
Citation: Ma, Y.; Chai, Y.; Guan, S.;

Tuerti, T.; Liu, H.; Zhang, Z.; Diao, M.

Effects of Different Levels of

Nitrogen Supply on Key Enzyme

Activities of Nitrogen Metabolism

and Growth Stimulation of Endive

(Cichorium endivia L.). Sustainability

2022, 14, 15159. https://doi.org/

10.3390/su142215159

Academic Editors:

Emanuele Radicetti,

Roberto Mancinelli and

Ghulam Haider

Received: 15 October 2022

Accepted: 10 November 2022

Published: 16 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Effects of Different Levels of Nitrogen Supply on Key Enzyme
Activities of Nitrogen Metabolism and Growth Stimulation of
Endive (Cichorium endivia L.)
Yadong Ma †, Yaqian Chai †, Sihui Guan, Tayier Tuerti, Huiying Liu, Zhijun Zhang and Ming Diao *

Key Laboratory of Special Fruits and Vegetables Cultivation Physiology and Germplasm Resources
Utilization of Xinjiang Production and Construction Corps, Department of Agricultural College of Shihezi
University, Shihezi 832003, China
* Correspondence: diaoming@shzu.edu.cn
† These authors contributed equally to this work.

Abstract: In recent decades, people have blindly pursued increased yield; the excessive use of fertilizer
not only causes the widespread waste of resources but also puts great pressure on environmental
protection. In this study, to find out the optimum nitrogen application to endive crops under
hydroponic conditions, this experiment was conducted to investigate the changes in nitrate reductase
(NR), nitrite reductase (NiR), glutamine synthetase (GS), and glutamate dehydrogenase (GDH)
activities under different nitrogen supply levels, and to fit the equations between nitrogen supply
levels and aboveground dry matter accumulation, the aboveground nitrogen accumulation, and
the yield of endive crops. The results showed that the activities of the key enzymes of nitrogen
metabolism were higher at nitrogen supply concentrations of 8 and 11 mmol·L−1. The dry matter
and nitrogen accumulation of endive at different nitrogen supply levels were analyzed with the
logistic model; the theoretical yield was found to be the highest at 9.935~11.448 mmol·L−1 of nitrogen
application in the two different fertility trials by function fitting.

Keywords: endive; nitrogen; nitrogen metabolism; dry matter; nitrogen accumulation

1. Introduction

Endive (Cichorium endivia L.) is in the Compositae family and is also known as chicory,
bitter chrysanthemum, mosaic lettuce, or Sonchus plant; it is an annual or biennial herb
grown as a salad crop [1]. The conical root extends vertically with many fibrous roots and
its young leaves are edible for human consumption, offering antibacterial, antipyretic, and
anti-inflammatory benefits with high nutritional value [2,3]. Due to its good healthcare
efficacy and high nutritional value, the current market demand is increasing day by day.
Therefore, it is extremely important to prolong the market supply period and improve the
output of endive plants.

Nitrogen is a colorless and odorless gas that cannot be directly used by organisms. It
must be taken up by plants as fixed nitrogen, namely, nitrate, via bacteria [4]. Therefore,
providing the right amount of nitrate nitrogen directly to the endive is more conducive to
photosynthesis, thereby increasing the yield of the endive. However, in recent years, an
excessive pursuit of crop yield has resulted in a large amount of fertilizer waste and will
bring enormous pressure from “nitrogen pollution” on the soil and atmosphere [5]. Hence,
the appropriate nitrogen application rate has a great effect on the future crop yield increase
and the quality of the environment.

At present, studies on nitrogen management and nutrient accumulation model con-
struction under hydroponic conditions are mostly focused on tomato [6], rice [7], bell
pepper [8,9], and other crops, while studies on endive are rarely reported. In this study, the
effects of different nitrogen supply levels on the changes in nitrogen metabolic enzymes in
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the leaves of endive were studied, and the dynamic changes of dry matter accumulation
and nitrogen accumulation in the young stems of endive under hydroponic conditions
were compared and analyzed, and the results under soilless cultivation conditions were
clarified. The optimal nitrogen supply level of endive was verified, and the simulation
model of dry matter accumulation and nitrogen accumulation, based on growth time, was
established to achieve optimal nitrogen management, which laid a foundation for accurate
nitrogen management and the good environmental maintenance of endive in the future.

2. Materials and Methods
2.1. Experimental Materials and Experimental Design

The “sorrel with fine leaves” cultivar developed by the Beijing Green East Agricultural
Technology Research Institute (Beijing, China) was selected as the experimental material.
The experiment was conducted in the solar greenhouse of the Experimental Station of the
Agricultural College of Shihezi University (Shihezi, China).

