g, were significantly lower
than those of the CK treatment. Compared with CK, the plant height
under Dyg vt and Dyt g, treatments at the R3 stage decreased by
10.7% and 9.0% (P<0.05), and the LAI decreased by 22.4% and 19.5%
(P<0.05), respectively. The Dg, g3 treatment did not exhibit
significant effects on plant height and LAI, but because of
temperature, light, and other reasons factors, the plant height of
waxy maize in 2019 was higher than in 2020. It was clearly indicated
that a water deficit imposed at the V6-VT and VT-R2 stages may
severely limit the plant growth and leaf development of waxy maize.

Effects of water deficits on MDA, antioxidant
enzymes, and osmotic adjustment
substances in maize leaves

MDA content and antioxidant enzyme activities in waxy maize
leaves under different water-deficit treatments are shown in Figure 3.
Compared with CK, the MDA content in Dy vr and Dyt g,
increased by 40.8% and 46.0%, respectively (P<0.05, Figure 3A),
while the MDA content in Dg, 3 was significantly decreased by
30.1% (P<0.05). These results indicated that the recovery of plants in
the Dy vt and Dy_g, treatments was weak after re-watering. It may
be the main reason that changes in CAT were insignificant under
Dye_yr treatment, and the activities of SOD and POD were
significantly decreased by 26.8% and 25.8%, respectively, compared
with CK (P<0.05). The oxidative damage to waxy maize plants still
appeared obviously at the milk stage, even after a long-term release of
the water deficit imposed at the jointing stage. Dyr_g, significantly
increased CAT by 33.6% (P<0.05) but decreased significantly SOD
and POD by 19.1% and 18.4% (P<0.05), which indicated that the
oxidative damage caused by the water deficit at the VT-R2 stage can
only be alleviated to a certain extent. Dg,_grs exhibited less oxidative
damage and obvious increases in SOD, CAT, and POD by 24.5%,
83.8%, and 24.5%, respectively (P<0.05), which indicated that the
damage caused by water deficit at the R2-R3 stage may have been
almost completely alleviated at the milk stage.
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Same lowercase letters indicated no significance between different stages and years at a = 0.05. The mean is reported. *P<0.05, **P<0.01, ns P >0.05.
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The soluble protein, soluble sugar, and free proline in waxy maize
leaves at the R3 stage are shown in Figure 4. Results showed that the
recovery of waxy maize plants after re-watering was poor under Dy,
vt and Dyr_g, treatments. Compared with CK, the soluble sugars and
soluble proteins in the Dyg vyt treatment increased by 95.4% and
38.1% (P<0.05) and by 42.0% and 26.4% (P<0.05) in the Dyt gr»
treatment, respectively. These increases were beneficial to
maintaining cell water potential under water deficits, reducing leaf
water loss, and improving leaf water use efficiency. The Dyg yr
treatment had the highest levels of soluble sugar, soluble protein,
and proline. Meanwhile, the soluble sugar content in the Dg, g3
treatment increased by 30.9% (P<0.05), but the soluble protein
decreased by 19.1% compared with the CK treatment. It was
further indicated that a water deficit in the V6-VT stage had the
greatest impact on the relevant index in waxy maize leaves and the
smallest effects from a water deficit in the R2-R3 stage.

Effects of water deficits on photosynthetic
characteristics

Under water deficit, plants usually reduced water loss by closing
partially stomates, while the photosynthetic recovery of waxy maize
was different after release from the water deficit imposed at different
growing stages (Figure 5). The changes in SPAD and photosynthetic
characteristics in the two growing seasons were basically the same
(Figure 5). After water deficit at the V6-VT stage, SPAD and gas
exchange parameters of leaves decreased, but leaf water use efficiency
(LWUE) increased. After a water deficit at the VT-R2 stage, P,,, G, C;,
and T, of leaves decreased significantly. Compared with CK, the Dy,
v treatment reduced the SPAD of waxy maize leaves (Figure 5A), and
the Dyg_yr and Dyt _g, treatments significantly decreased P, G, and
T, (Figures 5B, C, E) and C; of waxy maize leaves at the R3 stage. Both
Dye_ vt and Dyt g, treatments increased LWUE significantly
(Figure 5F). But no significant differences in P,, C; G, T,, and
LWUE between Dg, r; and CK were investigated. With the
postponement of the water deficit stage, P,, G, and T, showed an
increasing trend, while C; showed a trend of decreasing at the
beginning and then increasing later (Figure 5D), while LWUE
showed a firmly decreasing trend (Figure 5F).

Effects of water deficits on ear traits

The results of the ANOVA in two growing seasons showed that
there were significant differences in grains per ear and 100-grain
weight under different water deficits imposed at different growth
stages of waxy maize (P<0.01; Table 4). The 100-grain weight of Dy
vt was significantly lower than those of other treatments, decreasing
by 19.4% compared with CK (P<0.05; Figure 6A). Meanwhile, the
grain yield per ear of the Dyr_g, treatment was the lowest and was
23.1% lower than that of CK (P<0.05; Figure 6B).

Ear length, ear diameter, bald tip length, grain rows per ear, and
grains per row significantly varied with water deficit treatments
(P<0.01; Table 4; Figures 7A-E). The results of multiple
comparisons in two growing seasons showed that the ear length of
Dy v, compared with CK, decreased the most obviously, followed
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FIGURE 2

Plant heights and LAl of waxy maize under water deficits at different growing stages in the 2019 and 2020 seasons. Different lowercase letters during the
same year indicated significant at 0.05 level. The X axes are years. CK, control; Dyg_y, Water deficit from six leaf stage (V6) to tasseling stage (VT); Dyr-
r2. Water deficit from tasseling stage to blister stage (R2); Dro_r3, Water deficit from blister stage to milk stage (R3); VT, tasseling stage; R2, blister stage;
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R3, milk stage. (A) plant height of waxy maize; (B) leaf area index of waxy maize.

FIGURE 3

MDA contents and antioxidant enzyme activities of waxy maize leaves under water deficits at different growing stages in the 2019 season
Lowercase letters indicate the difference of different treatments at 0.05 level; MDA, malonaldehyde; SOD, superoxide dismutase; CAT, catalase;
POD, peroxidase. the box from bottom to top indicated the lower quartile, median and upper quartile respectively, and the middle black box
indicated the mean value. CK, control; Dyg_yt. water deficit from six leaf stage (V6) to tasseling stage (VT); Dyr_r2, Water deficit from tasseling
stage to blister stage (R2); Dro-gr3, Water deficit from blister stage to milk stage (R3). (A) MDA content of leaves; (B) SOD activities of leaves; (C)
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FIGURE 4

Contents of osmotic adjustment substances of waxy maize leaves under water deficits imposed at different growing stages in the 2019 season.
Lowercase letters indicate the difference of different treatments at 0.05 level; the box from bottom to top indicated the lower quartile, median and upper
quartile respectively, and the middle black box indicated the mean value. CK, control; Dye_yt, Water deficit from six leaf stage (V6) to tasseling stage (VT);
Dyr-r2, Water deficit from tasseling stage to blister stage (R2); Dro_rs, Water deficit from blister stage to milk stage (R3). (A) soluble sugar contents of

A B C
70 60
651
60 a eor SSE a
ot Cl w55 | |j ~
g ) w50 |
ESO r = 50 F o0
) 3 =
240l L 241 b b
2 = = |24f R EE =
E E 40t
Sl © S35¢ ¢
= 73]
30t B il
20— . . s s . s . . . . s
CK DV6-VT DVT-R2 DRZ-R} CK DV&-VT DVT-RZ DRZ-R} CK DV6-V'I' DV']'-RZ DRZ-R3

leaves; (B) soluble protein contents of leaves; (C) proline contents of leaves

Frontiers in Plant Science

22

frontiersin.org


https://doi.org/10.3389/fpls.2023.1069551
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Huang et al. 10.3389/fpls.2023.1069551
l:] DRZ R3
03 2020
04
‘T{h
g 03
g ¢ ab
s
VI Rl R3 VI R2 R3
9
8
o =7
D [=]
o S6
g )
s £°
£ =2
m
£ =
e~ =2
=
1
0
VI R2 R3 VI R2 R3
FIGURE 5

Photosynthetic characteristics of waxy maize leaves under water deficits at different growing stages in the 2019 and 2020 seasons. Different lowercase
letters during the same stage indicated significant at 0.05 level. SPAD, leaf chlorophyll content index; P,, net photosynthetic rate; G, stomatal
conductance; C;, intercellular CO, concentration; T,, transpiration rate; LWUE, leaf water use efficiency. The X axes are years. CK, control; Dyg_yT, water
deficit from six leaf stage (V6) to tasseling stage (VT); Dyr_ro. Water deficit from tasseling stage to blister stage (R2); Dro_r3, Water deficit from blister
stage to milk stage (R3). (A) SAPD value of leaves; (B) net photosynthetic rate of leaves, P,; (C) stomatal conductivity of leaves, Gg; (D) intercellular CO,
concentration of leaves, C;; (E) transpiration rate of leaves, T,; (F) leaf water use efficiency of leaves, LWUE.

by Dyr_gr,. Meanwhile, the ear diameter under the Dy g, treatment
decreased the most significantly, and grain rows per ear and grains
per row of Dyt_gr, decreased significantly due to the decrease in ear
length and ear diameter (Table 4). Compared with CK, the ear length
of Dy vt and Dyt g, decreased by 12.7% and 8.5%, respectively
(P<0.05; Figure 7A), while the ear diameter, grain rows per ear, and
grains per row of Dyt g, decreased by 3.2%, 12.6%, and 16.8%,
respectively (P<0.05; Figures 7B, D, E). It was the decrease in grain
rows per ear and grains per row that resulted in the decrease in grains
per ear. Due to the stage differences in imposed water deficit stages,
the maturity dates of ears were obviously different, which resulted in
different grain moisture contents at harvest. The grain moisture
content of Dyg yr treatment was significantly lower than that of
CK, while no remarkable differences were investigated between the
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FIGURE 6

100-grain weight and grains per ear of waxy maize under water
deficits at different growing stages in the 2019 and 2020 seasons
Different lowercase letters during the same stage indicated significant
at 0.05 level. The X axes are years. CK, control; Dye_y1, water deficit
from six leaf stage (V6) to tasseling stage (VT); Dyr_ro, Water deficit
from tasseling stage to blister stage (R2); Dro_r3, water deficit from
blister stage to milk stage (R3). (A) 100-grain weight of fresh grains;
(B) grains per ear of fresh ear.
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grain moisture contents of Dyt _g, or Dy, rs treatments and that of
CK at the end of R3 stage (Figure 7F).

Effects of water deficits on fresh ear yield

Fresh ear yield with husks (HFY) and fresh ear yield (FY) were
affected very significantly by the water deficit stage and growing
seasons (P<0.01; Table 4). The ear yield of waxy maize varied under
different water deficit treatments. Water deficit at the V6-VT stage
showed the greatest effect on the ear yield, followed by those at the
VT-R2 stage, and the least effect under water deficit at the R2-R3
stage (Figure 8). Compared with those under CK, mainly due to the
varying grain number per ear and 100-grain weight under water
deficit at different stages, the HFY and FY decreased by 22.0% and
20.3% under Dyg vt (P<0.05), by 14.3% and 14.2% under Dyr_g;
(P<0.05), and both less than 10.0% under Dy, rs, respectively.

Effects of water deficits on grain quality

Total protein, grain soluble sugar, and starch contents in waxy
maize grains varied significantly with the different water deficit stage
treatments and growing seasons (P<0.01; Table 4). Water deficit
increased the contents of total protein, starch, and lysine in fresh waxy
maize grains, but reduced the content of soluble sugar in fresh waxy
maize grains. However, the effects of water deficits at different
growing stages on grain quality were obviously different, and the
changing trends in the two growing seasons were consistent
(Figure 9). The soluble sugar content of the Dy, vt treatment was
the lowest due to a 31.6% decrease over that of CK (Figure 9B;
P<0.05), followed by the Dyr_g, treatment with a decrease of 14.1%
(P<0.05), while the decrease was 4.0% under the Dg,_r3 treatment.
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Ear traits of waxy maize under water deficits at different growing stages in the 2019 and 2020 seasons. Different lowercase letters during the same stage
indicated significant at 0.05 level. The X axes are years. CK, control; Dyg_yr, Water deficit from six leaf stage (V6) to tasseling stage (VT); Dyr_gr2, Water
deficit from tasseling stage to blister stage (R2); Dgr,_grz, Water deficit from blister stage to milk stage (R3). (A) ear length; (B) ear diameter; (C) bald tip

length; (D) rows per ear; (E) grains per row; (F) moisture content of grains.

The total protein content and starch content were the greatest under
the Dye_vr treatment (Figures 9A, C) with an increase of 8.5% and
66.5%, respectively (P<0.05) than those under CK, respectively
(P<0.05). The following were those under the Dyt g, treatment
with an increase of 7.1% and 20.1% (P<0.05), and under the Dg,_g3
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FIGURE 8

Ear yields of waxy maize under water deficits at different growing
stages in the 2019 and 2020 seasons. Different lowercase letters
during the same stage indicated significant at 0.05 level. The X axes
are years. CK, control; Dye_y, Water deficit from six leaf stage (V6) to
tasseling stage (VT); Dyr-_ro, Water deficit from tasseling stage to blister
stage (R2); Dro_r3, Water deficit from blister stage to milk stage (R3).
(A) fresh ear yield with husk; (B) fresh ear yield; (C) fresh ear yield with
husk reduction percentage; (D) fresh ear yield reduction percentage.
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treatment with an increase of 2.0% and 1.5% under the Dpg, g3
treatment. Compared with the CK treatment, the Dy v1, Dyr_r2s
and Dg, rs treatments increased the lysine content in grains by
16.7%, 23.8%, and 16.7%, respectively.

Figure 9 indicated that the water deficit at the V6-VT stage had
the most significant effects on the total protein and starch content of
waxy maize grains, so the changes in amylose, amylopectin, and
component protein content of waxy maize grains under the Dys vt
treatment were selected as representative to show the effects of water
deficit on grain quality index (Table 5). Compared with CK, the
amylose and amylopectin content under the Dy yr treatment
increased by 15.9% and 92.5% (P<0.05), the contents of glutelin
and globulin decreased by 9.1% and 56.9%, respectively (P<0.05),
while the contents of alcohol-soluble protein and albumin increased
by 24.0% and 59.9%, respectively (P<0.05).

Principal component analysis

Principal component analysis (PCA) was performed on all
measured indexes of waxy maize in the two growing seasons. Three
principal components (PC1, PC2, and PC3) were extracted in 2019
and 2020 (A >1), and the eigenvalues (A) of principal component 1
(PC1) in 2019 and 2020 were 18.88 and 13.37, and explained 69.9%
and 66.9% of the total variation, respectively. A of PC2 in 2019 and
2020 were 5.19 and 4.22, which contributed 19.2% and 21.1% of the
total variation, respectively. A of PC3 in 2019 and 2020 were 2.93 and
2.41, which explained 10.9% and 12.0% of the total variation,
respectively (Table 6). The largest loading variable in 2019 was
CAT, followed by bald tip length, SPAD, lysine, and ear diameter.
The largest loading variable in 2020 was C;, followed by ear length, ear
diameter, grain number per ear, and fresh ear yield with husks. These
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that the accumulation of MDA varies with growing stages and that the
I ck IlD,, . BlD, . Dy, longer a water deficit lasted, the more MDA was accumulated (Liu,
100 A b a, . ~ 1001 B, 2013b). In our study, the MDA content in waxy maize leaves under
'g wol b c abbC '3 sor M. .c i a ,a the Dyg_yr and Dyr_g, treatments was significantly higher than that
) £ under the CK treatment at the R3 stage, and the MDA value under
E 60 §D 6or ¢ Dy vyt Was greater than that under Dyr_g,. Our results are similar to
% 40} E, 40 the results of Li et al. (2017), which indicated that the magnitude of
E ol '_5 2ol MDA accumulation at the jointing stage was greater than that at the
%

filling stage. On the one hand, SOD, CAT, and POD activities in the
cells increased to scavenge excessive reactive oxygen species (Liu et al.,

2019 2020 2019 2020
200 121D g a, 2015). In this study, both SOD and POD activities were significantly
~ ~1of ab ab a lower in the Dy4_yr treatment compared with those in CK, mainly
'3150 'x sl b 0 due to the inhibition of SOD and POD activities by excessive MDA
g £ (Liu, 2013b). But SOD, CAT, and POD activities in the Dg, g3
_gloo .g °I treatment increased significantly, which indicated that the plant
@ 5 a4 functions recovered better after re-watering from the R2 to the R3
2r water deficit. Bu et al. (2009) also demonstrated an increase in
2019 2020 2019 2020 protective enzyme activity after re-watering. Meanwhile, the
HIGURE o increases in proline and total carbohydrate contents under water

Grain quality traits of waxy maize under water deficits at different
growing stages in the 2019 and 2020 seasons. Different lowercase
letters during the same stage indicated significant at 0.05 level. The X
axes are years. CK, control; Dye_y1, water deficit from six leaf stage
(V6) to tasseling stage (VT); Dyr_gr2, Water deficit from tasseling stage
to blister stage (R2); Dgro_r3, Water deficit from blister stage to milk
stage (R3). (A) total protein of fresh grains; (B) soluble sugar of fresh
grains; (C) starch of fresh grains; (D) Lysine of fresh grains.

results indicated that leaf physiology traits were most sensitive to
water deficit, followed by ear traits and fresh ear yield in waxy
maize (Figure 10).

Discussion

Effects of water deficits at different growing
stages on leaf physiological characteristics
of waxy maize

When plants are subjected to water stress, a large amount of
reactive oxygen species will accumulate in the tissues, which will
break the mechanism of reactive oxygen species production and
scavenging, triggering the production of MDA by cell membrane

peroxidation (Liu et al., 2015). Meanwhile, plant cells produce many
kinds of antioxidant enzymes such as SOD, CAT, and POD to
scavenge reactive radicals (Simova et al., 2008). Studies have shown

deficit are beneficial to protect maize plant tissues from oxidative
damage (Bu et al,, 2009; Anjum et al,, 2016). Previous studies have
shown that proline and MDA are in a reciprocal relationship, with
proline accumulation helpful for reducing MDA damage to the plant,
while soluble sugars and soluble proteins increase beneficial for
maintaining cellular osmotic pressure (Liu et al, 2015; Li et al,
2017). In our study, the soluble sugar, soluble protein, and proline
contents of waxy maize leaves under Dy _y1 were significantly higher
than those under CK at the R3 stage, while these contents under both
Dyr_r» and Dg,_r3 were similar to those under the CK treatment.
Even though the soluble sugar content increased after re-watering (Bu
et al., 2009), the damage caused by the water deficit imposed at the
V6-VT stage remained unrecovered. After re-watering, the recovery
of antioxidant enzyme activity was very poor, photosynthesis was
adversely affected, and an irreversible effect resulted in waxy maize
plants grown under the Dy, _yr treatment in our study, mainly due to
the long water deficit period (approximately 20 d, see Table 3) in the
V6-VT stage.

Photosynthesis is the main physiological process driving plant
growth and is highly sensitive to water deficits (Chaves et al., 2009).
Water deficits reduce P, T,, and G, which in turn reduce maize plant
biomass and grain yield (Ali and Ashraf, 2011; De Carvalho et al,
20115 Li et al., 2018). In our study, P, and G; decreased significantly
under both the Dyg_yt and Dyr_g, treatments with nearly the same
variation pattern, which was very similar to those results from Cai
et al. (2017). C; was also significantly reduced in the Dyt g,

TABLE 5 Effects of water deficit imposed at jointing stage on starch and protein contents of waxy maize grains in the 2019 and 2020 growing seasons.
Treatment Amylo_s1e (mg Amylopggtin Alcohol solubl? protein GIuten_i1n (mg AIbum_i1n (mg Globul_i1n (mg
g (mgg™) (mgg™) g) g) g)
‘ CK ‘ 33.69 + 0.47b 71.61 + 3.85b 24.00 £ 0.17b 37.86 + 0.65a 2.97 £ 0.11b 1.55 + 0.05a
o ‘ Dye_vr ‘ 36.44 + 0.39a 118.55 + 11.87a 31.54 £ 0.57a 35.19 + 0.87b 4.59 +0.12a 0.67 + 0.06b
‘ CK ‘ 34.28 + 0.40b 63.55 + 6.34b 26.76 + 1.34b 32.58 £ 0.71a 3.33 + 0.26b ‘ 1.50 + 0.03a
w0 Dvye_vr 42.39 + 3.83a 139.46 + 21.23a 31.23 £ 0.81a 28.95 + 1.68b 5.50 + 0.56a ‘ 0.65 + 0.01b

The lowercase letters in the same column are the differences at the 0.05 level in the same year; the same uppercase letters are different between the two regions at 0.05 level. CK, control; Dyg_y, water
deficit from six leaf stage (V6) to tasseling stage (VT).
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TABLE 6 Eigenvalues and variances of principal component analysis in the 2019 and 2020 growing seasons.

Principal Component Number

Eigenvalue (A)

Total variation (%) Cumulative (%)

2019 PC1 18.88 69.93 69.93
PC2 5.19 19.20 89.14
PC3 2.93 10.86 100.00
2020 PC1 13.37 66.86 66.86
PC2 422 21.10 87.96
PC3 241 12.04 100.00

treatment, mainly due to stomatal limitation, but was not significantly
affected in the Dyg vyt treatment. SPAD value decreased obviously
under the Dyg yr treatment, because reactive oxygen species
generated by water deficit severely degraded severely chlorophyll
pigments (Anjum et al.,, 2016) and significantly decreased
chlorophyll content (Ye et al, 2020b). Water deficit also may
reduce photosynthetic enzyme (PEPCase, RuBPase) activity (Ye
et al., 2020a), and it caused a remarkable reduction in
photosynthetic rate under the Dyg yr treatment in this study.
Reduced G; also limited transpiration and resulted in a significant
decrease in T, under the Dy¢_yrt and Dyr_g, treatments. But LWUE
increased when plants were exposed to a water deficit, due mainly to
the obvious reduction in transpiration and water consumption (Yao
et al,, 2012).

Effects of water deficits at different
growing stages on yield and yield
traits of waxy maize

The reduction of photosynthetic rate under water deficit may lead
to a reduction of plant photoassimilate deposition and ultimately the

loss of grain yield (Kimaro et al., 2015; Ye et al., 2020a; Ulfat et al,
2021). Previous studies have shown that a water deficit during grain
filling reduced the grain fresh weight, water content, and grains per
ear of waxy maize (Guo et al., 2022). In this study, fresh ear yield with
husk and fresh ear yield were significantly reduced, and the grain
number per ear and 100-grain weight also showed some reducing
trends under the Dyg_yr and Dyr_r» treatments. The most obvious
decrease in grain number per ear was investigated in the Dyt g,
treatment, while the most remarkable decrease in 100-grain weight
occurred in the Dy vy treatment. Previous results already indicated
that a water deficit imposed at the tasseling, flowering, and filling
stages could reduce the grain number per ear and grain weight of
waxy maize, resulting in yield loss (Sun, 2014). Similar to the results of
Xiao et al. (2011), the yield loss under treatment with a water deficit
that occurred at the jointing stage was less than that under a water
deficit imposed at the filling stage. The yield loss trend under water
deficit may be described as that the yield loss reduces gradually as the
period of water shortage becomes later and later. The yield reduction
was mainly caused by the decrease in grain number per ear and 100-
grain weight (Wen, 2020). Yang et al. (2019) also showed that a water
deficit imposed at the tasseling stage significantly reduced the grain
number per ear and 100-grain weight of fresh waxy maize, mainly due
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FIGURE 10
Loading diagram of principal component analysis in the 2019 and 2020 seasons. LA/, leaf area index; MDA, malonaldehyde; SOD, superoxide dismutase;
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to the decreases in pollen dispersal and grain filling rates. Water
deficit not only affects the formation and vitality of pollen but also
affects the differentiation of maize spikelets (Li et al., 2022), resulting
in a decrease in the number of rows per ear, grain number per ear, and
final yield reduction. This study showed that high accumulation of
MDA in leaves resulted in quicker leaf senescence, and then decreases
in LAI photosynthesis rate, and dry matter accumulation under the
Dy_yr treatment. The greatest reductions in 100-grain weight and
grain moisture content were investigated under Dy v in this study,
indicating that the Dy¢ vyt treatment caused the process of starch
accumulation in advance and led to poor filling quality. The P, values
in 2020 were generally lower than those in 2019, mainly due to less
radiation and a lower temperature in 2020 (Figure 5B), which resulted
in a lower 100-grain weight and less dry matter accumulation in 2020
(Gao et al, 2017). The worse radiation environment in the 2020
growing season also led to a decrease in pollen viability and a
subsequent decline in grains per ear, which may be the main reason
for the remarkable differences in fresh ear yields between the two
growing seasons (Zhou et al., 2013).

Effects of water deficits at different growing
stages on grain quality of waxy maize

Grain quality was closely related to leaf physiology and yield.
Studies have shown that an increase in wheat grain protein content is
closely associated with a decrease in yield under water deficit (Ozturk
and Aydin, 2004; Flagella et al., 2010). It is also indicated that the
starch content of grain was also closely related to yield in barley
(Worch et al,, 2011). In this experiment with waxy maize, the Dy¢_ vt
and Dyt g, treatments increased the total protein contents while
decreasing the soluble sugar contents. In addition, the starch and
lysine contents were increased by the water deficit imposed at all
growing stages. Several studies have shown that water deficit at the
grain formation stage may reduce the starch content and increase the
total protein content of waxy maize grain (Sun, 2014; Wang et al,,
2021b). The increase in protein content was mainly due to the
concentration effect of reduced biomass under water deficits
(Rotundo and Westgate, 2009). Ma et al. (2006) also showed that
the protein and lysine contents of maize grains increased under
moderate water deficit conditions. The changes in protein and
lysine contents in this study showed very similar trends to those in
Ma et al. (2006). Dyg_yr resulted in increases in glutenin and albumin
contents, but decreases in alcoholic-soluble protein and globulin
contents in grains. For the grain quality of waxy maize, the effects
of water deficit on grain starch content in this study were opposite to
those shown in some previous studies (Sun, 2014; Wang et al., 2021b),
maybe mainly because the previous results were investigated from
matured grains, whereas fresh grains were used in this study. Debon
etal. (1998) and Silva et al. (2001) found that the increase in the starch
concentration of fresh fruit of potato was mainly due to the
concentration effect caused by the decrease in water content in
fresh fruit. Guo et al. (2022) and Shi et al. (2018) also showed an
increase in starch content in fresh waxy maize grains under drought
stress and indicated that acceleration of grain filling and decreases in
grain water content under drought (Figure 7F) might be the main
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reasons for the starch content increase. Meanwhile, water deficit
caused a significantly increase in abscisic acid (ABA) content in
maize plant tissues, and then led to the activity increases of four key
enzymes related closely to converting soluble sugar into starch (Zhang
etal, 2012). Yiet al. (2014) indicated that a water deficit imposed at
V6-VT advanced the starch accumulation process in sorghum, and
Dai et al. (2008) also indicated that a water deficit increased starch
accumulation in wheat at the early filling stage. In our study, both
amylose and amylopectin increased under water deficit at the V6-VT
period, and the percentage of amylopectin increase was much greater
than that of amylose. Water deficit reduced the expression of starch
branching enzymes SEBI and SBEIIb genes, which resulted in
decreases in amylose and amylopectin content, and then the final
total starch content (Wu et al., 2022). The results of PCA (Figure 10)
showed that the antioxidant enzymes and gas exchange parameters in
leaves were items affected early by water deficit, and ear growth, grain
number per ear, 100-grain weight, the water content of fresh grains
were affected lately, and fresh ear yield and grain quality as the finally
affected items.

Conclusion

The water deficit imposed at the V6-VT stage limits severely the
growth of waxy maize plants in the vegetative stage, reduces the 100-
grain weight of waxy maize, and results in a significant reduction in
fresh ear yield and grain starch accumulation, mainly due to
accelerated grain ripening. A water deficit imposed at the VIT-R2
stage affects the flowering and pollination of waxy maize plants and
results in a significant reduction in grain number per ear and the final
ear yield. However, a moderate water deficit imposed at the R2-R3
stage had little effect on growth and development, fresh ear yield, total
protein, soluble sugar, and starch content in fresh grains of waxy
maize but had significant effects on increasing the lysine content in
fresh grains. The results in this study also suggested that more in-
depth and comprehensive studies on the effects of water deficit
duration imposed at different growing stages should be performed,
and suitable techniques for reducing loss of yield and quality caused
by water deficit should be developed.
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Effect of gibberellic acid on
photosynthesis and oxidative
stress response in maize under
weak light conditions

Jianjun Fu®, Linlin Li*, Shuang Wang*, Na Yu*, Hong Shan?
Zhensheng Shi', Fenghai Li* and Xuemei Zhong™

tSpecial Corn Institute, Shenyang Agricultural University, Shenyang, China, ?Liaoning Dongya Seed Co.,
Ltd., Shenyang, China

Gibberellin (GA) is an important endogenous hormone involved in plant responses
to abiotic stresses. Experiments were conducted at the Research and Education
Center of Agronomy, Shenyang Agricultural University (Shenyang, China) in
2021.We used a pair of near-isogenic inbred maize lines comprising, SN98A
(light-sensitive inbred line) and SN98B (light-insensitive inbred line) to study the
effects of exogenous gibberellin A3 (GAz) application on different light-sensitive
inbred lines under weak light conditions. The concentration of GAs was selected as
20, 40 and 60 mg L™ After shade treatment, the photosynthetic physiological
indexes of SN98A were always lower than SN98B, and the net photosynthetic rate
of SN98A was 10.12% lower than SN98B on the 20th day after shade treatment.
GAs treatments significantly reduced the barren stalk ratios in SN98A and improved
its seed setting rates by increasing the net photosynthetic rate (Pn), transpiration
rate (Tr), stomatal conductance (Gs), photosynthetic pigment contents,
photochemical efficiency of photosystem Il (PS Il) (Fv/Fm), photochemical
quenching coefficient (gP), effective quantum yield of PSII photochemistry
(®psy), and antioxidant enzyme activities, where the most effective treatment
was 60 mg L™XGAs. Compared with CK group, the seed setting rate increased by
33.87%. GAs treatment also regulated the metabolism of reactive oxygen species
(ROS) and reduced the superoxide anion (O5) production rate, H,O, content, and
malondialdehyde content. The superoxide anion (O;) production rate, H>O,
content and malondialdehyde content of SN98A sprayed with 60 mg L™ GA;
decreased by 17.32%,10.44% and 50.33% compared with CK group, respectively.
Compared with the control, GAs treatment significantly (P < 0.05) increased the
expression levels of APX and GR in SN98A, and APX, Fe-SOD, and GR in SN98B.
Weak light stress decreased the expression of GA20ox2, which was related to
gibberellin synthesis, and the endogenous gibberellin synthesis of SN98A. Weak
light stress accelerated leaf senescence, and exogenous GAs application inhibited
the ROS levels in the leaves and maintained normal physiological functions in the
leaves. These results indicate that exogenous GAs enhances the adaptability of
plants to low light stress by regulating photosynthesis, ROS metabolism and
protection mechanisms, as well as the expression of key genes, which may be
an economical and environmentally friendly method to solve the low light stress
problem in maize production.
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Introduction

Under suitable cultivation conditions, the productivity of different
crops is strongly related to the amount of light radiation intercepted
in the crop canopy (Slattery and Ort, 2021), where excessive or
insufficient amounts of light energy will have adverse effects on
photosynthesis by crops (Ferrante and Mariani, 2018). Maize (Zea
mays L.) is a light-loving and light-sensitive crop (Wang et al., 2016;
Xue etal, 2019), but due to frequent extreme weather events in recent
years, maize plants have experienced continuous low-temperature
and rainy weather in the booting stage. These conditions can severely
affect ear development and grain formation in maize, thereby
resulting in large areas which high proportions of hollow straw and
severe bald tip in some varieties (Huang et al, 2022), which are
extremely unfavorable for agricultural production. Light is necessary
for photosynthesis and it is the basis of plant life. Insufficient light will
lead to decreases in the net photosynthetic rate (Pn) and partial
chlorophyll fluorescence parameters in leaves (Qu et al, 2017;
Wegrzyn and Mazur, 2020; Feng et al., 2021; Zahra et al.,, 2022).
During this process, plant leaf cells undergo complex changes in
physiological processes and cell metabolism, such as chloroplast
decomposition, loss of photosynthetic activity, decomposition of
chlorophyll and macromolecular compounds, and programmed cell
death (Asad et al.,, 2019). These changes are associated with increases
in intracellular reactive oxygen species (ROS) (Ramel et al., 2009).
Insufficient light will accelerate leaf senescence and result in the
excessive accumulation of ROS, oxidative damage to proteins,
nucleic acids, and membrane lipids (Jbir-Koubaa et al., 2015), and
decreases or losses of the activities of various enzymes (Mittler, 2002;
Gill and Tuteja, 2010). As a consequence, the integrity of the cell
membrane can be disrupted (Benlloch-Gonzalez et al., 2015), and the
normal functions of chloroplast and mesophyll cells are eventually
damaged, with decreased photosynthetic electron transport efficiency
(Feng et al., 2021). Plants have a complete protective system of
antioxidant enzymes that remove excessive ROS to protect the
photosynthetic system and enhance adaptation to stress (Li et al,
2020).These enzymes include superoxide dismutase (SOD), and
peroxidase (POD) (Dvorak et al., 2021). Thus, the antioxidant
enzyme activity is an important indicator for evaluating whether
the redox balance of plant cells is disrupted under adverse conditions
(Gill et al., 2013).

The changes in the dependence of plant growth and development
on light are regulated by plant hormones (Zhong et al.,, 2012). The
changes in levels of plant hormones under shading are active
responses by plants to adverse environments, and they provide the
physiological basis that allows plants to make better use of
assimilation products (Jiang et al., 2021). Gibberellin (GA) is
necessary for the shade avoidance response in plants (Djakovic-
Petrovic et al., 2007). In a previous study, we measured the changes
in the contents of various hormones in two different light-sensitive
inbred lines under shade treatment and in a control group without
shade. According to the activities of the hormones, we found that the
change in the gibberellin A; (GA;) content was the most important.
GA; is a type of tetracyclic diterpene plant hormone that can regulate
many plant growth and development processes (e.g., seed
germination, stem elongation, pollen maturation and fruit
development), and one of its important functions is regulating the
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flowering time (Vicente and Plasencia, 2011). Previous studies of
Arabidopsis showed that endogenous GA was necessary for flowering
under non-induced conditions, and the flowering time was generally
delayed in a GA synthesis defect mutant and GA signal transduction
mutant (Rood et al., 1989; Ni and Bradford, 1993; Magome et al,,
2004). Exogenous GA application can also promote flowering in
Arabidopsis thaliana (Ezura and Harberd, 1995; Sauret-Gueto et al.,
2012; Bao et al., 2020). It should also be noted GA is an excellent
antioxidant that can enhance the tolerance of various biological and
abiotic stresses by plants (Yamaguchi et al,, 2014; Khan et al., 2015).
GA; can also increase the number of cell divisions by activating the
intermediate meristems to promote cell division (Mcatee et al., 2013).
Guo et al. (2022) showed that spraying GAj; could improve
photosynthesis and the antioxidant defenses to increase the yield in
salted wood pea. The exogenous application of GA; can delay the
degradation of chlorophyll and protein, reduce the malondialdehyde
(MDA) content, and delay plant senescence (Yu et al., 2009; Wang
etal., 2015). Under low light stress, the abscisic acid (ABA) and zeatin
(ZT) contents of soybean leaves decreased, whereas the indole acetic
acid (IAA) and gibberellin (GA;) contents increased. Similar results
were obtained in previous studies of maize leaves under low light
conditions, thereby suggesting that the response of this hormone to
low light is an active stress response that allows plants to adapt to low
light environments. Therefore, it is of great theoretical and practical
significance to study the regulatory effects of exogenous GA; on
different light-sensitive inbred maize lines under low light condition.

During the breeding of inbred maize lines over numerous years,
we found and bred two inbred maize lines called SN98A and SN98B
with extreme differences in their culms. In particular, the distinction,
SN98A is called the “ear differentiation and sensitive to low light
intensity inbred line”(ESL) and SN98B is called the “ear
differentiation and insensitive to low light intensity near isogenic
line” (EISL-NIL). Under low light stress condition, the hollowing rate
in SN98A was 98% and that in SN98B was 0. Thus, in the present
study, we used these weak light sensitive near-isogenic lines as
experimental materials. By applying GAj to leaves, the regulation
effect of exogenous GAj; on empty stalk of maize under low light
condition was analyzed. Through the analysis of photosynthetic
response, antioxidant enzyme activity and other indexes, the
purpose was to find out which physiological indexes of maize were
affected by low light stress to induce maize stalk emptying. The
regulatory effect of exogenous GA; on maize hollows under low light
conditions and its regulatory mechanism were discussed, so as to
provide solutions for poor maize yield under bad weather conditions.

Materials and methods
Plant materials and experimental design

The maize varieties used in this study were SN98A and SN98B,
which are inbred maize lines with extreme differences in the
frequency of hollow culms. Under certain low light conditions, the
hollow culm rate in SN98A is as high as 98%, whereas SN98B exhibits
a normal ear setting. A field experiment was conducted at the South
Experimental Base of Shenyang Agricultural University (41°48'N,
123°34'E) in July 2021. The normal light intensity from late July to
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early August in the Northern Test Field at Shenyang Agricultural
University was usually between 1100~ 1500 pwmol m™ s', with an
average light intensity of about 1300 umol m™s™". Soil characteristics
for temperate subhumid continental climate, the climate belongs to
the temperate monsoon climate. A split block design was applied in
the experiment. The concentration of GA; was the main influence
factor and the inbred line was the secondary influence factor. The
length of the plot was 5 m, the row spacing was 0.6 m, and each plot
had 15 rows. In the first three days of the tasseling period, 38%
shading was applied with a black shade net, and different
concentrations of GA; were applied by spraying (Beijing Merida
Technology Co., Ltd, China), 20mg L™, 40mg L', and 60mg L™ or
water as the control. Samples were taken at five, 10, 15, and 20 days
after shading, which were frozen in liquid nitrogen and then stored at
-80°C. Each treatment was repeated three times.

Phenotypic evaluations

The number of plants, number of bearing plants (with more than
20 grains), and the number of plants with empty stems under each
treatment determined during the harvest period. The seed setting rate
(%) and empty stalk rate (%) were calculated. Seed setting rate (%) =
number of seeds/total number of plants *100%. Empty stalk rate (%) =
number of empty culms/total number of plants *100%.

Gas-exchange parameters

Net photosynthetic rate, stomatal conductance, transpiration rate
and intercellular carbon dioxide concentration of panicle leaves under
different treatments were measured by Li-6400 (US-COR) portable
photosynthesometer at 5, 10, 15 and 20 days after shading (Zhou
et al, 2022). The measuring time was 9:00-11:00 a.m. The measured
environment was 400mol (CO,) mol™ and 50% relative humidity.
Ten replicates per process.

Photosynthetic pigment contents

To determine the photosynthetic pigment contents (chlorophyll a
(Chl a) and chlorophyll b (Chl b)), 0.1g of fresh leaves were crushed,
soaked in 10 mL of acetone, and kept in the dark for 48 h. Chl was
extracted and analyzed according to the methods reported by
Lichtenthaler and Wellburn (1983). The absorbance values were
then recorded at 645 and 663 nm by using a spectrophotometer
(Multiskan GO, Thermo Fisher Science, USA), with acetone as a
blank control. The following formulae were used to calculate the
photosynthetic pigment contents:

Chl a [mg g' (FM)] = (12.7 x OD663-2.69 x OD645) xV/
M (1000xM)

Chl b [mg g (FM)] = (22.9 x OD645-4.68 x OD663) x V/
M (1000xM)

Chl (a+b) [mg g"'(FM)] = Chl a + Chl b

where OD645 and OD663 represent the absorbance values for Chl
a/b at the corresponding wavelengths, V represents the total volume

Frontiers in Plant Science

10.3389/fpls.2023.1128780

of the extract, and M represents the mass of the sample. Each
treatment was repeated three times.

Determination of chlorophyll
fluorescence parameters

The panicle leaves were removed 20cm from the tip, placed in wet
gauze, and stored for 30 min under certain humidity in the dark and
away from light. The FluorCam (Czech PSI) chlorophyll fluorescence
imaging system was used to determine the photochemical efficiency of
photosystem II (PS II) (Fv/Fm). Chlorophyll fluorescence parameters
were determined comprising the photochemical quenching coefficient
(qP) and non-photochemical quenching coefficient (NPQ) and
images were collected. Each treatment was repeated three times.

Determination of H,O, content and
antioxidant enzyme activities

POD (extinction coefficient = 25.2 mm ™' cm™') was determined at
470 nm in a 1.0 mL reaction mixture containing 100 mM potassium
phosphate buffer (pH 6.0), 16 mM guaiacol, 5 uL 10% (v/v) H,O, and
enzyme extract. The SOD activity was measured based on its capacity
to inhibit blue light in the chemical reduction of nitrotetrazolium,
which was monitored at 560 nm (Abedi and Pakniyat, 2010). Three
biological replicates were tested for each sample.

Determination of MDA and superoxide
radical contents

The MDA content was determined by using the thiobarbituric acid
method to evaluate the level of lipid peroxidation. Leaf tissue (0.5 g) was
homogenized in 5.0 mL of 10% trichloroacetic acid and centrifuged at
4°C and 10,000xg for 10 min. The supernatant was assessed as
described by Hodges et al. (1999). According to the method of Xia
etal. (2009), with some modifications. The panicle leaves were sampled,
cleaned with distilled water, and sucked dry. They were then placed in
50 mL 0.5 mg mL-1 NBT reaction solution (potassium phosphate
buffer, pH 7.8) and incubated in darkness at 25°C for 2 h to detect O5.
Three biological replicates were tested for each sample.

Real-time fluorescence quantitative PCR
detection of expressed of target genes

The ZmActin gene in maize was used as the internal reference gene
and SYBR Green Real-time PCR Master Mix was used as the fluorescent
dye. The samples were tested after shading for 15 days. The template
comprised cDNA diluted 20 times and it was repeated three times. The
total reaction system volume was 20 UL and the reaction conditions
comprised: 95°CC for 30 s, and 45 cycles at 60°CC for 30 s and 72°CC for
30s (Xu et al,, 2023). After PCR, the dissolution curve was analyzed. The
primers used are shown in Tables 1, 2.
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TABLE 1 Primers used real-time fluorescence quantitative PCR.

Primer name

10.3389/fpls.2023.1128780

Primer (5'-3")

ZmActin F:GTTAAAGATTGCGCCACCT.R:GCCTGACGTACCATGTCGAAC
APX F:CGCGCATTTCCAGATCTTTG.R:GATCGATGCGAGATCAGGGG
Fe-SOD F:CGACTGTCCCTTCTCACAAA RATCCGGTAAGGGACCTTCTT
GR FTTGGCAATGAACCTACCAAA R:CAATTGCCTGCTCCTCAGTA

TABLE 2 Primers used real-time fluorescence quantitative PCR.

Primer name

Primer(5’-3")

DELLA1 F:GCAAATCAAGCCATCCTC. RAGCAAACGGCACTCTAACT
DELLA2 F:CAGGCGGTCCTCCTTCATTCC.R:GCTATCGCTTCTGGTTCCTCGTCGG
DELLA3 F:CAGCAACAGCAAGCCACA.R:CCACTTCTTCCACGCAATAC
GIDICI F:CCCAATGGGAATGATCTCAA R:ACAATTAGAACTCACAAAACCCTT
GIDIC2 F:-TCAACCCCACCCGAATCCRAGGTCGCCGTTGCATGTT
GIDIC3 F:CAATTCACCCAATTCTAACC.R:AAATGCCTTCCAATACCAA
GA200x2 F:CCCTCACCATTCTCCAACA.R:CCCGGACCACCTTATCTTC

KAO1 FETTTGAAGGCAAGAAAGACG.RTGTGATATGACCCGAAGAT
KAO2 FATGATTGACTTCTTGTGGTGCTT.R TTAGACATCGCCGTAACCCCTT

Statistical analysis

DPS (version 9.01) was used for multiple comparative analysis
between treatments, the confidence level was 0.05, and one-way
ANOVA was used. Data are expressed as mean standard deviation.
Chart using Origin 2021 software.

Results
Seed setting rate and hollow stalk rate

Figure 1A shows that after spraying GAs;, the seed setting rate
increased in the two inbred lines and the hollow stalk rate decreased.
The seed setting rates were highest in the 60 mg L™' GA; treatment
groups, where those in SN98A and SN98B were 23.56% and 14.68%
higher than that in the control group sprayed with water, respectively
(Fig 1A).Treatment with GA; at 60 mg L' obtained the lowest
hollowing rates, where the rates were 14.25% and 12.34% lower in
SN98A and SN98B than the controls, respectively (Figure 1B).

Photosynthetic parameters

Figure 2 shows that in the control group under low light weak
light conditions, Pn continued to decrease in SN98A, whereas Pn in
SN98B tended to decrease initially before then increasing. Among the
two inbred lines, Pn was always higher in SN98B than SN98A. After
GAj; treatment, Pn and the transpiration rate (Tr) were significantly
higher in SN98A compared with the control. After shading for 20
days, the mean Pn and Tr values in the three treatment groups were

Frontiers in Plant Science

10.88% and 68.43% higher than those in the control, respectively.
Thus, GA; treatment had a positive regulatory effect on Pn in the low
light-sensitive inbred line SN98A. Treatment with 40 mg L™* GA; had
the greatest effect but the difference between the treatments was not
significant (Figure 2). After GA; treatment, the stomatal conductance
(Gs) was generally higher in the two inbred lines than the control, and
the external application of 60 mg L™' GA; had the greatest effect. The
intercellular CO, concentrations in the two inbred lines were also
lowest at this concentration. Thus, the external application of GA;
under low light conditions increased Gs for the maize leaves and
enhanced the photosynthetic activity of the mesophyll cells according
to the Pn results. Pn increased under low light conditions in SN98A.

Chlorophyll fluorescence parameters

After shading treatment, Fv/Fm, the effective quantum yield of PSII
photochemistry (®pgy), and qP were significantly lower in the SN98A
control group than SN98B, whereas the NPQ values were significantly
higher compared with SN98B. Compared with the control, GA;
significantly improved the PSII photosynthetic characteristics of
maize leaves, where treatment with 60 mg L™ GA; had the greatest
effect, and SN98A had the highest Fv/Fm, ®pgy; and gP values. On day
20 under 60 mg L' GA; treatment, the Fv/Fm, ®pgj, and P values in
SN98A were 6.9%, 16.39%, and 14.75% higher, respectively, compared
with those in the control, and the NPQ value was 22.89% lower
compared with the control (Figure 3). The effect of GA; treatment
on SN98B was not significant, but the photosynthetic activity of PSII
was higher than that in SN98A, thereby indicating that GA; was
involved in the shading reaction by maize leaves and it had a positive
role in maintaining the photosynthetic efficiency of maize leaves under
low light stress.
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FIGURE 1

Effects of exogenous GAs on seed setting rate and hollow stalk rate in different light-sensitive inbred maize lines under low light-stress. (A) Seed setting
rates in different light-sensitive inbred maize lines sprayed with different concentrations of GAs and water. (B) Hollow stalk rates in different light-sensitive
inbred maize lines sprayed with different concentrations of GAz and water. CK is the control water spraying treatment under shade. The numbers 20, 40,
and 60 denote GAs concentrations of 20 mg L™, 40 mg L™ and 60 mg L™, respectively. SN98A is the shade intolerant line and SN98B is the shade
tolerant line. Values are expressed as mean + SD of three replicates. Lower-case letters indicate the mean difference of different treatments in the same

period, which is statistically significant (P<0.05).

