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Abstract

Low-light environments severely affect rice yield and quality. As an important raw material
for rice noodles, improving rice yield and quality under low-light conditions is very impor-
tant. In this study, the grain-filling dynamics, yield, processing quality, and appearance
quality of two rice noodle-specific cultivars, i.e., Gui Chao II (GCII) and Guangyou 2928
(GY2928), were investigated under shading in Sichuan. At the experimental site, the soil
type is loam, average temperature reaches 23.1 °C, total rainfall reaches 780-830 mm, and
total sunshine duration is about 760 h. A two-factor split-plot design was conducted.
Two light intensities (natural light vs. 51% shading) served as the main plot, and two rice
cultivars (GCII and GY2928) served as the subplot, and each was replicated three times.
Results showed that, compared with normal light, shading reduced the average filling
rate (Vmean) of GCII and GY2928 by 20.67% and 18.69%, the maximum filling rate (Vmax)
decreased by 20.26% and 16.18%, the 100-grain weight (Gmax) at the maximum filling rate
decreased by 0.42 g and 0.21 g, and the active filling period (D) was shortened by 1.47 days
and 4.01 days, respectively. Compared with normal light, the decreased grain filling led
to a significant decrease in spikelet fertility by 30.62% and 28.50% for GCII and GY2928
under shading. Finally, the yield of GCII and GY2928 significantly decreased by 25.33%
and 27.82% compared with normal light. Compared with normal light, shading increased
the head rice rate of GCII, while that of GY2928 was significantly reduced. In contrast, the
chalkiness rate and chalkiness degree of GCII under shading were significantly reduced,
but those of GY2928 significantly increased. In conclusion, GCII exhibited more stable yield
and quality under shading, and breeding and planting such varieties could increase rice
yield and quality in low-light environments.

Keywords: rice cultivars; shading stress; filling dynamics; rice yield; rice quality

1. Introduction

As the main food crop of Asia, the yield and quality of rice are important for Agri-
cultural production [1]. Some rice is suitable for processing rice noodles, namely, rice
noodle-specific cultivars [2,3]. Rice noodle-specific cultivars are usually indica rice varieties
with high amylose content (>22%), and high-amylose rice is hard; therefore, cultivating
rice noodle-specific cultivars can solve the problem of poor taste of rice with high amylose
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content [4,5]. Additionally, rice noodles, characterized by their low protein content, serve
as a suitable dietary staple for patients with kidney disease and other populations requiring
protein-restricted diets [6]. Consequently, the demand for rice cultivars specifically tailored
for rice noodle processing is projected to rise. However, a recent study indicates a global
decline in both sunshine duration and total solar radiation [7]. This will lead to a decrease
in light energy resources during rice growth, thereby affecting rice yield and quality [8].
Especially, insufficient light during grain filling hinders grain filling, which may lead to
reduced rice yields [9].

The grain-filling stage is a pivotal period in the rice growth cycle, as the capacity for
grain filling directly determines final grain weight and yield [10]. However, this stage is
highly sensitive to light availability, and insufficient radiation can severely compromise
both yield and quality [11]. To investigate these impacts, shading treatments are com-
monly employed to simulate low-light stress [12], while Logistic or Richards equations
are frequently used to model grain-filling dynamics. During yield formation, grain filling
rate is one of the limiting factors for yield improvement [13,14]. Shading during the early
growth stage of rice reduces spikelet filling rate, prolonging grain filling time, reducing
grain weight, decreasing both spikelet fertility and 1000-grain weight of rice, and finally
reducing rice yield [15]. Besides that, shading during the early grain filling period does not
affect potential grain dry matter increase in rice [16]. Wei et al. [13] reported that under low
nitrogen conditions, the grain weight per panicle decreased by 9.46%~10.60% after 20 days
of shading after the heading stage of rice.

Shading affects dry matter accumulation by inhibiting leaf photosynthesis, reducing
seed fullness, and ultimately reducing rice quality [17]. Shading inhibits grain filling
and reduces the accumulation of substances in grains, ultimately reducing the milled
rice rate and head rice rate [17]. Shading significantly reduces the milled rice rate of
rice, while increasing chalkiness degree and chalkiness rate [18]. Shading inhibits the
development of grain starch by inhibiting starch synthase, leading to changes in starch
structure, such as amylose and large starch granules, resulting in a higher chalkiness degree,
thereby deteriorating the appearance quality of rice and making the lower grains more
pronounced [19,20].

Although the effects of shading on rice yield and quality have been well documented,
studies focusing specifically on rice noodle-specific cultivars are scarce. Consequently,
the grain filling characteristics, yield performance, and quality attributes (particularly
processing and appearance quality) of these specialized cultivars remain poorly understood.
Therefore, this study was conducted to investigate the impacts of a low-light environment
on two rice noodle-specific cultivars, Gui Chao II (GCII) and Guangyou 2928 (GY2928). We
predict that the grain filling dynamics, yield, and quality of the two cultivars will show
different results due to differences in shade tolerance. By analyzing grain filling dynamics,
yield, and quality indices under shaded versus normal light conditions, this research aims
to provide a theoretical foundation for breeding superior rice varieties tailored for noodle
processing in low-light regions.