The experiment used hydroponics. Seeds were soaked for 72 h for germination and
then sown in 72-well seedling plug trays. Once they grew to three leaves and one core of
endive, the seedlings were planted in a 50-L hydroponic tank (Dingsheng Plastic Industry,
Guangdong, China) with a transplanting row spacing of 20 cm × 15 cm. The hydroponic
tank is 200 cm × 30 cm × 15 cm (L ×W × H) and is composed of PE semicircular pipe.
The nutrient solution formula was based on the standard nutrient solution formula of
leafy vegetables Class B, set by the South China Agricultural University (Guangzhou,
China) (Table 1). Under the premise that the contents of other nutrient elements remained
unchanged, five nitrogen concentration gradient treatments were established (Table 2),
including N2 (2 mmol·L−1), N5 (5 mmol·L−1), N8 (8 mmol·L−1, which is the concentration
used in the leafy vegetables class-B nutrient solution used by the South China Agricultural
University), N11 (11 mmol·L−1), and N14 (14 mmol·L−1). The experiment adopted a ran-
domized block design, and each treatment was repeated three times, with each replication
containing 20 plants. After transplanting, the N8 (8 mmol·L−1) nutrient solution was used
to initially slow the growth of seedlings and was then changed to a pre-configured nutrient
solution with different nitrogen concentrations after one week. During the hydroponic
period, the nutrient solution was supplied with oxygen throughout the day. The pH was
adjusted every two days, and the nutrient solution was replaced six times during the
growth period of endive in both experiments. The seedlings were sampled and measured
on days 7, 14, 21, 28, and 35 after transplanting, and they were harvested on day 42.

Table 1. South China Agricultural University leafy vegetables (class B) nutrient solution formula.

Classification Compound Chemical Formula Dosage (mg/L)

Liquid A
Calcium nitrate Ca(NO3)2·4H2O 472

Potassium nitrate KNO3 267
Ammonium nitrate NH4NO3 53

Liquid B
Potassium dihydrogen phosphate KH2PO4 100

Potassium sulfate K2SO4 116
Magnesium sulfate heptahydrate MgSO4·7H2O 246

Liquid C

Chelated iron NaFe-EDTA 13
Boric acid H3BO3 2.86

Manganese sulfate MnSO4·4H2O 2.13
Zinc sulfate ZnSO4·7H2O 0.22

Copper sulfate CuSO4·5H2O 0.05
Ammonium molybdate (NH4)6Mo7O2·4H2O 0.02
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Table 2. The treatment formula, with different levels of nitrogen.

Treatment

Dosage of Salt Compounds (mg·L−1)
Nitrogen
Content

(mmol·L−1)

Calcium
Nitrate

Tetrahydrate

Potassium
Nitrate

Ammonium
Nitrate

Dipotassium
Phosphate

Magnesium
Sulfate

Heptahydrate

Potassium
Dihydrogen
Phosphate

Potassium
Sulfate

Calcium
Sulfate

Dihydrate

N2 236 296 246 0 116 172 2
N5 472 101 129 246 0 197 5
N8 472 267 53 246 100 116 8
N11 472 267 173 246 100 116 11
N14 472 267 293 246 100 116 14

Experiment 1: Germination was initiated on 4 May 2015, sown in a 72-hole seedling
tray on 7 May, and the seedlings were transplanted on 10 June to a hydroponic tank when
they grew to three leaves and one endive heart, then harvested on 21 July.

Experiment 2: Germination was initiated on 29 September; the seedlings were sown
in nursery trays on 1 October. The seedlings were transplanted into hydroponic tanks on
29 October and were harvested on 13 December.

2.2. Determination of Related Indicators
2.2.1. Determination of the Key Enzyme Activities of Nitrogen Metabolism and
Protein Content

The third to the fifth fully expanded leaves of the plant leaf stalk from the inside to
the outside were sampled. After transplanting, samples were collected every other week,
quick-frozen with liquid nitrogen, weighing 0.2 g per replication, and stored at −70 °C for
nitrogen determination.

Enzyme activity: The test uses a double-antibody one-step sandwich method enzyme-
linked immunosorbent assay kit (ELISA), provided by the Koitze Science Laboratory
(Shanghai, China). Into the microwells, which are pre-coated with the nitrogen metabolizing
enzyme antibody, the sample, the standard, and the HRP-labeled detection antibody were
sequentially added, incubated, and thoroughly washed. Using the substrate TMB (3,3’,5,5’-
Tetramethylbenzidine, stored at 4 ◦C away from light) to develop color, the TMB of NR, NiR,
and GDH is converted into the blue color with the catalysis of peroxidase and is converted
into the final yellow color under the action of acid; the color depth is positively correlated
with the enzyme in the sample. The TMB of GS is converted into the blue color with the
catalysis of glutamine synthase, and into the final yellow color with the action of acid. The
shade of color is positively correlated with GS in the sample. Finally, the absorbance (OD
value) was measured with a microplate reader (Thermo Scientific Multiskan FC, USA) at a
wavelength of 450 nm, and the sample activity was calculated.

2.2.2. Determination of Dry Matter and Nitrogen Accumulation in the Shoots of Plants

In Experiment 1, endive plants were selected for broken ring sampling after each week
of growth, and two plants were taken from each replicate. The fresh weight was weighed
and heated at 105 ◦C for 30 min, dried at 75 ◦C until a constant weight was weighed, then
the nitrogen mass fraction was determined according to the method used by Kjeldahl [10]:

Dry matter accumulation per unit area (g·m−2) = average dry weight per plant
(g·plant−1) × the number of the plant·m−2;

Total protein per unit area (g·m−2) = dry matter accumulation(g·m−2) × the nitrogen
mass fraction (%) × 6.25 (the conversion coefficient between protein and nitrogen in the
plant dry sample).
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2.3. The Model Construction Method of Dry Matter and the Nitrogen Accumulation of Endive

In this study, the logistic model [11] was used to fit the growth characteristics of the
accumulation of dry matter and nitrogen in the aboveground parts of the endive with the
growth days after transplanting. The calculation formula is as follows:

DMT =
DMM

1 + ae−bT (1)

where DMT is the function of the accumulation of dry matter or nitrogen in the aboveground
part of the endive, with the growth time after transplanting (kg·hm−2). DMM represents the
theoretical maximum of the accumulation of dry matter or nitrogen in the aboveground
parts of the endive (kg·hm−2). T is the growth time after the transplanting of the endive (d).