Chlorophyll contents

Figure 4 shows that under shading treatment, the Chl a, Chl b and Chl
(a+b) contents in the SN98A control group tended to increase initially and
then decrease, whereas the Chl content in SN98B did not significantly and
it was always higher than that in SN98A. Compared with the control, GA;
had a significant positive regulatory effect on the photosynthetic pigment
contents of the low light-sensitive inbred line SN98A, and the Chl a, Chl b
and Chl (a+b) contents increased under all three GA; treatments. The
effect of treatment with 60 mg L! GA; was most obvious, and the
photosynthetic pigment contents increased on days 5, 10, 15, and 20 after
treatment, where the Chl (a+b) contents increased by 25.7%, 19.6%, 2.9%
and 17.3%, respectively. The photosynthetic pigment content of SN98B
was the same as that of the control and it was always higher than that of
SN98A, where the content was significantly higher in SN98B on day 10
after treatment with 60 mg L™ GA,.

ROS contents and membrane
lipid peroxidation

Under shading, the H,O, and O; contents increased initially and
then decreased in the SN98B control group, whereas the H,O, and O;
contents continued to increase in the hollowing line SN98A and the
contents were always higher than those in SN98B (Figure 5). After
GA; treatment, the H,O, and O; contents of the two inbred lines
were lower compared with those in the control group. After shading
for 15days, treatment with 60 mg L™ GA; significantly reduced the O3
production rate and H,O, content of SN98A by 17.3% and 10.4%,
respectively. In the control and treatment groups, the H,0, and O;
contents were always higher in SN98A than SN98B, and the ROS
contents were always lower in SN98B. The changes in the ROS
contents (H,O, and O3) were basically the same. GA; treatment
significantly reduced the MDA contents of the two inbred lines under
low light. The MDA contents were higher in SN98A than SN98B in
both the control and treatment groups (Figure 6). The effects of short-
term shading were similar under the three treatments, but the effect of
treatment with 20 mg L™' GA; decreased as the shading period
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continued. In conclusion, the application of GAj; could have
reduced the peroxidation of membrane lipids caused by the
accumulation of ROS in maize leaves to delay leaf senescence and
enhance the tolerance of shading in maize. Treatments with 40 mg L™
and 60 mg L™ GA; were most effective.

Antioxidant enzyme activities

After shading and treatment with different concentrations of GAs3,
the SOD and POD activities increased initially and then decreased in the
SN98A control group, where the activities were highest after shading for
10 days. The POD activities continued to increase in SN98B and did not
peak until 20 days. During short-term shading the antioxidant system
was activated to remove ROS and maintain crop growth. Crops can avoid
damage caused by short-term adverse conditions by activating their stress
response mechanisms, but they cannot prevent damage under long-term
adverse conditions. After treatment with GAj; at different concentrations,
the antioxidant enzyme activities were significantly higher in SN98A than
the control (Figure 7), where treatment with 60 mg L' GA; had the most
significant effect. After shading for 20 days, the SOD and POD enzyme
activities in SN98A were 17% and 31.7% higher compared with the
control, respectively, and the difference was significant (Figures 7A, C).

Antioxidant-related genes

Real-time fluorescence quantitative PCR analysis was performed
to quantify the expression levels of three genes related to antioxidant
stress, and the results are shown in Figure 8. Compared with the
control, after GA; treatment, the expression levels of APX (Figure 8A)
and GR (Figure 8C) were significantly higher in SN98A under
treatment with different GA; concentrations, where the expression
levels were highest under treatment with 60 mg L! GAj, e, 6.73 and
2.75 times than those in the control, respectively. The expression
levels of APX and GR under treatment with 40 mg L™ GA; were 5.41
times and 1.93 times those in the control, respectively. The expression
of Fe-SOD (Figure 8B) did not increase significantly in SN98A, where
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the expression level was highest under treatment with 40 mg L™ GA,
ie., 1.62 times that in the control. All three genes responded positively
to exogenous GA; in SN98B, whereas only APX and GR responded
positively in SN98A.

GA-related gene
In this experiment, the relative expressions of gibberellin

receptors GIDICI, GIDIC2 and GIDIC3 decreased after exogenous
GAj; treatment, and the relative expressions of GA20o0x, KAOI and
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KAO02 genes related to gibberellin synthesis and degradation decreased
in plants (Figure 9). The expression levels of signal transduction
related genes DELLAI, DELLA2 and DELLA3 were not significantly
changed. These results indicated that exogenous GAj; could inhibit
the synthesis of endogenous gibberellin in maize.

Discussion

Northeast China is the most important maize-producing area in
China, where the maize output in this region account for more than

frontiersin.org


https://doi.org/10.3389/fpls.2023.1128780
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Fu et al. 10.3389/fpls.2023.1128780
5d 10d 15d 20d
CK  20mg/.  40mg/l. 60mg/  CK  20mg/l  40mg/l  6Omg/L CK  20mg/l.  40mg/l.  60mg/L CK  20mg/L  40mg/l.  60mg/L 3

z |

Fv/Fm|
g ot
b

PSII
" w
¢ |
E]
© “\ i
¢ R !
= 4] L

a - .
] 4 bt t ‘ .:‘\t!
g W OB G
g 7 W M A T
g m ol k‘:‘; iR

NPQ
2 [2%) gl
H . ! [ |
= @ % L @

FIGURE 3

Effects of GAs application on chlorophyll fluorescence according to in situ imaging of inbred maize lines with differences in light sensitivity under low
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GAs concentrations applied; and CK denotes the water control treatment.

30% of the national maize output. In this region, light, heat, and water
resources are generally abundant in the growing period. However due
to global climate change, extreme weather events have become more
frequent during the maize growing season, The frequency of overcast
weather with high rain and low radiation during the withering and
silking stage has recently increased each year (Yang et al., 2020), thereby
adversely affecting the stability of the maize yield in Northeast China.
Light is essential for photosynthesis by plants and the basis for plant
growth and development (Jiang et al., 2021). Maize is a light-loving
crop with no obvious light saturation point and it is very sensitive to
changes in the light intensity. A lack of light during tasseling will inhibit
the normal physiological activities, decrease photosynthesis in the
leaves, and cause cell metabolism disorders and REDOX homeostasis
damage, thereby leading to problems such as ear bald tip, yield
reductions, and even hollow stalks. Low light stress can accelerate the
excessive accumulation of ROS in maize leaves and cause the
peroxidation of membrane lipids. Colebrook et al. (2014) indicated
that hormones can effectively help plants to cope with abiotic stress,
where stress responses are regulated mainly by activating specific
hormones via signal transduction and crosstalk in different
developmental environments (Verma et al., 2016). Therefore, how to
increase the yield and reduce the empty stalk rate under the condition
of insufficient light has become an important problem.

GA; is a plant growth regulator and it is involved in the response
to many abiotic stresses in plants, with positive regulatory effects on
plant growth and development (Bao et al., 2020). Exogenous GAj;
application can reduce the effects of nickel stress (Wiszniewska et al.,
2018) and increase the plant cell length independent of biosynthesis
(Rizza et al., 2017). In addition, GA and photoperiod pathways have
been shown to synergistically regulate crop flowering under long
sunshine conditions (Fukuda et al., 2012; Wang et al,, 2016). In the
present study, GA; treatment reduced the hollow stem rate in maize
by regulating the flowering interval between male and female ears,
where treatment with 60 mg L™ GA; had the greatest effect, followed
by treatment with 40 mg L™ GA; and 20 mg L™'GA;. Under shading
treatment, the H,O, and O; contents continued to increase in the
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SN98A control group, and the contents were always higher than those
in SN98B. After GA; spraying treatment, the O production rate and
H,O, contents still increased in SN98A and SN98B, but the increases
were significantly smaller than those in the control group, and the O;
production rate and H,O, contents were always lower in SN98B than
SN98A due to the photoprotective capacity of the shade-tolerant
inbred line SN98B. Low light stress can induce oxidative stress in
maize, but GAj; treatment can enhance the ability of maize to resist
low light stress and reduce the oxidative pressure caused by
insufficient light. Numerous studies have shown that membrane
lipid peroxidation leads to the accumulation of MDA. Low light
stress can disrupt the dynamic equilibrium between ROS production
and scavenging in plants, thereby resulting in the accumulation of
ROS and increased membrane permeability. As a consequence,
membrane lipid peroxidation lead to the accumulation of MDA
and exacerbates maize aging (Wang et al,, 2021). In this study, GA;
treatment significantly reduced the MDA contents of the two inbred
lines under low light. The MDA contents were higher in SN98A than
SN98B in both the control and treatment groups. The antioxidant
enzyme system in plants protects against the toxic effects of ROS.
SOD and POD are important antioxidant enzymes in the plant
defense mechanism. GA; may have reduced the ROS contents in
maize by enhancing the activities of POD and SOD in the light-
sensitive inbred line SN98A, as also suggested by Ali et al. (2021).
APX, Fe-SOD and GR are important genes related to the activities of
antioxidant enzymes (Lee et al., 2007). Studies have shown that the
overexpression of APX, Fe-SOD, and GR significantly improved the
tolerance of abiotic stresses by transgenic tall fescue plants. In the
present study, we found that exogenous GA; treatment significantly
upregulated the expression levels of APX and GR in SN98A and
SN98B compared with the control group, thereby indicating that
exogenous GAj could enhance the activities of antioxidant enzymes
to resist external abiotic stress by increasing the expression of
antioxidant-related genes. Therefore, exogenous GA; may improve
the tolerance of stress in plants by regulating antioxidant metabolism
and reducing the lipid peroxidation of cell membranes (Gilroy and
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which is statistically significant (P<0.05).

Jones, 1992; Jiang and Huang, 2001) to decrease the damage due to
low light stress in plants. According to the expression level of GA-
related genes, the gene pathway of gibberellin signaling is GA-GID1-
DELLA signaling pathway. When gibberellin is at a high level, GID1
can sense the GA signal and combine with it to form GA-GID1. Then
it binds to DELLA protein to form GID1-GA-DELLA complex trimer
(Zentella et al., 2007), so that ubiquitin ligase SCF in F-Box protein
can bind to DELLA protein GRAS region (Fleet and Sun, 2005). The
rapid degradation of DELLA protein through ubiquitin proteomic
channels resulted in the release of its repression and normal
gibberellin response in plants. Therefore, the reduction of
gibberellin receptor GID1 may also affect the degradation of
DELLA protein at the protein level. After exogenous GAj; was
applied, the expression of GA200x2, a gene related to gibberellin
synthesis, decreased (FIG 9G). GA200x2 plays an important role in
the synthesis of gibberellin in higher plants, and the decreased
expression of GA20ox gene may decrease the production of
endogenous gibberellin. In CK group, the expression level of
gibberellin-synthesis-related genes in SN98A was lower than that in
SN98B, and CKA of degradation-related genes was higher than that in
CKB. Therefore, low light stress inhibited the synthesis of gibberellin
by decreasing the expression of genes related to gibberellin synthesis
and enhancing the expression of genes related to degradation,
resulting in empty culms.
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The responses of photosynthetic organs to low light stress and the
associated mechanisms are important for understanding the
adaptation of crops to different light environments. Thus, many
studies have investigated the self-regulation mechanism and light
energy conversion process in maize under low light conditions
(Zivcak et al., 2014; Hazrati et al., 2016; Yamori, 2016).
Chloroplasts are the site of photosynthesis in plants. Weak light
stress can significantly damage the anatomical structure of plants to
directly affect normal photosynthetic electron transport and the
photosynthetic rate (P,,) (Du et al,, 2011; Feng et al., 2021). Under
low light, the oxidative pressure is intensified in maize leaves and the
accumulation of large amounts of ROS leads to changes in the spatial
configurations of various enzymes in chloroplasts, thereby adversely
affecting their function, decreasing the chlorophyll content, and
inhibiting photosynthesis. In the present study, under shading
treatment, the Chl a, Chl b and chlorophyll (a+b) contents, tended
to increase initially and then decrease in SN98A, whereas the Chl
contents did not change greatly in SN98B and they were always higher
than those in SN98A. After GA; treatment, the photosynthetic
pigment contents increased significantly in SN98, and the Pn, Tr,
and Gs values were also significantly higher compared with those in
the control. PSII is one of the primary sites in photosynthetic organs
damaged by stress, and it plays important roles in the light energy
conversion and electron transport processes. (Zhang et al., 2020). The
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photoreaction requires coordination of the photosynthetic system in
order to complete the normal linear electron transfer and provide the
homogeneity for the fixation and reduction of CO, in the dark
reaction. (Qian et al., 2017). In the present study, Pn, qP, and @pgy
continued to decrease during shading in SN98A, whereas they tended
to increase initially and then decrease in SN98B, but the values were
always higher than those in SN98A, thereby indicating that the
normal photosynthetic physiological process was maintained in
SN98B. GAj; treatment could have increased the stomatal

—=— CKA—e— 20A—4— 40A—v— 60A

conductivity of the maize leaves, enhanced the photosynthetic
activity of mesophyll cells, and improved the photosynthetic
capacity of maize leaves (Verma et al, 2016), where 60 mg L™ GA;
treatment had the greatest effect, and thus GA; may be involved in the
shade protection response process in maize leaves. GA; had a positive
effect on the photosynthetic efficiency of maize leaves under low
light stress.

Plant photosynthesis is an extremely complex physiological
process and it is negatively affected by both biological and abiotic
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FIGURE 6
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Effects of GAz on MDA content of light-sensitive maize inbred lines at different periods under low light stress. In the figure panels, 20A, 40A, and 60A
denote SN98A sprayed with 20 mg L™%, 40 mg L%, and 60 mg L™ GA;, respectively, and 20B, 40B, and 60B denote SN98B sprayed with 20 mg L%, 40
mg L% and 60 mg L™ GAs. CKA denotes the SN98A control group sprayed with water and CKB denotes the SN98B control group sprayed with water.
In the figure, (A) is the change of MDA in SN98A after GAs treatment, and (B) is the change of MDA in SN98B after GAs treatment. Values are expressed
as mean + SD of three replicates. Lower-case letters indicate the mean difference of different treatments in the same period, which is statistically
significant (P<0.05).
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different treatments in the same period, which is statistically significant (P<0.05).

stresses. The main limiting factors for photosynthesis are light and
carbon dioxide (Smith, 1938). Under low light stress, photosynthesis
is inhibited in crops and yields are reduced (Liu et al., 2020). In the
present study, under low light stress, Pn, Tr, and Gs all decreased with

time during shading, in the SN98A control group and the intercellular
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FIGURE 8

Effects of GAz application under low light stress on the expression
levels of antioxidant-related genes in different light-sensitive inbred
maize lines after shading for 15 days. (A) APX; (B) Fe-SOD; (C) GR.
Values are expressed as mean + SD of three replicates. Lower-case
letters indicate the mean difference of different treatments in the same
period, which is statistically significant (P<0.05).

Frontiers in Plant Science

carbon dioxide concentration increased. Applying GA; improved Pn,
Tr, and Gs in SN98A and reduced the intercellular carbon dioxide
concentration, where the effect of 60 mg L™" GA; was most significant.
Low light stress also reduced Pn, Tr, and Gs in the leaves in the SN98B
control group, and increased the intercellular carbon dioxide
concentration, but the normal physiological activities were
generally maintained.

Conclusion

In the present study, maize inbred lines SN98A and SN98B
with differences in their light sensitivity were subjected to shading
in the maize tasseling stage (Figure 10). We found that low
light treatment reduced the photosynthetic capacity of the maize
leaves and inhibited the transport of photosynthetic products to other
organs, thereby resulting in plant growth inhibition and leaf
senescence. The adverse effects of shading were significantly greater
in the weak light-sensitive inbred line SN98A than SN98B, mainly
because SN98A had a significantly higher hollow stem rate than
SN98B after shading. GA is an excellent antioxidant that can improve
the tolerance of various biological and abiotic stresses in plants.
These findings help us to understand the physiological mechanisms
in maize inbred lines with differences in photosensitivity that
mediate the response to low light stress under treatment with
exogenous GA. The photosynthetic performance parameters of
plants, ie., Pn, Tr, Gs, photosynthetic pigment contents, (Fv/Fm),
qP, and Dpgy;, improved after applying GA; (20 mg L7, 40 mg LY
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Overview of effects of exogenous GAz on plant photosynthetic physiology and reactive oxygen species (ROS) scavenging pathways. Under low light, the
net photosynthetic rate (Pn) decreased, the intercellular carbon dioxide concentration increased, and the ROS content increased, which further affected
Pn. Under low light, the activities of antioxidant enzymes decreased and the ROS scavenging rate decreased, thereby leading to cell damage and MDA
was produced increase the degree of membrane lipid peroxidation. After the application of GAs, Pn improved, the activities of antioxidant enzymes
increased, ROS scavenging was enhanced, cell damage was reduced, and the MDA content decreased.

and 60 mg L") to the leaves, including 60 mg L' GA; works best.
Thus, the foliar application of GA3; to SN98A and SN98B will
be beneficial for their growth and development under lower
light conditions.
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Introduction: Drip irrigation is an efficient water-saving system used to improve
crop production worldwide. However, we still lack a comprehensive
understanding of maize plant senescence and its association with yield, soil
water, and nitrogen (N) utilization under this system.

Methods: A 3-year field experiment in the northeast plains of China was used to
assess four drip irrigation systems: (1) drip irrigation under plastic film mulch (PI);
(2) drip irrigation under biodegradable film mulch (BI); (3) drip irrigation
incorporating straw returning (SI); and (4) drip irrigation with the tape buried at
a shallow soil depth (Ol), and furrow irrigation (FI) was used as the control. The
plant senescence characteristic based on the dynamic process of green leaf area
(GLA) and live root length density (LRLD) during the reproductive stage, and its
correlation with leaf N components, water use efficiency (WUE), and N use
efficiency (NUE) was investigated.

Results: Pl followed by Bl achieved the highest integral GLA and LRLD, grain
filling rate, and leaf and root senescence rate after silking. Greater yield, WUE, and
NUE were positively associated with higher N translocation efficiency of leaf
protein responding for photosynthesis, respiration, and structure under Pl and Bl;
whereas, no significant differences were found in yield, WUE, and NUE between
Pl and BI. S| effectively promoted LRLD in the deeper 20- to 100-cm soil layers,
prolonged the GLA and LRLD persistent durations, and reduced the leaf and root
senescence rates. The remobilization of non-protein storage N was stimulated
by SI, FI, and OI, which made up for the relative inadequacy of leaf N.

Discussion: Instead of persistent GLA and LRLD durations and high translocation
efficiency of non-protein storage N, fast and large protein N translocation from
leaves to grains under Pl and Bl was found to facilitate maize yield, WUE, and NUE
in the sole cropping semi-arid region, and Bl was recommend considering that it
can reduce plastic pollution.

KEYWORDS

leaf nitrogen, live root, green leaf area, water use efficiency, nitrogen use efficiency,
drip irrigation
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Introduction

Maize (Zea mays L.) is a major cereal crop that widely cultivated
globally for grain, forage, and industrial raw material. The northeast
plain of China (NEP) accounts for 34% maize production in the
country. However, extreme weather events are increasing along
with global climate changes, and drought disasters have been a
growing threat to maize production. It is therefore imperative to
implement water-saving agricultural practices (Lobell et al., 2014).
Drip irrigation is one of the most water-efficient irrigation
strategies, capable of prominently increasing crop yields and
alleviating soil salinization in areas affected by drought.
Meanwhile, drip irrigation coupled with plastic film mulching
(PI) has become popular strategies used in NEP maize production
since 2012 to help manage the impacts of increasing droughts by
inhibiting excess evaporation (Zhang et al, 2018). Numerous
studies have demonstrated that PI is effective in promoting crop
growth, water use efficiency (WUE), and nitrogen use efficiency
(NUE) by improving soil hydrothermal conditions, especially in
arid or semi-arid regions with low annual average temperatures
(Qin et al., 2016; Xue et al., 2017; Wang et al., 2021; Zhang et al,,
2022). More recently, drip irrigation combined with biodegradable
film mulching (BI) or straw returning to field (SI) as wells as drip
irrigation with the tape buried to a shallow soil depth (OI) are
methods employed to prevent plastic film pollution and achieve
both economic and environmental benefits.

For annual crops, senescence is the last phase of the plant life
cycle, comprising the reproductive phase and post-fertilization
grain filling. Over 80 years ago, it was discovered that most of the
diversity in crop yield is a consequence of variation in the leaf area
duration rather than the photosynthesis rate (Heath and Gregory,
1938). Root senescence is strongly linked with leaf senescence via
nutrient translocation and hormone signaling (Glanz-Idan et al,
2020; Zhu et al, 2021). Previous studies mostly focused on leaf
senescence and indicated that stay-green genotypes with lagging
senescence exhibit higher nitrogen (N) uptake and grain production
than non-stay-green genotypes, especially under drought or low N
stresses (Borrell et al., 2000; Gregersen et al., 2013; Kamal et al,,
2018; Liu et al, 2021). Except for genetic background, plant
senescence is also affected by agronomic management In addition
to genetic background, plant senescence is also affected by
agronomic management. Appropriate irrigation scheduling will
prolong the leaf photosynthetic duration and increase crop yields
by alleviating drought stresses (Si et al., 2023). Acciaresi et al. (2014)
found that delayed leaf senescence at lower canopy levels was not
associated with an increase in post-silking carbon (C) accumulation
and may therefore be unproductive for maize under non-stressing
conditions. In contrast, Li et al. (2022) found that high-density
maize planting was associated with increased N uptake, C
assimilation, root function, and yield, owing to the delayed post-
silking senescence in lower leaves. Furthermore, plant senescence is
directly associated with large N translocation from leaf to grains.
Leaf N allocation has great importance in the photosynthetic
capacity and the balance of N and C (Liu et al., 2018a; Evans and
Clarke, 2019; Mu and Chen, 2021), and it can be classified in detail
by function as photosynthetic N, structural N, respiration N, and

Frontiers in Plant Science

10.3389/fpls.2023.1133206

storage N (Xu et al., 2012; Ali et al., 2016). However, the response of
leaf N components to plant senescence process is still unclear.

Film mulching, or film mulching combined with irrigation, can
greatly facilitate N utilization (Gu et al,, 2021; Liao et al., 2022).
Some research studies have suggested that high soil temperature
under PI-limited root activity decreases N supply to the canopy and
thus accelerates plant senescence (Yang et al., 2016). However, we
still lack a comprehensive understanding of leaf and root senescence
patterns under varied water-saving irrigation systems as well as the
impact of plant senescence on yield, soil water, and N utilization. To
address these knowledge gaps, we conducted a 3-year field
experiment in NEP consisting of four water-saving drip irrigation
treatments (PI, BL, SI, and OI) applied to maize planting. The
purpose of this study was to identify the plant senescence
characteristic based on the dynamic process of green leaf area
(GLA) and live root length density (LRLD) during the
reproductive stage, as well as its association with leaf N
components, grain filling, yield, WUE, and NUE. The study
contributes vital information to improve evaluation of maize
productivity under different drip irrigation systems in a semi-
arid region.

Material and methods
Site description

The experiment was conducted during 2016-2018 at the
Taonan farm research station (45° 20’'N, 122° 47'E), Jilin
Province, China. In the 0- to 100-cm soil layer, the soil was clay
loam with a mean bulk density of 1.5 g cm™, a field capacity of
22.7% (weight %), and a wilting coefficient of 11.8% (weight %). The
organic matter content and the available N, P, and K were 8.8, 50.4,
20.0, and 90.5 mg kg™', respectively, which was determined
according to Arif et al. (2017). Over the last 35 years, the annual
mean sunshine duration was 2,817.2 h, the annual mean pan
evaporation was 1,928 mm, the frost-free season was 140 days,
the annual mean temperature was 6.0°C, and the annual mean
precipitation was 419.7 mm. The precipitation and air temperature
distributions during the experimental period are shown in
Supplementary Figure 1 and Supplementary Table 1.

Experimental design

Four treatments were set as follows: (1) drip irrigation under
plastic film mulch (PI), (2) drip irrigation under biodegradable film
mulch (BI), (3) drip irrigation incorporating straw returning (SI),
and (4) drip irrigation with the tape buried at a shallow soil depth
(OI). In addition, traditional furrow irrigation (FI) was used as the
control. The experiment employed a completely randomized design
with three replicates, and each plot area measured 255 m” (8.5 x
30 m). Plastic film (polyethylene clear film, 0.9 m wide x 0.008 mm
thick; produced by Jilin Difu Agricultural Technology Co. Ltd., Jilin,
China) and biodegradable film (polylactic clear film, 0.9 m wide x
0.008 mm thick; produced by Jilin Difu Agricultural Technology

frontiersin.org


https://doi.org/10.3389/fpls.2023.1133206
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wu et al.

Co. Ltd,, Jilin, China) were used to cover the surface of the planting
ridges. Varying levels of damage to the biodegradable film were
observed in August, and the film was completely degraded after
crop harvest. The planting schematic diagram for the different
treatments is shown in Supplementary Figure 2. Maize cultivar
“Fumin 985” (dent type) was sown at a rate of 77,000 plants ha™!
based on the local planting density.

Under SI treatment, maize straw produced in the identical plot
areas (9,000 kg ha™') was cut to lengths of ~10 cm and scattered
over the ground evenly. Then, the straw was returned into a 20-cm
deep soil layer by using a 110-horsepower tractor after harvest (ca.
October 1~10). Except for SI, the straw under other treatments was
completely removed from the previous season. In the OI and SI
treatments, drip tape was buried at a soil depth of 5-10 cm to
prevent evaporation of soil water. Film mulching, drip tape laying,
fertilizer application, and seed sowing were performed
synchronously by using a multi-functional machine equipped
with a 60-horsepower tractor. The drip tape was taken away after
harvest by using a recovery machine equipped with a 15-
horsepower tractor. All the machines were provided by Jilin
Province Kangda Agricultural Machinery Co. Ltd. in Jilin, China.

Fertilizer consisted of N (210 kg ha™), phosphorus pentoxide
(105 kg ha™), and potassium oxide (90 kg ha™") applied one time
before sowing for each treatment. Supplemental irrigation at critical
water demand periods was considered the most efficient way to meet
the soil water deficit and is a method that can be easily adopted by
local farmers (Gao et al., 2017; Yang et al., 2022). The soil was very dry
before sowing in the experimental region (about 50% of the field
capacity in the 0- to 20-cm soil layer). To guarantee seed germination
and seedling growth, 55 mm of irrigation water was applied on 02
May, 30 April, and 04 May, in the 2016, 2017, and 2018 planting
seasons, respectively. Another 40, 30, and 20 mm of irrigation water
was applied for each treatment at the jointing, tasseling, and filling
stages, respectively. The irrigation amount was determined as the
difference between crop water demand (ETc) and effective
precipitation during the past 6 years (Wu et al., 2019). ETc
determination was based on the Food and Agriculture Organization
(FAO) Penman-Monteith equation (Allen et al., 1998). The effective
precipitation was the fraction of the precipitation excluding surface
runoff, deep percolation, or evaporation, and it was calculated by using
the method of D6l and Siebert (2002). The specific irrigation time and
precipitation amount between each irrigation event is described in
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Supplementary Table 2. The drip irrigation tape was placed in the
middle of planting rows, and the spacing distance was 130 cm
(Supplementary Figure 2). The tape was 16 mm in diameter with an
emitter spacing of 30 cm, and the flow rate of the emitter was 3 Lh™"
at a working pressure of 0.1 MPa. The irrigation rate was recorded
using a precise water meter. The maize seeds were sown on 04 May, 01
May, and 06 May in the 2016, 2017, and 2018, respectively. Growth
and developmental progress for each treatment are listed in Table 1.

Grain weight, yield, and NUE

Fifty ears that silked on the same day with uniform growth were
tagged for each plot. Three tagged ears from each plot were sampled
at 10-day intervals from the beginning of the first treatment entered
the silking stage. The total number of grains was determined, and
the grains were oven-dried at 65°C until constant weight. The 100-
kernel weight was calculated until maturity for each treatment. At
harvest, four representative, undamaged lines were selected from
each plot, and 15 random plants in each line were harvested. The
numbers of seeds per ear and the seed weight (14% standard water
content) were determined to estimate the yield.

Three maize plants in each plot were sampled to measure
biomass and N uptake at silking and maturity stages. Thereinto,
roots were sampled every 10 cm in the 0- to 40-cm soil layer, and
every 20 cm in the 40- to 100-cm soil layer. The root sampling
position was determined on the basis of root distribution area: 65 x
20 x 100 cm (Supplementary Figure 2), using a 100/50-mm-
diameter steel core-sampling drill. Root samples were carefully
washed, and any non-root impurities were carefully removed.
Plant samples (roots and aboveground parts) were then oven-
dried to constant weights at 65°C to calculate the dry weights.
After weighing, the dry samples were ground and passed through a
1I-mm sieve, and the N concentration was measured using the
micro-Kjeldahl method (CN61M/KDY-9820; Beijing, China) (Li
etal,, 2017a). Plant N uptake was calculated as the product of plant
N concentration and dry matter weight. N translocation amount
was calculated as the difference of N uptake between silking and
maturity. In addition, N translocation efficiency was defined as the
N translocation amount divided by N uptake at silking. The NUE
was calculated as the ratio of yield relative to N uptake amount of
the whole plant at maturity (Fu et al., 2017).

TABLE 1 Developmental progress with different drip irrigation treatments (date, days after sowing).

Stage Treatments ° 2016 2017 2018
pI 7117 (74) 7/13 (73) 7118 (73)

Silking BI 7/21 (78) 7/18 (78) 7/22 (77)
SI/OI/FI 7/26 (83) 7/25 (85) 7/28 (83)
PI 9/20 (139) 9/16 (138) 9/18 (135)

Maturity BI 9/23 (142) 9/19 (141) 9/20 (137)
SI/OI/FI 9/27 (146) 9/24 (146) 9/27 (144)

“PI and BI represent drip irrigation under plastic film mulch and biodegradable film mulch, respectively; SI, drip irrigation incorporating straw returning; OI, drip irrigation with the tape buried

at a shallow soil depth; FI, furrow irrigation.
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Soil water and WUE

Soil was sampled to a depth of 100 cm, following previous
studies conducted in the similar semi-arid irrigation regions (Li
etal, 2017b; Wang et al., 2019). Soil was sampled every 10 cm in the
0- to 40-cm soil layer, and every 20 cm in the 40- to 100-cm soil
layer. According to the root distribution area, soil was sampled at
three positions (Supplementary Figure 2). The average value of the
three horizontal position samples was used to analyze the soil water
profile. Soil water was measured by drying the soil to a constant
weight at 105°C and then weighing. The field evapotranspiration
(ET) value was calculated using the soil water balance equation
described in Wu et al. (2021). Briefly, ET (mm) was equivalent to
the sum of precipitation, irrigation, and the difference in soil water
storage during a certain growth period. WUE was calculated as the
ratio of the grain yield relative to ET during the entire growth
period (Payero et al., 2008).

Live root length density and green leaf area

Fifteen representative plants per plot were tagged to measure
the total leaf area every 10 days, starting when the first treatment
entered into silking. Individual leaf area was calculated as the
product of leaf length and width multiplied by 0.75. Subsequently,
GLA was estimated visually until the canopy of all the plants fully
turned yellow (Lisanti et al., 2013). Three maize plants per plot were
sampled to measure the dynamics of LRLD every 20 days, from the
beginning of the first treatment that entered into silking until the
last treatment reached maturity. The same root sampling method
was used as previously described (Supplementary Figure 2).
Functional live roots can be distinguished by staining red using
2,3,5-triphenyltetrazolium chloride (TTC). The detail procedure
referred to Sturite et al. (2005) is as follows: first, fresh roots were
quickly incubated in breakers containing 0.6% (w/v) TTC, 0.06 M
phosphate buffer, and 0.05% (v/v) Tween 20, at 24°C for 20 h; then,
the roots were scanned with an Epson Perfection scanner, and the
live root lengths were analyzed with Win RHIZO (Regent
Instruments, Inc., Canada) pixel color classification method.
LRLD was calculated by dividing the live root length by the
sampling core volume for each of the soil layers.

Leaf N components

Leaf N components were measured at 20-day intervals once the
first treatment entered the silking stage. On the basis of Ali et al.
(2016), leaf N components were divided by function as
photosynthetic N (N,,), respiration N (Nieqp), structural N (Ngru),
and storage N (Nyore). Maize is a C4 plant, and thus, we divided N,,,
into five parts: ribulose-1,5-bisphosphate carboxylase (Rubisco) N,
phosphoenolpyruvate carboxylase (PEPC) N, pyruvate
orthophosphate dikinase (PPDK) N, electron transport/
bioenergetics N (N, proteins involved in electron transport and
light phosphorylated), and light harvesting N (N, proteins for light
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capture in PSI, PSII, and other light-harvesting pigment
protein complexes).

To extract water soluble proteins (N,,) and sodium dodecyl
sulfate soluble proteins (Nsps), frozen leaves were homogenized in
extraction buffer and centrifuged following the method of
Takashima et al. (2004). Rubisco, PEPC, and PPDK contents were
separated using SDS-polyacrylamide gel electrophoresis, resulting
in 52 and 15 kDa for Rubisco (Makino et al., 2003), 99 kDa for
PEPC (Uedan and Sugiyama, 1976), and 94 kDa for PPDK
(Sugiyama, 1973). Coomassie Brilliant Blue R-250-stained bands
were washed off with formamide and then detected
spectrophotometrically. N content in Rubisco (Ngypisco)» PEPC
(Npgcp), and PPDK (Npppx) was estimated assuming 16% N in
proteins. The sodium dodecyl sulfate insoluble protein N used to
build cell walls was identified as structural N (Ng,) according to
Takashima et al. (2004). Total leaf N content (Nt) and N content in
Nsps and Ny, fractions were also measured using the micro-
Kjeldahl method.

Nep Niep> and Ny, were proportional to the maximum electron
transport, total respiration rate, and chlorophyll concentration,
respectively, and the specific calculation that we used has been
described by Liu et al. (2018a). The maximum electron transport
rate and total respiration rate (photorespiration rate can be ignored
for maize) were measured using the A,-C; curve fitting calculation,
according to the mechanistic model developed by Ye et al. (2013).
Chlorophyll was extracted using a mixed reagent of acetone and
ethyl alcohol in a ratio of 1:1. The concentrations of chlorophyll a
and chlorophyll b were measured at 663 and 645 nm, respectively,
using a spectrophotometer (Perkinelmer, UK) and were calculated
according Arnon (1949).

Apart from Nppn, Nresps and Ny, the remaining N can be
considered as Ngore. Moreover, Ngore included water-soluble
protein storage N (N,,,), SDS-soluble protein storage N (N,), and
non-protein storage N (Npp), where N, was calculated as N,
minus Ngybiscos NpECPs Npppio a1d Nyeps Nos Was calculated as Ngpg
minus Ne; and Ni,; and Ny, was calculated as Nt minus Ny, Ngps,
and Ny, (Liu et al., 2018a).

Estimation of senescence and filling traits

Leaf and root senescence dynamics were estimated from a
differential logistic function (Equation 1) (van Oosterom et al,
1996) fitted to total plant GLA (GLAy) and total LRLD in the
sampling zone (LRLD7) per plant, respectively.

y=ae"™/(1+e) Eq. 1

where y is GLAr or LRLDr; t is the number of days after silking; and
a, b, and c are constants (a is the maximum y-value in potential, b is
related to the onset and terminal of senescence, and c is related to
senescence rate and duration).

The equation of the Richards function (Equation 2) fitted to the
100-kernel weight was adopted to describe filling dynamics.

y=a/(1+be)/? Eq. 2
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where y is 100-kernel weight; ¢ is the number of days after silking;
and a, b, ¢, and d are constants (a is the maximum y-value in
potential, and b, ¢, and d codetermine the onset, terminal, and rate
of filling, respectively).

The specific senescence and filling traits are described in Table 2.

Statistical analyses

One-way analysis of variance was performed using a general
linear model (GLM) of SPSS 19.0 (SPSS, Inc., Chicago, IL, USA).
The data from each sampling event for all irrigation treatments
were tested using the Duncan’s multiple range tests and different
letters at a 0.05 level of probability. Non-linear regression model for
the estimation of senescence and filling traits as well as Pearson
correlation coefficients were also calculated using SPSS.

Results

Yield, WUE, and NUE

Film mulching followed by straw returning significantly improved
maize yield and WUE under drip irrigation system (Figure 1;
Supplementary Table 3). PI, BI, SI, and OI increased the average
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yield by 37.48%, 28.93%, 10.27%, and 2.23%, respectively, and
increased the average WUE by 28.77%, 26.17%, 14.82%, and 3.08%,
respectively, compared with and FI. PI and BI favored N translocation
efficiencies for aboveground plant part as well as root and effectively
improved NUE compared with other treatments. Whereas, no
significant differences were found among SI, OI, and FI for N
translocation efficiencies and NUE in different years (P > 0.05).

LRLD distribution

PI improved LRLDr at silking contributed to the large LRLD in
the 0- to 20-cm soil layers (Figure 2). SI followed by BI effectively
improved LRLD in the deeper 20- to 60-cm and 60- to 100-cm soil
layers. There were no significant differences between FI and OI in
LRLD in the 0- to 20-cm and 60- to 100-cm soil layers. However, FI
significantly increased LRLD in the 20- to 60-cm soil layers in
contrast to OI (P< 0.05).

Leaf N components and their
translocation efficiencies

At earlier filling stage, Npn (NRubiscor Npepcs Npppks New and
Nio)s Ntrus Nresps Nows and N ranked as follows: PI > BI > SI > OI,

TABLE 2 Abbreviations and descriptions of senescence and filling traits estimated from Equations 3 and 4, respectively.

Abbreviations Traits

Description

GLAr Total green leaf area Green leaf area of total plant

LRLD Total live root length density Live root length density in total growth zone (65 x 20 x 100 cm)
GLA .0« The maximum GLA7 The maximum green leaf area of total plant

LRLD,, . The maximum LRLDy The maximum live root length density in total growth zone (65 x 20 x 100 cm)
LT, Onset of leaf senescence Time at 95% of the maximum GLAr in potential

RT, Onset of root senescence Time at 95% of the maximum LRLD+ in potential

GT, Onset of active grain filling period Time at 5% of the maximum 100-kernel weight in potential
LT, Terminal of leaf senescence Time at 1% of the maximum GLA7 in potential

RT, Terminal of root senescence Time at 1% of the maximum LRLD7 in potential

GT, Terminal of active grain filling period Time at 95% of the maximum 100-kernel weight in potential
Dieas Green leaf duration Period from onset to terminal of leaf senescence

Dot Live root duration Period from onset to terminal of root senescence

Diiing Active grain filling duration Period from onset to terminal of grain filling

LV,ax Maximum leaf senescence rate Maximum descent rate of GLA

RV ,0x Maximum root senescence rate Maximum descent rate of LRLD

GV nax Maximum grain filling rate Maximum increase rate of 100-kernel weight

LV, Average leaf senescence rate Average descent rate of GLAr during Die,r

RV, Average root senescence rate Average descent rate of LRLDy during D,

GV, Average grain filling rate Average increase rate of 100-kernel weight during Dy

Tieas Green leaf integral Cumulative GLA 7 from silking to maturity

Loot Live root integral Cumulative LRLDy from silking to maturity

GWA Grain weight increment during active filling period Accumulation of 100-kernel weight at Dy,
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FI (Figures 3-5). With the filling progress, the improvements for
Npn> Nytrus Nresps Now» and Nog with PT and BI were weakened due to
the protein degradation and higher translocation efficiencies of Ny,
Nytrys and N (Figure 6). Instead, there was an increasement in
Npop under PI and BI during the late reproductive stage, and SI
achieved higher Ny, Nius Nresps Nows and N, during the late
reproductive stage. In contrast to film mulching and straw returning
treatments, OI and FI significantly increased the translocation
efficiencies of Nyiore (P< 0.05).
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Leaf senescence

PT followed by BI achieved the highest ;s associated to the large
GLA a0 and the GLA value at the beginning of reproductive stage
(Figure 7). Then, the GLA under PI and BI was gradually decreased
and even lower than the other treatments considering the fast rate of
leaf senescence (L V. and LV,) (Table 3). PI delayed the onset time
of leaf senescence (LT,) and simultaneously advanced the terminal
time of leaf senescence (LT,) and then resulted in a short GLA
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irrigation. Different lowercase letters indicate significant differences at P < 0.05.
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duration (Dj,p). SI averagely prolonged Dy, by 12, 8, 4, and 7 days
compared with PI, BL, OI, and FI, respectively, which maintained a
higher GLA value at the late of reproductive stage.

Root senescence

PI followed by BI maintained a higher LRLD,,,, LRLD before
maturity (Figure 7), and resulted in an increased I,,,,; compared with
other treatments (Table 4). Although PT accelerated maize growth and
development progress as well as root senescence rate (RV,,. and RV,),
the onset time of root senescence (RT,) with PI was only advanced in
the drought year of 2017, and it was delayed in both 2016 and 2018
compared with other treatments. The shortened D,,,; under PI was
mainly due to the advanced terminal time of root senescence (RT). SI
maintained the longest D,,,;, which postponed the root senescence in
contrast to PI. OI significantly delayed RT, compared with FI, but no
significant differences were found in the other root senescence traits
between OI and FI (P > 0.05).

Grain filling characteristics
The grain weight during the reproductive stage ranked as
follows: PI > BI > SI > OI > FI (Figure 7). PI obtained the highest

GWiax and grain filling rate (GVy,x and GV,). Moreover, PI
obviously advanced the onset time of active grain filling period
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(GT,) and the terminal time of active grain filling period (GT,) and
then shortened the active grain filling duration (D) compared
with other treatments. SI gained higher GWA during active grain
filling stage compared with OI and FI, attributed to the higher
GVinaxs GV, and Dyig (Table 5).

Senescence parameters related to yield,
WUE, and NUE

High GWA, GV, yield, WUE, and NUE were highly positively
related to fast senescence rate of source organs (RV, and LV,), large
lieas and I50, and high translocation efficiency of leaf protein N
(Npn» Ntrw and Niegp) (P< 0.05) (Figure 8). Do and Dyeqr did not
play a significant role in determining Dy, significantly (P > 0.05),
which negatively related to yield, WUE, and NUE (P< 0.05). The
high translocation efficiency of Ny Was not positively associated
with yield, WUE, and NUE.

Discussion

Drip irrigation combined with film
mulching improved GLA, LRLD, and yield

Previous studies have been proved that film mulching combined
with irrigation can obviously promote maize leaf area, root size, and
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Leaf respiration protein N (Nyesp) and structural protein N (Ng,) dynamics during the reproductive period. Pl and Bl represent drip irrigation under
plastic film mulch and biodegradable film mulch, respectively; Sl, drip irrigation incorporating straw returning; Ol, drip irrigation with the tape buried
to a shallow soil depth; FI, furrow irrigation. Relative time is the ratio of days after silking to the duration from silking to maturity. The data in this

figure are presented in Table S4 for further interpretation.

biomass accumulation (Qin et al.,, 2016; Xue et al., 2017; Wang et al.,
2021). Whereas, activated source organs, e.g., GLA and LRLD,
during the reproductive stage essentially determine C assimilation,
soil water, inorganic nutrient absorption, and thus ultimate grain
yield formation. Drip irrigation combined with film mulching
achieved the highest GLA and LRLDr at the silking stage due to
better soil water and temperature conditions (Bu et al., 2013; Wu
et al, 2021). In present study, roots were mainly distributed in the
0- to 20-cm soil layers considering the heavy clay soil (Wang et al.,
2009; Sampathkumar et al., 2012; Sharma et al., 2017). PI
significantly improved LRLD in the 0- to 20-cm soil layers due to
the better soil hydrothermal environment during the vegetative
stage (Supplementary Figures 3, 4). In addition, it facilitates plant
growth and contributed to higher GLAt and LRLDy values
compared with other treatments. However, PI decreased LRLD in
the deeper 20- to 100-cm soil layers accompanied with lower soil
water content, in contrast to BL. SI was particularly beneficial to
increase LRLD in the 60- to 100-cm soil layers, which can be
explained that straw returning to the field was beneficial to improve
soil water and soil structure in the deep soil layers (Wu et al., 2021).
FI got higher LRLD than OI in the 20- to 60-cm soil layers, due to
more irrigation water percolated to the deeper soil layers (Hassanli
etal., 2009). PI and BI showed relatively low GLAand LRLD7 only
during the late filling stage (around Rs stage) compared with other
treatments and then maintained high Ij.orand I, values during the
entire reproductive stage.
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Yang et al. (2016) found that drip irrigation with plastic film
mulching accelerated plant senescence owing to the decreased N
supply to canopy, considering the constrictive root architecture and
higher soil temperature during the reproductive stage. While some
studies pointed out that large root was not required for high
yielding potential in high input cropping systems (Sharma et al,
2017). The present study also found that drip irrigation combined
with film mulching system, especially PI, improved leaf and root
senescence rates with a more constrictive LRLD distribution and
higher soil temperature during the reproductive stage compared to
other treatments (Supplementary Figure 4). We agreed with
Christopher et al. (2016) that the higher Ijqr and I, under drip
irrigation combined with film mulching system led to a greater
grain yield. Ijr and I,0; had the highest correlation to maize yield
in different water environments, which were the most useful
indicator to describe plant stay-green trait.

