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ABSTRACT: Coated diammonium phosphate (CDAP) is intended to
release nutrients steadily in response to the demand of crop growth. A
novel biostimulant extracted from Paecilomyces variotii has been shown to
regulate gene expression in nutrient transport, enhance nitrogen (N) and
phosphorus (P) uptake, and improve nutrient use efficiency. The
application of CDAP combined with the Paecilomyces variotii extracts
(ZNC) in maize is an efficient approach for reducing waste of resources,
improving nutrient supply, and maintaining production stability. The
effects of CDAP combined with ZNC on photosynthesis, enzyme activities,
endogenous hormone content, maize yield, and P use efficiency (PUE)
were investigated in this study. In a pot experiment, CDAP and
diammonium phosphate (DAP) were tested together with P levels (1.80,
1.44 g pot−1, P2O5) and two ZNC application rates (0, 4.4 μg pot−1),
which included the control treatment that had no P fertilizer added.
Results showed that the key influencing elements of maize growth and yield were the soil available-P content, endogenous hormone
content, and plant photosynthesis in this study. The combination of DAP and ZNC increased the soil available-P content and the
auxin content in leaves at the key stage and hence increased the yield and PUE of maize, compared with DAP. The net
photosynthetic rate of CDAP combined with ZNC was higher by 23.1% than that of CDAP alone, as well as by 32.0% than that of
DAP combined with ZNC. Moreover, the combination of CDAP and ZNC increased the yield and PUE by 8.2% and 15.6
percentage points compared with DAP combined with ZNC while increasing the yield and PUE compared with CDAP. In
conclusion, combining CDAP with ZNC as an environmentally friendly fertilizer could improve photosynthesis-related enzyme
activity and enhance the net photosynthetic rate, resulting in an increase in maize yield and PUE significantly.

■ INTRODUCTION

Maize is one of the most important food crops as well as an
essential forage and industrial raw material in China,1,2

accounting for around 1/3 of the global grain production.3

Phosphorus (P) is one of the most vital nutrients in maize
growth and development; a sufficient P content of the maize
root zone is a necessary condition for good maize output.4

However, with the exception of a portion of P fertilizers that
are converted to the organic state through biological action,
the majority of the P fertilizers are bound by calcium and
magnesium in calcareous soils or chemically react with iron
and aluminum in acidic soils, forming phosphate precipitation
with low solubility and being fixed.5 In addition, excessive
chemical fertilizer application harmed soil’s physical structure
and microbial community or produced other problems.
Moreover, the P use efficiency (PUE) is only 10−25% in

China, causing a significant resource loss, high agricultural
production costs, and serious pollution from nonpoint
agricultural sources.6,7 Therefore, how to reduce P loss and
boost PUE is of great significance to ensure good maize
output.
A polymer-coated controlled-release phosphate fertilizer

(CRP) releases nutrients in a steady manner, coordinating
the release consistent with crop demand, minimizing P
ineffectiveness owing to soil fixation and extending fertilizer
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efficacy.8 One-time fertilization of CRP could meet the
nutrient supply of crops for the whole growing period,8,9

which is a novel solution to the challenges posed by current
conventional fertilization practices. Lu10 made coated
diammonium phosphate (CDAP) using polyolefin wax surface
modification and coating polyurethane made from castor oil,
which showed that the wax-modified CDAP had a better
controlled-release performance with the ideal “S” shape when
compared with conventional diammonium phosphate (DAP).
Yaseen11 found that after coating DAP, the polymer layer
surrounding fertilizer grains reduced the adsorption and
precipitation of P in the soil, thus enhancing the availability
of P to plants and encouraging plant growth and development.
However, as a result of the long-standing fertilization habits of
farmers and the influence of fertilizer prices, the development
of CRP has been fraught with challenges in China.
Furthermore, the perceived single function of traditional
controlled-release fertilizers restricted the further promotion
and application of controlled-release fertilizers.12,13

