creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

A MASTER’S THESIS

Functional Investigation of ACCELERATED CELL
DEATH 6 in Shaping Natural Diversity of Age- and

Salicylic Acid-Induced Leaf Senescence in
Arabidopsis

Nguyen Nguyen Chuong

Department of Interdisciplinary Graduate Program in
Advanced Convergence Technology and Science
GRADUATE SCHOOL
JEJU NATIONAL UNIVERSITY

February 2024



Functional Investigation of ACCELERATED CELL
DEATH 6 in Shaping Natural Diversity of Age- and
Salicylic Acid-Induced Leaf Senescence in
Arabidopsis
Nguyen Nguyen Chuong

(Supervised by Professor Kim Jeongsik)

A thesis submitted in partial fulfillment of the requirement for the degree of
Master of Interdisciplinary Graduate Program in Advanced Convergence
Technology and Science

2023.12. 08

This thesis has been examined and approved.

Jin Hee km w

Thesis director, Jin Hee Kim, Research Professor of S\B{ropical Horticulture
Research Institute, Jeju National University

Hong- Gyu KANEr f‘/j%

Hong-Gyu Kang, Research Professor of Subtropical Horticulture Research
Institute, Jeju National University

jeon %s / /é k,zm

Jeongsik Kim, Professor of Department of Interdisciplinary Graduate Prdyram in
Advanced Convergence Technology and Science, Jeju National University

Department of Interdisciplinary Graduate Program in Advanced
Convergence Technology and Science
GRADUATE SCHOOL
JEJU NATIONAL UNIVERSITY



CONTENTS

LiSt OF ADDIEVIATIONS .....ccviiiiiiieecie e s I
LIST OF FIQUIES .. i
LISt OF TaDIES ... \
I. GENERAL INTRODUCTION ..ottt 1
Il MAIN RESEARCH ..ot 5
L. SUMMARY oottt re s 5
2. BACKGROUND ..ottt 6
3. MATERIALS AND METHODS ......ccccoiiiieeieiesicseeeee e 9
3.1. Plant Materials and Growth Condition ..........c.ccocvvviiiinieiene s 9

3.2. Phenomic Senescence ANAIYSIS .......cooereiieniiinesieeee e 10

3.3. ASSOCIATION ANAIYSES ..ot 10

3.4. Plasmid Construction and Transgenic Plants Generation.................... 11

3.5. Leaf SENESCENCE ASSAYS ....ccvieiiieiiieeiee st et s e sre et sae e sae e 11

3.6. Gene EXPression ANalYSIS .......cceivviieeiiieiiie e 12

4, RESULTS ..ottt 14

4.1. Investigation of age-induced senescence responses among natural

ACCESSIONS et ettt ettt et —————— 14



4.2. Analysis of leaf physiological indexes during age-induced leaf

e LT 1< [0 TPTPTRR 16

4.3. Correlation between PCs and biological or environmental conditions of

their habitats among natural aCCESSIONS...........ccvrveriririeiieeee e 19

4.4. Identification of natural alleles association with age-induced senescence

=R o[0T PRSPPSO 23

4.5. ACDG6 positively regulates age-induced but not dark-induced leaf

Y] R[S o1 =] [0 =TT 29

4.6. Variation of natural senescence responses is associated with an SNP in

AACDR ... re e 33
4.7. ACDG functions in SA-induced leaf Senescence ..........ccccocevereriennnne 42

5. DISCUSSION......oiiiiitiiiie et neas 49
T, CONCLUSION . ...t e 58



ACD6
DAE
DAT
EMMA
ETR
FC
FDR
GVS1
GWA
HAP
IR
MAF
NMR19-4
ORE1
PC
PCR
PHI
QTL
RIL
RGB
SA

SAG12

List of Abbreviations

ACCELERATED CELL DEATH 6
Days after emergence

Days after treatment

Efficient mixed model association
Electron transport rate
Fluorescence camera

False discovery rate

GENETIC VARIANTS IN LEAF SENESCENCE 1
Genome-wide association
Haplotype

Infrared

Minor allele frequency

Naturally occurring DNA methylation variation region19-4

ORESARAL1

Principal components

Polymerase chain reaction

Phenome high-throughput investigator
Quantitative trait loci

Recombinant inbred line
Red-Green-Blue

Salicylic acid

Senescence associated gene 12



SAG29 : Senescence associated gene 29

SAGs : Senescence associated genes
SNP : Single-nucleotide polymorphism
SWIR : Shortwave infrared

TF ; Transcription factor

VNIR : Visible and near-infrared



List of Figures

Figure 1. Leaf development and SENESCENCE PrOCESS.........covvrerereeieerierieniesiesiesieaneans 4
Figure 2. Leaf senescence and evolutionary fitness in natural populations................ 7
Figure 3. Scheme and workflow of phenotypic analysis of age-induced senescence
using high-throughput investigator (PHI)..........cccoooiiiiiniee e 16
Figure 4. Pearson correlation test between age- and dark-induced senescence
phenotypes among 234 Arabidopsis natural aCCESSIONS.. ........c.ecverveiieiveriesieieeniens 16
Figure 5. Principal component analysis (PCA) for age-induced leaf senescence
responses from 234 natural ACCESSIONS ..........ccviirieiierieie e 18
Figure 6. Environmental factors and physiological responses associated with age-
induced and dark-induced SENESCENCE FESPONSES..........erverierierierieieeereenie e 23
Figure 7. Genome-wide association (GWA) mapping for PCs derived from phenomic
responses by age-induced leaf SENESCENCE. ........eevveierieiiee e 26
Figure 8. Geographic distribution and leaf senescence responses with respect to ACD6
AHBIES ..t enneenns 27
Figure 9. Geographic distribution and leaf senescence responses with respect to
NAPIOTYPES OF ACDB ..ot 29
Figure 10. Characteristics of acd6 MULANTS............cceoviiiiriiniceee e 29
Figure 11. Physiological and molecular response of acdé mutants in age-induced leaf
=] [ =] [0 OSSP PRSP TPRRPPI 32
Figure 12. Dark-induced senescence response in acd6 mutants...........c.ccoceveveneene. 32
Figure 13. Diverse age-induced senescence symptoms and ACD6 variants from early

and delayed leaf SENESCENCE ACCESSIONS.........civeierieiieie e sieeie e e e e see e eesreeneas 35



Figure 14. Age-induced senescence responses in acd6-KO mutant in the early and
delayed leaf SENESCENCE ACCESSIONS .......ccveivirieriieiieieieite ettt 39
Figure 15. Statistical analyses for age-induced senescence responses in acd6-KO
mutants in the early and delayed leaf senescence accessions...........c.ccovevevvreeneennns 40
Figure 16. Dark-induced senescence responses in acd6-KO mutant in the early and
delayed leaf SENESCENCE ACCESSIONS .......ccverviriiriieiieieie ettt 41
Figure 17. Senescence responses of acdé mutants treated under different salicylic acid
(SA) CONCENTIALIONS .....euvieiteeiieieeee ettt bbb 43
Figure 18. Salicylic acid (SA)-induced senescence responses in acd6-KO mutant in
the early and delayed leaf SENESCENCE ACCESSIONS.........eevvveiereerieeieseeie e 45
Figure 19. Statistical analyses for salicylic acid (SA)-induced senescence responses

in acd6-KO mutants in the early and delayed age-induced leaf senescence accessions

Figure 20. Schematic model represent the regulatory factors of leaf senescence in

Arabidopsis NALUral ACCESSIONS .........coveiiiriiriiriiiieiieeie s 50



List of Tables

Table 1. LiSt OF OlIgOS .....eoeiiieiiee e e 13
Table 2. The list of acd6 gene-editing mutants in accession showing diverse

SENESCENCE SYMPLOMIS .....vuvvvivviiiisctete ettt 34



I. GENERAL INTRODUCTION

The leaves constitute one of the most important organs in plants. Leaves are the
main sites for photosynthesis, the central life strategy of plants. The leaf developmental
process is composed of many distinct stages, ranging from initiation, expansion,
maturation to senescence and death (Figure 1). During the early stages, leaves function
as autotropic organs to gather energy and resources for plant growth. Various
biological processes involved in the early stages of leaf development include cell
structure building, amino acid anabolism or carbon/nitrogen assimilation (Avila-
Ospina et al., 2014). When leaves reach the maturation stage, the onset of leaf
senescence begins. Under optimal growth conditions, leaf senescence is regulated in
an age-dependent manner (Schippers et al., 2007). Different from the senescence in
animals and unicellular organisms often associated with death, leaf senescence in
plants requires highly integrative processes involving cell death, nutrient recycling,
and storage (Koyama, 2018).

During senescence, leaf cells undergo systematic changes in their structures, their
metabolism, and their sink-source relationships in a programmed manner (Thomas,
2013). Chloroplasts, which contain the majority of leaf protein, are the first organelles
to be broken down, while mitochondria and the nucleus remain intact until the later
stages. The structural dismantlement in cellular organelles facilitates plants in
recycling a major portion of the leaf lipids and proteins for a rich source of nitrogen
(Girondé et al., 2015). Metabolically, autotrophic carbon assimilation of the leaf is

superseded by the catabolism of cellular organelles and macromolecules to provide



energy support for essential cellular processes during senescence. In addition, this shift
in metabolic activities is important for efficiently converting cellular resources into
macro- and micronutrients that will be relocated to support developing seeds or other
growing organs (Figure 1). Therefore, senescence-mediated nutrient relocation is
essential for optimal nutrient utilization and plant survival. In this regard, leaf
senescence can also be considered as an evolutionarily acquired process that critically
contributes to the overall fitness of the whole plant by increasing their availability for
optimal offspring production and better survivability in their given temporal and
spatial niches.

