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ABSTRACT

In recent years, in order to improve nutrient use efficiency, especially nitrogen use efficiency, fertilizer value-
added technology has been developed rapidly. However, the mechanism of the effect of synergistic fertilizer on
plant nitrogen utilization is not clear. A study was, therefore, conducted to explore the activities and gene expres-
sion of key enzymes for nitrogen assimilation and the gene expression of nitrogen transporters in wheat after the
application of synergistic fertilizer. Soil column experiment was set up in Qingdao Agricultural University experi-
mental base from October 2018 to June 2019. Maleic acid and itaconic acid were copolymerized with acrylic acid
as cross-linking monomer to make a fluid gel, which was sprayed on the fertilizer surface to make nitrogen and
phosphorus synergistic fertilizer. A total of 6 treatments was set according to different nitrogen and phosphorus
fertilizer ratios: (1) 100% common nitrogen fertilizer+100% common phosphate fertilizer (2) 70% nitrogen syner-
gistic fertilizer+100% phosphorus synergistic fertilizer; (3) 100% nitrogen synergistic fertilizer+70% phosphorus
synergistic fertilizer; (4) 100% nitrogen synergistic fertilizer+100% phosphorus synergistic fertilizer; (5) 70%
nitrogen synergistic fertilizer+70% phosphorus synergistic fertilizer; (6) 100% commercial nitrogen synergistic
fertilizer+100% commercial phosphorus synergistic fertilizer. The results are as follows: (1) the enzyme activities
of wheat plants under synergistic fertilizer condition were higher than those under ordinary fertilizer, except
under the treatment that nitrogen and phosphorus synergistic fertilizer were both reduced; (2) the expression level
of the genes under the treatment “100% nitrogen synergistic fertilizer+100% phosphorus synergistic fertilizer” was
significantly higher than those in other treatments. Combined with the higher performance of nitrogen concen-
tration in various parts of the plant under the condition of applying synergistic fertilizer, this study indicated that
the application of synergistic fertilizer can improve the nitrogen metabolism of the plant by increasing the nitro-
gen level in the rhizosphere soil, inducing the expression of nitrogen transporter genes and key assimilation
enzymes genes.
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1 Introduction

Wheat (Triticum aestivum L.) is one of the major staple grain crops, and fertilization plays an important
role in increasing its yield. However, in recent years, the yield seems to be stable [1], the increase in the crop
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growth rate and yield have not matched the increase in the rate of fertilizer application [2]. It seems that the
agronomic production model of increasing yield by increasing fertilizer input has become unsustainable, and
the application of fertilizer is accompanied by huge energy and environmental costs [3–5]. To overcome this
problem, polymer coating can be used on ordinary fertilizer to improve its efficiency and reduce the release
rate of nutrients in the soil [6]. Slow-release technology is the latest highly developed method of nutrition
feeding plants. So far, various slow-release fertilizers with different materials, preparation methods and
mechanisms of action have been developed [7]. The combination of superabsorbent resin and slow-
release fertilizer can improve soil water-holding and nutrient retention capacity [8]. Acrylic acid is the
most widely used monomer in the preparation of super absorbent hydrogel, so it’s commonly used in
slow-release fertilizers [8–10]. Itaconic acid produced by biological fermentation is one of 12 bio-based
platform chemicals because of its special properties such as renewability, degradability and economic
advantages [11]. Zhao et al. [12] combined itaconic acid, urea and acrylic acid in methanol to form
oligomers, which could be quickly cross-linked by methanol evaporation to obtain a new high-
performance water and nutrient retaining fertilizer, effectively reducing the loss of water and nutrients.