Drip irrigation combined with film
mulching accelerated plant senescence
accompanied with large amount of leaf
protein N translocation

Maize root stops growing at anthesis when senescence started.
We further found that root senescence precedes leaf senescence by
7-10 days averagely with different treatments, which was similar
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Leaf storage N dynamics during the reproductive period. Pl and Bl represent drip irrigation under plastic film mulch and biodegradable film mulch,
respectively; Sl, drip irrigation incorporating straw returning; Ol, drip irrigation with the tape buried to a shallow soil depth; FI, furrow irrigation.
Relative time is the ratio of days after silking to the duration from silking to maturity. N, SDS-soluble protein storage N. N, water-soluble protein
storage N. Ny, NON-protein storage N. The data in this figure are presented in Table S4 for further interpretation.

with the result obtained by Lisanti et al. (2013). Root activity
depends on C supply from the leaves. While leaf senescence could
also be induced by the ageing root, in terms of deficit N/water
supply, cytokinin signal molecule, and decreased root respiration
(Glanz-Idan et al., 2020; Liu et al, 2018b; Tang et al.,, 2019).
However, in contrast to nature programmed cell death, nucleus
and mitochondria remain active for a long time during the
senescence process (Roberts et al,, 2012), the communications
between photosynthesizing leaves and roots still need more
investigation during the crop reproductive stage. Drought or low
N input could accelerate the senescence process (Pommel et al,

2006; Wang et al,, 2013; Christopher et al., 2016). In present study,
plant senescence was not induced by drought or low N stresses
considering the supplemental irrigation and sufficient fertilizer
supply in each treatment. The time of anthesis is a highly variable
character and can strongly confound the effect of senescence on
productivity (Bogard et al., 2011; Naruoka et al.,, 2012). PI advanced
maize anthesis, but vigorous plant growth at the early filling stage
delayed leaf and root senescence onset. In addition, only the
advanced root senescence onset time under PI was observed
during the year of 2017. Fast senescence under PI followed by BI
can be also triggered by the large grain sink and greater nutrient
requirement that enhanced N mobilization from source organs to
grains (Aubry et al., 2008; Distelfeld et al., 2014; Ma and Dwyer,
1998; Rajcan and Tollenaar, 1999). As a consequence, the leaf
protein N contents fell rapidly after silking. The delayed onset

Frontiers in Plant Science

51

100
=~
8 X 80
8 ~
S » 60
2 2
S o
g é’ 40
z3 20
2016 2017 2018 2016 2017 2018
R
N
3 ~
S >
e
s 2
£g
z 3
2016 2017 2018 2016 2017 2018
FIGURE 6

Translocation efficiency of different leaf N components. Pl and Bl
represent drip irrigation under plastic film mulch and biodegradable
film mulch, respectively; S|, drip irrigation incorporating straw
returning; Ol, drip irrigation with the tape buried to a shallow soil
depth; Fl, furrow irrigation. Ny, photosynthetic protein N. Nyesp,
respiration protein N. Ng, structural protein N. Ngiore. Storage N. The
error bars represent standard deviations. Different lowercase letters
indicate significant differences at P < 0.05.

frontiersin.org


https://doi.org/10.3389/fpls.2023.1133206
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wu et al. 10.3389/fpls.2023.1133206

1.0 l 2016 l 2017

0.8

0.6

GLA, (m’)

0.4

0.2

0.0

-02 00 02 04 06 08 10 12 -02 00 02 04 06 08 10 12

l 2017

LRLD, (mm.cm™)
S

~

0
-02 00 02 04 06 08 1.0 12 -02 00 02 04 06 08 10 1.2
40
2016 2017
C)
= 30
5
()
z
Té 20
%
S 10
P
0 ﬁ""ﬁ“ L —— Dt
-02 00 02 04 06 08 10 12 -02 00 02 04 06 08 1.0 12 -02 00 02 04 06 08 1.0 12
Relative time Relative time Relative time

FIGURE 7

Total green leaf area per plant (GLA7), total live root length density per plant (LRLD+), and 100-kernel weight dynamics during the reproductive
period. Pl and Bl represent drip irrigation under plastic film mulch and biodegradable film mulch, respectively; SI, drip irrigation incorporating straw
returning; Ol, drip irrigation with the tape buried to a shallow soil depth; FI, furrow irrigation. Relative time is the ratio of days after silking to the
duration from silking to maturity. Gray area indicates the integral value of GLAT and LRLDT from silking (relative time = 0) to maturity (relative time =
1). Solid arrow for PI, dotted arrow for Bl, and dotted arrow for SI; Ol and Fl with a line indicate the GLAmax or LRLDmax. The error bars represent
standard deviations.

TABLE 3 Leaf senescence traits with the different drip irrigation treatments.

Treatments ® LT, °
PI 3097a°¢ 81.65d 50.68 d 0.034a 0017 a 46122
BI 3038 a 85.18 ¢ 5481 ¢ 0.029 b 0.015 b 4298 b
2016 SI 2874 b 93.09 a 64.35a 0.022 ¢ 0.011 ¢ 3832¢
o1 27.56 ¢ 87.57 60.01 b 0.022 ¢ 0.011 ¢ 3394 d
FI 2762 ¢ 85.86 ¢ 5824 b 0.021 ¢ 0011 ¢ 3226 d
PI 2896 a 75.67 ¢ 4671 ¢ 0.037 a 0018 a 4266 a
BI 26.04 b 7829 b 5225b 0.029 b 0014 b 36.91b
2017 SI 2397 b 8591 a 6193 a 0.022 ¢ 0.011 ¢ 33.05 ¢
o1 2545b 80.16 b 5471 b 0.021 ¢ 0.010 ¢ 27.81d
FI 2096 ¢ 7340 d 5244 b 0.021 ¢ 0.010 ¢ 2375 e
PI 32542 81.19 cd 48.66 ¢ 0.040 a 0.020 a 52.06 a
2018
BI 2958 b 82.93 ¢ 5335b 0.034 b 0.017 b 46.88 b
(Continued)
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TABLE 3 Continued

Treatments ?

SI 3033 b 88.06 a 57.73 a 0.029 ¢ 0.014 ¢ 44.82 be
Ol 30.18 b 85.06 b 54.88 ab 0.027 ¢ 0.014 ¢ 39.80 cd
FI 27.04 ¢ 79.47 d 5244 b 0.027 ¢ 0.013 ¢ 3493 d

“PI and BI represent drip irrigation under plastic film mulch and biodegradable film mulch, respectively; SI, drip irrigation incorporating straw returning; OI, drip irrigation with the tape buried
at a shallow soil depth; FI, furrow irrigation.

PLT,, onset of leaf senescence; LT, terminal of leaf senescence; Dycap green leaf duration; LV ,,,,, maximum leaf senescence rate; LV, average leaf senescence rate; I, green leaf integral; DS, days
after silking.

“Values are estimated from the Equation 3 fitted to the total green leaf area per plant, and the determination coefficient (R?) of the regression equations with different treatments were >0.978.
Different lowercase letters indicate significant differences at P < 0.05.

TABLE 4 Root senescence traits with the different drip irrigation treatments.

Treatments ° RT, °
PI 18864a° 88.30 d 69.43 b 0484 a 0242 a 801.01 a
BI 17.66 a 9321b 75.55a 0348 b 0.174 b 63578 b
2016 SI 17.87 a 96.34 a 7847 a 0235 ¢ 0.117 45242 ¢
o1 15.11b 9240 b 77.30 a 0.171d 0.085 d 306.28 d
FI 1445 b 90.09 ¢ 7564 a 0.185d 0.092 d 317.46 d
PI 1873 b 87.75 ¢ 69.02 b 0445 a 02222 72851 a
BI 24.65a 95.05 a 7041 a 0324 b 0.161 b 598.09 b
2017 ST 1972 b 95.58 a 75.86 a 0211 ¢ 0.105 ¢ 396.50 ¢
o1 21.68 ab 92.97 ab 7129 a 0.164 d 0.082 d 292.37 d
FI 20.91 ab 91.55 b 70.64 a 0.182d 0.091 cd 31547 d
PI 2543 a 89.32 ¢ 6390 b 0.583 a 0291 a 957.32 a
BI 21.73 ab 93.19b 7145 a 0456 b 0227 b 811.34 b
2018 ST 23.64 ab 9742 a 7378 a 0356 ¢ 0.178 ¢ 679.78 ¢
o1 2278 ab 93.65b 70.88 a 0301d 0.150 d 539.93 d
FI 19.43 b 89.72 ¢ 70.29 a 0314 d 0.157 d 528.92 d

“PI and BI represent drip irrigation under plastic film mulch and biodegradable film mulch, respectively; SI, drip irrigation incorporating straw returning; OI, drip irrigation with the tape buried
at a shallow soil depth; FI, furrow irrigation.

bRT(,, onset of root senescence; RT,, terminal of root senescence; D, o, live root duration; RV .., maximum root senescence rate; RV,, average root senescence rate; Loor live root integral; DS,
days after silking.

“Values are estimated from the Equation 3 fitted to the total live root length density per plant, and the determination coefficient (R?) of the regression equations with different treatments were
>0.975. Different lowercase letters indicate significant differences at P < 0.05.

TABLE 5 Grain filling traits with the different drip irrigation treatments.

Treatments 2

PI 5.04d° 64.29 ¢ 59.25b 0.920 a 0.621 a 3383 a
BI 10.74 ¢ 71.34 b 60.61 ab 0.841b 0.567 b 31.56 b
2016 SI 11.15 ¢ 73.74 ab 62.59 a 0.777 ¢ 0.524 ¢ 30.15 ¢
(@) 12.65 b 74.25 ab 61.60 ab 0.737 ¢ 0.498 ¢ 28.16 d
FI 14.69 a 77.35a 62.66 a 0.721 ¢ 0.486 ¢ 2793 d
(Continued)
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TABLE 5 Continued

Treatments *

10.3389/fpls.2023.1133206

PI 839d 68.90 ¢ 60.51 b 0.823 a 0.548 a 30.46 a
BI 10.14 ¢ 73.08 b 62.93 ab 0.755 b 0.507 b 2931b
2017 SI 10.69 ¢ 76.25 a 65.56 a 0.681 ¢ 0.449 ¢ 27.02 ¢
OI 1247 b 77.09 a 64.61 a 0.632 ¢ 0.419 ¢ 24.88 d
FI 1470 d 76.89 a 62.19 ab 0.631 ¢ 0.419 ¢ 2393 d
PI 5.36d 68.42 ¢ 63.06 b 0.953 a 0.636 a 36.86 a
BI 7.68 ¢ 73.00 b 65.31 ab 0.870 b 0.575b 3449 b
2018 SI 8.70 ¢ 76.09 a 67.39 a 0.782 ¢ 0.520 ¢ 3222 ¢
OI 10.72 b 77.19 a 66.48 a 0.734 ¢ 0.493 ¢ 30.15d
FI 12,12 a 77.65 a 65.53 ab 0.730 ¢ 0.493 ¢ 29.65d

“PI and BI represent drip irrigation under plastic film mulch and biodegradable film mulch, respectively; SI, drip irrigation incorporating straw returning; OI, drip irrigation with the tape buried

at a shallow soil depth; FI, furrow irrigation.

°GT,, onset of active grain filling period; GT,, terminal of active grain filling period; Diiling active grain filling duration; GV .y, maximum grain filling rate; GV, average grain filling rate; GWA,

grain weight increment during active filling period; DS, days after silking.

“Values are estimated from the Equation 4 fitted to the 100-kernel weight, and the determination coefficient (R*) of the regression equations with different treatments were >0.998. Different

lowercase letters indicate significant differences at P < 0. 05.

time as well as the advanced terminal time of senescence resulted in
a short duration of GLA and LRLD under PI and BI. No significant
differences were found between OI and FI in senescence rates, GLA
and LRLD durations, or filling dynamics due to the approximate
soil environment and plant growth process.

Many genetic studies have suggested that the stay-green trait
(referred to as a delay in the onset of leaf senescence, or a longer
green area duration) correlates with high yield for cereal crops. The
previous results also suggested that stay-green cultivars enhanced
root absorption capacity for soil water and N nutrient by ensuring
the supply of photosynthetic C assimilate (Ma and Dwyer, 1998;
Hoang and Kobata, 2009; Bogard et al., 2011; Gaju et al,, 2011;
Gregersen et al., 2013; Zhang et al., 2013; Liu et al., 2021). However,
the relationship between senescence and crop productivity is
complex. More recent works showed that there was no consistent
advantage of the delayed senescence hybrids on crop production,
and stay-green trait could be only necessary for higher yield under
terminal drought or low N stresses (Borrell et al., 2000; Acciaresi
et al, 2014; Antonietta et al., 2014; Christopher et al., 2016).
Moreover, the average temperature at the late filling stage
(September) was only 16.8°C, which limited photosynthetic C and
N assimilation and slowed the export of nutrients to grains
(temperatures between 22-24°C are optimal for maize filling)
(Christopher et al., 2016). Therefore, longer GLA and LRLD
durations under SI treatment did not contribute to higher yield.
We agreed with Xie et al. (2016); Yang and Udvardi (2018) and
Zhang et al. (2019) that faster senescence led to better utilization of
photosynthetic C and N assimilation for larger grains. Thus, filling
rate, grain weight increment, yield, WUE, and NUE were positively
associated with senescence rates of leaf and root, but negatively
associated with GLA and LRLD durations. We also found that a
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larger biomass translocation amount and a higher biomass
translocation efficiency (Supplementary Figure 5) were necessary
for high-yield formation under PI and BI during the fast senescence
process. In addition to leaf protein N, PI showed a higher biomass
translocation amount/efficiency in contrast to BI, which lead to a

1<)
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FIGURE 8

Heatmap of correlation coefficients between senescence traits,
filling traits, yield, water, and N use efficiency. Dje,r, green leaf
duration; D,o0r, live root duration; LV,, average leaf senescence rate;
RV,, average root senescence rate; /o, green leaf integral; /o0 live
root integral; Dsying, grain filling duration; GV, average grain filling
rate; GWA, grain weight growth during filling. WUE, water use
efficiency. NUE, N use efficiency. NUEy,, NTE esp, NTEsu, and
NTEre are the translocation efficiency of photosynthetic N,
respiration N, structure N and storage N, respectively. * P < 0.05 and
** P < 0.0l
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Higher leaf storage N transport efficiency
did not attribute to high yield, WUE,
and NUE

CO, assimilation capacity is positively regulated by leaf N,
which is the main component of chlorophyll and photosynthetic
proteins. The distribution of different leaf N fractions determines
leaf growth and photosynthesis capacity, thus affecting N
utilization. A decrease in photosynthetic rate is mainly due to the
degradation of photosynthetic enzymes. Our results showed that
different leaf N components decreased along with a reduction of
GLA during the reproductive stage. Considering the vigorous
vegetative growth, higher Nrubiscor Npepcs Npppks Nev Nie Nstrus
Niesp> Now» and N, were obtained by PI and BI at the earlier filling
stage. The transfer of leaf N after anthesis has an important effect on
photosynthesis. In addition, degraded leaf proteins provided an
enormous source of N for kernel development (Masclaux-
Daubresse et al., 2010). Mu et al. (2018) found that
photosynthetic proteins, i.e., Rubisco, PEPC, and PPDK, had
great transfer potential in maize, and their transfer efficiencies
were enhanced by low N treatment. Storage N in the forms of
nitrate, amino acid, and protein is important for plant to prevent
from adversity (Xu et al, 2012; Liu et al., 2018a). However, the
regulation effect of storage N on crop production during the
senescence period is still lack of research. Our results further
showed that the highest translocation efficiency was found in Ny,
whereas the lowest was found in Ny, In contrast to PI, SI improved
soil water and achieved higher LRLD in the deep soil layer, which
was beneficial to root absorption capacity, therefore allowing leaves
to retain photosynthetic capacity with less N mobilization during
the reproductive period, and led to a higher leaf N content during
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protein N

Leaf

M Ssmrage N

Shortened filling process and
higher grain weight

\
’) ‘ )
Higher cumulative

green leaf areaA

Soil surface

Faster and larger transfer

Lower cumulative

green leaf areaA
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the late reproductive stage. PI followed by BI had the highest
translocation efficiency in Np,, Niesp, and Ny, which were
positively associated with senescence rate (LV, and RV,), NUE,
WUE, and yield and were negatively correlated with D.,r and D,oor.
Meanwhile, non-protein storage N accumulated only under PI and
BI treatments during the late reproductive stage. PT and BI showed a
low translocation efficiency of Nyore compared with SI, OI, and FI.
Thus, it can be concluded that higher remobilization of non-protein
storage N was improved by SI, FI, and OI to make up for the relative
inadequacy of leaf N. Faster and larger translocation of protein N
from leaves to grains ensured a high WUE and NUE under drip
irrigation combined with film mulching system (Figure 9).

Conclusions

Drip irrigation combined with a film mulching system achieved
the highest grain yield, WUE, and NUE, by increasing the
cumulative GLA and LRLD, biomass, and leaf protein N
transportation efficiency during the reproductive period. Drip
irrigation combined with biodegradable film mulching had no
significant differences in yield, WUE, and NUE compared to that
with plastic film mulching, and it is the recommended practice to
reduce overall use of plastic and creation of plastic waste. Under
drip irrigation combined with returning straw into soil, root growth
was effectively promoted in the deeper soil layer, and the duration of
GLA and LRLD was prolonged. However, the delayed senescence
under this system did not contribute to higher yield, considering the
limited C and N assimilation capacity associated with low air
temperature during the late reproductive stage in the northeast
plain of China. Larger remobilization of leaf non-protein storage N

Slower and smaller transfer

ﬁ

Leaf
storage N

Leaf

protein N

T

Prolonged filling process and
lower grain weight

Higher cumulative
live root density

FIGURE 9

Lower cumulative
live root density

The comparison of drip irrigation under film mulch (A) and drip irrigation incorporating straw returning (B) during the reproductive stage of maize. In
contrast to (B), (A) showed a higher cumulative green leaf area and live root density in the top 0- to 20-cm soil layers, but a lower cumulative live
root density in the deeper soil layers. In addition, larger N was fast transferred from leaves to grains, accompanied with a shortened filling process
and higher grain weight, which contributed to the improvement of yield, water, and N utilization for (A). Non-protein storage N transfer was
stimulated by (B) to make up for the relative inadequacy of leaf N. In the comparison between (A, B), the red and bule font represent higher and

lower translocation efficiency for different N components, respectively.
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could not contribute to a high yield, WUE, or NUE under drip
irrigation combined with straw returning, drip irrigation with the
tape buried at a shallow soil depth, and furrow irrigation systems.
Whereas, the hormone signals and molecular regulation
mechanisms of the protein N translocation from leaves to grains
are worthy of further exploration in the future under different
cropping systems.
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Introduction: Dry matter accumulation (DMA) and dry matter partitioning (DMP)
are important physiological processes determining crop yield formation. Deep
understanding of the DMA and DMP processes and their responses to drought
are limited by difficulty in acquiring total root biomass.

Methods: Pot experiments with treatments quitting and ceasing ear growth (QC)
and controlling soil water (WC) during vegetative (VP) and reproductive (RP)
growth stages of maize (Zea mays) were conducted in Jinzhou in 2019 and 2020
to investigate the effects of drought and rewatering on DMW and DMP of
different organs.

Results: The response of DMW of reproductive organ to drought was more
sensitive than those of vegetative organs, and was maintained after rehydration.
Drought during VP (VPWC) reduced more sharply DMW of stalk than of leaves,
and that during RP (RPWC) decreased more substantially leaves DMW. The effect
of drought on DMPR was inconsistent with that on DMW for each organ. The
DMP patterns of maize in different growth stages have adaptability to some level
of water stress, and their responses increased with drought severity. Drought
increased significantly DMP rates (DMPRs) of vegetative organs and reduced the
ear DMPR and harvest index (HI), attributing to the suppressed photosynthates
partitioning into ear and dry matter redistribution (DMRD) of vegetative organs,
especially for stalk DMRD decreasing 26%. The persistence of drought impact
was related to its occurrence stage and degree as well as the duration during
rewatering to maturity. The aftereffect of drought during different growth periods
on DMP were various, and that of VPWC enlarged and drastically induced the
reduction of HI, also was larger than that of RPWC which demonstrated obvious
alleviation in the previous responses of DMP and HI. Root-shoot ratio (RSR)
increased under VPWC and RPWC and subsequent rehydration.
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Discussion: The DMWs of stalk, roots and leaves were affected by VPWC in order
from large to small, and were close to or larger than the controls after rehydration,
indicating the compensation effect of rewatering after drought. The DMPRs, RSR
AND HI are the important parameters in agricultural production, and are often
used as the constants, but in fact they vary with plant growth. In addition, the
interannual differences in ear and stalk DMPRs in response to drought were
probably caused by the difference in degree and occurrence stage of drought,
further reflecting the variation in response of allometry growth among organs to
the environment. Besides, the persistence of drought impact was related to the
occurrence stage and degree of drought, which is also associated with the
duration during rewatering to maturity. Notably, the effect of drought on DMW
was inconsistent with that on DMPR for each organ meaning that the two variables
should be discussed separately. The QC did not affect total DMW but increased
RSR, changed and intensified the effect and aftereffect of RPWC on DMP,
respectively, indicating that the DMP pattern and its response to drought occur

change under the condition of QC.

KEYWORDS

maize, dry matter partitioning, drought response, total root biomass, root-shoot ratio

1 Introduction

Dry matter accumulation (DMA) and dry matter partitioning
(DMP) are important physiological processes determining crop
yield formation (Kumar et al, 2006). In agro-ecosystems, crop
yield is not only dependent on DMA, but also closely related to
efficient allocation of dry matter to harvested organs (Zhang et al.,
2019). The total amount of photosynthates stored in various organs
at different growth stages of plants is determined by DMP and is
affected by factors such as nutrition, temperature, radiation and soil
moisture status (Steinfort et al., 2017; Lizaso et al., 2018). Generally,
DMP refers to transport of accumulated photosynthates by leaves to
different organs, which can be expressed as instantaneous values at a
certain moment and cumulative values over a period of time
(Poorter et al., 2012). According to the functional balance
hypothesis, this allocation is characterized by preferential
allocation of photosynthates to resource-constrained organs (Ma,
2017). In addition, when crops enter the reproductive period (RP),
photosynthates mainly supply the growth of reproductive organs,
while vegetative organs transfer a portion of dry matter to
reproductive organs through dry matter redistribution (DMRD)
to maintain a higher growth rate for the latter, with the
redistribution rate of stalks being the largest, up to 35% of its dry
weight (Weiner, 2004; Cai et al,, 2022). Often, DMP is studied in
plants such as crops and fruit trees whose reproductive organs are
dominant (Andrews et al., 2001; Marcelis and Heuvelink, 2007).
The ratio of DMP of photosynthates to each part of plant is usually
calculated by measuring the change of dry matter weight (DMW) of
each organ during a period of time. In crop models, aboveground
and belowground biomass are often separated and the proportion of
aboveground biomass occupied by each organ is then determined
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(Hijmans et al, 1994). In addition, root-shoot ratio (RSR) and
harvest index (HI) are important parameters to reflect the DMP
pattern among plant organs (Borras and Vitantonio, 2018), playing
an important role in crop yield estimation and model construction.

Drought is one of the most vital constraints to crop yield and is
an important factor affecting DMP (Li et al., 2019). On the one
hand, it reduces dry matter quality by inhibiting photosynthesis
(Gao et al,, 2015) and, on the other hand, affects root and leaf
growth by shifting DMP pattern (Berendse and Moller, 2009), thus
affecting physiological processes such as nutrient absorption and
photosynthesis (Djaman et al, 2013). Additionally, DMRD is
inhibited by the ripening effect of drought (Turc and Tardieu,
2018). Overall, combination of the above effects leads to a decline in
production. Studies on DMP have concentrated on the effects of
such factors as planting density (Liu et al., 2011), sowing date (Dou
etal,, 2017), cultivation type (Wang et al., 2015; Cai et al., 2021) and
soil fertilizer (Dai et al., 2008; Wei et al., 2017). There have also been
some studies on the effects of drought on DMP (Jiang et al., 2018;
Mi et al, 2018; Tan et al, 2019), but these have not generally
considered roots, especially total root biomass, thus restricting in-
depth understanding of relevant mechanisms.

Moreover, the response strategies of existing mainstream crop
models to DMP under drought conditions all have defects of
varying degrees, making it difficult to accurately simulate drought
stress. In the AquaCrop model, allocation of photosynthates to
different organs is not considered (Toumi et al, 2016). For the
WOFOST model, the distribution of photosynthates to roots, stems
and leaves is set to a fixed value only related to the development
stage, and water stress would increase the proportion of roots,
without considering DMRD (Hijmans et al., 1994). In the DSSAT
model, the increase of DMW of leaves and stalks is proportional
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and not affected by environmental stress, and the proportion of
DMRD at maturity is a fixed empirical parameter, without
considering the effect of environmental stress (Lizaso et al., 2011).
In the EPICphase model, water stress is considered, but DMP is
empirically expressed and lacks a mechanism (Cavero et al., 2000).
Therefore, deep investigation of the drought response mechanism
of DMP and improving its parameter scheme are crucial to improve
the ability of crop models to reproduce the drought process
(Anothai et al., 2013).

Maize (Zea mays) is one of the three major food crops in the
world, has the largest planting area and yield in recent years, and
plays an important role in guaranteeing world food security and
economic development (FAO, 2019). Northeast China is the main
production area of spring maize in China, has the second largest
maize belt in the world and plays a crucial role in grain production
(Cheng et al, 2016). Maize is sensitive to its major growth
constraint, drought, during the whole growth period (Mi et al,
2017; Huang et al, 2019; Zhou et al, 2020). Considering the
limitation in understanding the response of crop DMP to drought
duo to minor field experiment especially for scarce root
measurement and the importance of maize in crop, we carried
out 2-year pot experiment for maize suffering drought in order to
integrally obtain DMWs of all organs and figure out how to be
partitioned for maize photosynthate under drought and when the
growth of maize ear is limited, which will offer abundant
information about maize DMP pattern and further make up the
shortage of the existing studies. Specifically, the objective of this
study is to reveal (1) the variation characteristics of DMA, DMP and
DMRD of different organs of maize at various growth stages under
normal water supply; (2) their responses to drought and subsequent
rehydration; and (3) the responses to QC treatment (quitting and
ceasing ear growth during the RP), QC combined with drought, and
subsequent rewatering. This study will enhance understanding of
the disaster-causing process for maize under drought conditions,
and promote improved parameter schemes in crop models,
providing a scientific basis for accurately assessing the impact of
drought and reasonably guiding disaster prevention and reduction
for maize production.

2 Data and methods
2.1 Site description

The water control experiment for maize in present study was
conducted at the Jinzhou Agricultural Meteorological Experimental
Station in Liaoning Province, which has a temperate monsoon
continental climate with average temperature and precipitation
during 1981-2010 of 9.9°C and 568 mm, respectively. The study
area has a typical brown soil with a pH 6.3 and nutritional
composition including soil organic matter content of 15.24 gkg™’,
nitrogen of 1.04 g-kg ', phosphorus of 0.50 gkg ™' and potassium of
22.62 gkg . The average field capacity, the wilting point and bulk
density for the top 50 cm soil layer are 22.64%, 5.64% and 1.426
g-cm >, respectively.
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2.2 Experimental design

The experiment pots with sealed bases were made of PVC pipe
with diameter 40 cm and height 100 cm, and were closely fixed row
by row on the aboveground with a homemade metal fence, which
formed a row and column interval of 40 cm among the plant. In the
autumn before the experiment year, surface soil (0-20 cm) was
evenly mixed, weighed and loaded into the pots. The soil water
content was measured, and dry soil weight in pots was calculated.
The maize variety was Xianyu 335’. Three seeds were manually
planted into the pots at the soil depth of 5 cm and a strong plant was
remained when the corn had its fifth leaf. This research consisted of
different experiments reflecting respectively the real-time and
prolonged effects of drought. The experimental treatments and
their abbreviations are shown in Table 1.

The real-time effect experiment of drought included VPWC,
RPWC and QCWC, as well as their corresponding control
treatments: VPCK, RPCK and QCCK. More specifically, each
treatment had six replicate pots. Natural precipitation was
allowed before jointing, and appropriate amounts of water were
added when precipitation was insufficient to ensure normal growth
of maize plants. At jointing stage, six samples were selected to

TABLE 1 Abbreviations used to denote each parameter and treatment.

DM Dry matter

DMA Dry matter accumulation

DMP Dry matter partitioning

DMW Dry matter weight

RSR Root-shoot ratio

HI Harvest index

DMPR Dry matter partitioning rate

DMRD Dry matter redistribution

wC Water control treatment

VP Vegetative period of maize

RP Reproductive period of maize

QC The treatment of quitting and ceasing ear growth during RP
CK The control treatment

VPWC,VPCK WC during VP and its CK

RPWC, RPCK WC during RP and its CK

QCWC, QCCK WC based on QC and its CK

X}I)):\V/\\/]g) VPWC and RPWC irrigated until maturity
CKA The CK for VPAWC and RPAWC
ggﬁz\;c ’ QCWC irrigated until maturity, and its CK
VPA, RPA, The corresponding referent treatments of VPAWC,
QCA RPAWC and QCAWC
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determine soil moisture: the average relative moisture of the soil
column was 39.1 + 4.0% and 49.4 + 3.8% in 2019 and 2020,
respectively. Then, water was replenished according to the
difference between the measured and the optimum water content,
i.e. relative soil moisture of 75%. After entering jointing stage, a
large mobile waterproof shelter was used to prevent natural
precipitation reaching the ground (Mi et al., 2018). According to
the growth stage, weather and soil water conditions, the control
treatment was irrigated with appropriate water to ensure the normal
growth of maize. Treatments VPWC and RPWC reduced water
supply from jointing to silking stage and from tasseling to milk
ripening stage, respectively, to build drought episodes. Based on
RPWC treatment, QCWC was conducted by wrapping female
panicles in plastic bags to limit pollination and then to inhibit
grain growth, in order to analyze the response of DMP in different
organs under inhibited ear growth. Specifically, the DMWs of
different organs of maize for each treatment were measured at the
end of VPWC, RPWC and QCWC.

The prolonged effects of drought were reflected with
comparisons of DMWs and DMPs of different organs after
rewatering between drought and control treatments, and the
experiment was designed as follows. After the end of drought
process, some treatments for VPWC, RPWC and QCWC adopted
the same irrigation measures as the control treatment until
maturity, and were defined as VPAWC, RPAWC, and QCAWC,
respectively, with the corresponding control treatments of VPAWC
and RPAWC named CKA, and that of QCAWC named QCACK.
Similarly, each treatment had six replicate pots.

Tables 2, 3 show the dates of growth periods of maize and
irrigation regimes for the different treatments. In 2019, for the
VPWC, water supplementation was not conducted on June 27, and
was half of the amount of CKA from June 27 to July 15, and was the
same as that of CKA after July 20. The DMWs for VPWC were
observed on July 16. For the RPWC, water supplementation was not
conducted on July 20, and was half of that of CKA from July 22 to
August 14, and was the same as that of CKA after August 22. The
DMWs for RPWC were observed on 15 August and harvesting was

10.3389/fpls.2023.1110727

conducted on 15 September. In 2020, the water supplementation of
VPWC was one-third of CKA for July 9-15, half of CKA on July 20
and consistent with CKA from July 24. The DMWs for VPWC were
observed on July 21. For the RPWC, water supplementation was
half of CKA from July 24 to August 11, and consistent with CKA
after August 20. The DMWs for RPWC were observed on August 20
and harvesting was conducted on September 18.

2.3 Methods

2.3.1 Soil water content measurement
Soil water content was calculated as follows:

)
6, =ET"’ (1)

where 6,,, is soil relative moisture; 6; and 6 are soil weight
water content and field capacity, respectively; and n is the number
of replicates (i.e. n = 6).

Soil moisture status in pots at the end of different treatments in
each year is shown in Figure 1. Soil moisture of the CK treatments
was higher than those of the WC treatments after drought in 2019,
but failed to reach the appropriate level, i.e. soil water content of
60%, due to deficient water supply. After rehydration, soil moisture
of VPAWC, QCACK and QCAWC still did not reach 60%.
Conversely, soil moisture of the CK treatment in 2020 reached
the appropriate level after drought and rehydration, while soil
moisture for QCAWC and QCACK was below 60% likely due to
experimental errors. It is worth noting that soil moisture of
RPAWC and QCAWC was higher than for the corresponding CK
treatments in both years. The reason was that the physiological
functions of plants were disrupted due to RP drought, and the
plants withered after rewatering, which decreased the water
consumption of transpiration. In addition, the measured soil
samples were in the outer layer of the soil column, and were drier
than those in the inside of the soil column, resulting in a lower value
relative to the real condition.

TABLE 2 Dates (month/day) of maize growth periods and sampling in 2019 and 2020.

Growth/Sampling period

Sowing 4/30 4/30 4/30 5/10 5/10 5/10
Emergence 5/6 5/6 5/6 5/17 5/17 5/17
Jointing 6/15 6/15 6/15 6/20 6/20 6/20
Tasseling 7/10 7/12 7/10 7/16 7116 7/16
Silking 7/15 7117 7/15 7/21 7127 7/21
Milk 8/6 8/6 8/6 8/18 8/18 8/18
Maturity 9/15 9/15 9/15 9/18 9/18 9/18
Sampling for VPWC 7/16 7121
Sampling for RPWC 8/15 8/20
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TABLE 3

Water supply

amount (mm)

10.3389/fpls.2023.1110727

Irrigation regimes for the different experimental treatments in 2019 and 2020.

VPWC

Precipitation 5/3-6/21 285.2 285.2 285.2 5/10-6/13 185.9 185.9 185.9
6/26 56.6 56.6 56.6 6/22 56.6 56.6 56.6
6/27 28.3 0 28.3 6/25 5.7 5.7 57
712 56.6 28.3 56.6 6/26 54 54 54
715 56.6 28.3 56.6 6/29 85 85 85
7/10 84.9 42.5 84.9 719 85 28.3 85
7/15 56.6 28.3 56.6 7/15 85 28.3 85
7120 56.6 56.6 0 7120 56.6 28.3 56.6

Irrigation 7122 56.6 56.6 28.3 7124 56.6 56.6 28.3
7125 56.6 56.6 28.3 7130 113.2 113.2 56.6
7129 28.3 28.3 28.3 8/3 113.2 113.2 56.6
7130 84.9 84.9 28.3 8/8 113.2 113.2 56.6
8/1 56.6 56.6 28.3 8/11 113.2 113.2 56.6
8/7 28.3 28.3 28.3 8/20 56.6 56.6 56.6
8/14 56.6 56.6 28.3
8/22 56.6 56.6 56.6

Total amount 1105.9 950.3 879.5 1131.2 989.5 876.5

2.3.2 Sampling and measurement

The height, stalk diameter and leaf area of maize plants were
measured at the end of every treatment. The stalk diameter was
presented with the maximum width of the second stem node from
ground surface. Maximum length and width were measured for
each leaf of the maize plant, and computation formulas of total leaf
area per plant (LA) are as follows:

LA =1 (L; x W; x 0.75) (2)

Where i is the number of leaves on the plant, L; is the maximum leaf
length, W; is the maximum leaf width, and 0.75 is a factor
used conventionally.

Plants from each treatment were cut at the ground level and
separated into the stalk, leaves, bracts and ear. It should be noted
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FIGURE 1

that the ear was divided into kernel and cob to measure in 2019, but
not in 2020. Roots were obtained with washing method. Specifically,
the experiment pot was cut open to gain an intact soil pillar, and
then the soil pillar was splitted into segments in an interval of 10
cm, and was soaked in water for a period of time. At last, all roots
were gained with washing. All the samples were oven-dried at 105°C
for 30 min, and weighed after drying at 70°C to constant weight (Vi
et al., 2018).

2.3.3 Calculations of DMPR, RSR and HI

In order to reflect the relationship of DMP among different
organs and their responses to drought, the variation characteristics
of DMPRs, RSRs and HIs were studied.
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Soil moisture of WC and CK for different treatments in 2019 (A) and 2020 (B).
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DMPR is expressed as follows:

DMPR;= DM, /DM, (3)

DM,= DM,+ DM,+ DM+ DM,+ DM,

where DM; is the DMW of organ i; DM,, DM, DM,;, DM, and
DM, are the DMWs of roots, stalks, leaves, ears and bracts,
respectively and DMPR; is the DMPR of organ i.

RSR is expressed as follows:

RSR = DM,/DM,, (4)

where DM,;, is aboveground DMW, i.e. the sum of DMWs of
stalks, leaves, ears and bracts.
HI is expressed as follows:

HI = DM,/DM,,. (5)

DM, is the DMW of grain i.e. the DM, substracts the DMW of
maize cob. The ratio of DM, to DM, for RPWC, RPCK, VPAWC,
RPAWC and CKA in 2019 were 0.82, 0.85, 0.82, 0.84 and 0.87, and
were used to calculate corresponding DM in 2020.
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2.4 Data statistics

The observation data each year were statistically analyzed using
SPSS 20.0 software (SPSS Inc., Chicago, IL, USA, URL:(https://
www.ibm.com/cn-zh/spss?lnk=flatitem)) separately. The
differences among experimental treatments were calculated using
Duncan’s multiple comparison test and a one-way ANOVA at the
0.05 significance levels.

3 Results

3.1 Drought response of maize
morphological characteristics

Figure 2 shows the green leaf area per plant, plant height and stalk
diameter for WC and CK after different treatments. Different letters
represent significance level (P < 0.05) of differences of the variables
between WC and CK treatments; no letter indicates insignificant
difference; also applies in the other figures. The green leaf area of
RPWC in 2020 was 0 because the leaves were all dry and not green. In
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Green leaf area (A, B), plant height (C, D) and stalk diameter (E, F) for WC and CK of different treatments in 2019 and 2020.
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2019 and 2020, the leaf areas of most WC treatments were significantly
smaller than those of the controls except that of VPWC in 2019.

For plant height, there were no significant differences between
WC and CK for RP, RPA, QC and QCA treatments in 2019, while
those for VP and VPA were significant. In 2020, RPWC resulted in
a significant small reduction in plant height, and rewatering
narrowed the difference at later growth stages. The QCWC
significantly decreased plant height, and its effect increased in
later growth stages. Both VPWC and VPAWC induced significant
and sharp decreases in plant height.

In 2019, stalk diameter was insignificantly reduced after VPWC,
and significantly increased after rewatering. The RPWC significantly
reduced stalk diameter, but the reduction was insignificant after
rewatering. There were no significant variations in stalk diameter
after QCWC and following rehydration. In 2020, stalk diameter was
insignificantly affected by VPWC and RPWC, and reduced
significantly after QCWC, but insignificantly increased for QCAWC.

3.2 Responses of maize DMWs to drought

3.2.1 Responses of belowground, aboveground
and total DMWs to drought

The aboveground and total DMWs of maize for different
drought treatments in 2019 and 2020 were nearly all significantly
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lower than the corresponding control values (Figure 3). They
increased significantly from the end of VPWC to maturity, and
the differences in DMWs of all treatments between WC and CK in
2020 were greater than in 2019. The roots DMWs of CK showed a
decreasing trend from the end of VPWC and RPWC to maturity.
The roots DMWSs of VPWC and VPAWC were slightly smaller and
significantly greater than the controls in 2019, respectively, and
correspondingly were significantly and insignificantly smaller in
2020. The roots DMWs of RPWC and RPAWC were unaffected and
insignificantly smaller than the control in 2019, respectively, and
correspondingly significantly smaller and not significantly different
in 2020. Under normal water supply, there was no significant
difference in total DMW between QC and non-QC treatments in
2019 and 2020, belowground and aboveground DMWs of QC
treatment were higher than and similar to those of non-QC
treatment, respectively. The belowground DMWs of QCWC and
QCAWC were slightly and significantly smaller than the controls in
2019, respectively, but both significantly smaller in 2020.

3.2.2 Responses of DMWs of aboveground
organs to drought

The leaf DMWs of different control treatments in the 2 years
were lower at maturity than after drought (Figure 4), indicating that
they decreased with development progress of maize in the natural
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Comparisons of DMWs of aboveground organs of maize i.e. leaf (A, B), stalk

treatments in 2019 and 2020

state, and the decline was significantly greater in 2019 than 2020.
From the perspective of drought effect, in 2019, the leaves DMW of
RPWC decreased significantly, while those of the other WCs were
slightly and insignificantly smaller than the control. In 2020, the
leaves DMWs of most WCs were significantly smaller and that of
VPAWC was insignificantly larger than the control. Stalk DMW, in
2019, was significantly lower for VPWC and QCWC and slightly
larger for VPAWC and QCAWC under drought than the control
values. There was little difference in stalk DMW between RPWC
and RPCK, but the stalk DMW of RPAWC decreased significantly.
In 2020, the stalk DMWs of most WCs except for RPAWC and
VPAWC decreased significantly relative to the control. For bracts,
most WCs except for VPAWC in 2019 significantly reduced DMW's
in both years. The controls in 2019 were all smaller than those in
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(C, D), bract (E, F) and ear (G, H) between WC and CK for different

2020, and the decrease ranges of bracts DMWs for WCs in 2020
were significantly greater than those in 2019. The maize ear DMW
for VP was not analyzed because the ear was not formed after VP.
Specifically, the maize ears of most WCs except for QCWC in 2019
were significantly lower than the controls in both years, and with
obviously greater reductions in 2020 than 2019. Notably, under
normal conditions, the ear DMW of QCCK was lower than that of
RPCK, demonstrating that QC inhibited the growth of ears.

3.3 Responses of RSR and HI to drought

The RSRs of VPWC and VPAWC were significantly 32% and
132% higher than those of CKs in 2019, respectively,
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and correspondingly in 2020 were insignificantly higher by 12% and
13% (Figure 5). The RSR of RPWC increased significantly by 33%
and insignificantly by 22%, while those of RPAWC varied slightly
and significantly increased by 14% compared with the control in
2019 and 2020, respectively. However, the RSRs of QCCK were 82%
and 20% larger than those of RPCK in 2019 and 2020, respectively.
The RSRs of QCACK were 125% and 112% larger than those of
CKA in 2019 and 2020, respectively. Whereas, the RSRs of QCWC
and QCAWC were very similar and significantly 37% smaller
compared with the controls in 2019, respectively, and
correspondingly insignificantly 31% and 40% less in 2020.

The DMWs of grain for different treatments in 2020 were
calculated with the ratio of grain to ear DMWs from the
experiment in 2019 based on small variability for these ratios, and
further HIs in 2020 were obtained. Comparing HIs between WCs
and CKs showed that those for VPAWC and RPWC were
significantly lower than the controls in 2019 and 2020. The HIs
of RPAWC in 2019 and 2020 were insignificantly and significantly
lower than the controls, respectively. The reduction of HIs in
descending order was VPAWC, RPWC and RPAWC for both years.

3.4 Effect of drought on maize DMP

At the end of VPWC, maize was at silking stage in 2019 and
2020. The ear, leaves, stalk and roots DMPRs of VPCK in 2019 were
15%, 21%, 38% and 25%, respectively, and the leaves, stalk and roots
DMPRs of VPCK in 2020 were 21%, 52% and 27%, respectively,
when the ear and stalk DMWs were considered together as stalk
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DMW (Figure 6). After VPWC, the roots and leaves DMPRs
significantly increased by 21% and 33%, respectively, the ear
DMPR decreased significantly by 70%, and the change of stalk
DMPR was not obvious in 2019; the leaves and stalk DMPRs
increased and decreased significantly by 38% and 20%,
respectively, and the root DMPR increased insignificantly by 10%
in 2020. We speculate that the decrease of stalk DMPR in 2020 was
mainly due to the reduction of ear DMW.

At the end of RPWC, the maize was at 16 and 2 days after milk
ripening in 2019 and 2020, respectively. The DMPR of each maize
organ for RPCK was 4% in bracts, 44% in ear, 15% in leaves, 22% in
stalk and 15% in roots in 2019, and correspondingly 6%, 45%, 11%,
24% and 14% in 2020. The DMPRs of most of maize organs were
significantly changed by drought stress. Specifically, ear DMPR
significantly decreased by 24% and 36% in 2019 and 2020,
respectively, and leaves, stalk and roots DMPRs increased by 17%,
19% and 27% in 2019, respectively, and by 27%, 69% and 37% in
2020; the increase in leaves DMPR in 2020 was insignificant. In
addition, bracts DMPR was unaltered in 2019 and increased
significantly by 42% in 2020 relative to the control.

Comparing the DMPR between QCCK and RPCK treatments
showed that QC significantly reduced ear DMPR in 2019, but
significantly increased the bracts, stalk and roots DMPRs. In
2020, the reduction in ear DMPR of QCCK relative to RPCK was
less than that in 2019, and the DMPRs of other organs increased
slightly. The DMPR of ear increased slightly for QCWC compared
with QCCK, that of stalk decreased insignificantly, that of roots did
not change, that of bracts significantly decreased and that of leaves
significantly increased in 2019. The DMPRs of bracts and ear
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Comparisons of RSR (A, B) and HI (C, D) between WC and CK for different treatments in 2019 and 2020.
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decreased insignificantly, that of roots decreased significantly and
those of leaves and stalk increased significantly in 2020.

3.5 Continuity of drought effect on
maize DMP

The effect of previous drought on following maize growth can
be shown by comparing the DMPRs of each organ between WC and
CK at maturity. For VPAWC, the DMPR of ear decreased
significantly, of stalk and roots increased significantly, and of
bracts and leaves did not change significantly relative to the
control in 2019 (Figure 7). In 2020, the DMPR of ear decreased,
those of leaves and stalk increased significantly and that of roots was
almost unchanged relative to the controls. Compared with the
effects of VPWC, the difference between VPAWC and CKA in
leaves DMPR decreased, while those in the DMPRs of other organs
increased obviously in 2019. In 2020, the differences in DMPRs for
ear and stalk increased, and those of other organs were unchanged.

For RPAWC, there was no significant difference in the DMPR
of maize organs between WC and CK in 2019, and the DMPRs of
ear, stalk and other organs were significantly smaller, larger and
unchanged relative to the controls in 2020, respectively. Compared
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with the effects of RPWC, in 2019, the differences in DMPRs of each
organ between RPAWC and CKA were obviously reduced. In 2020,
the differences in bracts and roots DMPRs obviously decreased, and
were unchanged for ear, leaves and stalk DMPRs.

In terms of QCACK, compared with CKA, the DMPRs of
bracts, leaves and roots increased significantly, that of stalk
increased insignificantly and that of ear significantly decreased in
2019. The DMPRs of bracts and leaves did not change, of ear
decreased significantly, of stalk increased insignificantly and of
roots increased significantly in 2020. Compared with QCACK,
the DMPRs of bracts and leaves for QCAWC had no significant
change, of ear and roots significantly decreased and of stalk
significantly increased in 2019. The DMPRs of bracts and roots
significantly decreased, of ear decreased insignificantly and of leaves
and stalks significantly increased in 2020.

Relative to difference between RPAWC and CKA, the differences
in the DMPRSs of ear, stalk and roots between QCAWC and QCACK
increased in 2019. However, the differences in the DMPRs of bracts,
leaves and roots increased in 2020. Compared with the effects of
QCWGC, the differences between QCAWC and QCACK in the
DMPRs of ear and roots changed from being inconspicuous to
significantly decreasing, that of stalk changed from decreasing to
significantly increasing, and those of leaves and bracts changed from
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significantly increasing and decreasing, respectively, to no significant
difference in 2019. The differences in the DMPRs of different organs
in 2020 were invariable.

