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ABSTRACT
The effects of polyaspartic acid and different controlled-release fertilizers with urea on dry matter 
accumulation and distribution, nitrogen absorption and accumulation, and the activities of 
enzymes involved nitrogen metabolism and yield of corn were studied by using xianyu (XY688), 
a maize nitrogen efficient cultivar, and Jifeng NO.2 (JF2), a maize nitrogen-inefficient cultivar, as 
experimental materials and through random blocks experimental design in 2019. For XY688, 
polyaspartic acid chelated nitrogen fertilizer (PASPN) had the highest yield, which was 21.34% 
higher than N0 treatment. For JF2, it also had the highest yield under PASPN combined urea 
treatment, which was 23.44% higher than N0 (no nitrogen fertilizer), and JF2 had a 9.7% lower 
yield under XY688 treatment. For XY688, PASPN treatment had the largest nitrogen uptake in 
grain, up to 3.14 kg/hm2, and PASPN treatment increased 17.4% compared with N0. For JF2, grain 
nitrogen uptake was also the highest under PASPN treatment, which was significantly different 
from other treatments. Nitrogen uptake was 3.16 kg/hm2, which increased 37.4% compared with 
N0. Compared with JF2, XY688 showed higher nitrogen uptake efficiency, nitrogen utilization 
efficiency, and partial nitrogen productivity. For XY688, the highest nitrogen absorption efficiency 
was SU3 (slow-release urea and ordinary urea) treatment (0.36 kg/kg). The partial nitrogen 
productivity and harvest index of PASPN treatment were the highest and significantly different 
from other treatments. The partial nitrogen productivity of PASPN treatment was 57.02 kg/kg. 
These results can provide help for the further researches of the rational utilization and absorption 
of nitrogen fertilizer.
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1. Introduction

Corn and wheat are not only the two main cash 
crops in China, but also the main grain crops in 
the world [1]. Nitrogen fertilizer plays an impor-
tant role in crop growth and yield [2]. China is the 
world’s largest consumer and producer of nitrogen 
fertilizer, accounting for 52% of the world in nitro-
gen use from 1990 to 2009 [3–5]. However, exces-
sive nitrogen fertilizer is bound to cause a series of 
problems, not only resulting in the reduction of 

nitrogen use efficiency and loss of resources, but 
also brings great pollution to the environments 
[6], such as soil acidification and water, air pollu-
tion [7,8]. Therefore, it is of importance to 
improve the utilization rate of nitrogen fertilizer 
and the rational use of chemical fertilizers in agri-
cultural production [9]. To improve the content of 
nitrogen in corn, many researches have done, such 
as land cultivation techniques, fertilization time, 
and fertilizer variety, etc [10,11].
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On the other hand, the nitrogen absorption of 
maize was significantly correlated with varieties 
with different efficiency. The total nitrogen absorp-
tion of high-efficiency cultivars was higher than that 
of low-efficiency cultivars. Moreover, the nitrogen 
absorption capacity of high-efficiency cultivars after 
silking stage was stronger [12]. The nitrogen effi-
ciency, nitrogen absorption efficiency and nitrogen 
use efficiency of maize with different genotypes were 
different . Based on the characteristic, maize varieties 
can be divided into low-efficiency cultivar and high- 
efficiency cultivar. The essence of both low nitrogen 
and high nitrogen-efficient cultivar was that the yield 
of the varieties had a high response to nitrogen 
supply [13–15]. The difference between the two cul-
tivar was that the low N efficient varieties showed 
a higher N response in the low N supply condition, 
while the high N efficient varieties showed a higher 
N response in the high N supply condition [16,17]. 
Therefore, they will show different characteristics in 
the physiological mechanism of high nitrogen nutri-
tion. From the analysis of the relationship between 
nitrogen and carbon, the accumulation of plant 
nitrogen is the main factor limiting the crop nitrogen 
efficiency (yield) under the condition of insufficient 
N supply. Under the condition of sufficient 
N supply, the coordination of plant nitrogen meta-
bolism and its relationship become the main factors 
limiting nitrogen efficiency [15,18].

Compared with traditional nitrogen fertilizer, con-
trolled release fertilizer has been applied more and 
more recently. Controlled release fertilizer can 
improve nitrogen use efficiency and further increase 
crop yield. The fertilizer effect time is long, which 
will not cause premature aging of corn and reduce 
environmental pollution [19–21]. Having free car-
boxyl and amide groups [22], polyaspartic acid has 
become a popular environmentally friendly polymer 
and widely used in water-absorbing materials and 
fertilizer promoters in recent years [23–25]. The 
polyaspartic acid chelated nitrogen fertilizer is 
a new fertilizer developed by many companies at 
present., which is made with the traditional fertilizer 
combined with a certain amount of polyaspartic 
acid, which will not cause loss in the reproduction 
process because it can inhibit nitrification and 
ammonification [26]. In this way, nitrogen release 
is delayed and nitrogen loss is reduced to improve 
nitrogen use efficiency [27]. Therefore, it is of great 

significance to study the effects of PASP-N on crop 
yield and nitrogen utilization in maize.

To improve maize yield and nitrogen absorp-
tion and utilization rate, in this study, the effects of 
different proportions of PASP-N on nitrogen 
accumulation and production efficiency of maize 
varieties with high and low nitrogen efficiency 
were studied in Taixing Mountain Plain, Hebei 
Province. This helps to the further researches of 
the rational utilization and absorption of nitrogen 
fertilizer in agricultural research area.

2. Materials and methods

2.1. Study sites and materials

The experiment was carried out at Xinji 
Experimental Station of Hebei Agricultural 
University (43º31�N,124PERIM37º54�N, 115º12� 
E) in 2019. The average annual temperature is 
12.5°C and the average annual precipitation is 
488 mm, of which the summer maize season is 
382 mm. The soil is loam. The properties of 
0–20 cm layer as follows: 17.79 g/kg of organic 
matter, 1.21 g/kg of total nitrogen, 64.9 mg/kg of 
alkaline hydrolysable nitrogen, 23.8 mg/kg of 
available phosphorus and 120.6 mg/kg of available 
potassium.

