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Application of slow‑controlled release 
fertilizer coordinates the carbon flow 
in carbon‑nitrogen metabolism to effect rice 
quality
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Abstract 

Slow-controlled release fertilizers are experiencing a popularity in rice cultivation due to their effectiveness in yield 
and quality with low environmental costs. However, the underlying mechanism by which these fertilizers regulate 
grain quality remains inadequately understood. This study investigated the effects of five fertilizer management 
practices on rice yield and quality in a two-year field experiment: CK, conventional fertilization, and four applications 
of slow-controlled release fertilizer (UF, urea formaldehyde; SCU, sulfur-coated urea; PCU, polymer-coated urea; BBF, 
controlled-release bulk blending fertilizer). In 2020 and 2021, the yields of UF and SCU groups showed significant 
decreases when compared to conventional fertilization, accompanied by a decline in nutritional quality. Additionally, 
PCU group exhibited poorer cooking and eating qualities. However, BBF group achieved increases in both yield (10.8 
t hm−2 and 11.0 t hm−2) and grain quality reaching the level of CK group. The adequate nitrogen supply in PCU group 
during the grain-filling stage led to a greater capacity for the accumulation of proteins and amino acids in the PCU 
group compared to starch accumulation. Intriguingly, BBF group showed better carbon–nitrogen metabolism 
than that of PCU group. The optimal nitrogen supply present in BBF group suitable boosted the synthesis of amino 
acids involved in the glycolysis/ tricarboxylic acid cycle, thereby effectively coordinating carbon–nitrogen metabo-
lism. The application of the new slow-controlled release fertilizer, BBF, is advantageous in regulating the carbon flow 
in the carbon–nitrogen metabolism to enhance rice quality.
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Introduction
Rice (Oryza sativa L.) is a crucial staple food crop glob-
ally, but its production is challenged by two key fac-
tors: grain development and grain quality [1–3]. With 
the rapid economic development, there is a growing 
demand for high-quality rice in developing countries 
across Asia [4, 5]. Grain quality characteristics are 
essential for determining market value and include 
factors such as nutritional value, physical appearance, 
cooking and sensory properties, and milling recovery 
[6]. Fertilization plays a critical role in regulating the 
grain quality of rice as it affects the content and com-
position of starch and protein in the grain [7]. Over the 
past few decades, conventional fertilizers in rice culti-
vation face challenges such as low efficiency, high wast-
age, and labor-intensive application methods, causing 
environmental pollution and economic losses [8]. To 
address these issues, the application of slow-controlled 
release fertilizers has been proven to be a more efficient 
method of fertilization, supplying crops with required 
nutrients in a single basal application throughout the 
growth period [9, 10]. The slow-controlled release ferti-
lizer has a dramatic influence on optimizing grain qual-
ity and nitrogen use efficiency, and are widely adopted 
to minimize economic losses and reduce environmental 
pollution [11, 12].

A large number of slow-controlled release fertilizers, 
including urea formaldehyde (UF), sulfur-coated urea 
(SCU), polymer-coated urea (PCU), and controlled-
release bulk blending fertilizer (BBF), have been devel-
oped to meet rice’s nutrient demands, enhance yield 
and quality [10]. UF and SCU are slow-release fertilizers 
made from easily decomposable organic materials. UF 
fertilizer is produced by combining urea with formalde-
hyde, resulting in quick nitrogen release during the early 
growth stage but limited release during the middle and 
late stages [13]. In contrast, SCU fertilizer involves coat-
ing urea granules with a layer of sulfur, enabling the nutri-
ents to be slowly released over time; however, the release 
rate is insufficient during the middle and late stages [14]. 
PCU and BBF are two types of controlled-release fer-
tilizers that provide a regulated-release of nutrients to 
plant. The PCU fertilizer is an enhanced version of SCU, 
designed to minimize the impact of microorganisms on 
nutrient release through coating urea granules with a 
polymer material. BBF is created by blending various 
types of slow-release and controlled-release fertilizers, 
allowing for a consistent release of nitrogen nutrients 
throughout the entire rice growth cycle [15]. Given the 
growing demand for grain quality and efficient fertilizer 
use, further research is needed to examine the relation-
ship between grain quality and the application of slow-
controlled release fertilizers.

Grain filling is vital for rice quality and is highly influ-
enced by fertilizer use. Accumulation of lipids, starch, 
and storage proteins during grain filling stage is crucial 
for grain quality, and is strongly influenced by nitrogen 
availability [16–18]. The improper use of fertilizer can 
negatively impact the physical appearance of rice grain, 
leading to the formation of chalkiness as a result of an 
unbalanced carbon–nitrogen metabolism [17, 19]. The 
carbon-to-nitrogen (C: N) balance in rice grains refers to 
the optimal ratio of protein and starch in the grain, which 
is critical for determining the nutritional value and other 
rice qualities [20]. The changes in nitrogen and carbon 
supply can alter numerous central metabolites involved 
in carbon and nitrogen metabolism in parallel [12]. To 
support the synthesis of amino acids and ensure adequate 
growth in rice grain, an appropriate nitrogen content is 
needed to drive the production of carbon skeletons and 
provide enough amino acids [17, 21].

