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Abstract: Nitrogen (N) is the most limiting nutrient for maize, and appropriate N fertilization
can promote maize growth and yield. The effect of N fertilizer rates and timings on morphology,
antioxidant enzymes, and grain yield of maize (Zea mays L.) in the Loess Plateau of China was
evaluated. The four N levels, i.e., 0 (N0), 100 (N1), 200 (N2), and 300 (N3) kg ha−1, were applied
at two timings (T1, one-third N at sowing and two-thirds at the six-leaf stage of maize; T2, one-
third applied at sowing, six-leaf stage, and eleven-leaf stage of maize). The results show that N2
and N3 significantly increased the plant height, stem and leaf dry weight, and leaf area index of
maize compared with a non-N-fertilized control (N0). The net photosynthetic rate, transpiration rate,
stomatal conductance, and leaf chlorophyll contents were lower, while the intercellular carbon dioxide
concentration was higher for non-fertilized plants compared to fertilized plants. The activities of
peroxidase (POD) and superoxide dismutase (SOD) increased with N rate, but the difference between
200 and 300 kg ha−1 was not significant; further, the isozyme bands of POD and SOD also changed
with their activities. Compared with a non-N-fertilized control, N2 and N3 significantly increased
grain yield by 2.76- and 3.11-fold in 2018, 2.74- and 2.80-fold in 2019, and 2.71- and 2.89-fold in 2020,
and there was no significant difference between N2 and N3. N application timing only affected yield
in 2018. In conclusion, 200 kg N ha−1 application increased yield through optimizing the antioxidant
enzyme system, increasing photosynthetic capacity, and promoting dry matter accumulation. Further
research is necessary to evaluate the response of more cultivars under more seasons to validate the
results obtained.
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1. Introduction

Nitrogen (N) is typically a limiting nutrient for the production of most of the cereals,
and most importantly for maize (Zea mays L.) [1]. The demand for N fertilizer in cropping
systems has substantially increased and N fertilizer is the most expensive external input in
maize production [2]. The Loess Plateau in China is a typical rainfed agricultural region
and main area for maize planting, which is approximately equal to 17.9% of the total
area used for crop production [3,4]. Nutrient deficiency and insufficient rainfall are the
key factors limiting maize yield [5]. To achieve a higher yield, excessive application of
N has been very common in this region [5]. However, excessive N fertilization does not
increase grain yield, also reducing economic efficiency and disrupting the environment [6].
Evidence shows that achieving maximum economic benefits and increasing maize yield is
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possible through the time and rate of N application in maize [7]. Hence, it is essential to
probe the N application affecting yield in this area, so as to reduce fertilizer inputs without
yield reduction.

An optimized N rate with selection of appropriate N timing that assures an ample
amount of N is available as obtained by maize to maximize yield [8]. Photosynthesis is a
considerable source of dry matter production, which is closely related to yield formation [9].
Variations in photosynthetic parameters are related to N rate and time, as N influences
the leaf area index (LAI) and chlorophyll [10]. Greater N supply can increase chlorophyll
content, thereby increasing the production of photoassimilate, leading to greater rates of
growth and higher yield [11]. Additionally, N is necessary for the synthesis of a myriad
of enzymes, structures, and regulatory proteins required for photosynthesis and other
metabolic activities [11]. Increasing the N supply can increase the net photosynthetic rate
(Pn) and dry weight of maize to a certain degree [12]. Appropriate time of N application
can improve the accumulation of N in leaves, and this in turn increases chlorophyll content
and photosynthetic capacity, finally enhancing yield [13,14]. The rational use of N rate and
time is an effective way to meet crop N demands, which ensures the gratifying yield at
the agronomic optimum [15]. Although previous research shows that the rate and time of
N application could influence yield via the photosynthetic process, better N application
practices need to be adapted to the environment [8,9,13,14].

The insufficient N supply causes oxidative stress by excessive production of reactive
oxygen species (ROS). Furthermore, ROS can react with key photosynthetic substances,
which cause damage to photosystems and contribute to chlorophyll degradation, thus
having an adverse effect on yield [16]. Plants have evolved their antioxidant system to
repair oxidative damage [17]. In maize leaves, the activities and expression of antioxidant
enzymes such as peroxidase (POD), catalase (CAT), and superoxide dismutase (SOD)
are closely related to N supply [18]. The soluble sugar, soluble protein, and activities of
POD and SOD have been shown to be significantly increased with N application up to
a certain range [19]. Appropriate N rate and time could increase antioxidant capacity,
which mitigates the toxicity of ROS, eventually leading to photosystem vigor and increased
yield [20]. Isozymes catalyze the same chemical reaction, but their protein molecular
structure and physicochemical properties are obviously different [21]. Adverse growth
conditions can change the composition and activity of the antioxidant enzymes, resulting
in changes in the isozyme profile [21,22]. Furthermore, a proper antioxidant system and
high rate of photosynthesis during the vegetative stage of maize is vital for grain yield
formation [23].