Nitrogen is an important factor related to yield in the plant metabolic system. The absorption and
utilization of nitrogen to plants is a complex process, including nitrogen absorption, reduction,
assimilation, transport and reuse, which is affected by various factors [13]. In general, the plant-soil
nitrogen cycle can be broken down into two major sections: environmental (how the plant accesses
nitrogen) and genetic (how the plant uses it once it is assimilated) [14]. Previous studies have shown that
slow-release fertilizer can effectively improve fertilizer utilization and enhance crop yield [15]. Slow-
release fertilizer can regulate N release rate to meet N demand of crops during the whole growth period.
This property leads to a high N harvest index of N fertilizer and a high N uptake of plants [16,17]. Study
of Xing et al. [18] showed that the combination of slow-release N fertilizer and moderate N fertilizer
application rate have significant effects on improving the N uptake, N translocation, and N translocation
efficiency. However, the effects of slow-release fertilizer on plant nitrogen metabolism are not well
studied. Phosphorus is also an essential mineral nutrient element for plants [19]. Coating granular
fertilizers with substances to slow the initial dissolution is one of the effective methods attempted to
extend P release through a growing season and increase user efficiency [20]. Tyliszczak et al. [21] studied
the release of phosphorus in the slow-release fertilizer and found that it was related to the water
absorption kinetics of the slow-release fertilizer. According to the research of Chuan et al. [22], the mean
yield response of wheat in China to nitrogen and phosphorus were 1.7 and 1.0 t/ha, respectively, nitrogen
was the nutrient most limiting yield, followed by phosphorus. Therefore, in this study, synergistic
fertilizers were developed based on ordinary fertilizer, thereby extending the release time and improving
the use efficiency of the fertilizers and the effects of synergistic fertilizer on nitrogen metabolism was
studied in depth. Maleic acid and itaconic acid were copolymerized to make a fluid gel, which was
sprayed on the nitrogen and phosphorus fertilizer surface to make nitrogen synergistic and phosphorus
synergistic fertilizer. Different nitrogen and phosphorus fertilizer ratios were set, combined with the
nitrogen concentration level of each part of the plant, the effects of different nitrogen and phosphorus
synergist fertilizer ratios on nitrogen metabolism related enzymes (nitrogen assimilation related enzyme
activity) and genes (nitrogen transporter genes and assimilation enzyme genes expression) of wheat were
studied to provide basis for its application.

2 Materials and Methods

2.1 Experimental Materials
Plants of winter wheat cultivar YanNong 999 were grown in soil column.

Common nitrogen fertilizer (CNF, urea, 46% N), common phosphate fertilizer (CPF, superphosphate,
12% P2O5), common potassium fertilizer (CKF, potassium sulfate, 50% K2O), commercial nitrogen
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synergistic fertilizer (CNSF, slow-release urea, 46% N), and commercial phosphate synergistic fertilizer
(CPSF, slow-release calcium superphosphate, 12% P2O5) were used as purchased.

Itaconic acid, maleic acid, potassium persulfate and acrylic acid were purchased from Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China) to make a synergistic agent.

According to the method of Chen et al. [23], the purchased urea and superphosphate were prepared to
form nitrogen synergistic fertilizer (NSF) and phosphorus synergistic fertilizer (PSF) fertilizer with the
synergistic agent, respectively.

2.2 Experimental Site
The experiment was conducted under field conditions at the experimental base of Qingdao Agricultural

University (37°48′10″N, 119°54′33″E), Shandong Province, China, from October 2018 to June 2019. The
climate type of the experiment site is Monsoon Climate of Medium Latitudes. During the wheat growth
period, the precipitation is about 300 mm, the sunshine duration is 1400~2000 h, and the accumulated
temperature above 0°C is 2000°C~2200°C, which is suitable for the growth of wheat.

2.3 Preparation of Soil Column
PVC pipes (15 cm in diameter, 160 cm in height) were placed after the soil was dug out according to its

layers. The excavated soil was then evenly mixed and transferred into the pipes from deep to shallow, with
stones, wood blocks and other sundries screening out.

The basic fertility characteristics of the topsoil are given in Table 1.

2.4 Experimental Design
A randomized complete block design was adopted. Six treatments were set up, with 10 replicates per

treatment and 4 plants per column. The respective treatments were:

1. Control (CK): 100% CNF+100% CPF;

2. Treatment 1 (T1): 70% NSF+100% PSF;

3. Treatment 2 (T2): 100% NSF+70% PSF;

4. Treatment 3 (T3): 100% NSF+100% PSF;

5. Treatment 4 (T4): 70% NSF+70% PSF;

6. Treatment 5 (T5): 100% CNSF+100% CPSF.

Potassium fertilizer was applied to all treatments, and all fertilizers were applied evenly into 5–35 cm
soil layers before sowing as base fertilizer, no dressing was conducted. The specific fertilization amount
was determined according to the basic soil fertility. The nitrogen, phosphorus and potassium contents of
the fertilizers in each treatment were shown in Table 2.

