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Multiple endogenous and environmental signals regulate the intricate and highly complex
processes driving leaf senescence in plants. A number of genes have been identified in
a variety of plant species, including Arabidopsis, which influence leaf senescence.
Previously, we have shown that HOS15 is a multifunctional protein that regulates several
physiological processes, including plant growth and development under adverse
environmental conditions. HOS15 has also been reported to form a chromatin remodeling
complex with PWR and HDA9 and to regulate the chromatin structure of numerous genes.
However, unlike PWR and HDAQ, the involvement of HOS15 in leaf senescence is yet to
be identified. Here, we report that HOS15, together with PWR and HDA9, promotes leaf
senescence via transcriptional regulation of SAG12/29, senescence marker genes, and
CAB1/RCBS1A, photosynthesis-related genes. The expression of ORET, SAG12, and
SAG29 was downregulated in hos75-2 plants, whereas the expression of photosynthesis-
related genes, CAB7 and RCBS1A, was upregulated. HOS15 also promoted senescence
through dark stress, as its mutation led to a much greener phenotype than that of the
WT. Phenotypes of double and triple mutants of HOS15 with PWR and HDA9 produced
phenotypes similar to those of a single hos75-2. In line with this observation, the expression
levels of NPX1, APG9, and WRKY57 were significantly elevated in hos15-2 and hos15/
pwr, hos15/hda9, and hos15/pwr/hda9 mutants compared to those in the WT. Surprisingly,
the total H3 acetylation level decreased in age-dependent manner and under dark stress
in WT, however, it remained the same in hos15-2 plants regardless of dark stress,
suggesting that dark-induced deacetylation requires functional HOS15. More interestingly,
the promoters of APG9, NPX1, and WRKY57 were hyperacetylated in hos15-2 plants
compared to those in WT plants. Our data reveal that HOS15 acts as a positive regulator
and works in the same repressor complex with PWR and HDAQ to promote leaf senescence
through aging and dark stress by repressing NPX1, APG9, and WRKY57 acetylation.

Keywords: HOS15, leaf senescence, developmental aging, dark stress, chromatin remodeling

Frontiers in Plant Science | www.frontiersin.org 1

February 2022 | Volume 13 | Article 828264


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2022.828264﻿&domain=pdf&date_stamp=2022-02-25
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2022.828264
https://creativecommons.org/licenses/by/4.0/
mailto:djyun@konkuk.ac.kr
https://doi.org/10.3389/fpls.2022.828264
https://www.frontiersin.org/articles/10.3389/fpls.2022.828264/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.828264/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.828264/full

Zareen et al.

HOS15 Positively Regulates Plant Senescence

INTRODUCTION

Leaf senescence is a programmed degeneration process that
constitutes the final step of leaf development. Senescence is
an organized process regulated by chlorophyll degradation,
photosynthesis decline, lipid peroxidation, and protein deprivation
(Smart, 1994). The initiation of leaf senescence is a
developmentally programmed and apoptotic process that can
be controlled through diverse signals, such as environmental
factors (including light, nutrients, temperature, and osmotic
stress), pathogen attack, and phytohormones (Lim et al., 2007a;
Guo and Gan, 2012; Li et al., 2012). To date, several senescence-
related mutants and a variety of senescence-associated genes
(SAGs), which accumulate during leaf senescence, have been
isolated and characterized (Buchanan-Wollaston et al., 2003;
Lim et al, 2007a; Li et al, 2012). The expression levels of
SAGs increase with leaf aging, while two photosynthetic genes,
CHLOROPHYLL A/B BINDING PROTEIN 1 (CAB1) and
RIBULOSE BISPHOSPHATE CARBOXYLASE SMALL CHAIN
1A (RBCS1A), have been shown to be downregulated upon
aging (Li et al., 2013). In addition, several NAC TFs have
been identified in Arabidopsis and crop plants, which play
important roles in senescence (Kim et al., 2016; Li et al., 2018).
In particular, ANACO016, ANACO002/ATAF1, ANACO029/
NAC-LIKE, ANAC019, ANAC032, ACTIVATED BY AP3/PI
(NAP), ANAC092/ORESARA1 (ORE1l), ANAC046, ANACO55,
ANACO057/ORE1 SISTER 1 (ORS1), and ANAC072 promote
senescence; ANACO083/VND-INTERACTING2 (VNI2) and
ANACO042/JUNGBRUNNEN1 (JUB1) hinder senescence in
Arabidopsis (Garapati et al., 2015; Takasaki et al., 2015; Kim
et al.,, 2016; Oda-Yamamizo et al., 2016). The expression levels
of NAC genes significantly increase during natural senescence
(NS) and artificially induced senescence, such as dark-induced
senescence (DIS; Kim et al., 2009, 2013; Sakuraba et al., 2015b).
To explore the similarities and variabilities in gene expression
levels during senescence and to measure the induction of SAGs
by stress, is a major subject of plant researchers (Becker and
Apel, 1993; Oh et al,, 1996; Chung et al, 1997; Park et al.,
1998; Weaver et al., 1998).