2.2. Experimental design

The experiment adopted a random block design with 
three replications at sites. The summer maize varieties 
were xianyu 688, a nitrogen-efficient cultivar, and 
Jifeng 2, a nitrogen-inefficient cultivar, respectively. 
The experiment plot was 8 m long and 3.6 m wide. 
Field weeding, plant protection, and other manage-
ment was the same as local field production. The 
experiments were divided into 8 treatments: (1) 
PASP-N, a polyaspartic acid chelating nitrogen ferti-
lizer with a nitrogen content of 180 kg/ha; (2) no 
nitrogen fertilizer, N0; (3) farmers’ fertilizer practice 
of N 240 kg·ha−1, N240; (4) optimizes N management 
with 180 kg/ha, N180; (5) slow-release urea 180 kg/ha, 
S180; (6) slow-release urea (S) and ordinary urea (U) 
were mixed at 3:7 (SU3), and the nitrogen application 
rate was 180 kg/hm; (7) the slow-release urea (S) and 
the ordinary urea (U) were mixed at 5:5 (SU5), and 
the nitrogen application rate was 180 kg/hm; (8) slow- 
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release urea (S) and ordinary urea (U) were mixed at 
7:3 (SU7), and the nitrogen application amount was 
180 kg/hm. All fertilizers are applied as base fertilizer. 
PASPN (polyaspartic acid chelated nitrogen fertilizer) 
is produced by Hubei Jintaineng Fertilizer Co., LTD., 
and the contents of N, P2O5 and K2O are 22%, 9%, 
and 9%, respectively. The fertilization was adopted 
high polymer net capture technology, which has 
a high loss control rate and continuously provides 
nutrients for crops. Slow-release urea is produced by 
Henan Xinlianxin Fertilizer Co., LTD., and its N, P2 
O5 and K2O contents are 43%, 5%, and 5%, respec-
tively. The amount of phosphorus and potassium 
fertilizer applied in each treatment is same, with P2 
O5 90 kg/ha and K2O 90 kg/ha, respectively.

2.3. Sampling and measurements

2.3.1. Yields and dry matter accumulation
After maize mature, 10 m2 was selected in the 
middle of the plot to measure yield, and represen-
tative maize at V6 stage, V12 stage, silking stage, 
milk stage, dough stage, and physiological matur-
ity stage were taken to measure dry matter, respec-
tively. The activities of glutamate synthetase 
(GOGAT), glutaminase (GLNS), and glutamic 
oxalacetic transaminase (GOT) and nitrate reduc-
tase (NR) were determined. Three representative 
plants were selected at the flowering and silking 
stage and the harvest stage and separated accord-
ing to their parts (leaves, stems and grains. After 
being killed for 30 min at 105 °C, fresh samples 
were dried to constant weight at 85 °C, and 
weighed and crushed to determine the nutrient 
content of different organs.

2.3.2. Nitrogen content and nitrogen use 
efficiency analysis
Analysis of plant samples: after the samples were 
killed and dried, the stem were cut into small 
sections, and ground up with the seeds, and 
digested with H2SO4-H2O2 method to determine 
the total nitrogen content. Nitrogen calculation 
index formula is as follows:

Grain N uptake kg:hm� 2� �
¼ Grain N conten g:kg� 1� �

� Grain yield kg:hm� 2� �
=1000 

Stem N uptake kg:hm� 2� �
¼ Stem N conten g:kg� 1� �

� Stem dry matter kg:hm� 2� �
=1000 

Aboveground N uptake kg:hm� 2� �

¼ Aboveground N content g:kg� 1� �

� aboveground biomass kg:hm� 2� �
=1000 

N use effiency% ¼ N output=N input 

Nitrogen harvest index NHI%ð Þ

¼ grain Ncontent=plant Ncontentatmaturity
� 100 

Partial factor productivity kg=kgð Þ

¼ grain yield kg=hm2� �
=N input 

Partial factor productivityðkg=kgÞ
¼ Grain yieldðkg:hmð� 2ÞÞ=N inputðkg:hmð� 2ÞÞ

2.4. Statistical analysis

Microsoft Excel 2013 software was used to sort the 
data. SPSS 18.0 software was used to analyze the 
data statistically. One-way ANOVA and LSD 
methods were used for analysis of variance and 
multiple comparisons (α = 0.05), and R software 
was used for correlation analysis.

3. Results

Our purpose is to study the different fertilizer treat-
ment on the production and nitrogen accumulation 
and distribution of dry matter, nitrogen absorption 
and accumulation of different maize varieties, and 
whether enzyme activity is closely related to the nitro-
gen metabolism, enzyme activity and yield. We sup-
pose that the utilization and absorption and 
utilization rate of fertilizer are related to maize vari-
eties, and the enzyme activity and uptake and conver-
sion is associated with the growth period of maize.
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3.1. Yield and dry matter accumulation

The yield of different fertilization treatments is 
shown in Figure 1. As shown in the figure, for 
XY688, it can be seen that the yield of PASPN 
treatment is the highest under the same nitrogen 
application amount, which is 21.34% higher than 
that of N0 treatment, followed by SU7. The yield 
of controlled-release fertilizer combined with urea 
treatment was significantly different from N0, and 
the yield can be increased to a certain extent 

compared with urea. For JF2, the yield of PSAP 
combined with urea treatment was the highest, 
which increased by 23.44% compared with CK 
treatment, and the yield was significantly lower 
than XY688. For PSAPN treatment, the yield of 
JF2 decreased by 9.7% compared with XY688. 
Single application of urea or single application of 
controlled-release fertilizer is not as effective as the 
mixing of the two in terms of yield.

The dry matter accumulation of different treat-
ments in different periods is shown in Figure 1. As 

Figure 1. Yield of XY688 and JF2 under different fertilization ratio (a); Variation trend of dry matter of XY688 at different growing 
stages (b) and Variation trend of dry matter of JF2 at different growing stages (c).
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for XY688, it can be seen that dry matter basically 
reached the peak in the milk stage, and then gra-
dually decreased. With the increase of JF2, dry 
matter peaked at V12 stage, then declined. After 
the silking stage, XY688 had an increase trend in 
dry matter compared with JF2. For XY688, the 
variation of each treatment is not significant, and 
the trend is basically same, all increased at the 
beginning and then decreased. For JF2, SU7 treat-
ment had a significant difference in dry matter. In 
the milk stage, SU7 treatment increased by 25.76% 
compared with N0 treatment. In the silking stage, 
the dry matter of N180 treatment was the largest, 
which was 18.43% higher than N0.

