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INTRODUCTION

The genus Zoysia Willd. is a member of the tribe Zoysieae, which is part of the
subfamily Chloridoideae. Zoysia species are widespread in temperate Northeast Asia,
including Korea and Japan, as well as tropical China and Southeast Asia. Zoysia
japonica, commonly known as zoysiagrass, Korean lawngrass, or Japanese lawngrass,
is a popular warm-season C4 turf species with numerous advantageous traits such as
low care and great resistance to environmental challenges such as heat, drought, and
traffic (Teng et al., 2016b). However, the shorter green phase of Z. japonica relative
to other cool-season turfgrasses has become a significant impediment to its widespread
use. For a long time, turf breeders have put lots of effort to develop Z. japonica species
with a longer and healthier green period (Loch et al., 2016; Teng et al., 2016b).

Leaf senescence occurs in their final stage of growth and is evolutionally acquired
processes as energy reutilization strategies in plants (Mahmood et al., 2022). Leaves
are photosynthetic organs that produce chemical energy and building units for
macromolecules and accumulate cellular materials in growth periods. During leaf
senescence, chloroplasts begin to degrade and their macromolecules, which include
lipids, proteins, and nucleic acids, are disassembled and transferred to growing organs
such as new shoots, young leaves, seeds, or flowers. (Guo et al., 2021). Premature and
delayed senescence can affect the quality and yield of offspring in plants by reduction
in accumulation and remobilization periods, respectively, and appropriate onset of
senescence is crucial for maximizing succession of their progenies. These imply that

leaf senescence is adopted as a life history strategy with significant biological



consequences. Onset of leaf senescence is determined by the coordinated actions
among senescence regulatory genes that are regulated tightly at various levels,
including chromatin, mRNA (by transcriptional and post-transcriptional regulation)
and protein (by translational and post-translational regulation) levels. During leaf
senescence, expression of thousands of senescence-associated genes (SAGs) involved
across many molecular and physiological processes are regulated at the transcriptional
level (Kim et al., 2014). The identification of the multiple transcription factors (TFs)
that are involved in the leaf senescence regulation has demonstrated the significance
of TF-mediated transcriptional control. Several TF families, including MYC, NAC,
bHLH, and WRKY, are commonly involved in the regulation of leaf senescence in a
wide range of plants. Regulatory WRKY genes in leaf senescence include WRKY75,
WRKY53, WRKY70, WRKY22, WRKY54, and WRKY6, which acts collaboratively
and independently (Robatzek and Somssich, 2001; Miao et al., 2004; Zhou et al., 2011;
Besseau et al., 2012; Zhang et al., 2021a). For example, WRKY54 and WRKY70
interact and cooperatively represses leaf senescence, which are independently with
WRKY30 (Besseau et al., 2012). WRKY 53 and WRKY30 are involved in senescence
through reactive oxygen signals, separated from WRKY54 and WRKY70. The NAC
TF family, one of the plant biggest gene families is also essential for controlling leaf
senescence. In Arabidopsis, more than half of the NAC family genes undergo altered
expression during leaf senescence (Kim et al., 2016a). Comprehensive and intensive
investigation of functional roles of NACs performed by many different research
groups revealed that many NACs have been discovered as positive (ORE1, ANAC016,

ORS1, and AtNAP) or negative (JUBI and VNI2) regulators during leaf senescence



(Podzimska-Sroka et al., 2015) . To coordinate expression of downstream genes during
leaf senescence, members of the WRKY and NAC families interact and co-work to
regulate onset of leaf senescence by either activating or inhibiting transcription or by
forming protein complexes (Zentgraf et al., 2010; Besseau et al., 2012; Kim et al.,
2016a; Kim et al., 2018a). The basic helix-loop-helix (bHLH) transcription factors
effectors also control leaf senescence. MYC2, MYC3, and MYC4 are the subgroup
IIle bHLH TFs that have redundant activities and stimulate JA-induced leaf
senescence, with MYC2 attaching to and activation the promoter of the SAG29 gene
(Qi et al., 2015). On the other hand, The bHLH17, bHLHO03, bHLH14, and bHLH13,
subgroup IIId of bHLH factors connect to the promoter of SAG29 and suppress the
expression of MY C2-activated SAG29 to prevent JA-induced leaf senescence (Qi et
al., 2015). Furthermore, there is mounting evidence that MYBs are implicated in leaf
senescence. In addition to regulating the transcription of downstream SAGs, these
senescence-related TF regulatory networks respond to a multitude of internal and
external senescence-triggering signals, including as hormones, aging, darkness,
salinity, heat, and disease (Buchanan-Wollaston et al., 2005; Lim et al., 2007a; Park et
al., 2007; Breeze et al., 2011; Allu et al., 2014). Since senescence can be induced by a
variety of internal developmental and external environmental cues, the transcriptional
regulation of SAGs under different senescence-inducing conditions needs to be
investigated to decipher common and unique aspects of their transcriptional regulation
(Zhang et al., 2014). The comparative transcriptomic approaches can allow us to select
potential senescence regulatory genes which can delay the onset of senescence

conferring a prolonged green period of Z. japonica.



Next generation sequencing (NGS)-based RNA sequencing (RNA-seq) enable the
identification of transcripts and the prospective finding of genes implicated in diverse
biological processes. Our understanding of the interactions between plants and the
environment has significantly improved in recent years as a result of the development
of RNA-seq as a potent method for the discovery and identification of genes implicated
in abiotic stressors (Cheng et al., 2009). In addition, continuous refinement and routine
annotation updates are required for correctly interpreting the functional elements of
the genome. P. japonica genome sequence resources were published in 2016 (Tanaka
et al., 2016), but their gene annotations are at the primitive stage and no subsequent
updates have been made in the National Center for Biotechnology Information (NCBI)
database. Generation of Z. japonica genetic resources is constrained by a lack of
complete genome annotation. Temporal and spatial RNAs-seq analysis during
senescence can improve accuracy of genome structure in Z. japonica.

Over the last 30 years, significant advances have been made in our comprehension
of the fundamental molecular mechanisms governing leaf senescence in Arabidopsis
(Kim et al., 2018b). Practical value of senescence programs in applications also
accelerates the molecular and genetic studies on leaf senescence in agricultural crops
(Guo and Gan, 2014) including rice (Lee et al., 2001; Lee and Masclaux-Daubresse,
2021), and tobacco (Uzelac et al., 2016), wheat (Uauy et al., 2006), maize (Zhang et
al., 2014), and cotton (Kong et al., 2013). However, a few studies on Z. japonica leaf
senescence have been reported, although senescence in turfgrasses is of particular
interest due to potential increase in their economic values by affecting senescence-

related phenotypes including visual greenness, nutritional level, and biomass



accumulation (Teng et al., 2016b). Mutation in ZjSGR, ZjPPH, and ZjNOL that are
involved in chlorophyll degradation induced stay-green phenotypes (Teng et al.,
2016a; Teng et al., 2021; Guan et al., 2022). Additionally, around 200 SAGs were
isolated as potential senescence markers based on subtractive hybridization from dark
induced leaf senescence in zoysiagrass (Cheng et al., 2009). To date, available genetic
resources for senescence study in zoysiagrass are largely limited (Wei et al., 2015;
Tanaka et al., 2016), and its senescence mechanisms are far from fully elucidated.

In this study, I performed a comparative RNA-seq analysis in age-, dark- and salt-
induced leaf senescence for elucidation of the molecular basis of Z. japonica
senescence and identification of key senescence regulatory genes. Differentially
expressed genes (DEGs) were identified in each senescence condition and a group of
DEGs responding specifically to each senescence has been validated as specific
molecular markers for each senescence condition. Functional categorization of DEGs
suggested unique and common biological processes associated with senescence
conditions. In addition, seven TF genes responsive to all senescence conditions have
been identified as potential senescence regulatory genes through a protoplast-mediated
transient expression system. This study provides a molecular basis for understanding
Z. japonica leaf senescence and gene resources for genetic modification to extend the

leaf greening period in Z. japonica.