3.6 Drought response to DMRD process

3.6.1 Potential DMRD capacity of maize
vegetative organs

Because there was no one-to-one correspondence between the
sample plants at the end of drought and growth, the subtraction of
the mean value of six samples at the two times was used to express
the increment of DMW without the sample variance. It is well-
known that vegetative organs including stalk, leaves and roots of
maize reach their maxima at tasseling and silking stage, after which
some dry matter is transferred to ear through a redistribution
process. Notably, total DMW of maize plant of CK was sharply
smaller in 2019 than 2020, indicating that the maize of CK in 2019
was also subjected to water stress in part of the period. As a result,
the analysis was only conducted considering the situation in 2020.
Under normal water supply, the decreased DMW of each vegetative
organ was approximately equal to the DMRD amount during

tasseling to maturity (from July 21 to September 18). The DMRD
rates of different vegetative organs are shown in Table 4. About
35%, 41%, 24% and 27% of DMWs in total vegetative organs, stalk,
leaves and roots were redistributed to ear, respectively, accounting
for 31%, 21%, 4% and 6% of the increment of ear DMW. The
contributions of stalk, leaves and roots were 65%, 13% and
22%, respectively.

3.6.2 Drought response of DMRD capacity of
maize vegetative organs

The DMRDs for RPWC and RPCK from August 20 to
September 18 are shown in Table 5. Under RPCK, during this
period, 27% of stalk, 20% of leaves, 32% of roots and 27% of total
vegetative organ DMWs were redistributed into ear. The ratios of
DMRD from stalk, leaves and roots to increment of ear DMW were
34%, 11% and 23% accounting for 51%, 16% and 33% of DMRD of
total vegetative organs, respectively. Under RPWC, 9% of DMW of
total vegetative organs consisting of 1% of stalk, 20% of leaves and
22% of roots DMWs, accounting for 32%, 2%, 12% and 18% of
increment of ears DMW, respectively, was redistributed into ear.
The contributions of stalk, leaves and roots were about 7%, 36% and
57%, respectively. The proportions of stalk and roots DMRDs

TABLE 4 Potential percentage and contribution of maize vegetative organs to DMRD.

Parameters Leaves Roots Total
Percentage of organs DMW for redistribution (%) 41 24 27 35
Proportion of organ redistribution accounting for the increment of ears DMW (%) 21 ‘ 4 6 31
Contribution of organ redistribution to the increment of ears DMW (%) 65 ‘ 13 22 100

‘Total’ stands for total amount of DMRD of vegetative organs i.e. stalk, leaves and roots.
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TABLE 5 Proportion and contribution of DMRD in maize organs.

10.3389/fpls.2023.1110727

Treatment Parameters Stalk Leaves Roots Total
Percentage of vegetative organs DMRD (%) 27 20 32 27

RPCK Proportion of organ DMRD accounting for the increment of ears DMW (%) 34 11 23 68
Contribution of organ DMRD to the increment of ears DMW (%) 51 16 33 100
Percentage of vegetative organs DMRD (%) 1 20 22 9

RPWC Proportion of organ DMRD accounting for the increment of ears DMW (%) 2 12 18 32
Contribution of organ DMRD to the increment of ears DMW (%) 7 36 57 100

decreased to varying degrees due to drought, and the decrease for
stalk was the largest, reflecting that drought seriously affected dry
matter transfer from stalk to ear. The VPWC severely inhibited the
redistribution from vegetative organs from tasseling to maturity.
Specifically, the drought-induced limitation in DMA led to
increases of stalk and leaves DMWs due to a compensatory effect
during this period, and then their DMWSs at maturity were
significantly higher than those at tasseling stage and so their
DMRDs could not be quantitatively determined.

4 Discussion

As an important concept in the fields of ecology and agriculture,
DMP varies with changes in the environmental situation (Borras
and Vitantonio, 2018). Although DMPR is the key parameter in
crop models, existing models fail to determine the relationship
between DMPR and environmental factors, which directly affects
the simulation accuracy of biomass for different plant organs (Cai
et al, 2022). In this paper, the biomasses of aboveground and
belowground organs of maize were collected in a pot experiment
under drought stress, and the drought response of DMP of each
organ and compensation effect of following rehydration
were investigated.

4.1 Responses of main morphological
characteristics of maize to drought
and rewatering

The change of morphological characteristics is the most direct
manifestation of maize affected by drought (Welcker et al., 2011),
which lowers the physiological function of leaves and further
influences crop growth and yield (Chaves et al, 2009; Lobell
et al,, 2014). Droughts during different periods of maize growth
affected green leaf area. As the plant growth center was transferred
to the reproductive organ and the leaves gradually senesced, RPWC
accelerated senescence of leaves and decreased green leaf area
sharply compared to VPWC, related to decreasing photosynthesis
capacity with the progress of growth (Song et al., 2018). In addition,
drought affected two aspects of stalk growth: plant height and stalk
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diameter. Specifically, plant height was mainly influenced by
drought in VP (Song et al,, 2018). After rewatering, stalk growth
was compensated by increasing diameter, reflecting that the plant
adapted to environmental stress through varying its morphology
(Lamers et al, 2020). RPWC slightly affected plant height, but
significantly decreased stalk diameter (Figure 2), resulting in a
decrease in stalk DMW (Figure 4).

4.2 Responses of DMWs of maize organs
to drought

Drought induces the change in the DMP pattern, which is
conducive to drought resistance (Shipley and Meziane, 2002).
Studies on dry matter have mostly focused on plant aboveground
parts, with very limited attention to total DMW due to the difficulty
in acquiring whole roots (Mccormack et al., 2015; Julia et al., 2016;
Komainda et al, 2016). In this study, the drought regime was
artificially manufactured based on an experiment conducted
throughout the whole growth process of maize using large
experimental pots to allow whole roots sampling. The
aboveground and total DMWs decreased significantly due to
drought in different periods, and the DMWs of the various
organs decreased to different degrees, reflecting differences in
response to drought. The DMWs of stalk, roots and leaves were
affected by VPWC in order from large to small, and were close to or
larger than the controls after rehydration, indicating the
compensation effect of rewatering after drought (Zhen and Wang,
2018). The effects of RPWC in descending order were leaves, roots
and stalk, and the compensative growth of each organ to
rehydration was not obvious, which was related to the short
duration from rehydration to maturity and the gradual
senescence. Notably, there was no significant difference between
QC and non-QC treatments in total DMW, indicating that QC had
no effect on total maize biomass. The DMWs of roots, stalk, leaves
and bracts under QCCK were significantly higher than those under
non-QC treatment, especially for roots and stalk, indicating that
inhibition of ear growth could increase DMW:s of vegetative organs.
For QCWC, the DMW of each organ was significantly lower than
the control, with rehydration playing a limited role in decreasing
drought influence.
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4.3 Drought responses of RSR and HI at
different growth stages

The DMPs of different plant organs vary with growth stage and
environment (Yin et al., 2016; Hu et al., 2022). In this study, VPWC
and RPWC both increased RSR, an important indicator of crop
yield (Liu et al., 2017), showing that drought promoted DMP to
roots, consistent with the functional balance theory (Shipley and
Meziane, 2002). The RSRs of QCCK and QCACK were larger than
of RPCK and CKA, respectively (Figure 5), meaning that the dry
matter originally allocated to ear would be allocated to other organs,
especially roots, and the response of DMP to drought would be
different from non-QC treatment, that is, the RSR decreased instead
of increased. The HI, also known as reproductive effort in ecology, is
an important parameter to measure crop productivity in
agricultural production, and is often used as a constant to
estimate yield by multiplication with aboveground DMW
(Maddonni, 2012), but in fact it varies with plant growth (Bonelli
et al, 2016). The RPWC reduced HI in different degrees, and
rehydration had a recovery effect on HI. The HI of VPAWC was
smaller than that of RPAWC, meaning that VPWC had a greater
aftereffect on HI than RPWC.

4.4 Drought responses of DMP in maize at
different growth stages

Further study showed that mild water stress had a limited effect
on the DMP pattern of maize during VP, reflecting that DMP of
maize has adaptability to some level of water stress. When VPWC
was aggravated, the DMPRs of roots and leaves increased, DMP of
ear was inhibited (Yu et al., 2009). For RPCK, there was also good
interannual consistency in the DMP pattern, but drought reduced
the DMPR of ear, and increased the DMPRs of other organs
because, on one hand, drought suppressed photosynthates
partitioning into ear and, on the other hand, DMRD from
vegetative organ was inhibited (Dang et al., 2014). In addition,
the interannual differences in ear and stalk DMPRs in response to
drought were probably caused by the difference in degree and
occurrence stage of drought (Wang et al.,, 2016), further reflecting
the variation in response of allometry growth among organs to the
environment (Zhang et al., 2019). The DMP for QCCK showed that
the dry matter originally allocated into ear will be allocated to stalk
and roots. QC also changed the effect of drought during RP on
DMP pattern. Specifically, QCWC significantly increased leaf DMP,
and affected the DMPs of other organs differently due to the
difference of the extent of ear inhibition between years.

4.5 Continuity of drought effect on DMP in
maize at different growth stages

Deep understanding of the aftereffect of previous drought on

maize growth has an important role in drought impact prediction
(Luo et al, 2016). The previous drought during different growth
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periods had various significant aftereffects on DMP of maize after
rewatering. The aftereffect of VPWC had temporal difference among
maize organs and varied with the growth process in different years
(Mi et al, 2017). However, rehydration alleviated the response of
DMP of each organ to RPWC. Thus, the persistence of drought
impact was related to the occurrence stage (Cai et al., 2020) and
degree of drought (Alam et al., 2014; Cai et al,, 2022), and was weaker
in RP than in VP, which is also associated with the duration during
rewatering to maturity. Regrettably, soil water content was not
continuously measured and so the influence of drought degree
could not be evaluated in this study. Furthermore, rehydration after
QCWC caused remarkable reduction in DMPR of ear and roots and
increased stalk DMPR. Besides, the QC intensified the aftereffect of
drought in RP on the DMP. Notably, the effect of drought on DMW
was inconsistent with that on DMPR for each organ (Shi et al., 2021),
meaning that the two variables should be discussed separately.

4.6 Drought response of maize DMRD

The DMRD of vegetative organ is an important source of DMA
of reproductive organ during late maize growth period (Weiner
et al, 2009). Potential DMRD is the key parameter in the DMP
process of crop models, and plays a crucial role in accurately
estimating crop yield (Dang et al., 2014). Ma and Zhou (2016) set
the redistribution potential of stalk, leaves and roots as 30%, 10%
and 10%, respectively, while those in this study were relatively
higher. The DMRD potential of stalk was significantly higher than
those of leaves and roots, and the latter two were similar to each
other. Under normal growth conditions, from tasseling to maturity,
the contributions to ear DMA were in descending order of stalk,
roots and leaves. Whereas, the DMRDs of stalk and roots decreased
sharply and slightly under drought, respectively, probably due to
plant senescence and leaf abscission, indicating that drought had an
inhibitory effect on the DMRD of stalk and roots. Liu et al. (2006)
found that the DMPRs of maize roots and leaves at maturity
significantly decreased by more than 1 times relative to those in
silking stage, which is consistent with results in this study.

5 Conclusions

In this study, the effects of drought on DMA and DMP of maize
organs during VP and RP were studied based on an experiment
using large capacity pots. The responses to drought and following
rehydration for the DMAs, DMPRs, redistribution potential, RSRs
and HIs of different organs were deeply analyzed with some
conclusions obtained as follows.

The DMAs of maize organs declined under drought in different
growth periods. The VPWC had larger effect on the DMW of stalk
than of leaves, and rehydration resulted in compensatory growth of
stalk, leaves and roots. The RPWC affected green leaf area and
leaves DMW more significantly than did VPWC. The effects of
VPWC and RPWC and following rehydrations on roots DMWs
were very similar. Bracts and ear DMWs were sensitive to drought
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during different periods, and their reductions were greater than
those of vegetative organs. The QCCK did not affect total DMW of
maize plants, leading to more dry matter transfer to roots. Whereas,
QCWC and QCAWC reduced significantly DMW of each organ
relative to QCCK. The DMP pattern and RSR of maize organs in
different growth stages maintained certain stability under normal
water supply or mild drought, and varied and increased with
aggravation of drought, respectively. The RSR of QC was larger
than that of non-QC under normal conditions, and declined under
drought, which is opposite to the effect of non-QC drought.
Rewatering increased (decreased) the responses of RSR of QC
(non-QC) to drought. The VPWC increased DMPRs of roots and
leaves, and decreased ear DMPR and did not change stalk DMPR.
After rewatering, HI was still dramatically smaller than the control,
but the DMPR of stalk significantly increased. The RPWC reduced
HI and ear DMPR and increased the DMPRs of vegetative organs.
However, rehydration alleviated reductions of HI and the response
of DMP of each organ to drought. The QC intensified the aftereffect
of previous RPWC on the DMPRs. The potential of DMRD of stalk
was larger than those of leaves and roots. The contribution of
DMRD of vegetative organs to ear DMA during milk ripening to
maturity in descending order were stalk, roots and leaves. Drought
inhibited sharply and slightly the redistribution of stalk and
roots, respectively.
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Genome-wide association
study presents insights into
the genetic architecture of
drought tolerance in maize
seedlings under field
water-deficit conditions

Shan Chen*, Dongdong Dang**?, Yubo Liu*®, Shuwen Ji*,
Hongjian Zheng?®?, Chenghao Zhao*, Xiaomei Dong®, Cong Li",
Yuan Guan?®?, Ao Zhang™ and Yanye Ruan™

tShenyang City Key Laboratory of Maize Genomic Selection Breeding, College of Bioscience and
Biotechnology, Shenyang Agricultural University, Shenyang, Liaoning, China, ?CIMMYT-China
Specialty Maize Research Center, Crop Breeding and Cultivation Research Institute, Shang-hai
Academy of Agricultural Sciences, Shanghai, China, *International Maize and Wheat Improvement
Center (CIMMYT), Texcoco, Mexico, “Dandong Academy of Agricultural Sciences, Fengcheng,
Liaoning, China

Introduction: Drought stress is one of the most serious abiotic stresses leading
to crop yield reduction. Due to the wide range of planting areas, the production
of maize is particularly affected by global drought stress. The cultivation of
drought-resistant maize varieties can achieve relatively high, stable yield in arid
and semi-arid zones and in the erratic rainfall or occasional drought areas.
Therefore, to a great degree, the adverse impact of drought on maize yield can
be mitigated by developing drought-resistant or -tolerant varieties. However, the
efficacy of traditional breeding solely relying on phenotypic selection is not
adequate for the need of maize drought-resistant varieties. Revealing the genetic
basis enables to guide the genetic improvement of maize drought tolerance.

Methods: We utilized a maize association panel of 379 inbred lines with tropical,
subtropical and temperate backgrounds to analyze the genetic structure of
maize drought tolerance at seedling stage. We obtained the high quality 7837
SNPs from DArT's and 91,003 SNPs from GBS, and a resultant combination of
97,862 SNPs of GBS with DArT's. The maize population presented the lower her-
itabilities of the seedling emergence rate (ER), seedling plant height (SPH) and
grain yield (GY) under field drought conditions.

Results: GWAS analysis by MLM and BLINK models with the phenotypic data and
97862 SNPs revealed 15 variants that were significantly independent related to
drought-resistant traits at the seedling stage above the threshold of P < 1.02 X
10-5. We found 15 candidate genes for drought resistance at the seedling stage
that may involve in (1) metabolism (Zm00001d012176, Zm00001d012101,
Zm00001d009488); (2) programmed cell death (Zm00001d053952); (3)
transcriptional regulation (Zm00001d037771, Zm00001d053859,
Zm00001d031861, Zm00001d038930, Zm00001d049400, Zm00001d045128
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and Zm00001d043036); (4) autophagy (Zm00001d028417); and (5) cell growth
and development (Zm00001d017495). The most of them in B73 maize line were
shown to change the expression pattern in response to drought stress. These
results provide useful information for understanding the genetic basis of drought
stress tolerance of maize at seedling stage.

KEYWORDS

maize (Zea mays L.), genome-wide association study, seedling stage, field drought

tolerance, SNPs

1 Introduction

Maize (Zea mays L.) is a critical source of food, feed, and energy
because of its high yield potential. Poor harvest of maize caused by
environmental stresses will have a tremendous detrimental impact
on human life. Any stage of maize vegetative and reproductive
growth, such as germination, plant establishment, and flowering is
threaten by globally water shortage (Lobell et al., 2014). The
emergence rate, uniformity, and robustness of seedlings are
crucial factors in determining the yield potential of maize, as they
are directly influenced by the initial stages of maize development,
namely seed germination and seedling establishment(Tian et al,
2014). However, in arid and semi-arid areas such as northern
China, the sowing time of spring maize often encounters serious
drought stress, which reduces the emergence rate, hinders the
growth of seedlings and usually decreases the grain yield although
sometimes the short and mild drought effect may be irreversible.
Thus, improving the drought tolerance of maize during its early
growth stages is crucial in enhancing both seedling establishment
and subsequent growth.

The drought-resistant varieties of maize have a higher, more
stable grain yield than drought-susceptible varieties do in both arid,
semi-arid zones, and occasional drought areas because of the erratic
rainfall. Thus, if the drought-resistant varieties are widely planted in
the drought areas, the yield loss caused by drought can be mitigated
to a large extent. The drought resistance of crops is a complicated
quantitative trait that is controlled by multiple genes (Wang et al.,
2019). In the traditional breeding, breeders select drought resistant
lines only depending on their performance under drought stress.
The characteristics of drought-resistant varieties bred are limited by
the drought circumstances under which breeders select the varieties.
The breeders will inevitably miss some drought associated genes
that are not expressed under those drought circumstances. As a
result, the breeders are not able to mine the drought resistance
potential maize and to meet the requirements of drought-resistant
varieties of maize. Dissecting the genetic structure of drought
resistance and identifying the molecular markers will underlie the
genetic modification of drought resistance in maize.

Genome-wide association study (GWAS) is an important
foundation of molecular marker-assisted breeding technology,
which can locate molecular markers related to plant target traits,
thereby obtaining quantitative trait locus (QTL) available for
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breeding selection or for inferring candidate genes to analyze the
genetic basis of complex quantitative traits (Aranzana et al., 2005;
Wang etal., 2019; Liu et al., 2021b; Ren et al., 2021). Compared with
traditional QTL mapping, GWAS has multiple advantages in
identifying the genetic architecture of complex traits, which
avoids the difficulty of screening large biparental mapping
population (Dinka et al., 2007) and can verify gene function by
fine mapping and cloning. For instance, a GWAS exploration, using
the survival rate and high-quality SNPs of the associated population
consisted of 367 maize lines, obtained genetic variations and
identified candidate genes, of which the natural variation in
ZmVPPI (encoding a vacuolar-type H" pyrophosphatase)
contributes most significantly to the survival rate, and transgenic
maize plants with ZmVPPI gene exhibited stronger drought
tolerance (Wang et al., 2016). Yet the molecular mechanism of
drought resistance of maize remains largely unknown.

The maize plant drought resistance is a quantitative trait with
complicated phenotypes, which is difficult to be evaluated. The most
evaluations of maize seedlings are usually conducted under osmotic
stress caused by PEG solvents or simulated drought by controlling soil
water content in the indoor cultivation pool. In this circumstance, the
physiological indices such as survival rate and root correlated traits are
commonly used to identify the drought resistance. The survival rate
refers to the ability of plants to maintain their viability under drought
stress and restore normal growth after they obtain sufficient water
again. For example, Qin Feng’s team (Liu et al., 2013; Mao et al., 2015;
Wang et al,, 2016) transferred the three-leaf stage maize seedlings in the
cultivation pool without water for drought treatment. When all the
seedlings were severely withered, they were rehydrated for a week then
to be investigated the survival rates. The team found the survival rates
of maize from different genetic resources manifesting a great genetic
diversity under drought stress (Wang et al., 2016). Root traits such as
root length, total root number, and root surface area can reflect the
ability of plants to absorb water and nutrients under drought condition
(Guo et al,, 2020a). But such physiological indices are not suitable to
measure in high throughput in the field condition. Leaf rolling is one of
the main responses of maize plants to drought stress which can be
scored visually in the field. However, the leaf scoring technique does
not meet the high-throughput requirements for efficient phenotypic
determination by breeders (Baret et al,, 2018). The grain yield (GY) of
maize under water shortage is an ultimate index to evaluate its drought
tolerance. But, if only depending on this index to research the drought
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resistance, we are not able to gain insight into the physiological changes
that result in the yield declination under drought stress. When maize
plants are subjected to drought stress during flowering stage, the
development of female flower organs is inhibited more severely than
that of male flower organs, and the silking time is delayed and the
interval between anthesis and silking is enlarged, which leads to the
pistil pollination failure and serious yield loss (Setter et al, 2010).
Therefore, the anthesis -silking interval (ASI) is a desired method to
evaluate the maize drought resistance under the field condition because
it is yield-related, high throughput and cost-effective
(Thirunavukkarasu et al., 2014; Farfan et al., 2015). However, so far
there is no any index perfectly suitable to evaluate maize drought
resistance at seedling stage under the field condition.

An ideal sequencing platform should be high throughput, high
genome coverage, high repeatability, and low cost. Among various
platforms, genotyping-by-sequencing (GBS) is one of the most
extensively used sequencing technologies (Elshire et al., 2011; Guo
et al., 2020b; Wang et al., 2020). DArT (Diversity Arrays
Technology sequence) is a novel molecular marker identification
technology based on gene chip (Kilian et al., 2012), and being used
in molecular assisted selection of plants (dos Santos et al., 2016),
however, its reliability in maize needs more exploration.

In this study, a maize association panel (NCCP) containing 379
inbred lines were planted in the arid region for 2 years. SNPs
genotyped by GBS and DArT, and the combination of SNPs from
GBS and DArT were used to conduct GWAS for seedling
emergence rate (ER), seedling plant height (SPH) and grain yield
(GY) under natural drought conditions. Fifteen common
independent and significant SNPs were obtained by BLINK and
MLM models, and 15 corresponding candidate genes were
identified. The expressions of most of them in the reference
inbred line B73 of maize were significantly responded to
drought treatment.

10.3389/fpls.2023.1165582

2 Results

2.1 Phenotypic variation

According to our analysis, the drought resistance related traits
in maize seedling in the NCCP panel exhibited extensive
phenotypic variation. Normal distributions were observed for the
19SPH, 20SPH and SPH (from the across environment analysis);
other traits, 19ER, 20ER, ER (from the across environment
analysis), 19GY, 20GY and GY (from the across environment
analysis) displayed slightly skewed normal distribution, which are
consistent with the performance of quantitative traits
(Supplementary Figure 1). When the phenotypic variances of
traits in different environments were analyzed independently,
significant differences were detected in emergence rate, seedling
plant height and grain yield among the two environments
(Figure 1). The median of 19ER was 0.86 and significantly higher
than that of 20ER (0.70) and ER (0.77), and the variation range of
the emergence rate in 2019 was also broader than that in 2020. The
same trend was observed for plant height at seedling stage and grain
yield at harvest (Figure 1). The phenotypic correlation between
BLUE values of the three traits across two environments were
positive and significant, as previously reported (Zhang et al,
2022). The results showed that yield trait could be used as the
related trait of drought resistance in maize seedling stage, and could
reflect the final impact of drought on maize seedling stage.

The broad-sense heritability (H?) of the emergence rate ranged
from 0.32 in the across environment analysis to 0.88 in the 2019
environment analysis. H” of plant height traits at seedling stage
ranged from 0.26 in the across environment analysis to 0.82 in the
2019 environment analysis. For grain yield, H* was 0.85 in the 2019
environment analysis, and 0.33 in both the 2020 environment
analysis and across environment analysis (Figure 2). The analysis
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FIGURE 1

Violin plots of distributions of drought resistance related traits in maize seedlings. The horizontal axis represents different traits. In a violin plot, the
inner black box represents the interquartile range. The central white dot represents the median value. The outer white shape on each side
represents all measured data points and the thickness represents the probability density of the data. Analysis of variance (ANOVA) was applied to
examine the difference of phenotypes among different environments. Different letters indicate statistically significant differences at P < 0.05.

(A) 19ER, seedling emergence rate measured in Fuxin in 2019; 20ER, seedling emergence rate measured in Fuxin in 2020; ER, seedling emergence
rate BLUE value calculated from two-year data; (B) 19SPH, seedling plant height measured in Fuxin in 2019; 20SPH, seedling plant height measured
in Fuxin in 2020; SPH, BLUE value of seedling plant height calculated from two-year data; (C) 19GY, grain yield measured in Fuxin in 2019; 20GY,
grain yield measured in Fuxin in 2020; GY, grain yield BLUE value calculated from two-year data.
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FIGURE 2

The broad-sense heritability (H?) of drought resistance related traits
in maize seedlings. 19ER, seedling emergence rate measured in
Fuxin in 2019; 20ER, seedling emergence rate measured in Fuxin in
2020; ER, seedling emergence rate BLUE value calculated from
two-year data; 19SPH, seedling plant height measured in Fuxin in
2019; 20SPH, seedling plant height measured in Fuxin in 2020; SPH,
BLUE value of seedling plant height calculated from two-year data;
19GY, grain yield measured in Fuxin in 2019; 20GY, grain yield
measured in Fuxin in 2020; GY, grain yield BLUE value calculated
from two-year data

of variance on drought resistance-related traits in maize seedlings
showed that genotypic variance had a significant effect (P< 0.01) in
all analyses. Additionally, the interaction between genotype and
environment (G x E) and environmental variance were also highly
significant (P< 0.01) across all environments analyzed (Zhang
et al., 2022).

2.2 Population structure, kinship, and
linkage disequilibrium (LD)

We obtained high-quality datasets after filtering, and the
average missing rates were 0.073, 0.069, and 0.070 for SNPs from
DArT, GBS and the combination of GBS and DArT (GBS - DArT)
(Table 1). For inbred lines, heterozygosity was also an important
index for marker filtering. In this research, the proportion
heterozygous of the three marker datasets were less than 0.02
after filtering, which means our material was homozygous and
implies the sequencing was accurate (Figure 3A). The principal
component analysis using 97,862 SNPs of GBS-DArT revealed that

10.3389/fpls.2023.1165582

there were significant differences among some inbred lines in the
association population, and the panel had a strong population
stratification structure. Meanwhile, the first three principal
components explained 40% of the phenotypic variation rate
(Figure 3A). A high genetic correlation among inbred lines in the
population were shown in the heat map (Figure 3B).

A rapid LD decay pattern in the entire panel was observed. The
LD decay distance across the 10 chromosomes ranged from 29.46
Kb (Chr5) to 96.67 Kb (Chr8), and the average LD decay distance
was 80.18 Kb at an r* value of 0.1. The LD decay distance of
10 chromosomes ranged from 7.43Kb (Chr5) - 10.74Kb (Chr6),
the average LD decay distance was 8.61Kb while r* = 0.15. When
r2 = 0.2, the LD decay distance of 10 chromosomes was from
0.96Kb (Chr6) to 2.03Kb (Chr7), and the average LD decay distance
was 1.09Kb (Figure 4). To ensure the accuracy of mapping, it is
assumed that at least one SNP marker is in linkage disequilibrium
with the QTL of the controlled trait. The minimum number
of markers required for GWAS (minimum number of SNP
markers = genome size/LD decay distance) are 27,438, 254,629
and 2,018,349 respectively when r? = 0.1, 0.15 and 0.2.
Consequently, to assure that the markers have sufficient coverage
in the whole genome, the LD decay distance of r* = 0.1 was selected
in this study.

2.3 Genome-wide association analysis

To reduce the impact of environmental variability, phenotypic
BLUE values across two environments (19FX, and 20FX) were also
used for association study. The GWAS analysis was performed
using 97,862 SNPs from the combination of GBS and DArT, with a
threshold of P< 1.02 x 107, and the effects of population structure
and kinship were considered. A total of 20 and 15 independently
significant SNPs were found by applying BLINK (Supplementary
Figures 2, 3 and Supplementary Table 1) and MLM models
(Figures 5, 6 and Table 2), respectively. Among them, 15 SNPs
obtained by the two methods are common (Table 2). This result
indicates that these common SNPs have high reliability. Therefore,
the subsequent analysis mainly focused on these 15 common SNPs.

For the emergence rate, there were five independent significant
SNPs on chromosomes 1, 4, 6 and 8 above the threshold, accounting
for 5.5-7.0% of the phenotypic variation, respectively (Figures 5A-C
and Table 1). For the plant height trait at seedling stage, seven

TABLE 1 The number of materials and sites, proportion heterozygous and MAF for markers of DArT, GBS and GBS-DArT (combination of both)

datasets after filtering.

DArT GBS GBS_DArT
Number of Taxa 379 378 378
Number of Sites 7837 91003 97862
Proportion Missing 0.073 0.069 0.070
Proportion Heterozygous 0.020 0.018 0.018
Average Minor Allele Frequency 0.24 0.233 0.233
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Genetic relatedness among the inbred lines visualized using the heat map, dendrogram of kinship matrix and principal component analysis (PCA) in
the association panel. (A) Principal component analysis (PCA) in the association population using GBS-DArT dataset, including the first three principal
components. The percentage of variation among lines explained by each principal component is displayed on both the x- (PC1), y- (PC2) and z-
(PC3) axes. Points in the PCA plot denote individual line; (B) The lower right corner is the genetic distance heat map of paired lines, and the upper
and left are the dendrogram of kinship matrix in the association panel using GBS-DArT dataset.
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LD decay plots of the NCCP panel. The horizontal axe is the decay distance (Kb) of LD with different r’.

chromosome; (D—F) are the average LD decay for all 10 chromosomes
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FIGURE 5
GWAS-derived Manhattan plots showing significant SNPs associated with maize drought resistance traits using MLM. Each dot represents a SNP. The
horizontal dashed black line represents the Bonferroni-corrected significant threshold of 1.02 x 107°. (A) 19ER: seedling emergence rate (ER) was
measured in 19FX (2019 Fuxin); (B) 20ER: seedling emergence rate (ER) was measured in 20FX (2020 Fuxin); (C) ER: BLUE of seedling emergence
rate across two environments; (D) 19SPH: seedling plant height (SPH) was measured in 19FX (2019 Fuxin); (E) 20SPH: seedling plant height (SPH) was
measured in 20FX (2020 Fuxin); (F) SPH: BLUE of seedling plant height across two environments; (G) 19GY: grain yield (GY) was measured in 19FX
(2019 Fuxin); (H) 20GY: grain yield (GY) was measured in 20FX (2020 Fuxin); (I) GY: BLUE of grain yield across two environments.

independent significant SNPs on chromosomes 1, 3, 4, 6, 8 and 9
above the threshold, accounting for 6.2-7.5% of the phenotypic
variation respectively (Figures 5D-I and Table 2). For the grain
yield trait, three independent significant SNPs on chromosomes 3, 5
and 8 above the threshold had been discovered, accounting for 7.5-
8.7% of the phenotypic variation, respectively (Figures 5G-I and
Table 2). For these traits, the most significant SNP (2428947-36-C)
from 20GY showed the largest phenotypic variation and higher
reliability, which signified that the drought resistance in maize
seedling stage was a complex quantitative trait controlled by
multiple genes with minor effects.
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2.4 Genotype effects of significant SNPs
associated with drought resistance traits in
maize seedlings

The allele effects of these 15 overlapping significant SNPs were
also evaluated (Supplementary Figure 4). The phenotypic
distribution differences for different traits between the major
alleles and minor alleles were extremely significant for all 15
significant SNPs (P< 0.01). The allele effect of 2394080-64-C on
chromosome 3 was the most significant for 19GY/GY phenotypic
variation with P-value of 4.4x107'! and 1.1x10°'3, which was
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FIGURE 6

GWAS-derived QQ plots using MLM. (A) 19ER: seedling emergence rate (ER) was measured in 19FX (2019 Fuxin); (B) 20ER: seedling emergence rate
(ER) was measured in 20FX (2020 Fuxin); (C) ER: BLUE of seedling emergence rate across two environments; (D) 19SPH: seedling plant height (SPH)
was measured in 19FX (2019 Fuxin); (E) 20SPH: seedling plant height (SPH) was measured in 20FX (2020 Fuxin); (F) SPH: BLUE of seedling plant
height across two environments; (G) 19GY: grain yield (GY) was measured in 19FX (2019 Fuxin); (H) 20GY: grain yield (GY) was measured in 20FX

(2020 Fuxin); (I) GY: BLUE of grain yield across two environments.

consistent in MLM and BLINK methods (Supplementary Figure 4).
This indicates that the significant locus identified by GWAS related
to drought resistance traits in maize seedlings are reliable and can be
utilized for further candidate genes determination. Through the
above analysis, the drought susceptible and tolerant alleles of 15
independently significant SNPs were identified. Sequentially, the
phenotypic values of 9 different scenarios were sorted from large to
small, and the first 20 lines were selected to take the intersection,
and 5 lines with a high degree of coincidence were discovered. As
shown in Table 3, the distribution ratio of tolerant genes was 53.3%-
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86.7%, which indicates that the more tolerant genes contained in a
maize inbred line, the stronger the resistance to drought.

The relationship between these significant SNPs and drought
resistance in maize seedlings was further verified by searching for
candidate genes at significant SNPs and confirming the gene
function. During maize breeding, if breeders know drought-
resistant SNPs, they can select drought resistant inbred lines or
cross combinations and exclude ones without marker SNPs via
molecular detection. This approach does not require field planting
the breeding materials for identifying drought resistance, thus
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TABLE 2 SNPs significantly associated with drought resistance related traits in maize seedling identified by GWAS using the MLM method.

Allele P-value R%(%)°
19ER Marker.553171 6 136921236 GIA 0.05 2.66x10° 6.2
2387359-54-T 4 242397378 cr 0.27 475%10° 59
101239269-43-G 1 204458682 GIA 0.07 6.80x10° 57
2405469-50-C 8 169559968 T/C 0.15 9.01x10° 55
ER Marker.425514 4 244195583 crA 0.1 101x10° 7.0
19SPH 2436908-21-A 3 224392713 GIA 0.06 2.61x10°6 62
SPH 2432311-16-G 6 167215240 GIT 0.3 3.25%10° 7.5
2461151-33-G 1 34541393 GIA 0.32 3.73%10° 7.4
2450059-7-C 4 29282468 crr 0.14 3.85%10° 74
2428524-68-C 1 34223477 crr 0.29 6.59%10° 7.0
2484848-55-T 8 168277928 GIT 0.15 8.53x10° 68
2427986-14-T 9 13708582 T/A 0.11 9.13x10°6 68
20GY 2428947-36-C 5 197541412 c/a 0.25 1.84x10° 87
2506549-24-A 8 67043226 AIG 0.05 9.12¢10° 7.5
19GY/GY 2394080-64-C 3 187093184 /G 0.15 3.07%10° 75

“19ER, seedling emergence rate measured in Fuxin in 2019; ER, seedling emergence rate BLUE value calculated from two-year data; 19SPH, seedling plant height measured in Fuxin in 2019; SPH,
BLUE value of seedling plant height calculated from two-year data; 19GY, grain yield measured in Fuxin in 2019; 20GY, grain yield measured in Fuxin in 2020; GY, grain yield BLUE value
calculated from two-year data.

"Minor Allele Frequency.

“Percentage of phenotypic variation explained by the additive effect of the single significant SNP.

TABLE 3 The drought tolerant alleles and genotype composition of drought-resistant lines of independently significant SNPs.

SNP drought tolerant allele NCCP037 NCCP228 NCCP305 NCCP310 NCCP327
Marker.553171 G G G G G G
2387359-54-T C Y C T C C

101239269-43-G G G G G G G
2405469-50-C T T T T T T
Marker.425514 C C C C C C
2436908-21-A A G G A G G
2432311-16-G G G G G G G
2461151-33-G A R A A A A

2450059-7-C T C C C T C
2428524-68-C T Y T T T T
2484848-55-T T K G G T G
2427986-14-T T T T T T T
2428947-36-C A A A C A A
2506549-24-A G A A A A A
2394080-64-C C C C C C C
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saving a large amount of manpower, land, productive expenses,
and time.

2.5 Candidate genes selection based on LD
of significant SNPs

According to the B73 RefGen v4, nine significant SNPs
(Marker.553171, 101239269-43-G, 2405469-50-C, 2432311-16-G,
242852468-C, 2484848-55-T, 2428947-36-C, 2436908-21-A and
2461151-33-G) were just located on the gene sequences,
Zm00001d037771, Zm00001d031861, Zm00001d012176,
Zm00001d038930, Zm00001d028417, Zm00001d012101,
Zm00001d017495, Zm00001d044291 and Zm00001d028423, which
are directly regarded as candidate genes associated with drought
resistance. For the other six significant SNPs, not located on the
gene sequence, we perform the linkage disequilibrium (LD) decay
within 80Kb (Supplementary Figure 5). For 2387359-54-T,
2450059-7-C, 2427986-14-T, 2506549-24-A and 2394080-64-C,

10.3389/fpls.2023.1165582

the nearest gene is Zm00001d053859, Zm00001d049400,
Zm00001d045128, Zm00001d009488, Zm00001d4043036,
respectively. In terms of location, the significant SNPs and these
candidate genes are within the linkage regions (Table 4). For
Marker.425514, according to the location and gene function,
Zm00001d053952 located upstream 26,466bp of the SNP was
identified as a candidate gene. In this location, the LD decay was
larger than 0.6 (Table 4 and Supplementary Figure 5).

2.6 Expression pattern of candidate gene
under indoor drought conditions

All 15 SNPs significantly related to drought resistance traits in
maize seedling were identified by GWAS, and 15 candidate genes
significantly related to drought resistance traits in maize seedling
were obtained (Table 4). The 15 candidate genes were divided into
five functional types, gene expression regulation, metabolic,
programmed cell death, cell growth and development and

TABLE 4 Candidate genes significantly associated with drought resistance related traits in maize seedling identified by GWAS using the MLM method.

Gene interval

Distance from the related SNP to the

Annotation Pathwa
(bp) edge of the gene (bp)® Y
19ER | Zm00001d037771 = 6 | 136915169.136922617 Located Transcription factor bHLH133 | 5¢NC SXPression
regulation
Ethylene-responsive gene expression
Zm00001d053859 | 4 242396086.242396676 702 - .
transcription factor 3 regulation
Dehydration- i i
Zm00001d031861 1 204458557.204459636 Located chydration-responsive gene expression
element-binding protein 2G regulation
Zm00001d012176 8 169557355.169562468 Located Beta-hexosaminidase metabolic
I
ER  Zm00001d053952 = 4 | 244166895244169117 26466 Bax inhibitor 1 ngrzm'led e
eal
19SPH  Zm00001d044291 | 3 | 224387800.224393287 Located Unknown Unknown
SPH  Zm00001d038930 = 6 | 167214153.167215654 Located Transcription factor MYB36 | S0 cxpression
regulation
Zm00001d028423 | 1 34540138.34541979 Located Unknown Unknown
Zm00001d049400 = 4 29282763.29284915 205 Transcription factor GTE7 gene expression
regulation
Zm00001d028417 1 34216191.34223589 Located Autophagy-related protein 9 autophagy
E3 ubiquitin-protein li
Zm00001d012101 | 8 168277736.168281863 Located Hpiquitin-proteln figase metabolic
RGLG1
Zm00001d045128 9 13703300.13708121 461 DBP-transcription factor 3 gene expression
regulation
II growth and
20GY | Zm00001d017495 5 | 197539628.197541548 Located Expansin-B4 cet growth an
development
Zm00001d009488 8 67043287.67046926 61 ATP synthase subunit beta metabolic
19GY/ i
Zm00001d043036 3 | 187095368.187096814 2184 LBD-transcription factor 20 gene expression
GY regulation

“19ER, seedling emergence rate measured in Fuxin in 2019; ER, seedling emergence rate BLUE value calculated from two-year data; 19SPH, seedling plant height measured in Fuxin in 2019; SPH,
BLUE value of seedling plant height calculated from two-year data; 19GY, grain yield measured in Fuxin in 2019; 20GY, grain yield measured in Fuxin in 2020; GY, grain yield BLUE value

calculated from two-year data.

"The positive (+) and negative () values represent related SNPs location in the 5" and 3 direction, respectively, of their candidate gene.
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autophagy (Table 4). Tissue specific expression analysis showed that
each gene was expressed in different tissues, especially in roots.
Interestingly, three genes Zm00001d017495, Zm00001d009488 and
Zm00001d043036 related to yield traits had high expression in
differentiation zone, elongated internode and primary root
(Figure 7A). To further determine whether these genes have
functions in drought conditions, their expression patterns were
analyzed using published RNA-Seq datasets from control and
drought-stressed plants at the V5/V6 developmental stage
(Forestan et al.,, 2016), including 10 days of drought treatment
(T0) and 7 days of rehydration (T7) (Figure 7B). Compared with
Control_T0, one gene is not expressed (Zm00001d031861), two are
up-regulated (Zm00001d044291, Zm00001d053859), and the other
genes are down regulated under Drought T0. Compared with
Drought_TO, the expressions of Zm00001d4028423,
Zm00001d043036, Zm00001d053952, Zm00001d037771,
Zm00001d038930 were up regulated after 7 days of rehydration
and could basically return to Control_T7 level or even higher.
Nevertheless, the expressions of the remaining genes were
unchanged or even lower, which indicated that drought caused
irreversible damage to the activation of these gene expression. In
this study, we designed specific primers to verify the expression
changes of 10 candidate genes under normal and drought condition
at seedling stage (Supplementary Table 2 and Figure 8A). The real-
time quantitative PCR indicated that all of 10 genes were sensitive
for drought stress and their expression changed under drought
conditions, especially Zm00001d009488 (Figure 8B), indicating that
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these significant SNPs and candidate genes may be potential genetic
markers and genes for drought tolerance at seedling stage or in
grain yield formation. In this study, we did not detect the change in
the expression of the other five candidate genes.

3 Discussions

3.1 Genetic dissection of drought tolerance
in maize seedling

Drought tolerance is a complex and inherent characteristic of
maize (Wang et al., 2016). Especially in the early development stage,
maize seedlings are susceptible to drought stress and the adverse
effects generated by severe drought stress on seedling growth are
irreversible (Liu and Qin, 2021). Along with rising temperature and
dramatically fluctuated rainfall patterns due to the aggravation of
the global greenhouse effect in recent years, global maize production
has already showed stagnation, especially in arid and semi-arid
regions. Fuxin County of Liaoning Province locates in the semi-arid
zone of northeast China and the high frequency of spring drought is
its typical climate characteristic. In this region, we can conduct
larger scale field drought experiments without the use of
greenhouses. In our current study, ER, SPH and GY traits
exhibited a wide range of phenotypic variations and followed a
normal or skewed normal distribution in the NCCP panel (Figure 1
and Supplementary Figure 1). A phenotypic variation analysis
uncovered significant differences among different environments,
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Heat map of expression patterns of candidate genes identified by GWAS in different tissues and different drought treatments. The values used in the
figure were normalized TPM value by row. Columns and rows were ordered according to similarity (hierarchical cluster analysis at the top and left
The red and navy blue represented higher and lower expression level. (A) Expression of 15 genes in different tissues of maize. (B) Expression of 15
genes in different treatments. Drought_TO is 10 days of drought, Drought_T7 represents 7 days of rehydration after drought and Control is the

negative control.
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Candidate gene

FIGURE 8

B73 growth plot under normal and drought conditions and the
expression of candidate genes verified by gRT-PCR. (A) The left side
is B73 maize under normal conditions (60% of the maximum water
holding capacity), and the right side is B73 maize under drought
conditions (30% of the maximum water holding capacity); (B) The
expression level in the leaves of B73 seedlings under drought stress
in laboratory. The value in the figure is 2722, The statistical
significance was determined via an Independent Samples t-test with
**P < 0.01, *P < 0.05, and ns represent not statistically significant
(P> 0.05)

which suggested that different environments could promote or
diminish the effects of traits variance. Compared with 2019, 2020
has less precipitation and higher temperature at maize seedling
stage, resulting in a smaller phenotypic value (Figure 9). According
to our genetic analysis, the heritability of ER, SPH and GY were
0.32, 0.26 and 0.33 with a relatively low level, indicating that these
traits were controlled by multiple small-effect genes (Figure 2). The
genotype effects for ER, SPH and GY across two years were
significant, indicating the involvement of gene action in the
control of drought resistance related traits of maize seedlings
(Zhang et al,, 2022). The effect of G x E interaction on the traits
was highly significant, consistent with the observed phenotypic
variation in different years.

3.2 Significant SNP involved in
drought resistance under field
natural drought condition

The two major strategies, linkage mapping and GWAS, have
been widely used to identify QTLs for drought resistance in maize,
and result in the dissection of many agronomic traits related to
drought resistance (Liu and Qin, 2021). In this study, we identified
15 common significant SNPs that contribute to 5.5-8.7% natural
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variation of drought tolerance in maize seedlings using the MLM
and BLINK methods (Table 2 and Supplementary Table 1). There
was a different distribution of these SNPs in inbred lines, ranged
from 53.3% to 86.7% in 5 drought-resistant inbred lines detected
(Table 3). For some significant SNPs, although not just located in
gene sequences, they all were in the linkage interval (Table 4 and
Supplementary Figure 5). These data are consistent with the fact
that drought resistance is a complicated trait that may be controlled
by multiple quantitative trait loci (QTLs).

3.3 Candidate genes and pathways
involved in drought resistance under field
natural drought condition

At maize seedling stage, the most research focus on the effect of
artificial water control or stimulated drought under indoor
condition. For instance, the functions of ZmDREB2.7 (Liu et al.,
2013), ZmNACI11 (Mao et al, 2015) and ZmVPP1 (Wang et al,
2016) genes in drought resistance have been investigated. However,
the mechanism of drought tolerance of maize seedlings in natural
field environment is unclear. In this study, the functional
annotation revealed that 15 candidate genes could mainly be
placed into a few functional groups, such as metabolic,
transcriptional regulation, autophagy, cell growth and
development, and programmed cell death (Table 4). Here, we will
discuss how candidate genes may respond to external
drought stress.

