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ABSTRACT

The “super rice” breeding program in China has been successful in developing high-yielding hybrids, including
few with high harvest index values. However, there is limited information on the relationship between lodging
resistance and harvest index, and the mechanisms underlying the relationship in super-rice hybrids. In this study,
a two-year field experiment was conducted to compare lodging resistance and its related traits between two super-
rice hybrids differing in harvest index, i.e., Guiliangyou 2 (G2) with a high harvest index and Y-liangyou 1 (Y1)
with a typical harvest index of modern high-yielding rice varieties. Results showed that compared to Y1, G2 was
lower in plant height due to its lower aboveground N uptake, and its higher stem breaking resistance (i.e., lower
stem breaking index) resulted from a lower stem height at its center of gravity. Consequently, G2 had a higher
lodging resistance (i.e., lower plant lodging index) than Y1. This study suggests that developing super-rice hybrids
with high harvest index values is a possible way to achieve both high grain yield and strong lodging resistance
in rice.
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1 Introduction

Self-sufficiency in rice (Oryza sativa L.) production is important to ensure food security in China, where
approximately 65% of the population consumes rice as a staple food [1]. Although China’s production of rice
is currently self-sufficient, developments to further increase rice yields from existing or even declining arable
lands is crucial to feed the growing population sustainably [2,3]. To achieve this goal, China initiated a
national program in 1996 to develop “super rice” based on the ideotype concept [4]. Soon afterwards, in
1998, Prof. Longping Yuan, known as the “Father of Hybrid Rice”, proposed a strategy for developing
super-rice hybrids by combining an ideotype approach with heterosis breeding [5]. This combined
strategy has been a major success in developing super-rice hybrids with high grain yields over the past
two decades [6,7]. Up to 2020, a total of 99 hybrids have been approved as super rice by the Ministry of
Agriculture of China (http://www.ricedata.cn/variety/superice.htm).
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Increases in grain yield can be achieved by increasing biomass production and/or the harvest index
(i.e., the fraction of the biomass allocated to the grains) of rice. Generally, the improvement of potential
grain yield due to the development of super-rice hybrids has been mainly attributed to an increase in
biomass production [8]. Interestingly, it is found that there are a few of the super-rice hybrids with high
harvest index but low biomass production. For example, the super-rice hybrid Guiliangyou 2 (G2) has an
average harvest index of about 0.55 [9,10], which is 10% higher than that (~0.50) of modern high-
yielding rice varieties [11]. The high harvest index in G2 can compensate for its low biomass production
and consequently enable the grain yield to be maintained at a high level [9,10].

In addition to being a yield determinant, the harvest index is closely related to several other important
traits in rice, such as lodging resistance. During the Green Revolution in the 1960s, the introduction of semi-
dwarf genes increased harvest index values from 0.3 to 0.5 by reducing plant height, and meanwhile,
increased lodging resistance in rice [11,12]. However, there is little understanding of the relationship
between lodging resistance and harvest index and the mechanisms underlying the relationship in super-
rice hybrids. Plant height and stem-breaking resistance affect lodging resistance [13—15], but little to no
information is available on how these two factors may be altered in super-rice hybrids with high harvest
index values. As mentioned above, breeding ideotypes is a key approach in the development of super-rice
hybrids. It has been well-documented that panicle size and the three leaves from the top are generally
larger in super-rice hybrids in comparison to those of ordinary hybrids and inbreds [6,8,10,16]. However,
limited reports are available on whether these enlargements of traits in super-rice hybrids result in a top-
heavy plant with a higher center of gravity, and consequently a plant more susceptible to lodging. To
address these knowledge gaps, the present study compared characteristics of lodging resistance between
two super-rice hybrids differing in harvest index.

2 Materials and Methods

2.1 Site and Soil

Field experiments were conducted at the research farm of the Crop and Environment Research Center
(28°09' N, 113°37' E, 43 m asl), Hunan Agricultural University, China in 2019 and 2020. The research farm
had a moist subtropical monsoon climate with average daily mean temperatures of 28.2 and 28.1°C and solar
radiation of 16.8 and 15.6 MJ m 2 in the rice-growing season in 2019 and 2020, respectively (Figs. 1A
and 1B). The soil texture of the experimental field was clay with the following chemical properties at the
upper 20-cm layer: pH 6.16, 34.8 g kg ' organic matter, 140 mg kg ' available nitrogen (N), 28.9 mg kg '
available phosphorus (P), and 118 mg kg ' available potassium (K).

