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Leaf senescence is the final stage of leaf development preceding death, which involves a
significant cellular metabolic transition from anabolism to catabolism. Several processes
during leaf senescence require coordinated regulation by senescence regulatory genes. In
this study, we developed a rapid and systematic cellular approach to dissect the functional
roles of genes in senescence regulation through their transient expression in Arabidopsis
protoplasts. We established and validated this system by monitoring the differential
expression of a luciferase-based reporter that was driven by promoters of SEN4 and SAGT2,
early and late senescence-responsive genes, depending on effectors of known positive and
negative senescence regulators. Overexpression of positive senescence regulators, including
ORET, RPK1, and RAV1, increased the expression of both SEN4- and SAG72-LUC while
ORE?7, a negative senescence regulator decreased their expression. Consistently with
overexpression, knockdown of target genes using amiRNAs resulted in opposite SAGT12-LUC
expression patterns. The timing and patterns of reporter responses induced by senescence
regulators provided molecular evidence for their distinct kinetic involvernent in leaf senescence
regulation. Remarkably, ORE7 and RPK1 are involved in cell death responses, with more
prominent and earlier involvement of ORET than RPK7. Consistent with the results in
protoplasts, further time series of reactive oxygen species (ROS) and cell death assays using
different tobacco transient systems reveal that ORE7 causes acute cell death and RPK1
mediates superoxide-dependent intermediate cell death signaling during leaf senescence.
Overall, our results indicated that the luciferase-based reporter system in protoplasts is a
reliable experimental system that can be effectively used to examine the regulatory roles of
Arabidopsis senescence-associated genes.

Keywords: leaf senescence, protoplasts, transient expression, luciferase, cell death, ROS, Arabidopsis thaliana

INTRODUCTION

Leaf senescence is the final and degenerative stage of a leaf’s life history; however, it is
necessary for plant succession as a beneficial developmental process. Plants coordinate energy
and nutrient use among individual leaves when they remobilize resources to newly developing
organs or offspring by inducing leaf senescence in old leaves or those having a low photosynthetic
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efficiency. Plants determine the fate of leaves to be senesced
by reducing photosynthetic activity, dismantling chloroplasts,
and changing color, often from green to yellow and/or red.
During leaf senescence, the redistribution of nutrients and
energy is initially derived from the gradual breakdown of
chloroplasts, followed by the catabolism of macromolecules,
such as nucleic acids, proteins, and lipids, and degeneration
of mitochondria and nuclei (Lim et al., 2007a). For their
efficient remobilization, various types of transporters for the
molecules composed of carbon, nitrogen, and phosphate are
activated (Stigter and Plaxton, 2015; Have et al, 2017).
Furthermore, plant leaves sustain self-maintenance activities,
such as pathogen defense and detoxification of reactive oxygen
species to complete their redistribution activities (Lim et al.,
2003; Koyama, 2018).

Plants evolve sophisticated genetic programs for determining
the appropriate senescence onset and coordinating senescence
progression. The onset of senescence is triggered by various
endogenous and environmental signals through the coordinated
actions of multiple senescence induction pathways (Woo et al.,
2019; Camargo Rodriguez, 2021). A well-studied genetic pathway
for senescence onset in Arabidopsis is the trifurcate death
circuit consisting of ORE1, EIN2 as an ORE1 activator, and
miRNA164 as an ORE1 repressor. OREl is a crucial genetic
factor to determine leaf senescence onset, and its activation
in an aged tissue is inevitable due to EIN2-mediated direct
activation or release of miRNA164 repression (Kim et al., 2009).
Another example is the protein trio RPK1-CaM4-RbohFE, which
regulates the transient superoxide production to trigger age-
and ABA-dependent leaf senescence and cell death (Lee et al.,
2011; Koo et al., 2017).

The onset of leaf senescence by senescence regulatory genes
induces changes in the expression of diverse executive senescence-
associated genes (SAGs) for the systemic progression of biochemical
and physiological processes during leaf senescence. For example,
SEN4 and SAGI2 encode xyloglucan endotransglucosylase/hydrolase
24 and cysteine protease, respectively, which are mainly involved
in macromolecule degradation and are upregulated during
senescence (Woo et al,, 2001; Lim et al, 2003). Conversely, the
expression of chlorophyll a/b binding protein gene and rubisco
small subunit gene encoding the subunit of light-harvesting
complex and rubisco, respectively, declines with senescence
progression (Woo et al., 2001). The senescence-associated expression
of SAGs is coordinated by a time-dependent involvement of
multiple positive and negative senescence regulatory elements,
including transcription factors, ncRNA, and signaling components
(Woo et al,, 2016). Members of NAC and WRKY, two of major
senescence-associated transcription factor families are expressed
with various temporal patterns along with aging and play positive
or negative roles in senescence regulation by regulating the timely
expression of SAGs, including genes in the same gene family
(Hickman et al., 2013; Kim et al, 2014; Woo et al., 2016; Li
et al, 2018). Additionally, a comprehensive study investigating
the temporal involvement of senescence regulators identified
dynamic changes in NAC regulatory hubs along with leaf aging
(Kim et al., 2018a). Time-course expression of NACs in 49 NAC
mutants revealed the transition of NAC hubs and their regulatory

modules from mature to middle senescent stages and NAC troika
was highlighted as a critical hub at the presenescent stage that
predominantly repressed the expression of SAGs involved in SA-
and reactive oxygen species (ROS) dependent responses.

