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The innovation of N fertilizer and N management practices is essential to

maximize crop yield with fewer N inputs. A long-term field fertilization

experiment was established in 2015 on the North China Plain (NCP) to

determine the effects of a control treatment (CN) and the eco-friendly

material poly(aspartic acid)-coated urea (PN), applied as a one-time basal

application method, on winter wheat yield and N use efficiency at four N

application rates: 0 (N0), 63 (N63), 125 (N125), and 188 (N188) kg N ha−1. The

results indicated that compared to CN, PN resulted in a significant increase in

wheat yield by 9.6% and 9.2% at N63 and N125, respectively, across the three

experimental years, whereas no significant (p < 0.05) difference was detected

at N188. Leaf area duration (LAD), crop growth rate (CGR), and dry matter

accumulation (DMA) increased with increasing N rates, while PN significantly

increased LAD and CGR by 5.1%–16.4% and 5.4%–64.3%, respectively, during

the anthesis-ripening growth stage and DMA by 13.7% and 10.1% at N63

and N125, respectively, after the anthesis stage compared to CN. During the

grain-filling stage, PN significantly increased the kernel maximum grain-filling

rate (Gmax) by 21.7% and the kernel weight at the maximum grain-filling

rate (Wmax) by 6.7% at N125 compared to CN. Additionally, compared to

CN, PN significantly improved the stover and grain N content at harvest and

increased NUT, NPFP, and NAE by 5.7%–40.1%, 2.5%–23.3%, and 3.9%–42.8%,

respectively, at N63–N125. Therefore, PN applied using a single basal nitrogen

fertilizer application method showed promising potential in maintaining a

stable wheat yield and increasing N use efficiency with a 33% urea cut

(approximately 63 kg N ha−1) compared to CN at the current wheat yield level

on the NCP.
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Introduction

The global demand for food will rise by approximately
70% to feed 9.7–10.0 billion people by 2050 (Godfray et al.,
2010). Wheat is now one of the most widely cultivated cereals,
and nearly 670 million tons are produced annually, with
developing regions accounting for approximately 53% and 50%
of the total harvested area and yield, respectively (Shiferaw
et al., 2013). Consequently, enhancing wheat production and
productivity, especially in developing regions, is important for
global food security.

N is an essential nutrient and one of the most yield-limiting
factors for winter wheat (Hu et al., 2021). N applied before
wheat planting is essential to establish shoot biomass and to
develop tillers before the onset of winter dormancy (Sticksel
et al., 1999; Kamiji et al., 2014); however, excessive N input
could lead to ineffective tillers, increased lodging risk, and
reduced wheat yield and quality accordingly (Mackown et al.,
1989; Khan et al., 2020). N application could promote shoot
elongation, leaf expansion, and chlorophyll synthesis, whereas N
deficiency could lead to leaf senescence and chlorosis (Lv et al.,
2021). Therefore, researchers and breeders typically regard leaf
area duration (LAD) as a characteristic index reflecting wheat
canopy characteristics (Wang et al., 2017b). Additionally, N
could enhance the photosynthetic efficiency and promote the
distribution and transfer of assimilates, resulting in a higher
crop growth rate (CGR) (Ma et al., 2019). Previous studies have
shown that N concentration is significantly positively correlated
with CGR, which directly affects wheat grain filling, final yield,
and the harvest index (HI) (Gaju et al., 2014).

Wheat yield has increased over the last century by 110 kg
ha−1 per year, largely due to high N inputs (Austin, 1999).
Increasing N application rates notably improve wheat grain
yield; however, there was no yield benefit when N application
rates exceeded 240 kg ha−1 on the North China Plain (NCP)
(Si et al., 2020). Wang et al. (2017a) suggested that the optimal
N fertilizer rate should be approximately 185 kg N ha−1 for
wheat with an achieved yield of 7,000 kg ha−1 based on a
literature review and field experiments in this region (Wang
et al., 2017a). However, the abovementioned N application
rates could not improve wheat yield alone and need to be
combined with adaptive nitrogen management. N management
practice in wheat is a challenging agronomic scenario due to
its sensitivity to both under- and overapplication of N and the
timing for tiller development and grain yield (Diacono et al.,
2013; Shah et al., 2020; Huang et al., 2021). Currently, in most
wheat production areas, farmers use basal nitrogen fertilizer

Abbreviations: PN, poly(aspartic acid) coated urea; CN, control
treatment; LAD, leaf area duration; CGR, crop growth rate; DMA, dry
matter accumulation; Tmax, days needed for reaching the maximum
grain-filling rate; Wmax, kernel weight at the maximum grain-filling rate;
Gmax, maximum grain-filling rate; Gmean, average grain-filling rate; P,
active grain-filling period; NUT, total N uptake; NPFP, N partial factor
productivity; NRE, N recovery efficiency; NAE, N agronomic efficiency.

combined with topdressing at the wheat jointing stage (Lu
et al., 2015). However, there are two main issues in this type
of N application method. First, it is difficult to quantify the
amount of basal and topdressing fertilizer due to the variation in
climate conditions, soil type, and even wheat cultivars. Second,
the timing of topdressing depends largely on the irrigation
condition and artificial input; however, for regions with no
irrigation conditions, topdressing often occurs after rain and
usually misses the best topdressing timing, resulting in fertilizer
waste and even yield penalty. Therefore, coordination of wheat
N demand with the innovation of N fertilizer and management
practices was critically important to maximize wheat yield and
nitrogen use efficiency.