2.2 Plants Materials

Two super-rice hybrids, G2 and Y-liangyou 1 (Y1), were used in the experiment. G2 and Y1 were
developed by the Guangxi Academy of Agricultural Sciences in 2008 and the Hunan Hybrid Rice
Research Institute in 2006 and approved as super rice by the Ministry of Agriculture of China in
2010 and 2006, respectively. These two hybrids were selected because (1) they differ in their harvest
index values by more than 10% with that of G2 greater than that of Y1 [10], and (2) Y1 well-represents
super-rice hybrids because it has been widely grown in China with a cumulative growing area of more
than 2.5 million ha (http://www.ricedata.cn/variety/varis/604222.htm).

In each experimental year, G2 and Y1 plots were laid out in a randomized complete-block design with
four replicate plots per hybrid and a plot size of 60 m? (10 m x 6 m). Pre-germinated seeds were sown in a
seedbed on 05 May to raise seedlings. On 25 May, the seedlings were manually uprooted and transplanted
into the plots. Transplanting was done at a plant spacing of 20 cm x 20 cm with two seedlings per hill.
Chemical N, P, and K fertilizers were applied according to the local recommendations. The N fertilizer
(150 kg N ha') was applied in three parts: 50% as basal fertilizer, 30% at the early-tillering stage, and
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20% at the panicle initiation stage. All of the P fertilizer (75 kg P,Os ha ') was applied as basal fertilizer. The
K fertilizer (150 kg K»O ha ') was split equally to apply as basal fertilizer and at the panicle initiation stage.
A floodwater depth of 5-10 cm was maintained in the plots from transplanting until seven days before
maturity, when the plots were drained in preparation for harvesting. Pathogens, insects, and weeds were
intensively controlled by using agrochemicals throughout the growing season.
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Figure 1: Daily mean temperature (A) and solar radiation (B) during the rice-growing season (from
transplanting to maturity) in 2019 and 2020

2.3 Sampling and Measurements

Twenty main stems that headed on the same day were tagged in each plot. At 25 days after heading,
10 tagged stems were sampled from each plot to measure stem height at the center of gravity. Length
(i.e., the distance between two nodes), external and internal diameters, and breaking load (i.e., the amount
of force required to break an internode) were recorded from the second internode from the base. After
measuring breaking load, each broken stem from the point of breakage at the second internode from the
base to the panicle tip was measured for its length (Lgp_pt) and fresh weight (FWgp_pr). The breaking
load was measured using a stalk strength tester (YYD-1, Zhejiang Top Instrument Co. Ltd., Hangzhou,
China). Wall thickness (external diameter/2—internal diameter/2), breaking strength (breaking load x
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internode length/4), bending moment of stem (Lgp_pt X FWpgp_pr), and stem breaking index (breaking
strength/bending moment of stem) were calculated from the data measured from the second internode
from the base.

On the same day, 100 plants were randomly selected in each plot to determine average number of tillers
per individual, and 10 plants with the average tiller number (which was 8 tillers for G2 in both 2019 and
2020; and 8 and 9 tillers for Y1 in 2019 and 2020, respectively) were chosen to determine plant lodging
load (i.e., the amount of lateral force required to bend the whole plant to a 45° angle from the vertical
plane), plant height, and aboveground fresh weight. A prostrate tester (DIK-7401, Daiki Rika Kogyo Co.
Ltd., Tokyo, Japan) was set up perpendicular to the plant at a height of 20 cm above the soil surface to
measure the lodging load according to the method of Kashiwagi et al. [17]. Plant lodging index values
were calculated by (plant height x aboveground fresh weight)/(lodging load x 20).

Another 10 plants with the average tiller number were sampled from each plot at each of the heading and
maturity stages. The plants sampled at heading were separated into stems, leaves, and panicles and then oven-
dried at 70°C to constant weights. The oven-dried samples were ground to a powder and approximately 0.5 g
of each powder was digested with a mixture of H,SO4-H,0, to determine N content with a segmented flow
analyzer (Skalar SAN Plus, Skalar Inc., Breda, The Netherlands). Aboveground N uptake was calculated by
multiplying the dry weight by the N content. N-use efficiency for plant height growth (NUEpy) was
calculated by dividing the plant height by the aboveground N uptake. The sampled mature plants were
hand threshed, and filled and unfilled grains were separated by submerging them in tap water. Straw and
filled and unfilled grains were oven-dried at 70°C to constant weights to determine aboveground biomass
(the sum of dry weights of straw and filled unfilled grains) and grain yield (the dry weight of filled grains
only). Harvest index was calculated by dividing grain yield by aboveground biomass.

