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Introduction: Hybrid rice demonstrated superior performance in enhancing
yield and efficiency in rice production compared to inbred rice. Nevertheless,
the underlying mechanism responsible for the increased yield and efficiency of
hybrid rice in South China’s double-cropping rice region remains understudied.

Methods: Field experiments over two consecutive years were conducted. Firstly,
yield variations among 20 inbred and 15 hybrid rice cultivars prevalent in South
China’s double-cropping rice system were examined. Secondly, selecting
representative hybrid and inbred rice cultivars with significant yield disparities
were carried out on further analyzing dry-matter production, source-sink
relationships, and nutrient absorption and utilization in both rice types.

Results: Hybrid rice displayed an average grain yield of 8.07 and 7.22 t hm ™2 in the
early and late seasons, respectively, which corresponds to a 12.29% and 13.75%
increase over inbred rice with statistically significant differences. In comparison
to inbred rice, hybrid rice exhibited enhanced nitrogen concentration in leaves at
the heading stage (15.48-16.20%), post-heading dry matter accumulation
(52.62-73.21%), post-heading dry matter conversion rate (29.23-34.12%), and
harvest index (17.31-18.37%). Additionally, grain nitrogen and phosphorus uptake
in hybrid rice increased by 11.88-22.50% and 16.38-19.90%. Hybrid rice mainly
improved post-heading nitrogen and phosphorus uptake and transport, while
not total nitrogen and phosphorus uptake. Internal nitrogen and phosphorus use
efficiency enhanced by 9.83%-14.31% and 10.15%-13.66%, respectively. Post-
heading dry matter accumulation, harvest index, grain nitrogen and phosphorus
uptake, and internal nitrogen and phosphorus use efficiency exhibited significant
positive linear correlations with grain yield.
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Discussion: The period from heading to maturity is critical for enhancing hybrid
rice yield and efficiency. Improving photosynthetic capacity during this period
and promoting nutrient transport to grains serve as crucial pathways for
increasing grain yield and efficiency. This study is of great significance for
further improvement grain yield and breeding rice cultivars with high-yield and
high nutrients use efficiency for South China's double-cropped rice system.

KEYWORDS

double-cropped rice, South China, inbred rice, hybrid rice, grain yield, nutrient
absorption and utilization

Introduction

Rice sustains over half of the world's population as a crucial
staple crop (Godfray et al., 2010). The two main subspecies
cultivated in Asia, hybrid and inbred rice, displayed distinct
differences in plant morphology, nutrient absorption, yield,
quality, and stress tolerance (Wei et al., 2018; Chu et al, 2019;
Liu et al, 2024). Mid-season hybrid indica rice has a higher
reproductive organ biomass, while late-season hybrid indica rice
showed the highest leaf biomass proportion (Chen et al., 2020a;
Zhong et al, 2022). The hybrid indica rice yield is primarily
associated with panicle and grain structure, whereas inbred
japonica rice yield is mainly linked to productive panicle numbers
(Liu et al, 2019). Compared to inbred rice cultivars, hybrid rice
cultivars exhibited greater root oxidation activity and leaf
photosynthetic rate, higher cytokinin content in the roots and
leaves, and more remobilization of assimilates from the stem to
the grain after heading stage (Zhou et al., 2023), implying obvious
difference in the agronomic and physiological characteristics for
hybrid and inbred rice cultivars. Hybrid rice cultivation in China
has surpassed 50% of the total rice area (Peng, 2016). Compared to
inbred rice, hybrid rice exhibited well-developed roots, robust
tillering, and “double-high” properties, which refer to high grain
yield and high nitrogen fertilizer use efficiency (Chen et al., 2020b;
Zhu et al,, 2020). Understanding the variation in agronomic
characteristics for hybrid and inbred rice cultivars is essential for
guiding high-yield and high-efficiency rice cultivation practices.