Paecilomyces variotii extract (ZNC) is a type of microbial
secondary metabolite isolated and purified from the
fermentation of the endophytic strain P. variotii, with small
compounds and high biological activity.14 The active
ingredient of ZNC could regulate crop genes like small
auxin-upregulated genes to increase the auxin level of the crop
root tip and promote the absorption of N and P,15,16 as well as
crop growth and development, thus resulting in an increase in
crop yield and PUE.17 Lu18 found that higher concentrations
of ZNC (100 ng L−1) could induce a plant immune response
by activating the salicylic acid pathway, stimulating the
accumulation of callosum in leaves, and improving the
resistance of crops to pathogenic bacteria. Wang19 also found
that controlled-release urea enriched by ZNC achieved
significantly higher gain yield than coated urea alone and
further increased nitrogen (N) use efficiency, N partial factor
productivity, and net profit. However, most of the previous
studies on ZNC focused on laboratory simulation conditions,
with few findings on the impact of ZNC application on the soil
environment under natural growth conditions. Therefore, it is
crucial to explore its effects on the nutrient supply intensity,
plant growth, grain yield, and PUE of maize in combination
with phosphate fertilizers.
In a 3-year field trial, the findings of Chen20 showed that the

application of CDAP or ZNC could increase maize yield by
improving the soil P supply intensity to meet maize P demand
and promote root morphological characteristics and vitality.
However, there are few research on the elements that influence
crop yield and PUE after applying CDAP and ZNC,
particularly photosynthesis. A sufficient supply of P can

provide energy for maize photosynthetic phosphorylation
and accelerate the photosynthetic rate of maize, encouraging
the synthesis and accumulation of organic matter while also
increasing maize yield and PUE.21 Hence, maize pot
experiments were conducted in this study to explore the
application effects of CDAP and ZNC for photosynthesis,
endogenous hormone, etc. at different levels of P fertilization
and whether they can synergistically increase the efficiency
after the combination of CDAP and ZNC. Moreover, the
effects of CDAP and ZNC on maize yield and PUE were
explored by observing soil available nutrients, photosynthetic
rate, photosynthesis-related enzyme activities, and phosphatase
activities.

■ RESULTS

Effect of CDAP and ZNC on Maize Yield and PUE. The
combination of CDAP and ZNC actively affected the maize
yield and yield components in both years (Table 1). Compared
with P100%, the average yields of CP100%, P100%Z, and
P80%Z were significantly increased by 13.6, 11.5, and 10.4%,
respectively, while the PUE was significantly increased by 24.5,
11.1, and 20.7 percentage points. In addition, CP100%Z
increased yields by 8.5 and 8.2%, respectively, when compared
to CP100% and P100%Z. The PUE of CP100%Z was
significantly higher by 15.6 percentage points compared with
P100%Z, while CP100%Z had no significant difference from
CP100%. The yield of CP80%Z was 7.2% higher than that of
P80%Z; meanwhile, the PUE was significantly higher by 10
percentage points. To sum up, the maize yield was significantly
improved after applying ZNC, and the combination of CDAP
and ZNC showed a considerable beneficial effect on yield in
2017, with a particularly noticeable effect under the condition
of a 20% P reduction.

Effect of CDAP Combined with ZNC on Soil
Available-P Supply Intensity. P is an essential component
of many agricultural components of crops and participates in a
variety of metabolic processes that promote crop stress
resistance. The application of CDAP and ZNC had a
significant effect on the change in the soil available-P content
during the maize growing period (Figure 1). At the V12 stage,
the soil available-P content of P100%Z was 25.6% higher than
that of P100% and that of CP100%Z was 77.7 and 14.3%
higher than those of CP100% and P100%Z, respectively.
Compared with P100%, the soil available-P content of
CP100% and P100%Z significantly increased by 31.1 and
51.9%, respectively, during the silking period. After a 20% P
reduction, CDAP increased the available-P content by 7.8%
compared with P100%. At the maturity stage, the available-P

Table 1. Yield and PUE of Maize under Different Treatments

yield (g pot−1)
average yield increment vs

P100% (%) PUE (%)
average PUE increment vs

P100%

treatment 2017 2018 2017 2018 2017 2018 2017 2018

CK 130.3e 149.6d −9.1 −8.8
P100% 143.4d 164.0c 16.7e 15.5d

CP100% 166.2b 182.6ab 15.9 11.3 37.2c 43.9a 20.5 28.4
P100%Z 159.4c 183.2ab 11.2 11.7 27.3d 27.4c 10.3 11.9
P80%Z 159.6c 179.6b 11.3 9.5 35.0c 38.6b 18.3 23.1
CP100%Z 182.2a 186.7a 27.1 13.8 41.4b 44.5a 24.7 29
CP80%Z 179.7a 182.6ab 25.3 11.3 48.6a 45.0a 31.9 16.4

Note: Means followed by the same letters in each column were not significantly different at the 5% level.
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content of CP100% was improved by 14.2% in comparison
with P100%.
Throughout the whole growth period of maize, the soil

inorganic nitrogen contents (NO3
−-N, NH4

+-N) of different
treatments followed a similar trend in soil (Figure 2). There
was no significant difference in the NO3