Granular urea is the most common N source used for wheat
production, and there are some new types of urea, such as
environmentally friendly N and controlled-release urea, aiming
to overcome the limitation of rapid volatilization and leaching
of urea (Xu et al., 2013; Zheng et al., 2017). Controlled-release
urea could prolong the N release period and improve wheat
yield and N use efficiency with less N input. However, the cost of
controlled-release urea is higher than that of granular urea, and
coating materials for urea could lead to soil pollution as well,
which are the main limiting factors for extensive promotion
of controlled-release urea for field crops (Lawrencia et al.,
2021). Ploy(aspartic acid) (PAA) is an eco-friendly and natural
amino acid polymer that has a strong chelation, dispersion, and
adsorption capacity for macro- and microelements and results
in nutrient enrichment of the soil (Fang et al., 2006). Several
previous studies demonstrated that PAA could enhance rice
dry matter production, non-structural carbohydrates, yield, and
nitrogen use efficiency in paddy fields (Deng et al., 2014, 2015,
2016). Wang et al. (2018) indicated that PAA promoted dry
matter and N accumulation in the maize seedling stage (Wang
et al., 2018). However, related knowledge regarding the effects
of PAA-coated urea on wheat yield and nitrogen utilization,
especially when combined with the one-time basal application
method in clay loam soil, is still limited.

Therefore, in this study, we explored the effects of PN
and CN on wheat yield and NUE at four N application rates
with a one-time basal application method in clay loam soil
on the NCP. The specific objectives of this study were to (1)
evaluate the effects of CN and PN at different N rates on the
mainly wheat agronomic traits (LAD, CGR, and DMA) and
grain filling characteristics and (2) investigate the effects of
PN on wheat yield and NUE with the one-time basal fertilizer
application method.

Materials and Methods

Experimental design

Long-term fertilizer experiments in clay loam soil were
established at Xinxiang Experimental Station (35◦16′N,
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113◦80′E) of the Institute of Crop Science, Chinese Academic
of Agricultural Science (Figure 1) in 2015, and field data
in the current study were collected from the 2017 to 2020
winter wheat growing seasons. The cropping system is a
winter wheat-summer maize rotation system. Representative
0–40 cm topsoil samples were collected for selected chemical
properties (Table 1).

Plots were distributed in a randomized complete block
design with four replicates. Treatments included two urea
treatments, a control treatment (CN, uncoated urea) and
poly(aspartic acid)-coated urea (PN). Both urea treatments
consisted of four N rates: 0, 63, 125, and 188 kg N ha−1.
PN was made in the laboratory in two steps, as shown in
Figure 2 (Adelnia et al., 2021). First, a prepared poly(aspartic
acid) (PAA) solution was mixed with poly(succinimide) powder

[obtained by acid-catalyzed polycondensation of L-aspartic acid
(CAS: 56-84-8)] with distilled water, and NaOH was added until
the poly(succinimide) was completely dissolved (the reaction
system formed a yellow clarified liquid) (Figure 2A). Second,
urea was coated with PAA solution at 0.3% of the total urea rate
and then air-dried naturally in the shade (Figure 2B).

The plot size was 70 m2 (7 m wide and 10 m long). In
all treatments, Ca(H2PO4)2·H2O and K2SO4 were applied as
basal fertilizers, providing 75 kg P ha−1 and 35 kg K ha−1,
respectively. The wheat seed rate was approximately 240 kg ha−1

with a row spacing of 19 cm. Irrigation water was applied up to
three times per plot: late October, early March, and late April.
Herbicides were sprayed after planting and before emergence.
Weeds in plots were removed by hand at the stem elongation
stage. Pests and diseases were well controlled by the spraying

FIGURE 1

Location of the xinxiang experimental station and the North China Plain.

TABLE 1 Characteristics of the 0–20 cm and 20–40 cm soil layers prior to wheat sowing during the three experimental years from 2018 to 2020.

Year Soil layers pH Bulk density Organic matter Total N Nitrate-N Ammonium-N Available P Available K

cm g cm3 g kg−1 g kg−1 mg kg−1 mg kg−1 mg kg−1 mg kg−1

2018 0–20 7.9 1.3 13.4 1.2 15.5 3.8 15.9 113.5

20–40 8.2 1.58 11.3 0.85 10.2 2.1 14.3 105.4

2019 0–20 8.1 1.27 12.5 1.1 13.8 3.1 16.1 109.9

20–40 8.2 1.58 10.2 0.76 8.6 1.8 13.9 100.3

2020 0–20 8.1 1.28 13.1 1.1 12.9 2.3 15.8 100.2

20–40 8.3 1.69 11.2 0.77 6.5 1.4 14.2 99.5
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FIGURE 2

Synthesis of PAA (A) and preparation procedure of PAA-coated urea fertilizer (B).

FIGURE 3

Daily maximum air temperature, daily minimum air temperature, and daily cumulative precipitation during the 2017–2018 (A), 2018–2019 (B),
and 2019–2020 (C) winter wheat growing seasons.

of insecticide and fungicide at the stem elongation and anthesis
stages. No obvious weed, pest, or disease stress was observed
during the three-wheat experimental seasons.

Meteorological data and phenological
phases

Meteorological data, including daily air temperature
(maximum, minimum, and average temperature), daily
cumulative precipitation, and daily photosynthetically active
radiation (PAR), were obtained from the local meteorological
bureau (Figure 3). Phenological phases were recorded when
more than 50% of the wheat in a plot was in a specific period

according to the Zadoks staging system (Zadoks et al., 1974;
Table 2).

