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Abstract: Plant hormones strigolactones (SLs) were recently reported to induce leaf senescence. It
was reported that sugar suppresses SL-induced leaf senescence in the dark; however, the mechanism
of the crosstalk between SLs and the sugar signal in leaf senescence remains elusive. To understand
this mechanism, we studied the effects of glucose (Glc) on various senescence-related parameters in
leaves of the rice. We found that sugars alleviated SL-induced leaf senescence under dark conditions,
and the co-treatment with Glc suppressed SL-induced hydrogen peroxide generation and membrane
deterioration. It also suppressed the expression levels of antioxidant enzyme genes upregulated by
SL, suggesting that Glc alleviates SL-induced senescence by inhibiting the oxidative processes. SLs
can adapt to nutrient deficiency, a major factor of leaf senescence; therefore, we suggest the possibility
that Glc and SL monitor the nutrient status in plants to regulate leaf senescence.
Keywords: leaf senescence; plant hormone; rice; reactive oxygen species; strigolactone; sugar


Citation: Takahashi, I.; Jiang, K.;
Asami, T. Counteractive Effects of
Sugar and Strigolactone on Leaf
Senescence of Rice in Darkness.
Agronomy 2021, 11, 1044.
https://doi.org/10.3390/
agronomy11061044
Received: 5 April 2021
Accepted: 19 May 2021
Published: 23 May 2021