Hybrid rice, a product of crossbreeding two cultivars with
complementary traits, exhibited heterosis, stress resilience, and
improved yield potential compared to inbred rice (Wang et al,
2024). Hybrid rice is a landmark technological achievement in the
technological innovation of rice production in China. Based on this
technology, China is currently developing super hybrid rice with
higher yield and high-quality. The increased yield and efficiency of
hybrid rice are primarily attributed to enhanced biomass
accumulation and efficient nutrient utilization (Qun et al., 2023).
In the middle and lower reaches of the Yangtze River region, hybrid
rice shows significantly superior grain yield, photosynthetic rate,
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leaf area index at the heading stage, dry matter accumulation at
maturity stage, and nitrogen uptake compared to inbred rice
(Huang et al., 2018; Pan et al.,, 2022). However, internal nitrogen
use efficiency differences between cultivars are minimal,
emphasizing the equal significance of biomass accumulation and
nutrient uptake in hybrid rice yield (Chang et al., 2020; Liu et al,
2020). The according to Wei et al. (2018), compared to inbred
indica or japonica rice, the improved nutrient absorption and
utilization in indica-japonica hybrid rice can be attributed to its
longer roots, greater root volume, and total active absorption
surface area. Furthermore, Jiang et al. (2020) confirmed that
hybrid rice enhances grain yield and nutrient uptake. The South
China region is one of the main production areas of indica hybrid
rice at low latitude in China, and the rice cultivation system here is
traditionally characterized by double cropping rice. However, due to
the influence of meteorological conditions such as overall higher
temperature and smaller diurnal temperature difference during its
whole growing season, the yielding merit of hybrid rice over the
inbred varieties may not as strong as that in mountainous areas
and/or slightly higher latitude area. Both hybrid and inbred rice
types have traditionally been used for rice production in these areas.
Hence, it is imperative to thoroughly investigate the advantages of
hybrid rice in comparison to inbred rice cultivars in these regions.
Theis will aid in formulating a robust strategy for future hybrid rice
breeding and facilitate wide adoption of hybrid rice cultivars.
This study investigated grain yield differences and the
mechanisms underlying dry-matter transport and nutrient use
efficiency in both widely planting hybrid rice and inbred rice
cultivars in South China. Purpose of this study is further
improvement grain yield and breeding rice cultivars with high-yield
and high-efficiency for South China’s double-cropped rice system.

Materials and methods
Plant materials

This study utilized 20 inbred and 15 hybrid rice cultivars that
are extensively promoted in South China, with planting conducted
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TABLE 1 Basic information on 35 rice cultivars widely planted in South China’s double-cropping system.

Cultivars Release number Year Region Rice type
Yuejingsimiao2hao Guangdong certified rice 2006067 2006 | Guangdong Inbred rice
Guangjingruanzhan Guangdong certified rice 20170013 2017 | Guangdong Inbred rice
Fenghuazhan Nation approved rice 2003037 2003 | China Inbred rice
Yuebiao5hao Guangdong certified rice 2015031 2015 = Guangdong Inbred rice
Yueyousimiao Guangdong certified rice 2011024 2011 = Guangdong Inbred rice
Yuemeizhan Guangdong certified rice 20160034 2016 = Guangdong Inbred rice
Huanglizhan Guangdong certified rice 2008001 2008 | Guangdong Inbred rice
Hefengyouzhan Hainan certified rice 2014014 2014 Hainan Inbred rice
Teqing Guangdong certified rice 1988001 1988 | Guangdong Inbred rice
Yuejinyouzhan Guangdong certified rice 2012024 2012 = Guangdong Inbred rice
Yuenongsimiao Guangdong certified rice 2011023 2011 = Guangdong Inbred rice
Yuexiangzhan Nation approved rice 20000005 2000 = China Inbred rice
Fengmeizhan Nation approved rice 2006005 2006 =~ China Inbred rice
Hemeizhan Guangdong certified rice 2008006 2008 | Guangdong Inbred rice
Huanghuazhan Guangdong certified rice 2005010 2005 | Guangdong Inbred rice
Yuejinyinzhan Guangdong certified rice 2015007 2015 = Guangdong Inbred rice
Helisizhan Guangdong certified rice 2015033 2015 = Guangdong Inbred rice
Yinjingruanzhan Guangdong certified rice 2006010 2006 = Guangdong Inbred rice
Yuehesimiao Guangdong certified rice 2014026 2014 = Guangdong Inbred rice
Yuxiangyouzhan Hainan certified rice 2007015 2007 = Hainan Inbred rice
Guang8youl88 Guangdong certified rice 2012035 2012 = Guangdong Hybrid rice
Guang8you2168 Guangdong certified rice 2012007 2012 = Guangdong Hybrid rice
Shenyou9516 Guangdong certified rice 2010042 2010 = Guangdong Hybrid rice
Juliangyou751 Guangdong certified rice 2010041 2010 = Guangdong Hybrid rice
Tianyou998 Nation approved rice 2006052 2006 = China Hybrid rice
Teyou3301 Guangdong certified rice 2013018 2013 | Guangdong Hybrid rice
Yliangyou305 Guangdong certified rice 2016025 2016 = Guangdong Hybrid rice
Tianyouhuazhan Nation approved rice 2012001 2012 = China Hybrid rice
Fengyousimiao Guangdong certified rice 2003003 2003 = Guangdong Hybrid rice
Tianyou3618 Guangdong certified rice 2009004 2009 = Guangdong Hybrid rice
Wuyou303 Guangdong certified rice 20180020 2018 = Guangdong Hybrid rice
Wuyou308 Nation approved rice 2008014 2008 | China Hybrid rice
Tianyou3301 Nation approved rice 2010016 2010 | China Hybrid rice
Teyou524 Guangxi certified rice 1997004 1997 | Guangxi Hybrid rice
Yliangyoul43 Guangdong certified rice 2012018 2012 = Guangdong Hybrid rice

during both early and late seasons in 2017. The more detail  rice type identified in 2017 were selected. The inbred rice cultivars
information for the rice cultivars was showed in Table 1. chosen were Yuejinsimiao2hao, Huanghuazhan, and Yuehesimiao. The

