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ABSTRACT: A novel biostimulant, Paecilomyces variotii extracts (ZNC), with /[~

the ability to promote N absorption in the plant at a very low level has been ‘( VN

proved in the lab experiment, but its chemical composition and practical effect e

in the field remain unclear. In this work, we determined the molecular | | Pacilomyces variotiiextrcts (ZNC)

Controlled release urea

composition of ZNC. Then, a three-year field experiment was conducted to
investigate the synergistic effects of controlled-release urea (CRU) without
ZNC or with ZNC at three doses (87.5, 175, and 262.5 mL ha™") on the yield,
nitrogen use efficiency (NUE), and net returns of rice. Results indicated that
ZNC contained more carbohydrates, amino acids, alkyl structures, and less
aromatic structures with a molecular weight between 140 and 2507 Da. Rice
yield was 6.9—21.0% higher with CRU than with conventional urea.
Combining CRU with ZNC at a dose of 87.5 mL ha™' performed the best
and significantly increased rice yields by 8.7—12.1%, NUE by 15.0—20.2%, and
average net returns by 10.9—15.4% during three rice-growing seasons
compared to the application of CRU only, which is attributed to the positively increasing panicles and N uptake of rice. With
the increased dose of ZNC, the yield of rice showed a decreasing trend, but the yield was still higher/not significant than the CFF
treatment without ZNC. Therefore, the planting patterns with the combination of CRU and biostimulant are an efficient way to
increase the rice grain yield and net returns.

N absorption
increase

More net returns

1. INTRODUCTION CRU to obtain comparably high yield with preserved soil
fertility and saved labor compared with application of urea.'*"”
Even when the N rate with CRU was reduced by 50% relative
to urea, no prominent difference of rice gain yield was

Substantial increase in rice yield is largely attributed to the
large inputs of synthetic nitrogen (N) fertilizers over the last

50 years."”” Urea is the major N fertilizer used in the world due
U ) v ° observed.'” However, the yield-increasing effect of CRU still

to its high N content and high solubility.” Nevertheless
. & 8 0y Never ’ has a threshold even though it performs more advantages than
mismanagement of urea, especially excessive application, has 18,1

. . . Lo . urea.'®'” Therefore, more agronomic measures are still needed
induced negative physiological impacts, such as increased pest/ hich ri old feed the i ‘ lati
disease outbreak,” reduced plant resistance and extended to ensure a high rice yield as to feed the increasing population.

. . 56 . L Biostimulants are defined as materials consisting of one or
maturity achievement,”” and environmental pollution, includ- i ) . C o
. . .78 . more substances and/or microorganisms with functionalities to
ing greenhouse gaseous emissions,”” surface water eutrophi-

cation,® and soil degradation.® So far, the average nitrogen use promote plant’s nutrient uptake and utilization, enhance plant

efficiency (NUE) in rice cropping systems of the world is only tolerance to abiotic/biotic stresses, and improve crop quality at

20,21 . o .
ranging from 25 to 45%, which means over half of the applied very lolw doses. ) The. mec}.lanlsm of blostlmula.nts n
urea is not utilized by plants.’ increasing crop vyields is mainly by the regulation of

Controlled-release urea (CRU), a new generation of N p}? ysmlogl‘cal arfld blc?chenzlcal respon ;:'_S O_f crcl)ps r;:her l:han
fertilizer, can enhance NUE and minimize N losses by the provision of nutrients for crops. 1ostimulants have been

gradually releasing N to match the demand of crops over the

entire growing period.'”"’ Numerous studies have demon- Received: March 25, 2020
strated that the yield and NUE of rice are unarguably increased Accepted:  May 14, 2020
by the application of CRU."*"® For example, rice yield with the Published: May 26, 2020

application of CRU was 7.4% higher than that of applying urea
at the same application N rate.'® A 1/3 reduction of the
recommended application rate of N was also practicable with

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsomega.0c01348

W ACS Publications 13303 ACS Omega 2020, 5, 1330313311


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoqi+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuanyuan+Yao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baocheng+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Min+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhiguang+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qingbin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinzhao+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinzhao+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.0c01348&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01348?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01348?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01348?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01348?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/5/22?ref=pdf
https://pubs.acs.org/toc/acsodf/5/22?ref=pdf
https://pubs.acs.org/toc/acsodf/5/22?ref=pdf
https://pubs.acs.org/toc/acsodf/5/22?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c01348?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html

ACS Omega

http://pubs.acs.org/journal/acsodf

widely used in the agricultural system with reports of increased
nutrient absorption through regulating metabolic changes in
tissues,”’ promoting root growth by increased root hair length
and density,”> enhanced activities of rhizosphere micro-
organisms, and increased photosynthesis of plants.”* However,
whether biostimulants can further improve rice yield with
application of CRU is not reported in the literature.