As can be seen from Table 1, maize varieties 
with different nitrogen efficiency had great differ-
ences in dry matter accumulation and ratio at 
different growing stages, but there was little differ-
ence in the effect of nitrogen fertilizer on the two 
varieties. The largest dry matter accumulation of 
the two varieties was in silking-dough stage, 
XY688 and JF2 reached 46% and 52.21%, respec-
tively. In each growth stage, XY688 showed higher 
biomass accumulation than JF2, except from silk-
ing-dough stage, sowing-jointing, jointing-silking 
stage, dough-maturity stage, 25%, 8.4% and 5.2% 
higher, respectively. There was a little difference 
between the two cultivars in the early sowing stage, 

but the difference began to be obvious from the 
silking stage to the jointing stage. The dry matter 
accumulation difference between nitrogen-efficient 
cultivars and nitrogen-inefficient cultivars mainly 
appeared at jointing-silking stage and silking- 
dough stage. Nitrogen-efficient cultivars could 
maintain high dry matter accumulation rate at 
late growth stage, which ensured the transporta-
tion of carbohydrates to grains at late growth 
stage.

For XY688, it can be seen that the dry matter 
accumulation of PASP chelated urea treatment is 
the highest at the different growth stages, and sig-
nificantly different from N0 treatment. The dry mat-
ter accumulation reached 9.95 g/plant, 140.02 g/plant, 
143.09 g/plant and 60.6 g/plant, at sowing-jointing 
stage, jointing-silking stage, silking-dough stage, 
dough-maturity stage, respectively. At the same 
time, it also can be seen that the dry matter accumu-
lation of controlled-release fertilizer combined with 
urea showed advantages, and controlled-release ferti-
lizer delayed the release of nitrogen at the middle 
sowing stage, that is silking-dough stage. Therefore, 
in addition to its role at the middle sowing stage, the 
influence of PASPN was still the biggest at the 
mature stage. SU7 treatment was followed, with dry 
matter accumulation of 3.8g/plant, 140.88 g/plant, 
150.86 g/plant and 50.92 g/plant during the whole 

Table 1. Dry matter accumulation and ratio of maize in different growth stages.

Treatments Sowing to jointing Jointing to silking Silking to dough Dough to maturity

DMA(g/plant) RTDA% DMA(g/plant) RTDA% DMA(g/plant) RTDA% DMA(g/plant) RTDA%

XY688 PASPN 9.95 ± 3.48 a 2.81 140.02 ± 6.22 a 42.40 143.09 ± 6.1 b 40.45 60.6 ± 7.5 a 17.15

N0 5.71 ± 1.24 b 1.79 131.14 ± 15.72 b 42.95 140.8 ± 3.1 b 44.19 40.94 ± 1.3 d 12.85

N180 5.69 ± 0.39 b 1.68 140.94 ± 9.14 a 43.36 147 ± 3.6 b 43.47 44.56 ± 7 c 13.18

S180 3.27 ± 0.56 c 0.98 134.83 ± 8.73 b 41.15 154.4 ± 1.3 a 46.00 43.11 ± 8.6 c 12.85

SU3 4.04 ± 0.82 c 1.17 133.24 ± 7.04 b 39.73 157.44 ± 1.8 a 45.56 50.8 ± 9.28 b 14.72

SU5 3.95 ± 0.45 c 1.16 141.31 ± 14.17 a 42.60 145.36 ± 2.6 b 42.62 50.4 ± 1.1 b 14.78

SU7 3.8 ± 0.25 1.10 140.88 ± 6.94 a 41.76 150.86 ± 3.7 a 39.84 50.92 ± 1.9 b 14.70

Average 5.20 1.53 137.48 42 148.42 43.16 48.76 14.32

JF2 PASPN 4.56 ± 1.26 a 1.36 142.92 ± 3.84 a 44.01 133.49 ± 7.9 c 44.58 54.12 ± 9.8 a 16.15

N0 4.07 ± 1.29 b 1.30 132.23 ± 5.38 b 43.52 139.64 ± 9.6 c 45.57 44.58 ± 1.0 c 11.90

N180 4.84 ± 1.09 a 1.47 125.07 ± 4 b 39.47 151.17 ± 5.9 b 46.62 48.05 ± 1.7 c 14.60

S180 4.23 ± 0.17 b 1.29 128.77 ± 3.83 b 40.66 152.5 ± 2.2 b 46.75 41.64 ± 1.3 c 12.73

SU3 3.76 ± 0.64 b 1.15 124.77 ± 3.4 b 39.33 152.79 ± 9 b 52.21 45.5 ± 9.8 b 13.92

SU5 3.69 ± 0.16 b 1.14 115.06 ± 3.09 c 36.73 168.78 ± 5.1 a 47.79 35.75 ± 9.5 d 11.06

SU7 3.97 ± 0.38 b 1.16 119.21 ± 3.74 c 36.13 162.93 ± 4.8 a 47.81 54.84 ± 1.4 a 16.09

Average 4.16 1.27 126.85 39.98 151.61 47.33 46.35 13.78

Different lowercase letters mean significant difference at 0.05 level, while values with the same letter mean insignificant difference. 
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growth period. For JF2, the dry matter accumulation 
of SU5 treatment reached 168.78 g/plant at the silk-
ing-dough stage, while the dry matter accumulation 
of PASPN treatment was the highest at the other 
growth stages and was significantly different from 
N0 treatment. The dry matter were 4.56 g/plant, 
142.92 g/plant and 54.12 g/plant at sowing-jointing 
stage, jointing-silking stage, and dough-maturity 
stage, respectively.

3.2. Nitrogen accumulation and distribution

The nitrogen content in stems, leaves, and grains of 
maize at silking and maturing stages is shown in Table 
2. Comparing the two varieties, the overall trend was 
that the content of XY688 was higher than JF2 in 
different parts of maize. For XY688, it can be seen 
that, N180 and SU5 had the highest nitrogen content 
in the silking stage, which were 1.2 mg/g and 1.18 mg/ 
g, respectively, which increased by 21% and 19% com-
pared with N0. For stem, SU3 had the highest nitrogen 
content, which was 2.57 mg/g. At the maturity stage, 
nitrogen content in leaves and stems gradually 
decreased, mainly concentrated in grains. PASPN had 
the highest nitrogen content in grains, 3.14 mg/g, 
which was significantly different from other treatments 
except SU3 treatment, and the nitrogen content 
increased by 14.6% compared with N0. Similarly, for 
JF2, PASPN had the highest nitrogen content in the 
grains at maturity, which was 3.16 mg/g, an increase of 

36.8 mg/g compared with N0. For total nitrogen con-
tent, PASPN also the best, at 4.05 mg/g.

