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Consequently, mutations in certain senescence regulatory genes, such as RPK1 and 

ORE1, 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and Ler (Unpublished).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. 

 

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 

(ACD6) 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 SENESCENCE1 (GVS1) (Lyu et al., 2019) or the epialleles naturally occurring 

DNA methylation variation region19-4 (NMR19-4) (He et al., 2018).  

In this study, I aimed to explore the genetic basis of natural diversity in age-

induced leaf senescence phenotypes. I 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-
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function mutants in potential candidates revealed that ACD6 is involved in the 

regulation of age-induced leaf senescence, but not dark-induced leaf senescence. I 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 µmol m-2 s-1) at 22 °C until reaching the appropriate growth 

stage for further analyses unless otherwise noted. 
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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 3rd and 4th 

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 3rd 

and 4th 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 α = 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 ACD6 in Arabidopsis natural accessions indicated. Two 

synthetic oligos for the generation of sgRNA that targets ACD6 were annealed and 

ligated into the BsaI-linearized pBSE401 vector (Table 1). The obtained construct was 

then transformed into plants using Agrobacterium-mediated (AGL1 strain) floral dip 

method (Clough & Bent, 1998). T1 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 Hpy166II 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 3rd and 4th rosette leaves. 

Leaves at the indicated DAE were cut with sharp scissors at 4 to 5 h after the lights 
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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 DATs 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 ACD6 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 (WelPrepTM – WelGENE, 

Korea) and cDNA synthesis (ImProm-II™ Reverse Transcription – Promega, Korea) 

were conducted according to the manufacturer’s instructions. Gene-specific primers 

for quantifying transcript levels were provided in Table 1. qRT-PCR was carried out 

using TOPrealTM qPCR 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 
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for 30 s. The 2−ΔΔCt 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 attgGCTACCTGTCTGGTGAACG 

ACD6-guideCAS-R aaacCGTTCACCAGACAGGTAGC 

Primers for genotyping 

ACD6-Cas-F TCATGGCGGTCATACCAAAG 

ACD6-Cas-R  TCTACGGCTTCGTACAAGGA 

Primers for qRT-PCR 

ORE1-qPCR-F AATGAAGCTGTTGCTTGACG 

ORE1-qPCR-R AGAAATTCCAAACGCAATCC 

SAG12-qPCR-F AAAGGAGCTGTGACCCCTATCAA 

SAG12-qPCR-R CCAACAACATCCGCAGCTG 

SAG29-qPCR-F GCCACCAGGGAGAAAAGG 

SAG29-qPCR-F CCACGAAATGTGTTACCATTAGAA 

UBQ10-qPCR-R GGCCTTGTATAATCCCTGATGAAT 
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UBQ10-qPCR-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.  
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Figure 3. Scheme and workflow of phenotypic analysis of age-induced senescence 

using high-throughput investigator (PHI). (A) Phenotypes of 3rd and 4th 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. 3rd and 4th 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. 

 

Figure 4. Pearson correlation test between age- and dark-induced senescence 

phenotypes among 234 Arabidopsis natural accessions. Correlation of 

photochemical efficiency of photosystem II during dark-induced leaf senescence 

(Dark PII) with (A) photochemical efficiency of photosystem II 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 

I 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). I 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 II (Fv/Fm), PRI1, PSRI, and qP_LSS indexes.  

 

https://shorturl.at/xFIMT
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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; GM1: 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; 

qP_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; Vlopt1: optimized vegetation index 1. Further 

information regarding phenomic traits in this study are available in Lyu et al. (2017). 






































































