Agronomic traits

Leaf area and aboveground biomass
accumulation

Six zones in the central rows of each plot were tagged at
the wheat seedling stage, and each zone included approximately
twenty consecutive plants. At the approximate jointing, heading,
flowering, milk, and dough wheat growth stages, fifteen tagged
plants were sampled and transported to the laboratory. The
length and width of each green leaf were measured, and the
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TABLE 2 Phenological phases of winter wheat according to the
Zadoks staging system during the three experimental years from 2017
to 2020.

Growth stages Experimental year

2017–2018 2018–2019 2019–2020

Sowing 29-Oct 27-Oct 5-Nov

Seedling 8-Nov 7-Nov 13-Nov

Jointing 23-Mar 23-Mar 27-Mar

Heading 18-Apr 20-Apr 21-Apr

Anthesis 26-Apr 26-Apr 29-Apr

Ripening 2-Jun 5-Jun 2-Jun

leaf area (LA) was calculated by adding the individual LA
(length x width x constant-coefficient, of which 0.5 for not
yet fully expanded leaves and 0.75 for fully expanded leaves)
and then multiplying by the plant density (plants m−2). After
that, the samples were dried at 65◦C to a constant weight and
measured with a 0.01 g precision balance. The aboveground dry
matter accumulation (DMA) was calculated as the plant biomass
multiplied by the plant population at each growth stage. LAD
and CGR were calculated by Eq. (1–2):

LAD =
[(LA2 + LA1) × (T2 − T1)]

2
(1)

CGR =
(W2−W1)

(T2− T1)
(2)

where LA, W and T are the leaf area, dry matter accumulation
and sample date, respectively.

Leaf chlorophyll content

The latest expanded or flag leaf samples were collected
from 10 plants in the inner row in each plot in the field,
cleaned, and stored in liquid nitrogen for measurements in
the laboratory. The leaf chlorophyll content (Chl a and Chl
b) was measured according to the classical spectrophotometric
method (Sarker et al., 2020). Briefly, using 95% ethanol was
used to extract chlorophyll (each sample measured 0.2 g,
and there were four replicates per sample), and then a UV-
1800 spectrophotometer (Shimadzu, Kyoto, Japan) was used to
measure the absorbance at 646 and 663 nm for Chl b and Chl
a, respectively. Chlorophylls were calculated according to the
Lambert-Beer law as mg g−1 FW.

Grain filling characteristics

A total of 150 consecutive plants in the center rows were
tagged at the anthesis stage, and sampling began 10 days
after flowering. Twenty tagged plants were randomly sampled

per plot every 5 days until the kernels reached physiological
maturity. Kernels were dried at 65◦C until constant weight
and then measured with a 0.001 g balance. The grain
filling characteristics were analyzed by the Richards Equation
(Richards, 1959) in Eq. (3):

y =
a

(1+ eˆ(b− cx))ˆ(1/d)
(3)

where y is the wheat kernel weight (mg); x is the days after
anthesis; a is the final kernel weight (mg); and b, c, and d are
the equation parameters.

Tmax represents the days needed (post-anthesis) to reaching
the maximum grain-filling rate (Gmax) and is calculated by
Eq. (4):

Tmax =
(b− ln d)

c
(4)

Wmax represents the kernel weight at the maximum grain-
filling rate, calculated by Eq. (5):

Wmax = a × (d + 1)ˆ(−1/d) (5)

Gmax represents the maximum grain-filling rate, calculated
by Eq. (6):

Gmax = ((c × Wmax)/d) × (1− (Wmax/a) × d) (6)

Gmean represents the average grain-filling rate and is
calculated by Eq. (7):

Gmean = a × c/2 × (d + 2) (7)

P represents the active grain-filling period and is calculated
by Eq. (8):

P = 2 × (d + 2)/c (8)

Yield and yield components

At harvest, 1.9 m2 in the inner five rows (0.95 m width and
2 m length) of each plot was harvested manually to determine
the wheat yield and yield components. The spike number
was measured as the number of effective spikes divided by
the sampled area. Three separate 1,000-kernel samples were
randomly counted in each plot with a weight error less than
0.5 g among the three samples, and then the kernel weight
was determined after over-drying at 60◦C until constant weight.
Kernel moisture was measured by an M-8188A grain moisture
analyzer (KETT, Tokyo, Japan), 10 times per sample. The grains
from each plot were weighed and corrected to a water content of
13.5% for the final grain yield.
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Stover N content and grain N content

Samples were collected from each harvested plot, threshed
to manually separate the stover and grain, and then dried at
60◦C to constant weight. Stover and grain N nitrogen contents
were measured by an SPD50 according to the Kjeldahl method
(Kjeldahl Azotometer, Beijing, China) (Deng et al., 2019). Then,
total N uptake (NUT), N partial factor productivity (NPFP), N
recovery efficiency (NRE), and N agronomic efficiency (NAE)
were calculated by Eq. (9–12):

NUT (kg ha−1) = Biomassstover × NCstover

+ Grain × NCgrain (9)

NPFP
(

kg kg−1
)
=

GY
N

(10)

NRE (%) =
(NUT − NUT0)

N
(11)

NAE (kg kg−1) =
(GY − GY0)

N
(12)

where NCstover and NCgrain are the respective stover (without
the kernel) and grain N contents at harvest, respectively. GY and
GY0 are the grain yield at maturity with and without N input,

respectively. NUT0 is the total N uptake by control (unfertilized)
plants, and N represents the nitrogen fertilizer rate.