3.3.1 Transcription factor related candidate genes
Transcription factors (TFs) play an important role in signal
transduction networks spanning the perception of a stress signal
and the expression of corresponding stress-responsive genes. Multi-
gene families (AP2/ERF, bZIP, MYB/MYC, NAC and WRKY) have
been discussed in regulating plant drought responses via ABA-
dependent and/or ABA-independent signaling (Yamaguchi-
Shinozaki and Shinozaki, 2006; Hirayama and Shinozaki, 2010;
Gahlaut et al., 2016; Hrmova and Hussain, 2021). TFs involved in
water stress tolerance in plants may be utilized in future for
developing drought-resistant varieties in maize and other crops.
The APETALA2/Ethylene-Responsive Factor (AP2/ERF) gene
family constitutes one of the biggest gene families encoding plant-
specific transcription factors. This superfamily is characterized by
the presence of the AP2/ERF domain, which spans approximately
60 to 70 amino acids and mediates DNA binding. The subfamilies
within this superfamily include AP2, RAV, DREB, ERF, and Soloist
(Guo et al, 2016; Zhu et al, 2021). The TFs encoded by
Zm00001d031861, Zm00001d045128 and Zm00001d4053859
identified in this research belong to the DREB and ERF
subfamilies and possess only one AP2/ERF structural domain.
The candidate gene Zm00001d031861 detected in 19ER, encodes
dehydration responsive element binding protein 2G, which is a
known drought responsive gene at maize seedling stage.
Dehydration Responsive Element Binding proteins/C-repeat
Binding Factors (DREBs/CBFs, referred as DREBs) are considered
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Distribution of temperature and rainfall in maize planting plots of Fuxin Mongolian Autonomous County in 2019 and 2020. (A, B) represent the
monthly average temperatures (°C) for 2019 and 2020, including the monthly average maximum temperature, average temperature, and minimum
temperature; (C, D) represent the monthly average rainfall in mm for 2019 and 2020.

to be the major TFs controlling the expression of stress-inducible
genes in the ABA-independent pathway (Yamaguchi-Shinozaki and
Shinozaki, 2006), and are able to bind a Dehydration Responsive
Element (DRE, core motif: A/GCCGAC) in the promoter region of
stress-inducible genes (Liu et al., 2013). Two DREB genes
(ZmDREBIA and ZmDREB2A) of maize belonging to DREBI and
DREB2 subfamilies, respectively, were cloned and proved to be up-
regulated in plants under drought, cold and heat stress (Qin et al.,
2004; Qin et al., 2007). Liu (Liu et al., 2013) verified that the DNA
polymorphism in the promoter region of ZmDREB2.7
(GRMZM2G028386, B73 RefGen_v3; Zm00001d4031861, B73
RefGen_v4) is related to drought tolerance of maize seedlings,
and overexpression of ZmDREB2.7 in Arabidopsis and maize
showed enhanced tolerance to drought stress. Zm00001d045128
related to SPH, encodes DBP-transcription factor 3. DNA binding
protein phosphatase (DBP) factors are important regulators that
participate in both transcriptional regulation and post-translational
regulation (Jiao et al.,, 2020). ZmDBP3 gene was isolated from maize
seedlings and belongs to the A-1 subgroup of the DREBs subfamily.
As a trans-acting factor, the ZmDBP3 protein is localized in the
nucleus and activates genes containing C-repeat/dehydration-
responsive elements (CRT/DRE) under normal growth conditions
in transgenic Arabidopsis plants. Overexpression of ZmDBP3
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increased drought and cold resistance in transgenic Arabidopsis
(Wang and Dong, 2009). Through transcriptional analysis, the
ZmDBP3 gene was identified as a potential marker for early
selection of drought-tolerant maize lines (Marques et al.,, 2019).
Zm00001d053859, detected in 19ER, encodes ethylene-responsive
transcription factor3 (ERF3), which directly interacts with the GCC
box (TAAGAGCCGCC) in the ethylene-responsive element that is
necessary and sufficient for the regulation of transcription by
ethylene. Transient transfection experiments in tobacco showed
that ERFs were localized in the nucleus (Ohta et al., 2000).
Zm00001d053859 may thus regulate drought tolerance in maize
by participating in ethylene signal transduction to change the
physiological and biochemical reactions of maize seedlings.

The development of lateral roots may be affected by drought.
Zm00001d037771 identified from 19ER encodes bHLH133,
pertaining to the basic helix-loop-helix (bHLH) family. The
genome-wide analysis identified 208 putative bHLH family
proteins in maize (Zhang et al., 2018). A study has indicated that
bHLH133 determines the competence of the pericycle for lateral
root initiation (Zhang et al., 2021), efficiently obtaining water and
nutrients to resist water deficit. Similarly, LBD transcription factor
20 (LBD20) encoded by Zm00001d043036, whose Arabidopsis
homologous gene AT2G30340 (Lateral Organ Boundaries Domain
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13, LBD13) is a transcription activator located in nuclear, controls
the formation of lateral roots in Arabidopsis (Cho et al., 2019).

Zm00001d038930 encodes the transcription factor MYB36,
belonging to the R2R3-MYB subfamily, which plays a central role
in controlling plant-specific processes, including primary and
secondary metabolism, development, and abiotic and biotic stress
responses (Dubos et al., 2010). However, at present, only a few
members of the R2R3-MYB family have been well described in
maize. By analyzing the expression patterns of 46 ZmMYB genes
under abiotic stress, researchers found that 13 ZmMYB genes
responded to drought stress (20% PEG), and the relative
expression of ZmMYB36 was higher at 6 and 12 hours of 20%
PEG osmotic stress (Chen et al., 2018). But the mechanism through
which this gene can contribute to drought resistance needs further
research. The candidate gene Zm00001d049400 encodes global
transcription factor group E7 (GTE7), and Arabidopsis
homologous genes AT5G65630 and AT5G10550 encode GTE7
and GTE2, respectively. Arabidopsis GTE protein includes plant
amphipathic domain (PAD), bromodomain (BRD), extra-terminal
domain (ET) and transcriptional activation domains (TAD), which
can interact with other TFs. In many cases, BRD can bind to
acetylated lysine residues, forming a bridge between acetylated
histones and TFs to activate transcription of target genes (Misra
et al, 2018). Under drought stress in maize seedling stage, GTE
protein may regulate gene expression and signal pathway by
interacting with other proteins. But so far, little research has been
done on maize GTE protein.

3.3.2 Candidate genes involved in plant
cell developmental

The elongation and growth of plant cells will be inhibited under
the condition of water scarcity, and the expression of related genes
encoding expansins, aquaporins and XET's will also be affected (Wu
etal., 2005; Liu et al., 2021a). Zm00001d017495 identified from 20GY
encodes Expansin-B4 (EXPB4). Expansins, driving turgor-driven cell
enlargement by unlocking a network of wall polysaccharides
(Cosgrove, 2000), are classified into c-expansins (EXPA) and B-
expansins (EXPB) (Wu et al., 2001; Cosgrove, 2015). Maize was
found to have a total of 88 ZmEXPs genes (Zhang et al., 2014). An
association study revealed a significantly negative correlation
between the level of ZmEXPA4 expression and anthesis-silking
interval (ASI), increasing ASI under drought will lead to low
pollination rate and low yield. Furthermore, driving the expression
of ZmEXPA4 using a drought-inducible promoter can significantly
reduce ASI under drought conditions (Liu et al., 2021a). Further
studies on the function of maize EXPB are still necessary.

3.3.3 Candidate genes involved in cell
signal transduction

Many signal molecules, such as intracellular Ca?*, ABA, and
reactive oxygen species (ROS), are very important for drought
signal transduction. One of the first responses of plants to water
deficit is the production of ROS. The moderate content of ROS is
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considered to mediate the induction of defense pathways and help
plants adapt to the changing environment (Cruz de Carvalho,
2008). However, if stress continues to aggravate, the increase of
ROS will lead to the damage of nucleic acids, proteins, lipids and
other cellular components in plants, and causes programmed cell
death (PCD) (Cakir and Tumer, 2015). The conserved cell death
suppressor Bax inhibitor-1 (BI-1) encoded by Zm00001d4053952
plays a role in the downstream of PCD signaling and inhibits cell
death. Studies have indicated that its Arabidopsis homologous gene
AtBI-1 (AT5G47120) encodes an endoplasmic reticulum (ER)
membrane-associated protein, which modulates ER stress-induced
PCD (Ruberti et al., 2018) by interacting with multiple partners to
alter intracellular Ca** flux control (Ishikawa et al., 2011) and fatty
acids metabolism (Nagano et al, 2012; Nagano et al, 2019).
Simultaneously, the expression of AfBI-1 cDNA from Arabidopsis
thaliana in sugarcane, a C4 monocot species, might reduce the
activation of cell death pathways initiated by hydric stress or
chemical-induced ER stress (Ramiro et al., 2016). Therefore,
suppressing the cell death of C4 grasses (including sorghum,
maize, and other important crops) is an effective means to
improve the long-term drought tolerance of crops. Moreover,
ABA signal pathway is also the core of plant response to water
deficiency, which has been clearly clarified by the identification of
ABA receptors and other signal components. ABA binds to receptor
PYRABACTIN RESISTANCE (PYR)/PYR-LIKE (PYL)/
REGULATORY COMPONENTS OF ABA RECEPTORS (RCAR),
and then the ABA-receptor complex inhibits the activity of clade A
type 2 C protein phosphatases (PP2Cs), resulting in the release of
SNF1-related protein kinase 2s (SnRK2s) from PP2C-mediated
inhibition, further phosphorylation or activation of downstream
targets, ABA response transcription factors or ion channels
(Danquah et al,, 2014; Kumar et al., 2019; Chong et al., 2020; Lin
et al., 2021). Zm00001d012101 encodes E3 ubiquitin-protein ligase
RGLGI, and its Arabidopsis homologous genes AT3G01650
(RGLG1), AT5G14420 (RGLG2) and ATI1G67800 (RGLG5) have
been proved to mediate the signal pathway of drought stress.
RGLG1 and RGLG5 interact with PP2Cs, a critical negative
regulator of ABA signaling, accelerating PP2CA ubiquitination
and degradation under the action of ABA, thereby promoting the
activation of the ABA signaling (Wu et al, 2016). Meanwhile,
mitogen activated protein kinase 18 (MAPKKK18) may be
ubiquitinated at lysine residues K32 and K154 through RGLGI
and RGLG2. The deletion of RGLG1 and RGLG2 can stabilize
MAPKKKI18 and further enhance the drought resistance of
MAPKKKI18 overexpressing plants (Yu et al, 2021). Besides,
RGLG1 and RGLG2 can also mediate AtERF53 protein
degradation by ubiquitination, which has an adverse regulatory
effect on drought tolerance (Cheng et al., 2011). Autophagy-related
protein 9 (ATGY) encoded by Zm000014028417 is the only
complete membrane protein in the core mechanism of autophagy
and plays an essential role in mediating autophagosome formation
(Lai et al., 2020). During a water shortage, autophagy proteins could
selectively break down aquaporins to regulate water permeability
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and damaged proteins to decrease their toxicity. Furthermore,
autophagy might also degrade hormone signaling pathway
regulators to promote a stress response (Tang and Bassham, 2022).

3.3.4 Candidate genes involved in biosynthesis

Zm00001d009488 encodes ATP synthase beta subunit, which is
associated with the synthesis of ATP in photoreaction to drive
carbon assimilation (Shi et al., 2014). Previous studies regarding the
expression of ATP-related proteins in response to water deficit are
contradictory. According to Tezara et al. (1999) and Valero-Galvan
et al. (2013), the expression of ATP synthase beta subunit reduces
during drought. They suggested that since the cells require less
energy during drought, the content of ATPase is likely to decrease
in these plants. However, Kottapalli et al (2009); Zhou et al. (2015)
and Cao et al. (2017b) observed the opposite, which higher
expression of the ATP synthase beta subunit might enhance the
energy supply to protect plants from damage under drought stress
conditions (Rashid et al., 2022). Zm00001d012176 encodes beta-
hexosaminidase, a homologous gene of Arabidopsis beta-
hexosaminidase 3 (hexo3), which can participate in the formation
of paucimannosidic N-glycans (Liebminger et al, 2011), and
Expression Pattern of Candidate Genes.

The specific high expression of different genes in the primary
root and differentiation zone endows maize plants with resistance to
water stress (Figure 7). At the same time, the three genes
(Zm00001d017495, Zm00001d009488 and Zm00001d043036)
identified for grain yield are also highly expressed in primary
tissues, which may play a crucial role in the drought resistance of
maize seedlings. It also indicates that grain yield can be used as a
drought resistance indicator of maize seedlings, reflecting the
ultimate drought resistance of maize plants. In our qRT-PCR
experiments, the results are basically consistent with Forestan
(Forestan et al,, 2016), but Zm00001d045128 was up-regulated in
the leaves of B73 seedlings under drought stress in laboratory, which
may be caused by experimental differences (Figure 8). In particular,
Zm00001d009488 were down-regulated in the leaves of B73 seedlings
under drought stress in laboratory, which is consistent with the
results of Tezara (Tezara et al., 1999) and Valero-Galvan (Valero-
Galvan et al., 2013). Kottapalli (Kottapalli et al., 2009) indicated that
ATP synthase beta subunits are only highly induced in drought
tolerant genotypes, but B73 is drought susceptible genotype.

4 Materials and methods
4.1 Association mapping panel

379 inbred lines, collected from China, America, Mexico, and
other regions, among them, most from Northeast China, regarded
as the northeast China core population (NCCP), were utilized to
conduct GWAS in the current study. The heterosis group of the
NCCP can be divided into 13 groups, including the Jidan, Longdan,
NSS, SS, Huanglvxi, Lvxi, Reid, France, PA, Lvdahonggu,
Tangsipingtou, Mixed and Unknown. The CML series from
CIMMYT are tropical materials, and only two can be grown in
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Northeast China, here they were classified into the Mixed group.
Some small groups and inbred lines from the multiple parent
selection were classified as unknown group.

4.2 Field planting and
phenotypic measurement

All 379 inbred lines of the association panel were planted in the
Fuxin Mongolian autonomous county, Liaoning Province, China
(42°06'N, 122°55'E) in 2019 (19FX) and 2020 (20FX), where
drought occurs frequently and seriously in spring season. The
seeds were sown on 12 May 2019 and 11 May 2020, respectively,
and harvested on 7 October 2019 and 9 October 2020, respectively.
During the 2019 maize growing season, the average temperature
was 21°C and the average rainfall was 4 mm. In the 2020 maize
growing season, the average temperature was 21°C and the average
rainfall was 3 mm. During the maize seedling stage (May and June),
maximum temperatures of 35°C across two years and average
monthly precipitation of less than 5 mm caused severe drought
stress at the seedling stage, maintaining three leaves throughout the
growing season (Figure 9).

The maize field in our study were not irrigated, but seeds were
sown before precipitation according to weather forecasts for
germination. A completely randomized block design with three
replications was used in each evaluation environment. Inbred lines
were planted using one seed per hole on a single plot of 3 m length,
with 10 cm spacing between plants and 60 cm spacing between
rows. The target traits of seedling emergence (ER), seedling plant
height (SPH) at the three-leaf stage and grain yield (GY) at the
harvest stage were evaluated to represent the drought tolerance of
the tested plant line. ER and SPH were measured at the seedling
stage, i.e. 20 days after sowing. ER was measured as the ratio of
surviving seedlings to the number of seeds sown. SPH was
measured as the distance from the base of the plant to the highest
point of the seedling. While GY was measured at the maturity stage,
moisture content readings were taken by the LDS-1G Grain
Moisture Meter. The average dry weight of five evenly grown ears
was considered as the final yield of each inbred line.

4.3 Statistical analysis of phenotypes

The best linear unbiased prediction (BLUE) values and broad-
sense heritability (Hz) of ER, SPH, and GY were calculated within
and across environments using the META-R software version 6.04
(http://hdl.handle.net/11529/10201). The linear mixed models
used in META-R are implemented in the LME4 R-package,
functions of lmer () and REML were used to estimate the
variance components.

Yij = 1+ Gen; + Env; + Gen; X Env; + Repy + €,

Where Yj; is the trait of interest, i is the overall mean, Gen;,
Env;, and Gen; x Env; are the effects of the i-th genotype, j-th year,
and i-th genotype by j-th year interation, respectively. Repy is the
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effect of k-th replication.e;j is the residual effect of the i-th genotype,
j-th year, k-th replication. Genotype is considered as the fixed effect,
whereas all other terms are declared as the random effects. Years
with heritability below 0.05 were excluded from the across
environment analysis.

Broad-sense heritability (H?) based on the entry means within
trials was estimated as follows:
o

o2y Tt o
8 ' nEnvs = nEnvsxnreps

H? =

Where ng, o?, and O';E are the genotypic variance, error
variance, and genotype-by-environment interaction variance,
respectively, and nreps and nEnvs are the numbers of replications

and environments, respectively.

4.4 Genotyping and quality control

Leaf samples were collected from each maize inbred line
seedling for DNA extraction with a CTAB procedure, and
genotyping was carried out by DArT and GBS platform. GBS
was performed by the common protocol in maize in Wuhan
Huada medical laboratory Co., Ltd (Elshire et al., 2011). The
genomic DNA was digested with restriction enzyme ApeKI,
and a DNA library was constructed in 96-plex and sequenced
on Illumina-hiseq2500/4000 platform. Details in single
nucleotide polymorphism (SNP) calling and imputation
have been previously described (Cao et al., 2017a). Initially,
768,558 SNPs evenly distributed on maize chromosomes were
called for each line; 760,831 of them were assigned to
chromosomes 1-10, and 7,727 could not be anchored to any
of the chromosomes.

DArT was completed in the SAGA sequencing platform
established by Mexico DArT company and CIMMYT. It uses
two enzymes (PstI and Hpall) to cut DNA samples to reduce the
complexity of genome. After enzyme digestion, DNA from
different samples was linked with barcodes of different base
combinations and sequenced to construct a DNA simplified
sequencing library. Combined with Illumina second-generation
short fragment sequencing technology (150bp), the simplified
sequencing DNA library of mixed samples was sequenced on a
single sequencing lane (https://www.diversityarrays.com/)
(Kilian et al., 2012). At first, 39,659 DArT SNPs were called
for each line, of which 39112 were located on maize
chromosomes 1-10, and 547 SNPs could not be anchored on
any maize chromosomes.

In DArT and GBS datasets, TASSEL 5 (Bradbury et al., 2007)
was used to filter out markers with minor allele frequency (MAF)<
0.05 and a missing rate > 20%. There were 379 lines and 7,837
markers remaining in DArT datasets, 378 lines and 91,003 SNPs
remaining in GBS datasets. The remaining markers of the two
sequencing platforms were combined and filtered again. Imputation
approaches used the method of Cao (Cao et al, 2017a).
Finally, we obtained 97,862 GBS-DArT SNPs of 378 lines for
subsequent analysis.
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4.5 Genome-wide association mapping
and phenotypic variance contributions of
significant loci

We used the trait values of single environment and BLUE in the
Tab separator format and performed the GWAS analysis using a
genotype with 97,862 SNP markers from GBS-DArT combination
(MAF 2 0.05 and missing rate < 20%). The mixed linear model
(MLM) of GAPIT (Genomic Association and Prediction Integrated
Tool) package was used to perform the association analysis for
drought resistance related traits, and it is one of the most effective
methods for controlling false positives in GWAS. This model
simultaneously incorporates both population structure and
kinship (Yu et al., 2006). The MLM model is described as follows:

y=XB+Qv+Zu+e

Where X is the SNP marker matrix, Q and Z represent the
subpopulation membership matrix and kinship matrix respectively,
B and v are the coefficient vectors of SNP markers and
subpopulation membership respectively, u is the random genetic
effect vector, and ¢ is the random error vector (Yu et al., 2006; Fan
et al,, 2016).

Simultaneously, association analysis for all the traits was also
conducted with the model of Bayesian information criterion and
Linkage-disequilibrium Iteratively Nested Keyway (BLINK)
(Huang et al., 2019). The BLINK package can be downloaded
from https://github.com/YaoZhou89/BLINK. The first three PCs
were treated as covariates to perform GWAS. The principal
component analysis (PCA) and kinship of 378 maize inbred lines
were conducted using prcomp() and GAPIT .kinship.Zhang()
function in R(v 4.1.1), separately.

The linkage disequilibrium (LD) of the entire panel was analyzed
using TASSEL software (Bradbury et al., 2007), and LD decay plots
were done using the LD decay Plot Tool written by Zhang Ao based
on the base functions using the R language. The plotting script is
available online on the webpage https://aozhangchina.github.io/R/
LDdecay/LDdecayPlotTool.html. Then, we used the uniform
Bonferroni-corrected threshold of oo = 1 for the mixed linear
model’s significance cutoff as reported in previous studies (Mao
et al,, 2015; Liu et al., 2022). Therefore, the suggested P-value was
computed with 1/n (n = 97,862, total markers used), and we obtained
a P-value threshold of 1.02x107 for GWAS.

4.6 Annotation of candidate genes

The most significant SNP was chosen to represent the locus in
the same LD block (r*< 0.2). The physical locations of the SNPs
were determined in reference to the B73 RefGen_v4. LD, which was
calculated for each independent significant SNP within its
surrounding regions (80Kb). Candidate genes were identified by
the presence of significant SNPs directly located within the gene
sequence. Alternatively, genes residing within a corresponding LD
region also were considered, and their biological functions were
annotated using data from the MaizeGDB and UniProt website.
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4.7 Heat map of candidate genes

The expression levels of candidate genes from different tissues and
different drought treatments of B73 were downloaded from the
MaizeGDB qTeller (https:/qteller.maizegdb.org/). The values used for
heat map construction were calculated as normalized TPM value by row.

4.8 RNA isolation and quantitative
RT—-PCR analysis

B73 seeds were sown in a cultivating pot (upper diameter 6.5cm,
lower diameter 4.5cm, height 7.5cm). The test soil was clayey brown
soil, collected from the northern experimental station of Shenyang
Agricultural University in 2020 and baked at 120°C until the soil
weight was no longer changed. Four seeds were sown in each small
pot and repeated three times for two treatments. The soil water
content of normal control was 60% of the maximum water holding
capacity, and that of drought treatment was 30% of the maximum
water holding capacity. Total RNA from maize leaves was extracted
on the 12" day after sowing.

Total RNA was extracted using SteadyPure Plant RNA Extraction
Kit (AG2109S) of Accurate Biotechnology from at least three seedlings
of B73. Subsequently, the concentration of RNA was determined by
BioDrop. cDNA was prepared using PrimerScriptTM RT reagent Kit
with gDNA Eraser (Takara Biotechnology Dalian Co. Ltd.). The maize
Ubil (UniProtKB/TrEMBL, Q42415) gene was used as an internal
control to normalize the data, and the candidate gene primers were
synthesized by Sangon Biotech company and purified by PAGE. qRT-
PCR was performed on Bio-Rad CFX Connect Real-Time System (CA,
USA) with a 10 pl reaction volume containing 4.6 ul of ddH20, 3.6 ul of
TB GreenTM Premix Ex TaqgTM (Tli RNaseH Plus; TakKaRa), 0.4 ul of
specific primers (10 uM) and 1 ul of cDNA. PCR conditions consisted
of an initial denaturation step at 95°C for 40 seconds, followed by 39
cycles at 95°C for 5 seconds and 60°C for 1 minute, and a final stage of
60-95°C to determine melting curves of the amplified products. The
quantification method (224Y was used and the variation in expression
was estimated using three biological replicates.

5 Conclusions

In this study, we have explored the genetic basis of the
performance of drought tolerance at seedling stage of maize natural
population under natural field condition by applying GWAS
approach. Drought resistance related traits manifested a relatively
low heritability and a broad variation in the association panel.
According to the GWAS, multiple genetic loci with small effects
regulate the natural variation in ER, SPH and GY in maize under
drought condition. 15 commonly significant SNPs were obtained by
the MLM and BLINK method, and the phenotypic distribution of
major and minor alleles in different traits showed extremely significant
difference (P< 0.01). Simultaneously, the distribution ratio of tolerant
genes was 53.3% - 86.7% in 5 drought-resistant inbred lines. We
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further found 15 candidate genes that may involve in plant cell
developmental, cell signal transduction, and transcription factors.
These candidate genes provide valuable resources for further
investigation to dissect the molecular network to regulate drought
resistance of maize seedlings to increase yield. In addition, the
significantly associated SNPs found in this research will be helpful
in facilitating marker-assisted selection of drought tolerance of maize
seedlings in breeding programs.
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Heat stress affects tassel
development and reduces the
kernel number of summer maize
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and Wenchao Zhen™**
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Water saving Agriculture, Ministry of Agriculture and Rural Affairs, Baoding, China, *College of Plant
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Maize grain yield is drastically reduced by heat stress (HTS) during anthesis and
early grain filling. However, the mechanism of HTS in reproductive organs and
kernel numbers remains poorly understood. From 2018 to 2020, two maize
varieties (ND372, heat tolerant; and XY335, heat sensitive) and two temperature
regimens (HTS, heat stress; and CK, natural control) were evaluated, resulting in
four treatments (372CK, 372HTS, 335CK, and 335HTS). HTS was applied from the
nine-leaf stage (V9) to the anthesis stage. Various morphological traits and
physiological activities of the tassels, anthers, and pollen from the two varieties
were evaluated to determine their correlation with kernel count. The results
showed that HTS reduced the number of florets, tassel volume, and tassel length,
but increased the number of tassel branches. HTS accelerates tassel degradation
and reduces pollen weight, quantity, and viability. Deformation and reduction in
length and volume due to HTS were observed in both the Nongda 372 (ND372)
and Xianyu 335 (XY335) varieties, with the average reductions being 22.9% and
35.2%, respectively. The morphology of the anthers changed more
conspicuously in XY335 maize. The number of kernels per spike was reduced
in the HTS group compared with the CK group, with the ND372 and XY335
varieties showing reductions of 47.3% and 59.3%, respectively. The main factors
underlying the decrease in yield caused by HTS were reductions in pollen
quantity and weight, tassel rachis, and branch length. HTS had a greater effect
on the anther shape, pollen viability, and phenotype of XY335 than on those of
ND372. HTS had a greater impact on anther morphology, pollen viability, and the
phenotype of XY335 but had no influence on the appearance or dissemination of
pollen from tassel.
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Liu et al.

1 Introduction

Since 1880, the average global temperature has increased by
around 0.8°C, with two-thirds of this increase occurring since 1975,
atarate of approximately 0.2°C per decade. By 2100, the global average
surface temperature is expected to rise by 2-3°C (Apostolatos et al,,
2010; Tian et al., 2018). The frequent occurrence of extreme heat in
mid- and low-latitude regions has caused severe damage to crops,
seriously affecting global food security (Tesfaye et al., 2016; Zandalinas
et al., 2017; Libecap and Dinar, 2022). Pollination is an important
aspect of the growth and development of higher plants and is
significantly affected by unfavorable environments (Ali et al., 2018).
Heat stress (HTS) is a typical environmental adversity that has a
significant impact on both the physiological functions and phenotypic
characteristics of plant reproductive organs and the pollination process
(Hatfield and Prueger, 2015; Gabaldon-Leal et al., 2016). Brief HTS
during the critical flowering stage can cause significant yield loss (Tian
etal, 2018; Wang et al., 2022).

Maize (Zea mays L.), an annual plant belonging to the family
Gramineae, is a highly valuable food and forage crop and is sensitive
to heat (Yin et al,, 2021; Wang et al., 2022). Maize yield is affected by
HTS during all growth stages, with plants being most vulnerable
during the flowering stage (Rattalino Edreira et al,, 2011; Feng and
Hao, 2020). The morphology and physiological functions of tassels,
the reproductive organs for pollen production, are sensitive to HTS
(Schoper et al., 1987). Pollen shedding is dramatically reduced at
> 36°C owing to failed anther dehiscence, and pollen viability is
greatly reduced at > 38°C because of the disturbed pollen structure
and components in maize (Wang et al., 2019). Plants exposed to
HTS from the nine-leaf stage (V9) to the tasseling stage (VT) show
stunted tassel growth, disrupted anther structure, reduced pollen
viability, and a shortened pollination period (Shao et al., 2021).

During the anthesis stage, HTS had a less pronounced effect on
kernel weight than on kernel quantity (Suwa et al., 2010; Wang
et al, 2019). Wang et al. (2019) found that the kernel weight of
plants (including during the silking stage) exposed to high
temperatures for 14 days [i.e., 40°C (day) and 30°C (night)] was
comparable to that of plants exposed to slightly lower temperatures
[ie., 32°C (day) and 22°C (night. However, HTS significantly
reduced the kernel per spike. Liu et al. (2022) reported that,
under HTS, both before and after flowering, the number of
kernels per spike decreased by 73%-98% on average. Similar
results were obtained when the temperature was increased from
the V9 to the VT. Studies have been conducted on the effects of HTS
on kernel number and yield, as well as on the morphology and
physiological functions of reproductive organs. However, the
process by which HTS affects reproductive organ development
and kernel formation is complex (Cairns et al., 2013; Lizaso et al.,
2018) and is influenced not only by the timing of HTS coinciding
with maize fertility, but also by factors such as the intensity and
duration of HTS and varietal characteristics (Shao et al., 2021).

China is one of the world’s leading maize-producing regions,
accounting for over one-fifth of global maize production. The North
China Plain (NCP) is China’s primary maize-producing region and is
responsible for approximately 40% of the country’s total output
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(Li et al, 2022). The tasseling-anthesis stage of summer maize in
NCP coincides with frequent HTS periods in the region (late July to
mid-August), resulting in bad seed-setting and yield reduction (SHAO
etal,, 2021). Therefore, understanding the disaster mechanism of HTS
is imperative to the development of a stress-resistant, high-yield
cultivation technology system for maize in the NCP.

Using maize varieties with various heat sensitivities, a simulated
HTS experiment was established in a greenhouse during tassel
development over a 3-year period in the northern part of the
NCP with the aims of (i) clarifying the effects of HTS on the
phenotypic characteristics of tassels and anthers, pollen
microstructure, and dispersal properties of summer maize, and
(ii) determining if HTS reduces the number of kernels per ear, and
its correlation with changes in tassel phenotype, pollen properties,
and anther structure.

2 Materials and methods
2.1 Overview of test site

This study was performed at the Xinji Experimental Station of
Hebei Agricultural University, north of the NCP (Mazhuang Village,
Xinji City, Hebei Province, China, 115.22° E, 37.92° N, 43 m above
sea level) throughout four summer maize-growing seasons (from mid
to late June to early October, from 2018 to 2020). From 1981 to 2017,
the average annual precipitation and temperature at this station were
470.3 mm and 12.9°C, respectively. The average annual precipitation
and temperature during the summer seasons were 345.0 mm and
25.2°C, respectively. Daily precipitation as well as daily maximum,
minimum, and average temperatures from 2018 to 2020 are shown in
Figure 1A. At the experimental station, the topsoil was a neutral loam
with a pH of 7.4. The organic matter content of the 0-20 cm soil layer
was 18.5 g kg™', and the corresponding total nitrogen, alkali nitrogen,
available phosphorus, and potassium contents were 1.0 g kg™',
91.6 mg kg™, 56.9 mg kg™', and 231.2 mg kg™, respectively. The
0-20 cm soil layer contained 18.5 g kg™' organic matter, 1.0 g kg™’
total nitrogen, 91.6 mg kg ™' alkali nitrogen, 56.9 mg kg available
phosphorus, and 231.2 mg kg™ potassium.

2.2 Experimental design and treatments

A two-factor split-zone design was adopted, and the main
treatments were HTS and natural control (CK), with side treatments
applied to maize varieties Xianyu 335 (XY335, a heat-sensitive variety)
and Nongda 372 (ND372, a heat-tolerant variety). The four treatments
(372CK, 372HTS, 335CK, and 335HTS) were repeated thrice. The CK
group showed normal growth under natural conditions with an area of
66.6 m* per plot. A greenhouse heating system was used in the HTS
treatment group, with an area of 18.0 m? (3.0 m width x 6.0 m length).
The shed floor was 8.0 m wide, the heights of both sides were 2.75 m,
the height of the middle was 3.75 m, and the length was 23.0 m. The top
and surrounding areas of the shed were covered with a polyolefin (PO)
plastic film (transmittance > 95%). There were 1.0-m-high ventilation
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belts on both sides of the shed. The airflow volume was varied by
adjusting the height of the plastic film covered by the rotating shaft. To
regulate the temperature inside the shed, exhaust systems were placed
on both sides (Figures 2A, B).

The daily HTS treatment time was 8 h (8:00-16:00), and the HT'S
treatment began at V9 (recorded as DATO0) and continued until the end
ofthe anthesis stage. The specific HTS process was as follows: all the PO
plastic films were in place for HT'S at 8:00, and the films were removed
for cooling at 16:00. The greenhouse temperature was 5 + 0.5°C higher
than that in natural conditions during the HTS treatment period in the
test (Figure 1B). The plastic film covering the shed was rolled up when
the maize was in its natural growth stage outside the HTS phase. If rain
occurred during the HTS period, the same volume of supplemental
irrigation was applied after the cessation of the rain to maintain
uniform soil moisture levels across all treatments. The seeds were
sown on 21 June 2018, 16 June 2019, and 2020, with a row spacing of
60 cm and a planting density of 6,000 plants hm™. With the application
of 112.5 kg N hm™ at the bottom of seeding, P,O5 and K,O at 150.0 kg
hm™ and 75.0 kg hm™, respectively, were applied as basal fertilizer.
Furthermore, 112.5 kg N hm™ as urea was applied together with the
firstirrigation in spring. Irrigation was maintained at 45 mm every year
after sowing.

2.3 Phenotypic index of tassel

During the 2018-2020 growing season, 10 representative plants in
each group were selected pre-V9 and labeled prior to HTS treatment
and the extraction of tassels. On days 8 (DATS), 12 (DATI12), 16
(DAT16), and 20 (DAT?20) after HTS, the number of branches (TBN),
main axis length (MAL), branch axis length (BAL), main axis and
branch florets of the tassel (MFN and BFN, respectively), and tassel
volume (TVy) of the selected plants were measured. To avoid the
impact of observation and growth determination, two groups of maize
samples were selected alternately.

The total number of branches in a tassel is the sum of all branches
with a branch length of less than 1.5 cm. Plants with dead limbs were
excluded. The MAL (cm) of the tassel is the total distance between the
lowest point of the main axis and the tip of the spike, and the BAL (cm)
is the distance between the lowest point of the branch and the tip of the
branch (Figure 3). MEN is the total number of florets along the main
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axis of the tassel, and BFN is the total number of florets along a single
branch (count plant™). Three representative plants were selected for
each treatment: the part above the base of the first branch of the tassel
was cut off, and all branches and main axes were cut into 3- to 5-cm
segments. The tassel volume (TVy) (cm?) per plant was measured using
the displacement method.

2.4 Pollen dispersal quantity and pollen
weight of tassel

During the 2018-2020 growing season, 10 plants were chosen as
representatives for the daily monitoring of tassel extraction and floret
opening. When the tassels and florets were about to open, the tassel was
covered with a polyvinyl chloride (PVC) funnel [10 cm higher than the
tassel, and the base was sealed with polytetrafluoroethylene (PTFE)
tape] to cover the tassels and collect pollen daily at approximately
16:00 h. The pollen, anther microstructure, and pollen vitality were
measured separately from the anthers and debris.

Before tassel extraction in the 2018-2020 growing season, 10 plants
that underwent the same growth process and exhibited the same
growth trends were selected for marking each time, and the progress of
tassel extraction and floret opening was observed daily. When it was
observed that the tassels and florets were about to open, a PVC funnel
was used to cover the tassels (Wang et al., 2019); the top of the film was
approximately 10 cm higher than the tassel top, and the base was sealed
with PTFE tape (Figure 4). To avoid damaging the tassels and stems,
two holes were made on each side of the top of the film, through which a
rope was passed to fix the film. Pollen was collected daily from the
funnel-shaped film at approximately 16:00 h, carefully separated from
the anthers and debris, and then weighed.

2.5 Pollen, anther microstructure, and
pollen vitality

Between 9:00 and 10:00 on days 3 and 4 after anthesis in 2018, five
plants with uniform growth were selected from each treatment and
their fresh anthers and pollen were collected. The length and volume of
the anthers and pollen vitality were measured, and the ultrastructure of
the pollen was observed (Begcy and Dresselhaus, 2017).
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FIGURE 2

Simulated diagram of temperature increase in greenhouse maize. (A) Schematic diagram of the front elevation of the shed. (B) Schematic diagram of

the 45° direction of the side elevation of the shed.
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(1) Anther length (AL,) and volume (AV,). Anthers were of
natural length (cm) from the base to the top. The anther
volume was measured using the drainage method (cm?).

(2) Anther microstructure. Anthers were placed overnight in
Formalin-Aceto-Alcohol fixative soution (FAA) fixed
solution for fixation, dehydrated with ethanol gradient,
made xylene transparent, embedded in paraffin, and

Main axis length

FIGURE 3

Measurement standard of main axis and branch length of maize tassels and schematic diagram of florets.
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sliced to 8 um thickness. The sealed film was made
permanent and observed and photographed using an
Olympus-DP71 optical microscope.

(3) Pollen vitality. The pollens were placed on a clean slide and
stained with 0.5% triphenyl tetrazole chloride. After 10-15 min,
the pollens were observed under a stereomicroscope to
determine their color, and photographed. The pollens that

Branch length
of tassel
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FIGURE 4
Maize pollen collection device.

were stained red were marked as active. The proportion of active
pollens to the total number of pollens in each field was defined as
the percentage pollen vitality (%) (Wang et al., 2021).

(4) Pollen microstructure. Pollens without anthers were
collected, fixed with a 3% glutaraldehyde solution, rinsed
with phosphoric acid buffer, dehydrated with an acetone
gradient, placed on a sample table, vacuumed, sprayed with
a gold coating, and observed using a KYKY-2800B scanning
electron microscope (Wang et al., 2019).

2.6 Kernel number per ear

At the late stage of waxy ripening, sample sections with
relatively consistent growth in each treatment were regularly
collected from five plants to measure the kernel number of all ears.

2.7 Data processing and statistical analysis

Analysis of variance (ANOVA) was performed using SPSS 26.0
(IBM, NY, USA). Data are presented as means + standard error (SE).
One-way ANOVA was conducted, and a Student’s t-test was used to
compare treatment means at the 5% level. Pearson’s correlation
analysis was performed using SPSS software (version 26.0).

3 Results

3.1 Effect of HTS on effective branchs
number and tassel volume

3.1.1 Branchs number of tassel

In addition to DATS, HTS, variety, and year, the interaction
between year and temperature significantly affected the number of
branches in the tassel (p < 0.05). At DAT8-16, the number of
effective spikelet branches of the two varieties in the CK group
increased, whereas at DAT16-20, the number either remained
unchanged or decreased (decaying branches were not counted).
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Under HTS, the tassel index showed a gradual increase at DAT8-12
and a gradual decrease at DAT12-20. Compared with the CK
group, it was observed that tassel branching in the early stage was
promoted in the two varieties under the HTS treatment at DAT8-
12, whereas at DAT16, inhibition was observed. Compared with
other varieties, the numbers of spikelets in the CK and HTS ND372
treatments were higher than that of the XY335 treatment (74% and
76% higher, respectively, 3-year average).

3.1.2 Tassel volume

Except for DAT12 and DAT16, there were significant differences
between the years (Table 1). In addition, excluding DAT12, the effect of
HTS on the TV, was significant, whereas the influence of year
(Y) x treatment (T) was negligible. With an increase in the number
of HTS days, the volume of tassels increased rapidly at the DAT8-16
stage, whereas that at the DAT16-20 stage remained stable or slightly
decreased. The TV of the ND372 variety peaked at DAT16, whereas
that of the XY335 variety peaked at DAT12. HTS treatment increased
the total volume of 337 varieties (DAT8-12 and XY335) but
significantly decreased the total volume of 372 varieties (DAT16-20)
and XY335 (DAT12-20). Compared with that of the XY335 variety,
the TV, of the ND372 variety was significantly greater under all
conditions (21.2% higher on average over the 3 years) and 28.4%
and 13.5% higher under natural and HTS conditions, respectively. In
general, HTS increased the maximum TBNs by 9.8% and 30.0%
relative to the CK treatment for the 372HTS and 335HTS varieties,
respectively; however, HTS accelerated the decline of tassels. HTS also
reduced the TV of the 372HTS and 335HTS varieties, by 32.0% and
15.1%, respectively, compared with their CK treatments.

3.2 Effect of HTS on tassel length
3.2.1 Main axis length of tassel

As shown in Table 2, short-term HTS treatment (DATS8) can
accelerate tassel growth. The TVs of the XY335 and ND372 varieties

frontiersin.org


https://doi.org/10.3389/fpls.2023.1186921
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Liu et al. 10.3389/fpls.2023.1186921

TABLE 1 Branch number and volume of tassels under treatments at different temperatures.

Days after treatment (d)

Treatment Branch number of tassel Volume of tassel (cm? plant™)
12 16 12 16

372CK 63b 7.7b 7.7b 8.0a 133D 180 a 323a 320a

372HTS 110a 874 10a 80a 1932 203a 20.7 b 175b
2018

335CK 27¢ 37d 37¢ 40a 13.0b 207 a 20.7 b 16.7 b

335HTS 53b 60 ¢ 43¢ 43a 133b 193a 163 b 158 b

372CK 53b 100 a 113a 113a 9.9 ¢ 174 b 319a 3162

372HTS 93a 107 a 83b 83b 178 a 19 ab 24.0b 225b
2019

335CK 33¢ 7.0b 43d 43d 155D 19.2 ab 19.0 ¢ 154 ¢

335HTS 57b 7.0b 57¢ 57¢ 185a 204a 167 d 160 ¢

372CK 6.3 be 117a 9.7 a 97a 92d 158 b 335a 3lla

372HTS 100 a 130a 103a 103a 1462 24a 21.8b 19.4 b
2020

335CK 43¢ 93b 6.7b 6.7b 124b 207 a 224b 192 b

335HTS 67b 1202 37¢ 37¢ 11.0¢ 172 b 177 ¢ 169 ¢
Year (Y) NS o o o o NS NS *
Treatment (T) *o% *o% * *k *ok NS *k *k
YxT NS * * o NS NS NS NS

**P < 0.01; *P < 0.05, NS, not statistically significant at P < 0.05. Different lowercase letters indicate significant differences between the treatments in the same year (P < 0.05).

were 5.8% and 5.5% higher than the CK treatment, respectively. The
MAL of the tassels of the XY335 variety were higher than those of
the ND372 variety: 13.6% and 13.9% higher under HTS and CK
conditions, respectively (3-year average). From DATS to DAT12,
tassel MAL was continuing to grow under CK conditions (26.8% on
average over the 3 years) but modest under HTS conditions (9.4%
mean over the 3 years). Except for 335HTS, the MAL continue to
increase during DAT12-16. The MAL growth for the 372CK variety
was the highest (11.4%), followed by the 372HTS (5.7%) and 335CK
varieties (4.5%; 9.4% mean over the 3 years). By the end of the HTS
treatment (DAT20), the MAL of the 372CK and 335CK variety were
significantly higher than those of the respective HTS treatments
(16.8% and 14.4% higher, respectively).

A comparison of the differences between the two cultivars
further revealed that the MAL of the ND372 variety was 8.0%
and 5.8% greater than that of the XY335 variety under CK and HTS
conditions, respectively. Except for DAT16, there were significant
or extremely significant differences between years and all
treatments. However, the interaction between Y and T was
significant only at DAT16.

3.2.2 Branch length of tassel

At the early stages of HTS treatment (DATS), the BAL of the
tassels of the 335CK and 372CK varieties showed no significant
difference; however, the shorter HTS treatment period (8 d)
accelerated the elongation of the tassel branches, and the tassel
branches of the ND372 and XY335 varieties were 18.4% and 21.4%
longer than those of plants subjected to the corresponding CK
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treatments (3-year average) (Table 2). With the extension of HTS
time, the BAL growth rates of the 372CK and 372HTS varieties were
significantly higher than that of the XY335 variety. By DAT16, the
BAL of each treatments are basically stable. At this time, the BAL of
the 372HTS and 335HTS groups decreased by 14.5% and 13.1% (3-
year average), respectively, compared with their respective controls.
By the end of the treatment, the BAL of the XY335 variety was lower
than that of the ND372 variety, i.e., it was 20.5% and 19.1% lower
under the CK and HTS treatments, respectively. By comparing the
variation from different sources, it was observed that Y had a
significant impact on BAL only at DAT12, while T and Y x T
had a significant influence at all measuring times. Overall, HTS
significantly reduced the MAL of the tassels by 14.4% (ND372) and
16.6% (XY335), respectively; and reduced the BAL of the tassels by
9.5% (ND372) and 9.8% (XY335), respectively.

3.3 Effect of HTS on the humber
of spikelets

3.3.1 Number of florets in main axis of tassel

With increasing HTS treatment time, the MFN in each treatment
group first increased and then decreased, reaching a peak at DAT12.
The MFN for each treatment followed the order
372CK > 372HTS > 335CK > 335HTS (Table 3). Under natural
growth conditions, the MEN of the ND372 variety was significantly
higher than that of the XY335 variety (3-year average of 33.6%). HTS
significantly reduced the number of MFNs, and the numbers of
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TABLE 2 Main axis and branch length of tassel under treatments at different temperatures.

Days after treatment (d)

Treatment Main axis length of tassel (cm) Branch length of tassel (cm)
12 16 12 16

372CK 17.1b 214a 26.1 a 30.6a 355b 66.1a 70.5a 76.0 a

372HTS 176 b 204a 251a 25.1c¢ 4552 56.3 b 62.7a 62.7b
2018

335CK 196a 24a 2622 279b 342b 476 ¢ 478 b 487 ¢

335HTS 201a 2162 249a 249 ¢ 381b 448 ¢ 454 b 454 ¢

372CK 168 ¢ 2422 292a 309a 37.0 be 6422 67.8a 69.6 a

372HTS 177 ¢ 208 b 246 ¢ 249 ¢ 424a 532 ¢ 587 b 58.6 b
2019

335CK 193D 237a 27.0b 284D 342 ¢ 57.1b 57.9b 588 b

335HTS 21la 214 b 252¢ 255¢ 383 b 449d 493 ¢ 49.0 ¢

372CK 163 ¢ 199 ¢ 27.8b 31.0a 37.7 ¢ 643 a 6922 69.7 a

372HTS 17.8 b 17.7d 251 ¢ 292b 4240 53.6 ¢ 56.0 ¢ 582 ¢
2020

335CK 183b 243a 288a 294 b 32.5d 59.0 b 623 b 62.8 b

335HTS 192a 220b 243d 245 ¢ 457 a 49.9d 50.3 d 50.4 d
Year (Y) * o NS o NS o NS NS
Treatment (T) o *% ot ot *t % % *t
YxT NS NS * NS * > * *

**P < 0.01; *P < 0.05, NS, not statistically significant at P < 0.05. Different lowercase letters indicate significant differences between the treatments in the same year (P < 0.05).

MENSs of the ND372 and XY335 varieties decreased by 13.4% and
32.5%, respectively, compared with those of the CK group. The
number of small flowers on the main axis of the XY335 variety was
significantly lower than that of the ND372 variety under both natural
and high-temperature treatments. Further comparison of the
differences between different sources showed that Y and T were the
main sources of the difference in the number of small flowers on the
main axis, whereas Y x T had a significant effect only at DATS.

3.3.2 Number of florets in the branch of tassel

As shown in Table 3, the short-term high-temperature
treatment (8 d) accelerated the differentiation rate of spikelet
branches and florets, and the ND372 and XY335 varieties were
18.4% and 15.9% higher, respectively, than under the corresponding
CK treatments (3-year average). When the high-temperature
treatment time was increased, the BFN growth rates of the 372CK
and 372HTS varieties were significantly higher than those of the
XY335 variety. By DAT16, the BEN in each treatment group was
stable. The BFN scores of the 372HTS and 335HTS varieties were
18.1% and 15.0% lower, respectively, than those of the
corresponding controls (3-year averages). By the end of the
treatment, the BFN of the tassels of the XY335 variety was less
than that of the ND372 variety, specifically the BFN in the 335CK
group was 11.5% less than in the 372CK group, and the BFN in the
335HTS group was 9.1% less than in the 372HTS group (3-year
average). A comparison of the variation from different sources
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showed that Y, T, and Y x T had a significant effect on the BFN at all
measurement times. In general, HTS significantly reduced the
MEFNs and BENs of tassels in both the ND372 (by 13.5% and
18.2%, respectively) and XY335 groups (by 26.2% and
9.6%, respectively).