−-N content among
different treatments at the seedling stage. Compared with
P100%, the NO3

−-N content of CP100% and P100%Z were
significantly increased by 51.1 and 80.8%, respectively, and that
of P80%Z was obviously increased by 113.4% under the 20% P
reduction condition at the jointing stage. In comparison with
CP100% and P100%Z, CP100%Z significantly improved the
NO3

−-N content by 34.4 and 12.3%, respectively. At the silking
stage, the NO3

−-N content of each treatment reached the
minimum value, and the content of P100%Z was significantly
increased by 55.3% compared with conventional P100%
treatment, while CP80% was obviously increased by 75%. In
addition, the NH4

+-N content of CP100%Z was 16.1% higher
than that of P80%Z during the seedling stage. At the V12 stage,
CP100% and P100%Z compared with P100% significantly
improved the NH4

+-N content by 416.2 and 707.7%,

respectively; meanwhile, P80%Z significantly increased the
NH4

+-N content by 651.4%.
Effect of CDAP Combined with ZNC on Photosyn-

thesis in Maize. Photosynthesis is a crucial mechanism for
the generation and accumulation of organic matter in crops. At
the V12 stage, the maize net photosynthesis rate of CP100%
was increased by 8.1% compared with P100%, while that of
P80%Z was increased by 13.2% (Figure 3). The net

photosynthetic rate of CP100%Z was 23.1 and 32.0% higher
than those of CP100% and P100%Z, respectively. Besides,
CP80%Z significantly increased the rate by 17.9% in
comparison with P80%Z. PEPC and ATP synthase can
promote photosynthetic assimilation and phosphorylation to
provide energy for photosynthesis, while AGPase and PPDK
can use the energy produced by photosynthesis to synthesize
starch and other substances to promote the growth and
development of plants (Table 2). Compared with P100%,
CP100%Z and P100%Z increased the PEPC enzyme activity
by 17.7 and 5.9%, respectively. In comparison with CP100%,
the AGPase activity of CP80%Z was significantly increased by
31.2%, while the activity of CP100%Z was significantly

Figure 1. Soil available-P content of treatments at different growth
stages. Error bars represent ±SE. V3: the seedling stage, V6: the six-
leaf stage, V12: the 12-leaf stage, R1: the silking stage, and R6: the
maturity stage.

Figure 2. Soil NO3
−-N (A) and NH4

+-N (B) contents of treatments at different growth stages. Error bars represent ±SE. V3: the seedling stage,
V6: the six-leaf stage, V12: the 12-leaf stage, R1: the silking stage, and R6: the maturity stage.

Figure 3. Leaf photosynthetic rate of maize under different
treatments. Bar heights represent means, and error bars represent
±SE. The same letters on the bars were not significantly different
based on a one-way ANOVA followed by Duncan’s multiple range
tests (P < 0.05).
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increased by 37.3%. There was no significant difference
between P100% and CP100%Z in AGPase activity.
Effects of CDAP Combined with ZNC on Enzyme

Activities Related to the AMP Synthesis, Glycolytic
Processes, and Tricarboxylic Acid Cycle. The ATP
required for photosynthesis is produced by AMP synthesis,
glycolysis, and the tricarboxylic acid cycle (Table 3). During

the key maize fertility period, the AMPSS activity of CP100%
and P100%Z was increased by 15.4 and 38.8% compared with
P100%, while that of P80%Z and CP80%Z was significantly
increased by 38.8 and 19.9% under the 20% P reduction
condition, respectively. The PRPP activity of CP100%Z was
significantly increased by 52.6 and 29.9% compared with
CP100% and P100%Z, respectively. In comparison with
P100%, CP100%Z increased the PRPPAT activity by 11.5
and 17.3%, respectively. Meanwhile, the PRPPAT activity of
P80%Z and CP80%Z was 15.8 and 12.2% higher than that of
P100% after a 20% P reduction. There was no significant
difference in SCS activity between CP100%Z and P100%Z,
while the activity of CP100%Z was 21.0% higher than that of
CP100%. The CP100% treatment worked best, which
significantly increased the GAPDH activity by 45.7% compared
with P100%, and P80%Z and CP80%Z increased the enzyme
activity by 25.2 and 27.3% after 20% P reduction, respectively;
the effect was generally better than conventional P treatment.