The temporal and kinetic response analyses aid in
understanding gene properties and functions, which further
help to elucidate the functional role of genetic pathways (Kim
et al., 2018b; Woo et al., 2019). Transient gene expression assays
using leaf mesophyll protoplasts are widely used as one of the
most efficient approaches for characterizing the cellular functions
and regulatory networks of genes in plants in a relatively short
time (Rolland, 2018; Domozych et al., 2020). It has contributed
to the dissection of signaling pathways in responses to plant
hormones or environmental factors (Hwang and Sheen, 2001;
Yoo et al.,, 2007; Li et al., 2019; Lehmann et al,, 2020). Recently,
knockdown approaches using either RNAI or artificial microRNA
(amiRNA) have enabled a reduction in the expression of the
endogenous target gene in protoplasts, extending the application
of this technology to evaluate gene knockdown effects (Ossowski
et al., 2008; Kim and Somers, 2010; Zhang et al., 2019; Vachova
et al., 2020). Furthermore, the protoplast viability extension has
enabled the investigation of long-term kinetic molecular responses
using a luciferase-based reporter for circadian biology (Kim
and Somers, 2010). Although leaf senescence is recognized as
a long-term developmental event that is controlled by a complex
temporal interaction of regulatory components, kinetic analyses
using protoplasts have not been applied to plant senescence studies.

In this study, we established a rapid and efficient approach
to rapidly dissect the functional roles of genes in leaf senescence
regulation through their transient expression using Arabidopsis
mesophyll protoplasts. We used overexpression and knockdown
approaches to guide the expression of target genes and discovered
an altered expression of target genes and SAG reporters,
demonstrating its feasibility for investigating a potential regulatory
role of senescence regulatory genes at the cellular level. Moreover,
these approaches, coupled with histochemical analysis, can
reveal distinct and convergent OREI and RPKI functions in
mediating ROS responses during leaf senescence.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
Arabidopsis (Arabidopsis thaliana) Col-0 wild-type and tobacco
(Nicotiana benthamiana) plants were sown in pots and grown
in an environmentally controlled culture room under LD
conditions at 22°C (16h light/8h dark cycle; cool white fluorescent
bulb with 100-150 pmol m? s™'; TLD/840RS; and Philips).

Plasmid Construction

We generated plasmid constructs for transient gene expression
in protoplasts or tobacco using GATEWAY cloning technology
(Invitrogen, United States). For the reporter plasmids (SEN4-
and SAGI2-LUC), the 5 upstream regions encompassing the
SEN4 (At4g30270) and SAGI2 (At5g45890) promoters of 1.38kb
and 1.53kb in length, respectively, were amplified by polymerase
chain reaction (PCR) with Pfu DNA polymerase, using
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Arabidopsis Col-0 genomic DNA as a template and appropriate
sets of primers (Supplementary Table 1). We subcloned the
amplified DNA fragments into the entry vector of pCR-CCD-R
using the corresponding restriction enzymes to produce entry
clones. The promoter-LUC final constructs were established
by LR recombination using the corresponding entry clones
and gateway version of the pOmegalLUC_SK+ vector (Kim
and Somers, 2010). We used a renilla luciferase (RLUC) under
the control of 35S promoter (35S-RLUC) as the transfection
control. For the overexpression effectors, the full-length coding
sequence of OREI (At5g39610), ORE7 (Atlg20900), RAVI
(At1g13260), and RPK1 (At1g69270) was amplified using PCR
from Arabidopsis cDNA pools with Pfu DNA polymerase and
gene-specific primers (Supplementary Table 1). Further,
we subcloned the amplified DNA fragments into the pCR-CCD-F
entry vector to produce entry clones. Then, we recombined
the entry clones using gateway versions of pCsVMV-eGFP-N-999
and pCsVMV-eGFP-N-1300 to produce the effector plasmids
of ORE1l-, RAV1-, RPKI1-, and ORE7-pCsVMV-eGFP-N-999
and binary plasmids of ORE1l-, RAV1-, RPK1-, and ORE7-
pCsVMV-eGFP-N-1300, respectively. For amiRNA effector,
ORE1 amiRNA plasmid was generated by digesting pAmiR-ORE1
(CSHL_075023) with PstI and BamHI, then, ligating each
resulting amiRNA foldback fragment into PstI/BamHI digested
pCsVMV-PP2C-AmiR vector (Kim and Somers, 2010).
We designed RPK1 amiRNA using the Web MicroRNA Designer
3" as previously described (Schwab et al., 2006; Kim and Somers,
2010). The amiRNA foldback fragments were generated by
overlapping PCR using the pCsVMV-PP2C-AmiR plasmid as
a template and the designated primers for each construct
(Supplementary Table 1). All resulting PCR fragments containing
the full amiRNA foldback were cloned downstream of the
CsVMV promoter into unique PstI and BamHI restriction sites
of pCsVMV-AmiR. Also, we utilized the pCsVMV-AmiR plasmid
as a transfection control.

