~ International Journal of
Molecular Sciences

Article

The Relationships among “STAY-GREEN" Trait, Post-Anthesis
Assimilate Remobilization, and Grain Yield in Rice
(Oryza sativa L.)

Yuguang Zang 12, Yijia Yao 12, Zheshu Xu 12, Baoqing Wang 12, Yiqi Mao 2, Weilu Wang 2, Weiyang Zhang 12,

Hao Zhang 12, Lijun Liu
and Junfei Gu 1/%*

check for
updates

Citation: Zang, Y; Yao, Y,; Xu, Z.;
Wang, B.; Mao, Y.; Wang, W.; Zhang,
W.; Zhang, H.; Liu, L.; Wang, Z.; et al.
The Relationships among
“STAY-GREEN" Trait, Post-Anthesis
Assimilate Remobilization, and Grain
Yield in Rice (Oryza sativa L.). Int. J.
Mol. Sci. 2022, 23,13668. https://
doi.org/10.3390/ijms232213668

Academic Editor: Hideo Nakashita

Received: 11 October 2022
Accepted: 7 November 2022
Published: 8 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,2

1,2,3 1,2,3,%

, Zhiqin Wang 12, Guohua Liang 1'23, Jianchang Yang 2%, Yong Zhou

Jiangsu Key Laboratory of Crop Genetics and Physiology, Jiangsu Key Laboratory of Crop Cultivation and
Physiology, Agricultural College, Yangzhou University, Yangzhou 225009, China

Jiangsu Co-Innovation Center for Modern Production Technology of Grain Crops, Yangzhou University,
Yangzhou 225009, China

Key Laboratory of Plant Functional Genomics of the Ministry of Education, Jiangsu Key Laboratory of Crop
Genomics and Molecular Breeding, Agricultural College, Yangzhou University, Yangzhou 225009, China
Correspondence: zhouyong@yzu.edu.cn (Y.Z.); gujf@yzu.edu.cn (J.G.)

Abstract: The mobilization and translocation of carbohydrates and mineral nutrients from vegetative
plant parts to grains are pivotal for grain filling, often involving a whole plant senescence process.
Loss of greenness is a hallmark of leaf senescence. However, the relationship between crop yield
and senescence has been controversial for many years. Here, in this study, the overexpression
and RNA interference lines of gene of OsNYC3 (Non-Yellow Coloring 3), a chlorophyll catabolism
gene, were investigated. Furthermore, exogenous phytohormones were applied, and a treatment of
alternate wetting and moderate drying (AWMD) was introduced to regulate the processes of leaf
senescence. The results indicated that the delayed senescence of the “STAY-GREEN" trait of rice
is undesirable for the process of grain filling, and it would cause a lower ratio of grain filling and
lower grain weight of inferior grains, because of unused assimilates in the stems and leaves. Through
the overexpression of OsNYC3, application of exogenous chemicals of abscisic acid (ABA), and
water management of AWMD, leaf photosynthesis was less influenced, a high ratio of carbohydrate
assimilates was partitioned to grains other than leaves and stems as labeled by 1BC, grain filling
was improved, especially for inferior spikelets, and activities of starch-synthesizing enzymes were
enhanced. However, application of ethephon not only accelerated leaf senescence, but also caused
seed abortion and grain weight reduction. Thus, plant senescence needs to be finely adjusted in order
to make a contribution to crop productivity.

Keywords: leaf senescence; chlorophyll; grain filling; phytohormone

1. Introduction

Rice (Oryza sativa L.) is the main source of calories for more than 2.5 billion people
(http:/ /faostat.fao.org/ accessed on 1 January 2021). Food production is supposed to
increase by 70% to ensure world food security by year 2050 [1]. Thus, there is a great
pressure to increase rice production. Rice production mainly depends on both the post-
anthesis photosynthesis and the redistribution of prestored carbon reserves in vegetative
organs. The redistribution of prestored carbon reserves could contribute up to 40% of
the grain yield with an average value of 30% [2,3]. Due to the asynchronous growth and
development of spikelets within a panicle, spikelets can be grouped into the superior and
inferior ones. The superior spikelets located on apical primary branches flowered earlier in
comparison to inferior spikelets on the proximal secondary branches. The superior ones
usually fill fast and generate heavier grains, while inferior ones are either sterile or fill
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poorly [4,5]. Insufficient carbon partitioning from the source to the sink will result in poor
grain filling in inferior spikelets, which limits rice grain yield [5].

The mobilization and translocation of carbohydrates and mineral nutrients from veg-
etative plant parts to grains often involve a whole-plant senescence process [6]. Plant
senescence is regarded as a complex process in which multiple biochemical events hap-
pened parallelly or sequentially [7]. At certain developmental stages or triggered by
environmental signals, the initiation of senescence starts with changes in the expression
patterns of senescence-related genes. Such changes are not obvious at the very beginning of
leaf senescence; they are soon easily visible as the degradation of chlorophyll pigments pro-
gresses [8]. These events are usually followed by the degradation of plastids, mitochondria,
vacuoles, and nuclei, ending with cell death. Yellowing of leaves is a sign of senescence,
which is related to the breakdown of chlorophyll. Chlorophyll, as a key component in leaf
photosynthesis, is mostly assembled with thylakoid membrane proteins to form complexes
such as the light-harvesting complexes and chlorophyll-protein complexes of photosys-
tem I (PSI) and photosystem II (PSII), as well as the cytochrome bgf complex [9,10]. The
breakdown of chlorophyll is a prerequisite to detoxify potentially phototoxic pigments
within the vacuoles to permit the remobilization of nitrogen from the photosystem [11].
The chlorophyll metabolism pathways in rice involve chlorophyll biosynthesis genes such
as DVR, YGLS, and CAO]1, and catabolic genes such as NYC3 and SGR [12-14].

Phytohormones including auxin, ethylene, abscisic acid (ABA), cytokinin (CK), gib-
berellic acid (GA), salicylic acid (SA), and brassinosteroids (BRs) implement their regulatory
roles from early to later stages of senescence by integrating and synchronizing external
signals with internal developmental processes [15-18]. The senescence process is facilitated
by ethylene, ABA, SA, and BRs, whereas auxin, GA, and CKs contribute to retardation of
senescence [17]. For example, ethylene is widely acknowledged as a senescence-promoting
hormone both during ripening and under adverse environments [19]. ABA is a main
developmental switch from functional anabolic to catabolic metabolism [20]. Cytokinins
are known to retard senescence processes and even to induce regreening of yellowed
leaves [21,22]. Many transgenic studies aimed at improving drought resistance and ex-
tending the photosynthetic active period have manipulated endogenous cytokinin biosyn-
thesis through overexpression of the IPT gene under control of a senescence-inducible
promoter [23]. Notably, water management of alternate wetting and moderate drying
(AWMD) irrigation can modulate plant senescence by changing the content/ratio of en-
dogenous hormones, e.g., ABA and ethylene levels [24,25].