Effect of CDAP Combined with ZNC on the
Endogenous Hormone Content of Maize Leaves.
Endogenous hormones such as GA and ABA can promote
the growth and development of crop leaves and roots, as well
as the available nutrients uptake of roots (Figure 4). Compared
with P100%, the GA content of CP100% was increased by
20.0% and the enzyme activity of CP80% Z was increased by
16.9%. The P100%Z significantly increased the IAA content by
33.6%, while P80%Z and CP80%Z increased the content by
27.0 and 7.7%, respectively, compared with P100%. Compared
with CP100%, the CP100%Z increased the IAA content by
7.25%. In addition, the ABA content of CP100% was
significantly increased by 32.3% compared with P100%, and
that of CP80%Z was significantly increased by 53%. In
addition, compared with P100%Z, CP100%Z significantly
increased the ABA content by 33.4%. Moreover, the CTK
activity of CP100% and P80%Z was 32.3 and 44.2% higher
than that of P100%, and the CTK activity of CP100%Z was
21.8% higher.

Effect of CDAP Combined with ZNC on Acid
Phosphatase and Alkaline Phosphatase Activities of
Root and Soil. To increase the P uptake of crops,
phosphatase could use energy molecules such as ATP to
hydrolyze organophosphorus into inorganic phosphorus.
Compared with P100%, the AP activity of root in CP100%
and P100%Z was increased by 11.5 and 57.3%, respectively
(Table 4). The CP100%Z significantly increased the root AP
activity by 47.2% compared with CP100%, and CP100%Z
improved the root AP activity by 4.4% in comparison with
P100%Z. Besides, the root ALP activity of CP100% and
P100%Z was obviously increased by 24.7 and 65.4%,
respectively, compared with that of P100%. CP100%Z
increased the root ALP activity by 42.7 and 7.6%, respectively,
compared with those of CP100% and P100%Z. In addition,
there was no significant difference in the soil AP activity
between all treatments, with CP100% having a somewhat
stronger effect. Compared with P100%, the soil ALP activity of
CP100% was significantly increased by 38.5%. The soil ALP
activity of CP100%Z was not significantly increased.

Correlation Analysis and Principal Component
Analysis of Maize Yield, PUE, and Their Related
Indicators. Principal component analysis is a statistical
method for aggregating information from big data sets into
smaller data sets that are easier to visualize and analyze. The
V12 stage is the most vigorous period of maximum nutritional
and reproductive growth of maize, which is directly related to
maize yield. In this study, the soil available-P content did not
show an obvious correlation with yield and PUE (Figure 5A).
Soil microbial activity was high due to high soil moisture and
temperature, so the soil available-P content was 39.42 mg kg−1

on average during the V12 stage, which exceeded the P
requirement threshold of crops (15 mg kg−1),22 resulting in the
soil available-P content being saturated. Therefore, nutrient
supply during this growing period was not the determining
factor in yield increase. The activity of photosynthesis-related
enzymes such as AGPase and ATP synthesis significantly
influenced photosynthesis, and the net photosynthetic rate was
positively correlated with yield and PUE. The amount of
available-P in the soil was positively correlated with root
phosphatase activity, while root phosphatase was significantly
positively correlated with yield and PUE. Moreover, root
phosphatase could accelerate the conversion of organo-
phosphorus to inorganic P in plants, as well as stimulate the

Table 2. Activities of Photosynthesis-Related Enzymes
under Different Treatments

PEPC AGPase ATP8 PPDK

treatment U L−1

CK 0.24b 3.45c 43.07a 52.15e

P100% 0.17f 3.67b 33.55d 51.62ef

CP100% 0.20c 2.36g 43.13a 75.83a

P100%Z 0.18e 3.10e 32.42e 53.54d

P80%Z 0.26a 2.92f 39.88c 50.55f

CP100%Z 0.19d 3.24d 41.64b 68.95b

CP80%Z 0.19d 3.83a 39.49c 57.86c

Note: PEPC, phosphoenolpyruvate carboxylase; AGPase, ADP-
glucose pyrophosphorylase; ATP8, ATP synthase; and PPDK,
pyruvate phosphate dikinase. Means followed by similar lowercase
letters within the same column of each item were not significant in the
difference at the 5% level.