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

Copyright: © 2021 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/

1. Introduction
Leaf senescence is a major developmental stage of the leaf and is accompanied by
multilevel alterations, from the organelle to organ and the organism level. Contrary to
the perception of this term, this phenomenon is not a negative process and plays an
important role in the growth and development of plants. For instance, leaf senescence
contributes to metabolism and the relocation of plant components, including proteins,
nucleic acids (DNA and RNA), lipids, and nitrogen, from the old leaves to the sink organs
such as the young leaves and seeds. Various endogenous and exogenous factors control
leaf senescence [1–3]. Unfavorable environmental conditions such as drought, salinity,
extreme temperatures, pathogen attack, and soil nutrient limitation influence the senescence
rate of leaves. Additionally, plant hormones control leaf senescence either positively or
negatively [4,5]. Ethylene, jasmonates, and abscisic acid accelerate this process and, among
these, ethylene is considered a key plant hormone in promoting leaf senescence [6,7].
Conversely, cytokinins delay leaf senescence [7,8].
Strigolactones (SLs) are plant hormones that were originally discovered as inhibitors
of shoot branching [9,10]; however, they are now known to be involved in many other
aspects of plant development as well, including root development, secondary stem growth,
and other physiological processes [11–13]. Before the discovery of SL as a plant hormone,
some SL-deficient and SL-insensitive mutants in rice, Arabidopsis, and petunia have been
identified as mutants with delayed leaf senescence [14–17]. Yamada et al. [18] and Ueda
and Kusaba [19] verified the regulatory role of SLs on leaf senescence and reported that
the application of GR24, a synthetic SL analog, accelerated dark-induced chlorophyll
loss in SL-deficient mutants of rice and Arabidopsis and promoted the transcription of
senescence-associated genes (SAGs) in their leaves. Additionally, the SL-deficient mutants
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displayed delayed leaf senescence in dark compared with their respective wild type counterparts [18,19]. During natural senescence, the transcription levels of SL biosynthesis
genes in Arabidopsis, such as MAX3, MAX4, and MAX1, were upregulated [19], indicating
that SLs are important senescence-promoting elements. In Arabidopsis, SL-induced leaf
senescence is mediated by both ethylene-dependent and independent signals [19]. In rice,
studies showed that the promoting effects of GR24 on leaf senescence increase under phosphate deficiency, indicating that SLs modulate leaf senescence in response to the phosphate
levels [18]. These findings imply that various factors are involved in the regulation of SLinduced leaf senescence. As described above, senescence-promoting elements associated
with SLs have been studied, but the role of senescence-inhibiting elements associated with
SLs in the acceleration in leaf senescence remains unclear.
Chlorophyll loss causes reductions in the photosynthetic rate and photosynthetic
proteins [20], and, as a result, the leaves undergo carbohydrate starvation [21,22]. Under
dark conditions, leaf senescence is rapidly induced [23,24], which is associated with the
drastic reduction in their chlorophyll content. In addition, darkness upregulates the expression of some of the SAGs in the leaves [25–28] and sugar-starvation-induced genes [25,26].
Treatment with sugars such as glucose (Glc) or sucrose (Suc) downregulates the expression of dark-induced genes [29] and dark-induced senescence in Arabidopsis leaves [30].
Therefore, sugars are considered to regulate leaf senescence under dark conditions by
serving as signal molecules and/or energy resources. These findings led us to speculate
that sugars are effective in counteracting SL-induced leaf senescence in dark. Tian et al. [31]
recently demonstrated that the application of Glc to detached leaves of bamboo alleviated
the visible SL-induced senescence in dark. However, the mechanism of the crosstalk between SL and sugar signals in leaf senescence is unclear. To gain further insights into the
interaction between SL and sugar, we examined the effect of exogenously applied Glc on
various senescence-related parameters in detached rice leaves. Our findings indicated that
sugar alleviates SL-induced senescence in rice leaves. Overall, we suggest that crosstalk
should exist between SL and sugar signals, which control the SL-induced leaf senescence
in the dark.
2. Materials and Methods
2.1. Chemicals
GR24 was synthesized using the method described by Mangnus et al. [32], producing four stereoisomers which were separated using silica gel column chromatography.
Sugars were purchased from FUJIFILM Wako Pure Chemicals (Osaka, Japan) and TCI
(Tokyo, Japan).
2.2. Plant Materials and Growth Conditions
We used the rice (Oryza sativa L. Shiokari) SL-biosynthesis mutant d10-1 with disrupted
carotenoid cleavage dioxygenase 8 gene mutant in our study [33]. The sterilized seeds were
incubated in water under dark, 25 ◦ C conditions for 2 days. The germinated seeds were
then transferred to a hydroponic culture medium [10] solidified with 0.6% (v/v) agar and
grown under fluorescent white light (100 µmol m−2 s−1 ) with a 16 h light/8 h dark cycle at
25 ◦ C for 10 days. Leaf segments, 2 cm long, were cut from the middle of the third leaf and
the subsequent assay was performed as described previously [34].
2.3. Measurement of Chlorophyll Content
The total chlorophyll content was determined according to the method described by
Takahashi et al. [34]. Three biological repeats were performed.
2.4. Gene Expression Analysis
The transcript levels of SAGs and antioxidant enzyme genes were analyzed using a quantitative reverse transcription-polymerase chain reaction (qRT-PCR) system.
The SAGs studied were Osl20, Osl85, and Osl295, and the antioxidant enzyme genes
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studied were as follows: superoxide dismutase (SOD) (cytCuZnSOD2), catalase (CAT)
(CATB), ascorbate peroxidase (APX) (APX1), and glutathione reductase (GR) (GR1). Total RNA extraction, reverse transcription, and PCR were performed as described by
Takahashi et al. [34]. The transcript levels were normalized to those of the reference
gene (UBQ) [35]. The SAG-specific primers used were as described previously [18],
and the antioxidant enzyme genes-specific primers used were as follows: CATB (50 GGCAAGATCGTTTTCTCCAG-30 and 50 -TGGTTTCAGGTTGAGACGTG-30 ), GR1 (50 CGTCATGAAACTGGTGGTTGATTCA-30 and 50 -ATACCCTGGATAATCTCTGGTGCATC30 ), APX1 (50 -CCAAGGGTTCTGACCACCTA-30 and 50 -CAAGGTCCCTCAAAACCAGA30 ), and cytCuZnSOD2 (50 -ACAGCCAGATCCCCCTTACT-30 and 50 -TACGAGCGAACATG
AACAGC-30 ). Each sample had three biological replicates, which each had two technical replicates.
2.5. Detection of Hydrogen Peroxide (H2 O2 )
To detect the accumulation of H2 O2 in the leaf segments, we used the diaminobenzidine (DAB) staining method as described by Thordal-Christensen et al. [36] with modifications. The leaf segments were stained with 1 mg/mL DAB solution under dark
at 25 ◦ C for 4 h. They were then bleached by boiling in 95% (v/v) ethanol 75 ◦ C for
10 min. Subsequently, the leaf segments were destained by rinsing them in deionized
water twice, and photographed. DAB staining was quantified using ImageJ software
(https://imagej.nih.gov/ij/ [Date accessed: 5 April 2021]). Five biological replicates were
performed. This experiment was independently repeated three times.
2.6. Measurement of Electrolyte Leakage
The electrolyte leakage was measured according to the method described previously [34]. Three biological replicas of the experiment were performed.
2.7. Statistical Analysis
The data were analyzed using GraphPad Prism 8 software (GraphPad Software Inc.,
San Diego, CA) with Student’s t-test and Tukey’s multiple comparison method, and p < 0.05
was deemed to indicate statistical significance.
3. Results
First, we examined whether Glc application affected SL-induced chlorophyll loss
because leaf yellowing due to chlorophyll loss is one of the obvious indicators during
leaf senescence. A previous study showed that the application of GR24 accelerated the
dark-induced reduction in the chlorophyll content in the leaf of rice SL biosynthesis
mutants including d10 mutant, although application of GR24 had no significant effect
on the chlorophyll content in the leaf of wild-type plants [18]. The leaf segments of d10
mutant treated with GR24 showed a greater reduction in the chlorophyll content than the
control leaf segments (Figure 1a,b), but the wild type showed no significant difference
on the third day after the treatment (Figure 1a). This result is consistent with the result
obtained by Yamada et al. [18]. Thus, we confirmed that SL affected leaf senescence in the
rice SL-biosynthesis mutant and decided to use the d10 mutant for our study.
Initially, 1% Glc was applied to the leaf segments, referring to the report by Tian
et al. [31]. The time-course change in chlorophyll content in detached leaves treated with
Glc is shown in Figure 1a. The control leaf segments exhibited a gradual decrease in
their total chlorophyll content until the third day of the treatment, after which the content
dropped to approximately one-third of the original amount on the fourth day. In contrast,
the Glc-treated leaf segments exhibited a moderate decrease in their total chlorophyll
content. On day 7, around 25% of the chlorophyll was retained in the Glc-treated leaves,
albeit a basal level in the control leaves, indicating that Glc attenuated the SL-accelerated
chlorophyll loss. Significant mitigation of the SL-induced reduction on the third day after
the treatment was possible with concentrations of Glc above 0.25% (Figure 1c). Since
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Application of fructose (Fru) and Suc also attenuated the GR24-induced chlorophyll
Application of fructose (Fru) and Suc also attenuated the GR24-induced chlorophyll
loss in leaf segments, indicating that the counteractive effect of sugars on SL-induced seloss in leaf segments, indicating that the counteractive effect of sugars on SL-induced
nescence is not Glc-specific (Figure 2a). In contrast, the sugar alcohol mannitol (Mtl) had
senescence is not Glc-specific (Figure 2a). In contrast, the sugar alcohol mannitol (Mtl) had
no inhibitory effect on GR24-induced reduction of chlorophyll. Similarly, leaves treated
no inhibitory effect on GR24-induced reduction of chlorophyll. Similarly, leaves treated
with 3-O-methyl glucose (3-OMG) showed a rapid reduction in the chlorophyll content,
with 3-O-methyl glucose (3-OMG) showed a rapid reduction in the chlorophyll content,
comparable to that of the control (Figure 2b). 3-OMG is a non-metabolizable analog of Glc,
comparable to that of the control (Figure 2b). 3-OMG is a non-metabolizable analog of Glc,
which is taken up by the plant cells but is not phosphorylated by hexokinase [37],5 of
thus
Agronomy 2021, 11, x FOR PEER REVIEW
11
which is taken up by the plant cells but is not phosphorylated by hexokinase [37], thus
indicating that metabolizable sugars can suppress SL-induced senescence in dark.
indicating that metabolizable sugars can suppress SL-induced senescence in dark.