MATERIAL AND METHODS

Plant material and growth conditions

Zoysiagrass used in all experiments was Zoysia japonica Steud cv Duckchang (wide-
leaf variety; Duckchang Agri-Business Co., Korea). In a greenhouse (only
supplemented with white LED light (4000K neutral white) at cloudy or rainy days; at
30~35 °C at day and 20~25°C at night), Z. japonica plants were planted and grown on
soil. For senescence assay, underground runners were transferred into new soil, and
4™ Jeaves that emerged from sprouts were cut into 3 pieces of which middle parts were

used for all assays. Leaf age was counted as days after leaf emergence (DAE).

Plasmid constructions

Pfu-X DNA polymerase (Solgent, Korea) was used to amplify candidate transcription
factors (TFs) or promoters using the appropriate primer sets (Table 1) and Z. japonica
leaf cDNA and genomic DNA as a template, respectively. The PCR products were
subcloned into the PCR-CCD-F entry vector after being digested with the appropriate
restriction enzymes. GATEWAY cloning technology (Invitrogen, USA) was applied
to generate plasmid constructs for the effector and reporter in the protoplast-mediated
transient expression assay. For overexpression effectors in protoplasts, the gateway
version of pCsVMV-eGFP-N-999 was used for recombination with corresponding
entry clones to generate effector plasmids of ZjNAP-, ZjWRKY75-, ZjNACI-,
ZjAZF2-, Z]NACO083-, ZjARF1-, ZjPIL5-, and ZjHB2-pCsVMV-eGFP-N-999 (Kim

and Somers, 2010). For tobacco transient expression, the gateway variant of pCsVMV-



eGFP-N-1300 was used for recombination with the suitable entrance clones to
generate the effector plasmids of pCsVMV-ZjNAP-eGFP-N-1300 and pCsVMV-
ZJNACI1-eGFP-N-1300. For reporter plasmids in protoplast including ZjSGR- and
ZjPCAP-LUC, promoter-LUC final constructs were built by LR recombination using
the corresponding entry clone and the gateway version of the gateway version of

pOmegalLUC_SK"-GW vector.

Assay for dark-, salt-, and age-induced senescence

The middle parts of leaves at DAE21 were used for dark or salt-induced senescence
assay or as a mature green sample (Hayakawa et al., 2006) for the control in age-
induced senescence. In the dark-induced leaf senescence experiment, fragments of
leaves were floating upside down on 3 mM MES buffer (pH 5.7) in 12-well plates
completely enclosed in aluminum foil. Leaf samples were incubated at 25 °C for the
indicated days and were collected at 4-5 hours after light-on. For salt-induced leaf
senescence, leaf samples were prepared as described for dark assay, except for their
incubation in 3 mM MES buffer, supplemented with 150 or 180 mM salt under 16 h
light/ 8 h dark conditions. For age-induced senescence, the middle region of the 4th
leaves, at the indicated age and DAE 49 for RNA-seq analysis, was collected at 4-5 h
after light-on. The collected leaf samples were either used to quantify the amount of
chlorophyll and photochemical efficiency or kept at -80 °C for further gene expression
or transcriptome analysis. Eight to twelve leaves per an assay were used to determine
the amount of chlorophyll using a CCM-300 (Opti-Sciences, USA) and the

photochemical efficiency using a Pocket PEA fluorimeter (Hansatech Instruments,



England). At least nine leaves were collected in each condition for gene expression or
transcriptome analysis, and three biologically independent samples were prepared by

transferring independent underground runners.

RNA sequencing and bioinformatic analysis

Total RNA was extracted from all collected samples using Welprep (South Korea).
Total RNA integrity was determined using the RNA Pico 6000 chip kits of the Agilent
Technologies 2100 Bioanalyzer (RNA integrity No. >7.0). The RNA-seq was
performed at the Macrogen company (South Korea). The TruSeq Stranded mRNA LT
Sample Prep Kit for Illumina platform was used to create the mRNA-seq libraries in
accordance with the manufacturer's instructions. Three independent sample sets were
used as biological replicates, and the generated library was subjected to pair-end 101-
nt sequencing on a Novaseq 6000 system. The quality of raw sequences and trimmed
sequences were checked by FastQC ver 0.11.7 Raw sequence reads were preprocessed
by removing adaptor sequences and trimming low-quality ends using the
Trimmomatic v0.38 program (Bolger et al., 2014). The preprocessed reads were
aligned to the Zoysia japonica ssp. nagirizaki genome draft (Tanaka et al., 2016) using
the HISAT2 software (v2.1.0) with a default setting (Kim et al., 2019). The reads in
the annotated genes were assembled using StringTie v2.1.3b (Pertea et al., 2015) based
on the new Zoysia genome annotation files we created, the abundance of gene
expression was calculated in the reads, and the expression was normalized to
fragments per kilobase million (FPKM) values for each sample. Genes with more than

one count were used for statistical analysis for each pair-wise comparison.



The differential expressed genes (DEGs) in each senescence-induced condition
was selected using the DESeq2 on GALAXY, based on regularized log (rlog)
transformed values of FPKM and Relative Log Expression (RLE) normalization (Love
et al., 2014). The selection criteria of DEGs were the log2 fold-change (FC) cut-off of
> 1 and an adjusted p-value cut-off of < 0.05 by applying the nbinomWaldTest
function. Functional analysis of all DEGs was performed using MapMan (Thimm et

al., 2004) and the data were visualized using PageMan (Usadel et al., 2009). A critical

value of 0.05 (equivalent to a |Z-core| > 1.96) was used to select enriched functional

categories.

Gene expression analysis by qRT-PCR

Frozen leaf tissues were ground using a Retsch mix mill MM400 and used for RNA
extraction. Total RNA was extracted from ground tissues using WelPrep (South
Korea) and processed with DNase I (Ambion, USA). DNA-free RNA was reverse-

transcribed in a 10-pL reaction using an oligo (dT15) primer and ImProm-11™

reverse
transcriptase (Promega, USA). Following a 12-fold dilution, 3 pL of diluted cDNA
was amplified by real-time PCR using TOPreal™ qPCR 2X PreMIX (Enzynomics,
Korea) and CFX96 real-time qPCR detection system (Bio-Rad, USA). The gene-
specific primers given in the primer lists (Table 2) were used to quantitative the
relevant transcript levels. A 15 pL reaction volume containing 7.5 pL SYBR mixture,
3 uL ¢cDNA, 1.5 pL gene-specific primers, and 3 pL ddH>O was used for qRT-PCR.

The PCR program parameters were 95°C for 10 minutes, followed by 40 cycles of

95°C for 10 sec, 60°C for 15 sec, 72°C for 30 sec, and a melting curve stage of 65°C
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for 5 sec and 95°C for 1 min. The comparative CT approach was used to quantify fold

changes in gene expression (Livak and Schmittgen, 2001), with ZjACT serving as the
reference gene. Relative gene expression in kinetic analysis were calculated by the
ratio of gene expression level in each condition to the maximal levels in wild-type

samples. Two biological trials were carried out at least.