Wheat was sown on October 11, 2018, blooming on May 07, 2019, and harvested on June 17, 2019.
Seven seeds were sown in each column, and the seedlings were thinned after the emergence to ensure
that four plants were obtained in per column, and the sowing depth was 5 cm. No irrigation was
conducted during wheat growth. Chemical agents were sprayed before jointing of wheat to control
diseases, pests and weeds.

Table 1: Soil basic fertility

Organic matter
(g/kg)

Alkali-hydrolyzed
nitrogen (mg/kg)

Available potassium
(mg/kg)

Available phosphorus
(g/column)

Total
nitrogen (%)

18.56 70.27 213.26 45.62 0.92
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2.5 Sample Preparation
Within 30 days after wheat flowering, 9 aboveground plants of wheat were randomly selected every

10 days from each treatment, separated into stems, leaves and ears, dried at 75°C after inactivating the
enzyme at 105°C and then crashed for nitrogen concentration determination.

Another 9 intact plants were taken from each treatment at the same time. The flag leaf and roots (washed
with running water) were respectively removed and placed in liquid nitrogen for the determination of enzyme
activity and gene expression.

2.6 Determination Methods

2.6.1 Plant Nitrogen Concentration
Kjeldahl method was used to determine the total nitrogen concentration of each part [24].

2.6.2 Enzyme Activity Determination
Nitrate reductase (NR) and glutamine synthetase (GS) activities were determined according to the

method of Balotf et al. [25]. One unit of NR was defined as the amount of enzyme required for
production of 1 µmol nitrite per hour. The NR activity was expressed as NR units per gram of fresh
weight. One unit of GS was the amount of enzyme catalysing the formation of 1 µmol of
glutamylmonohydroxamate per minute. GS activity expressed as GS units per milligram of fresh weight.

2.6.3 RNA Extraction and Real-Time PCR
Total RNAwas extracted using RNA-plus buffer (Takara Bio, Japan). The concentration of purified total

RNA was determined using a Nano-drop (ND) 1000 spectrophotometer. Agarose gel electrophoresis was
used to determine the integrity of total RNA before the synthesis of the first-strand cDNA. The Evo M-
MLV RT Kit with gDNA Clean for qPCR (Accurate Bio, China) was used to remove residual DNA and
synthetic cDNA.

The determined gene name and corresponding primer sequence was shown in Table 3. SYBR Green
Premix Pro Taq HS qPCR Kit (Accurate Bio, China) was used for fluorescent quantitative PCR reaction.
A total of 40 cycles was performed, and the cycle parameters were: 95°C, 30 s; 95°C, 10 s; 60°C, 30 s.
The relative gene expression was calculated by 2−ΔΔCT (CT: the number of cycles required when the
fluorescence intensity reaches the threshold) method [26], with the ADP-RF gene as the internal
reference. The determination included three biological repetitions and three technical repetitions.

Table 2: Fertilization amount of each treatment

Treatment N (g/column) P2O5 (g/column) K2O (g/column)

CK 0.36 0.18 0.16

T1 0.25 0.18 0.16

T2 0.36 0.13 0.16

T3 0.36 0.18 0.16

T4 0.25 0.13 0.16

T5 0.36 0.18 0.16
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2.7 Data Processing
Data processing and chart drawing were performed in Excel 2019 and Sigmaplot14.0 (SYSTAT

Software Company, California, USA), the statistical analysis and the significance test of difference were
calculated by IBM SPSS Statistics. Two-way analysis of variance (ANOVA) was performed. At the
probability level of 0.05, the mean values of different treatments were compared using the least
significant difference (LSD). And the marked letter method was used to indicate differences between
treatments, with different letters representing significant differences.

3 Results

3.1 Effects of Different Nitrogen and Phosphorus Synergistic Fertilizer on Total Nitrogen Concentration
of Wheat Plants
The results of variance analysis showed that post-flowering time and different nitrogen fertilizer

