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Abstract

Changes in the structure and quality of a hybrid combination population have been observed after the application
of gibberellins. Such changes would affect the accumulation and distribution of photosynthetic products, which
would subsequently affect the yield during hybrid rice seed production. In this study, photosynthetic physio-
logical characteristics and the distribution of photosynthetic products were evaluated in a field experiment. The
transport of panicle photosynthetic products to grain was demonstrated using a '“C isotope tracer technique.
The contribution ratios of the panicle and leaf to yield in the hybrid rice seed production were 32.3 and 42.1%,
respectively. Through isotope tracing technology, it was determined that about 90% of the photosynthetic
products of the panicle and 50% of those of the leaf were delivered to the panicle. During the filling period,
the contribution of panicle to yield was concentrated in the early period (0-10 days after pollination), and the
contribution of leaf to yield was more significant in the late period (10 days after pollination to maturity). These
results suggest that the panicle makes an important photosynthetic contribution (equivalent to that of the flag
leaf) during the process of grain filling, especially at 0-5 days after the heading stage.
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Introduction

Compared with traditional rice cultivation, hybrid rice seed production is a form of out-
crossing cultivation using male and female parents. It changes the pollination and breeding
style of rice from self- to cross-pollination. The out-crossing frequency of hybrid rice
seed production can be increased up to 30% using artificial processes (Mao and Virmani
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2003), whereas the chance of out-crossing with inbred rice is less than 0.5% under natural
conditions (Kim, 2003). One of the key technologies used in this artificial process is
the spraying of gibberellins (GAs). However, fundamental changes in the structure and
quality of hybrid combination populations have been observed after the application of
GAs, including increased plant height of the female parent and an uplifted panicle layer
and submerged leaf layer, which would affect the interception of solar radiation by the
hybrid combination population. The reduction of these effects could alter the accumulation
and effective distribution of photosynthetic products, affecting the yield of hybrid rice
seed production. Thus, additional studies of the contribution of different photosynthetic
organs to the seed yield of hybrid rice are urgently needed to encourage innovations in
hybrid rice seed production techniques.

Leaf tissue is the main photosynthetic organ of rice. Numerous studies, have
examined the characteristics and functions of leaf tissue, for example, photosynthetic
characteristics (Wang et al., 2006; Huang et al., 2016), coordination among sources,
sinks and translocation pathways (Shi ef al., 2016), radia-tion use efficiency (Zhang et
al., 2009), and leaf senescence (Yumiko et al., 2006; Lin and Nam, 2007). These detailed
studies of leaf tissues have enabled effective rice breeding and high-yield cultivation.
However, non-leaf organs, such as the stem and sheath (Nilsen, 1995; Zhang et al.,
2015) and inflorescence and developing fruit (Weiss et al., 1988; Maydup ef al., 2014),
which have actual or potential photosynthetic capability (Guido and Hardy, 2003), have
been much less extensively studied. For example, Zhang ef al. (2011) reported that non-
leaf organs (ear, peduncle and sheath) accounted for 73—81% of the total contribution
of organs above the flag leaf node to wheat grain weight. Maydup et al. (2010) also
reported that the contribution of ear photosynthesis to grain yield differed (from about 12
to 42%) depending on the experimental approach used. Araus et al. (1993) used carbon
isotope technology to confirm that > 59% of the materials in wheat grain came from
photosynthesis in the ear tissue. Similar phenomena were also apparent in rice, but few
studies have investigated the contribution ratio (CR) of non-leaf organs to yield.

Hybrid rice technology is effective in enhancing grain yield and farmers’ income when
it is used correctly (Peng, 2016). High yield, high quality, and low-cost hybrid rice seed
is crucial for further promotion of hybrid rice (Peng, 2016). To acquire a high yield, the
accumulation and effective distribution of photosynthetic products by green photosynthetic
organs has become increasingly important. Consequently, the aim of this study was to
determine the CR of different photosynthetic organs to yield and their photosynthetic
physiological characteristics in hybrid rice seed production, which could provide the
theoretical basis for further increasing the yield of hybrid rice seed production.