The inorganic nitrogen of soil is absorbed by roots and 
can then be assimilated into glutamine and glutamate in 
grain, which serves as a source of organic nitrogen [22]. 
Glutamine synthetase (GS), encoded by OsGS2, is a 
crucial enzyme for assimilating NH4

+ in rice. Maintain-
ing a stable GS level is essential for maintaining the car-
bon–nitrogen balance during rice growth [23]. The key 
enzymes of the GS and GOGAT (glutamate synthase) 
cycle play key roles in nitrogen assimilation of rice grain, 
GOGAT transfers the amide group to 2-oxoglutarate 
for producing glutamate [24, 25]. Additionally, nitro-
gen assimilation requires energy and carbon skeletons, 
which are derived from sucrose, glucose, other glycolysis-
derived carbohydrates (pyruvate) and the tricarboxylic 
acid (TCA)-derived organic acids (eg., cetoglutarate and 
oxaloacetate) [22]. The carbon and nitrogen metabo-
lites are also involved in the oxidative pentose phos-
phate pathway (OPPP), which is crucial for generating 
the energy and reducing power required for rice grain 
growth [17, 26, 27]. The TCA cycle is essential for provid-
ing 2-oxoglutarate, which is necessary for the production 
of glutamate and glutamine involved in nitrogen assimi-
lation [28]. The intermediates of the glycolysis pathway, 
like pyruvate, play an important role in the TCA cycle 
and nitrogen assimilation in rice [29].

The primary product of photosynthesis, sucrose, 
plays a crucial role in supplying the carbon skeletons 
required for synthesizing a variety of macromolecules, 
such as proteins, nucleic acids, lipids, and starch [16, 30]. 
This is facilitated by the transport pathways of OsCIN4 
(invertase) and OsSUT2 (sucrose transporter) during 
grain filling [31, 32]. The major function of SuSase is to 
breakdown sucrose to supply carbohydrates for the pro-
cess of OPPP and glycolysis/TCA cycle, and the enzymes 
AGPase, GBSS and SBE play major roles in catalyzing 
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the synthesis of starch to promote grain filling [17, 33]. 
However, the mechanisms linking carbon and nitro-
gen metabolism to rice grain growth under the influ-
ence of slow-controlled release fertilizer are not yet fully 
understood.

In this study, a two-year field experiment was con-
ducted to examine the impact of various slow-controlled 
release fertilizers on grain quality of rice. To gain a deeper 
understanding of the nitrogen assimilation process in rice 
grain under the influence of slow-controlled release fer-
tilizers, we also analyzed the underlying carbon–nitro-
gen mechanisms during grain filling. Our findings will 
provide a solid foundation for improving the quality and 
yield of rice through the use of slow-controlled release 
fertilizers.

Materials and methods
Study site and N sources
Field experiments were conducted over two rice growing 
seasons (2020 and 2021) in Yanling Town of Danyang city, 
Jiangsu Province, China (31°54′31″N, 119′28′21″E). The 
meteorological data came from the meteorological sta-
tion (Watch Dog 2900ET, SPECTRUM, USA) installed 

100 m from the experimental station (Figure.S1). The soil 
properties were classified as Orthic Acrisol [34]. The soil 
had the following characteristics: pH = 6.4, organic mat-
ter = 18.32 g·kg−1, total N = 1.27 g·kg−1, Olsens-P = 16.85 
mg·kg−1 and NH4OAc-extractable K = 139.63 mg·kg−1. 
The slow-controlled release fertilizers used in this study 
were: UF (35% N), SCU (37% N), PCU (43% N), and BBF 
(40% N). The UF, SCU, PCU and BBF were provided 
by Hanfeng Slow Release Fertilizer Co., Ltd. (Jiangsu, 
China). Conventional urea (46% N) fertilizers were used 
as CK group for comparison.

Experimental design
For analyzing effects of different controlled-release fer-
tilizers on grain quality of rice, the experiment was con-
ducted by rice cultivation of Ningjing 8th (Oryza sativa 
L.), a high-yielding japonica rice cultivar bred by Nan-
jing Agricultural University (NAU). This experiment 
included treatments as follows: a conventional fertili-
zation (CK, four spilt applications of urea), and a single 
basal application of slow-controlled release fertilizer 
(SCU, PCU, UF, and BBF). The N release rate of the slow-
controlled release fertilizer was shown in Fig.  1, which 

Fig. 1  Nitrogen release rate (A) and appearance feature (B) of different types of slow-controlled release fertilizer. CK, conventional fertilization 
with four spilt applications of urea; UF, urea formaldehyde; SCU, sulfur-coated urea; PCU, polymer-coated urea; BBF, controlled-release bulk blending 
fertilizer
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was determined by buried bag method [35]. The con-
ventional urea fertilization was split among basic ferti-
lizer, tiller fertilizer, spikelet-promoting fertilizer, and 
spikelet-developing fertilizer. Each treatment was applied 
nitrogen at 210 kg·ha−1, and for all treatments, P and K 
fertilizers were applied as basal dressings at 135 kg·ha−1 
(P2O5) and 216 kg·ha−1 (K2O). The field plots, measuring 
7.2 m × 20 m, were arranged in a randomized complete 
block design with three replicates per treatment. Seeds 
were sown in the nursery beds on May 26 in 2020 and 
May 24 in 2021, which was transplanted to the fields after 
17 days. In each replicate, a total of approximately 1600 
panicles with similar growth patterns were labeled and 
monitored for their flowering date. This was done in Sep-
tember, when about 50% panicles had fully emerged from 
the flag leaf sheath.

