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Application fruit tree hole
storage brick fertilizer is
beneficial to increase the
nitrogen utilization of grape
under subsurface drip irrigation

Dongdong Yao, Jianli Yang, Haifeng Jia, Yufan Zhou, Qi Lv,
Xujiao Li, Huanhuan Zhang, Phillip Fesobi, Huaifeng Liu,
Fengyun Zhao* and Kun Yu*

The Key Laboratory of Characteristics of Fruit and Vegetable Cultivation and Utilization of Germplasm
Resources of the Xinjiang Production and Construction Corps, Shihezi University, Shihezi,
Xinjiang, China

It is very important to promote plant growth and decrease the nitrogen leaching
in soil, to improve nitrogen (N) utilization efficiency. In this experiment, we
designed a new fertilization strategy, fruit tree hole storage brick (FTHSB)
application under subsurface drip irrigation, to characterise the effects of
FTHSB addition on N absorption and utilization in grapes. Three treatments
were set in this study, including subsurface drip irrigation (CK) control, fruit tree
hole storage brick A (T1) treatment, and fruit tree hole storage brick B (T2)
treatment. Results showed that the pore number and size of FTHSB A were
significantly higher than FTHSB B. Compared with CK, T1 and T2 treatments
significantly increased the biomass of different organs of grape, N utilization and
15N content in the roots, stems and leaves, along with more prominent
promotion at T1 treatment. When the soil depth was 15-30 cm, the FTHSB
application significantly increased the soil >N content. But when the soil depth
was 30-45 cm, it reduced the soil >N content greatly. T1 and T2 treatments
obviously increased the activities of nitrite reductase (NR) and glutamine
synthetase (GS) in grape leaves, also the urease activity(UR) in 30 cm of soil.
Our findings suggest that FTHSB promoted plant N utilization by reducing N loss
in soil and increasing the enzyme activity related to nitrogen metabolism. In
addition, this study showed that FTHSB A application was more effective than
FTHSB B in improving nitrogen utilization in grapes.
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fruit tree hole storage brick, grape, 15 N-urea, nitrogen absorption and distribution,
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Introduction

N is one of the essential elements for the growth of plants, and is
also the main component of agricultural fertilizers (Jia et al., 2019).
At present, the annual consumption of N fertilizer worldwide is as
high as 1.5x10% t (Cui et al.,, 2023), but the N utilization efficiency
(NUE) is rather low. In most agricultural production, the NUE is
only 30%-40% (Josep and Jordi, 2022; Wang et al., 2022b), which
causes huge economic loss each year (Bodirsky et al., 2014). Farmers
apply a large amount of N fertilizer in orchards to improve the yield
and quality of fruits. The excessive application of N fertilizer has
resulted in soil acidification (Tian and Niu, 2015; Yang, 2019),
hardening, low nitrogen use efficiency (NUE) of plant (Xia et al,
2022). Furthermore, excessive application of N, causes a series of
environmental problems such as poor soil quality(Gao et al., 2023;
Zhang et al, 2023), eutrophication of surface water, excessive
nitrate N in groundwater and air pollution (Qian et al, 2017;
Erik, 2019). Therefore, how to apply fertilizer scientifically, reduce
the use of N fertilizer and improve the N absorption and NUE of
fruit trees has become a key issue for efficient and sustainable
development of modern agriculture.

Subsurface drip irrigation as the main irrigation method in arid
and semi-arid areas could improve fertilizer N utilization compared
with traditional irrigation (Li et al, 2021; Han et al, 2022).
Subsurface drip irrigation also effectively reduces the water loss in
transportation, surface evaporation and deep leakage, contributing
to remarkable water savings (Wang et al., 2021; Guo et al., 2022).
The fertilization strategy adopting chemical fertilizer under drip
irrigation has been widely used in the large-scale production of
crops, especially that relying on a large amount of N fertilizer to
increase the yield of crops, such as wheat, maize and cotton (Wang
et al, 2022b; Dhayal et al,, 2023). This mode of fertilization has
increased the grain yield dramatically (Meshram et al., 2019).
However, under this mode, more than half of the N fertilizer goes
to the environment and causes a negative impact on the
environment, which has drawn more and more attention around
the world (Zou et al., 2020; Chen et al., 2023). Excessive application
of N fertilizer not only leads to low fertilizer utilization efficiency
and serious environmental problems, but also causes huge
economic loss (Chen et al., 2018; Xu et al., 2020). As a result, the
strategy of subsurface drip irrigation combined with chemical
fertilizer is an effective measure to improve water use efficiency
and promote plant growth, But there are still some shortcomings
such as low NUE and serious environmental pollution, so we have
to explore a new strategy to increase the utilization of N.

Compared with conventional materials, nano materials have
small-size effect, interface effect and quantum size effect, and nano
materials are prone to produce surface conjugation effect (Wang
et al., 2020; Mohammad et al, 2021). Many studies have
demonstrated that application of nano-fertilizer to plant could
significantly increase the content of plant growth hormones, thus
promoting plant growth (Lombi et al., 2019; Wang et al., 2022a).
Nano materials also can stimulate root development and promote N
uptake of crops (Alia et al, 2012). Additionally, using nano
materials as the activator could increase the pore ratio and the
specific surface area of biochar, and further improve the N
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adsorption (Maria et al.,, 2022). Vermiculite and montmorillonite
are excellent natural nano materials which can preserve nutrients,
hold and store water, and provide good air permeability (Nhung
et al, 2019; Song et al, 2023). Nano materials have great water
adsorption capacity, strong temperature buffering capacity and
small volume weight, and have high cation exchange capacity and
strong cation exchange adsorption capacity (Zhang et al., 2012;
Zhang et al., 2020; Wang et al., 2023). However there are plenty of
studies on natural nano materials (Fu et al., 2023; Naincy et al,
2023), but few reports focus on making nano materials and organic
fertilizers into stable products to promote plant growth and
fertilizer utilization.

The grape is cultivated worldwide due to its lucrative nature as a
fruit crop that thrives in various climates (Grassi and De Lorenzis,
2021). Grapes have a high economic value because, in addition to
being eaten fresh, they are used to produce juice and wine.
Nevertheless, vineyard is to date one of the most erosive land
uses in the world. As a result, vineyard soils are tend to have
nitrogen leaching problems, poorly developed and thus prone to
degradation. (Dylan et al., 2022). Currently there are fewer reports
on whether nanomaterials can regulate the growth and
development of grapevines (Zhong et al.,, 2023). Our laboratory
has developed a new nano fertilizer. It is made by nano material and
organic fertilizers. In this study, 2-year-old cutting seedlings of
summer black grape were used as the experimental materials. Under
subsurface drip irrigation, box planting precision control test and
N isotope tracer method were adopted to show the effect of
FTHSB on the growth of grape seedlings and the effect of '°N on the
absorption and distribution of plants, to study application urea
combined with different FTHSBs on soil nitrogen leaching and
nitrogen absorption by grape trees, effects of nitrogen utilization
and plant growth and development, to determine whether FTHSB
can promote the growth of grape trees and screen the best
combination of nano materials with organic fertilizer, to provide
a theoretical basis for the application of nano materials in fruit trees.

Materials and methods
Test area

The experiment was conducted from September 2019 through
December 2020 in the solar greenhouse of Shihezi Experimental
Station, Xinjiang (45°19°N, 86°03’E). This area had a temperate
continental climate, with an average annual temperature of 25.1°C
and a rainfall of 125.0-207.7 mm. The solar greenhouse chamber
had insulation layers and brick walls with no arch structures of
cement column. The temperatures in the chamber were 36°C and
17°C in the day and night, respectively. The relative humidity was
75%-80%. The box planting test was adopted where 30 boxes (40
cm x 40 cm x 60 cm) were set with a spacing of 20 cm. Their sides
and bottom were covered with black waterproof cloth to isolate
them from the environment. The tested soil was sieved soil and
yellow sand (sieved soil: yellow sand = 1:1). The screened soil was
selected from the 0-20 cm depth soil in the vineyard of Shihezi
University Experimental Station, and passed through a 40-mesh
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screen. Each cultivation box contained 128 kg soil. The basic
physical and chemical properties of the tested soil were as follows:
pH 7.56, organic matter 12.60 g kg™, total nitrogen 0.43 g kg'',
available phosphorus 28.6 mg kg™, available potassium 23 mg kg™
and soil bulk density 1.40 g cm™.