Statistical analysis

The effect of treatment (nitrogen, PAA) on the wheat grain
yield and yield components was analyzed by the General Linear
Model procedure (GLM) in SPSS 20.0 (SPSS Inc., Chicago,
United States), where means were compared using the least
significant differences test (LSD) at the 5% (p≤ 0.05) probability
level. The curves of the grain filling dynamics were analyzed
by CurveExpert Pro (Hyams Development) according to the
Richards Equation (Richards, 1959). Figures were generated in
R 4.0.5 (R Core Team, 2021).

Results

Growing conditions

Figures 3A–C shows the daily maximum air temperature
(Tmax), minimum air temperature (Tmin), and cumulative

TABLE 3 Wheat yield, yield components (kernel number, kernel weight, and spike number), and harvest index at four N rates under the control (CN)
and poly(aspartic acid)-coated urea (PN) treatments from 2017 to 2020.

Year Nitrogen rate Treatment Yield Kernel number Kernel weight Spike number Harvest index

kg ha−1 kg ha−1 Spike−1 mg kernel−1 × 104 ha−1

2017–2018 63 CN 5963.6 c§ 30.6 a 42.4 a 529.4 c 0.50 b
PN 6114.0 c 31.2 a 43.4 a 542.5 bc 0.51 b

125 CN 6492.3 bc 32.3 a 41.5 ab 550.9 bc 0.52 a
PN 6965.9 b 32.0 a 42.0 ab 560.5 bc 0.52 a

188 CN 7662.7 a 31.4 a 40.4 b 602.6 a 0.51 ab
PN 7504.5 a 31.9 a 40.3 b 582.0 ab 0.51 ab

2018–2019 63 CN 4614.4 c 24.4 d 44.6 b 414.9 c 0.43 c
PN 5242.2 c 28.8 c 44.9 ab 439.5 bc 0.44 c

125 CN 7961.6 b 31.8 b 45.5 ab 503.1 b 0.49 ab
PN 9201.1 a 37.6 a 45.8 a 591.7 a 0.51 a

188 CN 8412.6 ab 30.5 bc 45.9 a 578.5 a 0.50 ab
PN 8992.1 a 36.4 a 44.9 ab 581.6 a 0.49 ab

2019–2020 63 CN 4789.8 d 25.2 c 43.7 ab 538.6 b 0.38 d
PN 5494.4 c 26.5 c 44.5 a 526.8 b 0.41 c

125 CN 8454.6 b 32.4 b 44.1 ab 660.1 a 0.45 ab
PN 8851.8 a 35.7 a 44.2 ab 664.0 a 0.48 a

188 CN 9101.5 a 33.5 b 43.3 ab 636.8 a 0.45 ab
PN 9233.0 a 33.7 b 43.0 b 649.6 a 0.47 a

ANOVA
Year *** ns¶ *** *** ***
Nitrogen rate *** *** ** *** ***
Treatment *** *** ns ns **

§The LSD at p ≤ 0.05 is used to compare the treatment means within the same year; means within the same year followed by the same letter are not significantly different.
¶ns: Not significant (p > 0.05); “**” and “***” represent significant difference at the 0.01 and 0.001 probability levels, respectively.
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precipitation at the Xinxiang experimental station during
2017–2020. During the whole wheat growing cycle, Tmax,
Tmin, and total cumulative precipitation were 15.7◦C, 4.7◦C,
and 190.6 mm in 2017–2018, 14.9◦C, 3.5◦C, and 57.2 mm
in 2018–2019, and 16.1◦C, 4.0◦C, and 114.1 mm in 2019–
2020. During the vegetative growth period (sowing-jointing),
the average Tmin and total precipitation were 0.2◦C and
35.7 mm in 2017–2018, –0.6◦C and 16.3 mm in 2018–2019,
and 0.5◦C and 65.4 mm in 2019–2020. During the reproductive
growth period (jointing-ripening), the daily air temperature
was similar (25.3 ± 0.5◦C) during the three experimental
years. However, there was a considerable difference in
cumulative precipitation among the three experimental seasons

(154.9, 40.9, and 48.7 mm in 2017–2018, 2018–2019, and 2019–
2020, respectively).

Yield and yield components

The year, N rates, and treatments had significant (p < 0.05)
effects on the wheat yield. As shown in Table 3, wheat yield
across all treatments in 2019–2020 (7.7 Mg ha−1) was higher
than that in 2018–2019 (7.4 Mg ha−1) and 2017–2018 (6.8 Mg
ha−1). N rates increased wheat yield significantly; in comparison
with 63 kg N ha−1 (N63), wheat yield under 125 kg N ha−1

(N125) and 188 kg N ha−1 (N188) increased by 48.8% and

TABLE 4 The main agronomic traits of wheat during the jointing-anthesis and anthesis-ripening growing stages at four N rates under the control
(CN) and poly(aspartic acid)-coated urea (PN) treatments from 2017 to 2020.