It has been proved that the rate and time of N application could affect maize yield
by controlling photosynthesis and the antioxidant system. However, there is still limited
knowledge on how the effects of N rate and time optimize photosynthesis and antioxidant
enzymes in the Loess Plateau. Additionally, N application is inevitably affected by precip-
itation, especially in a semi-arid rainfed region. Therefore, based on a field experiment,
we explored the optimum rate and time of N application for maize growth and yield
via activities of antioxidant enzymes and photosynthetic characteristics. The aim was to
determine the appropriate rate and timing that reduce fertilizer inputs without reducing
yield of maize in the Loess Plateau.

2. Materials and Methods
2.1. Site Description

The study site was located at the Dingxi Experimental Station (35◦28′ N, 104◦44′ E) of
Gansu Agricultural University, Gansu Province, in the Loess Plateau of northwest China.
The data were collected in 2018, 2019, and 2020. The experimental site has a semiarid
climate with an average altitude of 2000 m above sea level and an annual frost-free period
of 140 d. The aeolian soil at the site is Calcaric Cambisol [24] and has a sandy loam texture,
slightly alkaline pH (8.3), 7.65 g kg−1 of soil organic carbon, and 13 mg kg−1 Olsen’s
phosphorus. The daily maximum air temperature of the site is 38 ◦C in July whereas
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the minimum air temperature is −22 ◦C in January. Annual sunshine per year is 2480 h,
cumulative air temperature above 10 ◦C is 2240 ◦C, and annual radiation is 5930 MJ m−2.
The average annual growing season precipitation at the site during 2018, 2019, and 2020 is
shown in Figure 1.
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2.2. Experiment Design

The experiment was laid out in a split-plot design which was based on a randomized
complete block design, representing four N fertilization levels and two N application
timings, with three replications of each treatment. The four N fertilization levels were N0
(no N fertilizer), N1 (100 kg ha−1), N2 (200 kg ha−1), and N3 (300 kg ha−1). The N was
applied using urea (46% N) at sowing, six-leaf collar stage (V6), and eleven-leaf collar stage
(V11). The two N application timings were: (i) 1/3rd of the total N rate applied at sowing
and 2/3rds at the V6 stage (T1), and (ii) 1/3rd of the total N rate applied at sowing, 1/3rd
at V6, and 1/3rd at V11 stage of maize (T2). The same treatments were applied to the plots
each year.

The phosphorus (P) fertilizer was applied at the rate of 150 kg P2O5 ha−1 in the form
of triple superphosphate (46% P2O5) to all plots. Before sowing, N and P fertilizers were
hand-applied and incorporated by shallow cultivation, followed by harrowing, whereas N
application at V6 and V11 was performed using a handheld injection device on the side
of each maize row. This study utilized complete plastic film mulched in alternate narrow
(0.4 m) and wide (0.7 m) ridges with furrow planting, which is a new planting technology
applied to reduce evaporation [25]. The area of each plot was 18.7 m2 (4.4 m × 4.25 m) and
the width of transparent plastic film was 1.1 m. Maize (cv. Xianyu 335) was planted for
a target final stand of 52,500 plants ha−1 in late April and harvested in early October of
each year.

2.3. Measurements and Calculations
2.3.1. Morphological Characteristics and Dry Weight

Three maize plants were randomly selected from each plot for measurement of plant
height, leaf length, leaf width, and dry weight of stem and leaf tissue at V7 in 2018, V9
in 2019, and V6 in 2020. Dry weight was determined by separating stem and leaf tissues,
which were dried in the oven at 80 ◦C until constant mass. Leaf area index (LAI) was
calculated using the following Equation (1) [26]:

LAI = 0.75ρ

n
∑

j=1

m
∑

i=1
(Lij×Mij)

m
(1)
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where 0.75 is the compensation coefficient for maize, ρ is plant density, L is leaf length, M
is leaf width, n is the total number of leaves per plant, and m is the total number of plants.