For the 2018 early and late seasons, representative inbred and  hybrid rice cultivars selected were Tianyouhuazhan, Juliangyou751,
hybrid rice cultivars with comparable grain yield to mean yield of each ~ and Wuyou308.
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Soil physicochemical properties and
climatic conditions

The experiments were conducted at the Baiyun Base of
Guangdong Academy of Agricultural Sciences (113°23'E, 23°17'N,
altitude 41.0 m) in Zhongluotan Town, Baiyun District,
Guangzhou, Guangdong Province. The soil had a pH of 5.95,
with organic matter at 22.48 g kg, total nitrogen at 1.29 g kg™,
total phosphorus at 0.42 g kg, total potassium at 8.43 g kg™, alkali-
hydrolyzable nitrogen at 58.03 mg kg™, available phosphorus at
6.49 mg kg'', and exchangeable potassium at 47.00 mg kg™

Standard ground meteorological stations monitored
temperature, rainfall, and solar radiation post-rice sowing. During
the rice growing season, the rainfall, average temperature, and total
solar radiation were: 1461.40 mm, 24.06°, 1459.36 MJ-m™ (early
2017 season), 34220 mm, 27.26°, 1894.21 MJ-m™ (late 2017
season); 910.8 mm, 24.65°, 1766.40 M]-m'2 (early 2018 season),
705.20 mm, 25.68°, 1709.48 MJ-m> (late 2018 season).

Experimental design

A randomized complete block design with three replications was
used, with a planting spacing of 25.0 cm x 13.3 cm and a plot size of
168 m”. A government-recommended technology, namely “three
controls” (Zhong et al., 2007), was employed in this study.
Fertilization comprised 150 kg~hm'Z pure N, 45 kg-hm'2 P,0s, and
120 kghm™ K,O, applied as urea, calcium superphosphate, and
potassium chloride, respectively. The nitrogen fertilizer management
ratio was 5:2:3 for basal, tillering, and panicle fertilizers, respectively.
The basal fertilizer was applied one day before transplanting, tillering
fertilizer 15 days after, and panicle fertilizer at panicle initiation.
Phosphorus was applied entirely as the basal fertilizer, while
potassium was split between the basal and panicle fertilizers.
Diseases, pests and weeds were intensively controlled to avoid yield
loss. In both 2017 and 2018, early season planting occurred on March
8th, transplanting on April 9th, and harvesting on July 11th. For the
late season in 2017, planting took place on July 21st, transplanting on
August 10th, and harvesting on November 6th. In 2018, late season
planting, transplanting, and harvesting occurred on July 21st, August
8th, and November 19th, respectively.

Measurement items and methods

Soil physicochemical properties
Soil physicochemical properties were determined as per soil
agrichemical analysis methods (Bao, 2000).

Dry matter and yield

Rice plants were sampled at mid-tillering, panicle initiation,
heading, and maturity stages, with 12 hills taken from each plot to
count tillers per hill after removing their roots. At the heading stage,
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the stems, leaves, and panicles were separated, and leaf area was
measured using an LI-3100 leaf area meter. During the maturity stage,
the straw, filled grains, unfilled grains, and panicle rachises were
separated and dried at 105°C for 20 min to stop enzymatic activity,
followed by further drying at 75°C until a constant weight was reached,
and then weighed. An automated seed counting system (TPZJ, MKY)
was employed to count filled and unfilled grains, calculating grains per
panicle, filled-grain percentage, and 1000-grain weight. Grain yield was
measured from 150 hills at the maturity stage, and after drying to a
constant weight at 105°C for 48 h, the moisture content was
determined on 100 g of grain, and the final grain yield was adjusted
to a 14% moisture content. The following calculations were:

Harvest index = grain weight / total biomass;

Grain weight/leaf-area ratio (mg-cm™) = grain weight / leaf area
at heading stage;

Post-heading dry matter accumulation (g-m ) = dry weight at
maturity - dry weight at heading stage;

Panicle dry matter accumulation (g-m™) = dry weight of panicle
at maturity - dry weight of panicle at heading stage;

Post-heading dry matter conversion rate (%) = post-heading
dry matter accumulation / panicle dry matter accumulation x 100;

Stem-sheath (leaf) dry matter output (g~m’2) = stem-sheath
(leaf) dry weight at heading stage - stem-sheath (leaf) dry weight
at maturity;

Stem-sheath (leaf) dry matter output rate (%) = stem-sheath
(leaf) dry matter output / stem-sheath (leaf) dry weight at heading
stage x 100.