Experiment design

Inspired by storing fertilizer and water in holes, our laboratory
developed FTHSB. It is a nano-polymer brick-type product made of
natural nano materials (montmorillonite and vermiculite), biochar,
and organic fertilizers (cow dung, sheep dung and chicken dung),
which are efficiently assembled by a customized mold. Nano
materials were purchased from Anhui huabao biology co., ltd.
Biochar samples were prepared by pyrolysis and carbonization of
wheat stalks, provided by Henan Biochar Technology Engineering
Laboratory and Henan Huinong Soil Conservation Co., Ltd. Air-
dried sheep, cow and chicken manure were purchased from Hui Hui
Fertilizer Co., Ltd., XinJiang, China. Firstly, the decomposed and
fermented organic fertilizer is sterilized at high temperature, and the
sterilized organic fertilizer and nano materials are screened by a 40-
mesh sieve. Then, the materials are weighed according to the formula
(FTHSB A: 300 g cow dung, 300 g sheep dung, 100 g vermiculite, 50 g
montmorillonite, 10 g biochar; FTHSB B: 300 g chicken manure,
300 g oil residue, 100 g vermiculite, 50 g montmorillonite, 10 g
biochar) and they are added into a blender. After fully stirred, they are
evenly distributed to a mold with a length of 23 cm, a width of 11 cm
and a height of 4 cm (add 1 L of water per 1520 g of materials). Then,
the molds are coated with plastic wrap for fixing, and placed outdoors
and naturally dried for 7 days (Figure 1).

There are three treatments in this experiment, Treatment I:
subsurface drip irrigation (CK) control. Treatment II: fruit tree hole
storage brick A (T1) treatment. Treatment IIL: fruit tree hole storage
brick B (T2) treatment (Figure 2A). Each treatment is a single plot
and has 10 repeating sets. In this study, two-year-old cutting
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FIGURE 1
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seedlings of the’Summer Blake” with 15-20 cm plant height, 4-5
functional leaves and a strong root system were selected. Grape
seedlings were planted in the middle of the planting box on June 10.
Before planting, different fruit tree storage bricks were applied 20
cm from the soil surface on one side of the planting box.(Figure 2B).
After treatment, the drip irrigation belt was installed uniformly. The
®50 mm PE pipe manufactured by Xinjiang Huili Water Saving
Engineering Company was used as the main pipe, ®20 mm PE pipe
as the branch pipe, and ®3/5 as the capillary pipe. A flow stabilizer
(pressure compensated dripper, 1.5 L h™") was connected between
the capillary pipe and the branch pipe. Drop arrows were arranged
at the depth of 5 cm from the soil surface just above the FTHSB, and
subsurface drip irrigation was carried out until the soil water
content reached 100%. After that, irrigation was carried out when
the field water holding capacity was lower than 50%, and the
irrigation amount per grape was 5 L. After the treatment with the
FTHSB for 35 days, '°N-urea (2 g per grape) was dripped on one
side directly above the FTHSB. Single factor randomized block
design was adopted in the experiment, and other field cultivation

and management processes were consistent.

Plant biomass

After applying °’N-urea for 80 days, samples were taken. Five
grape plants with basically the same growth were selected for
destructive sampling in each treatment. All the soil of each layer
was dug out separately, and roots were quickly collected and washed
on a 100-mesh steel screen to minimize the loss of rhizomes. The
roots, stems, and leaves of a whole plant were separated.
Subsequently, they were rinsed three times with water, 1%
hydrochloric acid, and deionized water, then the plant was dried
105°C for 30 min, baked at 80°C for 48 h and weighed. Later, the
plants were crushed by a stainless steel grinder, screened by a 60-
mesh sieve, packed in a plastic bag and stored in a dry place for

later use.

Water barrel

Fruit tree hole storage brick A

Stirring system

Mould

Fruit tree hole storage brick

Passerillage
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Experiments’ design of this study. (A) Pattern diagram of cultivation mode the three treatments. (B) picture of placement fruit tree hole storage brick in box.

Transmission electron microscope

The nitrogen adsorption capacity of FTHSB A and FTHSB B
were tested in lab-scale experiments by the following procedure.
Briefly, two FTHSBs (A and B) were selected, and small cubes with a
length, width and height of 1 cm were cut from their middle parts. 1
g ml"' urea added to FTHSB A and FTHSB B. Then two bricks
without urea and two bricks with urea were selected for the
characterization of surface morphology and elemental
distribution. The electron microscope image of FTHSB was
scanned by SU8020 (JEOL, Japan) and the nitrogen content was
determined by Horiba ex-350 energy spectrometer (JEOL, Japan).

Nitrogen absorption and distribution
in plants

On the 0-45 cm soil profile, the soil sample was taken every 15
cm, dried at 85°C to constant weight, and ground through a 60-
mesh sieve. After the amount of biomass was measured, the
screened samples of plant organs and screened soil samples of
different soil layers were taken to determine the nitrogen content
and nitrogen abundance. '°N abundance was measured by ZHT-03
mass spectrometer (Beijing analytical instrument factory).

Plant '*N calculation formula according to the method
described by (Sha et al., 2021)

Plant Ndff (%) = (abundance of N in plant-natural abundance of 15N)/(abundance of ¥ (1)

N in fertilizer-natural abundance of "°N) x 100 %

>N distribution rate (%) = "*N absorbed by each organ from fertilizer (g) /total 15 )
N absorbed by plant from fertilizer (g) x 100 %

5N utilization efficiency (%) 3)
= [Plant Ndff x total nitrogen in organs (g)]/fertilizer amount (g) x 100 %

Frontiers in Plant Science

Residual nitrogen in different soil layers

Samples were taken 80 days after '*N-urea was dripped, and five
grape plants with basically the same growth were selected for each
treatment. In the depth of 45 cm soil profile, samples were taken
every 15 cm at one side of the FTHSB by quartering method, and
soil sample of the same layer were mixed and put into aluminum
boxes. After drying in an oven at 85°C to constant weight, the soil
nitrogen content and '°N content were determined.

Soil '°N calculation formula according to the method described
by (Dai et al., 2023)

Soil Ndff (%) = (abundance of "*N soil-natural abundance of 15N)/(15 (4)

N Abundance natural abundance of the fertilizer) x 100 %

5N content in soil = Total nitrogen in soil x Soil Ndff (5)

Nitrogen metabolism enzyme activity

The activity of nitrate reductase (NR) was measured, and
samples were taken 80 days after "’N-urea was dripped. Five
grape plants with basically the same growth were selected for
each treatment, and the functional leaves were measured. The
activity of nitrate reductase was measured according to (Marium
et al,, 2023). For this, 200 mg plant sample was extracted using 100
mM phosphate buffer with a pH of 7.5, 30 mM KNOs, and 5%
propanol. The tubes were kept in a water bath maintained at 100°C
for 5 min. 10 mL of colour reagent [N-(l-naphthyl)-
ethylenediamine hydrochloride] and 0.02% Griess reagent [N-(1-
naphthyl)-ethylenediamine hydrochloride] were supplemented to
the medium to determine the NO,-N produced. To calibrate the
colour reaction, a NOj stock solution containing 25 M potassium
nitrite (KNO3) was used. The absorbance of the supernatants was
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measured at 540 nm by using a UV/Visible spectrophotometer
(Specord 200, Analytik Jena, Germany).

The activity of Glutaminase activity (EC3.5.1.2) was assayed
using a glutaminase kit (Beijing Solarbio Science & Technology Co.,
Ltd., Beijing, China) with the specification of 50 tubes/24 samples.
The method was visible spectrophotometry, and 1 g of leave-
catalyzed glutamine production of 1 umol L™' ammonia per day
at 37°CC was defined as one enzyme activity unit (U g™') (Liu
et al., 2021).

Urease activity (EC3.5.1.5) was assayed by colorimetric analysis
of sodium phenate-sodium hypochlorite (Van et al., 2017)

Data processing

The experiment data were counted by Excel 2010, analyzed by
SPSS 16.0 for variance, by using one-way factorial analysis of
variance (ANOVA). Origin 2018 was used for figure drawing. In
all cases, differences were considered significant at a probability
level of P < 0.05. Furthermore, correlation analyses using R studio
4.0.3 (corrplot R 4.0.3).