Calculating the first, second, and third derivatives in Formula (1) provides the cu-
mulative growth time (T1) at the fastest start date, the growth time at the end (T2), the
maximum growth rate (Vm), and the growth time (Tm), when it appears, of the correspond-
ing growth curve:

The start time of the fastest accumulation : T1 =
1
b

ln
2 +
√

3
a

(2)

The end time of fastest accumulation : T2 =
1
b

ln
2−
√

3
a

(3)

The appearing time of maximum growth rate : Tm =
1
b

ln a (4)

The maximum growth rate : Vm =
bDMM

4
. (5)

2.4. Acquisition of Environmental Data

A Li1400 small weather station (LICOR, Lincoln, NE, USA) was used to measure the
air temperature, air humidity, solar irradiance, and other related environmental factors.
The data was measured every 30 s, and the average value was recorded every 30 min.
The monthly average maximum temperature was the average of the daily maximum
temperature, and the average minimum temperature was the average of the daily minimum
temperature. The range of the average relative air humidity was the range of variation of
the average daily relative air humidity.

2.5. Statistical Analysis

Microsoft Excel 2003 (Redlands, CA, USA) was used for data processing. OriginPro
2022 (OriginLab, Northampton, MA, USA) was used for graphing, and a one-way ANOVA
(Analysis of Variance) and correlation analysis were performed on the data using SPSS
20.0 software, while the significance of differences between treatments was analyzed using
Duncan’s method. Curve Expert 1.4 (Hyams, Central, SC, USA) was used to fit the data.

3. Results
3.1. Effects of Nitrogen Levels on the Activities of Key Enzymes in Nitrogen Metabolism of
Endive Leaves

The nitrate reductase activity of endive leaves showed a bimodal curve during the
whole treatment process and peaked at 21 d and 35 d. With the increase in nitrogen supply,
the NR activity of endive leaves in different treatments increased significantly at each
growth stage (p < 0.05). The increased effect of high nitrogen treatment up to 21 d was
the most obvious change; the N14 treatment was 154.23% higher than the N2 treatment
(Figure 1A). During the whole growth period of the endive, the NiR activity showed a
decreasing trend. The NiR activity varied between different nitrogen treatments during
the same growth period, and the activity increased with the nitrogen level significantly at
28 d, with 445.43%, 100.21%, 53.85%, and 32.05% higher for the N14 treatment than N2,
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N5, N8, and N11, respectively (Figure 1B). In the same growth period, when the nitrogen
supply was within a certain range, the GS activity of endive leaves increased with the
increase in nitrogen fertilizer, but when the nitrogen fertilizer supply was too high (N14),
the GS activity of leaves was significantly increased, except for the 7th day of nitrogen
treatment. Compared with N2, N5, N8, and N14, the activity of N11 increased by 85.64%,
45.94%, 32.85%, and 25.41%, respectively (Figure 1C). Under different nitrogen treatments,
the GDH activity of endive leaves was quite different, and its overall activity showed a
trend of increasing with the increase in nitrogen supply (Figure 1D).
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Figure 1. Effects of different nitrogen supply levels on key enzyme activities of nitrogen metabolism
in the leaves of endive plants. Figures (A–D) show the responses of NR, NiR, GS, and GDH to
different nitrogen supply levels, respectively. Note: Different lower-case letters show significant
differences among the different treatments in the same week (p < 0.05).

3.2. Effect of Nitrogen Level on the Crude and Total Protein of Endive Plant

As shown in Table 3, the dry matter production of the shoots of endive during each
growth period increased with the increase in the level of nitrogen supplied. However, when
the level of nitrogen supplied was too high, there was a downward trend. There was a
significant difference between the treatments. The dry matter accumulation per unit area of
the plant under treatment with nitrogen was the highest. The nitrogen content of the plant
overall showed an increase with the increase in nitrogen supply. In some growth periods,
such as days 14, 21, 28, and 35, the difference between the N2 and N5 treatments was not
significant, on days 7, 21, 28, and 35, there was also no significant difference between the
N11 and N14 treatments. In addition, the total accumulation of plant protein per unit area of
the aboveground parts of the endive also showed the same changing trend as the dry matter
production of the aboveground parts. Within a certain range of nitrogen supply, the total
amount of plant protein in each growth stage increased with the increase in nitrogen supply.
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However, when the level of nitrogen supplied was too high, it decreased, indicating that a
proper supply of nitrogen can increase the accumulation of dry matter and the nitrogen
mass fraction of the aboveground parts of endive, thereby increasing the total accumulation
of plant aboveground protein and improving the quality and nutritional value. When the
level of nitrogen supplied was too high, it affected the accumulation of dry matter and total
protein by the plant and affected the quality and nutritional value. In this experiment, a
regression analysis was performed on the level of nitrogen supplied (x, mmol·L−1) and the
total amount of aboveground protein of endive per unit area (y, g·m−2); the two conformed
to the quadratic equation y = −0.253x2 + 5.439x + 12.287 (R2 = 0.936). Thus, when the
concentration of nitrogen supplied was 10.730 mmol·L−1, the total production of protein
was the highest.