The nitrogen accumulation in different organs of 
maize in different growth stages is shown in Table 3. It 
can be seen that the nitrogen accumulation of JF2 was 
slightly higher than XY688 at milk stage, but at the 
maturity stage, XY688 was significantly higher than JF2, 
indicating that the nitrogen accumulation of high- 
efficiency nitrogen varieties was relatively high at the 
late growth stage, while the nitrogen accumulation of 
low-efficiency nitrogen varieties was mainly concentrated 
in the early growth stage. At the milk stage, nitrogen is 
mainly concentrated in the stem, while the content of leaf 
and ear is less. At the stage of maturity, nitrogen is 
mainly concentrated in the grains. It can be seen that, 
XY688 and JF2 had the highest nitrogen accumulation at 
the maturity stage was PASPN treatment, which was 
significantly different from other treatments. XY688 had 
a nitrogen accumulation of 3.138 g/plant, 25.4% higher 
than N0, followed by SU3 (3.506 g/plant). For JF2, the 
nitrogen accumulation in PASPN treatment was 3.002 g/ 
plant, 27.7% higher than N0 and significantly different 
from other treatments. SU7 was followed by nitrogen 
accumulation of 2.855 g/plant.

3.3. Effects of different fertilization treatments 
on nitrogen uptake and use efficiency

The effects of different fertilizer ratios on the 
nitrogen uptake of grains and plants were 

Table 2. Nitrogen content in different parts of maize at silking stage and ripening stage.

Cultivar Treatment N content at silking (mg/g) N content at maturity (mg/g)

Leaf Stem Total Leaf Stem Grain Total

XY688 PASPN 1.12 ab 1.99 b 3.11 ab 0.48 b 0.42 b 3.14 a 4.05 a

N0 0.99 b 1.50 c 2.50 b 0.45 b 0.45 b 2.47 c 3.45 c

N180 1.20 a 1.85 b 3.04 ab 0.61 a 0.43 b 3.00 b 4.18 a

S180 1.03 ab 1.99 b 3.03 ab 0.53 ab 0.39 b 2.99 b 4.02 b

SU3 0.85 b 2.57 a 3.42 a 0.49 b 0.76 b 3.03 a 4.31 a

SU5 1.18 a 2.16 b 3.34 a 0.47 b 0.81 a 2.76 b 4.08 a

SU7 0.82 b 2.07 b 2.89 b 0.35 c 0.56 b 2.97 b 3.96 b

JF2 PASPN 0.66 b 1.70 b 2.36 b 0.37 b 0.48 a 3.16 a 4.05 a

N0 0.96 a 1.60 b 2.56 b 0.53 a 0.51 a 2.31 c 3.37 b

N180 0.98 a 1.80 b 2.78 a 0.47 b 0.42 a 2.92 ab 3.98 a

S180 0.78 a 2.06 a 2.84 a 0.56 a 0.46 a 2.81 b 3.98 a

SU3 0.79 b 1.96 a 2.75 a 0.44 b 0.47 a 2.83 b 3.91 a

SU5 0.80 b 2.06 a 2.86 a 0.54 a 0.31 b 2.79 b 3.78 a

SU7 0.94 ab 1.65 b 2.59 b 0.55 a 0.44 a 2.87 b 4.00 a

Different lowercase letters mean significant difference at 0.05 level, while values with the same letter mean insignificant difference. 
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significantly different (Table 4). For XY688, 
PASPN had the highest nitrogen uptake in 
grain, up to 3.14 kg/hm2, which was signifi-
cantly different from other treatments except 
for the SU3 treatment. N0 had the lowest nitro-
gen uptake, and PASPN increased by 26.6% 
compared with N0. For plant nitrogen uptake, 
PASPN treatment increased by 17.4% compared 
with N0. While for JF2, the nitrogen uptake of 
grain was also the highest under PASPN, which 
was significantly different from other treat-
ments. The nitrogen uptake was 3.16 kg/hm2, 
which was 37.4% higher than N0 treatment, and 

the nitrogen uptake of plants was also signifi-
cantly different compared with N0 treatment.

The effects of different fertilizer ratios on nitrogen 
use efficiency are shown in Table 5. In general, XY688 
had higher nitrogen absorption efficiency, nitrogen use 
efficiency, and partial nitrogen productivity than JF2, 
because XY688 is a high nitrogen absorption efficiency 
cultivar. For XY688, the highest nitrogen absorption 
efficiency was SU3, 0.36 kg/kg. NUE was different 
between each treatment, for SU7, NUE reached 

Table 4. Effects of different fertilization treatments on Nitrogen 
uptake and yield.

Cultivar Treatment Grain N uptake kg/hm2 Plant N uptake kg/hm2

XY688 PASPN 3.14 a 4.05 b

N0 2.48 c 3.45 c

N180 3 b 4.19 ab

S180 2.98 b 4.03 b

SU3 3.03 ab 4.31 a

SU5 2.76 b 4.08 ab

SU7 2.97 b 3.96 b

JF2 PASPN 3.16 a 4.05 a

N0 2.3 c 3.37 b

N180 2.92 b 3.98 a

S180 2.81 b 3.97 a

SU3 2.83 b 3.91 a

SU5 2.79 b 3.78 a

SU7 2.87 b 3.89 a

Table 3. Nitrogen accumulation in different organs of maize at Suckling stage and complete stage.

Milk stage Maturity stage

Cultivar Treatments Leaf (g/plant) Stem (g/plant) Ear (g/plant) Grain (g/plant) Leaf (g/plant) Stem (g/plant) Ear (g/plant) Grain (g/plant)

688 PASPN 0.173 a 1.164 a 0.150 bc 0.311 b 0.010 d 0.447 c 0.012 d 3.138 a

N0 0.114 b 1.104 a 0.212 a 0.243 c 0.027 c 0.450 c 0.047 c 2.501 c

N180 0.084 c 0.983 b 0.239 a 0.418 a 0.071 a 0.421 c 0.068 bc 2.982 c

S180 0.066 c 0.838 b 0.130 c 0.334 b 0.048 b 0.392 c 0.066 bc 3.009 b

SU3 0.074 c 1.062 a 0.152 bc 0.423 a 0.009 d 0.734 ab 0.007 d 3.016 b

SU5 0.029 c 0.965 b 0.060 d 0.307 b 0.008 d 0.828 ab 0.046 c 2.793 c

SU7 0.059 c 1.406 a 0.166 bc 0.331 b 0.018 d 0.551 b 0.071 a 3.005 b

JF2 PASPN 0.019 b 1.198 c 0.086 b 0.360 b 0.035 d 0.487 b 0.012 d 3.002 a

N0 0.023 a 1.144 c 0.020 c 0.250 c 0.022 d 0.502 a 0.008 d 2.351 c

N180 0.011 b 1.295 b 0.012 c 0.375 b 0.066 bc 0.402 c 0.106 d 2.830 b

S180 0.019 b 1.287 b 0.002 d 0.409 a 0.054 c 0.449 c 0.102 d 2.690 b

SU3 0.007 c 1.255 bc 0.065 b 0.288 c 0.089 a 0.478 b 0.095 a 2.723 b

SU5 0.019 b 1.322 a 0.077 b 0.302 bc 0.058 c 0.326 d 0.082 b 2.727 b

SU7 0.021 a 0.900 d 0.121 a 0.320 b 0.076 b 0.453 c 0.077 c 2.855 b

Different lowercase letters mean significant difference at 0.05 level, while values with the same letter mean insignificant difference. 