Sampling and analysis
Harvesting and grain quality measurements
At maturity stage, all necessary plants (excluding edge-
row plants) from each plot were harvested. The grain 
yield was determined by multiplying each yield compo-
nent, which had been measured after removing impu-
rities and adjusting moisture content to 14.5%. Before 
harvesting, the number of effective tillers per hill was 
determined by selecting 50 plants from each plot. At 
maturity, approximately 30 marked plants were used 
to analyze the 1000-grain weight, seed setting rate, and 
grain number per panicle.

At maturity, the rice grain quality was analyzed. For 
rice milling quality, the brown rice yield and milled yield 
were analyzed according to the method of rice measure-
ment standards (NY147-88; Ministry of Agriculture, PR 
China, 1988). To test the appearance quality of rice, the 
chalk characteristics of brown rice were determined by 
the cleanliness test-bed according to Tang et al. [36]. Rice 
cooking and eating quality was analyzed by the Rapid 
Visco Analyser (RVA, Starchmaster 2, Perten Instru-
ments of Australia Pty Ltd., Sydney, New South Wales, 
Australia) to obtain profile characteristics according to 
Standard Method AACC61-02. Viscous profile char-
acteristics of RVA were expressed as peak viscosity, hot 
viscosity, cool viscosity, breakdown viscosity, setback 
(difference between final viscosity and peak viscosity), 
and consistency. Rice taste characteristics were analyzed 
by an STA-1A device (Satake Corp., Hiroshima, Japan) 
according to the method of Jin et al. [37].

Grain weight and grain growth rate
To analyze the grain filling process, 90 tagged panicles 
of each replicate plot were sampled every 7 days post 
anthesis (DPA) from 7 to 42 DPA (7, 14, 21, 28, 35, and 42 
DPA). All spikelets were deactivated at 105℃ for 60 min 

and then dried at 80℃ to determine the grain dry weight 
(DW). Grain filling processes were fit to Richards’s 
growth equation [38].

Grain weight (mg), W; Grain filling rate, R; Final grain 
weight (mg), A; Time after anthesis (days), t; and B, k, and 
N are coefficients established from the regression of the 
equation.

Analyze of sugar, starch and storage protein composition
To analyze the sugar and starch content, all samples were 
first ground into a fine powder and then passed through 
a 100-mesh sieve. The sugar and starch were extracted 
using a modified version of the method described by 
Yang et  al. [39]. Approximately 100 mg of the ground 
sample was mixed with 8 mL of 80% (v/v) ethanol at 
80℃ for 30 min. After cooling, the tube was centrifuged 
at 5000 g for 15 min, and the supernatant was collected. 
The extraction process was repeated three times, and the 
sugar extract was diluted with distilled water to a final 
volume of 50 mL. After the sugar extraction, the residues 
in the tubes were dried at 80℃ to extract starch using 
HCLO4 according to Yang’s method. The amylose and 
amylopectin contents were measured using the Mega-
zyme Amylose/Amylopectin Assay Kit (Megazyme Inter-
national Ireland Ltd, Bray, Ireland).

The total protein content was measured using an 
AutoKjeldahl Unit K-370 nitrogen analyzer (Büchi 
Labortechnik, Flawil, Switzerland) with AACC Inter-
national Approved Method 46–30.01. Different protein 
components including albumin, globulin, prolamin, and 
glutelin were extracted in a stepwise manner using differ-
ent solvents such as distilled water, dilute hydrochloric 
acid, ethanol, and dilute alkali. The glutelin content was 
determined using the biuret colorimetric method, while 
the remaining protein components were measured using 
the Coomassie brilliant blue colorimetric method.

Measurements of amino acid composition
To hydrolyze the rice powder samples, approximately 
10 mg of the sample was mixed with 1 mL of 6 N HCl 
(Sigma, USA) in a 2 mL screw-cap tube. After heat-
ing at 110℃ for 24 h, the samples were further treated 
for 6 h at 65℃. The resulting residue was dissolved in 1 

(1)W =
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mL of Na-S™ buffer, and the mixture was centrifuged at 
1600 × g for 10 min. The supernatant was filtered through 
a 0.45 μm nylon membrane syringe filter (Pall Life Sci-
ences, USA), and about 10 nmol of L-( +)-norleucine 
(Wako Pure Chemicals, Japan) was added. Amino acid 
analysis was performed using a Hitachi L-8900 amino 
acid analyzer (Hitachi Corp, Japan) based on the national 
standard of the People’s Republic of China (Ministry of 
Agriculture PR China, 1988). The amino acids tested 
included aspartic acid (Asp), glutamic acid + glutamine 
(Glu), glycine (Gly), histidine (His), isoleucine (Ile), leu-
cine (Leu), lysine (Lys), phenylalanine (Phe), serine (Ser), 
threonine (Thr), tyrosine (Tyr), and valine (Val). Total 
amino acid content was the sum of all amino acid con-
tent in the same period. All experiments were conducted 
at least three biological replicates in each sample, and the 
HPLC data were normalized to the level of L- ( +)-nor-
leucine per sample.