treatments had significant effects on the total nitrogen concentration of wheat stems, leaves and ears, but
their interaction was not significant. It can be seen from Fig. 1 that within 0–30 days after anthesis, with
the advance of growth process, the total nitrogen concentration of wheat stems and leaves showed a trend
of slow to rapidly decline, while the total nitrogen concentration of wheat ears gradually increased. The
nitrogen concentration in leaves and ears of wheat expressed as T3 > T2 > T5 and T1 > CK > T4 (p <
0.05), and in stems it expressed as T1, T2, T3 and T5 > CK and T4 (p < 0.05). The nitrogen
concentration finally in leaves, stems and ears of wheat under T3 treatment was 11.17%, 12.35% and
7.28% higher than those under CK, respectively. The nitrogen concentrations finally in leaves of wheat
under T2, T5 and T1 treatment were 5.79%, 5.54% and 1.65% higher than those under CK, respectively.
As for nitrogen concentration of stem, these ratios were 8.67%, 6.18% and 3.92%. And for nitrogen
concentration of the ear, these ratios were 5.88%, 2.10% and 0.38%, respectively. From 0 to 20 days after
anthesis, nitrogen concentration in leaves and ears of CK was significantly higher than that of T4, but the

Table 3: Sequences of all primers used in quantitative real-time PCR

Gene Sequence 5′-3′ Product size (bp) Source

TaAMT1.1 F: ACAGCTTCTTCCTCTTCC 105 [27]

R: CCGAGTAGATGAGGTAGG

TaNRT1.1 F: ATGCCAGGTTGTCATTGC 135 [27]

R: CCGAGTCCAGTTGTATGC

TaNRT2.1 F: TGGACTCCGAGCACAAGG 104 [27]

R: GACGAAGCAGGTGAAGAAGG

TaNRT2.3 F: TGGTCAGAGGAGGAGAAGG 101 [27]

R: GTGGCGAGGATAACATTGC

TaNR F: ATACACCATGAAAGGATACG 126 [27]

R: TACTTGTTCGGCTTCTCC

TaGS1 F: CCTTGTCATGTGCGATTGC 135 [27]

R: GTGTACTCCTGCTCGATACC

ADP-RF F: GCTCTCCAACAACATTGCCAAC 165 [28]

R: GCTTCTGCCTGTCACATACGC
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difference was not significant in stems. The nitrogen concentration finally in leaves and ears of wheat under
T4 treatment was 1.99% and 0.11% lower than those under CK.

3.2 Effects of Different Nitrogen and Phosphorus Synergistic Fertilizer on the Expression of Nitrogen
Transporter Genes in Wheat Roots
As shown in Fig. 2, the expression of TaNRT1.1 under T3 treatment was up-regulated with the

development process, while it in other treatments had no significant change in the dimension of time.
According to the significance among the six treatments, the expression of TaNRT1.1 was basically
expressed as T3 > T2/T5 > T1/T4/CK. The expression of TaNRT2.1 under T3 and T5 treatments had no
significant change with the development process, while it was up-regulated in other treatments. For the
order among treatments, T3 was significantly higher than T2, followed by T1 and T5. There was no
significant difference between CK and T1, but in the early stage T5 was significantly higher than CK,
and for most of the time there was no significant difference between T4 and CK. Compared with
TaNRT1.1, TaNRT2.1 showed little difference among treatments. The expression of TaNRT2.3 was
basically up-regulated with the development process under each treatment and it also varied considerably
among treatments (basically expressed as T3 > T2 > T1 > CK/T5 > T4). And as for the expression of
TaAMT, it had no significant change with the development process under T2 treatment, while it was up-
regulated in other treatments. The order it under the six treatments was T3 > T5 > CK/T1/T2 > T4. It can
be seen that the expression level of these four genes in T3 treatment was significantly higher than that in
other treatments in the same period. Within 0–30 days after anthesis, the expression of TaNRT1.1 in
T3 was up-regulated by 0.63 times; the expression of TaNRT2.1 in CK, T1, T2 and T3 was up-regulated

Figure 1: Effects of different nitrogen and phosphorus synergistic fertilizer on total nitrogen concentration
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by 2.60, 2.57, 0.60 and 2.00 times; the expression of TaNRT2.3 in CK, T1, T2, T3, T4 and T5 was up-
regulated by 3.70, 1.48, 0.54, 0.74, 2.08 and 2.97 times, respectively; and the expression of TaAMT in
CK, T1, T3, T4 and T5 was up-regulated by 0.45, 0.40, 0.35, 3.79 and 0.25 times.