Transient expression in Arabidopsis protoplasts

Protoplast isolation and DNA transfections were performed as described previously
(Doan et al., 2022). 15 to 25 leaves of 3- to 4-week-old Col-0 plants were treated for
30 seconds with 70% ethanol and followed by being rinsed twice using sterile water.
After being scratched with sandpaper lightly, the leaves were incubated for 2.5 hours
at room temperature in 10 mL of cell wall digestion enzyme solution (1% Cellulase
R10, 0.5% Macerozyme R10 (Yakult Honsha, Japan), 400 mM mannitol, 20 mM KCl,
10 mM CaCl,, 20 mM MES-KOH (pH 5.7), and 0.1% BSA (Sigma A6793, United
States)). The protoplast solutions were filtered with 100 um nylon mesh and
centrifuged at 100 g for 5 minutes in a round-bottom culture tube. The supernatant
protoplasts were washed with 1 mL of W5 solution (154 mM NacCl, 125 mM CaCly, 5
mM KCl, 1.5 mM MES-KOH [pH 5.7], and 5 mM Glucose) and placed on ice for 30
min. The protoplasts were harvested and resuspended in MMG solution (400 mM
mannitol, 15mM MgCh, and 4mM MES-KOH [pH 5.7]), with a final cell
concentration of 2 x 10° mL ™. In addition, plasmid mixtures containing 20 pl effector,
5 ul reporter, and 0.2 ul internal control (35S-RLUC) were added into 200 pl of

protoplasts in MMG solution. Plasmid DNAs used for transfection was prepared by

10



using a CsCl gradient ultracentrifugation. Protoplasts containing plasmid DNAs were
transfected by adding 230 pl (1 vol.) of polyethylene glycol (PEG) solution [40% PEG-
4000, 200 mM mannitol, and 100 mM Ca(NOs):] and further incubated for 8 to 15
minutes at room temperature. The protoplast-DNA-PEG combination was diluted with
920 wl (2 vol.) of W5 solution. After 1 min centrifugation at 100 x g, protoplasts
transfected were resuspended in 700 ul of W5 solution containing 5% fetal bovine
serum (Sigma F4135, United States) and 50 ug ml' ampicillin. A total of 300 pl of
transfected protoplasts were placed into each well of a white 96-well microplate
containing 3 pul of LUC substrate (5 mM luciferin, Goldbio LUCK-250, Netherlands)
or 3 ul of RLUC substrate (10 uM Coelenterazine-native, Sigma C2230, United
States). The microplate was sealed with a transparent plastic cap and incubated on a
GloMax 96 microplate luminometer (Promega, United States) at 22°C in the dark
condition. Luminescence levels were measured every 30 min for three days. Relative
LUC reporter activity was measured by normalization of each data set's firefly

luciferase bioluminescent level to the highest RLUC level for the entire measurement.

Transient expression mediated by Agrobacterium in Nicotiana benthamiana

Agrobacterium carrying indicated plasmids that were cultured overnight was collected
and resuspended in resuspension solution (10 mM MES, 10 mM MgCl», and 100 uM
acetosyringone. Nicotiana benthamiana plants were cultivated in a climate chamber
(16-h light/ 8-h dark photoperiod, 22°C). Agrobacteria cells with effector plasmid were
mixed with the Agrobacteria with P19 silencing suppressor in the right ratio, and

mixed Agrobacteria solution were injected with a 1-ml needleless syringe into 6-week-

11



old N. benthamiana leaves. Agrobacterium carrying an empty GFP vector used as a
control. Tobacco leaves were detached at 1 day after infiltration and incubated in the
dark for 7 d. Chlorophyll levels and photochemical efficiency were measured using
CCM-300 (Opti-Sciences, USA) and a Pocket PEA fluorimeter (Hansatech

Instruments, England), respectively.
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Table 1. List of gene-specific PCR primer sequences for cloning

Primer Name Sequence (5’ to 3°) R.E.*
ZjNAP-F TTTACTAGTATGGCGACGAGGATGCCTT Spel
ZjNAP-R TTTAAGCTTCTGGTTCAGGAACGGGTGGCTA Hindlll

ZJjWRKY75-F TTTCTGCAGATGGAGAGCAACTACCATCC Pstl

ZJWRKY75-R TTTAGGCCTCCGGAACATTGGGCTACT Stul
ZjAZF2-F TTTCTGCAGATGGCGGTAGACGCGATCAT Pstl
ZJAZF2-R TTTAGGCCTGGCCGGGATCATGAGCCG Stul
ZjNACI-F TTTCTGCAGATGTCGATGAGTTTCGTGAG Pstl
ZjNACI-R TTTAAGCTTGAAGTGATTCATCCATGTAG Hindlll

ZjNACO83-F TTTACTAGTATGGACGCGAAGGAGGTGGT Spel

ZjNACO083-R TTTAGGCCTCGCGCAGCCTCCGCTGGTGGTGT Stul
ZjARFI-F TTTCTGCAGATGGCCGCGCCGATGGAGGTGT Pstl
ZjARFI-R TTTAGGCCTATCAGATGGTGAGTTTACAG Stul
ZjPIL5-F TTTCTGCAGATGGATGGTAAGGCGAGGTC Pstl
ZjPIL5-R TTTAGGCCTAACTCCATTAGTAGGTGGCA Stul
ZjHB2-F TTTACTAGTATGATGGAGAGGGCAGATGA Spel
ZjHB2-R TTTAGGCCTGCTGCTGGCAAGCGACTGCA Stul

ZjPCAPI-F TTTGGACTTCATGTATTGCATATCGTTTA BamHI

ZjPCAPI-R TTTAGGCCTGGCTGGAAACGAGGCCAAAT Stul

R.E.*: restriction enzyme site

13



Table 2. List of PCR primers of genes that used for qRT-PCR

Gene 1D

Forward Sequence (5 to 3”)

Reverse Sequence (5’ to 3°) DEG Type

Zj_G08090
Zj G12647
Zj G10221
Zj G26206
Zj G05196
Zj G31160
Zj G07262
Zj G05600
Zj G17168
Zj G02756
Zj G31834
7j G24986
Zj G27885
Zj G04249
Zj G06230
Zj G21399
7j G13346
Zj G29569
Zj G23156
Zj G03446
Zj G09725
Zj G21753
Zj G23791

Zj G07719

AGAGATCACGCAAGAAATCCAT

GGAATTCAGCAAGTCAAACTCC

CTGGTATTGAGCCTTACCTTGG

TATTTGCATGAGAGGTTGATCG

TATCATCAGGGCGAAGCTTATT

GAATTCACGAACTCTGCCTCTT

AAAGAGAGAGATGCTGGTGGAG

TTCATGTGAGAGTTGGACCTGT

ACGTTTCGCTGGTTGTATCTTT

TGCTTCAGGGGAGCTACTACAT

CTGTTGCTTGTCCAACTCTACG

TTGGGTTGGTCATTAGACTGTG

TTAGTCGTGTTGGATTTGCTTG

CCTGTACGGCACTTAGGACTTC

GAATTCCGTATGGAAGGACAAG

AATCAGGAGGGCTAACAGACAA

CAGGCCTATTGCTACTCTGCTT

CTTGAGGTAGACCCGCCTATAA

AATTAGCATCGCAAGAGAGAGC

GAGCTTGGCTTTGATTAGCAGT

CAATGATGTTTCCAGGTGCTTA

GAGGCGAAGACTTGAGACAACT

CTCCGTAGACTTTGGCTCAGAT

CAGGAGTGCTACAAAGGCTTCT

CTGCGCCACTAATAAGATGTTG

TCGATCTCTGGTCTTTTTCCTC

ACAGATTTTGCACGACAATCAC

CAACTCTGCGATGTTCTCTACG

CAGGAGGTAAAACAGCCAAGTC

AGCACTGGATCCATCATTTTCT

CATATTGGAACGACACAATGCT

TACATATATTGGGACGGCATGA

CTCAGCAACTGGATAAGGGTTC

TCCCAAACAAACAGAATCACAC

TGTAGAGGGGTTAATGGATGCT

ACAGGCACCACTTCTCATTTCT

TCGACTGAACCAATCAATGAAG

TACGTGCGACATACTGCTTTCT

TGTGTCAACATTGTAGCTGCTG

ATGGTAAATGGGCTATTGTTGG

TTCCGATCCAAAATAACTTGCT

GACTAGTCAGTCGTGCTTGCAT

TGGACAAGGATCAGGTAGCAAT

ACCATATCCAGCTGCTTTTCTC

ATTTGACCTAGGCTTTGAGCTG

GGGACCGAAGGAGTGATAAATA

TTGCATAATTACCTTGGTGCAG

TTCTCGTTCCACCTCTCTAAGG

Specific

Specific

Specific

Specific

Specific

Specific
Common
Common
Common
Common
Common
Common
Common
Common
Common
Common
Common
Common
Common
Common
Common
Common
Common