3.4 Effect of HTS on pollen fresh weight,
number, and activity

3.4.1 Daily pollen weight

With an increase in the number of days of pollen dispersal, the
fresh weight of pollen (PWs) produced showed a single peak trend,
in which it first increased and then decreased, and the PW collected
reached its peak on day 4. Under the CK conditions, there was a
significant difference in PWs between the two varieties. Among
them, the daily PWs of the ND372 and XY335 varieties were 0.04-
1.18 g plant™" and 0.04-0.79 g plant™, respectively, and the total
PWs were 3.81 g/plant™ and 2.68 g/plant™, respectively. The total
and maximum daily PWs of the ND372 variety were 41.9% and
49.0% higher, respectively, than those of the XY335 variety. HTS
significantly reduced the maximum PWs and total PWs during
athesis period (by 37.0% and 41.0%, respectively). There was no
significant difference between the two varieties in the reduction of
PW and total PW under HTS conditions, but the daily PW and total
PW of the ND372 variety under HTS conditions were significantly
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TABLE 3 Main axis and branch florets of tassels under treatments at different temperatures.

Days after treatment (d)

Treatment Number of florets in main axis of tassel Number of florets in branch of tassel (cm® plant™)
8 12 16 20 8 12 16 20
372CK 2447 a 295.6 a 246.8 a 2427 a 149.1 b 184.6 b 239.1a 2274a
372HTS 2082 b 227.5b 206.1 b 2053 b 156.4 a 168.7 ¢ 1853 ¢ 190.8 ¢
o 335CK 187.5 ¢ 199.0 ¢ 1654 ¢ 173.6 ¢ 1341 ¢ 196.4 a 199.9 b 2009 b
335HTS 159.4 d 1732d 117.1d 114.6 d 1457 b 166.6 ¢ 168.8 d 169.3 d
372CK 23362 287.2a 255.0 a 2547 a 160.2 b 2409 a 22862 2264 a
372HTS 205.1b 240.5b 217.1b 2196 b 1929a 200.1 d 2033 ¢ 204.0 b
o 335CK 169.3 ¢ 2149 ¢ 166.0 ¢ 1612 ¢ 1365 d 2185 b 221.7b 2222a
335HTS 1544 d 1375 d 117.4d 1280 d 163.0 b 1742 d 185.1d 187.9 b
372CK 2289 a 2849 a 2334 2143 a 148.1 ¢ 2288 a 230.0 a 2349 a
372HTS 1832 ¢ 237.3b 2125b 206.4 ab 1922a 176.0 b 1824 b 183.8 b
200 335CK 206.3 b 240.0 b 206.43 b 2043 b 130.9 d 1813 b 186.9 b 185.6 b
335HTS 1582 d 172.8 126.63 ¢ 117.5¢ 156.4 b 1574 ¢ 162.8 ¢ 168.8
Year (Y) - - - NS - - -
Treatment (T) - - - - - - -
YxT ot NS NS NS o o o

**P < 0.01; NS = not statistically significant at P < 0.05. Different lowercase letters indicate significant differences between the treatments in the same year (P < 0.05).

higher than those of the XY335 variety (by 45.1% and 38.1%,
respectively) (Figures 5A-C).

3.4.2 Daily pollen number

The change in the number of maize pollens (PNs) was similar to
that of the fresh pollen weight. The daily PNs also showed a single
peak trend, first increasing and then decreasing, and reached its
peak on day 4. HTS and variety significantly affected the PNs
(p < 0.01 or p < 0.05). The daily average PNs and maximum daily
PNs of the two varieties were significantly reduced, by 43.4% and
32.8%, respectively, under the HTS treatment. Under the CK
treatment, the daily average PNs and maximum daily PNs of the
ND372 variety were 25.9% and 19.95% higher, respectively, than
those of the XY335 variety. Under the HTS treatment, the daily
average PNs of the two varieties decreased by 24.7%, but the daily
average PNs and maximum daily PNs of the ND372 variety were
25.86% and 28.62% higher than those of the XY335 variety,
respectively (Figures 5D-F). In general, HTS reduced PWs and
PNs of maize, but there was no significant difference between the
two varieties (the PWs of the ND372 and XY335 varieties decreased
by 41.2% and 40.2%, respectively, and the PNs decreased by 32.3%
and 35.9%, respectively, based on the 3-year average).

3.4.3 Daily pollen vitality

In the present study, the depth of pollen staining represented
the level of pollen vitality (PVs). Under CK conditions, the pollen is
deeply stained and is of regular size and shape. During observation,
the viable pollens of the ND372 variety accounted for 94.3%, and
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the XY335 variety accounted for 90.0%. The vitality of the XY335
variety was slightly lower than that of the ND372 variety, but the
difference was not significant (Figures 6A, B). After the HTS
treatment, the degree of pollen staining differed significantly
between the two varieties. Viable pollens of the ND372 variety
accounted for 81.3% of the pollens, whereas that of the XY335
variety accounted for only 71.0% of the pollens. The PVs of the two
varieties decreased by 13% and 19%, respectively, compared with
those of the CK groups (Figures 6C, D). Further comparison of the
two varieties subjected to the same HTS treatment revealed that the
PVs of the 335HTS variety was 9.7% lower than that of the 372HTS
variety. In general, HTS decreased PVs (both varieties decreased by
an average of 16%), and the decrease was greater in the heat-
sensitive varieties.

3.5 Effect of HTS on tassel pollen
and anther microstructure

3.5.1 Anther microstructure and volume

At ambient temperature, the anthers of both varieties bulged
without any evident deformation. Compared with the other
varieties, the ALs and AVs of the ND372 variety under natural
conditions were 6.3% and 14.7% higher, respectively, than those of
the XY335 variety (Figures 7A, B). After HTS treatment, the anthers
were deformed by bending, shrinking, and drying. The ALs of the
ND372 and XY335 varieties decreased by 10.5% and 7.0%
(Figures 7C, D), and their AVs decreased by 27.4% and 37.9%,
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FIGURE 5

The quantity and weight of maize pollen per plant under different temperatures (A—C) depicts the fresh weight of pollen per plant in 2018, 2019, and
2020 respectively. (D—F) Number of pollen grains per plant in 2018, 2019, and 2020 respectively.

respectively, compared with those of the CK group. Further
comparison of the phenotypic differences between the XY335 and
ND372 varieties under the same HTS revealed that the ALs and
AVs of the 335HTS treatment group were 18.3% and 32.5% lower,
respectively, than those of the 372HTS group (Figure 71). The cross-
section of the anthers of the tassel of the two varieties (Figures 7E-
H), resulted in high temperatures, causing the epidermal and
middle layer cells of the anther wall to deform and arrange
loosely, the tapetal cells to degenerate, the vascular bundle cells to
arrange irregularly and become thinner, and the pollen grains in the
flower chamber to scatter, and pollen to shrink, thereby clearly
demonstrating the performance of the XY335 variety. Overall, HTS
caused anther deformities and decreased ALs and AVs. The average
of the two varieties decreased by 22.9% and 35.2% (3-year average),
respectively, and the overall shape of the anthers of the heat-
sensitive maize varieties changed.

3.5.2 Pollen microstructure

Under natural conditions, the pollen of the two varieties was of
regular morphology and the surface was smooth and almost free of
wrinkles (Figures 8A, B). After the HTS treatment, the number
of reticulated grains on the pollen surface of the XY335 variety
increased and thickened, forming serious folds. However, under the
same HTS conditions, the pollen surface reticulation of the ND372
variety either did not change significantly or was slightly thickened,
resulting in the formation of a slight fold, and the degree of pollen
aperture was lower than that of the XY335 variety (Figures 8C, D).

FIGURE 6

HTS changed the pollen diameter. Under natural conditions, the
pollen diameter of the ND372 variety was larger than that of the
XY335 variety; however, the difference between the varieties was not
significant. After high-temperature treatment, there was a significant
difference in pollen size between the two varieties, i.e., the pollen
diameters of the ND372 and XY335 varieties decreased by 11.5% and
18.3%, respectively, compared with that of the control.

3.6 Effect of HTS on kernel number per ear
and its correlation with tassels

Figure 9 shows that HTS can reduce the kernel number per ear,
and the range of decrease of different varieties is large. Under
natural conditions, there was no significant difference in kernel
number per ear between the two varieties in 2018 and 2019, and the
kernel number per ear of the XY335 variety was significantly lower
than that of the ND372 variety in 2020 (a decrease of 14.7%). HTS
significantly reduced the kernel number per ear, and in the 372HTS
and 335HTS varieties were decreased by 47.3% and 59.3%,
respectively, compared with the corresponding CK. Further
comparison of the grain number per ear of the two varieties
under HTS revealed that the average grain number per ear of the
372HTS variety was 39.3% higher than that of the 335HTS variety
(3-year average). The analyses of Y, T, and Y x T as a source of
variation of treatment effect showed that all three had a highly
significant effect on the kernel number per ear (p < 0.01; Figure 9).
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Maize pollen vitality under different temperatures. (A, B) are 372CK and 335CK, respectively; (C, D) are 372HTS and 335HTS, respectively.
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The shape, structure, length, and volume of maize anthers under different temperatures. (A, E) are 372CK, (B, F) are 335CK, (C, G) 372HTS, and (D, H)
are 335HTS. (I) shows the difference in anther length and volume under different temperatures. Different lowercase letters in the data indicate

significant differences between treatments of the same index (P<0.05).

The kernel number per ear is related to varying degrees of tassel
shape, the number and weight of pollen, pollen vitality, and other
phenotypic traits. Figure 10 shows that KN was significantly positively
correlated with MAL, BAL, MFN, BEN, TVs, ALs, AVs, PWs, and
vigor (PAs) (p < 0.05), and the correlation coefficient (r) was 0.72-0.94.
Among them, the r of KN and PNs was the highest (0.94), followed by
those of MAL, BFN, and PWs (0.80 < r < 0.90). The r-values for KN
and ALs were the lowest (0.65). KN was weakly negatively correlated
with TBN and PAs (p > 0.05). In general, the pollens number and
weight, and MAL and BAL of the tassel had a significant effects on the
KN per ear (r = 0.86), especially the pollens number (r = 0.94).
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4 Discussion

4.1 Effect of HTS on the morphology and
physiological characteristics of tassels

HTS thresholds exist at different stages of crop growth. If the
threshold is exceeded, a series of morphological and physiological
processes are affected, and eventually the yield is reduced (Cairns
et al, 2012; Prasad et al, 2017). The tassel is one of the most
important organs in maize plants. Tassel differentiation and
development have a profound impact on yield, as they directly

vl
0

Surface ultrastructure of pollen at different temperatures (x 300). (A, B) are 372CK and 335CK, respectively; (C, D) are 372HTS and 335HTS,

respectively.
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FIGURE 9

Kernel number per ear under different temperature. Different
lowercase letters in the data indicate significant differences between
different treatments in the same year (P<0.05).

determine the quantity and quality of pollen. Tassels begin to
develop after the joining stage. At this time, the impact of HTS
on tassels is serious, and damage, once it occurs, cannot be reversed
(Hatfield and Prueger, 2015). Because the tassel is sensitive to high
temperatures, some studies have suggested that the outer
membranes of the anther are very thin, and therefore that the
high temperatures of the external environment can be easily
transmitted to the anther, leading to anther deformity and
damage to physiological function (Sinsawat et al., 2004; Hussain
et al,, 2006). In the NCP, the temperature during the reproductive
development in maize is often higher than the optimal temperature
for the maximum differentiation of spikes (25-32°C). This further
increases the risk to tassels under temperature stress (Shao
et al., 2021).

This study found that HTS increased the maximum TBN to
some extent (by 9.8% and 30.0% compared with the CK treatment
for the 372HTS and 335HTS varieties, respectively) and decreased
the volume of tassels, number of main axes and branch florets, and
lengths of the main axis and branch. However, HTS also accelerated
tassel decay. Therefore, we believe that a high temperature before
the heading stage accelerated development and increased the

KN [ KN 7 55 &5 7 &5 &5 5 &
MAL | 0.65 MAL g8 & & &P O P 4 1
BAL| 053 064 BAL ¥ 7 % &% % S ’,I
TBN TBN ¥ I 5 £
MFN [ 056 0.69 0.88 MFN P % &% % VY 4 =
BFN | 0.86 071 0.76 071 BFN i % 2% o £
TVs | 0.57 0.68 0.76 079 075 TVs 4% & U & & =
PWs | 0.67 0.83 0.81 076 0.80 0.77 PWs @ o 3
PNs | 0.85 0.86 0.80 0.82 0.88 0.80 086 PNs o o
PAs -0.48 PAs I
ALs 0.58  0.77 0.89 0.66 0.80 0.69 0.72 ALs @ 1
AVs | 083 082 074 078 0.85 072 0.83  0.94 0.65 AVs [* p<=0.05

KN MAL BAL TBN MFN BFN TVs PWs PNs PAs ALs AVs

FIGURE 10

Correlation between the growth and development indexes of maize
tassels and the kernel number per ear under different temperature.
KN, kernel number per ear. In male spikes, MAL and BAL are the
main axis and branch length, TBN is the number of branches, MFN
and BFN are the number of main axis and branch florets, TVs is the
volume, PWs and PNs are the total weight and number of pollen
grains per plant, respectively, PAs is the average vitality of the pollen,
and ALs and AVs are the length and volume of the anther,
respectively. r is the Pearson correlation coefficient. *p < 0.05.
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number of branches, but decreased the total volume of the tassels.
This is consistent with previous research results (Shao et al., 2021).
In addition, the rapid development of tassels affected the
differentiation of florets, resulting in a significant reduction in
maize florets under the HTS treatment.

4.2 Effects of HTS on anther, pollen
morphology, and pollen vitality

Most studies have shown that heat stress reduces the global
yields of major crops to a greater extent than other environmental
stresses (Deryng et al., 2014; Zhao et al., 2017). This effect is a result
of frequent heat stress and coincides with sexual reproduction
(Hedhly et al., 2009). Maize is a monoecious species, the plants of
which bear a tassel at the top and a pistillate flower in the middle
(Begcy and Dresselhaus, 2017). The synchronous flowering of the
male and female reproductive organs and sufficient active pollen are
critical determinants of successful pollination (Herrero, 2003).
Research has shown that, in maize, male reproductive organs are
more sensitive than female reproductive organs to HTS (Rattalino
Edreira et al., 2011; Lizaso et al., 2018) (Rattalino Edreira et al.,
2011). If pollen is exposed to a temperature above 32.5°C for a long
period, its germination rate will significantly decline with the
extension of exposure time, and may even approach zero
(Hussain et al., 2006; Akbar et al., 2017). Other studies have also
revealed that pollen number, pollen viability, kernel number, and
grain yield are significantly reduced by increases in temperature
from 36/26°C to 40/30°C approximately 2 weeks before and after
silking (Begcy et al., 2019; Wang et al., 2019). However, current
research results on the relationship between pollen morphology and
vitality are inconsistent. Some studies have suggested that HTS
causes pollen surface deformities that further affect pollen vitality.
However, other studies have indicated that there is no relationship
between pollen surface deformities and pollen vitality (Tsou
et al., 2015).

This study showed that HTS reduced PWs and PNs in maize,
but there was no significant difference between the two varieties (the
PWs of the ND372 and XY335 varieties decreased by 41.2% and
40.2%, respectively, and PNs decreased by 32.3% and 35.9%,
respectively, 3-year average). HTS also reduced pollen vitality (the
two varieties decreased by an average of 16%), and the decrease in
the heat-sensitive varieties was greater. These results support the
findings of previous studies (Hussain et al., 2006; Begcy et al., 2019;
Wang et al,, 2019). HTS also leads to surface deformation and a
reduction in pollen diameter. High temperatures caused further
deformities, in addition to decreases in the length and volume. The
average of the two varieties decreased by 22.9% and 35.2%,
respectively (3-year average), and the overall shape of the anthers
of the high temperature-sensitive varieties increased. Notably,
under HTS, the difference in pollen quantity between the maize
varieties with different heat tolerances was not significant. The main
differences were in anther and pollen quality, especially in terms of
pollen phenotypic structure and vitality. This is consistent with
results reported for other crops (Djanaguiraman et al,, 2017). In
addition, this study confirmed the findings of a previous study
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showing that the tassels of heat-sensitive varieties are more sensitive
to high temperature (Wang et al., 2021).

4.3 Effect of HTS on kernel number per ear

The kernel number and weight are the determining factors of
yield during the critical, approximately 30-day, period of silk
formation (Cerrudo et al., 2020). However, the number of grains
is not only determined after silking but also has a significant impact
on the process of spike differentiation and pollination before silking.
Therefore, some studies have indicated that temperatures during
late vegetative growth and flowering greatly determine seed set
(Wang et al,, 2019). Many studies have shown that HTS at the
flowering stage can significantly affect the number of kernels per
ear, leading to a significant decline in the rate of seed setting (Alam
etal., 2017; Prasad et al., 2017; Lizaso et al., 2018; Dong et al., 2021)
and further affecting yield. This occurs after the V9 stage, when
most of the male panicles are formed while the grains are still
developing. HTS causes serious stress to both male and female
reproductive organs, posing the hidden danger of a subsequent
decline in kernel number per ear (Loussaert et al., 2017). Wang et al.
(2019) reported that the kernel number per ear decreased by 77.6%
in the group exposed to HTS compared with the conventional
treatment group (temperatures were 40°C during the day and 30°C
at night, and 32°C during the day and 22°C at night, respectively), 7
days before and after flowering. After HTS of the two heat-sensitive
varieties, the bald tip length of the heat-sensitive variety (XY335)
was significantly greater than that of the heat-resistant variety
(ZD958), and the kernel number and yield per ear were
significantly decreased (Shao et al.,, 2021).

This study showed that HTS significantly reduced the kernel
number per ear, and in the ND372 and XY335 varieties it was
decreased by 47.3% and 59.3%, respectively, compared with the CK
of their respective varieties. Compared with the grain number per
ear of the two varieties under HTS, the average grain number per
ear of the 372HTS variety was 39.3% larger than that of the 335HTS
variety (3-year average). The number and weight of pollen grains
and the MAL and BAL of the tassel had significant effects on KN,
particularly the number of pollen grains (r = 0.94). The effects of
HTS on the shape of the tassel and the amount of pollen dispersed
did not differ among the different varieties; however, HTS had
significant effects on anther morphology, pollen vitality, and the
phenotype of heat-sensitive varieties. In modern maize breeding,
tassel reduction is a mainstream trend requiring the use of light
energy and leading to reduced nutrient consumption in crop fields
(Lu et al., 2015; Xu et al., 2017). However, a reduction of pollens
number in the tassel leads to plants being incapable of coping with
frequent HTS events in the future (Westgate et al., 2003).
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5 Conclusion

HTS reduced the PNs, PWs, MAl and BAL of the tassel, which
was the main reason for the reduced kernel number per ear. The
effects of HTS on the shape of the tassel and the amount of loose
pollen in maize did not differ among the different heat-sensitive
maize varieties; however, the effects of high temperature on anther
morphology, pollen vitality, and the phenotype of heat-sensitive
maize varieties were significant.
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Spraying exogenous hormones
alleviate impact of weak-light on
yield by improving leaf carbon
and nitrogen metabolism in
fresh waxy maize
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Insufficient light during the growth periods has become one of the main factors
restricting maize yield with global climate change. Exogenous hormones
application is a feasible measure to alleviate abiotic stresses on crop
productivity. In this study, a field trial was conducted to investigate the effects
of spraying exogenous hormones on yield, dry matter (DM) and nitrogen (N)
accumulation, leaf carbon and N metabolism of fresh waxy maize under weak-
light stress in 2021 and 2022. Five treatments including natural light (CK), weak-
light after pollination (Z), spraying water (ZP1), exogenous Phytase Q9 (ZP2) and
6-benzyladenine (ZP3) under weak-light after pollination were set up using two
hybrids suyunuo5 (SYN5) and jingkenuo2000 (JKN2000). Results showed that
weak-light stress significantly reduced the average fresh ear yield (49.8%), fresh
grain yield (47.9%), DM (53.3%) and N accumulation (59.9%), and increased grain
moisture content. The net photosynthetic rate (Pn), transpiration rate (Tr) of ear
leaf after pollination decreased under Z. Furthermore, weak-light decreased the
activities of RuBPCase and PEPCase, nitrate reductase (NR), glutamine
synthetase (GS), glutamate synthase (GOGAT), superoxide dismutase (SOD),
catalase (CAT) and peroxidase (POD) in ear leaves, and increased
malondialdehyde (MDA) accumulation. And the decrease was greater on
JKN2000. While ZP2 and ZP3 treatments increased the fresh ear yield (17.8%,
25.3%), fresh grain yield (17.2%, 29.5%), DM (35.8%, 44.6%) and N (42.5%, 52.4%)
accumulation, and decreased grain moisture content compared with Z. The Pn,
Tr increased under ZP2 and ZP3. Moreover, the ZP2 and ZP3 treatments
improved the activities of RuBPCase, PEPCase; NR, GS, GOGAT; SOD, CAT,
POD in ear leaves, and decreased MDA content during grain filling stage. The
results also showed the mitigative effect of ZP3 was greater than ZP2, and the
improvement effect was more significant on JKN2000.

KEYWORDS

weak-light stress, yield, carbon and nitrogen metabolism, fresh waxy maize,
exogenous hormones

105 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1220827/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1220827/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1220827/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1220827/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1220827/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2023.1220827&domain=pdf&date_stamp=2023-06-20
mailto:guanghaoli@yzu.edu.cn
mailto:dllu@yzu.edu.cn
https://doi.org/10.3389/fpls.2023.1220827
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2023.1220827
https://www.frontiersin.org/journals/plant-science

Li et al.

Introduction

Light provides energy for the generation of plant assimilatory
power and acts as a signal for photomorphogenesis (Kumar et al,
2016). Weak-light is a type of abiotic stress that seriously affects plant
growth, development and production efficiency. Maize is a typical C,
crop, and sufficient light is necessary to ensure its high and stable
yield. However, over the past 50 years, global solar radiation has
declined at an average rate of 1.4%-2.7% per decade (Stanhill and
Cohen, 2001; Ramanathan and Feng, 2009), and the effective sunlight
duration declined by 1.28% per decade in China (Che et al., 2005).
Studies showed that maize yield reduced by 6%-7% when every 1 MJ/
m? decrease in solar radiation (Chen et al., 2020). In southern China,
the plum rain season from June and July overlaps with the grain-
filling stage of spring maize. However, the grain-filling stage is the key
period affecting the yield and quality of waxy maize (Lu et al., 2014).
Weak-light stress during grain-filling stage led to yield reduction by
reducing grain number and weight (Yang et al., 2016; Shi et al., 2018;
Wen et al,, 2019), which posed a serious threat to the production
safety of maize. Fresh waxy maize is the special maize with the largest
planting area in China. The grain starch is almost 100% composed of
amylopectin, and the characteristics of high viscosity, low
regeneration and easy digestion, made waxy maize the best edible
maize. The development of fresh waxy maize plays an important role
in promoting the adjustment of planting structure and increasing
farmers’ income in China. Therefore, it is of great significance to
study how to alleviate the effect of weak-light stress on fresh waxy
maize. Weak-light throughout the growth period led to slower
growth and development of maize plants, sterility of tassel and ear,
lower pollen viability and filament differentiation, and lower DM
accumulation, which ultimately resulting in a reduced yield (Cui
et al, 2015). Weak-light stress at different periods had different
influences on maize, and more yield reduction occurred under
weak-light at reproductive growth stage than vegetative growth
stage (Yang et al, 2019). Weak-light stress occurred in the early
stages has less effect on crop production (Deng et al., 2009), possibly
because crop could be able to compensate for stress damage in middle
and late stages (Kobata et al., 2000). However, grain number, weight
and yield were significantly decreased under weak-light during the
grain-filling stage (Deng et al., 2009). Maize grain yield primarily
come from direct accumulation of photosynthates at post-silking and
remobilization of the non-structural carbohydrate reserved from
vegetative organs at pre-silking, and the direct accumulation of
photosynthates at post-silking is essential for grain development
(Tollenaar and Daynard, 1982; Farooq et al., 2011).

Weak-light stress at post-silking stage decreased chlorophyll
content, damaged the ultrastructure of mesophyll cells, decreased
photosynthetic capacity (Ren et al, 2016), and reduced DM
accumulation, eventually leading to the loss of grain yield (Wang
et al., 2020). Previous studies found that weak-light stress after
silking significantly reduced the number and size of maize
endosperm cells and reduced the enrichment of endosperm cells,
which also led to smaller endosperm metastatic cells and the
number of mitochondria, which eventually led to lower yield
(Jia et al,, 2011). Other studies have demonstrated that the TAA,
ZR and GA contents in maize grain reduced and the ABA content

Frontiers in Plant Science

10.3389/fpls.2023.1220827

increased under weak-light stress at post-silking stage, which
inhibited grain growth and development (Gao et al., 2018).
Studies on other crops also showed that weak-light stress
significantly reduced grain yield of wheat (Li et al., 2010) and rice
(Wei et al,, 2018). N metabolism is an important process for the
energy metabolism that determines crop yield and quality. Crop
photosynthetic capacity is closely related to leaf N content
(Sharwood et al., 2014). RuBPCase accounted for 50 + 5% of the
leaf soluble proteins in Cs crop, and it accounted for 10%-25% in C,
crop (Schmitt and Edwards, 1981). NR, GS, and GOGAT are the
important enzymes involved in the assimilation of intracellular
ammonium into organic compounds. Weak-light stress reduced
NR, GS, and GOGAT activities in maize leaves, interfered with N
metabolism, caused reduction of DM and N accumulation, and
ultimately led loss of grain yield (Wang et al., 2020; Sun et al., 2023).

Weak-light stress posed a serious threat to maize production
safety. However, there is few effective and reasonable protective
measures to abate the influence. In recent years, a wide range of
plant growth regulators, such as 6-benzylaminopurine (6-BA),
gibberellic acid (GA3;), auxin (IAA) and cytokinin (CTK) have been
widely used to reduce the damage of various abiotic stresses in crop
production. The application of IAA and CTK increased grain yield,
1000-grain weight and filled-grain percentage of rice under salt stress
(Javid et al., 2011). The application of GA; improved maize growth
under salt stress (Rauf et al., 2022). It was well established and known
that 6-BA could promote plant cell division, inhibit and scavenge free
radicals, delay leaf senescence, increase DM and N accumulation
(Roitsch and Ehnef3, 2000). Exogenous application of 6-BA effectively
alleviated the adverse effects of waterlogging on maize by increasing
the leaf area index and chlorophyll content, reducing the MDA
content, maintaining the stability of chloroplast ultrastructure (Ren
et al, 2017), and reducing the ABA content (Hu et al, 2022).
Exogenous 6-BA application during the fertile florets abortion stage
of wheat increased the number of florets and number of grains by
primarily suppressing the number of degenerated and aborted florets,
which result in a further increase in grain yield (Li et al., 2019). Yuan
etal. (2014) reported that soaking maize seeds by 6-BA could alleviate
the physiological damage under drought stress. At present, most
studies on 6-BA regulation of maize growth characteristics focused
on waterlogging, drought and other stresses, and few studies reported
on regulating growth of fresh waxy maize under weak-light stress.
The main component of phytase Q9 is fulvic acid (fulvic acid
content>200 g/L) (Huang et al., 2020). Fulvic acid was reported to
have significant effects in stress resistance. Exogenous fulvic acid
application substantially reduced the damage of drought stress on
maize by sustaining the chlorophyll contents and gas exchange
possibly by enhanced SOD, POD and CAT activities and proline
levels (Anjum et al,, 2011). Huang et al. (2020) found that exogenous
spraying phytase Q9 improved the leaf area index, SPAD value and
net photosynthetic rate under weak-light conditions at the whole
growth period (Huang et al., 2020). However, whether phytase Q9
could alleviate the effect of weak-light stress on fresh waxy maize and
its regulation mechanism need further study. This study aimed to
investigate the effects of exogenous spraying 6-BA and phytase Q9 on
the yield and photosynthetic characteristics of fresh waxy maize
under weak-light stress, and provide theoretical basis and technical
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support for stress-resistant cultivation of fresh waxy maize under

climate change.

Materials and methods
Experimental design

The field experiment was conducted at Yangzhou University farm
(32°30'N, 119°25'E) in Jiangsu Province, China in the spring maize
growing seasons of 2021-2022. Two fresh waxy maize hybrids,
Suyunuo5 (SYNS5, used in the national fresh waxy maize regional test
as the control variety) and Jingkenuo2000 (JKN2000, having the largest
planted area of waxy maize in China) were used as experimental
materials. The sowing date was March 24 in 2021 and April 4 in 2022,
and pollination date was June 14 in 2021 and June 9 in 2022. Maize was
planted in double-row (0.8 and 0.4 m) according to local traditional
method. Each plot was 10 m x 7.2 m with a plant density of 60000
plants/ha. Slow released compound fertilizer (N/P,Os/K,0=27%/9%/
9%) were applied at sowing time with the N/P,O5/K,O rates of 225/75/
75 kg/ha. Two hybrids were harvested at milk stage on July 6 and July 1
in 2021 and 2022. After pollination, the shed was built with a black
shading net of 50% shading degree (Figure 1). The distance between the
shading net and the maize canopy was always 2-2.5 m to ensure that
the field microclimate under the shading shed is basically consistent
with the natural light conditions in the field. Five treatments including
natural lighting in the field (CK), shading at 1-23 days after pollination
(Z), spraying exogenous water (ZP1), 6-BA (ZP2) and Phytase Q9
(ZP3) under shading at 1-23 days after pollination were set. The
concentration of 0.1 g/L 6-BA was used according to previous
investigations (Chen et al., 2013). And the concentration of Phytase
Q9 was 0.5 g/L. Both exogenous hormones were applied as foliar sprays
at the rate of 150 + 5 mL per plant on all leaves, from 16:00 to 18:00 the
next day after shading.

Yield determination

Thirty ears were harvested from the middle three rows of each
plot at milk stage (the 23rd day after pollination) using a continuous
sampling method. Based on the average ear weight, three uniform
ears were selected from each treatment to determine the fresh grain

yield and moisture content.
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FIGURE 1

Photosynthetically active
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Dry matter and N accumulation

Three representative plants of each treatment were collected
and separated into leaves and stems (including sheaths and tassels)
at silking stage, and into leaves, stems, cobs (including bracts) and
grains at milk stage. All samples were oven dried to a constant
weight at 80°C after de-enzyming at 105°C for 30 min and weighed
separately. After weighing, the samples were ground using a cyclone
sample mill with a fine mesh (0.5 mm). N concentrations of
different organs were determined using the micro-Kjeldahl
method. N accumulations of each fraction were calculated as the
product of the concentration and DM.

Leaf gas exchange parameters

A portable photosynthetic apparatus system (LI-6400 Li-Cor,
USA) was used to measure the net photosynthetic rate (Pn),
stomatal conductance (Gs), transpiration rate (Tr) and
intercellular CO, concentration (Ci) in ear leaves at 10 and 20
days after pollination (DAP). The measurements were performed as
described previously (Guo et al., 2023).

Activities of enzymes involved in
carbon, nitrogen metabolism and
antioxidant system

At 5, 10, 15 and 21 DAP, Ear leaves of different treatments were
collected in liquid N container immediately after sampling for
enzyme activities. The activities of RuBPCase, PEPCase, NR, GS,
GOGAT, SOD, POD, CAT and the contents of MDA, were
measured using MLBIO Plant Sucrose Synthase ELISA Kit,
following the manufacturer’s instructions (Shanghai Enzyme-
linked Biotechnology Co., Ltd., Shanghai, China) and a previously
described method (Saiya-Cork et al., 2002; Zhang et al., 2020).

Statistical analysis

Statistical calculations were performed in Excel 2016
(Microsoft, Redmond, WA, United States), and figures generated
in Sigma Plot 12.0 program. The data were subjected to ANOVA in

radiation (umol/m?/s)

0t T T T T T T T T T T T
6/9 6/11 6/13 6/15 6/17 6/19 6/21 6/23 6/25 6/27 6/29 7/1
Date (M/D)

Light intensity and photosynthetically active radiation at daily 10:00 from June 9 to July 1 in 2022. CK, natural light; Z, weak-light after pollination.
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the General Linear Model module of SPSS. Comparisons among
treatments were based on Duncan’s test at the 0.05 probability
level (P<0.05).

Results

Yield

Weak-light stress after pollination decreased the fresh ear yield
by 40.5% (SYN5) and 59.1% (JKN2000), and decreased by 41.2%
and 54.5% in fresh grain yield compared with CK in two years,
while increased the moisture content (Figure 2). The decrease in
JKN2000 was more severe under weak-light stress. Spraying two
exogenous hormones increased the fresh ear and grain yield
compared with Z, and ZP1 had no significant difference with Z.
The fresh ear yields of ZP2 and ZP3 were increased by 13.7% and
20.5%, and the fresh grain yields increased by 8.7% and 27.9% in
SYNG5. The fresh ear yields of ZP2 and ZP3 were increased by 22.0%
and 30.0%, and the fresh grain yields increased by 25.7% and 31.1%

W Ear yield
20000 4
16000 2
b

12000 a
E
< b a o cd
< f fg ¢ ¢
< 8000 ¢
S R e |9 de | ge

4000

9 Grain yield

10.3389/fpls.2023.1220827

in JKN2000. The increase was higher in JKN2000 under ZP3. And
spraying exogenous hormones decreased the moisture content in
grain to different extents under weak-light. The moisture content of
ZP2 and ZP3 were both decreased by 5.8% in SYN5, and by 3.7%
and 7.8% in JKN2000. The average yield in 2022 was higher than
2021, perhaps due to the high average temperature in 2022
compared to 2021 (Figure 3).

Dry matter and nitrogen accumulation

Weak-light stress after pollination significantly reduced DM
and N accumulation at post-silking in two years (Figure 4).
Compared with CK, the DM of Z at post-silking decreased by
53.8% (SYNS5) and 52.7% (JKN2000), and the N accumulation of Z
were reduced by 60.2% and 59.7%. Compared with Z, the DM of
ZP2 and ZP3 at post-silking were increased by 42.5% and 48.9% in
SYNS5, and by 29.2%, 40.3% in JKN2000. N accumulation of ZP2
and ZP3 at post-silking were increased by 42.9%, 47.4% in SYN5,
and by 42.2%, 57.3% in JKN2000. ZP1 had no significant difference
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Effects of spraying exogenous hormones on fresh waxy maize yield under weak-light stress. Different letters above the bars represent significant
differences at P < 0.05. SYN5, Suyunuo5; JKN2000, Jingkenuo2000; CK, natural light; Z, weak-light after pollination; ZP1, ZP2, and ZP3 represent
spraying water, Phytase Q9 and 6-BA under weak-light stress after pollination.
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Effects of spraying exogenous hormones on the post-silking accumulation of dry matter and nitrogen in fresh waxy maize under weak-light stress.
Different letters above the bars represent significant differences at P < 0.05. SYN5, Suyunuo5; JKN2000, Jingkenuo2000; CK, natural light; Z, weak-
light after pollination; ZP1, ZP2, and ZP3 represent spraying water, Phytase Q9 and 6-BA under weak-light stress after pollination.

with Z. The effect on DM and N under ZP3 was greater than ZP2.
The DM and N accumulation in 2022 was higher than 2021.

Leaf photosynthetic gas
exchange parameters

Pn, Tr, Gs and Ci were higher at 10DAP than those at 20DAP.
Compared with CK, Z treatment decreased Pn, Tr, and Gs, but
increased Ci at 10DAP and 20DAP (Figure 5). ZP2 and ZP3
treatments increased the Pn of SYN5 and JKN2000 compared
with Z, and the increase was higher at ZP3. The GS of ZP3 were
increased significantly, but it had no significance with that of ZP2.
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FIGURE 5

Effects of spraying exogenous hormones on photosynthetic gas exchange parameters in ear leaf of fresh waxy maize under weak-light stress. Different
letters above the bars represent significant differences at P < 0.05 at same stage. SYN5, Suyunuo5; JKN2000, Jingkenuo2000; CK, natural light; Z, weak-light
after pollination; ZP1, ZP2, and ZP3 represent spraying water, Phytase Q9 and 6-BA under weak-light stress after pollination. Pn, photosynthetic rate; Gs,

stomatal conductance; Tr, transpiration rate; Ci, intercellular CO..
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The Tr of ZP2 and ZP3 were increased compared with Z. The Ci of
two cultivars were decreased under ZP3 treatment, and ZP2
decreased the Ci in SYNS5, but it had no significant effect on
JKN2000. Overall, 6-BA had a more impact on the leaf
photosynthetic gas exchange parameters.

Activities of enzymes involved in carbon
and nitrogen metabolism

The activities of RuBPCase and PEPCase gradually decreased after
pollination in two hybrids in 2022 (Figure 6). RuBPCase and PEPCase
activities were decreased under Z treatment at all stages. Compared with
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Effects of spraying exogenous hormones on the activities of RuBPCase and PEPCase in ear leaf of fresh waxy maize under weak-light stress. SYN5,
Suyunuo5; JKN2000, Jingkenuo2000; CK, natural light; Z, weak-light after pollination; ZP1, ZP2, and ZP3 represent spraying water, Phytase Q9 and
6-BA under weak-light stress after pollination. RuBPCase, ribulose-1,5-bisphosphate carboxylase; PEPase, phosphoenolpyruvate carboxylase.

7, ZP3 treatment increased the RuBPCase and PEPCase activities
significantly. The RuBPCase activities in two hybrids and PEPCase
activity in JKN2000 were increased under ZP2. ZP1 have no significant
effect on activities of RuBPCase and PEPCase. In general, compared with
Z, the average RuBPCase activities of the two hybrids under ZP2 and ZP3
were increased 6.6% and 15.9% in SYNS5, 3.7% and 13.6% in JKIN2000.
And the average PEPCase activities of the two hybrids under ZP2 and
ZP3 were increased 4.0% and 13.2% in SYN5, 6.2% and 13.6%
in JKN2000.

NR, GS and GOGAT activities of the two hybrids increased
initially, peaked at 10 DAP and decreased afterwards in two years
(Figures 7-9). Weak-light stress decreased the activities of NR, GS
and GOGAT after pollination in both hybrids. ZP2 and ZP3
treatments increased the activities of NR, GS and GOGAT
compared with Z. And the increase was greater under ZP3.
Compared with Z, the NR activities of SYN5 and JKN2000 were
increased by 8.3% and 1.3% under ZP2 and increased by 11.4% and
6.9% under ZP3. The GS activities of SYN5 and JKN2000 were
increased by 10.1% and 4.6% under ZP2 and increased by 15.4% and
7.4% under ZP3. And the activities of GOGAT in SYN5 and JKN2000
were increased by 1.9% and 4.5% under ZP2 and increased by 6.2%
and 8.4% under ZP3. The trend of NR and GS activities were
consistent between two hybrids and between two years.
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Activities of antioxidant enzymes and
MDA content

The SOD activities of the two hybrids increased initially,
peaked at 15DAP and decreased afterwards in two years.
Whereas the activities of CAT and POD gradually decreased
with grain growth (Figures 10-12). The activities of SOD, CAT
and POD were decreased under Z. ZP2 and ZP3 increased the
activities of SOD, CAT and POD, but the increase was dependent
on hybrid, stage and year. Compared with Z, the SOD activities
of SYN5 and JKN2000 were increased by 3.4% and 2.7% under
ZP2, and increased by 5.0% and 4.6% under ZP3. The CAT
activities of SYN5 and JKN2000 were increased by 4.2% and
0.7% under ZP2, and increased by 5.3% and 2.9% under ZP3.
POD activities of SYN5 and JKN2000 were increased by 4.9%
and 4.0% under ZP2, and increased by 9.0% and 7.0% under ZP3.
Meanwhile, the content of MDA gradually increased with grain
growth, and it was increased under Z (Figure 13). But under ZP2
and ZP3, the contents of MDA decreased compared with Z. The
content of MDA in SYN5 and JKN2000 were decreased by 12.0%
and 12.1% under ZP2, and decreased by 9.6% and 13.7% under
ZP3. The trend of SOD and POD activities were consistent
between two hybrids and between two years.
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stress after pollination. MDA, malondialdehyde.

Correlation analysis

In this study, Pearson’s correlation analysis revealed fresh ear
and grain yield had positive correlations with DM and N
accumulation, N metabolism enzymes (NR, GS, GOGAT),
antioxidant enzymes (SOD, CAT, POD), photosynthetic gas
exchange parameters (Pn, Tr, Gs), and carbon metabolism
enzymes (RuBPCase, PEPCase) (Figure 14). The DM and N
accumulation were positively correlated with carbon and N
metabolism enzymes, antioxidant enzymes and photosynthetic
gas exchange parameters. The carbon and N metabolism enzymes
had positive correlations with antioxidant enzymes and
photosynthetic gas exchange parameters. And the antioxidant
enzymes had positive correlations with photosynthetic gas
exchange parameters. The correlation analysis also indicated that
photosynthetic gas exchange parameters were positively correlated
with RuBPCase and PEPCase. Ci and MDA were negatively
correlated with other indexes or parameters.

Discussion

Solar radiation is the energy source for the accumulation of
photosynthates (Yang et al., 2021a). Photosynthate accumulation
especially at post-silking is a key determinant of maize yield
(Barnabas et al., 2008; Liu et al, 2020). The leaf N content is

Frontiers in Plant Science

114

closely associated with plant photosynthetic capacity. A high N
content in leaves enhanced photosynthesis and delayed leaf
senescence (Sinclair et al., 2000). In this study, the results showed
that weak-light stress decreased fresh ear and grain yield, DM and N
accumulation in fresh waxy maize, which was consistent with the
previous results (Yang et al., 2021a; Yang et al., 2021b). Exogenous
hormone played an important role in the response to various abiotic
stresses. Previous studies have showed that spraying phytase Q9
improved yield and DM accumulation on summer maize (Huang
et al,, 2020), and this is consistent with the results in this study on
fresh waxy maize. Furthermore, we also found that spraying 6-BA
and phytase Q9 both increased the yield, DM and N accumulation,
and the increase was greater in 6-BA.

Photosynthetic capacity is the major determinant of crop
productivity. Our study showed that weak-light stress decreased
the Pn of ear leaves, which was consistent with the previous results
on normal maize (Sinclair et al., 2000; Sharwood et al., 2014).
Weak-light stress reduced leaf area index (LAI) and chlorophyll
content and damaged the mesophyll cell ultrastructure, which led to
the decrease of photosynthetic capacity, and thus resulted in
significant yield loss (Ren et al., 2016). Previous study found that
LAI, SPAD value and Pn of summer maize significantly increased
under spraying phytase Q9 (Huang et al., 2020). In this study, we
found that spraying 6-BA and phytase Q9 increased Pn significantly
under weak-light stress, and the increase was higher in 6-BA.
RuBPCase and PEPCase are key enzymes involved in carbon
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metabolism, and NR, GS, GOGAT are key enzymes involved in N
metabolism. The activities of RuBPCase, PEPCase, NR, GS and
GOGAT were decreased under weak-light on summer maize
(Sharwood et al, 2014; Wang et al, 2020). This is generally
consistent with the results of this experiment in fresh waxy maize.
Studies reported that weak-light stress reduced the activities of
photosynthesis-related enzymes in maize leaves (Sharwood et al.,
2014), which reduced the net photosynthetic rate and led to the
decrease of photosynthetic production capacity (Zhong et al., 2014).
The decrease in grain weight and volume under weak-light may be
due to reduced photosynthetic rate and decreased assimilate
production capacity resulting from the inhibition of leaf N
metabolism (Sharwood et al., 2014). In this study, spraying 6-BA
and phytase Q9 increased the activities of PEPCase, RuBPCase, NR,
GS and GOGAT under weak-light stress. This promoted the
improvement of photosynthetic capacity, which in turn increased
DM and N accumulation. Our experimental results also indicated
that the spraying effect on carbon and N metabolism of 6-BA
was better.

SOD, CAT and POD are key enzymes involved in antioxidant
systems, and MDA is one of the products of membrane lipid
peroxidation, its content can be used as one of the indicators to
investigate the severity of cell stress. Previous study found that
weak-light stress reduced the activities of SOD, CAT and POD, and
increased the MDA content in ear leaves of summer maize (Huang
et al,, 2020). In this study, we also found that weak-light stress
decreased the activities of SOD, CAT and POD, and increased the
content of MDA, which accelerated the oxidative damage of leaf in
fresh waxy maize. Under weak-light stress, plasmolysis occurred in
mesophyll cells and the endomembrane system was destroyed,
which resulted in the dissolution of cell membrane, karyotheca,
mitochondria, and the mesophyll cell ultrastructure was damaged,
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which led to the decrease of photosynthetic capacity, and thus
resulted in yield loss (Ren et al., 2016). Spraying phytase Q9 could
increased the activities of SOD, CAT and POD (Huang et al., 2020).
Our results also indicated that spraying 6-BA and phytase Q9
increased the activities of SOD, CAT and POD, and reduced the
MDA content, which delayed the leaf senescence. We also found
that the spraying effect on antioxidant systems of 6-BA was better
than phytase Q9. Spraying exogenous hormones significantly
alleviated the decline in anti-aging ability and photosynthetic
productivity of fresh waxy maize under weak-light stress, thereby
promoting dry matter accumulation and increasing the fresh ear
and grain yield. Further research is needed on the hormone
metabolism and molecular physiological mechanisms of
exogenous regulators applied to improve the yield of fresh waxy
maize under light stress.

Conclusions

The results showed that weak-light stress during the grain-
filling stage severely limited photosynthetic production capacity by
reducing the activity of enzymes involved in carbon and N
metabolism, accelerating leaf senescence, and thereby reducing
the accumulation of photosynthetic products, resulting in reduced
yield in fresh waxy maize. The effect of weak-light stress was greater
on JKN2000 than SYN5. Spraying exogenous phytase Q9 and 6-BA
alleviated the decrease in carbon and nitrogen metabolism enzymes
and antioxidant enzyme activities under weak-light stress,
improved photosynthetic capacity, delayed leaf senescence, and
thus increased dry matter and nitrogen accumulation, increasing
yield. The improvement effect of 6-BA was more significant on
JKN2000. These results indicated that in the actual production of
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fresh waxy maize, 6-BA can be widely used as an effective regulator
to alleviate weak-light stress.
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use efficiency
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Hebei Province, College of Agronomy, Hebei Agricultural University, Baoding, China, *Key Laboratory
of North China Water-saving Agriculture, Ministry of Agriculture and Rural Affairs, Baoding,

Hebei, China

Introduction: High rainfall and excessive urea application are counterproductive
to summer maize growth requirements and lower grain yield and water/nitrogen
(N) use efficiency. The objective of this study was to determine whether ETc
irrigation based on summer maize demand and reduced nitrogen rate in the
Huang Huai Hai Plain increased water and nitrogen use efficiency without
sacrificing yield.