Results

Nitrogen absorption capacity of FTHSB
with different compositions

FTHSBs were analyzed with TEM-EDS to ascertain the surface
morphology and elemental components (Figures 3A-F). Both
FTHSB A and FTHSB B showed the uniform morphology, and
multi-micro-pores structurethe shape was also observed. Compared
to FTHSB A, FTHSB B presented the larger micro-pores. Figure 3A
shows that T1 has more micro-pores and the largest pore has a
diameter of 21.8 pm. Figure 3B shows that T2 has fewer small poles
and the maximum pore diameter is 4.87 um. TEM-EDS was used to
measure the N content of FTHSB before and after dripping urea.
The results are shown in Figures 3C, D. Before dripping urea, the N
content of T1 was 123.27% higher than T2 (expressed as the
percentage of atomic molar weight). After dripping urea, the N
content of T1 was 62.97% higher than T2 (Figures 3E, F).

The biomass of plant organs

According to Table 1, The dry matter quantity of roots, stems
and leaves of plants under Tl and T2 treatments were also
significantly higher than CK (P< 0.05), among which the dry
matter quantity of roots was the highest, 68.95% and 56.55%
higher than those under CK, respectively. Among the three
treatments, the dry matter quantity of each organ was in the
order of root > leaf > stem. Under T1 treatment, the dry matter
quantity of each organ reached the maximum, and the dry matter
quantity of root, stem and leaf were 7.92%, 14.03%, 12.67% higher
than those of T2 treatment, respectively. These results indicated that
compared to CK, T1 and T2 treatments had a significant
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stimulating effect on plant growth, and the effect of T1 treatment
was greater than that of T2 treatment.

Ndff value and °N distribution rate of plant
organs

The Ndff value of an organ refers to the contribution rate of >N
absorbed and distributed from "N fertilizer to the total N content
of the organ, which reflects the ability of plant organs to absorb and
regulate "°N in the fertilizer (Quan et al., 2021). All organs of grape
plants under the three treatments had the highest Ndft value in
roots and the lowest in leaves, which implies that the roots has the
strongest ability to transport '°N at the grape seedling stage, higher
than leaves and stems (Figure 4A). Among the three treatments,
Ndft values of roots, stems and leaves of plants under T1 and T2
treatments were significantly higher than those under CK (P< 0.05).
Among them, the Ndff value of each organ under T1 treatment was
the highest, and the Ndff values of roots, stems and leaves were 14%,
12.53% and 10.61%, respectively.

The percentage of "°N in each organ to the total amount of N in
the whole plant reflects the distribution of fertilizer N in the tree and
the law of its migration in each organ (Xiao et al, 2019). The
distribution rate of '°N in each organ of the grape seedlings under
T1 or CK treatment was leaf > root > stem, and under T2 treatment,
the distribution rate was root > leaf > stem (Figure 4B). It means that
"N under the three treatments was mainly stored in the roots and
leaves. The distribution rate of "N in roots and stems was T2 > T1 >
CK, but the highest distribution rate of "N in leaves was CK treatment.

Total nitrogen content, >N absorption and
15N utilization efficiency of grape plants

The effects of different treatments on the total N content, the
absorptive amount and utilization efficiency of "N of grape
seedlings were shown in Table 2. Compared those treated with
CK, the total N content of plants treated with T1 and T2 increased
significantly (P< 0.05). The results showed that T1 and T2
significantly increased the absorptive amount and utilization
efficiency of 5N of grape seedlings [T1 > T2 > CK (P< 0.05)].
The N absorptive amount of grape seedlings under T1 treatment
was 128.57% and 6.67% higher than those under CK and T2
treatments respectively. The N utilization efficiency of grape
seedings was 111.41% and 12.28% higher than those under CK
and T2 respectively.

The activity of nitrogen metabolic enzymes

Nitrate reductase (NR) and glutamine synthetase (GS) are the
key enzymes in nitrogen metabolism of plants (Wang et al., 2022b).
Compared with CK, T1 and T2 treatments increased the activities of
NR and GS significantly (Figures 5A, B). Among the three
treatments, the NR activities in leaves under T1 and T2
treatments were 45.42% and 41.81% higher than that under CK,
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Different FTHSB nitrogen content before and after urea drip application. (A, B) Scanning electron micrographs exhibit different porosity for these two
types of bricks with pore sizes, Red frame on pictures show the different pore sizes in FTHSB A and FTHSB (B, C) nitrogen content in FTHSB B after
dripping urea. (D) nitrogen content in FTHSB B before dripping urea. (E) nitrogen content in FTHSB A after dripping urea. (F) nitrogen content in

FTHSB A before dripping urea.

and the GS activities in leaves were 34.63% and 30.31% higher with
significant differences (P< 0.05). Among all treatments, T1
treatment had the most significant effect on promoting NR and
GS activities in leaves of grape seedlings, with NR and GS activities
of 3.11 U g and 27.79 ug g' h'', respectively.

The urease (UR) activity of soil from 15 cm soil layer under
CK treatment was significantly higher than that under T1 and T2
treatment (P< 0.05) (Figure 5C). T1 and T2 treatments significantly
improved the activity of urease in 30 cm soil layer, increased by
110% and 89.8% respectively compared with CK (P< 0.05). Among
the treatments, T1 had the most obvious effect on promoting UR
activity in 30 cm soil layer.

15N content in different soil layers

The Ndff under CK increased with the increase of soil depth.
Under T1 and T2 treatments, Ndff first decreased and then increased
with the deepening of soil depth (Figure 6A). At the depth of 15 cm,
the Ndff value under T1 was 42.86% and 37.93% significantly higher
than CK and T2, respectively (P< 0.05). At the soil layers of 30 cm
depth, the Ndff values under T1 and T2 treatments were significantly
higher than those under CK treatment (P< 0.05). At the soil layers of
45 cm depth, the Ndff values under CK were significantly higher than
those under T1 and T2 (P< 0.05).

TABLE 1 Effect of different FTHSB Treatments on biomass of different organs of grape seedlings.

Treatment Root (g)
CK 27.50 + 0.01°
T1 46.46 + 0.07*
T2 43.05 + 0.06*

Stem (g) Leaf (g)

14.67 + 2.97° 18.46 + 1.23°
21.28 + 0.89* 25.17 + 0.85"
18.82 + 0.94° 2234 + 229"

Data are the mean standard error (n = 3). a, b indicate the standard error of the mean. Values followed by different letters within the same column indicate significant differences at P< 0.05. CK,
conventional subsurface drip irrigation treatment; T1, fruit tree hole storage brick A treatment; T2, fruit tree hole storage brick B treatment.
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With the increase of soil depth, the soil °N content under CK
treatment increased gradually, while the soil >N content under T1 and
T2 treatments increased first and then decreased (Figure 6B). At the
depth of 15 cm and 30 cm, the contents of 5N in soil treated with T1
and T2 treatments were significantly higher than that under CK
treatment and the differences were significant (P< 0.05). The
maximum value was reached at 30 cm, the °N in soil under T1 and
T2 treatments were 128.11% and 46.72% higher than CK treatment. At
the depth of 45 cm, the 15N content under CK treatment was
significantly higher than those under T1 and T2 treatments (P< 0.05).

Correlation between the utilization and
distribution of N, the biomass of plants and
the activity of N metabolic enzymes

Plant utilization of 15N was significantly and positively
correlated with the amount of dry matter quantity per plant
organ and total biomass (P< 0.05), extremely significantly
positively correlated with the "N content in 15-30 cm soil layer
(P< 0.01) (Figure 7A). But the utilization efficiency of >N in plants
was negatively correlated with the ">N content in 30-45 cm soil
layer. The activities of NR and GS in leaves were positively

correlated with the '>N content in 30 cm soil layer and negatively
correlated with the '>N content in 45 cm soil layer.