A novel biostimulant, Paecilomyces variotii extracts (ZNC),
has the functionality to promote N absorption of a plant with
the report that ZNC increased the number of lateral roots and
promoted plant growth when applied at the concentrations as
low as 1—10 ng/mL in the model plant Arabidopsis thaliana.”*
Subsequent transcriptome analysis further revealed that ZNC
enhanced the expression of genes associated with N absorption
and auxin biosynthesis genes. However, no experimental
studies were conducted to test whether the promotion effects
of ZNC in Arabidopsis thaliana can be achieved in other plants
such as rice, and no researchers ever verify whether ZNC can
promote the N absorption of crops in the field.

In the present study, we sprayed ZNC on the surface of
CRU and simultaneously applied just once in the soil before
rice planting to investigate their synergy effects on the yield,
NUE, and net returns of rice. Before the application of ZNC,
we employed transmission electron microscopy (TEM),
nuclear magnetic resonance (NMR), and size exclusion
chromatography (SEC) to determine the molecular composi-
tion of ZNC. The objectives of the current research were to
characterize ZNC and CRU and evaluate their synergistic
effects on rice yield, NUE, and economic benefit.

2. RESULTS AND DISCUSSION

2.1. Nitrogen Release Rate of CRU in Water and Field
Condition. Effective N management is crucial for high-
efficiency crop production and sustainable agriculture.”®
Measures in N management including the selection of an
optimal combination of application rate, source, timing, and
placement have been taken to provide adequate N availability
to match the crop demand as to maximize N use efficiency,
optimize crop production, and minimize the negative impact of
N on the environment.?® In this work, N release characteristic
of CRU was tested. Under the laboratory condition of 25 °C in
water, an initial, relatively slow stage of N release occurred in
the first month with only 22.2% (Figure 1); then, followed by
an accelerated release rate during the 30th to 70th day, the
cumulative N release was 48.4% in this period of time;
eventually, a slower release rate occurred at the rest of the
duration with 87.2% of the total N released. The N release
characteristic of CRU in the natural field conditions was similar
with that in water over time (Figure 2). Peak N release
occurred from the 30th to 80th day, and the cumulative N
release in this period was 58.1, 54.4, and 49.5% in three years,
respectively.

Synchronized N input with the crop demand is of vital
importance for increasing NUE and reducing fertilizer losses.'®
Sui et al. observed that the N requirements during the growing
season of rice appeared to follow an “S-shaped” curve, low
during the early growth period, followed by a high demand
from transplanting to the heading stage, and then low from
heading to the mature stage.”” Cordero et al. also summarized
that rice requires sufficient N input during the tillering stages,
thereby maximizing the panicle number and increasing sink
size.” Our present study confirmed that the peak N release of
CRU occurred from the 30th to 80th day in the natural field

13304

100

V7] Time interval release rate of N

N
—

—M®— Nitrogen accumulative release rate /
80 L]

Nitrogen accumulative release rate (%)

Days after fertilization in the rice field (d)

Figure 1. Nitrogen release rate for a period of time and accumulative
release rate of CRU in 25 °C water.
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Figure 2. Nitrogen release rate for a period of time and accumulative
release rate of CRU in soil.

conditions, which precisely matches the growth stage of rice
with a high N requirement from the joining stage to the filling
stage. Eventually, the annual N accumulative release rate of
CRU reached 88.9, 88.7, and 87.5% during three rice growing
seasons.