Methods: To achieve this, we conducted an experiment with four irrigation levels
[ambient rainfall (I0) and 50% (1), 75% (12), and 100% (I3) of actual crop
evapotranspiration (ET.)] and four nitrogen rates [no nitrogen fertilizer (NO),
recommended nitrogen rate of urea (NU), recommended nitrogen rate of
blending controlled-release urea with conventional urea fertilizer (BCRF) (NC),
and reduced nitrogen rate of BCRF (NR)] in 2016-2018.

Results: The results show that reduced irrigation and nitrogen rate reduced Fv/
Fm, 1*C-photosynthate, and nitrogen accumulation both in the kernel and plant.
I3NC and I3NU accumulated higher *C-photosynthate, nitrogen, and dry
matter. However, *C-photosynthate and nitrogen distribution to the kernel
was decreased from [2 to I3 and was higher in BCRF than in urea. I2NC and
I2NR promoted their distribution to the kernel, resulting in a higher harvest index.
Compared with I3NU, I12NR increased root length density by 32.8% on average,
maintaining considerable leaf Fv/Fm and obtaining similar kernel number and
kernel weight. The higher root length density of I2NR of 40—-60 cm promoted
13C-photosynthate and nitrogen distribution to the kernel and increased the
harvest index. As a result, the water use efficiency (WUE) and nitrogen agronomic
use efficiency (NAUE) in I2NR increased by 20.5%—-31.9% and 11.0%-38.0% than
that in I3NU, respectively.
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Discussion: Therefore, 75%ET. deficit irrigation and BCRF fertilizer with 80%
nitrogen rate improved root length density, maintained leaf Fv/Fm in the milking
stage, promoted 13C-photosynthate, and distributed nitrogen to the kernel,
ultimately providing a higher WUE and NAUE without significantly reducing

grain yield.

KEYWORDS

blending controlled-release urea with conventional urea, deficit irrigation, summer
maize, 13C-photosynthate distribution, nitrogen agronomic use efficiency, water

use efficiency
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75%ETc deficit irrigation and BCRF fertilizer with 80% nitrogen rate improved root length density, maintained leaf Fv/Fm in the milking stage,
promoted 13Cphotosynthate, and distributed nitrogen to the kernel, ultimately providing a higher WUE and NAUE without significantly reducing

grain yield.

1 Introduction

Population expansion and climate change are generating water
scarcity worldwide. As 70% of the fresh water supply is used by
agriculture, water scarcity is a threat to the sustainability of
agriculture (Mishra et al., 2021; Salehi, 2022). Increasing
agricultural water use efficiency is a priority for food security and
an effective way to mitigate water scarcity (Wang et al., 2019a). This
problem is particularly serious in China, which hosts 6% of the
world freshwater resources and feeds a significant amount of the
world population.

With the greatest total output and acreage in China, maize is the
most widely planted crop in the Huang-Huai-Hai Plain (Figure 1A),
accounting for 35% of the national maize planting acreage and more
than 40% of the corn grain output in China (Shu et al, 2021).
Grown in the rainy season, summer maize received 310.0-536.4
mm of rainfall from 1961 to 2015 but only 115.5-166.0 mm of
effective rainfall, which is significantly less than it requires (312.7-
389.1 mm). Due to this misalignment between the rainfall and the
maize’s water demand (Tuan et al, 2011), local farmers must

Abbreviations: WUE, water use efficiency; NAUE, nitrogen agronomic use
efficiency; '*C-AC, '*C-photosynthate accumulation; '*C-DR, '*C-
photosynthate distribution ratio; N-AC, nitrogen distribution accumulation; N-

DR, nitrogen distribution ratio.
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irrigate their crops two or three times each year to increase the
maize yield. Flood irrigation averaging 90-100 mm of water
increases evaporation loss and nitrogen leaching, reducing water
and nitrogen use efficiencies while polluting the environment (Guo
et al., 2010; Eekhout et al., 2018; Yu et al., 2019; Hou et al., 2021).

Deficit irrigation maximizes water productivity and achieves
water delivery equal to or better than full irrigation cultivation
(Zhang, 2003b; Geerts and Raes, 2009; Comas et al., 2019; Sandhu
etal,, 2019). Deficit irrigation reduces soil evaporation and regulates
leaf stomatal opening to reduce transpiration water loss,
maintaining high photosynthetic efficiency (Ullah et al,, 2019;
Jovanovic et al.,, 2020). Understanding maize water requirements
is the basis of deficit irrigation strategy. Preliminary research
demonstrated that maize water requirements varied by variety,
weather, and soil conditions and that all these variables should be
addressed when making irrigation decisions (Peng et al, 2019;
Masupha and Moeletsi, 2020; Mirhashemi and Panahi, 2021).
Nevertheless, the current irrigation strategy is mainly based on
the field capacity (Guo et al,, 2015; Liu et al., 2022a), ignoring crop
requirements and meteorological conditions. Local stress irrigation
based on surface irrigation (i.e., border irrigation) has a high single
irrigation volume (approximately 60-120 mm) but low irrigation
frequency, which is performed by two irrigations at the sowing and
flowering stages (Wang et al., 2020). The high irrigation level
induces higher soil evaporation between plants and the water
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leachate (Srivastava et al., 2020; Yi et al,, 2022). Currently, the most
widely used conventional irrigation system is not compatible with
advanced and efficient irrigation equipment, such as drip irrigation,
sprinkler irrigation, or low-pressure pipe irrigation methods
necessary to cover an area of 23,191x10° ha, 30.1% of the total
irrigated area in 2020 in China (Ministry of Water Resources, 2020).
It is critical, therefore, to investigate modern agricultural irrigation
systems that are geared to water conservation, high land efficiency,
and labor efficiency.

The crop evapotranspiration (ET.) metric based on the FAO56
whitepaper is commonly used to make irrigation decisions, since it
takes both crop requirements (growth phases) and climatic
circumstances into account (Pereira et al., 2020). It also provides
a precise and flexible irrigation schedule for an automatic or digital
irrigation system, which is an excellent approach to cut labor
expenses and water loss, and is accepted and employed by a
growing number of farmers (Cancela et al., 2015). The majority of
irrigation decision-making research has been conducted using
models (Mancosu et al., 2016; Lopez-Urrea et al., 2020), and the
field performance of irrigation based on ET. needs additional
investigation. ET. irrigation applied at 100% increases maize
growth, net photosynthetic rate, and accumulation of dry matter
(Guo et al,, 2022). However, the effect of ET. irrigation on
photosynthetic transport, root length density, and water-saving
potential of deficit ET. irrigation on maize are currently unknown.

Numerous studies have demonstrated that soil moisture
content and nitrogen availability have a complicated effect on
crop yield (Sandhu et al,, 2019). Irrigation that is appropriate for
the soil could improve nitrogen use efficiency (NUE) by increasing
nitrogen accumulation, translocation, and distribution (Yan et al.,
2019). Blending controlled-release urea with conventional urea
(BCRF) is both environment and economic friendly and has a
wide range of applications (Vejan et al.,, 2021; Guo et al., 2022).
Compared with urea, BCRF reduces N,O emissions (Lyu et al,
2021) and nitrogen leachate (Adu-Gyamfi et al., 2019), meets crop
nitrogen demands (Zheng et al., 2020), and increases
photosynthetic efficiency (Guo et al., 2022), crop yield, and NUE
(Zheng et al., 2016; Zhu and Zhang, 2016; Vejan et al.,, 2021). As a
result, the optimal nitrogen rate for BCRF and ET. irrigation levels
may differ from the optimal nitrogen rate under standard irrigation

>z

Legend

*  Experimental site

FIGURE 1
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and nitrogen management methods. While earlier research was
focused on crop grain yield, water use efficiency (WUE), and NUE,
the interplay between ET. irrigation and BCRF on maize
performance is less studied.

The purpose of this study was to (1) examine how reduced
water and nitrogen input increase water and nitrogen use efficiency
without compromising yield, (2) investigate the effect of deficit
irrigation based on ET. and BCRF on photosynthate accumulation
and distribution, and (3) investigate the interaction between deficit
ET. irrigation and BCRF-dependent reduced nitrogen rates on
WUE and NUE, to lay the groundwork for more precise
irrigation and fertilization maize crop management strategies.

2 Materials and methods
2.1 Site and weather description

From 2016 to 2018, studies were conducted in the Henan
Academy of Agricultural Sciences experimental base in Yuanyang,
Henan Province, China (113°42'28.7''N, 35°0'13.3"’E), 78 m above
sea level). The regional climate is subhumid, warm temperate,
continental, monsoon, and features four distinct seasons. This is a
typical location on the Huang-Huai-Hai Plain (Figure 1A). The ET.
was calculated using weather data from 1983 to 2013 received from
China’s National Meteorological Information Center (climate data,
Figure 2). Precipitation totaled 349.4, 193.6, and 239.4 mm during
the maize growth period in 2016, 2017, and 2018, respectively.

The regional soil is fluvo-aquic, with 13.44 g kg™ organic
matter, 73.8 g kg™ available N, 50.2 mg kg™' available phosphate,
and 134.5 mg kg™ available potassium under a rainproof shelter
and 13.86 g kg™' organic matter, 86.13 g kg™ available N, 53.5 mg
kg ! available phosphate, and 146.0 mg kg™ available potassium in
the field.

2.2 Experimental design

The experiment used a randomized complete block design with
16 treatments (4 irrigation levels and 4 nitrogen fertilizer

B
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The experimental site in Huang-Huai-Hai maize region (blue area) of China (A) and the single crop coefficients K. for the various development

stages for summer maize in this experiment (B).
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treatments) in triplicate. The four irrigation levels were ambient
rainfall (10), 50% ET. (I1), 75% ET. (12), and 100% ET. (I3). The
four nitrogen fertilizer treatments were as follows: no fertilizer (N0),
urea with the recommended nitrogen rate (240 kg N ha™!, NU),
BCRF with the recommended nitrogen rate (240 kg N ha™', NC),
and BCRF with a reduced nitrogen rate (200 kg N ha™', NR).

To avoid the potential impact of unforeseen rainfall on the
experiment, maize, the experiment of I1, 12, and I3 was performed
in microplots beneath an autonomously triple-folding rainproof
shelter in 2016 and 2017. When it rained, the rainproof shelter was
opened to cover the plots and keep the rain off. At other times, the
rainproof shelter was stored adjacent to the experimental plots in an
unoccupied location. The plants in I0 treatment received only
rainfall with no supplemental irrigation from 2016 to 2018. In
2018, the experiment was conducted in a field 300 m away. That is,
the water input in I0 was only rainfall in three maize seasons; the
water input in I1, 12, and I3 in 2016 and 2017 under rainproof
shelter was only irrigation; while water input in I1, 12, and I3 in field
in 2018 was the sum of irrigation and rainfall.

The microplot was 2.9 m x 1.9 m in size, and the field plot was
42 m x 6.7 m in size. In 2016, 2017, and 2018, summer maize
(Zhengdan 309, a national maize variety suitable for harvesting
grain mechanically) was planted on June 16, June 16, and June 17
and harvested on September 30, October 3, and October 5,
respectively. A precision irrigation equipment irrigated the maize.
The previous crop, winter wheat, was irrigated fully and fertilized
with no nitrogen to achieve identical soil moisture and nitrogen
concentrations between microplots before planting maize. The
maize was planting in 75,000 plans ha™' with 60 cm plant row
spacing. Pest, disease, and weed control strategies were similar to
those used regionally.

2.2.1 Irrigation regime
Actual crop evapotranspiration (ET.) was determined by the
following formula:

ET. = ET, x K,

ET, is averaged daily reference evapotranspiration (mm),
calculated using daily meteorological data from 1983 to 2013
(from the National Meteorological Information Center of China)
with the ET, calculator (Food and Agriculture Organization

10.3389/fpls.2023.1180734

(FAO56). K, is the crop coefficient, determined by the FAO56
guidelines. The lengths of the crop development phases for the
initial stage, development stage, mid-season stage, and late-season
stage were 26, 34, 24, and 20 days, respectively, according to FAO56.
The K. values for the initial stage, mid-season stage, and end of the
late-season stage were 0.4, 1.11, and 0.53, respectively (Figure 1B).

The irrigation amounts for I1, 12, and I3 were calculated as
follows:

11 =50% ET, - P,
12 =75% ET, - P,

I3 = 100% ET, - P,

P. is the effective precipitation amount (mm), and ET. is the
actual crop evapotranspiration. P = 0 for I1, I2, and I3 in 2016 and
2017 under rain shelter when it rains. P, was calculated as P.=axP,
in which a was 0, 1.0, and 0.75 when the precipitation<5 mm, 5
mm<precipitation < 50 mm, and precipitation >50
mm, respectively.

For both the microplot and field tests, 44.1 mm of water was
irrigated after sowing to enable maize seedling emergence. Aside
from the sowing irrigation, the plants were irrigated at the V6, V12,
VT, R2, and R4 stages. The irrigation amounts and the precipitation
levels at different irrigation levels in 2016-2017 and 2018 are shown
in Tables 1, 2.

2.2.2 Fertilizer management

Four fertilizer treatments were tested: (i) a quick-release urea
(46% N) with a 240 kg N kg™ " application rate, (ii) a BCRF (26% N
10% P,0s, and 9% K,O; Kingenta; controlled-release fertilizer:
quick-acting fertilizer = 1:1) with a 240 kg N kg™
(NC), (iii) a BCRF with a 200 kg N kgf1 application rate (NR), and
(Srivastava et al.) no nitrogen fertilizer (NO). All plots had the same

application rate

phosphate and potassium rates of 150 kg P,O5 kg™ and 120 kg K,0
kg!, respectively. Calcium superphosphate (12.0% P,0s) and
potassium chloride (52.0% K,O) fertilizers were used to
compensate for the deficiency of phosphate and potassium. As a
basal fertilizer, 100% BCRF, 50% urea, 100% calcium
superphosphate, and potassium chloride fertilizer were applied.
At the tasseling stage (VT), urea (50%) was applied as a
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TABLE 1 Irrigation volume of different irrigation levels at various summer maize growth stages in 2016 and 2017.

Irrigation amount (mm)

Growth
stage
Irrigation amount Sowing 44.1 44.1 44.1 44.1
(mm)
V6 0 20.9 31.4 41.8
Vi2 0 274 411 54.8
vT 0 30.8 46.2 61.6
R2 0 35.6 53.4 712
R4 0 311 46.6 62.1
Irrigation total 44.1 189.9 262.8 335.6
Precipitation * 2016 349.4 0 0 0
2017 193.6 0 0 0
Irrigation +precipitation 2016 393.5 189.9 262.8 335.6
2017 237.7 189.9 262.8 335.6

*Precipitation in the whole growing season.

TABLE 2 Precipitation and irrigation volume of different irrigation levels at various summer maize growth stages in 2018.

Irrigation amount (mm)

Growth stage

Precipitation *

(mm)
Sowing 44.1 44.1 44.1 44.1 87.6
A\ 0 0 0 0 143.4
Vi2 0 0 0 0 15.6
VT 0 15.2 30.6 46 31.8
R2 0 3.8 21.6 394 111.4
R4 0 0 0 0 0
Total irrigation 44.1 63.1 96.3 129.5 -
Irrigation +precipitation 4339 452.9 486.1 519.3 389.8

*Precipitation during the previous growth stage.

topdressing fertilizer. Winter wheat was planted prior to maize, and
it was fertilized with nitrogen-free fertilizer to maintain a same soil
nitrogen content prior to planting maize.

2.3 Sampling, measurements,
and calculations

2.3.1 Meteorological data

Meteorological data, including rainfall, temperature, air
humidity, and wind speed, were obtained automatically at a
station 200 m from the trial site.

2.3.2 Labeling of selected plants with *CO,

Six representative plants from each plot were selected and
labeled with '*CO, on silking stage. Ear leaves of each plant were
covered in 0.1-mm thick mylar plastic bags, which permitted up to

Frontiers in Plant Science

95% of natural sunlight intensity. After sealing the bags at the base
with Plasticine, 50 ml of 13C02 was injected. After 60 min, the
3CO0, in each bag was extracted using a KOH washer to remove any
residual radioactive '*CO,, and the plastic bag was removed (Liu
et al., 2015).

2.3.3 Dry matter, *C-photosynthate distribution
ratio, and nitrogen distribution ratio among plant
organs

The labeled plants were collected at physiological maturity and
dissected into leaves, stem, sheath, ear bract, cob, and grain. The
harvest index was calculated as the ratio of grain dry matter to total
plant dry matter. All separated components were oven-dried to a
constant weight at 80°C, weighed to determine dry matter (g
plant™), and then milled into a powder. Subsamples of 4 mg
were used to determine the isotopic abundance using an Isoprime
100 instrument (Isoprime 100, Cheadle, UK). Subsamples were

frontiersin.org


https://doi.org/10.3389/fpls.2023.1180734
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Gu et al.

digested using an H,SO,4-H,0, method (Thomas et al., 1967), and
total nitrogen was measured using a continuous flow autoanalyzer
(AA3, SEAL Analytical, Germany). The '*C-photosynthate
accumulation (?C-AC) and distribution ratio (‘*C-DR) among
different plant organs at physiological maturity (%/plant) and the
nitrogen distribution accumulation (N-AC) and distribution ratio
(N-DR) were calculated.

2.3.4 Ear leaf Fv/Fm and root length density

Using a continuous excitation fluorometer Pocket Plant
Efficiency Analyzer (PEA, Hansatech, UK), the Fv/Fm of six
representative ear leaves at the silking stage (R1) and milk stage
(R3) were determined under dark conditions for 15min. Three
maize plants in each treatment were selected to evaluate root length
density at the anthesis stage. In the 0-60-cm soil layer, a block of
soil surrounding the plant (60 cm long, 22 cm wide, 20 cm deep;
26,400 cm®) was removed for each plant sample. The root samples
were carefully cleaned of non-root material. Root lengths were
measured using WinRHIZO (Regent Instruments Inc., Canada)
after the fresh roots were scanned using an Epson Perfection V800
scanner. Root length density was calculated by dividing root length
by soil volume (26,400 cm?).

2.3.5 Yield and harvest index

All ears in each plot were collected at the physiological maturity
to investigate the yield and yield components. For each harvested
ear, the kernel number per plant (KNP) was counted. Three 1,000-
kernel samples were oven-dried at 80°C to a consistent weight and
weighed to determine the kernel weight (KW). To determine grain
yield, all kernels were air-dried, and grain yield was expressed at
14% moisture content.

2.3.6 Nitrogen agronomic use efficiency and
water use efficiency

The nitrogen agronomic use efficiency (NAUE, kg kg N™') was
calculated as follows:

NAUE = (Yergilizer v — Yno)/Ditrogen rate

Y Fertilizer N 18 the grain yield (kg ha™") for the nitrogen fertilizer
treatment (NC, NR, and NU), and Yy is the grain yield for the NO
treatment. The nitrogen rate was the nitrogen fertilizer applied for
the nitrogen fertilizer treatment.

The water use efficiency (WUE, kg m™) was calculated as
follows:

WUE = Y/ET

ET=pW+I+P-R-D

Y is the grain yield (kg ha™), ET is evapotranspiration (mm),
PpW is variation in soil water storage in the 0-100-cm soil layer
between planting and maturity, I is the water input (the sum of
irrigation, mm), and P is precipitation (i.e., rain in our study). R is
the water lost to runoff from the ground surface, which was zero in
this experiment due to the borders for each plot in both canopied
(2016-2017) and in open-field (2018) microplots. D is deep
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percolation from the soil, which was ignored due to the low
amount of irrigation in 2016 and 2017.

2.4 Statistical analyses

Data were analyzed using Microsoft Excel 2016 and mapped
using Sigma Plot 10.0 and Origin 2021. The SAS software system for
Windows 9.0 (SAS Institute, Cary, NC, USA) was used to perform
analyses of variance (ANOVAs). An ANOVA was performed
among all the irrigation and nitrogen treatments for grain yield,
yield components, dry matter, harvest index, WUE, and NAUE
(p<0.05). The multiple comparison procedure (SSR) test with
Bonferroni correction for all treatments was used for
multiple comparisons.

3 Results
3.1 Yield, dry matter, and harvest index

Irrigation, nitrogen fertilizer, and their interaction all had a
substantial impact on the kernel number per ear, kernel weight,
grain yield, dry matter, and harvest index (Table 3). The yield and
dry matter increased with irrigation level, but there was no
significant difference between the yields of 12 and I3. Compared
with I3, 10 and I1 significantly decreased the kernels number per ear
and kernel weight. 12 had a lower KNP but higher kernel weight
than I3. For the same irrigation levels in I2 or I3, the kernels number
per ear and kernel weight of three nitrogen fertilizers show the trend
that NC>NR>NU, but there was no significant difference either
between NC and NR or between NR and NU.

The harvest index rose with irrigation level, then subsequently
fell with 12 representing the peak. The HI was highest in NR and
lowest in NU. Over three seasons, the plants in I2NR produced a
similar yield to those in I3NC treatments despite having a lower dry
matter but a higher harvest index.

3.2 The *C-photosynthate/nitrogen
accumulation and distribution ratio

The irrigation, nitrogen fertilizer, and their interaction had a
significant effect on *C-photosynthate/nitrogen accumulation and
distribution ratio (Supplementary Table S1). The "*C-AC and N-
AC of the plant and kernel increased with the irrigation level from
I1 to I3, and nitrogen rate from 0 to 240 kg N ha™' in the three
growth seasons (Figure 3). Although there was no discernible
difference between NU and NC in 2016, I3NC had the greatest
13C-AC and N-AC of the plant and kernel, followed by I3NU,
I2NC, and 12NU.

"C-DR and N-DR both increased when irrigation level
increased from I1 to 12, while they decreased from 12 to I3. The
13C-DR of NO was higher than that of NC, NU, and NR. Whereas
the N-DR of NO was lower than NC, NU, and NR. For the nitrogen
fertilized treatments, the >C-DR and N-DR in the kernels was
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TABLE 3 Effect of irrigation and nitrogen fertilizer on the grain yield, yield components, dry matter, and harvest index for summer maize in 2016—-2018.

Treatment 2017 2018
KW  Yield(kg ha') Dry matter(kg ha™) KNP KW Yield  Dry matter KNP KW Yield  Dry matter  HI
) (@  (kgha') (kgha') (@  (kgha') (kgha')
10NO 264fg 263.3f 4430.61 9657.4g 45.9¢ 267.3¢ | 246.3d 4196.4h 9207.5h 43.3e 297.3g  258.8e 4899.9f 11765.9j 41.6g
10NC 344bcd 303bc 6645.4d 13295.5bc 50.1bcd 314c 287.5b 5753.9d 10612.3def 51.5ab | 384.7¢  289.8c 7106d 16015.8f 44.4ef
I0NR 332cde | 298.5¢ 6317.7¢ 12734.7¢d 49.7bcde | 309cd | 287.4b 5660.5de 10440efg 51.5ab | 391.7¢  280.8cd 7012.2d 15328.4gh 45.8de
10NU 324de  301.9bc 6231.9¢ 13099.9¢ 47.6de 310cd | 288.6b 5703.7de 10902.7de 49.7bc | 390.7¢  282.9cd 7045.3d 16072.7 43.8f
11NO 240g 239.8g 3668.8) 7464h 493bcde | 267.7¢ | 246.4d 4202.4h 9074.5h 44.0e 363.3f | 275.3d 6378.1¢ 13935.2i 45.7de
IINC 332cde | 279.1d 5905.2f 11326.4e 52.1bc 3147¢ | 283.2b 5680de 10619.3def 50.8ab | 446.0c  313.6b 8914.4c 19478.7¢ 45.8de
IINR 316e 273.9de 5517.3g 10699.1f 51.6bc | 310.3cd | 280.5b 5548.6ef 10267.9fg 51.3ab | 4447¢  3153b 8934.4c 19027 47c¢d
1INU 308e 272.2de 5344.2¢g 10966.8ef 488cde | 306.3cd | 281.1b 5486f 10957d 47.6cd | 4487c  305.6b 8738.3¢ 19419.3e 45ef
12N0 276f 272de 4781.7h 9359.1g 51.1bed | 296.7d | 265.1c 5012.68 9965g 478cd | 395.8¢ | 282.1cd 7116.7d 14920.6h 47.7bc
I2NC 372ab 314.4a 7454.7a 13198.4¢ 56.5a 348.3ab | 308.1a 6841.1ab 12604.7b 51.5ab | 4829b | 3387a | 10427.5ab 21456.8bc 48.6bc
I2NR 367.3ab | 308.9ab 7233b 12369d 58.5a 3443b | 307.3a 6743.7b 12090.9¢ 53.0a 480b 334.8a | 10244.8ab 20261d 50.6a
I2NU 346bcd | 311.2a 6929.7¢ 13003.8¢ 52.7b 336.3b 307a 6581.5¢ 12445.2bc 502b | 482.3b | 330.1a 10149.4b 21144.8¢ 48bc
13N0 280f 268.8ef 4796.7h 9819.7¢g 489bcde | 302cd 259¢ 4984.4g 10000.2g 47.4cd | 4116d  274.8d 7213.3d 15728.2fg 45.9de
I3NC 376.7a 311.6a 7479.6a 14378.2a 52bc 360a 303.6a 6966.2a 13472.3a 49.1bcd | 500.2a | 332.6a 10605.1a 22208.9a 47.7bc
I3NR 368ab | 307.3ab 7193.1b 13841.7ab 52bc 350ab 301a 6715.8bc 12471.3bc 51.2ab | 490.1ab = 330.4a 10324ab 21099.1¢ 48.9ab
I3NU 354.7abc | 310.8a 7001.1c 14338.9a 49.1bcde | 340b 303.6a 6580.1c 13362.5a 46.8d | 490.7ab  330.1a = 10326.5ab 21667.6b 47.7bc
Two-factor ANOVA
F value 24,9 171.2% 513.6%* 165.3** 21.7%* 70.7°* 77.5%% 505.2%* 193.3** 7.5% 34997 1111** 465.4** 1018+ 50.8%*
(Irrigation)
F value 91.0%* 241.4%* 1243.3% 367.8** 13.6* 914 | 2455 920.2** 206.8** 5440 | 2803 1345 426.3** 1302.4** 16.0%
(Nitrogen)
F value 0.3ns 0.5ns 5.4%¢ 3.6%* 4.9 0.4ns 3.4%% 4.4 7.8%* 3.7 L1ns 4.1 4.0 10.6** 3.5%¢
(Irrigation
xNitrogen)

KNP, KW and HI were kernel number per ear, 1000-kernel weight, and harvest index, respectively. Irrigation x Nitrogen was the interaction of irrigation and nitrogen fertilization. The value underlined was significantly higher than other treatments. Different letters in
the same column indicate significant differences at the 0.05 level. *: significant at P < 0.05; **: significant at P < 0.01, NS: not significant at P < 0.05.
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FIGURE 3

The effect of irrigation and nitrogen fertilizer on the 13C-photosynthate accumulation (A-C), nitrogen accumulation (D—F), and 13C-photosynthate
distribution ratio and nitrogen distribution ratio (G-1) in the kernel at physiological maturity. The relative data in 2016 is shown in panels (A, D, G); in
2017, panels (B, E, H); and in 2018, (C, F, I). Different letters in the same figure indicate significant differences at the 0.05 level.

higher in I2NR in 2016 and 2017 with no significant difference
between I2NC, I2NR, and I3NC; that is, the BCRF fertilizer
promoted the distribution of *C-photosynthate and nitrogen to
the kernel. Thus, a higher '>C-AC and N-AC were obtained in the
I3NC and I3NU treatments, and the highest >C-DR and N-DR in
the kernel were obtained in I2NR.

3.3 Root length density

There was a significant effect of irrigation treatment and
nitrogen fertilizer on root length density (Supplementary Table
S1). The root length density of 0-20 cm, 20-40 cm, and 40-60 cm
accounted for 68.4%-76.4%, 18.8%-24.3%, and 4.3%-7.5% of total
root length density (Figure 4). Root length density of either soil
layer was increased with irrigation level from I0 to I2 and decreased
from 12 to I3. In 0-60 cm, root length density was higher in NC and
NR than in NU under the same irrigation level, while the difference
was not statistically significant. There was no significant difference

between root length density of NR and NC, except that NR was
higher than NC under 12 and I1 irrigation levels at 40-60-cm soil
layer. The I2NR treatment achieved the maximum root length
density in the 0-20-cm and 40-60-cm soil layers, whereas I2NR,
I2NC, and I2NU treatments achieved the highest root length
density in the 20-40-cm soil layer. These results imply that (1)
compared with urea, BCRF could improve maize root length
density, and (2) Root length density of I2NR in the 0-60-cm soil
layer, particularly in the 40-60-cm layer, was much higher than that
of I3NC or I3NR.

3.4 Maximum photochemical efficiency of
photosystem Il (Fv/Fm)

Irrigation and nitrogen fertilizer management both had a
significant impact on the Fv/Fm ratio (Supplementary Table S1).
There was no significant difference between the Fv/Fm of NC, NR,
and NU treatments, but the Fv/Fm for NC, NR, and NU were
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significantly higher than that for NO (Figure 5). With the
application of nitrogen fertilizer, the I3 treatment had the highest
Fv/Fm at the silking stage growth stage, followed by 12, I1, and I0.
The Fv/Fm decreased significantly from silking stage to the milk
stage, with average decreases of 6.2%, 3.1%, 2.6%, and 1.7% for 13,
12, 11, and 10, respectively. At the milk stage, Fv/Fm values were
increased with irrigation level, but there was no significant
difference between Fv/Fm values of I3 and I2. It may be
concluded that irrigation at I3 and 12 benefited for maintaining a
higher Fv/Fm of the ear leaves.

3.5 Evapotranspiration and water
use efficiency

Along with the amount of rainfall, ET was highest in 2018
(442.8-532.8 mm) and lowest in 2017 (180.4-336.0 mm) (Figure 6).
Both irrigation and nitrogen fertilizer and their interaction had an
impact on ET, but the effect of irrigation was higher than that of
nitrogen fertilizer. The ET was increased with irrigation or rainfall
showing increased from I1 to I3 (Figure 6). The ET of nitrogen
fertilizer treatments was highest in NC, followed by NR and NU,
and was lowest in NO (Figure 6). Maize grain yield showed a
parabolic trend of opening downward as ET increased. The WUE
was highest obtain in I1 in 2016 and 2017 but highest in 12 in 2018
(Table 4). Similar to yield, the WUE was highest in NC, but the
difference between NC with NR or NU was significant in 2016.

3.6 Nitrogen use efficiency

Irrigation and nitrogen fertilizer management have a
considerable impact on NAUE (5.3-15.6 kg N7Y) (Table 4). The
NAUE increased with irrigation level from I1 to 12, but there was no
significant difference between I2NC, I2NR, I3NC, and I3NR in
2017. The NAUE of the NC and NR was significantly higher than
the NU by 15.25% and 27.20% averagely, where there was no
significant difference between the NAUE of NC and NR.

10.3389/fpls.2023.1180734

3.7 Correlation analysis

Correlation analysis (Figure 7) revealed that the 13C-AC,N-AC,
Fv/Fm, and root length density were all significantly and positively
linked with grain yield, KNP, 1,000 KW, and WUE (p<0.05). The
3C-AC and N-AC of kernel were linearly related to kernel number
per kernel, kernel weight, ET, and NAUE (Figure 8). The harvest
index was increased linearly with the increase in '*C-DR and N-DR
of kernel, except harvest index versus N-DR in 2018.

4 Discussion

4.1 Effect of irrigation and nitrogen
fertilizer on *C-photosynthate and
nitrogen accumulation and distribution
and harvest index

Maize grain yield is determined by dry matter and harvest
index. The accumulation of dry matter is mostly determined by
photosynthesis production, while the harvest index is primarily
determined by the partitioning of photosynthate and biomass to
kernels (Sinclair, 1998; Allison, 2010). '*C-labeled CO, is an
effective method for studying the accumulation and distribution
characteristics of photosynthetic assimilate (Nouchi et al., 1995;
Tremblay et al,, 2012; Ren et al., 2021). 13C-photosynthate
allocation to grain is positive for kernel weight and grain yield
(Liu et al, 2015; Ren et al., 2021). In this study, both *C-
photosynthate and nitrogen accumulation in the kernel was
positively related to kernel number per spike, kernel weight, and
grain yield. Their distribution ratio to the kernel were found to be
linearly related to harvest index. Increasing the harvest index was
the primary strategy to increase maize grain yield at lower yield
levels (<15 Mg ha™) (Liu et al., 2020). Thus, management that
increases the accumulation and distribution of '>C-photosynthate
and nitrogen to the kernel could ultimately improve grain yield.

Researchers have demonstrated that *C-photosynthate allocation
to grain increased with nitrogen fertilizer (Wei et al,, 2019; Ren et al,,
2021) but decreased when the nitrogen rate exceeded the acceptable

O L &£ 0 D UK O D L&KLV LD
TSEFFETFTTTTTTT T TS & &

FIGURE 5

«F\ 0 | I IR YR U ST S
£

= 20718 |ef] feff [ef| |f2 de dl B e I
540— b||al|b

£ 0]= et i
= 1 : be C| =1 | =t def]
S 80 ghi 181 i cd PEIbI S e (5] = [a eni
< ef p ©fg Il of e hi
€0 100 Bbe T od

2L a

§ 120 7 [ 0200 ]20-40  ]40-60

& 140

Effect of irrigation and nitrogen fertilizer on root length density. Different letters on the gray, pink, and blue histograms indicate significant

differences at the 0.05 level

Frontiers in Plant Science

126

frontiersin.org


https://doi.org/10.3389/fpls.2023.1180734
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Gu et al.

700

650 -] I TOP] 1] 12 13 2016

c No NC NR NU
700
650 | I TOE] M 12 13 2017
600 o

£ 550 4

£

b= 500 o

S

E 450 o a a b

2,400 - C

g

g0 a N J

2,300 4

s f e f

g

Q0 N N ;
200 o 1 i Kk

E NO NC NR NU
700
650 I IO N 12 13 2018
a b
600 4 d ,—\ c
- [ — 1
E 550 . a N .
% 500 4 2 d e i
S s ] m kb 1 mn d
£ 4504 ¢
‘2. 400 -
2
£ 3504
2 300 -
&
3 250
200
150
100 - ||
No NC NR NU

Fertilizer treatment

FIGURE 6

10.3389/fpls.2023.1180734

11000 .
B N0 y=-6872.2+77.445x-0.128%
2016 o NCy=-6117.4+89.094x-0.144x
10000 1 A NRy=-6632.4+91.619x-0.150x*
v NU y=-7367.4+94.152x-0.153%*
9000 -
=~
'z
=
s 8000 -
=
=
=
= ] S
2 7000 e
-5 1y )
£ 6000 4 N
Q
5000 -
7/
\ " )
4000 - -
150 200 250 300 350 400 450 500 550
11000
_ >
2017 B NO y=1677.4+47.896x-0.085x
10000 4 ® NCy=3490.6+59.572x-0.114x*
A NR y=4202.5+75.293x-0.128x*
v NU y=3440.4+69.832x-0.120x>
9000
Tﬁ
o 8000
g
<
=
2 7000
-
g
«
£ 60004 -
© )
5000 - /—\-
4000 S
T T T T T T T
150 200 250 300 350 400 450 500 550
11000
2018
100009 o N0 y=-38077.6+175.950x0.171x
®  NC y=-108945.0+459.8x-0.442x"
~ 9000+ A NR y=-110336.8+471.1x-0.459x*
s v NU y=-107466.3+459.2x-0.447%*
= 8000
=
5 R
2 7000 s
-
g
£ 6000 -
€]
5000 - )
4000 -

T T T T T T T
150 200 250 300 350 400 450 500 550
ET(mm)

Effect of irrigation and nitrogen fertilizer on evapotranspiration and the relationship between grain yield and evapotranspiration. The data of 11, 12,
and 13 were used to fit curves. Different letters on the gray, pink, and blue histograms indicate significant differences at the 0.05 level (A, C, E). The
curve with lines in blank, purple, blue, and green color was fitted with data of NO, NC, NR, and NU, (B, D, F) respectively.

rate (Zhang et al, 2021c). In this study, the nitrogen fertilization
improved the '*C-photosynthate and nitrogen accumulation and
nitrogen distribution ratio to the kernel but reduced the “C-
photosynthat distribution ratio to the kernel Figure 3).

In addition, ">C-photosynthate and nitrogen accumulation and
distribution characteristics were influenced by fertilizer type.
Compared with common urea, controlled-release fertilizers and
BCREF increased dry matter and nitrogen accumulation per plant
and promoted its distribution to kernel (Zhao et al., 2010; Vejan
etal, 2021). In this study, The NC treatment had a higher LAI and
SPAD (not shown in this paper) (higher source) and a similar Fv/
Fm value to the NU, resulting in a higher ?C-AC and N-AC. The
increased DM, "?C-AC, N-AC, '>C-DR, and N-DR in the BCRF
treatments showed that the BCRF facilitated carbohydrate and
nitrogen accumulation in plant tissue and subsequent
remobilization to the kernels, resulting in an increased kernel per
spike, kernel weight, and harvest index (Figure 8). These results are
consistent with previous research (Qu et al., 2020; Guo et al., 2022).
Compared with urea, plants grown with BCRF fertilizers had a

Frontiers in Plant Science

similar “sink” (similar KNP and 1000 KW) but a greater “source”
(Fv/Fm, BC-AC, and N-AC) and higher “flow” (13C—DR, N-DR,
and HI), resulting in more carbohydrate and nitrogen accumulation
in the kernels and a higher yield (Graphical abstract).

4.2 Effect of irrigation and nitrogen
fertilizer on root length density

Irrigation and nitrogen supply are the two important factors
affecting the formation and development of the maize root system
(Ning et al,, 2015; Chilundo et al,, 2017), and an active and deep
rooting system was found to be favorably associated with water and
nitrogen extraction and grain yield (Aina and Fapohunda, 1986).
Root development rates were critical in enhancing plant biomass
and cob yield under conditions of deficit irrigation (Flynn et al,
2020). In maize, a mild soil water deficit (50%-60%) resulted in the
development of longer lateral roots and an increased root to shoot
ratio (Kang et al., 2000), but severe water stress had an adverse effect
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Correlation coefficients between maize grain yield, dry matter, **C-
photosynthate and nitrogen accumulation and distribution
characteristics, leaf maximum photochemical efficiency of
photosystem Il, root length density, and nitrogen and water use
efficiency. KNP, kernel number per ear; KW, kernel weight; GY, grain
yield; NI, harvest index; NUE, nitrogen agronomic use efficiency; ET,
evapotranspiration; WUE, water use efficiency; 13C-ACp, 13C-
photosynthate accumulation in plant; 13C-ACk, 13C-photosynthate
accumulation in kernel; 13C-DR, 13C-photosynthate distribution
ratio in kernel; N-ACp, nitrogen accumulation in plant; N-ACk,
nitrogen accumulation in kernel; N-DR, nitrogen distribution ratio in
kernel; Fv/Fm-R1 and Fv/Fm-R2, maximum photochemical
efficiency of photosystem Il (Fv/Fm) in silking stage and milk stage,
respectively; RLD20, RLD40 and RLD60, root length density for 0-
20cm, 20-40cm and 40-60cm, respectively.

on lateral root spread (Sampathkumar et al., 2012). In this study,
root length density increased from I1 to 12 and decreased from I2 to
I3. Compared with 12, the I1 and I3 treatments reduced root length
density by 9.0%-14.6% and 10.6%-24.4%, respectively. In other
words, both excessive and deficient irrigation amount may inhibit
root elongation. In this study, maize plants in deficit irrigation
increased root depth (increased root length density) and water
extraction from deeper soil profiles (Li et al., 2022) while
simultaneously decreasing leaf area to minimize transpiration,
resulting in lower water consumption (Pandey et al., 2000).

In the cold-dry season, the effect of irrigation on root density was
weaker than fertilizer type, and slow-release fertilization resulted in
overall higher root density, above-ground biomass, and grain yield than
quick-release fertilization (Chilundo et al., 2017). In this study, nitrogen
fertilizer had a significant impact on root length density, increasing
from 0 kg N ha™" to 200-240 kg N ha™", but the effect was less than that
observed with changes in irrigation. Compared with I3NU treatment,
I2NR treatment increased root length density by 26.4% in 0-60-cm soil
layer and by 41.0% in 40-60 cm. The result was consistent with other
studies (Flynn et al., 2020; Halli et al,, 2021). Appropriate water and
nitrogen deficiency induced root elongation in search of more water
and nutrients. The moderate water-stress and low nitrogen rate
treatments resulted in an optimal root distribution defined by
increased root length density and a bigger and deeper penetration
scale throughout the soil layers, resulting in fewer drought responses
and the best WUE and NUE (Wang et al,, 2019b). Additionally, the
root length density of BCREF fertilizers was greater than that of urea in
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this investigation, both at the same and reduced nitrogen rates. The
blend product consistently supplies sufficient nitrogen to maize crops
(Zheng et al,, 2020), demonstrating that BCRF can alter the abundance
of microbial colonies and improve soil nitrate content, root growth, and
nitrogen uptake throughout the maize growing season (Li et al., 2021;
Zhang et al,, 2021b). Root length density was positive to photosynthesis
(Fv/Fm) on the milk stage, harvest index, 13C-photosynthate, and
nitrogen distribution ratio. Suitable root length is beneficial to optimize
root-shoot ratio and increase dry matter accumulation in aboveground
and underground parts simultaneously (Elazab et al., 2016; Ordonez
et al, 2020). In this study, the first increased and then decreased with
the increase in irrigation level, which was consistent to previous studies
(Elazab et al, 2016; Gao et al, 2022). Furthermore, the higher root
length density treatment, with higher water and nitrogen assimilating
capacity, delayed the leaf senescence process with higher
photosynthetic rate (Figure 4) and ultimately increased
photosynthate and nitrogen accumulation and distribution in kernel
(Chilundo et al,, 2017). In this study, a higher root length density in
I2NR maintains higher maize photosynthesis (Fv/Fm) in the milk
stage, delayed leaf senescence in the later stage, and results in similar
kernel weights as with I3NU.

4.3 Effect of irrigation and nitrogen
fertilizer on grain yield, NAUE, and WUE

Water shortage is worsening, and droughts are becoming more
common in the Huang-Huai-Hai Plain, China’s key summer maize-
producing region (Kang and Zhang, 2016; Chen et al,, 2021). Effective
irrigation practice is critical for maintaining high summer maize
yields while improving WUE. Deficit irrigation is preferable to full
irrigation for eco-agriculture (Zhang, 2003a; Tavakkoli and Oweis,
2004; Geerts and Raes, 2009). Researchers have reported that 75%
ET. in winter wheat (Lu et al., 2021) and 80% ET. in maize (Guo
et al,, 2022) produced higher yield and WUE due to higher net
photosynthetic efficiency and leaf area index. In this study, the plants
in I1 were severely drought stressed and had the lowest Fv/Fm, dry
matter, kernel number, kernel weight, and yield but the highest WUE.
Fv/Fm, optimal/maximal quantum yield of PSII, was the indicator for
adjusting leaf growth status under water deficit (Song et al., 2018; Li
etal, 2019). The I1 significantly decreased the maximum light energy
absorption and capture efficiency and accumulated low energy for
photosynthesis, limiting the maize dry matter accumulation. When
compared with I3, the maize growth in I1 was severely limited, with
yield losses of 10.9%-32.0%; hence, this treatment is not
recommended for maize production. I2 maize had lower dry
matter, >C-AC, and N-AC than I3, but it produced the same yield
due to higher root length density, HI, 13C-DR, and N-DR. This
finding was consistent with previous reports (Tolk et al., 1999; Oktem
et al., 2003; Payero et al., 2006; Imma and Maria, 2007; Lu et al., 2021;
Guo et al,, 2022) that appropriate deficit irrigation optimizes yield
and WUE. As a result, a mild water deficit of 75% ET. promoted
deeper root growth (40-60 cm), maintaining long-term Fv/Fm
benefits for leaf photosynthesis, and promoted more photosynthate
and nitrogen from other organs to kernel tissues, resulting in
increased grain yield and WUE.
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TABLE 4 Effect of irrigation and fertilizer treatment on water use efficiency and nitrogen agronomic use efficiency for summer maize in 2016—-2018.

WUE(kg m™) NAUE (kg kg N
Treatment

2017 2017 2018
I0NO 1.12§ 1.94h 1.11f
IONC 1.67h 2.57bed 1.58d 9.2b 6.5d 9.0f
IONR 1.60h 2.54d 1.57d 9.5b 7.3bc 11.8cde
IONU 1.58h 2.62bc 1.59d 7.5¢d 6.3d 9.8ef
1IN0 1.80g 2.33e 1.44e
IINC 2.96a 2.94a 1.95¢ 9.3b 6.2d 11def
IINR 2.84b 2.8%a 1.96¢ 9.2b 6.7¢cd 13.3bc
IINU 2.68¢ 2.8%a 1.93¢ 7.0d 5.3e 10.2ef
12NO 1.79g 1.98gh 1.45e
I2NC 2.72¢ 2.65b 2.10a 11.2a 7.6b 13.8abc
I2NR 2.63cd 2.58bcd 2.07ab 12.2a 8.7a 15.6a
I2NU 2.56d 2.56¢d 2.07ab 8.7bc 6.5d 12.6bcd
I3NO 1.43i 1.58i 1.38e
I3NC 2.21e 2.08f 1.99bc 11.2a 8.3a 14.1ab
I3NR 2.12ef 2.03fg 1.96¢ 12.0a 8.6a 15.6a
I3BNU 2.07f 2.03fg 1.98¢ 9.3b 6.6d 13bed
Irrigation(I)
10 1.49d 2.42b 1.46¢ 8.7b 6.7b 10.2¢
I 2.57a 2.76a 1.82b 8.5b 6.1c 11.5b
12 2.42b 2.44b 1.92a 10.7a 7.6a 14.0a
13 1.96¢ 1.93¢ 1.83b 10.8a 7.8a 14.2a
Nitrogen treatment(N)
NO 1.53d 1.96¢ 1.35b 10.2a 7.1b 12.0b
NC 2.3% 2.56a 1.90a 10.7a 7.8a 14.1a
NR 2.30b 2.51b 1.89a 8.1b 6.2¢c 11.4b
NU 2.22c 2.53ab 1.89a
F values
I 771.18** 713.97%* 202.7%* 20.8** 41.9%* 25.8%*
N 493.37** 495.9** 375.87** 35.4%* 57.1%* 17.3%*
IxN 11.03** 3.23% 1.81ns 3.0* 3.8* 0.5ns

WUE and NAUE were water use efficiency (kg m™) and nitrogen agronomic use efficiency (kg kg N'), respectively. Different letters in the same column indicate significant differences at the 0.05

level. *: significant at P < 0.05; **: significant at P < 0.01, NS: not significant at P < 0.05.

