
Rice (Oryza sativa L.), a staple crop of global im-
portance, serves a dual role in ensuring food security 
and meeting nutritional needs worldwide (Fukagawa 
and Ziska 2019, Bin Rahman and Zhang 2023). In 

recent years, the expanded cultivation of high-quality 
rice cultivars has shifted the focus of both produc-
ers and consumers from yield alone to grain quality. 
Consequently, scientific nitrogen management has 
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become a critical agronomic strategy for synergis-
tically enhancing both yield and quality (Huang et 
al. 2020, Dou et al. 2024). As an essential nutri-
ent for plant growth and development, nitrogen is 
a key component of numerous enzymes and phyto-
hormones and plays an extensive role in regulating 
metabolic processes (Firouzi 2015, Koper et al. 2025). 
Nitrogen supply levels directly influence rice growth 
dynamics and final grain cooking quality (Liang 
et al. 2022, Hou et al. 2024). Insufficient nitrogen 
suppresses root development and photosynthetic 
efficiency, thereby impairing grain cooking quality. 
Conversely, excessive nitrogen stimulates vegetative 
overgrowth, disrupts the grain carbon‑nitrogen bal-
ance, and reduces both yield and cooking quality due 
to inefficient utilisation of photosynthetic assimilates 
(Singh et al. 2011, Song et al. 2024, Owusu et al. 
2025). Furthermore, nitrogen loss from agroecosys-
tems intensifies environmental eutrophication (Liu 
et al. 2024, Bulas et al. 2025). Therefore, improving 
nitrogen use efficiency is imperative for achieving 
high‑yielding, superior‑quality rice production and 
advancing sustainable agricultural development.

As the central organ for nutrient and water uptake 
in plants, the root system depends on its anatomi-
cal architecture as a fundamental morphological 
basis that reflects both developmental progress and 
physiological functionality (Xu et al. 2020, Galindo-
Castañeda et al. 2022, Duan et al. 2023, Eweda et al. 
2025). During nitrogen acquisition and utilisation 
in crops, the developmental state of anatomical fea-
tures such as the root cortex, stele, and aerenchyma 
directly governs the efficiency of water and nutri-
ent absorption and transport (Zhang et al. 2020, 
Lynch et al. 2023, Srivastava et al. 2025). Previous 
research has indicated that optimal nitrogen supply 
promotes an increase in adventitious root diameter 
and a greater proportional stele area (Zhang et al. 
2020, Li et al. 2022, Liu et al. 2024, Eweda et al. 2025). 
In contrast, low nitrogen stress induces adaptive 
anatomical remodeling in roots, initially trigger-
ing cortical thickening and an increased number 
of cell layers to expand the absorptive surface, but 
ultimately resulting in a reduced cross-sectional 
area, fewer living cells, and premature aerenchyma 
development – changes that collectively diminish 
uptake capacity (De Bauw et al. 2019, Li et al. 2022, 
Srivastava et al. 2025). Notably, root anatomical 
traits vary significantly among rice genotypes (Chen 
et al. 2024, Dai et al. 2024). Salsinha et al. (2023) 
observed that drought-tolerant varieties typically 

exhibit smaller root diameter, reduced stele and xy-
lem diameters, narrower cortical radius, and thicker 
cell walls. However, existing studies have largely 
focused on the physiological responses of individual 
varieties under varying nitrogen regimes (Uga et al. 
2009, Zhen et al. 2020, Salsinha et al. 2023, Eweda 
et al. 2025). There remains a systematic knowledge 
gap regarding how root anatomical structures dif-
fer among rice varieties with distinct eating-quality 
profiles under varying nitrogen supplies, and how 
these structural adaptations subsequently regulate 
root senescence and the formation of final grain 
cooking quality.

Root senescence – an irreversible physiological 
decline in plants – is fundamentally regulated by 
genetically programmed processes (Liu et al. 2023, 
Wang et al. 2023, Averill-Bates 2024). It functions 
as a resource-optimisation strategy, wherein plants 
selectively degrade macromolecules in ageing roots 
and remobilise nutrients to developing grains, thereby 
enabling efficient nutrient recycling (Xin et al. 2021, 
Averill-Bates 2024, Meng et al. 2024). Consequently, 
this process critically determines nutrient-use ef-
ficiency and directly influences final crop yield and 
cooking quality (Wang et al. 2023, Wei et al. 2025). 
Nitrogen supply serves as a major external modulator 
of root senescence. Compared to nitrogen-deficient 
conditions, moderate application enhances anti-
oxidant enzyme activity, improving reactive oxygen 
species (ROS) scavenging capacity (Zhou and Yang 
2023, Tavu and Redillas 2025). Typically, activities 
of root enzymes such as catalase (CAT) exhibit an 
initial increase followed by a decline with elevating 
nitrogen levels, whereas malondialdehyde (MDA) 
content is suppressed – evidence that optimal ni-
trogen availability helps delay senescence (Liu et al. 
2018, Xu et al. 2021, Zhao et al. 2025). Conversely, 
excessive nitrogen disrupts oxidative homeostasis, 
aggravates oxidative damage, and ultimately ac-
celerates senescence, thereby compromising root 
structure and function (Chu et al. 2022, Wei et al. 
2025). Notably, significant variations exist among 
different cultivars (Subudhi et al. 2020, Khan et al. 
2021, Liu et al. 2023). For instance, Liu et al. (2023) 
reported that a nitrogen-sensitive rice variety ex-
hibited significantly higher root oxidation activity 
than a nitrogen-insensitive variety, reaching a peak 
at a nitrogen rate of 180 kg/ha, and that this activ-
ity showed a significant positive correlation with 
yield in their study. This finding, however, may be 
variety- and environment-specific, and the optimal 
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nitrogen rate for peak root activity can vary across 
genotypes and growing conditions (Chu et al. 2022). 
However, research on the physiological divergence 
in root senescence among rice varieties with distinct 
eating quality under nitrogen regulation, and its 
linkage to grain cooking quality, remains scarce. In 
particular, the relationship between root anatomical 
traits and the senescence process remains unclear.