High Expression of Osmotically Responsive Genes 15
(HOS15), a WD40 repeat protein, has multiple molecular
functions, including the regulation of plant growth and
development, cold stress signaling, flowering time determination,
abscisic acid (ABA) signaling, response to drought stress, and
pathogen response (Zhu et al., 2008; Park et al, 2018a; Ali
et al, 2019; Mayer et al.,, 2019; Park et al, 2019; Shen et al,,
2020). During cold stress, HOS15 interacts with and promotes
proteasomal degradation of histone deacetylase 2C (HD2C).
In addition, it encourages histone 3 (H3) acetylation and keeps
“open” the chromatin of cold-responsive (COR) genes and
facilitates the recruitment of CBF TFs to the promoter of
COR genes for cold stress tolerance (Park et al., 2018a). HOS15
also forms complexes with LUX, ELF3 (evening complex), and
HDAJY, which bind to the GI promoter and repress the transition
to flowering (Park et al., 2019). Furthermore, HOS15 interacts
with and degrades OST1, thereby regulating the desensitization
of the ABA signaling pathway (Ali et al, 2019). In line with

these reports, we have also shown that HOS15 interacts with
the SCF-CUL4-E3 ligase complex to repress the plant immune
system by negatively regulating NPR1, a pathogen-responsive
positive regulator (Shen et al., 2020). Despite all these multiple
functions, the role of HOS15 in senescence remains unknown.

In the present study, we report that HOS15 promotes leaf
senescence in response to aging and dark stress. Phenotypically,
and compared to wild-type (WT) plants, hos15-2 mutants
showed a dramatically late senescence phenotype. While hos15-2
plants accumulated higher chlorophyll content as well as SAGs
were also upregulated in loss-of-function HOS15 mutant plants
in relation to WT plants. Moreover, transcript levels of NPXI1,
APGY9, and WRKY57 were upregulated in hosI5-2 compared
to WT. Interestingly, compared to WT, the acetylation status
of total H3, AcK9, and AcK was higher in hosI5-2, pwr, and
hda9 mutants. Furthermore, we also found a dark impede H3
acetylation level in WT compared to hosl15-2 plants, while the
acetylation status of APG9, WRKY57, and NPX1 promoters
was also higher in hosI5-2 plants than in WT plants. All
these results indicate that HOS15 works in the same complex
of PWR and HDAY to regulate aging and dark-induced leaf
senescence through the regulation of the same group of genes.

MATERIALS AND METHODS

Plant Materials

In the present study, the Arabidopsis thaliana ecotype Columbia
(Col-0) was used as the WT. All the seeds used in the present
study were from selected lines, such as Col-0 (WT), hosl5-2,
CL-1, CL-2, pwr-2, and hda9-1, as described in our previously
published research articles (Ali et al., 2019; Baek et al., 2020;
Khan et al., 2020). Seeds of the WT, complemented lines, and
mutants were surface-sterilized in a solution containing 2%
sodium hypochlorite solution (Yakuri Pure Chemicals, Kyoto,
Japan) for 5min and rinsed five times with sterilized water.
After stratification for 3days at 4°C in the dark, sterilized
seeds were germinated on full-strength MS medium containing
.25% phytagel and 2% sucrose. Ten-day-old seedlings were
transferred to the soil under control conditions.

Growth Conditions

Plants were grown at 23°C under long-day conditions (16-h
light/8-h dark photoperiod), under cool white, fluorescent light
at a rate of 80-100pmolm™s™" in a completely controlled
culture room at Konkuk University, Seoul, South Korea. The
green rosette and cauline leaves of the selected lines were
detached from 4-week-old plants and were then sampled for
age-wise leaf senescence phenotype.

Dark Treatment

For the dark treatment, 4-week-old WT, hos15-2, CL-1, and
CL-2 plants were exposed to dark stress. However, in terms
of leaves, the 1st and 2nd cauline leaves of each ecotype were
detached and exposed to 4days of dark stress. Photographs
were taken before and after the dark stress treatment. RNA
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was extracted from the same leaves, and cDNA was synthesized.
Transcript levels were quantified through quantitative real-time
PCR (qRT-PCR). In case of nuclear protein extraction to
evaluate the histone acetylation status, 12-day-old seedlings of
WT and hosI5-2 plants were covered in aluminum foil for
4days. Nuclear proteins were extracted from stressed and
unstressed seedlings using a nuclear protein extraction kit.