3.3 Effects of Different Nitrogen and Phosphorus Synergistic Fertilizer on Nitrate Reductase (NR) and
Glutamine Synthase (GS) Enzyme
It can be seen from Fig. 3 that NR activity in flag leaves and roots of wheat showed a downward trend

after anthesis. In all treatments, NR activity in flag leaves basically expressed as T3 > T2 > T5 > T1 > CK >
T4. Except that there was no significant difference between T2 and T3 at 7 days after flowering, NR activity
in flag leaves under T3 was significantly higher than under T2. In roots, NR activity basically expressed as
T3 > T2 > T5 > T1/CK > T4. During the whole flowering period, NR activity in leaves of CK, T1, T2, T3,
T4 and T5 treatment decreased by 86.36%, 84.14%, 76.50%, 71.91%, 87.44% and 79.64%, respectively, and

Figure 2: Effects of different nitrogen and phosphorus synergistic fertilizer on the expression of nitrogen
transporter genes in wheat roots. Means denoted by different letters above the standard deviation bars of
the same position indicate significant differences according to LSD test (p < 0.05). Lowercase letters
represent the differences between different treatments in the same period, and capital letters represent the
differences in different periods of the same treatment
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in roots decreased by 57.71%, 55.02%, 47.58%, 48.99%, 58.37% and 51.20%, respectively. Both in leaves
and roots, the NR activity under T3 treatment and T2 treatment remains at a high level, and the activity
decreased more slowly, then in T5 treatment. The decreasing rate of NR activity in leaves was higher
than that in roots, and the difference among treatments was smaller in roots.

As for GS activity, it can be seen from Fig. 4 that after anthesis, GS activity of flag leaves in wheat
showed a trend of rapid decline, then a steady decline, but showed a steady decline trend in roots. GS
activity in flag leaves under different treatments expressed as T3 > T2 > T5 > T1/CK > T4, and in roots
expressed as T3 > T2 > T5 > T1 > CK/T4. Within 0–30 days after anthesis, GS activity in leaves of CK,
T1, T2, T3, T4 and T5 treatment decreased by 74.37%, 72.20%, 59.72%, 60.09%, 77.20% and 64.90%,
respectively, while in roots decreased by 71.66%, 69.43%, 65.20%, 59.20%, 74.03% and 68.37%. During
the whole flowering period, GS activity decreased faster in leaves than in roots and there was a smaller
difference among these six treatments in roots.

For the nitrate reductase gene TaNR, the change of its expression (Fig. 5) was opposite to the activity of
the enzyme, and it was up-regulated with the flowering time under each treatment. At the same period, in
T3 treatment, its expression was higher than in other treatment, and reached the peak at 30 days after
anthesis, which was up-regulated by 4 times compared with CK. According to the significance among the
six treatments, the expression of TaNR was basically expressed as T3 > T2 and T5 > T1 > T4 and CK.
At the early stage, it was significantly higher in T5 treatment than in T1 treatment, but there was no
significant difference between T1 and T5 treatment at 20 days after anthesis, and at 30 days after
anthesis, it was significantly higher in T1 treatment than in T5 treatment. Within 0–30 days after anthesis,
the expression of TaNR under CK, T1, T2, T3, T4 and T5 treatment were up-regulated by 3.17, 4.27,
1.06, 3.42, 0.08 and 1.07 times, respectively. Similarly, the expression of glutamine synthase gene TaGS
after anthesis (Fig. 6) was higher under T3 treatment than under other treatments, and was quite the
opposite in T4 treatment. The expression of TaGS was basically expressed as T3 > CK/T1/T2/T5 > T4.
Within 0–30 days after anthesis, the expression of TaGS in T1, T2 and T3 treatment was up-regulated by

Figure 3: Effect of different nitrogen and phosphorus synergistic fertilizer on NR activity. Means denoted
by different letters above the standard deviation bars of the same position indicate significant differences
according to LSD test (p < 0.05). Lowercase letters represent the differences between different treatments
in the same period, and capital letters represent the differences in different periods of the same treatment
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0.79, 0.64 and 1.12 times, while in CK, T4 and T5 treatment, it had no significant change with the
development process.