Year Nitrogen rate Treatment Growth stages

Jointing-anthesis Anthesis-ripening

LAD Chl CGR LAD Chl CGR

kg ha−1 m2 m−2 d−1 mg g−1 g m−2 d−1 m2 m−2 d−1 mg g−1 g m−2 d−1

2017–2018 0 CN 30.4 d§ 3.1 d 8.4 e 33.3 e 2.0 e 5.3 d
PN – – – – – –

63 CN 71.8 c 3.5 c 21.7 abc 86.9 d 3.7 cd 10.4 c
PN 72.5 c 3.8 b 20.5 bcd 95.7 c 3.6 d 15.4 b

125 CN 82.0 b 3.6 bc 19.6 cd 117.8 a 3.9 bcd 13.9 bc
PN 86.0 b 3.6 bc 17.7 d 121.5 a 3.8 bc 20.0 a

188 CN 91.1 a 4.3 a 24.3 a 111.9 b 4.0 b 14.6 b
PN 86.1 b 3.7 b 23.0 ab 119.8 a 4.2 a 16.0 b

2018–2019 0 CN 41.1 c 2.7 c 5.8 d 34.0 f 2.3 f 5.3 c
PN 33.6 c 2.4 d 5.8 d 30.9 f 2.6 e 5.1 c

63 CN 85.9 b 2.7 c 16.6 c 56.0 e 2.8 de 8.2 c
PN 90.3 b 2.7 c 16.2 c 72.5 d 3.0 d 13.7 b

125 CN 125.1 a 3.3 b 18.1 bc 119.5 c 3.9 c 14.9 b
PN 113.4 ab 3.5 a 19.1 b 152.1 a 4.3 a 17.5 ab

188 CN 140.3 a 3.2 b 17.1 bc 140.4 b 4.0 bc 19.4 a
PN 127.2 a 3.3 b 22.0 a 151.0 a 4.2 ab 19.6 a

2019–2020 0 CN 25.6 c 1.1 d 6.6 c 24.8 c 1.0 d 7.6 d
PN 25.9 c 1.1 d 6.5 c 28.2 c 1.0 d 7.3 d

63 CN 65.5 b 1.9 c 19.5 ab 45.2 b 1.6 c 7.4 d
PN 56.0 b 1.9 c 17.7 ab 50.8 b 1.5 c 13.6 c

125 CN 113.6 a 2.5 a 20.8 ab 147.2 a 3.2 a 12.4 c
PN 110.7 a 2.1 b 21.2 a 130.3 a 2.5 b 15.1 bc

188 CN 107.9 a 2.6 a 20.9 ab 132.3 a 3.1 a 18.3 ab
PN 106.7 a 2.4 a 17.4 b 135.9 a 3.2 a 19.6 a

ANOVA
Year *** *** *** ** *** ns
Nitrogen rate *** *** ** *** *** ***
Treatment ns¶ ns ns *** ns ***

LAD, leaf area duration; Chl, leaf chlorophyll content; CGR, crop growth rate.
§The LSD at p ≤ 0.05 is used to compare the treatment means within the same year; means within the same year followed by the same letter are not significantly different.
¶ns: Not significant (p > 0.05); “**” and “***” represent significant difference at the 0.01 and 0.001 probability levels, respectively.
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58.0%, respectively, across the three experimental seasons. PN
increased wheat yield by 9.6%, 9.2%, and 2.2% in comparison
with CN under N63, N125, and N188, respectively, across the
three experimental years.

As shown in Table 3, N rates and treatment showed
significant (p < 0.05) effects on kernel number and spike
number. The kernel numbers under N125 and N188 were
21.1% and 18.4% higher than those under N63. PN significantly

FIGURE 4

Dynamic variation in biomass accumulation from the jointing to ripening stages at N63 (A,D,G), N125 (B,E,H), and N188 (C,F,I) under the control
(CN) and poly(aspartic acid)-coated urea (PN) treatments during the 2017–2018 (A–C), 2018–2019 (D–F) and 2019–2020 (G–I) growing
seasons. (ns means not significant, “*” and “**” above the columns indicate significance at the p = 0.05 and p = 0.01 levels, respectively, within a
group).
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increased the kernel number per spike by 7.8%, 9.2%, and
7.0% under N63, N125, and N188, respectively, across the
three experimental years. Similarly, the spike number increased
by 18.0% and 21.4% under N125 and N188, respectively, in
comparison with N63. PN significantly increased the spike

number by 6.0% under N125 but showed no significant
difference under N63 and N188.

Kernel weight differed significantly among experimental
years (Table 3). The kernel weights in 2019–2020 and 2018–
2019 were 5.1% and 8.6% higher, respectively, than those

FIGURE 5

Wheat kernel dry weight dynamics at N63 (A,D,G), N125 (B,E,H), and N188 (C,F,I) in the control (CN) and poly(aspartic acid)-coated urea (PN)
treatments during the 2017–2018 (A–C), 2018–2019 (D–F) and 2019–2020 (G–I) growing seasons.
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in 2017–2018 among the N rates and treatments. N rates
and treatments showed no significant effect on the kernel
weight. However, the kernel weight showed a decreasing
tendency with increasing nitrogen application rate during the
experimental years.

Leaf area duration, leaf chlorophyll
content, and crop growth rate

During the jointing-anthesis growth stage, the leaf area
duration (LAD), leaf chlorophyll content (Chl), and crop growth
rate (CGR) differed significantly among years and N rates,
while PN showed no significant effect on these traits (Table 4).
The average LAD was 39.4% higher in 2018–2019 and 14.5%
higher in 2019–2020 than in 2017–2018. The LAD under N125
and N188 was 45.5% and 50.0% higher, respectively, than that
under N63 across the 3 years. In comparison to N63, Chl and
CGR under N188 and N125 increased by 15.8%–20.7% and
5.0%–11.5%, respectively (Table 4).