RNA Extraction and qRT-PCR Analysis

For the reverse transcription reactions (PCR), total mRNA
(5pg) was extracted from plants (harvested at different time
points for each experiment) using the RNeasy Plant Mini Kit
(Qiagen, Hilden, Germany). The RNA was then treated with
DNase-1 free Kit (Sigma, St. Louis, MO, United States), and
cDNA was synthesized reverse transcription of total RNA using
SuperScript IIT reverse transcriptase (Invitrogen, Carlsbad, CA,
United States) with oligo (dT),, primer, according to the
manufacturer’s instructions. Quantitative PCR was performed
using the SYBR Green PCR Master Mix kit (Bio-Rad, Hercules,
CA, United States) according to instructions and using the
CFX96 or CFX384 Real-time PCR detection system (Bio-Rad).
The PCR mixture (20pl) comprised 2pl of first-strand cDNA
template, 10ul of LaboPass™ SYBR Green Q Master
(CMQS1000), COSMO GENETECH, South Korea,' and .5pum
of forward and reverse primers for each gene. Three biological
replicates were used for each genotype. The relative expression
levels were calculated using the comparative cycle threshold
method. The sequences of the primers used for the gqRT-PCR
are listed in Supplementary Table 1. Throughout the study,
ACTIN2 (ACT2) was used as the reference to determine relative
normalized expression levels during qRT-PCR.

Chlorophyll Quantification

To measure the total chlorophyll content, frozen leaf tissue
was homogenized with zirconia beads, and the pigment was
extracted from the leaf homogenate with 80% frozen acetone.
The total chlorophyll concentration was determined
spectrophotometrically using Biomate 3 (Thermo Electron
Corporation, United States), and the optical density (OD) was
measured at 663nm and 645nm against an 80% acetone blank.
The total chlorophyll content was determined using the
following equation:

Total chlorophyll (mg / g) = [20.2* ODg4s5 + 8.02*OD663J
x V /1000 x W

V=final volume and W=weight of a sample.

Nuclear Protein Extraction

Tissue samples (.5g) of 3-week-old seedlings from selected
genotypes were sampled in liquid nitrogen and ground manually.
The CelLytic PN isolation/extraction Kit (Sigma) was used for

'http://www.cosmogenetech.com/co.kr

nuclear protein extraction as previously described by Wang
et al. (2011a).

Chromatin Immunoprecipitation Assay

Chromatin Immunoprecipitation (ChIP) and ChIP-qRT-PCR
were performed according to a previously reported method
(Saleh et al., 2008). To fix the chromatin structure, 2-week-old
Arabidopsis seedlings were treated with 1% formaldehyde for
15min and then treated with .1M glycine for 5min to stop
the cross-linking reaction. The plant tissue was ground with
liquid nitrogen, washed with water, and the nuclei were extracted.
Nuclear proteins were extracted and sonicated with a Bioruptor
(BMS) to fragment the chromosomal DNA. Immunoprecipitation
was conducted using the respective antibody, with salmon sperm
carrier DNA and Protein-A agarose (Upstate Biotechnology).

Genetic Crosses
Genetic crosses were performed by transferring mature anthers
from the donor to the stigmas of hand-emasculated female recipients.

RESULTS

HOS15 Positively Regulates Leaf
Senescence

HOSI15 is one of the 85 WD40 repeat proteins in Arabidopsis
that function as substrate receptors for the DDB1-CUL4 E3
ligase complex (Lee et al., 2008). Previously, we reported
that HOS15 is a multifunctional protein that regulates several
physiological processes, including plant development and
stress response (Ali and Yun, 2020). However, the involvement
of HOS15 in the regulation of leaf senescence is yet to
be explored. To investigate the role of HOS15 in leaf
senescence, seeds of WT and loss-of-function HOS15 mutant
(hos15-2) plants were germinated on Murashige and Skoog
(MS) plates for 10days and then transferred to soil. After
40days of germination, we observed that hosI5-2 mutant
plants showed a late senescence phenotype compared to
WT and the two complementation lines (Figure 1A;
Supplementary Figure 1). As leaf senescence has been
considered the final stage of development from maturity to
degeneration in the life history of plant leaves (Lim and
Hong, 2007), we compared the rosette leaves (3rd to 12th
leaves) after 40days of germination of WT and hosI5-2.
We observed that hosl5-2 rosette leaves were greener than
those of WT and the two complementation lines (Figure 1B;
Supplementary Figure 1B). These results suggest that HOS15
promotes senescence in Arabidopsis. SAGs have been used
as senescence markers because their transcript levels upregulate
in an age-dependent (senescence) manner (Li et al., 2013;
Sakuraba et al., 2014; Zhang et al., 2015; Ren et al., 2017).
The transcript level of SAGI2, a marker gene, was dramatically
reduced in hos15-2 plants compared to WT plants (Figure 1C;
Supplementary Figure 2). Interestingly, HOSI5 was also
induced transcriptionally in an age-dependent manner,

suggesting the involvement of HOS15 in senescence
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FIGURE 1 | The Arabidopsis hos15-2 mutant shows late senescence
phenotype. (A) Comparative phenotypic analysis of Col-0 (WT) and hos15-2
plants after 40days of germination. Seeds of Col-0 and hos75-2 were
sterilized and germinated on MS medium for 10days and then transferred to
soil. Photographs were taken after 40 days of germination (DAG).