2.4 Statistical Analysis

Data were subjected to analysis of variance (ANOVA) using Statistix 8.0 (Analytical Software,
Tallahassee, FL, USA). The statistical model of the ANOVA included replication (experimental plot),
hybrid, year, and the interaction between hybrid and year, and the significance level was set at P <0.05.
Because the interaction between hybrid and year on the plant lodging index (the most important target
parameter) was not significant (P=0.76), only the statistical results for comparing means of hybrids
across two years are presented and described below.

3 Results

3.1 Harvest Index, Aboveground Biomass, and Grain Yield

The differences in harvest index and aboveground biomass were significant between G2 and Y1
(Tab. 1). The harvest index was 10% higher in G2 than in Y1. On the contrary, the aboveground biomass
was 10% lower in G2 than in Y1. Grain yield was the same between G2 and Y1.

3.2 Plant Lodging Characteristics

There were significant differences in plant lodging index, plant height, and aboveground fresh weight
between G2 and Y1 (Tab. 2). The plant lodging index was 26% lower in G2 compared to Y1. The plant
height and aboveground fresh weight in G2 were 6% and 17% lower than those in Y1, respectively.
There was no significant difference in plant lodging load between G2 and Y.

The differences in aboveground N uptake at heading and NUEpy were significant between G2 and Y1
(Tab. 3). The aboveground N uptake at heading in G2 was 19% lower than that in Y1. On the contrary, the
NUEpy was 14% higher in G2 than in Y1.
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Table 1: Harvest index, aboveground biomass, and grain yield in two super-rice hybrids, Guiliangyou 2 (G2)
and Y-liangyou 1 (Y1), grown in 2019 and 2020

Hybrid Year Harvest index Aboveground biomass (g plant ") Grain yield (g plant )

G2 2019 0.51 58.9 30.0
2020 0.56 59.3 33.3
Mean 0.54 a 59.1b 31.7a
SE 0.01 0.9 0.7

Y1 2019 0.44 68.1 30.0
2020 0.53 62.8 334
Mean 0.49 b 65.5a 31.7a
SE 0.02 1.4 0.8

Note: Within a column, means followed by different letters are significantly different from each other at the 0.05 probability level.

Table 2: Plant lodging index and related traits at 25 days after heading in two super-rice hybrids, Guiliangyou
2 (G2) and Y-liangyou 1 (Y1), grown in 2019 and 2020

Hybrid Year Plant lodging Plant height  Aboveground fresh weight Plant lodging load
index (cm) (g plant™) (2)
G2 2019 3.17 121 191 364
2020 7.23 118 163 133
Mean 5.20 b 120 b 177 b 249 a
SE 1.14 1 7 48
Y1 2019 4.41 132 227 340
2020 9.63 121 199 125
Mean 7.02 a 127 a 213 a 233 a
SE 1.13 2 7 47

Note: Within a column, means followed by different letters are significantly different from each other at the 0.05 probability level.

Table 3: Aboveground nitrogen (N) uptake at heading and N-use efficiency for plant height growth (NUEpy)
in two super-rice hybrids, Guiliangyou 2 (G2) and Y-liangyou 1 (Y1), grown in 2019 and 2020

Hybrid Year Aboveground N uptake (mg plant ') NUEpy; (cm mg ™)
G2 2019 525 0.23

2020 485 0.24

Mean 505 b 0.24 a

SE 15 0.01
Y1 2019 668 0.20

2020 575 0.21

Mean 622 a 021D

SE 24 0.01

Note: Within a column, means followed by different letters are significantly different from each other at the 0.05 probability level.
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Stem breaking index, bending moment of stem, and Lgp_pt were significantly different between G2 and
Y1, whereas their differences in breaking-related traits of the second internode from the base (i.e., breaking
strength, internode length, and breaking load) and FWgp_pr were not significant (Tab. 4). G2 had 17% lower
stem breaking index compare to Y 1. The bending moment of stem and Lgp_pt were 15% and 10% lower in
G2 than those in Y1, respectively.

Table 4: Stem breaking index, breaking-related traits of the second internode from the base, and bending-
related traits of stem at 25 days after heading in two super-rice hybrids, Guiliangyou 2 (G2) and Y-liangyou 1
(Y1), grown in 2019 and 2020

Year Stem breaking Breaking-related traits of the second Bending-related traits of stem
index basal internode
Breaking Internode  Breaking Bending moment Lgp_pr FWgp_pr
strength length load (g cm) (cm) (g stem ")
(gem)  (cm) (2)
G2
2019 0.58 3673 7.07 2078 2121 101 21.0
2020 0.59 3411 6.37 2142 2027 105 19.3
Mean 0.59 b 3542 a 6.72 a 2110 a 2074 b 103b 20.2a
SE  0.02 98 0.19 53 71 1 0.6
Y1
2019 0.73 3833 7.49 2047 2808 120 234
2020 0.68 3049 5.27 2314 2063 108 19.1
Mean 0.71 a 3441 a 6.38 a 2181 a 2436 a 114a 213a
SE  0.02 167 0.45 91 147 2 0.9

Note: Lgp_pr is the length measured from each stem’s broken point at the second internode from the base to the panicle tip; FWgp_pt
is the fresh weight of the same stem. Within a column, means followed by different letters are significantly different from each other
at the 0.05 probability level.