2. Materials and Methods
2.1. Materials and Experimental Design

Field experiments were conducted during the 2021 and 2022 growing seasons at the
experimental farm of Southwest University of Science and Technology (31°32’ N, 104°41’ E).
During the rice growth stage, the average temperature reaches 23.1 °C, total rainfall reaches
780-830 mm, and total sunshine duration is about 760 h. Two rice noodle-specific cultivars
were selected for this study: Gui Chao II (GCII) and Guangyou 2928 (GY2928). GClIl is a
high-quality cultivar characterized by superior processing attributes but a relatively low
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average yield of 6341.25 kg/ha. Its gel consistency is 58 mm, amylose reaches 26.38%, and
protein content is 8.83%. In contrast, GY2928 is a newly approved high-yielding variety
with an average yield of 8937.00 kg/ha, accompanied by a gel consistency of 86 mm,
amylose content of 25.98%, and protein content of 8.24%. The physicochemical indices of
GY2928 were comparable to those of GCII, and rice noodle processing and screening tests
confirmed its suitability for rice noodle production.

A two-factor split-plot design was conducted. Two light intensities (natural light
vs. 51% shading) were the main plot, and two rice cultivars (GCII and GY2928) were the
subplot, and each was replicated three times. Shading was achieved using a black net
(51% shading rate, 0.5 mm pores) framed by bamboo poles (2.0 m height) until maturity.
The experiment was conducted over two years (sowing: April 17; transplanting: May 18)
with a row spacing of 0.33 m x 0.13 m and plot dimensions of 2 m x 12 m. Shading starts
from the boot stage and continues until rice maturity. The soil type is loam, and its basic
samples were divided into a total nitrogen of 1.96 g/kg, total phosphorus of 1.55 g/kg,
total potassium of 16.96 g/kg, available nitrogen of 81.50 mg/kg, available phosphorus of
44.70 mg/kg, and available potassium of 76.20 mg/kg. The soil contained 1.96 g/kg total
N, 1.55 g/kg total P, 16.96 g/kg total K, 81.50 mg/kg available N, 44.70 mg/kg available
P, and 76.20 mg/kg available K. Fertilizer application rates were 150 kg/ha N, 90 kg/ha
P,0s, and 60 kg/ha K,O. Nitrogen was applied basally (70%) and as a top-dressing (30%),
while P and K were applied solely as basal fertilizer. The base fertilizer was applied on
May 25, and the fertilizer top-dressing was applied on July 17. Other field management
measures were carried out according to local large-scale production standards.

2.2. Determination of Grain Fullness and Parameter Calculation

After shading, 400 panicles per treatment with uniform, medium-sized, and normally
developing spikelets were marked with red cards at the bloom stage. Three tagged panicles
per plot were sampled at 5-day intervals. One hundred grains from the center of each
panicle were weighed and oven-dried at 105 °C for 30 min, then at 70 °C to constant weight
for dry weight determination.

The grain filling rate was calculated using the Richards growth equation described by
Zhu et al. [21] as follows:

W=A (1 + Be’kt) W (1)

where W is the weight of 100 seeds after flowering (g), A is the theoretical maximum
weight of 100 grains, and t is the number of days after heading (d). A (ultimate growth), B
(initial condition constant), K (growth rate constant), and N (curve shape parameter) are
the parameters determined by regression analysis. Based on the simulation of the grain
filling process, the filling characteristic parameters were calculated as follows:

—

Grain weight at maximum rate (Gmax) = A(N+1)~ ()
) s KGmax Gmax\ N
Maximum filling rate (Vmax) = 1-— (3)
N A
Time at maximum filling rate (Tmax) = w 4)
90% of the time to achive the total accumulation (D) = 2<N7K+2) (5)
. AK
Average filling rate (Vmean) = 2N+2) (6)
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K
Initial growth potential (R0) = N )
The grain filling stage is divided into three stages: t; (onset of the rapid grain-
filling phase), t, (termination of the peak grain-filling rate), and ts3 (physiological
maturity, defined as the time when grain weight reaches 99% of its maximum af-

ter flowering) [21]. When grain filling begins, t is 0, corresponding to the grain
—ln< N2+3N+N2\B/N2+6N+5 )

weight Wy = A (1 + Be’km) N at ty = e the grain weight
7ln<N2+3N—N\/m> . .
Wy = (1 + Be_k”) at = KZB the grain  weight
—In ( (1090121\[1)
W, = (1 + Be’ktz) ; and at 3 =  ————F—2% the grain weight

Ws = A(1+Be k)