During the anthesis-ripening growth stage, the average LAD
and Chl were 1.9% and 55.1% higher in 2017–2018 and 7.8%
and 48.1% higher in 2018–2019 than in 2019–2020. LAD, Chl,
and CGR increased significantly with increasing N rates during
this period. Compared with N63, the LAD, Chl, and CGR
increased by 93.6%, 33.5%, and 36.3% under N125 and by 94.3%,
40.0%, and 56.3% under N188. PN significantly increased LAD
and CGR by 16.4% and 64.3% under N63, 5.1% and 27.5%

under N125, and 5.8% and 5.4% under N188 across the three
experimental years.

Dry matter accumulation

N rates and PN both showed significant effects on DMA
across the three experimental years (Figures 4A–I). The
maximum DMA was observed under N188, which was 29.6%
and 8.6% higher than that under N63 and N125, respectively.
The effect of PN on DMA depended more on the wheat
growth stages and N rates. Before anthesis, PN decreased DMA
at the same N rate, but there was no significant difference
for most parts. In contrast, after anthesis, PN significantly
increased DMA by 13.7% and 10.1% under N63 and N125,
respectively, whereas no significant difference was detected
under N188 (Figure 4).

Grain-filling characteristics

The year, N rates, and treatments showed significant
effects on the wheat grain-filling characteristics (Figures 5A–
I and Table 5). The time required for kernels to reach the
maximum grain-filling rate (Tmax) under N125 and N188
was 7.2 and 6.0% longer than that under N63, respectively.
In comparison with N63, the Gmax under N125 and N188
decreased by 6.8% and 2.5%, respectively. The kernel weight at

TABLE 5 Grain-filling characteristics of wheat kernels at three N rates under the control (CN) and poly(aspartic acid)-coated urea (PN) treatments
from 2017 to 2020.

Year Nitrogen rate Treatment Richard Model R2 Tmax Wmax Gmax P

kg ha−1 d —mg kernel−1— d

2017–2018 63 CN y = 48.4/[1+exp(8.4–0.3x)ˆ0.4] 0.9972 25.4 28.8 2.8 29.0

PN y = 50.1/[1+exp(6.6–0.3x)ˆ0.6] 0.9978 24.1 27.4 2.9 28.2

125 CN y = 49.0/[1+exp(3.7–0.2x)ˆ1.4] 0.9999 23.1 23.0 1.9 31.0

PN y = 50.2/[1+exp(5.0–0.2x)ˆ0.9] 0.9997 23.7 25.6 2.6 30.1

188 CN y = 46.5/[1+exp(6.1–0.2x)ˆ0.7] 0.9980 23.7 25.2 2.6 28.8

PN y = 46.3/[1+exp(6.2–0.2x)ˆ0.7] 0.9979 23.7 25.1 2.6 28.4

2018–2019 63 CN y = 48.5/[1+exp(7.1–0.3x)ˆ0.6] 0.9984 25.8 27.2 2.7 29.5

PN y = 51.4/[1+exp(6.9–0.3x)ˆ0.6] 0.9994 25.6 28.2 2.9 28.4

125 CN y = 53.2/[1+exp(4.1–0.2x)ˆ1.2] 0.9989 26.1 25.6 2.1 34.5

PN y = 53.1/[1+exp(6.5–0.2x)ˆ0.7] 0.9995 27.5 28.5 2.8 30.5

188 CN y = 52.5/[1+exp(6.5–0.2x)ˆ0.7] 0.9996 27.3 28.5 2.7 31.2

PN y = 51.3/[1+exp(6.2–0.2x)ˆ0.7] 0.9989 27.0 27.2 2.7 30.6

2019–2020 63 CN y = 47.8/[1+exp(6.5–0.3x)ˆ0.5] 0.9984 20.7 28.0 2.6 29.8

PN y = 52.2/[1+exp(3.8–0.2x)ˆ0.9] 0.9975 19.8 26.4 2.5 32.1

125 CN y = 49.7/[1+exp(10.2–0.3x)ˆ0.3] 0.9992 26.0 31.4 2.9 28.8

PN y = 52.4/[1+exp(8.4–0.3x)ˆ0.4] 0.9998 25.1 31.3 3.0 28.7

188 CN y = 48.0/[1+exp(10.0–0.4x)ˆ0.3] 0.9976 24.5 30.6 2.8 28.7

PN y = 48.5/[1+exp(6.3–0.2x)ˆ0.6] 0.9990 23.7 27.3 2.6 31.0

Tmax, days needed for reaching the maximum grain-filling rate; Wmax, kernel weight (mg) at the maximum grain-filling rate; Gmax, maximum grain-filling rate; P, active grain-filling
period.
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the maximum grain-filling rate (Wmax) and the active grain-
filling period (P) showed no apparent difference among the N
rates. As shown in Figure 5, PN increased the kernel weight,
especially under N63 and N125, and the Gmax and Wmax
under N125 in the PN treatment were 21.7% and 6.7% higher,
respectively, compared to those in CN.

