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Abstract: Density and fertilization mode are the key factors regulating crude protein synthesis in
forage maize; however, there is a lack of systematic understanding of the regulation mechanism.
Here, the nitrogen/potassium ratio (N/K), free amino acid (AA) content, crude protein synthesis
key enzyme activities (nitrate reductase (NR), glutamine synthetase (GS) and glutamic pyruvic
transaminase (GPT)) and crude protein content and yield in leaves, stems, and grain of forage maize,
as well as the relationships among them, were explored. The results showed that the N/K of DL-40
(60,000 plants per ha−1, 40% N topdressing at large trumpet stage) and DH-50 (75,000 plants per
ha−1, 50% N topdressing at large trumpet stage) significantly increased in leaves, stems, and grain,
and correspondingly, NR, GS, and GPT activities in leaves, NR activities in stems, NR and GPT
activities in grain, and delayed the decline in AA content. After tasseling, for DL-40 and DH-50
the crude protein content increased by 74.1% and 39.8% in leaves, respectively, 19.9% and 25.6% in
grain, respectively, and crude protein yield increased by 16.7% and 35.2% in leaves, respectively, and
23.5% and 25.9% in grain, respectively. There were significant quadratic parabolic relationships of
NR, GS, and GPT activities with proportion of topdressing. There was a significant relationship of
crude protein content with NR activity in leaves, with NR, GS, and GPT activities in stems and with
GPT activity in grain. Regulating the key enzyme activity by adjusting the density and fertilization
can significantly improve the crude protein yield of forage maize. Treatments DL-40 and DH-50
significantly increased crude protein content and yield by increasing plant N/K, NR activity in leaves,
NR activity in stems, and GPT activity in grain, but slowed the decrease in AA content in leaves,
stems, and grain.

Keywords: forage maize quality; density; fertilization methods; crude protein synthesis; regulation;
quality improvement

1. Introduction

The arid region of the northwest Loess Plateau is an important farming–pastoral zone
and a key area of grain for forage in China. Recently, the planting area of forage maize has
increased year by year, and low crude protein content is the main problem affecting its
quality [1,2], which restricts the sustainable and efficient development of the herbivorous
livestock industry. Improving the crude protein content is crucial to improving forage
conversion efficiency and livestock breeding benefits [3,4]. Plant density and fertilizer are
the two most critical factors regulating crude protein synthesis of forage maize [5–7].

There are many reports on the effects of plant density and fertilization on crude protein
content of forage maize. It is believed that with increased planting density, plant height,
stem diameter, leaf number, leaf area per plant, dry matter, and crude protein content per
plant decrease significantly [8–10], but the population leaf area index increases, and the
total biomass initially increases and then decreases [11].
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The effect of nitrogen (N) application rate on the crude protein content of forage
maize is controversial. With increased N application rate, some studies have shown that
crude protein content increases [5], but others suggest that it initially increases and then
decreases [12] and that postponing N application can significantly increase crude protein
content [13]. Studies on the regulation of crude protein synthesis suggest that N, as an
important component of enzymes and nucleic acids, is the source of regulation of protein
accumulation and regulates protein post-translational modification [14,15]. Plant potassium
(K) content significantly affects N metabolism-related enzyme activity, which is closely
related to N metabolism processes [16,17]. Adjusting the N/K of plants by regulating N
application rate can significantly regulate nitrate reductase (NR), glutamine synthetase
(GS), and glutamic pyruvic transaminase (GPT) activities and the content of free amino
acids (AAs), promote the transformation rate of AAs to grain and directly determine the
protein accumulation rate.

The above studies were conducted on the grain or leaves of crops, and mainly focus on
phenomena, and less on mechanism. It can be seen that there is a lack of systematic research
on the physiological regulation mechanism of density and fertilization on the growth and
crude protein content of forage maize, especially in the special production system of double
ridge and furrow plastic mulching (PM) and furrow planting. The purpose of this study
was to clarify the physiological regulation mechanism of the increase in crude protein
content from the perspective of “plant N/K–substrate concentration–enzyme activity–
crude protein synthesis” in a dry farming area with mulching. This work can enrich and
develop theoretical knowledge regarding forage maize quality cultivation, and play a
positive role in promoting the management of planting structure in this area.