Enzyme extraction and analysis
For enzyme extraction, the grains collected at 7, 14, 21, 
28, 35, and 42 DPA were ground into fine powder in liq-
uid nitrogen. The activities of several enzymes including 
sucrose synthase (SuSase), adenine diphosphoglucose 
pyrophosphorylase (AGPase), starch branching enzyme 
(SBE), and granule-bound starch synthase (GBSS) were 
determined using the method described by Yang et  al. 
[40]. In addition, the activities of glutamine synthetase 
(GS) and glutamate synthetase (GOGAT) were analyzed 
according to the protocols outlined by Tang et al. [41].

RNA extraction and qRT‑PCR
Total RNA was extracted from frozen rice grains using 
a previously described method [42]. Gene transcription 
levels of the relevant genes were analyzed using RNase-
free DNase I treatment, cDNA synthesis, and quantita-
tive real-time polymerase chain reaction (qRT-PCR). The 
RNA-prep pure PLANT Kit (DP432, Tiangen Biotek, 
Beijing, China) was used to isolate total RNA from the 
rice grains, which was then reverse-transcribed into first-
strand cDNA using the Prime-Script-TM RT Reagent Kit 
(RR036, Takara, Kyoto, Japan). The quantitative real-time 
polymerase chain reaction was performed using the ABI 
7300 sequencer and SYBR Premix Ex Taq-TM (RR420, 
Takara, Kyoto, Japan) according to the manufacturer’s 
protocol. Each sample was replicated three times to test 
the expression of genes (OsSUT2, OsCIN4, and OsGS2). 
The primers used in this study are listed in the Support-
ing Information (Table S1).

Statistical analysis
Excel 2019 (Microsoft Corp. Redmond, WA, USA), SPSS 
version 20.0. (SPSS Statistics, SPSS Inc., Chicago, USA), 

and Origin 2021 (OriginLab, Northampton, MA, USA) 
were used for data visualization. Data was performed the 
analysis by using two-way analysis of variance (ANOVA) 
and principal component analysis (PCA). Means were 
compared based on the least significant difference at 
P = 0.05 (LSD0.05).

Results
Influence of slow‑controlled release fertilizer on rice yield
Compared to the conventional fertilizer’s yield (10.2 t 
hm−2 and 11.2 t hm−2) in 2020 and 2021, the rice yields 
decreased to 8.4 t hm−2 and 9.7 t hm−2 after application 
of urea formaldehyde fertilizer (UF), in consistent with 
the decline in yield (9.6 t hm−2 and 8.6 t hm−2) of sulfur-
coated urea fertilizer (SCU) (Table 1). The groups of PCU 
and BBF showed similar or even higher yield parameters 
compared with CK group (Table 1). In 2020, the yield of 
the BBF group reached 10.8 t hm−2, marking the highest 
yield among all types of fertilizers. Similarly, in 2021, the 
BBF yield increased to 11.0 t hm−2, significantly surpass-
ing the yields of the UF and SCU groups. The application 
of BBF could made the agronomic traits of rice reaching 
the level of CK group. Such as, panicle number, spikelets 
number, and grain weight.

The application of UF, SCU, PCU, and BBF all resulted 
in a significant improvement in grain weight compared 
with the CK group in 2019 and 2020 (Table 1). The differ-
ences in grain weight among the various fertilizer group 
were even more conspicuous in 2021, particularly with 
the application of BBF and UF significantly promoting 
grain weight accumulation in comparison to CK group 
(Fig.  2). Concurrently, the grain filling rate of BBF and 
UF groups was significantly higher than that of other 
treatments at the middle grain-filling stage (14 DPA). 
These results demonstrate that the use of suitable slow-
controlled release fertilizers, such as BBF, can enhance 
grain growth and rice yield to the level of conventional 
fertilizer.

Effects of slow‑controlled release fertilizer on rice quality
In 2020 and 2021, the application of UF and SCU 
showed no significant inhibition to the physical appear-
ance, as well as cooking and eating qualities in rice grain 
(Table  2). The composition of protein and amino acids 
greatly contributes to the nutritional value of rice grain 
[43]. Compared to the CK group, the application of UF 
and SCU resulted in a lower content of nitrogen metab-
olites in rice grains (Table  3), indicating that the use of 
UF and SCU was unfavorable to the nutritional value 
of rice grain. The taste values for the PCU group were 
noticeably lower at 65 and 73 in 2020 and 2021, respec-
tively, compared to the CK group’s values of 72.7 and 75 
(Table 2). Additionally, the PCU group displayed notably 
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lower cool viscosity and breakdown than the CK group 
(Table 2). The taste value is critical for cooking and eat-
ing qualities and is tightly correlated with the RVA value 
[44]. These results indicate that the poor taste value and 
RVA value resulted in poor cooking and eating qualities 
in PCU group. Intriguingly, BBF significantly improved 
the physical appearance, cooking and eating qualities, as 

well as the nutritional value of rice, reaching levels com-
parable to those of the CK group (Tables 2 and 3).