According to the above description, the duration of the gradual increase period
(T; = t1), the rapid increase duration (T, = t, — t1) and the slow increase duration
(T3 = t3 — tp) were qualified. The average rate of grain filling and the contribution rate of
grain filling accumulation to the final grain weight (RGC) at each stage were calculated
as follows:

Average filling rate of Ty = Wlt;lwo 8
Average filling rate of T, = H )
Average filling rate of T3 = m (10)

Contuibution rate of Ty = M (11)

Contuibution rate of T, = ((VIZZ_VVV\(?)) (12)

Contuibution rate of Tz = M (13)

2.3. Rice Yield and Its Constituent Factors

At the rice maturity stage, 60 holes of effective panicles were investigated in each plot.
A total of 5~6 holes (total number of panicles not less than 50 panicles) were taken, and the
samples were placed in a dry and ventilated place to dry naturally until the grain moisture
content stabilized to 13.5%, then the number of effective panicles, number of grains per
panicle, spikelet fertility, 1000-grain weight, and yield were investigated.

2.4. Determination of Processing Quality and Appearance Quality

The processing quality and appearance quality were determined according to Can
et al. [22]. The brown rice rate was calculated after husking using brown rice processing
equipment (TR-200, Kett Corporation, Ota-ku, Tokyo, Japan). The milled rice rate is ob-
tained by fine grinding using a rice milling machine (LTJM-2099, Hiba Equipment Co., Ltd.,
Taizhou, Zhejiang Province, China), and the head rice rate is calculated by selecting the
whole rice from the polished rice.

Weight of brown rice obtained from rough rice

B Rice Rate =
rotom Rice Rate Weight of rough rice sample

x 100%  (14)
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Weight of milled rice obtained from brown rice

Milled Rice Rate =
tiied Rice Kate Weight of rough rice sample

x 100%  (15)

Weight of milled rice grains with length > % of the whole grain

Head Rice Rate =
eaa Rice kaie Weight of rough rice sample

x 100% (16)

The chalkiness degree and chalkiness rate of whole rice were measured by a rice
appearance quality tester (SC-E, China, Hangzhou Wanshen Testing Technology Co., Ltd.).
The measurement was repeated three times, and the absolute difference between the three
measurement results was less than 1%. The formula for calculating chalkiness rate and
chalkiness degree is as follows:

) o Number of chalky grains o
Chalky grain rate(%) = Numtber of observed grains x 100% (17)

Chalky area
Total area of observed grains

Chalkiness degree(%) = x 100% (18)

2.5. Statistical Analysis

The data were analyzed by multivariate ANOVA using SPSS 26.0; the F-value was
calculated by the between-subjects effect test, and the mean was compared (p < 0.05)
using the Least Significant Difference (LSD) method. The data on yield and quality were
measured in both 2021 and 2022, but the data on grain filling were only measured in 2022.
Origin 2021 was used for fitting Richards equations and plotting correlation heatmaps. The
Richards equation was fitted to treatment means, with its formula and detailed calculation
method presented in Section 2.2; initial parameter values and convergence criteria are
system defaults. Pearson correlation analysis was used to generate correlation heatmaps for
grain filling parameters, yield, yield components, and processing and appearance quality
of 2022.

3. Results

3.1. Effect of Shading on Grain Filling of Rice Noodle-Specific Cultivars
3.1.1. Dynamic Changes of Grain Weight and Grain Filling Rate

The Richards equation was fitted to the dynamics of 100-grain weight from 0 to 30 days
after flowering under different treatments (Figure 1A). Subsequently, the grain-filling
rate was derived by calculating the first-order derivative of the fitted curves (Figure 1B).
Under both normal and shaded conditions, the 100-grain weight exhibited a characteristic
“S”-shaped curve, following a slow-fast-slow growth pattern (Figure 1A). As grain filling
progressed, the rate of weight gain gradually decelerated. Notably, shading consistently
resulted in lower 100-grain weights for both GCII and GY2928 compared to their respective
normal-light controls. At 30 DAF, the final grain weights followed the order: GCII (normal
light) > GY2928 (normal light) > GCII (shaded) > GY2928 (shaded). The grain-filling rate
displayed a unimodal curve (Figure 1B). Shading significantly reduced the filling rate
compared to normal light conditions. Furthermore, the peak filling rate of GCII was higher
than that of GY2928. Shading reduced both the 100-grain weight and the grain-filling rate
of rice noodle-specific cultivars.
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Figure 1. Grain weight and grain filling rate of rice in 2022 under different treatment conditions.
(A) was the grain weight gain dynamics of GCII and GY2928; (B) was the grain filling rate of GCII
and GY2928. GCII-normal was treated under normal light of Gui Chao II; GCII-shading was treated
under the shading of Guichao II; GY2928-normal was treated under normal light of Guangyou 2928;
and GY2928-shading was treated under the shading of Guangyou 2928.