Protoplast Isolation and Transfection

We conducted protoplast isolation and DNA transfection as
previously described (Kim and Somers, 2010). Briefly, 10 to
15 leaves of three- to four-week-old Col-0 plants were sterilized
with 70% ethanol for 30s, and then rinsed with sterile water
twice. Leaves scratched briefly with sandpaper were incubated
in 10 ml of enzyme solution (1% Cellulase R10, 0.5% Macerozyme
R10 [Yakult Honsha, Japan], 400mM mannitol, 20mM KCI,
10mM CaCl,, 20mM MES-KOH [pH 5.7], and 0.1% BSA
[Sigma A6793, United States]) for 2.5h by gentle shaking at
room temperature. Protoplasts released into enzyme solutions
were filtered and harvested into a round-shaped culture tube
by centrifugation at 100g for 5min. We resuspended the
protoplast pellets in 2 ml of W5 solution (154 mM NaCl, 125 mM
CaCl,, 5mM KCl, 1.5mM MES-KOH [pH 5.7], and 5mM
Glucose), and placed them on ice for 30 min. The protoplasts
were harvested and resuspended in MMG solution (400 mM
mannitol, 15mM MgCl,, and 4mM MES-KOH [pH 5.7]), and

'http://wmd3.weigelworld.org

the final cell concentration was adjusted to 2x10°ml™". Also,
30.2pl of plasmid mixtures with 25pl effector, 5pl reporter,
and 0.2pl internal control were transfected into 200pl of
protoplasts in MMG solution. We prepared effector plasmids
of overexpression or amiRNA and reporter plasmids by CsCl
gradient purification using an ultracentrifuge (in Bio-Health
Materials Core-Facility, Jeju National University, Korea), and
their DNA concentration was adjusted to 2pgpl™ per 4kb
DNA. We performed transfections by adding 230pl (1 vol.)
of polyethylene glycol (PEG) solution [40% PEG-4000, 200 mM
mannitol, and 100mM Ca(NO),] into protoplasts containing
DNAs, and incubating them for 8-15min at room temperature.
We diluted the protoplast-DNA-PEG mixture with 920pl
(2 vol.) of W5 solution. After centrifugation, the pellets were
resuspended in 700pl of W5 solution containing 5% fetal
bovine serum (Sigma F4135, United States) and 50 pgml™
ampicillin. For RT-PCR analysis from protoplasts, we used
800pl of protoplasts and 120pl of amiRNA plasmids for a
transfection sample.

Luminescence Measurement

We analyzed the expression of the specific senescence reporters
by kinetic measurement of luciferase activity in protoplasts.
A 300pl of transfected protoplasts were transferred into each
well containing 3 pl of LUC substrate (5mM luciferin, Goldbio
LUCK-250, Netherlands) or 3pl of RLUC substrate (10puM
Coelenterazine-native, Sigma C2230, United States) of a white
and round bottom 96-well microplate. The microplate was
covered with a clear plastic cap and incubated at 22°C in the
dark on a GloMax 96 microplate luminometer (Promega,
United States). For 3days, we acquired images every 30min.
In each data set, we determined promoter activities by luciferase
activity at the indicated time and normalized them to the
maximum RLUC level throughout the measurement. The relative
LUC expression was calculated by normalizing to the maximum
level of LUC/RLUC throughout the measurement in protoplasts
transfected with GFP or the control amiRNA effector during
each trial.

RNA Extraction and Quantitative Reverse
Transcriptase-PCR

We conducted total RNA extraction and cDNA synthesis, as
previously described (Kim and Somers, 2010). Protoplasts were
incubated for 16h after transfection under dim white light
and flash-frozen in liquid nitrogen for subsequent RNA extraction
and qRT-PCR. Then, we extracted total RNA using WelPrep™
Total RNA Isolation Reagent (Welgene, Korea) and used it for
cDNA synthesis using the ImProm II™ Reverse Transcriptase
System kit (Promega, United States). Further, qPCR was
performed on a CFX96 real-time qPCR detection system (Bio-
Rad, United States) using appropriate primer sets. We designed
primers for candidate genes using Primer 3 software (Untergasser
et al, 2012) and are listed (Supplementary Table 1). The
relative expression of target genes was calculated using the
2742CT method (Kim et al., 2008). ACT2 gene was used as
the internal reference.
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FIGURE 1 | Bioluminescence expression patterns of luciferase reporters
controlled by senescence-associated promoters in Arabidopsis protoplasts
during darkness. Bioluminescence traces in Arabidopsis protoplasts
expressing a firefly luciferase gene (LUC) driven by SEN4 and SAG12
promoters (SEN4- and SAG72-LUC) and a Renilla luciferase (RLUC) driven by
35S promoter (35S-RLUC) in darkness after transfection are shown. Image
acquisition was performed every 30min for 3 d. Luciferase activity of LUC
was normalized to the maximum level of RLUC over the assay. Each data set
was normalized to the maximum level of LUC/RLUC throughout the
measurement. Data represent mean +SE (n=3). Similar results were obtained
in two independent trials.