The relationships between crop plant productivity and senescence have been dis-
puted for many years [6]. Some studies have pointed out that the delayed senescence of
“STAY-GREEN” contributes to higher production because of prolonged photosynthetic
activity [26], but we hypothesize here that fine-tuned senescence through genetic mod-
ification, plant growth regulation, or crop management practices would accelerate the
translocation of carbohydrate assimilates to grain, thus resulting in improved grain filling.
Here, in this experiment, the OsNYC3 (Non-Yellow Coloring 3) gene, encoding a plastid-
localized «/ 3 hydrolase-fold family protein involved in chlorophyll breakdown [27], was
used by generating two OsNYC3 overexpression (9522-OX) and two RNA interference
(9522-RI) transgenic lines in a rice cultivar 9522. The exogenous phytohormones were
applied, and treatment of AWMD was introduced to investigate the relationships between
plant senescence and grain filling in rice, along with the regulatory role of phytohormones.

2. Results
2.1. Yield and Yield Components

Regulating the expression level of OsNYC3 had a significant effect on yield and yield
components (Table 1). Grain yields were on average 7.02% higher in 9522-OX lines than the
wildtype. The grain yields of 9522-RI lines were on average 2.64% lower than the wildtype,
but the difference was not significant. The differences in grain yields were mainly due to
the increased percentage of filled grains and heavier 1000-seed weight in 9522-OX lines,



Int. J. Mol. Sci. 2022, 23, 13668

30f15

while the opposite results were observed in 9522-RlI lines. The application of exogenous
phytohormones on rice leaves and water management of AWMD also significantly influ-
enced grain yields and yield components, with the highest yield in the treatment of AWMD,
followed by treatments of ABA, AVG, 6-BA, and ETH. For yield components, the number
of spikelets per panicle, percentage of filled grains, and 1000-seed weight were mostly
affected by different treatments, which resulted in the differences in grain yields.

Table 1. The effects of gene OsNYC3 (a regulator of chlorophyll degradation), application of exoge-
nous phytohormone, and alternate wetting and moderate drying (AWMD) irrigation on grain yield
and yield components.

Genetic Treatment Number of Number of Spikelets Percentage of 1000-Seed Yield (t-ha-1)
Materials Panicles per m? per Panicle Filled Grains (%) Weight (g)

9522 CK 24333 + 4.98b 133.53 + 3.51 2P 81.33 +1.25P 2724+015°  7.19+0.19P
9522-0X1 CK 238.76 4 5.17 P 136.70 + 3.452b 83.60 £2.353 283 +0273 77240242
9522-0X2 CK 24357 + 4.05P 130.78 + 4.27 84.50 + 1.57 2 28540252  7.67+0.152
9522-RI1 CK 255.22 + 5.122 142.25 + 5.122 7253 +2.154 265+0.129  698+021P
9522-RI2 CK 254.35 + 4.65 2 142.64 +4.152 7252 + 1514 2670269  7.02+022P

9522 ABA 240.27 + 6.87b 137.21 + 4.252b 82.37 +2.122b 28.0+£0.12b  7.60+0.192

9522 ETH 245.41 + 4.00b 140.08 +£3.252 7820+ 152°¢ 262+011¢  7.044+025P

9522 6-BA 241.96 + 5.34 P 135.42 4 4.42 @b 81.53 +£2.14P 27.04+0.24° 722 4+02b

9522 AVG 24245 +7.02P 136.00 + 5.55 2P 80.35 4 1.04 be 2734022¢ 724 +0.14°

9522 AWMD 238.63 + 6.56 P 141.20 + 4.122 82.71+2713  281+0292> 78440272

Different letters indicate statistical significance at the p = 0.05 level with the same column.

2.2. Leaf Photosynthesis-Related Traits

The OsNYC3 gene, encoding a plastid-localized protein with an esterase/lipase motif,
is involved in chlorophyll degradation. Generally, leaf chlorophyll content decreased
gradually after anthesis (Figure 1). When comparing chlorophyll content between wildtype
and transgenic lines, the value is 30% lower in the 9522-OX line than in the wildtype,
but there were no significant differences between them (Figures 1 and 2). Rice leaves
responded differently to exogenous phytohormones or water treatment of AWMD. ABA
and ETH accelerated the process of leaf senescence and resulted in lower chlorophyll
content. Comparatively, water management of AWMD also reduced chlorophyll content,
but to a lesser extent. On the other hand, the treatments of AVG and 6-BA retained a higher
chlorophyll content in leaves than the control treatment, even at the late grain filling stage.

Leaf nitrogen is very important for photosynthetic carbohydrate assimilates, as enough
nitrogen is needed to build photosystems and related enzymes. The change in leaf nitrogen
content with time during grain filling was also examined (Figure 3). After anthesis, leaf
nitrogen content decreased gradually. However, leaf nitrogen was lower in 9522-OX lines
than in 9522-RI lines. Leaf nitrogen content were similar among different treatments at
beginning of grain filling, but a prominent decrease was observed in the treatments with
ABA, ETH, and AWMD. Meanwhile, application of AVG and 6-BA increased leaf nitrogen
content by 3.18% and 3.97%, respectively, when compared with control plants.

Leaf photosynthesis is pivotal for providing carbohydrate assimilates for the grain
filling process. In Figure 4, there were no significant differences in photosynthesis rate
between wildtype and transgenic lines. However, following application of exogenous
phytohormone, leaf photosynthesis was higher in treatments of AVG and 6-BA but lower
in treatments of ABA and ETH, when compared with control plants. Photosynthesis rate
was also decreased in treatment of AWMD, especially at the late grain filling stage, which
may be related to the translocation of photosynthetic assimilates from stems and leaves to
grains. The changes in photosynthesis rate were parallelized to the changes in leaf nitrogen
content (Figure 3), as most nitrogen is used to construct photosynthetic system.
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Figure 1. Changes in chlorophyll contents of flag leaves of wildtype and transgenic lines (A), and
application of exogenous phytohormone/alternate wetting and under moderate drying (AWMD)
irrigation (B) during grain filling (0-45 days after anthesis). 9522-OX1 and 9522-OX2, two transgenic
lines with overexpression of NYC3 (Non-Yellow Coloring 3) in variety 9522; 9522-RI1 and 9522-RI2,
two RNA interference transgenic lines in variety 9522; ABA, exogenous application of abscisic acid;
ETH, exogenous application of ethephon (an ethylene-releasing agent); AVG, exogenous application
of aminoethoxyvinylglycine (an inhibitor of ethylene synthesis by inhibiting 1-aminocylopropane-1-
carboxylic acid synthesis); 6-BA, exogenous application of benzylaminopurine (a synthetic cytokinin).
Different letters above columns indicate statistical significance at the p < 0.05 level between different
genetic lines/treatments of each plant organ. Values are the means + SD.

9522 9522-0X2  9522-RIl1 9522-RI2

AVG  6-BA AWMD

Figure 2. Changes in leaf color of wildtype and transgenic lines, following application of application
of exogenous phytohormone/alternate wetting and under moderate drying (AWMD) irrigation at
15 days post anthesis. Symbols are as described in Figure 1.
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Figure 3. Changes in flag leaf nitrogen contents of wildtype and transgenic lines (A), and appli-
cation of exogenous phytohormone/alternate wetting and under moderate drying (AWMD) irri-
gation (B) during grain filling (0—45 days after anthesis). Symbols and significance levels are as
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described in Figure 1.
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Figure 4. Changes in flag leaf photosynthesis rates of wildtype and transgenic lines (A), and ap-
plication of exogenous phytohormone/alternate wetting and under moderate drying (AWMD)
irrigation (B) during grain filling (0-45 days after anthesis). Symbols and significance levels are as
described in Figure 1.