Over the past three decades, numerous studies employing both forward and
reverse genetic approaches have revealed that leaf senescence is actively and
genetically regulated by a complex, multi-layered regulatory network. Leaf senescence
programs can be initiated or activated by internal age, but also they are modulated by
a wide range of internal and external signals (Lim et al., 2007). The major endogenous
factors that affect leaf senescence include various phytohormones and reproductive
development (Figure 1). Multiple environmental factors, including abiotic stresses
such as drought, salinity, temperature, nutrient deficiency, as well as biotic stresses
such as animal/insect attacks or pathogen infection, are also critical in shaping the
onset or progression of senescence (Figure 1). Molecular pathways that recognize
these senescence-inducing factors do not work independently; instead, they are
interconnected to form a complex regulatory network for senescence (Guo and Gan,
2012). Senescence, therefore, reflects the life history of the leaf experiencing

senescence-associated physiology in the context of interaction between internal and



external factors. Senescence variations among natural populations may underlie the
environmental and endogenous factors that influence senescence biology.

One of the key mechanisms that modulate biochemical and physiological changes
during senescence progress is the modification of diverse senescence associated gene
(SAG) expression. Many SAGs have been identified to be involved in senescence
process, such as SEN4 or SAG12, which encode xyloglucan endotransglucosylase/
hydrolase 24 and cysteine protease, respectively. These two genes function in
macromolecule degradation, and their expression are upregulated during senescence
(Woo et al., 2001; Lim et al., 2003). Another example is the decline in expression of
various photosynthetic-related genes such as chlorophyll a/b binding protein gene and
rubisco small subunit gene along the course of senescence progression (Woo et al.,
2001). The modification of SAGs is regulated coordinately by the dynamic
activation/inactivation of various positive and negative senescence regulatory
elements. These elements belong to diverse families with distinct functions, including
receptors, kinases/phosphatases, transcription factors (TFs), and epigenetic regulators.
Among these, TFs play the essential roles for regulating the temperal expression of
SAGs during leaf aging. Several important TF families that involve in senescence
process include NACs (NAM/ATAF/CUC), WRKYs or MYBs. Time-evolving NAC
networks undergo a temporal transition of regulatory interaction among NACs from
the presenescent to the senescent stage and guide the timely induction of senescence

processes, such as SA and ROS responses (Kim et al., 2018).
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Figure 1. Leaf development and senescence process. During the early stages, leaves
function as autotropic organs for nutrients and resources assimilation. When
senescence occurs, biochemical activities of leaves are shifted from anabolism to
catabolism for relocation of nutrients and resources to other newly developing organs
or seeds. The onset and progression of leaf senescence are regulated by various internal
and external factors. Figure is modified from Avila-Ospina et al., (2014) and Woo et
al., (2019).



1. MAIN RESEARCH

1. SUMMARY

Leaf senescence is an evolutionarily conserved process that is essential for plants’
fitness, as it adjusts the temporal balance of energy production between photosynthesis
and catabolism. The onset and progression of senescence are determined by the
interaction between genetic and environmental factors, making senescence one of the
adaptation processes in plants around their natural habitats. In this study, | aimed to
investigate the genetic basis of age-induced leaf senescence in Arabidopsis natural
populations. By employing the phenome high-throughput investigator, | have
successfully revealed comprehensive senescence responses among 234 Arabidopsis
accessions. Additionally, I identified environmental and physiological factors that are
highly associated with senescence phenotypes. Genome-wide association mapping
discovered the ACCELERATED CELL DEATH 6 (ACDG6) locus as a potential
candidate for regulating the variation of senescence responses among natural
accessions. Knocking out ACD6 in natural accessions with early and delayed
senescence phenotypes resulted in different extents of delaying age-induced
senescence, implying that the regulatory activities of ACD6 in leaf senescence are
accession-dependent. Furthermore, my obtained data suggest that ACD6 is involved in
the regulation of leaf senescence via the salicylic acid signaling pathway. Taken
together, this study has provided molecular insights into the genetic regulation of leaf

senescence in Arabidopsis natural populations, with the discovery of the key regulator



ACD6, which may be a potential candidate for genetic modification to improve plant

adaptation and survival.

2. BACKGROUND

Leaf senescence is a complex yet highly regulated developmental process
involving a coordinated sequence of multiple molecular events. The timing and
progression of leaf senescence is critital for plant fitness and survilability (Uauy et al.
2006). Plants requires an efficient senescence process to helps optimize their energy
usage and maximize their fitness, and premature senescence induced by adverse
environmental conditions significantly affect plant yield and productivity
(Hortensteiner and Feller 2002). Senescence, therefore, has evolved as a life history
strategy with substantial biological importance. The ultimate goal of leaf senescence
research is to understand the composition, organization, and function of complex gene-
regulatory networks that govern leaf senescence.

The model plant Arabidopsis originally inhabited Eurasia and Africa. However,
due to its ability to thrive in poor and challenging environments, it has been introduced
and naturalized rapidly around the world. Arabidopsis inhabits various geographical
locations with different environmental conditions. The natural populations of
Arabidopsis have an evolutionary history of drastic climatic and environmental
changes. As an important life history trait that helps plants optimize their viability for
next generation or season, leaf senescence may implicate environmental and
evolutionary factors that influence plant biology. In this regard, Arabidopsis
accessions exhibit a wide range of variations in senescence physiology, which has been

shaped by environmental adaptation and influenced by genetic context (Figure 2).
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Consequently, mutations in certain senescence regulatory genes, such as RPK1 and
OREL, exhibited different levels of senescence in different genetic accessions of Col
and Ler (Unpublished). Therefore, senescence studies throughout natural accessions
can unravel the evolutionary and adaptive roles of senescence processes and provide
insights into fundamental questions concerning the factors that shape senescence

biology.
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Figure 2. Leaf senescence and evolutionary fitness in natural populations.
Arabidopsis habitats expand in a wide range of geographical and environmental
conditions. Leaf senescence is shaped by the interaction between the genome,
phenome and environment factors. As a life history trait for maximizing plant fitness,
senescence phenotypes of reflect the adaptative process of Arabidopsis accessions to
the natural habitats over the course of evolution. Figure is modified from Kim et al.,
(2018). Geographical distribution of Arabidopsis accessions was obtained from
University of Toronto (http://www.bar.utoronto.ca/).

In this regard, researchers have made efforts to collect Arabidopsis accessions
with ecological and climatic information from the wild, and their populations have
been widely utilized. Several studies have been conducted to understand the
implications of senescence programs in a group of Arabidopsis populations. The early
attempts successfully elucidated the relationships between leaf senescence and other
life history traits such as photosynthetic potential, reproductive efficiency, and post-
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bolting longevity (Levey and Wingler 2005; Luquez et al., 2006). Quantitative traits
loci (QTL) analysis using two parental lines was also employed to investigate the
genetic basis of natural variation in Arabidopsis senescence programs (Luquez et al.,
2006; Wingler et al., 2009). Bay-0 x Shahara recombinant inbred line (RIL) population
suggested that FRI and FLC loci mediate flowering and glucose-induced senescence
(Wingler et al., 2009). Recently, the natural alleles ACCELERATED CELL DEATH 6
(ACDG6) were reported to be responsible for senescence variation between Col-0 and
Ct-1 using the QTL approach (Jasinski et al., 2021). The completion of several
genome-wide sequencing projects in a large set of Arabidopsis natural populations
such as the Regional Mapping Panel (Horton et al., 2012) or the 1001 Genome
Consortium (2016) has further facilitated studies on the association between genetic
factors and senescence responses. Genome-wide association (GWA) analyses have
successfully identified several genetic loci that account for the differential senescence
phenotypes in natural accessions, such as the natural alleles GENETIC VARIANTS IN
LEAF SENESCENCEL (GVS1) (Lyu et al., 2019) or the epialleles naturally occurring
DNA methylation variation region19-4 (NMR19-4) (He et al., 2018).

In this study, | aimed to explore the genetic basis of natural diversity in age-
induced leaf senescence phenotypes. | conducted phenome-based analyses using a
high-throughput phenome (PHI) to investigate comprehensive senescence responses
in the leaves of 259 Arabidopsis natural accessions. My findings revealed several
environmental factors and physiological responses that are linked to age-induced
senescence. Furthermore, a genome-wide association analysis with senescence-

associated principle component factors and further phenotypic analysis of loss-of-



function mutants in potential candidates revealed that ACDG6 is involved in the
regulation of age-induced leaf senescence, but not dark-induced leaf senescence. | also
confirmed that ACD6 has accession-dependent activities in SA-mediated senescence.
This study suggests that the genetic diversity of ACD6 underlies natural diversity in
SA- and age-induced leaf senescence and provides genetic evidence that the regulation
of leaf senescence contributes to an increase in plant fitness among Arabidopsis natural
accessions.