Table 3. Activities of AAMPSS, PRPP, GAPDH, and SCS
Enzymes under Different Treatments

AMPSS PRPP PRPPAT SCS GAPDH

treatment U L−1

CK 288.96d 210.15c 116e 205.24e 154.25b

P100% 292.05d 222.38b 139d 295.08c 114.45d

CP100% 336.94c 156.46h 155b 258.11d 166.76a

P100%Z 405.39a 183.65d 163a 301.48b 101.51e

P80%Z 405.39a 171.41e 161a 301.28b 143.29c

CP100%Z 346.76b 238.69a 145c 312.22a 154.80b

CP80%Z 350.12b 223.40b 156b 196.56f 145.70c

Note: AMPSS, adenylosuccinate synthase; PRPP, phosphoribosyl
pyrophosphate; SCS, succinyl coenzyme A synthetase; and GAPDH,
glyceraldehyde-3-phosphate dehydrogenase. Means followed by
similar lowercase letters within the same column of each item were
not significant in the difference at the 5% level.
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transport of inorganic P from senescent to tender tissue.23 The
endogenous hormones such as CTK and ABA also showed
significant positive correlations with maize yield and PUE.
Spearman correlation is an approach to accessing

correlations between indicators. And 22 related indicators,
including soil physical and chemical properties and growth
indicators, contributed 40.5 and 23.3% to PC1 and PC2,
respectively, in the principal component analysis (Figure 5B).
The repeatability of the treatments was good, with the same
treatments being accurately clustered together in the graph.
Soil acid and alkaline phosphatase contents were significantly
and positively correlated with maize yield when the
phosphatase contents were increased significantly in the
CDAP treatments, resulting in maize yield being improved.
The results are like those shown in Figure 5A. Changes in
endogenous hormones, such as CTK and ABA, as well as
photosynthesis-related enzymes, were found to have a

significant impact on maize yield in the ZNC-added treat-
ments. Hence, ZNC improved photosynthesis-related enzyme
activity, soil acid and alkaline phosphatase, and endogenous
hormone content, all of which increased maize production.18

When CDAP was combined with ZNC, the positive and
negative correlation indexes worked together to increase maize
yield.

■ DISCUSSION

Effect of DAP Combined with ZNC on Maize Yield
and PUE. Combining several types of fertilizers and efficiency
enhancement measures could significantly increase crop yield
in theory. In this study, DAP combined with ZNC significantly
increased the soil available-P content by 25.6 and 51.9% at the
maize V12 and silking stages, respectively, while the NO3

−-N
content was increased by 80.8% at the jointing stage. Thus,
these improved the intensity of nutrient supply during the
critical fertility period of maize, resulting in an increase of
11.7% and 12.1 percentage points in crop yield and PUE,
respectively. The possible reason is that ZNC could increase
the number of soil rhizosphere microbial populations and
beneficial microbial populations, and further improve the soil
structure and soil available nutrient activity through rhizo-
sphere microbial metabolites.24 This is consistent with the
experimental results of Chen,25 who discovered that applying
ZNC to DAP in fields could improve maize yield by 3.56%
compared with DAP. It is possible that the IAA content of
DAP combined with ZNC was significantly increased by 33.6%
in this study because ZNC could induce the expression of
genes related to IAA synthesis in roots such as YUC3 and
YUC9,18 thus promoting the growth and yield increase of

Figure 4. Contents of IAA (A), ABA (B), CTK (C), and GA (D) under different treatments. Bar heights represent means, and error bars represent
±SE. The same letters on the bars were not significantly different based on a one-way ANOVA followed by Duncan’s multiple range tests (P <
0.05).

Table 4. Acid Phosphatase and Alkaline Phosphatase
Activities of Maize Root and Soil under Different
Treatments

AP (U g−1) ALP (U g−1)

treatment root soil root soil

CK 0.6098c 0.5271b 0.0826d 0.1004b

P100% 0.5150e 0.5774ab 0.0736e 0.0933bc

CP100% 0.5744d 0.5913a 0.0918c 0.1292a

P100%Z 0.8099b 0.5473ab 0.1217b 0.0848c

CP100%Z 0.8456a 0.5650ab 0.1310a 0.0880c

Note: AP, acid phosphatase and ALP, alkaline phosphatase. Means
followed by similar lowercase letters within the same column of each
item were not significant in the difference at the 5% level.
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maize. Moreover, ZNC could not only directly act on crops to
promote their physiological functions and metabolic processes
but also act on soil and soil microorganisms to improve
physicochemical structures such as soil pores and promote the
absorption of nutrients by the root system.17,26

However, the yield difference between DAP combined with
ZNC and CDAP was not significant. The possible reasons
were that the majority of the P absorbed by the crop was
delivered to plant organs rather than seeds and the nutrient
supply of CDAP was sustainable enough to meet the nutrient
demand of crops. In addition, the practical application of trace
ZNC combined with fertilizers in the field was prone to
producing problems such as leaching loss and degradation, and
ZNC applied on the fertilizer surface was at risk of inactivation
or degradation.20 Therefore, the effect of adding ZNC to DAP
was not superior to that of CDAP.
Effect of CDAP Combined with ZNC on Yield and