2.3.2. Photosynthetic Indices

At V9 in 2019 and V6 in 2020, net photosynthetic rate (Pn), transpiration rate (Tr),
stomatal conductance (Gs), intercellular carbon dioxide concentration (Ci), and carbon
dioxide concentration in the atmosphere (Ca) were recorded with the Portable Gas Ex-
change Fluorescence System GFS-3000 (Heinz Walz GmbH, Effeltrich, Germany) from 09:00
to 11:00 h under a clear sky. Leaf water use efficiency (WUE) and stomatal limitation (Ls)
were calculated according to the following Equations (2) and (3) [27].

WUE = Pn/Tr (2)

Ls = 1 − Ci/Ca (3)

2.3.3. Leaf Chlorophyll

Leaf chlorophyll of maize was assessed using a chlorophyll meter (SPAD-502, Konica-
Minolta, Osaka, Japan) at V7, V9, and V6 in 2018, 2019, and 2020, respectively. Readings
were taken from the middle of the first fully expanded leaf from 10 plants per plot, and
values were averaged.

2.3.4. Antioxidant Enzyme Activities

The first fully expanded leaves from the three randomly selected maize plants were
collected for enzyme extraction at V9 in 2019 and V6 in 2020. The sampled leaves were
stored in liquid N at −80 ◦C. The following steps were carried out at 4 ◦C unless stated
otherwise. The leaf tissues were homogenized with sodium phosphate buffer (pH = 7.8)
and centrifuged at 10,000× g for 20 min. The supernatant was stored in separate aliquots
at −80 ◦C, for the SOD and POD analyses. The activity of SOD was measured by nitroblue
tetrazolium reduction and POD activity was measured by the guaiacol oxidation process
according to Li [28].

2.3.5. POD and SOD Isozyme Electrophoresis

The maize leaf samples were collected at the V9 stage of maize in 2019 for the prepara-
tion of the enzyme solution. For this, 0.5 g of leaves were ground in 5 mL of pre-cooled
phosphate buffer solution (pH = 7.8), containing ethylenediamine tetraacetic acid (0.21 mg)
and polyvinylpyrrolidone (50 mg). The mixture was centrifuged at 4 ◦C and high speed
(15,000 r·min−1) for 15 min and the supernatant (enzyme solution) was stored at −20 ◦C
for later use.

The enzyme solution was mixed with the sample treatment solution (5 g of sucrose,
0.5 mL of 0.1% bromophenol blue, and 14.5 mL of distilled water) at a 1:1 ratio and shaken
well. For the vertical discontinuous polyacrylamide gel electrophoresis, riboflavin was
used as the polymerization initiator and the gel was polymerized under light conditions
for 30 min. The mass fraction of POD isozyme was 7.5%, SOD isozyme mass fraction was
10%, and the mass fraction of spacer gel was 3.75%. The loading amount of POD and SOD
was 20 µL and electrophoresis was conducted at 4 ◦C. The voltage of the concentrated glue
was 80 V and the current was 30 mA, and the voltage of the separating glue was 200 V and
the current was 45 mA. When the bromophenol blue indicator moved to the front edge,
electrophoresis was stopped.

The modified benzidine method was used for POD isozyme staining [29]. For SOD
isozyme staining, nitroblue tetrazolium was used [29]. The gel was illuminated under a
fluorescent lamp for 10 to 15 min until the transparent spectral band appeared.

2.3.6. Grain Yield

All ears of corn in each plot were air-dried and the yield was calculated at 14% moisture.
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2.4. Statistical Analysis

Data were analyzed using ANOVA with SPSS 19.0 (IBM Corporation, Armonk, NY,
USA). Differences were compared using the least significant difference test (LSD) at the
0.05 level of probability. Pearson’s correlations coefficients were used to analyze the
relationships between grain yield and physiological traits. Figures in the article were
plotted using Origin 2019 (OriginLab Corporation, Northampton, MA, USA).

3. Results
3.1. Maize Morphological Characteristics as Affected by N Supply

N2 and N3 increased plant height compared with N0. T1 and T2 did not differ
significantly at the same N rate except at N2 in 2018 (T2 > T1) and N1 in 2020 (T1 > T2)
(Figure 2a–c). In 2018, the plant height under N2 and N3 treatments increased by 51.67 and
52.79% compared with N0 at V7. However, T2 significantly reduced by 11.32% in plant
height under N2 compared with T1. In 2019, the plant height at V9 was significantly higher
under the N2 and N3 than under no fertilizer, and was increased by 93.06 and 95.15%. In
2020, the plant height of N2 and N3 increased by 24.31 and 31.29% compared with N0. Leaf
area index (LAI) of maize under N0 was significantly lower as compared to N2 and N3
(Figure 2d–f). There was no significant difference in LAI under N2 and N3, and it increased
by 98.25 and 102.04% in 2018, 164.43 and 164.49% in 2019, and 48.61 and 44.47% in 2020
compared to N0, respectively.