Figure
Figure2.2.Effects
Effectsofofsugars
sugarson
onGR24-induced
GR24-inducedreduction
reductionin
inchlorophyll
chlorophyllcontent
contentin
inleaf
leafsegments
segmentsof
ofrice
rice d10
d10 mutant.
mutant. Leaf
Leaf
◦
segments
were
treated
with
1
µ
M
GR24
and
1%
sugars
at
25
°C
in
dark.
The
control
(Cont)
was
treated
without
sugars.
(a)
segments were treated with 1 µM GR24 and 1% sugars at 25 C in dark. The control (Cont) was treated without
sugars.
Total
chlorophyll
content
in
1
µ
M
GR24-treated
leaves
with
mannitol
(Mtl),
sucrose
(Suc),
fructose
(Fru),
and
glucose
(Glc)
(a) Total chlorophyll content in 1 µM GR24-treated leaves with mannitol (Mtl), sucrose (Suc), fructose (Fru), and glucose
treatment. (b) Total chlorophyll content in GR24-treated leaves with 3-O-methyl glucose- (3-OMG) treatment. Values and
(Glc) treatment. (b) Total chlorophyll content in GR24-treated leaves with 3-O-methyl glucose- (3-OMG) treatment. Values
bars show means ± SD (n = 3). Letters show a significant difference (p < 0.05) as determined by Tukey’s HSD test at the
and bars show means ± SD (n = 3). Letters show a significant difference (p < 0.05) as determined by Tukey’s HSD test at the
same time point.
same time point.