To examine the contents of photosynthetic proteins in detail, Western blot analysis was
performed (Figure 5). There were no significant differences in the major LHCI apoproteins
of Lhcal and Lhca2 and the major LHCII apoprotein of Lhcb2 between wildtype and
transgenic lines. PsbD, a D2 reaction center polypeptide of photosystem II, was degraded
in 9522-OX lines; however, reduced degradation was observed in 9522-RI lines. RbcL, the
large subunit of Rubisco, was not influenced by the expression levels of OsNYC3, which is
consistent with the photosynthesis rate during the grain filling stage (Figure 4). Application
of 6-BA significantly increased the contents of proteins of Lhcal and Lhca2, which indicated
that the sizes of light harvest complexes in PSI and PSII were increased, and a similar result
was also observed in the treatment of AWMD at 15 days post anthesis. For the reaction
center of photosystem II, the protein contents of PsbD were significantly decreased in the
treatments with ABA and ETH, which may be related to their roles in leaf senescence
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promotion. Rubisco content was also improved by the treatment with 6-BA compared to
CK, which is consistent with the high photosynthesis rate of 6-BA treatment (Figure 4).
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Figure 5. Western blot analysis of photosynthetic proteins from leaves of wildtype and transgenic lines
at heading stage (A), and 15 days after the application of exogenous phytohormone/alternate wetting
and under moderate drying (AWMD) irrigation (B). Lhcal, Lhca2 are light-harvesting complex I
(LHCI) apoproteins. Lhcb2 is an LHCII apoprotein. PsbD is the D2 reaction center polypeptide of
photosystem II. RbcL is the large subunit of Rubisco. Symbols are as described in Figure 1.

2.3. Grain Filling and Redistribution of Assimilates from Carbon Reserves in Stems

The comparative study of '3C translocation from leaves to shoots and grains showed
that overexpression of OsNYC3 would favor the partition of photosynthetic assimilates to
grains (Figure 6). As shown in Figure 5, 12.8% more but 23.7% less carbohydrates labeled
at anthesis were later translocated to grains and stems, respectively, resulting in 9.9% less
unused carbohydrates in leaves, when comparing 9522-OX lines with wildtype plants. In
contrast, no significant differences were found between 9522-RI lines and the wildtype.
Treatment with ETH, AVG, and 6-BA retained 3C-labeled carbohydrates in either leaves or
stems, resulting in a low translocation ratio to grains, which is adverse for grain filling. The
relative distribution of 13C to grains was only higher than control plants in treatments with
ABA and AWMD.
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(A), and application of exogenous phytohormone/alternate wetting and under moderate drying
(AWMD) irrigation (B) at harvest stage. Symbols and significance levels are as described in Figure 1.

The total sugars as nonstructural carbohydrates (NSCs, including soluble
sugars + starch) in stems decreased during grain filling (Figure 7). The decrease in NSC
was faster in 9522-OX lines than in 9522-RI lines and wildtype plants. NSC contents sharply
decreased from 8 to 28 days after anthesis, and overexpression of OsNYC3 accelerated
this process. The changes in NSC concentration varied across different treatments, with
ABA and AWMD causing the sharpest decreases in NSC of the stems, but 6-BA and ETH
impeded the progress of reallocation of pre-anthesis assimilates from the stems to grains.
These results were consistent with the 13CO, labeling data (Figure 6).
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Figure 7. Changes in contents of nonstructural carbohydrates (NSCs) in the stems of wildtype and
transgenic lines (A), and application of exogenous phytohormone/alternate wetting and under
moderate drying (AWMD) irrigation (B) during grain filling stage. Symbols and significance levels
are as described in Figure 1.

Changes in the activities of key enzymes in starch synthesis of adenosine diphosphate—
glucose pyrophosphorylase (AGPase), granule-bound starch synthase (GBSS), and starch
branching enzyme (SBE) were very similar (Figure 8). Activities of these enzymes reached
their peak around 20 days after anthesis, and then gradually decreased at the later stage
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of grain filling. The activities of AGPase, GBSS, and SBE were enhanced in 9522-OX lines,
but decreased in 9522-RI lines. Treatments of AWMD, ABA, and AVG also increased the
activities of starch synthesis-related enzymes, whereas their activities were lower following
ETH treatment.
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Figure 8. Activities of adenosine diphosphate-glucose pyrophosphorylase (AGPase; A,B), granule-
bound starch synthase (GBSS; C,D), and starch branching enzyme (SBE; E,F) in spikelets of rice
of wildtype and transgenic lines (A,C,E), and application of exogenous phytohormone/alternate
wetting and under moderate drying (AWMD) irrigation (B,D,F) during grain filling stage. Symbols
and significance levels are as described in Figure 1.

The grain filling rate and grain weight were much greater for superior spikelets than
for inferior spikelets (Figure 9). They were substantially increased by overexpression of
OsNYCS3 for inferior spikelets when compared with those of the wildtype, but showed no
significant difference between the wildtype and transgenic lines for superior spikelets. The
application of exogenous phytohormone or water management of AWMD also impacted
grain filling rate and grain weight. AWMD and ABA improved the grain filling of inferior
spikelets, while 6-BA and ETH impeded the grain filling of inferior spikelets. As a result,
grain yield was increased by 9.0% and 5.7% following the treatments of AWMD and ABA,
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Figure 9. Grain-filling processes of superior (S) and inferior (I) spikelets of wildtype and transgenic
lines (A), and application of exogenous phytohormone/alternate wetting and under moderate drying
(AWMD) irrigation (B) at harvest stage. Symbols and significance levels are as described in Figure 1.

3. Discussion
3.1. The Relationships between “STAY-GREEN" Trait and Crop Production

Senescence is a highly programmed recycling process in which carbohydrates and
mineral nutrients are remobilized from deteriorating leaves to developing grains [28].
The hallmark of senescence is yellowing of leaves because of preferential degradation of
chlorophyll over carotenoids. Mutants with the “STAY-GREEN" phenotype are reported
in many species, and the most extensively studied are the nonfunctional/cosmetic “STAY-
GREEN” mutants which exhibit loss of function of photosynthetic capacity, but retain leaf
greenness [29]. This is also the case for 9522-RI lines, in which chlorophyll catabolism is
inhibited (Figure 1), but photosynthetic capacity is similar to the wildtype (Figure 4). In this
case, “STAY-GREEN" is defined as unfavorably delayed because translocation of nutrients
from leaves to newly developed seeds was impeded and unused assimilates were left in
the straw (Figures 6 and 7). In 9522-OX lines, early leaf senescence is accompanied by
improved grain filling, resulting in a high grain filling rate and grain weight (Table 1).