2. Materials and Methods
2.1. Site Description and the Experimental Treatments

This study site was located at the Dingxi Experimental Station of the Gansu Academy
of Agricultural Sciences. The station is located in the northwest Loess Plateau (Anding
District, Dingxi, Gansu Province, 104◦36′ E, 35◦35′ N) at an altitude of approximately
1970 m. The soil water content (w/w) at field capacity and wilting point was 23 and 7.2%,
respectively. Based on 35 years of records (1986–2020), mean annual rainfall average is
415 mm with nearly 68% occurring during June–September, the relative variability of the
precipitation is 24% and mean annual temperature is 6.2 ◦C. Average annual sunshine hours
are 2500 h. The soil is a light loam of loess origin, without salinity and alkalinity problems.
The soil nutrient status of soil organic matter, total nitrogen (N), total phosphorus, total
potassium, ammonium-N, nitrate-N, available phosphorus, and available potassium was
11.99 g kg−1, 1.16 g kg−1, 0.73 g kg−1, 17.28 g kg−1, 4.8 mg kg−1, 0.8 mg kg−1, 8.66 mg kg−1,
and 121.50 mg kg−1, respectively.

2.2. Precipitation and Air Temperature

The precipitation and air temperature data were obtained from meteorological data
measured at the Dingxi Experimental Station of the Gansu Academy of Agricultural
Sciences(Tangjiabao Village, Unity Town, Anding District, Dingxi City, Gansu Province,
104◦36′ E, 35◦35′ N), the annual rainfall of the experimental area in 2019 was 516.8 mm
and rainfall during the growth period of forage maize was 358.8 mm; the corresponding
values in 2020 were 518.9 and 386.2 mm, with both years considered to be wet. The annual
average temperature of 2019 was 7.2 ◦C and average temperature of the crop growth period
was 15.9 ◦C, with corresponding values of 6.9 and 15.6 ◦C in 2020.

2.3. Experimental Design

Eight treatments were applied during the maize growing seasons (mid-April to
late September) of 2019–2020. All treatments had double ridges and furrows with PM,
Nitrogen fertilizer was used in ordinary urea (nitrogen content 46%). Treatments re-
ceived 300 kg N ha−1, 150 kg P2O5 ha−1, and 90 kg K2O ha−1. We applied two densities
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(60,000 and 75,000 plants per ha−1) and four fertilization methods (all basal application and
top dressing 40%, 50%, and 60% at large trumpet stage). There were eight treatments: (1) full
basal fertilizer (CK-L); (2) 40% N topdressing at large trumpet stage (DL-40); (3) 50% N
topdressing at large trumpet stage (DL-50); (4) 60% N topdressing at large trumpet stage
(DL-60), all at a density of 60,000 plants per ha−1; (5) full basal fertilizer (CK-H); (6) 40% N
topdressing at large trumpet stage (DH-40); (7) 50% N topdressing at large trumpet stage
(DH-50); and (8) 60% N topdressing at large trumpet stage (DH-60), all at a density of
75,000 plants per ha−1.

The method of double ridges and furrows with PM (Figure 1) comprised a wide ridge
10 cm high and 70 cm wide, and a narrow ridge 15 cm high and 40 cm wide, both of
which had PM applied. Maize was sown in the furrows. The experiment was laid out in a
randomized complete block design, with four replications per treatment. The area of each
plot was 63 m2 (7 m × 9 m). Maize was sown at 5–8 cm depth in the furrows with a soil
water content of 10–15% in the 0–30 cm soil layer using a maize planting machine. The
spacing was 30/24 cm at the planting densities of 60,000/75,000 plants per ha−1. Maize
was sown around 20 April and harvested around 8 September each year.
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Figure 1. Schematic diagram of PM. Note: The left diagram is a schematic diagram, the right diagram
is a field planting diagram, and the middle arrow only indicates that the right diagram is the actual
effect of the left diagram.

2.4. Plant Total N and K Content Measurements

The samples were dried for 30 min at 105 ◦C to fix the chlorophyll and then dried at
80 ◦C to constant weight and crushed. The total N was determined by Kjeldahl method, and
total K was determined by flame photometer (Beijing zhongke keer instrument company
limited, Beijing, China. M425) after samples were passed through a 40-mesh sieve.