Common
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RESULTS

Preparation of leaf samples for comparative transcriptome analysis of age-, dark-

and salt-induced senescence in Z. japonica

Leaf senescence is an age-dependent process that is also influenced by a variety of

senescence-inducing factors, such as darkness and salt (Jehanzeb et al., 2017). Dark

and salt have been widely used for a senescence assay by reflecting starvation and
abiotic stress (Dong et al., 2021). Although molecular and physiological responses in
various senescence conditions are similar, but their molecular senescence responses
are specifically diversified at initial senescence stage. To understand the unique and
common molecular mechanisms underlying various senescence responses in Z.
Jjaponica, | attempt to perform a comparative transcriptome analysis of age-, dark-, and
salt-induced senescence responses. In this regard, temporal changes in chlorophyll
contents, a typical indicator of senescence, were monitored during senescence that are
triggered by age, dark, and salt (Figure 1A and 1D). Leaves at nearly 80% of the
chlorophyll levels relative to their initial value in each senescence condition were
considered in early senescence stage. For age-induced senescence, chlorophyll
contents in 4" leaves were monitored at 4-day intervals from emergence along aging.
Since chlorophyll levels in leaves at DAE 21 reached to the maximum chlorophyll
level along aging, DAE21 leaves were considered at the mature green (MG) stage, the
reference for age-induced senescence and were also used as the starting materials for
dark- or salt-induced senescence assay (see methods for details). Chlorophyll levels in

leaves gradually dropped along aging (Data not shown) and DAE 57 leaves contained
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76% (around 80%) chlorophyll levels relative to those in DAE 21 leaves (referred as
MG) (Figure 1C). DAE 57 (referred as SS) and DAE 21 leaves were selected as age-
induced senescence and control samples for transcriptome analysis.

In dark- and salt-induced senescence, DAE 21 leaves were incubated in MES
buffer under darkness and in MES buffer containing 150 mM salt in light, respectively,
and their chlorophyll levels were monitored and compared with those levels kept in
MES buffer in light along days of treatments. Leaves at 4 days after treatment (DAT)
in dark- and salt- senescence condition contains 80% and 78% of chlorophyll levels
relative to those of DAT 4 leaves in MES buffer under light and were selected as dark-
and salt-induced senescence samples (referred as DARK and SALT, respectively) and
controls (referred as Control-light) for transcriptome analysis (Figure 4D).

Leaves at 4 days after treatment (DAT) contains with chlorophyll levels at 80%
of the initial value (named as DARK and SALT) and DAT 4 leaves in MES buffer
solution under light were selected as controls (named as Control-light) for
transcriptome analysis. In addition, for molecular validation of senescence responses
in the senescence and control leaves selected, expression of ZjSGR, COR410, and
DREBI, known as stress associated genes in Z. japonica (Kidokoro et al., 2015; Teng
et al., 2016b; Li et al., 2019) was examined through qRT-PCR analysis. Transcript
levels of ZjSGR, COR410, and DREB] increased preferentially in AGE, SALT, and
DARK samples relative to their appropriate controls (MG and Control-light),
respectively (Figure 1E and 1F), indicating that samples for transcriptome analysis

have differential molecular responses reflecting each senescence condition and
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differential molecular responses are involved in age-, salt- and dark-induced

conditions as reported previously.
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Figure 1. Preparation of leaf samples for comparative transcriptome analysis of
age-, dark- and salt-induced senescence in Z. japonica.
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(A, C, E) For age-induced senescence, the leaf fragments at DAE 21 and 57 were
harvested as samples at mature green (MG) and senescence stage (SS) for
transcriptome analysis, respectively. (B,D,F) For dark- or salt-induced senescence, the
leaf fragments at DAE21 were placed in 3 mM MES buffer kept in light (Control-light;
control-light for dark and salt), wrapped in aluminum foil (Dark; for dark) or in the
MES buffer containing 150 mM salt (Salt; for salt), and leaf fragments at DAT4 was
harvested as samples at mature green (MG) and senescence stage (SS) for
transcriptome analysis. The 4™ leaves emerged from a bud were cut at the indicated
days of leaf emergence (DAE) into three pieces and the middle part was used for
senescence assay. Representative pictures of the leaf fragments in MG and SS in age-
induced senescence (A) and those in dark- and salt-induced senescence as well as
control-light (B). Leaf fragments of SS (C), and Dark and Salt (D) contained 75-80%
of chlorophyll content relative to those of each control, which is a typical indication of
early senescence. Data represent mean + SE (n=6). Senescence-related gene
expression in MG and SS leaf fragments (E), and in Control-light, Dark, and salt (F)
leaf fragments. Gene expression was determined by qRT-PCR by normalization
against zjACT?2 expression. Data represent mean + SE (n=3).
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Transcriptomic comparison of age, dark, and salt-induced senescence

To explore the molecular basis of age, dark, and salt-induced leaf senescence in Z.
Jjaponica, I performed mRNA sequencing analysis for a total of five biological samples
(MG, AGE, Control-light, DARK, and SALT) with three biological replicates. These
samples were for three comparison sets with age- (MG vs AGE), dark- (Control-light
vs DARK), and salt- (Control-light vs SALT) induced senescence. Library
construction and subsequent sequencing were performed in total 15 samples and a total
of 124.1 Gb of high-quality clean data was obtained.

The GC content of raw reads ranged from 51.8% to 53.4% in different libraries,
with Q30 percentages exceeding 96.5% (Table 3). 73.1-95.3 % of the total clean reads
from each sample were well-mapped to the available Z. japonica reference genome
(Table 4), but the ratio of transcript matching was relatively low with an average
matching rate of approximately 75.2% (Lin et al., 2020). Visual exploration of the
mapped reads on the Z. japonica genome annotation revealed that such a low mapping

rate on the transcripts was due to inaccurate Z. japonica transcript annotation. To

obtain accurate expression data for each gene in Z. japonica, its genome annotation
was rebuilt as a GTF file with new gene identification (ID) system, based on our RNA-
seq data. The comparison table between new and old gene IDs in Z. japonica genome
was provided as the dataset (Dataset 1). Accordingly, the mapping ratio of reads on
transcripts with new genome annotation increased to 88.8 to 95.4% (Table 4). Next,
gene expression levels in all Z. japonica genes were calculated as FPKM values and
normalized among the 15 samples. 68383 genes, 52.6 % of nuclear genes were

expressed in Z. japonica leaves in our conditions. I further preformed the principal
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component analysis (PCA) with expressed genes in each condition to validate the
quality of our samples (Dong et al., 2022). PCA analysis for 15 biological samples
indicated that transcriptomic profiles of Z. japonica leaves in each senescence
condition showed close clusters among the same biological samples relative to others
(Figure 2), implying a reliability of our RNA-seq data to reflect each biological

condition.
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Table 3. Raw data statistics

Samples Total read base Total reads QC(%) Q30(%)
Control-light-1 9,007,616,926 89,184,326 53.3 96.6
Control-light-2 8,018,001,150 79,386,150 52.8 96.4
Control-light-3 9,013,979,724 89,247,324 53.0 96.6

SALT-1 8,470,380,554 83,865,154 51.0 96.3

SALT-2 7,692,189,694 76,160,294 51.8 96.6

SALT-3 8,574,612,150 84,897,150 524 96.5

DARK-2 8,814,549,770 87,272,770 52.2 96.5

DARK-3 8,795,829,824 87,087,424 52.5 96.5

DARK-4 8,370,741,428 82,878,628 52.3 96.5

MG-1 7,220,428,794 71,489,394 53.0 96.5
MG-2 7,579,553,080 75,045,080 53.3 96.6
MG-3 7,418,014,892 73,445,692 53.4 96.6

AGE-1 7,535,835,028 74,612,228 52.2 96.2

AGE-2 9,036,141,750 89,466,750 53.1 96.6

AGE-3 8,987,696,090 88,987,090 53.2 96.6

Total read bases (Total number of bases sequenced) = Total reads x Read length; Total
reads: Total number of reads; GC (%): GC content; Q30 (%): Ratio of bases that have
phred quality score greater than or equal to 30.
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Table 4. Mapping status of 15 samples