Materials and methods
Experimental site and hybrid combination
The field experiment was conducted in Liuyang County, Hunan Province, in 2015. The

experimental hybrid combination was ‘Ilyou 416’ (‘R416’ as male parent x ‘II-32A’ as
female parent) and ‘Jinyou 167’ (‘R167’ as male parent x ‘Jin23A’ as female parent).
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Experimental design

Two factorial experiments with a randomised design, including two fertilisation models
and four doses of GAs, were conducted with three replications and a parental row ratio
of 2:12. The total quantity of inorganic fertiliser was 120 kgN hm? and the N:P,05:K,0
ratio was 1:0.8:1. Urea for N, calcium superphosphate for P and potassium chloride for
K were used throughout the experiments. Urea was applied twice in fertilisation model
1 (M1), 90% as basal fertiliser and 10% as panicle fertiliser. Fertilisation model 2 (M2)
was applied with a three-way split of 50% as basal fertiliser, 30% as tillering fertiliser,
and 20% as panicle fertiliser. The P and K fertilisers were applied as basal fertilisers
before rice was transplanted. In addition, (Long Ping High-Tech Co., Ltd.) 920® was used
a source of GAs throughout the experiments. Four doses were applied: 0 g hm? (D1),
150 g hm? (D2), 225 g hm? (D3), and 450 g hm? (D4).

The row and plant spacing of the male parent was 200 x 300 mm, 2-3 seeds per plant,
and seeding density was 6 x 10° hm™. The row and plant spacing of the female parent
was 133 x 167 mm, 3-4 seeds per plant, and seeding density was 42 x 10° hm2. The
sowing time interval of ‘Ilyou 416’ and ‘Jinyou 167 is 26 days and 22 days, respectively.
Pesticide and herbicide management followed the local practices.

Contributions of different photosynthetic organs to yield measurement

Five days after the full heading stage, 80 panicles on the main axis with a consistent
flowering time and panicle type were marked. Twenty panicles were trimmed of all green
leaves (A); 20 panicles were wrapped in tinfoil (B); 20 panicles were wrapped in tinfoil
together with the stem and sheath (C); and 20 panicles were left untouched as a control
(D). Micro-pores were punched by needle in the tinfoil to enable gas exchange. In the
mature stage, the grain weight and filling ratio were determined after panicle harvesting.
The calculation was as follows:

b m . . . . . .
Yield (m—gg) = total spikelet x filling ratio x grain weight x panicle number x 10 (D)
. Ys + Ye - YA)
R of leaf Id (%) = |o———— 1 2
CR of leaf to yield (%) (YA+YB+YC x 100 2)
. . Yo+ Yo — Y3
0 = [—A ____C "B
CR of panicle to yield (%) (YA S Yc) x 100 3)
. Yo + Ys — Yc
0 == __ B €
CR of stem and sheath to yield (%) (YA P Yc) x 100 4

Distribution of photosynthetic products as measured by isotope tracing technology.

Three treatments were applied to determine the distribution of photosynthetic products
by isotope tracing technology, including different photosynthetic organs five days after the
heading stage, different sampling stages in the flag leaf, and different tagging times after
the heading stage.
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To feed the panicle and leaf, three applications of “CO, were supplied. During
9:00-11:00, a home-made photosynthetic leaf chamber with a plastic membrane
enclosed the panicle or leaf and was sealed with rubber dough while air was pumped
in to the chamber. In the following stage, 0.75L “CO, gas (5 mL L_,) was injected into
the chamber. The specific activity was 185 kBq L.,. Thirty minutes after photosynthetic
assimilation, the residual '“CO, was absorbed with an NaOH and Ca(OH), mixture.
The leaf chamber was then removed from the panicle and leaf. The '“CO,-labeled
plants were sampled at maturity. After trimming off the root, these plants were divided
into four parts: leaf, panicle, stem and sheath, and other tissues. The samples were
dried at 105°C for 20 minutes and then at 80°C for 48 hours, and were then ground
to pass through a 0.3-mm sieve after weighing the samples. Samples were prepared by
adopting the method of combustion in a Molotov cocktail. As an absorption liquid, 4
ml neovaricaine was used to absorb '“CO, in the Molotov cocktail. A pipette was used
to transfer 3 ml neovaricaine from the Molotov cocktail to the test bottle. An additional
8 ml of scintillation solution was added to the test bottle. The scintillation solution
contained glycol ether, naphthalene, PPO, and POPOP.