Note: The term “ecotypes” that has been widely used previously for Arabidopsis
natural accessions implies the unique ecology and adaptation of that line to a specific
environment. The neutral term “accessions”, which is used as an identifier in a

collection has been assigned, is more applicable in this study.

3. MATERIALS AND METHODS

3.1. Plant Materials and Growth Condition

A collection of Arabidopsis thaliana accessions from a previous study (Lyu et al.,
2019) was used to investigate variation in senescence responses. acd6-1 (CS72446)
acd6-2 (SALK 045869), and acd6-11 (SALK _059132) were obtained from the
Arabidopsis Biological Resource Center. acd6-2 plants have been described
previously (Todesco et al., 2010). Seeds of studied genotypes were stratified in the
dark at 4 °C for 2 or 3 days prior to sowing. Plants were grown on soil in a growth
room (Korea instrument, Korea) under a long day photoperiod (16-h-light/ 8-h-dark
photocycle, 120 to 150 pmol m s1) at 22 °C until reaching the appropriate growth

stage for further analyses unless otherwise noted.



3.2. Phenomic Senescence Analysis

Phenomic senescence analysis was analyzed using the phenome high-throughput
investigator (Photon Systems Instruments, Czech Republic) which was conducted with
a user-designed protocol as previously described (Lyu et al., 2017) except for the
absence of shortwave infrared (SWIR) and 3D imaging. 259 Arabidopsis natural
accessions, mostly derived from the RegMap panel (Horton et al., 2012; Lyu et al.,
2019) were used in this investigation. For age-induced leaf senescence, the 3™ and 4™
leaves of plants at 34 days after emergence (DAE) were carefully cut from each plant
with sharp scissors and arranged in an acryl plate with a 12 x 9 grid (9 leaves per
accession). A total of 412 phenomic traits (99, 25, 4, and 84 traits for fluorescence
camera (FC), Red-Green-Blue (RGB), Infrared (IR), visible and near-infrared (VNIR)
imaging analysis, respectively) were obtained. For dark-induced leaf senescence 3™
and 4™ leaves of plants at 12 DAE were cut and incubated in 3 mM MES buffer (pH
5.7) for the indicated days after dark treatment (DAT). Principal component (PC)
analysis was performed using the Pearson’s correlation matrix UNSCRAMBLERX
10.3 (CAMO, Oslo, Norway). The obtained PC values were used for further tests,

including correlation and GWA analyses.

3.3. Association Analyses

The geographical distribution, climate data, and phenological data for each
accession were obtained from a previous study (Lyu et al., 2019). Pearson correlations
were used to assess the relationships between data series and statistical significance
was established by comparing the correlation value of the original data with that of

10,000 permutated data sets. GWA analysis was conducted on the PC values with
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AtPolyDB (minor allele frequency (MAF) > 0.1; Horton et al., 2012) using
easyGWAS (Grimm et al., 2017) through the efficient mixed model association
(EMMA) algorithm. A significance threshold of a = 0.05 was applied after multiple
testing corrections using false discovery rate (FDR). Manhattan plot was generated
using SNPEVG (Wang et al., 2012). Linkage disequilibrium was generated with

easyGWAS.

3.4. Plasmid Construction and Transgenic Plants Generation

The CRISPR/Cas9 system (Xing et al., 2014) was employed to generate a loss-
of-function mutant of ACDG6 in Arabidopsis natural accessions indicated. Two
synthetic oligos for the generation of sgRNA that targets ACD6 were annealed and
ligated into the Bsal-linearized pBSE401 vector (Table 1). The obtained construct was
then transformed into plants using Agrobacterium-mediated (AGL1 strain) floral dip
method (Clough & Bent, 1998). T transgenic plants were selected based on their
antibiotic resistance. The genomic DNA of resistant plants were extracted for PCR
amplification of fragments surrounding the target regions of ACD6 using gene-specific
primers (Table 1). Positive candidates were identified by their resistance to digestion
with Hpyl16611 in the amplified fragment. These candidates were further tested in
segregated, non-transgenic T2 and confirmed by sequencing. Homozygous lines with
aberrant ACD6 genes were then used for subsequent analyses. The gene-specific

primer sets used for plasmid construction and plant genotyping are listed in Table 1.

3.5. Leaf Senescence Assays

All senescence experiments were conducted using the 3 and 4™ rosette leaves.

Leaves at the indicated DAE were cut with sharp scissors at 4 to 5 h after the lights
11



were turned on for assay age-induced leaf senescence. For dark-induced senescence,
leaves at 12 DAE were also harvested at 4 to 5 h after the lights turned on and floated
abaxial side up in 3 mM MES buffer (pH 5.7). Samples were completely covered with
aluminum foil for the indicated DAT. For salicylic acid (SA)-induced senescence,
detached leaves with 12 DAE were incubated in 3 mM MES buffer (pH 5.7) supplied
with either 1.2 mM or 2.4 mM of SA, with the abaxial side down and covered with
transparent wrap. 8 to 12 leaves per genotype or accession were used for the
senescence assay. At DAEs or DATSs indicated, leaves were used for measuring
chlorophyll contents and photochemical efficiency using atLEAF" Chl meter (FT
Green LLC, USA) and FluorCam FC 800-C (Photon Systems Instruments, Czech
Republic), respectively. Two-tailed Student’s t-test was used to identified significant
differences between acd6 mutants and their respective backgrounds at the same leaf
age/treatment conditions. To compare the effect of knocking out ACDG6 in different

accesions, two-way ANOVA followed by contrast analysis was employed.

3.6. Gene Expression Analysis

Leaves of indicated DAEs or DATs were harvested for quantitative reverse
transcription-PCR (qRT-PCR) Total RNA extraction (WelPrep™ — WelGENE,
Korea) and cDNA synthesis (ImProm-11™ Reverse Transcription — Promega, Korea)
were conducted according to the manufacturer’s instructions. Gene-specific primers
for quantifying transcript levels were provided in Table 1. gRT-PCR was carried out
using TOPreal™ gPCR SYBR Green PreMIX (Enzynomics, Korea) and Bio-Rad
CFX96 real-time PCR detection system (Bio-Rad) with the following thermal profile:
94 °C for 10 min, followed by 40 cycles of 94 °C for 10 s, 60 °C for 15 s, and 72 °C

12



for 30 s. The 224 method was employed to analyze the expression level of the target

genes with UBQ10 as reference. The relative values of expression were determined

against the maximum value of Col-0. The experiments were repeated at least twice.

Statistical analysis was performed using two-tailed Student’s t-test to identify the

significant differences between genotypes or treatments.

Table 1. List of oligos

Name

Sequence (5’ to 3°)

Oligos for cloning
ACD6-guideCAS-F
ACD6-guideCAS-R
Primers for genotyping
ACD6-Cas-F
ACD6-Cas-R
Primers for gRT-PCR
ORE1-qPCR-F
ORE1-gPCR-R
SAG12-gPCR-F
SAG12-gPCR-R
SAG29-qPCR-F
SAG29-gPCR-F

UBQZ10-gPCR-R

attgGCTACCTGTCTGGTGAACG

aaacCGTTCACCAGACAGGTAGC

TCATGGCGGTCATACCAAAG

TCTACGGCTTCGTACAAGGA

AATGAAGCTGTTGCTTGACG
AGAAATTCCAAACGCAATCC
AAAGGAGCTGTGACCCCTATCAA
CCAACAACATCCGCAGCTG
GCCACCAGGGAGAAAAGG
CCACGAAATGTGTTACCATTAGAA

GGCCTTGTATAATCCCTGATGAAT

13



UBQ10-gPCR-R AGAAAGAGATAACAGGAACGGAAAC

4. RESULTS

4.1. Investigation of age-induced senescence responses among natural accessions

Leaf senescence in natural conditions is mainly determined by acquired genetic
programs that have been shaped by environmental and physiological responses in
plants along aging. Therefore, age-induced senescence reflects the adaptive role of
senescence in a given environment. My previous research showed that Arabidopsis
natural accessions exhibit a wide range of dark-induced leaf senescence phenotypes
which are under moderate to strong genetic control (Lyu et al., 2019). However, dark-
induced leaf senescence fails to take into account many aspects of senescence
programs and cannot fully reflect natural senescence responses. To gain a natural
understanding of leaf senescence responses in Arabidopsis natural accessions, I
quantitatively evaluated 412 phenomic traits from 34-day-old detached leaves of
plants among 259 natural accessions using a high-throughput investigator consisting
of various imaging units such as RGB, fluorescence, and VNIR imaging (Figure 3;
Lyu et al., 2017). I also conducted a correlation test between age- and dark-induced
leaf senescence among my examined accessions (Figure 4). The result showed that
there was only a weak correlation between age- and dark-induced senescence
responses, further confirming the potential differences in regulatory mechanisms

between these two pathways.