This study aimed to test the hypothesis that un-
der optimal nitrogen management, rice plants can 
enhance cooking quality by modulating root ana-
tomical and senescence-physiological traits, and that 
this regulatory effect may be more pronounced in 
superior eating-quality cultivars. We systematically 
evaluated key root anatomical traits – including 
the area and proportion of root aerenchyma, the 
area and proportion of living cells, stele diameter, 
and the stele-to-root diameter ratio – along with 
senescence-associated physiological parameters: 
the activities of superoxide dismutase and cata-
lase, and the content of malondialdehyde. The root 
traits assessed in this study – governing absorption, 
transport, and senescence resistance – serve as the 
functional basis of the "flow" process in the "source-
sink-flow" system. Variations in these traits directly 
influence the physiological conditions that determine 
rice cooking quality. Leaf photosynthetic rate was 
determined as an indicator of source strength, which 
determines the amount of carbohydrates available 
for grain filling and ultimately affects cooking qual-
ity. Cooking quality is characterised by three key 
parameters: amylose content (AC), which determines 
texture – lower AC is associated with softer, more 
palatable rice; gel consistency (GC), where a softer 
(longer) gel is preferred; and alkali spreading value 
(ASV), which reflects gelatinisation temperature – 
intermediate-to-high ASV (indicating low GT) is 
desirable for energy-efficient cooking and smoother 
texture. The findings are expected to provide the 
physiological and anatomical foundations for targeted 
breeding of high-quality, palatable rice varieties and 
for the development of efficient nitrogen manage-
ment strategies.

MATERIAL AND METHODS

Plant materials. The experiment was conducted at 
the research station of Henan University of Science 
and Technology in Henan Province, China (34°39'N, 
112°26'E). Four rice cultivars commonly grown in 
the region were selected as test materials based on 

a pre-experiment. They were divided into two groups 
according to taste scores measured using a Satake 
rice taste analyser: Xudao 3 and Huageng 9 (moderate 
eating quality, 70–75 points) and Zhengdao C42 and 
Nangeng 9308 (superior eating quality, > 85 points). 
The experiment was carried out during the rice 
growing seasons of 2023 and 2024. Seeds were sown 
in a seedling nursery on May 10, 2023, and May 11, 
2024, with young seedlings transplanted into pots 
on June 10, 2023, and June 11, 2024, respectively. 
The soil used in the pots was a clay loam [Typic 
fluvaquents, Entisols (US taxonomy)], which had 
the following properties: in 2023, alkali-hydrolysable 
nitrogen was 102.8 mg/kg, available phosphorus 
4.9 mg/kg, available potassium 115.3 mg/kg, and 
organic carbon 11.08 g/kg; in 2024, these values were 
105.1 mg/kg, 5.2 mg/kg, 118.6 mg/kg, and 11.19 g/kg, 
respectively. Each pot (25 cm in diameter × 30 cm 
height) was filled with 15 kg of soil and planted with 
three hills, each containing two seedlings. Each treat-
ment was replicated 25 times (25 pots). The main 
growth stages – mid-tillering, panicle initiation, 
heading, and maturity – were recorded based on 
plant morphological development. Panicle initiation 
was determined by microscopic examination of the 
growing point, heading was recorded when 50% of 
panicles had emerged, and maturity was determined 
when 95% of grains had turned yellow.

Treatments. The experiment was a fully ran-
domised block design. Four nitrogen (N) applica-
tion rates were set in the experiment based on our 
previous study: 0, 0.59, 1.18, and 1.76 g of N per pot, 
designated as N0, N1, N2, and N3, respectively. Total 
superphosphate (5.89% P) and potassium chloride 
(43% K) were applied as base fertilisers. Phosphorus 
and potassium fertiliser application rates were uni-
form across all treatments at 1.32 g P/pot and 0.83 g 
K/pot, respectively. Nitrogen fertiliser (urea) was ap-
plied in four splits: 30% as basal at pre-transplanting 
(1 day before transplanting), 30% at the recovering 
stage (7 days after transplanting, DAT), and 20% at 
spikelet-promoting (applied at the leaf age of remain-
der 3.5) and 20% at spikelet-preserving (applied at 
the leaf age of remainder 1.5). From transplanting 
to maturity, specific irrigation regimes were main-
tained. A shallow water layer of 2–3 cm was kept 
during the plant recovery stage. Thereafter, plants 
were re-irrigated to a 2–3 cm water depth when the 
soil water potential at 15 cm depth reached –20 kPa; 
this was continued until one week before final har-
vest, except for a drainage period during the late 
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tillering stage (Zhang et al. 2025). Pots were covered 
with a removable rain shelter during rainfall. Soil 
water potential in each plot was monitored using 
soil moisture tension meters (Nanjing Institute of 
Soil Science, Chinese Academy of Sciences, China). 
Weeds were manually removed, and pesticides were 
applied as needed to control diseases and insect 
pests throughout the growing season in both years.

Sampling and measurements

Sampling. Samples were collected at four key 
growth stages: the mid-tillering stage, panicle initia-
tion stage, heading stage, and maturity stage. For each 
stage, three pots of plants were randomly selected 
from each treatment as biological replicates. Briefly, 
the soil adhering to the roots was gently rinsed with 
running water, followed by thorough washing with 
distilled water to remove residual soil particles. The 
cleaned roots were blotted dry with filter paper to 
obtain root samples. The samples were flash-frozen 
in liquid nitrogen for 30 s and then stored at –80 °C 
for subsequent analysis of root physiological activity.

Measurements of cooking quality. The mature 
rice grains were stored for three months after har-
vest. Subsequently, all samples underwent threshing 
and winnowing processes. Following the principles 
of randomisation and representativeness, 100 g of 
sieved rice was precisely weighed and loaded into the 
sample tray. The DA-7250 near-infrared spectrometer 
(Perten Instruments AB, Stockholm, Sweden) used 
in this study was calibrated with the rice-specific 
calibration model (Model No. RICE01) provided by 
the manufacturer, which is optimised for determin-
ing rice amylose content, gel consistency, and alkali 
spreading value, with the correlation coefficient (R²) 
of the model all > 0.95 and the root mean square er-
ror (RMSE) < 0.5. All analyses for these indicators 
were carried out according to the method described 
by Dou et al. (2024).

Measurements of taste score. The rice taste 
analyser used was Satake STA1B (Satake Co., Ltd., 
Hiroshima, Japan) with the built-in model version 
V3.0 (optimised for japonica and mid-indica rice in 
the Yellow River Huaihe River region of China). The 
taste score is a comprehensive index based on 8 indi-
cators, including amylose content, protein content, 
gel consistency, and viscosity, with a full score of 100. 
Varieties with a score of 70–75 points are defined as 
moderate-eating-quality rice, and those with a score 
of > 85 points are superior-eating-quality rice (con-

sistent with the local high-quality rice classification 
standard of Henan Province, China).