Total Transcg'ipt Traqscript No. Transgript‘ matching

Samples transcripts No. I;laitif)l(l‘l’/lg anrvn‘(l)l::llltilzyenwﬁle anrlil(ggtvi‘(’)lltlhﬁrll:(vx/o)
Control-light-1 35,662 76.3 33,878 94.1
Control-light-2 35,612 76.7 33,831 94.0
Control-light-3 35,936 74.5 34,139 94.9
SALT-1 36,050 73.6 34,247 95.2
SALT-2 35,693 73.9 33,908 94.2
SALT-3 34,982 73.8 33,181 92.2
DARK-2 36,136 75.1 34,329 95.4
DARK-3 35,902 76.4 34,106 94.8
DARK-4 35,332 74.3 33,565 93.3
MG-1 35,530 80.7 33,753 93.8
MG-2 34,891 75.2 33,146 92.1
MG-3 33,645 72.5 31,962 88.8
AGE-1 35,211 79.7 33,450 93.0
AGE-2 34,030 74.4 32,587 90.6
AGE-3 34,195 71.5 32,485 90.3

Transcript matching ratio was compared when transcript anntation were published (2™
and 3™ columns) or a new transcript annotation (two right columns, highlighted in
yellow) generated from the RNA-seq data.
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Figure 2. PCA analysis for transcriptome responses in Z. japonica leaves under
the different senescence conditions. For dark- and salt-induced senescence condition,
21-d-old Z. japonica leaves grown in the soil were detached and treated with dark
(Dark) or salt (Salt) for 4 d, along with light (Control-light; Control for Dark and Salt).
For age-induced senescence condition, 21- and 57-d-old mature green (Mature green;
Control for Age) and senesced leaves (Age) were harvested, respectively. Three
biological samples per each condition were used. RNA-seq was performed using total
RNAs extracted from each sample. The PCA analysis was performed with expression
profiles in 35985 genes using PCAGO. PC1 and PC2 explains 44.7% and 18.5% of

the variance.
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Functional characterization of transcriptomic responses in age-, dark-, and salt-

induced senescence

To comprehend and dissect the biological processes that occurs during senescence
transcriptome, enrichment analysis of functional categories with defined gene sets
were performed with transcriptomic profiles from expressed genes in each senescence
condition.

I loaded the data into Pageman for visualization of MapMan functional categories
and analyse the relationship between the enriched transcripts of different senescence-
induced conditions and their biological significance. This analysis condensed the
35985 expressed genes into approximately 5257 categories. Bincode and |Z-
Score[>1.96 were used to further compress these categories, whereas categories that
did not demonstrate significantly distinct changes were removed (Figure 3), with red
BINs significantly up-regulated in comparison to the rest of the array, and blue BINs
down-regulated. The research shows that transcriptomes that co-respond to different
senescence-inducing conditions have a significant impact on certain biological
processes. Genes involved in the degradation of proteins and lipids as well as the
synthesis of some transcription factor families were among those found to be up
regulated (Figure 3A). The most noticeable physiological aspect of leaf senescence is
leaf yellowing, the photosynthesis response is the biological process of down-
regulated gene enrichment (Figure 3B). MapMan showed the effect of different
senescence-inducing conditions on more distinct processes. Redox regulation and
protein degradation were the biological processes that were most enriched under age-

induced senescence conditions, and within protein degradation, autophagy and
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ubiquitin-associated pathways were the major up-regulated categories. In contrast,
genes related to gibberellin (GA) synthesis were significantly down regulated, which
is consistent with previously reported that GA delayed the onset of leaf senescence
and the level of GA in mature leaves was reduced (Akhtar et al., 2019). Genes involved
in hemicellulose synthesis were increased during dark-induced senescence, whereas
genes involved in protein biosynthesis were downregulated. Furthermore, under
conditions of salt-induced senescence, salt-induced changes in genes associated to

lipid metabolism as well as multiple transcription factor families were evident.
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Condition Bincode Descriptions Zscore
Dark
4.6 Amino acid metabolism.amino acid degradation
Al 5.1.9 Lipid metabolism.fatty acid metabolism.fatty acid degradation
15.5.17 RNA biosynthesis.transcriptional regulation.transcription factor (NAC)
19.4.1 Protein homeostasis.proteolysis.cysteine-type peptidase activities
2 Cellular respiration
10.3 Redox homeostasis.glutathione-based redox regulation
12.6 Chromatin organisation.DNA hc
19 Protein homeostasis
19.2 Protein homeostasis.ubiquitin-proteasome system
Age 19.3.3 Protein homeostasis.autophagy.phagophore expansion
19.4 Protein homeostasis.proteolysis
21.10.2 Cell wall organisation.Casparian strip formation.regulatory protein (MYB36)
24.2.11 Solute transport.carrier-mediated transport.ZIP family
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27.2 Multi-process regulation.Programmed Cell Death (PCD) system
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Salt 15.5.19 RNA biosynthesis.transcriptional regulation.transcription factor (TCP)

Figure 3. Gene set enrichment analysis for transcriptome profiles in each
senescence condition. Sequence homology-based gene categorization was established
with new Z. japonica gene IDs using Mercator. Transcriptome profiles in each
senescence conditions were loaded using the MapMan and the functional categories
with significant increased (A) and decreased (B) expression profiles were shown in
age-, dark- and salt-induced senescence.
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Identification of differentially expressed genes

Among the 35985 expressed genes, differentially expressed genes were identified
using a pair-wise comparison of gene expression in each senesced and control
condition, with the selection threshold of an adjusted p-value of <0.05 and [Log>Fold-
Change[>1.

In age-, dark-, and salt-induced senescence responses, a total of 1397, 8437, and
6328 genes (3.9%, 23.4%, and 17.6% of the total expressed genes [35985 genes],
respectively) were reported as significant DEGs. These included 995, 4287 and 3675
upregulated genes (16.9%, 73.0%, and 62.6% of 5876 up-regulated genes [UP]) and
402, 4150 and 2653 down-regulated genes (7.4%, 76.5%, and 48.9% of 5423 down-
regulated genes [DOWN], respectively) in age-, dark- and salt-induced senescence.
173, 1920, and 1335 DEGs in the UP group and 152, 2530, and 1091 DEGS in the
DOWN group (Figure 4) responded specifically in age-, dark- and salt-induced
senescence responses, respectively. It is noted that a higher number of DEGs were
obtained in senescence triggered by dark and salt than age. Overall, more genes were
up-regulated than down-regulated under each senescence-inducing condition. DEG
Venn diagrams show the number and identification of shared DEGs between two or
more senescence-inducing conditions, as well as DEGs particular to each condition.
Core DEGs (633 UP and 132 DOWN) that co-respond to age-, dark-, and salt-inducing
senescence conditions were identified (Figure 4A and 4B), indicating that each

senescence condition during senescence may use a shared set of genes during the
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senescence process, and these DEGs may potentially be associated in the occurrence

and development of leaf senescence in Z. japonica.
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Figure 4. Comparison of the number of differentially expressed genes in different
senescence-induced conditions. (A) Venn diagrams of the up-regulated genes (UP)
on age, dark, and salt-induced senescence conditions. (B) Venn diagrams of down-
regulated genes (DOWN) on age, dark, and salt-induced senescence condition. The
differentially expressed genes (DEGs) were selected by the cutoff with log2(Fold
Change) >2 and significance adjusted p-value of <0.05 with nbinomWaldTest using
DESeq2 per comparison pair.
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Validation of qRT-PCR of differentially expressed genes in each senescence