Transient Expression in Tobacco and
Histochemical Analysis

We conducted a transient expression in tobacco using
P19-enhanced Agrobacteria infiltration (Voinnet et al., 2003).
Agrobacteria containing plasmids of ORE1- or RPK1-pCsVMV-
eGFP-N-1300 or empty pCsVMV-eGFP-N-1300 were infiltrated
into tobacco. Tobacco leaves were incubated at 22°C in the
same chamber where plants are cultivated before being harvested
on the days indicated after infiltration. Next, we performed a
histochemical analysis with minor modifications as described
(Yu et al,, 2019). For the visualization of H,O, and superoxide
accumulation, 3,3’-diaminobenzidine (DAB; Sigma D8001,
United States) and nitrotetrazolium blue chloride (NBT; Sigma
N6639, United States) were used, respectively. Tobacco leaves
transiently expressing OREI-GFP, RPKI-GFP, and GFP were
subjected to DAB and NBT staining at the indicated days.
The leaves were soaked in 1mg ml™ DAB or 2mg ml™' NBT
overnight and boiled for 10 min in 100% ethanol. Stained leaves
were stored in 95% ethanol at room temperature before being
photographed. Cell death in tobacco leaves was visualized by
trypan blue staining. The treated tobacco leaves were completely
immersed in 1mg ml™ trypan blue (Fluka 93590, Switzerland)
solution and incubated for at least 30 min at room temperature.
The stained leaves were washed immediately with 98-100%
ethanol for decolorization and photographed under a bright-
field microscope. Intensities of trypan blue, DAB, or NBT
staining were quantified using Image] software’ as previously

*https://imagej.nih.gov/ij/

described (Juszczak and Baier, 2014). Stained leaf disks from
five leaves expressing GFP, OREI-GFP, and RPKI-GFP were
then used to quantify staining intensity.

Protoplast Viability Test

Cell death of Arabidopsis protoplasts was assayed by Evans
blue staining (Sigma E2129, United States). The protoplasts
expressing GFP, OREI-GFP, RAV1-GFP, RPK1-GFP, and ORE7-
GEP were incubated for 72 h under dim white light. We extracted
transfected protoplasts at different time points (0, 6, 24, 48,
and 72h after transfection) and loaded them for 2-3 min with
10mgml™" Evans blue dye. We visualized and photographed
blue-stained dead cells using Zeiss Axiostar Plus Microscope
(Ambastha et al., 2017). Stained protoplasts were counted in
five to twelve fields containing at least 50 cells from each
sample cell death measurement. Cell death (%) was measured
as the following formula: Number of blue cells/Total number
of cells x 100%.

RESULTS

Establishment of Luciferase-Based
Reporters Controlled by the Promoter of
SAGs for Cell-Based Senescence Assay
Arabidopsis protoplasts are an effective experimental system for
rapid functional analyses, enabling us to investigate diverse
molecular and cellular functions of genes of interest based on
responsiveness luciferase reporters through their transient
expression (Tyurin et al., 2020). Firstly, to establish the luciferase-
based reporters for investigating leaf senescence in protoplasts,
we selected two SAGs, including SAGI2 and SEN4 with increased
expression during the dark- and age-induced leaf senescence.
Each SAG promoter-driven luciferase reporter construct was
transfected individually into Arabidopsis mesophyll protoplasts
and we monitored luminescence activity in a time-series manner.
As shown in Figure 1, the expression of SEN4-LUC and
SAGI12-LUC was significantly induced with different accumulation
rates and peak periods but was quickly reduced following their
peak expression. SEN4-LUC expression was induced more rapidly
with an earlier peak time than SAGI2-LUC, which is similar
to that observed in intact leaves (Supplementary Table 2; Woo
et al,, 2001, 2002). Additionally, expression levels of SEN4- and
SAGI2-LUC were higher than that obtained from the basal
expression level of a  promoterless-LUC  reporter
(Supplementary Figure 1). Peaks of their expression were also
different from 35S-LUC, thereby supporting the potential use
of SEN4- and SAGI2-LUC as cellular senescence reporters.
We also tested other LUC reporters driven by the promoters
of PRK-, CAI-,and THIONIN-LUC with downregulated expression
during senescence but failed to obtain reliable expression patterns
for a reporter assay, although their transcript levels are high in
transcriptome analysis during age- and dark-induced senescence
(Supplementary Figure 1; Woo et al., 2016; Kim et al., 2018c).
From these results, we conducted subsequent analyses using
only the SEN4-LUC and SAGI2-LUC reporters.
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Transient Overexpression of Senescence
Regulatory Genes as Effectors

Since the SEN4- and SAGI2-LUC revealed clear and distinct
expression patterns in protoplasts, we attempted to evaluate
the effect of ectopic overexpression of senescence regulatory
genes on the expression of both reporters. We generated
overexpression effector constructs for positive (OREI, RAVI,
and RPKI) and negative (ORE7) senescence regulators fused
to a green-fluorescent protein (GFP) under the control of
Cassava vein mosaic virus (CsVMYV) promoter. We confirmed
that these effector proteins were strongly expressed and
exclusively localized in subcellular organelles as reported;
OREIl, RAVI, and ORE7 in the nucleus and RPK1 in the
plasma membrane (Supplementary Figure 2; Lim et al,
2007b; Kim et al., 2009; Woo et al., 2010; Koo et al., 2017).
GFP-fused senescence regulator effector plasmids and GFP
as a control were co-transfected with SEN4-LUC and
SAGI2-LUC reporters, and time-series luminescence levels
of the reporters were compared (Figure 2). When GFP was
transiently introduced, the luminescence expression of both
reporters was induced with differential expression levels
and patterns throughout the assay for 72h. Ectopic
expression of RPKI led to a 10- and 18-fold increase in
SEN4-LUC and SAGI2-LUC expression at the peak time,
respectively, but no significant change in their peak time
compared with control GFP expression (Figures 2A,B;
Supplementary Table 2). Interestingly, ectopic expression of
ORE! induced distinct expression patterns of SEN4- and
SAGI2-LUC in that their expression was induced earlier and
reached maximum levels more rapidly, compared with that
of control, and was dampened quickly (Figures 2C,D,G,H;
Supplementary Table 2). However, RAV1 had a late inducing
effect on the expression of SEN4-LUC and SAGI12-LUC, and
maintained their expression higher, although both expressions
earlier were the same or lower relative to those of the control
(Figures 2E-H; Supplementary Table 2). Overexpression of
ORE7, as a negative senescence regulator, resulted in a
dampened expression of SAGI2-LUC throughout the assay,
but a slight reduction of SEN4-LUC expression at a later
time of assay ranging from 65 to 72h (Figures 2E-H). These
results were consistent with early senescence phenotypes in
ORE1, RPK1, and RAV1 overexpressors, and delayed senescence
phenotypes in ORE7 overexpressor (Lim et al., 2007b; Kim
et al., 2009; Woo et al., 2010; Koo et al., 2017). Hence, our
result indicates that the effectiveness of senescence regulators
can be evaluated by overexpressing them, and co-expressing
SEN4-LUC and SAGI2-LUC reporters through a prolonged
protoplast assay.