Superoxide dismutase, peroxidase, catalase and 
malondialdehyde enzyme activity. Rice root samples 
(0.2 g) were homogenised on ice using a pre-chilled 
mortar and pestle with 10 mL of 0.05 mol/L phosphate 
buffer (pH 7.8) containing 1% (w/v) polyvinylpyrro-
lidone (PVP). The homogenate was centrifuged at 
12 000 rpm for 15 min at 4 °C, and the supernatant 
was collected as the enzyme extract for subsequent 
assays of superoxide dismutase, peroxidase, and 
catalase activities.

The determination method of SOD activity was de-
termined according to Gharsallah et al. (2016) using the 
nitroblue tetrazolium (NBT) photoreduction method. 
The 3 mL reaction mixture contained 13 mmol/L 
methionine, 75 mmol/L nitroblue tetrazolium chloride 
(NBT), 2 µmol/L riboflavin, 10 µmol/L EDTA, and 
0.05 mol/L phosphate buffer (pH = 7.5). One unit of 
SOD activity was defined as the amount of enzyme 
required to inhibit the photochemical reduction of 
NBT by 50%. Activity was expressed as units per 
gram fresh weight (U/g FW).

Peroxidase activity was assayed following the pro-
tocol described by Sachadyn-Król et al. (2016). The 
reaction mixture (5 mL) contained 0.05 mol/L phos-
phate buffer (pH 5.5), 0.05 mol/L guaiacol, 2% (v/v) 
hydrogen peroxide (H2O2), and 20% (w/v) trichloro-
acetic acid (TCA). The enzyme solution, boiled for 
5 min to inactivate endogenous POD, served as the 
blank control. Absorbance was measured at 470 nm 
using a microplate reader, and POD activity was 
expressed as U/(g·min) on a fresh weight (FW) basis.

CAT activity was determined using the method 
described by Turk et al. (2014). The 3 mL reaction 
system consisted of 1 mL 0.3% (v/v) H2O2, 1.35 mL 
distilled water, and 0.65 mL of enzyme extract. The 
reaction was initiated by the addition of the enzyme 
extract, with the enzyme solution boiled for 2 min (to 
inactivate endogenous CAT) serving as the control. 
The decrease in absorbance was recorded at 240 nm 
using a spectrophotometer, and CAT activity was 
expressed as U/g/min FW.

Root malondialdehyde content was determined 
using the thiobarbitur ic  acid (TBA) method 
(Velikova et al. 2000). Briefly, 0.2 g of root tissue 
was ground in a mortar and homogenised in 5 mL 
of 5% trichloroacetic acid (TCA). The homogen-
ate was centrifuged at 12 000 rpm for 15 min at 
4 °C, and the resulting supernatant was retained 
for subsequent assays. Root tissue (0.2 g) was ho-
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mogenised in 5 mL of 5% (w/v) trichloroacetic acid 
(TCA) and centrifuged at 12 000 rpm for 15 min at 
4 °C. Subsequently, 300 μL of 0.6% (w/v) TBA was 
added to the supernatant. The mixture was heated in 
a boiling water bath for 15 min. After rapid cooling, 
the solution was centrifuged again. The absorbance 
of the final supernatant was measured at 532, 600, 
and 450 nm to calculate the MDA content.

Photosynthesis rate. At the heading and maturity 
stages, six representative rice plants were selected 
from each treatment. The net photosynthetic rate of 

flag leaves was measured between 9 : 00 and 11 : 00 on 
a clear day using a LI-COR 6800 portable photosyn-
thesis system (LI-COR Biosciences, Lincoln, USA).

Root anatomical structure. In accordance with 
Yang et al. (2012), newly developed adventitious 
roots (8–10 cm in length) were sampled at pani-
cle initiation, a critical stage when root anatomy is 
stable and optimally regulates subsequent nutrient 
uptake and transport. Cross-sections were obtained at 
a position 2 cm from the root tip and imaged using 
a JSM-IT200 (LA) scanning electron microscope 

Table 1. Cooking quality of rice varieties with different eating qualities and their response to nitrogen fertiliser rates

Year Cultivar Treatment Amylose content 
(%)

Gel consistency 
(mm)

Alkali spreading 
value

Protein content 
(%)

2023

Xudao 3

N0 21.41a 73.27e 8.56d 7.74d

N1 20.25b 76.08d 8.02e 7.78d

N2 18.38c 80.74b 7.60g 8.45c

N3 19.00c 79.87b 7.76f 9.91a

mean 19.76 77.49 7.99 8.47

Zhengdao C42

N0 18.86c 78.88bc 9.60a 6.99f

N1 16.43d 80.37b 9.23b 7.38e

N2 15.08e 83.36a 8.49d 8.58c

N3 16.15d 77.42cd 8.79c 9.56b

mean 16.63 80.01 9.03 8.13

2024

Huageng 9

N0 20.76a 55.72f 8.27b 7.43c

N1 18.25b 60.33e 7.43d 7.80b

N2 16.82c 68.19d 6.93f 8.21a

N3 17.33c 67.34d 7.08ef 8.38a

mean 18.29 62.90 7.43 7.96

Nangeng 9308

N0 15.31d 65.83d 8.77a 6.48e

N1 14.74d 74.57c 7.80c 6.80d

N2 11.86f 86.90a 7.15e 6.91d

N3 12.75e 83.55b 7.20e 7.33c

mean 13.67 77.71 7.73 6.88
ANOVA

Year (Y) 296.33** 540.27** 1 051.14** 661.55**
Cultivar (C) 906.67** 569.11** 555.35** 430.73**
Nitrogen fertiliser rate (N) 142.77** 187.51** 382.60** 448.25**
Y × C 33.77** 286.41** 165.77** 115.00**
Y × N ns 60.28** 19.64** 113.60**
C × N ns 5.16** 4.67** ns
Y × C × N  6.64** 19.11** ns 14.32**

Xudao 3 and Huageng 9 represent rice cultivars with moderate eating quality; Zhengdao C42 and Nangeng 9308 represent 
those with superior eating quality, respectively. N0 – no nitrogen application; N1 – 0.59 g N/pot; N2 – 1.18 g N/pot; 
N3 – 1.76 g N/pot. Values followed by different letters indicate statistical significance at P < 0.05 within the same column 
and year. Significance difference of F-values at *P < 0.05 and **P < 0.01; ns – not significant difference
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Table 2. Differences in root anatomy of rice with differing eating qualities, and their response to nitrogen 
application at the initial panicle differentiation stage