condition

Since endogenous factors (such as age, ethylene, jasmonic acid, salicylic acid, abscisic
acid, and cytokinin) and exogenous factors (such as UV radiation, dark, salt and
temperature) affect leaf senescence through different gene network (Zhang and Zhou,
2013), molecular markers specifically responsive in each senescence condition are
highly demanded. I identified differentially expressed genes responsive specifically
for age-, dark-, and salt-induced senescence. These were selected based on three
criteria: 1) gene expression levels (FPKM > 1), 2) significantly responsive to each
senescence condition (Adjusted-P <0.05 & |logofold change| >2), and 3) senescence
responsiveness of their Arabidopsis homologous genes. 20 up- and 20 down-regulated
DEGs were selected specifically responsive DEGs (sDEGs) in each condition (Figure
5). Among them, expression profiles of one up-regulated and one down-regulated
sDEG in each condition (UP: Zj G01458 and DOWN: Zj G12647 for AGE; UP:
Zj G10221 and DOWN: Zj G26206 for DARK; UP: Zj G05196 and DOWN:
Zj G31160 for SALT) were validated by qRT-PCR using independent biological
samples from those used for RNA-seq analysis. Expression of these six genes selected
as sDEGs was increased or decreased in each designated senescence condition as
expected in RNA-seq analysis (Figure 6A and 6C), although some of genes including
Zj G12647, Zj G05196, and Zj G31160 showed opposite responsiveness in other
senescence conditions. These results indicate that these genes examined can be used
as senescence markers to dissect senescence inducing condition. Further, these

convinced the reliability of the transcriptome sequencing data in this study.
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Up Gene ID Gene description AGI . AtSymbol
Zj_G08048 | Unidentified - Unidentified
| Z1_G11064 | E3 ubiquitin-protein ligase ATL6 | AT3G0520
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Down GenelID Gene description AGI AtSymbol Age Dark  Salt
Zj_G25093 | Uncharacterized protein Unidentified | Unidentified
Zj G15311 | ENDO3c domain-containing protein AT2G.36490 DML1
Zj_G15341 Uncharacterized _protein AT2G37790 | AK.R4C[0
Zj_G00726 Uncharacterized _protein AT1G041805 _YUC9 1
Zj_G29072 | Unidentified ) Unidentified | Unidentified 1
Zj G09079 | Nodulin-like domain-c g protein (Frag ) AT2G30300 | AT2G30300 | !
Zj_G12647 | BHLH domain-containing protein AT3G50330 hec2 | |
Zj_G14451 | Fe2OG dioxygenase domain-containing protein AT4G10490 | DLO2 ]
A Zj_G20058 | Uncharacterized protein AT2G38120 | AUX1 ]
G 2 632804_ Ul small nuclear rlbonuc!eoproteus 70 kDa AT3GS50670 ! Ul-70K
E Zj_G03941 Uncharactenzed protein AT4G116105 AT4G] 1610_ e
(20) Zj_G33732 Germin-like piqt_e_u_l_ |AT5G38960 | AT“GSSQGO 1
Zj GISMG_ Hexosylu'ansfemse o AT3G18660 | PGSIP1 |
Zj_G05865 | Protein kinase domaan cm1tamn1g pfotem o ) AT*GO?’GZO I AT*GO?GZO_ i
Zj_G28585 U;lcl:aracter!zed_ pl_otem (_Frag:_nem)_ AT4G12730 | FLA2
Zj_G24075 | Uncharacterized protein Unidentified | Unidentified
Zj_G23351 | Uncharacterized protein AT1G61820 ! BGLU46
Zj_G08180 | Glycosyltransferase (Fragment) AT3G16520 | UGTS8A1 |
Zj_G07663 | Uncharacterized protein Unidentified | Unidentified
Zj G15101 | Uncharacterized protein (Fragment) AT2G19810 . AtOZF1 |
‘Zj_G15187 | Pyruvate. phosphate dikinase AT4G15530, ppdk |
Zj_G09245 | Pyruvate, phosphate dikinase AT4G15530 | ppdK
'Z]_ﬂGlﬁ45()' Asparagine synthetase [g]utamme-hydmlyzmg] AT3G47340 Casnl
Zj_G13041 | Fe2OG dioxygenase domain-containing protein AT3G19000 ; AT3G19000
Zj7623452 Nudix hydrolase domain-containing protein AT5G47240 . atnudt8
Zj_G14382 | Uncharacterized protein AT2G28400 | AT2G28400
Zj_G26206 | RNA_pol sigma70 domain-containing protein AT1G64860 | sigh
p | Z.G06630 | PKS_ER domain-containing protein AT4G13010 | AT4G13010
A ZJ Go1214 | _L_In_c_lmraclenzed protein |AT3G47340)  asnl |
R ; Tryptophan synthase ) AT4602610 AT4G02610 |
K Z] 630421 | Glycosyltransferase ) AT]GZHGO: AUGTS85A2 |
0 2Zj | G]4942_ Endonuclease III homoloz AT2G31450 | ATNTH1
Zj_G12540 Uncharacterized plolem (Fragmem) ATS5G47560 | TDT )
Zj G29788 | 3Beta HSD domain- -containing protein AT1G47290 AT3BETAHSD)
Zj_G18323 | Aldehyde oxygenase (deformylating) (F: ragment) AT1G69640 | sbhl
Zj_G06212 | Glutamate receptor AT1G05200 ; ATGLR3.4
Zj_G19456 | Tify domain-containing protein AT1G19180 | JAZ1
Zj G18307 Pmten; DETOXIFICATION AT5G52450 AT5G52450
j G11949 | Chitinase AT3GS4420 .  ATEP3
Z] G17641 | Protein DETOXIFICATION AT5G52450 | AT5G52450
Zj _G11481 | Uncharacterized protein AT2G19130 . AT2G19130
Zj G15236 | Aa_trans domain-containing protein AT1G77380 | AAP3
Zj_G06859 | Uncharacterized protein (Fragment) AT4G23180, CRKI10
Zj_G31160 | Protein kinase domain-containing protein AT3G02130;  RPK2
Zj | 619432 Homeobox domain-containing protein AT4G37790 1  HAT22
Zj_G31183 | Uncharacterized protein AT2G23810,  TETS
Zj _G28289 | Uncharacterized protein (Fragment) AT5G17540 | AT5G17540
s Zj | GOIﬁB()V AP2/ERF domain-containing protein ATI1G53910: RAP2.12
" Zj G02743 | AP2/ERF domain-containing protein AT1GS53910] RAP2.12
L Zj_G20606 | Germin-like protein AT3G62020 ! GLP10
T Zj _G15481 | Uncharacterized protein ) AT3G14990 .  AtDJ1A &
20) Zj_GO01100 | Peptidase Al domain-containing protein (Fragment) AT2G03200 | AT2G03200 I
Zj_G26470 | WRKY domain-containing protein AT2G46400, WRKY46 ]
Zj_G13173 | Putative N-acetyttlansfefase p20-like AT2G32020; AT2G32020 |
Zj Gl4469_ RI'NG -type E3 ubiquitin transferase (F| mgment} AT1GG68940 | AT1668940 e A
Z Gaeal7 [Caxl AT3GS1860|  CAX3 |
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Zj G19446 | Flavonoid 3-monooxygenase AT5G07990 ! TT7
Figure 5. Specifically responsive genes in each senescence condition. DEGs

specifically responding to dark-,

senescence condition.

salt-, age-

were shown. Heatmaps for fold-changes
(FC) in DEGs expression in each condition are shown. The color intensities indicate
Log2(FC). Expression heat map of up- (A) and down- (B) regulated DEGs in each
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Figure 6. qRT-PCR-based validation of DEGs that were responsive in each
senescence condition through RNA-seq analysis. (A-C) Expression profile of DEGs
that were up- (left) and down (light)-regulated in each senescence condition triggered
by age- (A), dark- (B), and salt (C). Samples were prepared as in Figure 1. Data
represent mean + SE (n=3).
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Identification and expression profile of TF ¢cDEGs

Since senescence involves transcriptional changes in thousands of genes, TFs are
essential for regulating leaf senescence (Dong et al., 2022). In addition, TFs are
potential gene resources for altering senescence phenotypes as shown in many studies
of TFs in crop (Sekhon et al., 2012; Jan et al., 2013; Bengoa Luoni et al., 2019; Wang
et al., 2021). To select gene resources that likely affect senescence, 55 up-regulated
TFs and 8 down-regulated TFs that were highly responsive to senescence-inducing
conditions were selected among cDEGs. Typical representative TFs family includes
NAC, WRKY, bHLH, and ARF (Figure 7), which are the major families reported to
be associated with senescence regulation. Most of the bHLH and ARF TFs were down-
regulated, while the NAC and WRKY TF families were up-regulated. To confirm
expression profiles of TF cDEGs, expression profiles of 10 up and 4 down DEGs
selected were evaluated in age-, dark-, and salt-induced senescence (Figure §). Among
them, 11 out of 14 (79%) genes were confirmed with cDEG in qRT-PCR analysis and
these include 9 up-regulated DEGs, including Zj G23156, Zj G21399, Zj G06230,
Zj G27885, Zj G24986, Zj G31834,Zj G17168, Zj G05600, and Zj G07262, and 4
down-regulated cDEGs including Zj G21753 and Zj G09725. Of note, other
Zj G29569, Zj G03446, and Zj G23791 were only affected in age- and dark-induced
senescence.