2.2, Effects of the ZNC Dose on Rice Yield and Yield
Composition. Three years of data indicated that CRU
outperformed urea in increasing rice yields (Table 1). More
concretely, the CPO treatment increased rice yields by 6.9,
21.0, and 14.8% compared to that with the CFF treatment in
2016—-2018, respectively, despite applying the same N rate.
Ding et al. summarized that rice yield was 7.4% greater on
average with the application of CRU as compared to that with
application of urea by a meta-analysis.'® Therefore, CRU could
substitute for the considerable amounts of urea applied in
agriculture for a higher yield.

Nevertheless, the only function of CRU is to supply
nutrients. Yield gap analyses revealed that rice yields have
reached the upper limit of biophysical potential in recent
years,28 and more strategies, not just fertilization, are required
to boost the rice production.”” In this study, the application of
ZNC combined with CRU further improved the rice yield than
that of the only application of CRU, and its effects on rice yield
have a close relationship with the dose. Compared with the
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Table 1. Rice Yield and Yield Components for Different Treatments in 2016—2018“

year treatment panicles (million ha™) spikelets (panicles™)
2016 CK 3.1d 79¢
CFF 3.7¢c 88b
CPO 4.3b 101a
CP1 5.0a 97a
CP2 4.5b 102a
CP3 4.3b 101a
2017 CK 3.0c 82b
CFF 3.9b 85b
CPO 4.3b 101a
CP1 4.9a 98a
CP2 4.4ab 96a
CP3 4.18b 100a
2018 CK 3.3d 80c
CFF 3.8¢c 95b
CPO 4.5b 105a
CP1 4.7a 105a
CP2 4.5b 101a
CP3 4.4b 101a

1000-gain weight (g)

yield (kg ha™) yield change relative to CFF (%)

23.2a 5778e
24.0a 7641d
23.8a 8171c 6.9
24.0a 9163a 19.9
23.9a 8842ab 15.7
24.0a 8623b 12.9
23.2b 6287d
24.2a 6810c
23.9ab 8241b 21.0
24.3a 9003a 322
24.7a 8314b 22.1
24.48a 8155b 19.8
24.4a 5362d
24.0a 7133c
24.5a 8186b 14.8
24.3a 8896a 24.7
24.5a 8381b 17.5
24.2a 8148b 14.2

“Note: Means followed by the same lowercase letter within each column in the same year were not significantly different (p > 0.05) based on
analysis by one-way ANOVAs followed by Duncan multiple range tests.

Table 2. Aboveground Biomass, N Accumulation, NAE, NPFP, and NUE for Different Treatments in 2016—2018*

year treatment

2016 CK 11,485d 83.1d
CFF 14,659¢ 139.2¢
CPO 16,337b 147.6b
CP1 17,920a 157.3a
CP2 17,669a 147.8b
CP3 16,577b 148.4b

2017 CK 12,249d 84.6d
CFF 13,511c 140.3¢
CPO 16,082b 153.5b
CP1 17,410a 164.8a
CP2 16,651ab 152.3b
CP3 16,392b 147.6bc

2018 CK 10,902d 80.9d
CFF 14,232¢ 127.4c
CPO 16,173ab 150.3b
CP1 17,153a 164.4a
CP2 16,671b 148.8b
CP3 15,993b 150.3b

biomass (kg ha™) N accumulation (kg ha™') NAE (kg N kg™') NPFP (kg N kg™') NUE (%) NUE change relative to CP0 (%)

10.4d 42.5d 31.2¢

13.3¢ 45.4c 35.9b

18.8a 50.9a 41.3a 15.1

17.0ab 49.1ab 36.0b 0.3

15.8b 47.9b 36.3b 12
2.9c¢ 37.8¢ 30.9¢

10.9b 45.8b 38.3b

15.1a 50.0a 44.6a 16.4

11.3b 46.2b 37.6b -1.8

10.4b 45.3b 35.0bc —-8.6
9.8¢ 39.6¢ 25.8¢

15.7b 45.5b 38.6b

19.6a 49.4a 46.4a 20.2

16.8b 46.6b 37.7b 2.2

15.5b 45.3b 38.5b —0.1

“Note: Means followed by same the lowercase letter within each column in the same year were not significantly different (p > 0.05) based on
analysis by one-way ANOVAs followed by Duncan multiple range tests.