(B) Phenotypes of rosette leaves of Col-0 and hos75-2 plants (3rd to 12th
leaves) according to the sorted leaf age of 40 DAG. (C,D) Expression of
SAG12, a senescence marker gene, and RCBS1A, a photosynthesis-related
gene in 3rd and 4th leaves of Col-0 and hos15-2 plants. Total RNA was
extracted, and qRT-PCR analysis was performed. ACTIN2 was used as the
internal control. Error bars show SD. Differences were determined via
Student’s t-test (significance: *p <.05). (E) Leaves of the 4-week-old Col-0
and hos15-2 plants (3rd and 4th rosette) were used for total chlorophyll
content measurement. Error bars show SD. Significant differences were
determined via Student’s t-test (significance: *p <.05).

(Supplementary Figure 2). The transcript level of RBCS1A
(small subunit of Rubisco 1A), a photosynthesis-related gene,
was upregulated in hos15-2 compared with WT (Figure 1D).
In line with the RBCS1A transcript level, the total chlorophyll
content also accumulated abundantly in hosI5-2 compared
with WT plants (Figure 1E). Taken together, these results
demonstrated that HOS15 acts as a positive regulator of
leaf senescence.

HOS15 Regulates Senescence-Associated
and Photosynthesis-Related Genes
Differentially in an Age-Dependent
Manner

Leaf senescence initiation is a naturally occurring complex
process that starts with the upregulation of SAGs and repression
of senescence downregulated genes (SDGs; Gepstein et al.,
2003; Breeze et al., 2011; Brusslan et al., 2015). A decade
ago, Kim et al. (2009) reported that the NAC-type TF family,
particularly ORE1/NAC2, promote leaf senescence in an
age-dependent manner. In contrast, photosynthesis-related
genes, such as RBCSIA and CABI, downregulate
transcriptionally in an age-dependent manner (Bate et al.,
1991; Weaver et al, 1997). To investigate whether HOS15
participates in senescence by regulating both SAGs and
photosynthesis-related genes in an age-dependent manner,
we analyzed the expression of SAGs in loss-of-function
HOS15 mutant and WT plants. In hos15-2, SAG12, SAG29,
and OREI were less expressed in an age-dependent manner,
as compared to WT plants (Figures 2A-C). In addition,
the transcript levels of photosynthesis-related genes, such
as RCBSIA and CABI, were significantly higher in hos15-2
in an age-dependent manner than in WT plants
(Figures 2D,E). Taken together, these results suggest that
HOS15 regulates senescence in an age-dependent manner
through the modulation of senescence- and photosynthesis-
related genes.

Loss-of-Function HOS15 Mutant Delays
Leaf Yellowing During Dark-Induced
Senescence

All stresses have significant effects on leaf senescence but
light privation, either as strong darkening or shading, promotes
senescence, particularly when a specific plant part is affected
(Weaver and Amasino, 2001; Keech et al., 2010). Several
PHYTOCHROME INTERACTING FACTORS (PIFs), a basic
helix-loop transcription factor family, including PIF3, PIF4,
and PIF5, have been reported to promote natural and dark-
induced leaf senescence in Arabidopsis (Trivellini et al., 2012;
Sakuraba et al., 2014; Song et al., 2014). In the last decade,
dark-induced senescence has been widely used for synchronous
promotion and other senescence symptoms, such as chlorophyll
degradation (Buchanan-Wollaston et al, 2005). As the
PWR-HDA9 complex promotes age-triggered and dark-induced
senescence (Chen et al., 2016), we therefore assumed that
HOS15 protein may also play a role in dark-induced senescence.
We examined the dark-induced senescence phenotype of WT,
hos15-2, CL-1, CL-2 (CL complementation lines expressing
HOS15::HOS15/hos15-2), and pwr and hda9, which were used
as positive controls. After 4days of dark treatment, the
hos15-2, pwr, and hda9 plants were greener than WT
(Figure 3A). Next, we exposed the detached leaves to dark
stress to observe dark-induced senescence, which was also
consistent with the plants’ phenotype. The hosi5-2 plant
detached leaves were greener than the WT, after 4days of
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FIGURE 2 | HOS15 differentially regulates senescence- and photosynthesis-related genes in an age-dependent manner. Comparative transcript level analysis of
senescence- and photosynthesis-related genes in Col-0 (WT), hos15-2, CL-1, and CL-2 plants in an age-dependent manner. (A-E) The 3rd and 4th rosette leaves
of Col-0, hos15-2, CL-1, and CL-2 were sampled at the 3rd, 4th, 5th, and 6th weeks of germination, total RNA was extracted, and cDNA was synthesized. The
transcript level of three senescence-related marker genes, ORE1, SAG12, and SAG29, and two photosynthesis-related genes, CAB7 and RBCS1A, were quantified
through gRT-PCR and normalized to 3rd week Col-0. ACTIN2 was used as the normalization control. Error Bars indicate SD of three independent biological repeats
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dark stress (Figure 3B), suggesting that HOS15 plays a
positive role in promoting dark-induced senescence in
Arabidopsis. Next, we analyzed the total chlorophyll content
in leaves under dark stress, as dark stress was shown to
impair chlorophyll content (Chen et al., 2016). The similar
leaf senescence phenotypes of hos15-2, pwr, and hda9 mutants
under dark stress were further supported by their similar
retention of chlorophyll content (Figure 3C). These
observations indicate that HOS15, HDA9, and PWR act in
the same pathway to promote leaf senescence.