Agronomy 2021, 11, x FOR PEER REVIEW 5 of 14 
 

 

V and the current was 45 mA. When the bromophenol blue indicator moved to the front 
edge, electrophoresis was stopped. 

The modified benzidine method was used for POD isozyme staining [29]. For SOD 
isozyme staining, nitroblue tetrazolium was used [29]. The gel was illuminated under a 
fluorescent lamp for 10 to 15 min until the transparent spectral band appeared.  

2.3.6. Grain Yield 
All ears of corn in each plot were air-dried and the yield was calculated at 14% mois-

ture.  

2.4. Statistical Analysis 
Data were analyzed using ANOVA with SPSS 19.0 (IBM Corporation, Armonk, NY, 

USA). Differences were compared using the least significant difference test (LSD) at the 
0.05 level of probability. Pearson’s correlations coefficients were used to analyze the rela-
tionships between grain yield and physiological traits. Figures in the article were plotted 
using Origin 2019 (OriginLab Corporation, Northampton, MA, USA). 

3. Results 
3.1. Maize Morphological Characteristics as Affected by N Supply 

N2 and N3 increased plant height compared with N0. T1 and T2 did not differ sig-
nificantly at the same N rate except at N2 in 2018 (T2 > T1) and N1 in 2020 (T1 > T2) (Figure 
2a–c). In 2018, the plant height under N2 and N3 treatments increased by 51.67 and 52.79% 
compared with N0 at V7. However, T2 significantly reduced by 11.32% in plant height 
under N2 compared with T1. In 2019, the plant height at V9 was significantly higher under 
the N2 and N3 than under no fertilizer, and was increased by 93.06 and 95.15%. In 2020, 
the plant height of N2 and N3 increased by 24.31 and 31.29% compared with N0. Leaf area 
index (LAI) of maize under N0 was significantly lower as compared to N2 and N3 (Figure 
2d–f). There was no significant difference in LAI under N2 and N3, and it increased by 
98.25 and 102.04% in 2018, 164.43 and 164.49% in 2019, and 48.61 and 44.47% in 2020 com-
pared to N0, respectively. 

 
Figure 2. Plant height and leaf area index of maize in 2018 (a,d), 2019 (b,e), and 2020 (c,f) in response to the rate and timing 
of nitrogen (N). Differences were compared using the least significant difference test (LSD) at the 0.05 level of probability. 
Different letters indicate significant differences at p < 0.05. N0: no N fertilizer, N1: 100 kg·N·ha−1, N2: 200 kg·N·ha−1, N3: 

Figure 2. Plant height and leaf area index of maize in 2018 (a,d), 2019 (b,e), and 2020 (c,f) in response to the rate and timing
of nitrogen (N). Differences were compared using the least significant difference test (LSD) at the 0.05 level of probability.
Different letters indicate significant differences at p < 0.05. N0: no N fertilizer, N1: 100 kg·N·ha−1, N2: 200 kg·N·ha−1, N3:
300 kg·N·ha−1, T1: one-third of the total N rate applied at sowing and the remaining two-thirds at V6, T2: one-third of the
total N rate applied at sowing, V6 stage, and V11 stage of maize.

Stem and leaf dry weight were significantly higher with N supply than N0, and
reached a maximum under N2T2 in 2018, N3T1 in 2019, and N2T1 in 2020 (Figure 3). In
2018, stem dry weight and leaf dry weights were 72 and 59% less in N0 than in N2T2,
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respectively, while in 2019 stem dry weight and leaf dry weight were 80 and 76% less under
N0, respectively, as compared to N3T1. In 2020, there was no significant difference between
N0 and N1 in stem and leaf dry weight. On average, N2 and N3, respectively, increased
stem and leaf dry weight by 129.96 and 64.99% and 104.05 and 53.72% compared with N0
in 2020.
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3.2. Leaf Chlorophyll as Affected by N Supply