Determination of nitrogen and
phosphorus content

Nitrogen and phosphorus content were determined by first
grinding the samples and then digesting them using the H,SO,-
H,0, method. Subsequently, nitrogen was analyzed with an
automatic nitrogen analyzer, while phosphorus was measured
colorimetrically via the vanadium-molybdenum yellow method
(Bao, 2000). The following calculations were performed:

Nitrogen concentration in leaves at heading stage (mgkg™) =
nitrogen content in leaves at heading stage / leaf weight;

Nitrogen or phosphorus uptake in grains (g-m™) = nitrogen or
phosphorus concentration in grains X grain weight;

Nitrogen or phosphorus harvest index = nitrogen or
phosphorus absorption in grains / total aboveground nitrogen or
phosphorus accumulation at maturity;

Internal nitrogen or phosphorus use efficiency (kg-kg') = grain
yield / total aboveground nitrogen or phosphorus accumulation
at maturity;

Post-heading panicle nitrogen or phosphorus accumulation (g
m’?) = nitrogen or phosphorus accumulation in panicles at maturity
- nitrogen or phosphorus accumulation in panicles at heading stage;

Stem-sheath (leaf) nitrogen or phosphorus transport (g-m>) =
nitrogen or phosphorus accumulation in stem-sheath (leaf) at
heading stage - nitrogen or phosphorus accumulation in stem-
sheath (leaf) at maturity.
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Statistical analysis
The SPSS 13.0 software was utilized for data processing and
analysis, while the OriginPro 9.0 software was employed for

generating graphs. Statistically significant differences between
treatments were denoted by different letters Figure 1.

Results
Yield and its determining factors

Figure 2 illustrates the average rice grain yields for hybrid (15
cultivars) and inbred (20 cultivars) rice in the early and late seasons.

Hybrid rice yields averaged for 8.07 t hm™ and 7.22 t hm™,
representing 12.29% and 13.75% increases over inbred rice in the
respective seasons, with statistically significant differences. No
significant differences were observed in productive panicle
number, spikelets per panicle, and filled-grain percentage between
different rice cultivars in the early season. However, inbred rice
showed significantly higher productive panicle number and
spikelets per panicle in the late season compared to hybrid rice.
Interesting, hybrid rice displayed a significantly higher (13.66%)
filled-grain percentage than the inbred rice in the late season.
Moreover, hybrid rice exhibited a significantly higher 1000-grain
weight, with 15.18% and 13.61% increases in the early and
late seasons, respectively, compared to inbred rice (Table 2;
Supplementary Table 1).

Alo T T Blo T T
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= 27 s | A\
2 L o
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= 6 1.8 61 @ 1
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FIGURE 2

Inbrea rice Hybr{d rice

Grain yield of 20 inbred rice and 15 hybrid rice in South China in early (A) and late (B) seasons in 2017. LS represents late-cropping season, ES
represents early- cropping season. ** indicate significant differences at the 0.01 probability levels.
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TABLE 2 Grain yield and its components of inbred and hybrid rice in early and late seasons in 2018.

Panicle
number
(m™)

Cultivar

Cultivar
type

Season

Spikelet
number
(panicle™)

Filled-grain
percentage
(%)

1000-grain

Grain yield

weight(g) (tha™)

Early Inbred rice Yuejinsimiao2hao 280.13 a 195.84 a 70.42 b 20.34 b 6.41b
Huanghuazhan 285.26 ab 167.22 a 77.74 a 2161 a 6.38 b
Yuehesimiao 270.51 b 180.90 a 76.44 a 2157 a 7.05a
Mean 278.63 A 181.36 A 74.72 A 21.14 B 6.61 B
Hybrid rice Tianyouhuazhan 280.13 a 18149 a 77.68 a 2487 a 8.02a
Juliangyou751 282.69 a 184.40 a 70.57 b 2431 ab 732b
Wuyou308 29551 a 210.16 a 78.12 a 23.87b 82l a
Mean 286.11 A 192.01 A 7546 A 2435 A 7.85 A
Late Inbred rice Yuejinsimiao2hao 266.67 a 181.11 a 69.97 b 21.38b 6.04 a
Huanghuazhan 266.67 a 186.92 a 72.10b 21.19b 547 b
Yuehesimiao 25834 a 181.50 a 81.02 a 2234 a 6.47 a
Mean 263.64 A 183.01 A 74.76 B 21.68 B 599 B
Hybrid rice Tianyouhuazhan 25193 a 155.33 a 83.88 b 24.76 a 6.75a
Juliangyou751 249.36 a 157.00 a 80.52 ¢ 24.88 a 7.00 a
Wuyou308 257.69 a 161.44 a 90.51 a 24.31b 6.67 a
Mean 252.99 B 158.27 B 84.97 A 24.63 A 6.81 A
Analysis of variance
Season(S) ks ot * * ot
Cultivar type(C) NS NS h ot bl
SxC * e ** NS NS