Table 3. The effect of N on the dry matter production, N concentration, and total protein of endive in
different growth stages.

Indicators Treatments Growth to 7 d Growth to 14 d Growth to 21 d Growth to 28 d Growth to 35 d

Dry-matter
production/(g·m−2)

N2 4.291 ± 0.27 d 15.353 ± 0.87 d 29.034 ± 1.18 d 79.785 ± 4.11 d 106.163 ± 7.20 c
N5 4.774 ± 0.14 c 16.574 ± 0.78 d 52.272 ± 2.67 c 129.344 ± 4.69 c 141.954 ± 4.22 b
N8 5.518 ± 0.34 b 22.323 ± 0.88 b 85.533 ± 3.96 a 152.069 ± 4.03 b 178.852 ± 6.55 a

N11 6.549 ± 0.34 a 24.233 ± 1.46 a 70.719 ± 4.20 b 165.573 ± 3.98 a 184.283 ± 8.87 a
N14 5.562 ± 0.19 b 20.551 ± 0.71 54.344 ± 4.86 c 128.902 ± 3.52 c 149.174 ± 7.49 b

N concentration (%)

N2 3.233 ± 0.37 b 3.687 ± 0.08 c 3.526 ± 0.10 c 3.454 ± 0.21 bc 3.529 ± 0.16 b
N5 3.696 ± 0.16 a 3.714 ± 0.14 c 3.535 ± 0.15 c 3.136 ± 0.28 c 3.448 ± 0.34 b
N8 3.817 ± 0.09 a 4.084 ± 0.16 b 3.906 ± 0.36 b 3.365 ± 0.29 c 3.562 ± 0.22 b

N11 3.825 ± 0.13 a 4.152 ± 0.24 b 4.337 ± 0.22 a 3.733 ± 0.27 ab 3.869 ± 0.228 a
N14 3.585 ± 0.14 a 4.510 ± 0.29 a 4.443 ± 0.26 a 3.861 ± 0.30 a 4.021 ± 0.18 a

Total
protein/(g·m−2)

N2 0.868 ± 0.12 c 3.553 ± 0.76 b 6.403 ± 0.63 e 17.111 ± 2.90 c 23.462 ± 2.57 d
N5 1.102 ± 0.1 bc 3.845 ± 0.62 b 8.336 ± 1.01 d 26.784 ± 2.42 b 30.504 ± 4.43 c
N8 1.313 ± 0.10 ab 5.704 ± 0.85 a 17.184 ± 2.01 b 31.990 ± 5.09 b 39.650 ± 5.76 ab

N11 1.562 ± 0.47 a 6.277 ± 0.34 a 23.121 ± 1.43 a 41.641 ± 4.49 a 43.994 ± 2.44 a
N14 1.265 ± 0.34 ab 5.966 ± 1.00 a 14.524 ± 2.06 c 31.133 ± 3.82 b 37.472 ± 3.98 b

Note: Different lowercase letters indicate significant differences between data in the same column (p < 0.05).

3.3. Effects of Nitrogen Levels on the Nitrate Content in the Leaves of Endive during Harvest

Figure 2 shows that the nitrate content of endive leaves differed significantly between
treatments with different nitrogen levels. The nitrate content of the N2 treatment was the
lowest, which was significantly lower than those of the other treatments. The N11 and N14
treatments were significantly higher than those of the N2, N5, and N8 treatments, but the
difference between the N11 and N14 treatments was not significant. With the increase in
nitrogen levels, the nitrate content gradually increased. This shows that increasing the level
of nitrogen supplied increases the nitrate content in vegetables. The nitrate contents of
endive leaves under the five different nitrogen treatments were all lower than the limit of
nitrate content of leaf vegetables to meet the national standard (GB 19338) of <3000 mg·kg−1.
The nitrate content of endive leaves treated with N11 and N14 was nitric acid. The salt
content was the closest to the national standard limit.
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Figure 2. The effects of different nitrogen treatments on the nitrate content in the leaves of endive
plants during harvest. Note: Different lowercase letters indicate significant differences between
treatments (p < 0.05).

3.4. Effect of the Level of Nitrogen Supplied on Dry Matter Accumulation and the Dynamic
Simulation of Endive

The supply of nitrogen has a significant effect on the dry matter accumulation of
the aboveground parts of the endive; under different nitrogen supply conditions, the
accumulation of dry matter in the aboveground parts of the endive first increased and then
decreased (Table 4). The N11 (770 kg·hm−2) treatment had the highest accumulation of dry
matter in the aboveground parts of the endive, which was 5.93–63.63% and 5.02–56.68%
higher than the other treatments in the two experiments.

Table 4. Accumulation of dry matter and nitrogen in endives under different nitrogen treatments.