14
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Figure 3. Scheme and workflow of phenotypic analysis of age-induced senescence
using high-throughput investigator (PHI). (A) Phenotypes of 3 and 4" leaves of
Arabidopsis reference accessions Col-0 from maturation to senescence. (B) Workflow
for phenotypic analysis of age-induced leaf senescence in Arabidopsis natural
accessions. 3 and 4" leaves (34 DAE) of accessions were harvested (9
leaves/accession). Phenomic traits were extracted from various imaging data. The
experiment was repeated twice and senescence phenotypes were analyzed using the
mean values of two trials. Only representative phenomic traits for each imaging unit
were presented in this figure.
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Figure 4. Pearson correlation test between age- and dark-induced senescence
phenotypes among 234 Arabidopsis natural accessions. Correlation of
photochemical efficiency of photosystem Il during dark-induced leaf senescence
(Dark PI1I) with (A) photochemical efficiency of photosystem Il during age-induced
leaf senescence (Age PII) and (B) electron transport rates during age-induced leaf
senescence (Age ETR).

4.2. Analysis of leaf physiological indexes during age-induced leaf senescence

| applied principal component analysis to reduce the dimensionality of the data set
and to identify features that explain senescence processes. The top three PCs were
found to separate the phenotypes of accessions and account for most of the variability
(Figure 5). The variations explained by PC1 to 3 were 50.1, 22.1, and 11%,
respectively (Figure 5A). The Pearson correlation coefficients among PC values

showed the highest correlation between PC1 and PC2 (0.75) and between PC2 and
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PC3 (0.64) (Figure 5B). Therefore, PC1, PC2 and PC3 were considered major PCs
that are related to age-induced senescence responses. PC values for each accessions

are available online (https://shorturl.at/xFIMT). Two independent trials were

conducted and the mean values of the two trials were used for subsequent analyses. 25
accessions were excluded in principle component analysis due to high variation in
phenotypes between the two trials (the difference in their electron transport rate (ETR)
values between the two trials was above 5). | also conducted hierarchical clustering
analyses of traits among PC values to identify a group of traits linked to each PC
(Figure 5C). For example, PC1 showed a positive and high correlation with ETR and
GM1 indexes and a negative and high correlation with DSSI1 and Yellowing indexes.
On the other hand, PC2 was highly associated with the photochemical efficiency in

photosystem Il (Fv/Fm), PRI1, PSRI, and gP_LSS indexes.
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Figure 5. Principal component analysis (PCA) for age-induced leaf senescence
responses from 234 natural accessions. (A) The explanatory accumulation of PC1-
3. (B) Pairwise correlation between the three major PCs. (C) Hierarchical clustering
analysis with numeric traits that are associated with each PC component. ETR:
electron transport chain; GML1: Gitelson and Merzlyak index 1; Fv/Fm: variable
fluorescence/maximum fluorescence; PRI1: photochemical reflectance index 1; Ctr3:
Carter index 3; CAR: carotenoid reflectance index; DSSI1: damage sensitive spectral
index 1; Yellowing: yellowing ratio; PSRI: plant senescence reflectance index;
gP_Lss: photochemical quenching of variable chlorophyll fluorescence based on a
lake model for the photosynthetic unit_light steady-state; NDVI12: normalized
difference vegetation index 12; Vloptl: optimized vegetation index 1. Further
information regarding phenomic traits in this study are available in Lyu et al. (2017).
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4.3. Correlation between PCs and biological or environmental conditions of their

habitats among natural accessions

Arabidopsis habitats spread in a wide range of areas under various geographic and
climatic conditions. As an important process to improve plant fitness, the divergent of
leaf senescence programs in Arabidopsis natural accessions could be the result of
evolution to adapt to different environments. To provide insight into the adaptive roles
of senescence, | identified the association between major PCs related to age-induced
senescence responses and 90 environmental variables from 234 accessions (Figure
6A). Among the three examined PCs, PC2 displayed weak but significant correlations
with most of the factors related to geography, humidity, seasonality, and temperature.
Particularly, PC2 was positively associated with monthly temperature and humidity
and negatively associated with geographical locations. It is noteworthy that although
only correlated with certain factors, PC1 and PC3 were complementary with PC2 in
terms of association with environmental variables. This implies that external
conditions are substantially attributed to senescence responses and the variation of leaf
senescence in Arabidopsis natural accessions is the result of the adaptative process. |
also conducted correlation tests between plant dark-induced leaf senescence and the
examined environmental variables (Figure 6A). Interestingly, the results indicated
different patterns between dark-induced and age-induced in association with
environmental factors. Except for humidity, dark-induced leaf senescence displayed
nearly no correlation with other external factors, including geographic, seasonal, and

temperature (Figure 6A). This finding suggested that the effects of environmental
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conditions on plant dark-induced senescence responses are weaker compared to age-
induced senescence among Arabidopsis natural accessions.

Senescence processes likely coevolve with developmental and physiological
responses via natural selection (Roach, 1994). Thus, | performed a meta-analysis to
assess the relationship between senescence responses and other physiological traits
(Atwell et al., 2010). I analyzed 120 phenotypes related to defense, development,
flowering, ion, and senescence in Arabidopsis natural accessions (Figure 6B). Similar
to environmental factors, PC2 displayed associations with more physiological traits
compared to PC1 and PC3. Defense-related traits such as disease and bacterial
resistance showed moderate negative correlations with senescence responses. On the
other hand, there was a positive correlation between flowering and leaf senescence.
Furthermore, | observed a relationship between senescence responses and leaf cellular
ion contents. Senescence was positively correlated with lithium and calcium
concentration and was negatively correlated with phosphorus and copper
concentration. In contrast with age-induced leaf senescence, dark-induced leaf
senescence displayed nearly no correlation with my examined phenotypes (Figure
6B). These results further confirm the differences between age-induced and dark-
induced leaf senescence in Arabidopsis natural populations. My findings indicate that
the natural variation of senescence responses in Arabidopsis accessions might be

attributed to their interaction with different environmental and physiological factors.
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Figure 6. Environmental factors and physiological responses associated with age-
induced and dark-induced senescence responses. Photochemical efficiency under
the dark and three major PC components were used for association tests with 90
environmental factors (A) and 120 physiological responses (B). p-values were
estimated with permutation tests. Dark PSII: photochemical efficiency of photosystem
Il during dark-induced senescence; JA: jasmonic acid; GH: greenhouse; GR:
germination rate; DR: dormancy release; FT: flowering time; LD: long day; SD: short
day; LN: leaf number; VER: vernalization LES: lesioning; YEL: yellowing.

4.4. ldentification of natural alleles association with age-induced senescence

responses

Senescence responses are the result of the interaction between genetic and
environmental factors. GWA analysis was employed to uncover genetic loci
responsible for the divergence of natural senescence programs. | performed a genome
scan for single-nucleotide polymorphisms (SNPs) associated with major PC values
related to age-induced senescence in Arabidopsis natural accessions (Figure 7). The
efficient mixed model association (EMMA) algorithm was applied for this association
analysis with a significance threshold of a = 0.05 after multiple testing corrections
using false discovery rate (FDR). I identified a significant SNP with the lowest p-value
that is associated with PC2 (Figure 7B). However, | failed to uncover any significant
SNPs that are associated with PC1 and PC3 (Figure 7A,C). The identified SNP is
located near one locus, At4g14400, which contains a gene encoding for ACDG6. This
result is consistent with a previous study, in which ACD6 was identified as causal gene
for leaf senescence variations using the QTL approach (Jasinski et al., 2021). ACDG6 is
specifically expressed in leaf tissues over the entire leaf lifespan in an age-dependent
manner (eFP Browser, Winter et al., 2007; Andriankaja et al., 2012; Woo et al., 2016).
ACDG6 protein contains ankyrin and transmembrane domains (Lu et al., 2003) that

function as an important regulator in the SA signaling pathway in response to biotic
23



and abiotic stresses (Todesco et al., 2014, Pluharova et al., 2019). As photochemical
efficiency is an important indicator for assessing plant senescence phenotypes, | also
conducted a genome scan for SNPs associated with Fv/Fm values in age-induced leaf

senescence.
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Figure 7. Genome-wide association (GWA) mapping for PCs derived from
phenomic responses by age-induced leaf senescence. (A-C) Manhattan plots for age-
induced leaf senescence phenotype associated with PC1, PC2, and PC3, respectively.
(D) SNP variations of the ACD6 gene in selected accessions with early and delayed
senescence phenotypes. Gray: UTR; Yellow: exon; White: intron.

Next, | tried to uncover the association between the identified SNP with
senescence phenotypes in Arabidopsis natural accessions. The identified SNP changes
ACD6 nucleotide sequence from thymine (T) in Col-0 to guanine (G) (Figure 8).
Plants of the ‘T’- and ‘G’-type SNP exhibited average F./Fm values of 0.66 and 0.50
at 34 DAE, respectively (Figure 8). However, there was no clear pattern regarding

geographical distribution among plants of these two SNP types (Figure 8).
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Figure 8. Geographic distribution and leaf senescence responses with respect to
ACDG alleles. (A), Schematic presentation of two ACD6 alleles. (B) Frequency of two
ACDSG alleles among the examined accessions. (C) Senescence responses of ‘T-type’
and ‘G-type’ accessions. On the box plot middle lines are the mean and whiskers above
and below the box indicate the 75" and 25" percentiles. (D) Geographical distribution
of ‘T-type” and ‘G-type’ accessions. NT: nucleotide; AA: amino acid.
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The gene cassette of ACD6 contains two SNPs with MAF > 0.1 in the coding
region (Figure 9). | further analyzed haplotypes (HAPs) with four different

combinations of these SNPs. Among them, HAP1 and HAP4 were two major
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haplotypes involving ‘T” and ‘G’ SNPs, respectively, at 8,297,892 of Chr 4. Fu/Fm

values at 34 DAE for HAP1 and HAP4 were 0.67 and 0.44, respectively (Figure 9).