During senescence, the transcript levels of SAGs encoding multiple functions change
During senescence, the transcript levels of SAGs encoding multiple functions change
to integrate the endogenous and exogenous cues [38], which plays an important role in
to integrate the endogenous and exogenous cues [38], which plays an important role
controlling leaf senescence [39]. We measured the transcript levels of three SAGs (Osl20,
Osl85, and Osl295) in the GR24- and Glc-treated leaf segments (Figure 3). Osl20, Osl85, and
Osl295 encode α-keto dehydrogenase, isocitrate lyase, and aspartic protease, respectively,
which are drastically upregulated in the dark [38]. There is also a tendency for the expression of these three SAGs to be upregulated by GR24 treatment in leaf segments under dark

segments were treated with 1 µ M GR24 and 1% sugars at 25 °C in dark. The control (Cont) was treated without sugars. (a)
Total chlorophyll content in 1 µ M GR24-treated leaves with mannitol (Mtl), sucrose (Suc), fructose (Fru), and glucose (Glc)
treatment. (b) Total chlorophyll content in GR24-treated leaves with 3-O-methyl glucose- (3-OMG) treatment. Values and
bars show means ± SD (n = 3). Letters show a significant difference (p < 0.05) as determined by Tukey’s HSD test at the
same
time
Agronomy
2021,
11,point.
1044
5 of 11

During senescence, the transcript levels of SAGs encoding multiple functions change
to integrate the endogenous and exogenous cues [38], which plays an important role in
in controlling
senescence
We measured
the transcript
three(Osl20,
SAGs
controlling
leafleaf
senescence
[39].[39].
We measured
the transcript
levels levels
of threeofSAGs
(Osl20,
Osl85,
and in
Osl295)
in the
GR24and Glc-treated
leaf segments
3). Osl20,
Osl85, and
Osl295)
the GR24and
Glc-treated
leaf segments
(Figure 3).(Figure
Osl20, Osl85,
and
Osl85,
and
Osl295
encode
α-keto
dehydrogenase,
isocitrate
lyase,
and
aspartic
protease,
Osl295 encode α-keto dehydrogenase, isocitrate lyase, and aspartic protease, respectively,
respectively,
which areupregulated
drastically upregulated
in the
darkis[38].
is also for
a tendency
for
which
are drastically
in the dark [38].
There
alsoThere
a tendency
the expresthe
expression
of
these
three
SAGs
to
be
upregulated
by
GR24
treatment
in
leaf
segments
sion of these three SAGs to be upregulated by GR24 treatment in leaf segments under dark
under dark[18].
conditions
[18]. GR24
treatment
drastically
the SAG
conditions
GR24 treatment
drastically
increased
the increased
SAG expressions
onexpressions
the second
on the
second
day after the
the transcript
treatment;levels
the transcript
of Osl20
and Osl85
gradually
day
after
the treatment;
of Osl20 levels
and Osl85
gradually
increased
from
increased
from
the
second
to
the
fifth
day
after
the
treatment,
whereas
the
transcript
level
the second to the fifth day after the treatment, whereas the transcript level of Osl295 deof Osl295
by of
thethe
fifth
day of the
Intranscript
contrast, the
transcript
creased
bydecreased
the fifth day
treatment.
In treatment.
contrast, the
levels
of these levels
genes of
in
these
genes
in
leaves
co-treated
with
Glc
were
much
lower,
excluding
the
transcript
level
leaves co-treated with Glc were much lower, excluding the transcript level of Osl85 on
the
of Osl85day
on after
the second
day afterThese
the treatment.
These
suggest
that many
processes
second
the treatment.
data suggest
thatdata
many
processes
other than
chloother
than
chlorophyll
loss
contribute
to
SL-induced
leaf
senescence.
rophyll loss contribute to SL-induced leaf senescence.