Year Cultivar Treatment
CCA CLCA SD RD PLCA 

(%)(× 104μm2) (μm)

2023

Xudao 3

N0 48.35d 34.31d 150.19b 782.69d 74.76d

N1 64.30c 54.41b 160.77a 903.42c 81.17bc

N2 107.59a 72.80a 170.25a 1 170.39a 81.82bc

N3 75.48b 71.29a 165.38a 980.05b 85.73b

mean 73.93 58.20 161.65 714.13 80.87

Zhengdao C42

N0 28.01e 23.23e 139.56c 597.30e 78.74c

N1 46.76d 40.11cd 164.37a 771.56d 86.95b

N2 52.30d 40.77c 166.97a 816.08d 92.99a

N3 53.16d 38.14cd 164.89a 822.52d 85.60b

mean 45.06 35.57 158.95 751.87 86.07

2024

Huageng 9

N0 58.68cd 52.81cd 162.12c 830.56c 89.98d

N1 65.90abc 60.98abc 170.02c 903.43bc 92.50bc

N2 73.37a 68.60a 185.73b 1 072.87a 93.49ab

N3 70.61ab 65.78ab 193.25b 1 054.68a 92.93bc

mean 67.14 62.04 177.78 965.39 92.23

Nangeng 9308

N0 51.81d 47.71d 159.55c 742.18d 92.02c

N1 62.12bc 58.04bc 166.99c 832.30c 93.21ab

N2 63.06bc 59.25bc 184.56b 911.57b 94.11a

N3 62.67bc 56.88c 216.61a 865.39bc 90.78d

mean 59.92 55.47 181.93 837.86 92.53

ANOVA
Year (Y) 7.19* 106.98** 131.8** 15.04** 197.05**
Cultivar (C) 143.98** 161.91** ns 198.08** 18.82**
Nitrogen fertiliser rate (N) 58.29** 66.07** 65.83** 85.12** 19.80**
Y × C 51.75** 48.99** ns 11.24** 14.89**
Y × N 16.24** 9.03** 18.60** 3.04* 8.47**
C × N 11.06** 9.90** 5.38** 7.94** 5.64**

Y × C × N 6.69** 3.71* 3.97* 3.82* 2.95*

Xudao 3 and Huageng 9 represent rice cultivars with moderate eating quality; Zhengdao C42 and Nangeng 9308 rep-
resent those with superior eating quality, respectively. N0 – no nitrogen application; N1 – 0.59 g N/pot; N2 – 1.18 g 
N/pot; N3 – 1.76 g N/pot. Values followed by different letters indicate statistical significance at P < 0.05 within the 
same column and year. Significance difference of F-values at *P < 0.05 and **P < 0.01; ns – not significant difference; 
CCA – cortical cell area; CLCA – cortical living cell area; SD – stele diameter; RD – root diameter; PLCA – propor-
tion of cortical living area

(SEM). The acquired images were analysed with 
ImageJ software (version 1.8.0; National Institutes of 
Health, Bethesda, USA) to quantify the aerenchyma 
area, cortical cell area, stele diameter, and stele di-
ameter to root diameter. The proportions of living 
cell area to cortical cell area, aerenchyma area to 
cortical cell area, and stele diameter to root diameter 
were further calculated. Each treatment included 

six independent biological replicates. The reagents 
employed were as follows: 2.5% (v/v) glutaraldehyde 
for fixation, 0.1 mol/L phosphate buffer (pH 7.4) 
for sample rinsing, and gradient concentrations of 
ethanol for dehydration.

The formulas for result calculation are as follows:
aerenchyma proportion (%) = [aerenchyma area 

(μm²)/cortical area (μm²)] × 100;
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cortical living cell area (μm2) = cortical area (μm2) – 
– aerenchyma area (μm2);

cortical living cell proportion (%) = [cortical living 
cell area (μm2)/cortical area (μm2)] × 100;

stele-to-root diameter ratio = stele diameter (μm)/
root diameter (μm).

Data analysis. Statistical analysis was conducted 
using analysis of variance (ANOVA) in SPSS statistical 
analysis software (version 27.0; IBM Corp., Armonk, 
USA). Means were tested by the least significant dif-
ference (LSD) test at P < 0.05. Line and bar charts were 
generated with Origin 2025 (OriginLab Corporation, 
Northampton, USA). Scanning electron microscope 
(SEM) images were analysed with ImageJ software (ver-
sion 1.8.0; National Institutes of Health, Bethesda, USA).

RESULTS

Grain cooking quality. Results from two con-
secutive years indicated that rice variety, nitrogen 
application rate, and their interaction significantly 
affected indices of rice cooking quality (P < 0.05; 
Table 1). With increasing nitrogen application rate, 
the amylose content and alkali spreading value of the 
four tested rice varieties exhibited a decreasing-then-
increasing trend, with minimum values consistently 
recorded at the N2 level. In contrast, gel consistency 
showed a reverse increasing-then-decreasing trend, 
peaking at the N2 level. Grain protein content was 
elevated in response to higher nitrogen applica-
tion rates. Specifically, compared with N0, amylose 

Figure 1. Differences in root aerenchyma area of rice 
with differing eating qualities, and their response to 
nitrogen application at the initial panicle differentiation 
stage. Xudao 3 and Huageng 9 represent rice cultivars 
with moderate eating quality; Zhengdao C42 and Nan-
geng 9308 represent those with superior eating quality, 
respectively. N0 – no nitrogen application; N1 – 0.59 g 
N/pot; N2 – 1.18 g N/pot; N3 – 1.76 g N/pot. Vertical 
bars represent ≈ standard error of the mean. Different 
letters of the column indicate statistical significance 
at P < 0.05 within the same stage and the same year

Figure 2. Differences in root aerenchyma proportion of 
rice with differing eating qualities, and their response to 
nitrogen application at the initial panicle differentiation 
stage. Xudao 3 and Huageng 9 represent rice cultivars 
with moderate eating quality; Zhengdao C42 and Nan-
geng 9308 represent those with superior eating quality, 
respectively. N0 – no nitrogen application; N1 – 0.59 g 
N/pot; N2 – 1.18 g N/pot; N3 – 1.76 g N/pot. Vertical 
bars represent ≈ standard error of the mean. Different 
letters of the column indicate statistical significance 
at P < 0.05 within the same stage and the same year
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content in Huageng 9 and Nangeng 9308 at the N2 
level decreased by 18.98–22.53% in 2024, while their 
alkali spreading value declined by 16.20–18.47% in 
the same year. Gel consistency, however, was sig-
nificantly increased by 22.38% to 32.01% in 2024.