Transient amiRNA-Mediated Knockdown
of the Senescence Regulatory Genes as
Effectors

Artificial microRNA (amiRNA)-based knockdown approaches
have been widely used for gene function studies in planta
or protoplasts as a reverse-genetic approach (Ossowski et al.,
2008; Kim and Somers, 2010). As an alternative and

complementary approach to transient overexpression,
we attempted to explore the feasibility of amiRNA-based
knockdown approaches for investigating the functional
regulatory role of genes in senescence regulation in protoplasts.
We generated amiRNAs targeting OREI and RPK1 and validated
their knockdown effect on endogenous target gene expression
by qRT-PCR. OREI and RPKI1 amiRNAs lowered the expression
of each corresponding target gene by 41 and 45%, respectively,
when compared with the control vector (Figures 3A,B). Because
RAV1 and ORE7 are members of the Arabidopsis large family
genes, and plants with loss-of-function or knockdown of RAVI
and ORE7 exhibited no senescence phenotypes (Lim et al.,
2007b; Woo et al., 2010), the amiRNAs of RAV1 and ORE7
were excluded from a pilot test set of amiRNA-based knockdown
approach. We examined the effects of OREI and RPK1 amiRNAs
on the expression patterns of both SEN4- and SAGI2-LUC
reporters after co-transfection of effectors and reporters in
protoplasts. OREI and RPK1 amiRNAs led to 2.7- and 1.6-fold
reduction of SAGI2-LUC expression at its peak time
compared with control, respectively, although no effect on
SEN4-LUC  expression was observed (Figures 3C,D;
Supplementary Table 2). As the reduction effect of OREI
and RPKI amiRNAs on SAGI12-LUC is consistent with increased
expression of SAG12-LUC by OREI and RPKI overexpression
(Figure 2), the amiRNAs approaches in protoplasts can be useful
for assessing gene functions in senescence regulation. To
further validate amiRNA approaches, we included additional
amiRNA effectors of ORE4 and ORE9 whose loss-of-function
mutants exhibited delayed leaf senescence, along with
overexpression of miR164B (miR164B-OX), a senescence
regulatory miRNA targeting OREI (Woo et al., 2001, 2002;
Kim et al, 2009). We failed to detect any significant
change in SEN4-LUC when ORE9, ORE4 amiRNAs, and
miR164B-OX were introduced (Supplementary Figure 3A;
Supplementary Table 2), which are similar when OREI and
RPK1 amiRNAs were used. However, we observed a reduction
in SAGI12-LUC in protoplasts transfected with ORE9 amiRNA and
miR164B-OX, but no change in SAG12-LUC levels in protoplasts
transfected with ORE4 amiRNA (Supplementary Figure 3B;
Supplementary Table 2). Since ORE4 encodes plastid ribosomal
small subunit protein 17, and the ore4-1 mutant had no
phenotype in dark-induced senescence, no change in SAG12-LUC
by ORE4 amiRNA can be explained. Collectively, these results
indicate that the amiRNA-based knockdown approach with
SAGI2-LUC reporter is at least valid for a rapid functional
assay of genes involved in senescence regulation, as is the
overexpression approach.

Divergent Function of ORE1 and RPK1 in
Premature Cell Death Regulation Through
Different ROS Signaling

Overexpression of selected senescence regulators led to different
kinetic expression patterns of senescence reporters (Figure 2),
with some of them, such as OREI and ORE? inducing dampened
expression. Since senescence accompanies death, cell death can
induce suppressed or dampened SEN4- and SAGI2-LUC
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FIGURE 2 | Expression patterns of SEN4- (A) and SAG12-LUC (B) reporters by overexpression of senescence regulators. Arabidopsis protoplasts were co-
transfected, as described in Figure 1, but with overexpression effectors of GFP, ORE1-, RAV1-, RPK1-, and ORE7-GFP and either reporter of SEN4- or
SAG12-LUC. (A-F) Bioluminescence traces of SEN4- or SAG12-LUC throughout the measurement (A,B), and their traces with an adjusted scale at early (0-12h;
C,D) and late (12-72h; E,F) time points are shown. Symbols in (B-F) are the same as in (A). Luciferase activity of LUC was normalized to the maximum level of
RLUC over the assay. Relative expression of SEN4- (A,C,E) and SAG72-LUC (B,D,F) was calculated by normalization to the maximum level of LUC/RLUC
throughout the measurement in protoplasts transfected with GFP effector in each trial. (G,H) Relative expression of SEN4- (G) and SAG712-LUC (H) at 6, 12, 24, 48,
and 72h after transfection. Symbols in (H) are the same as in (G). Data represent mean + SE (n=6). A statistical analysis was performed using a two-tailed Student’s
t-test (0 <0.05; *p<0.01; **p<0.001; and v <0.0001).