2.5. AA Content Measurements

A small amount of 80% ethanol was added in a mortar to 3 g of sample, which
was then ground to a homogenate, moved to a 100 mL volumetric flask and filtered.
Solids were obtained from 20 mL of filtrate by vacuum evaporation. The solids were
dissolved in distilled water to prepare 0.1 g mL−1 of diluent and AAs were determined by
ninhydrin colorimetry.

2.6. NR Activity Measurements

First, 1.0 g of fresh material and 10 mL of phosphate buffer (0.1 mol L−1, pH 7.5)
were placed into a test tube, and placed in darkness for 20 min. After removal, 1 mL
of 30% trichloroacetic acid was added and then immediately oscillated. Of the extract,
2 mL was placed in a test tube, 4 mL of 1% sulfonamide solution and 4 mL of 0.02% α-
naphthylamine solution were added, followed by shaking and standing for 35 min, after
which the absorbance was measured at 520 nm.
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2.7. GS Activity Measurements

A sample, weighing 0.5 g fresh weight was ground in an ice bath with 0.05 mol/L
Tris-HCl buffer extract 5 mL (containing 2 mmol L−1 MgSO4, 2 mmol L−1 DTT and
0.4 mol L−1 sucrose at pH 8.0) and centrifuged for 20 min at 15,000× g and 4 ◦C, producing
a supernatant containing the crude extract of GS. The optical density (OD) value at 540 nm
was measured by UV-4802S spectrophotometer and GS activity was expressed as formation
of γ-glutamylhydroxamate at 37 ◦C.

2.8. GPT Activity Measurements

A sample of 0.5 g fresh weight was ground in an ice bath with 0.05 mol/L Tris-
HCl buffer extract 5 mL (containing 0.2 mol L−1 trimethylolaminomethane (50 mL) and
0.2 mol L−1 HCl (44.2 mL) diluted with distilled water to 200 mL at pH 7.2) and centrifuged
for 20 min at 20,000× g and 4 ◦C. The supernatant contained the crude enzyme extract. The
optical density (OD) value at 505 nm was measured by UV-4802S spectrophotometer and
GPT activity was expressed as the catalytic production of 1 nmol pyruvate per minute.

2.9. Crude Protein Content Measurements

The samples were placed in an electric blast drying oven (Beijing hongda tianju test
equipment company limited, Beijing, China. DHG-9070A), dried at 105 ◦C to fix the
chlorophyll and then dried at 80 ◦C to constant weight and crushed. After passing through
a 40-mesh sieve, crude protein was determined by the Kjeldahl method.

2.10. Statistical Analysis

All data were subjected to analysis of variance (SAS Institute, Cary, NC, USA; 2004),
and differences between means were tested by the least significant difference test (Duncan
multiple comparison method, p < 0.05).

3. Results
3.1. Effects of Density and Fertilization on N/K in Forage Maize Organs

Density and fertilization method had significant effects on N/K in different organs of
forage maize (Figure 2). Compared with CK-L, the N/K in DL-40 treatment increased by
13.3% in leaves, 37.0% in stems after tasseling, and 71.0% in grain, which were all significant
changes. The N/K in leaves, stems and grain was increased by topdressing at high plant
density. Among treatments, DH-50 increased the most and compared with CK-H, the N/K
significantly increased by 43.7% in leaves, 83.9% in stems, and 68.9% in grain.
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Figure 2. Effects of density and fertilization on N/K in organs of forage maize. Notes: I: jointing stage;
II: tasseling stage; III: filling stage; IV: dough stage, the same notation applies to the other figures.
Different letters on bars indicate significant differences among treatments at the 0.05 probability level.
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3.2. Effects of Density and Fertilization on AA in Forage Maize Organs

The AA content in leaves and stems decreased gradually with the growth period, and
topdressing did not change the trend, but did hinder the decline of AA (Figure 3). The AA
content of CK-L, DL-40, DL-50, and DL-60 decreased by 55.8–80.1%, 46.3–74.3%, 55.7–85.6%,
and 52.9–89.8% in leaves at the jointing–dough stage, respectively. The AA content of
CK-H, DH-40, DH-50, and DH-60 decreased by 76.4–79.2%, 54.6–81.8%, 48.5–72.9%, and
54.5–74.3% in leaves at the jointing–dough stage, respectively. The AA content was lower
in stems than in leaves and decreased less in DL-40 and DH-50 than other treatments. The
AA content in grain was higher than in leaves and stems, and was significantly higher in
DL-40 and DH-50 than in other treatments.
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Figure 3. Effects of density and fertilization on AA content in organs of forage maize.