3.1.2. Characteristic Parameters of Grain Filling

Based on the Richards growth equation, the key parameters were derived, including
A (ultimate growth amount), B (initial condition constant), K (growth rate constant), and
N (curve shape parameter) (Table 1). Shading treatment exerted significant effects on the
A, K, and N values of both cultivars. Compared with normal light conditions, shading
substantially reduced the A values of GCII and GY2928 by 24.50% and 27.93%, respectively.
These results indicate that shading imposes a severe constraint on grain filling; however, the
smaller reduction observed in GCII suggests that it possesses greater tolerance to low-light
stress than GY2928.

Table 1. Parameters of rice grain fitting equation under different treatment conditions (2022).

Variety

Parameters of Richards Equation
Treat R? A B K N
(g/100 Grain)

F-value

GCII

0.99
0.99

Normal
Shading

3.07£0.12c¢ 361.66 = 470.54 a
232+ 0.06 b 200.88 = 3.57 a

0.30 £ 0.07 be
0.33 £0.00c

258 £0.84b
2.77 £0.06 b

GY2928 0.99

0.99

Normal
Shading
Variety
Treat
Variety x Treat

294+ 0.10c¢
212 £0.06 a
10.18 *
247.89 **
0.50

6.56 = 0.51 a

51.74 £10.72 a

3.44
0.18
0.57

0.16 £ 0.00 a
0.26 = 0.01b
28.22 **
10.20 *
3.18

0.89 £ 0.04 a
2.06 £0.13b
23.95 **
7.79*
3.92

Note: R?, coefficient of determination; A, ultimate growth amount; B, initial condition constant; K, growth rate
constant; and N, curve shape parameter. The different letters between the same parameters in the column indicate
significant differences at p < 0.05. F-value, * and ** mean significant differences at p < 0.05 and p < 0.01.

Key filling parameters were calculated based on the equation formulas, including
RO (initial growth potential), Tmax (time to reach maximum filling rate), Vimean (average
filling rate), Vmax (maximum filling rate), Gmax (grain weight at maximum filling rate),
and D (active filling period) (Table 2). Compared with normal light conditions, shading
significantly reduced these parameters. Specifically, the RO of GCII and GY2928 decreased
by 0.87% and 31.6%, respectively; Vmean decreased by 20.67% and 18.69%; and Vmax
decreased by 20.26% and 16.18%. Additionally, the Gmax declined by 0.4212 g (22.70%)
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in GCII and 0.2064 g (14.36%) in GY2928. Furthermore, shading shortened the Tmax by
1.69 days (13.39%) and 1.50 days (12.50%) and reduced the active filling period (D) by
1.47 days (4.84%) and 4.01 days (11.41%) for GCII and GY2928, respectively. These results
indicate that low-light stress significantly suppresses the grain-filling rate and shortens the
active filling period in rice noodle-specific cultivars, thereby hindering grain development
and ultimately reducing the 100-grain weight.

Table 2. Characteristic parameters of rice grain filling under different treatment conditions (2022).

Grain Filling Parameters
Vmean Vinax

Variety Treat Tmax 5 o Gmax D
0 (Day) 100 Gr(:i(:r% Day-1) 100 Gr(ali(:r% Day1) ® (Day)
GClL Normal 012+00la  1414+0.64c 10.06 +0.40 ¢ 15.69 £ 0.69 ¢ 1.86+£0.07c 3050+ 131ab
Shading 012+0.00a  13.01+0.03b 7.98 £0.36b 1251 £0.55b 143+0.03b  29.02+056a
GY2928 Normal 019+£001b  1217+0.11a 8.38£0.45b 1253 £0.66b 144+004b  3515+0.75¢
Shading 013+0.00a  1231+0.19a 6.81+0.25a 1050 £0.37a 1.23+0.025a  31.14£037b
Variety 70.76 ** 47.02% 4425 59.05 % 138.24 50.05 %
F-value Treat 46.05* 644 72.22% 59.92 %+ 14147 % 32.93 %
Variety x Treat 42.90* 1047* 143 2.93 16.56** 7.04*
Note: RO, Initial growth potential; Tmax, time to reach the maximum filling rate; Vimean, average filling rate; Vmax,
maximum filling rate; Gmax, grain weight at the maximum filling rate; D, days of active grain filling. The different
letters between the same parameters in the column indicate significant differences (p < 0.05). F-value, * and **
mean significant differences at p < 0.05 and p < 0.01.