expression in protoplasts. Therefore, we explored cell death  cassettes of OREI, RAV1, RPKI, and ORE7 in protoplasts and
responses in protoplasts where OREI, RAVI, RPK1, and ORE7  stained transfected protoplasts with Evans blue dyes in a time-
were overexpressed. We transfected plasmids of overexpression  dependent manner. We confirmed that the transfection efficiency
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in our assay was approximately 80% for all effectors, which
was higher than 50% of the transfection efficiencies reccommended
for successful experiments (Supplementary Figure 4; Yoo et al.,
2007). The extent of cell death accumulation in OREI-
overexpressing protoplasts significantly increased to 44.1% at
6h and remained higher till to 85.0% at 72h post-transfection,
but that of control protoplasts was 19.5% at 6h and 39.6% at
72h post-transfection. Interestingly, RPKI1 overexpression at
later incubation time points ranging from 48 to 72h increased
the cell death level to 67.0%, which is a similar level to that
of OREIl. However, the expression of RAVI and ORE7 did
not affect cell death accumulation in the transfected protoplasts
compared with that of control (Figure 4). We also confirmed
that all effector proteins were expressed to a certain level up
to 72h, although ORE1 and RPKI1 protein levels declined from
24 to 72h, which was proposed to be due to the increasing
proportion of dead cells induced by OREI and RPKI

overexpression (Supplementary Figure 5). These results indicate
that the earlier induction of SAG promoters in OREI-
overexpressing protoplasts is due to premature cell death of
protoplasts by OREI. Furthermore, these results imply that
OREI and RPKI have different kinetic functions in triggering
cell death during senescence.

RPK1 and OREI mediate ROS signaling and/or production
to trigger age-dependent cell death (Balazadeh et al, 2010;
Koo et al,, 2017). Therefore, we dissected the accumulation
rate of two major ROS species, H,O, and superoxide, as well
as cell death in tobacco tissues that ectopically expressed RPK1
and OREI (Figure 5). Cell death, H,0,, and superoxide were
visualized using trypan blue, DAB, and NBT, respectively.
Trypan blue-mediated cell death assay in tobacco exhibited
similar results as shown in protoplasts: OREI overexpression
provoked an earlier onset of cell death marked with blue stains
in tobacco leaves from 1day after infiltration (DAI), whereas
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FIGURE 4 | Kinetic cell death responses induced by overexpression of
various senescence regulators in Arabidopsis protoplasts. (A) Representative
images of protoplasts stained by Evans blue. (B) Time-series measurement of
cell death in protoplasts expressing various senescence regulators.
Protoplasts were transfected with empty GFP (Control), ORET-GFP, or
RPK1-GFP and stained with Evans blue dye at O, 6, 24, 48, and 72h post-
transfection. Normal and stained cells were counted in five to 12 fields
containing at least 50 cells from each sample under microscopy. The
percentage of dead cells was measured as [stained cells/(stained + normal
cells)]x 100%. Bars=1mm. Data represent mean +SE (n=3). A statistical
analysis was performed using a two-tailed Student’s t-test (p <0.0001).

Similar results were obtained in two independent trials.

RPKI and GFP control induced detectable cell death at 2 DAI
and 3 DAI, respectively (Figure 5A). Similarly, DAB-mediated
H,0, detection with brown staining revealed earlier and higher
accumulation of H,0, at 1 DAI in OREI-expressed leaves only,
and 2 DAI in both OREI- and RPK1-expressed leaves, compared

with those of GFP-expressed leaves (Figure 5B). However,
superoxide staining with NBT produced a higher level of blue
staining in leaves expressing RPKI1 than OREI in 1 DAI,
although OREI-expressed leaves had higher stains than those
of control at 2 DAI (Figure 5C). Collectively, these results
indicate that OREI and RPKI might be involved in acute cell
death and superoxide-dependent intermediate cell death during
leaf senescence, respectively.

DISCUSSION

Leaf senescence is the final developmental phase with self-
disposal, yet it is essential for energy recycling in other organs.
Although plants coordinate their leaf development, leaf senescence
begins with cell-autonomous determination by multiple genetic
factors (Thomas et al., 2003). The protoplast-based transient
expression system is a cell-based functional assay technique
that is efficient and adaptable for studying various plant
developmental and physiological responses (Yoo et al., 2007;
Lehmann et al, 2020). In this study, we demonstrated the
potential utility of a transient gene expression system using
Arabidopsis mesophyll protoplasts to assess the functional role
of genes in senescence regulation in plants. We used two
SEN4- and SAG12-LUC reporters for kinetic senescence response
assay and validated the feasibility of functional assessment of
genes in senescence regulation using their overexpression
and knockdown approaches (Figures 2, 3). Furthermore,
we investigated the functional difference between OREI and
RPK1 in cell death-mediated senescence by combining the
kinetic responses of the reporter assay and histochemical assay
(Figures 2, 4, 5).