Carbon metabolism of rice grain
The carbon metabolism pathway plays a crucial role in 
rice quality by facilitating the synthesis of starch and 
protein [17, 45]. The sugar content of all slow-controlled 

Table 1  Agronomic traits at the maturity stage under different types of slow-controlled release fertilizer in 2020 and 2021

CK conventional fertilization with four spilt applications of urea, UF urea formaldehyde, SCU sulfur-coated urea, PCU polymer-coated urea, BBF controlled-release bulk 
blending fertilizer; Values with different letters in the same column are significantly different at P ≤ 0.05 by the LSD test; **and*significant at 0.01and 0.05 probability 
level respectively; ns, not significant

Year Fertilizer type Yield (t hm−2) Panicles (No./m2) Spikelets (No./
panicle)

Spikelets 
(No./hm2)

Seed setting 
rate (%)

Grain weight
(mg)

2020 CK 10.2ab 314.4ab 129.0a 4.1a 93.9a 26.9c

UF 8.4c 286.2c 112.3b 3.2c 94.9a 27.6ab

SCU 9.6b 305.5abc 117.5b 3.6bc 95.4a 28.0a

PCU 10.2ab 293.3bc 131.8a 3.9ab 94.9a 27.8a

BBF 10.8a 325.3a 131.2a 4.3a 93.6a 27.2bc

2021 CK 11.2a 323.0a 137.9a 4.4a 96.8a 26.1c

UF 9.7b 335.7a 110.5c 3.7b 93.6a 28.3a

SCU 8.6b 343.3a 94.2c 3.2c 94.9a 28.1ab

PCU 11.1a 368.3a 116.0abc 4.3a 96.3a 27.2b

BBF 11.0a 355.7a 117.3ab 4.2a 95.6a 27.5ab

F-Value T ** ns ** ** ns **

Y ** ** * * ns ns

T × Y ** ns ns ** ns *

Fig. 2  Dynamics of rice grain growth after the heading stage under different types of slow-controlled release fertilizer in 2020 and 2021. CK, 
conventional fertilization with four spilt applications of urea; UF, urea formaldehyde; SCU, sulfur-coated urea; PCU, polymer-coated urea; BBF, 
controlled-release bulk blending fertilizer
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release fertilizer treatments reached or even exceeded the 
level of CK group at grain-filling stage in 2021 (Fig.  3), 
while the PCU group showed significantly lower accu-
mulation of starch and amylopectin compared to the CK 
treatment during grain-filling period (Table 3, Fig. 3). The 
application of slow-controlled release fertilizers obvi-
ously affected the activity of key enzymes involved in 
carbon–nitrogen metabolism in rice grains (Table  S2). 
The PCU group did not exhibit the lowest enzyme activi-
ties related to carbon metabolism (SuSase, AGPase, 
GBSS, and SBE) in grains among all treatments, but the 
UF group demonstrated lower enzyme activities during 
grain filling (Fig.  4). However, the starch content in the 
UF group was not the lowest (Table 3, Fig. 3). The carbon 
metabolite content and the related key enzyme activity of 
BBF were neither the highest nor the lowest among these 
treatments (Figs. 3 and 4), leading proper contents of car-
bon and nitrogen metabolites in rice grain (Table 3).

Nitrogen metabolism of rice grain
The formation of amino acids and proteins through 
nitrogen metabolism process is crucial for the growth 
of rice grains [46]. During grain filling, the UF group 
had significantly lower accumulation of total protein 

and amino acid in the grain compared to the CK group, 
whereas the PCU group’s content reached or surpassed 
the level of CK group in both 2020 and 2021 (Fig.  5). 
Relative to the CK group, the UF group exhibited signifi-
cantly lower activities in key enzymes (GS and GOGAT) 
associated with nitrogen assimilation, whereas the PCU 
group demonstrated comparable activities in GS and 
GOGAT to those of the CK group (Fig. 6). During grain 
filling, the key metabolites and enzyme activities associ-
ated with nitrogen metabolism in the grain of both BBF 
and SCU groups were not significantly higher than those 
in the PCU group, nor were they lower than those in the 
UF group (Figs. 5 and 6).