GClII exhibited significantly higher filling days and contribution rates in T (continu-
ous increasing period) but lower values in T, (fast growth) and T3 (slow increase) compared
to GY2928, despite a consistently higher average filling rate across all periods. Shading sig-
nificantly impacted filling parameters in Ty, T, and T3, with a partial cultivar x treatment
interaction observed (Table 3). Under shading, the T; average filling rates of GCII and
GY2928 declined by 17.25% and 13.32%, whereas their contribution rates rose by 0.44% and
8.70%. In T», filling duration decreased by 0.84 and 3.51 days, and average filling rates
dropped by 17.25% and 13.32% for the two cultivars, respectively. During T3, shading
shortened the filling duration by 1.32 and 8.61 days, reduced average filling rates by 19.60%
and 11.22%, and lowered contribution rates by 0.65% and 5.99%, respectively. Overall,
low-light stress curtailed the duration and rate of grain filling in the T, and T3 stages,
ultimately compromising final grain weight.

Table 3. Grain characteristics of rice for rice noodle grains in T7, T, and T3 stages under shading
in 2022.
Average Filling Rate s
Variety Treat Filling Days (d) (102 g Colr{tnbg/hon
100 Grain—1 Day—1) ate (%)
Normal 8.48 £1.33 ¢ 778 £024c 2492 +548c
. GCIl Shading 7.78 £ 0.04 c 643 £0.19b 2536 + 0.08 c
! Normal 436+ 0.17a 6.47 £0.25b 10.68 £ 0.43 a
GY2928 Shading 6.25+029b 561+0.15a 19.38 + 0.99 b
Normal 11.31 +1.40 ab 13.89 £ 0.63 ¢ 58.6 £2.96 a
. Gl Shading 1047 +0.14a 11.09 + 0.49 b 58.780.14 a
2 Normal 15.63 £0.31 ¢ 10.97 £ 0.58 b 64.88 = 0.28 b
GY2928 Shading 12.12 + 0.21b 928 +3.30a 6212+ 0.5b
Normal 10.03 £ 2.62 ab 4144+027c 15.33 +2.54 ab
. GCIl Shading 8.71 + 0.03 a 3.33 +0.14b 14.68 +0.1a
3 Normal 20.16 =042 ¢ 3.06 £0.16 b 2333 +£0.26 ¢
GY2928 Shading 11.56 + 0.50 b 2.72 +0.09 a 17.34 + 0.52 b
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Table 3. Cont.
Average Filling Rate o
. R ntribution
Variety Treat Filling Days (d) (10% g COR;teb(l:/t )0
100 Grain—1 Day—1) ’
GCII Normal 848 £1.33¢ 19.80 £ 0.15b 29.83 £2.69b
inflection point Shading 778 £0.04 c 18.25£0.10 a 2695+ 0.11a
p GY2928 Normal 436 +0.17 a 1999 £0.21b 40.15£0.54 ¢
Shading 6.25+0.29b 1837 £0.10 a 2993 £041b
variety 51.07 ** 76.78 ** 39.36 **
T treat 2.25 82.25 ** 8.04 %
variety x treat 10.74 % 3.89 6.55 *
variety 50.61 ** 62.13 ** 30.46 **
F-value T, treat 26.87 ** 56.23 ** 2.20
variety X treat 10.10 * 3.40 2.86
variety 69.47 ** 69.62 ** 50.27 **
Ts treat 40.63 ** 32.29 ** 19.50 **
variety X treat 21.82 ** 5.31* 12.63 **
Note: T1, duration of the gradual increase period; T», rapid increase duration; T3, slow increase duration. In
the column, different letters indicate significant differences among treatments at the same stages (p < 0.05). The
different letters between the same parameters in the column indicate significant differences (p < 0.05). F-value,
* and ** mean significant differences at p < 0.05 and p < 0.01.
3.2. Effect of Shading on Yield and Its Components of Rice Noodle-Specific Cultivars
Analysis showed no significant interaction effects of treatments, cultivars, and years
on yield and its components, though significant main effects of cultivar and shading
treatment on spikelet fertility and yield were observed (Table 4). Shading significantly
reduced yields, with two-year average declines of 25.33% for GCII and 27.82% for GY2928
compared to normal light. Among yield components, shading significantly lowered the
spikelet fertility but did not significantly affect the number of effective panicles, grains per
panicle, or 1000-grain weight. Under shading, the two-year average spikelet fertility of
GCII and GY2928 decreased by 30.62% and 28.50%, respectively. Thus, the yield reduc-
tion in rice noodle-specific cultivars under shading is primarily attributable to decreased
spikelet fertility.
Table 4. Effects of shading on the yield and components of rice for rice noodles.
Number of Nun.1ber of Spikelet 1000-Grain .
i Effective Panicl Grains per Fertilit Weight Yield
Year Variety Treat ective Panicles Panicles ertility eig
(10*/hm?) (Grain/Panicle) (%) (g (kg/hm?)
CCII Normal 213.00 + 3.06 cbd 158.34 £4.73b 80.78 £0.94 a 2582 +0.24b 6630.27 = 109.42 ¢
2021 Shading 210.75 £ 3.97 cd 161.14 £1.69b 55.04 £0.93 ¢ 25.64 +0.85b 4832.50 £ 162.06 e
GY2928 Normal 23245+ 1.86a 184.37 £6.79 a 8553 £ 198 a 28.93 +0.47 a 9925.45 + 54.28 a
Shading 228.50 + 1.59 ab 180.59 £1.92a 62.49 + 2.53 b 28.64 =024 a 7457.20 + 100.29 b
GCIl Normal 212.25 £ 10.24 cbd 154.73 £4.39b 82.76 £2.18 a 2595+ 0.49b 6825.45 + 188.67 ¢
2022 Shading 209.50 + 10.04d 162.93 £2.00 b 58.55 +2.11 ab 25.77 £0.31b 5217.75+97.49d
GY2928 Normal 230.50 + 9.66 a 184.12 £4.00 a 8275+ 211a 28.65 +0.28 a 9741.65 +91.57 a
Shading 227.00 + 3.62 abc 182.49 +£2.00 a 57.83 &+ 3.05 ab 2843 +0.19a 6739.05 £ 256.89 ¢
year 0.26 0.00 0.32 0.11 1.82
treat 1.35 0.79 821.15 ** 1.48 1384.56 **
variety 46.51 ** 226.32 ** 11.28 ** 262.52 ** 1885.15 **
F-value year X treat 0.00 1.45 0.01 0.01 2.08
year X variety 0.02 0.31 14.32 ** 1.13 38.62 **
treat x variety 0.05 6.84 * 0.34 0.05 74.96 **
year X treat x variety 0.01 0.27 1.00 0.01 9.22 **