The radiometry of the samples in the test bottle was measured with a Wallac 1400DSA
liquid scintillation counter (Perkin-Elmer, Waltham, MA, USA) and then converted to
specific activity.

A radi lue x 1 ight
Specific activity (Bq) = ( radiometry va 1;&(3) sample weig ) )
]4 o/ specific activity in the different part )
The *C value (%) ( total specific activity X 100 (6)

Index of photosynthetic physiological characteristics

Chlorophyll was extracted with 80% acetone, and the content was determined with a
spectrophotometer (Aron 1949). The fluorescence parameter was determined with an
Imaging-PAM chlorophyll fluorometer (Walz, Effeltrich, Germany) according to the
method described by Kumagai et al. (2007).

Data analysis

Descriptive statistics and a correlation analysis of the index were calculated using Statistix
8.0 and Microsoft Excel 2007. A one-way analysis of variance (ANOVA) and the least
significant difference (LSD) test were used to assess differences among treatments.

Results

CR of photosynthetic organs to yield

The CR of leaf to yield was 32.3% (25-39%, table 1). Application of GAs increased the
CR of leaf to yield. Compared with D1, GA application (D2-D4) increased the CR of leaf
to yield by 30% on average (26—38%). Similarly, the CR of panicle to yield was 42.1%
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Table 1. Variation in the contribution ratio of different green photosynthetic organs to hybrid rice seed yield.

Dosage of Contribution ratio (%)

Fertilisation model
exogenous hormones

Leaf Panicle Stem and sheath
‘Ilyou 416’

M1 Dl 32.12 17.51 50.37
D2 39.67 29.65 30.68
D3 34.27 38.25 27.48
D4 34.35 36.51 29.14

M2 D1 24.59 48.00 27.41
D2 38.66 48.64 12.71
D3 37.70 62.30 0.00
D4 36.85 53.18 9.96

LSD 0.05

M 7.90 9.75% 6.82%%

D 11.18™ 13.78 9.64*

‘Jinyou 167’

Ml D1 24.75 41.54 33.71
D2 28.93 46.43 24.64
D3 33.16 39.29 27.54
D4 32.33 41.45 26.22

M2 Dl 28.20 46.24 25.57
D2 38.12 46.09 15.80
D3 28.05 38.91 33.03
D4 35.72 38.89 25.39

LSD 0.05

M 9.38" 4.90" 10.76™

D 13.26" 6.92" 15.22m

ns = not significant; *P < 0.05 and **P < 0.01.

(18-62%). The variation in the CR of panicle to yield when GAs were applied differed
between ‘Ilyou 416’ and ‘Jinyou 167°. In addition, spraying GAs (D2-D4) decreased the
CR of stem and sheath to yield by 35%, on average (3—72%).

Distribution of photosynthetic products among photosynthetic organs

H“C-labeling values in the leaf and panicle

The '“C value in a '“C-labeled panicle was significantly higher than that in a “C-labeled
leaf (table 2); however, the '“C value in the stem and sheath following the '*C labeling of
a leaf was higher than that following the '“C labeling of a panicle. In addition, about 50%
and more than 90% of the photosynthetic products in a leaf and panicle, respectively, were
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Table 2. The '*C value of different green photosynthetic organs to photosynthetic product in the hybrid rice seed
production: “C-labelled test as hybrid combination ‘Ilyou 416” (‘[I-32A” x .R416°).