Figure 3. Effects
(Glc)
onon
thethe
transcript
levels
of senescence-associated
genes.
Rice Rice
leaf segments
were
Figure
Effectsof
ofGR24
GR24and
andglucose
glucose
(Glc)
transcript
levels
of senescence-associated
genes.
leaf segments
treated
with with
1 µ M1GR24
and 1%
a 12-well
plateplate
at 25at°C25in◦ C
dark.
The control
(Cont)
was was
treated
without
GR24
and
were
treated
µM GR24
andGlc
1%in
Glc
in a 12-well
in dark.
The control
(Cont)
treated
without
GR24
Glc.
Transcript
accumulations
of
Osl20
(left),
Osl85
(middle),
and
Osl295
(right)
were
measured
by
using
qRT-PCR.
Exand Glc. Transcript accumulations of Osl20 (left), Osl85 (middle), and Osl295 (right) were measured by using qRT-PCR.
pression level at day 0 after the treatment in each gene was standardized. Values and bars represent means ± SD (n = 3).
Expression level at day 0 after the treatment in each gene was standardized. Values and bars represent means ± SD (n = 3).
Each biological sample had two technical replicates. Letters show a significant difference (p < 0.05) as determined by
Each biological sample had two technical replicates. Letters show a significant difference (p < 0.05) as determined by Tukey’s
Tukey’s HSD test at the same time point.
HSD test at the same time point.

One of the typical symptoms of leaf senescence is an increased production of reactive
One of the typical symptoms of leaf senescence is an increased production of reactive
oxygen
species (ROS) [40]. To detect the accumulation of H2O2, one of the precursors of
of
oxygen
Agronomy 2021, 11, x FOR PEER REVIEW species (ROS) [40]. To detect the accumulation of H2 O2 , one of the precursors
6 of 11
ROS,
we
subjected
the
leaf
segments
to
DAB
staining
3
days
after
the
treatment
(Figure
ROS, we subjected the leaf segments to DAB staining 3 days after the treatment (Figure 4a).
4a). The
segments
treated
with
GR24
displayeddark
darkcoloration,
coloration,indicating
indicating significant
significant
The
leaf leaf
segments
treated
with
GR24
displayed

accumulation
of of
HH
theleaf
leafsegments
segments
co-treated
with
GR24
Glc exhibited
2O
2,2,whereas
accumulation
2O
whereas the
co-treated
with
GR24
and and
Glc exhibited
comparatively
similartotothat
thatobserved
observed
segments
treatment
comparativelyweaker
weakerstaining,
staining, similar
in in
thethe
leafleaf
segments
treatment
with
GlcGlc
and
thethe
control
with
and
control(Figure
(Figure 4a,b).
4a,b).

4. Diaminobenzidine
staining
to detect
hydrogenperoxide
peroxide (H
(H2O
2). Leaf segments were treated with 1 µ M GR24
FigureFigure
4. Diaminobenzidine
staining
to detect
hydrogen
2 O2 ). Leaf segments were treated with 1 µM GR24
and 1% Glc ◦at 25 °C in dark for 3 days. The control (Cont) was treated without GR24 and Glc. (a) Visualization of H2O2
and 1% Glc at 25 C in dark for 3 days. The control (Cont) was treated without GR24 and Glc. (a) Visualization of H2 O2
accumulation in the leaf segments. Dark pigment indicates the presence of H2O2. The scale bar represents 1 cm. (b) Relative
accumulation
in the leaf segments.
DarkValues
pigment
the presence
scale bar
represents
1 cm.
(b) Relative
2 Ofive
2 . The
H2O2 accumulation
was quantified.
andindicates
bars represent
means ±of
SDHof
biological
replicates.
Letters
indicate
a
significant difference
p < 0.05) as determined
Tukey’s
HSD test.
H2 O2 accumulation
was quantified.
Values andby
bars
represent
means ± SD of five biological replicates. Letters indicate a
significant difference p < 0.05) as determined by Tukey’s HSD test.
In the present study, we measured the leaked electrolyte every second day (Figure
5). Co-treatment with Glc effectively inhibited the GR24-promoted electrolyte leakage as
it induced a lower amount of electrolyte leakage in comparison with the GR24-treated leaf
segments on the third day after the treatment (Figure 5).

Figure 4. Diaminobenzidine staining to detect hydrogen peroxide (H2O2). Leaf segments were treated with 1 µ M GR24
and 1% Glc at 25 °C in dark for 3 days. The control (Cont) was treated without GR24 and Glc. (a) Visualization of H2O2
Agronomy
2021, 11, 1044
accumulation
in the leaf segments. Dark pigment indicates the presence of H2O2. The scale bar represents 1 cm. (b) Relative6 of 11
H2O2 accumulation was quantified. Values and bars represent means ± SD of five biological replicates. Letters indicate a
significant difference p < 0.05) as determined by Tukey’s HSD test.