Note: in the column, different letters indicate significant differences among treatments (p < 0.05). F-value, * and **
mean significant differences at p < 0.05 and p < 0.01.
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3.3. The Effect of Shading on Rice Processing and Appearance Quality

The variety and shading treatment significantly affected the brown rice rate, milled
rice rate, head rice rate, and chalkiness degree of special rice used for noodle processing.
Additionally, the interactions among shading treatment, year, and variety significantly
influenced chalkiness degree (Table 5). All processing quality traits and chalkiness degree
varied significantly across different treatments. Significant differences in processing and
appearance qualities were also observed among varieties. Compared with normal light
conditions, shading increased the head rice rate of GCII, though the change was not
significant. In contrast, shading significantly reduced the head rice rate of GY2928, with
decreases of 11.47% and 23.03% in 2021 and 2022, respectively. Shading also increased the
brown rice rate and milled rice rate of both GCII and GY2928, but these differences were
not significant. Regarding appearance quality, shading reduced the chalkiness rate and
chalkiness degree of GCII compared with normal light but significantly increased those of
GY2928. Specifically, the chalkiness rate of GY2928 increased by 6.30% and 14.03% in 2021
and 2022, respectively, relative to normal light, while the chalkiness degree increased by
13.18% and 25.51%, respectively. Therefore, the effects of shading on the processing and
appearance qualities of special rice for noodle processing are variety-dependent. Shading
improved the processing and appearance qualities of GCII but degraded those of GY2928.

Table 5. Effects of shading on rice processing and appearance quality.

Year Variety Treat Brown({;:)c e Rate Mll{l:teed(g:)ce HRe:i (Ro/i;e C};:il:(t:/oe)s S Chalkiness Degree
e Normal 8050 £ 094bc 7104+ 047ab 6348 £044a 9663 +272a 2594+ 03¢
- Shading 8144+ 037ab 72094+ 0.64ab  6770+£142a  90.75+2.18a 1963 +12d
Normal 77.83 £1.39 c 6793 £076c 53294+ 679b 7144 +86dc 12.62 £ 3.06
GY2928 Shading 7919+ 051bc 6831 +036c 4718 +271c 7594 4 343 bc 1429+ 114 e
e Normal 8104+ 030b 6982+ 16lbc  6345+124a 9850 +192a 4170 +352a
Shading 8372 +213a 7338+260a  6818+226a  90.82+070a 3240 + 0.87 b
2022 Normal 7862+ 186bc  67.67+147c  6296+213a 7094 +1.69 ¢ 2051 +0.24d
GY2928 Shading 80.71 + 1.40 b 6824+ 059c  4846+056bc  80.89 £13b 2574+ 0.13 ¢
year 8.00 ** 0.02 7.76 % 153 360.59 **
treat 15.06 ** 9.34 8.10 ** 0.03 11.96 **
variety 3230 ** 60.94 ** 154.45 ** 223.80 ** 340.79 **
F year treat 1.84 2.20 3.70 0.50 0.05
year x variety 0.08 0.05 6.57 * 0.24 13.31 **
treat x variety 0.01 4.07 52.02 ** 29.26 ** 79.76 **
year X treat x variety 0.31 1.62 4.72* 1.97 6.75*

Note: in the column, different letters indicate significant differences among treatments (p < 0.05). F-value, * and **
mean significant differences at p < 0.05 and p < 0.01.