Compared with CK treatment, T1 and T2 treatments increased
the dry matter quantity, NUE and "°N content in 30 cm soil, and
decreased the >N content in 45 cm soil (Figure 7B). Under T1
treatment, the total biomass of grape seedlings, '°N content in 30
cm soil layer and "N utilization efficiency all reached the maximum
value. This indicated that adopting FTHSB under the subsurface
drip irrigation could promote plant growth, improve plant nitrogen
utilization and effectively reduce nitrogen loss. T1 was more
effective than T2 in promoting plant growth and nitrogen
absorption and utilization.

Discussion

Adsorbability of different FTHSBs

The effects of nanomaterials on plants and the environment may
largely determine the direction of their application and their potential
in agricultural production (Ren et al, 2021). Many studies have
confirmed that nano materials have a positive effect on improving
NUE (Mukherjee et al, 2016). In this study, nitrogen content of

TABLE 2 Total nitrogen and '°N absorption and utilization rate of grape plants by FTHSB.

15N utilization rate (%)

15N absorption (g)

Treatment Plant total nitrogen content (g)
CK 0.96 + 0.07°
T1 1.33 + 0.09°
T2 1.35 + 0.06°

0.07 + 0.01° ‘ 3.33 +0.25°
0.16 = 0.01* ‘ 7.04 + 0.55"
0.15 + 0.01* 6.27 +0.24°

Data are the mean standard error (n = 3). Different letters indicate significant differences by Duncan’s test among treatments (P< 0.05). CK, conventional subsurface drip irrigation treatment; T1,

fruit tree hole storage brick A treatment; T2, fruit tree hole storage brick B treatment.
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FTHSB A was higher than that of FTHSB B, after drip application of
urea. A popular explanation behind the difference in the ability to
adsorb N between T1 and T2 could be as follows: the surface area and
pore volume of T1 was larger than that of T2, the ion exchange
process will lead to increase the surface and pore structure of
montmorillonite and other nanomaterials and these changes will
affect the adsorption characteristics of T1 and T2 (Huang et al., 2004).
Through electron microscopy, we could also see that the number and
size of pores in T1 were significantly more than those in T2, which
was also the reason for the stronger N adsorption capacity of FTHSB
A than FTHSB B. In addition, nano materials not only can enhance
plant N adsportion but also can improve the retention and migration
capacity of N in soil, thus directly or indirectly promoting plant root
growth (Fabio, 2019; Zhu et al., 2019; Pisa et al., 2020).
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Effect of FTHSB on plants growth and
nitrogen uptake and utilization

A large number of studies showed that adding nano materials
can greatly promote the growth of plants and increase the biomass
of plants (Brandl et al., 2015; Sandeep et al., 2018). Nanomaterials as
a new type of nano-phosphate fertilizer, could significantly promote
plant growth (Ahmed et al, 2022). In this study we found that
adopting FTHSB could significantly increase the biomass of grape
seedlings compared with the control. The biomass of grape
seedlings reached the maximum value under T1 treatment, with
an increase of 36.34% compared with CK. Under T1 and T2
treatments, the biomass in roots and leaves was significantly
higher than those under CK. The application of FTHSB boosted
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Correlation analysis of change (A) of root dry matter (RDM), steam dry matter (SDM), leaf dry matter (LDM), total dry matter (TDM) and root NDFF
(RNDFF), steam (SNDFF), leaf (LNDFF), root >N content (R15NC), steam °N content (S15NC), leaf **N content (L15NC), plant N utilization (P15NU),
plant **N allocation (P15NA), plant total nitrogen content (PTNC), soil NDFF 15, 30, 45 (SNDFF15, SNDFF30, SNDFF45), 15, 30, 45 cm soil **N content
(S15N15, S1I5N30, S15N45), leaf NR activity (LNR), leaf GS activity (LGS). *significant at the 5% probability level; **ignificant at the 1% probability level;
***significant at the 0.1% probability level. Synergies and potential tradeoffs associated with different treatments (B), TDM of total plant dry matter,
utilization rate of plant *>N (P15NU), and >N content (S*®N15, $®N30, $'*N45) in soil at 15, 30 and 45 cm.

grape saplings growth and development of roots, the growth and
development of roots directly affects the absorption of soil nutrients
and soil water by roots and the growth and development of trees.
(Cao et al, 2019; Zhang et al, 2021). Therefore, it is a feasible
measure to promote the growth of grapes by applying FTHSB on
the basis of subsurface drip irrigation in the greenhouse chamber.

After application of chemical fertilizers by spreading, soil
available nitrogen concentration will rapidly increase in a short
period of time. During this period, rainfall or irrigation will result
in nitrogen loss (Jamal et al., 2023). Although drip fertilization can
directly transport nitrogen fertilizer to roots of plants, it can also
cause serious problems including N leakage, leaching and
volatilization. Nano materials could improve soil physical and
chemical properties, effectively adsorb nitrogen in soil, reduce N
loss, and significantly improve the plant NUE and the soil N
residual rate (Wang et al,, 2018; Sandra et al,, 2022). In this
experiment, we used grape seedlings as test materials, and
analyzed the effects of applying FTHSB to grape seedlings on
the utilization and distribution of >N under subsurface drip
irrigation in greenhouse chambers. The results showed that
compared with CK, Tl and T2 treatments significantly
increased the NUE of grape seedlings. The reason might be that
the application of FTHSB effectively absorbed N, increased N
content in soil, and effectively reduced N leaching. The FTHSB
also promotes the growth of the root system, and then promotes
the absorption of N by grape seedlings. Previous studies have
demonstrated that adding biochar increased the crop yield,
promoted the absorption and utilization of N, reduced the N
content in stems and increased the N content in grains (Qian et al.,
2017). In this experiment, T1 and T2 treatments increased the
distribution of '°N in roots and stems but decreased the
distribution in leaves. This is inconsistent with previous studies,
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which may be related to the interaction of various materials and its
unique structure of the FTHSB. N was absorbed by the grape root
system and transferred to the shoot in the plant, application of
FTHSB affected the uptake of N, which in turn affects N transport
in the plant and in various organs allocation.

NR, GS and soil UR are the key enzymes for plants to transform
and utilize nitrogen, and the activity of these enzymes reflects the N
utilization ability (Wu et al., 2020). In this study, the NR activities in
leaves treated with T1 and T2 were 45.4% and 41.8% higher than
that under CK, respectively. The differences were significant. GS
activity was the highest in T1 treatment and the lowest in CK
treatment which was significantly lower than that in T1 and T2
treatment. The soil UR activity plays a great significance role in
transformation of relatively stable organic N into inorganic N in
soil, which can improve the situation of soil providing N nutrients
to plants and enhance the N supply capacity of soil (Zhao et al,
2021). In this study, the soil UR activity from the 30 cm soil layer
under T1 and T2 treatment was significantly higher than that under
CK. These results showed that FTHSB significantly increased NR
and GS activities in plant leaves and the soil UR activity in 30 cm
soil layer (Figure 8). Correlation analysis showed that NR and GS
activities were positively correlated with the total nitrogen content,
"°N absorptive amount of the plant, '*N content in 30 cm soil, "°N
utilization efficiency, plant dry matter quantity and with "N
content in 15 cm soil, but NR and GS activities were negatively
with >N content in 45 cm soil. This indicated that the application of
FTHSB could significantly improve NR and GS activities, which
increased nitrogen absorption and utilization capacity of plants, and
reduced the residual >N in 30-45 cm soil. In addition, the FTHSB is
an organic brick with high surface energy which is made of
vermiculite, montmorillonite, biochar and other small-sized
materials. It has good performance in improving the NUE of
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plants, promoting the growth, and affecting the N metabolic
process, which may be due to its absorption of NH,", NO;™ and
small molecules of urea. The influence of nano materials on specific
N metabolic process of plants needs to be further explored.