Similar to ‘T’-type and ‘G’-type SNP plants, geographical distributions of HAP1 and

HAP4 were not clearly separated (Figure 9).
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Figure 9. Geographic distribution and leaf senescence responses with respect to
haplotypes of ACD6. (A), Schematic presentation of ACDG6 haplotypes. (B)
Frequency of ACD6 haplotypes among the examined accessions. (C) Senescence
responses of accessions with different haplotypes. On the box plot middle lines are the
mean and whiskers above and below the box indicate the 75" and 25" percentiles. (D)
Geographical distribution of ACD6 haplotypes. NT: nucleotide; AA: amino acid.

4.5. ACDG6 positively regulates age-induced but not dark-induced leaf senescence

Given the tight association between the ACDG6 locus with natural senescence
responses and the enrichment of delayed senescence phenotypes in accessions with the
“T’-type SNP, | decided to investigate the biological functions of ACD6 protein in
regulating leaf senescence. To achieve this, | evaluated senescence phenotypes in
ACDS6 loss-of-function mutants of Col-0. Two independent T-DNA alleles, acd6-2 and

acd6-11 were employed to avoid possible effects of unknown second mutations

(Figure 10).
Chr4_8297892 (T/G)
acd6-2 (SALK_045869) | acd6-11 (SALK_059132)
Y !
At4g14400 - = —
500 bp

Figure 10. Characteristics of acdé mutants. Schematic representation of the ACD6
gene, At4g14400 and position of the T-DNA insert in the loss-of-function mutants,
acd6-2 and acd6-11.

| first examined the progression of age-induced leaf senescence in acd6-2 and
acd6-11 by monitoring changes in morphological and physiological markers as well
as the expression of senescence-associated genes (SAGs) (Figure 11). Color
segmentation displayed leave green and yellow color ratio over the course of leaf age
(Figure 11A). The photochemical efficiency in photosystem Il and chlorophyll

content gradually reduced as the leaves aged in all examined genotypes. However, the
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reduction in both physiological and molecular markers in Col-0 was more evident
compared with that in acdé mutants. Initially, visible color segmentation indicates a
decreased proportion of leaf yellowing in acd6-2 and acd6-11 relative to Col during
leaf aging (Figure 11A). At 34 DAE, the Fv/Fm value significantly reduced in Col-0
compared with that at 14 DAE (23%), while the reductions in acd6-2 and acd6-11
mutants were negligible (10% and 9%, respectively) (Figure 11B). Leaves of Col-0
also displayed lower chlorophyll content compared with acd6é mutants, as indicated by
higher yellowing percentage and lower vegetation index at 30 DAE and 34 DAE
(Figure 11C,D). Similarly, age-induced expressions of well-known SAGs including
ORESARAL (ORE1), SAG12, and SAG29, were significantly lower in both acd6-2 and
acd6-11 relative to Col-0 (Figure 11E,F,G). These results indicate that both acd6
mutants displayed delayed senescence phenotypes and ACD6 functions as a positive
regulator in age-induced leaf senescence. Interestingly, ACD6 may not be involved in
plant dark-induced senescence response. After dark incubation, there was no
significant difference between Col-0, acd6-2, and acd6-11 mutants under the same
conditions for the examined parameters, including photochemical efficiency in
photosystem Il (Fv/Fm) and chlorophyll content (Figure 12). This finding indicates that
although age- and dark-induced senescence processes may share common pathways,
distinct pathways for each process also exist and ACD6 may function specifically in

age-induced leaf senescence.
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Figure 11. Physiological and molecular response of acdé mutants in age-induced
leaf senescence. (A,B,C,D) Pie chart with color segmentation (A) and changes in
physiological indexes including Fv/Fm (B), NDVI RI (C), and proportion of yellow
color (D) in acd6-2 and acd6-11 leaves during age-induced leaf senescence. Data were
normalized with values of the same accessions or genotypes at 14 DAE. (E,F,G)
Expression of senescence-associated genes OREL (E), SAG12 (F), and SAG29 (G) in
acd6-2 and acd6-11 leaves during age-induced leaf senescence. The results are shown
as the mean £ 95% CI of four experiments. Statistical analysis was performed using
Student’s t-test: *, P<0.05; **, P<0.01.
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Figure 12. Dark-induced senescence response in acdé mutants. (A) Representative
visible image of the 3" and 4" leaves of Col-0 and acd6 mutants in dark-induced
senescence. Bar: 1 cm. (B and C) Changes in physiological indexes: Fv/Fn (B) and
chlorophyll contents (C) in Col-0 and acd6 mutants during dark-induced leaf
senescence. The results are shown as the mean £ 95% CI (n = 6) from two independent
experiments.
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4.6. Variation of natural senescence responses is associated with an SNP in ACD6

The most significant SNP associated with natural variation in senescence
phenotypes of Arabidopsis accessions is located at nucleotide 8,297,892 on
chromosome 4 in the ACD6 coding sequence (Figure 7). Based on the phenomic
evaluation of age-induced leaf senescence, the examined accessions in this study were
divided into two groups, early and delayed senescence. The inconsistency between
age-induced and dark-induced senescence phenotypes of Arabidopsis natural
accessions can be observed (Figure 13), which further indicates the differences
between age-induced and dark-induced leaf senescence in natural populations. | found
an enrichment of delayed senescence phenotypes in accessions with the ‘“T’-type SNP.
On the other hand, early senescence accessions contain both ‘T’-type and ‘G’-type
SNP (Figure 13). Therefore, I tried to address the functional extents of the ACD6 gene
in regulating leaf senescence. For this purpose, | used CRISPR/Cas9 genome editing
to generate ACD6 loss-of-function mutants in different Arabidopsis accessions with
early and delayed senescence phenotypes (Table 2, Figure 14). Data were normalized
with values of the same accessions or genotypes at 14 DAE. The Fv/Fm values of two
early senescence accessions Mz-O and Est-1 significantly reduced at 26 DAE
compared to that of 14 DAE (73% and 57%, respectively) while Col maintained a
relatively high level at the same time (91%) (Figure 14B). On the other hand,
photochemical efficiency of the delayed senescence accessions Bur-0 and Kin-0
sustained at leaf aged (82% and 79% at 30 DAE; 61% and 52% at 34 DAE,
respectively) when Col photosynthetic activities were seriously disrupted (60% at 30

DAE and 24% at 34 DAE) (Figure 14G). Other tested parameters, including
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chlorophyll contents and expression of the senescence-associated genes (SAGs) ORE1
and SAG12, also yielded consistent results (Figure 14C,D,E,H,1,J).

Table 2. The list of acd6 gene-editing mutants in accession showing diverse
senescence symptoms

Senescence
Accession  phenotype  Haplotype Allele and name Mutation
in accession
Col-0 - HAP3 acd6-21_Col-0 ‘A’ insertion
Mz-0 Early HAP4 acd6-22_Mz-0 ‘C’ insertion
Est-1 Early HAP4 acd6-23_Est-1 G’ insertion

*Note: Haplotype information of accessions was derived from Figure 9
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Figure 13. Diverse age-induced senescence symptoms and ACD6 variants from
early and delayed leaf senescence accessions. (A) and (B) Lists of representative
delayed (A) and early (B) leaf senescence accessions were determined by phenomic
evaluation of leaf senescence. Dark PSII and Age PSII, photochemical efficiency of
photosystem 1l during dark- and age-induced senescence, respectively; ETR, ETR
during age-induced senescence. SNP type, the SNP with the highest association with
PC2 in ACDS6.