3.4. The Relationship Between Grain Filling Parameters and Yield and Yield Components,
Processing and Appearance Quality

Pearson correlation analysis was used to generate correlation heatmaps for grain filling
parameters, yield, yield components, and processing and appearance quality of GCII and
GY2928 (Figure 2). The results showed that spikelet fertility, yield, chalkiness rate, and
chalkiness degree were significantly positively correlated with Vmean, Vmax, and Gmax
in GCILI. In contrast, the number of grains per panicle of GCII was significantly negatively
correlated with Vmean, Tmax, Vmax, and Gmax, and head rice rate was also negatively
correlated with Vmean and Vmax. For GY2928, spikelet fertility, yield, and head rice rate
were significantly positively correlated with RO, Vimean, Vimax, Gmax, and D. However, the
chalkiness rate and chalkiness degree of GY2928 were significantly negatively correlated
with the same parameters (RO, Vimean, Vmax, Gmax, and D).
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Figure 2. Correlation analysis of grain filling parameters and yield, processing and appearance
quality in 2022. RO, initial growth potential; Vmean, average filling rate; Tmax, time to reach maximum
filling rate; Vmax, maximum filling rate; Gmax, grain weight at the maximum filling rate; D, Time
of active filling; GY, Yield; EPN, number of effective panicles; GNPP, number of grains per panicles;
SSR, spikelet fertility; 1000-GW, 1000-grain weight; BRR, brown rice rate; MRR, milled rice rate; HRR,
head rice rate; CRR, chalkiness rate; Ch, chalkiness degree.

4. Discussion

4.1. Effects of Shading on Grain Filling and Composition Factors and Yield of Rice
Noodle-Specific Cultivars

In this study, shading was found to reduce the 100-grain weight and grain filling rate
of two special rice varieties (GCII and GY2928) used for rice noodle processing (Figure 1).
Grain filling is strongly influenced by environmental conditions [23]. The grain filling
stage represents a critical period in the rice growing season, during which the filling
process is supported by photosynthetic products; therefore, light availability at this stage is
crucial for determining both yield and quality [24]. Previous studies have reported that
insufficient light adversely affects grain filling in rice [25,26]. Shading primarily disrupts the
grain filling process, reducing the filling rate and grain weight, and severely impairs grain
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development, leading to decreased grain fullness [11,27]. Similar negative effects of shading
on grain filling rate have also been confirmed in wheat [28] and maize [29]. Our results
further demonstrated significant differences in grain filling characteristics under shading
treatment (Table 2). Following shading, the average grain filling rate (Vmean), maximum
grain filling rate (Vmax), and grain weight at the maximum grain filling rate (Gmax) were all
reduced. Grain filling rate is a key indicator of photosynthetic accumulation in grains [30].
Shading reduces light availability, thereby restricting photosynthesis and carbohydrate
synthesis, ultimately lowering the grain filling rate [11,18]. The reduction in grain weight
at the maximum filling rate (Gmax) indicates that shading not only inhibits filling intensity
but also leads to insufficient dry matter accumulation during critical developmental stages.
This may be attributed to an imbalance in the source-sink relationship, whereby shading
diminishes the supply of photosynthetic products from leaves while limiting the capacity
of grains to absorb assimilates [31].

The grain filling period is a critical stage in rice growth, and the filling rate directly
influences grain development, thereby determining final yield [10]. In this study, the
effects of shading on the three stages of grain filling exhibited certain differences (Table 3).
Compared with normal light, shading reduced the number of filling days in the T2 and T3
stages, significantly increased the contribution rate of the T1 stage, and markedly decreased
that of the T3 stage. Moreover, the average rate across all three stages declined under
shading, which ultimately affected yield. Our results also revealed a significant interaction
between shading and yield of rice noodle-specific cultivars, with shading significantly
reducing the yield of both GCII and GY2928; however, the reduction was greater for GY2928
than for GCII (Table 4). Based on yield components and experimental results, this reduction
was primarily attributable to a significant decrease in spikelet fertility. Correlation analysis
further indicated that grain filling parameters of both cultivars were significantly positively
correlated with spikelet fertility and yield (Figure 2), suggesting that shading affects grain
filling parameters, which in turn influence spikelet fertility and ultimately reduce yield.
These findings are consistent with those of Yoshinaga and Deng et al. [12,32] that shading
significantly reduced rice yield by reducing spikelet fertility and 1000-grain weight. Deng
et al. [33] pointed out that shading inhibits anther dehiscence and pollen viability, leading
to a reduction in the number of pollen grains captured by stigmas and a marked decrease in
fertilization rate, which directly increases the number of empty grains and lowers spikelet
fertility. Additionally, shading suppresses the grain filling process, causing some fertilized
grains to become shriveled due to insufficient dry matter accumulation, further reducing
spikelet fertility and consequently decreasing rice yield [34]. Compared with normal
light, the reductions in yield of GCII (Table 4) were slightly smaller than those of GY2928,
suggesting that, under low-light conditions, GCII may capture more solar radiation and
maintain a higher filling rate than GY2928 [27,35,36]. Furthermore, studies have shown
that applying an appropriate amount of nitrogen fertilizer under shading conditions can
enhance leaf photosynthesis, thereby mitigating the negative impact on grain filling rate
and increasing rice yield [13]. Another study found that potassium fertilizer application
improved the leaf area index and photosynthetic performance of rice, thereby increasing
yield under shading stress [37]. Consequently, optimizing cultivation practices could
improve the yield stability of rice noodle-specific cultivars in low-light environments,
thereby meeting the growing industrial demand.