3.3. Effects of Density and Fertilization on Enzyme Activities in Forage Maize Organs

The effects of density and fertilization methods on key enzyme activities in different
organs differed (Figure 4). Enzyme NR is a N assimilation enzyme and a rate-limiting
enzyme for inorganic N metabolism. Treatments DL-40 and DH-50 had significantly higher
NR activity in leaves, stems, and grain compared with other treatments. The NR activity
in DL-40 increased by 14.3% in leaves, 34.8% in stems, and 30.1% in grain compared
with CK-L, respectively, and corresponding increases for DH-50 of 41.05%, 53.17%, and
47.11% compared with CK-H.
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Figure 4. Effects of density and fertilization on NR activity in organs of forage maize. Note: Different
letters on bars indicate significant differences among treatments at the 0.05 probability level.

Enzyme GS is the center of N assimilation, and its activity directly affects plant N
assimilation and recycling ability (Figure 5). The GS activity of maize leaves initially
increased and then decreased, with the maximum at tasseling stage. Treatments DL-40 and
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DH-50 had significantly higher GS activity in leaves at tasseling and filling stages, with
DL-40 increasing by 24.6–48.7% and 34.8–58.4% compared with CK-L, respectively, and
corresponding increases for DH-50 of 25.1–115.0% and 69.0–106.3% compared with CK-H,
respectively. Density and fertilization method had no significant effect on GS activity of
stems and grain.
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Figure 5. Effects of density and fertilization on GS activity in organs of forage maize. Note: Different
letters on bars indicate significant differences among treatments at the 0.05 probability level.

An increase in GPT activity is beneficial to the balanced supply of AA substrate for
protein synthesis, and reduces the limitations of individual AAs for protein synthesis
(Figure 6). Compared with CK-L, DL-40 and DL-50 had significantly higher GPT activity in
leaves at the tasseling and filling stages, and DL-40 increased by 29.8–33.7% and 21.8–26.2%,
respectively, with corresponding increases for DL-50 of 11.6–23.2% and 4.5–8.2%. Density
and fertilization had no significant effect on GPT activity in stems. Topdressing significantly
raised the GPT activity of grain at the dough stage, with increases for DL-40 and DH-50 of
23.8–43.8% and 10.0–32.8% compared with CK-L and CK-H, respectively.
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Figure 6. Effects of density and fertilization on GPT activity in organs of forage maize. Note: Different
letters on bars indicate significant differences among treatments at the 0.05 probability level.

3.4. Effects of Density and Fertilization on Protein Content and Yield in Forage Maize Organs

The crude protein content in organs was ranked in the order of leaf > grain > stem
(Figure 7). Compared with CK-L, at the tasseling and filling stages, the crude protein content
of leaves significantly increased by 81.9% and 66.4%, respectively, with corresponding
increases for crude protein yield of 34.9% and 22.0%, respectively, in DL-40 (Figure 8).
Compared with CK-H, DH-40 and DH-50 significantly increased crude protein content and
yield in leaves at the tasseling, filling and dough stages, with increases in content of 38.3%,
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37.9%, and 41.6%, respectively, and correspondingly in yield of 48.1%, 22.3%, and 30.9% in
DH-50. Density and topdressing had no significant effect on crude protein content of stems.
Compared with CK-L, the crude protein content in grain increased by 24.4% and 15.3%
and the crude protein yield increased by 16.7% and 30.3% in DL-40 at the filling and dough
stages, respectively. The crude protein content of grain in DH-50 was 27.2% and 24.0%,
respectively, higher than that of CK-H and crude protein yield was 20.4% and 31.3% higher
at the filling and dough stages, respectively.
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Figure 7. Effects of density and fertilization on the crude protein content in organs of forage maize.
Note: Different letters on bars indicate significant differences among treatments at the 0.05 probabil-
ity level.
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Figure 8. Effects of density and fertilization on the crude protein yield in organs of forage maize.
Note: Different letters on bars indicate significant differences among treatments at the 0.05 probabil-
ity level.

With the increase in density, the ratio of leaf biomass and total biomass was basically
the same, the ratio of stem biomass decreased by 4.9 %, and the ration of grain biomass
increased by 3.34 % (Table 1).