The crosstalk of carbon and nitrogen metabolism in rice 
grain
In the dynamic analysis, profiles of sugar-unloading path-
way and carbon–nitrogen metabolism were tested during 
grain filling (Fig. 7). During grain filling, the gene expres-
sion of OsSUT2 and OsCIN4, which are related sugar 
unloading [17, 47], did not significantly decrease in the 
groups of UF, PCU and BBF compared to the CK group. 
This suggested that the application of these fertilizers did 
not limit the supply of sucrose. The PCU group showed 

Table 2  Effects of different types of slow-controlled release fertilizer on grain quality of rice in 2020 and 2021

CK conventional fertilization with four spilt applications of urea, UF urea formaldehyde, SCU sulfur-coated urea, PCU polymer-coated urea, BBF controlled-release bulk 
blending fertilizer; Values with different letters in the same column are significantly different with P ≤ 0.05

Year Fertilizer type Brown rice 
rate (%)

Milled rice 
rate (%)

Head rice rate 
(%)

Chalky kernel 
rate (%)

Chalky area 
(%)

Chalkiness
(%)

Taste value

2020 CK 85.06a 74.91a 70.19a 39.67a 22.52ab 8.88ab 72.7a

UF 84.23b 74.5a 69.22a 34.17a 20.80b 7.17b 73.0a

SCU 84.63ab 74.78a 69.8a 34.83a 21.72ab 7.61ab 72.3a

PCU 84.9a 75.01a 70.45a 41.00a 26.00a 10.64a 65.0b

BBF 84.8a 75.3a 70.46a 34.83a 20.46b 7.11b 71.3a

2021 CK 84.10a 72.53a 68.47a 37.46ab 24.65b 9.18b 75.00a

UF 83.82a 73.46a 69.25a 32.99b 21.71c 7.15d 76.67a

SCU 83.72a 74.23a 71.64a 36.98ab 22.56c 8.34bc 76.00a

PCU 83.46a 72.79a 69.31a 42.41a 27.07a 11.47a 73.00b

BBF 83.8a 73.64a 69.97a 34.80a 22.31c 7.75 cd 76.33a

Year Fertilizer type Peak viscosity 
(cP)

Hot viscosity 
(cP)

Cool viscosity 
(cP)

Breakdown 
(cP)

Setback (cP) Consistency 
(cP)

Pasting tem-
perature (℃)

Peak time (min)

2020 CK 3270b 2249ab 2820ab 1021b 450bc 570ab 72.1a 6.6a

UF 3390a 2187b 2858ab 1204a 532a 671a 71.9a 6.4a

SCU 3342ab 2209ab 2913a 1133ab 429c 704a 71.9a 6.5a

PCU 3170c 2298a 2745c 872c 425c 447b 72.1a 6.6a

BBF 3277b 2194b 2773bc 1082b 504ab 579ab 72.0a 6.4a

2021 CK 3527c 2372a 3051a 1355d 476d 679a 75.0a 6.2a

UF 3695a 2334a 3060a 1559a 601c 726a 74.2a 6.0a

SCU 3711a 2281a 2991a 1464b 720a 711a 73.9a 6.1a

PCU 3529c 2152b 2837b 1303e 692ab 685a 74.4a 6.1a

BBF 3628b 2302a 3007a 1403c 622bc 705a 74.2a 6.1a
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the strongest accumulation of 12 amino acids in rice 
grain compared to other slow-controlled release fertiliz-
ers, and reached the level of the CK group (Figs.  7 and 
S2). Meanwhile, the UF group showed the lowest accu-
mulation of amino acids among all fertilizer treatments. 

The accumulation of the BBF group was not higher than 
that of the PCU group, but not lower than the UF group. 
The OsGS2 has a significant impact on both the nitrogen 
transportation in rice and the metabolism of amino acids 
in grains [48]. During grain filling, the gene expression of 

Fig. 3  Effects of different types of slow-controlled release fertilizer on the changes in carbohydrates in rice grain during the filling stage in 2020 
and 2021. CK, conventional fertilization with four spilt applications of urea; UF, urea formaldehyde; SCU, sulfur-coated urea; PCU, polymer-coated 
urea; BBF, controlled-release bulk blending fertilizer; Significant differences at each time point are indicated by different letters (P < 0.05) 
as determined by Duncan’s test

Fig. 4  Effects of different types of slow-controlled release fertilizer on the activity of starch synthesis-related enzymes in rice grain during the filling 
stage in 2020 and 2021. CK, conventional fertilization with four spilt applications of urea; UF, urea formaldehyde; SCU, sulfur-coated urea; PCU, 
polymer-coated urea; BBF, controlled-release bulk blending fertilizer; Significant differences at each time point are indicated by different letters 
(P < 0.05) as determined by Duncan’s test
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OsGS2 was higher in the groups of PCU and BBF than 
that of UF and SCU groups. Thus, the increased nitrogen 
supply in groups of PCU and BBF might enhance nitro-
gen assimilation and led to an increase in amino acid 
synthesis of rice grains at the grain filling stage (Table S3, 
Figs. 1 and S2).

Discussion
Rice yield and quality are improved by the application 
of optimal slow‑controlled release fertilizer
Compared to the conventional fertilizer, the UF and SCU 
groups exhibited a significantly lower number of spikelets 
per panicle and area, which notably inhibited rice yield 
(Table  1). Applying an optimal nitrogen source close to 
the grain-filling stage can effectively promote yield for-
mation [49]. Compared to the UF and SCU fertilizers, 
the PCU and BBF fertilizers consistently released nitro-
gen throughout the growth stage, providing more nitro-
gen for panicle differentiation and grain filling (Fig.  1). 