Table 5. Effects of different fertilization treatments on nitrogen 
utilization and harvest index.

Cultivar Treatment

Nitrogen 
absorption 
efficiency 

Kg/kg

Nitrogen 
efficiency 

%

Partial factor 
productivity 

Kg/kg

Nitrogen 
harvest 
index %

XY688 PASPN 0.34 b 42.84 a 57.02 a 0.78 a

N0 0.29 c 39.59 a 49.89 c 0.72 b

N180 0.35 ab 39.76 a 51.30 c 0.72 b

S180 0.34 b 40.91 a 53.80 bc 0.74 b

SU3 0.36 a 40.70 a 54.28 b 0.70 b

SU5 0.34 ab 40.19 a 53.37 bc 0.68 b

SU7 0.33 b 44.95 a 56.83 ab 0.75 b

JF2 PASPN 0.338 a 41.57 a 51.47 a 0.78 a

N0 0.281 b 37.49 b 47.10 c 0.69 c

N180 0.332 a 39.90 a 48.42 b 0.73 b

S180 0.331 a 40.57 a 48.75 b 0.71 bc

SU3 0.326 a 40.79 a 49.17 b 0.72 bc

SU5 0.315 a 41.85 a 47.86 b 0.74 b

SU7 0.333 a 40.76 a 48.99 b 0.72 bc
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44.95%, and increased by 13.5% compared with N0, 
and nitrogen partial productivity and harvest index 
PASPN was the highest, and significant difference 
with other treatments. Compared with N0, S180, SU3, 
SU5, and SU7, the partial nitrogen productivity of 
PASPN was 57.02 kg/kg, which increased by 14.2%, 
5.9%, 5%, 6.8% and 0.3%, respectively. For JF2, there 
was no significant difference in nitrogen uptake effi-
ciency and nitrogen use efficiency except for N0. The 
maximum treatment of partial productivity of nitrogen 
fertilizer was PASPN, up to 51.47 kg/kg, which was 
significantly different from other treatments and 9.3% 
higher than N0. The PASPN treatment of nitrogen 
harvest index was 0.78%, which was significantly differ-
ent from other treatments. Compared with JF2, partial 
nitrogen productivity of XY688 increased by 10.78%.

3.4. The physiological activity of ear leaf

3.4.1. Nitrate reductase (NR)
The nitrate reductase activity of ear leaves under 
different fertilization ratios is shown in Figure 2. 
As for XY688 (Figure 2a), PASPN treatment 
showed a decrease at first and then a increasing 
trend before the milk stage. At the milk stage, 

PASPN treatment is 21.9%, 16%, 58%, 100.4%, 
43.2% and 40.7% higher than N0, N180, S180, 
SU3, SU5, and SU7, respectively. At maturity, 
PASPN was significantly higher than other treat-
ments, with a content of 0.5 U/g. For the nitrogen- 
inefficient JF2 (Figure 2b), except for the PSAPN, 
other treatments reached the peak at the waxes 
ripening stage, the PASPN treatment had the high-
est concentration of 0.48 U/g at the dough stage, 
and SU7 had the maximum concentration of 
0.44 U/g at the mature stage.

3.4.2. Aspartate aminotransferase(ALT)
ALT activity in ear leaves fluctuated with the 
growth period under different fertilization ratios 
(Figure 3). For JF2 (Figure 3b), and it can be seen 
that the ALT content in N0, S180, SU3, and SU7 
treatment was in the peak state at the dough stage, 
which is 3.57 U/g, 3.54 U/g, 3.17 U/g and 3.04 U/g, 
respectively. However, at the maturity stage, the 
ALT content of PASPN was still the highest with 
a value of 3.07 U/g, which was 13.8%, 19.2%, 
19.4%, 19.4%, 14.4% and 34.6% higher than N0, 
N180, S180, SU3, SU5, and SU7, respectively. For 
XY688 (Figure 2), N0 treatment showed a good 

Figure 2. Effects of different fertilization ratio on nitrate reductase concentration in Maize (a and b) and Effect of different 
fertilization ratio on the concentration of ALT in Maize (c and d).
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advantage at the late growth stage, reaching the 
maximum value of 3.62 U/g at the maturity stage.

3.4.3. Glutamine synthetase (GLNS)
For XY688 (Figure 3), the increasing trend of 
GLNS SU3 and SU5 at the silking stage was 
slower than other treatments, and the decreasing 
trend of S180 and N0 at the milking stage and 
then showed increase trend, while at the dough 
stage, the activity of GLNS in PASPN treatment 
reached the maximum at 2.31 U/g. However, at 
the maturity stage, the maximum GLNS activity 
of N180 treatment reached 1.97 U/g. For JF2 
(Figure 3b), PASPN reached its maximum value 
at 1.99 U/g at the maturity stage, which was 
1.5%, 9.8%, 15.37%, 17.15%, 14.3%, and 5.4% 
higher than N0, N180, S180, SU3, SU5, and 
SU7, respectively.

3.4.4. Glutamate synthase (GOGAT)
For XY688 (Figure 3), the activities of glutamate 
synthase increased linearly from the silking stage 
to the maturity stage in PASPN and N180 treat-
ments, and reached the peak value at the dough 
stage, 0.51 U/g. For JF2 (Figure 3b), the GOGAT 
in N180 and N0 peaked 0.5 U/g and 0.46 U/g, 

respectively, and subsequently decreased, while in 
other treatments peaked at dough stage and sub-
sequently decreased. At the maturity stage, the 
maximum value of GOGAT treated with N0 and 
SU7 was 0.44 U/g.