14C value (%)

14C-labelled Fertilisation Dosage of
organs model exogenous hormones Leaf Panicle Stem Other
Leaf Ml D1 8.86 2.31 82.88 5.95
D2 11.49 46.03 41.57 0.90
D3 6.45 67.81 24.55 1.19
D4 6.74 56.99 33.05 322
M2 D1 10.99 22.59 60.77 5.64
D2 11.01 29.65 58.88 0.47
D3 12.83 51.61 31.58 3.99
D4 9.73 79.94 10.14 0.20
LSD 0.05
M 4.51™ 34.87m 32.26m™ 3.79m
D 6.37™ 49.31™ 46.04™ 5.36™
Panicle Ml D1 0.16 86.09 12.37 1.37
D2 0.10 93.81 5.50 0.60
D3 0.12 94.69 4.70 0.49
D4 3.93 86.71 8.92 0.44
M2 D1 0.25 84.67 12.06 3.01
D2 0.08 97.96 1.87 0.09
D3 0.17 96.53 3.13 0.16
D4 0.10 98.53 1.22 0.16
LSD 0.05
M 3.08™ 8.96™ 5.15ns 1.61m
D 4.36™ 12.68™ 7.28* 2.28™

ns = not significant; *P < 0.05 and **P < 0.01.

delivered to the panicle. The average '“C value of the panicle for the different GA doses
(D2-D4) was 42.9% following “C labeling of a leaf and 9.3% following '“C labeling
of a panicle; both were higher than the corresponding values for the D1 treatment. The
distribution of photosynthetic products in the stem and sheath fell from 71 to 21% (table
2) when different doses of GAs were sprayed in the “C-labeling leaf treatment. Similar
results were also observed in the '“C-labeling leaf treatment.

The effect of sampling stage in '*C labeling of the flag leaf

The C value of the panicle significantly increased from the milky ripeness stage to
the mature stage, whereas the opposite pattern was observed in the stem (figure 1). The
distribution of photosynthetic products from the flag leaf to the panicle increased as the
growth process progressed.
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Figure 1. The "C value of different green photosynthetic organs to photosynthetic product in hybrid rice seed
production: *C-labelled test as hybrid combination ‘Jinyou 167” (‘Jin-23A’x ‘R167”)

The effect of tagging time after the heading stage
The “C value in the panicle following “C labeling of the flag leaf increased with tagging

time after the heading stage, from 49.3% in the heading stage to 97.4% at 10 days after
the heading stage (figure 2A). However, the “C value in the panicle following “C labeling
of the panicle decreased with tagging time after the heading stage, from 93.4% in the
heading stage to 73.2% at 10 days after the heading stage (figure 2B).
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Figure 2. The "C value of different green photosynthetic organs (A) flag leaf; (B) panicle, to photosynthetic
product in hybrid rice seed production: '“C-labelled test as hybrid combination ‘Jinyou 167’ (‘Jin-23A’ x ‘R167°)
in different growth and development stage. 0, 5 and 10 represent 0, 5 and 10 days after the heading stage,

respectively.
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Photosynthetic physiological characteristics in the non-leaf organs

There was a significant difference in the photosynthetic physiological characteristics
between the leaf and non-leaf organs. The chlorophyll content of the average leaf was 10
times greater than that of a panicle (table 3). The non-photochemical quenching (NPQ)
value of non-leaf organs, especially the panicle, was higher than that of a leaf; however,
the quenching coefficient (qL) of non-leaf organs was lower than that of leaf organs
(tables 4 and 5).

Table 3. Variation in the chlorophyll content of different green organs in different fertilisation models and dosage
of exogenous hormones (mg g.,).