Effect of FTHSB on fertilizer N residues in
the soil

Soil is the main place for the storage and transformation of
nutrients such as N and phosphorus (Turner and Haygarth, 2001;
Pellegrini et al., 2018). After general chemical fertilizer was applied
to an orchard, it came into direct contact with the soil and dissolved
quickly, which increased the nitrogen concentration in the soil
(Zengetal,, 2021). As a result, N loss occurred in a very short period
of time. However, the nutrients in FTHSB were released slowly
through the microholes in the brick, which kept the nitrogen
concentration in the soil at a stable level (Ren et al., 2022).
Adding biochar could improve the N fertilizer utilization
efficiency, which was mainly due to the fact that biochar
improves the water retention and cation exchange capacity of
fluvo-aquic soil, thus increasing the nitrogen uptake by
aboveground parts (Nikolas et al., 2017; Li et al,, 2020). In
addition, natural nanomaterials vermiculite and montmorillonite
could also improve the retention of nitrogen and reduce the loss in
soil, thus improving the NUE of plants. Previous developed a new
type of slow-release fertilizer (SRFs) with a kind of bio-based
waterborne polymeric coating, compared with adding urea only,
adding slow-release fertilizer increased the NUE by 68.3% (Mehri
et al, 2021). In this study, the content of '°N in soil increased first
and then decreased after T1 and T2 treatments where FTHSBS were
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applied. T1 and T2 treatments prevented the migration of nitrogen
to deep soil and increased the N residue in the middle soil, especially
T1 treatment. This is mainly because the adhesion of nanomaterials
makes the surface of cow manure and sheep manure rough and
increases the specific surface area. It may also because the water
vapor generated in the combination process improves the pore
structure and increases the specific surface area, and the fertilizer
N was largely adsorbed in the soil after application of FTHSB.
Biochar, which has a high surface area and pore volume, generally
has a stronger physisorption capacity in terms of N, with the
hydrated asymmetric N ions becoming physically trapped within
the biochar pores when solution flows into the biochar particles
(Pratiwi et al., 2016; Joseph et al., 2018; Sanford et al., 2019). In this
study, applying FTHSB is beneficial to storage surplus N retention
in the soil, reduce N volatilization and leaching, this may be related
to nano-materials combined with organic fertilizer resulting in an
increase in surface area due to the greater number of organo-
mineral (plaques) layers loaded onto its external and internal
surfaces, more positively charged minerals and cationic salts on
the surface of FTHSB subsequently form on both the internal and
external surfaces of the FTHSB, leaving its pores blocked and
trapping N within, thereby increasing the adsorption and
retention capacity of °N (Figure 8).

Conclusion

Application of FTHSB under subsurface drip irrigation can
promote the growth of grape seedlings, decrease the leaching loss of
N to the deep soil, increased activity of nitrogen metabolizing
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enzymes and it also improves the utilization efficiency of N. Among
all treatments, FTHSB A fertilizer had the most significant
promotion effect. These results indicate that FTHSB fertilizer has
a huge potential for improving NUE and economic benefits of
orchards under subsurface drip irrigation, and it also serves as a
theoretical basis for promoting fruit production in orchards.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding authors.

Author contributions

DY: Data curation, Formal Analysis, Investigation,
Methodology, Software, Writing — original draft, Writing - review
& editing. JY: Data curation, Formal Analysis, Investigation,
Methodology, Software, Writing — original draft. HJ: Supervision,
Writing - review & editing. YZ: Writing — review & editing. QL:
Writing - review & editing. XL: Writing - review & editing.
HZ: Writing - review & editing. PF: Writing - review & editing.
HL: Writing - review & editing. FZ: Writing - review & editing. KY:
Conceptualization, Funding acquisition, Project administration,
Resources, Supervision, Writing - original draft.

Funding

The authors declare financial support was received for the
research, authorship, and/or publication of this article. This work

References

Ahmed, A. A, Elsayed, A. E. G, Zeinab, K. T., Hend, M. F., Mohamed, S. H., and
Khaled, A. A. (2022). Hydroxyapatite nanoparticles as novel nano-fertilizer for
production of rosemary plants. Sci. Hortic-amsterdam 295, 110851. doi: 10.1016/
j.scienta.2021.110851

Alia, D. S., Castillo, M. H., Hemandez, V. J. A, Diaz, B. C,, Peralta, V. J. R,, and
Gardea, T. (2012). Synchrotron micro-XRF and micro-XANES confirmation of the
uptake and translocation of TiO, nanoparticles in cucumber (Cucumis sativus) plants.
Environ. Science and Technology. 46 (14), 7637-7643. doi: 10.1021/es300955b

Bodirsky, B., Popp, A., Lotze-Campen, H., Dietrich, J. P., Rolinski, S., Weindl, I, et al.
(2014). Reactive nitrogen requirements to feed the world in 2050 and potential to
mitigate nitrogen pollution. Nat. Commun. 5, 3858. doi: 10.1038/ncomms4858

Brandl, F., Bertrand, N., Lima, E. M., and Langer, R. (2015). Nanoparticles with
photoinduced precipitation for the extraction of pollutants from water and soil. Nat.
Commun. 6, 7765. doi: 10.1038/ncomms8765

Cao, H.,, Ning, L. F, Mi, X,, Feng, F,, Li, P,, Yue, S. Q,, et al. (2019). Biochar can

increase nitrogen use efficiency of malus hupehensis by modulating nitrate reduction of
soil and root. Appl. Soil Ecol. 135, 25-32. doi: 10.1016/j.aps0il.2018.11.002

Chen, R,, Chang, H. D., Wang, Z. H,, and Lin, H. X. (2023). Determining organic-
inorganic fertilizer application threshold to maximize the yield and quality of drip-
irrigated grapes in an extremely arid area of Xinjiang, China. Agric. Water Manage. 276,
108070. doi: 10.1016/j.agwat.2022.108070

Chen, S. L., Yang, M, Ba, C, Yu, S. S, Jiang, Y. F,, Zou, H. T,, et al. (2018).
Preparation and characterization of slow-release fertilizer encapsulated by biochar-
based waterborne copolymers. Sci. Total Environ. 615, 431-437. doi: 10.1016/
j.scitotenv.2017.09.209

Frontiers in Plant Science

11

10.3389/fpls.2023.1259516

was financially supported by the Natural Science Foundation of
China (31760550), the Bashi Shihezi City Youth and Middle-aged
Scientific and Technological Innovation Talents Programs
(2022RCO01), Shihezi University High-level Talent Project
(RCZK201925), Corps “Strong Youth” Science and Technology
Innovation Backbone Talent Program (2023CBO08-05), the
Scientific Research Project of Shihezi University (CXBJ202002,
CXFZ202016), and the Shihezi University School-Level
Program (ZZZC201920A).

Acknowledgments

We would like to express our sincere thanks to Fangxia Wang,
Xingcheng Bao, and Junwu Wang for their assistance in the field.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Cui, J., Zhang, X., and Reis, S. (2023). Nitrogen cycles in global croplands altered by
elevated CO,. Nat. Sustain. doi: 10.1038/s41893-023-01154-0

Dai, F. Y, Fan, B. Q,, Li, ]. G,, Zhang, Y. T., Wang, H. Y., Wang, Z,, et al. (2023) Fate
of "®N-labelled urea as affected by long-term manure substitution. Sci. Total Environ.
893, 164924. doi: 10.1016/j.scitotenv.2023.164924

Dhayal, D, Lal, K., Khanna, M., Sudhishri, S. S., Brar, A. S,, Vinay, K. S,, et al. (2023).
Performance of surface and subsurface drip fertigated wheat-moongbean-maize
cropping system under different irrigation schedules and nutrient doses. Agric.
Water Manage. 284, 108338. doi: 10.1016/j.agwat.2023.108338

Dylan, W. R, Daniele, A., Stefano, C., Angela, P. S., Giovanni, R,, and Paolo, B.
(2022). Ground vegetation covers increase grape yield and must quality in
Mediterranean organic vineyards despite variable effects on vine water deficit and
nitrogen status. Eur. J. Agron. 136, 126483. doi: 10.1016/j.¢ja.2022.126483

Erik, S. (2019). Nitrogen crisis threatens Dutch environment and economy. Science
366, 1180-1181. doi: 10.1126/science.366.6470.1180

Fabio, P. (2019). Nano in the future of crops. Nat. Nanotechnol. 507, 126946.
doi: 10.1016/j.biortech.2022.126946

Fu, W. Y., Tang, T. H.,, Chen, X. X,, Yang, Y. L., Mi, B. X,, Yang, K,, et al. (2023).
Nano-ceramic membranes combined with ozonation for water treatment:
Fundamentals and engineering application. J. Hazard Mater. Adv. 10, 100279.
doi: 10.1016/j.hazadv.2023.100279