CPO, the CP1 treatment with a dose of 87.5 mL ha™! ZNC
markedly increased the rice yield by 12.1, 9.3, and 8.7% in
three years, respectively. However, the yield-increasing effects
were decreased with the raising of ZNC dose. Although rice
yields of CP2 and CP3 treatments were still higher than that of
the CPO treatment in 2016, no significant difference was
observed between CP2/CP3 and CPO treatments in 2017 and
2018. In general, CRU combined with ZNC at a dose of 87.5
mL ha™! has the best yield-increasing capacity.

From the perspective of yield components, there was no
significant difference between all the treatments with respect to
the 1000-grain weight in 2016 and 2018, while in 2017, the
1000-grain weight was obviously lower in the CK treatment as
compared to that in CFF, CP1, CP2, and CP3 treatments. The
number of panicles per hectare was greater in the CPO
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treatment as compared to that in the CFF treatment by 14.8,
18.8, and 18.1% in three years, respectively. Compared with
CPO, the CP1 treatment improved effective panicles by 16.7,
15.3, and 5.0% in three years, respectively. Those results
indicated that ZNC improved rice yield by increasing the
panicles of rice.

A lab experiment verified that 1-10 ng mL™' was the
optimum concentrations of ZNC for boosting Arabidopsis
growth,”* and our field experiment results indicated that ZNC
were serviceable on the rice production at a dose of 87.5 mL
ha~% In general, g/mL-mg/mL is the recommended dose of
biostimulants for a positive response.””***" The optimal dose
of ZNC for a favorable response was considerably lower than
that for other traditional biostimulants,”® for instance, the
recommended dose of ZNC was 1/50000 lower than

https://dx.doi.org/10.1021/acsomega.0c01348
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chitosan.”* Therefore, ZNC were an ultrahigh activity
biostimulant.

2.3. Aboveground Biomass, N Absorption, and N Use
Status of Rice at Maturity. Aboveground biomass of rice
was strongly affected by different N varieties that occurred
during the three growing seasons (Table 2). CRU promoted
the growth of rice as evidenced from the aboveground biomass
increase by 11.8, 31.5, and 13.6% for three years, compared
with the CFF treatment applied urea. Mean NUE in the CFF
treatment was below 30% in three years. In other words, over
70% of the N applied in soil was wasted without being utilized
by rice. NUE in CPO was 14.9, 23.8, and 49.2% higher when
compared with CFF in three years, respectively. Besides, it
demonstrated that CRU outperformed urea in increasing the
nitrogen agronomic efficiency (NAE) and nitrogen partial
factor productivity (NPFP) of rice.

On the basis of CRU, the CP1 treatment achieved the
highest aboveground biomass in each year, which further
increased the rice yield by 9.7, 8.3, and 6.1% than that in the
CPO treatment, respectively. Likewise, NUE in the CP1
treatment was further increased by 15.1, 16.4, and 20.2% as
compared to that in the CPO treatment across three years;
NAE in CP1 was increased by 41.5, 39.0, and 24.8% as
compared to that in the CPO treatment in 2016—2018; NPFP
in CP1 was obviously 12.1, 9.2, and 8.7% higher than that in
the CPO treatment in three years, respectively. The improved
total N level in rice by ZNC can be attributed to the
upregulated expression of genes associated with the N
absorption by ZNC>* and its promotion on total length,
surface area, and volume of roots.’”*® However, the
mechanisms for increasing yield and promoting nutrient
supply by ZNC still need an intensive study at the molecular
level.

Nevertheless, the aboveground biomass, N uptake, NAE,
NPFP, and NUE increased at a low ZNC dose (87.5 mL ha™")
and decreased thereafter, illustrating that the effect of ZNC
was promoted initially and restrained afterward. Lu et al. found
that ZNC promoted the growth of plants at 1 and 10 ng/mL
but inhibited at a higher concentration (100 ng/mL).”* A
similar study also reported by other researchers states that
strong induction of a defense response is often accompanied by
growth inhibition, limiting the usefulness of these biostimu-
lants in the field.** The application of ZNC by spraying on the
surface of CRU is an effective measure to magnify the
advantages of CRU and can avoid the risk of crop yield
reduction by controlling the application dose of the
biostimulant.