Several studies on different crops, genotypes, and transgenic lines have indicated
that cultivars with delayed senescence and prolonged photosynthetic activity, which are
characteristics of functional “STAY-GREEN” plants, could increase productivity [6,26,28].
Cytokinins have long been recognized to retard senescence processes, and most transgenic
approaches aiming at a functional “STAY-GREEN" trait improve the endogenous cytokinin
content through the expression of the IPT gene (a key gene in cytokinin biosynthesis) under
control of a senescence-inducible promoter SAG12. This strategy was first successfully
demonstrated in tobacco [30]. Tobacco Pssg12::IPT transformants significantly delayed
the senescence of lower leaves, increased biomass weight by 40%, and increased seed
yield by 52% [30]. This successful attempt in tobacco plants prompted many researchers
to transfer the IPT gene to extend the photosynthetic active period in many agronom-
ically important crops [31-33]. The effect of the IPT gene on improving or stabilizing
crop yields is especially apparent under abiotic stress environments; for example, by con-
trolling the IPT gene expression of a stress- and maturation-induced promoter of a gene
encoding a receptor protein kinase (SARK), the “STAY-GREEN" transgenic lines retained
leaf water contents, maintained a high photosynthesis rate, and showed extreme drought
tolerance [23]. Moreover, the transgenic plants saved as much as 70% of irrigation water
with minimal yield loss.
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However, this relationship is more complicated for cereal crops regarding grain yield.
There has long been a dispute on whether yield is determined by sink sizes or by source
activities. The predominant current conclusion is that sink size is the primary determinant
of yields, especially for cereal crops with small size grains [34]. Therefore, the “STAY-
GREEN” trait is sometimes defined as unfavorably delayed because the gain from the
extended period of photosynthesis is less than the loss due to incomplete remobilization
of prestored carbohydrates in the straw [5]. For example, the “STAY-GREEN" trait in
the late reproductive stage of wheat by the expression of the IPT gene has no positive
effect on yield [35]. It is proposed that the “STAY-GREEN" trait interferes with the wheat
reproductive strategy based on fast senescence and remobilization of metabolites from
senescing organs to developing grains shortly after anthesis [35]. Similar results were
observed in rice [36,37]. These results are consistent with our study in which overex-
pression of OsNYC3 (a regulator of chlorophyll degradation) accelerated leaf senescence
(Figures 1 and 2), while translocation of NSC in the stem contributed to improved grain
filling rate and seed weight, especially inferior ones (Figures 7 and 8, Table 1).

3.2. Leaf Senescence Needs to Be Finely Tuned to Increase Yields for Cereal Crops

There are reports illustrating the negative correlations between the “STAY-GREEN"
trait at the late reproductive stage and grain yield in cereal crops. For example, in a
double-haploid population of rice derived from a cross of an indica parent and a “STAY-
GREEN" japonica parent, the “STAY-GREEN” trait was associated with yield losses [38].
Naruoka et al. [39] also reported a negative correlation of yield with the “STAY-GREEN”
characteristic in wheat lines under wet, cool conditions. Poor grain filling is the main
limitation for cereal plants to achieve their yield potential; it is always associated with
delayed senescence and results in lower grain yield [40,41]. Generally, the overuse of
nitrogen fertilizers [42], the introduction of lodging-resistant cultivars that stay green for
too long [43], and delayed whole-plant senescence of hybrids [44] were the main reasons for
the unfavorably delayed senescence. In these cases, a high amount of prestored NSCs are
left unused in stems and plants that remain green, whereas grains are due to ripen [45,46].

Thus, regulation of senescence needs to be finely turned to increase grain yield [46].
Senescence can also be altered by senescence-promoting or -inhibiting hormones. ABA
is not only well known for the rapid response to external stimulus, e.g., hot and drought
stress [47], but also involved in the regulation of numerous internal processes of plant
development, such as seed germination, root development, senescence, and seed develop-
ment [47,48]. Although it has been reported that high ABA levels suppress starch synthesis
in maize [49] and reduce the grain weight of wheat [50], evidence has shown that a low dose
of ABA results in increases in grain filling rate and grain weight in different crops [51,52].
As shown in Figure 7, the translocation of NSCs was significantly improved following the
ABA treatment. Ethylene is a major hormone hastening leaf senescence, fruit ripening,
and flower senescence [7,15]. Leaf senescence is modulated by the application of ETH and
AVG (Figure 1). However, overproduction of ethylene is frequently related to fruit abortion
and grain weight reduction [53,54], which is consistent with the lower weight of inferior
grains following ETH treatment (Figure 9, Table 1). Cytokinins regulate the proliferation
and differentiation of plant cells [21]. Following application of 6-BA to the leaves, leaf
senescence was impeded and unfavorably delayed, which resulted in poor grain filling in
this study (Figure 9). Notably, water management of AWMD significantly improved grain
filling of grains, especially inferior ones (Table 1, Figure 9). AWMD could significantly
increase ABA synthesis in grains, especially inferior ones, reduce both the ethylene release
rate and the concentration of 1-aminocyclopropane-1-carboxylic acid (ACC, the precursor
of ethylene), and increase the ratio of ABA to ethylene, thereby enhancing grain filling
and grain weight, especially in inferior grains [24,55-59]. The changes in phytohormone
levels could result in enhanced activity and/or gene expression of enzymes involved in
sucrose-to-starch conversion (Figure 8) [60].
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The process of grain filling is pivotal for rice production, and it overlaps with plant
senescence, but their relationship remains elusive. Through manipulation of the expression
levels of a chlorophyll catabolism gene, OsNYC3, application of exogenous chemicals, and
water management of AWMD, we found that the leaf “STAY-GREEN" trait is unfavorable,
because rice grain production is largely based on fast senescence and remobilization of
metabolites from senescing organs to grains shortly after heading. Leaf/plant senescence
needs to be finely tuned to increase grain yields. We showed that manipulation of the
expression levels of senescence-related genes, application of exogenous chemicals of abscisic
acid (ABA), and water management of AWMD could be an alternative approach to improve
the grain filling of rice.

4. Materials and Methods
4.1. Plant Materials

A japonica cultivar 9522 was selected as the wildtype. For the generation of 9522-
RI, the partial exons 1 and 2 containing OsNYC3 were amplified from japonica rice Nip-
ponbare cDNA using primers RI-F (5'-AAAGGATCCACAATAGCAAGGCACCG-3') and
RI-R (5-AAAACTAGTA GCGAGGAGATGTAGCAG-3'). The target fragment was then
cloned into the p1022 vector and transferred into the plant binary vector p1301UbiNOS,
expressed under the control of the maize ubiquitin promoter. To generate the 9522-OX
construct, the coding region of OsNYC3 was amplified from Nipponbare cDNA using OX-F
(5'-AAAACTAGTATGGAAGTGGTTTCTTCCAGCCACTC-3') and OX-R (5-AAAGAGC
TCTTATCTAGATATTACCCATGTGTTGGA-3'), inserted into the p1301UbiNOS vector. All
constructs were transformed via Agrobacterium tumefaciens-mediated transformation.

4.2. Plant Growth Environment and Treatment

The wildtype (9522), 9522-RI, and 9522-OX lines were grown in fields at the exper-
imental station of Yangzhou University, Jiangsu Province, China. For each genetic line,
there were three replicates/plots. Each plot occupied 30 m? (5 m in width and 6 m in
length). The distances between plants and between rows were 13.3 and 25 cm, respectively.
The water management maintained a continuous flood with 2-3 cm water depth until 1
week before the final harvest. Weeds, insects, and diseases were controlled using chemical
or manual methods to avoid yield loss. Phosphorus (30 kg-ha~! as single superphos-
phate) and potassium (40 kg-ha~! as KCl) were applied and incorporated as basal fertilizer
before transplanting. Furthermore, 170 kg N-ha~! was applied in a ratio of 5:2:3 at the
pre-transplanting, early tillering, and panicle initiation stages.