Figure 4: Effect of different nitrogen and phosphorus synergistic fertilizer on GS activity. Means denoted by
different letters above the standard deviation bars of the same position indicate significant differences
according to LSD test (p < 0.05). Lowercase letters represent the differences between different treatments
in the same period, and capital letters represent the differences in different periods of the same treatment

Figure 5: Effect of different nitrogen and phosphorus synergistic fertilizer on the expression of TaNR gene.
Means denoted by different letters above the standard deviation bars of the same position indicate significant
differences according to LSD test (p < 0.05). Lowercase letters represent the differences between different
treatments in the same period, and capital letters represent the differences in different periods of the same
treatment
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4 Discussion

One of the most critical stages for cereal crop production is grain filling after anthesis. In wheat, a portion
of the grain nitrogen is contributed by post-flowering uptake, which contributes to grain protein deposition,
and most of the rest is translocated from the vegetative parts of the plant [29]. As the growth period increased,
the total nitrogen concentration of wheat stems and leaves decreased consistently, while the total nitrogen
concentration of wheat ears gradually increased, which was in line with the normal growth and
development. In this study, the application of synergistic fertilizer had a positive effect on the nitrogen
concentration of wheat. Under the same application rate of synergistic fertilizer (T3), the concentration of
nitrogen in wheat leaves, stems and ears could be significantly increased. It can still provide sufficient
nutrients for the normal growth of wheat even in the case of reducing 30% amount of nitrogen synergistic
fertilizer (T1) or phosphorus synergistic fertilizer (T2). As another contrast, the nitrogen concentration in
wheat treated with commercial synergistic fertilizer (T5) was lower than that of synergistic fertilizer, but
still higher than that of common fertilizer. This may be due to the encapsulation mechanism of the
synergistic fertilizer used in the experiment. Encapsulation allows for higher urea efficiency,
synchronization with plants ongoing nutrient needs [6], which means less nitrogen is lost to the
environment and more is taken up and used by the plant. In addition, Chen’s study [23] of synergistic
fertilizers used in this experiment have shown that the contents of total nitrogen, alkali-hydrolyzed
nitrogen, available phosphorus, and available potassium in soil were higher after the treatment of
synergistic fertilizers than those after the treatment of ordinary slow-release fertilizers available in the
market. Ample availability of soil N during grain filling favors post-anthesis N uptake [30]. And the
synergistic effects of nitrogen, phosphorus and potassium are also beneficial to the utilization of nitrogen
by post-anthesis wheat plants. However, the nutrient supply was not as good as conventional fertilization
when the nitrogen synergistic fertilizer and phosphorus synergistic fertilizer were reduced at the same
time (T4).

Figure 6: Effect of different nitrogen and phosphorus synergistic fertilizer on the expression of TaGS gene.
Means denoted by different letters above the error bars of the same position indicate significant differences
according to LSD test (p < 0.05). Means denoted by different letters above the standard deviation bars of the
same position indicate significant differences according to LSD test (p < 0.05). Lowercase letters represent
the differences between different treatments in the same period, and capital letters represent the differences in
different periods of the same treatment
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The nitrogen concentration of wheat plants showed the positive effect of synergistic fertilizer on nitrogen
uptake and utilization of wheat. In order to explore the specific synergistic mechanism and visualize this
positive effect from nitrogen absorption, transport and metabolism process, the changes in gene
expression of nitrogen transporter and assimilating enzyme in wheat were detected.

Plants mainly absorb nitrogen in the form of ammonium (NH4
+) and nitrate (NO3

−) from the soil. Nitrate
is mainly transported through members of the NRT families of NO3

− transporters. The two major nitrate
transporter gene families are the low-affinity NRT1 (recently named NPF) and the high-affinity
NRT2 [31]. The most extensively studied NRT gene is NRT1.1 (NPF6.3). This gene is NO3

− inducible
and encodes a dual affinity transporter with both high affinity system and low affinity system activity
[32]. In wheat, four NPF6.3 genes homologous to the sole Arabidopsis NPF gene have been identified,
and shown that they have distinct tissue specific and transcriptional responses to nitrogen supply [33].
TaNRT2.1 is mainly expressed in wheat roots and may play a major role in NO3

− uptake after anthesis
[34]. In recent years, an increasing number of studies have shown that overexpression of NPF and
NRT2 genes can significantly improve the yield, shoot biomass or NUE of crops [35,36]. In this study,
whether compared with common fertilizer or commercial synergistic fertilizer, the expression level of
TaNRT1.1, TaNRT2.1 and TaNRT2.3 were higher under the condition of the same amount of nitrogen
synergistic and phosphorus synergistic fertilizer, and the upward revision of TaNRT1.1 within 0–30 days
after anthesis was even larger. The reason for the high expression of these genes is the continuous release
of nutrients, which leads to higher nitrogen levels in the soil. However, even if synergistic fertilizers
provided a sustainable nutrient supply, their effect on nutrient utilization was limited when the total
nitrogen applied was relatively reduced. This can be seen in the expression of these three genes under the
condition of reduced synergistic fertilization.