Treatment

Experiment 1 Experiment 2
Dry Matter

Accumulation
Nitrogen

Accumulation
Dry Matter

Accumulation
Nitrogen

Accumulation
/(kg·hm−2) /(kg·hm−2) /(kg·hm−2) /(kg·hm−2)

N2 1191.932 e 38.680 e 1302.671 e 47.732 d
N5 1497.270 d 53.456 d 1660.137 d 64.895 c
N8 1840.474 b 70.075 b 1943.472 b 77.281 b

N11 1950.402 a 75.803 a 2041.075 a 85.800 a
N14 1596.333 c 63.961 c 1772.532 c 77.520 b

Note: Different lowercase letters in the same column indicate significant differences between treatments (p < 0.05).

As shown in Figure 3, the growth dynamics of dry matter accumulation in the above-
ground parts of the endive present a “slow-fast-slow” growth characteristic with the growth
time, which conforms to the logistic curve model. Equation (2) can be used to fit the dry
matter accumulation of the aboveground parts of the story to the growth time, T, which
obtains the equation for the dry matter accumulation of the aboveground parts of the
endive. The parameters of the equation were imported into Equations (2)–(5) to obtain the
relevant characteristic value of the dynamic accumulation of dry matter.
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Figure 3. Dynamic change of the dry matter accumulation of endive under different nitrogen treatments.

As shown in Table 5, the theoretical maximum order of dry matter accumulation
between the treatments was as follows: N11 > N8 > N14 > N5 > N2. Under different
batches of experiments and different nitrogen treatments, the dry matter accumulation
in the aboveground parts of the endive gradually increased with the increase in nitrogen
treatment. The dry matter accumulation of the N11 treatment reached the maximum, while
it decreased with N14. Through the two experiment iterations of each nitrogen treatment,
the rapid growth period of the dry matter accumulation of endive (T1) started between
17.96–20.36 days and 23.59–25.32 days, respectively, and the rapid accumulation duration
(T2 − T1) was between 5.44–11.02 days and 11.83–15.75 days, respectively. Experiment
1, treated with N11, started growth more quickly and earlier, and Experiment 2, treated
with N11 and N8, also started early. Thus, there was no difference in T1 between the
two. In Experiment 1, the time of occurrence (Tm) of the maximum rate of dry matter
accumulation was the earliest in N11. In Experiment 2, N8 was the earliest. However, the
difference between these treatments was not significant. In both experiments, the T1 of the
N8 and N11 treatments was earlier, and the Vm was higher than that of the other treatments.
Compared with nitrogen treatments that were too low or high, the correlation eigenvalue
of the aboveground dry matter accumulation of endive plants was highly coordinated.
Moreover, they had a positive effect on the aboveground dry matter accumulation of
endive plants.

3.5. The Effect of Nitrogen Treatments on the Aboveground Nitrogen Accumulation of Endive and
Its Dynamic Simulation

Different nitrogen treatments had significant effects on the nitrogen content of endive
plants (p < 0.05) (Table 6). Appropriate nitrogen treatments can increase the nitrogen
absorption and utilization of endive plants. With the increase in nitrogen treatments,
the nitrogen content of the endive gradually increased. The aboveground nitrogen ac-
cumulation of endive was the highest when treated with N11 (770 kg·hm−2). The N11
treatment in the two experiments was 18.51–96.02% and 10.68–79.76% higher than the other
treatments, respectively.
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Table 5. Eigenvalues for the dynamics of aboveground dry matter accumulation of endive plants
under different rates of N application. (** Significant at p < 0.01).

Experiment Treatment Fitting Equation
Correlation
Coefficient T1 T2 Tm Vm T2 − T1

R2 (d) (d) (d) (kg·hm−2·d−1) (d)

Experiment 1

N2 DMT = 1199.241/
(1 + 436.771e−0.2389T) 0.998 ** 19.93 30.95 25.44 71.642 11.02

N5 DMT = 1473.714/
(1 + 71474e−0.4843T) 0.996 ** 20.36 25.8 23.08 178.450 5.44

N8 DMT = 1833.875/
(1 + 918.172e−0.3014T) 0.999 ** 18.27 27 22.63 138.191 8.73

N11 DMT = 1915.492/
(1 + 2940.9e−0.3714T) 0.998 ** 17.96 25.05 21.5 177.862 7.09

N14 DMT = 1578.544/
(1 + 921.942e−0.2939T) 0.998 ** 18.75 27.71 23.23 115.985 8.96

Experiment 2

N2 DMT = 1397.910/
(1 + 1046.10e−0.2226T) 0.998 ** 25.32 37.15 31.24 77.794 11.83

N5 DMT = 1769.764/
(1 + 481.605e−0.1984T) 0.999 ** 24.5 37.78 31.14 87.771 13.28

N8 DMT = 2038.854/
(1 + 307.342e−0.1869T) 0.998 ** 23.59 37.68 30.64 95.290 14.09

N11 DMT = 2238.432/
(1 + 195.10e−0.1672T) 0.997 ** 23.66 39.41 31.53 93.595 15.75

N14 DMT = 1891.533/
(1 + 488.02e−0.1988T) 0.998 ** 24.51 37.76 31.14 94.010 13.25

Table 6. Eigenvalues for the dynamics of aboveground N accumulation of endive plants under
different rates of N application. (** Significant at p < 0.01).