Intriguingly, the rice yield of PCU and BBF groups did 
not show significant differences compared to CK group, 
and the application of slow-controlled release fertiliz-
ers obviously improved grain weight (Table 1, Fig. 2). In 
2020, the BBF group achieved the highest yield of 10.8 t 
hm−2 among all fertilizers, surpassing 0.6 t hm−2 in yield 
than CK group (Table 1). In 2021, the BBF yield increased 
to 11.0 t hm−2, significantly surpassing nearly 12%-20% of 
UF and SCU groups’ yields (Table 1).

Variations in nitrogen supply significantly impact the 
distribution and buildup of starch and protein during 
grain filling, ultimately affecting grain quality [18, 50]. 
Compared to conventional fertilizer, the application of 
UF and SCU fertilizers led to a significant reduction in 
nutritional value, while the PCU group exhibited lower 
cooking and eating quality (Tables  2 and 3). The low 
nutritional value observed in the UF and SCU groups 
might be attributed to insufficient nitrogen supply dur-
ing the grain filling stage (Fig.  1), based on the report 

Fig. 5  Effects of different types of slow-controlled release fertilizer on the content of total protein and amino acids in rice grain during the filling 
stage in 2020 and 2021. CK, conventional fertilization with four spilt applications of urea; UF, urea formaldehyde; SCU, sulfur-coated urea; PCU, 
polymer-coated urea; BBF, controlled-release bulk blending fertilizer; Profiling of total amino acids presented as a heat map calculated by log2 fold 
change (red meaning increased and blue meaning decreased); Significant differences at each time point are indicated by different letters (P < 0.05) 
as determined by Duncan’s test
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that inadequate nitrogen reduced synthesis of protein 
and amino acids [50]. In addition, the cooking and eating 
quality of rice can be adversely reduced by high nitrogen 
application [51], the low quality of the PCU group might 
be attributed to the release of excess nitrogen during the 
grain filling stage (Table 2, Fig. 1). Conversely, the appli-
cation of BBF fertilizer led to good grain quality in terms 
of physical appearance, cooking and eating qualities, and 
nutritional value (Tables 2 and 3). This was achieved due 
to its optimal nitrogen release during grain filling (Fig. 1), 
with each quality-related index reaching those of CK 
group and surpassing other fertilizer treatments (Tables 2 
and 3). Hence, to ensure a high rice yield and quality, it is 
crucial to employ an optimal slow-controlled release fer-
tilizer, such as BBF.

The carbon and nitrogen balance in rice grains 
is influenced by the type of slow‑controlled release 
fertilizer
The accumulation of starch, protein, and amino acids 
determines grain quality, and this process requires 

significant amounts of carbon and nitrogen metabolites 
[17, 46, 52]. The application of slow-controlled release 
fertilization did not hinder sucrose accumulation but led 
to a decrease in starch and amylopectin content in the 
PCU group compared to the CK group (Table 3, Fig. 3). 
Meanwhile, the PCU group showed no reduction in 
enzyme activity related to carbon metabolism (Fig.  4). 
In contrast, the UF group decreased the activities of 
SuSase, AGPase, and SBE, but did not show lower starch 
and amylopectin content compared to the PCU group 
(Table 3, Figs. 3 and 4). Carbon metabolism is crucial in 
nitrogen metabolism as it provides the carbon skeletons 
necessary for amino acid synthesis, including pyruvate, 
oxaloacetate, and alpha-ketoglutarate [53]. Thus, the 
complex results observed in this study might be linked to 
the interplay between carbon and nitrogen metabolism 
[54, 55].

The PCU and BBF fertilizers had a higher nitrogen-
release ability during grain filling compared to UF 
and SCU fertilizers [15, 21]. Intriguingly, the applica-
tion of UF and SCU fertilizers resulted in a significant 

Fig. 6  Effects of different types of slow-controlled release fertilizer on changes in nitrogen metabolism-related enzyme activities in rice grain 
during the filling stage in 2020 and 2021. CK, conventional fertilization with four spilt applications of urea; UF, urea formaldehyde; SCU, sulfur-coated 
urea; PCU, polymer-coated urea; BBF, controlled-release bulk blending fertilizer; Significant differences at each time point are indicated by different 
letters (P < 0.05) as determined by Duncan’s test
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reduction in accumulation of protein and amino acids 
compared to conventional fertilizer, whereas PCU fer-
tilizers achieved levels similarly to those of the CK 
group during grain filling (Fig.  5). The GS/GOGAT 
cycle plays a key role in nitrogen assimilation [56, 57]. 
During grain filling, the PCU group showed increased 
activity in GS and GOGAT enzymes, reaching lev-
els comparable to those of the CK group, whereas the 
groups of UF and SCU fertilizers showed significantly 
lower activity in these enzymes (Figs.  5 and 6). These 

results indicated that increased nitrogen supply mainly 
leads to increased synthesis of protein and amino acids 
in rice grains rather than increased accumulation of 
storage starch. However, the BBF group showed a bet-
ter partition in starch and protein content, which was 
neither the highest nor the lowest compared to others 
(Figs.  3, 4, 5 and 6). This phenomenon may be related 
to the appropriate nitrogen release ability of BBF fer-
tilizer during grain filling (Fig. 1). Despite the complex 
relationship between protein production and carbon–
nitrogen metabolism, the dynamic changes in protein 