HOS15 Differentially Regulates the
Expression Pattern of Senescence- and
Photosynthesis-Related Genes in Dark
Stress

Dark-induced senescence remarkably accelerates SAG and
NAC-type TF gene expression (Chrost et al., 2004). Darkness
also reduces photosynthesis efficiency and the expression
levels of photosynthesis-related genes (Eckstein et al., 2019).
To assess whether HOS15 regulates the transcript abundance
of senescence- and photosynthetic-related genes under dark
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FIGURE 3 | hos15-2 mutant delays yellowing during dark stress. (A) The
phenotypic analysis of Col-0 (WT), hos15-2, CL-1, CL-2, pwr, and hda9
plants during dark stress. The 4-week-old plants were treated with dark
stress for 4 days. (B) Dark-induced phenotype of cauline leaves of Col-0,
hos15-2, CL-1, CL-2, pwr, and hda9 during dark stress. The cauline leaves
(1st and 2nd leaves) of the above-mentioned genotypes were introduced to
dark stress for 4 days at room temperature conditions. The photographs were
taken before and after dark stress. Each experiment was repeated three times
with similar results. (C) Leaves of the 4-week-old plants of the indicated
genotypes (3rd and 4th rosette) were used for measurement of chlorophyll
under control condition and in the presence of 4-day dark stress. Error bars
show SD. Significant differences were determined via Student’s t-test

(significance: *p <.05).

stress, we tested the transcript abundance of senescence-
related genes, such as SAGI2, SAG29, and OREI, and
photosynthesis-related genes, such as CABI and RCBSIA.
Under dark stress, the transcript levels of SAG12, SAG29,
and OREI were dramatically reduced in hosl5-2 compared
to WT plants (Figures 4A-C). In contrast, CABI and RCBSIA

were dramatically upregulated in hos15-2 plants compared
to WT under dark stress (Figures 4D,E). These findings
suggest that HOS15 promotes dark-induced senescence
through the differential regulation of senescence- and
photosynthesis-related genes.

HOS15 Together With PWR-HDA9 Complex
Co-regulates Senescence

Recently, the PWR-HDA9 complex has been shown to regulate
leaf senescence, as their mutations cause age-triggered and
dark-induced senescence phenotypes (Chen et al., 2016).
HOS15 has also been reported to interact with and work
in the same complex with HDA9-PWR to regulate plant
growth and development (Park et al., 2018b; Mayer et al.,
2019). To test the genetic relationship between HOS15 and
the HDA9-PWR complex in the regulation of plant leaf
senescence, we generated double and triple mutants (hos15pwr,
hos15hda9, and hosl5pwrhda9). As expected, the loss-of-
function HOS15, PWR, and HDAY individually, and their
double and triple mutants (hosl5pwr, hosl5hda9, and
hos15pwrhda9) showed late senescence phenotypes compared
to WT plants (Figure 5A). It has been shown that PWR
recruits HDA9 to W-Box-containing genes, APG9 (autophagy),
WRKY57 (jasmonic acid), and NPXI (ABA catabolism),
which negatively regulate their transcription and promote
senescence (Chen et al., 2016). To investigate whether HOS15
also regulates the same group of genes during senescence,
we evaluated the expression levels of NPXI, APGY, and
WRKY57. Compared to WT, transcript levels of NPX1, APG9,
and WRKY57 genes were significantly upregulated in hosl5-
2, hosl5pwr, hosl5hda9, and hosl5pwrhda9 mutants
(Figures 5B-D). Late senescence phenotypes of hosl5-2,
pwr, hda9, hos15/pwr, hos15/hda9 and hos15/pwr/hda9 mutants
were further supported by their similar retention of chlorophyll
content (Figure 5E). These results demonstrated that HOS15,
PWR, and HADY might work together in the same complex
to regulate leaf senescence by regulating the same group
of genes.

Regulation of H3 Acetylation Status Is
Essential for Age-Dependent Leaf
Senescence

Previous reports have shown that PWR-HDA9 modulates
H3 acetylation status and that their mutation results in
increased H3 acetylation levels (Chen et al, 2016; Khan
et al., 2020; Lim et al., 2020). Similarly, HOS15 is also
involved in the regulation of H3 acetylation status through
different signaling pathways (Park et al., 2018a; Mayer et al.,
2019). To investigate the combined role of this co-repressor
complex in histone modulation, we assessed H3 acetylation
status in hos15, hda9, and pwr (single, double, and triple)
mutants. As expected, the acetylation levels of H3 (AcH3),
H3K9 (AcH3KD9), and acetylated lysine (AcK) were remarkably
induced in hos15-2, pwr, hda9, hos15/pwr, hosl5/hda9, and
hos15/pwr/hda9 mutants as compared to WT plants, suggesting
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FIGURE 4 | HOS15 differentially regulates senescence- and photosynthesis-related genes during dark-induced senescence. Comparative expression level analysis
of senescence- and photosynthesis-related genes. (A-E) The transcript level of senescence-related genes ORET, SAG72, and SAG29 and of photosynthesis-
related CABT and RBCS1A genes before and after dark stress. Cauline leaves of 24-day-old plants were sampled before and after 4 days of dark stress for RNA
extraction. The transcript levels were quantified through gRT-PCR and normalized to Col-0 before dark stress. ACTIN2 was used as the normalization control. Error
bars show SD of independent means of three biological repeats.