For genotype 9522, starting at 6 days after full heading, ABA, ethephon (ETH),
aminoethoxyvinylglycine (AVG), and 6-benzylaminopurine (6-BA) were applied to the
leaves; from full heading, the water treatment of AWMD was introduced. The preparation
and application of the chemical solutions were as described elsewhere [24,61]. In brief,
starting at 6 days after full heading, 20 umol-L~! ABA, 50 mmol-L~! ethephon (ETH, an
ethylene-releasing agent), 50 pmol-L~! aminoethoxyvinylglycine (AVG; an inhibitor of
ethylene synthesis by inhibiting ACC synthesis), and 150 pmol-L~! 6-benzylaminopurine
(6-BA, a synthetic cytokinin) were applied to the top three leaves using a writing brush
which was dipped in the solutions. The chemicals were applied daily for 4 days at the rate
of 4 mL per panicle at each application, with 0.5% (v/v) Teepol (Fluka, Riedel-de-Haen,
Seelze, Germany) as a surfactant. The same volume of deionized water containing the same
concentrations of Teepol was applied to the control plants. For water management, the
irrigation regime of AWMD was introduced, in which, from heading to maturity, fields
were not irrigated until the soil water potential reached —15 kPa at 15-20 cm depth.

4.3. SDS-PAGE and Protein Gel Blot Analysis

Flag leaves of the wildtype and transgenic lines at the heading stage and 15 days
after the application of exogenous phytohormone/AWMD treatment were used for protein
extraction and Western blot analysis. Then, 100 mg (fresh weight) of leaf samples were
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ground in liquid nitrogen, and total leaf protein was extracted using 5 mL of extraction
buffer (62.5 mM Tris, pH 6.8, 2.5% SDS, 5% mercaptoethanol, 10% glycerol). The extracted
leaf proteins were denatured by adding SDS-PAGE loading buffer at 100 °C for 5 min
before SDS-PAGE analysis. The samples were isolated in 12.5% SDS polyacrylamide gel
and blotted on polyvinylidene fluoride (PVDF) transfer membranes (Merck Millipore,
Burlington, MA, USA). Specific antibodies were incubated with the membranes, and the
target proteins were detected using an eECL Plus Western Blotting Detection System (GE
Healthcare UK Ltd., Amersham, UK). Protein images were obtained using a Tanon-5200
instrument (Shanghai, China). Antibodies against Lhcal, Lhca2, Lhcb2, PsbD, and RbcL
were purchased from Agrisera (http://www.Agrisera.com/ accessed on 1 January 2021).

4.4.13CO, Labeling and Sampling

At the flowering stage, 10 plants from each genetic line/treatment were labeled with
13CO,. Flag leaves of the main stems were used for isotope labeling under ambient field
conditions, which lasted for 30 min, between 9:00 a.m. and 11:00 a.m., on a clear day
with photosynthetic active radiation at the top of the canopy ranging between 1000 and
1400 pmol-m~2-s~1. The whole flag leaf was individually enclosed in a polyethylene
bag (25 cm length and 4 cm diameter) and exposed to a 3CO,-enriched atmosphere.
13C was supplied by the injection of 15 mL of '*CO, gas (from Shanghai Research Institute
of Chemical Industry Co., Ltd., Shanghai, China). At the maturity stage, the labeled
plants were harvested, and each plant was divided into leaf blades, culms plus sheaths,
and kernels. To determine total C and §'3C, samples were combusted in an elemental
analyzer (CHNS elemental analyzer, Vario marco cube, Elementar, Germany) and an
isotope ratio mass spectrometer (Isoprimel00, Elementar, Germany). Isotopic values are
expressed in d units, denoting parts per thousand deviations (%.) relative to VPDB (Vienna
Pee Dee Belemnite).

4.5. NSC Measurement, Extraction and Assays of Starch Metabolic Enzymes

The method for extraction of NSC in stems was as described earlier [62]. Eight to ten
tagged panicles were sampled from each plot at 12, 16, 20, 24, and 28 days after anthesis.
Spikelets were removed from the tagged panicles, frozen in liquid nitrogen for 2 min,
and then stored at —70 °C for the measurement of enzymatic activity. All chemicals and
enzymes used for enzymatic measurement were from Sigma Chemical Company (St. Louis,
MO, USA). All enzyme assays were optimized for pH and substrate concentration, and
they were within the linear phase with respect to incubation time and protein concentration.
Protein content was determined according to Bradford [63], using bovine serum albumin
as the standard. The extraction procedure for AGPase, GBSS, and SBE was according to
Nakamura et al. [64]. The enzyme activities were determined as described previously
for AGPase, SBE [64], and GBSS [65]. Activities of enzymes were expressed as U-mg~!
protein-min~! for SBE and nmol-mg~! protein-min~" for the others.

4.6. Statistical Analysis

Analysis of variance was performed using R programming language [66]. The least
significant difference (LSD) test was conducted for multiple comparisons between genetic
lines or treatments. For figures, the data were visualized using the ggplot 2 package [67].

Author Contributions: Conceptualization, G.L., ].Y., Y.Z. (Yong Zhou) and J.G.; methodology, W.Z,,
WW, H.Z,, LL. and ZW.; investigation, Y.Z. (Yuguang Zang), Y.Y., Z.X., BW. and Y.M.; writing—
original draft preparation, ].G.; writing—review and editing, ].Y.; supervision, J.Y. and G.L.; project
administration, J.Y.; funding acquisition, Y.Z. (Yong Zhou) and J.Y. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China
(31872853), the Key Research and Development Program of Jiangsu Province (BE2021323), and
the Priority Academic Program Development of Jiangsu Higher-Education Institutions (PAPD).


http://www.Agrisera.com/

Int. . Mol. Sci. 2022, 23, 13668 13 of 15

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Long, S.P. Mechanisms of plant response to global atmospheric change. Plant Cell Environ. 2012, 35, 1705-1706. [CrossRef] [PubMed]

2. Yang, J. Approaches to achieve high grain yield and high resource use efficiency in rice. Front. Agric. Sci. Eng. 2015, 2,
115-123. [CrossRef]

3. Okamura, M.; Arai-Sanoh, Y.; Yoshida, H.; Mukouyama, T.; Adachi, S.; Yabe, S.; Nakagawa, H.; Tsutsumi, K.; Taniguchi, Y.;
Kobayashi, N. Characterization of high-yielding rice cultivars with different grain-filling properties to clarify limiting factors for
improving grain yield. Field Crops Res. 2018, 219, 139-147. [CrossRef]

4. Mohapatra, PK,; Patel, R.; Sahu, S.K. Time of flowering affects grain quality and spikelet partitioning within the rice panicle.
Funct. Plant Biol. 1993, 20, 231-241. [CrossRef]