Within the same column in each season, values (Mean + standard error, n=3) followed by different letters have significant differences at the 0.05 probability level. NS stands for no significance; *

and ** indicate significant differences at the 0.05 and 0.01 probability levels, respectively.

Dry matter production

During the mid-tillering stage, hybrid rice exhibited 27.27% and
20.84% higher biomass than inbred rice in the early and late seasons,
respectively. From mid-tillering to panicle initiation (MT-PI) period,
both rice cultivars showed similar biomass accumulation in both
seasons. The PI-HD period marked the highest biomass accumulation
in rice, with inbred rice significantly outperforming hybrid rice in both
seasons. However, during the HD-MA period, hybrid rice showed
significantly increased biomass accumulation and harvest index,
surpassing inbred rice by 73.21% and 18.37% in the early season,
and 52.62% and 17.31% in the late season. Total biomass in early
season hybrid rice was significantly higher than in inbred rice, while
no significant difference was observed in the late season (Table 3).

Dry matter accumulation and transfer

Table 4 illustrates that hybrid rice exhibited a significant
reduction in stem-sheath dry matter output, with a decrease of
15.02% during the early season and 13.32% during the late season,
when compared to inbred rice. No significant differences were
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observed in the stem-sheath matter output rate between the two
rice types. While compared to inbred rice, hybrid rice exhibited
superior post-heading dry matter, conversion rate, and panicle dry
matter, with increases of 73.21%, 34.12%, and 28.75%, respectively,
during the early season and 52.62%, 29.23%, and 22.18%,
respectively, during the late season.

Leaf nitrogen concentration and grain/
leaf ratio

Figure 3 illustrates that hybrid rice had higher leaf nitrogen
concentration at the heading stage than inbred rice increased by
15.48% (early season) and 16.20% (late season). Furthermore, the
grain/leaf ratio of hybrid rice was significantly greater than that of
inbred rice, with increases of 26.93% in early season and 18.01% in
late season.

Nitrogen uptake and utilization

Table 5 indicated that nitrogen absorption in inbred and hybrid
rice did not significantly differ at heading and maturity stages,
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TABLE 3 Biomass accumulation and harvest index of inbred and hybrid rice in early and late seasons in 2018.

Biomass accumulation during growth period(g m2)

Season Cultivar type

L ST Harvest index

MT MT-PI PI-HD HD-MA (gm™)
Early Inbred rice 3462 b 208.50 a 794.41 a 296.25 b 1333.77 b 049 b
Hybrid rice 44,06 a 219.55 a 668.79 b 513.14 a 1445.53 a 0.58 a
Late Inbred rice 36.56 b 215.61 a 645.23 a 286.22 b 1160.04 a 0.52b
Hybrid rice 4418 a 221.76 a 51326 b 436.84 a 1216.04 a 0.61 a
Analysis of variance
Season(S) NS NS > NS i >
Cultivar type(C) * NS * * b *
SxC NS NS NS NS NS NS

MT, PI, HD and MA represent Mid-tillering, Panicle initiation, Heading and Maturity stages, respectively. Within the same column in each season, values (Mean * standard error, n=3) followed
by different letters have significant differences at the 0.05 probability level. NS stands for no significance; * and ** indicate significant differences at the 0.05 and 0.01 probability levels, respectively.

including pre-heading stem-sheath nitrogen transport. However,
hybrid rice exhibited greater post-heading panicle nitrogen
accumulation, grain nitrogen absorption, nitrogen harvest index,
and internal nitrogen use efficiency than inbred rice, with significant
increases of 22.37%, 22.50%, 11.48%, and 9.83% in early season, and
11.74%, 11.88%, 10.77%, and 14.31% in late season(P<0.05).

Phosphorus uptake and utilization

Table 6 showed that, in the early season, inbred rice absorbed
significantly more phosphorus at the flowering stage than hybrid
rice, showing a 13.95% increase. However, at maturity, hybrid rice
absorbed significantly more phosphorus than inbred rice, with an
8.13% increase. Compared to inbred rice, hybrid rice exhibited
significant enhanced total phosphorus accumulation in panicles,
grain phosphorus absorption, phosphorus harvest index, and

internal phosphorus use efficiency by 19.65%, 19.90%, 11.94%,
and 10.15%, respectively, in early season, and 15.13%, 16.38%,
16.67%, and 13.66% in late season(P<0.05).