4.2. Effects of Shading on the Processing Quality and Appearance Quality of Rice
Noodle-Specific Cultivars

Light is an important factor affecting rice quality during the grain filling and seed
development stages. This study showed that shading increased the head rice rate of GCII,
as well as the brown rice rate and milled rice rate of both GCII and GY2928, although
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these effects were not significant (Table 5). However, shading reduced the head rice rate
of GY2928 by 11.47% and 23.03% in 2021 and 2022, respectively. Previous studies have
primarily focused on the effects of shading on non-specialized rice, with limited research
on the quality of rice noodle-specific cultivars [38]. Moreover, conclusions regarding the
effect of shading on rice quality have been inconsistent. For instance, some studies suggest
that shading reduces head rice rate [39], while others indicate that shading increases head
rice rate [40]. The main component of rice is starch, and grain filling capacity depends on
the starch synthesis ability of the endosperm [41]. By reducing the transport efficiency of
photosynthetic products from leaves to grains, shading leads to a loose arrangement of
starch granules in the endosperm. This structural change makes rice grains more prone to
breakage during milling, ultimately reducing the head rice rate. Chalkiness degree and
chalkiness rate are important indicators of rice appearance quality. Chalkiness degree
is a key determinant of rice quality and is susceptible to abiotic stresses. In our study,
shading improved the chalkiness rate and chalkiness degree of GCII but worsened those
of GY2928 (Table 5). Chen et al. [39] found that shading significantly increased chalkiness
rate and chalkiness degree in rice. Shading stress increases chalkiness degree by hindering
caryopsis development and interfering with grain starch properties [42,43]. The results
of Deng et al. [19] demonstrated that starch regularity affects rice chalkiness, and that
shading-induced increases in the content of large starch granules and amylose lead to
higher chalkiness. In the present experiment, the grain quality of GCII was improved
under shading, whereas the responses of head rice rate, chalkiness rate, and chalkiness
degree in GCII exhibited opposite trends to those observed in GY2928. Correlation analysis
further revealed that head rice rate of GCII was significantly and negatively correlated with
grain filling parameters, while chalkiness rate and chalkiness degree showed significant
positive correlations with these parameters. Collectively, these results indicate that shading
substantially influenced grain filling, which in turn restricted the differentiation, growth,
and development of spikelets, ultimately leading to a reduction in spikelet fertility. The de-
crease in grain number led to an increase in the assimilates allocated to individual spikelets,
which resulted in the improved quality of CGIL This is in accordance with previous re-
sults [39]. Therefore, shading treatment can improve the processing and appearance quality
of GClII, but is not conducive to the improvement of these qualities in GY2928. Therefore,
we propose that GCII, as a rice noodle-specific cultivar, is more suitable for cultivation
under low-light conditions than GY2928.

4.3. Study Limitations

The derived grain-filling parameters are analytical functions of the same four fitted
Richards parameters (A, B, K, N) and are therefore not statistically independent of one
another. Submitting each of them to a separate ANOVA will inflate the risk of false-positive
findings. Moreover, parameter B is unstable in Table 2 (GCII-normal, SD > mean) as a few
outlying high values distort this fitting parameter, which can affect the derived parameters
even if the results are relatively stable. Subsequently, the data processing method for
nonlinear fitting should be optimized to more accurately present the grain filling.

5. Conclusions

Shading regulates grain filling characteristics, yield, and quality in rice. By affecting
the grain filling process, shading inhibits grain formation and reduces spikelet fertility,
thereby decreasing the yield of the two special rice varieties (GCII and GY2928) used
for noodle processing. Furthermore, compared with normal light, shading increased
the head rice rate of GCII while reducing its chalkiness degree and chalkiness rate. In
contrast, shading decreased the head rice rate of GY2928 and increased its chalkiness
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degree and chalkiness rate. Under shading conditions, GCII exhibited more stable yield
and quality performance than GY2928. Therefore, GCII is more suitable for cultivation
under 51% shading rate conditions than GY2928. These findings provide a reference for
achieving high yield and high quality in the cultivation of rice noodle-specific cultivars in
low-light environments.
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