that the HOS15-PWR-HDAY complex represses H3 acetylation
(Supplementary Figure 3A).

Leaf aging and environmental stresses have been considered
to play a dynamic role in plant senescence regulation. However,
how aging and environmental stresses, particularly dark stress,
regulate histone acetylation status remains elusive. Recently,
JMJ16, an Arabidopsis JmjC domain-containing protein and
H3K4-specific demethylase, was found to repress age-dependent
plant leaf senescence through its demethylase function (Liu
et al., 2019). To elucidate the effect of leaf aging on histone
acetylation status, we determined the H3 acetylation status in
an age-dependent manner (YL=young leaves, ML=mature
leaves, ES =early senescence, and LS =late senescence; Previously

shown by). We found that age triggered a dramatic reduction
in H3 acetylation status, particularly H3K9. For instance,
acetylation levels in YL and ML were abundantly accumulated
as compared to LS leaves (Figures 6A,B), suggesting that plant
aging (senescence) reduced H3 acetylation status to promote
leaf senescence.

HOS15 Negatively Regulates H3
Acetylation Status to Promote
Dark-Induced Senescence

Recently, high light (HL) was found to increase the acetylation
status of H3 (Guo et al, 2008). As hos15-2 shows delayed
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synthesized. The expression level was quantified using gRT-PCR. ACTIN2 was used as the internal control. Error bars represent SD from three biological replicates.
Significant differences were determined via Student’s t-test (significance: *p <.05, **p <.01). (E) Leaves of the 4-week-old plants of the indicated genotypes (3rd
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(significance: *p <.05).
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senescence under dark stress, we were interested in exploring
the functional role of HOS15 in the modulation of H3
acetylation level during dark stress. As expected, dark stress
significantly reduced H3 acetylation in WT (Figures 6C,D).
In contrast, H3 acetylation levels remained highly stable in
hos15-2 single mutant, hos15-2/hda9 and hos15-2/pwr double
mutants, and hos15-2/hda9/pwr triple mutant plants regardless
of dark stress, suggesting that dark-induced deacetylation
requires functional HOS15, HDAY, and PWR (Figures 6C,D;
Supplementary Figure 3B).

According to Chen et al. (2016), PWR and HDAY directly
repress the acetylation status of NPX1, APGY, and WRKY57
to promote leaf senescence. In this regard, we were interested
in examining the role of HOS15 in the regulation of NPXI,
APGY9, and WRKY57, as the expression levels of these genes
were found to be dramatically higher in hos15-2 plants than
in WT (Figure 5B). We first tested the direct association
of HOS15 with the promoters of NPX1, APGY9, and WRKY57
and found that HOS15 associates with the promoters of
these genes at specific regions which were previously identified
as target loci for PWR and HDA9 (Figure 6E;
Supplementary Figure 4; Chen et al., 2016). Next, we analyzed
H3 acetylation level on these specific regions using Anti-
AcH3 antibodies. As shown in Figure 6F, the promoters
of NPXI, APGY, and WRKY57 were hyper-acetylated in
loss-of-function HOS15 mutant as compared with WT plants.
Taken together, these findings demonstrate that HOSI15
regulates senescence by repressing the acetylation levels of
NPX1, APGY, and WRKY57 and that HOS15 works together
with PWR-HDAY in the same complex to regulate aging
and dark-induced leaf senescence.

DISCUSSION

HOS15, a WD40 Domain Protein,
Regulates Senescence Through Aging
HOS15 acts as a multifunctional protein, and it is actively
involved in the regulation of plant growth, development,
and stress response. In recent years, we have reported the
involvement of HOS15 in cold stress, flowering transition,
ABA signaling, drought stress, and pathogen responses (Zhu
et al., 2008; Park et al., 2018a; Ali et al., 2019; Mayer et al,,
2019; Park et al, 2019; Shen et al., 2020). Interestingly,
Mayer et al. (2019) reported that cell division and light-
responsive genes were downregulated in the hda9/hosi5
double mutant. Here, we report that HOS15 is also involved
in the regulation of senescence through aging and darkness.
hos15-2 plants showed a late senescence phenotype compared
to WT after 40days of germination (Figure 1). Aside from
exogenous stresses, senescence generally depends on the leaf
age and developmental stage (Zentgraf et al., 2004). We also
found that hos15-2 showed a late leaf senescence phenotype
compared to WT (Figure 1B). Due to senescence, expression
levels of some genes were classified into up- and
downregulated; SAGs and senescence downregulated genes
(SDGs), respectively (Lohman et al., 1994). In this diverse