Correlation analysis

Significant or extremely significant linear positive correlations
were observed between rice yield and the number of productive
panicles (P < 0.05), thousand grain weight (P < 0.01), total biomass
(P < 0.01), harvest index (P < 0.01), post-heading dry matter
(P < 0.01), grain nitrogen uptake (P < 0.01), grain phosphorus
uptake (P < 0.01), internal nitrogen use efficiency (P < 0.01), and
internal phosphorus use efficiency (P < 0.01). In contrast, rice yield
showed no significant correlation with the number of spikelets per
panicle, filled-grain percentage, or pre-heading stem sheath dry
matter output (Figure 4).

TABLE 4 Biomass accumulation and transport of inbred and hybrid rice in early and late seasons in 2018.

Cultivar

Season matter output

type (g m-Z)

rate (%)

Stem sheath dry Stem sheath dry
matter output

Post-heading
dry matter
accumulation
(gm)

Post-heading
dry matter
conversion

rate (%)

Panicle dry
matter
accumulation
(gm™)

Early Inbred rice 300.99 a 2877 a 296.25 b 4944 b 597.23 b
Hybrid rice 255.79 b 2742 a 513.14 a 66.31 a 768.93 a
Late Inbred rice 24542 a 2722 a 286.22 b 51.79 b 531.64 b
Hybrid rice 212.74 b 26.98 a 436.84 a 66.93 a 649.58 a
Analysis of variance
Season(S) b NS NS NS ot
Cultivar type(C) b NS i i i
SxC NS NS NS NS NS

Within the same column in each season, values (Mean + standard error, n=3) followed by different letters have significant differences at the 0.05 probability level. NS stands for no significance; *

and ** indicate significant differences at the 0.05 and 0.01 probability levels, respectively.
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FIGURE 3

Leaf N concentration at heading stage (A, B) and grain weight to leaf-area ratio (C, D) of inbred and hybrid rice in early and late seasons in 2018. **

indicate significant differences at the 0.01 probability levels.

Discussion

Dry matter transport in hybrid and inbred
rice cultivars

Numerous studies consistently demonstrated that hybrid rice
can enhance rice yield by 10-20% compared to inbred rice (Huang,
2022; Liao et al,, 2022; Meng et al., 2024). In a meta-analysis by Liao
etal. (2022), hybrid rice demonstrated an 11% yield increase and an
8.1% increase in nitrogen uptake compared to inbred rice. Similarly,

10.3389/fpls.2024.1433402

S
=)

oe}

;5] 2018LS ]

ok

kg™

g
%)
S

N

[
W
L

Leaf N concentration

at heading stage(m,;
[\S]
(==}

Inbre'd rice Hybr{d rice

|}
)
=

T T

2018 LS ‘%

204 H ]

16 % olo 1
121 ‘ ]

Grain weight to leaf-area ratio

Inbre'd rice Hybrfd rice

Xuetal. (2021) reported a 10.1% yield increase with hybrid rice over
inbred rice. The current study's findings further bolster the
productivity potential of hybrid rice, revealing a significant
12.29% rise in rice yields (early season) and 13.75% (late season)
compared to inbred rice, with statistically significant differences
(Figure 2). Grain yield, calculated as total biomass multiplied by the
harvest index, benefits from several pathways in rice: increasing
total biomass while maintaining the harvest index, enhancing the
harvest index while sustaining total biomass, and simultaneously
boosting both total biomass and harvest index. Numerous studies

TABLE 5 Nitrogen uptake and utilization of inbred and hybrid rice in early and late seasons in 2018.

Season Cultivar N uptake N uptake Stem-sheath Post-heading N uptake N harvestindex  Internal N use
type at the HD at the MA N transport panicle N in grains efficiency
(gm™ (gm™) (gm™) accumulation (gm™ (kg kg™
(gm™)
Early Inbred rice 13.75a 11.76a 8.14 a 6.17 b 7.11b 0.61 b 56.75 b
Hybrid rice = 13.82a 12.72a 8.78 a 7.55a 871a 0.68 a 6233 a
Late Inbred rice = 9.46a 11.86a 422 a 6.56 b 7.66 b 0.65 b 50.04 b
Hybrid rice | 9.58a 11.96a 495a 733 a 857 a 072 a 5720 a
Analysis of variance
Season(S) e NS b NS NS h h
Cultivar type(C) NS NS NS o o e h
SxC NS NS NS NS NS NS NS

HD and MA represent Heading and Maturity stages, respectively. Within the same column in each season, values (Mean + standard error, n=3) followed by different letters have significant
differences at the 0.05 probability level. NS stands for no significance; * and ** indicate significant differences at the 0.05 and 0.01 probability levels, respectively.
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TABLE 6 Phosphorus uptake and utilization of inbred and hybrid rice in early and late seasons in 2018.