Leaf chlorophyll contents of maize, as indicated by the leaf chlorophyll meter (SPAD)
value, increased with the N supply (Figure 4). The chlorophyll at N1, N2, and N3 was
higher than N0, although there was no significant difference between the N2 and N3
treatment levels. Under the same level of N application, there was no significant difference
between the T1 and T2 treatments. The leaf SPAD value of N2 and N3 was 44.82 and 56.38,
88.82 and 91.60, and 51.25 and 46.70% higher as compared to that with N0 in 2018, 2019,
and 2020, respectively.
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3.3. Leaf Photosynthetic Characteristics as Affected by N Supply

Nitrogen rate, rather than N time and the combination of N rate and time, significantly
affected photosynthetic characteristics, but there was no significant difference between T1
and T2 under the same N level (except for transpiration rate and stomatal conductance
under N1 in 2020) (Table 1). The net photosynthesis (Pn), transpiration rate (Tr), stomatal
conductance (Gs), and stomatal limitation (Ls) of maize leaves increased with increasing
the amount of N fertilizer. There was no significant difference between N2 and N3 in
photosynthetic characteristics, and N2 increased Pn and leaf water use efficiency (WUE) by
2.42- and 1.51-fold in 2019, and 4.06- and 1.27-fold in 2020 compared with N0. Intercellular
carbon dioxide concentration (Ci) was decreased with N application and the lowest was
observed at N0.

Table 1. Photosynthetic characteristics of maize as affected by nitrogen (N) supply treatment.

Year N Rate N Timing Pn
(µmol·m−2·s−1)

Gs
(µmol·m−2·s−1) Ci (ppm) Tr

(mmol·m−2·s−1) Ls (%)
WUE

(µmol·CO2·
mmol−1·H2O)

N0 18.53 b 215.24 b 206.24 a 7.07 b 0.42 c 2.62 d

N1 T2 24.59 b 246.26 b 185.35 ab 6.81 b 0.47 bc 3.61 bc

N1 T1 26.04 ab 232.25 b 161.52 b 7.36 b 0.54 b 3.54 c

N2 T2 42.70 a 312.80 a 103.06 a 10.75 a 0.69 a 3.97 abc

2019 N2 T1 46.84 a 360.26 a 105.16 a 11.89 a 0.67 a 3.95 abc

N3 T2 43.65 a 323.19 a 97.12 a 10.80 a 0.70 a 4.06 ab

N3 T1 47.53 a 374.23 a 109.40 a 11.48 a 0.66 a 4.14 a

F-value
N 79.08 ** 21.87 ** 63.31 ** 51.07 ** 46.11 ** 35.24 **
T 2.35 ns 2.14 ns 0.13 ns 3.11 ns 0.01 ns 0.00 ns

N × T 0.42 ns 1.31 ns 1.39 ns 0.48 ns 1.38 ns 0.09 ns

N0 9.02 d 126.93 c 226.74 a 3.19 d 0.36 b 2.98 ab

N1 T2 23.43 c 227.14 b 191.03 ab 7.28 c 0.44 ab 3.21 ab

N1 T1 24.91 c 310.08 a 203.18 ab 8.74 b 0.40 ab 2.85 b

N2 T2 34.76 ab 332.62 a 145.76 bc 9.49 ab 0.55 ab 3.67 ab

2020 N2 T1 38.56 ab 318.63 a 122.03 c 9.92 a 0.62 ab 3.87 ab

N3 T2 43.02 a 334.32 a 104.81 c 10.46 a 0.67 a 4.12 a

N3 T1 38.94 ab 327.31 a 122.65 c 9.80 ab 0.62 ab 3.97 ab

F-value
N 82.90 ** 43.18 ** 13.36 ** 146.26 ** 3.90 * 3.54 *
T 0.04 ns 1.15 ns 0.01 ns 1.34 ns 0.62 ns 0.08 ns

N × T 1.11 ns 2.46 ns 0.41 ns 2.84 ns 0.91 ns 0.17 ns

N0: no N fertilizer; N1, N2, and N3 indicate 100, 200, and 300 kg N ha−1, respectively; T1: one-third of the total N rate applied at sowing
and two-thirds applied at V6; T2: one-third of the total N rate applied at sowing, V6, and V11; Pn, net photosynthetic rate; Tr, transpiration
rate; Gs, stomatal conductance; Ci, intercellular carbon dioxide concentration; Ls, stomatal limitation; WUE, leaf water use efficiency.
Differences were compared using the least significant difference test (LSD) at the 0.05 level of probability. Different letters indicate a
significant difference in means within a column at p < 0.05. ns, not significant at p < 0.05; *, significant at p < 0.05; **, significant at p < 0.01.