2.4. Content of NO;7—N, NH,"—N, and Available P
and K in Soil at Maturity. At maturity, the content of soil
NO; —N at the 0—20 cm profile in the treatments applied
with CRU was 36.8—46.0% higher than that in the CFF
treatment in 2016, 37.5—55.4% higher in 2017, and 29.5—
44.6% higher in 2018 (Table 3). Similarly, the NH,"—N
content of the treatments applied with CRU was 16.4—34.4%
higher than that of the CFF treatment in 2016, 26.4—44.0%
higher in 2017, and 40.6—56.9% higher in 2018. Adequate
nutrient supply is the guarantee for the successful completion
of rice life activities represented by filling. CRU could slowly
release N to keep soil N at a relatively appropriate level and
meet the nutrient demand of crops,’” and our result also
indicated that CRU application possessed better results than
the urea in the heightening inorganic N content of rice at the
maturing stage. Some studies believe that the N release of

Table 3. Content of NO;7—N, NH,*—N, and Available P
and K in the 0—20 cm Soil Layer from Different Treatments
in 2016—2018 at Maturity”

NO; =N  NH,—N  available P available K
year treatment (mgkg ') (mgkg') (mgkg') (mg kg™")
2016 CK 19.1c 10.5¢ 27.4a 200.0a

CFF 25.0b 12.8bc 28.1a 216.8a
CPO 34.2a 16.3a 28.3a 210.1a
CP1 36.5a 17.1a 28.2a 198.3a
CP2 34.6a 17.2a 32.5a 200.0a
CP3 36.5a 14.9ab 32.9a 186.5a
2017 CK 13.6b 16.3b 30.8a 161.6a
CFF 16.8b 18.2b 26.8a 169.6a
CPO 23.4a 23.8a 31.0a 161.6a
CP1 23.5a 24.0a 30.1a 156.8a
CP2 23.1a 23.0a 28.8a 145.5a
CP3 26.1a 26.2a 27.5a 155.2a
2018 CK 16.1b 10.3b 23.3a 189.3a
CFF 20.9b 11.4b 23.0a 174.6a
CPO 27.4a 16.9a 27.2a 165.5a
CP1 27.0a 17.4a 23.6a 177.8a
CP2 28.0a 17.9a 21.6a 172.0a
CP3 30.1a 16.0a 23.0a 157.7a

“Note: Means followed by the same lowercase letter within each
column in the same year were not significantly different (p > 0.05)
based on analysis by one-way ANOVAs followed by Duncan multiple
range tests.

CRU enables the soil with a relatively stable C/N value and
continuously stimulates the mineralization of soil organic
matter, which also effectively stabilizes the soil P pool and
promote the release of K in soil. However, no prominent
difference about soil available P and K was observed among all
the treatments in this work.

Moreover, the dose of ZNC had no obvious effects on the
soil inorganic N content, and this conclusion is precisely
consistent with the concept of biostimulants defined by the
European Biostimulant Industry Council (EBIC): “Biostimu-
lants operate through different mechanisms than fertilizers,
regardless of the presence of nutrients in the products”.”*’

2.5. Revenue and Expenditure Analysis of Different
Treatments. Economic benefit is the most concerned index in
the actual production of farmers. The income and expenditure
link were analyzed in the whole production process (Table 4).
Compared with the most widely applied urea, the application
of CRU exhibits many advantages in labor, time, and energy
saving. The net returns in the CPO treatment were increased by
7.2,26.4, and 17.7% as compared to that in the CFF treatment,
respectively. This is attributed to the reduced labor cost and
increased grain yield in the former as compared to that in the
latter treatment.

Under the premise of applying CRU uniformly, the annual
net returns in CP1 were increased by 15.4, 11.6, and 10.9%
relative to the CPO treatment, attributing to the improvement
in rice yield with the application of ZNC. ZNC improved rice
yield at a relatively lower dose, and the cost of ZNC at an
optimal dose is only $11.5 ha™' year™'. Accordingly, the
economic return with an optimal dose of ZNC is much greater
than the cost of input for ZNC. Furthermore, in most
agricultural production practices, fertilizers and biostimulants
are commonly applied separately, which increases the cost of
labor. In this work, the spray of ZNC on the surface of CRU
achieved the simultaneous application in the field, and this

https://dx.doi.org/10.1021/acsomega.0c01348
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Table 4. Annual Total Revenue, Cost, and Net Returns of Crop Production with Different Treatments in 2016—2018