Under the same nitrogen application level, signifi-
cant differences in cooking quality were observed 
among varieties with distinct eating-quality attributes. 
Compared to Huageng 9 (moderate eating qual-
ity), Nangeng 9308 (superior eating quality) showed 
a 25.26% reduction in amylose content and a 13.57% 
reduction in protein content, along with a 23.55% 
increase in gel consistency and a 4.04% increase in 
alkali spreading value. The two-year experimental 
results showed good consistency. Overall, the analysis 
indicated that the cooking quality of superior-eating-
quality varieties (Zhengdao C42, Nangeng 9308) was 
significantly better than that of moderate-eating-
quality varieties (Xudao 3, Huageng 9).

Root anatomical structure. Rice variety, nitrogen 
application rate, and their interaction significantly 
influenced root anatomical traits in both experimental 
years, including cortical cell area, cortical living cell 
area, stele diameter, root diameter, and the propor-
tion of living cells (P < 0.05; Table 2). Increasing the 
nitrogen application rate generally promoted these 
traits, with the cortical area, living cortical cell area, 
stele diameter, root diameter, and living cell propor-
tion all being significantly elevated. These parameters 
typically reached their maximum values under the 
N2 or N3 treatments, a pattern consistent across 
both years. Under the same nitrogen level, superior-
eating-quality cultivars exhibited distinct anatomical 
profiles. Specifically, Nangeng 9308 showed a 10.75% 
reduction in cortical cell area and a10.59% reduc-
tion in living cortical cell area relative to Huageng 9, 
while its living cell proportion increased by an av-
erage of 0.28%. Similarly, Zhengdao C42 displayed 
substantial reductions of 39.05% in cortical cell area 
and 38.88% in living cortical cell area compared to 
Xudao 3, alongside a notable average increase of 
6.43% in living cell proportion.

In contrast to the proportion of living cells, both 
the area and proportion of root aerenchyma followed 
a V-shaped trend with increasing nitrogen application 
rate, reaching minima at the N2 level, except for Xudao 
3 (Figures 1 and 2). Compared with the N0 treatment, 
the aerenchyma area and proportion at the N2 level 
were reduced by 49.84% and 58.40% in Huageng 9, and 
by 46.04% and 56.48% in Nangeng 9308, respectively. 
At the same nitrogen level, Nangeng 9308 showed av-

erage reductions of 31.09% and 23.57% in aerenchyma 
area and proportion, respectively, relative to Huageng 
9. This response trend was consistent across the 2023 
and 2024 growing seasons. In summary, the superior 
eating-quality cultivars exhibited the smallest root aer-
enchyma areas and proportion under the N2 treatment.

The stele-to-root diameter ratio (SD/RD) decreased 
generally with increasing nitrogen application, although 
the differences among rates were relatively small (Figure 3). 
Under the same nitrogen level, the superior-eating-
quality cultivars (Nangeng 9308 and Zhengdao C42) 
showed significantly higher SD/RD than the moderate-
eating-quality cultivars (Huageng 9 and Xudao 3), with 
average increases of 16.91% and 22.36%, respectively.

Figure 3. Differences in root stele-to-root diameter 
ratio (SD/RD) of rice under different eating qualities 
and nitrogen application rates at the initial panicle dif-
ferentiation stage. Xudao 3 and Huageng 9 represent 
rice cultivars with moderate eating quality; Zhengdao 
C42 and Nangeng 9308 represent those with superior 
eating quality, respectively. N0 – no nitrogen applica-
tion; N1 – 0.59 g N/pot; N2 – 1.18 g N/pot; N3 – 1.76 g 
N/pot. Vertical bars represent ≈ standard error of the 
mean. Different letters of the column indicate statisti-
cal significance at P < 0.05 within the same stage and 
the same year
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Root senescence characteristics. Root SOD ac-
tivity varied significantly among cultivars and in re-
sponse to nitrogen application. It generally exhibited 
an initial increase followed by a decrease during the 

growth period, peaking at the heading stage (Figure 4). 
As the nitrogen application rate increased, root SOD 
activity reached its maximum at the N2 level. At this 
optimal nitrogen level during heading, root SOD activ-

Figure 4. Superoxide dismutase (SOD) activity of rice under varied eating qualities and nitrogen application rates. 
Xudao 3 and Huageng 9 represent rice cultivars with moderate eating quality; Zhengdao C42 and Nangeng 9308 
represent those with superior eating quality, respectively. N0 – no nitrogen application; N1 – 0.59 g N/pot; N2 – 
1.18 g N/pot; N3 – 1.76 g N/pot. Vertical bars represent ≈ standard error of the mean. Different letters of the 
column indicate statistical significance at P < 0.05 within the same stage and the same year. FW – fresh weight
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ity increased by 20.46% in Huageng 9 and by 37.70% in 
Nangeng 9308 compared with the N0 treatment. Under 
the same nitrogen level, Nangeng 9308 maintained an 
average of 11.87% higher SOD activity than Huageng 

9. This trend was consistent across the 2023 and 2024 
growing seasons. Collectively, root SOD activity peaked 
at the N2 level across all varieties, with the highest values 
consistently observed in superior eating-quality cultivars.

Figure 5. Peroxidase (POD) activity of rice under varied eating qualities and nitrogen application rates. Xudao 3 
and Huageng 9 represent rice cultivars with moderate eating quality; Zhengdao C42 and Nangeng 9308 represent 
those with superior eating quality, respectively. N0 – no nitrogen application; N1 – 0.59 g N/pot; N2 – 1.18 g 
N/pot; N3 – 1.76 g N/pot. Vertical bars represent ≈ standard error of the mean. Different letters of the column 
indicate statistical significance at P < 0.05 within the same stage and the same year. FW – fresh weight
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Similar to root SOD activity, root POD activity 
exhibited a unimodal pattern during the growth cycle, 
increasing initially before declining after reaching 
a peak at the heading stage (Figure 5). As nitrogen 

application rates increased, root POD activity peaked 
under the N2 treatment, a trend that was consistent 
across both experimental years. Compared with the 
N0 treatment, root POD activity at the heading stage 