Leaf Panicle Stem and sheath
Fertilisation Exogenous
model hormones FL FL+  FL+ FL FL+ FL+ FL FL+  FL+
10 20 10 20 10 20
‘Ilyou 416’
M1 D1 529 209 296 0.15 0.19 0.29 952 138 1.17
D2 362 171 254 0.16 0.15 0.16 9.13 136 0.90
D3 4.03 3.0l 1.94 0.16 0.07 0.16 1044 137 1.18
D4 4.06 182 1.76 0.14 0.16 0.09 642 129 098
Mean 425 216 230 0.15 0.14 0.18 888 135 1.06
M2 D1 4.44 1.9 3.76 0.15 0.21 0.3 6.71 145 1.19
D2 1.89 156 141 0.15 0.18 0.09 859 095 1.29
D3 296 125 1.26 0.15 021 0.17 10.27  1.51 1.10
D4 4.18 1.51 1.06 0.16 022 0.19 10.52  1.28 0.90
Mean 337 156 1.87 0.15 021 0.19 9.02 130 1.12
‘Jinyou 167’
Ml D1 2.07 289 1.16 0.15 0.08 0.11 0.56 0.67 0.96
D2 246 411 0.52 021  0.09 0.04 034 085 0.88
D3 2.11 322  0.64 028 0.07 0.03 048 0.78 0.62
D4 229 289 0.58 0.25 0.08 0.05 027 0.83 0.85
Mean 223 328 072 0.22 0.08 0.06 041 0.78 0.83
M2 D1 244 279 0.7 0.19 0.12 0.03 052 0.74 0.99
D2 275 230 0.89 024 0.09 0.04 052 0.78 0.94
D3 278 333  1.04 022 0.14 0.03 041 079 0.72
D4 1.66 191 0.99 023 0.07 0.05 035 086 0.74
Mean 241  2.58 0.9 0.22 0.11  0.04 045 0.79 0.85

Values are means (n=6). FL, FL+ 10 and FL+ 20 are full heading stage, 10 days after full-heading stage and 20
days after full-heading stage, respectively.
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Table 4. Variation in NPQ and qL of different green organs in different fertilisation models and dosage of
exogenous hormones during hybrid rice seed production (the cultivar ‘Ilyou 416°).

Leaf Panicle Stem and sheath
Fertilisation ~ Exogenous
model hormones FL FL+  FL+ FL FL+ FL+ FL FL+  FL+
10 20 10 20 10 20

NPQ
Ml D1 0.13 0.16 0.15 024 023 0.13 0.13  0.15 0.11
D2 0.13 020 0.15 023 0.19 0.15 0.12  0.13 0.10
D3 0.19 0.14 0.11 022  0.19 0.09 0.15 0.17  0.09
D4 020 0.12 0.11 022 020 0.17 0.15 017 0.19
Mean 0.16 0.15 0.13 0.23  0.20 0.13 014 0.15 0.12
M2 D1 0.14 0.18 0.12 021 022 0.10 0.14 0.12 0.20
D2 0.18 0.09 0.18 0.19 0.17 0.18 0.17 0.11 0.20
D3 0.14 0.10 0.14 0.18 0.17 0.17 0.17 0.18 0.18
D4 0.17  0.09 0.13 021 0.17 0.23 0.18 0.18 0.20
Mean 0.16 0.12 0.14 0.20 0.18 0.17 0.16 0.15 0.20

qL
Ml D1 053 0.64 0.37 039 043 058 040 0.54 0.57
D2 046 0.63  0.61 031 034 040 041 050 045
D3 0.57 0.66  0.59 037 031 049 0.44 057 045
D4 0.68 0.64 0.59 030 040 023 043 054 058
Mean 0.56 0.64 0.54 0.34 037 042 042 054 0.51
M2 D1 051  0.68 0.1 033 036 022 040 047 051
D2 056 0.52  0.56 020 033 041 042 043 046
D3 0.55 0.60 0.64 030 044 045 043 056 047
D4 0.50 0.84 0.60 028 035 037 0.44 0.58 0.52
Mean 053 0.66 0.58 028 0.37 0.36 042 051 049

Values are means (n=6). FL, FL+ 10 and FL+ 20 are full heading stage, 10 days after full-heading stage and 20
days after full-heading stage, respectively.

Discussion

In this study, we found that the CRs of leaf and panicle to yield were 32.3% and 42.1%,
respectively. However, the CR of panicle to yield varied widely from 17 to 62%. Previous
studies also found that contributions to grain filling varied, with the rate of deposition
of assimilation products to grains ranging from approximately 10 to 76% (Gebbing and
Schnyder, 2001; Tambussi et al., 2007; Aranjuelo et al., 2011). The variability of these
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Table 5. Variation of NPQ and qL of different green organs in different fertilisation model and dosage of

exogenous hormones (the cultivar ‘Jinyou 167°).