Fig. 7  Metabolic profiling corresponding to the accumulation of starch and amino acids in rice grains during the filling stage in 2021. CK, 
conventional fertilization with four spilt applications of urea; UF, urea formaldehyde; SCU, sulfur-coated urea; PCU, polymer-coated urea; BBF, 
controlled-release bulk blending fertilizer; DPA, days post anthesis; Values of the heat map calculated by log2 fold change (red meaning increased 
and blue meaning decreased)
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synthesis are significantly related to the application of 
slow-controlled release fertilizers (Table S3, Figure. S2).

Key steps for promoting carbon–nitrogen crosstalk 
in developing grain under the application 
of slow‑controlled release fertilizer
Maintaining a balance between carbon and nitrogen 
metabolism is crucial for grain filling of rice, as nitro-
gen, functioning as a signaling molecule, influences plant 
metabolism and physiology through changes in gene 
expression [58]. During the grain-filling stage, rice grain 
undergoes dynamic metabolic adjustments to meet its 
nutritional demands [30, 59]. An analysis of the primary 
changes in amino acid metabolism revealed clear differ-
ences in the carbon and nitrogen metabolism among var-
ious slow-controlled release fertilizers (Fig. 7).

The expression of genes (OsSUT2 and OsCIN4) related 
to sucrose unloading [60], as well as sucrose content, in 
the UF, PCU, and BBF groups were not lower than that 
of CK group (Fig. 3 and 7), suggesting that the availabil-
ity of carbohydrates was not restricted by these applica-
tion of slow-controlled release fertilizers. N-nutrient/
metabolites and carbon metabolism are intricately inter-
connected [46]. Carbon metabolism plays a critical role 
in incorporating nitrogen into cell metabolism, primar-
ily through the oxidative pentose phosphate pathway 
(OPPP) and glycolysis/ the tricarboxylic acid (TCA) cycle 
[17, 27, 61, 62]. When comparing various types of slow-
controlled release fertilizers, it was found that the appli-
cation of PCU and BBF fertilizers led to a higher capacity 
for sucrose unloading and nitrogen assimilation (Figs.  7 
and S2). In the metabolic analysis, the increased carbon 
flux was primarily directed towards the glycolysis and 
TCA cycle for amino acid synthesis in the PCU and BBF 
groups (Figs. 6 and S2). As the increase of nitrogen sup-
ply in PCU and BBF (Fig. 1), the GS/GOGAT cycle was 
significantly promoted in rice grain at the filling stage 
(Table S2, Figs. 7 and S2). The PCU group demonstrated 
significantly higher enzyme activity in carbon and nitro-
gen metabolism and a lower starch content in rice grain, 
compared to the UF and SCU groups (Figs. 3, 4, 5 and 6). 
A high supply of nitrogen can increase the sugar unload-
ing and metabolic utilization [63, 64]. Consequently, 
the PCU group’s high capacity for nitrogen assimilation 
lead to efficient utilization of carbohydrates for amino 
acid synthesis during grain filling. Interestingly, the BBF 
group showed a relatively balanced performance in key 
enzymes of carbon and nitrogen metabolism, as well as 
in the levels of starch, protein, and amino acids (Figs. 3, 
4, 5 and 6). These results suggest that a suitable supply 
of nitrogen promotes both grain filling and maintains an 
optimal carbon–nitrogen state in the rice grain. There-
fore, the application of slow-controlled release fertilizer 

like BBF is a practical solution for manipulating the bal-
ance between carbon and nitrogen in rice.

Overall, these observations suggest that an increase in 
nitrogen supply not only enhances nitrogen metabolism 
in grain, but also improves carbon flow (Table S2, Figs. 7 
and S2). Our study proposes a model in which nitro-
gen supply regulates the networks of carbon–nitrogen 
metabolism, and the regulation of starch and protein syn-
thesis under high nitrogen conditions is linked to nitro-
gen assimilation and the glycolysis/TCA cycle (Table S3, 
Fig. 7 and S2).

Conclusions
The application of BBF fertilizer not only increased rice 
yield but also enhanced grain quality compared to other 
slow-release fertilizers, such as UF, SCU, and PCU. 
Moreover, it has the potential to reach or even exceed 
the levels achieved with conventional fertilization. This 
can be primarily attributed to BBF fertilizer’s superior 
regulation of the carbon–nitrogen balance in rice grains 
compared to other slow-controlled release fertilizers. 
The application of BBF fertilizer appropriately increases 
nitrogen assimilation (amino acid synthesis and nitrogen 
transport) in the grain by modulating carbon flow in the 
carbon metabolism of grain (e.g., glycolytic metabolism 
and the TCA cycle). Our research provides new insight 
into the relationship among the nitrogen supply, metabo-
lism pathway of carbon and nitrogen, and grain growth 
to finely promote grain quality under the application of 
slow-controlled release fertilizer in rice.
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