Nitrogen utilization characteristics

As shown in Table 6, the average wheat stover and grain
N contents in 2017–2018 were 0.54% and 2.16% on average,
respectively, which were higher than those in 2018–2019 (0.33%
and 1.86%) and 2019–2020 (0.47% and 2.02%). The stove N
content and grain N content increased with increasing N rates.
Compared with N63, the stove N content and grain N content
under N125 and N188 increased by 52.3%–71.2% and 17.5%–
18.8%, respectively. PN increased the stover N content and
grain N contents by an average of 12.4% and 2.9% on average,
respectively, across the three N rates.

The total nitrogen uptake (NUT) at harvest in 2019–2020
was 11.5% and 20.4% higher than that in 2017–2018 and
2018–2019, respectively. N rates increased NUT but sharply

decreased N partial factor productivity (NPFP), N recovery
efficiency (NRE), and N agronomic efficiency (NAE). The NUT
under N188 was 96.8% and 11.7% higher than that under
N63 and N125, respectively, while the NPFP, NRE, and NAE
under N188 were 46.7%, 10.2%, and 32.5%, 28.9%, 22.9%, and
27.1% lower than those under N63 and N125, respectively. PN
increased NUT, NPFP, NRE, and NAE by 10.8%, 9.1%, 17.4%,
and 16.7%, respectively, compared to CN. It is noteworthy
that PN significantly increased NUT, NPFP, NRE, and NAE
mainly under N63 and N125, while no significant difference was
observed under N188.

Discussion

The present study was set up to assess the effect of
poly(aspartic acid) (PAA)-coated urea (PN) on winter wheat
yield and N use efficiency. As mentioned in the literature review,
N is currently one of the most yield-limiting factors for winter
wheat production (Yue et al., 2012). Additionally, wheat N
management has long been considered a challenging agronomic
scenario (Biermacher et al., 2006; Liu et al., 2020b). The effect
of N application methods on wheat yield varied notably with

TABLE 6 Wheat stover and grain N content, total nitrogen uptake (NUT), nitrogen partial factor productivity (NPFP), and nitrogen agronomic
efficiency (NAE) at three N rates under the control (CN) and poly(aspartic acid)-coated urea (PN) treatments from 2017 to 2020.

Year Nitrogen rate Treatment Stover N content Grain N content NUT NPFP NRE NAE

kg ha−1 % % kg ha−1 kg kg−1 % kg kg−1

2017–2018 63 CN 0.36 c§ 2.18 a 136.6 d 95.3 a 64.7 a 60.9 a

PN 0.47 c 2.15 ab 145.7 cd 97.8 a 71.3 a 63.4 a

125 CN 0.57 b 2.13 b 158.4 c 52. b 40.4 b 34.7 b

PN 0.58 b 2.19 a 174.8 b 55.8 b 46.4 b 38.5 b

188 CN 0.55 b 2.14 b 188.0 a 40.9 c 34.2 c 29.4 c

PN 0.70 a 2.17 ab 197.6 a 40.0 c 36.5 c 28.6 c

2018–2019 63 CN 0.14 c 1.57 c 72.1 c 73.8 ab 24.6 d 35.8 bc

PN 0.25 c 1.39 c 81.7 c 83.8 a 26.2 d 47.8 a

125 CN 0.38 b 1.97 b 171.3 b 63.7 b 45.1 b 44.7 ab

PN 0.35 b 1.98 b 193.9 ab 73.6 ab 54.4 a 55.6 a

188 CN 0.41 a 2.09 a 191.9 ab 44.9 c 35.1 c 32.2 c

PN 0.47 a 2.14 a 216.4 a 48.0 c 41.8 b 35.9 bc

2019–2020 63 CN 0.34 c 1.56 c 86.5 e 71.3 b 27.4 d 36.9 c

PN 0.35 c 1.93 c 121.1 d 87.8 a 52.0 b 52.7 a

125 CN 0.54 b 2.14 b 211.9 c 65.8 c 59.9 a 48.6 b

PN 0.49 b 2.25 a 224.0 b 70.8 b 63.9 a 53.2 a

188 CN 0.52 b 2.08 b 227.6 b 48.5 d 43.8 c 37.1 c

PN 0.61 a 2.18 a 245.2 a 49.2 d 47.8 b 37.5 c

ANOVA

Year * * *** ns¶ * ns

Nitrogen rate *** *** *** *** *** ***

Treatment *** * *** *** *** ***

NUT, total nitrogen uptake; NPFP, nitrogen partial factor productivity; NRE, N recovery efficiency; NAE, nitrogen agronomic efficiency.
§The LSD at p ≤ 0.05 is used to compare the treatment means within the same year; means within the same year followed by the same letter are not significantly different.
¶ns, Not significant (p > 0.05); “*” and “***” represent significant difference at the 0.05 and 0.001 probability levels, respectively.
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considerable changes in temperature and precipitation during
the wheat growing season (Hu et al., 2019). In the present study,
cloudy and rainy weather during the grain filling period could
partly explain the yield penalty in the 2017–2018 season. Overall,
wheat yield increased with increasing N rates, i.e., under 188 kg
N ha−1 with the one-time basal application method, but was
lower than that in previous studies in this region (Cui et al., 2008,
2010; Xu et al., 2018). PN showed a significant advantage in
increasing wheat yield under N63 and N125; however, there was
no significant difference under N188 in the current study. This
might be due to the limitation of wheat variety N use efficiency
or yield potential under high N availability conditions. Wang
et al. (2011) pointed out that the potential yield of Jimai 22 was
approximately 9.0 Mg ha−1, and available nitrogen in the plow
layer under 188 kg N ha−1 was sufficient for winter wheat during
the whole growing season on the NCP (Wang et al., 2011).