Among them, a total of five up-regulated and one down-regulated TF cDEGs as
well were further investigated in a kinetic manner. Two down-regulated TF DEGs,
Zj G03446 and Zj G23791 in age and dark-induced senescence were also included in

kinetic analysis, because they might be changed in other time points. Further kinetic

35



analysis of these eight genes in all three conditions showed their gradual responses
along senescence period except for Zj G03446, indicating a convergent role of these
TFs in senescence (Figure 9). Zj G03446 was also included as a regulatory group in
further analysis since HB-2, Arabidopsis homologous gene of Zj G03446 is known to
act as senescence regulatory gene (Soledad et al., 2021). Overall, these validate the
result of our presented RNA-seq analysis and provides a potential regulatory and

convergent TF genes along senescence.
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Figure 7. Expression of Z. japonica TFs in response to all senescence conditions.
(A) and (B) Expression heatmap of TFs with up- (A) and down (B)-regulated
expression under all senescence conditions examined. Heatmaps for fold-changes (FC)
in transcription factor (TF) expression in each condition are shown. The color
intensities indicate Logx(FC).
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Figure 8. qRT-PCR-based validation of TF DEGs that were responsive in all
senescence condition examined through RNA-seq analysis. (A-C) Expression
profile of DEGs that were commonly responsive in age- (A), dark- (B), and salt- (C)
induced senescence conditions. Samples were prepared as in Figure 1. Data represent
mean + SE (n=3).
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Figure 9. Kinetic expression pattern of TF DEGs identified by RNA-seq analysis
along senescence. (A) Expression of up-regulated DEGs. (B) Expression of down-
regulated DEGs. Data represent the mean = SE (n=3). Samples were prepared as in
Figure 1 but harvested in indicated age or treatment.
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Effect of TF candidate genes in the Z. japonica senescence promoters in a

protoplast-mediated transient expression system

Transcriptome analysis and further qRT-PCR experiments revealed that five up-
regulated and three down-regulated transcription factors are highly responsive to all
senescence condition, indicating a possibility that they might be involved in regulation
of leaf senescence in Z. japonica. To evaluate their regulatory actions of these
candidate in leaf senescence, the protoplast-based senescence assay using the reporter
of senescence promoters was performed (Doan et al., 2022). Since these candidate
genes are members of known TFs (Figure 10A), the proper expression of TF protein
tagged eGFP was confirmed by their nuclear localization in Arabidopsis protoplasts
(Figure 10B).

To perform the protoplast-based senescence assay using the Z. Japonica
promoters, ZjPCAP and ZjSGR that respond with early-inducing and late-inducing
patterns to all senescence conditions, respectively, were used as reporter promoters.
Luciferase reporter driven by ZjPCAP and ZjSGR (ZjPCAP-LUC and ZjSGR-LUC)
were co-transfected with GFP-fused TF effector plasmids as well as GFP as a control
in the Arabidopsis protoplasts and their time-series luminescence levels were
examined and compared. ZjPCAP-LUC and ZjSGR-LUC expression, in co-
transfecting with the GFP control, was significantly induced, but with different
patterns: ZjPCAP-LUC exhibited an earlier peak followed by a gradual reduction while
ZjSGR-LUC did a later peak but with a continuous steady level. When ZjNAP-GFP
and ZNACI-GFP were expressed as effectors, ZjPCAP-LUC and ZjSGR-LUC

expressed earlier and reached their peak levels than was the GFP alone as control
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effector (Figure 10C and 10D), implying that ZjNAP and ZjNACI function as a
potential positive senescence regulator. After being transfected as effectors, both
ZJAZF2, ZJNAC083, ZjARF 1, and ZjPIL5 suppressed the expression of ZjPCAP-LUC
and ZjSGR-LUC remarkably, implying their roles as potential negative senescence
regulators. Interestingly, ZjWRKY75 led to earlier induction in ZjPCAP-LUC and
reduction in ZjSGR-LUC earlier than did the control. ZjWRKY75 might play a dule role
along senescence period, with a positive role in early stage and negative and
attenuating role in late stage. However, the expression of two reporter genes when
ZjHB2 were expressed was comparable to that when the GFP control was expressed,
indicating that ZjHB? is not likely to be senescence regulator, which is inconsistent
with the function of Arabidopsis HB-2 (ref). Overall, these 7 TFs DEGs are
transcriptionally responsive to a broad range of senescence-inducing conditions and

could be involved in senescence regulation in Z. japonica.
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Figure 10. Functional analysis of putative TF candidate genes through effector
and reporter assay in Arabidopsis protoplasts. (A) Information of putative TF
candidate genes. (B) Expression and nuclear localization of proteins encoded by
candidate genes in Arabidopsis protoplasts. Genes fused with GFP or GFP control
were transiently expressed in Arabidopsis protoplasts. GFP signals were captured with
a fluorescence microscope after 24 h of transfection. (C-D) Expression of ZjPCAP-
LUC (C) and ZjSGR-LUC (D) reporters were examined when the indicated effector
was co-expressed. 35S:RLUC was used as a normalization factor.
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Functional assessment of TF candidate genes for the regulation of senescence

responses in heterologous tobacco leaves

Transient expression-based protoplast assay has been widely used for assessing
regulatory roles of genes interested, based on their effect on promoter-driven reporter
and can also be used as senescence assay (Yoo et al., 2007; Doan et al., 2022).
However, the promoter activity can be changed by indirect or artificial perturbation
effect of genes overexpressed in cells (Faraco et al., 2011). As an alternative approach
for functional investigation in the senescence regulation, senescence responses in
tobacco transiently overexpressing TF DEGs were examined under the dark. ZjNAP
and ZjNAC1 was selected as test sets for this senescence assay. Leaves expressing GFP
control exhibited no detectable changes at DAT7 in the dark, whereas leaves
expressing ZjNAP or ZjNAC|I turned into yellow at DAT7 (Figure 11A). Furthermore,
ZjNAP- and ZjNACI- expressing leaves produced significantly lower levels in Fv/Fm
value and in chlorophyl contents than GFP-expressing control leaves (Figure 11B and
11C). These results indicate that Z/NAP and ZjNACI overexpression cause early leaf
senescence in tobacco, which are consistent with the results shown in protoplast assay.
These further supported validity of our results obtained through protoplast-based
senescence assay and 7 TFs DEGs could have a potential to affect senescence traits in

Z. japonica when they are perturbated.
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Figure 11. Dark-induced senescence responses when TF candidate genes were
over-expressed in tobacco using an Agrobacterium-mediated transient expression.
(A) Representative N. benthamiana leaves expressing eGFP, ZjNAP, or ZjNAC1 under
a 7-day dark treatment. The position used for assay in (B) and (C) is marked by red
arrows. (B-C) Fv/Fm value (B) and relative chlorophyll contents (C) at 7 days after
dark treatment. Data represent mean + SE. The asterisk indicates a significant
difference (***P < 0.001), based on student’s t-test.