Figure 6. Catalase (CAT) activity of rice under varied eating qualities and nitrogen application rates. Xudao 3 
and Huageng 9 represent rice cultivars with moderate eating quality; Zhengdao C42 and Nangeng 9308 represent 
those with superior eating quality, respectively. N0 – no nitrogen application; N1 – 0.59 g N/pot; N2 – 1.18 g 
N/pot; N3 – 1.76 g N/pot. Vertical bars represent ≈ standard error of the mean. Different letters of the column 
indicate statistical significance at P < 0.05 within the same stage and the same year. FW – fresh weight
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increased by 43.81% in Huageng 9 and by 9.43% in 
Nangeng 9308. Under the same nitrogen level, the 
POD activity in Nangeng 9308 and Zhengdao C42 

was on average 13.50% and 4.50% higher than that 
in Huageng 9 and Xudao 3, respectively. The results 
indicate that across all varieties, root POD activity 

Figure 7. Malondialdehyde (MDA) content of rice under varied eating qualities under nitrogen application rates. 
Xudao 3 and Huageng 9 represent rice cultivars with moderate eating quality; Zhengdao C42 and Nangeng 9308 
represent those with superior eating quality, respectively. N0 – no nitrogen application; N1 – 0.59 g N/pot; N2 – 
1.18 g N/pot; N3 – 1.76 g N/pot. Vertical bars represent ≈ standard error of the mean. Different letters of the 
column indicate statistical significance at P < 0.05 within the same stage and the same year. FW – fresh weight
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peaked under the N2 treatment, with the highest 
values consistently observed in superior eating-
quality cultivars.

Similar to root POD activity, root CAT activity also 
fluctuated throughout the growth cycle, reaching 
its maximum at the heading stage (Figure 6). With 
increasing nitrogen application rates, it reached 
a maximum at the N2 level – a trend consistent 
across both experimental years. Compared with 
the N0 treatment, root CAT activity at the head-
ing stage increased by 32.31% in Huageng 9 and by 
64.83% in Nangeng 9308 under the N2 treatment. 
At the same nitrogen level, Nangeng 9308 exhibited 
39.69% higher root CAT activity than Huageng 9, 
and Zhengdao C42 showed a 25.25% greater activ-
ity than Xudao 3. Overall, across all varieties, root 
CAT activity peaked under the N2 treatment, with 
the highest values consistently observed in superior-
eating-quality cultivars.

In contrast to root CAT activity, root MDA content 
exhibited a distinct "decrease‑then‑increase" trend, 
with its lowest value observed under the N2 treat-

ment (Figure 7). At the heading stage, MDA content 
decreased by 28.61% in Huageng 9 and 23.12% in 
Nangeng 9308 under N2 treatment compared with 
N0. The result was consistent across the 2023 and 
2024 trials. Under the same nitrogen level, MDA 
levels in Nangeng 9308 and Zhengdao C42 were both 
22.97% and 9.26% lower than those in Huageng 9 
and Xudao 3, respectively. The results indicate that 
superior eating‑quality cultivars accumulated sig-
nificantly less root MDA under the N2 treatment.

Photosynthetic rate in leaves. Photosynthetic rate 
varied significantly among cultivars and in response 
to nitrogen application (Figure 8). As the nitrogen 
application rate increased, the photosynthetic rate 
reached its maximum at the N2 level. At this opti-
mal nitrogen level during heading, photosynthetic 
rate increased by 18.8% in Huageng 9 and by 35.7% 
in Nangeng 9308 compared with the N0 treatment. 
Under the same nitrogen level, Nangeng 9308 main-
tained an average of 13.87% higher photosynthetic 
rate than Huageng 9. This trend was consistent across 
the 2023 and 2024 growing seasons.

Figure 8. Photosynthetic rate (Pn) under varied eating qualities under nitrogen application rates. Xudao 3 and 
Huageng 9 represent rice cultivars with moderate eating quality; Zhengdao C42 and Nangeng 9308 represent 
those with superior eating quality, respectively. N0 – no nitrogen application; N1 – 0.59 g N/pot; N2 – 1.18 g 
N/pot; N3 – 1.76 g N/pot. Vertical bars represent ≈ standard error of the mean. Different letters of the column 
indicate statistical significance at P < 0.05 within the same stage and the same year
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Relationship between rice root anatomical struc-
ture and physiological activities. A significant cor-
relation was observed between rice root anatomical 
structure and root senescence (Figure 9). Correlation 
analysis indicated that both root aerenchyma area 
and its proportion were highly significantly negatively 
correlated with the activities of SOD, POD, CAT, 
and photosynthetic rate (Pn), while showing a highly 
significant positive correlation with MDA content. 
Conversely, the stele diameter and the proportion 
of cortical living cells demonstrated significant to 
highly significant positive correlations with Pn, SOD, 
POD, and CAT activities, and significant to highly 
significant negative correlations with MDA content.

Relationship between root physiological ac-
tivity, anatomical structure and grain cooking 
quality. Correlation analysis (Figure 10) revealed 
that root antioxidant enzyme (SOD, POD, CAT) 
activities, Pn, stele diameter, and cortical living cell 
proportion were significantly negatively correlated 
with grain amylose content but positively correlated 
with gel consistency. In contrast, root MDA content, 
aerenchyma area, and aerenchyma proportion were 

significantly higher and positively correlated with 
amylose content, whereas they were negatively cor-
related with gel consistency.

DISCUSSION

Cooking quality of rice varieties with distinct 
eating qualities and their responses to nitrogen. 
Rice quality is primarily determined by varietal ge-
netics but is also strongly influenced by agronomic 
management (Shi et al. 2022, Chen et al. 2024, Li et 
al. 2025). Amylose content and gel consistency are 
pivotal determinants of cooking quality. Reduced 
levels of protein and amylose contribute to a softer 
texture, thereby enhancing palatability, while lower 
gel consistency is associated with increased coarse-
ness and diminished cooking quality (Bahmaniar 
et al. 2007, Li et al. 2025). Our results indicate that 
the cooking quality of varieties with differing palat-
ability initially improved but subsequently declined 
with increasing nitrogen application. Compared to 
N0 treatment, N fertilisation significantly reduced 
amylose content. Gel consistency first increased and 
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Figure 9. Relationship between root physi-
ological activity and root anatomical struc-
ture of rice. F-values significance at *P < 
0.05 and **P < 0.01; ns – not significant at 
P = 0.05; AREA – aerenchyma area; CCA – 
cortical cell area; CLCA – cortical living 
cell area; SD – stele diameter; RD – root 
diameter; PRCA – aerenchyma propor-
tion; PLCA – proportion of cortical living 
cell area; SD/RD – stele-to-root diameter 
ratio; Pn – photosynthetic rate; SOD – 
superoxide dismutase; POD – peroxidase; 
CAT – catalase; MDA – malondialdehyde
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then decreased, whereas the alkali spreading value 
exhibited an opposite trend (Table 1). These findings 
align with Zhu et al. (2016), who reported that mod-
erate N application could reconcile high yield with 
superior cooking quality. Furthermore, supporting 
our observations, Zhang et al. (2021) demonstrated 
that moderate N application improves processing, 
appearance, and cooking qualities in mid-season 
indica rice by prolonging the grain-filling period 
and increasing the filling rate, thereby raising grain 
weight. However, excessive nitrogen application (N3) 
led to a rebound in amylose content, which can be 
attributed to differences in genetic thresholds for 
nitrogen response among varieties. When nitrogen 
supply exceeds the optimal level, it disrupts the 
carbon-nitrogen metabolic balance, thereby divert-
ing substrates from starch accumulation to protein 
synthesis and negatively impacting rice cooking 
quality – a mechanism well documented in previous 