Gao, |, Ge, S. H,, Wang, H. L, Fang, Y. Y,, Sun, L. M, He, T. Y., et al. (2023).
Biochar-extracted liquor stimulates nitrogen related gene expression on improving
nitrogen utilization in rice seedling. Front. Plant Sci. 14, 1131937. doi: 10.3389/
pls.2023.1131937

frontiersin.org


https://doi.org/10.1016/j.scienta.2021.110851
https://doi.org/10.1016/j.scienta.2021.110851
https://doi.org/10.1021/es300955b
https://doi.org/10.1038/ncomms4858
https://doi.org/10.1038/ncomms8765
https://doi.org/10.1016/j.apsoil.2018.11.002
https://doi.org/10.1016/j.agwat.2022.108070
https://doi.org/10.1016/j.scitotenv.2017.09.209
https://doi.org/10.1016/j.scitotenv.2017.09.209
https://doi.org/10.1038/s41893-023-01154-0
https://doi.org/10.1016/j.scitotenv.2023.164924
https://doi.org/10.1016/j.agwat.2023.108338
https://doi.org/10.1016/j.eja.2022.126483
https://doi.org/10.1126/science.366.6470.1180
https://doi.org/10.1016/j.biortech.2022.126946
https://doi.org/10.1016/j.hazadv.2023.100279
https://doi.org/10.3389/fpls.2023.1131937
https://doi.org/10.3389/fpls.2023.1131937
https://doi.org/10.3389/fpls.2023.1259516
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yao et al.

Grassi, F., and De Lorenzis, G. (2021). Back to the origins: background and
perspectives of grapevine domestication. Int. J. Mol. Sci. 22 (9), 4518. doi: 10.3390/
ijms22094518

Guo, L., Cao, H. X,, Warren, D. H,, Yang, H., Wu, X. Y., and Li, H. Z. (2022). Effect
of drip-line layout and irrigation amount on yield, irrigation water use efficiency, and
quality of short-season tomato in Northwest China. Agric. Water Manage. 270, 107731.
doi: 10.1016/j.agwat.2022.107731

Han, X. Y., Kang, Y. H,, Wan, S. Q,, and Li, X. B. (2022). Effect of salinity on oleic
sunflower (Helianthus annuus Linn.) under drip irrigation in arid area of Northwest
China. Agric. Water Manage. 259, 107267. doi: 10.1016/j.agwat.2021.107267

Huang, F. C, Lee, J. F,, Lee, C. K., and Chao, H. P. (2004). Effects of cation exchange
on the pore and surface structure and adsorption characteristics of montmorillonite.
Collold. Surface A. 239, 41-47. doi: 10.1016/j.colsurfa.2003.10.030

Jamal, N., Zhao, C. J., Rayyan, K., Hina, G., Harun, G., Shao, Z. Q,, et al. (2023).
Maize-soybean intercropping at optimal N fertilization increases the N uptake, N yield
and N use efficiency of maize crop by regulating the N assimilatory enzymes. Front.
Plant Sci. 13, 1077948. doi: 10.3389/fpls.2022.1077948

Jia, Z., Giehl, R. F. H., Meyer, R. C., Altmann, T., and Wiren, N. (2019). Natural
variation of BSK3 tunes brassinosteroid signaling to regulate root foraging under low
nitrogen. Nat. Commun. 10, 2378. doi: 10.1038/s41467-019-10331-9

Josep, P., and Jordi, S. (2022). The global nitrogen-phosphorus imbalance. Science
375, 266-267. doi: 10.1126/science.abl4827

Joseph, S., Kammann, C. I, Shepherd, J. G., Conte, P., Schmidt, H. P., Hagemann, N.,
et al. (2018). Microstructural and associated chemical changes during the composting
of a high temperature biochar: mechanisms for nitrate, phosphate and other nutrient
retention and release. Sci. Total Environ. 618, 1210-1223. doi: 10.1016/
j.scitotenv.2017.09.200

Li, Q. W, Liang, J. F,, Zhang, X. Y., Feng, J. G., Song, M. H., and Gao, J. Q. (2020).
Biochar addition affects root morphology and nitrogen uptake capacity in common
reed (Phragmitesaustralis). Sci. Total Environ. 766, 0048-9697. doi: 10.1016/
j.scitotenv.2020.144381

Li, H.,, Mei, X., Wang, J., Huang, F., Hao, W., and Li, B. (2021). Drip fertigation
significantly increased crop yield, water productivity and nitrogen use efficiency with
respect to traditional irrigation and fertilization practices: a meta-analysis in China.
Agric. Water Manage. 244, 106534. doi: 10.1016/j.agwat.2020.106534

Liu, S., Wang, Z. Y., Niu, J. F,, Dang, K. K, Zhang, S. K., Wang, S. Q,, et al. (2021).
Changes in physicochemical properties, enzymatic activities, and the microbial
community of soil significantly influence the continuous cropping of (American
ginseng). Plant Soil. 463, 427-446. doi: 10.1007/s11104-021-04911-2

Lombi, E., Donner, E., Dusinska, M., and Wickson, F. (2019). A one health approach
to managing the applications and implications of nanotechnologies in agriculture. Nat.
Nanotechnol. 14, 523-531. doi: 10.1038/s41565-019-0460-8

Maria, G. H., Glaydson, S. R., Alejandro, G., Dinh, V. M., Lima,, E. C,, Sylvia, H., et al.
(2022). Microalgae biomass as a sustainable precursor to produce nitrogen-doped
biochar for efficient removal of emerging pollutants from aqueous media. J. Clean.
Prod. 348, 131280. doi: 10.1016/j.jclepro.2022.131280

Marium, F,, Iftikhar, A., Sumara, M. U. H., Adnan, K. N., Muhammad, F. K., Zeshan,
M. A. F, et al. (2023). Antibiotics induced changes in nitrogen metabolism and
antioxidative enzymes in mung bean (Vigna radiata). Sci. Total Environ. 873, 162449.
doi: 10.1016/j.scitotenv.2023.162449

Mehri, S., Elaheh, M., Marzieh, S., and Babak, M. (2021). Synthesis of urea slow-
release fertilizer using a novel starch-g-poly(styrene-co-butylacrylate) nanocomposite
latex and its impact on a model crop production in greenhouse. J. Clean. Prod. 322,
129082. doi: 10.1016/j.jclepro.2021.129082

Meshram, D. T., Gorantiwar, S. D., Singh, N. V., and Babu, K. D. (2019). Response of
micro-irrigation systems on growth, yield and WUE of Pomegranate (Punica granatum
L.) insemi-arid regions of India. Sci. Hortic. 246 (11), 686-692. doi: 10.1016/
j.scienta.2018.11.033

Mohammad, A. A,, Qi, M. D,, Huang, Z. G., Xu, X. D,, Naheeda, B., Qin, C,, et al.
(2021). Improving growth and photosynthetic performance of drought stressed tomato
by application of nano-organic fertilizer involves up-regulation of nitrogen, antioxidant
and osmolyte metabolism. Sci. Ecot. 216, 112-195. doi: 10.1016/j.ecoenv.2021.112195

Mukherjee,A., Majumdar,S., Servin,A. D., Pagano,L., Dhankher,O. P., and White,J.
C. (2016). Carbon nanomaterials in agriculture: A critical review. Front. Plant Sci. 7,
172. doi: 10.3389/fpls.2016.00172

Naincy, R,, Anil, D., Ajay, P., Parveen, K., Ravi, K. B, Deepika, V., et al. (2023). Are
nano-pesticides really meant for cleaner production? An overview on recent
developments, benefits, environmental hazards and future prospectives. J. Clean.
Prod. 411, 137232. doi: 10.1016/j.jclepro.2023.137232

Nhung, N. H,, Yoshiaki, K., Toshio, S., and Ryosuke, E. (2019). Development of an in
vitro hydroponic culture system for wasabi nursery plant production-effects of nutrient
concentration and supporting material on plantlet growth. Sci. Hortic. 245, 237-243.
doi: 10.1016/j.scienta.2018.10.025

Nikolas, H., Stephen, J., Hans, P. S., Claudia, I. K., Johannes, H., Thomas, B., et al.
(2017). Organic coating on biochar explains its nutrient retention and stimulation of
soil fertility. Nat. Commun. 8, 1089. doi: 10.1038/s41467-017-01123-0