4. Discussion

4.1. Effect of PASP and controlled-release 
fertilizer on yield increase of maize

PASP, because of the molecular chain carries free 
carboxyl and amide groups, it has a strong adsorp-
tion capacity for ions, so it can reduce the loss of 
nutrients and increase the nutrient content in the 
soil [26]. Therefore, the root system can obtain 
abundant nutrients and effectively absorb and uti-
lize nutrients [28]. The application of PASP or 
PASP-N to maize and mustard could significantly 
improve nutrient absorption, growth rate, bio-
mass, grain yield, and nutrient use efficiency 
[26,29]. In this study, the yield of PASPN treat-
ment was the highest, which was 21.34% higher 
than N0. The yield of controlled-release fertilizer 
combined with urea treatment was significantly 
different with N0, and the yield could be increased 
to a certain extent compared with that of urea 

Figure 3. Effect of different fertilization ratio on the concentration of ALT in Maize (a and b); and Effects of different fertilization ratio 
on GLNS concentration in Maize (c and d).
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application alone. JF2 increased by 23.44% com-
pared with N0, and its yield was significantly lower 
than XY688. For PSAPN treatment, the yield of 
JF2 decreased by 9.7% compared with XY688.

4.2 Effects of different fertilizer ratio on nitrogen 
accumulation and use efficiency

Nitrogen production efficiency is evaluated as one of 
the main indexes of N element management. 
Controlling the accumulation of dry matter and 
nitrogen and distribution of nitrogen is an effective 
way to improve the use efficiency of nitrogen with-
out affecting the crop yield [30,31]. Previous studies 
have shown that increasing the demand and supply 
of nitrogen is an effective way to improve crop yield 
and nitrogen use efficiency [27,32]. Therefore, rea-
sonable nitrogen application is very important to 
improve crop yield and NUE. PASP is widely recog-
nized as a substance that promotes crop growth, and 
increases crop yield and nitrogen efficiency 
[45,29,33]. In this experiment, it can be seen that 
PASPN can significantly increase maize yield and 
improve nitrogen utilization to a certain extent. 
Previous studies concluded that, under the same 
farming methods and varieties, the application of 
controlled-release fertilizer combined with urea had 
an obvious improvement in N absorption compared 
with the traditional application of urea [34].

This may be because the controlled-release 
fertilizer is better suited to corn nitrogen 
requirements. However, the traditional urea 
capacity leads to excess nitrogen at the early 
growth stage and lack of nitrogen at the late 
growth stage, and also leads to the leaching of 
nitrate [35]. Controlled-release fertilizer can 
solve this problem, reducing leaching and 
increasing nitrogen use efficiency of corn at 
the whole growth period [36]. In this study, 
the nitrogen accumulation of high-efficiency 
cultivar was relatively large at the late growth 
stage, while the nitrogen accumulation of low- 
efficiency cultivars was mainly at the early 
growth stage. At the milk stage, nitrogen is 
mainly concentrated in the stem, while the con-
tent of leaf and ear is less. At the stage of 
ripening, nitrogen is mainly concentrated in 
the grain. At the maturity stage, for XY688 
and JF2, the highest nitrogen accumulation in 

grain was PASPN, which was significantly dif-
ferent from other treatments. Because XY688 
has high nitrogen absorption, XY688 has higher 
nitrogen absorption efficiency, nitrogen use 
efficiency, and nitrogen partial productivity 
than JF2. For XY688, the highest nitrogen 
absorption efficiency is SU3 treatment, 
0.36 kg/kg. Compared with N0, S180, SU3, 
SU5, and SU7, the partial nitrogen productivity 
of PASPN treatment was 57.02 kg/kg, which 
increased by 14.2%, 5.9%, 5%, 6.8%, and 0.3%, 
respectively. For JF2, the maximum treatment 
of partial productivity of nitrogen fertilizer was 
PASPN treatment, which was 51.47 kg/kg, 
which was significantly different from other 
treatments and 9.3% higher than N0, and the 
PASPN treatment of nitrogen harvest index was 
0.78%, which was significantly different from 
other treatments. Compared with JF2, partial 
nitrogen productivity of XY688 increased by 
10.78%. Therefore, it can be seen that single 
urea application has no significant improve-
ment in nitrogen uptake and nitrogen use effi-
ciency, while PASP and different controlled- 
release fertilizers and urea ratios can more 
effectively improve nitrogen productivity and 
use efficiency.

4.3. Regulatory effects of different fertilization 
ratios on key enzymes of maize nitrogen 
metabolism

Studies have found that PASP combined with con-
ventional fertilizer can improve nitrate reductase 
activity in maize seedling leaves. NR is a rate- 
limiting enzyme in nitrogen metabolism and is 
affected by temperature, light and CO2 concentra-
tion. Glutamine synthetase is a key enzyme for 
ammonia assimilation in plants, catalyzing the for-
mation of glutamine by NH3 and glutamic acid in 
plants [37]. Studies have shown that exogenous 
nitrate would have a positive correlation with NR 
under the condition of low nitrogen. NR and sur-
factant change dynamics are related to crop 
growth characteristics and crop demand [38]. 
The activity level reflects the growth and develop-
ment of crops, which has a great influence on crop 
yield and quality [39]. In this study, the concen-
tration of NR in the nitrogen-efficient cultivars 
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tended to peak at the dough stage, while the con-
centration of NR in the nitrogen-inefficient culti-
vars tended to decrease at the dough stage and 
always increased before the dough stage. 
However, the response of different fertilization 
ratios to NR was not obvious, which maybe 
because it was tested for only one year.

Glutamine synthase has two activities: inver-
tase and synthase. The increase of activity was 
beneficial to ammonium assimilation and nitro-
gen transport [40]. The improvement of GS 
activity can drive the nitrogen metabolism to 
strengthen, and promote the synthesis and trans-
formation of amino acids. The effects of exogen-
ous nitrogen on nitrogen anabase expression in 
higher plants vary with plant species, tissues, 
organs, environment, and nitrogen sources. 
Glutamine synthetase and alanine aminotrans-
ferase had synergistic effect on NR [41,42]. 
GOT and GLNS are two important amino trans-
ferases in plants, which catalyze the reversible 
transfer of amino acids from glutamic acid to 
oxalic acid and pyruvate, respectively, [43–45]. 
In this study, JF2, GLNS activity reached its 
maximum at maturity, which was higher than 
N0, N180, S180, SU3, SU5 and SU7. XY688, 
for the activity of GOGAT, PASPN and N180 
increased linearly from the silking stage to the 
maturity stage, and reached the peak value at the 
dough stage.