One very important issue for the N fertilizer one-time basal
application method is that excessive N fertilizer promotes tiller
development in the wintering period (typically lasting 2–4 weeks
on the NCP) and increases the rates of ineffective tillers (Ma
et al., 2018; Zhang et al., 2020). In this study, the spike number
increased with increasing N rates, while PN increased the spike
number at harvest only under N125 and showed no significant
effect under N63 and N188. Another important issue for the N
fertilizer one-time basal application method is that there will not
be sufficient available N left in the top layer of soil during the
later growing stage of wheat (Jensen et al., 2000), and the kernel
number and kernel weight will decrease accordingly (Demotes-
Mainard and Jeuffroy, 2001). In the present study, the kernel
number per spike increased with increasing N rates, and PN
showed a similar trend in promoting the kernel number. The
N rates increased the kernel weight but depended largely on
the weather conditions. For example, the nitrogen rate had little
effect on the kernel weight under continuous rainy conditions
during the wheat grain-filling stage (Pandey et al., 2001).

N input could increase the leaf chlorophyll content,
LAD, and therefore crop growth rate. In the current study,
the LAD, chlorophyll content, and CGR increased with
increasing nitrogen rates. PN increased LAD and CGR
during the grain-filling stage but showed no effect on the
leaf chlorophyll content. It is speculated that PN results in
a slow release effect on nitrogen fertilizer since the leaf
chlorophyll content is directly related to the leaf nitrogen
content (Shadchina and Dmitrieva, 1995), and PN promotes
wheat nitrogen absorption, and the chlorophyll content will
increase accordingly. Nitrogen application can increase biomass
accumulation (Salvagiotti and Miralles, 2008). However, the
present study showed that PN had no significant effect on
improving DMA compared to CN during the jointing to
anthesis growth stages. It is surprising is that PN significantly
increased DMA during the entire grain-filling stage compared
to CN. During the grain-filling stage, excessive nitrogen
application could prolong the entire grain-filling period rather

than the effective grain-filling period and decrease the Gmax
(Liu et al., 2020a). In the current study, PN increased the
wheat Gmax and kernel weight at the Gmax under N63 and
N125 compared to CN.

N applied with the one-time basal application method
could increase the leaf chlorophyll content, LAD, and CGR,
which combined increase DMA before anthesis and promote
the formation of effective spikes and kernel number per spike
(Shadchina and Dmitrieva, 1995; Gaju et al., 2014). However,
excessive nitrogen application in the early growing stage of
wheat can result in luxury consumption and negatively effect
DMA (Wang et al., 2017a). DMA during the postanthesis stage
increased the formation of kernel number per spike and increase
the harvest index. Overall, PN prevented luxury consumption
in wheat before anthesis, and the available N retained in the
top layer of soil during the later wheat growing stage enhanced
DMA and grain filling.

Several previous studies have shown the potential of
controlled-release urea in increasing plant N absorption and
utilization, and N inputs have been found to significantly
increase the crop N content and total nitrogen uptake (Gao et al.,
2021; Jiang et al., 2021). There are currently two explanations
concerning the mechanism by which PN promoted nitrogen
utilization in this study. Poly(aspartic acid) is a hydrophilic and
biodegradable polymer of aspartic acid with good dispersibility
and adsorption capacity (Vega-Chacon et al., 2017). Deng et al.
(2014) found that PN could reduce N loss and increase rice N
uptake and N use efficiency in paddy soil (Deng et al., 2014).
However, Wang et al. (2018) found that PN could increase maize
nitrogen assimilation by enhancing nitrate reductase activity
in a scarce NO3

− environment (Wang et al., 2018). In the
present study, PN increased maize plant nitrogen uptake and
nitrogen utilization efficiency under low and medium nitrogen
rates (N63 and N125) but seldom showed a significant advantage
under N188 compared to CN. These results indicated that
PN promoted wheat nitrogen utilization, which was mainly
attributed to the slow release of the N in clay loam soil,
and enhanced N supply to meet plant N requirements during
the later wheat growing stage. However, there are still many
unanswered questions, such as the mechanisms and effects of
PN on nutrient release and nutrient absorption, which need to
be further investigated.

Conclusion

N management is one of the major limiting factors in
increasing farm profitability. The current study investigated
the effect of the eco-friendly material poly(aspartic acid)-
coated urea (PN) on wheat yield and N use efficiency. Our
key findings are as follows: (1) in comparison with CN, PN
increased wheat yield significantly under N63 and N125, while
no obvious effect on wheat yield was found under N188
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compared to CN. The increase in wheat yield induced by PN
was mainly attributed to the increasing spike number and
kernel number, especially the kernel number. (2) PN increased
the leaf area duration (LAD) and crop growth rate (CGR),
which together enhanced the dry matter accumulation (DMA)
during the grain filling stage, and (3) PN increased the total
N uptake (NUT), N partial factor productivity (NPFP), N
recovery efficiency (NRE) and N agronomic efficiency (NAE)
compared to CN under N63 and N125 but showed no significant
effect under N188. Consequently, the use of moderate amounts
(125 kg N ha−1) of PN showed great potential to reduce wheat
N input by approximately 33% (compared to 188 kg N ha−1

CN) without a yield penalty at the current yield level with the
one-time basal application method in clay loam soil on the NCP.
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