In the
the present
every
second
day
(Figure
5).
In
present study,
study,we
wemeasured
measuredthe
theleaked
leakedelectrolyte
electrolyte
every
second
day
(Figure
Co-treatment
with
Glc
effectively
inhibited
the
GR24-promoted
electrolyte
leakage
as
it
5). Co-treatment with Glc effectively inhibited the GR24-promoted electrolyte leakage as
induced
a
lower
amount
of
electrolyte
leakage
in
comparison
with
the
GR24-treated
leaf
it induced a lower amount of electrolyte leakage in comparison with the GR24-treated leaf
segments on
on the
the third
third day
day after
after the
the treatment
treatment (Figure
segments
(Figure 5).
5).

Figure
(Glc)
onon
electrolyte
leakage
from
ricerice
leafleaf
segments.
LeafLeaf
Figure 5.
5. Effects
EffectsofofGR24
GR24and
andglucose
glucose
(Glc)
electrolyte
leakage
from
segments.
segments
were
treated
with
1
µ
M
GR24
and
1%
Glc
at
25
°C
in
dark.
The
control
(Cont)
was
◦
segments were treated with 1 µM GR24 and 1% Glc at 25 C in dark. The control (Cont) was treated
treated without GR24 and Glc. Values and bars show means ± SD (n = 3). Letters show a significant
without GR24 and Glc. Values and bars show means ± SD (n = 3). Letters show a significant
difference (p < 0.05) as determined by Tukey’s HSD test at the same time point.
difference (p < 0.05) as determined by Tukey’s HSD test at the same time point.

The
enzymes
including
SOD,
CAT,
APX,
and and
GR preThe activities
activitiesofofseveral
severalantioxidant
antioxidant
enzymes
including
SOD,
CAT,
APX,
GR
vent
the
accumulation
of
ROS
during
oxidative
stress
conditions,
thereby
protecting
the
prevent the accumulation of ROS during oxidative stress conditions, thereby protecting
cells
from
the
oxidative
damage
caused
by
ROS
[41].
We
monitored
the
changes
in
the
the cells from the oxidative damage caused by ROS [41]. We monitored the changes in the
transcription
levelsofofthe
theantioxidant
antioxidant
enzyme
genes
in GR24Glc-treated
leaf segtranscription levels
enzyme
genes
in GR24and and
Glc-treated
leaf segments
ments
on
the
third
day
after
the
treatment
(Figure
6).
The
expressions
of
all
the
antioxidant
on the third day after the treatment (Figure 6). The expressions of all the antioxidant enzyme
genes studied
were supposed
to be downregulated
Glc treatment,
but7instead
Agronomy 2021, 11, x FOR PEER REVIEWenzyme
ofwere
11
genes studied
were supposed
to be downregulated
by Glcby
treatment,
but instead
were
be significantly
increased
because
of their
upregulation
by GR24
(Figure
foundfound
to be to
significantly
increased
because
of their
upregulation
by GR24
(Figure
6). 6).

Figure
6. Effects
of GR24
andand
glucose
(Glc)(Glc)
on the
of antioxidant
enzyme
genesgenes
in leaf
Figure
6. Effects
of GR24
glucose
on expression
the expression
of antioxidant
enzyme
in leaf
segments on the third day after the treatment. Leaf segments were treated with 1 µ M GR24 and
segments on the third day after the treatment. Leaf segments were treated with 1 µM GR24 and
1% Glc at 25 °C in
dark. The control was treated without GR24 and Glc. Transcript accumulation
1% Glc at 25 ◦ C in dark. The control was treated without GR24 and Glc. Transcript accumulation
of each gene was measured using the qRT-PCR. The expression level of control in each gene was
of each gene
was measured
using themeans
qRT-PCR.
level of sample
control has
in each
gene was
standardized.
Values
and bars represent
± SDThe
(n = expression
3). Each biological
two techstandardized.
Values
and
bars
represent
means
±
SD
(n
=
3).
Each
biological
sample
has
two
nical replicates. Letters show a significant difference (p < 0.05) as determined by Tukey’s HSDtechnical
test.
replicates. Letters show a significant difference (p < 0.05) as determined by Tukey’s HSD test.