Pellegrini., A. F. A., Ahlstrom, A., Hobbie, S. E, Reich, P. B., Nieradzik, L. P., Staver,
A. C, etal. (2018). Fire frequency drives decadal changes in soil carbon and nitrogen
and ecosystem productivity. Nature 553, 194-198. doi: 10.1038/nature24668

Frontiers in Plant Science

12

10.3389/fpls.2023.1259516

Pisa, C., Wuta, M., and Muchaonyerwa, P. (2020). Effects of incorporation of
vermiculite on carbon and nitrogen retention and concentration of other nutrients
during composting of cattle manure. Bioresour. Technol. Rep. 9, 100383. doi: 10.1016/
j.biteb.2020.100383

Pratiwi, E. P. A, Hillary, A. K, Fukuda, T., and Shinogi, Y. (2016). The effects of rice
husk char on ammonium, nitrate and phosphate retention and leaching in loamy soil.
Geoderma 277, 61-68. doi: 10.1016/j.geoderma.2016.05.006

Qian, X, Li, X. Z, Liang, T., Shen, Y. F., and Li, S. Q. (2017). Responses of crop nitrogen
partitioning, translocation and soil nitrogen residue to biochar addition in a temperate
dryland agricultural soil. Plant Soil. 418, 405-421. doi: 10.1007/s11104-017-3304-z

Quan, Z., Zhang, X, Fang, Y., and Eric, A. D. (2021). Different quantification
approaches for nitrogen use efficiency lead to divergent estimates with varying
advantages. Nat. Food. 2, 241-245. doi: 10.1038/543016-021-00263-3

Ren, X, Tang, J., Wang, L., and Liu, Q. L. (2021). Microplastics in soil-plant system:
effects of nano/microplastics on plant photosynthesis, rhizosphere microbes and soil
properties in soil with different residues. Plant Soil. 462, 561-576. doi: 10.1007/s11104-
021-04869-1

Ren, K. Y., Xu, M. G, Li, R,, Zheng, L,, Liu, S. G,, Stefan, R, et al. (2022). Optimizing
nitrogen fertilizer use for more grain and less pollution. J. Clean. Prod. 360, 132180.
doi: 10.1016/j.jclepro.2022.132180

Sandeep, K. V., Ashok, K. D., Manoj, K. P., Ashish, S., Vinay, K., and Saikat, G.
(2018). Engineered nanomaterials for plant growth and development: A perspective
analysis. Sci. Total Environ. 630, 1413-1435. doi: 10.1016/j.scitotenv.2018.02.313

Sandra, P., Félix, F., Alberto, G. P., Cristina, P., Manuel, P. V., Carles, S. L, et al.
(2022). Impact of a transformation from flood to drip irrigation on groundwater
recharge and nitrogen leaching under variable climatic conditions. Sci. Total Environ.
825, 153805. doi: 10.1016/j.scitotenv.2022.153805

Sanford, J. R,, Larson, R. A., and Runge, T. (2019). Nitrate sorption to biochar following
chemical oxidation. Sci. Total Environ. 669, 938-947. doi: 10.1016/j.scitotenv.2019.03.061

Sha, J. C,, Ge, S. F,, Zhu, Z. L., Du, X,, Zhang, X, Xu, X. X,, et al. (2021). Paclobutrazol
regulates hormone and carbon-nitrogen nutrition of autumn branches, improves fruit
quality and enhances storage nutrition in’Fuji’apple. Sci. Hortic. 282, 110022.
doi: 10.1016/j.scienta.2021.110022

Song, X., Chen, C., Zhou, H., Shang, J. Y., and Ren, T. S. (2023). Effect of high-
temperature treatment on water vapour sorption of montmorillonite. Geoderma 436,
116563. doi: 10.1016/j.geoderma.2023.116563

Tian, D., and Niu, S. (2015). A global analysis of soil acidification caused by nitrogen
addition. Environ. Res. Lett. 10, 24019. doi: 10.1088/1748-9326/10/2/024019

Turner, B., and Haygarth, P. (2001). Phosphorus solubilization in rewetted soils.
Nature 411, 258. doi: 10.1038/35077146

Van, W, Deidre, A. B., Adeleke, R. R., Owen, H. ], Bezuidenhout, C. C., and Mienie,
C. (2017). Ecological guild and enzyme activities of rhizosphere soil microbial
communities associated with bt-maize cultivation under field conditions in North
West Province of South Africa. J. Basic. Microb. 57, 781-792. doi: 10.1002/
jobm.201700043

Wang, J. F, Chen, J. G, Yu, P. P, Yang, X. H,, Zhang, L. ], Geng, Z. L., et al. (2020).
Oxygenation and synchronous control of nitrogen and phosphorus release at the
sediment-water interface using oxygen nano-bubble modified material. Sci. Total
Environ. 725, 135-258. doi: 10.1016/j.scitotenv.2020.138258

Wang, C. Q, Luo, D., Zhang, X., Huang, R,, Cao, Y. J,, Liu, G. G,, et al. (2022a).
Biochar-based slow-release of fertilizers for sustainable agriculture: a mini review.
Environ. Sci. Ecot. 10, 100167. doi: 10.1016/j.es.2022.100167

Wang, G. D., Xiao, Y. S., Peng, F. T., Zhang, Y. F., Gao, H. F., Sun, X. W, et al. (2018).
Effects of urea combined with different amounts of nano-carbon on growth and
nitrogen uptake and utilization of peach saplings. Scientia Agricultura Sinica. 51 (24),
4700-4709. doi: 10.3864/j.issn.0578-1752.2018.24.010

Wang, H. D., Cheng, M. H,, Zhang, S. H,, Fan, J. L., Feng, H., Zhang, F. C, et al.
(2021). Optimization of irrigation amount and fertilization rate of drip-fertigated
potato based on analytic hierarchy process and fuzzy comprehensive evaluation
methods. Agric. Water Manage. 256, 107157. doi: 10.1016/j.agwat.2021.107157

Wang, J., Wang, H., Zhang, R. N., Wei, L., Cao, R. J., Wang, L. C,, et al. (2022b).
Variations of nitrogen-metabolizing enzyme activity and microbial community under
typical loading conditions in full-scale leachate anoxic/aerobic system. Bio. Tech. 351,
126946. doi: 10.1016/].BIORTECH.2022.126946

Wang, X. F,, Li, Y., Feng, H., Yu, Q, Fan, X. Y,, Liu, C. C, et al. (2023). Combining
biochar with cotton-sugarbeet intercropping increased water-fertilizer productivity and
economic benefits under plastic mulched drip irrigation in Xinjiang, China. Ind. Crop
Prod. 192, 116060. doi: 10.1016/j.indcrop.2022.116060

Wu, P, Wang, Y. F,, Zhang, Y. F,, Chen, T. Y,, Yang, L., Xue, Y. W, et al. (2020).
Effects of slow-release urea combined with common urea application layered in

different soil depths on soil nitrogen, enzyme activity, and maize yield. J. Appl. Ecol.
31 (1), 129-138. doi: 10.13287/j.1001-9332.202001.021

Xia, H.,, Riaz, M., Zhang, M., Liu, B., Li, Y., El-Desouki, Z., et al. (2022). Biochar-n
fertilizer interaction increases n utilization efficiency by modifying soil C/N component
under n fertilizer deep placement modes. Chemosphere 286, 131594. doi: 10.1016/
j.chemosphere.2021.131594