studies (Kusano et al. 2011, Liu et al. 2024, Liu et al. 
2025, Xu et al. 2025).

Notable variational differences in rice quality ex-
ist. Studies on semi-glutinous japonica rice indicate 
that superior eating-quality varieties possess superior 
cooking quality, characterised by lower protein con-
tent and more favourable viscosity profiles (Liu et al. 
2022), highlighting their intrinsic quality advantages. 
Consistently, our study found that superior eating-
quality varieties generally outperformed ordinary ones 
in cooking quality (Table 1). This superiority can be 
traced to their lower GBSSI (granule-bound starch syn-
thase I) activity, which results in a higher proportion of 
amylopectin with shorter branch chains, yielding a soft 
and cohesive texture. Moreover, their typically lower 
protein content facilitates the formation of a porous 
structure during cooking, enhancing water absorption 
and improving the fluffiness, stickiness, and elasticity 
of the cooked rice (Wang et al. 2025, Ma et al. 2025).
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Figure 10. Relationships be-
tween root physiological activ-
ity, root anatomical structure 
and eating quality of rice. F-
values significance at *P < 0.05 
and **P < 0.01; ns – not signifi-
cant at P = 0.05; Pn – photosyn-
thetic rate; SOD – superoxide 
dismutase; POD – peroxidase; 
CAT – catalase; MDA – malon-
dialdehyde; AREA – aerenchy-
ma area; CCA – cortical cell 
area; CLCA – cortical living cell 
area; SD – stele diameter; RD – 
root diameter; PRCA – aer-
enchyma proportion; PLCA – 
proportion of cortical living 
cell area; SD/RD – stele-to-root 
diameter ratio; AC – amylose 
content; GC – gel consistency; 
ASV – alkaline spreading value
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Differences in root anatomical structure of rice 
varieties with distinct eating qualities and their 
responses to nitrogen fertiliser regulation. Water 
and nutrients absorbed by the roots move inward 
through the epidermis. They are transported toward 
the stele via apoplastic and symplastic pathways 
(Figure 11), ultimately supplying the shoots – 
a process intrinsically linked to root anatomy (Zhang 
et al. 2020, Lynch et al. 2023, Srivastava et al. 2025) 
(Figure 12). While studies suggest that structural 
features such as fewer cortical cell layers, reduced 
aerenchyma area, and a higher stele-to-root diam-
eter ratio can enhance water and nutrient uptake, 
thereby supporting high yield and cooking quality in 
rice (De Bauw et al. 2019, Li et al. 2022, Eweda et al. 
2025), other findings indicate a different mechanism 
in modern varieties. Fonta et al. (2022) propose that 
high NH4

+ uptake and nitrogen accumulation may 
correlate more strongly with larger root diameter, 
greater cortical and stele area, and increased number 
of xylem vessels, rather than with reduced aeren-
chyma size. In this study, the area and proportion 
of root aerenchyma at panicle initiation exhibited 
a V-shaped pattern in response to increasing nitrogen sup-
ply, initially decreasing, then increasing (Figures 1–2). 
The larger aerenchyma area under the N0 treatment 

reflects an adaptive response to nitrogen deficiency, 
driven physiologically by programmed cell death 
in cortical cells triggered by nitrogen starvation – 
a mechanism consistent with reports that various 
stresses induce aerenchyma formation (York et al. 
2015, Zhen et al. 2020, Lynch et al. 2023). The optimal 
N rate (N2) alleviated such stress and suppressed 
excessive aerenchyma development. Notably, over-
developed aerenchyma can hinder root growth by 
accelerating programmed cell death and reducing 
the population of functional cortical cells, thereby 
impairing nitrogen uptake and, ultimately, grain 
yield and cooking quality (Liu et al. 2023, Eweda et 
al. 2025). The present results indicated that stele 
and adventitious root diameters generally increased, 
then decreased, with N rate, peaking at N2 (Table 2). 
A plausible mechanism is that larger root and stele 
diameters and more xylem vessels enhance N up-
take and transport (Li et al. 2022). A wider stele 
shortens water transport distance, raising hydraulic 
conductance and absorption; thicker adventitious 
roots expand soil contact, compensating for fewer 
roots and improving nutrient capture (Schneider et 
al. 2017, Drobnitch et al. 2025). These changes col-
lectively promote grain filling and the development 
of cooking quality. Excessive nitrogen or nitrogen 
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Figure 11. Path analysis of root traits and 
photosynthetic rate on rice cooking quality. 
PRCA – aerenchyma proportion; Pn – pho-
tosynthetic rate
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deficiency will disrupt the root "flow" function, lead-
ing to an imbalance in "source-sink-flow" and, thus, 
deterioration of cooking quality.