5. Yang, ].; Zhang, ]J. Grain-filling problem in ‘super’ rice. J. Exp. Bot. 2010, 61, 1-5. [CrossRef]

6.  Gregersen, PL.; Culetic, A.; Boschian, L.; Krupinska, K. Plant senescence and crop productivity. Plant Mol. Biol. 2013, 82,
603-622. [CrossRef]

7. Lim, PO.; Kim, H.].; Gil Nam, H. Leaf senescence. Annu. Rev. Plant Biol. 2007, 58, 115-136. [CrossRef]

8.  Buchanan-Wollaston, V.; Earl, S.; Harrison, E.; Mathas, E.; Navabpour, S.; Page, T.; Pink, D. The molecular analysis of leaf
senescence—A genomics approach. Plant Biotechnol. ]. 2003, 1, 3-22. [CrossRef]

9. Gu,]J; Zhou, Z.; Li, Z.; Chen, Y,; Wang, Z.; Zhang, H. Rice (Oryza sativa L.) with reduced chlorophyll content exhibit higher
photosynthetic rate and efficiency, improved canopy light distribution, and greater yields than normally pigmented plants. Field
Crops Res. 2017, 200, 58-70. [CrossRef]

10. Gu,].; Zhou, Z; Li, Z.; Chen, Y.; Wang, Z.; Zhang, H.; Yang, ]. Photosynthetic properties and potentials for improvement of
photosynthesis in pale green leaf rice under high light conditions. Front. Plant Sci. 2017, 8, 1082. [CrossRef]

11. Hortensteiner, S. Chlorophyll degradation during senescence. Annu. Rev. Plant Biol. 2006, 57, 55-77. [CrossRef] [PubMed]

12.  Peng, Y.Y,; Liao, L.L.; Liu, S.; Nie, M.M.; Li, J.; Zhang, L.D.; Ma, ].E; Chen, Z.C. Magnesium deficiency triggers SGR-mediated
chlorophyll degradation for magnesium remobilization. Plant Physiol. 2019, 18, 262-275. [CrossRef] [PubMed]

13.  Yamatani, H.; Sato, Y.; Masuda, Y.; Kato, Y.; Morita, R.; Fukunaga, K.; Nagamura, Y.; Nishimura, M.; Sakamoto, W.; Tanaka, A.;
et al. NYC4, the rice ortholog of Arabidopsis THF1, is involved in the degradation of chlorophyll—Protein complexes during leaf
senescence. Plant J. 2013, 74, 652-662. [CrossRef] [PubMed]

14. Yang, Y;; Xu, J.; Huang, L.; Leng, Y.; Dai, L.; Rao, Y.; Chen, L.; Wang, Y.; Tu, Z.; Hu, J.; et al. PGL, encoding chlorophyl-
lide a oxygenase 1, impacts leaf senescence and indirectly affects grain yield and quality in rice. ]. Exp. Bot. 2016, 67,
1297-1310. [CrossRef]

15. Abdelrahman, M.; El-sayed, M.; Jogaiah, S.; Burritt, D.J.; Tran, L.S.P. The “STAY-GREEN" trait and phytohormone signaling
networks in plants under heat stress. Plant Cell Rep. 2017, 36, 1009-1025. [CrossRef]

16. Hu, Y;; Jiang, Y.; Han, X.; Wang, H.; Pan, J.; Yu, D. Jasmonate regulates leaf senescence and tolerance to cold stress: Crosstalk with
other phytohormones. J. Exp. Bot. 2017, 68, 1361-1369. [CrossRef]

17. Sultana, N.; Islam, S.; Juhasz, A.; Ma, W. Wheat leaf senescence and its regulatory gene network. Crop J. 2021, 9,
703-717. [CrossRef]

18. Song, S.; Ge, M.; Wang, W.; Gu, C.; Chen, K.; Zhang, Q.; Yu, Q.; Liu, G; Jiang, J. BpEIN3.1 represses leaf senescence by inhibiting
synthesis of ethylene and abscisic acid in Betula platyphylla. Plant Sci. 2022, 321, 111330. [CrossRef]

19. Igbal, N.; Khan, N.A.; Ferrante, A.; Trivellini, A.; Francini, A.; Khan, M.LR. Ethylene role in plant growth, development and
senescence: Interaction with other phytohormones. Front. Plant Sci. 2017, 8, 475. [CrossRef]

20. Ma, Y, Cao, J.; He, J.; Chen, Q.; Li, X,; Yang, Y. Molecular mechanism for the regulation of ABA homeostasis during plant
development and stress responses. Int. J. Mol. Sci. 2018, 19, 3643. [CrossRef]

21. Gu, J; Li, Z; Mao, Y.; Struik, PC.; Zhang, H.; Liu, L.; Wang, Z.; Yang, ]J. Roles of nitrogen and cytokine signals in root
and shoot communications in maximizing of plant productivity and their agronomic applications. Plant Sci. 2018, 274,
320-331. [CrossRef] [PubMed]

22. Hai, N.N,; Chuong, N.N.; Tu, N.H.C ; Kisiala, A.; Hoang, X.L.T.; Thao, N.P. Role and regulation of cytokinins in plant response to
drought stress. Plants 2020, 9, 422. [CrossRef] [PubMed]

23. Rivero, R.M.; Kojima, M.; Gepstein, A.; Sakakibara, H.; Mittler, R.; Gepstein, S.; Blumwald, E. Delayed leaf senescence induces
extreme drought tolerance in a flowering plant. Proc. Nat. Ac. Sci. USA 2007, 104, 19631-19636. [CrossRef]

24. Chen, T; Xu, Y.; Wang, J.; Wang, Z.; Yang, ].; Zhang, J. Polyamines and ethylene interact in rice grains in response to soil drying
during grain filling. J. Exp. Bot. 2013, 64, 2523-2538. [CrossRef]

25. Yang, J.; Zhou, Q.; Zhang, ]. Moderate wetting and drying increases rice yield and reduces water use, grain arsenic level, and

methane emission. Crop J. 2017, 5, 151-158. [CrossRef]


http://doi.org/10.1111/j.1365-3040.2012.02589.x
http://www.ncbi.nlm.nih.gov/pubmed/22946457
http://doi.org/10.15302/J-FASE-2015055
http://doi.org/10.1016/j.fcr.2018.01.035
http://doi.org/10.1071/PP9930231
http://doi.org/10.1093/jxb/erp348
http://doi.org/10.1007/s11103-013-0013-8
http://doi.org/10.1146/annurev.arplant.57.032905.105316
http://doi.org/10.1046/j.1467-7652.2003.00004.x
http://doi.org/10.1016/j.fcr.2016.10.008
http://doi.org/10.3389/fpls.2017.01082
http://doi.org/10.1146/annurev.arplant.57.032905.105212
http://www.ncbi.nlm.nih.gov/pubmed/16669755
http://doi.org/10.1104/pp.19.00610
http://www.ncbi.nlm.nih.gov/pubmed/31289214
http://doi.org/10.1111/tpj.12154
http://www.ncbi.nlm.nih.gov/pubmed/23432654
http://doi.org/10.1093/jxb/erv529
http://doi.org/10.1007/s00299-017-2119-y
http://doi.org/10.1093/jxb/erx004
http://doi.org/10.1016/j.cj.2021.01.004
http://doi.org/10.1016/j.plantsci.2022.111330
http://doi.org/10.3389/fpls.2017.00475
http://doi.org/10.3390/ijms19113643
http://doi.org/10.1016/j.plantsci.2018.06.010
http://www.ncbi.nlm.nih.gov/pubmed/30080619
http://doi.org/10.3390/plants9040422
http://www.ncbi.nlm.nih.gov/pubmed/32244272
http://doi.org/10.1073/pnas.0709453104
http://doi.org/10.1093/jxb/ert115
http://doi.org/10.1016/j.cj.2016.06.002

Int. . Mol. Sci. 2022, 23, 13668 14 0of 15

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.
49.
50.
51.
52.
53.