Xiao, Y. S., Peng, F. T., Zhang, Y. F., Wang, J., Zhuge, Y P., Zhang, S. S., et al. (2019).
Effect of bag-controlled release fertilizer on nitrogen loss, greenhouse gas emissions,

frontiersin.org


https://doi.org/10.3390/ijms22094518
https://doi.org/10.3390/ijms22094518
https://doi.org/10.1016/j.agwat.2022.107731
https://doi.org/10.1016/j.agwat.2021.107267
https://doi.org/10.1016/j.colsurfa.2003.10.030
https://doi.org/10.3389/fpls.2022.1077948
https://doi.org/10.1038/s41467-019-10331-9
https://doi.org/10.1126/science.abl4827
https://doi.org/10.1016/j.scitotenv.2017.09.200
https://doi.org/10.1016/j.scitotenv.2017.09.200
https://doi.org/10.1016/j.scitotenv.2020.144381
https://doi.org/10.1016/j.scitotenv.2020.144381
https://doi.org/10.1016/j.agwat.2020.106534
https://doi.org/10.1007/s11104-021-04911-2
https://doi.org/10.1038/s41565-019-0460-8
https://doi.org/10.1016/j.jclepro.2022.131280
https://doi.org/10.1016/j.scitotenv.2023.162449
https://doi.org/10.1016/j.jclepro.2021.129082
https://doi.org/10.1016/j.scienta.2018.11.033
https://doi.org/10.1016/j.scienta.2018.11.033
https://doi.org/10.1016/j.ecoenv.2021.112195
https://doi.org/10.3389/fpls.2016.00172
https://doi.org/10.1016/j.jclepro.2023.137232
https://doi.org/10.1016/j.scienta.2018.10.025
https://doi.org/10.1038/s41467-017-01123-0
https://doi.org/10.1038/nature24668
https://doi.org/10.1016/j.biteb.2020.100383
https://doi.org/10.1016/j.biteb.2020.100383
https://doi.org/10.1016/j.geoderma.2016.05.006
https://doi.org/10.1007/s11104-017-3304-z
https://doi.org/10.1038/s43016-021-00263-3
https://doi.org/10.1007/s11104-021-04869-1
https://doi.org/10.1007/s11104-021-04869-1
https://doi.org/10.1016/j.jclepro.2022.132180
https://doi.org/10.1016/j.scitotenv.2018.02.313
https://doi.org/10.1016/j.scitotenv.2022.153805
https://doi.org/10.1016/j.scitotenv.2019.03.061
https://doi.org/10.1016/j.scienta.2021.110022
https://doi.org/10.1016/j.geoderma.2023.116563
https://doi.org/10.1088/1748-9326/10/2/024019
https://doi.org/10.1038/35077146
https://doi.org/10.1002/jobm.201700043
https://doi.org/10.1002/jobm.201700043
https://doi.org/10.1016/j.scitotenv.2020.138258
https://doi.org/10.1016/j.ese.2022.100167
https://doi.org/10.3864/j.issn.0578-1752.2018.24.010
https://doi.org/10.1016/j.agwat.2021.107157
https://doi.org/10.1016/J.BIORTECH.2022.126946
https://doi.org/10.1016/j.indcrop.2022.116060
https://doi.org/10.13287/j.1001-9332.202001.021
https://doi.org/10.1016/j.chemosphere.2021.131594
https://doi.org/10.1016/j.chemosphere.2021.131594
https://doi.org/10.3389/fpls.2023.1259516
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yao et al.

and nitrogen applied amount in peach production. J. Clean. Prod. 234, 258-274.
doi: 10.1016/j.jclepro.2019.06.219

Xu, C. C,, Zhang, K. H., Zhu, W. Y., Xiao, J., Zhu, C., Zhang, N. F,, et al. (2020). Large
losses of ammonium-nitrogen from a rice ecosystem under elevated CO,. Sci. Adv. 6
(42), eabb7433. doi: 10.1126/sciadv.abb7433

Yang, Z. (2019). The shadow price of nitrogen: a dynamic analysis of nitrogen-induced
soil acidification in China. Caer 11, 489-506. doi: 10.1108/CAER-11-2017-0220

Zeng, L. Q, Yuan, J. D, He, M. R, Wang, M. Y,, Li, Y., and Dai, X. L. (2021). Coated,
Stabilized enhanced-efficiency nitrogen fertilizers: preparation and effects on maize growth
and nitrogen utilization. Front. Plant Sci. 12, 792262. doi: 10.3389/fpls.2021.792262

Zhang, R. H., Duan, Z. Q,, and Li, Z. G. (2012). Use of Spent mushroom substrate as
growing media for tomato and cucumber seedlings. Pedosphere 22 (3), 333-342.
doi: 10.1016/S1002-0160(12)60020-4

Zhang, Y., Luo, J, t, F, Xiao, Y. S,, and Du, A. Q. (2021). Application of bag-
controlled release fertilizer facilitated new root formation, delayed leaf, and root
senescence in peach trees and improved nitrogen utilization efficiency. Front. Plant
Sci. 12, 627313. doi: 10.3389/fpls.2021.627313

Zhang, Y., Zhang,, Q., Yang, W., Zhang, Y., Wang, N., Fan, P. X,, et al. (2023).
Response mechanisms of 3 typical plants nitrogen and phosphorus nutrient cycling to

Frontiers in Plant Science

13

10.3389/fpls.2023.1259516

nitrogen deposition in temperate meadow grasslands. Front. Plant Sci. 14, 1140080.
doi: 10.3389/fpls.2023.1140080

Zhang, Y. L., Zhen, Q., Cui, Y. X,, Zhang, P. P., and Zhang, X. C. (2020). Use of
montmorillonite-enriched siltstone for improving water condition and plant growth in
sandy soil. Ecol. Eng. 145, 105740. doi: 10.1016/j.ecoleng.2020.105740

Zhao, Z., Zhao, Z., Fu, B., Wang, J. G., and Tang, W. (2021). Characteristics of soil
organic carbon fractions under different land use patterns in a tropical area. J. Soils
Sediments. 21, 689-697. doi: 10.1007/s11368-020-02809-7

Zhong, H. X, Yadav., V., Zhang, W., Zhou, X. M., Wang, M., Han, S. A,, et al. (2023).
Comprehensive metabolomics-based analysis of sugar composition and content in
berries of 18 grape varieties. Front. Plant Sci. 14, 1200071. doi: 10.3389/
fpls.2023.1200071

Zhu, L. ], Yang, H. Y., Zhao, Y., Kang, K. ], Liu, Y., He, P. P,, et al. (2019). Biochar
combined with montmorillonite amendments increase bioavailable organic nitrogen
and reduce nitrogen loss during composting. Bio. Tech. 294, 122224. doi: 10.1016/
j.biortech.2019.122224

Zou, H. Y, Fan, J. L,, Zhang, F. C, Xiang, Y. Z, Wu, L. F,, and Yan, S. C. (2020).
Optimization of drip irrigation and fertilization regimes for high grain yield, crop water
productivity and economic benefits of spring maize in Northwest China. Agric. Water
Manage. 230, 105986. doi: 10.1016/j.agwat.2019.105986

frontiersin.org


https://doi.org/10.1016/j.jclepro.2019.06.219
https://doi.org/10.1126/sciadv.abb7433
https://doi.org/10.1108/CAER-11-2017-0220
https://doi.org/10.3389/fpls.2021.792262
https://doi.org/10.1016/S1002-0160(12)60020-4
https://doi.org/10.3389/fpls.2021.627313
https://doi.org/10.3389/fpls.2023.1140080
https://doi.org/10.1016/j.ecoleng.2020.105740
https://doi.org/10.1007/s11368-020-02809-7
https://doi.org/10.3389/fpls.2023.1200071
https://doi.org/10.3389/fpls.2023.1200071
https://doi.org/10.1016/j.biortech.2019.122224
https://doi.org/10.1016/j.biortech.2019.122224
https://doi.org/10.1016/j.agwat.2019.105986
https://doi.org/10.3389/fpls.2023.1259516
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Application fruit tree hole storage brick fertilizer is beneficial to increase the nitrogen utilization of grape under subsurface drip irrigation
	Introduction
	Materials and methods
	Test area
	Experiment design
	Plant biomass
	Transmission electron microscope
	Nitrogen absorption and distribution in plants
	Residual nitrogen in different soil layers
	Nitrogen metabolism enzyme activity
	Data processing

	Results
	Nitrogen absorption capacity of FTHSB with different compositions
	The biomass of plant organs
	Ndff value and 15N distribution rate of plant organs
	Total nitrogen content, 15N absorption and 15N utilization efficiency of grape plants
	The activity of nitrogen metabolic enzymes
	15N content in different soil layers
	Correlation between the utilization and distribution of N, the biomass of plants and the activity of N metabolic enzymes

	Discussion
	Adsorbability of different FTHSBs
	Effect of FTHSB on plants growth and nitrogen uptake and utilization
	Effect of FTHSB on fertilizer N residues in the soil

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