4. Discussion
4. Discussion
SLs function as inducers of leaf senescence in dark; this dark-induced leaf senescence
SLs function as inducers of leaf senescence in dark; this dark-induced leaf senescence
is associated with a drastic reduction in the total chlorophyll content, which causes a reis associated with a drastic reduction in the total chlorophyll content, which causes a
duction in the photosynthesis rate and results in carbohydrate starvation in the leaves.
reduction in the photosynthesis rate and results in carbohydrate starvation in the leaves.
Therefore, the carbohydrate content might be playing an important role in regulating leaf
Therefore, the carbohydrate content might be playing an important role in regulating leaf
senescence induced by SL in the dark. In our previous study, we observed a drastic desenescence induced by SL in the dark. In our previous study, we observed a drastic decrease
crease
in Suc
levels
in bamboo
leaf
segments
dark[31];
[31];we
wealso
alsoshowed
showed that
that application
application of
in Suc
levels
in bamboo
leaf
segments
inindark
of soluble sugars such as Glc and Suc in combination with GR24 alleviated senescence in
bamboo leaf segments, although the mechanism of this action was unclear. To clarify the
regulatory mechanism of SL-induced leaf senescence in dark, we investigated the effect
of sugars on SL-induced leaf senescence in the dark using rice as our model plant. Our
results indicated that sugars suppress SL-induced leaf senescence by exerting a regulatory

4. Discussion

Agronomy 2021, 11, 1044

SLs function as inducers of leaf senescence in dark; this dark-induced leaf senescence
is associated with a drastic reduction in the total chlorophyll content, which causes a reduction in the photosynthesis rate and results in carbohydrate starvation in the leaves.
7 of 11
Therefore, the carbohydrate content might be playing an important role in regulating leaf
senescence induced by SL in the dark. In our previous study, we observed a drastic decrease in Suc levels in bamboo leaf segments in dark [31]; we also showed that application
of
soluble
sugarssuch
suchasasGlc
Glcand
andSuc
Sucin
incombination
combination with
with GR24
GR24 alleviated senescence
soluble
sugars
senescence in
in
bamboo
bambooleaf
leafsegments,
segments,although
althoughthe
themechanism
mechanismof
ofthis
thisaction
actionwas
wasunclear.
unclear.To
To clarify
clarify the
the
regulatory
SL-induced leaf
leafsenescence
senescenceinindark,
dark,we
weinvestigated
investigatedthe
the
effect
regulatory mechanism
mechanism of SL-induced
effect
of
of
sugars
SL-induced
senescence
in dark
the dark
our model
Our
sugars
onon
SL-induced
leafleaf
senescence
in the
usingusing
rice asrice
ourasmodel
plant. plant.
Our results
indicated
that sugars
suppress
SL-induced
leaf senescence
by exerting
a regulatory
effect
results
indicated
that sugars
suppress
SL-induced
leaf senescence
by exerting
a regulatory
on ROS
and antioxidant
enzymes
(Figure
7). 7).
effect
on generation
ROS generation
and antioxidant
enzymes
(Figure

Figure7.7.Proposed
Proposedmodel
modelof
ofeffect
effectof
ofSL
SLand
andglucose
glucoseon
onleaf
leafsenescence
senescence in
in darkness
darkness in
in this
this study.
study.
Figure