total revenue($ ha™" N fertilizer ZNC

year  treatment year 1) cost cost
2016 CK 2666.7 0.0 0.0
CFF 3526.6 120.4 0.0

CPO 3771.1 231.8 0.0

CP1 4229.0 231.8 11.5

CP2 4080.9 231.8 23.1

CP3 3979.9 231.8 34.6

2017 CK 2901.9 0.0 0.0
CFF 3143.0 1204 0.0

CPO 3803.4 231.8 0.0

CP1 4155.0 231.8 11.5

CP2 3837.4 231.8 23.1

CP3 3763.6 231.8 34.6

2018 CK 1828.6 0.0 0.0
CFF 2464.2 1204 0.0

CPO 2900.1 231.8 0.0

CP1 3216.3 231.8 11.5

CP2 2967.2 231.8 23.1

CP3 2836.5 231.8 34.6

“Note: Typical prices in China (USD): rice, $461.5 t~

labor cost of other net net return change relative to CFF

fertilization cost returns g%)
30.8 615.4 2020.6
92.3 615.4 2698.5
30.8 615.4 2893.1 7.2
30.8 615.4 3339.5 23.8
30.8 615.4 3179.8 17.8
30.8 615.4 3055.7 13.2
30.8 615.4 2255.7
92.3 615.4 2314.9
30.8 615.4 2925.4 26.4
30.8 615.4 3265.4 41.1
30.8 615.4 2936.4 26.9
30.8 615.4 2839.5 22.7
30.8 615.4 1828.6
92.3 615.4 2464.2
30.8 615.4 2900.1 17.7
30.8 615.4 3216.3 30.5
30.8 615.4 2967.2 20.4
30.8 615.4 2836.5 15.1

!, CRU, $533.9 t™'; urea, $307.7 t"; calcium superphosphate, $123.1 t™'; potassium

chloride, $307.7 t™'; labor cost of fertilization for one time, $30.8 ha™". Other cost included machinery, irrigation, pesticides, insecticides, seeds, P

fertilizer, K fertilizer, and other materials and expenses.
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Figure 3. (A) UV—vis absorbance spectra of ZNC. (B) FTIR spectra (400—4000 cm ™) of ZNC. (C) Liquid-state *C NMR of ZNC. (D) Liquid-

state "H NMR of ZNC. (E) Staining of amino acid in ZNC.

facilitates no extra cost associated with its application. Whereas
with the increase in ZNC addition, the reduction of the yield
caused the reduction of economic benefits. The economic
performance in CP2 was decreased by 4.8, 10.1, and 7.7% in
three years compared to CPl. In addition, the economic
performance in CR3 was further decreased by 3.9, 3.3, and
4.4% in three years compared to CP2, respectively.

2.6. Chemical Analysis of ZNC. The mechanism of
biostimulants is undiscovered and hard to identify because
they originate mainly from complex sources containing
multiple bioactive components together that may contribute
to specific effect on plants.>> For instance, many biostimulants
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contain hormones, such as auxins,36 gibberellins,37 and
cytokines,”® which are recognized as the main active
components responsible for the beneficial effects on plant
growth. Consequently, the chemical structure and material
composition of ZNC are necessary to be verified to make full
use of it. The UV—vis absorbance spectra of ZNC sharply
decreased with the increase in wavelength, and an absorption
peak appeared at 240—280 nm (Figure 3A), which implies the
existence of the aromatic structure in ZNC. The partial
chemical structure of ZNC was determined by the FTIR
(Figure 3B), and the results indicated that ZNC present a
higher content of carbohydrate structures and aliphatic
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structures. NMR spectroscopy also revealed that ZNC have a
higher content of carbohydrates, amino acid, and aliphatic
structures (Figure 3C,D). Furthermore, ZNC contained a large
number of amino acids that existed in the form of granules,
leaves, and flakes, respectively (Figure 3E), and we speculated
they might be the main active substances in ZNC.