Experiment Treatment Fitting Equation
Correlation
Coefficient T1 T2 Tm Vm T2 − T1

R2 (d) (d) (d) (kg·hm−2·d−1) (d)

Experiment 1

N2 DMT = 39.651/
(1 + 571.58e−0.2556T) 0.997 ** 19.68 29.99 24.83 2.5343 10.31

N5 DMT = 52.33/
(1 + 3055.1e−0.3363T) 0.997 ** 19.95 27.78 23.86 4.3993 7.83

N8 DMT = 68.87/
(1 + 289.191e−0.2432T) 0.999 ** 17.89 28.72 23.3 4.1872 10.83

N11 DMT = 73.56/
(1 + 1555.7e−0.3490T) 0.999 ** 17.29 24.83 21.06 6.4181 7.54

N14 DMT = 63.68/
(1 + 448.630e−0.2633T) 0.996 ** 18.19 28.19 23.19 4.192 10

Experiment 2

N2 DMT = 51.29/
(1 + 1011.62e−0.2213T) 0.998 ** 25.32 37.23 31.27 2.8368 11.91

N5 DMT = 68.66/
(1 + 751.121e−0.2192T) 0.999 ** 24.2 36.22 30.21 3.7618 12.02

N8 DMT = 80.92/
(1 + 507.254e−0.2148T) 0.998 ** 22.87 35.14 29 4.3443 12.27

N11 DMT = 93.10/
(1 + 274.872e−0.1878T) 0.996 ** 22.89 36.91 29.9 4.372 14.02

N14 DMT = 82.45/
(1 + 727.723e−0.2186T) 0.998 ** 24.12 36.16 30.14 4.5069 12.04

The dynamic change of the aboveground nitrogen accumulation of endive plants with
growth time is consistent with the change in the aboveground dry matter accumulation of
endive plants. Under different nitrogen treatment conditions, the aboveground nitrogen
accumulation of endive plants all showed a trend of first increasing and then decreasing with
the increase in nitrogen treatments (Figure 4). The aboveground dry matter accumulation
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of endive plants grew slowly in the early stage, rapidly in the middle stage, and more
slowly in the later stage with the growth time, which conforms to the logistic curve model.
Equation (1) was used to fit the aboveground nitrogen accumulation in the endive with
the growth time T, which enabled us to obtain the equation for dynamic change of the
aboveground nitrogen accumulation in the endive with the growth time. The equation
parameters were brought into Equations (2)–(5), which enabled us to obtain the correlation
eigenvalue of nitrogen accumulation in endive plants. As shown in Table 6, the theoretical
maximum value of nitrogen accumulation in the endive plant in Experiment 1 had the
same variation rule of the theoretical maximum value of dry matter accumulation, which
was N11 > N8 > N14 > N5 > N2. Moreover, the theoretical maximum value of nitrogen
accumulation in experiment 2 was N11 > N14 ≥ N8 > N5 > N2, in which the difference
between N8 and N14 was not significant. The start time (T1) of the rapid accumulation
of the aboveground nitrogen accumulation of endive plants in the two experiments was
between 17.29–19.95 days and 22.87–25.32 days, respectively, which was 0.25–0.56 days and
0.3–0.77 days earlier than the start time of the rapid accumulation of dry matter, respectively.
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3.6. The Effect of Rates of Nitrogen Application on the Yield of Endive

As shown in Figure 5, different rates of nitrogen application have significant effects on
the yield of endive (p < 0.05). With the increase in the rates of nitrogen applications, the
yield of endive first increased and then decreased. In both experiments, the yield of endive
treated with N11 was the highest, which was 30,183.15 kg·hm−2 and 28,508 kg·hm−2,
respectively. Compared with the N14 treatment, the yield increased by 14.68% and 15.14%,
respectively. This indicates that excessive rates of nitrogen application will adversely affect
the yield of endive plants. Fitting the yield of endive (Y) and nitrogen treatment (x), the
following two equations can be obtained:

Y1 = −0.0281x2 + 45.035x + 10079.97 R2 = 0.927 (6)

Y2 = −0.0325x2 + 45.205x + 12110.62 R2 = 0.974 (7)

According to the fitting equation, the optimal nitrogen application rates in the two
experiments were 11.448 mmol·L−1 and 9.935 mmol·L−1, and the theoretical yields were
28,124.120 kg·hm−2 and 27,829.793 kg·hm−2, respectively.
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4. Discussion

The nitrogen metabolism of plants is a complex process whereby a variety of enzymes
participate in coordination [12], which includes nitrogen assimilation, accumulation, pro-
tein synthesis, etc. [13]. There are many enzymes closely related to the physiological process
of nitrogen metabolisms, such as nitrate reductase, nitrite reductase, glutamine synthase,
glutamate dehydrogenase, and other key enzymes. The strength of nitrogen metabolism
is extremely important for plant growth and development. Nitrogen application can
significantly affect the activities of plants, including nitrate reductase, nitrite reductase,
glutamine synthase, glutamate dehydrogenase, protease, and RNA polymerase [14]. Nitro-
gen fertilization can promote the growth of plant roots, which directly affects the nitrogen
absorption of plants, effectively promotes the accumulation and distribution of nitrogen to
the “sink” [15], and significantly improves the accumulation and utilization of nitrogen in
plants. Meanwhile, nitrogen is also an important component of amino acids [16].