PUE. The coated fertilizer penetrated the outer water through
the membrane layer, increasing the internal osmotic pressure
so that the membrane shell was cracked or broken, and the
nutrients were released slowly, thus allowing for one-time
fertilization to meet the nutritional demand of crops for the
whole growth period.27,28 CDAP regulated nutrient release
according to the P demand of crops at different growth stages,
which could improve the soil available nutrient content and
promote the absorption and utilization of nutrients.29 When
DAP was coated, it was isolated from the soil, avoiding the
adsorption and precipitation between phosphate root and
stratified silicate minerals such as magnesium and aluminum in
the soil. Thus, the soil available-P content of this study was
increased by 15.0%, which was consistent with the
experimental results of Chen et al. that applied synergistic
CDAP on maize.20 The application of DAP after coating also
significantly increased the activities of photosynthesis-related
enzymes such as ATP8 and PPDK by 28.6 and 46.9%, and the
yield and PUE significantly increased by 13.6% and 24.5
percentage points, respectively. That may be because the

available-P absorbed by plants can be used in the photo-
synthetic phosphorylation process to generate ATP, and
sufficient P supply promoted the photosynthetic phosphor-
ylation process in maize to provide energy, increased CO2
consumption in the leaf flesh cells, and decreased the
photosynthetic CO2 compensation point, thus increasing the
photosynthetic activity and stomatal conductance of the leaf
flesh,30,31 resulting in a significant improvement in maize
photosynthesis. Furthermore, according to the principal
component analysis, the net photosynthetic rate of maize
leaves was positively correlated with yield because the
enhanced photosynthesis promoted the production and
accumulation of organic matter required by maize (Figure 5).
According to recent research findings, ZNC can stimulate

PTI through the FLG22 and chitin signaling pathways to
enhance plant disease resistance, enhance the expression of
IAA and N absorption-related genes, and improve plant
metabolism to promote plant growth.32 When DAP com-
pounded coating ZNC, it was able to keep ZNC alive, limit the
release of ZNC and nutrients together, promote the growth
and development of crops, and further improve maize yield
and PUE. However, the results of this study showed that ZNC
combined with CDAP had a better yield-increasing effect in
2017 than the treatments CDAP or DAP combined with ZNC,
increasing maize yield by 9.6 and 14.3%, respectively, and the
yield difference was not significant in 2018. The ZNC
contained a variety of carbohydrates, amino acids, and alkyl
structures, and the recommended concentration ranged from
37.5 to 75.0 g ha−1.14,19 It was possible that the amount of
ZNC used in this experiment, 3.08 mg kg−1 DAP, was not ideal
and the effect was unstable due to the extremely low dosage,
resulting in the combination of the two failing to show a
synergistic yield increase in 2018. Additionally, there may be
differences in objective environmental elements such as
outdoor temperature and humidity, as well as weather
conditions in the seasons of 2017 and 2018, resulting in
differences in experimental results between the two years.

Figure 5. Correlation analysis of yield and PUE with their related indicators (A) and principal component analysis (B). AP (soil available-P), NO3
−

(soil NO3
−-N), NH4

+ (soil NH4
+-N), GA (gibberellin acid), IAA (indole-3-acetic acid), ABA (abscisic acid), CTK (cytokinin), ATP8 (ATP

synthase), PEPC (phosphoenolpyruvate carboxylase), AGPase (ADP-glucose pyrophosphorylase), PPDK (pyruvate phosphate dikinase), Photo
(photosynthetic rate), soil AP (soil acid phosphatase), soil ALP (soil alkaline phosphatase), root AP (soil acid phosphatase), and root ALP (soil
alkaline phosphatase).
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Furthermore, maize is a P-efficient crop, and soil moisture
content and temperature of the maize season were higher,
which could improve phytase and glycerin phosphatase
enzyme activities and increase the content of soil available-P,
conducive to the maize root system to absorb through
enhanced phosphorus transport,33 making maize less sensitive
to the discretion of the soil P content and resulting in unstable
results. Therefore, in the later relevant experiments, different
gradients of ZNC could be used with controlled-release
fertilizers to investigate whether there is an optimal amount of
ZNC that could achieve synergistic crops when combined with
slow and controlled-release fertilizers, as well as the application
effect of slow and controlled-release fertilizers combined with
ZNC on wheat and other crops.