Evaluation of Senescence Response Assay
Using Arabidopsis Mesophyll Protoplasts

To dissect senescence responses in protoplasts, we established
two reporter sets of SEN4- and SAGI2-LUC for analyzing
early and late kinetic responsiveness (Figure 1). SEN4 and
SAGI2 were identified as transcriptionally upregulated SAGs
with different kinetic profiles and have been used as molecular
markers for senescence responses (Noh and Amasino, 1999;
Woo et al., 2002). However, the expression pattern of SEN4-
LUC and SAGI2-LUC reporters in transfected protoplasts
exhibited rapid induction followed by a decline, which is
different from that observed in intact plants. These patterns
could be attributed to the strong basal expression of many
transfected plasmids and the reduction of reporter expression
due to accumulating cell death over the assay. Also, we tested
the possible usage of other downregulated SAGs as potential
reporters, but their expression levels were marginal or variable
in the protoplasts (Supplementary Figure 1). Nonetheless,
we validated a potential usage of SEN4- and SAGI2-LUC
reporters for senescence responses in the protoplast system.
Overexpression of identified positive senescence regulators,
including OREI, RAV1, and RPK1, as well as negative senescence
regulators, including ORE7, affected the expression level of
both SEN4-LUC and SAGI2-LUC consistently with reports
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FIGURE 5 | ROS accumulation and cell death responses in Nicotiana benthamiana leaves expressing senescence regulators. (A,C,E) Representative images of
leaves stained using trypan blue (A), DAB (C), and NBT (E) at indicated days after infiltration (DAI). GFP (Control), ORET-GFP, or RPK1-GFP were transiently
overexpressed in four-week-old N. benthamiana leaves through Agrobacteria infiltration. Subsequently, staining was conducted using their leaves on indicated DAI.
Bars=100mm. (B,D,F) Time-series quantification of staining intensity from trypan blue (B), DAB (D), and NBT (F) images. Data represent mean+SE (n=5).
Statistical analysis was conducted using a two-tailed Student’s t-test (**p <0.001), and similar results were obtained in three independent trials.

using intact leaves (Figure 2; Lim et al., 2007b; Kim et al,
2009; Woo et al., 2010; Lee et al., 2011). Furthermore, knockdown
approaches based on amiRNA technology can be used for
protoplast-based senescence assay using SAGI2-LUC. The
introduction of amiRNA constructs targeting OREI, RPKI,
or OREY, as well as miR164B-OX construct, together with
SAGI2-LUC resulted in reduced SAGI2 expression in the
protoplasts (Figure 3; Supplementary Figure 3). These results
reinforce the notion that leaf senescence occurs by cell-
autonomous signals in the mature stage. However, this does
not exclude the possible involvement of an early developmental
signal or additional intercellular communication in senescence
regulation. This might be a reason why amiRNA for ORE4
encoding plastid ribosomal proteins failed to show any effects
on SAGI2 expression. Another limitation of this approach
might be the weak or marginal responsiveness of SEN4-LUC

reporter different from that of SAGI2-LUC when amiRNA
constructs are used as effectors. It is proposed to be because
the expression of transfected SEN4-LUC was quickly induced
up to a certain level before the substantial removal of endogenous
target genes by transfected amiRNAs. Alternatively, SEN4-LUC
can be less responsive to the repression effect by anti-senescence
signals before or at the beginning of senescence since a basal
expression of SEN4 should be maintained for cell elongation
in leaf growth (Woo et al., 2001; Lee et al,, 2018). This is
also supported by a lower effect of ORE7 overexpression in
SEN4-LUC than SAGI12-LUC (Figures 2A,B). We also noticed
a potential weakness of this approach in that cell death can
cause dampened or suppressed luciferase activity, which misleads
the impact of transfected effectors (Figure 4). Nevertheless,
protoplast-based senescence assays can be used for studies of
leaf senescence by complementing molecular genetic approaches
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based on Arabidopsis mutants or transgenic plants. As transient
transfection in protoplasts can deliver multiple plasmids
simultaneously, the function of multifamily genes or interaction
between senescence regulators can be dissected rapidly before
laborious genetic approaches. The function or effectiveness of
genes in senescence responses can be analyzed or compared
in differentiated and defined protoplasts extracted from normal
mature leaves, which can avoid a potential misleading
interpretation by indirect or malfunctional effects of genes in
an early development stage. Additionally, the protoplast-based
senescence assay can be applied to high-throughput analysis
based on the use of a genome-wide collection of amiRNA
or open reading frame (ORF) clones, or chemical libraries.