Nitrate reductase (NR) is the first enzyme in plant nitrogen metabolism and is the
rate-limiting enzyme in plant nitrogen assimilation [17]. The enzyme can affect nitrogen
metabolism through nitrate; its activity reflects the nitrogen metabolism and protein syn-
thesis ability of plants, to a certain extent [18], and is connected to the carbon metabolism
process [19]. In this experiment, nitrogen supply significantly increased the activity of NR
in the leaves of endive plants at each growth stage and reached the highest in the middle
growth stage (at 21 d) (Figure 1A), which may be because the synthesis of nitrate reductase
is affected by the substrate nitrate. Nitrate reductase is induced by nitrogen, while nitrate
reductase activity is affected by factors such as substrate concentration, light, temperature,
the presence of inorganic salts, and the pH of the nutrient solution [20]. When endive
plants have grown for 21 days, the environment is better, and the plant is in a vigorous
growth period. The nitrogen absorption and assimilation ability were strong at this point,
and the nitrate content in endive leaves was relatively high, which further promoted the
improvement of NR activity. With the increase in nitrogen supply level among the differ-
ent treatments, the NR activity of the leaves was enhanced. When the nitrogen supply
concentration was 11 mmol·L−1, the NR activity of endive leaves at each growth stage
was the highest (Figure 1A), which indicated that a proper nitrogen supply could improve
the growth of endive plants. The activity of nitrate reductase in the leaves ensures the
absorption and utilization of nitrogen by plants. This experiment further confirmed the
findings reported by Liu Xiaojing [21], Diao Zhiwei [22], Li Dongfang [23], and others.

Nitrite reductase (NiR) activity reflects the strength of plant nitrogen metabolism to
a certain extent and plays an important role in plant nitrogen assimilation [24]. Nitrate
nitrogen that is absorbed by plants is reduced to nitrite nitrogen via nitrate reductase (NR),
which enters the chloroplast or plastid and is degraded into ammonia by nitrite reductase
(NiR) [25]. Zhang Yingying etc. [26] researched water hyacinth blue and showed that the
nitrite reductase (NiR) activity decreased with the increase in nitrogen concentration. In
this experiment, the NiR activity of endive leaves increased with the increase in nitrogen
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supply level. Enhanced nitrogen supply significantly increased the nitrite reductase activity
of endive leaves, which may be caused by the different characteristics of crops and different
nitrogen requirements. Among the treatments with different nitrogen supply levels, the
NiR activity of the leaves in the N14 treatment was the highest. With the extension of the
growth time, the NiR activity in the leaves of each treatment decreased slightly, but the
decrease was not obvious (Figure 1B).

Glutamine synthase (GS) is also one of the key enzymes in plant nitrogen metabolism [27].
It is the first enzyme of the “GS-GOGAT cycle”, that is, the initial assimilation of ammonia
occurs in the GS-GOGAT cycle [28–30]. GS is closely related to the assimilation, absorption,
and utilization of nitrogen by plants, which can improve the nitrogen use efficiency of
plants, thereby affecting crop yield [31]. This experimental study showed that within the
appropriate nitrogen application range, the GS activity of endive leaves increased with the
increase in nitrogen application rate. On the 7th day, the GS activity of the N14 treatment
was the highest, and the GS activity of the leaves treated with N11 was the highest for
the rest of the time. In the middle and late stages of growth, with the further increase
in nitrogen supply, the GS activity of leaves decreased (Figure 1B), which was consistent
with the research results on winter wheat [32]. It shows that within the appropriate
nitrogen supply level, plants can better absorb inorganic nitrogen in the transformed
nutrient solution by adjusting the GS activity and also improving the nitrogen assimilation
efficiency of plants. Excessive nitrogen supply may affect the GS activity of plants and may
thus affect the plant’s nitrogen assimilation efficiency.

GDH can not only catalyze the synthesis of glutamate from NH4
+ and α-ketoglutarate

but also catalyze the oxidation of glutamate and the release of NH4
+ [33]. Compared with

the GS-GOGAT cycle, it represents another way for plants to assimilate ammonium [34].
When the external environment contains excessive inorganic nitrogen sources, GDH per-
forms ammonium assimilation. When plants lack inorganic carbon sources, GDH can
degrade glutamic acid to provide a carbon skeleton for the tricarboxylic acid (TCA) cy-
cle [35]. When plants are deleteriously affected by ammonia, GDH can relieve or alleviate
the toxicity of ammonia, to some extent [36]. The results of this experiment showed that
the GDH activity of leaves of endive increased with the increase of nitrogen supply level
on the whole, and the GDH activity of leaves under N2 treatment was the lowest. Except
at 14d, the GDH activity of leaves under N14 treatment was lower than that under N11
treatment, and the GDH activity of leaves under N14 treatment was the highest at the rest
time GDH had the highest activity. This shows that the proper supply of nitrogen could
increase the GDH activity of endive leaves and increase the ammonia assimilation of the
plant. When the nitrogen level supplied is the highest, the plant nitrogen content is the
highest; however, the accumulation of plant nitrogen decreases, and the plant leaf GDH
activity remains at a high level. It could be that crops maintain a high level of GDH to
relieve or alleviate the toxicity of ammonium.