■ CONCLUSIONS

P. variotii extract (ZNC) could promote the absorption and
utilization of nutrients by regulating endogenous hormone
levels and encouraging the growth and development of crops.
When ZNC was combined with DAP, the activity of crucial
enzymes such as AMPSS, PRPPAT, and IAA increased by 38.8,
17.3, and 33.6%, respectively, improving the maize yield by
11.5% and PUE by 11.1 percentage points. In addition, the
combination of CDAP and ZNC increased the net photo-
synthetic rate by 32.0% at the crucial growth stage, improving
maize yield and PUE by 15.2% and 17.6 percentage points,
respectively, compared with DAP combined with ZNC. In
short, the combined application of CDAP and ZNC could
increase crop yield and PUE by the combined effect on
available soil nutrients, photosynthesis enzymes, and endoge-
nous hormones, reducing agricultural nonpoint source
pollution caused by excessive phosphate fertilizer application
and maintaining the ecological environment. This study was
supposed to provide a scientific approach for the combination
of CDAP and ZNC, as well as research and development of
summer maize fertilizer products.

■ EXPERIMENTAL SECTION

Materials. The test soil was collected from the 0−20 cm
cultivated layer of the experimental base of the National
Engineering Laboratory for Efficient Utilization of Soil Fertility
Resources (NELEUSFR), Shandong Agricultural University
(SDAU), China. The soil was classified as Typic-Hapli-Udic
Argosols (Chinese Soil Taxonomy, CRGCST, 2001), Typic
Hapludalf (Soil Survey Staff, USDA, 1999), and Hapic Luvisols
(IUSS Working Group WRB, 2015). The properties of the soil
were as follows: 12.10 g kg−1 organic matter, 0.32 g kg−1 total
P, 13.50 mg kg−1 available-P, 71.45 mg kg−1 NO3

−-N, 9.45 mg
kg−1 NH4

+-N, 92.32 mg kg−1 available-K, and pH 7.83 (1:2.5
soil to water ratio).
The controlled-release P fertilizer, CDAP (17.2% N, 44.0%

P2O5), was prepared by NELEUSFR, SDAU, China. The
coating was made up of 10% paraffin and 90% polyurethane.
Resin-coated controlled-release urea (43.0% N; 3-month
release period) was purchased from Kingenta Ecological
Engineering Group Co., Ltd., Shandong, China. The ZNC
(commercial name: Zhi Neng Cong) was extracted from
Paecilomeyces variotii and isolated from the root system of wild
seabuckthorn, which was obtained from Shandong Peng Bo
Bio-Technology Co., Ltd.18 The fertilizer of CDAP combined
with ZNC was prepared by spraying ZNC twice, once on the
surface of DAP prior to coating and once on the film after

coating.20 The remaining fertilizers, urea (46% N), DAP
(18.0% N, 46.0% P2O5), and potassium chloride (60.0% K2O),
were acquired from the local market. The test crop was the
summer maize variety “Zhengdan 958”, with 96 days of fertility
and a thousand grains weighing 302 g.

Experimental Design and Treatments. The pot experi-
ment was carried out at the research farm of NELEUSFR,
SDAU, China. The site is located at the central region of
Shandong Province, with an average annual temperature of
about 13 °C and a warm-temperate continental monsoon
climate. The following seven treatments were set up, each with
four replications: (1) Control groups: CK (no P control),
P100% (DAP at 75 kg of P2O5 ha

−1), and CP100% (CDAP at
75 kg of P2O5 ha

−1); (2) Test groups: P100%Z (DAP at 75 kg
of P2O5 ha

−1 combined with ZNC), P80%Z (DAP at 60 kg of
P2O5 ha

−1 combined with ZNC), CP100%Z (CDAP at 75 kg
of P2O5 ha

−1 combined with ZNC), and CP80%Z (CDAof P
at 60 kg of P2O5 ha

−1 combined with ZNC). The data for CK,
P100%, and CP100% treatments as the Control group in this
study was published in Frontiers in Plant Science by Chen.34

One kilogram of sand was first placed at the bottom of each
ceramic pot (36.0 cm in height, 30.0 cm in diameter) to
improve aeration and promote more oxygen supply to the root
system,35 and then 20 kg of soil was placed on the top of the
sand layer. The soil used was air-dried, blended equally, and
sieved before use. The test sand (0.35−0.5 mm) was
purchased from the local market. Soil moisture was kept at
70 ± 5% of the field water-holding capacity with an automatic
drip irrigation system.36 For the control treatment, nitrogen
and potassium fertilizers were applied once as a basal fertilizer
at 225 kg of N ha−1 and 150 kg of K2O ha−1, respectively,
whereas for the other treatments, the N−P2O5−K2O rate was
applied at 225−150−75 kg ha−1 and the 20% phosphorus
reduction treatment was applied at 225−120−75 kg ha−1, with
ZNC added at 100 mg acre−1.37 The phosphate fertilizer rate
applied to one maize plant was 1.80 or 1.44 g pot−1 (P2O5)
based on standard growth practices by local growers (83 325
maize plants ha−1). The amount of fertilizer applied was
doubled for the pot experiment. For all treatments, both coated
controlled-release nitrogen and conventional nitrogen were
used to provide 60 and 40% of the total applied nitrogen,
respectively.37,38