Leaf Panicle Stem and Sheath
Fertilisation =~ Exogenous
model hormones FL FL+ FL+ FL FL+ FL+ FL FL+ FL+
10 20 10 20 10 20
NPQ

M1 Dl 0.08 0.06 0.11 0.17 0.13 0.25 0.14 0.06 0.13
D2 0.10 0.07 0.11 0.18 021 0.24 0.12 0.07 0.15
D3 0.10 0.12 0.10 021 024 020 0.11 0.15 022
D4 0.10 0.09 0.13 025 022 0.17 0.11  0.11 0.18
Mean 0.09 0.09 o0.11 020 020 0.22 012 0.10 0.17
M2 Dl 0.10 0.08 0.09 023 034 020 0.18 0.10 0.17
D2 0.18 0.09 0.10 021 0.17 021 0.13 0.10 0.23
D3 0.15 0.12 0.10 029 024 027 020 0.10 0.15
D4 0.13 0.12 0.11 028 020 0.20 0.17 0.12 0.14
Mean 0.14 0.10 0.10 025 024 0.22 0.17 0.10 0.17

qL
M1 Dl 0.54 052 0.64 039 046 0.52 039 034 053
D2 0.50 0.49 0.65 052 039 051 036 034 034
D3 0.52 0.61 0.57 055 056 0.36 036 041 0.58
D4 0.60 0.64 0.70 038 039 028 034 039 0.50
Mean 054 057 0.64 046 045 042 036 037 049
M2 Dl 049 046 0.60 045 042 031 043 035 0.54
D2 0.60 0.56 0.66 055 048 045 041 038 048
D3 0.53 051 0.61 0.61 051 0.3 044 038 042
D4 0.56 0.57 0.56 0.62 0.60 041 038 0.50 043
Mean 054 052 0.61 056 050 043 041 040 047

Values are means (n=6). FL, FL+ 10 and FL+20 are full heading stage, 10 days after full-heading stage and 20
days after full-heading stage, respectively.

results may reflect the variation of the contribution of ear photosynthesis to grain yield,
which is affected by genetic diversity and growing conditions (Sanchez-Bragado et al.,
2014a, b). Another possibility is deficiencies in the methods used (Sanchez-Bragado et
al., 2014). In the present experiment, the effect of fertilisation and exogenous hormones
regime for ‘Ilyou 416’ was significant. The CR of panicle to yield in M2 was 70% higher
than that in M1. The growing conditions for the cultivars were also different, with the
growing seasons of ‘Jinyou 167’ and ‘Ilyou 416’ being spring and autumn, respectively.
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The CR of non-leaf organs (panicle, stem and sheath) to yield was 67.0% (table 1). Zhang
et al. (2011) also indicated that non-leaf organs (ear, peduncle, and sheath) accounted
for 73—81% of the total contribution of organs above the flag leaf node to wheat grain
weight. However, dry matter accumulated before the heading stage by leaf photosynthesis
was stored in the stem and sheath. In this study, we did not differentiate between dry
matter accumulated before and after the heading stage in the stem and sheath. This could
indirectly increase the CR of the stem and sheath to yield, and then the CR of the non-leaf
organs to yield. Therefore, our results suggest that the CR of the stem and sheath to yield
was overestimated.

The effects of GAs are not limited to stimulating growth. They have many other roles,
including delaying leaf senescence and abscission, and breaking dormancy in seeds (Opik
et al., 2005). In this study, GA application increased the CR of leaf to yield by an average
of 28.4% with respect to the control (table 1), which indicated that applying different doses
of GAs would delay leaf senescence and further increase the quantity of photosynthetic
products transferred from the leaf to the panicle. Similarly, we speculated that this would
also apply in the stem and sheath. The CR of the stem and sheath to yield decreased by
an average of 14%. The isotope tracing study provided indirect evidence that the '“C value
in the panicle increased with the quantity of GAs applied, but the opposite result was
found for the stem and sheath, in which the '“C value decreased with the quantity of GAs
applied. Consequently, spraying GAs could enable the photosynthetic products in the leaf
and/or stem and sheath to be transferred more effectively to the panicle.