54.

Zarei, B.; Naderi, A.; Kamali, M.R.J.; Lack, S.; Modhej, A. Determination of physiological traits related to terminal drought and
heat stress tolerance in spring wheat genotypes. Int. J. Agric. Crop Sci. 2013, 5, 2511-2520.

Morita, R.; Sato, Y.; Masuda, Y.; Nishimura, M.; Kusaba, M. Defect in non-yellow coloring 3, an «/ 3 hydrolase-fold family protein,
causes a stay-green phenotype during leaf senescence in rice. Plant J. 2009, 59, 940-952. [CrossRef]

Guo, Y;; Ren, G.; Zhang, K,; Li, Z.; Miao, Y.; Guo, H. Leaf senescence: Progression, regulation, and application. Mol. Hortic.
2021, 1, 5. [CrossRef]

Thomas, H.; Howarth, C.J. Five ways to stay green. |. Exp. Bot. 2000, 51, 329-337. [CrossRef]

Gan, S.; Amasino, R.M. Inhibition of leaf senescence by autoregulated production of cytokinin. Science 1995, 270,
986-988. [CrossRef]

Guo, Y.; Gan, S. Genetic manipulation of leaf senescence. In Senescence Processes in Plants; Gan, S., Ed.; Blackwell: New Dehli,
India, 2007; pp. 304-322.

Kant, S.; Burch, D.; Badenhorst, P.; Palanisamy, R.; Mason, J.; Spangenberg, G. Regulated expression of a cytokinin biosynthesis
gene IPT delays leaf senescence and improves yield under rainfed and irrigated conditions in canola (Brassica napus L.). PLoS
ONE 2015, 10, €0116349. [CrossRef] [PubMed]

Nguyen, H.N.; Lai, N.; Kisiala, A.B.; Emery, R.N. Isopentenyltransferases as master regulators of crop performance: Their
function, manipulation, and genetic potential for stress adaptation and yield improvement. Plant Biotechnol. J. 2021, 19, 1297-1313.
[CrossRef] [PubMed]

Fischer, R.A. The importance of grain or kernel number in wheat: A reply to Sinclair and Jamieson. Field Crops Res. 2008, 105,
15-21. [CrossRef]

Sykorova, B.; Kuresova, G.; Daskalova, S.; Trckova, M.; Hoyerova, K.; Raimanova, I.; Motyka, V.; Travnickova, A.; Elliott,
M.C.; Kaminek, M. Senescence-induced ectopic expression of the A. tumefaciens ipt gene in wheat delays leaf senescence,
increases cytokinin content, nitrate influx, and nitrate reductase activity, but does not affect grain yield. J. Exp. Bot. 2008, 59,
377-387. [CrossRef]

Lin, Y.J.; Cao, M.L,; Xu, C.G.; Chen, H.; Wei, ].; Zhang, Q.F. Cultivating rice with delaying leaf senescence by P-SAG12-IPT gene
transformation. Acta Bot. Sin. 2002, 44, 1333-1338.

Liu, L.; Zhou, Y.; Szczerba, M.W.; Li, X.; Lin, Y. Identification and application of a rice senescence-associated promoter. Plant
Physiol. 2010, 153, 1239-1249. [CrossRef] [PubMed]

Jiang, G.H.; He, Y.Q.; Xu, C.G,; Li, X.H.; Zhang, Q. The genetic basis of stay-green in rice analyzed in a population of doubled
haploid lines derived from an indica by japonica cross. Theor. Appl. Gen. 2004, 108, 688-698. [CrossRef]

Naruoka, Y.; Sherman, ].D.; Lanning, S.P,; Blake, N.K.; Martin, ].M.; Talbert, L.E. Genetic analysis of green leaf duration in spring
wheat. Crop Sci. 2012, 52, 99-109. [CrossRef]

Zhang, J.; Sui, X,; Li, B.; Su, B.; Li, ].; Zhou, D. An improved water-use efficiency for winter wheat grown under reduced irrigation.
Field Crops Res. 1998, 59, 91-98. [CrossRef]

Mi, G.; Tang, L.; Zhang, F.; Zhang, ]. Carbohydrate storage and utilization during grain filling as regulated by nitrogen application
in two wheat cultivars. J. Plant Nutr. 2002, 25, 213-229. [CrossRef]

Chen, L.; Xie, H.; Wang, G.; Qian, X.; Wang, W.; Xu, Y.; Zhang, W.; Zhang, H.; Liu, L.; Wang, Z.; et al. Reducing environmental
risk by improving crop management practices at high crop yield levels. Field Crops Res. 2021, 265, 108123. [CrossRef]

Berry, PM,; Sterling, M.; Spink, ].H.; Baker, C.J.; Sylvester-Bradley, R.; Mooney, S.J.; Tams, A.R.; Ennos, A.R. Understanding and
reducing lodging in cereals. Adv. Agron. 2004, 84, 215-269.

Gong, Y.H.; Zhang, J.; Gao, J.F; Lu, ].Y.; Wang, J.R. Slow export of photoassimilate from stay-green leaves during late grain-filling
stage in hybrid winter wheat (Triticum aestivum L.). ]. Agron. Crop Sci. 2005, 191, 292-299. [CrossRef]

Yang, J.; Peng, S.; Zhang, Z.; Wang, Z.; Visperas, R M.; Zhu, Q. Grain and dry matter yields and partitioning of assimilates in
japonica/indica hybrid rice. Crop Sci. 2002, 42, 766-772. [CrossRef]

Yang, J.; Zhang, J. Crop management techniques to enhance harvest index in rice. J. Exp. Bot. 2010, 61, 3177-3189. [CrossRef]
Liu, C.; Mao, B.; Yuan, D.; Chu, C.; Duan, M. Salt tolerance in rice: Physiological responses and molecular mechanisms. Crop .
2021, 10, 13-25. [CrossRef]

Nambara, E.; Van Wees, S. Plant hormone functions and interactions in biological systems. Plant ]. 2021, 105, 287-289. [CrossRef]
Boyer, ].S.; Westgate, M.E. Grain yields with limited water. ]. Exp. Bot. 2004, 55, 2385-2394. [CrossRef]

Bano, A.; Yasmeen, S. Role of phytohormones under induced drought stress in wheat. Pak. J. Bot. 2010, 42, 2579-2587.