On June 20, 2017, three seeds of maize were sown in each
container. At the three-leaf stage, the seedlings were reduced to
one. Agricultural management, such as pest and weed control,
was carried out as needed in accordance with local customs. In
2018, the experiment was repeated using the same pots.
Maize ears were harvested after maturity on September 29,

2017, and September 26, 2018. To deactivate the enzymes,
kernels and plant samples were oven-dried at 105 °C for 15
min and then dried at 65 °C to a constant weight.39 The
biomass and yield of the maize were determined.

Sampling Analysis. Soil samples were collected at depths
ranging from 0 to 20 cm, fully mixed at each point, and
brought back to the laboratory where they were naturally dried
in the light, ground, passed through a 2 mm sieve, and stored
for testing. In 2017, at the growth stages of seedling (V3), six-
leaf (V6), 12-leaf (V12), silking stage (R1), and maturity stage
(R6), soil samples were taken from 0 to 20 cm layer of each
pot, air-dried, ground, and sieved to <2 mm; plant height was
measured from the soil surface to the top of the plant stem; the
diameter of the maize stem was measured at the middle of the
third node from the soil surface. The readings from the Soil
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Plant Analysis Development (SPAD) chlorophyll meter were
taken between 09:00 and 11:00 a.m. (SPAD-502, Minolta,
Japan). Soil available-P was extracted with 0.5 M NaHCO3
(pH = 8.5) and quantified with an automatic chemical analyzer
(Smartchem200, AMS, Italy). Soil NO3

−-N and NH4
+-N were

extracted with 0.01 M CaCl2 (1:10 soil to water ratio) and
measured with a continuous-flow injection analyzer (AA3-
A001-02E, Bran-Luebbe, Germany).40,41 A flame photometer
was used to determine soil available-K after extracting it with
1.0 M CH3COONH4.

42

The photosynthetic rates during the V12 stage were
determined in 2018 between 09:00 and 11:00 a.m. using an
LI-6400XT portable photosynthesis system (LI-Cor, Lincoln,
NE). Then, the fresh plant leaves, roots, and soil were sampled
and frozen in liquid nitrogen for biochemical analysis.
Contents of phosphoenolpyruvate carboxylase (PEPC),
adenosine triphosphatase (ATP synthase, ATP8), pyruvate
phosphate dikinase (PPDK), adenosine diphosphate pyro-
phosphorylase (AGPase), adenylosuccinate synthase
(AMPSS), phosphoribosyl pyrophosphatase (PRPP), phos-
phoribosyl pyrophosphate acyltransferase (PRPPAT), succinyl
coenzyme A synthetase (SCS), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), auxin-indole-3-acetic acid (IAA),
cytokinin (CTK), abscisic acid (ABA), and gibberellin (GA) of
maize leaves were measured using the ELISA kit from
Shanghai HengYuan Biological Technology Co., Ltd. (Shang-
hai, China) according to the manufacturer’s instructions. The
acid phosphatase (AP) and alkaline phosphatase (ALP)
activity of maize root and soil were measured using the
ELISA kit. At harvest time, the stalks and kernels were killed in
an oven at 105 °C for 15 min, then dried in an oven at 65 °C
to a constant weight, and finally weighed and ground for
measurement. These indicators were used to investigate soil
nutrient supply intensity, photosynthetic properties, and maize
growth status.
After digestion with H2SO4−H2O2, the total P content of the

plant was determined using the molybdenum−antimony
method.42

Statistical Analysis. All data were collected and processed
with Microsoft Excel 2019 and IBM SPSS Statistics 22
software (SPSS Inc., IL), and figures were created with Origin
2021 (Version 2021b, Origin Lab Corporation, MA). One-way
analysis of variance (ANOVA) was used between treatments.
SPSS was used to analyze the significance of different
treatments using analysis of variance (ANOVA) with Duncan
testing (P < 0.05).

=

−

×

PUE(%) (maize P uptake in the P application treatment

maize P uptake in CK)/total P from fertilizer

100%
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