5. Conclusions

The effects of polyaspartic acid and different 
controlled-release fertilizers with urea on dry 
matter accumulation and distribution, nitrogen 
absorption and accumulation, and the activities 
of enzymes involved nitrogen metabolism and 
yield of maize were studied by using xianyu 
(XY688), a maize nitrogen-efficient cultivar, 
and Jifeng NO.2 (JF2), a maize nitrogen- 
inefficient cultivar, as experimental materials 
and through random blocks experimental design 
in 2019. We found that PASP chelated urea 
significantly increased the yield of maize by 21.-
34–23.44% compared with CK treatment, and 
controlled-release fertilizer combined with urea 
application can significantly increase the yield of 

maize compared with urea application alone, 
and the optimal ratio is SU7. Additionally, it 
was found that both PASP and controlled- 
release fertilizer could improve the nitrogen 
absorption and nitrogen use efficiency of 
crops, and the nitrogen-efficient cultivars had 
better performance than the nitrogen-inefficient 
cultivars under the same nitrogen application 
level. These results will provide data and theo-
retical basis for improving crop yield, quality, 
and guiding the use of nitrogen fertilizer in the 
future.

Acknowledgements

We gratefully acknowledge the financial support of the Program of 
13th Five-Year national key research and development plan– 
Integration and demonstration of water-saving and high-yield cul-
tivation techniques for wheat maize in Taihang Mountain 
Piedmont Plain (2018YFD0300503); 13th Five-Year national key 
research and development plan–”Postpartum loss reduction, tech-
nology diffusion, and comprehensive evaluation of wheat maize” in 
Hebei water and heat resources restricted area (2018YDF0300507); 
Subproject of 13th Five-Year national key research and develop-
ment plan–Integration and demonstration of water-saving and 
high-yield cultivation techniques for wheat maize in Taihang 
Mountain Piedmont Plain (2018YFD0300503-16).

Highlights

(1) The combination of all the treatments to 
analysis the difference in N, dry matter 
and yield;

(2) This experiment showed the effect on dif-
ferent enzymes

(3) Nitrogen efficient cultivar and nitrogen 
inefficient cultivar were both conclude in 
this article.

(4) Polyaspartic acid chelated urea significantly 
increased the yield of maize by 21.34- 
23.44% compared with CK treatment;

(5) The nitrogen efficient cultivars had better 
performance than the nitrogen inefficient 
cultivars under the same nitrogen applica-
tion level.

Disclosure statement

The authors declare that they have no conflict of interest.

BIOENGINEERED 537



ORCID

Pei-Jun Tao http://orcid.org/0000-0001-5351-9939

References

[1] Votterl JC, Zebeli Q, Hennig-Pauka I, et al. Soaking in 
lactic acid lowers the phytate-phosphorus content and 
increases the resistant starch in wheat and corn grains. 
Anim Feed Sci Technol. 2019;252:115–125.

[2] Zand-Parsa S, Sepaskhah AR, Ronaghi A. Development 
and evaluation of integrated water and nitrogen model 
for maize. Agr Water Manage. 2006;81:0–256.

[3] Cao Q, Miao Y, Feng G, et al. Improving nitrogen use 
efficiency with minimal environmental risks using an 
active canopy sensor in a wheat-maize cropping 
system. Field Crop Res. 2017;214:365–372.

[4] Norse D, Ju X. Environmental costs of China’s food 
security. Agr Ecosyst Environ. 2015;209:5–14.

[5] Zhang WF, Dou ZX, He P, et al. New technologies reduce 
greenhouse gas emissions from nitrogenous fertilizer in 
china. Proc Natl Acad USA. 2013;110:8375–8380.

[6] Godfray HCJ, Beddington JR, Crute IR, et al. Food 
security: the challenge of feeding 9 billion people. Sci. 
2010;327(5967):812–818.

[7] Guo J, Liu XJ, Zhang Y, et al. Significant acidification 
in major Chinese croplands. Sci. 2010;327:1008–1010.

[8] Liu X, Zhang Y, Han W, et al. Enhanced nitrogen 
deposition over China. Nature. 2013;494:459–462.

[9] Dimkpa CO, Fugice J, Singh U, et al. Development of 
fertilizers for enhanced nitrogen use efficiency-Trends 
and perspectives. Sci Total Environ. 2020;731:139113.

[10] Berenguer P, Santiveri F, Boixadera J, et al. Nitrogen 
fertilisation of irrigated maize under Mediterranean 
conditions. Eur J Agron. 2009;30:163–171.

[11] Good AG, Beatty PH. Fertilizing nature: a tragedy of 
excess in the commons. PLoS Biol. 2011;9:1001124.

[12] Hirel B, Lea PJ. The molecular genetics of nitrogen use 
efficiency in crops. Wiley-Blackwell; 2011.

[13] Kamara AY, Menkir A, Chikoye D, et al. Cultivar and 
nitrogen fertilization effects on Striga infestation and grain 
yield of early maturing tropical maize. Maydica. 
2007;52:415–423.

[14] Song G, Yang H, Xu S, et al. Effects of nitrogen ferti-
lizer management on yield, dry matter and 
N accumulation of maize cultivar Jinshan 10 used for 
both grain and feed purpose in Keerqin. J Plant Nutr 
Fertilizers. 2017;23:289–296.

[15] Szulc P, Waligóra H, Michalski T, et al. Efficiency of 
nitrogen fertilization based on the fertilizer application 
method and type of maize cultivar (Zea mays L.). Plant 
Soil Environ. 2016;62:135–142.

[16] Ge M, Wang Y, Liu Y, et al. The NIN-like protein 5 
(ZmNLP5) transcription factor is involved in modulating 
the nitrogen response in maize. Plant J. 2019;102:353–368.

[17] Mourice SK, Rweyemamu CL, Tumbo SD, et al. Maize 
cultivar specific parameters for decision support system 
for agrotechnology transfer (DSSAT) application in 
Tanzania. Am J Plant Sci. 2013;05:821–833.

[18] Nur Eldein AA. Effects of cultivar, plant population 
and nitrogen on growth and grain yield of maize (zea 
mays L); 2006.

[19] Shao G, Li Z, Ning T, et al. Effects of irrigation and 
urea types on N utilization,yield and quality of maize. 
Sci Agric Sin. 2008;41:3672–3678.

[20] Shoji S, Gandeza AT, Kimura K. Simulation of crop 
response to polyolefin-coated urea: II. Nitrogen uptake 
by corn. Soil Sci Soc Am J. 1991;55:1468.

[21] Shoji S, Kanno H. Use of polyolefin-coated fertilizers 
for increasing fertilizer efficiency and reducing nitrate 
leaching and nitrous oxide emissions. Fertilizer Res. 
1994;39:147–152.