3.4. Antioxidant Enzyme Activities as Affected by N Supply

Peroxidase (POD) and superoxide dismutase (SOD) activity in maize leaves gradually
increased with the N rate, and N application time had no significant effect on POD and
SOD activity (Figure 5). Peroxidase activity was greater with N2 and N3, under which
POD was almost 2-fold higher in 2019 and 1.2-fold higher than N0. The activity of SOD
with N2 and N3 was significantly higher than that with N1 in 2019, while SOD activity
with N2 and N3 showed no significant difference from that with N1 in 2020. On average,
the superoxide dismutase (SOD) activity of N2 and N3 was increased by 76.36 and 83.59%
in 2019, and 72.10 and 75.57% in 2020 from that with N0.

3.5. POD and SOD Isozyme Activities as Affected by N Supply

The POD isozyme bands were significantly different among N rates and their activity
was also different in expression (Figure 6a). A total of five POD isozyme bands were
detected in this study. For N0 (fifth lane), the P3 and P4 bands were lighter than the other
bands. At the same N level, N2T2 (lane 2) was darker than N2T1 (lane 6), and the isozyme
activity was enhanced.
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Figure 6. Activity of (a) peroxidase (POD) and (b) superoxide dismutase (SOD) isozyme in leaves of
maize as affected by N supply treatments in 2019. lane 1: N1T2, lane 2: N2T2, lane 3: N3T2, lane 4:
N1T1, lane 5: N0, lane 6: N2T1, and lane 7: N3T1. P1–5: different bands of the POD isozyme, and
S1–5: different bands of the SOD isozyme.

Nitrogen fertilization influenced the expression level of SOD isozyme bands (S1, S2,
S3, and S4) (Figure 6b). The intensity of bands in low N levels, N1T2 (lane 1), N1T1 (lane 4),
and N0 (lane 5), was significantly lighter than the high N levels, N2T2 (lane 2), N3T2
(lane 3), N2T1 (lane 6), and N3T1 (lane 7). At a given N level, N application timing did not
significantly affect the intensity of the enzyme band.
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3.6. Grain Yield as Affected by N Supply

Analysis of variance showed that N application significantly affected the grain yield of
maize; however, no significant difference was found between T1 and T2 for a given N rate
in grain yield (Figure 7). Compared with N0, the application of N3 and N2 significantly
increased grain yield by 3.11- and 2.76-fold in 2018, 2.80- and 2.74-fold in 2019, and 2.71-
and 2.89-fold in 2020. The grain yields at N2T1, N3T1, and N3T2 showed no significant dif-
ference and were statistically similar in both years. However, N3T2 significantly increased
grain yield by 1.26-fold compared with N2T2 in 2018.
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3.7. Correlation Analysis of Antioxidant Enzyme Activities, Photosynthetic and Morphological
Characteristics, and Yield

We examined the correlation analysis of antioxidant enzyme activities, photosynthetic
and morphological characteristics, and yield in 2019 and 2020. Across the different N
supply rates and times, the LAI, leaf chlorophyll, and antioxidant enzyme activities were
positively correlated with Pn of the maize leaves (Figure 8). There was a significant positive
correlation between Pn and stem dry weight and leaf dry weight. In addition, stem dry
weight and leaf dry weight were positively correlated with yield. Oppositely, there was a
negative correlation between Ci and yield.

Agronomy 2021, 11, x FOR PEER REVIEW 10 of 14 
 

 

  
Figure 8. Correlation analysis of antioxidant enzyme activities, photosynthetic and morphological characteristics, and 
yield. Pn, net photosynthetic rate; Tr, transpiration rate; Gs, stomatal conductance; Ci, intercellular carbon dioxide concen-
tration; Ls, stomatal limitation; WUE, leaf water use efficiency; chl, chlorophyll as indicated by the SPAD value; PH, plant 
height; SDW stem dry weight; LDW, leaf dry weight; LAI, leaf area index; POD, activities of peroxidase; SOD, superoxide 
dismutase. 