47



DISCUSSION

Z. japonica is a popular warm-season turfgrass with high economic value and widely
used as decorative covers in many places including garden, park, sport field, and golf
courses. However, one of limitations in Z. japonica is early yellowing in fall (Zhang
et al., 2022). Short green period of Z. japonica can be adjusted by senescence control
(Guan et al., 2022). Therefore, delaying leaf senescence in Z. japonica is an effective
means to extend the green phase and increase its economic value.

Leaf senescence is the ultimate stage of leaf development and is a complex
process. Although leaf senescence is common and acquired developmental events,
senescence responses differ among species (Panchen et al., 2015; Kim et al., 2016b;
Chai et al., 2019) . Senescence is considered as one of important economic traits in
many crops, but molecular events underlying senescence in Z. Japonica are largely
unknown. The onset of senescence is regulated mainly by leaf age, but also affected
by external stress (e.g. salt treatment) and limited energy levels (e.g. dark treatment).
In this study, comparative transcriptomic analysis in age-, dark-, and salt-induced
senescence were conducted for comprehensive understanding of the molecular
mechanisms underlying Z. japonica leaf senescence and further identification of
senescence regulatory genes that can be used for genetic modification to delay leaf
senescence in Z. japonica.

Chlorophyll breakdown is a typical physiological marker for a wide range of leaf
senescence responses triggered by age, stress, hormone, and dark (Song et al., 2014).
By observing the leaf yellowing as well as chlorophyll content measurements in

leaves, the senescence progression can be monitored and compared in different
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senescence-inducing conditions. Since molecular responses in early senescence are
divergent among different senescence conditions, comparative transcriptome
responses should be conducted in similar and early stage of senescence (Zhao et al.,
2020). It is also regarded that early senescence stage is useful to identify regulatory
genes for genetic resource in regulating leaf senescence (Lim et al., 2007b). In this
study, 20% chlorophyll loss in senescing leaves was used as early senescence stages
(Figure 1A and 1D) as indicated in other studies (Woo et al., 2010; Kim et al., 2018a).
Functional classification of transcriptomic responses during age-, dark- and salt-
induced senescence conditions explain the biological processes that occurs in Z.
Jjaponica leaf senescence (Figure 3). These different senescence conditions shared the
processes of amino acid degradation and photosynthesis as up and down-regulated
biological processes, respectively. Among up-regulated processes, program cell death,
cell wall reorganization, and solute transport are representative biological processes
that are enriched in age-, dark-, and salt-induced senescence, respectively.
Cytoskeleton reorganization, glycolysis, and TCP transcription factor are down-
regulated processes in in age-, dark-, and salt-induced senescence, respectively. These
results are consistent with previous findings in transcriptome analysis in Arabidopsis
leaf senescence (Woo et al., 2016; Breeze et al, 2012; Kim et al., 2018; Allu et al.,
2014). Interestingly, chromatin organization and gibberellin action are also enriched
in up- and down-regulated processes in age-induced leaf senescence, respectively,
which have not been reported yet, in my knowledge. These might be specifically

related to Z. japonica leaf senescence.
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Our transcriptome analysis also identified lots of sDEGs and c¢DEGs in
senescence-induced conditions (Figure 4) and some of them were also validated as
DEGs in independent samples (Figures 6 and 8). Six sDEGs and thirteen cDEGs
validated can be used as markers for dissecting senescence triggering factors and
exploring senescence responses, respectively.

Transcription factors (TF) have been shown to be crucial components as hubs in
the senescence regulatory network by regulating transcription of downstream genes
(Balazadeh et al., 2008). 55 up-regulated TFs and 8 down-regulated TF cDEGs was
identified and most of these TFs belong to the NAC, WRKY, bHLH, and ARF families
(Figure 7). NAC transcription factors have been shown to have an important part in
chlorophyll breakdown and leaf senescence, as well as being actively implicated in
ABA, MeJA, and ethylene signalling, which can counteract leaf senescence
(Balazadeh et al., 2008; Takasaki et al., 2015). The ARF TF family plays a major part
in abiotic and biotic stress defense responses, while the bHLH, MYB, and WRKY
families are the main families that have been implicated in mediating senescence
(Tolosa and Zhang, 2020; Dong et al., 2022). It is no doubt that TF DEGs identified in
this study also plays an important role in senescence regulation by mediating many
senescence-related biological processes.

Although many transcriptomic studies regarding on senescence in various non-
model plants have identified many transcription factors that may be associated with
leaf senescence, their functional role remains unsolved (Woo et al., 2013; Fraga et al.,
2021; Zhang et al., 2021b). Functional studies using their knock-out or transgenic

approaches are time- and resource-consuming works (Mahmood et al., 2022). For a
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rapid functional evaluation for candidate genes in senescence regulation, transient
expression system using Arabidopsis protoplasts was used. The protoplast transient
expression system provides a platform for rapid and high-throughput assay along with
relevant promoters-driven LUC reporters (Huo et al., 2017). ZjSGR and ZjPCAP
promoters were selected as reporter genes, based on different kinetic but strong
induction patterns during senescence (Figure 10C and 10D). Five up-regulated and
three down-regulated TF DEGs, members of the ARF, NAC, C2H2, and WRKY
families, was selected for functional assay in the protoplast, based on their kinetic
expression patterns (Figure 9). Protoplast-based senescence assay revealed that ZjNAP
and ZjNACI function as positive senescence regulators, while ZjNACO0S83, ZjAZF?2,
ZjARF1, and ZjPIL5 do as negative senescence regulators (Figure 10). Functional
activity of ZjNAP and ZjNACI was further confirmed by physiological senescence
responses in tobacco leaves (Figure 11). Interestingly, ZjAZF2 and ZjNAC0S83 were
identified as up-regulated DEGs, but function as negative senescence regulators,
implying that these act as a molecular brake to slow down the senescence process or
as a molecular breaker to shutdown inappropriate onset of senescence along aging, like
NAC troika (Kim et al., 2018a). Functional assessment based on rapid senescence
assay using protoplast and tobacco transient expression system support a possibility
that seven TFs likely function as senescence regulatory genes in Z. japonica. In future
studies, gene editing and overexpression approaches will be applied for these putative
positive and negative senescence regulators to delay leaf senescence, respectively,

which will be able to generate the needed evergreen trait in Z. japonica.
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In summary, the comparative transcriptome analysis in age-, dark-, and salt-
induced senescence allows us to obtain a comprehensive molecular understanding of
transcription events during Z. japonica leaf senescence and further provides a potential

genetic resource for the future breeding of Z. japonica with a long green phase.
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CONCLUSION

In this study, I performed comparative transcriptome analysis to understand
senescence responses triggered by age, dark, and salt through a high-throughput RNA
sequencing in Z. japonica. The differentially expressed genes (DEGs) which
responded to dark, salt, or age-induced senescence accounted for 23.46, 17.60, and
3.88% among expressed genes, respectively, and the DEGs which commonly
responded to all three conditions (cDEGs) accounted for 2.13%. Gene set enrichment
analysis for functional characterization of the transcriptome during senescence
revealed many convergent and distinct biological processes were required for each
senescence response; for example, “degradation of fatty acid and amino acid” were
commonly affected in all senescence conditions, while “programmed cell death (PCD)
system”, “biosynthesis and degradation processes of hemicellulose” and “primary
active transport of solute” were specifically enriched of age-, dark-, and salt-induced
senescence, respectively. I also found that NAC, WRKY, bHLH, and ARF were major
DEG TFs groups that are involved in the transcriptional regulation of DEGs during
leaf senescence. Transient expression of ZjNAP, ZjWRKY75, ZjARF2, ZjNACI,
ZJNACO083, ZjARF1, and ZjPILS as effectors in protoplasts altered the expression of
senescence promoter-driven LUC reporters, indicating that these TF cDEGs likely to
function as senescence regulators. Additionally, functional activity of ZJ]NAC and
ZJNAP in senescence regulation were validated in dark-induced senescence assay in
tobacco leaves through their transient expression. Overall, this study will provide new

insights into molecular mechanisms of Z. japonica leaf senescence and potential gene
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resources to improve the economic value of Z. japonica by extending the leaf greening

period.
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