All examined acd6 mutants displayed delayed senescence responses compared to
their respective backgrounds (Figure 14). However, the extents of delay are different
among accessions. Two-way ANOVA analyses confirmed that the interaction between
leaf age and plant genotype significantly affected plant photochemical efficiency and

chlorophyll content in both early and delayed senescence accessions (p-value < 0.001)
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(Figure 15A,B,E,F). Loss-of-function of ACD6 in the early senescence backgrounds
significantly delayed plant age-induced senescence responses. At 30 DAE, the effect
of knocking out ACD6 on plant photochemical efficiency was significantly higher in
Mz-0 and Est-1 compared to that in Col-0 (99% in acd6-21_Col-0 versus 60% in Col-
0, 97% in acd6-22_Mz-0 versus 8% in Mz-0; 87% in acd6-23_Est-1 versus 25% in
Est-1) (Figure 14B; Figure 15C). Similarly, inhibition of ACD6 function in Mz-0 and
Est-1 resulted in better chlorophyll preservation (Figure 14A,C; Figure 15D).
Expression analysis of well-known senescence-associated genes also provided
consistent results (Figure 14D,E). The extension of leaf longevity in acd6-22_Mz-0
and acd6-23_Est-1 was even more evident at 34 DAE. While 34-day-old leaves of Mz-
0 and Est-1 were already dead, 34-day-old leaves of acd6-22_Mz-0 and acd6-23_Est-
1 still maintained relatively high levels of photochemical efficiency (96% and 78%
respectively) and chlorophyll content (64% and 57%, respectively) (Figure 14A,B,C).
In contrast with early senescence accessions, loss-of-function of ACD6 in delayed
senescence accessions did not display the same level of effect (Figure 15G,H).
Compared to Col-0 at 30 DAE, the enhancement of photochemical efficiency caused
by the inhibition of ACD6 function in Bur-0 and Kin-0 was significantly lower (99%
in acd6-21_Col-0 versus 60% in Col-0, 80% in acd6-25_Bur-0 versus 61% in Bur-0;
87% in acd6-26_Kin-0 versus 53% in Kin-0) (Figure 14G; Figure 15G).
Consistently, chlorophyll content and expression of senescence-associated genes
indicated the lower effects of ACDG6 inhibition in delayed senescence accessions in

comparison with that in Col-0 (Figure 14H,1,J; Figure 15H). These results indicate
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that ACD6 may be hyperactive in early senescence accessions, and thus might
contribute to the early responses of age-induced leaf senescence in these accessions.
Regarding dark-induced leaf senescence, loss-of-function of ACD6 did not show
any effects on plant senescence phenotypes. acd6 mutants displayed comparable levels
of photochemical efficiency and chlorophyll contents with their respective background
after dark incubation (p-value > 0.05) (Figure 16). These results further confirm my
observation that ACDG6 specifically regulates age-induced leaf senescence in

Arabidopsis.
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Figure 14. Age-induced senescence responses in acd6-KO mutant in the early and
delayed leaf senescence accessions. (A-J) physiological and molecular evaluation of
age-induced leaf senescence responses in acd6-KO mutants in the backgrounds of
early (A-E) and delayed (F-J) leaf senescence accessions. (A,F) Visible image of the
representative 3™ and 4™ leaves of WT and acd6 mutant in accessions in age-induced
leaf senescence. Bars: 1 cm (B,C and G,H) Changes in physiological indexes (Fv/Fm,
and Chlorophyll contents) in WT and acd6 mutants in accessions in age-induced leaf
senescence. Data were normalized with values of the same accessions or genotypes at
14 DAE. The results are shown as the mean £ 95% CI (n = 6 to 12) of two experiments.
(D,E and 1,J) Expression of senescence-associated genes (ORE1 and SAG12) along
aging. The transcript abundance of each gene was analyzed by gRT-PCR, normalized
to UBQ10. Data in (D,E and 1,J) are shown as means + 95% CI (n = 2). Statistical
analysis was performed using Student’s t-test to compare acd6-KO mutants and their
respective backgrounds at the same age: *, P<0.05; **, P<0.01; ***, P<0.001. All
plants of 10 genotypes from this experiment were grown and harvested at the same
time. The two groups presented in this figure were for presentation purposes only and
the same set of leaves of Col-0 and acd6-21_Col-0 were used for both groups.
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Figure 15. Statistical analyses for age-induced senescence responses in acd6-KO
mutants in the early and delayed leaf senescence accessions. (A,B and E,F) Two-
way ANOVA analyses for the effects of the interaction between leaf age and plant
genotype on leaf photochemical efficiency and chlorophyll contents. (C,D and E,F)
Representative F./Fm and chlorophyll contents of leaves at 30 DAE in early and
delayed senescence accessions. The results are shown as the mean £ 95% CI. Contrast
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Figure 16. Dark-induced senescence responses in acd6-KO mutant in the early
and delayed leaf senescence accessions. Representative visible image (A and B) and
changes in chlorophyll contents (C and D) of the 3™ and 4™ leaves of Col-0 and acd6-
KO mutants in the backgrounds of early (A and C) and delayed (B and D) accessions
during dark-induced senescence. Bar: 1 cm. The results are shown as the mean + 95%
CI (n = 6) of two independent experiments.
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4.7. ACD6 functions in SA-induced leaf senescence

Given previous lines of evidence that ACDG6 is involved in the SA signaling
pathway in response to various stimuli (Todesco et al., 2014, Pluharova et al., 2019),
I was also interested in investigating the functional roles of this ankyrin protein in SA-
induced leaf senescence. | first examined the senescence responses of Col-0 and
various acdé mutants in Col-0 under different SA concentration treatments (1.2 mM
and 2.4 mM) (Figure 17). | normalized data with values of the same genotypes at O
DAT. The examined acd6é mutants include the CRISPR/Cas9 gene-edited mutant
acd6-21_Col-0, the gain-of-function mutant acd6-1, and the T-DNA insertion mutants
acd6-2. The gain-of-function mutant acd6-1 displayed early senescence phenotypes
compared to Col-0 under both SA concentrations (Figure 17). Under 1.2 mM SA
treatment, Fv/Fyn and chlorophyll content of acd6-1 were significantly lower than that
of Col-0 at 4 DAT (54% versus 68% for Fu/Fm and 32% versus 54% for chlorophyll
content, p-value < 0.01) and 6 DAT (30% versus 46% for Fv/Fm and 5% versus 14%
for chlorophyll content, p-value < 0.01) (Figure 17B,C). Consistent results were
obtained from leaves under 2.4 mM SA treatment, though only F./Fm value displayed
significant differences between acd6-1 and Col-0 (18% versus 30% at 4 DAT, p< and
11% versus 26% at 6 DAT, p-value < 0.05) (Figure 17E,F). Interestingly, knocking
out ACD6 was not very effective in altering plant SA-induced senescence responses.
Though displayed slightly delayed senescence phenotypes, the differences in Fy/Fm
and chlorophyll content values between the loss-of-function mutants acd6-21_Col-0
and acd6-2 with Col-0 were insignificant under most of the treatment conditions

(Figure 17). Particularly, among the examined parameters, only chlorophyll content
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of acd6-21_Col-0 and acd6-2 under 1.2 mM SA treatment were significantly higher

than that of Col-0 (41% and 27% respectively versus 14% at 6 DAT, p-value < 0.05)

(Figure 17C).
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Figure 17. Senescence responses of acdé mutants treated under different salicylic
acid (SA) concentrations. (A,D) Visible image of the representative third and fourth
leaves of Col-0 and acd6 mutants in SA-induced leaf senescence. Bars: 1 cm (B,C and
E,F) Changes in physiological indexes (Fv/Fm, and Chlorophyll contents) in Col-0 and
acd6 mutants in SA-induced leaf senescence. Data were normalized with values of the
same accessions or genotypes at 0 DAT. The results are shown as the mean + 95% CI
(n = 24). Statistical analysis was performed using Student’s t-test to compare between
acd6 mutants and Col-0 at the same treatment duration: *, P<0.05; **, P<0.01; ***,

P<0.001.
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As ACDG6 functions in age-induced leaf senescence in an accession-dependent
manner (Figure 14, Figure 15), | was also interested in investigating the functional
differences of ACD6 in SA-induced leaf senescence among Arabidopsis natural
accessions. | employed the same set of genotypes as were used in the previous results,
including the backgrounds with different senescence phenotypes and their respective
ACDS6 loss-of-function mutants (Table 1). The 3 and 4" leaves of 3-week-old plants
were harvested and incubated in MES buffer supplied with 2.4 mM SA solution under
the growth room condition. Data were normalized with values of the same accessions
or genotypes at 0 DAT. The obtained results revealed interesting insight regarding the
functional roles of ACD6 in SA signaling and senescence pathway. Inconsistent with
the obtained results from my previous senescence assays, the effects of SA treatment
on senescence responses varied among accessions independent of their age-induced
senescence phenotypes (Figure 18). After 6 days of SA treatment, the photochemical
efficiency of the plants was 26%, 21%, 43%, 43% and 35% of those at 0 DAT for Col-
0, Est-1, Mz-0, Bur-0 and Kin-0, respectively (Figure 18). Similarly, chlorophyll
content displayed an inconsistent trend compared to age-induced leaf senescence

(Figure 18).