An advantage of using this system was exemplified by
comparing the functional effectiveness of known senescence
regulatory genes based on the timing-dependent responses
of reporters. The temporal expression patterns of SAGs can
reveal the timing of gene involvement from initiation to
termination of senescence. Among positive senescence
regulators, OREI overexpression resulted in the earliest
induction of both reporters at post-transfection (Figures 2C,D).
This is consistent with the results using amiRNA approaches
for OREI and RPK1 (Figure 3D). This indicates OREI could
function as a primary and crucial genetic factor for senescence
initiation. This is consistent with the role of OREI as the
primary genetic factor in the death circuit with the trifurcate
feed-forward pathway involving EIN2, OREI, and miR164
(Kim et al., 2009). Interestingly, the effectiveness of RAVI
on the expression of reporters appears later compared with
other senescence regulators. Although a previous study
suggested that RAVI is a transcription factor with a role in
triggering the initiation of leaf senescence (Woo et al., 2010),
it may function as an intermediate factor following the action
of primary factors like ORE1. The protoplast kinetic approach
could give a more informative clue in uncovering in vivo
role of genes over the traditional phenotypic evaluation
approach. Another analytic window of reporter responses is
their expression pattern. ORE7 overexpression led to completely
dampened expression (SAGI2-LUC) and shortly induced, but
dampened expression (SEN4-LUC; Figures 2A,B). It is consistent
with a previous report that AT-hook protein ORE7 functions
as an epigenetic regulator for leaf senescence (Lim et al.,
2007b). ORE7 might induce chromatin condensation, which
blocks the transcriptional activation of SAG12-LUC completely,
and later induction of SEN4-LUC. Intriguingly, OREI
overexpression also dampened expression of SEN4-LUC and
SAG-LUC, but it followed a higher induction of both reporters
at early time points (Figures 2A,B). This implied that OREI
has a different molecular function in the regulation of senescence
from the ORE7-mediated repression of SAGs.

ORE1 and RPK1 in the Regulation of Cell
Death-Mediated Senescence

Senescence involves the gradual loss of cellular activity and
ends with death. However, an increasing amount of evidence
suggests that cell death processes are not only required for

dismantlement and relocation of cellular macromolecules
during senescence but also mediate the initiation of leaf
senescence (Guiboileau et al., 2010). An advantage of using
protoplasts is the easy application to envision investigating
cellular biological phenotypes combined using fluorescence-
based reporters or exogenous staining. Dampened levels in
the luciferase-based readout can appear not only due to
strong repression but also due to cell death. Therefore, we used
Evans blue staining for investigating cell death responses as
senescence. OREI and RPKI overexpression enhanced the
extent of cell death, although OREI increased the extent of
cell death much earlier time points than RPK1 did (Figure 4).
Interestingly, ORE7 had little effect on the extent of cell
death, indicating the dampened expression of reporters is
due to the epigenetic repression of ORE7. Contrarily, dampened
expression of reporters by OREI is likely due to the early
cell death of protoplasts. Earlier and rapid induction of SEN4
and SAGI12-LUC by ORE1 supported the early onset of cell
death signals (Figure 2). Additionally, RPKI overexpression
showed enhanced cell death at later incubation time points
compared with OREI. Early provocation of cell death by
OREI1 supports the notion that cell death signals are likely
to trigger senescence responses. Furthermore, our results
suggest that OREI and RPKI share a convergent pathway
leading to senescence and cell death, but through different
intermediate regulatory signaling. H,O, and superoxide
signaling are likely involved in OREI and RPKI-mediated
cell death and senescence (Figure 5). Cell death induced
by OREI was observed at the same time with the accumulation
of H,0, and superoxide, but RPKI-mediated cell death along
with H,O, production followed a rapid accumulation of
superoxide. It is unclear whether ROS-induced by OREI is
a result or cause of cell death. In the first scenario, these
results indicate that OREI regulates cell death directly but
RPK1 does it indirectly through superoxide. These results
are consistent with previous reports: ORE1 regulates aging-
induced cell death and senescence (Kim et al., 2009); RPK1,
CaM4, and RbohF Trio regulate age-dependent cell death
via the accumulation of the superoxide (Koo et al., 2017).
Alternatively, given that ROS is one of the critical factors
triggering cell death, OREI may also be involved in
ROS-mediated senescence similar to RPKI1. However, there
is no clear evidence on the interaction between OREI- and
RPKI-mediated pathways in senescence regulation. Future
works will seek to resolve the molecular mechanisms
underpinning the interaction between OREI- and RPKI-
mediated pathways in cell death, including the potential
involvement of ROS.

Senescence Regulatory Scheme

Based on our study, we suggest a regulatory and Kkinetic
scheme of cellular senescence program regarding how
senescence regulatory genes, such as OREI, RPKI, RAVI,
and ORE7, are involved in senescence regulation, reflected
by the expression of SEN4 and SAGI2, partially through cell
death and ROS-mediated signaling (Supplementary Figure 6).
OREI and RPKI function as early positive senescence regulators
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through cell death- and ROS-induced senescence, respectively.
RAVI1 might be involved in senescence responses as a late
positive senescence regulator through the different pathways
from OREI and RPKI signals. ORE7 is an epigenetic negative
regulator that plays a dual-temporal role in the regulation
of SAG expression. This scheme can provide novel insights
for temporal regulatory involvement of senescence genes,
although mechanistic relationships among the senescence
regulators are not clearly defined in this scheme. Future studies
with more diverse senescence regulators under various
senescence triggering conditions will reveal a more reliable
and clearer map for a kinetic function of senescence regulators
during leaf senescence.

Overall, our results indicate that the protoplast transient
expression system based on the luciferase-based assay is
an effective tool for rapid functional dissection of senescence
regulators in Arabidopsis. Combining other cellular reporters
or different protoplast sources will enable us to broaden
the utility of our approaches for studying various senescence
processes in Arabidopsis, as well as other non-model
plants.
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