[22] Tomida M, Nakato T, Matsunami S, et al. Convenient 
synthesis of high molecular weight poly(succinimide) 
by acid-catalysed polycondensation of l -aspartic acid. 
Polym. 1997;38:4733–4736.

[23] Deng F, Wang L, Ren WJ, et al. Enhancing nitrogen 
utilization and soil nitrogen balance in paddy fields by 
optimizing nitrogen management and using polyaspar-
tic acid urea. Field Crop Res. 2014;169:30–38.

[24] Xu Y, Zhao LL, Wang LN, et al. Synthesis of polyaspartic 
acid–melamine grafted copolymer and evaluation of its scale 
inhibition performance and dispersion capacity for ferric 
oxide. Desalin. 2012;286:285–289.

[25] Zhong-Jun DU. Effects on yield and phosphorus nutri-
tion absorbing for rice using homologous polypeptides 
of polyaspartic acids. Mod Agric Sci Technol. 
2012;18:12-13+15.

[26] Du Z, Yang H, Wang S, et al. Advance of homologous 
polypeptides polyaspartic acids for agriculture. Chinese 
J Tro Crop. 2011;12:2381–2384.

[27] Pan S, Huang S, Zhai J, et al. Effects of N management 
on yield and N uptake of rice in Central China. J Integr 
Agr. 2012;11:1993–2000.

[28] Kinnersley AM, Koskan LP, Strom DJ, et al. Method 
for more efficient uptake of plant growth nutrients. In. 
US; 1997.

[29] King WE, Fister RP, Norris SJ. Slow-release fertilizer 
and method of making and using same. US; 2009.

[30] Jiang L, Dai T, Jiang D, et al. Characterizing physiological 
N-use efficiency as influenced by nitrogen management in 
three rice cultivars. Field Crop Res. 2004;88:239–250.

[31] Jiang L, Dong D, Gan X, et al. Photosynthetic efficiency and 
nitrogen distribution under different nitrogen management 
and relationship with physiological N-use efficiency in three 
rice genotypes. Plant Soil. 2005;271:321–328.

[32] Hossain MF, Elahi SF, White SK, et al. Nitrogen bud-
gets for Boro rice (Oryza sativa L.) fields in Bangladesh. 
Field Crop Res. 2012;131:97–109.

[33] Hu H, Ning T, Li Z, et al. Coupling effects of urea types 
and subsoiling on nitrogen–water use and yield of 

538 P.-T. JI ET AL.



different varieties of maize in northern China. Field 
Crop Res. 2013;142:85–94.

[34] Ke J, Xing X, Li G, et al. Effects of different 
controlled-release nitrogen fertilisers on ammonia 
volatilisation, nitrogen use efficiency and yield of 
blanket-seedling machine-transplanted rice. Field 
Crop Res. 2017;205:147–156.

[35] Yi ZX, Wang P, Zhang HF, et al. Effect of type and 
application rate of nitrogen fertilizer on development 
and nitrogen utilization in summer maize. Acta Agric 
Boreali-Sin. 2006;1:115-120.

[36] Ferrarioméry S, Masclaux C, Suzuki A, et al. Glutamine 
and alpha-ketoglutarate are metabolite signals involved 
in nitrate reductase gene transcription in untrans-
formed and transformed tobacco plants deficient in 
ferredoxin-glutamine-alpha-ketoglutarate 
aminotransferase. Planta. 2001;213:265–271.

[37] Yanagisawa, & Shuichi. Transcription factors involved 
in controlling the expression of nitrate reductase genes 
in higher plants. Plant Sci. 2014;229:167–171.

[38] Kaiser WM, Huber SC. Post-translational regulation 
of nitrate reductase: mechanism, physiological rele-
vance and environmental triggers. J Exp Bot. 
2001;363:1981–1989.

[39] Thompson EAJ, Siiteri PK. Utilization of Oxygen and 
reduced nicotinamide adenine dinucleotide phosphate 

by human placental microsomes during aromatization 
of androstenedione. J Biol Chem. 1974;249:5364–5372.

[40] Silva IT, Abbaraju HKR, Fallis LP, et al. Biochemical 
and genetic analyses of N metabolism in maize test-
cross seedlings: 1. Leaves. Tag Theor Appl Genet Theor 
Angew Genetik. 2017;130:1453.

[41] Zhang N, Gibon Y, Gur A, et al. Fine quantitative trait 
loci mapping of carbon and nitrogen metabolism 
enzyme activities and seedling biomass in the maize 
IBM mapping population. Plant Physiol. 
2010;154:1753–1765.

[42] Beatty PH, Shrawat AK, Carroll RT, et al. Transcriptome 
analysis of nitrogen-efficient rice over-expressing alanine 
aminotransferase. Plant Biotechnol J. 2009;7:562–576.

[43] De, L. T. F, El-Azaz J, Avila C, et al. Deciphering the 
role of aspartate and prephenate aminotransferase 
activities in plastid nitrogen metabolism. Plant 
Physiol. 2014;164:92–104.

[44] Fernando DLT, Caas RA, Belén PM, et al. Plastidic 
aspartate aminotransferases and the biosynthesis of 
essential amino acids in plants. J Exp Bot. 
2014;65:5527–5534.

[45] Koskan, L. P., Meah, A. R. Y., Sanders, L. J., & Ross, 
R. J. (1999). Method and composition for enhanced 
plant productivity comprising fertilizer and cross- 
linked polyamino acid.

BIOENGINEERED 539


	Abstract
	1.  Introduction
	2.  Materials and methods
	2.1.  Study sites and materials
	2.2.  Experimental design
	2.3.  Sampling and measurements
	2.3.1.  Yields and dry matter accumulation
	2.3.2.  Nitrogen content and nitrogen use efficiency analysis

	2.4.  Statistical analysis

	3.  Results
	3.1.  Yield and dry matter accumulation
	3.2.  Nitrogen accumulation and distribution
	3.3.  Effects of different fertilization treatments on nitrogen uptake and use efficiency
	3.4.  The physiological activity of ear leaf
	3.4.1.  Nitrate reductase (NR)
	3.4.2.  Aspartate aminotransferase(ALT)
	3.4.3.  Glutamine synthetase (GLNS)
	3.4.4.  Glutamate synthase (GOGAT)


	4.  Discussion
	4.1.  Effect of PASP and controlled-release fertilizer on yield increase of maize
	4.2  Effects of different fertilizer ratio on nitrogen accumulation and use efficiency
	4.3.  Regulatory effects of different fertilization ratios on key enzymes of maize nitrogen metabolism

	5.  Conclusions
	Acknowledgements
	Highlights
	Disclosure statement
	References