Cultivar P uptake P uptake Pos;:i\:id;’ng P uptake P Rafvestindex Internal P
Season at the HD at the MA P transport p . in grains use efficiency
type Y 2 b accumulation 2 -1,
(g m™) (g m™) (g m™) 2 (g m™) (kg kg™)
(g m™)
Inbred rice 245a 2.83b 133 a 1.73 b 191b 0.67 b 235.01 b
Early
Hybrid rice 2.15b 3.06 a 1.16 b 2.07 a 229a 0.75 a 258.86 a
Inbred rice 210 a 2.67a 0.95b 1.52 b 1.77 b 0.66 b 22724 b
Late
Hybrid rice 203a 2.65a 113 a 175 a 2.06 a 0.77 a 25828 a

Analysis of variance

Season(S) b b b b b NS NS
Cultivar type(C) b NS NS b b b b
SxC * NS h NS NS NS NS

HD and MA represent Heading and Maturity stages, respectively. Within the same column in each season, values (Mean + standard error, n=3) followed by different letters have significant
differences at the 0.05 probability level. NS stands for no significance; * and ** indicate significant differences at the 0.05 and 0.01 probability levels, respectively.
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indicate that hybrid rice's increased yield stems from an extended
growth period, leading to more effective accumulation of
temperature and solar radiation, elevated net photosynthetic rate
and carbon fixation, augmented leaf area index at the heading stage,
and higher total biomass and grain yield (Xu et al,, 2021; Pan et al,
2022). Moreover, studies suggest that indica-japonica hybrid rice
features a larger leaf area index, improved panicle type, and a more
rational canopy structure, resulting in enhanced post-heading light
utilization and grain storage capacity (Chu et al,, 2019; Zhou et al.,
2023). This facilitates nutrient transport and accumulation, ultimately
boosting the harvest index and rice yield (Fu et al, 2023). In the
present study, both hybrid and inbred rice underwent simultaneous
sowing, transplanting, and harvesting, managed using the three-
control fertilization technique for rice. Consequently, under these
experimental conditions, the primary factor driving increased
production in hybrid rice was identified as elevated leaf nitrogen
concentration at the heading stage (Figure 3), improved root
development and canopy structure reasonably. This led to
heightened accumulation and transportation of dry matter from
post-heading towards the panicle (Table 3), thereby enhancing the
harvest index and increasing rice yield (Tables 2, 3), independent of
an extended growth period or increased total biomass, in our study.
This observation concurs with previous studies by Deng et al. (2023),
which proposed that hybrid rice enhances net photosynthetic rate,
cumulative CO, fixation and the translocation of photosynthetic
products to grains, thereby augmenting rice yield (Pan et al., 2022).
However, the morphological and physiological mechanism
underlying improving grain yield of hybrid rice cultivars in South
China’s double-cropping rice system still needed further research.
Compared to inbred rice, hybrid rice demonstrates early and
vigorous growth initially, leading to significantly higher biomass
accumulation from transplanting to mid-tillering (Table 3), which
is consistent with previous studies (Pan et al., 2020, 2023). However,
there is no significant difference in biomass accumulation between
hybrid and inbred rice from mid-tillering to panicle initiation.
Subsequently, from panicle initiation to heading, hybrid rice
showed significantly lower biomass accumulation than inbred
rice. Nonetheless, from heading to maturity, hybrid rice displayed
significantly higher biomass accumulation compared to inbred rice
(Table 3). This contrasts with previous findings of significant
differences in biomass accumulation in hybrid rice of indica-
japonica variety reported in the middle and lower reaches of the
Yangtze River or northern regions (Dong et al., 2020). The
prevailing belief is that the early and vigorous growth advantage
of hybrid rice in the initial stages persists, culminating in increased
rice yield (Lu et al., 2021). The southern region, classified under the
double-season rice ecological zone, faces limited light and
temperature resources and shorter growth periods for each
season. Increasing total biomass in inbred and hybrid under
identical fertilization conditions is challenging. Consequently,
hybrid rice primarily extends the duration of green leaf post-
heading to enhance the accumulation and transport of post-
heading biomass, thereby improving the harvest index and
increasing rice yield (Figure 3, Tables 2, 4). Moreover, this study
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employed the three-control fertilization technique for rice, which
involves applying nitrogen fertilizer later in the growth cycle,
resulting in relatively lower nitrogen application in the early
stages. As hybrid rice exhibits early and vigorous growth, its
nitrogen demand surpasses that of inbred rice, affecting biomass
accumulation from mid-tillering to panicle initiation. Hence, there's
no significant difference in biomass accumulation from mid-
tillering to panicle initiation between hybrid and inbred rice
(Table 3). With nitrogen fertilization shifted to panicle initiation
to support rice panicle formation, hybrid rice develops a larger
panicle structure compared to inbred rice, necessitating a longer
panicle formation period. Consequently, biomass accumulation in
hybrid rice is lower than in inbred rice from panicle initiation to
heading (Table 3). Post-heading, owing to its larger storage capacity
and higher leaf nitrogen content at the heading stage (Figure 3),
hybrid rice enhances post-heading dry matter accumulation, the
conversion rate of post-heading dry matter, panicle dry matter
accumulation, the harvest index, and ultimately grain yield
(Tables 2-4). Therefore, to improve the conversion rates of
nutrient and dry matter after heading, moderate application of
panicle fertilizer or heading fertilizer for hybrid rice cultivars is
required to increase grain yield and nutrient use efficiency in South
China’s double-cropping rice system.