Seiler, C.; Harshavardhan, V.T.; Rajesh, K.; Reddy, P.S.; Strickert, M.; Rolletschek, H.; Scholz, U.; Wobus, U.; Sreenivasulu, N.
ABA biosynthesis and degradation contributing to aba homeostasis during barley seed development under control and terminal
drought-stress conditions. J. Exp. Bot. 2011, 62, 2615-2632. [CrossRef]

Zhang, L.; Liang, X.G.; Shen, S.; Yin, H.; Zhou, L.L.; Gao, Z.; Lv, X,; Zhou, S. Increasing the abscisic acid level in maize grains
induces precocious maturation by accelerating grain filling and dehydration. Plant Growth Regul. 2018, 86, 65-79. [CrossRef]
Yang, ].; Zhang, ].; Liu, K.; Wang, Z.; Liu, L. Abscisic acid and ethylene interact in wheat grains in response to soil drying during
grain filling. New Phytol. 2006, 171, 293-303. [CrossRef] [PubMed]

Lee, BR;; Zaman, R.; La, VH.; Park, S.H.; Kim, T.H. Ethephon-induced ethylene enhances protein degradation in source leaves, but its
high endogenous level inhibits the development of regenerative organs in Brassica napus. Plants 2021, 10, 1993. [CrossRef] [PubMed]


http://doi.org/10.1111/j.1365-313X.2009.03919.x
http://doi.org/10.1186/s43897-021-00006-9
http://doi.org/10.1093/jexbot/51.suppl_1.329
http://doi.org/10.1126/science.270.5244.1986
http://doi.org/10.1371/journal.pone.0116349
http://www.ncbi.nlm.nih.gov/pubmed/25602960
http://doi.org/10.1111/pbi.13603
http://www.ncbi.nlm.nih.gov/pubmed/33934489
http://doi.org/10.1016/j.fcr.2007.04.002
http://doi.org/10.1093/jxb/erm319
http://doi.org/10.1104/pp.110.157123
http://www.ncbi.nlm.nih.gov/pubmed/20439547
http://doi.org/10.1007/s00122-003-1465-z
http://doi.org/10.2135/cropsci2011.05.0269
http://doi.org/10.1016/S0378-4290(98)00104-X
http://doi.org/10.1081/PLN-100108831
http://doi.org/10.1016/j.fcr.2021.108123
http://doi.org/10.1111/j.1439-037X.2005.00173.x
http://doi.org/10.2135/cropsci2002.7660
http://doi.org/10.1093/jxb/erq112
http://doi.org/10.1016/j.cj.2021.02.010
http://doi.org/10.1111/tpj.15151
http://doi.org/10.1093/jxb/erh219
http://doi.org/10.1093/jxb/erq446
http://doi.org/10.1007/s10725-018-0411-7
http://doi.org/10.1111/j.1469-8137.2006.01753.x
http://www.ncbi.nlm.nih.gov/pubmed/16866937
http://doi.org/10.3390/plants10101993
http://www.ncbi.nlm.nih.gov/pubmed/34685802

Int. . Mol. Sci. 2022, 23, 13668 150f 15

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Mohapatra, P.K.; Naik, PK,; Patel, R. Ethylene inhibitors improve dry matter partitioning and development of late flowering
spikelets on rice panicles. Funct. Plant Biol. 2000, 27, 311-323. [CrossRef]

Sharp, R.E. Interaction with ethylene: Changing views on the role of abscisic acid in root and shoot growth responses to water
stress. Plant Cell Environ. 2002, 25, 211-222. [CrossRef] [PubMed]

Yang, J.; Zhang, J.; Ye, Y.; Wang, Z.; Zhu, Q.; Liu, L. Involvement of abscisic acid and ethylene in the responses of rice grains to
water stress during filling. Plant Cell Environ. 2004, 27, 1055-1064. [CrossRef]

Yang, J.; Zhang, J.; Wang, Z.; Liu, K.; Wang, P. Post-anthesis development of inferior and superior spikelets in rice in relation to
abscisic acid and ethylene. J. Exp. Bot. 2005, 57, 149-160. [CrossRef]

Panda, B.B.; Kariali, E.; Panigrahi, R.; Mohapatra, PK. High ethylene production slackens seed filling in compact panicled rice
cultivar. Plant Growth Regul. 2009, 58, 141-151. [CrossRef]

Wang, G.; Zhang, J. 2020. Carbohydrate, hormone and enzyme regulations of rice grain filling under post-anthesis soil drying.
Environ. Exp. Bot. 2020, 178, 104165. [CrossRef]

Zhu, K.; Ren, W,; Yan, J.; Zhang, Y.; Zhang, W.; Xu, Y.; Wang, Z.; Yang, ]. Grain yield and nitrogen use efficiency are increased
by exogenous cytokinin application through the improvement in root physiological traits of rice. Plant Growth Regul. 2022, 97,
157-169. [CrossRef]

Yang, J.; Zhang, J.; Huang, Z.; Zhu, Q.; Wang, L. Remobilization of carbon reserves is improved by controlled soil-drying during
grain filling of wheat. Crop Sci. 2000, 40, 1645-1655. [CrossRef]

Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Nakamura, Y,; Yuki, K; Park, S.Y. Carbohydrate metabolism in the developing endosperm of rice grains. Plant Cell Physiol. 1989,
30, 833-839. [CrossRef]

Schaffer, A.A.; Petreikov, M. Sucrose-to-starch metabolism in tomato fruit undergoing transient starch accumulation. Plant Physiol.
1997, 113, 739-746. [CrossRef] [PubMed]

R Core Team. R: A Language and Environment for Statistical Computing; v. 4.0.0; R Foundation for Statistical Computing: Vienna,
Austria, 2020; Available online: https:/ /www.r-project.org (accessed on 1 January 2020).

Wickham, H.; Chang, W.; Henry, L. ggplot2: Create elegant data visualisations using the grammar of graphics. 2021. Available
online: https://CRAN.R-project.org/package=ggplot2 (accessed on 1 January 2021).


http://doi.org/10.1071/PP99057
http://doi.org/10.1046/j.1365-3040.2002.00798.x
http://www.ncbi.nlm.nih.gov/pubmed/11841664
http://doi.org/10.1111/j.1365-3040.2004.01210.x
http://doi.org/10.1093/jxb/erj018
http://doi.org/10.1007/s10725-009-9362-3
http://doi.org/10.1016/j.envexpbot.2020.104165
http://doi.org/10.1007/s10725-022-00808-x
http://doi.org/10.2135/cropsci2000.4061645x
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1093/oxfordjournals.pcp.a077813
http://doi.org/10.1104/pp.113.3.739
http://www.ncbi.nlm.nih.gov/pubmed/12223639
https://www.r-project.org
https://CRAN.R-project.org/package=ggplot2

	Introduction 
	Results 
	Yield and Yield Components 
	Leaf Photosynthesis-Related Traits 
	Grain Filling and Redistribution of Assimilates from Carbon Reserves in Stems 

	Discussion 
	The Relationships between “STAY-GREEN” Trait and Crop Production 
	Leaf Senescence Needs to Be Finely Tuned to Increase Yields for Cereal Crops 

	Materials and Methods 
	Plant Materials 
	Plant Growth Environment and Treatment 
	SDS-PAGE and Protein Gel Blot Analysis 
	13CO2 Labeling and Sampling 
	NSC Measurement, Extraction and Assays of Starch Metabolic Enzymes 
	Statistical Analysis 

	References