Theaccumulation
accumulationof
ofROS
ROSleads
leadsto
to oxidative
oxidativestress,
stress, which
which causes
causes an
an increase
increase in
in the
the
The
membrane lipid peroxidation and membrane permeability. As a result, there is a loss in
membrane lipid peroxidation and membrane permeability. As a result, there is a loss in
the intracellular compartmentalization, leading to increased electrolyte leakage. Therefore,
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reported that GR24 application promoted electrolyte leakage from the leaf segments. The
treatment with GR24 resulted in the accumulation of H O (Figure 4a,b) and the enhancetreatment with GR24 resulted in the accumulation of H22O22(Figure 4a,b) and the enhancement of electrolyte leakage (Figure 5). In contrast, co-application with Glc inhibited both
ment of electrolyte leakage (Figure 5). In contrast, co-application with Glc inhibited both
the accumulation of H2 O2 and the increase in electrolytic leakage. An accumulation of ROS
is accompanied by an accumulation of the antioxidant enzymes, which in turn detoxify
the ROS and protect the plants from oxidative damage [41]. Our results confirmed that
GR24 increases the expression of four antioxidant enzyme genes, whereas a co-treatment
with Glc suppresses their expressions (Figure 6). This suggests that the expression level
of some antioxidant enzyme genes oscillates with the senescence of the leaves, leading
to changes in the activities of these enzymes. Overall, our findings indicate that Glc suppresses the SL-induced accumulation of ROS and sustains the oxidative condition. It has
been reported that treatment with H2 O2 decreases the chlorophyll and protein contents,
and the progression toward senescence is followed by an increase in the H2 O2 level in
detached leaves of rice and maize [40,42–44]. Early senescence in a maize cultivar was reported to occur because of the induction of H2 O2 formation and lipid peroxidation and the
increase in the activity of different antioxidant enzymes at an early phase of senescence [45].
In Arabidopsis, the expressions of many SAGs were increased by the accumulation of
ROS [46].
In abscisic-acid-treated rice leaf, following induction of H2 O2 production at the initial
stage of abscisic-acid-induced leaf senescence, lipid peroxidation and antioxidant enzymes
such as SOD, CAT, APX, and GR were found to be increased [47]. However, SL-induced
senescence has not been accounted for in the context of oxidative processes. Thus, on
the basis of this study, we say that SL regulates the oxidant and antioxidant system in
leaf senescence.
Several sugar species exhibit antioxidant capacity [48], and Mtl is reported to possess
high ROS scavenging activity [49,50]. However, as Mtl treatment did not inhibit chlorophyll loss (Figure 2a), suppression of SL-induced senescence did not occur because of the
antioxidant activities of the sugars.
The metabolized sugars, such as Glc, Fru, and Suc, attenuated the SL-induced reduction in chlorophyll content (Figure 2a), which is consistent with the findings of our
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previous study on detached bamboo leaves [31]. In contrast, Mtl and 3-OMG did not inhibit
SL-induced reduction in chlorophyll content (Figure 2a,b). The metabolized sugars activate
the sugar signal by phosphorylating themselves in the developing senescent stage [51]. The
present findings suggest that sugar signals are involved in the suppression of SL-induced
leaf senescence by creating n osmotic pressure. SLs are involved in sugar signaling in the
development of Arabidopsis seedling [52]; the results of the present study also indicate the
possible association of SLs with sugar signaling in the leaf senescence of rice.
Glc treatment suppressed the GR24-induced accumulation of H2 O2 , increased electrolyte leakage, and upregulated SAGs to the level of the control. However, Glc could
neither suppress the GR24-induced reduction in chlorophyll content nor could delay its
reduction (Figure 1b). Chlorophyll content significantly dropped on the first day after
treatment in the GR24-treated leaves compared with the control leaves. In contrast, the
accumulation of H2 O2 , electrolyte leakage, and SAGs significantly increased on the third
day after the treatment. Thus, reduction in chlorophyll preceded the accumulation of H2 O2 ,
the increase in electrolyte leakage, and the upregulation of SAGs. Therefore, the sugar
signal did not completely inhibit the reduction in chlorophyll in our study conditions.
Deficiencies in soil nutrients such as nitrogen and phosphate are the major environmental cues inducing leaf senescence. Under conditions of nitrogen and phosphate
deficiency, nutrients are relocated as mobile forms from the old leaves to the reproductive
and growing sink organs including young leaves and seeds to adapt to the ambient environment [53–55]. Nitrogen and phosphate deficiency enhances the production of SLs in some
plant species including rice and sorghum [10,56,57]. In red clover and tomato, a deficiency
in phosphate promotes SLs exudation [58,59]. SLs regulate leaf senescence by responding
to the phosphate condition in rice [18]. Application of GR24 was reported to accelerate
the senescence of rice d10 mutant in phosphate-deficient conditions, suggesting that SLs
promote nutrient allocation [60]. In leaves with sufficient amounts of sugars, senescence is
not promoted as there is no nutrient allocation to the source organs. Sugars may monitor
the sink-source condition and may negatively control the nutrient allocation by inhibiting
the SL signal. Thus, there is a possibility that sugars and SLs function as sensors of the
nutrient condition of the plant.
Thus, the present study showed that SLs and sugars interact with each other during
the senescence process. From the viewpoint of agriculture, premature senescence results
in reductions in the grain quality and crop yield [61]. Leaf senescence can be delayed by
prolonging the duration of carbon supply to the grain, thereby leading to an increase in
the grain mass. In this study, we presented new approaches to control the vitality of the
crop plants that can be used to develop new methods for increasing grain yield. To achieve
this goal, further studies are needed to clarify the physiological relationship between SLs
and sugar on leaf senescence at the whole plant level as they are involved with activating
signals throughout the plant body.
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