network, we chose two upregulated SAGs, SAG12, and SAG29,
as senescence marker genes. Similar to PWR and HDAOY,
HOS15 also positively regulated the SAG12/29 transcript
levels (Chen et al., 2016; Figure 2), suggesting that HOS15
plays a positive role in the regulation of these markers
during senescence. We found that the expression levels of
SAGI12 and SAG29 were significantly lower in hos15-2 than
in WT plants after 40days of germination (Figure 2).
Moreover, HOS15 also plays a negative role in the regulation
of total chlorophyll content in plants, as the total chlorophyll
content was found to be much higher in hosl5-2 plants
than in WT plants (Figure 1E). Taken together, these results
indicate that HOSI15 acts as a positive regulator of
leaf senescence.

Leaf senescence is also involved in chromatin modification,
which leads to changes in gene expression patterns. Natural
leaf senescence is mainly recognized by aging, which can
be triggered by environmental cues and nutritional signals,
such as phytohormones, oxidants, abiotic and biotic stresses,
and darkness (Mayta et al., 2019). PWR-HDA9-HOS15 work
together in the same suppressor complex to regulate plant
development and morphological processes (Mayer et al.,
2019). Several genes have been identified and reported to
be involved in the regulation of plant senescence in an
age-dependent manner. Interestingly, PWR and HDA9 promote
senescence through aging (Chen et al, 2016), and we
expected that HOS15 would be involved in senescence.
We found that the expression of HOS15 was gradually
induced by age in the 3rd and 4th rosette leaves
(Supplementary Figures 2A,B). We also evaluated the
transcript level of the senescence marker gene SAGI2, which
was less expressed in hosl5-2, compared to WT, in an
age-dependent manner (Supplementary Figures 2A,B).
We observed that the SAG12 transcript level was low and
appeared almost 2weeks later in hos15-2, as SAG12 mRNA
upregulation appeared 4 weeks after germination in WT and
6weeks after germination in hosl15-2 (Figure 2A). This
evidenced that HOS15 participates as an activator of leaf
senescence in an age-dependent manner. In line with this,
hos15-2 showed a late senescence phenotype after 35, 45,
and 60days of germination, respectively, compared to WT
(Supplementary Figure 1). Like other senescence events in
plants, leaf senescence is the final stage of development and
decadence from maturation in the history of leaf life (Lim
and Hong, 2007). Overall, hos15-2 rosette leaves of increasing
age (older to younger) were greener than that of WT plants
(Supplementary Figure 1). Hence, based on phenotypes,
we showed that HOS15 plays a positive role in leaf senescence
regulation through the aging process. In addition, the NAC-type
TF family plays an important role in promoting leaf senescence.
Kim et al. (2009) reported that orel delayed senescence by
aging. In the HOSI5 loss-of-function mutant, the OREl
transcript level was significantly downregulated compared to
that in the WT in an age-dependent manner (Figure 2).
RCBS1A and CABI play crucial roles during photosynthesis
and CO, fixation (Izumi et al., 2012; Bresson et al., 2018).
The expression levels of RCBSIA and CABI were significantly
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elevated in the HOS15 loss-of-function mutant compared to
those in WT in an age-dependent manner (Figure 2). Taken
together, these phenotypical and genetic assessments revealed
that HOS15 positively regulates senescence in an age-dependent
manner, promotes the expression of SAGs, and suppresses
that of photosynthesis-related genes.

HOS15 Acts as Senescence Inducer in
Dark Stress

Leaf senescence can also be induced by several exogenous
factors, such as dark stress (Lim and Hong, 2007). Interestingly,
HAD9 and PWR induce dark-induced leaf senescence (Chen
et al., 2016); therefore, we hypothesized that HOS15 might
also play a positive role in the regulation of dark-induced leaf
senescence. We scrutinized the detached leaf yellowing and
found that leaf yellowing was attenuated in hos15-2 as compared
to WT, after 4days of dark treatment (Figure 3), suggesting
that HOS15 acts as a positive regulator in dark-induced
senescence. Furthermore, in response to 4days of darkness,
the transcript levels of SAG12/29 and ORE1 were significantly
less induced in the loss-of-function HOS15 mutant than in
the WT (Figures 4A-C). In contrast, the expression levels of
RCBSI1A and CABI, photosynthesis-related genes, were higher
in hos15-2 than in WT under dark stress (Figures 4D,E).
Taken together, these data suggest that HOS15 promotes dark-
induced leaf senescence by positively regulating senescence-
related genes and negatively regulating photosynthesis-
related genes.