In the present study, CRU enriched by ZNC (at a
concentration of 87.5 mL ha™) significantly increased rice
yield by 12.1, 9.3, and 8.7% than the treatment that applied
CRU only in three years, which is attributed to the promotion
on panicles and N uptake of rice. Numerous studies have also
demonstrated that biostimulants represented by amino acids
may play a signaling role in regulating N acquisition by the
roots, promoting N assimilation in plants and coordinating the
regulation of C and N metabolism,””*** and partial amino
acids were confirmed to increase the activity of enzymes in the
tricarboxylic acid cycle, N reduction and assimilation, and
enhance gene expression of TCA cycle enzymes.”'

Due to the distinct sources and complex composition of
biostimulants, the optimal dose of biostimulants is also
different.*”*’ Researches using isotope labeling confirmed
that plant roots could readily take up amino acids and
peptides.***> The SEC results showed that ZNC have two
well-separated peaks with the molecular weight (Mw) ranging
from 140 to 2507 Da (Figure 4). The ratio of low Mw fraction

1 T
1000 2000

(Mw < 500 Da) was 28.9%, and the relative higher molecular
weight (Mw > 500 Da) was 71.1%. Overall, ZNC are a
biostimulant with a very low molecular weight, which is more
easily absorbed by crops than other biostimulants.

3. CONCLUSIONS

The three-year field study demonstrated that the use of CRU
as a N source resulted in greater rice yield as compared to that
with the use of urea. Moreover, CRU enriched by the new
biostimulant ZNC (87.5 mL ha™") significantly increased rice
yield by 12.1, 9.3, and 8.7% with positive increases in panicles;
NUE by 15.0, 16.4, and 20.2% with positively increased in N
absorption; and average net returns by 15.4, 11.6, and 10.9% as
compared to that with the use of only CRU. Hence, “CRU +
ZNC” is a promising model, which could take a respective
advantage and generate synergetic performance to obtain
sustainable increase in yields, NUE, and net returns of rice.
The focus of our future work is to validate whether the amount
of fertilizer can be reduced by adding ZNC.

4. MATERIALS AND METHODS

4.1. Study Site. The field experiment was conducted
during three rice growing seasons from June 2016 to October
2018 using rice cultivar Shengdaol4. This study was
conducted in the North China Plain close to the Yellow
River, located in Gaolou village, Jiyang county, Shandong
Province of China (117°23'17” E, 37°04'21” N). Monthly
mean temperatures and total precipitation at the experimental
site during June to October are described in Figure S. Basic
properties for the top soil layer (0—20 cm) before rice was
planted are presented in Table S.

4.2. Biostimulant and Fertilizers. ZNC were the ethanol
crude extract of Paecilomyces variotii produced by the
Shandong Pengbo Biotechnology Co., LTD, China.”* Standard
fertilizers used in the experiment included urea (46% N),
calcium superphosphate (15.5% P,0;), and potassium chloride
(60% K,0). The polymer-coated urea (43% N) was
designated as the three-month release product produced by
the National Engineering Research Center for Slow or
Controlled-Release Fertilizers of Shandong Agricultural
University. The same products were used throughout three

0 500 1500 2500
Molecular weight (D) years. The N content and longevity c‘)‘f CRU in 25 °C water
were measured by the method of “State Standard of the
Figure 4. Size exclusion chromatography of ZNC. People’s Republic of China-Slow Release Fertilizer”.'” The N
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Figure S. Monthly mean temperatures and total precipitation at the experimental site from June to October in 2016, 2017, and 2018.
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Table 5. Select Properties of the Soil in the Experimental Site before Rice Planting

year pH  organic matter (g kg™') total N (g kg™)

2016 7.3 12.1 1.2 15.8
2017 72 13.0 1.3 17.0
2018 7.1 13.5 13 154

NO; N (mg kg™")

NH,*—N (mg kg™!)  available P (mg kg™')  available K (mg kg™")

82 24.3 90.6
10.9 23.7 101.8
12.3 19.7 113.5

cumulative release curves of CRU under field conditions were
determined by the method of “weight loss”."”

ZNC in different treatments were mixed with CRU before
their application in the field. For CP1, CP2, and CP3
treatments, 0.14, 0.28, and 0.42 mL ZNC were diluted in
water (100 mL) in advance with three replicates, respectively.
Then, CRU was placed in the drum granulator with the
rotating speed set at 30 rpm and temperature at 25 °C. While
the drum was rotating, ZNC were sprayed evenly on the CRU
using a sprinkling can, air-dried, and then packaged separately.