Nutrient absorption in hybrid rice and
inbred rice

Xia et al. (2015) demonstrated that, in the middle and lower
reaches of the Yangtze River, hybrid rice cultivars Liangyou Peijiu 9
and Yongyou 1 outperformed inbred cultivars Huanghuazhan and
Yuxiangyouzhan in grain yield, mature biomass accumulation,
nitrogen uptake, and nitrogen harvest index. Despite insignificant
differences in internal nitrogen use efficiency between the cultivars,
the superior performance of hybrid rice cultivars suggests a
correlation between yield and nutrient absorption utilization,
implied that the increase in grain yield is contributed to the
enhanced the total nutrient uptake. Jiang et al. (2020) supported
this finding, indicating that hybrid rice enhances yield by increasing
the absorption of nitrogen, phosphorus, and potassium. Additionally,
Meng et al. (20204, b) also observed that hybrid indica-japonica rice
cultivars Yongyou 2640 and Yongyou 1640 had significantly higher
grain yield, nitrogen, and phosphorus accumulation at maturity than
inbred japonica cultivars Yangjing 4038 and Yangjing 4227. Notably,
these hybrid cultivars displayed higher nitrogen and phosphorus
absorption in grains, but lower internal nitrogen and phosphorus
use rates and post-heading leaf nitrogen and phosphorus transfer.
Chen et al. (2018) demonstrated that in the middle and lower reaches
of the Yangtze River, the indica-japonica hybrid rice cultivars
Yongyou 12 and Jiayou Zhongke 6 exhibited greater rice yield,
biomass, and nitrogen accumulation than inbred japonica cultivar
Xiushui 134, though late-stage biomass and nitrogen transfer
efficiency were lower in hybrid rice. Wei et al. (2018) revealed that
indica-japonica hybrid rice cultivars have longer roots, the largest
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root volumes, and greater active absorption surface areas, leading to
improved nitrogen, phosphorus, and potassium absorption and
utilization. In South China’s double-cropping rice system, our
study showed no significant difference in total nitrogen and
phosphorus absorption between hybrid and inbred rice cultivars
(Tables 5, 6). However, hybrid rice exhibited significantly increased
grain nitrogen and phosphorus uptake and internal nitrogen and
phosphorus use efficiency (Tables 5, 6), possibly due to the greater
root architecture and the greener leaves area duration at heading
stage for hybrid rice cultivars, with the synchronous increase in grain
nitrogen and phosphorus uptake in hybrid rice being potentially
linked to the genetic distance between the nitrogen and phosphorus
absorption and utilization sites (Fu et al., 2019). Therefore, especially
in South China’s double-cropping rice system, the application of
panicle fertilizer is of great significance to improve the high-yield and
nutrient use efficiency of hybrid rice, relative to inbred rice.

Conclusions

In conclusion, hybrid rice exhibited significant yield advantages
over inbred rice in the double-cropping rice region of southern
China. This yield superiority is attributed to increased leaf nitrogen
concentration during heading, enhanced biomass accumulation
from heading to maturity, improved post-heading dry matter
conversion rate, greater panicle biomass, and an elevated harvest
index. The above results illustrate that the critical stage for increased
yield and efficiency in hybrid rice lies in the period from heading to
maturity. To further improve hybrid rice production and efficiency,
focus should be given to enhancing photosynthetic capacity during
the post-heading stage and facilitating nutrient transport to grains.
Therefore, this study provides valuable theoretical support and a
scientific foundation for the development of high-yield and high-
efficiency breeding and cultivation techniques in rice.
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