HOS15-PWR-HDA9 Complex Regulates
the Same Group of Genes Involved in
Senescence

HOS15, PWR, and HDA9 have been reported to
be predominantly localized in the nucleus. Particularly, PWR
has been shown to be involved in the promotion of several
micro-RNA genes, which are involved in the regulation of
senescence. In addition, a number of ABA signaling (Gao et al,,
2016), oxidative stress (Du et al., 2008), jasmonic acid (Jiang
et al.,, 2014), salicylic acid (Veronese et al., 2006), and autophagy
pathway (Wang et al., 2011b) genes have been reported to
mediate the regulation of plant senescence (Chen et al., 2016).
It has also been shown that PWR and HDAY are involved in
leaf senescence through regulation of APG9, NPX1, and WRKY57
genes (Chen et al, 2016). We found that NPXI, APGY, and
WRKY57 were significantly upregulated in hos15-2, hos15/pwr,
hadl5/hda9, and hhad5/pwr/hda9 mutants as compared to WT
(Figure 5A), suggesting that HOS15 and PWR-HDA9 work
in the same complex to promote leaf senescence in Arabidopsis.

HOS15 Promotes Age-Dependent and
Dark-Induced Senescence Through
Regulation of Chromatin Structure of
NPX1, APG9, and WRKY57

Histone acetylation is often associated with active transcription
and open chromatin, whereas deacetylation is generally considered

an inactive and compact structure to repress transcription (Verdin
and Ott, 2015). PWR-HDA9 modulates the H3 acetylation status
and its mutation results in increased acetylation levels (Chen
et al,, 2016; Khan et al,, 2020; Lim et al.,, 2020). Similarly, HOS15
is also involved in the regulation of histone status through different
signaling pathways (Mayer et al., 2019; Park et al, 2019). The
physical association of HOS15with PWR and HDA9 led us to
investigate the role of HOS15 in the regulation of histone status
(acetylation/deacetylation; Mayer et al., 2019; Lim et al, 2020).
We found that the acetylation levels of H3 (AcH3), H3K9 (AcH3K9),
and acetylated lysine (AcK) were remarkably increased in hos15-2,
pwt, hda9, and their double and triple mutants compared to WT
(Supplementary Figure 3A). These observations suggest that the
HOS15-PWR-HDA9 complex represses histone acetylation. Leaf
aging and dark stress play a vital role in the regulation of leaf
senescence. To elucidate the effect of leaf aging on histone acetylation
status, we assessed the acetylation level of H3, which was dramatically
reduced in late senescence as compared to young leaves (Figure 6A).
These findings suggest that aging decreases H3 acetylation levels
and encourages senescence. In contrast, HL increases the H3
acetylation level (Guo et al, 2008). In this study, we observed
that unlike HL, dark stress decreases H3 acetylation level in WT,
which is largely controlled by HOS15, HDA9, and PWR
(Figures 6C,D; Supplementary Figure 3B), suggesting that HOS15
together with HDA9 and PWR negatively regulates H3 acetylation
levels under dark stress to enhance senescence. HOS15 was further
found to repress the acetylation status of NPXI1, APGY, and
WRKY57 promoters to promote leaf senescence. These results
strongly support the notion that like HDA9 and PWR, HOS15
also regulates senescence through repression of the same group
of genes. Taken together, our results suggest that HOS15 together
with the PWR-HDA9 complex regulates aging and dark-induced
leaf senescence by modulating histone acetylation status on the
promoters of NPXI, APGY, and WRKY57. Even though the total
H3 acetylation level decreases upon senescence (Figure 6A) as well
as under dark stress (Figure 6C; Supplementary Figure 3B), H3
acetylation level at the chromatin of specific genes, such as SAG
genes, might increases during senescence. According to previous
reports, total H3 acetylation level increases in hosl15-2, pwr, and
hda9 mutants (Chen et al., 2016; Mayer et al, 2019). However,
recently Lim et al. (2020) reported that even though the total
H3 acetylation level increases in hos15-2 and pwr mutants (Mayer
et al, 2019), acetylation level at the promoters of specific genes
decreases in these mutants. For instance, compared to WT, H3
acetylation level at the promoter of CORI5A decreases in hos15
and pwr mutants (Lim et al, 2020). These observations suggest
that change in total H3 acetylation level is different from H3
acetylation level at certain chromatins. Decrease in H3 acetylation
level upon senescence and dark stress represent major goals for
future studies.

PROPOSED MODEL

Plant developmental aging and dark stress are the two main
factors that coordinately regulate leaf senescence. In Arabidopsis,
HOS15-PWR-HDA9 work in the same corepressor complex
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FIGURE 7 | Proposed model. (A) HOS15 works with HDA9/PWR in the
same complex, which positively regulates plant senescence through
developmental aging process and dark stress. In the developmental aging
process or dark stress, the HOS15-PWR-HDA9 complex promotes
senescence through the repression of the same target genes, such as NPX7,
APG9, and WRKY57, which are the key negative regulators of plant
senescence. (B) NPX1, APG9, and WRKY57 are hyperacetylated in plants
that lack the HOS15/PWR/HDA9 complex as a whole or any component of
this complex. Hyperacetylation of NPX1, APG9, and WRKY57 leads to strong
inhibition of age-dependent or dark-induced senescence.
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