4.3. Experimental Design. There were six treatments
with three replicates in the present experiment. Treatments
included the following: (1) control without N application
(CK), (2) urea was applied in three split doses at a ratio of
6:2:2 (basal/ seeding/ jointing) according the local fertilization
habit (CFF), (3) CRU was basally applied once before rice
planting, (4) CRU and ZNC (at a dose of 87.5 mL ha™") were
simultaneously applied before rice planting (CP1), (5) CRU
and ZNC (at a dose of 175 mL ha™) were simultaneously
applied before rice planting (CP2), and (6) CRU and ZNC (at
a dose of 262.5 mL ha™") were simultaneously applied before
rice planting (CP3). All plots received an application of 180 kg
ha™" N (expect CK), 90 kg ha™ P,Oq, and 150 kg ha™' K,0
similar with the rates used by most farmers in this region.

Plots were arranged randomly with an area of 16 m” (4 m X
4 m). Before rice planting, soil ridges (30 cm height, 30 cm
width) were built around the main plots to ensure independent
irrigation and drainage between adjacent plots. Rice was
planted in late June and harvested in mid-October with 13
rows per plot, and the distance between each row was 30 cm.
Irrigation and plant protection measures were identical with
the planting habit by most farmers in this area. During the
blank period of two-crop rice cultivation, wheat was cultivated
to balance the soil fertility without any fertilization.

4.4. Chemical Characterization of ZNC. Liquid-state
CP-MAS "*C NMR spectroscopy and 'H NMR spectroscopy
were acquired with an Avance 600 MHz (Bruker, Karlsruhe,
Germany) spectrometer. The size exclusion chromatography
(SEC) was performed on solutions of the sample using a
Sephadex G-100 medium gel (Code No. 17-0060-02
Pharmacia Biotech AB). The morphology of amino acid in
ZNC was dyed by uranyl acetate and observed by a JEM
1200EX (Japan) transmission electron microscope.

4.5. Soil Sampling and Analysis. At maturity, three soil
cores from the 0—20 cm soil layers were collected and mixed in
a single composite sample in each plot. Every soil sample per
plot was divided into two parts, the one part was used to
determine NO; —N and NH,*-N in fresh, and the other part
was air dried and ground to pass through a 2.0 mm sieve for
further analysis. Soil NO;”—N and NH,*—N concentrations
were extracted by 0.01 M CaCl,** and analyzed by the AA3
Auto-analyzer (Model AA3-A001-02E, Bran-Luebbe, Ger-
many). The soil-available phosphorus (P) concentration was
extracted by 0.5 M NaHCO, at pH 8.5* and analyzed by the
Discrete Auto-analyzer (Smart Chem 200, Alliance, France).
The soil-available potassium (K) concentration was extracted

by 1 M CH;COONH, at pH 7*° and analyzed by a flame
photometer (Model 410, Sherwood, England).

4.6. Yield Determination and Plant Analysis. At the
end of the growing season, the middle three rows were entirely
harvested and weighed to determine grain yields for each plot.
Plant samples were pruned at 3 cm above the soil surface,
separated into a straw and grain, dried at 105 °C to deactivate
enzymes for 0.5 h, and then dried at 75 °C until a constant
weight was reached. Plant samples were determined by
H,S0,—H,0, digestion,47 concentrations of the total N and
P were determined using a Smart Chem 200 Auto-analyzer,
and that of K was measured by a flame photometer.

4.7. Data Analysis. NUE, NAE and NPFP were calculated
by the following formulas***’

NUE (%) = (N accumulative uptake of plant from the N
treatment — N accumulative uptake from the no N
treatment) /total applied N of fertilizer in the N treatment X
100%

NAE (kg N kg™') = (the yield in the N treatment — the
yield in the no N treatment)/N application

NPFP (kg N kg™') = the yield in the N treatment/N
application

Net return = rice gross profit — N fertilizer cost — ZNC cost
— labor cost — other cost

The response parameters were subjected to analysis of
variance (ANOVA) and mean separation test using Statistical
Analysis System package version 9.2 (2010, SAS Institute Cary,
NC). Means and standard error values were assessed to
assemble graphs using SigmaPlot software version 10 (MMIV
Systat Software, Inc., San Jose, CA).
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