44



A SA (DAT) D SA (DAT)

0 2 4 6

Col-0 Col-0
acd6-21 acd6-21
_Col-0 _Col-0
Mz-0 Bur-0
acd6-22 acd6-25
_Mz-0 _Bur-0
Est-1 Kin-0
acd6-23 acd6-26
_Est1 _Kin-0

B E @ Col0
1.2 @ Col-0 & Est1 & Mz-0 1.2 © acd6-21_Col0

‘© acd6-21_Cok0 [} acd6-23_Est1 A acd6-22_Mz-0
* ¥ Bur-0

e - V- acd6-25_Bur-0
- Kin-0

E 0.8 & acd6-26_Kin-0
>
% 0.4
0 0 T T T 1 0 0 T T T 1
0 2 4 6 0 2 4 6
Treatment duration (d) Treatment duration (d)
C 1.2 ; :::z;:ﬁcmro ; :::e‘ 23_Est1 * :ﬂczl;g-?;"Mkn F 1.2 - CDH’ﬂ
© acd6-21_Col0
— Hokk el = ¥ Bur-0
> > V- acd6-25_Bur-0
-5_ :Q 0.8 - Kin-0
e ° & acd6-26_Kin-0
[¢] o
< = 04
O (&)
0.0 T T T 1
0 2 4 6
Treatment duration (d) Treatment duration (d)

Figure 18. Salicylic acid (SA)-induced senescence responses in acd6-KO mutant
in the early and delayed leaf senescence accessions. (A-F) physiological evaluation
of SA-induced leaf senescence responses in acd6-KO mutants in the backgrounds of
early (A-C) and delayed (D-F) leaf senescence accessions. (A,D) Visible image of the
representative 3" and 4™ leaves of WT and acd6 mutant in accessions in SA-induced
leaf senescence. Bars: 1 cm (B,C and G,H) Changes in physiological indexes (Fv/Fm,
and Chlorophyll contents) in WT and acd6 mutants in accessions in SA-induced leaf
senescence. Data were normalized with values of the same accessions or genotypes at
0 DAT. The results are shown as the mean + 95% CI (n = 12). Statistical analysis was
performed using Student’s t-test to compare acd6-KO mutants and their respective
backgrounds at the same treatment duration: *, P<0.05; **, P<0.01; ***, P<0.001.
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Knocking out ACDG6 repressed the effects of SA on senescence responses of all
examined accessions (Figure 18). However, similar to age-induced leaf senescence,
the effects also varied among the backgrounds. The significant effects of the
interaction between treatment duration and plant genotype on F./Fm value and
chlorophyll contents were confirmed by two-way ANOVA (p-value < 0.001) (Figure
19A,B,E,F). The disrupted function of ACDG6 in the early senescence accessions
evidently delayed leaf senescence under SA treatment. At 6 DAT, Fv/Fm values of
acd6-22_Mz-0 and acd6-23 Est-1 were significantly higher than those of their
respective backgrounds (64% in acd6-22_Mz-0 versus 21% in Mz-0; 73% in acd6-
23_Est-1 versus 43% in Est-1, p-value < 0.001) (Figure 18). Chlorophyll content
yielded consistent results in the ACD6 loss-of-function mutants of these accessions
(Figure 18). In contrast, ACDG6 in Col-0 and the delayed senescence accessions do not
seem to play important roles in SA-induced leaf senescence. After 6 days of SA
treatment, acd6-21_Col-0, acd6-25 Bur-0, and acd6-26_Kin-0 displayed similar
responses compared to the backgrounds in both photochemical efficiency (32% in
acd6-21_Col-0 versus 27% in Col-0, 45% in acd6-25_Bur-0 versus 43% in Bur-0;
37% in acd6-26_Kin-0 versus 35% in Kin-0, p-value > 0.05) and chlorophyll content
(8% in acd6-21_Col-0 versus 4% in Col-0, 8% in acd6-25_Bur-0 versus 6% in Bur-0,
9% in acd6-26_Kin-0 versus 9% in Kin-0, p-value > 0.05) (Figure 18). The effects of
knocking out ACD6 on plants photochemical efficiency and chlorophyll contents were
also significantly higher in early senescence accessions compared to that in Col-0 and
delayed senescence accessions (p-value < 0.05) (Figure 19C,D,G,H). These data

suggest that the functional variation of ACD6 is also present in SA-induced leaf

46



senescence and ACD6 may serve as an integrator between the SA signaling pathway
and age-induced leaf senescence. Overall, my obtained data suggest that natural
variations in senescence responses of Arabidopsis may be on account of ACD6
function and studying in detail the ACD6 structure and function in accessions will

provide more insight into the evolutionary and adaptive roles of leaf senescence.
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Figure 19. Statistical analyses for salicylic acid (SA)-induced senescence
responses in acd6-KO mutants in the early and delayed age-induced leaf
senescence accessions. (A,B and E,F) Two-way ANOVA analyses for the effects of
the interaction between leaf age and plant genotype on leaf photochemical efficiency
and chlorophyll contents. (C,D and E,F) Representative F./Fm and chlorophyll
contents of leaves at 6 DAT in early and delayed senescence accessions. The results
are shown as the mean + 95% CI. Contrast analyses were conducted to compare the



effects of knocking out ACD6 on different accessions. *, P<0.05; **, P<0.01; ***,
P<0.001.

5. DISCUSSION

In this study, | applied the phenome high-throughput investigator (PHI) to
investigate the age-induced leaf senescence responses among a large collection of
Arabidopsis natural accessions (Figure 3). | employed principal component (PC)
analysis to reduce the dimensionality of the extracted data and identify biologically
meaningful PC factors that can represent a group of phenomic traits related to the
current senescence stage of the leaves (Figure 5). Combining my obtained PC values
with prior information from independent datasets, | can better explain the correlation
of leaf senescence with environmental factors and physiological traits (Figure 6). |
was able to identify several external and physiological factors that are tightly
correlated with leaf senescence phenotypes, such as humidity and temperature (Figure
6A) or defense, flowering, and ion contents (Figure 6B). Furthermore, | discovered a
genetic locus responsible for the divergence of natural senescence programs (Figure
7), which encodes for ACCELERATED CELL DEATH 6 (ACD6). Notably, ACD6
appears to function specifically in age-induced leaf senescence (Figure 11), and its
functional extent varies among accessions with different senescence phenotypes
(Figure 14). My obtained results also indicated that ACD6 may regulate age-induced
leaf senescence via the SA signaling pathway, as its functional variation among natural

accessions is also presented in SA-induced leaf senescence (Figure 18, Figure 20).

49



SA Age Dark

This study Lyu etal., 2019

G-type  T-type A-type  C-type

Type accessions (Early) (Delayed) | (Delayed) (Early)

Environmental Physiological
factors responses
« Geographic location * Defense

1!

f senescence

» Humidity
* Temperature

» Flowering time

—

Figure 20. Schematic model represent the regulatory factors of leaf senescence in
Arabidopsis natural accessions. Various environmental and physiological factors
that can affect plant senescence responses including geographical location, humidity
and temperature or defense and flowering time. GVS1 was found to function in age-
and dark-induced senescence in accession-dependent manners (Lyu et al., 2019). On
the other hand, the functional diversity of ACDG6 alleles only present in age- and SA-
induced leaf senescence.

Previously, the phenotypic evaluation of senescence responses was mainly based
on single traits such as Fv/Fm or chlorophyll contents. However, senescence is a
complex trait that is regulated by both genetic and environmental factors. Leaf
senescence phenotypes result from the combination of multiple physiological and
biochemical traits, which may not be completely described by individual qualitative
or quantitative variables (Goddard et al., 2016). This pleiotropic characteristic suggests
that senescence should be evaluated in a holistic approach, in which various relevant
phenotypic traits need to be taken into account. This led to the demand for high-
dimensional phenotypic data, referring to multivariate phenotypic variables that are
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used to describe a particular phenotype (Collyer et al., 2015). Accordingly, multiple
high-throughput phenotyping systems have been developed. My study employed the
PHI, a high-throughput phenotyping platform, to obtain various senescence-related
traits for comprehensively evaluating leaf phenotypes during senescence process
(Figure 3). By using the PC analysis, | was able to identify meaningful biological
values that represent senescence phenotypes of different Arabidopsis natural
accessions (Figure 5). My approach using high-dimensional phenotypic data and
principal component (PC) analysis provides a comprehensive evaluation of the leaf
phenotype during senescence compared to the single trait-based approach.

To date, numerous attempts to investigate senescence programs in Arabidopsis
natural populations have been conducted. However, these studies still have limitations.
There have been no attempts to study age-induced functional leaf senescence
responses in natural accessions (Lyu et al., 2019). Previous studies only focused on
dark-induced leaf senescence. Dark treatment in detached leaves has been widely used
to study age-induced senescence (Weaver and Amasino, 2001). Dark- and age-induced
leaf senescence programs were also indicated to have partially shared mechanisms, as
numerous functional SAGs such as ORE9 (Woo et al., 2001), NAC029 (Guo and Gan,
2006) or NAC092 (Kim et al., 2009) have been found to function in both pathways.
However, dark-induced leaf senescence responses are largely based on artificial
starvation, which differs from age-induced leaf senescence programs (Buchanan-
Wollaston et al., 2005). Compared to the synchronous symptoms throughout the leaf
by dark treatment, age-induced leaf senescence often starts gradually from the tip to

the base. Furthermore, the fast progression of dark-induced leaf senescence compared
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to developmental senescence may overwhelm anti-senescence activity, another
important aspect of senescence programs. Transcriptomic analyses in Arabidopsis also
revealed significant differences in molecular responses between natural senescing
leaves and detached dark-held leaves (Buchanan-Wollaston et al., 2005; Breeze et al.,
2011). Consistently, my obtained data have indicated the differences between age-
induced and dark-induced leaf senescence in Arabidopsis natural accessions, whether
it is phenotypes (Figure 4, Figure 8) or correlation with other factors (Figure 6).
Senescence is a highly controlled degenerative process that is influenced by
various internal and external factors (Zhang et al., 2021). The correlation tests of my
obtained PC values with multiple environmental and physiological variables revealed
some interesting insights. Among the examined environmental factors, senescence
phenotypes were significantly associated with humidity and temperature (Figure 6A).
High/low temperature and water deficit are major abiotic stresses that directly restrict
plant growth and promote leaf senescence. Previous studies have shown that
senescence responses and abiotic stress tolerance often being altered together in
transgenic plants, such as AtMYBL-overexpressing Arabidopsis (Zhang et al., 2011) or
AtERF019-overexpressing Arabidopsis (Scarpeci et al.,, 2017). Furthermore,
geographical location also highly affected leaf senescence responses in Arabidopsis
natural accessions (Figure 6A). Latitude and longitude affect several aspects of
climate such as the amount of solar radiation, day length or wind conditions, which
directly contribute to the regulation of leaves growth and development. Overall, my

results further imply the critical roles of external conditions in shaping plant
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senescence responses, as well as indicate the adaptive roles of senescence for plants in
their natural habitats.