3.5. Relationships of Key Enzyme Activities with Density and Fertilization Method

The NR and GS activities of forage maize had no significant relationships with planting
density. There was a significant linear negative relationship between GPT activity and
planting density (R2 = 0.0641, p < 0.05, Figure 9). The activities of NR, GS, and GPT all
showed significant quadratic parabolic relationships with the proportion of topdressing
(R2 = 0.0674, 0.0753, and 0.0666, respectively, all p < 0.05). With the increase in propor-
tion of topdressing, the activities of these enzymes first increased and then decreased
(Figure 10). Under the experimental conditions, the NR and GS activities of forage maize
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were only regulated by fertilization, while GPT activity was regulated by both density
and fertilization.

Table 1. Average yield of biomass (fresh-weight yield, kg·hm−2) and the yield component dur-
ing 2019–2020.

Treatment Total Biomass
(kg·hm−2)

Leaf Biomass
(kg·hm−2)

Stem Biomass
(kg·hm−2)

Grain Biomass
(kg·hm−2)

Ratio of Leaf
Biomass and

Total Biomass

Ratio of Stem
Biomass and

Total Biomass

Ratio of Grain
Biomass and

Total Biomass

CK-L 93,771 18,865 49,382 25,523 20.12 52.66 27.22

DL-40 96,111 17,779 48,700 29,632 18.50 50.67 30.83

DL-50 91,142 14,849 50,179 26,114 16.29 55.06 28.65

DL-60 82,228 14,333 47,526 20,368 17.43 57.80 24.77

CK-H 97,582 22,149 45,260 30,173 22.70 46.38 30.92

DH-40 92,625 18,404 43,446 30,774 19.87 46.91 33.22

DH-50 99,483 18,987 54,192 26,305 19.09 54.47 26.44

DH-60 79,925 13,531 39,019 27,376 16.93 48.82 34.25
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Figure 9. Relationships between plant density and key enzyme activity. Note: “*” indicate a
significant correlation at the 0.05 probability level. The dots represent the measured values, and the
lines represent the correlation trend in the figure.
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Figure 10. Relationships between fertilization and key enzyme activity. Note: “*” indicate a significant
correlation at the 0.05 probability level. The dots represent the measured values, and the lines
represent the correlation trend in the figure.

3.6. Relationships between Crude Protein Content and Key Enzyme Activities

The relationships between crude protein content and key enzyme activities differed for
the different organs (Figures 11–13). There was no significant relationship between crude
protein content and GS and GPT activities in leaves, but there was an extremely significant
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quadratic parabolic relationship with NR activity in leaves (R2 = 0.1112, p < 0.01). The crude
protein content of stem was significantly related to NR, GS, and GPT activities (R2 = 0.074,
p < 0.05; 0.7394, p < 0.01; and 0.5726, p < 0.01, respectively). The crude protein content of
grain was significantly positively related to GPT activity in grain (R2 = 0.2195, p < 0.01).
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Figure 11. Relationships between crude protein content and key enzyme activity in leaves.
Note: “**” indicate a significant correlation at the 0.01 probability level. The dots represent the
measured values, and the lines represent the correlation trend in the figure.
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Figure 12. Relationships between crude protein content and key enzyme activity in stems.
Note: “*” and “**” indicate the significant correlation at the 0.05 and 0.01 probability level, respectively.
The dots represent the measured values, and the lines represent the correlation trend in the figure.
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Figure 13. Relationships between crude protein content and key enzyme activity in grain.
Note: “**” indicate a significant correlation at the 0.01 probability level. The dots represent the
measured values, and the lines represent the correlation trend in the figure.

3.7. Relationships of Crude Protein Yield with Density and Fertilization Methods

Crude protein yield of leaves and grain showed very significant quadratic parabolic
relationships with fertilization method for 60,000 plants per ha−1, with an R2 of 0.2918
and 0.2379, respectively (Figures 14 and 15), but there was no significant relationship for
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stems. For 75,000 plants per ha−1, leaves and grain crude protein yield and fertilization
methods showed significant quadratic parabolic relationships (R2 = 0.2285, p < 0.01 and
0.1688, p < 0.05, respectively) but there was no significant relationship for stems.
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Figure 14. Relationship between crude protein yield and fertilization method for 60,000 plants
per ha−1. Note: “**” indicate a significant correlation at the 0.01 probability level. The dots represent
the measured values, and the lines represent the correlation trend in the figure.
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4. Discussion
4.1. N Application and Density Significantly Regulate Protein Synthesis in Forage Maize