This study demonstrated that superior eating-
quality cultivars had lower aerenchyma area and 
proportion than ordinary cultivars (Figures 1–2). 
An increase in aerenchyma area reduces both the 
number and area of living cortical cells, thereby in-
hibiting symplastic transport of water and nutrients. 
Moreover, the random distribution of aerenchyma 
in the cortex reduces cortical cell numbers, thereby 

reducing intercellular transport routes and creat-
ing more tortuous pathways for nutrient and water 
movement (Salah et al. 2022, Guo et al. 2024, Chen 
et al. 2024). In contrast, the superior eating-quality 
cultivars here exhibited a higher proportion of living 
cells (Table 2). A greater population of living cortical 
cells establishes more channels for nutrient and water 
transport, thus facilitating their movement (Liu et al. 
2023). Furthermore, a larger stele-to-root diameter 
ratio and more xylem vessels enhance nutrient and 
water transport to the shoots, thereby promoting 
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shoot growth and contributing to the formation 
of grain cooking quality (Liu et al. 2023, Guo et al. 
2024, Chen et al. 2024). Thus, cortical area, root and 
stele diameter, and xylem vessel number govern the 
efficiency of nutrient and water transport from roots 
to shoots – reinforcing the "flow" – which ensures 
sufficient substrate supply for leaf photosynthesis and 
sustains high photosynthetic capacity – stabilising 
the "source" – thereby promoting grain filling and 
enhancing cooking quality (Table 2, Figure 8). The 
observed anatomical differences in superior eating-
quality cultivars likely have a genetic basis. Elucidating 
this genetic architecture in future studies could 
identify key loci underlying these favourable root 
traits, providing valuable targets for marker-assisted 
selection in breeding programs aimed at concurrently 
improving root function and grain quality.

Differences in root physiological activity of rice 
with distinct eating quality and their response to 
nitrogen fertilisation. A well-established conse-
quence of abiotic stress is ROS-mediated oxidative 
damage, which compromises root integrity and ac-
celerates senescence (Lee and Masclaux-Daubresse 
2021, Averill-Bates 2024, Tavu and Redillas 2025). 
To counteract this damage, plants upregulate key 
antioxidant enzymes, including SOD, POD, and 
CAT, to scavenge ROS and restore redox homeostasis 
(Zhen et al. 2020, Zhu et al. 2024, Tavu and Redillas 
2025). The present results manifested that the high-
est antioxidant enzyme activities were observed 
under the N2 treatment (Figures 4–6). Our results 
align with those of Cui et al. (2025), who reported 
that optimal nitrogen application alleviates oxida-
tive damage and lowers MDA content in roots. In 
contrast, excessive nitrogen suppresses antioxidant 
enzyme activities and elevates MDA levels (Cui et al. 
2025). An appropriate nitrogen supply activates the 
antioxidant system, preserves the structural integrity 
of vascular and cortical tissues, delays senescence, 
and ultimately provides stable support for both source 
activity and flow efficiency during grain filling (Li 
et al. 2022, Zhang et al. 2025). Correlation analysis 
further supports these findings (Figure 9). Whereas 
nitrogen excess induces ion imbalance and metabolic 
stress, thereby aggravating oxidative damage and 
promoting programmed cell death (Liu et al. 2023, 
Qi et al. 2024, Tavu and Redillas 2025).

Notably, superior eating-quality rice varieties 
exhibited significantly stronger root antioxidant 
enzyme activities and lower MDA content than 
moderate-quality varieties (Figures 4–7), suggesting 

that superior eating-quality varieties can optimise 
antioxidant capacity under nitrogen fluctuation 
stress and sustain physiological vigour. In addition, 
enhanced antioxidant enzyme activity can allevi-
ate oxidative stress, thereby suppressing abnormal 
programmed cell death in the cortex, reducing ex-
cessive aerenchyma formation, and maintaining 
a high proportion of living cells. This preservation 
of structural integrity prevents the disruption of 
root function caused by oxidative damage, thereby 
maintaining the roots’ role as a source and ensuring 
unobstructed flow to the aboveground leaves for 
photosynthesis (Lopez-Valdivia et al. 2023, Salsinha 
et al. 2023, Meng et al. 2024, Ye et al. 2024). The 
results of the correlation analysis provide statistical 
support for this interpretation (Figure 9). Therefore, 
combining the selection of superior eating-quality 
varieties with rational nitrogen management can delay 
root senescence during late growth stages, ensure 
efficient nutrient uptake, optimise grain filling, and 
ultimately achieve synergistic improvements in both 
yield and cooking quality.

Relationship between root system characteristics 
and cooking quality across rice varieties with dif-
ferent eating quality. Root structural and functional 
traits play a crucial role in nutrient and water uptake, 
which, in turn, mediate shoot development and shape 
the final cooking quality of rice (Lv et al. 2022, Liu 
et al. 2023, Shiono et al. 2024, Li et al. 2025). The 
present results demonstrated that favourable root 
anatomical traits – a larger stele diameter, a higher 
proportion of viable cells, and reduced aerenchyma 
area and proportion – acted in concert with elevated 
antioxidant enzyme activities and photosynthetic 
rate to enhance rice cooking quality (Figure 10). 
Specifically, living-cell ratio and antioxidant activity 
were positively correlated with gel consistency and 
negatively correlated with amylose content in both 
2023 and 2024 (Figure 10). A robust root structure 
helps maintain high antioxidant activity, delays se-
nescence, ensures steady assimilate supply during 
grain filling, and thus improves cooking quality (Lv 
et al. 2022, Shiono et al. 2024). In contrast, excessive 
aerenchyma development compromises grain filling 
and cooking quality by reducing the number of living 
cortical cells, impairing water and nutrient transport, 
and diminishing antioxidant capacity, thereby accel-
erating root senescence (Liu et al. 2023, Chen et al. 
2025). The stable "source" and smooth "flow" ensure 
a continuous and sufficient supply of photosynthate 
and nitrogen to the grain "sink", optimise the grain 
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carbon-nitrogen metabolism balance, regulate the 
proper proportions of amylose and protein, and ulti-
mately yield excellent cooking quality. In conclusion, 
an integrated breeding strategy for rice varieties with 
reduced aerenchyma formation and a high proportion 
of living cortical cells, coupled with practices such as 
balanced nitrogen fertilisation, enhances antioxidant 
capacity and photosynthetic rate, delays senescence, 
and ultimately enables the synergistic improvement 
of both grain yield and cooking quality.

By integrating root anatomical analysis with meas-
urements of antioxidant enzyme activities and pho-
tosynthetic rate, this study provides novel insights 
into how root structural and functional character-
istics mediate nitrogen’s effects on cooking quality. 
Furthermore, the inclusion of protein content re-
inforces this mechanistic interpretation by linking 
root-mediated nitrogen uptake to compositional 
changes in the grain. Future studies should directly 
measure taste scores to validate the correlation be-
tween these cooking quality indicators and overall 
palatability under different N regimes. Additionally, 
given the inherent limitations of pot experiments, 
the applicability of these findings to field production 
and the consistency of results with pot experiments 
remain to be determined.
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