Senescence was previously found to be closely associated with various
morphological and life history traits such as flowering time (Levey and Wingler,
2005). In this study, response to diverse pathogens and bacteria as well as flowering-
related traits also correlated with senescence in accessions (Figure 6B), which is in
agreement with previous results. Age-induced leaf senescence and defense response
programs have been indicated to share common regulations in several studies.
Transcriptomic analyses revealed the enrichment of gene ontology in terms of
autophagy, immune response, defense response, and response to reactive oxygen
species, suggesting a molecular relationship between defense and leaf senescence
(Breeze et al., 2011; Buchanan-Wollaston et al., 2005; van de Graaf et al., 2006).
Various genes were found to function in both defense- and senescence-related
pathways in Arabidopsis, such as the transcription factor WRKY53 (Jiao et al., 2022),
the cell wall-associated kinase WAKL10 (Li et al., 2021) or the mildew resistance locus
O MLO3 (Kusch et al., 2019). As a developmental process, senescence usually
overlaps with the reproductive phase to maximize plant fitness (Gregesen et al., 2013;
Kim et al., 2020). Therefore, it is possible that senescence and flowering share similar
regulatory mechanisms, and leaf senescence can be triggered by floral transition.
Several common regulators of senescence and flowering have been identified, such as
the aging regulator WRKY53 (Miao et al., 2004) or the clock regulator ELF4 (Kim et
al., 2018; Zhang et al., 2018). Additionally, both senescence and flowering were found

to be affected by growth temperature (Wingler, 2011). My obtained results further
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consolidated this observation, as senescence was tightly associated with temperature
and flowering-related traits in the correlation test (Figure 6).

GWA studies are conducted to scan the whole genome using case-control samples
for the responsible loci of the phenotype of interest. The pleiotropic characteristic of
senescence suggests that a model combining multiple relevant phenotypic traits for
loci search would likely be more powerful compared to the single trait-based models
(Yang et al., 2016). Furthermore, pleiotropic genes tend to play primary roles in the
functional pathways and can provide insights into the shared underlying biology
(Solovieff et al., 2013). Employing PC analysis is useful in studying the causal
relationship between the genetic and phenotypic variations among individuals or
cultivars of the same species. My GWA analysis has successfully identified ACD6 as
a regulator of leaf senescence in Arabidopsis natural accessions (Figure 7).
Consistently, a study employing the QTL approach also found that ACD6 regulates
leaf senescence, rosette growth, leaf chlorophyll content, as well as leaf nitrogen and

carbon percentages (Jasinski et al., 2021).

QTL mapping has been proven to be a powerful method for discovering genetic
loci responsible for a given trait in F2 or RIL populations. The genetic basis of the
senescence pathway in Arabidopsis has been studied using this approach (reviewed in
Kim et al., 2018). However, QTL mapping also comes with two major drawbacks
regarding allelic diversity and mapping resolution (reviewed in Korte and Farlow,
2013). Furthermore, the lab populations in general will differ in allele frequencies and
combinations compared to those in the natural population (Weigei, 2012), which limits
the functional investigation of the natural phenotypic variations. My approach using
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GWA analysis can overcome the aforementioned limitations, thus providing a more
comprehensive view of the functional diversity present within Arabidopsis natural
accessions. Interestingly, among the major PC values that have been used for GWA
analysis, only PC2 successfully identified a genetic locus with significant association
(Figure 7). A previous study has indicated the importance of PC values that explain a
small amount of total variance. This is primarily due to the fact that many genetic
variants with opposite effects on positively correlated traits are exclusively associated
with a single or a few traits (Aschard et al., 2014). This study also proposed a new
approach that combines signals across all PCs for GWA analysis, which was shown to
significantly enhance the power of the model compared to the conventional approach.
This combined PC strategy may be useful to identify candidate markers in genetic

association tests and should be considered in future senescence studies.

ACD6 encodes a transmembrane protein with an N-terminal ankyrin repeat
domain (Lu et al., 2005). The ankyrin domain is one of the most common protein
motifs in nature comprising 30-34 amino acid residues that mediate protein-protein
interactions (Li et al., 2006). ACD6 has recently been identified as a transmembrane
ion chanel that modulate calcium influx (Chen et al., 2023). This ankyrin protein was
found to be involved in plant biotic and abiotic stress responses as a regulator of SA
signaling pathway (Todesco et al., 2014, Pluharova et al., 2019). SA was found to be
involved in age-induced but not dark-induced leaf senescence (Buchanan-Wollaston
et al., 2005). As an important regulator in the SA signaling pathway, ACD6 may
function exclusively in age-induced leaf senescence. My obtained results have
confirmed this speculation, as knocking out ACD6 only delayed the plant senescence
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responses under normal growth conditions (Figure 11, Figure 12). Previous studies
indicated that ACDG is specifically expressed in leaf tissues over the entire leaf lifespan
in an age-dependent manner (eFP Browser, Winter et al., 2007; Andriankaja et al.,
2012; Woo et al., 2016). Furthermore, ACD6 expression are both SA- and light-
dependent (Lu et al., 2003). The dark treatment possibly suppresses the ACD6
transcript level, resulting in similar responses between Col-0 and the two examined
acd6-KO mutants (Figure 12).

Arabidopsis natural accessions display high levels of variations in both genotypes
and phenotypes (Shindo et al., 2007). My obtained results indicated that the functional
activities of ACDG6 in age-induced leaf senescence are accession-dependent (Figure
14, Figure 15). Loss-of-function mutations of ACDG6 in the early senescence
accessions Mz-0 and Est-1 significantly delayed age-induced leaf senescence
responses in all examined molecular and physiological parameters but showed
negligible effects in the delayed senescence accessions Bur-0 and Kin-0 (Figure 14,
Figure 15). This implies that ACD6 may have potentially adaptive roles, and the
genetic variations of ACD6 might be responsible for the different senescence responses
among Arabidopsis accessions. The ACDG6 locus was found to feature extensive
sequence variation in wild populations with clear functional differences. The
hyperactive ACD6 allele, which was first identified from Est-1 accession, functions in
defense pathways against a wide range of pathogens (Todesco et al., 2010). These
observations further indicate the crosstalk between developmental leaf senescence and

defense, and ACD6 may be an important intersection that links these two pathways.
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The accession-dependent activities of ACD6 were further confirmed in the SA-
induced senescence treatment, connecting the age-induced leaf senescence with SA-
related pathways (Figure 18, Figure 19, Figure 20). ACD6 and SA were found to
mutually affect each other in many aspects. For example, SA is required for ACD6
expressions, and knocking out ACDG6 results in reduced endogenous SA accumulation
(Lu et al., 2003). The gain-of-function mutant acd6-1 displayed increased
responsiveness to SA (Rate et al., 1999). SA has been tightly associated with plant
defense against various biotic and abiotic stress factors (Mohamed et al., 2020; Song
et al., 2023). Furthermore, SA pathway was found to function exclusively in age-
induced but not dark-induced leaf senescence (Buchanan-Wollaston et al., 2005).
Given the correlation between age-induced leaf senescence and various environmental
and physiological factors such as humidity, temperature or defense (Figure 6) along
with the functional specificity of ACDG6 in age-induced leaf senescence (Figure 11,
Figure 14), the involvement of SA-related pathways to senescence via ACDG6 is
comprehensible. It is also noteworthy that the SA-induced senescence responses from
the examined accessions are different from their respective age-induced senescence
phenotypes (Figure 14, Figure 18). One possible explanation for this observation is
the effects of artificial starvation caused by the detached leaves system, which can vary
among natural accessions as indicated in previous studies (Bedu et al., 2020; Ikram et
al., 2012). The in planta SA-induced senescence assay can provide more insights
regarding the functional roles of ACD6 in SA-related and age-induced senescence

pathways.
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I11. CONCLUSION

This study has provided further insights into the regulatory mechanisms of leaf
senescence in Arabidopsis natural accessions. By employing the phenome high-
throughput investigator, | was able to comprehensively evaluate senescence responses
among 234 Arabidopsis natural accessions. | also successfully identified various
environmental and physiological factors that highly affect senescence phenotypes. The
obtained results indicate the differences between age- and dark-induced leaf
senescence, which may be useful for optimizing future studies on senescence biology.
The variations of senescence among Arabidopsis natural populations was found to be
regulated by the ACCELERATED CELL DEATH 6 (ACDG6) locus. The accessions-
dependent activities of ACD6 highlighted the adaptation process of Arabidopsis via
evolution. Furthermore, ACD6 may serve as an important integrator linking between

age-induced leaf senescence and salicylic acid signaling pathways.
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