Similar to the NRT family, the ammonium transporter (AMT) genes are divided into AMT1 and
AMT2 according to the affinity level. But due to the low concentration of NH4

+ in soil, NH4
+ uptake

mainly uses the high affinity transport system [37]. In this study, TaAMT1.1 expression also reached the
highest level under the condition of 100% nitrogen synergistic fertilizer and 100% phosphorus synergistic
fertilizer. Different from NRT genes, the expression level of it under commercial fertilizer was
significantly higher than that of common fertilizer, but still lower than that of nitrogen synergistic
fertilizer and phosphorus synergistic fertilizer, which was consistent with the results of wheat nitrogen
concentration, indicating that synergistic fertilizer studied in this experiment had a better effect on
improving nitrogen utilization efficiency.

In the cytosol, nitrate reduction into nitrite by the enzyme NR, which is transferred to the chloroplast,
and reduced to ammonium by nitrite reductase (NIR). As a key enzyme, nitrate reductase plays an important
role in the plant nitrogen uptake and assimilation [38]. Assimilation of NH4

+ into glutamine and glutamate
also takes place in the plastid/chloroplast through GS/glutamate synthase (GOGAT) system of reactions [39].
This pathway is of crucial importance since the glutamine and glutamate produced are donors for the
biosynthesis of the major N-containing compounds [40] and GS is an important rate-limiting enzyme in
NH4

+ assimilation. In this study, NR and GS activities of flag leaves and roots in wheat decreased with
the growth period, which could be for two reasons: (1) the vegetative organs such as flag leaf and root
gradually senescence with the advance of the growth period; (2) nitrogen was remobilized from senescing
leaves to seeds at the reproductive stage [13]. This was also the reason why the decrease in NR and GS
activity in leaves was higher than that in roots. Higher NR and GS activities were observed in the plants
under synergistic fertilization (except simultaneous reduction of nitrogen synergistic fertilizer and
phosphorus synergistic fertilizer), and the reduction of the two enzyme activities was also relatively
lower. Studies have shown that plants NR and GS activities were increased with an increase in nitrogen
supply [41]. Therefore, the higher activities and lower activity reductions of NR and GS under the
application of synergistic fertilizer could be inferred to be due to the continuous nitrogen supply by
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synergistic fertilizer after anthesis, while the lower activities of NR and GS were observed when the total
amount of nitrogen applied was reduced. To investigate whether the changes of NR and GS activities
were closely related to differential expression of plant NR and GS genes, the expression levels of NR
gene and GS gene were quantified. qPCR analysis indicated that the expression levels of TaNR and TaGS
were significantly higher in wheat plants under the condition of 100% nitrogen synergistic fertilizer and
100% phosphorus synergistic fertilizer.

5 Conclusion

In this study, the fluid gel formed by the polymerization of maleic acid, itaconic acid, acrylic acid and
potassium persulfate was used to coat urea and superphosphate particles to make nitrogen synergistic
fertilizer and phosphorus synergistic fertilizer relatively. The results of the experiment in the current study
clearly showed that the simultaneous application of nitrogen synergistic fertilizer and phosphorus
synergistic fertilizer had significant effects on improving nitrogen metabolism of wheat plants, including
inducing the expression of nitrogen transport genes, up-regulating the expression of TaNR and TaGS and
enhancing the activity of key enzymes (NR and GS) of nitrogen assimilation, which was finally
manifested by higher nitrogen concentration in the plants. Like most coated fertilizers on the market, it
takes a certain amount of time for the synergistic fertilizer to be released, resulting in higher nutrient
levels in the soil after anthesis, which favors wheat nitrogen metabolism. And compared with commercial
synergistic fertilizer in the market, the effect of synergistic fertilizers is better. However, the effect of
synergistic fertilizer cannot compensate for the lack of insufficient nutrients when the application amount
of nitrogen and phosphorus were reduced simultaneously.
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