Protein synthesis speed can be regulated at the transcription and translation levels. As
an important component of enzymes and nucleic acids, N mainly affects protein synthesis
at the translation level [12]. Nitrogen management can significantly regulate plant N/K, the
activities of key enzymes in protein synthesis (e.g., NR, GS, and GPT), the content of free
AAs which is the immediate form of protein synthesis substrate, promote the transformation
rate of AAs to grain and then regulate protein synthesis and its yield [15–18]. In this study,
N fertilizer application methods had significant effects on N/K in different organs of
forage maize.

Treatments DL-40 and DH-50 significantly increased N/K of maize leaves, stems,
and grain from the tasseling stage onward, but the change trend differed among organs,
and regulation of key enzyme activities also differed (Figures 2 and 3). After topdressing,
for leaves, the N/K was the highest at dough stage, and the activities of NR, GS, and
GPT were highest at tasseling stage in DL-40 and DH-50. For stems, N/K was highest at
tasseling stage, NR activity was highest at dough stage and GS and GPT activities did not
change significantly. The N/K of grain was higher at filling than at dough stage, but the
three enzyme activities were all lower than that at dough stage. Thus, N/K significantly
regulated NR, GS, and GPT activities in leaves, NR activity in stems, and NR and GPT
activities in grain. Treatments DL-40 and DH-50 regulated plant N/K by regulating N
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fertilizer application. Appropriate N/K increased the activity of key enzymes of protein
synthesis, enhanced the assimilation and recycling ability of plant N [14], slowed the decline
of free Aas [15] (Figure 2), ensured a balanced supply of AAs for protein synthesis, and
reduced the limitation of individual AA deficiencies on protein synthesis [19,20]. Therefore,
after topdressing, the crude protein content of leaves in DL-40 and DH-50 increased by
66.35–81.9% and 37.9–41.6%, respectively, and crude protein yield increased by 22.0–34.9%
and 22.3–48.1%. The view that N fertilizer management can significantly regulate protein
synthesis is consistent with previous studies [15–18,21]. However, most existing studies
have focused on N application rate and few addressed N fertilization methods under
equal N conditions [21,22]. The studies for different basal/topdressing and topdressing
stages agreed that “nitrogen fertilizer postponing can significantly improve the crude
protein content of forage maize” [23,24]. The same results were obtained in this paper,
but proportion of topdressing and period most conducive to synthesis of crude protein in
forage maize needs further study.

Most studies showed that, plant density increased within a certain range, forage maize
yield increased but crude protein content decreased [9,25]. Excessive density leads to
inappropriate resource allocation and yield reduction. The main reason is that high density
increases intraspecific competition for available soil nutrients, water, and light [26–28],
resulting in less N uptake and lower quality. In addition, plant cells cannot fully expand,
resulting in increased cell wall thickness at high densities [29] and decreased nutritional
value. Forage maize needs an appropriate planting density to balance yield and quality [30].
Some studies have suggested that density had no significant effect on forage-fresh weight
yield and crude protein content of the whole plant [6,31]. Thus, the effect of planting density
on crude protein content of forage maize is controversial. In this study, plant densities of
60,000 and 75,000 plants per ha−1 were set. With the increase in density, the forage-fresh
weight yield increased (Table 1) and crude protein content in leaves and stems decreased,
but were not significantly affected in grain. The crude protein content in the whole plant
decreased, consistent with existing research [9,25]. However, the crude protein yield of the
whole plant increased significantly, which is critical for forage maize, and there are few
related reports.

4.2. Regulation of Fertilization Method and Density on Protein Synthesis Enzymes

The level of N metabolism is an important indicator of capacity for crude protein
synthesis and yield formation, and enzyme activity is an extremely important factor for
the N metabolism process. Activities of NR, GS, and GPT are closely related to protein
synthesis, and are significantly regulated by N fertilizer application rate, type, and applica-
tion period [14,18,25,32]. Overall, the activities of key enzymes in N metabolism increased
with the increase in N nutrition level, and ultimately increased the grain protein content
and yield [33]. However, when the N application rate exceeded a certain level, activities of
these enzymes decreased.