There was significant difference in stem height at the center of gravity between G2 and Y1 (Tab. 5).
G2 had 8% lower stem height at the center of gravity than Y1. The differences in cross-sectional traits of
the second internode from the base, i.e., external and internal diameter and wall thickness, were not
significant between G2 and Y1.

4 Discussion

Here, we confirmed the findings of previous studies that the super-rice hybrid G2 has a high harvest
index [9,10]. This study also showed that a higher harvest index may have compensated for the lower
aboveground biomass production in G2 compared to that in the widely-grown super-rice hybrid Y1 with
a typical harvest index (~0.50) of modern high-yielding rice varieties [11], based on the equal grain
yields between the two super-rice hybrids. This finding supports previous reports’ conclusion that a
higher harvest index is a feasible way to achieve high grain yield in rice [9,10].
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Table 5: Stem height at the center of gravity and cross-sectional traits of the second internode from the base
at 25 days after heading in two super-rice hybrids, Guiliangyou 2 (G2) and Y-liangyou 1 (Y1), grown in
2019 and 2020

Hybrid Year Stem height Cross-sectional traits of the second basal internode
2}§ril\fii;tzm) External diameter Internal diameter Wall thickness
(mm) (mm) (mm)
G2 2019 47.6 6.24 3.68 1.28
2020 48.8 6.43 3.19 1.62
Mean 48.2 b 6.34 a 3.44 a 1.45a
SE 0.5 0.09 0.15 0.09
Yl 2019 53.7 6.46 3.60 1.43
2020 50.7 6.01 3.48 1.26
Mean 522 a 6.24 a 354 a 1.35a
SE 1.0 0.09 0.12 0.07

Note: Within a column, means followed by different letters are significantly different from each other at the 0.05 probability level.

More importantly, this study revealed contrasting characteristics of lodging resistance between G2 and
Y 1. Namely, G2 had a higher plant lodging resistance (i.e., lower plant lodging index) than Y 1. Because plant
lodging load was comparable between G2 and Y1, the higher lodging resistance in G2 was attributable to its
lower plant height and aboveground fresh weight than those in Y1. These findings indicate that super-rice
hybrids with high harvest index values increase their resistance to lodging by having lower plant height
and aboveground fresh weight. This is congruent with the phenomenon observed in the Green Revolution
[12] where the rice varieties developed at that time had greater harvest index values because their semi-
dwarf genes effectively reduced plant height and consequently increased lodging resistance. Though there
is limited information on the molecular mechanisms involved in the regulation of plant height in super-
rice hybrids with high harvest index values, the results of this study indicate that the lower plant height in
G2 resulted from a reduction in aboveground N uptake compared to that in Y1 because the NUEpy was
higher in G2 than in Y1. This outcome suggests that further investigations on the molecular mechanisms
regulating plant height in super-rice hybrids with high harvest index values can focus on the genes related
to N uptake.

In addition, it has been well documented that lodging resistance is closely related to stem breaking
resistance in rice [13—15]. Consistently, in this study, the higher lodging resistance in G2 than in
Y1 could also be explained by a higher stem breaking resistance (i.e., a lower stem breaking index).
Furthermore, the results of this study indicate that the higher stem breaking resistance in G2 was mainly
attributable to the lower value of the bending moment of stem that resulted from lower Lgp_p, as well as
the insignificant differences in stem breaking strength and related traits of the second internode. This
finding was also supported by other stem traits. Namely, stem height at the center of gravity was lower in
G2 compared to that in Y1, whereas their cross-sectional traits of the second internode from the base
were not significantly different. The results of this study suggest that a top-heavy plant with a high center
of gravity is more susceptible to lodging and can be avoided by the development of super-rice hybrids
with high harvest index values.
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5 Conclusion

Compared to the widely-grown super-rice hybrid Y1 with a typical harvest index of modern high-
yielding rice varieties, the super-rice hybrid G2 with a high harvest index measured lower in plant height
due to its lower aboveground N uptake, its higher stem breaking resistance resulted from a lower stem
height at its center of gravity, and consequently exhibited higher lodging resistance.
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