4. Discussion 
The jointing stage of maize, a period from V6 to V9, is important as it establishes the 

foundation for maize growth and yield formation [30]. Appropriate N supply and man-
agement can significantly improve maize dry matter and lead to robust plants [31]. In this 
study, maize plant height was significantly lower with N0 compared to the N2 and N3 
treatments; however, N3 treatment did not significantly increase plant morphological 
characteristics compared to the N2 treatment. These data indicate that insufficient N sup-
ply restricts the growth of plants due to reduced carbohydrate metabolism; however, 
given the lack of significant difference between N2 and N3, N2 is sufficient for maize 
growth and development [32]. The role of N was remarkable in enhancing LAI, which 
might be owing to its role in improving leaf expansion [33]. Leaf expansion increased the 
storage capacity of N in leaves and promoted carbon supply to the stalk, resulting in high 
maize production [34]. Our research showed that the variation in dry matter under differ-
ent N rates was a result of differences in plant height, which had significant linear rela-
tionships with dry matter [35]. On the other hand, N2 and N3 increased LAI and chloro-
phyll contents, which led to greater accumulation of photosynthate, and eventually, pro-
moting an increase in dry matter [33]. Net photosynthesis is a key factor in determining 
maize grain yield, and the maintenance of a favorable Pn could increase maize production 
[36]. In the present study, N application affected photosynthetic characteristics, especially 
the Pn, which was similar to previous reports [37]. The N supply can affect the N content 
in leaves, which is mainly located in the photosynthetic protein complex, thereby affecting 
photosynthesis [38]. Our research found Pn showed an increasing trend with increased N 
application, which eventually led to an increase in production. However, Pn would not 
continue to increase beyond a certain amount of N. Some researchers also have found a 
threshold for increasing the amount of N to increase photosynthesis, and that photosyn-
thesis decreases when the threshold is exceeded [39]. The variation in Pn under different 
N applications could be considered as due to stomatal and/or non-stomatal limitations, 
which could be determined by Pn, Ls, and Ci [40]. Our results show that N0 limited Pn 
and Ls while increasing Ci. These results provide further evidence that the Pn caused by 

Figure 8. Correlation analysis of antioxidant enzyme activities, photosynthetic and morphological
characteristics, and yield. Pn, net photosynthetic rate; Tr, transpiration rate; Gs, stomatal conductance;
Ci, intercellular carbon dioxide concentration; Ls, stomatal limitation; WUE, leaf water use efficiency;
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4. Discussion

The jointing stage of maize, a period from V6 to V9, is important as it establishes
the foundation for maize growth and yield formation [30]. Appropriate N supply and
management can significantly improve maize dry matter and lead to robust plants [31]. In
this study, maize plant height was significantly lower with N0 compared to the N2 and
N3 treatments; however, N3 treatment did not significantly increase plant morphological
characteristics compared to the N2 treatment. These data indicate that insufficient N supply
restricts the growth of plants due to reduced carbohydrate metabolism; however, given the
lack of significant difference between N2 and N3, N2 is sufficient for maize growth and de-
velopment [32]. The role of N was remarkable in enhancing LAI, which might be owing to
its role in improving leaf expansion [33]. Leaf expansion increased the storage capacity of N
in leaves and promoted carbon supply to the stalk, resulting in high maize production [34].
Our research showed that the variation in dry matter under different N rates was a result of
differences in plant height, which had significant linear relationships with dry matter [35].
On the other hand, N2 and N3 increased LAI and chlorophyll contents, which led to greater
accumulation of photosynthate, and eventually, promoting an increase in dry matter [33].
Net photosynthesis is a key factor in determining maize grain yield, and the maintenance
of a favorable Pn could increase maize production [36]. In the present study, N application
affected photosynthetic characteristics, especially the Pn, which was similar to previous
reports [37]. The N supply can affect the N content in leaves, which is mainly located in
the photosynthetic protein complex, thereby affecting photosynthesis [38]. Our research
found Pn showed an increasing trend with increased N application, which eventually led
to an increase in production. However, Pn would not continue to increase beyond a certain
amount of N. Some researchers also have found a threshold for increasing the amount
of N to increase photosynthesis, and that photosynthesis decreases when the threshold
is exceeded [39]. The variation in Pn under different N applications could be considered
as due to stomatal and/or non-stomatal limitations, which could be determined by Pn,
Ls, and Ci [40]. Our results show that N0 limited Pn and Ls while increasing Ci. These
results provide further evidence that the Pn caused by N deficiency was mainly caused by
non-stomatal limitation, such as the membrane structural integrity of the photosynthetic
apparatus and the associated enzyme activities [41]. Chlorophyll is a key biochemical
component in photosynthesis, which participates in light energy absorption, transport,
and conversion [36]. There is a strong relationship between chlorophyll content and the
photosynthetic capacity of leaves, and N supply can increase the chlorophyll content of
maize [42]. Moderate N application has been shown to increase leaf chlorophyll content,
which promotes the Pn, and thus leads to an increase in yield [42]. In the present study,
compared with no N application, all treatments with N application significantly increased
chlorophyll content, similar to previous reports [37]. Wang et al. found that N applied
at sowing, V6, and V11 of maize can result in higher levels of leaf chlorophyll in maize
compared to all N applied at sowing [43].