Within the range of an appropriate level of nitrogen supplied, increasing the nitrogen
concentration can increase the activity of key enzymes in nitrogen metabolism and the
nitrogen mass fraction of endive during each growth period and promote the accumulation
of nitrogen in the plant [37]. When the level of nitrogen supplied in the nutrient solution
is 11 mmol·L−1, the total protein accumulates to the highest level, and there is a linear
regression relationship between the total protein accumulation and the level of nitrogen
supplied (R2 = 0.978) (p < 0.01). The correlation analysis between the total accumulation
of plant protein and the activities of key enzymes in nitrogen metabolism indicates that
increasing the level of nitrogen in the liquid nutrient solution within an appropriate range
has a positive effect on the accumulation of nitrogen in endive plants. It shows that
an appropriate level of nitrogen being supplied can increase the dry matter quality and
nitrogen content of the endive, thereby increasing the total protein and improving the
edible quality of the endive. There was a significant positive correlation between the
accumulation of nitrogen in the shoots of endive plants and the activities of NR, NiR, GS,
and GDH under different nitrogen levels. This shows that increasing the level of nitrogen
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supplied in the nutrient solution can significantly increase the activity of key enzymes in
nitrogen metabolism, enhance the nitrogen absorption and transformation ability of the
endive plant, and have an important impact on the dry matter accumulation and nitrogen
accumulation in the aboveground parts of the endive plant. This experimental study shows
that when the concentration of nitrogen in the nutrient solution is 11 mmol·L−1, the key
enzyme activities of nitrogen metabolism in the endive leaves are maintained at a high
level, which has a positive effect on the nitrogen accumulation of the endive plant, i.e., the
total protein content.

This study also shows that the dry matter and nitrogen accumulation of endive plants
with the different levels of nitrogen supplied conforms to the logistic model. When the
level of nitrogen in the nutrient solution was between 2 and 11 mmol·L−1, the dry matter
accumulation, nitrogen accumulation, and yield of endive all increased with the increase in
the level of nitrogen supplied. When the level of nitrogen supplied is 14 mmol·L−1, the
indicators increase insignificantly or even decrease, indicating that the excessive supply of
nitrogen is not conducive to the accumulation and growth of endive nitrogen. The function
simulation indicates that when the level of nitrogen supplied ranges from 9.935 mmol·L−1

to 11.448 mmol·L−1, the yield of endive plants was the highest. The rapid growth period of
nitrogen accumulation in this study was earlier than the rapid growth period of dry matter
accumulation, which is similar to the results reported by Jing Bo et al. [38] regarding the
processing of tomatoes (Solanum lycopersicum).

Previous studies have pointed out that a reasonable nitrogen management method
has a positive impact on improving crop dry matter, nitrogen accumulation, and yield [39].
Different nitrogen sources had significant effects on the activities and expression con-
centrations of nitrogen-metabolizing enzymes and mineral elements in crop plants [40].
Mechanical potted seedling transplanting (PST) is an effective transplanting method. Deep
nitrogen fertilizer application has the advantage of improving nitrogen use efficiency [41].

In summary, within the range of appropriate nitrogen concentrations, increasing the
level of nitrogen in nutrient liquid can significantly increase the enzyme activity and soluble
protein content of the key enzymes of NR, NiR, GS, and GDH in the nitrogen metabolism
of endive leaves and can also increase plant nitrogen levels. The mass fraction and dry
matter accumulation can increase the total protein and nitrogen accumulation of the plant,
reduce the accumulation of nitrate in the leaves, and improve the edible quality of endive
plants. When the nutrient liquid nitrogen concentration is 11 mmol·L−1, the promotion
of activity is most obvious. The activities of key enzymes in the nitrogen metabolism of
endive leaves are closely related to the nitrogen accumulation of plants. The equation
fitting shows that the total protein production is the highest when the concentration of
nitrogen supplied is 10.730 mmol·L−1. In actual production, the intensity of plant nitrogen
metabolism can be strengthened by adjusting the nitrogen supply and increasing the plant
nitrogen content and dry matter accumulation, thereby increasing the accumulation of plant
nitrogen and realizing the high-yield and high-quality cultivation of crops. Simultaneously,
the dry matter accumulation and nitrogen accumulation characteristics of the two batches
of cultivated endive conformed to the logistic curve. An appropriate level of nitrogen
supplied can promote the accumulation of dry matter and nitrogen by endive plants. Both
batches were treated with N11 for the best growth, and the dry matter accumulation of
different batches of N11 treatment reached 1950.41 and 2041.07 kg·hm−2, respectively.
The nitrogen accumulation reached 75.802 and 85.804 kg·hm−2, respectively. The yield
of the endive was significantly affected by the level of nitrogen supplied. As the level
of nitrogen supply increased, the yield first increased and then decreased. The yield of
the N11 treatment was the highest, which increased by 56.67% and 81.30%, respectively,
compared with the N2 treatment. After function fitting, the theoretical yield is the highest
when the rate of nitrogen application is from 9.935 mmol·L−1 to 11.448 mmol·L−1.
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5. Conclusions

(1) At nitrogen supply concentrations of 8 and 11 mmol·L−1, the activity of key
enzymes related to nitrogen metabolism in endive leaves was higher, which was more
conducive to improving the nitrogen uptake capacity of the plants, thereby increasing the
nitrogen mass fraction in the plants and ensuring higher nitrogen accumulation and protein
yield in the plants.

(2) The dry matter and nitrogen accumulation in endive plants at different nitrogen
supply levels were established by the logistic model, and the highest theoretical yield of
chicory was found at nitrogen supply levels of 9.935 mmol·L−1 to 11.448 mmol·L−1 by
means of a functional simulation.
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