Through the “C-labeling test of different green organs, we also found that about 90%
of the photosynthetic products of the panicle and about half the photosynthetic products
of the leaf were available for filling the panicle. Through 8'*C analysis, Sanchez-Bragado
et al. (2014a) showed that the contribution of the ear represented about 70% of the total
assimilates contributing to grain filing, while the role of the flag leaf blade was significantly
smaller, with a contribution of just 10%. Other studies using *C labeling have shown that
only small amounts of the soluble sugars derived from the photosynthetic products in the
leaf transfer to the ear, with the remainder allocated as structural carbon compounds and
starch, and then respired (Aranjuelo ef al., 2011). In summary, this study found that the
carbon synthesised in the panicle was used for grain filling. Pervious studies also found
that the main photosynthetic organs contributing to grain filling were the flag leaf blade
and the ear (e.g., Tambussi et al., 2007; Maydup et al., 2010). The variation in *C values
at different sampling stages during grain filling has also provided indirect evidence. When
sampling in the milky ripeness stage, 16% of the total photosynthetic products in the
flag leaf were transferred to the panicle, whereas this figure was 55% when sampling
was conducted at the mature stage. A “C-labeling test with different tagging times after
the heading stage also indicated that more than 90% of the photosynthetic product of
panicle photosynthesis was used for grain filling at 0—5 days after the heading stage;
however, in the same period, only 50% of carbon assimilated by the flag leaf transferred
to the grain. Consequently, these results suggested that the panicle made an important
photosynthetic contribution during the process of grain filling (equivalent to that of the
flag leaf), especially at 0-5 days after the heading stage.
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However, the high CR of panicle to yield and its photosynthetic physiological
characteristics did not match. For example, the chlorophyll content, soluble protein
content, and PEP carboxylase activity in the non-leaf organs were significantly lower than
those in the leaf, and there was less light for photochemical reactions in the panicle. The
CR of panicle to yield should be about one-third the CR of leaf to yield when considering
the photosynthetic physiological characteristics in the leaf. Several explanations for
this phenomenon can be suggested. One is concerned with the distribution of the photo-
synthetic products of the leaf organs and the feature of the leaf’s light interception and
leaf respiration. Previous studies have reported that the flag and the lower leaves provide
assimilation products for the growth and development of the reproductive sink. Shoot
photosynthesis may affect the quantity of fertile florets and kernels, and then their potential
size (Slafer and Savin, 1994). In addition, the flag leaf has a key role in redistributing
nitrogen to the grain (Bahrani and Joo, 2010). During the experiment, we also found that
the effective leaf area was substantially reduced because the panicle layer in the female
parent was higher than the leaf layer. To ensure that pollination proceeded smoothly, the
third upper leaf was especially short. Another explanation is based on the morphological
structure of assimilatory cells and their photosynthesis in the panicle. Jia et al. (2015)
reported that ear photosynthesis involved a certain amount of C, pathway enzymes and
suggested that the high enzyme activity of the C, pathway and the increased capacity
of assimilation product transport were the reasons for the increasing drought tolerance
of ears. Our results also indicated that about 90% of photosynthetic products was used
for grain filling. On the other hand, the unique structure of chloroplasts in the panicle
was similar to that of the bundle sheath cell of C, plants. Li er al. (2002) determined
the stomatal frequency of non-leaf organs among four crops and suggested that non-leaf
organs might use a form of photosynthesis rather than being categorised within existing
C; and C, types. Consequently, it is possible that the panicles need less of this enzyme,
which is by far the most abundant protein in leaves, because it works more efficiently in
the panicle than in the leaf.

Conclusions

The main purpose of this study was to determine the CR of panicle to yield and its
photosynthetic physiological characteristics in hybrid rice seed production. The median
CR of panicle to yield in hybrid rice seed production was 36%. Isotope tracing technology
was used to determine that about 90% of the photosynthetic products of the panicle and
50% of the photosynthetic products of the leaf were delivered to the panicle. In the entire
filling period, the contribution of panicle to yield was concentrated in the early period (0—
10 days after pollination), whereas the contribution of leaf to yield was more significant
in the late period (10 days after pollination to maturity). Compared with variations in
female plant density, the application of GAs was a more important factor for significantly
increasing the out-crossing rate and increasing seed yield in hybrid rice seed production.
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