Chlorophyll degradation is closely related to reactive oxygen species (ROS). Low
concentrations of N in plant cells causes senescence and production of ROS, which in
extreme conditions leads to cell death [44]. N deficiency directly affects the production of
antioxidant enzymes, and a plant’s ability to scavenge ROS is slower than the production,
which leads to oxidative stress by ROS [45]. In this study, the activity of antioxidant
enzymes was increased as the N application rate increased from 0 to 200 kg N·ha−1;
however, the difference in antioxidant enzymes between N2 and N3 was not significant.
That is, N2 and N3 treatment showed the highest antioxidant enzyme activities to scavenge
ROS. In contrast, the increase in antioxidant enzyme activities did not relieve the toxicity
of ROS, which caused damage to photosystems and resulted in chlorophyll degradation.
Wang et al. (2013) indicated that the appropriate rate of N application can improve the
activity of protective enzymes, enhance the scavenging ability of mesophyll cells against
ROS, and maintain the stability of cells, ultimately increasing yield [46]. Deficiency in
nutrients can lead to changes in antioxidant isozymes [47]. The results of this study show
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that the expression of the POD and SOD isozymes in maize leaves at V9 changed under
different N applications, but the number of bands did not change. The expression levels of
N2 and N3 were higher than that of N0 and N1. This indicates that free radicals were easier
to get rid of under the condition of N2 and N3, which contributed to plant growth [48].

Grain yield is the main target of crop production. We found that yield was affected
positively by dry matter, LAI, antioxidant enzymes, and Pn, and negatively by Ci, from
correlation analysis. Grain yield was significantly affected by N application rate, but no
significant differences were observed between N2T1 and N3. As reported by Chen et al.
(2015), N application significantly increased yield frocm 0 to 240 kg ha−1, and two maize
hybrids (XY335 and ZD958) did not show a significant difference in yield, but XY335
increased the amount of vegetative N remobilization [49]. Joshi et al. (2014) found that
three-split application maintained a continuous supply of nutrients, which might have
favored the crop for higher values of yield attributes [50]. In our study, T1 decreased
yield compared with T2 under N3 in 3 years. The decrease in grain yield may be due
to the fact that excessive basal N application might have led to an insufficient supply of
dry matter for the reproductive stage and delayed plant maturity, as it favored continued
vegetative growth [51]. The grain yield varied between 2649 and 8543 kg ha–1 in 2018,
4156 and 11,858 kg ha–1 in 2019, and 4032 and 11,854 kg ha–1 in 2020. The difference in
grain yield between 2018, 2019, and 2020 may result from the fact that rain-fed agriculture
is more easily affected by variation in precipitation and N stimulation [52]. Grain yield was
impacted by physiological processes at different growing stages, especially the jointing
stage [30]. Appropriate N fertilization could increase antioxidant enzymes, chlorophyll
content, and LAI, improving plant photosynthetic efficiency. As a result, this promoted
the accumulation of dry matter and increased grain yield [52,53]. In our study, correlation
analysis showed that antioxidant enzymes, morphology, and photosynthetic capacity
at jointing was positively correlated with yield under different N supplies. It provides
evidence for increasing yield by improving morphological and physiological processes.

5. Conclusions

The results of a 3-year field study showed that both 200 and 300 kg·N·ha−1 fertilization
could optimize antioxidant enzyme systems, increasing photosynthetic capacity, and then,
promoting dry matter accumulation, thus benefiting maize yield. However, there was
no significant difference between grain yield of 200 and 300 kg N ha−1, and N timing
had a very weak effect on yield and the physiological indicators mentioned above. Thus,
fertilization of 200 kg N·ha−1 is optimal for rainfed maize in the Loess Plateau of China.
Further studies should be done on more cultivars and crop seasons to deepen insight into
the physiological response of maize to N fertilization. In addition, more N ratios (between
200 and 300 kg N ha−1) at two different times should be taken into consideration in order
to obtain the best N management practice to increase yield.
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