The tolerance of maize to drought stress varied depending on
the stage of growth. Drought from the tasseling stage to the milk
stage had the largest impact on maize output, followed by drought
from the seventh leaf stage to the tasseling stage and drought from
the sowing to the seventh leaf stage (Zhang et al.,, 2021a; Zhu et al.,
2021). A hypothetical lower degree of drought stress in the sensitive
period and a higher degree of drought stress in the non-sensitive
period could further improve the yield and WUE than drought
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stress during the entire growth period. The degree of drought stress
based on ET. criteria during the maize growing season needs to be
further studied (Mansouri-Far et al., 2010).

Clarifying the relationship between ET and maize grain yield,
WUE and NAUE could improve our understanding of regulatory
mechanisms when facing persistent water scarcity and climate change
(Chen et al,, 2021). The trend of grain yield, WUE, and ET in 2018 was
consistent to previous studies (Grassini et al., 2009; Hernandez et al,,
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2015). The lower ET for highest grain and WUE in 2016 and 2017 may
be attributed to the higher productivity for limited irrigation when
rainfall was prevented. Increased with ET, the grain yield were
quadratic (Figure 6). Without taking soil evaporation into account,
larger daily ET rates could be the result of increased root capacity for
water and nitrogen extraction (Canales et al, 2021) and/or a greater
canopy capacity, resulting in higher photosynthate accumulation
(Hernandez et al., 2015). While photosynthesis increased initially and
then stayed consistent as leaf stomatal opening increased, excessive
stomatal opening resulted in excessive water loss and decreased the leaf
immediate water use efficiency. Furthermore, the grain yield in 2016
and 2017 under rainproof shelter was significantly lower than that in
2018 and the farmer field in this region. With rainproof shelter, the
irrigation effect on maize performance could be studied clearly,
reducing the risk of unforeseen rainfall affecting (Kundel et al,
2018). However, the temperature was higher than the field, resulting
in higher evapotranspiration, shorter growth period, and lower yield.
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The maize performance under rainproof shelter could provide
referential value for dryland or dry years.

The actual average ET (526.2 mm) for I3 in 2018 was much higher
than the average ET. (335.9 mm, calculated by FAO56) from 1981 to
2015, which was higher than the precipitation in 2016 and 2017 but
lower than the precipitation in 2018 (349.4, 193.6, and 389.8 mm in the
three growing seasons, respectively). The discrepancy between real ET
and estimated ET was partly related to an imbalance in the timing and
quantity of rainfall and maize need (Liu et al., 2022b). The ineffective
evaporation was compounded by more precipitation prior to the V12
stage (231 mm) but a lower maize demand (94.6 mm). Rainfall exceeds
maize demand by a substantial margin, resulting in significant water
losses through soil evaporation (Jia et al., 2021) and leachate (Nouchi
et al,, 1995; Li et al., 2020), whereas the rainfall (15.6 mm) was much
lower than the maize demand (61.6 mm) during V12 stage to anthesis
stage, the water critical period. The low yield and WUE of 10 treatment
throughout the three seasons indicated that additional irrigation was
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required for the summer maize season, despite the fact that rainfall was
greater than ET,. in 2018 (Ren et al, 2022).

Improved grain yield and NAUE requires better coordination of
crop nitrogen requirements and multiple-source availability (Cui
et al,, 2010; Ciampitti and Vyn, 2012; Zhang et al,, 2012; Meng
etal,2016). A larger LAI and SPAD (not shown) and a similar Fv/Fm
value (for the same nitrogen rate treatment) in the NC treatment
resulted in increased '>C-AC and N-AC. The higher dry matter, >C-
AC, N-AC, ’C-DR, and N-DR in the BCRF treatments indicate that
the BCRF enhanced the carbohydrate and nitrogen accumulation in
plant tissue and subsequent remobilization to the kernels, ultimately
resulting in greater yield. These results are consistent with previous
research (Qu et al., 2020; Guo et al,, 2022). Compared with plants
grown using urea, plants grown with BCRF fertilizer had the same
“sink” (similar kernel number per spike) and higher “source” (*c-
AC and N-AC) and “flow” (**C-DR, N-DR and HI), resulting in
more carbohydrate and nitrogen accumulation in the kernels and a
higher yield Graphical abstract.

The coupling effect of irrigation amount and nitrogen
management was significant. Blending control-release fertilizer and
urea could dramatically alleviate grain yield loss due to water stress
(Guo et al, 2022). In this study, the grain yield of NC was 6.6%-
10.6%, 0.9%-3.5%, and 0.9%-2.0% higher than that of NU in the
2016, 2017, and 2018 growing seasons, respectively. However, the
difference between NU and NC was greater under 12 and I3
treatments. In addition, drought stress was lessened because of the
nitrogen fertilizer (Tilling et al, 2007; Sandhu et al, 2019). In this
study, the nitrogen-fertilized treatments, especially the I1 and I0
treatments, significantly increased the Fv/Fm, '*C-AC, N-AC, and
grain yield compared with the NO treatments. Drought-stressed maize
had a lower root density (Chilundo et al., 2017; Gheysari et al., 2017),
excessive nutrients remaining in the soil (Ge et al, 2012), and a
reduced nitrogen uptake (Xiao et al., 2021). Proper irrigation (12 in
this study) helped to enhance N-AC and *C-AC in the kernels and
NAUE. Excessive irrigation resulted in ineffective plant development
and decreased N-DR content in kernels and raised the danger of
nutrient leaching (Ren et al., 2016; Srivastava et al., 2020).

5 Conclusion

Compared with the I3NU treatment, the I2NC and I2NR
treatments increased the kernel number per ear (sink size),
maintained a higher Fv/Fm in the milk stage (Ministry of Water
Resources), increased '*C-photosynthate and nitrogen
accumulation, and promoted '*C-photosynthate and nitrogen
transport from nutritive organs to the kernels (flow), resulting in
a higher harvest and a comparable yield. Meanwhile, I2NC and
I2NR had a reduced irrigation input and topdressing cost while
synchronously increasing the WUE and NAUE. Due to its balanced
“source-flow-sink” characteristics, the 75% ET.-based irrigation
combined with 200 kg N ha™' of BCREF is an effective treatment
in terms of yield, WUE, and NAUE. Additional field experiments
ona 75% ET. irrigation treatment with different water deficits in the
water-sensitive and water-insensitive stages of the plants should be
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undertaken to optimize the potential for greater yields and resource
use efficiency.
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The growth of yield outputs is dwindling after the first green revolution, which
cannot meet the demand for the projected population increase by the mid-
century, especially with the constant threat from extreme climates. Cereal yield
requires carbon (C) assimilation in the source for subsequent allocation and
utilization in the sink. However, whether the source or sink limits yield
improvement, a crucial question for strategic orientation in future breeding
and cultivation, is still under debate. To narrow the knowledge gap and
capture the progress, we focus on maize, rice, and wheat by briefly reviewing
recent advances in yield improvement by modulation of i) leaf photosynthesis; ii)
primary C allocation, phloem loading, and unloading; iii) C utilization and grain
storage; and iv) systemic sugar signals (e.g., trehalose 6-phosphate). We highlight
strategies for optimizing C allocation and utilization to coordinate the source—
sink relationships and promote yields. Finally, based on the understanding of
these physiological mechanisms, we envisage a future scenery of “smart crop”
consisting of flexible coordination of plant C economy, with the goal of yield
improvement and resilience in the field population of cereals crops.

KEYWORDS

photosynthesis, carbon utilization, sugar transport, systemic signaling, trehalose 6-
phosphate, carbon allocation, source-sink relationship, smart crop

Introduction

Global primary food production needs to double by 2050 to meet the growing demand
for food and nutrition (Grassini et al., 2013; Ray et al., 2013). Simultaneously, there is
increasing pressure from sustainable development and global climate change, including
bioenergy demand, arable land constraints, and extreme weather (Clark et al., 2020; Ortiz-
Bobea et al,, 2021). Crops in the future will have to be “resilient” and “smart” to cope with
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unpredictable stresses and thus increase yields in practice.
Carbohydrates are pivotal for a crop to balance its maintenance,
growth, and yield formation, providing a carbon (C) skeleton,
energy substrates, and indispensable sugar signals. Assimilation of
C in leaves by light energy conversion export to growing shoots and
root systems in specific spatiotemporal patterns is mediated by
transporters. Many relevant reviews, based mainly on new findings
on carbohydrate transport, sugar sensing, and systemic
improvement in model plants, such as Arabidopsis and tobacco,
have been published (for example, Rolland et al., 2006; Ruan, 2014;
Fichtner and Lunn, 2021; Burgess et al., 2023). Maize, wheat, and
rice are major food crops worldwide, but their carbohydrate flow
and correlated regulation measures have not been well summarized.
Here, we briefly review the pathways of C fixation, transport, and
storage, mainly in the three cereals, and the key sugar signals that
have come to light in systemic regulation during the past few years.
We discuss published strategies for the regulation of the plant C
economy (“C economy” in this paper refers to the production,
circulation, and use of carbohydrates) for crop yield and resilience.
We proposed that “systemic enhancement” from source to sink
together with “specific optimization” in C allocation management
depending on spatial-temporal demand may be the way for both
crop yield potential and stress resistance and/or resilience.

Photosynthesis improvement
is showing promise in limited
field application

Plants convert light energy into chemical energy via
photosynthesis (Figure 1A). The theoretical maximum efficiencies
of photosynthetic energy conversion are approximately 4.6% and
6% for C3 and C4 plants, respectively, as estimated using biomass
(Zhu et al., 2010). However, efficiency in the real world, even under
favorable conditions, is only half or less than the theoretical value
(Yin and Struik, 2015). As a well-studied pathway, the limitations of
photosynthesis have been modeled. The improvement of the
photosynthetic system is mainly projected into three phases: near-
term (including photorespiration bypass, canopy structure
improvement, RuBP regeneration, and chlorophyll optimization),
mid-term (including photoprotective recovery and RubisCO
carboxylation improvement), and long-term (including RubisCO
oxygenase decline, mesophyll conductance, and conversion of C3 to
C4) (Zhu et al.,, 2010; von Caemmerer and Furbank, 2016;
Leister, 2023).

In the past two decades, researchers have proposed yield-
improvement strategies based on enhanced photosynthesis using
synthetic biology or gene editing in Arabidopsis and tobacco (Long
et al., 2018; Hart et al., 2019; Papanatsiou et al., 2019; Chen et al.,
2020; Lopez-Calcagno et al., 2020). A few recent studies have shown
promise for field crops. One synthetic photorespiratory pathway
boosted tobacco biomass by up to 40%, whereas another led to an
observable increase in photosynthesis and grain yield under high
light in field-grown rice plants (Shen et al., 2019; South et al.,, 2019).
Transgenic rice overexpressing a RuBisCO subunit improved yield
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performance and nitrogen (N) use efficiency for biomass
production when receiving sufficient N fertilization in an
experimental paddy field (Yoon et al, 2020). The total spikelet
number of transgenic rice did not change, but the ratio of filled
spikelets increased, resulting in a 20%-28% higher yield than the
wild type (Yoon et al,, 2020). In Arabidopsis and soybean, a large
increase in grain yield under fluctuating light conditions was
achieved by accelerating the recovery from photoprotection.
However, when lodging (caused by storms) and/or reduced cloud
cover resulted in a lack of sun-flecks in the canopy, the yield gain
brought by genetically modified soybeans disappeared (Kromdijk
et al, 2016; De Souza et al, 2022). These examples show that
increases in photosynthetic efficiency can improve crop yield, under
nutrient availability or specific light conditions. However, under
adverse conditions such as drought or barren, which occur
frequently around the world today, the yield gains shrink or
disappear. As Sinclair et al. (2019) refuted, photosynthesis
depends on N (and other nutrients). When nitrogen is reduced,
plants with high photosynthetic efficiency may not increase crop
yield but will cause resource competition and waste, further leading
to insufficient transport of sugars into sink tissues. Cross-scale
model studies validated that under water-limited conditions, high
photosynthetic efficiency could lead to early consumption of soil
water and later-growth-period drought and reduce crop yield;
however, under water-abundant conditions, improvement of
RubisCO and SeBP increased the yield of wheat and sorghum in
Australia (Wu et al., 2019a; Wu et al., 2023). In contrast, elevated
CO, and phosphate pools have been modeled to synergistically
enhance C3 photosynthesis (Khurshid et al., 2020).

Scholars engaged in photosynthetic efficiency research have
notice that proper field nutrition management and coordinated
plant C economy are critical to yield as photosynthesis. Transgenic
rice plants with modified photorespiration and enhanced
photosynthesis undergo massive grain abortion, consistent with a
marked reduction in sugar transport from source to sink, as tracked
by *C isotope labeling (Wang et al., 2020). Therefore, sustainable C
economic growth of plants is proposed here to depend on further
timely and reasonable allocation and utilization after
photosynthesis enhancement.

Primary C allocation in
photosynthetic leaves indicates
sink growth and resilience

While photosynthesis occurs only in light, growth and
respiration occur throughout the day-night cycle (Smith and Stitt,
2007). The immediate photo-assimilate is partitioned into a fraction
for glycolysis consumption, a fraction for sucrose transport, and a
fraction for temporary storage in leaves and remobilized during the
night (Figure 1B). In Arabidopsis, starch is the main transitional
reserve in leaves (up to 50% or more) and is synthesized and
degraded linearly in a diurnal cycle to maximize C utilization and
prevent starvation in changing environments (Stitt and Zeeman,

2012; Ruan, 2014). Furthermore, precisely controlled starch
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FIGURE 1

Carbon fixation and sugar flux from leaves to grains, taking maize plants as an example. (A) C4 photosynthesis in maize leaves in mesophyll and
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= Pl d

bundle sheath cells. C3 is also shown in gray in mesphyll cells only. (B) Primary carbon partitioning in the diurnal cycle, demonstrating three fates of
leaf sugars: glycolysis, temporary storage in chloroplasts or vacuoles, and transport as sucrose; (C) Phloem loading of sucrose by SWEET and SUT;
(D) Sucrose retrieval in vascular; (E) Phloem unloading from maternal to filial tissues; (F) Starch synthesis in endosperm cells. ADPG, adenosine 5'-
diphosphoglucose; AGPase, ADPG pyrophosphorylase; BE, branching enzymes; CBC, Calvin Benson cycle; CC, companion cells; CWIN, cell wall
invertase; DBE, debranching enzymes; DHAP, dihydroxyacetone phosphate; Fru, fructose; GBSS, Granule-bound starch synthase; Glu, glucose; G3P,
glucose 3-phosphate; INV, invertase; ISA, Mal, maleic acid; Mat, maltose; MT, monosaccharide transporter; OAA, oxaloacetic acid; PEP,
phosphoenolpyruvate; RUBP, ribulose 1,5-bisphosphate; SE, sieve elements; SS, soluble starch synthase; SWEET, sugars will eventually be exported
transporters; SUT, sucrose transporter; SuS, sucrose synthase; PGM, phosphoglucomutase; Pyr, pyruvate; SSS, soluble starch synthase; TCA cycle,

tricarboxylic acid cycle; TP, triose phosphate. UDPG, Uridine 5'-diphosphoglucose; UTP, uridine triphosphate.

turnover has been shown to be negatively correlated with growth
rate or biomass accumulation (Cross et al., 2006; Sulpice et al., 2009;
Sulpice et al,, 2014), reflecting that the more C reserved in leaves,
the less sink obtained for growth. Similarly, the ratio of daily starch
accumulation to net C assimilation is negatively correlated with the
ground biomass and final yield of three representative maize
hybrids (Liang et al., 2019). Under low light or prolonged
darkness, maize leaves allocate an even lower proportion of
reduced photosynthetic products to sink ends, such as the
developing ears, leading to biomass and/or yield losses (Liang
et al,, 2020; Liang et al, 2021). Thus, it may be possible to
increase crop yield potential and resilience by allocating more
primary C to sinks under certain circumstances (Oszvald et al,
2018). However, compared to the starchy leaves in Arabidopsis,
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crops such as wheat and rice prefer soluble sugar leaves, while maize
leaves are intermediate (Smith and Stitt, 2007; Liang et al., 2021),
the role of C storage in cereal leaves deserves further validation.
Some transporters are directly responsible for the primary C
allocation. Sucrose transporter 2 (SUT2), located on the vacuolar
membrane, transiently stores sucrose for subsequent growth in
cereals (Leach et al, 2017; Prasad et al., 2023). Both loss-of-
function mutants of ossut2 and zmsut2 exhibit severe growth
restriction and accumulate more sucrose, fructose, glucose, and
starch in the leaves (Eom et al, 2011; Leach et al., 2017). Rice
cultivars with increased yield under elevated CO, conditions
exhibited elevated expression of OsSUTI and OsSUT2 and
increased photosynthetic capacity of flag leaves, suggesting that
enhanced export can prevent inhibition of photosynthesis by sugar
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accumulation (Zhang et al., 2020a). Other transporters that control
sugar transport across vacuole in mesophyll cells, such as the
tonoplast monosaccharide transporters (TMTs, TMTI, 2), the
class IV sugars will eventually be exported transporters (SWEETs,
SWEET16, 17), has also been shown to regulate plant growth and
stress resistance in several species (Wingenter et al., 2010; Liu et al.,
2022b; Zhu et al.,, 2022). But as far as we know, related studies on
major cereal crops are rare.

In summary, our preliminary findings indicate that daily C
turnover in expanded leaves is directly related to crop growth and
resistance. Boosting diurnal leaf sucrose export appears to be a
strategy to improve cereal yield or stress tolerance in sink tissues, at
least in some cases. However, it remains unclear whether this
sacrifices the ability of the source leaves to survive extreme stress
with fewer sugar reserves. The primary C allocation characteristics
and underlying physiological mechanisms in different crops and
varieties require further investigation.

Phloem loading and unloading: the
linkage between leaves and sinks

Long-distance sugar transport requires phloem loading and
unloading to coordinate leaf C supply and sink growth in
different environments. Phloem tissue is composed of three cell
types: companion cells (CC), sieve elements (SE), and phloem
parenchyma cells (PP), which act as highway linking sources and
sinks for sugar transport. Proteins responsible for sugar transport,
including SUT, SWEETs, and monosaccharide transporters (MTs),
have receive much attention (Julius et al., 2017; Braun, 2022; Xue
et al., 2022; Singh et al., 2023). Here, we focus on maize, rice, and
wheat and discuss the importance of the coordination of C
transport for crop production in some recent cases.

Sucrose, the principal sugar for transport, is produced in mesophyll
cells (C3) or bundle sheath cells (C4) and moves into adjacent phloem
parenchyma cells through plasmodesmata (symplastic movement). In
the subsequent apoplastic transport, sucrose is excreted into the
intercellular space by clade III SWEETs and collected by SUTI,
which is located on the plasma membrane of CC cells against the
concentration gradient in the CC-SE complex (Figure 1C; Xue et al,
2022). Mutants of ZmsutI and OssutI are severely debilitated in growth
and grain filling (Scofield et al,, 2002; Slewinski et al., 2009). However,
both mutants could grow to maturity and produce fertile seeds,
suggesting that sugars could be transferred by other SUTs (perhaps
OsSUTS5 in rice, see Wang et al., 2021b) or paths. Through hydrostatic
pressure established in the phloem, sucrose is transported to the sink
organ by the SE, where sucrose leakage is retrieved by SUT1 during
long-distance transport (Figure 1D; Ohshima et al., 1990; Knoblauch
et al, 2016). Sucrose unloading occurs symplasmically in growing
radicles and shoot apices, while in cereal grains, SWEETSs, SUT1, cell
wall invertases (CWINSs), and MTs are required for maternal-to-filial
transport (Figure 1E; Apoplastic path, see details below; Haupt et al,,
2001; Dhungana and Braun, 2021; Ruan, 2022; Shen et al., 2022).

SWEETs may be among the most complex sugar transporter
families (Chen et al., 2012; Eom et al., 2015; Xue et al., 2022; Singh
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et al., 2023). The number of SWEETsS are 24, 21, and 59, while the
SUTs are 5, 5, and 18 in maize, rice, and wheat, respectively (Zhu
et al, 2022; Prasad et al, 2023). In maize, SWEET13, including
ZmSWEET13a, b, and c, is responsible for sucrose efflux to the SE-
CC complex. The triple-knockout mutants exhibited similar but
milder growth to Zmsutl, implying greater genetic redundancy
among clade IIT SWEETs (Bezrutczyk et al, 2018). Similarly,
OsSWEETI1, 13, 14, and 15 are expressed in the rice leaf phloem
and are thought to play a role in phloem loading (Yuan et al., 2014;
Eom et al., 2019; Mathan et al., 2021a). Single-knockout mutants of
Ossweet 11, 13, and 14 showed milder or no yield penalty, whereas
double-knockout mutants of Ossweetll and 14 had severe
phenotypes (Eom et al., 2019; Fei et al, 2021). Blocking sugar
transmembrane loading by overexpressing CWIN or by knocking
down OsDOFI11 (DNA binding with one finger 11), which binds
and activates gene expression of OsSUTI, OsSWEETII, and
OsSWEET14, resulted in restricted vegetable growth and
decreased grain yields (Wu et al., 2018; Wang et al, 2021b). In
contrast, enhanced apoplastic phloem loading under low nitrogen
conditions was attributed to increased gene expression of OsSUT1,
OsSWEET11, and OsSWEET14 in leaves and stems (Li et al., 2022a).
Furthermore, the lack of symplastic connection between the SE-CC
complex and surrounding parenchyma cells in leaves and stems was
verified by the phloem-mobile symplastic tracer carboxyfluorescein
(Li et al., 2022a).

Both SUTs and SWEETS are believed to have undergone post-
domestication selection for higher-caloric harvests (Sosso et al.,
2015; Mathan et al., 2021a; Singh et al., 2023). Researchers have
attempted to modify the expression of SUT1 and/or clade IIT
SWEETSs to coordinate C transport. However, unexpectedly,
constitutive overexpression of OsSWEETI1, OsSWEETI14,
OsDOF1, OsSUTI1, and OsSWEET11 and 14 in rice resulted in
attenuated growth and yield penalty, similar to the AtSWEET11 and
12 OE lines in Arabidopsis (Gao et al., 2018; Kim et al., 2021; Singh
et al, 2021; Fatima et al,, 2023). Surprisingly, the OsDOFII and
OsSWEET 14 OE lines showed improved resistance to plant
pathogens, such as Xanthomonas oryzae pv oryzae and
Rhizoctonia solani, which are known to induce the expression of
SWEETs for sugar secretion and nutrition hijacking (Eom et al,
2019; Oliva et al., 2019; Wu et al.,, 2022). Constitutive
overexpression of SWEET may induce a series of plant defense
reactions, leading to a trade-off between growth and resistance (Xue
et al., 2022). Thus, specific regulations are more reasonable. Field
rice plants overexpressing AtSUT2 under the control of a phloem-
specific promoter, showed a 16% increase in grain yield (Wang
et al., 2015). Tissue-specific activation of OsDOFI1 increases both
yield and resistance to R. solani (Kim et al, 2021). More
ingeniously, by creating genomic mutations in the SWEET
(OsSWEET11, 13, 14)-specific promoter, where pathogen-secreted
transcription activator-like effectors bind to induce gene expression,
endowing rice lines with robust, broad-spectrum resistance (Eom
et al,, 2019; Oliva et al., 2019).

Sugar loading and unloading clues and the significance of these
transporters in improving crop performance remain to be explored.
First, new sugar transporters are yet to be discovered, although it
has been suggested that most sugar transporters have been
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identified (Chen et al., 2015). Recently, a nitrate transporter 1/
peptide transporter family member named ZmSUGCARI was
shown to carry both sucrose and glucose for grain filling and was
proposed to be conserved in wheat and sorghum (Yang et al.,, 2022).
Whether other nitrate/peptide transporters in this family are
involved in sugar transport and whether substrate competition
affects transporter selectivity is unclear. Second, the substrate
selectivity of sugar transporters in crops and their correlation
with growth and abiotic stress resistance need to be explored.
Clade IIT SWEETSs and clade I SWEET3a glucose transporters can
transport gibberellin hormones in addition to sugars (Morii et al.,
2020; Wu et al,, 2022). OsSWEET13 and 15 were strongly expressed
under drought, salt, and ABA treatment, which revealed that the
ABA-responsive transcription factor OsbZIP72 directly binds to the
promoters of OsSSWEETI3 and 15 and activates their expression,
likely to improve the root-shoot ratio for higher tolerance (Mathan
et al., 2021b; Chen et al, 2022a). Third, functional redundancy
within the family or clade and interactions among different types of
sugar transporters are largely unknown. In general, exploration of
the above issues would further deepen our understanding of the
critical role of sugar transporters in coordinating the plant C
economy and simultaneously improving crop yield and resilience.

Phloem unloading: how sugar
transport from maternal to filial
tissues determines crop yield

Besides the endosperm and embryo, cereal grains also comprise
multiple distinctive or even transgenerational tissues, such as the
maternal placentachalaza in maize, filial basal endosperm transfer
cells (named endosperm transfer cells in wheat), and embryo-
surrounding region (ESR) (see details in Liu et al, 2022a; Shen
et al., 2022). Within developmentally specific but functionally
coordinated tissues, sugar transporters and CWIN set a typical
manifestation in which their locations mandate functions in phloem
unloading and determine grain development. We recently built a
holistic view of sugar transporters that control sucrose unloading in
maize grains (Shen et al., 2022). ZmSWEETI1 and 13b located in
the placento-chalazal zone, expel sucrose into the apoplasmic space
and, ZmSUT1, ZmSWEETI11/13a (sucrose transporters), and
ZmSTP3, ZmSWEET3a/4c (monosaccharide transporters), located
in the basal endosperm transfer cells, retrieved sucrose or hexoses
after hydrolysis by CWIN (Figure 1E). Sucrose could be further
transported by the embryo-surrounding region (ESR) located in
ZmSWEET14a/15a, broken down by the ESR-embryo junction
located in CWIN, and retrieved by embryo-located ZmSUT4 for
embryo development (Shen et al., 2022). Sucrose synthase (SUS)
and invertase are responsible for sucrose cleavage in the endosperm
and embryo. Similarly, sucrose or monosaccharides derived from
GIF1I (also named OsCWIN2) in the vascular bundle are transported
by OsSWEET11, 14, and 15 in rice. OsSUT1, 3, and 4, OsSWEET4,
11, and 14, as well as possibly OsMT4 and 6, are responsible for
transporting sugar to the aleurone layer for grain growth and C
storage (Ma et al., 2017; Yang et al., 2018; Solomon and Drea, 2019;
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Fei et al,, 20215 Li et al,, 2022b; Liu et al,, 2022a). Although the
assimilate acquisition route in wheat differs that from rice and
maize (Solomon and Drea, 2019; Liu et al., 2022a), the transporters
responsible for apoplast transport may be similar. A recent study
showed that TraesCS4B02G287800 and TraesCS4D02G286500
(homologous to OsSUTI), and TraesCS2D02G293200 and
TraesCS2B02G311900 (homologous to OsGIFI) are involved in
low-light induced sugar transport in wheat grains (Yang
et al., 2023).

CWIN is proposed to play a major role in early grain
development, probably promoting glucose-activated nuclear
division for large endosperm capacity and embryo fertility (Ruan,
20145 Ruan, 2022). Both mutants of Mn1 (also named ZmCWIN2)
in maize and the ortholog gene OsGIF1I in rice exhibited reduced
grain size, indicating the irreplaceable roles of hexose supply and
sugar signaling generated by CWIN (Wang et al,, 2008; Li et al,
2013). Ubiquitously expressed Mn1 has the highest expression in
developing maize seeds, specifically at the grain set stage (Li et al.,
2013). Constitutive overexpression of AtGIFI, OsGIF1, or Mnl in
the maize inbred line Ye478 results in increased grain number, grain
weight, starch content, and final yield (Li et al., 2013). In rice, 35S or
Waxy-promoted ectopic expression of the OsGIFI gene showed
small grains similar to the gifl mutant, but the native promotor-
driven OsGIFI increased yield production (Wang et al., 2008). The
interactions between CWIN and sugar transporters remain largely
unknown. CWIN is co-expressed with hexose transporters located
at the plasma membrane of sinks. Sosso et al. (2015) proposed that
SWEET4-mediated hexose transport acts downstream of a CWIN
in maize and rice. Both ZmSWEET4c and OsSWEET4 mutants are
defective in seed-filling (Sosso et al., 2015).

Sugar transporters and invertases in phloem loading and
unloading are essential for yield. However, the specific function of
each transporter and its responses to C availability (and external
stimuli) need to be elucidated. During drought-induced kernel
abortion, C shortage suppressed ZmSWEET effluxers (located on
the PC and ESR), CWIN, and SUS, but stimulated ZmSTPs and
ZmSUTs, which are responsible for sugar uptake in filial tissues
(Shen et al, 2020; Shen et al., 2022). When the C supply was
boosted, the doomed kernels were reformed, and drought-induced
changes in the transporters were mostly prevented (Shen et al,
2022). Sugar signals may regulate transporters and their
coordination; however, the specific mechanisms remain unclear.
In addition, how these proteins respond to other signaling
pathways, such as phytohormones, remains largely unknown.

Regulation of starch synthesis
increases sink demand and crop yield

After maize kernel capacity was established, CWIN expression
was repressed and sucrose was directly transported into the
endosperm in maize, where SUSs such as shrunkenl (ZmShl)
and sucrose synthase 1, 2, and 4 (ZmSUSI1/2/4) were highly
expressed during the grain-filling stage (Figure 1F; Larkins, 2017;
Shen et al,, 2022). Starch is the main storage site in the cereal
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endosperm, accounting for more than 70% of the endosperm dry
weight. Starch synthesis is highly regulated by enzymes including
adenosine diphosphate (ADP)-glucose pyrophosphorylases
(AGPases), soluble starch synthases (SSs), granule-bound starch
synthases (GBSSs), starch branching enzymes (BEs), and starch
debranching enzymes (DBEs) (Jeon et al., 2010). Interestingly, the
order of starch accumulation in different parts of one grain is highly
conserved in maize, rice, and probably wheat, starting from the
distal end of the sugar unloading position and gradually moving to
the proximal end (Chen, 2022; Liu et al., 2022a). Sucrose, but not
hexose, is thought to be resynthesized at the base of the maize
endosperm (the site of sugar unloading) and transported to the site
of starch synthesis, which is inconsistent with the substantial
upregulation of SUSs during grain filling (Shannon et al., 1986;
Olsen, 2020; Shen et al., 2022). AGPase is a key enzyme in starch
synthesis. Overexpression of AGPase or SS has been reported to
increase cereal grain weight, starch content, and yield (Smidansky
et al,, 2002; Tian et al, 2018; Paul et al, 2020). A recent study
engineered heat-stable 6-phosphogluconate dehydrogenase in
maize to improve grain yield under heat stress (Ribeiro et al,
2020). By altering these critical metabolic enzymes, yield
performance can be improved by increasing sink demand;
however, further efforts are needed in field applications.

Systemic sugar signaling
regulates C partitioning

Many of the details related to sugar sensing, signaling, and
crosstalk with phytohormones and environmental nutrients are
largely performed in model plants (Wu et al, 2019b; Baena-
Gonzalez and Lunn, 2020; Fichtner et al., 2021; Li et al., 2021;

10.3389/fpls.2023.1206829

Meng et al., 2022), while for cereals, the understanding of sugar
signal transduction and regulation is still insufficient. Here, we
briefly introduce the core networks of sugar sensing and signaling.
Specifically, recent examples of the regulation of trehalose-6-
phosphate in cereal crops are discussed, with the aim of revealing
the potential of systemic regulation to coordinate source-sink C
balance and synchronously enhance crop yield and resilience.
There are two main mechanisms for sensing and transducing
sugar signals in plants, called: direct and indirect (Figure 2; Li et al.,
2021). The former is triggered by sugar-binding sensors, such as the
glucose signaling sensor hexokinase (HXK), and possibly the
regulators of G-protein signalingl (RGS1), trehalose 6-phosphate
(T6P) synthasel (TPS1), and T6P phosphatase (TPP). The latter
includes sugar-derived bioenergetic molecules and metabolite-
regulated signaling proteins, such as the glucose-activated target
of rapamycin (TOR) and sugar-inhibited SNF1-related protein
kinase 1 (SnRK1). HXK1 controls multiple biological processes,
including photosynthesis, phytohormone production, growth, and
senescence, which are uncoupled from sugar metabolism (Moore
etal., 2003). T6P, known as plant “insulin” is a key signal indicating
sucrose availability and regulating sucrose homeostasis systemically
(Fichtner and Lunn, 2021). TOR kinase acts as a GPS of nutrient,
energy, and environmental cues to orchestrate growth and
development, whereas SnRKI1 antagonizes TOR by
phosphorylating RAPTOR, a subunit of the TOR complex
(Figure 2A). The SnRK1 complex plays a central role in nutrient
sensing and stress responses and is activated under nutrient
deprivation, such as darkness and starvation, but is inhibited by
sugar phosphates, such as glucose 1-phosphate and T6P (Zhang
et al, 2009; Li et al, 2021). By downregulating anabolism and
upregulating catabolism, SnRK1 restores cellular energy
homeostasis and coordinates tissue response to the environment.
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T6P is an intermediate in the trehalose biosynthesis pathway
mediated by TPS1 and TPP. As a signal and regulator of sucrose
status, T6P functions, at least partly, if not all, through the
inhibition of SnRKI, and trehalose has long been implicated in
plant biotic and abiotic stress responses (Baena-Gonzalez and Lunn,
2020). Recent studies on the regulation of T6P have shown
promising results in major crops, with a significant increase in
both yield and stress resistance or resilience (Figure 2B; Paul et al.,
2018). In maize, floral promoter OsMads6 driven overexpression of
the rice TPP1 gene in developing maize ears improved yield under
both drought and non-drought conditions over multiple field sites
and seasons (Nuccio et al., 2015). OsMads6 is most active in phloem
CC cells in florets and piths, leading to the largest decrease in T6P
levels, but significantly increased expression of SWEETSs in these
tissues. Hence, an increase in both sucrose in ear spikelets and
photosynthesis in leaves during the flowering period can be
explained by boosted phloem unloading (Nuccio et al,, 2015;
Oszvald et al, 2018). A common drought-induced phenomenon
in maize production is the abortion of apical kernels, where the
expression of TPS is elevated, but TPP is lower when compared to
set kernels. Abortion can be largely rescued by synchronous
pollination and/or incomplete basal pollination, accompanied by
downregulation of TPS and upregulation of TPP expression (Shen
et al,, 2018; Shen et al., 2020). ZmTPS9 was recently identified as a
non-starch pathway gene that contributes to starch synthesis. Gene
editing to knockout ZmTPS9 results in increased starch
accumulation and kernel weight (Hu et al., 2021).

The contributions of T6P, TPS, and TPP genes to source- and
sink-related traits were further confirmed by gene-based mapping
and T6P-precursors in wheat (Griffiths et al., 2016; Lyra et al,
2021). Using plant-permeable analogs and sunlight-triggered
release of T6P, a chemical intervention was proposed to increase
wheat grain yield spraying during grain filling and to prevent
drought during the vegetative stage (Griffiths et al., 2016).
However, unlike maize, the increased yield was associated with
increased T6P in wheat grains, suggesting that the role of T6P may
differ among species. Another possibility is that T6P has different
effects on the source and the sink. The sprayed T6P-precursors to
the ears only or to the whole plant cannot enter the grain without
affecting other tissues, although the T6P in the grain was elevated
(Griffiths et al., 2016). T6P in other parts (including leaves, glumes,
and vasculature) is not known, and there may be huge differences in
the pericarp and endosperm in one grain owing to unclear transport
characteristics. T6P-precursors spraying not only increased gene
expression related to the cell wall, starch, and protein synthesis in
grains, and increased sugar availability in new-born leaves after
post-drought spraying, but also increased photo-assimilation and
preserved less C in source tissues, including flag leaves, aging leaves,
and potentially pericarps (Liang, 2019). As a systemic signaling
pathway, the role of T6P in cereal crops may be similar, but there
are existing spatiotemporal differences.

In general, we propose that the increase in T6P could accelerate
sucrose transport and/or conversion in source tissues (here, where
net C outcomes above zero are defined as “source”) and hence
boosts photosynthesis in leaves, while increased sugar accumulation
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in the sink tissues (where net C incomes above zero are defined as
“sink”) could be associated with decreased T6P (Figure 2B).
Consistent with this speculation, TaTPP-7A was detected as a
QTL that was significantly associated with grain weight, and
overexpression of TaTPP-7A greatly enhanced grain weight and
wheat yield (Liu et al., 2023). Overexpression of OsTPP7 located in
coleoptile tips enhanced rice germination under both anaerobic
stress and an aerobic environment by stimulation of endosperm
starch remobilization, whereas Ostppl mutants germinated slower
than the wild type (Kretzschmar et al., 2015; Wang et al,, 2021a).
Recently, a sugar-inducible rice transcription factor, OsNAC23, was
found to directly repress OsTPPI expression to simultaneously
elevate T6P, thereby facilitating C partitioning from the source to
sink. Plants overexpressing OsNAC23 showed elevated T6P levels,
sugar transport, and photosynthesis in flag leaves and increased
sink organ size and rice yields in three elite-variety backgrounds
and two locations (Li et al., 2022c¢). These results further confirmed
our speculation and showed promise for future T6P modulation of
both yield potential and resistance/resilience (Figure 2B). Future
research may need to explore different strategies to regulate T6P in
sources and/or sinks and to further clarify the roles of different TPSs
and TPPs in the processes of yield production and resilience.

The source-sink system: the
Yin—Yang balance

High photoassimilation is the basis for yield and resistance only
if the carbohydrates can be effectively stored or transported in
downstream processes. First, triose phosphate (TP) from the Calvin
cycle must be exported from the chloroplast into the cytoplasm in
exchange for inorganic phosphate (Pi). High TP in chloroplasts
results in high levels of 3-phosphoglyceraldehyde, low Pi, and
photosynthetic inhibition, thereby activating AGPase and starch
synthesis. However, a low TP leads to the opposite (Mugford et al.,
2014). Starch accumulation in leaves can relieve photosynthetic
inhibition but is negatively correlated with maize growth (Liang
etal, 2019; Liang et al., 2020). Hence, increasing P availability could
be a feasible way to improve the yield of photosynthetically
improved crops (Khurshid et al., 2020). Second, excessive soluble
sugars in the cytoplasm also feedback-inhibit photosynthesis, which
could be alleviated by TMT-mediated temporary storage in the
vacuole or by an efficient transport system that is co-controlled by
SWEETs and SUT1 in leaves. Third, stems have multiple roles in
carbohydrate coordination, acting as a transfer tissue, temporary
sink, and donator as needed (Slewinski, 2012). Regulation of stem
sugars has been shown to boost yield and resilience as early as the
first green revolution. Finally but most importantly, sugars loaded
into the phloem must be utilized promptly and appropriately. Sugar
unloading strength and sink growth activity ultimately determine
the persistence of the source strength.

There is still no verdict about the debate on whether cereal yield
is source or sink-limited. Researchers focusing on the source (e.g.,
photosynthesis system) and sink (e.g., sugar unloading and
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utilization) both believe that their work could solely improve yield
output, while usually reaching an opposite or unexpected result.
The so-called “source limitation” or “sink limitation” is more a
matter of, at least partly, synergies between organ growth, phase
transition, and environmental changes. As mentioned above, the
flow of C (and other nutrients) in plants determines that the
development of the source-sink relationship always maintains a
dynamic balance, rather than mutual independence or even
antagonism. The status between the source and sink can be
described as Yin and Yang in Tai Ji, the two opposing and
unifying principles in nature (Figure 3). Uncoordinated
relationships in the crop are generally divided into two cases, i.e.,
sufficient source supply with insufficient sink demand and the
opposite, in which the plant as a whole system tries to turn to but
probably never attains a balance. There is no doubt that the
strengthening or weakening of one can pull or feedback inhibits
the development of the other. For example, evaluated leaf
photosynthesis by CO, concentration increased yield
performance, whereas a larger sink capacity facilitated higher
power of C fixation and higher ratios of transfer (Arp, 1991; Paul
and Foyer, 2001; O'Leary et al., 2015).

The question is, will the improvement of one be sufficient to
stimulate the other to achieve a high level of source-sink balance? A
combined approach using both ‘pull’ and ‘push’ has been reported
for yield improvement (Rossi et al, 2015). The long time-scale
adaptation of the crop to the environment makes it difficult to bring
out ideal results by one or two gene modifications, although
silencing or knockout of particular genes has resulted in
phenotype defects. Metabolic engineering also suggests that an
optimal balance of enzyme activities is more important than
simply overexpressing a suite of enzymes (Sweetlove et al., 2017).
Therefore, rather than improving only the source or sink, systemic
improvement and whole-plant C balance may be more important
for crop production. This can be achieved by introducing multiple
targeted engineered genes from both the source and sink tissues,
such as transporters, critical enzymes, and systemic signals,

10.3389/fpls.2023.1206829

Optimizing plant C economy for both
yield and resilience

Empirically, crop yield and stress resistance often contradicts each
other. However, by optimizing the plant C economy, several genetic
strategies have emerged that can increase crop tolerance to stress while
increasing, or at least not reducing, yield. Editing of the SWEETSs
promoter mentioned above is a precise strategy to improve disease
resistance while maintaining functional SWEETSs for crops (Eom et al.,
2019; Oliva et al, 2019). ABA is a key response signal for abiotic
stresses such as drought. Sustained ABA signaling is considered to
significantly increase plant resistance but at the expense of a growth
penalty. Overexpression of ABA signaling receptors (TaPYLs), which
can respond rapidly to drought-induced ABA signals, improves wheat
yield under drought conditions without affecting non-drought growth
and yield (Mega et al., 2019). Overexpression of the brassinosteroid
receptor BRL3 confers drought resistance without affecting plant
growth (Fabregas et al., 2018). Trehalose accumulates under various
conditions and protects plants from damage. Researchers have used
fusion gene coding for TPS and TPP driven by an ABA-inducible
promoter to generate transgenic rice. Trehalose overproduction
contributes to lower yield penalties under drought, saline, and sodic
conditions, while the yield potential remains unchanged (Joshi et al.,
2020). These examples, together with the above-mentioned T6P
modulation are not representative of all, but raise the point of view
that carbohydrates can be allocated to the right place at the right time
by spatiotemporal expression of certain gene(s) through manipulation
of specific promoters (conditionally induced or tissue-specific). This
flexible C economy strategy could simultaneously endow crops with
both high-yield traits and good resistance/resilience.

In field production, several strategies for simultaneously improving
crop resistance and yield by targeting C allocation have gradually
emerged. Ovary or grain abortion is an adaptive response in cereal
domestication, but is agronomically undesirable as it prevents crop
yields from reaching their potential. The window period for ovary
pollination and grain establishment is considered highly sensitive to
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The dialectical relationship between source and sink from a systemic perspective with the example of carbohydrates. This relationship is described
as the balance of Yin and Yang, the wisdom crystallization of ancient Chinese. The different scenarios of the source-sink relationship during the grain
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past has improved grain yield due to, at least partly, increased C
allocation into the ear tissue. Furthermore, the pollination time gap
(PTG) of ovaries on different parts of a panicle/cob will lead to uneven
distribution of C allocation among grain siblings, resulting in abortion
of inferior spikelets, which usually occur at the top of maize ears, the
upper and lower parts of rice, and wheat spikes, especially under
adverse conditions such as drought (Shen et al., 2018; Shen et al., 2023).
Shortening PTG by measures, such as synchronizing pollination or
adoption of stubby ear hybrids, has been shown to coordinate C
allocation within siblings and improve both yield and drought
resistance in maize (Shen et al., 2018; Shen et al.,, 2020; Chen et al.,
2022b). Strategies aimed at shortening PTG for rice and wheat might
work equally well. Moreover, increased distribution of C in the ovary or
grain can be achieved by stem manipulation. In wheat, drought-
induced abortion of inferior ovaries or grains is associated with
suppressed ABA signal transduction in the stems (Zhang et al,
2020Db). In contrast, moderate post-anthesis drought in rice-induced
ABA signaling and ABA-IAA interactions promotes the
remobilization of stem-stored C reserves and enhances inferior grain
filling (Wang and Zhang, 2020; Teng et al., 2022). Similarly, recent
research has highlighted ways to increase maize grain number and final
yield under both optimal and unsuitable environments by tuning stem
elongation and ear development. Two maize genotypes with similar
plant heights and yield potentials but different drought tolerances were
subjected to water scarcity. The ear grain number and final yield of the
tolerant genotype were 38.1% and 35.1% higher, respectively, but the
plant height was 17.6% short than that under drought (Gao et al,
2023). °C labeling, together with transcript analysis revealed that the
inhibited stem elongation and promoted assimilate allocation to the ear
in the tolerant hybrid were induced by signals including ABA and T6P
in the stem (Gao et al,, 2023). Exogenous application of plant growth
regulators, such as ethephon and cycocel at the V15 stage of maize
hybrids was proved to reduce internode length and facilitate assimilate
partitioning to the ear, which in turn increases the final yield (Zhao
et al,, 2022). In general, as evidenced by the first green revolution, it is
still an important way to increase yield and resistance by reducing or
reactivating stem carbohydrates and increasing ovary or grain
allocation during the critical growth period.

In summary, some promising strategies, such as rapid
environmental response, optimized ear traits, and specific gene
regulation in certain tissues or circumstances, aimed at optimizing
the C economy within plant systems and increasing C flow to sink
organs, have achieved synergistic improvements in yield and
resistance/resilience. Based on these strategies, future research
may lead to yield breakthroughs in multiple crops using different
means (breeding and/or cultivation).

Concluding thoughts

In conclusion, systemic improvement of crops should include the
synergistic promotion of C fixation, transport, and utilization.
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Although the photosynthetic capacity of the field population of
modern varieties is believed to be relatively high, as indicated by the
traits of canopy leaf area, stay green, and stress tolerance, further
improvements in photosynthetic efficiency and coupling with nutrients
(N, P, and others) are still needed. One of the keys to high yields in the
field is the efficient and economical use of photosynthetically produced
assimilates. Unlike currently common adaptation strategies (for
example, less C allocation under drought, seed abortion due to
insufficient C supply, etc.), the C economy of future “smart crops”
needs to be well designed, and the key lies in the flexible adjustment of
C flow according to tissue needs at specific growth periods, aiming to
improve yield and/or resilience. Both breeding and cultivation methods
as well as crop physiology should be considered. In particular,
understanding how a field crop manipulates its C economy is the
basis for precise control. A recent study found that rapid
phosphorylation of SWEET11 and 12 in Arabidopsis promotes
carbohydrate transport to the roots during drought (Chen et al,
2022a). However, root C allocation and adjustment in crops have
received limited attention. Hence, further research is needed to
determine which tissue(s) should be stimulated during the growth
process in the face of changing environments. Currently, some
appropriate strategies, such as specifically overexpressing the TPP
gene in maize and spraying T6P precursors after flowering or
seedling drought in wheat, have been developed and applied
(Griffiths et al., 2016; Oszvald et al.,, 2018). It is believed that in the
future, “smart crops” created through means such as targeted gene
editing, or “smart cultivation systems” based on precise C regulation
will significantly contribute to the actual yield improvement.
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