Studies have shown that increasing N application rate can significantly improve NR
activity in wheat and maize leaves, and NR and GS activities initially increase and then
decrease [34,35], and postponing application of N fertilizer can significantly increase the
NR and GS activities of peanut at the late growth stage [13]. In this study, with the increase
of the proportion of topdressing, the NR, GS, and GPT activities initially increased and
then decreased, consistent with existing research [13,35].

The effect of planting density on N metabolism enzyme activity is controversial. On
the one hand, with the increase in planting density, enzyme activity in N metabolism
decreases [36]. On the other hand, high planting density can promote accumulation of N in
wheat grain, enhance the activity of N assimilation enzymes, and improve the grain protein
content [37,38]. In this study, the NR and GS activities of forage maize had no significant
relationship with planting density, and GPT activity was negatively related with planting
density, which is inconsistent with existing research. The possible reasons are different crop
characteristics and different planting patterns and regions, which needs further study.
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4.3. Regulation of Density and Fertilization Methods on Protein Content and Yield

Increasing N fertilizer can provide more energy and electrons for AA synthesis, im-
prove the activity of key enzymes for protein synthesis [33] and the conversion rate
of Aas [22], and the protein contents of grain significantly improved for wheat and
peanut [37,39]. However, excessive N supply leads to low C/N ratio and vigorous leaf N
metabolism leads to large consumption of photosynthate, as well as a reduced output rate
of photosynthate, resulting in feedback inhibition of photosynthate on photosynthetic or-
gans, and then reduced crop yield and quality. In addition, different basal application ratios
affect protein synthesis by regulating NR and GS activities [13]. Appropriately increasing
the planting density can compensate for the lack of biomass per plant and increase total
biomass. However, excessive density leads to weakening of crop canopy light-transmission,
shortening of leaf functional period, and premature senescence of leaves, thereby reducing
crop photosynthetic capacity, N absorption, and protein content [35,40] (Li et al., 2018;
Wei et al., 2015).

In this study, the effects of different density and proportions of topdressing on the
activities of key enzymes, crude protein content and yield in different organs, and whole
plants of forage maize were studied. The density and fertilization method affected crude
protein content and yield by regulating the activities of key enzymes. Density was not
significantly related with NR and GS activities, but was significantly negatively related
with GPT activity. Grain crude protein content was significantly positively related with
GPT activity (Figure 9). With the increased proportion of topdressing, the activities of
the three enzymes initially increased and then decreased (Figure 10). The crude protein
content was significantly related with GS activity in leaves, with NR, GS, and GPT activities
in stems, and with GPT activity in grain. Therefore, the crude protein content in leaves
and grain in DL-40 and DH-50 was higher than in other treatments, but the difference
was not significant in stems (Figures 11–13). Topdressing ratio also affected crop growth
(Figures 14 and 15), and the variation trends of crude protein content and yield differed.
The crude protein yields of leaves and grain were significantly positively related with
density, and the crude protein yields of leaves and grain increased with increased plant
density. The proportion of topdressing showed significant regulation of crude protein yield
of leaves and grain but not stems.

5. Conclusions

Plant density and fertilization had significant regulatory effects on plant N/K, crude
protein synthesis enzymes activity, and crude protein content and yield. With increasing
density, GPT activity decreased significantly. With the increased proportion of topdressing,
the NR, GS, and GPT activities initially increased and then decreased. There were significant
relationships between crude protein content and GS activity in leaves, NR, GS, and GPT
activities in stems and GPT activity in grain. Both leaf and grain crude protein yields
had a significant quadratic parabolic relationship with fertilization method. Treatments
DL-40 and DH-50 significantly increased N/K of all organs of forage maize, GS activity
in leaves, NR activity in stems, and GPT activity in grain, and slowed the decrease in AA
content in plants. Under the conditions of higher enzyme activity and sufficient substrate
concentration, the crude protein yield of DL-40 and DH-50 increased significantly by
16.7% and 35.2% in leaves, respectively, and correspondingly by 23.5% and 25.9% in grain.
It can be seen that DL-40 (60,000 plants per ha−1, 40% N topdressing at large trumpet
stage) and DH-50 (75,000 plants per ha−1, 50% N topdressing at large trumpet stage) can
be widely used as planting methods for improving the quality of forage maize.
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